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Preface

ICUD, the World Urologic
Oncology Federation, and the
Société Internationale d'Urologie

Laurence Klotz,
CM, MD, FRCSC

The International Consultation on Urologic Diseases (ICUD) is a 42-year-old organization that
produces book-length overviews of major topics in urology. These have, in many cases,
defined the state of the art of the topic and serve as important internationally recognized
references. They have been widely read and highly respected as sources for reliable
information and broadly based perspectives on disease management.

The chapters are prepared with input from diverse experts from around the world. The list of
ICUDs is below. These texts have been major undertakings, involving scores of individuals as
editors, chapter (or committee) chairs, and committee members.

The structure of the ICUD has evolved considerably. The initiative began in 1981 as a voluntary
collaboration with support from international and national urological associations. The
Consultations were supported, initially informally, by the World Health Organization (WHO)
and the Union for International Cancer Control (UICC). The ICUD was formally established
as a scientific, international non-profit NGO under Belgian law on June 28, 1994, to facilitate
collaboration on an “organization to organization” basis with the WHO and UICC.

The principal aim of the ICUD has been consistent: to promote improvement in the
management of urological diseases around the world by producing evidence-based
recommendations. This is achieved by bringing together experts in urology and related
fields to develop chapters based on a process that analyzes the available literature using
an evidence-based approach. The recommendations must be suitable for adoption in all
parts of the world, recognizing that resources and cultural influences differ widely between
countries. The recommendations are not intended to be used as guidelines, although
historically many ICUD recommendations have been incorporated into national guidelines.

The ICUD was for led many years by Prof Saad Khoury (Paris, France), and subsequently by Prof
Paul Abrams (Bristol, UK). After many years the SIU became involved, initially as a collaborating
partner. Eventually the SIU took over the management of the initiative. The World Urologic
Oncology Federation (WUOF), an affiliate of the SIU, is the umbrella group for the 20 societies


https://www.uicc.org/
https://www.uicc.org/

Vi

of Urologic Oncology around the world. It was a perfect fit as the organizational partner for
Oncology topics. Therefore, in 2018 the WUOF assumed the responsibility for the Oncology
component of the ICUDs. The first WUOF-sponsored ICUD was the book entitled “Molecular
Biomarkers in Urologic Oncology,” released in November 2020. This comprehensive text is
freely available as a downloadable PDF on the WUOF website, www.WUOF.org.

The ICUD differs from national guidelines in important ways. Most obviously, it represents a
uniquely international perspective, drawing input from every region in the world. As such, the
recommendations are less influenced by regional or national considerations.

The ICUD process has evolved. Historically, groups of experts responsible for specific
chapters would meet face to face, often on multiple occasions and for several days at
a time, to hammer out consensus and resolve disagreements. This approach was very
resource-intensive. It is no longer practical, or necessary. The advent of virtual meetings
has facilitated the ability to collaborate across oceans and continents. This has resulted in
genuine and frequent consultation and collaboration between members of the chapter
committees, unconstrained by resource limitations. This is reflected in the high quality of
the chapters in this textbook. This edition will be published in digital form, which enables
production of a high-quality document that is provided free of charge. It is freely available
online, at www.WUOF.org, and on the SIU website.

This textbook represents input on the state of the art of kidney cancer from about 100 experts
from every region in the world. Industry sponsorship was critical to the success of this initiative.
We thank them for their support.

This textbook on kidney cancer is a significant achievement, and a testament fo the talent
and dedication of the 3 editors, Tony Choueiri, Grant Stewart, and Robert Uzzo, as well as
the chapter chairs and committees. It has been a labor of love. We believe it will have a
significant impact in improving the understanding of key issues in kidney cancer by clinicians
around the world, and willimprove the management of patients and their outcomes.

A textbook like this also requires a production team with diverse skills and talents. The
production team, led by Areti Malapetsas of Medit Global, was superb. Ms. Malapetsas
expertly managed the book production and was the senior medical copyeditor. The other
members included Christian Bello and Nicholas Floratos, proofreaders, and Falasteen Alfranji,
graphic designer. We are also grateful for the outstanding efforts of Ms. Patty Djan, who
managed the ICUD sponsorship program. The quality of this book is a testament to their
enthusiasm and expertise.

Y 1

Laurence Klotz
Managing Editor, ICUD Oncology
Past Chairman, World Urologic Oncology Federation
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Kidney cancer is among the 10 most common cancers in Europe and the United States. The 5-year survival
is less than 80% overall, with a significant decrease as the stage of disease advances. Kidney cancer is also a
malignancy that is projected to have an increase in incidence over the next 15 years, which is unusual, as the
incidence for most cancers is either stable or declining. With an aging population prone to hypertension and
obesity (two major risk factors in kidney cancer), this malignancy takes the stage as a public health problem.

The last International Consultation on Urological Diseases (ICUD) Consultation on renal cancer was in 2010,
and the only one prior to that was in 1983. Now is absolutely the right time for a further ICUD Consultation
on kidney cancer for multiple reasons. Until a couple decades ago, the only treatment available for most
patients with kidney cancer was surgery, which was undertaken whether the patient had localized disease or
had developed metastatic disease, as there was evidence that cytoreductive nephrectomy was beneficial in the
advanced setting. However, there have been a slew of advances across all stages of renal cancer, which need
substantial unpacking in a document such as the ICUD Consultation.

In the localized disease setting there are developments around early detection, baseline imaging, renal mass
biopsy, surgical approaches, thermal ablation, trials of neoadjuvant therapies, and developing new treatments
such as stereotactic radiotherapy. Bridging the gap between surgery and active therapy, and localized and
metastatic disease, are the exciting developments around the use of adjuvant treatment for higher-risk localized
disease to prevent recurrence. Convincing data is accumulating regarding such a role for immunotherapy using
certain immune checkpoint blockers in this setting.

In the metastatic setting there have been myriad advances. Management has moved from cytokine therapy in
the late 1990s, to which less than ~15% of patients showed any benefit, through to tyrosine kinase inhibitors in
the mid-2000s, which had benefits for more than 60% of patients. We are now in a new era of immunotherapy,
where checkpoint inhibitors and combinations with tyrosine kinase inhibitors have enhanced further the
proportion of patients that show a response, including those with a long-term response. Kidney cancer oncology
is truly one of the areas advancing most rapidly across all malignancies because of insights into the fascinating
biology that underlies the disease. Indeed, both the 2018 and 2019 Nobel Prizes in Physiology or Medicine
addressed important findings in the PD-(L)1, CTLA-4, and VEGF/HIF2 pathways, each of which is a validated
target with at least one approved therapy in kidney cancer.

One of the key facets that marks out progress over the past two decades has been an increased emphasis on
engaging a diverse multispecialty team to look after patients. Close working among urologists, oncologists,
radiologists, pathologists, and nursing colleagues has enabled multimodal treatment strategies to be evaluated
and introduced. No longer is care simply assigned as localized disease being the realm of the urologist and
metastatic disease that of the oncologist.

Despite these clear improvements, we still have substantial work to do in curing more people with kidney
cancer. Across all cancers over the past 50 years, there has been a 27% improvement in cancer-specific survival,
but the improvement has been much smaller in renal cancer at 4%. However, we are starting to see long-term
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survivors in kidney cancer and a corresponding increase in research into addressing the early toxicities and
quality of life of patients living with kidney cancer. With an excellent multidisciplinary international kidney
cancer research community, many of whom are authors of the ICUD Consultation, such advances are tractable.

Itisimportant to note what our efforts are not. They are not guidelines like you might find written by professional
societies such as the American Urological Association (AUA), American Society of Clinical Oncology (ASCO),
or European Association of Urology (EAU). Each chapter here presents the reader with a timely overview of
the topic that is evidence based. The format is by committee collaboration emphasizing international input
across disciplines. In this regard, the end product outlines more than just an algorithm for care across stages,
types, and other prognostic aspects of kidney cancer. It is a snapshot in time that summarizes where we are and
provides insights into where we hope to go in the field.

This is a very exciting time in oncology. Nowhere is this better exemplified than in the field of kidney cancer.
In the past one to two decades, the options for management of advanced renal cell carcinoma have expanded
exponentially, improving response rates more than five-fold and quadrupling median overall survival times. As
always, foundational science has led the way. Our improved understanding of the molecular underpinnings of
renal cancers have led to the ability to perturb aberrant pathways for therapeutic benefit. These advances have
led to incremental improvements in many other solid tumours and represent a triumph of decades’ worth of
investment in the scientific process. To paraphrase President Nixon’s 1971 famous “War on Cancer” initiative—
the battle has just begun in earnest, with advances in kidney cancer leading the way.
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Epidemiology
Incidence and mortality

Data source and overview

Cancer incidence and mortality vary substantially worldwide. The International Agency for Research on
Cancer (IARC) was established in 1965 by the World Health Assembly to provide comprehensive data on
global cancer epidemiology as an independently financed organization within the framework of the World
Health Organization.! According to a recent publication, the international cancer registry produced by the
TIARC encompasses 343 regional registries.! The registry data is currently available online at the Global Cancer
Observatory as the GLOBOCAN database.?® The data cover 185 countries and 36 cancers, including kidney
cancer, and are regularly updated.# In this chapter, the data on incidence and mortality of kidney cancer are
primarily based on the GLOBOCAN database and related publications by the IARC.*"4 The key statistics of the
GLOBOCAN reportincludes numbers, crude rate, age-standardized rate (ASR), and cumulative risk of incidence
or mortality. Age is a key determinant for the risk of developing most types of cancer. The age structures vary
according to countries or registries and also change over time. Therefore, GLOBOCAN calculates ASR and
cumulative risk to provide meaningful comparisons of incidence and mortality across multiple populations
or time points.?® The ASR is the summary rate that would have been observed, given the age-specific rates in
that area, in a population with an age composition of a reference population.! The Segi—Doll world standard
is used as the reference in the GLOBOCAN calculation. The cumulative risk is defined as the probability that
an individual will develop or die from the disease in question during a certain age span (0—74 years for the
GLOBOCAN) in the absence of other causes of death.*=

According to the GLOBOCAN report in 2020, globally kidney cancer was the 9th most frequently diagnosed
cancer in men and the 14th most common in women.? Patients newly diagnosed with kidney cancer accounted
for 2.2% of all new cancer diagnoses. The crude mortality rate of kidney cancer was 13th in men and 14th
in women.2 The global ASRs and cumulative risks of kidney cancer incidence and mortality based on the
most recent GLOBOCAN database 2020 are summarized in Table 1. Although there have been variabilities
according to countries and areas, the incidence of kidney cancer has generally exhibited an increasing trend
over time in both sexes.® Kidney cancer is also one of few cancers predicted to continue to increase in incidence
over the next 15 years.® In terms of mortality, however, the ASR and the cumulative risk for kidney cancer
death have been stabilizing in many countries, and declined particularly in Europe and Northern America
(United States and Canada) during the past one or two decades in both sexes.3® Limitations of the GLOBOCAN
database include the limited data available for evaluating renal cell carcinoma (RCC) and renal pelvic cancer
separately, although RCC generally accounts for the majority of kidney cancer, i.e.,~95% in the United States.
Staging information is limited and not available for kidney cancer. Missing data and allocation bias are also
limitations.!
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Geographic variability

The GLOBOCAN database highlights the geographic variabilities of kidney cancer incidence and mortality
(Table 1 and Figures 1 and 2). According to the GLOBOCAN 2020 report, the age-standardized incidence
of kidney cancer was highest in Northern America, followed by Europe, Oceania, Latin America and the
Caribbean, Asia, and Africa. As for the mortality, Europe had the highest age-standardized rate, which was
followed by Northern America/Oceania, Latin America and the Caribbean, Asia, and Africa, reflecting that
Northern America presented a relatively lower mortality rate in contrast to the incidence. The following
sections summarize the characteristics of the epidemiology of kidney cancer in each global area.

Europe

In Europe, kidney cancer is the 5th most frequently diagnosed cancer in men and the 11th in women, while its
mortality ranks 9th in men and 13th in women among all malignancies.? The recent data shows that Europe
has the highest ASR of mortality in the world. It should be noted that the incidence and mortality of kidney
cancer are particularly high in Eastern Europe countries, i.e., Lithuania (ASR of incidence/mortality, 14.5/4.2
per 100,000 in both sexes), the Czech Republic (14.4/4.3), Estonia (13.7/4.1), Slovakia (13.5/4.7), Latvia
(13.5/4.3), and Belarus (12.2/3.7).2 While in the other areas in Europe, Ireland has the highest incidence (12.1)
and mortality (3.3). The trends of kidney cancer incidence and mortality were analyzed using the GLOBOCAN
platform during the available period (1998-2010) in the top five countries within Europe regarding the
number of annual new cases: Germany, France, United Kingdom, Italy, and Spain. This demonstrated that
the incidence steadily increased from 1998 (ASRs, 7.8 and 3.8 per 100,000 in men and women, respectively)
to 2010 (10.1 and 5.4, respectively). In contrast, the mortality slightly decreased in the same period (ASRs,
4.0 and 1.7 per 100,000 in men and women, respectively, in 1998; 3.4 and 1.4, respectively, in 2010).% Similar
trends of incidence and mortality are observed in the Eastern Europe countries mentioned above.

Northern America

Northern America (United States and Canada) exhibited the highest ASR of kidney cancer incidence according
to the GLOBOCAN 2020 report.? In this region, the incidence of kidney cancer is 6th in men and gth in women
across all cancer types, while mortality is 11th in men and 14th in women.2 The annual changes of incidence and
mortality from 1983 to 2012 are available in the GLOBOCAN database. In this period, the incidence gradually
increased until 2008 (ASRs, 7.6 and 3.5 per 100,000 in men and women, respectively, in 1983; 12.8 and 6.9,
respectively, in 2008) and has since stabilized.® In contrast, the mortality moderately increased until 1994
(ASRs, 3.5 and 1.7 per 100,000 in men and women, respectively, in 1983; 3.9 and 1.8, respectively, in 1994) and
then started to decrease. The opposing trends of incidence and mortality after the mid-1990s are consistent
with European countries.

Latin America and the Caribbean

In Latin America and the Caribbean, kidney cancer is the 6th most common cancer in men and the 13th
in women, while its mortality is 11th in men and 13th in women.? Although the kidney cancer incidence is
relatively low (ASR of incidence/mortality, 4.7/2.0 per 100,000 in both sexes overall) when compared to
Europe and Northern America, Uruguay presents high incidence and mortality (14.3/4.4) similarly to Eastern
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Europe countries. The number of annual new cases is largest in Brazil, followed by Mexico and Argentina.
These countries exhibit a rising trend also in the mortality of kidney cancer to date.®

TABLE 1 Age-standardized rate and cumulative risk of kidney cancer incidence and mortality.

ASR, per 100,000* ASR, per 100,000*

Abbreviations: ASR, age-standardized rate.*The age-standardized rate (ASR) was adjusted to the world standard population.

tThe cumulative risk was the probability of kidney cancer development or death in a lifetime defined as 0—74 years.
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Source: Reprinted from GLOBOCAN 2020 report, Global Cancer Observatory, Cancer Today. Ferlay J, Ervik M, Lam F, et al., eds.
Age-standardized rate and cumulative risk of kidney cancer incidence and mortality. World Health Organization, International

Agency for Research on Cancer, Copyright 2022.

Oceania

In Oceania, the kidney cancer incidence is 9th in men and 12th in women, and the mortality is 13th in men
and 15th in women among all kinds of malignancy.? The majority (97%) of patients are diagnosed in Australia
or New Zealand. In these countries, the incidence and mortality demonstrated similar trends to Europe and
Northern America—the incidence increasing steadily and the mortality (ASR) decreasing particularly after the
mid-1990s.3

Asia

Kidney cancer incidence and mortality are relatively low in Asian countries. The incidence is 12th in men
and 16th in women, and the mortality is 13th in men and 16th in women among all kinds of malignancy.? The
number of annual new cases is largest in China followed by Japan and India; kidney cancer patients newly
diagnosed in these three countries account for 74% of all those in Asia. The incidence is particularly high in
Japan, which is more prominent in the analysis of crude rate (19.9 in Japan vs. 3.4 in Asian countries overall)
than in ASR (7.6 vs. 2.8, respectively),? suggesting that it is partially due to the biased age distribution. The
incidence has been increasing in the three countries (China, Japan, and India). The mortality (ASR) has been
decreasing since the mid-1990s in Japan similarly to Europe and Northern America. In contrast, a previous
report showed that China had an increasing trend in mortality from 1990 to 2017.7

Africa

Africa has the lowest incidence and mortality of kidney cancer in the world (ASR of incidence/mortality,
1.8/1.2 per 100,000 in both sexes). It should be noted that cancer incidence is generally low in Africa, which is
particularly highlighted in the comparison of crude rates. According to the GLOBOCAN estimate in 2020, the
crude incidence of all cancers was 82.7 in Africa, which was notably lower than other areas described above
(204.8-693.2). Among them, kidney cancer is the 12th most common cancer in men and the 16th in women,
while the mortality is 13th in men and 14th in women among all kinds of malignancy.? No significant changes
in incidence or mortality have been observed in Africa according to the previous report.®

Cancer stage and patient survival

Survival outcomes of kidney cancer patients largely depend on the stage at diagnosis. The most recent report
based on the National Cancer Database in the United States showed that the 5-year survival rate was 93%,
70%, and 13% in patients with localized, regional, and distant diseases of kidney cancer, respectively.® Similar
outcomes are also observed in the cancer statistics in the United Kingdom.® Previous studies analyzed the
National Cancer Database in the United States and demonstrated that the clinical stage of kidney cancer
significantly migrated toward earlier stages until 2007 and then stabilized through 2015.1°* Clinical stage
I tumours accounted for 43% of all kidney cancers diagnosed in 1993; the percentage increased to 57% in
2004'° and levelled off at around 70% after 2007, although the size of localized tumours continued to decline.*
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Overall, between 1993 and 2004, 50.6%, 26.7%, and 22.7% of kidney cancer patients were diagnosed with stage
I, stage II or III, and stage IV, respectively.!® In contrast, between 2004 and 2015, 70.3%, 10.5%, 8.3%, and
11.0% of patients were diagnosed with stage I (including 47.5% of stage Ia and 22.8% of stage Ib), stage I1, stage
III, and stage IV, respectively, highlighting a significant increase of stage I as well as a decrease of stage IV."
A similar trend of stage migration was also reported from a single tertiary centre in Japan.*? According to the
study, the proportion of T1 tumours was 57% (T1a, 36%; T1b, 21%) in the period of 1989—1994, which increased
to 75% (Tla, 52%; T1b, 23%) in the period of 2007—2012.

This shift in stage distribution may be at least partially related to increased early detection of kidney cancer,
which may have been driven by recent technological advancements of imaging modalities and widespread
use of cross-sectional imaging.’*** Such a shift in stage distribution may also in part explain the reduction in
mortality observed in the context of an increase in incidence in most countries across the world. When the
stage-specific changes in patient survival during 2004—2015 were assessed with the adjustment using potential
confounders including age, sex, and comorbidities, a significant improvement was also observed particularly in
stage IV patients, which could be related to recent advances in systemic therapy.'**

FIGURE 1 Age-standardized rate of kidney cancer incidence.
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FIGURE 2 Age-standardized rate of kidney cancer mortality.
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Risk factors

The prior section reviewed the global incidence and mortality of kidney cancer, and also highlighted the vast
variability of incidence and mortality among different countries and regions. Such disparities could be partially
due to differences in underlying risk factors for the development of kidney cancer. Understanding the risk
factors associated with development of kidney cancer is also important when developing preventive or screening
strategies. Potential risk factors for RCC include smoking, obesity, comorbidities such as hypertension or
diabetes, diet, and certain drug or occupational exposures. These factors could be modifiable and consequently
possible targets for cancer prevention.*” This section focuses first on the risk factors related to kidney cancer
that are not modifiable, and then on those that are potentially modifiable.

Unmodifiable factors

Age

The incidence of RCC generally increases with increasing age.® According to the GLOBOCAN estimate in 2020,
the global crude incidence rate of kidney cancer per 100,000 was 4.3 in population aged 40—49 years, 10.8 in
50—59 years, 20.3 in 60—69 years, and 29.6 in 70—79 years.2 Similar correlations between age and incidence of
kidney cancer are consistently observed worldwide for both sexes.>% Kidney cancer mortality also increases
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with age, which is at least partially a consequence of the increasing incidence by age.® Previous studies
addressed the potential impact of age on survival outcomes in RCC patients.’®-2! Taccoen et al. analyzed 1,233
RCC patients undergoing surgery and investigated the characteristics of patients aged 40 years or less (n=93)
in comparison to the other vast majority aged greater than 40.*® They demonstrated that RCC in younger adults
more often presented at a localized stage and less frequently with clear cell histology, and was also associated
with improved cancer-specific survival compared with the older subjects. In the study by Karakiewicz et al.
analyzing 3,595 patients with surgically managed RCC, the multivariable analysis revealed that cancer-specific
mortality among young patients increases up to the age of 50 years and subsequently levels off until 75.1°
The age of 75 years appears to be another breakpoint, and the mortality again increases with age after this
point. Another study explored age-related variations in gene expression patterns of clear cell RCC using the
Cancer Genome Atlas and Cancer Genomics of the Kidney datasets, demonstrating age-associated decreases in
stromal gene expression signatures and genes involved in extracellular matrix organization in tumours.? This
genetic study suggested that different molecular characteristics may underlie the relationships between patient
age and survival outcomes, although the impact of age may be more multifactorial and further studies will be
required to investigate the clinical relevance of the findings.

Sex

Kidney cancer incidence is significantly higher in men than women.? As shown in Table 1, there is 2:1 male
predominance regarding the incidence almost consistently across the world. The population-based mortality
has an analogous trend by sex, with mortality higher in men.2 Previous studies have suggested that this may
in part be explained by disparities in stage and grade of RCC at diagnosis between men and women:??23 Aron
et al. analyzed the Surveillance, Epidemiology, and End Results (SEER) database between 1973 and 2004
and reported that male patients presented with higher stage and higher grade of RCC than female patients.?
Sex also has an impact on histological subtype of RCC: Lipworth et al. analyzed 1,532 patients with RCC who
received nephrectomy at a single centre in the United States and reported that patients with chromophobe RCC
were significantly more likely to be female in comparison to clear cell RCC after multivariable adjustment24 and
Casuscelli et al. showed that the proportion of female patients was significantly higher in chromophobe RCC
(45.2%) than in clear cell RCC (33.7%).% Such differences by sexes may be related to various confounders
including modifiable risk factors for RCC (smoking, obesity, or hypertension), or potential biases regarding
diagnostic opportunities,?®* as well as intrinsic biological variances. There has been no clear consensus
regarding the impact of sex on patient survival of RCC.?22® Fukushima et al. analyzed an international multi-
institutional cohort of surgically managed clear cell RCC (n=2,055) and showed that female sex was significantly
associated with favourable recurrence-free survival after the adjustment for age, race, type of surgery, and
pathological T stage using the inverse probability of treatment weighting method.?® This may suggest a possible
positive impact of female sex on patient survival in localized RCC.

Race

Racial disparities of incidence and mortality of RCC have been widely studied, particularly the comparison
between black and white patients in the United States. According to the GLOBOCAN database, the ASRs of
kidney cancer incidence in 2016 were higher in black than white race for both sexes (black vs. white, per
100,000: 16.4 vs. 13.5 in men; 8.1 vs. 7.0 in women).® In contrast, there were no significant differences in
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mortality between black and white race; the ASR of mortality (per 100,000) was 3.2 in men and 1.3 in women
in the both races.? These results should, however, be interpreted in the context of racial differences in the stage
and histology of RCC.8242930 In a recent study analyzing the National Cancer Database in the United States,
black patients exhibited significantly higher proportions for stage I and II (77.5% and 13.1%, respectively) and
papillary (44%) RCC compared to white patients (stage I and II, 73.2% and 12.0%, respectively; papillary RCC,
17%).%° Similar results were obtained in the study by Chow et al. based on the SEER database.® In that study,
the investigators additionally compared patient survival by stage or histological subtype between black and
white patients. That analysis demonstrated that black patients had consistently worse 5-year survival rates
across all stages and subtypes. These findings suggest that those of black race have a worse survival from RCC
even after accounting for differences in stage at diagnosis and histology.

Hereditary predisposition

Hereditary RCC accounts for 5—8% of kidney cancers. Several hereditary RCC syndromes have been recognized
to date, including von Hippel-Lindau (VHL) disease, hereditary papillary renal cell carcinoma (HPRC), Birt-
Hogg-Dubé (BHD) syndrome, hereditary leiomyomatosis and RCC (HLRCC), and tuberous sclerosis complex
(TSC). Shuch et al. analyzed 608 patients with hereditary RCC (most with VHL disease, n=387) in comparison
to the SEER registry (1990—2008) and highlighted the early onset of hereditary RCC.%* The median age of
diagnosis of patients with hereditary RCC was 37 years and significantly lower than the SEER population.
The lifetime risk for the development of RCC is reported to be approximately 70% in patients with VHL
disease.®?3 Patients may have synchronous or metachronous multiple RCCs in bilateral kidneys, which should
be considered in the treatment and follow-up of RCC patients with VHL disease.

Although specific hereditary RCC syndromes are generally rare as described above, hereditary or familial
predispositions are more common.® In a meta-analysis previously reported by Clague et al., a family history
of kidney cancer was associated with a 2.2-fold increased risk for sporadic RCC.34 The investigators also
conducted a case-control study, which demonstrated that a family history of kidney cancer in the first-degree
relatives was associated with a 4.3-fold increased risk for RCC. Current advancements in understanding the
genetic background of RCC may provide more accurate risk assessment in individual cases.

Modifiable factors

Smoking

Tobacco smoking is widely acknowledged one of the key modifiable risk factors for development of cancer.”
The relationship between smoking habit and incidence of RCC has been also investigated in many previous
studies and all support an association between smoking and RCC.**-%8 A recent meta-analysis reported that the
pooled relative risks for RCC were 1.31 (95% confidence interval [CI], 1.22—-1.40), 1.36 (1.19—1.56), and 1.16
(1.08-1.25) for all smokers, current smokers, and for former smokers, respectively.® Significant increased risks
for RCC-specific mortality were also observed for all smokers and current smokers. Another study highlighted
the impact of smoking intensity on RCC incidence, showing the highest risk for current smokers with 50-pack
years or greater.3® The preventive effect of smoking cessation for RCC development appears most likely for
those who had quit smoking for longer than 10 years.%’
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Obesity

Obesity, defined as a body mass index (BMI) of 30 kg/m? or greater, is another established risk factor for
RCC.3038-40 According to a previous meta-analysis, the pooled relative risks for RCC development were
1.28 (95% CI, 1.24—-1.33) for preobesity (BMI >25 and <30) and 1.77 (1.68-1.87) for obesity (BMI >30), in
comparison to normal weight.+® Such impacts of BMI on the incidence of RCC were consistently observed
for both sexes and across the areas including North America, Europe, and Asia.4° Paradoxically, however,
several studies have found that higher BMI is associated with earlier-stage disease and favourable survival
outcomes in RCC patients.4~44 Hakimi et al. analyzed 2,119 patients with clear cell RCC managed with surgery
at a single institution.*? In this study, obese and overweight patients had advanced-stage or high-grade disease
less frequently compared with normal-weight patients. Although such variances in the stage and grade may
partially affect the paradoxical relationship between BMI and patient survival, potential advantages of higher
BMI in survival outcomes have been also reported in metastatic RCC.43 Previous studies further explored
differences in genomic expression or tumour microenvironment by BMI,42-44 although the clinical relevance of
those findings remains unclear.

Hypertension and diabetes

A number of prospective studies have been conducted during the past few decades investigating the potential
impact of hypertension on kidney cancer incidence.3®45-47 One of those studies analyzed 77,260 residents of
Washington aged 50—76 years and explored risk factors for RCC.*® In the multivariable model adjusted by all
covariates related to lifestyles and comorbidities, hypertension was independently associated with the incidence
of RCC (hazard ratio [HR], 1.70; 95% CI, 1.30—2.22). In a recent meta-analysis, a 67% increased risk for kidney
cancer was observed among those with a history of hypertension, with each 10-mmHg increase in systolic
and diastolic blood pressure associated with 10% and 22% increased risk for kidney cancer, respectively.4®
The biological mechanism underlying the relationship between hypertension and RCC development could
be related to chronic renal hypoxia, although it remains largely unknown and further investigations will be
required.4849

Although diabetes may be also associated with an increased incidence of RCC, there have been controversies
regarding whether diabetes is an independent risk factor for RCC.*5%05! The association between diabetes and
RCC is often confounded by obesity and hypertension in cohort studies, as these conditions often coexist. In a
large, prospective, cohort study that analyzed the associations between several lifestyles or comorbidities and
RCC incidence, diabetes failed to show a statistical significance independently among covariates including
smoking, obesity, and hypertension in the multivariable model.*®

Diet

Previous studies suggest that specific nutritional intake may both negatively and positively affect the development
of RCC.52-5 Several studies have reported that meat intake may increase the risk for RCC, thought to be partially
related to the carcinogens formed in the cooking process such as benzo(a)pyrene and polycyclic aromatic
hydrocarbons.*2%% In contrast, fruit and vegetable consumption, particularly that of cruciferous vegetables such
as cabbage, broccoli, and cauliflower, may be protective against RCC development,5455 although the associations
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between fruit and vegetable intake are inconsistent. For example, in the European Prospective Investigation into
Cancer and Nutrition (EPIC) study, a prospective cohort study that includes more than 500,000 participants
from 10 countries throughout Europe, no significant decrease of RCC risk was observed for fruit and vegetable
intake. 557 The challenges related to this topic include the limited accuracy in quantification of ingestion, and
further research is needed to develop consensus. As for alcohol consumption, previous studies suggested its
protective effect on RCC, showing an inverse relationship between moderate alcohol intake (<60 g/day) and
RCC risk.585°

Occupation and drug exposure

Although the impact of occupation on RCC is generally considered limited, increased risks may be observed
in specific occupations related to certain industrial agents.’>>* Trichloroethylene has been most extensively
examined from this aspect.®°-%2 Trichloroethylene is a chlorinated solvent, widely used as a metal degreaser,
extractant, and chemical intermediate.®® Based on the large body of evidence, the Environmental Protection
Agency in the United States has officially acknowledged the toxicity of trichloroethylene and concluded that it
modestly increases the risks for several cancers including kidney cancer.5* Previous studies have also suggested
that occupational exposures to specific types of dust may be associated with an increased risk for RCC, although
the results need further validation.%

The possible impact of analgesics has been also investigated. Choueiri et al. conducted a meta-analysis that
revealed that the uses of acetaminophen and nonsteroidal anti-inflammatory drugs (NSAIDs) other than
aspirin were significantly associated with an increased incidence of kidney cancer, while the use of aspirin
was not.*# NSAID use may induce kidney injuries that can lead to carcinogenesis theoretically, although the
biological mechanisms remain unclear.

Others: end-stage kidney disease and transplant

A higher incidence of RCC among patients with end-stage kidney disease (ESRD) has been well reported.%
Approximately 4% of ESRD patients are diagnosed with RCC in the native kidneys and the lifetime risk of
developing RCC is reported to be 10-fold higher compared to the general population.®® ESRD patients also
more often present with multiple or bilateral tumours. However, it has been also reported that RCCs in ESRD
patients are generally less aggressive, exhibiting lower stage and grade than those in non-ESRD patients.¢:67
Such differences may be partially derived from the increased opportunities for imaging studies in ESRD
patients, which lead to early diagnosis of RCCs. The differences may also be linked with different histological
subtypes. Acquired cystic disease—associated RCC is a histological subtype almost exclusively observed in
ESRD patients and accounts for 16.3% and 50.6% of RCCs in ESRD patients who have <10 and >10 years of
dialysis, respectively.®® The incidence of RCC in the allograft kidneys after transplant is much lower than in
the native kidneys and a limited number of case series have been reported.®®7° Leveridge et al. analyzed 3,568
patients who received kidney transplant and reported that 39 (1.1%) and 8 (0.2%) patients were diagnosed
with RCC in native and allograft kidneys, respectively.
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Screening

Rationale for screening

The epidemiology of RCC highlights that despite a shift to lower stages of diagnosis, there remains a large
proportion of individuals diagnosed each year with locally advanced or metastatic disease. Clearly, superior
survival is noted in patients with earlier-stage compared to late-stage disease. Indeed, the 5-year survival rate
is 87% in stage I compared to 12% in stage IV RCC.™ Additionally, although for all cancers combined there has
been a 27% improvement in all-cause mortality over the past 50 years, this improvement has not been seen
in RCC treatment, where there has been only a 4% improvement in cancer survival since 1971. It should be
noted that survival data varies between sources,” but it is likely that there have not been the same levels of
improvements in survival for RCC that have been achieved in other cancer types. This has driven the desire to
investigate the topic of screening for RCC, to enable earlier diagnosis and treatment of the disease, with the aim
of improving survival outcomes.# Although this topic was initially investigated in the early 1990s and 2000s,
there has been a resurrection in interest in the past few years, with an increasing number of publications on
this subject.774

The research community has also identified screening and early detection of RCC as a key research priority in
three independent priority setting initiatives over the past 5 years, highlighting the crucial importance of this
topic.”>"8 Furthermore, patient groups have been vocal in their desire to champion this agenda.” The two main
concerns from a patient perspective are: the frequent absence of symptoms in RCC even in advanced disease,
and the relatively poor knowledge regarding this malignancy in the general population. Indeed, the majority
of the public have a relatively low awareness of RCC: in a recent survey, 82% of individuals knew nothing
about RCC or had only heard of the disease.® Initiatives to raise public awareness of hematuria have not been
successful in improving detection of RCC,® suggesting that a more systematic identification approach may be
necessary. Any screening program for RCC, however, must be evaluated with the Wilson and Jungner criteria
in mind,® to minimize risks to the general population while maximizing benefits for individuals (Table 2).
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TABLE 2 Wilson and Jungner criteria applied to screening for RCC,* highlighting key research questions

Criteria for screening

1. The condition sought should be an e Screening for RCC is a key research priority.
important health problem. e RCC s the 7th most common cancer in Europe!4? and overall
5-year survival is 52%.
e 11-23% of patients have metastases at diagnosis and 5-year
survival in this group is 12%, suggesting early detection
could improve survival.

2. There should be an accepted e Early detection of smaller tumours may preferentially allow
treatment for patients with minimally invasive techniques, reducing rates of open
recognized disease. surgery and therefore associated morbidity and length

of hospital stay, and improving quality of life and renal
function.

3. Facilities for diagnosis and treatment ' ¢  Screening would increase disease incidence. Further
should be available. research on cost and resource implications of this is key.

4. There should be a recognizable latent ' ¢«  The natural history of small renal masses is not completely
or early symptomatic stage. understood. However, as >50% of RCCs are detected
incidentally, this suggests there is a latent asymptomatic
stage at which to intervene.

5. There should be a suitable test. e Currently, screening with ultrasound or low-dose abdominal
CT, in combination with existing programs (such as AAA
screening or lung cancer screening), seems the most viable
option. Ideally, a screening approach would adopt a staged
approach to increase efficiency and cost-effectiveness. First,
a risk-stratification tool/prediction model would identify
high-risk individuals from the general population. These
individuals would be invited to have an initial urine or
blood-based biomarker test (ideally, point-of-care test at
home or in the community), followed by further imaging in
secondary care.

6. The test should be acceptable to the e Surveys demonstrate public acceptability and willingness to
population. attend screening.

7. The natural history of the condition, ' < This area is the highest research priority.
including development from latent
to declared disease, should be
adequately understood.
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TABLE 2 Wilson and Jungner criteria applied to screening for RCC,* highlighting key research questions
(Cont'd)

8. There should be an agreed policyon ¢  Clear European Association of Urology Guidelines on the

whom to treat as patients. management of RCC have been published,3 including active
surveillance, ablative, and surgical options for localized
disease.

9. The cost of case finding (including e A cost-effectiveness analysis of screening for RCC using
diagnosis and treatment of patients ultrasound suggested that screening could potentially
diagnosed) should be economically be cost-effective in men.'?° The low prevalence was a key
balanced in relation to possible determinant of cost-effectiveness, suggesting risk-stratified
expenditure on medical care as a screening would be an ideal option.
whole.

10. Case finding should be a continuing ¢ Itis unclear if screening should be performed as a one-off or
process and not a “once and for all” repeated at regular intervals.
project.

Abbreviations: AAA, abdominal aortic aneurysm; CT, computed tomography; RCC, renal cell carcinoma; SRM, small renal mass.

*Adapted from Rossi SH, T. Klatte J, Usher-Smith J, Stewart GD. Epidemiology and screening for renal cancer. World J Urol.
2018;36(9):1341-1353. doi:10.1007/s00345-018-2286-7,” under the Creative Commons License.

Screening modality

A successful screening strategy relies on a screening tool that is accurate, reliable, acceptable to the public,
and scalable (i.e., can be rolled out on a population level by the existing health service). A number of screening
approaches have been considered, each with advantages and disadvantages, although the ideal screening tool
has yet to be identified.

Urinary tests

Urinary tests represent an ideal tool due to their noninvasive nature, ease of collection and storage, and
acceptability by the general public.t° This strategy could involve either a point-of-care test (such as dipstick
for hematuria) or laboratory test (urinary biomarkers). Dipstick tests are cheap, readily available, and require
minimal training; however, colour changes may be open to subjective interpretation. Nonvisible (NV) hematuria
is defined as blood in the urine detected by urinary dipstick or microscopy, which is not visible to the naked
eye (as opposed to visible hematuria, which is gross/macroscopic).®® The main concerns are the nonspecific
nature of NV hematuria for RCC, the high number of incidental findings, and the unacceptably high rate
of false positives and false negatives.’#84 Therefore, screening for RCC based around dipstick-detected NV
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hematuria is not currently recommended (though there may be benefits for bladder cancer detection).®® The
vast majority of patients diagnosed with RCC will not have hematuria, meaning there would be a large number
of false negatives. The prevalence of hematuria in RCC is 35% (prevalence 17.5% visible and 17.5% nonvisible
hematuria), compared to 94% in bladder and ureter urothelial cancer.®® The prevalence of NV hematuria may
be as high as 20—30% in the general population; 8487 however, <1% of individuals with NV hematuria are found
to have RCC and 5% are found to have bladder cancer.®® A meta-analysis suggests that in patients with NV
hematuria, the prevalence of RCC was 0—10%, whereas the prevalence of bladder cancer may be as high as
16%.88 Conversely, urinary dipstick may identify a large number of nonmalignant urological diseases that are
associated with NV hematuria (including renal stones, cysts, etc.) as well as medical diseases associated with
proteinuria or glycosuria (renal disease, diabetes, infection, etc.). The high volume of individuals requiring
further investigation and the high number of incidental findings preclude this as a cost-effective screening
strategy for RCC.

Urinary biomarkers would represent the ideal screening tool; however, to date nil are validated or approved
for use in clinical practice.®® A number of different analytes could be used, including urinary proteins, cell-
free tumour DNA, microRNAs, and exosomes. Perhaps the most well-studied group is urinary proteins,
including: aquaporin-1, perilipin-2, carbonic anhydrase-9, Raf-kinase inhibitory protein, nuclear matrix
protein-22, 14-3-3 Protein /a, and neutrophil gelatinase-associated lipocalin.®® Aquaporin-1 and perilipin-2
have been evaluated in a prospective study of 720 patients undergoing screening CT, 80 healthy controls, and
19 patients with RCC. In this cohort, these two biomarkers used in combination achieved an area under the
curve (AUC) >0.99 for RCC.® Although these two proteins may be good markers for ccRCC and pRCC, levels
are low or negative in chRCC, meaning screening would miss the latter.” Further prospective validation
in an independent cohort is warranted. Key considerations for urinary biomarker studies include: urinary
collection and storage protocols to maximize analyte stability, standardization and establishment of gold
standard methods for protein evaluation across international laboratories, high-quality study design, and
comprehensive study reporting.

Blood tests

Blood-based tests represent another potentially useful option due their relative public acceptability and
presumed relatively low cost. Analytes similar to those identified in urine may be used, such as: proteins,
circulating tumour DNA (ctDNA), microRNAs, and exosomes. Kidney injury molecule-1 (KIM-1) is a
glycoprotein that reflects injury to the proximal convoluted tubule of the kidney (from which ¢ccRCC and pRCC
are derived). KIM-1 levels are elevated in ccRCC and pRCC, and KIM-1 has therefore been investigated as a
potential marker to improve early detection in these disease subtypes. Scelo et al.®® demonstrated that KIM-
1 blood levels may be elevated 5 years prior to a diagnosis of RCC. One of the main disadvantages is the low
specificity of KIM-1 (levels may be elevated in kidney injury). Furthermore, KIM-1 levels are not elevated in
patients with renal tumours derived from the distal nephron, therefore using this marker for screening would
result in false negatives for patients with chRCC and collecting duct RCC. Although these challenges may limit
the ability to use KIM-1 as a screening tool, KIM-1 may still be useful to monitor residual disease in patients
with preoperatively raised KIM-1 levels, which would circumvent the challenges regarding low specificity.®?
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Cancer screening using ctDNA has recently received significant media attention and has entered large-scale
validation studies. A number of studies have been published evaluating ctDNA for the simultaneous detection
of multiple cancer subtypes with the aim of pan-cancer screening.?3% Although initial reports evaluating
mutations® and methylation patterns®+ in ctDNA suggested patients with renal cancer may have lower levels
of ctDNA than those with other malignancies, more recent reports evaluating DNA methylation appear more
promising.°® Nuzzo et al.?® evaluated ctDNA methylation using cell-free—methylated DNA immunoprecipitation
and high-throughput sequencing (cfMeDIP—seq) in a case-control study. The study cohort included 99 ctDNA
samples from patients with RCC (of which 33% were from patients with stage I-11 disease), 21 samples from
patients with stage IV bladder cancer, and 28 healthy controls. The overall AUC for the detection of RCC was
0.99, suggesting ctDNA may be detected in patients with RCC across the spectrum of disease severity, raising
the possibility that in the future this could potentially be used to enable earlier disease detection. Further
research on blood-based biomarkers as a screening tool, in prospective cohorts, is warranted.

Ultrasound

Ultrasound is perhaps the most well-studied screening method for RCC, with a number of observational studies
published in the 1990s and 2000s.97*°4 The main drawback is that accuracy is dependent on operator experience,
anatomical factors (including obesity and overlying bowel gas), and lesion size. There is a potential for false
negatives, as ultrasound can detect 85-100% tumours >3 cm in size, but only 67-82% of tumours 2—3 cm
in size.1°5°¢ Advantages of ultrasound include the relative acceptability by the general public, as it is pain-free
and noninvasive (compared to blood tests). Ultrasound is widely available, does not involve ionizing radiation,
and is relatively inexpensive compared to computed tomography (CT). Furthermore, focused renal ultrasound
may be performed, imaging the kidneys alone rather than the entire abdomen, therefore reducing the time and
cost of the scan and avoiding incidental detection of indeterminate lesions in other abdominal organs, which
may require additional investigation with associated costs. Another potential advantage is the opportunity to
combine screening for renal cancer with the existing abdominal aortic aneurysm (AAA) screening program,
which would reduce the overall cost of the screening intervention and maximize cost-effectiveness. However,
in some nations (such as the UK, France, and Sweden), the AAA screening program includes only men. To the
best of our knowledge, Malaeb et al.*# is the first and only study to explore this. Screening for AAA and kidney
cancer using abdominal ultrasound was performed in 6,678 veterans, demonstrating this is a feasible approach
that is well tolerated by patients. The study identified 22 patients with solid renal masses (prevalence, 0.32%): 5
individuals were lost to follow-up, 2 patients were not fit for operative management, and 15 patients underwent
treatment. In patients undergoing treatment, survival was 80% (i.e., 12/15) at a median 55 months of follow-
up.°4 Although this study is promising, none of the ultrasound studies were randomized in nature, meaning
the impact of the intervention on survival remains unknown.

Computed tomography

Use of CT has increased in recent decades due to technological advances (enabling increased resolution,
reduced scanning times, and lower radiation dose), increasing availability and reducing costs.!°1% Contrast-
enhanced CT is the gold standard diagnostic imaging technique to evaluate SRMs in patients with suspected
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RCC (e.g., if a mass is identified on ultrasound or there is visible hematuria). Contrast uptake can enable the
differentiation between benign and malignant disease, and visualization of tumour and vessel anatomy that
can guide operative management approaches. However, the utility of contrast-enhanced CT as a screening
tool in the general population is limited by the use of contrast (which may be nephrotoxic), relatively high
radiation dose, and cost, particularly given the low prevalence of RCC. However, low-dose unenhanced CT has
the advantage of providing less radiation dose and no contrast.

Whole-body CT has been proposed as a potential screening tool for the combined detection of multiple
malignant and nonmalignant diseases (e.g., abdominal cancers, AAA, etc.).1%t Although a number of studies
have been performed, the main drawback of performing whole-body scans is the high number of incidental
findings, false positives, and findings of unknown clinical potential. For example, Millor et al.**? reviewed 6,516
whole-body screening CTs (which included unenhanced chest CT, enhanced abdominal CT, cardiovascular,
and bone assessments). Less than 2% of individuals had normal scans, meaning >98% had to undergo further
investigations with significant costs, burden to the health service, and anxiety for the individual. 1.5% of
individuals were found to have a malignancy (35/96 were RCC). As a result, whole-body CT to screen for
kidney cancer as a standalone test in an unselected population is unlikely to be a cost-effective strategy at
present.!® It is postulated that in the future, machine learning and artificial intelligence (AI) may enable
automated interpretation of imaging features, which will increase accuracy and reduce false positives. Al could
additionally reduce the burden of interpreting large volumes of CT images by the health service, rendering this
tool more feasible, and increase the utility of scans (e.g., by evaluating multiple features such as visceral fat for
metabolic disease, aortic calcium for cardiovascular disease, and bone density for osteoporosis).'4

Limiting screening to abdominal low-dose non-contrast CT alone may reduce the number of incidental
findings, compared to whole-body CT screening.'®® The low prevalence of RCC remains a challenge, therefore
an alternative approach is to add low-dose non-contrast abdominal CT scans to the low-dose unenhanced
chest CT scans currently being investigated for lung cancer screening in high-risk members of the population.
This would maximize cancer detection rates while reducing costs. A randomized controlled trial of lung cancer
screening in the United States suggested that low-dose unenhanced chest CT may identify RCCs, despite
imaging only the top section of the kidneys."* The Yorkshire Kidney Screening Trial (NCT05005195), currently
underway, is a novel study and the first to evaluate the added benefit of screening for RCC by extending the
low-dose chest CT to image the kidneys in 55—80 year-old smokers and ex-smokers undergoing lung cancer
screening enrolled in the Yorkshire Lung Screening Trial.'® It is postulated that combined screening may
maximize cancer detection rates while reducing costs.

Screening population

The ideal population to whom screening for RCC should be offered is unknown. One of the main challenges
is the relatively low prevalence of RCC. Meta-analyses have estimated that screening 1,000 individuals using
ultrasound would identify between 1 and 2 patients with RCC,*” while studies using CT have estimated this
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number to be between 1 and 3 (pooled prevalence of RCC 0.17% [95% CI, 0.09—0.27%] and 0.21% [95% CI,
0.14-0.28%] in US and CT, respectively).®"'® This means that a large number of individuals would have to
undergo screening to detect only a small number of cancer cases. However, this is a challenge common to many
screening programs, and these figures need to be interpreted in the context of existing screening interventions.
For every 1,000 men screened in the UK National Health Service AAA screening program, 10 men are identified
with a AAA >3 cm. Two of these individuals will undergo surgery at diagnosis, while a further 6 of these
men will undergo surgery following active surveillance over a 20-year period.""!8 For every 1,000 individuals
undergoing guaiac-based fecal occult blood screening, 1.6 patients with colorectal cancer are detected (an
additional 6 patients will be identified with high-risk adenomatous polyps requiring surveillance).!® Screening
for RCC may compare favourably with the established programs for AAA and colorectal cancer, although
intrinsic differences underlying each screening program and the individual nature of each disease make direct
comparisons artificial.”” A health economic analysis of screening for RCC using ultrasound identified the
prevalence of RCC as the greatest determinant of cost-effectiveness.*?® The higher the prevalence of the disease
and the cheaper the screening modality, the greater the health economic benefit of any screening program.

Risk-stratified screening may enable more efficient identification of RCC, focusing on high-risk individuals and
therefore maximizing benefits while reducing costs and harms for those at low risk. Risk-stratified screening is
indeed likely to be the preferred option for future lung cancer screening programs as well as being investigated
for established programs such as breast and colorectal cancers. A systematic review of risk-prediction models
for RCC'# identified 11 models that report performance measures and could potentially be used. Fewer
than 20% (2/11) had been validated in an external population, highlighting one of the limitations of current
models. The most commonly included factors were sex, age, smoking status, BMI, and hypertension, which
is consistent with the known data on risk factors for RCC. However, none of these risk factors are specific for
RCC. Only one study considered genetic risk (i.e., single-nucleotide polymorphisms) and biomarker studies
were characterized by a high risk for bias. The models identified in the systematic review were externally
validated in 450,687 participants within the UK Biobank cohort.?? Five models had reasonable calibration
and discrimination, with an area under the receiver operating characteristic curve between 0.61 and 0.72. All
the models performed less well in women, compared with men. Additionally, although the models are better
at identifying individuals at high risk for RCC than age and sex alone, the improvement was small. Future
incorporation of biomarkers into risk scores could improve performance.

Screening implementation and public acceptability

If screening is demonstrated to improve disease-specific survival, it is crucial to consider implementation of
the screening program and public acceptability. The program must be deliverable in the present health service,
which may be stretched due to the provision of competing health interventions. The cost of screening is limited
by not only the intervention itself (which may be imaging or a biomarker) but also the associated costs of
investigating incidental findings and the cost of treatment of diagnosed conditions. For example, screening
may identify benign renal and non-renal conditions (including simple cysts, congenital anomalies, renal
stones, diabetes), which would need to be investigated, placing a burden on existing services. Other important

Epidemiology and Screening for RCC 23



considerations are in regard to program delivery, including: optimal screening location (e.g., primary care,
secondary care, screening vans in public spaces), training an adequate workforce to deliver screening (e.g.,
ultrasound delivered by technicians vs. sonographers), and quality control (e.g., audit for laboratories
undertaking biomarker work or facilities offering imaging).

Public acceptability of the program will also be key to ensure high attendance rates. A survey has shown that
members of the general public would be “very likely” or “likely” to undergo each of the following screening
tests: urine test: 94%; blood test: 90%; ultrasound: 90%; low-dose CT: 79%; and low-dose CT offered as part
of lung screening: 95%.8 Although one cannot make assumptions about attendance based on survey data, the
high anticipated intention to attend screening is promising. Furthermore, the public viewed risk-stratified
screening positively. Most individuals (83%) reported that tailoring the starting age of RCC screening based
on a risk score incorporating phenotypic or genetic risk was acceptable. Interestingly, risk scores were more
acceptable than using sex alone to determine the age of screening (i.e., offering men earlier screening than
women).!2® Additionally, 85% of participants reported they would be more likely to attend screening if the risk
score suggested they were high risk, while being told they were low risk had no overall influence on intention
to attend.'?

Challenges and unknowns

Unknown survival benefit and stage shift

Perhaps the greatest unknown is whether screening for kidney cancer will translate to a survival benefit.
Observational studies of screening for RCC using ultrasound published in the 1990s to 2000s suggested
promising statistics; however, no randomized controlled trials have been performed to date. Mihara et al.
screened >200,000 healthy individuals, and patients with screen-detected RCC had 5-year survival >97%.1%°
An artificially inflated survival time may be seen in screen-detected cancers due to earlier detection in the
absence of a true survival benefit (lead-time bias) or due to the detection of indolent, slow-growing cancers
(length-time bias).” Only a randomized controlled trial would be able to elucidate whether increased survival
observed among these screened individuals is a true benefit, rather than simply length- or lead-time bias.
However, due to the low prevalence of RCC, a randomized controlled trial would need to recruit hundreds of
thousands of participants to detect a survival benefit. Such a high-volume trial would be high cost and would
require long-term follow-up, which are barriers to undertaking such a study.

Another unknown relates to whether screening would identify additional cancers over and above those
diagnosed by the existing health service. Since the initial observational studies of screening for RCC were
published,®” nearly two decades have passed, and abdominal imaging using CT has become much more widely
accessible. The incidence of RCC has increased dramatically (47% rise in incidence over 10 years). This is likely
due to both a true rise in the disease and incidental detection during abdominal imaging for other complaints.5
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Welch et al. estimated 43% of individuals aged 65—85 years on Medicare in the United States undergo either
a CT chest or CT abdomen over a 5-year period,’®® meaning these individuals may not benefit from further
screening. The “stage shift” refers to the detection of screen-detected cancers at an earlier and therefore
treatable stage, compared to the existing standard of care. Further studies are needed to determine whether
screening for RCC in the current climate will lead to increased detection and a stage shift.

The “sojourn time” or “preclinical period” refers to the length of time during which an individual with RCC
has not yet received a diagnosis, and would therefore benefit from early detection via screening. Cancers with
very short or very long sojourn times are not ideal screening candidates. For example, if the window to detect
the malignancy is too short, it may not be possible to deliver a screening intervention, whereas if the window
is too long, it suggests the cancer is indolent and may not impact survival. Imaging studies have suggested the
sojourn time for RCC is between 3.7 and 5.8 years.!? Scelo et al. demonstrated raised KIM-1 plasma levels up
to 5 years prior to RCC diagnosis,® which is in keeping with the estimated sojourn time. Taken together, these
studies suggest that there is a length of time during which asymptomatic patients might benefit from screening
interventions. The optimal frequency of screening and target population have also yet to be identified. Thus far,
studies have evaluated screening for RCC at a single time point rather than regular intervals.” This is akin to
screening for AAAs, rather than the regular cancer screening that is currently performed for other malignancies
(including breast, cervical, and colorectal). Further research into the natural history and epidemiology of renal
masses will elucidate the ideal screening population (including age and gender of individuals) and screening
interval.

False negatives, false positives, and overdiagnosis

As with any screening program, despite attempts to select a tool with high sensitivity and specificity, false
negatives and false positives represent a true challenge. Imaging techniques (such as ultrasound) may miss
small tumours, as may biomarkers. False negatives are damaging, as participants are falsely reassured of the
absence of cancer, only to receive a positive diagnosis at a later date. Not only is this associated with real harms
and anxiety to the individual, but it may also erode public trust in the screening program and could negatively
affect attendance if the test is perceived to be inaccurate. As already mentioned, depending on the screening
test (and especially with CT), a number of incidental findings may be identified that may have indeterminate
clinical potential. These may require further investigation and there may be patient anxiety associated with the
uncertainty surrounding the diagnosis.

One of the main challenges associated with screening for RCC relates to the identification of small renal masses
(SRMs; defined as <4 cmin size), asimprovements are still required to accurately diagnose and better understand
the natural history of these lesions. SRM is a broad term that encompasses a mixture of potential diagnoses,
including clear cell (ccRCC), papillary (pRCC), chromophobe (chRCC) RCC, or benign disease (including
oncocytoma and fat-poor angiomyolipoma). Unfortunately, it is not possible to accurately differentiate
benign from malignant SRMs using contrast-enhanced CT, the gold standard imaging investigation.'24125
Recent studies suggest that magnetic resonance imaging or contrast-enhanced ultrasound could be useful
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adjuncts for differentiating SRMs, although further research is required to validate the findings reported in the
literature.24126-129 Renal biopsy is the gold standard approach to determine the histological diagnosis; however,
it is often underused due to inadequate service provision, lack of expertise, or low perceived clinical benefit.
Renal biopsy is also associated with risks: pain, bleeding, infection/sepsis, or accidental damage to adjacent
structures (e.g., pneumothorax or abdominal organ injury).*° Of these, the most common complication is
bleeding, which tends to be self-limiting (e.g., perinephric hematoma or visible hematuria in ~10% cases) but
may require blood transfusion (~1% cases) or intervention (0.3% cases).*°*3! The most worrying theoretical
risk is tract seeding; this is generally considered rare, though a recent report suggests this may be as high as
1%.132 Both bleeding and seeding risk may be mitigated via the use of a coaxial needle. Furthermore, biopsy
may be difficult to perform due to small lesion size or difficult anatomy (difficult-to-access lesion or overlying
bowel). On histopathological biopsy review, there may be difficulty differentiating benign from malignant
diagnoses due to inadequate tissue sample or simply due to similarities between tumour types. Biopsy is
nondiagnostic in ~10% of cases.’*® It can be particularly difficult to distinguish oncocytoma from eosinophillic
variants of chRCC and ccRCC. A meta-analysis demonstrated approximately 25% of renal biopsies reported
as oncocytoma are found to be malignant following excision.’® Erring on the side of caution, patients with
SRMs are often offered surgery and as a result, approximately 20 to 30% are found to have benign disease
postoperatively, meaning they underwent unnecessary surgery, with associated morbidity and potential
long-term effects on renal function.'3+'35 Future research should focus on improving diagnostic techniques.
Furthermore, at present it is not possible to determine which SRMs are aggressive and which are indolent,
meaning that screening could identify a large number of individuals with SRMs who would not benefit from
treatment. In patients with SRMs, annual growth rates are very variable and rates of metastases are generally
low (0—2%).13% Determinants of aggressive clinical course include: pathological subtype (where pRCC type 2
and ccRCC have the worse prognosis and chRCC and pRCC type 1 have the best), higher lesion grade, size, and
tumour growth rate.’® Increasing the use of active surveillance (which has been shown to be noninferior to
primary intervention), especially in patients with comorbidities who may have a limited life expectancy, could
reduce overtreatment.’®® Recently a growing number of observational studies are being performed that are
increasing our understanding of the natural history of disease.'*® Ultimately, being able to clearly determine
which SRMs require further investigation or treatment and developing pathways for the management of
patients with SRMs based on competing risks is essential before any RCC population-based screening program
can be implemented.

Impact of screening on quality of life

There are a number of ways in which screening can cause harm.®94* These include: physical harm, resulting
from both the screening test and/or follow-up procedures; psychological harm, including increases in anxiety;
treatment burden, including from subsequent invasive procedures and overdiagnosis; financial costs associated
with travel and time off work to attend appointments and potential loss of earnings; social harm, resulting
from social stigma or missing out on other activities; and dissatisfaction with health care.
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As screening is offered to a large number of asymptomatic individuals in order to detect only a small number of
cancers, it is crucial to understand any quality of life (QoL) detriment associated with screening itself. None of
the observational studies evaluating ultrasound screening for RCC evaluated the impact on QoL. Itis generally
accepted that screening itself may be associated with a small but transient increase in anxiety and cancer worry.
False negatives may lead to false reassurance and anxiety for patients. Incidental findings require further
investigation, which may be invasive (such as transvaginal ultrasound for endometrial thickness identified on
abdominal imaging, or biopsy of suspicious lesions), or regular follow-up, which may be associated with anxiety
due to the identification of indeterminate lesions with unknown significance. Lastly, overdiagnosis of indolent
SRMs or surgical removal of SRMs that are found to be benign may lead to associated anxiety and morbidity
for patients. It is crucial that further studies evaluating screening focus not only on survival outcomes but also
on patient reported outcomes and quality of life. The cost-effectiveness of any screening intervention needs
to be demonstrated prior to the screening program being accepted into clinical practice. The gold standard
represents a cost-utility analysis that evaluates the benefit and harms of the screening program in terms of
the quality-adjusted life years gained by individuals due to the intervention. Future studies should focus on
evaluating the QoL of patients undergoing all components of the screening pathway, including not only the
screening intervention itself but also the QoL associated with diagnosis and management.

Future directions

In summary, the large proportion of patients with RCC who are diagnosed at a late, locally advanced or
metastatic stage due to the absence of symptoms, and the risk of poor outcome in this group are the main
drivers for the need to improve the early detection of RCC. Screening has therefore been recognized as a
research priority by patients and clinicians alike. A number of potential candidate screening tools are currently
being investigated, including urinary and blood biomarkers, ultrasound, and low-dose unenhanced CT, though
it may be that a combination of these approaches may be optimal. Ultimately, the sensitivity and specificity
of the chosen screening tool will determine the rate of false positives and false negatives, which must be
minimized. One of the key challenges is the relatively low prevalence of the disease, which might be overcome
by performing risk-stratified screening or screening for more than one condition (such as combined lung cancer
and RCC screening). These options may maximize efficiency of screening while reducing harms. Preliminary
research suggests that both these approaches may be acceptable to the general public. Whether screening
for RCC will lead to a stage shift and the impact on cancer-specific survival are the decisive missing pieces of
information that will determine whether the screening program might be adopted into clinical practice (along
with feasibility, acceptability, and cost-effectiveness).
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Introduction

This chapter presents an overview of the morphologic characteristics, diagnostic immunohistochemistry (IHC),
and molecular correlates of renal cell carcinoma (RCC). The authors provide their expert insights and synopsis of
published literature, by critically evaluating the available evidence and data.

Histologic categorization of renal tumours is essential for: (i) accurate prognostication; (ii) appropriate
management; and (iii) assessment of hereditary predisposition. For example, a patient with chromophobe RCC
(ChRCC) is less likely to die from his disease compared to similar stage other common RCC subtypes such as
clear cell RCC (CCRCC).! Additionally, histologic diagnosis may influence management including consideration
for active surveillance or surgical resection in a patient with small renal mass. The histologic subtype (clear cell
versus non clear cell) is incorporated into clinical decision-making (National Comprehensive Cancer Network
[NCCN] guidelines),? and drives oncologic management. Furthermore, histology often serves as a marker for
identification of hereditary predisposition syndromes (American College of Medical Genetics and Genomics
[ACGM] Practice Guidelines).®

During the past two decades, knowledge of the underlying molecular biology has helped associate morphologies
with specific molecular alterations, establish biologic subgroups, refine diagnostic features, and develop unique
diagnostic ancillary profiles. These molecular studies have often led to the identification of novel histological and
molecular subtypes. Another major contribution is the identification of subtypes previously regarded as RCC
with benign or indolent behaviour. Despite these advances, histomorphology remains the fundamental driver
of clinical diagnosis, prognosis, and management—a testimony to the power of morphology and the information
embedded in spatial tissue organization.

Since the prior 2016 World Health Organization (WHO) classification (4th edition),* the Genitourinary Pathology
Society (GUPS) published two manuscripts summarizing the advances.5¢ In this chapter, we have adopted GUPS
terminology and categories. Several new entities were described previously under different names, and we
hope that unified GUPS terminology will resolve ambiguity.>° In addition, many of these GUPS terms will be
incorporated in the upcoming 2022 WHO classification (5th edition).” Herein, we highlight ongoing controversies
in nomenclature, grading, staging, and clinical implications.

General Considerations for Macroscopic
Examination

RCC are most frequently located in the renal cortex and grows as spherical masses with pushing margins. This
contrasts with many other cancers that display infiltration with desmoplasia. Infiltrative growth patterns are
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observed rarely, though more typically with collecting duct carcinoma (CDC), SMARCB1-deficient renal medullary
carcinoma (RMC), or fumarate hydratase (FH)—deficient RCC.

Tumour stage, the most important prognostic parameter, is based on tumour size, invasion, and disease extent.
The pathologic pT category is influenced by size and invasion. Tumours confined to the renal parenchyma with
cutoffs of > 4, 7, and 10 cm are designated as pT1b, pT2a, and pT2b, respectively.® As illustrated by Bonsib, renal
sinus invasion is one of the most frequent routes of extension, especially in CCRCC, the most common subtype.
This emphasizes the importance of a thorough renal sinus gross examination.® The renal sinus contains the fat
and lymphovascular supply surrounding the pelvicalyceal system, and sinus invasion warrants pT3a designation.
Similarly, renal vein, segmental vein, perinephric fat, or pelvic/calyceal system warrants a pT3a designation.
Renal sinus invasion can be subtle; at least 3 tissue blocks are recommended for examination, unless the invasion
is grossly apparent.4 This is because even subtle sinus or vascular invasion impacts prognosis.’®* As CCRCC
grows, the likelihood of invasion of the renal sinus increases dramatically, such that CCRCC tumours over 7 cm
usually invade these structures.’® On the other hand, non-CCRCC (especially chromophobe or papillary RCC)
may reach this size without such invasion.’® Nevertheless, when the tumour size is greater than 5 cm, sampling
the entire renal sinus interface is quite reasonable.*?

RCC (especially CCRCC) has a predilection for intravenous growth. These tumour thrombi are finger-like
outpouchings that grow into segmental veins, the main renal vein, and the inferior vena cava (IVC). They may
even extend into the right atrium.®*! In addition, thrombi may grow in a retrograde fashion to the renal cortex
when there is occlusion of the vein more proximally, creating satellite tumour nodules adjacent to main tumour
(Figure 1A). Recognition that the satellite nodules are present along the venous outflow will prevent including
them and overestimate the tumour size measurements or misinterpretation as tumour multifocality.'*—9

The cut surface of renal tumours can be solid, cystic, and variegated. CCRCC classically has a golden yellow
or orange cut surface? that often helps to differentiate it from non-clear RCC subtypes (Figure 1B—D). All
macroscopically different appearing areas are sampled for microscopic examination. Other renal cancer types
may vary in gross appearance, ranging from tan to hemorrhagic as described in more detail later.?! Cholesterol
deposition or foamy macrophages may also impart a yellow colour in non-clear cell tumours, especially papillary
RCC (PRCC). When multiple tumours are present, sampling and measuring at least the 5 largest tumours and
all heterogeneous tumours is recommended.*? It is also recommended, when possible, to sample at least 1 or 2
additional sections away from the tumour to assess for medical renal disease.

Nephrectomies with thrombectomy specimens should be evaluated for tumour presence at the vein margin.
Typically, the surgeon palpates the renal thrombus and ligates and/or resects the vein beyond it, without
transecting the tumour thrombus. However, as the renal vein wall retracts, the tumour thrombus may be present
within the lumen or beyond the vein margin. When the renal vein margin is stapled, the margin is almost
always negative. The rim of the vein wall should be dissected and submitted for histologic examination. Current
recommendations are for the margin to be considered positive only if the tumour is microscopically adherent to
or invading the vein wall at the final tissue edge.'**
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FIGURE 1 Gross photograph of the cut surface of kidneys with renal mass.

A. Gross photograph of a clear cell renal cell carcinoma (CCRCC) (encircled with dotted line) with retrograde
spread and occlusive renal vein thrombus. The tumour extends into the renal vein (arrow). There are satellite
nodules adjacent to the renal mass that represent retrograde spread (star) of tumour within renal vein
branches.

B. Clear cell RCC with characteristic golden-yellow solid appearance. Central scar can be seen in CCRCC.

Papillary RCC with circumscribed mass composed of tan-to-necrotic and hemorrhagic areas.

D. Chromophobe RCC with solid-brown cut surface and a central scar, which can also be seen in oncocytoma.

o

B. Clear cell RCC

A. Clear cell RCC with retrograde spread

C. Papillary RCC

D. Chromophobe RCC

Recent Updates in Pathology of Renal Cell Carcinoma 45



Other parameters driving stage changes include direct invasion beyond Gerota fascia or directly into the adrenal
gland (pT4), which is distinguished from discontinuous adrenal gland involvement (pM1). Lymph nodes are rarely
palpable in conventional radical nephrectomy specimens without a separately performed lymph node dissection.
Complete lymph node dissection is more frequently performed in younger patients with locally advanced disease
and/or unfavourable clinical and pathologic features and offers limited survival benefit in patients with clinically
node-negative RCC.?22% During macroscopic examination, search should be conducted for presence of grossly
identifiable nodes and submitted when enlarged.>

Intraoperative consultation during nephrectomy is limited and largely restricted to margin assessment in
partial nephrectomy and thrombectomy cases. Infrequently consultation may be obtained for diagnosis of
uncharacteristic renal masses especially when multiple masses are present.?®

Histopathologic Classification of Renal Cell
carcinoma

The past four decades have witnessed significant developments in our understanding of RCC leading to a more
precise histologic classification. As recently as 1975, RCC was limited to two subtypes—clear cell and granular cell
RCC.?¢ Increased use of molecular studies, better understanding of the biology, and careful histologic observations
have expanded the classification of RCC to more than 15 entities.>® Several additional novel, emerging, and
evolving RCC types include eosinophilic solid and cystic renal cell carcinoma (ESC RCC), eosinophilic vacuolated
tumour (EVT), low-grade oncocytic renal tumour (LOT), renal cell carcinoma with fibromyomatous stroma (RCC
FMS), thyroid-like follicular renal cell carcinoma (TLF RCC), papillary neoplasm with reverse polarity, biphasic
hyalinizing psammomatous renal cell carcinoma (BHP RCC) and anaplastic lymphoma kinase (ALK)-rearranged
RCC. A summary of their key features is shown in Table 1. This updated classification will likely reduce the
number of “unclassifiable renal carcinomas/tumors.”
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TABLE 1 Summary Features of Novel, Emerging, and Evolving Renal Entities

Type

Eosinophilic
solid and cystic
renal cell
carcinoma
(ESC RCC)

Eosinophilic
vacuolated
tumour (EVT)

Low-grade
oncocytic
tumour (LOT)

ELOC-mutated
RCC

Clinical features

Mostly in women,
mostly sporadic and
solitary, rare cases in
TSC patients, indolent
(great majority)

Broad age range,
sporadic and solitary,
rare cases in TSC
patients, indolent

Older patients,
sporadic and solitary,
rare cases in TSC
patients, indolent

Mostly sporadic and
solitary, indolent

Morphology

Solid and cystic, voluminous
eosinophilic cells, cytoplasmic

stippling

Solid, smaller tumour, tan-to-
brown or grey, large vessels often
found at the periphery, eosinophilic
cells with frequent and prominent
intracytoplasmic vacuoles, large
nucleoli

Solid, smaller tumour, tan-to—
mahogany brown, sharp transition
to edematous areas with scattered
individual cells, round to oval nuclei
without irregularities and prominent
nucleoli, often perinuclear halos

Solid, smaller tumour, tan-to-brown,
may have lobulated appearance, clear
cells with voluminous cytoplasm
forming nodules, separated, and
encircled by fibromuscular stroma

Immunohistochemistry

CK20+

CK7-

CD117-

Vimentin+
Cathepsin K+ (focal)

Cathepsin K+

CD117+

CD10+

CK7- (only rare cells +)
CK20-

Vimentin-

CK7+ (diffuse)

CD117- (rarely weak +)
GATA3+ (limited data)
FOXI1-

CK20-

Vimentin-

CK7+

CAIX+ (membranous)
CD10+

AMACR-

Molecular
features

Somatic biallelic
loss or mutations of
TSC1 and TSC2

TSC/MTOR mutations
(all cases), deletions of
chromosomes 19 and 1

TSC/MTOR mutations
(almost all cases), lack

of multiple chromosome
losses, deletions of
chromosomes 19p, 19q,
and 1p (in some cases), no
CCND1 rearrangements

ELOC (TCEB1) mutation,
monosomy chromosome 8



TABLE 1 Summary Features of Novel, Emerging, and Evolving Renal Entities (Cont'd)

Thyroid-like - . CK7+
. Broad age range Thyroid-like follicular arrangement, .

follicular . . . . . . . Pax8+ Fusion of EWSR1-PATZ1
including children, follicles of variable size with . . .

renal cell . . - . . Vimentin- found in 3 cases,

. solitary, mostly eosinophilic luminal content, lining . .

carcinoma . . N TTF1- no other specific findings
indolent cells cuboidal to cylindrical .

(TLF RCC) Thyroglobulin-

Biphasic CKT+

hyalinizing Adult patients, about Tubulo-papillary architecture, PAXS+ NF2 abnormalities in

psammomatous half of tumours with prominent fibrotic-to-hyalinized stroma CD10+ majority of cases, loss of

renal cell aggressive clinical and microcalcifications, T chromosome 22 in some

carcinoma course heterogeneous morphology Mela:SA cases

(BHP RCC)

Anaplastic

lymphoma . . . ALK rearrangement

){ P Broad age range, Diverse (variable admixed ALK+ . g

kinase . . . . Fusion partners: VCL,
solitary tumour, some  patterns), often mucinous/myxoid Other THC nonspecific

rearrangement— . . ] . . HOOK1, STRN, TPM3,
in patients with sickle ~ background, medullary carcinoma-like  Rare cases TFE3+ (without

associated renal
cell carcinoma
(ALK RCC)

EML4, PLEKHA7, CLIP1,

cell trait morphology in children translocation
phology ) KIF5B, and KIAA1217




WHO updates and latest classification

Last decade witnessed a burgeoning categorization of renal tumours at the molecular level. Not surprisingly,
some molecularly defined entities have associated morphological features. Recognizing the importance of
genotype-phenotype correlations, a hybrid system for renal tumour classification has been adapted in the fifth
edition of the WHO.? Traditionally defined entities by tumour morphology and THC such as CCRCC, PRCC,
ChRCC, etc., have been maintained. While these entities have been categorized as “morphologically defined,”
they all harbour characteristic molecular signatures.?® In addition, a new category of molecularly defined RCCs
such as TFE3-rearranged RCC, TFEB-altered RCC, ELOC (TCEB1)-mutated RCC, FH-deficient RCC, succinate
dehydrogenase (SDH)-deficient RCC, ALK-rearranged RCC, and SMARCB1(INI1)-deficient RMC have been
created, to underscore the significance of molecular testing for definite diagnosis. Most molecularly defined
RCCs have morphologies and/or THC features that raise the diagnosis, but they alone do not define them. Their
accurate diagnosis requires strict genotypic-phenotypic analyses.

The developing entity of RCC FMS has been reported to harbour pathogenic/predicted to be pathogenic
mutations in TSC1, TSC2, or MTOR. Unfortunately, it shares morphological features with ELOC-mutated RCC
and a subset of CCRCC. Given their overlapping morphology but diverse biology, RCC FMS has been a subject
of some debate. As such, it is considered by the WHO as a newly proposed emerging entity that needs further
investigation.

Some entities previously classified as “type 2 PRCC” or “unclassified RCC” are now known to have unique
molecular characteristics and morphologic correlates, such as FH-deficient RCC, TFE3-rearranged RCC, TFEB-
altered RCC, and ESC RCC. In the fifth edition of WHO, “type 1 PRCC” is regarded as the classic PRCC and
subtyping into type 1 and 2 is not recommended.

Lastly, the nomenclature of clear cell papillary RCC has been changed to clear cell papillary renal cell tumour

(CCPRCT) to distinguish it from malignant renal tumours, as no metastasis have been reported since their initial
description in 2006.

Microscopic considerations

RCCs are malignant tumours of renal tubular origin that represent a morphologically and biologically
heterogeneous group of tumours. The RCC subtypes are discussed in some detail below.

Morphologically defined entities

Clear cell renal cell carcinoma

Making up 70% of all RCC and one of the more aggressive subtypes, CCRCC is molecularly characterized by
biallelic VHL (3p25.3) inactivation.?®=*! The parietal epithelial cells of bowman capsule and adjacent proximal
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nephron have been proposed to be the cell of origin of CCRCC.323 The majority of CCRCC occurs sporadically
in older adults with male predominance.3* Rarely they occur in young adults except in syndromic settings
(most commonly von Hippel-Lindau [VHL] syndrome), where they present as multiple tumours that are often
bilateral.®®* NCCN guidelines now recommend evaluation for genetic predisposition in individuals diagnosed 46
years or younger (www.nccn.org/guidelines).

Macroscopically, CCRCC occurs as an expansile cortical mass that has a variegated cut surface and focal golden
yellow colour due to the high intracytoplasmic lipid (Figure 1B). Degenerative changes, hemorrhage, and
necrosis are often present at the centre, especially in large tumours. Firm white areas may represent high-grade
or sarcomatoid differentiation and should always be sampled. CCRCC principally spreads through the vascular
(hematogenous) route that often includes an extension into the renal sinus.%3¢

Microscopically, CCRCC exhibits a wide spectrum of patterns.®*® The prototype is made up of small nests of
tumour cells with clear cytoplasm surrounded by an intricate capillary network (Figure 2A). Large tumours
often have morphologically heterogeneous areas, possibly correlating with subclones exhibiting different
architectural and cytologic patterns (i.e., papillae formation, anaplasia, sarcomatoid or rhabdoid features,
and adenocarcinoma-like morphology).394° Presence of these patterns alone in needle biopsy specimens may
necessitate ancillary testing for diagnosis.

Although there is no diagnostic IHC marker entirely specific for CCRCC, given the characteristic VHL inactivation
and resulting activation of hypoxia-inducible factor (HIF), the downstream effector, carbonic anhydrase
IX (CAIX), has been used to support the diagnosis. Diffuse membranous CAIX positivity is reported in up to
90% of CCRCC (Figure 2B).4-# However, focal or even diffuse CAIX staining can be seen in other tumours,
especially when associated with hypoxia and necrosis.4 CCRCC expresses both epithelial (low-molecular weight
cytokeratin) and mesenchymal markers (vimentin). CK7 is usually negative or focal, but even diffuse staining
does not exclude the diagnosis.4°

Molecularly, CCRCC is characterized by large deletion of chromosome 3p, where VHL is located, and gain of 5q,
through a process referred to as chromothripsis. Loss of 3p results in loss of one allele of several other tumour
suppressor genes often mutated in CCRCC: SETD2, BAP1, and PBRML1. Other genes mutated in CCRCC include
KDMB5C, TSC1, TSC2, MTOR, PIK3CA, PTEN, TP53, and KDMB6A 304749
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TABLE 2 Differentiating Characteristics and Immunohistochemistry for RCCs with Clear Cell Features

A. Tumours with prominent clear cytoplasm

Histologic
subtype

Clear cell RCC

Chromophobe
RCC (classic type)

TFE3- or TFEB-
rearranged RCC

Clear cell
papillary RCT

ELOC-mutated
RCC

Papillary RCC

Unique morphologic features

Nested pattern surrounded with vascular
network and cells with optically transparent
cytoplasm

Trabecular and sheets, clear and
eosinophilic cells with thick cell border,
wrinkled nuclear membrane

Solid, alveolar and papillary, psammoma
bodies, clear and eosinophilic cells, often
grade 3 nuclei

Cystic and solid, papillary and branched
glands, low-grade nuclei and clear
cytoplasm, nuclei away from the basement
membrane

Tubulopapillary architecture, clear
cytoplasm, prominent fibromyomatous
stroma

Papillary and tubular, psammoma bodies,
foamy macrophages in fibrovascular stack,
often with basophilic cytoplasm

Characteristic positive

markers

CAIX (diffuse membranous)

CD117
CK7

TFE3/TFEB
Melan-A
Cathepsin K

CAIX (cup-like)
CK7 (diffuse positive)
HMWCK

CAIX
CK7
CD10
HMWCK
Vimentin

CKT7 (less in eosinophilic

tumours)
AMACR
CD10 (luminal)

Pertinent
negative markers

CD117

CAIX
Vimentin

CK
EMA

CD10
AMACR

AMACR

CAIX (not diffuse)

Molecular
characteristics

Loss of 3p25 and VHL
inactivation

Chromosomal losses (1,
2, 6,10, 13, 17, and 21)

TFES, TFEB, MITF

rearrangement

None

ELOCL! (TCEB1)
mutations, chromosome
8 monosomy

Gain of chromosomes 7
and 17, MET alterations



TABLE 2 Differentiating Characteristics and Immunohistochemistry for RCCs with Clear Cell Features (Cont'd)

B. Tumours with prominent papillary architecture

Histologic
subtype

Papillary RCC

Clear cell
papillary RCT

FH-deficient RCC

TFE3- or TFEB-
rearranged RCC

Mucinous tubular
and spindle cell
carcinoma

Collecting duct
carcinoma

Unique morphologic features

Papillary and tubular, psammoma
bodies

Cystic and solid, papillary and
branched glands, low-grade nuclei
and clear cytoplasm, nuclei away
from the basement membrane

Papillary, tubulocystic architecture,
prominent inclusion-like nucleoli

Solid, alveolar and papillary,
psammoma bodies, clear and
eosinophilic cells, often grade 3
nuclei

Cuboidal cells arranged in tubules,
spindle cells arranged in whorls and
streams, myxoid stroma

Infiltrative adenocarcinoma with
tubulopapillary pattern, prominent
desmoplastic stroma, necrosis

Characteristic positive
markers

CK7

AMACR

CD10 (luminal)

CAIX cup-like
CK 7-diffuse positive

AMACR

2SC (cytoplasmic and nuclear)

BAF47

TFE3/TFEB
Melan-A
Cathepsin K

AMACR
CK7
INIL
FH

FH
BAF47/INI1
PAX8

EMA

Pertinent negative
markers

CAIX (not diffuse)
CD117

BRAF (V600E)

CD10
AMACR

FH loss

CK, EMA

CD10
AMACR

CAIX
GATA3

p63

TTF1, CK20

Molecular
characteristics

Gain of chromosomes 7
and 17, MET alterations

None

Germline and/or somatic
inactivation of FH

TFES3, TFEB, MITF
rearrangement

Multiple chromosomal
losses (1, 4, 6, 8, 9,

13, 14, 15, and 22)

and VSTM2A RNA
expression

None



TABLE 2 Differentiating Characteristics and Immunohistochemistry for RCCs with Clear Cell Features (Cont'd)

C. Tumours with prominent eosinophilic cytoplasm

Histologic subtype Unique morphologic features

Chromophobe
RCC (eosinophilic
type)

Renal oncocytoma

FH-deficient RCC

SDH-deficient
RCC

Acquired
cystic disease—
associated RCC

Eosinophilic solid
and cystic (ESC)
RCC

Eosinophilic
vacuolated
tumour (EVT)

Eosinophilic cells with thick cell border,
wrinkled nuclear membrane

Nested pattern, pink granular cytoplasm,
round nuclei, smooth nuclear membrane,

hypocellular stroma

Papillary, tubulocystic architecture,
prominent inclusion-like nucleoli

Sheet or nests of cuboidal cells with fine
eosinophilic cytoplasm, cytoplasmic
inclusion with pale material

Cribriform architecture, cells with
eosinophilic cytoplasm, intracytoplasmic
vacuoles, calcium oxalate crystals

Solid and cystic architecture, cells with
abundant eosinophilic cytoplasm, coarse
cytoplasmic granules/stippling

Solid, eosinophilic cytoplasm with large

vacuoles, large nucleoli

Characteristic positive
markers

CD117
CKZ7 (often focal)

AMACR

2SC (cytoplasmic and
nuclear)
BAF47/INI1/hSNF5

AMACR
CD10

CK20
Cathepsin K
Vimentin
Melan-A

CD117
Cathepsin K

Pertinent negative
markers

CAIX
Vimentin

CK7 (more than focal)
Vimentin

FH

SDHB
CD117

CK7
GATA3
CD117

CD117
CK7

CK20
Vimentin
CK7

Molecular
characteristics

Chromosomal losses (1,
2, 6, 10, 13, 17, and 21)

Diploid, CCND1
rearrangement,
chromosome 1, 14 and Y
deletions

Germline and or somatic
inactivation of FH

Germline and somatic
mutations in SDHB,
SDHC, SDHA, SDHD
Chromosomal gains
(3, 16), mutations in
KMT2C, TSC2

Biallelic loss of TSC1 or
TSC2

TSC2, MTOR mutations
and loss of
chromosome 1



TABLE 2 Differentiating Characteristics and Immunohistochemistry for RCCs with Clear Cell Features (Cont'd)

Solid, uniform eosinophilic

Low-grade cells with low-grade nuclei CD117 TSC1, MTOR,
oncocytic tumour | and subtle perinuclear halos, CK7 (diffuse) FOX1 RHEB mutations, loss of
(LOT) sharp transition to lose chromosome 19
edematous areas
CK7 (less in eosinophilic
Papillary RCC . . tumours) CAIX (not diffuse) Gain of chromosomes 7
i L Papillary and tubular, psammoma bodies .
(eosinophilic) AMACR CD117 and 17, MET alterations
CD10 (luminal)
TFE3/TFEB
TFE3- Solid, alveolar and papillary, psammoma | Melan-A/HMB-45
. . - . CK TFE3, TFEB, MITF
or TFEB- bodies, clear and eosinophilic cells, often (in TFEB-RCC)
EMA rearrangement

rearranged RCC

grade 3 nuclei

Cathepsin K
(less often in TFE3-RCC)




TABLE 2 Differentiating Characteristics and Immunohistochemistry for RCCs with Clear Cell Features (Cont'd)

D. Tumours with poorly differentiated histology

Histologic subtype Unique morphologic features

Clear cell RCC
(high grade)

SMARCBI1-
deficient RMC

Collecting duct
carcinoma

Anaplastic
lymphoma
kinase (ALK)—
rearranged RCC

Epithelioid
angiomyolipoma

Metastatic
carcinoma

Any component of classic nested pattern surrounded
with vascular network

Infiltrative adenocarcinoma with prominent rhabdoid
morphology, desmoplastic stroma, necrosis and
neutrophils, sickled RBCs in vascular spaces

Infiltrative adenocarcinoma with tubulopapillary
pattern, prominent desmoplastic stroma, necrosis

Heterogeneous morphology with areas of medullary
carcinoma—like areas and mucinous background

Disintegrating epithelioid cells, thick-walled vessels

Variable

Characteristic positive
markers

PAXS8

CAIX (diffuse membranous)
CK AE1/AE3

Vimentin

CKZ7 (focal)

AMACR (focal)

Oct3/4

FH

BAF47/INI1/hSNF5
PAX8

EMA

ALK
TFE3
BAF47

HMB45/Melan-A
Cathepsin K
SMA (positive in some cases)

Variable

Pertinent negative markers

p63

CK20
HMB45/Melan-A
Inhibin, TTF-1, GATA3

BAF47/INI1/hSNF5

CAIX
GATA3

p63
TTF1, CK20

PAXS8
CK

PAX8/PAX2 (except thyroid,
urothelial, female genital tract)



TABLE 2 Differentiating Characteristics and Immunohistochemistry for RCCs with Clear Cell Features (Cont'd)

Inhibin alpha
Adrenal cortical Sheets of clear to eosinophilic cells with bubbly gzl_rletlnln PAXS8
carcinoma cytoplasm, patchy pleomorphic nuclei CK

Melan-A/MART-1
Synaptophysin

GATA3
. p63
Urot_hel ial Papillary architecture or keratinization HMWCK (34BE12) PAXS (can be positive)
carcinoma o

CK7




The differential diagnosis for low-grade CCRCC includes CCPRCT, multilocular cystic renal neoplasm of low
malignant potential (MCNLMP), ELOC-mutated RCC, and PRCC with clear cytoplasm. CK7, CD10, and CAIX can
help in this differential diagnosis (Table 2A).*° High-grade CCRCC can sometimes be difficult to differentiate from
MiT family translocation RCC, ChRCC, epithelioid angiomyolipoma, metastasis from other epithelial tumours,
as well as urothelial and adrenal cortical tumours (Table 2D). Focal areas with typical CCRCC morphology in
otherwise high-grade cases can be helpful in the diagnosis. In VHL syndrome, multiple tumours, tumourlets, and
cysts lined by similar clear cells may be observed.*

Multilocular cystic renal neoplasm of low malignant potential

MCNLMPs (previously called multilocular cystic RCCs) are multiloculated cysts lined by few layers of low-grade
clear cells and may include small clusters (without expansion of the septae) of similarly clear cells within fibrous
septae.®>% They are often small cystic masses that are diagnosed incidentally and constitute about 10% of all cystic
renal tumours.5 Akin to CCRCC, MCNLMPs have VHL gene alterations, can occur in VHL syndrome patients,
and have similar THC profile.55* MCNLMPs are indolent tumours with no reported metastasis and could be
managed by active surveillance.5"8

The differential diagnosis includes predominantly cystic CCRCC, tubulocystic (TC) RCC, CCPRCT, cystic
nephroma, and localized renal cystic disease. CCRCC with prominent cystic change may be sometimes difficult
to distinguish from MCNLMP. In this context, CCRCC is characterized by distinct and expansile solid tumoural
nodules that exceed 1 mm (and are typically grossly visible), often with features suggestive of tumour regression/
hyalinization. A definite diagnosis by biopsy is therefore not possible. The cystic areas in both CCRCC and
MCNLMP can have prominent CK7 staining.5®

Clear cell papillary renal cell tumour

CCPRCT (previously referred to as clear cell papillary RCC) accounts for 2—4% of all renal tumours. These
tumours occur both sporadically and in end-stage renal disease settings, and patients may present with multiple
tumours.®°-%2 They are indolent tumours, with no reported cases of metastasis. However, given their occurrence
in end-stage kidney disease and as multiple tumours, their management can sometimes be challenging.
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FIGURE 2 Microscopic features of morphologically defined RCCs.

A. Clearcell RCC (CCRCC) with prototypic architecture of nests of tumour cells with clear cytoplasm surrounded
by interconnecting vascular network (100x magnification).

B. Immunohistochemical (IHC) staining for CAIX with diffuse membranous positivity in a case of CCRCC
(200x magnification).

C. Clear cell papillary renal cell tumour (CCPRCT) with cystic and papillary architecture. The cells are small
with a clear cytoplasm. Nuclei are of low grade and are characteristically aligned away from the basement
membrane (40x magnification).

D. CAIX shows diffuse cup-shaped distribution of positivity in CCPRCT (arrow). There is absence of staining
along the luminal border of the tumour cells, in contrast to the pattern seen in CCRCC (200x magnification).

E. IHC staining for CK7 typically shows diffuse strong positivity in CCPRCT. This is in contrast to CCRCC,
which is mostly negative for CK7 (200x magnification).

F. Papillary RCC showing papillary fronds with fibrovascular cores that are lined by columnar cells with scant
clear-to-amphophilic cytoplasm (typical of type 1). The fibrovascular cores focally have numerous foamy

macrophages (arrow), which are especially common in low-grade tumours (100x magnification).

Morphologically CCPRCT has a tubulopapillary and cystic architecture. CCPRCTs are composed of cells with clear
cytoplasm and low-grade nuclei oriented away from the basement membrane in a linear pattern (Figure 2C). Like
CCRCC, they have diffuse CAIX expression, but characteristically in a “cup-like” distribution without staining of
the luminal surface (Figure 2D).
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The differential diagnosis includes CCRCC, PRCC, ELOC-mutated RCC, and tuberous sclerosis complex (TSC)-
associated (tubulopapillary) RCC (Table 2A). CCPRCTs can be differentiated from CCRCCs and PRCCs by
their diffuse CK7 expression (Figure 2E) and lack of AMACR and CD10 expression. They can be distinguished
molecularly by the absence of the characteristic mutations and copy number changes seen in CCRCC and PRCC.
Instead, CCPRCTSs have been shown to exhibit severe mitochondrial DNA depletion.®%2 Tumours with CCPRCT
histology have been reported in patients with VHL syndrome and are more closely genomically related to CCRCC.
Both ELOC-mutated RCC and TSC-associated (tubulopapillary) RCC can have prominent fibromyomatous
stroma that may also be observed in CCPRCT. Exclusion of RCCs with mutations in TSC1/TSC2/MTOR and
ELOC may sometimes be necessary in this setting to establish the diagnosis.®

Papillary renal cell carcinoma

PRCC represents about 15% of all renal cell tumours and is the second most common renal carcinoma after
CCRCC. The proximal nephron has been proposed to be the cell of origin of PRCC.** Tumours are typically well
circumscribed, with or without a fibrous capsule. While multifocal or bilateral tumours are not infrequent, even
in sporadic settings (such as in patients with chronic renal disease), the presence of numerous papillary tumours
and small papillary adenomas would raise the suspicion of hereditary papillary renal cell carcinoma syndrome.

PRCCs have been traditionally subdivided into two histologic types. “Type 1” has fibrovascular cores covered by
single-layered tumour cells typically with amphophilic cytoplasm and low-grade nuclei (Figure 2F). “Type 2” is
characterized by pseudostratified, often large tumour cells with higher nuclear grade and eosinophilic cytoplasm.
However, tumours with “type 2” morphology show significant variability in their features and clinical behaviour.
Importantly, many tumours with prominent papillary architecture that may have been considered “type 2”
PRCC, are now being recognized as distinct molecular or histologic types, such as FH-deficient RCC, MiT family
translocation RCC, ALK-rearranged RCC, and acquired cystic disease—associated RCC (ACD-RCC).%+% Results
from recent analyses of large PRCC cohorts argue against the clinical significance of “type 1 and 2” subtyping,
while supporting the prognostic value of WHO/ International Society of Urologic Pathology (ISUP) grade.®6:¢7
Based on this conceptual change, in the 5th edition of WHO, the former “type 1” PRCC is regarded as the classic
PRCC, and subtyping into type 1 or 2 is no longer recommended. Other parameters with prognostic value in
PRCC typically include pathologic stage and lymphovascular invasion.

The morphologic spectrum of PRCC can be broad, and few recognizable patterns have been described as
morphologic variants, such as solid, biphasic (alveolar/squamoid), Warthin-like PRCC (tumour mimicking
Warthin tumour of the salivary gland), and papillary neoplasms with reverse polarity.> While most PRCCs show
diffuse positivity for CK7 and AMACR, these markers lack specificity, and CK7 can show variable to minimal
staining, especially in eosinophilic tumours.

The differential diagnosis is broad. For the low-grade spectrum (for classic PRCC), this includes papillary
adenoma (size cutoff, 1.5 cm), metanephric adenoma, mucinous tubular and spindle cell carcinoma (MTS
RCC), and CCPRCT. For the high-grade cases, it is important to exclude tumour types with prominent papillary
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architecture, such as FH-deficient RCC, MiT family (TFE3/TFEB) translocation RCC, ALK-rearranged RCC,
ACD-RCC, CCRCC with papillary architecture, tubulocystic RCC (TC RCC), SMARCB1-deficient RMC, and CDC.
Identifying focal areas with classic PRCC morphology in otherwise high-grade cases can be helpful. The definitive
diagnosis may also require specific ancillary studies (e.g., FH/2-succinocysteine [2SC] IHC, TFE3/TFEB ITHC) or
molecular analysis (e.g., TFE3/TFEB FISH, copy number alterations, mutations) (Table 2B).

Molecularly, the large majority of sporadic PRCCs are characterized by gains or trisomy of chromosomes 7 and
17 and less frequent gain of chromosomes 2, 3, 12, 16, and 20.% Mutations of the MET gene (7q31), which are
paradigmatic of hereditary PRCC, are also found in 10—13% of sporadic cases.*+%¢ In PRCC with mixed “type 1 and
2” features, “type 2” may represent a morphologic variant and the product of subclonal evolution.®” Mutations of
TP53 and PBRML, as well as alterations of CDKN2A, are associated with poor survival in PRCC.%

Chromophobe renal cell carcinoma

Chromophobe renal cell carcinoma (ChRCC) is the third most common subtype, accounting for approximately
5% of RCCs.3+7°-72 These tumours are thought to originate from the intercalated cells of the distal tubules.”374
Most occur as sporadic tumours in adults, and rarely in a hereditary setting (such as, Birt-Hogg-Dubé (BHD)
syndrome and Cowden syndrome).”57¢

Macroscopically, ChRCCs are frequently large, with a mean size of nearly 7 cm, but most remain confined to the
kidney. The tumours are typically well circumscribed and with tan to light brown cut surface. Microscopically,
two morphologic subtypes have been described—classic and eosinophilic. ChRCC is composed of sheets of cells
separated by thin septae. Infrequent architectures include trabeculae, small cysts, nests, and variably sized
tubules. The cells have a classic “plant cell-like” appearance, with distinct cell membranes and alternating clear
and eosinophilic cytoplasm. Nuclei vary in size and shape, and many have marked nuclear irregularities (raisinoid
or koilocytotic appearance) and perinuclear halos (Figure 2G). The eosinophilic variant of ChRCC is composed
of cells with exclusively eosinophilic cytoplasm but maintains the nuclear features of ChRCC (Figure 2H). In
2—-8% of cases, sarcomatoid differentiation can occur, often including pleomorphic cells.””"® Localized ChRCCs
have a favourable outcome. However, large size, coagulative necrosis, vascular invasion, and sarcomatoid change
have been associated with metastasis and adverse prognosis.
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FIGURE 2 Microscopic features of morphologically defined RCCs. (Cont'd)

G.

Chromophobe RCC, classic type with sheets of neoplastic cells that have abundant clear and eosinophilic
cytoplasm admixed together. The cells are separated by incomplete vascular septation and lack the encircling
vascular network seen in CCRCC. The cells have prominent cell borders and hyperchromatic wrinkled nuclei
(100x magnification).

Chromophobe RCC, eosinophilic type is composed exclusively of cells with eosinophilic cytoplasm. Nuclear
features including nuclear membrane irregularities and perinuclear cytoplasmic clearing (halos) are present.
Microcalcifications (arrow) are not uncommon in both subtypes (100x magnification).

Renal oncocytoma with nests and microcysts of oncocytic cells that have an eosinophilic granular cytoplasm
and round uniform nuclei surrounded by loose edematous hypocellular stroma (100x magnification).
Acquired cystic disease—associated RCC showing the characteristic cribriform or sieve-like appearance. The
cells are large and have eosinophilic cytoplasm. This tumour arose from the wall of a cyst in a kidney with
end-stage disease (100x magnification).

Mucinous tubular and spindle cell carcinoma exhibiting long tubules that have narrow slit-like lumina, bland
spindle cells (arrow) that are intimately admixed with the tubular component and prominent myxoid stroma
(100x magnification).

Tubulocystic carcinoma composed exclusively of cysts and tubules that are lined by a single layer of cuboidal
cells with eosinophilic cytoplasm and grade 2—3 nuclei (40x magnification).

Renal oncocytoma
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Immunohistochemically, ChRCCs show diffuse CD117 (KIT) membranous staining, membranous e-cadherin,
cytoplasmic CK7 (may be patchy in eosinophilic ChRCC), and nuclear PAX8. Tumours are negative for CAIX and
vimentin, but may express CD10 in a minority.4 ChRCC shares a similar immunophenotype with oncocytoma,
except that the latter typically shows only rare scattered cells with CK7 expression. Genomically, classic ChRCC
shows chromosomal losses of 1, 2, 6, 10, 13, 17, and 21, and mutations in the TP53, PTEN, and TERT promoter.
In contrast, the eosinophilic variant is less complex, with few or no alterations.”%2

The diagnosis of ChRCC with predominantly clear cells is usually straightforward, but in limited cases, may need
to be differentiated from CCRCC (Table 2A). The differential for eosinophilic tumours is broad and includes
oncocytoma, LOT, EVT, and PRCC with prominent eosinophilia. IHC may be helpful in this setting (Table 2C).

Renal oncocytoma and other oncocytic renal neoplasms

Renal oncocytomas (ROs) are benign renal tumours that are characterized grossly by a mahogany brown colour
and frequently have with a central stellate scar that stems from a hypocellular hyalinized and loose stroma.
Microscopically, they have a solid, nested, or cystic architecture. The neoplastic cells are round to polygonal, with
granular eosinophilic cytoplasm and round uniform nuclei (Figure 21). Multiple ROs, including microscopic
ones, can also occur (“oncocytosis”).® Interestingly, fat and vascular invasion can be seen in RO but do not
influence its “benign” course.®* ROs are uniformly CD117 positive. Vimentin is consistently negative, except in
areas of scar or fibrosis, and CK7 stains only scattered tumour cells or clusters of cells.

Molecularly, RO frequently has a normal karyotype.®' Using exome and transcriptome sequencing two main
subtypes of RO have been identified. Type 1 is diploid with CCND1 rearrangement, and Type 2 is hypodiploid
with losses of chromosome 1, X/Y, and/or 14 and 21.%° However, these molecular “types” have no recognizable
phenotypic differences and have the same indolent clinical behaviour.

The differential diagnosis of oncocytic renal tumors includes RO, a benign entity; hybrid oncocytic chromophobe
tumour (HOCT), typically occurring as multiple/bilateral tumours associated with BHD syndrome;”-8+8687 and
a group of renal oncocytic neoplasms that show morphologic and IHC overlap with oncocytoma-eosinophilic
ChRCC. This heterogeneous group of sporadic tumours requires further characterization but typically has an
indolent clinical behaviour.® For such sporadic oncocytic tumours, the term “oncocytic renal neoplasm of low
malignant potential, not further classified” was recommended by GUPS.5

Acquired cystic disease—associated renal cell carcinoma
ACD-RCC occurs exclusively in patients with acquired cystic disease on long-term dialysis. Its increased

occurrence with duration of hemodialysis and male gender have been reported.®>#8 Though the vast majority of
ACD-RCCs do not have an aggressive clinical course, rare cases have been associated with metastatic disease.8%
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ACD-RCC is frequently multifocal and bilateral. Grossly, most form an intracystic mass; however, tumours
without any anatomic relation to a renal cyst may occur. On cut section, the tumours are brown to yellow-tan, with
areas of hemorrhage or necrosis.®288-90 ACD-RCCs are characterized by cribriform “sieve-like” architecture with
multiple glandular lumina. However, papillary, solid, microcystic, and tubulopapillary patterns are frequently
encountered. Tumour cells have an eosinophilic cytoplasm with intracytoplasmic vacuoles and prominent nuclei
(Figure 2J). The tumours may have cysts lined by identical neoplastic cells.®28-% Calcium oxalate crystals are
typical. However, these can be rare or even absent in some cases.

The immunohistochemical profile is variable; however, ACD-RCCs are usually positive for PAX8, CD10, and
AMACR and negative for GATA3, CK7, and CD117 (KIT).%28° Though molecular genetic data are sparse,
recurrent mutations in KMT2C and TSC2 have been documented.*

Mucinous tubular and spindle cell carcinoma

MTS RCC represents <1% of RCCs in adults and occurs in a broad age range including pediatric patients. They
are more frequent in women and rarely metastasize.92-94

The tumours are usually well demarcated, without a capsule, and gray to tan on cut section.® The characteristic
architecture is a combination of spindle cells arranged in whorls and streams, and cuboidal cells arranged in
tubules. Tubules are filled by bluish mucin or solid structures amid a myxoid stroma (Figure 2K). The stromal
component can be inconspicuous. Both epithelial and spindled cells are cytologically bland and of low nuclear
grade. Rare MTS RCC with high-grade nuclei have also been reported.®>% Tumours with overlapping morphology
between PRCC and MTS RCC are frequent, and a papillary architecture favours PRCC.%+979¢ Sarcomatoid
differentiation is rare.®®

MTS RCCs are positive for PAX8, CK7, AMACR, and vimentin.>°° They are characterized by multiple chromosomal
losses (1, 4, 6, 8, 9, 13, 14, 15, and 22). In contrast to PRCC, polysomies (particularly of chromosome 7 and 17) are
uncommon.34+°t Recently, V-set and transmembrane domain containing 2A (VSTM2A) RNA expression by in situ
hybridization was reported as a diagnostic marker for MTS RCC.!%?

Tubulocystic renal cell carcinoma

TC RCCs are rare (<1%) and have male predominance. Most patients are over 50 years (range, 30—74 years).'03-10°
Most tumours are diagnosed incidentally, and metastatic disease is rare.'*®

TC RCC iswell circumscribed, solitary, with a brown-to-tan, spongy, or honeycomb cut surface. Histologically, TC
RCCs are composed exclusively of variably sized cysts, lined by cuboidal-to-columnar cells, rarely with hobnailing
(Figure 2L). The cytoplasm is usually pale to eosinophilic. The nuclei are round to oval and have prominent
nucleoli (equivalent to WHO/ISUP grade 3).1°*-°7 Tumours with tubulocystic growth and papillary patterns,
or other architectural patterns, as well as high-grade features, should raise the possibility of other diagnoses,
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particularly FH-deficient RCC and PRCC. A low threshold for performing FH and/or 2SC is recommended, and
FH must be retained to make the diagnosis of TC RCC.}°” TC RCC is positive for CK7, CD10, vimentin, and
AMACR.

Collecting duct carcinoma

CDC s typically a noncapsulated, poorly defined, infiltrating tumour, often located in the renal medulla. CDC has
a grey-white and firm cut surface.!°®-'** Histologically, CDC has a predominantly tubular architecture and high-
grade nuclei, and the epithelial component is set in a desmoplastic stroma, frequently admixed with inflammatory
cells. Histologic variability is common, and the tumors can have solid, nested, sheet-like, or trabecular patterns.
The tumour cells often infiltrate around glomeruli, and sometimes follow the tubular system of the kidney
(thigmotactic growth pattern). The neoplastic cells are typically high grade, with eosinophilic cytoplasm, but
they can also be clear. Hobnail-shaped cells are particularly common. Mitotic activity is brisk. Sarcomatoid
differentiation and rhabdoid cells are frequently present.!"* Angioinvasion and/or lymph node metastases are
common at the time of diagnosis.?0&-11

Prior to making the diagnosis of CDC, metastases from another epithelial tumour, urothelial carcinoma,
SMARCB1-deficient RMC, FH-deficient RCC, and high-grade RCC of any type should be excluded.!?¢1°® CDC is
not associated with either hemoglobinopathy or SMARCB1 abnormality, in contrast to RMC,5109110

CDC is positive for CK7, CK19, CK903 (34PE12), and PAX8. SMARCB1 and FH should be retained (normal
expression). 441

Renal cell carcinoma, not further specified

RCC, NOS (referred to also in the literature as RCC unclassified) is a diverse group of renal tumours that does not
fit any currently recognized diagnostic category. These tumours account for less than 5% of all RCCs.**? As such,
these tumours are heterogeneous, and the morphology and THC profiles are highly variable."3-4¢ It is important
to rule out an extrarenal or urothelial origin. Some use this diagnosis only for high-grade RCC; however, both
low-grade and high-grade renal tumours may be unclassified with a comment on whether they are likely to be low
grade (indolent behavior) or high grade. With the increased number of new and emerging entities, this category
has significantly been reduced. It is likely that molecular studies will allow us to classify these tumours more
precisely in the future.

Molecularly defined entities

MiT family translocation RCC

The microphthalmiatranscription (MiT) family translocation RCCs are driven by activating gene fusions involving
predominantly transcription factor E3 (TFE3), located at Xp11.2; transcription factor EB (TFEB), located at
6p21" and rarely micropthalmia transcription factor (MITF), located at 3p13.8%® TFE3 and TFEB frequently
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heterodimerize and bind to same target genes and functionally overlap. Collectively, MiT family members
regulate pathways such as autophagy, lysosome biogenesis, and cell metabolism, which are indispensable for
cellular homeostasis.*®

They represent up to 40% of pediatric and 5% of adult RCCs,2°-'22 and commonly occur at a younger age, with
female predominance and advanced stage. No cases with hereditary predisposition have been reported. Prior
exposure to cytotoxic chemotherapy is a risk factor.

The morphologies of both TFE3-rearranged RCC and TFEB-altered RCC often overlap, may mimic other common
renal tumours, and are likely significantly underestimated.*>>->4 A useful clue to the diagnosis is low expression of
epithelial markers and occasional focal expression of melanocytic markers, such as Melan-A and HMB45. TFE3-
rearranged RCC with PRCC::TFE3 fusion and TFEB-altered RCCs also strongly express cathepsin K.!?* TFE3
and TFEB IHC assays are technically challenging, can be upregulated in other RCCs, with mTORCL constitutive
activation and TSC1/2 loss,2® and many laboratories use fluorescence in situ hybridization (FISH) with break
apart probes. However, some variants cannot be picked up by FISH assays and are identified by more sensitive
tools such as RNA sequencing or fusion arrays and reverse transcription polymerase chain reaction.!?-12°

MIT family translocation RCCs have been reported to have similar survival as CCRCCs. Recent studies suggest
that these tumours have a permissive immune microenvironment; however, significant benefit from immune
checkpoint inhibitor—based regimens has not been observed.'20:124

TFE3-rearranged renal cell carcinoma

TFE3-rearrangement RCCs (also known as Xp11 translocation RCC) are characterized by in-frame gene fusions
that preserve TFE3 DNA binding and other functional domains. They involve TFE3 (Xp11) and one of numerous
fusion partners enriched in chromosomes 1, 17, and X, most commonly ASPSCR1 (ASPL), PRCC, and SFPQ.

The most distinct morphological features include a papillary architecture with neoplastic cells with abundant
clear cytoplasm, discrete cell borders, and round nuclei with prominent nucleoli. Psammoma bodies are abundant
(Figure 3A). Different fusion partners have been associated with differing morphologic features.’***3* Though
THC assays remain problematic to standardize, strong and diffuse nuclear immunoreactivity using an antibody to
the C-terminal portion of TFE3 may correctly identify these tumours (Figure 3B).'*? This is particularly helpful
for the diagnosis of tumours with paracentric inversions of Xp11 (RBM10, GRIPAP1, RBMX, NONO), resulting
in false-negative FISH results.** RNA sequencing/fusion arrays are particularly helpful in these scenarios. More
recently, high expression of glycoprotein nonmetastatic B (GPNMB) has been proposed'3+13 as a specific marker.
PAXS8 expression can help differentiate these tumours from perivascular epithelioid cell tumours (PEComas),
which may also exhibit TFE3-rearrangement.
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TFEB-altered renal cell carcinoma

TFEB-altered RCC includes TFEB-rearranged RCC and TFEB-amplified RCC. TFEB-rearranged RCC typically
involves a t(6;11)(p21;q12) translocation resulting in a MALAT1::TFEB (formerly Alpha) gene fusion. Less-
frequent partners have been reported recently.s®

Morphologically, the characteristic biphasic pattern, with large and small epithelioid cells and nodules of
basement membrane material, is relatively infrequent (Figure 3C).**” More frequently, they share overlapping
features with TFE3-associated and other RCCs and can have frequent oncocytic and papillary features.

TFEB-amplification RCC was recently described as harbouring amplification of the 6p21 region, with resultant
TFEB overexpression and possibly overexpression of other nearby genes, such as VEGFA .813813° Unlike TFEB-
rearranged RCC, these occur in older patients and have a worse outcome. Though often eosinophilic, the
morphology is not distinct and may appear as poorly differentiated. Expression of melanoma markers, and less
often cathepsin K, can be helpful though observed in only 50% of the cases.

ELOC (TCEB1)-mutated renal cell carcinoma

ELOC-mutated RCC is currently a molecularly defined entity with distinctive genetic and consistent morphologic
features. The tumours harbour recurrent hotspot mutations of the ELOC (TCEBL1) gene (8g2l), encoding
elongin C, a component of the VHL E3 ligase complex. The concurrent ELOC mutation and chromosome 8 loss
of heterozygosity (LOH) provides another mechanism for disrupting the VHL complex and activating the HIF
pathway. 14014t

ELOC-mutated RCC is characterized by thick fibromuscular bands traversing the tumour parenchyma, imparting
a multinodular appearance at low power. Tumour cells have clear and voluminous cytoplasm and prominent
cell borders, and they assemble into solid acinar and papillary architectures (Figure 3D). The tumour cells are
positive for CAIX (diffuse box-like membranous staining similar to CCRCC), CK7 (often diffuse, but can also be
patchy), and CD10 by IHC. The differential diagnosis includes primarily CCRCC and CCPRCT, both of which can
also contain prominent fibromuscular stroma. Additionally, a subset of tumours in TSC patients as well as some
sporadic RCC driven by TSC/mTOR complex 1 pathway mutations (referred to as RCC FMS) can display very
similar morphology.*> A morphologic assessment combined with an THC panel, including CK7, CAIX, CD1o,
and 34PE12, can be helpful to distinguish this entity from CCPRCT. However, it has limited value for a definitive
distinction from CCRCC or RCC associated with mTOR pathway mutations. The ELOC hotspot mutation and
concurrent 8/8q loss can establish the diagnosis in such scenario.

The reported cases predominantly occur in male patients.'#43144 While the vast majority of tumours exhibit
indolent behaviour, some cases have shown aggressive behaviour and developed metastasis.'45
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FIGURE 3 Microscopic features of molecularly defined RCCs.

A. TFE3-rearranged RCC showing tubulopapillary architecture. Cells have an abundant clear-to-eosinophilic
cytoplasm and grade 3 round nuclei. Microcalcifications (arrow) and psammoma bodies are frequent (200x
magnification).

B. TFE3 IHC staining in a TFE3-rearranged RCC showing diffuse strong nuclear staining irrespective of the
fusion gene partner (200x magnification).

C. TFEB-altered RCC with prototypic biphasic morphology. Among the large tumour cells with abundant
eosinophilic cytoplasm are dispersed clusters of smaller cells forming pseudorosettes and focally clustering
around basement membrane material. This pattern though classic is infrequent, and most tumours show
overlapping morphologies with other RCC subtypes (200x magnification).

D. ELOC (TCEB1)-mutated RCC with branching tubulopapillary architecture. Neoplastic cells have an abundant
clear cytoplasm with distinct cell borders that stain consistently with CK7 (not shown) (100x magnification).

E. Fumarate hydratase—deficient RCC demonstrating a papillary architecture. Cells have an abundant
eosinophilic cytoplasm and large nuclei with macronucleoli that focally have perinucleolar clearing (200x
magnification).

F. IHC staining for fumarate hydratase in a case of FH-deficient RCC showing loss of the cytoplasmic staining
in tumour cells. The expression is retained in the normal stromal, endothelial, and inflammatory cells (200x
magnification).

C. TFEB-rearranged TRCC (S
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D. ELOC-mutated RCC Yy ) | F.FH loss in FH -deficient RCC
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Fumarate hydratase—deficient renal cell carcinoma

Hereditary leiomyomatosis renal cell cancer (HLRCC) syndrome is an autosomal dominantdisorder, characterized
by uterine and cutaneous leiomyomas and increased predisposition to an aggressive form of RCC.14¢ Patients
harbour germline mutations of the fumarate hydratase (FH) gene and have an estimated lifetime RCC risk of
15%.47 Initially named “HLRCC-associated RCC” in the WHO (4th edition) classification, the term “FH-deficient
RCC” is favoured and will be adopted by the 5th edition of WHO. This is owing to the discovery of a significant
number of cases in the sporadic setting with biallelic somatic FH alterations.® These individuals lack a personal
or family history of HLRCC and do not have germline mutations.

FH-deficient RCC exhibits a wide morphologic spectrum. The tumours typically show mixed architectural
patterns, and include papillary, tubular, tubulocystic, solid, and cystic elements. They may also include areas
closely mimicking collecting duct carcinoma or tubulocystic carcinoma.'°7148149 Cytologically, the most
characteristic feature is the presence of a “cherry-red” viral inclusion-like nucleolus, often surrounded by a
perinucleolar halo (Figure 3E).*® However, this feature can be focal and often lacks specificity for FH-deficient
RCC when considering other high-grade RCCs. Rare examples of low-grade FH-deficient renal tumours have
also been reported.***° Loss of FH by IHC is highly specific for the diagnosis (Figure 3F), but is less sensitive,
as a retained defective FH protein can be detected in some cases.’s! IHC for S-(2-succino)-cysteine (2SC) is a
highly sensitive marker for the aberrant protein succination that occurs in FH-deficient tumours. However,
distinguishing the typical 2SC pattern (i.e., diffuse nuclear and cytoplasmic staining) from nonspecific staining
patterns (e.g., focal/patchy or cytoplasmic-only) can be challenging.*> A combination of these two markers can
achieve high sensitivity and specificity.’® Given the expanding clinical and pathologic spectrum of FH-deficient
RCC, the correct diagnosis requires vigilance when encountering cases with unusual clinical or pathologic
features.

Molecularly, biallelic FH alterations are found in both germline and somatic cases.’®>'** Both somatic and
germline FH-deficient RCCs appear to have similar molecular characteristics, often with a low tumour mutational
burden and a high fraction of the genome altered. The majority of FH-deficient RCCs show a CpG island
methylator phenotype (CIMP), with concerted hypermethylation at numerous CpG sites. This likely contributes
to the oncogenic pathways in these tumours.®+153 The accumulation of the Krebs cycle intermediate fumarate,
which functions as an oncometabolite, can also activate complex oncogenic cascades and lead to metabolic
dysregulation.s

Succinate dehydrogenase—deficient renal cell carcinoma

Germline mutations in genes encoding the protein subunits of succinate dehydrogenase (SDHA, SDHB, SDHC,
and SDHD) or the regulatory factor SDHAF2 have been identified as the causal aberrations in patients with
familial paraganglioma-pheochromocytoma (PGL/PHEO) syndromes. Such mutations have also been found in
other types of tumours, such as gastrointestinal stromal tumours (GIST), pituitary adenomas, and RCCs. SDH-
deficient RCC is currently defined by a loss of SDHB protein expression, a marker reflective of a dysfunctional
mitochondrial complex I1. There is a strong hereditary association, most commonly involving the SDHB gene.'555°
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SDH-deficient RCCs are often solitary, unilateral, and well circumscribed. Bilateral tumours have been reported
in 8—26% of cases.'®>*” The tumours characteristically consist of monomorphic cells in solid, nested, and tubular
patterns, with flocculated eosinophilic cytoplasm and frequent intracytoplasmic vacuolations and inclusions
(Figure 3G). The tumour cells have round to oval low-grade nuclei. High-grade nuclear features occur in a subset
of tumour cells and are typically associated with aggressive behaviour. Other adverse features include coagulative
necrosis and sarcomatoid change. Loss of SDHB staining is a sensitive and specific marker for these tumours and
should prompt genetic assessment (Figure 3H).’® Molecularly, aside from germline SDHB mutations, these
tumours are characterized by LOH on chromosome 1p and typically show a low tumour mutation burden.*®

SMARCB1 (INI1)-deficient renal medullary carcinoma

RMC is a rare and distinctive entity occurring almost exclusively in young patients with sickle cell trait and
rarely in patients with other hemoglobinopathies.’s>1% The loss of nuclear expression of SMARCB1(INI1/BAF47)
protein is a consistent finding in RMC.**-1%3 The tumours are usually large and poorly circumscribed. A renal
medulla-centered location can be appreciated in smaller tumours. Microscopically, architectural patterns often
include reticular, cribriform, solid, tubulopapillary, and infiltrating tubules and cords. Tumour cells exhibit
marked nuclear pleomorphism, often with rhabdoid features and high mitotic activity (Figure 31-J). Necrosis
and neutrophil-rich inflammatory infiltrate is common. Drepanocytes (sickle-shaped erythrocytes) in small
vessels within the tumour and in the adjacent renal stroma are typically present. Molecularly, the mechanisms
of SMARCBA1 deficiency include hemizygous deletion and concurrent translocation or homozygous deletion. %4

Loss of SMARCBLI protein has been described in rare cases of RCC that display morphology indistinguishable
from RMC, but occurs in patients without hemoglobinopathies (previously called RCC, unclassified, medullary
phenotype).1091%516 Those tumours can be regarded as a subtype of SMARCB1-deficient RMC, as recommended
in the 5th edition of WHO. For nonmedullary RCCs with SMARCBL loss, which is likely due to a secondary event,
it is recommended that these tumours are classified according to their primary tumour types.

The differential diagnosis of SMARCB1-deficient RMC includes high-grade urothelial carcinoma of the renal
pelvis, CDC, FH-deficient RCC, ALK-rearranged RCC, and metastatic poorly differentiated carcinoma involving
the kidney.

Anaplastic lymphoma kinase—rearranged renal cell carcinoma

Anaplastic lymphoma kinase—rearranged renal cell carcinoma (ALK-RCC) was first described in 20117 and
is characterized by ALK gene fusions with various partner genes, leading to aberrant ALK activation. Fusion
partners include VCL, HOOK1, STRN, TPM3, EML4, PLEKHA7, CLIP1, KIF5B, and KIAA1217. 1% ALK-RCC is
a clinically important diagnosis, as targeted therapies with ALK inhibitors are available.'®"t ALK-RCC has been
reported in patients of a wide age range, including pediatric and adolescent patients. In younger patients, sickle
cell trait is common. Patients have a diverse racial background, including African American, Caucasian, and
Asian.’® ALK-RCCs are indolent tumours in the majority of cases, although some may show an aggressive clinical
course and may metastasize.
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FIGURE 3 Microscopic features of molecularly defined RCCs. (Cont'd)

G. Succinate dehydrogenase—deficient RCC with compact nests of tumour cells that lack distinct cell borders
and an eosinophilic cytoplasm with focal, pale flocculent material (arrow). Nuclei are of low grade (200x
magnification).

H. THC staining for succinate dehydrogenase B in a case of SDH-deficient RCC showing loss of the cytoplasmic
staining in tumour cells. The expression is retained in the normal stromal, endothelial, and inflammatory
cells (200x magnification).

I. SMARCBI1-deficient renal medullary carcinoma showing infiltrative growth pattern composed of cords,
sheets, and single cells with prominent desmoplastic stroma. The cells show marked nuclear pleomorphism,
prominent nucleoli, and eosinophilic cytoplasm rendering a rhabdoid appearance (200x magnification).

J. THC staining for BAF47 (INI1) in a case of SMARCB1-deficient RMC showing loss of the nuclear staining in
tumour cells. The expression is retained in the normal stromal, endothelial, and inflammatory cells (200x
magnification).

K. Anaplastic lymphoma kinase—rearranged RCC with cells forming irregular glands and desmoplastic and
inflamed stroma. The neoplastic cells demonstrate abundant eosinophilic cytoplasm with focal vacuolization
and high-grade pleomorphic nuclei (200x magnification). ALK expression is uniformly positive (not shown).

L. RCC with fibromyomatous stroma composed exclusively of branching tubules and a papillary architecture
and admixed fibromuscular stroma. The epithelial cells have a clear cytoplasm (100x magnification).
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70 2nd WUOF/SIU ICUD on Kidney Cancer



ALK-RCC usually presents as a solitary and circumscribed tumour. It may be solid or solid-cystic, with a tan-
grey or variegated cut surface. ALK-RCC typically demonstrates variable and diverse morphology, with no
characteristic or specific morphologic features. Features include papillary, solid, tubular, trabecular cystic,
cribriform, signet-ring, single cells, “mucinous tubular and spindle cell RCC-like,” and “metanephric adenoma-
like” (Figure 3K).>* However, a mucinous or myxoid component (intracellular or interstitial) has been
commonly found in ALK-RCC. Psammoma bodies and tumour necrosis are commonly found. Thus, screening
for ALK should be considered in all difficult-to-classify renal tumours with variable and admixed patterns and
unusual morphologies, or in those containing a mucinous component.

ALK protein expression by IHC, typically diffuse cytoplasmic and membranous, is a defining feature of ALK-RCC.
ALK rearrangements can also be documented by FISH or by sequencing methods. The remaining immunoprofile
is nonspecific and includes reactivity for PAX8, CK7, vimentin, INI1 (retained), 34E12, and AMACR.**% TFE3
reactivity by IHC was reported in some cases, but without evidence of TFE3 rearrangement by FISH.'"2

New and emerging entities

Eosinophilic solid and cystic renal cell carcinoma

ESC RCC is a recently characterized RCC found as a sporadic and solitary tumour in patients of broad age
range and predominantly in women. 5173174 |t is observed also in patients with tuberous sclerosis complex.7517¢
Although the great majority of ESC RCCs exhibit indolent behaviour, rare tumours with metastatic disease have
been reported, warranting the designation of RCC.17-17®

ESC RCC typically has grossly identifiable solid and cystic components. The cysts range in size from few
millimeters to few centimeters. Rare cases have predominantly solid growth, with only rare microcysts. Reported
size varies broadly, but most tumours are less than 5 cm.'7374 The solid parts are composed of eosinophilic cells
exhibiting diffuse, compact acinar, or nested growth (Figure 4A).7374 A characteristic feature is the presence of
coarse, basophilic-to-purple, cytoplasmic granules (stippling). Scattered foamy histiocytes and lymphocytes are
also common, as are psammoma bodies.

ESC RCC shows either diffuse or focal CK20 expression (Figure 4B), but rare cases may be negative for CK20.73174
CKZ7 is typically negative or very focally positive. In the majority of cases, at least focal cathepsin K expression
has been documented. Melan-A has recently been reported to be frequently positive.’®® Other positive stains
include PAX8, AE1/AE3, CK8/18, and vimentin. Most ESC RCCs have biallelic loss in TSC1 or TSC2, resulting in
activation of the mTOR complex 1 signaling.t7781182
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FIGURE 4 Microscopic features of new and emerging entities.

A. Eosinophilic solid and cystic RCC with solid and cystic components. The cells have a voluminous eosinophilic
cytoplasm and characteristic coarse purple cytoplasmic granules (stippling) (200x magnification).

B. ESC RCCs are typically CK20 positive (can be either focal or rarely diffuse) (200x magnification).

C. Eosinophilic vacuolated tumour (EVT) with a diffuse solid growth pattern. The tumour cells have an abundant
eosinophilic cytoplasm and typical prominent intracytoplasmic vacuoles. The nuclei are large and round,
with prominent nucleoli (100x magnification). EVT are typically cathepsin K positive (not shown).

D. Low-grade oncocytic tumour (LOT) with a diffuse, solid, compact nest, growth pattern. The neoplastic
cells have an eosinophilic cytoplasm with round nuclei, without prominent nucleoli, that lack significant
irregularities and may show focal perinuclear clearings (100x magnification).

E. LOT showing characteristically negative reactivity for CD117 (200x magnification).

F. LOT showing characteristic diffuse strong positive staining for CK7 (200x magnification).

A. Eosinophilic solid and cystic RCC
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'}

E. CD117 in low-grade oncocytic tumour

Eosinophilic vacuolated tumour

EVT is a recently described entity that emerged from the eosinophilic/oncocytic tumours with shared features
between renal oncocytoma and chromophobe RCC.8%87183 He et al. described the tumour as a “high-grade
oncocytic tumour”, abbreviated as “HOT”,*®4 and Chen et al. as “sporadic RCC with eosinophilic and vacuolated
cytoplasm.”® The recent GUPS 2021 consensus proposed the name “eosinophilic vacuolated tumor” (EVT)
for this entity.® EVT was also identified in some patients with tuberous sclerosis complex.*¢-% EVT is found
in patients of broad age range and occurs more frequently in women.®184185190 Ahout 40 EVT cases have been
reported to date and all cases had benign behaviour, without evidence of recurrence or metastases.®190:19!
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EVT is frequently solitary and sporadic, typically of small size, with a solid, grey, or tan-to-brown cut
surface.>84185188190 EVT has a solid growth, often with nested and tubulocystic foci. Thick-walled vessels are
virtually always present at the periphery, but a well-formed capsule is lacking. The cells have an eosinophilic
cytoplasm and prominent intracytoplasmic vacuoles (Figure 4C). The nuclei are round to oval, with prominent
nucleoli that focally can be quite large and resemble viral inclusions. 8485

EVT is positive for CD117 (KIT), CD10, antimitochondrial antigen antibody, and cathepsin K, in some cases
focally. CK7 is typically expressed only in rare, scattered cells.’®+'%° The immunoprofile “CD117+ and CK7+ only
in rare cells” resembles that of an oncocytoma. p-S6 and p-4EBP1, markers of MTOR pathway activation, are
induced in EVT.!* On electron microscopy, EVT demonstrated numerous intracytoplasmic mitochondria, as well
as dilated cisterns of rough endoplasmic reticulum.88°* Complete losses or gains of multiple chromosomes, as in
chromophobe RCC, have not been found. However, isolated losses of chromosomes 1 and 19p were reported in
EVT, along with LOH at 16p11 and 7q31.'% Importantly, TSC/MTOR mutations appear to be a consistent finding
in EVT.185188 A recent study demonstrated nonoverlapping mutations in MTOR, TSC2, and TSC1 in all evaluated
cases, associated with low mutational rates.'®® Thus, it appears that EVT is associated with either germline or
somatic mutations leading to mTORCI1 activation.'s®

Low-grade oncocytic tumour

LOT is another recently described renal tumor that emerged from the spectrum of eosinophilic/oncocytic tumors
with shared features between renal oncocytoma and ChRCC.*921%% | OT is typically a single, sporadic tumour, but
multiple LOTs have also been documented, either in patients with end-stage kidney disease,'4 or in patients with
tuberous sclerosis complex.®® LOT is observed in patients of a broad age range, but usually older. All reported
LOTs to date have behaved in a benign fashion.192194-198

LOT is usually a smaller tumour that appears solid and compact without necrosis or cysts.19219419¢ The surface is
tan-yellow to mahogany-brown, similar to oncocytoma.'®? LOT has a diffuse and solid growth pattern, with focal
tubular, tubuloreticular, or trabecular growth. LOT lacks a well-formed capsule, and entrapped tubules may
be seen at the periphery.®2 The neoplastic cells are eosinophilic, with round-to-oval “low-grade” nuclei that
lack significant irregularities and may show focal perinuclear clearing (halos) (Figure 4D). Sharply delineated,
edematous stromal areas with scattered individual cells or irregular “tissue culture” cell arrangements are
frequent.®2 These areas often contain fresh hemorrhage. Adverse features, such as coagulative necrosis, nuclear
pleomorphism, multinucleation, and mitotic activity are uniformly absent.

LOT is diffusely positive for CK7 and is negative, or in rare cases, focally and weakly positive for CD117 (Figure
4E-F). LOT is also positive for PAX8, e-cadherin, BerEP4, and MOC31.°2 LOT is consistently positive for GATAS,
and exhibits, at least focally, expression of p-S6 and p-4EBP1, markers of mTOR pathway activation.’*>!*” FOXI1,
which is typically expressed in both oncocytoma and ChRCC, is typically negative in LOT.7+99 In the normal
kidney, FOXI1 is positive in the intercalated cells.” Using electron microscopy, LOT exhibits abundant, closely
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packed cytoplasmic mitochondria, similar to oncocytoma.'®® Complete chromosomal gains or losses, as well
as CCND1 rearrangements are not found in LOT.*+ Recent studies demonstrated common involvement of the
MTOR pathway genes in LOT.1971%

Renal cell carcinoma with fibromyomatous stroma (RCC FMS)

RCC FMS was first described by Canzonieri et al. in 1993 as a “mixed renal tumour with carcinomatous and
fibroleiomyomatous components.”?° Subsequently, various names have been used for this entity including:

2«

“RCC with prominent smooth muscle stroma,” “mixed renal tumour with carcinomatous and fibroleiomyomatous
components,” “RCC associated with prominent angioleiomyoma-like proliferation,” “clear cell RCC with smooth
muscle stroma,” and “RCC with clear cells, smooth muscle stroma and negativity for 3p deletion.”**2* The name
“renal cell carcinoma with fibromyomatous stroma” (RCC FMS) was officially endorsed by the GUPS in 2021,

based on a broad consensus.®

RCC FMS is usually a sporadic tumour, but rare cases are associated with tuberous sclerosis complex.?°? The
prognosis is generally favourable, and the majority of cases have an indolent clinical course.%42203 One case with
lymph node metastases was reported in a patient with tuberous sclerosis and multifocal tumours.2°4

RCC FMS tumours are generally small and solid. The cut surface is tan-brown, often with lobulated appearance
due to fibromyomatous septae.'43193205 At low power, RCC FMS is viewed to be composed of nodules of epithelial
cells separated by and admixed with a fibromuscular stroma. The epithelial component consists of cells with a
voluminous clear cytoplasm, arranged in solid sheets, nests, branching tubules, and focal papillary structures
(Figure 3L). The nuclei are WHO/ISUP grade 2 or 3 (equivalent). The fibromyomatous stroma can be variable
and is often more prominent at the periphery.193:205

The characteristic THC profile includes diffuse positivity for CK7, as well as CAIX and CD10.5%22°¢ CAIX staining is
usually diffuse membranous, but it can be “cup-shaped” focally. Other positive stains include vimentin and high-
molecular weight cytokeratin. AMACR is typically negative. The differential diagnosis includes ELOC-mutated
RCC, which can be excluded by the absence of ELOC mutations and monosomy 8,#* and a subset of CCRCC that
is associated with fibromyomatous stroma. RCC FMS tumours are associated with mutations involving the TSC/
MTOR pathway.%4>%9 Unlike CCRCC, these tumours are not associated with LOH of chromosome 3 or VHL
mutations.®2°7 The stroma has been shown to be polyclonal and non-neoplastic.2’

Thyroid-like follicular renal cell carcinoma
TLF RCC is a rare tumour, with fewer than 50 cases documented in the literature, mostly individual case reports.®

The clinical behaviour is usually indolent, but lymph node and distant metastases have been documented in
about 10% of patients.?°®-?"! The reported age range is broad.>2-24
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TLF RCC is a solitary, solid, well-circumscribed, and non-encapsulated tumour. The reported size range is
wide.**2-214 TLF RCC resembles thyroid gland morphology by architecture and cytology (Figure 4G). The
tumours have a follicular pattern, but focal branching and papillary structures are also reported. The size of the
follicles is variable, and the follicles are typically lined up by a single layer of cuboidal or low columnar epithelial
cells. The reported grade was 2 or 3 (WHO/ISUP equivalent).5193:208:212-218

TLF RCC has a nonspecific immunoprofile and is usually positive for CK7, vimentin, and PAX8, and less frequently
for RCC, AMACR, CD10, and CK20. An important finding is the negative staining for TTF1 and thyroglobulin. This
is in contrast with true metastatic carcinomas of the thyroid, which should always be ruled out when considering
this entity.®2¥ An association with EWSR1 has been reported,?® including an EWSR1-PATZ1 fusion in three cases.
There are no consistent chromosome copy number changes or other recurrent gene alterations.?!212215220-222

Papillary neoplasm with reverse polarity

These tumours (also referred to as oncocytic PRCC) have a distinctly recognizable morphology and IHC profile
and an indolent behaviour. They present as incidentally discovered masses, typically small and often with a cystic
component. The tumour have a tubulopapillary architecture, and the tumour cells have an oncocytic cytoplasm,
and low-grade luminally arranged nuclei (Figure 4H).22 THC is characterized by diffuse GATA3 (Figure 41)
and CK7 expression and weak vimentin and AMACR staining.?>¢ Molecularly, the majority of these tumours
(80—90%) have KRAS mutations.??*2%5 Given the overlapping features with PRCC, such as gains in chromosomes
7 and 17, there is an ongoing debate whether these tumours should be considered a separate entity or a subtype
of PRCC. Given the unique morphology, IHC profile and characteristic KRAS mutations, we herein report this
entity separately.
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FIGURE 4 Microscopic features of new and emerging entities. (Cont'd)

G. Thyroid-like follicular carcinoma shows morphology resembling thyroid gland and is composed of back-to-
back arranged, variable-size follicles, with “colloid-like” luminal content. The cells are arranged in a single
layer with scant cytoplasm and grade 2—3 nuclei (100x magnification).

H. Papillary neoplasm with reverse polarity with cystic and papillary architecture. There are papillary within
cysts. The cells are small with a clear cytoplasm. Nuclei are of low grade and are characteristically aligned
away from the basement membrane (100x magnification).

I. THC staining for GATA3 showing diffuse strong nuclear staining for papillary neoplasm with reverse polarity
(200x magnification).

J. Biphasichyalinizing psammomatous RCC showing biphasic pattern of small cells clustered around hyalinized
material and surrounding large cells (100x magnification).

Biphasic hyalinizing psammomatous renal cell carcinoma

BHP RCC is a recently proposed renal tumour, with fewer than 15 cases reported.22%227 Approximately half of the
cases had metastatic disease.??422° BHP RCCs have variable architecture, typically biphasic with larger cells with
pale cytoplasm and smaller cells. Tumour cells cluster around basement membrane material resembling TFEB-
altered RCC, though no TFE3 and TFEB rearrangements have been identified. The stroma is typically sclerotic
(Figure 4J) and scattered psammoma bodies are observed.226227:229.230 A]| analyzable cases had mutations of the
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NF2 gene.226227.220 However, additional mutations in prothymosin alpha pseudogene 1 (PBMRTL1), BAP1, ARID1A,
DNMT3A, TERT, and SMARCBL1 were found in some cases. Thus, further study is necessary to validate whether
BHP RCC represents a distinct renal entity sharing NF2 gene abnormalities.®"3229 At present, without genetic
testing, the diagnosis of BHP RCC remains challenging.

Immunohistochemical Approach to Renal
Tumours

The diagnosis of most RCCs can be made by careful morphologic interpretation and limited ancillary testing.
THC represents an economical and quick assay to support a specific diagnosis formulated on light microscopic
analysis of hematoxylin and eosin-stained sections. IHC may be used more frequently when making a diagnosis
on limited biopsy material. Though quite helpful, classic immunophenotypic patterns are more often observed
in low-grade tumours, while poorly differentiated tumours may lose characteristic marker(s) or may express
aberrant and unexpected antigens. Useful immunohistochemical panels are summarized in Tables 2A—D.

PAXS8 (and PAX2) are members of the paired box family of transcription factors and are important in kidney
development (and also thyroid, female genital tract, eye, and nervous system).®! Diffuse nuclear expression is
observed in the vast majority of primary and metastatic RCCs. These markers are of great utility for determining
renal origin. #4232

Carbonic anhydrase IX, a protein induced by HIF, is expressed diffusely in a membranous pattern in CCRCC.%#
It remains positive in metastatic CCRCC and often even after sarcomatoid dedifferentiation. Diffuse cup-like
staining can help make the diagnosis of CCPRCT.®* However, focal staining can be seen in hypoxic areas of
most RCCs and normal tissue and needs to be interpreted with caution in biopsy material, especially in areas
with extensive necrosis. A caveat is that diffuse membranous CAIX is also seen in urothelial carcinoma and
mesothelioma.?34 Cytoplasmic staining is seen in RCCs with eosinophilic cytoplasm and is nonspecific.

CD117is a tyrosine kinase receptor that binds to stem factor or c-Kit ligand. Diffuse CD117 staining with peripheral
accentuation is found in ChRCC and renal oncocytoma (generally cytoplasmic staining) and helps distinguish
these tumours from other renal tumours, such as eosinophilic CCRCC or PRCC.

In addition, specific diagnostic stains such as those for FH, 2SC, SDHB, TFE3, TFEB, ALK, INI1, and GATA3 can
be helpful in making the diagnosis of specific RCC subtypes (Tables 2A—D).

RCC with a predominantly sarcomatoid component needs to be differentiated from sarcomas and epithelioid
angiomyolipomas. Generous sampling and THCs (especially PAX8 and melanoma markers) can assist in making
the right diagnosis. Similarly, appropriate sampling of cystic lesions (including capsule and solid morule) can
help establish the correct diagnosis (Figure 5A). Carcinomas from other organs can, albeit rarely, metastasize to
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primary CCRCC tumours and mimic intratumoural heterogeneity (ITH) (Figure 5B). Awareness of the clinical
history and an IHC workup can help establish the correct diagnosis.

Intratumoural Heterogeneity

CCRCC is the paradigmatic model of 1TH.?*® Multiregional sequencing shows that different areas accumulate
different mutations and concurrent, expanding somatic copy number alterations (SCNA. Based on inferred
mutation timing and rule-based clustering, the majority of CCRCC can be divided into seven evolutionary groups
that explain to some extent the observed clinical and metastatic behaviour.23%23” These groups include a “VHL
monodriver” characterized by low-grade, low-stage, indolent RCCs with minimum ITH. Three aggressive subtypes:
“BAP1 driven,” “VHL wild-type,” and “multiple clonal drivers” of high grade progress rapidly to metastases. The
“BAP1 driven” subtype exhibits VHL and BAP1 mutations early during evolution. No VHL alteration has been
identified in the “VHL wild-type”. Alterations in at least two of four genes (BAP1, PBRM1, SETD2, or PTEN) are
present in “multiple clonal drivers”. Tumours with PBRML1 loss can progress with subsequent loss of SETD2,
activation of PI3K/ AKT/ mTOR, or specific SCNAs. These tumours have intermediate aggressive features and
maximum ITH. Spatial positioning suggests that more aggressive subclones with metastatic competency arise in
the tumour centre.?%®

Prior data has shed light on the path to diversification. The signature event in sporadic CCRCC is VHL loss and
large deletion of chromosome 3p (that removes one allele of PBRM1, BAP1 and SETD?2).47:49:239:24° However, Vhl
loss alone is insufficient, and other mutations appear necessary including the remaining copy of either Pbrm1 or
Bapl.*> Notably, mutations in PBRM1 (~50—-55% of CCRCC) and BAP1 (~15% of CCRCC) are largely mutually
exclusive, and the tumours are phenotypically different.4749-24 239 Thus, mutations in PBRM1 and BAP1 may split
the evolutionary journey.+242 PBRM1 and SETD2 often co-occur and SETD2 loss likely follows PBRML1 loss, with
these mutations cooperating.4-24+243 Data from genetically engineered mice shows that BAP1 and PBRM1 are not
only markers of tumour grade but also drivers of tumour grade.3>24 Pbrm1-deficient tumours in mice tend to be of
low grade, withiconic clear cells (rich in lipids and glycogen) and a prominent vascular network. mTORC1 activation
in these tumours (though Tscl disruption) increases tumour grade.?4>32 Unlike PBRM1-deficient tumours, BAP1-
deficient tumours are of high grade and associated with worse outcomes.#7:49:48:49:241,243,246:247 Similarly, Bapl loss in
mice induces proliferative higher-grade tumours.3224 In both humans and mice, these tumours are inflamed.?+®
These tumours could evolve into sarcomatoid tumours, which show high BAP1 mutation frequency (40%).'24

Morphologic intratumoural heterogeneity has been recognized for decades (Figure 5C). Recent morphologic
analyses have provided a framework for an ontological and evolutionary model of CCRCC.3%249 This model builds
upon the observation that CCRCC typically exhibits two or three different architectures and is built upon the
following assumptions: (i) architectures have a common source and evolve from one another, which is consistent
with a founder event and clonality; and (ii) architectures likely evolve from a lower to higher grade. By developing
a co-occurring matrix of the different architectural subtypes, an evolutionary model was generated based on the
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observation that some architectures frequently co-occurred, whereas others were hardly ever together. Based on
the assumption that tumours evolve from a low to high grade, a directional vector could be superimposed.37:24
These observations suggest that vascularity is maximum in low-grade indolent architectures and is spaced out
in high-grade aggressive architectures, and the reverse was observed for tumour-associated neutrophils and
lymphocytes. These findings have recently been validated by multiple groups.37:38245250-254

FIGURE 5 Other tumours involving the kidney.

A. Fibrin-associated diffuse, large, B-cell lymphoma presenting as a cystic lesion composed of predominantly
fibrin and cellular debris with rare focal areas of large lymphoid B-cells that are positive for Epstein-Barr
virus (EBV; not shown).

B. Clear cell RCC with intratumour metastatic breast carcinoma mimicking a high-grade component. The
patient had prior history of breast adenocarcinoma, and this small tumour nodule stained with breast-
specific markers (100x magnification).

C. Clear cell RCC with morphologic intratumoural heterogeneity. The low—nuclear grade (grade 1) area is located
at the bottom half of the image and shows prototypic nests of tumour cells with a clear cytoplasm surrounded
by an interconnecting vascular network. The high—nuclear grade (grade 4) area at the top shows cells with a
combination of eosinophilic and clear cytoplasm and with rhabdoid cytology (100x magnification).

D. Urothelial carcinoma with clear cell histology. The nonspecific terminologies such as “clear cell histology”
often used in a clinical trial can lead to confusion and inclusion of patients with biologically heterogeneous
tumours (200x magnification).

B. Clear cell RCC with metastatic breast carcinoma
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C. Clear cell RCC with intratumoural heterogeneity

D. Urothelial carcinoma with clear histology
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Prognosis and Predictive Histopathologic
Parameters

RCC is largely lethal when metastatic. 15% of patients present with metastasis, and metastasis occurs in another
25% of patients that present with apparently localized RCC.?*® Though RCC can metastasize to all organs, it most
commonly involves lung, bone, liver, and lymph nodes.25¢

For localized RCC, histologic prognostic features include AJCC TNM stage at presentation, histologic subtype,
nucleolar grade, rhabdoid and sarcomatoid differentiation, presence of coagulative tumour necrosis, and
lymphovascular invasion (LVI).3427-261 Histologic and molecular RCC subtypes are associated with different
prognosis and survival. FH-deficient RCC, SMARCB1-deficient RMC, TFE3-rearranged RCC, and TFEB-altered
RCC are associated with significantly worse cancer-specific outcome than others.2*2

Tumour grade is a measure of tumour differentiation. The Furhman grading system uses nuclear size, shape,
and nucleolar prominence and has been used widely.2%24 More recent RCC subtype—specific analyses have
shown that focal nucleolar grade (high power field of highest grade area in the case) alone retains prognostic
significance in multivariate analysis of CCRCC and PRCC, but not in ChRCC.2%-2¢” Therefore, grading based on
nucleolar prominence alone has been proposed for CCRCC and PRCC (Table 3). In addition, many RCC subtypes
dedifferentiate to sarcomatoid morphology.”” Universally poor outcomes have been associated with sarcomatoid/
rhabdoid morphologies as well as anaplastic giant cells, which are defining features of grade 4.3977:257:268 This
grading system has been shown to correlate with cancer-specific survival in multivariate analyses2*® and was
endorsed by both the WHO and ISUP. Though grading systems have been proposed for ChRCC, there is currently
no consensus, and it is not recommended to grade ChRCC.?%?" The grading in RCCs that are not CCRCC or PRCC
has been addressed in a recent review.?”

TABLE 3 The World Health Organization/International Society of Urological Pathology (ISUP)
Grading System for Clear Cell Renal Cell Carcinoma (CCRCC) and Papillary Renal Cell Carcinoma
(PRCC)

Grade 1 Tumour cell nucleoli are absent or inconspicuous and basophilic at 400x magnification

Tumour cell nucleoli are conspicuous and eosinophilic at 400x magnification and visible but

Grade 2 . . .
not prominent at 100x magnification

Grade 3 Tumour cell nucleoli are conspicuous and eosinophilic at 100x magnification

Tumours showing extreme nuclear pleomorphism, tumour giant cells, and/or the presence of

Grade 4 . . . . . L
any proportion of tumour showing sarcomatoid and/or rhabdoid dedifferentiation
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Histologic coagulative tumour necrosis has also been shown to be an independent predictor of outcome in both
CCRCC and ChRCC.2¢+*73 In a CCRCC study, integrating necrosis with nucleolar grading outperformed nucleolar-
only grading when stratified according to TNM stage.2** However, interobserver variability remains problematic.

LVI does not alter the stage; however, its presence in organ-confined disease has been reported to denote similar
disease-free survival as locally advanced disease.?’# ITHC using markers such as D2-40 can help with diagnosing
LVI in challenging cases.!” Of note, vascular invasion within the renal sinus fat is considered pT3a.

Beyond prognosis, RCCs with sarcomatoid and rhabdoid morphologies, which account for 10—15% of RCCs,
preferentially respond to immune checkpoint inhibitors over angiogenesis inhibitors.>4275-277 Retrospective
molecular profiling of RCCs in patients enrolled in clinical trials such as IMmotioni151, COMPARZ, JAVELIN
Renal 101, and CheckMate214 have identified gene expression signatures and mutation profiles that provide
insights into the determinants of response to current frontline therapies. These data suggest that tumours
responsive to vascular endothelial growth factor/receptor (VEGF/R) inhibitors exhibit an angiogenic gene
expression signature,278-282

Given that angiogenesis and inflammation, as well as presence of stroma proliferating cells, can be assessed on
histologic slides, morphology may hold clues for response prediction and metastatic tropism.242 Analyses focused
on patients with metastatic CCRCC, who received VEGF/R inhibitors as frontline therapy, revealed that tumours
composed predominantly of architectures with reduced vascularity had shorter time to progression.® In contrast,
CCRCCs with pancreatic metastases were associated with vascularity-rich small nest architectures, long overall
survival, and favourable response to VEGF/R inhibitors.245253

ITH remains a limitation for both prognostic and predictive biomarkers. Multi-sample sequencing studies
recommend an average of 7 biopsies per tumour to detect >75% of all driver variants, making the clinical
applicability problematic.22® Nevertheless, next-generation prognostic and predictive models will likely need to
address ITH to accurately predict tumour behaviour for individual patients. Studies investigating morphologic
ITH show trends similar to those of genetic ITH with multiregional sequencing.22® Thus, histomorphology could
tackle the complexity of ITH and may be better poised to advance the biomarker field. Advances in computational
analysis of digitalized slides will likely lead to both objectivized and more generalizable new associations.

Considerations for Management

It is remarkable that morphologic assessment of a relatively small proportion of tumour tissue provides critical
information supporting decisions about patient management. However, as the process involves interpretation,
it is subject to sampling bias, interobserver variability, and the expertise of pathologists. The wide range of
morphologic patterns within each histologic subtype, overlapping histologies, and lack of specific diagnostic
markers, especially in tumours lacking classic morphology, adds to the challenge.
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Accurate diagnosis begins with macroscopic evaluation, a task increasingly performed by pathologist assistants,
which can confound matters. For example, tumour size is critical for risk stratification, especially of small renal
masses. Most prognostic tools are based on size of surgically resected specimens; however, measurements may
vary based on when and how the specimens are taken. For example, it has been shown that maximum tumour
size is 12% larger when assessed by imaging than by measurement of freshly bisected specimens. In turn, these
measurements are typically 4.6% larger than those taken using formalin-fixed specimens.2

Another critical assessment is tumour extension. Invasion into the renal sinus may not be apparent on imaging
and requires diligent grossing and knowledge of the patterns of spread. The AJCC 8th edition considers both
renal sinus and perinephric infiltration as pT3a. However, some evidence suggests that there may be differences
in prognosis between the two.2828 Regardless, perinephric invasion without sinus involvement is infrequent.
Furthermore, it is uncertain whether sinus invasion is an independent prognostic factor.?®” Currently, stage
pT3 is substaged based on tumour cell invasion into the renal vein (pT3a) and the IVC (pT3b). Invasion of
the supradiaphragmatic IVC and into the IVC wall is categorized as pT3c. Some suggest that pT3a may be
subcategorized, with early invasion involving the segmental veins and advanced invasion the main renal vein.?e8
Though early sinus extension is better identified by pathologic assessment, radiologic and intraoperative findings
are helpful for assessing the degree of IVC extension. Vein wall tissue is infrequently submitted for histopathologic
assessment, and it is typically difficult to separate invasion from attachment. It is therefore largely a “clinical
impression” that is used for the final rendering of pT3c substage.

Accurate subtyping of RCC beyond “CCRCC versus non-CCRCC” is important for management. This is relevant
for: (1) small renal masses considered for active surveillance, (2) RCC with metastatic disease for deciding subtype-
specific therapies, and (3) locally advanced RCC when considering adjuvant therapy. For example, whereas
oncocytomas are suitably followed by active surveillance, FH-deficient RCC should probably be intervened upon.
In addition, while most systemic therapies for advanced RCC are deployed for different histological types, they
have been largely developed for CCRCC and not all histologies respond equally. For example, chromophobe
tumours tend to be poorly responsive to immunotherapy. In contrast, tumours with sarcomatoid differentiation
should be treated with an immune checkpoint—containing regimen. Finally, adjuvant therapy is specifically
approved by the FDA for CCRCC and not other histological types.

Appropriate histological typing is of essence also for clinical trials. Unfortunately, many trials, including phase 3
registration trials, have focused on tumours with “clear histology/features.” This is often based on limited biopsy
material and can be misleading. For example, biomarker studies of the IMmotion151 phase 3 trial revealed a
substantial number of TRCC among the intended CCRCCs.*>* In addition, other tumours, including non-RCCs,
such as urothelial carcinomas and adrenal cortical carcinomas, can often involve the kidney and mimic high-
grade RCC with “clear histology/features” (Figure 5D). Centralized confirmatory ancillary testing and pathology
review for clinical trials would therefore be highly recommended.

82 2nd WUOF/SIU ICUD on Kidney Cancer



Finally, our predictive and prognostic molecular and IHC studies are based largely on single samples, usually
from the primary tumour. It remains to be determined whether multiple samples including from metastatic
tissue improve diagnostic and prognostic models and which areas within a tumour are representative or most
informative. Integrating radiological features, gross morphology findings, and genomics may refine working
models. Finally, artificial intelligence holds tremendous promise in pathology.
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Introduction

Renal cell carcinoma is a diverse group of diseases for which the genetic underpinnings are becoming more
clearly defined. In this comprehensive review, we highlight the progress in our understanding of the genetic
and microenvironmental hallmarks of kidney cancer. In the first section, we review the steps in clear cell renal
cell (ccRCC) initiation and progression. This includes the critical role of 3p locus and its family of tumour
suppressors. We review the critical steps in tumour progression as the evolutionary trajectory and impact of
intra- and intertumoural heterogeneity. In the section devoted to non-clear cell RCC, we review the genetic
determinants of the dominant entities including papillary and chromophobe subtypes and highlight the diversity
of a genetics event comprising the high-grade unclassified subtype. Next, we discuss recent understanding of
the ccRCC microenvironment. Both single-cell and bulk RNA sequencing have identified the dominant immune
populations in ccRCC, including the role of T-cell signature and angiogenic signature on predicting response
to systemic therapies in RCC. Finally, we describe how genetically engineered mouse models have improved
our ability to model RCC development in immunocompetent settings, which will undoubtedly lead to further
mechanistic discoveries.

Genetics of Clear Cell RCC

Clear cell renal cell carcinoma has a well-defined genomic landscape. The first event toward malignant
transformation is the loss of the short arm of chromosome 3 (3p loss), which is the most commonly detected
copy number variant (~90% of cases).*? The original description of 3p loss, more than three decades ago,®
concluded that ccRCC must arise by deletion of a “recessive cancer gene.” In reality, 3p encompasses four
tumour suppressor genes that constitute the most common targets of point mutations or somatic copy humber
alterations (SCNAs) in RCC: VHL on 3p.25, and PBRM1, BAP1, and SETD2 on 3p.21.24 Of these genes, VHL is the
mostly commonly altered in both hereditary and sporadic RCC, through point mutations and methylation occur
in 70—80% and 5—10% of patients, respectively.>* Inactivation of the VHL protein results in loss of regulation and
thus constitutive activation of the hypoxia-inducible factor (HIF) protein and its cascade of downstream targets,
including vascular endothelial growth factor (VEGF), promoting tumour cell proliferation, neoangiogenesis, and
metastases.>® PBRML1 is the second most commonly mutated gene (40% of cases*+), and encodes BAF180,%7
a component of the switching defective/sucrose nonfermenting (SWI/SNF) family of chromatin-remodelling
complexes, which determine DNA accessibility to transcription factors and polymerases.”® Similarly, BAP1
(mutated in 10—15% of ccRCC patients) encodes a nuclear deubiqutinase protein that interacts with host cell
factor-1 (HCF-1), which is involved in chromatin remodelling.'®" Interestingly, BAP1 and PBRM1 mutations are
generally mutually exclusive.** Lastly, while the mechanism by which SETD2 (mutated in 10—15% of ccRCC)
effects tumourigenesis remains unclear, it is suspected to be involved in DNA double-stranded break repair, DNA
methylation, and RNA splicing.?*?
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Interestingly, the mechanism of 3p loss that results in loss of heterogeneity (LOH) for the above genes is frequently
underpinned by chromothripsis, a catastrophic mutational event in which one or few chromosomes undergo
multiple breaks simultaneously, followed by joining of chromosomal fragments at a random order, resulting
in hundreds of genomic rearrangements.® In ccRCC, the chromosomal loss of 3p during chromothripsis most
frequently cooccurs with the gain of chromosome 5q.! It is inferred that this initial 3p loss constitutes the “first
hit” in the malignant transformation to ccRCC, occurring somatically in the proximal tubule of the nephron
(the cell of origin of ccRCC) decades before the presentation of ccRCC, and as early as adolescence. While single
chromosome aneuploidy is ordinarily not tolerated in normal cells,# it has been postulated that a small number
of cells with 3p loss survive,! after which a “second hit” results in their malignant transformation—usually
mutation or methylation of VHL that results in biallelic inactivation of VHL and upregulation of the hypoxia
response in the presence of normoxia. This is usually followed by mutations involving the neighboring PBRM1,
SETD2, and BAP1 genes, and less frequently, alterations of TP53, mTOR, TSC1, TSC2, PIK3CA, PTEN, KDM5C,
and SMARCAA4.5 Critically, ccRCC does not harbour frequent alterations in oncogenes like other cancer types,
with obvious implications for therapeutic targeting. Recurrent SCNAs are also evident in ccRCC, consistent with
their selection during tumourigenesis and progression. None of these are focal events that encompass a single
gene or even a limited number of genes. Instead, they are usually chromosomal arm or whole chromosome gains
and losses. The most common SCNAs are losses on chromosomes 1p, 3p, 49, 649, 8p, 9p, and 14q, and gains on
chromosomes 1q, 2q, 59, 7q, 8q, 12p, and 20q.*

Although the repertoire of driver genes and SCNA in ccRCC is relatively narrow, molecular diversity is achieved
through clonal evolution, i.e., selection of subpopulations of cells (clones) characterized by different driver
mutations, resulting in intratumoural heterogeneity (ITH).> Consequently, molecular profiling, which relies on
one sample of the tumour from a single spatial location, does not accurately portray all the molecular events in
that tumour. Therefore, a single biopsy will capture clonal events, which are propagated in all the cancer cells of a
given tumour but can easily miss events in subclones. While such issues fall under the umbrella of sampling bias,
which is problematic across all solid cancers and is frequently associated with the failure to externally validate
translational biomarkers, they are particularly pertinent in ccRCC due to the cancer’s high levels of ITH.'"®
This makes the reported frequencies at which different genes are altered dependent on the likelihood of their
mutations being missed in single sample studies. For example, the frequency of mutations in SETD?2 is twice as
high in a multiregion molecular profiling setting compared with a single tumour profile.*°

Therefore, multiregion sampling is critical to capturing the clonal evolution of ccRCC, which is the framework
applied in the TRAcking Non-small Cell Lung Cancer Evolution Through Therapy (Rx) (TRACERXx) Renal
program.'® In the interim analysis of the first 100 patients recruited into the study, which involved molecular
profiling of >1,200 primary tumour regions, the degree of ITH increased with tumour size and tumour stage
and was associated with the clinical outcome both in the TRACERx Renal and The Cancer Genome Atlas
(TCGA) cohorts.*® This supports the notion that ITH provides substrates for selection and fuels ongoing tumour
evolution, with clear evidence supporting the presence of highly conserved patterns of mutational ordering,
cooccurrence, and mutual exclusivity in ccRCC which combined with the evolutionary tempo determines the
evolutionary paths. Broadly, two modes of evolution are observed: linear, where only a single clonal population
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is evident, with consequently low ITH; and branched, which involves multiple subclonal populations with high
ITH. Two additional models have been proposed to describe the evolution of clonal or subclonal populations:
neutral evolution, wherein the population(s) progress through sequential and gradual acquisition of and genomic
alterations in a process of selection akin to a Darwinian process; or punctuated evolution, which is noted by
short bursts of large number of genomic alterations occurring in a relatively brief period early in the tumour’s
evolution, most likely due to SCNA and structural chromosomal alterations (Figure 1).%°

FIGURE 1 A schematic representation of potential models of tumour evolution described above. (A) Linear
Evolution (B) Branching Evolution (C) Neutral Evolution (D) Punctuated Evolution. Colours indicate clones with

different genotypes.
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Source: Reproduced from Davis A, Gao R, Navin N. Tumor evolution: linear, branching, neutral or punctuated? Biochim Biophys
Acta Rev Cancer. 2017;1867(2):151-161. doi:10.1016/j.bbcan.2017.01.003,20 © 2022 with permission from Elsevier.

Following from these models, some ccRCC tumours are characterized by a linear evolution pattern and harbour
only 3p loss and VHL mutation/methylation with low ITH, and are thus termed “VHL mono drivers.”® As
inactivation of VHL alone offers a limited fitness advantage,* these tumours are enriched for small renal masses
(SRMs, < 4 cm in maximal dimension), which are associated with limited progression and metastatic risk. While
this is reassuring, the likelihood of such tumours evolving further is unknown, a critical requirement for clinical

decision-making.??

113

Genetics of Renal Cell Carcinoma



ccRCC tumours characterized by branched evolution harbour distinct subclones, each associated with a driver
event suggesting that the branching reflects selection. These tumours exhibit high levels of ITH and parallel
evolution,® i.e., repeat selection of distinct mutations in the same gene or pathway. The order of genomic events
in these tumours is highly conserved. PBRM1 is mutated on the background of mutant VHL, after which the
evolutionary path proceeds down three possible routes: (1) alterations of the P13k pathway; (2) SCNA; or (3)
SETD2 mutations, usually multiple subclones with distinct SETD2 variants (Figure 2).'* BAP1 mutations are
mutually exclusive with PBRM1 and SETD2 in the context of branched evolution at the clone level, although
they may cooccur at the patient level if they were to harbour separate distinct clones.”® Intriguingly, primary
tumours exhibiting these evolutionary paths grow to a large size, and are highly vascular. This is in keeping
with the preclinical model showing that PBRML1 loss amplifies HIF1 upregulation caused by VHL deficiency.?®
Although metastatic, these tumours are associated with an intermediate metastatic efficiency resulting in
solitary or oligometastases.’® Accordingly, the patients whose primary tumours were characterized by a branched
evolutionary path appeared to benefit from cytoreductive nephrectomy (CN) and metastasectomy, providing a
potentially helpful biomarker in identifying patients who are likely to benefit from CN in light of recent studies
emphasizing the critical role of patient selection for this procedure.?

FIGURE 2 lllustration of proposed evolutionary trajectories in the TRACERX cohort and their corresponding
chromosomal complexity and intratumoural heterogeneity.
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Source: Reproduced from Turajlic S, Xu H, Litchfield K, et al.; TRACERXx Renal Consortium. Deterministic evolutionary trajectories
influence primary tumor growth: TRACERx Renal. Cell. 2018;173(3):595—610.e11. doi:10.1016/j.cell.2018.03.043.°
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While ccRCC tumours characterized by punctuated evolution have low ITH and are dominated by a single
clone, these tumours have additional molecular alterations in the dominant clone that distinguish them from
the similarly monoclonal VHL mono drivers. Additional molecular alterations in the punctuated-evolution
clones include BAP1 (BAP1-driven subtype), and two or more of PBRM1, BAP1, STED2, or PTEN (multiple
clonal driver). Finally, an evolutionary path on the absence of VHL mutation is also associated with punctuated
evolution (VHL wild type). Whatever the route, all these tumours harbour high levels of clonal chromosomal
complexity, consistent with the notion that early fixation of large-scale alterations leads to punctuated evolution.
These tumours grow rapidly to a large size and are linked to widespread and rapid metastases, with no benefit
from CN or metastasectomy.®

Focusing on metastatic competence, there has been no consistent association between mutations in any gene
(in the primary tumour) and the risk for metastases. However, several reports have linked the presence of
9p loss and recurrence following surgery.? In the context of the TRACERX Renal program, it was possible to
systematically compare the cancer populations in the primary tumour that are metastases founders versus those
that fail to lead to metastases.’® There was no difference relative to the number or identity of the driver genes
in metastasizing and nonmetastasizing clones. However, metastasizing clones had a higher proliferation index,
higher levels of aneuploidy, and more SCNAs. Furthermore, they were enriched for loss of 9p and loss of 14q,®
two loci harbouring tumour suppressor genes: CDKN2A and HIFl-a, respectively. However, in the absence
of mutation or methylation of the other allele, it is unclear whether these are the targets of the copy number
alterations. Furthermore, the metastasizing clones are enriched in the centre of the primary tumour, suggesting
that the environmental conditions at the tumour core select for these clones, and clones harbouring SCNAs lead
to the largest clonal expansions in ccRCC, indicating a large fitness advantage.°

Genetics of Non-Clear Cell Renal Cell Carcinoma

While ccRCC is the most common RCC histologic subtype, approximately 25% of tumours present with a variety
of other histologies. Papillary RCC (pRCC) is second most common presentation, representing approximately
15—20% of cases, which has been classically subcategorized into type 1 and type 2 pRCC. A further 5—10% of cases
are chromophobe RCC (chRCC), followed by rarer kidney tumours, such as renal medullary carcinoma (RMC),
each accounting for ~1% or less of the remaining cases. Included within these rarer forms of renal cancer are
those associated with specific germline or somatic genetic alterations, such as fumarate hydratase (FH)-deficient
RCC, succinate dehydrogenase (SDH)-deficient RCC, and translocation RCC.

While some of these genetically defined tumours are associated with specific histologies, others demonstrate
considerable variation in presentation. A broad range of genetic and genomic analyses have been performed on
these kidney subtypes that has highlighted the unique alterations present in them and their distinct differences
in comparison to ccRCC. In this section, we summarize the genomic features of the most common subtypes of
non-ccRCC.
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Papillary renal cell carcinoma: types 1 and 2

Papillary renal cell carcinoma is both defined and subdivided into two main subtypes by histology and genetic
features. Histologic features of papillary RCC are discussed in detail in Chapter 3. Briefly, type 1 pRCC is
characterized by papillae and tubular structures covered with small cells containing small, uniform, oval nuclei
and basophilic cytoplasm, while type 2 pRCC generally demonstrates papillae covered by large cells with large
spherical nuclei with prominent nucleoli and eosinophilic cytoplasm and large spherical nuclei with prominent
nucleoli.

Specific genetic and genomic alterations also distinguish between type 1 and type 2 pRCC.? Type 1 pRCC is
associated with frequent gains of chromosomes 7 and 17 as well as lower frequency gains of chromosomes 2, 3,
12, 16, and 20.%-%! The most frequent somatic mutational events in type 1 pRCC are activating mutations of the
MET oncogene, which is encoded on chromosome 7, although this is present in 10—15% of type 1 pRCC cases.*?
Notably, germline activating mutations of the MET oncogene are the pathogenic cause of hereditary papillary
renal cell carcinoma (HPRC) syndrome, where patients present with bilateral, multifocal type 1 pRCCs.**** TCGA
analysis of 75 type 1 pRCCs identified alteration in the MET gene in more than 80% of cases, due to a combination
of gain of chromosome 7, somatic or germline mutations of MET (18.6%), and somatically induced alternative
MET RNA transcripts and MET gene fusions, in a small number of cases. Of note, several oncogenes are also
encoded on chromosome 7, including EGFR and BRAF, and somatic chromosomal gain involving chromosome 7
may influence these genes in addition to MET.*

Unlike type 1 pRCC, type 2 pRCC represents a heterogeneous group of cancer types that used to include what are
now distinct RCC subtypes with their unique genetic alterations and histologic features, including translocation
RCC, FH-deficient RCC, and SDH-deficient RCC. While type 2 pRCC is not associated with a specific pattern of
copy number alterations, it has been previously associated with increased loss of chromosome 22, which encodes
the SMARCB1 SWI/SNF complex chromatin modifying gene and the NF2 HIPPO pathway regulator gene,*? and
loss of the CDKN2A gene that encodes p16 in ~18% of cases. This latter event is caused by either focal loss of
9p21, promoter hypermethylation, or, in rare cases, somatic mutation, and correlated with poorer survival.®? In
contrast to ccRCC, type 2 pRCCs demonstrate a low frequency rate of mutation in chromatin-modifying genes
associated with ccRCC, including SETD2, BAP1, and PBRM1, and in the HIPPO pathway, NF2 and SAV1.2%3 |n
light of the above heterogeneity within what was considered “type 2 pRCC” and the absence of characteristic
genomic features for this group, pRCC type 2 tumours may be also interpreted as actually unclassified, aggressive
unclassified RCC that exhibits papillary features but requires specific genomic subclassification for clinical
outcome prediction.34

Chromophobe renal cell carcinoma

Like ccRCC and pRCC type 1 tumours, most chromophobe renal cell carcinomas (chRCCs) are characterized
by a distinct pattern of chromosomal alteration. This pattern is defined by combined loss of chromosomes 1,
2, 6, 10, 13, and 17, seen in approximately 80% of chRCCs. Less frequent additional individual losses can occur
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for chromosomes 3, 5, 8, 9, 11, 18, and 21q in 12-58% of cases.3>3¢ The histology of chRCC can include a rarer
eosinophilic variant in which the classic pattern of chromosomal losses is less common. ChRCCs have a lower
mutation burden than ccRCC or pRCC; only TP53 and PTEN are frequently mutated in ~30% and ~8% of cases,
respectively.?23 Loss of CDKN2A, by either loss of 9p21 or hypermethylation, is the second most common
alteration (19.8%).%2 Increased TERT expression has been observed in approximately 17% of chRCC, resulting
from either the known TERT gene promoter mutations or genomic rearrangements involving the TERT promoter
region, including intra-chromosomal rearrangements and translocations with chromosome 13.11. Although the
rate of mutation in chRCC is generally low, a small fraction (~6%) of tumours demonstrates kataegis, a pattern
of localized hypermutation, which is correlated with increased TERT gene expression in these tumours.®® A
recent comprehensive genomic analysis of localized and metastatic chRCC noted enrichment of TP53 mutations
(58%), PTEN mutations (24%), and imbalanced chromosome duplication (duplication of > 3 chromosomes) in
metastatic chRCC, which were also associated with worse survival in the TCGA chRCC cohort.*

Renal medullary carcinoma

Renal medullary carcinoma (RMC) is a rare and aggressive subtype of kidney cancer that comprises less than
1% of all RCCs and has a propensity for early metastases, resulting in a median overall survival of just more
than a year.4°-42 RMC predominantly afflicts individuals with sickle cell trait, creating an enrichment of patients
with African or Mediterranean decent, and the young, with a median age from 19 to 22 years old.«4 The
characteristic genetic feature of RMC is the near universal loss of expression of the SWI/SNF-related matrix-
associated actin-dependent regulator of chromatin subfamily B member 1 (SMARCBL) protein, which is known
as Integrase interactor 1 (INI1), BRG1-associated factor 47 (BAF47), or Sucrose Non-Fermenting 5 (SNF5). Loss
of SMARCB1/INI1 staining by immunohistochemistry is a marker of RMC. The SMARCB1 protein is encoded
by the SMARCBI1 gene on chromosome 22q11.23, and in most tumours both copies of this gene are lost by a
combination of mutation and chromosomal deletion.7 SMARCB1 is a core subunit of the SWI/SNF chromatin
remodelling complex and its loss results in dysregulation of the transcriptional activity within many pathways.%4

FH-deficient and SDH-deficient renal cell carcinoma

Hereditary leiomyomatosis and renal cell carcinoma (HLRCC) is a familial cancer syndrome characterized by the
development of cutaneous and uterine leiomyomas, and a highly aggressive form of kidney cancer.4-52 HLRCC is
associated with germline mutation of the Krebs cycle enzyme gene fumarate hydratase (FH) and the associated
tumours demonstrate complete loss of fumarate hydratase enzyme activity, leading them to be referred to as FH-
deficient RCC.%-%° Germline mutation of several subunits of succinate dehydrogenase enzyme, SDHB, SDHC,
or SDHD, have been associated with increased risk for paraganglioma (PGL), pheochromocytoma (Pheo),
gastrointestinal stromal tumour (GIST), and RCC.5*5® SDH-deficient RCCs associated with these germline
changes demonstrate loss of succinate dehydrogenase enzyme activity.

The complete loss of either fumarate hydratase or succinate dehydrogenase enzyme activity impairs the normal
function of the Krebs cycle and oxidative phosphorylation within the tumour, promoting increased levels of
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aerobic glycolysis, and significantly increases in the levels of intracellular fumarate and succinate, respectively.5%-°
Increased fumarate or succinate levels can inhibit the activity of 2-oxoglutarate (20G)-dependent dioxygenase
enzymes. These include the prolyl hydroxylases that degrade the HIFa transcription factor subunits, resulting in a
pseudo-hypoxic state that upregulates many of the genes necessary to maintain the higher levels of glycolysis, and
the ten-eleven translocation methylcytosine dioxygenases (TETs) involved in the maintenance of the epigenome
and removal of aberrant CpG methylation, resulting in a CpG island methylator phenotype (CIMP),3161-64

Increased intracellular fumarate levels cause the aberrant succination of numerous proteins, resulting in function
alterations in some cases. In turn, succination induces inactivation of KEAP1, which results in the constitutive
upregulation of the NRF2-antioxidant response element (ARE) pathway and inactivation the core factors
responsible for replication and proofreading of mitochondrial DNA (mtDNA), resulting in both a significant
decrease in mtDNA content and increased mtDNA mutation.®5¢°

A recent germline analysis comparing SDH- and FH-deficient tumours (SDH-RCC and FH-RCC, 17 and 25
patients, respectively) noted that while most of these tumours harboured germline alterations in their respective
genes, SDH-RCCs had a lower mutation burden and CNA burden than FH-RCCs. All SDH-RCCs presented with
deletion of chromosome 1p (overlapping SDHB), whereas FH-RCCs demonstrated high but not ubiquitous loss
of 1q (FH locus), again suggesting that FH-RCCs exhibit more genomic diversity than SDH-RCCs. Metabolomic
analysis of the same cohort noted clear separation from ccRCC tumours, with elevation of succinate in both
FH-RCC and SDH-RCC. Furthermore, relative to normal kidney tissue, FH-RCC tumours had elevated levels of
urea cycle metabolites (argininosuccinate, citrulline, and fumarate), whereas SDH-RCC tumours had elevation
of numerous acylcarnitines, potentially presenting metabolomic signatures that can be used to differentiate these
tumours when the genomic analysis is inconclusive.®”

In addition to patients with germline mutation, a small number of sporadic tumours have also been shown to
have complete somatic loss of FH, resulting in a non-hereditary form of FH-deficient RCC.*

Translocation renal cell carcinoma involving TFE3, TFEB, or
MITF gene fusions

Translocation renal cell carcinomas are driven by somatic chromosomal translocations that fuse members of
the MIT transcription factor family genes, TFE3, TFEB, or MITF, with a series of different partner genes that
result in fusion proteins.®®% Translocation RCCs represent one of the most common forms of RCC in children
and young adults, comprising 20—50% of pediatric RCC patients and 15% of RCC patients under the age of 45
years.®7° Translocation RCCs still represent an appreciable fraction of the adult population of RCC cases and can
present with a variety of histologies, including both papillary and clear cell.2*% To date, fusions involving TFE3
are the most common, followed by TFEB, with fusions of MITF being the rarest.30:326869.7 These fusions all result
in an upregulation of the aforementioned MiT transcription factors—which are master regulators of adaptation
to cellular stress and can influence many pathways, such as organelle biogenesis, cell proliferation, and cellular
fate commitment—that may aid in tumourigenesis.®%7273
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In addition, some sporadic tumours have been shown to have amplification of the TFEB gene with no translocation
and a specific germline alteration of the MITF gene (p.E318K), which dysregulates the SUMOQylation of the
resultant protein, and has been shown to be associated with an increased risk for RCC.77475 While neither of
these genes represent translocation RCCs, they demonstrate the importance in RCC of other genetic alterations
within this gene family.

Tumour Microenvironment of RCC

While malignant cells make up most of the tissue mass in tumours, they are also encircled by a dynamic and
heterogeneous mixture of immune cells, stromal cells, cytokines, and extracellular proteins. The coexistence
and interactions of these components within the tumour constitute a tumour microenvironment (TME).” The
fundamental role of the TME in the pathogenesis of solid malignancy has been highlighted by the introduction
of immune checkpoint blockade (ICB) agents, which have revolutionized management of solid malignancies,
including RCC.”” The TME is now viewed as an ecosystem in which the interactions of innate and adaptive
immunity cells, specifically macrophages and T cells, and tumour cells modulate all aspects of tumour
development.”®

Profiling studies of the TME of RCC tumours have largely broken tumour phenotypes down into two categories,
those driven by angiogenesis and those by immune inflammatory stimuli.” Genomic characteristics of tumours
that have the more infiltrated/inflamed profile include an enrichment of several copy number alterations,
including amplifications of 12q24.32 and deletion of 9p21.311.”° Yet even when considering genomic features
such as numerous copy number alterations in advanced ccRCC, including deletions of 9q34.3, and loss of
the regions of 6p, which code for antigen-presenting machinery and human leukocyte antigen (HLA) class 11
molecules, respectively, these features do not appear to correlate with systemic treatment response.t° Tumours
that are found to have an angiogenic profile also appear to be associated with alterations in PBRM1 and improved
response with targeted therapy.®-#2 PBRM1-altered tumours may also be associated with decreased regulatory
T cells (Tregs, FOX3P3+ T cells), which tend to be associated with inferior clinical outcomes.t°#® Interestingly,
alterations in BAP1 appear to be less associated with angiogeneic tumours but more with those tumours having a
higher macrophage infiltration/activity.®* Tumours with SETD2 alterations seem to be associated with decreased
T-cell infiltration.8o84

However, profiling the RCC TME into such simple immune-infiltrated and angiogenic phenotypes oversimplifies
its dynamic and heterogeneous nature. For example, while tumours with high numbers of tumour-infiltrating T
lymphocytes (TILs) were classically associated with favourable clinical outcomes such as survival and response to
immunotherapy,?>% RCC does not appear to have this association, with some studies suggesting that increasing
TILs correlate with poor clinical outcomes.”#-8° This has been explained by heterogeneity within the infiltrating
T-cell populations, which have been found to exist in a continuum from activated antitumour cells to dysfunctional
“exhausted” T cells.®®® Similarly, the role played by tumour-associated macrophages (TAMs) in RCC TME varies
from promoting antitumour response to facilitating tumour growth depending on the subsets or phenotypes of
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TAMs enriched within a tumour.?878892 Earlier studies of the TME in ccRCC tumours noted two broad phenotypes
(polarizations) of TAMs: the pro-inflammatory/antitumour M1 phenotype, and the M2 anti-inflammatory/
protumour phenotype. While these phenotypes have been associated with several important clinical outcomes
in ccRCC and seen across multiple patient cohorts,?7:8892-94 recent evidence shows TAM populations to be highly
plastic, existing in more of a phenotypic spectrum between M1 and M2 phenotypes in vivo.878893.9

While earlier analyses of tumour immune infiltrates were largely based on tissue-based approaches such as
immunohistochemistry and flow cytometry, these approaches were limited by several logistic factors, including
the number of predefined cell phenotypes/markers that can be analyzed in a single assay and the amount of
tissue required for analysis.”® This, in turn, limited our ability to decipher the subtleties within immune cell
populations of ccRCC to determine whether they are reflective of generally pro- or antitumour response, and as
importantly, whether they are likely to respond to certain systemic therapy regimens. In contrast, transcriptomic
analyses of tumour TME using microarray- and next-generation sequencing (RNA-seq)-based analyses have
provided a broader perspective in analyzing the TME, utilizing computational techniques such as single gene
set enrichment analyses (ssGSEA%®) and CIBERSORT? to deconvolute the TME into its cellular components and
explore its response to systemic therapy agents through an array of gene expression signatures.”2%9% |n addition
to reproducing the established immune- infiltrated versus immune-excluded tumour subtypes, these analyses
revealed specific enriched T-cell and macrophage populations in the TME and the influence of their interactions
on disease survival. For example, such studies noted a generally negative correlation between enrichment of
T-helper subtype 2 (Th2) cells and Treg cells and survival in ccRCC,™ explaining the aforementioned potential
negative association between T-cell infiltration and survival outcomes in ccRCC.”®%7-8 Similarly, worse overall
survival and survival in tyrosine kinase inhibitor (TKI)-treated patients were associated with higher levels of
macrophage infiltration, which were found to be driven by the levels of M2 macrophage infiltration in the TME.?
This understanding of the TME led to investigations of transcriptomic signatures that may predict response to
systemic therapy in advanced RCC, potentially providing a platform for much needed biomarker development in
this disease, such as angiogenesis-associated signatures that can predict response to TKI monotherapy,21 or
immune-infiltration signatures that can predict response to ICB-based combination therapies.®?:°

While bulk RNA sequencing provided further insights into the subpopulations within the TME, it remains a
bulk-based analysis method, and is thus confounded by the well-known inter- and intratumoural heterogeneity
of RCC. Therefore, bulk techniques (flow cytometry or bulk RNA sequencing) remain bound to undermine the
heterogeneity of T-cell and TAM populations within RCC, even with the additional granularity offered by bulk
RNA-sequencing deconvolution algorithms. Furthermore, bulk techniques are unable to describe dynamic
changes occurring within sampled TME cell populations, or interactions between different cell populations.®
In contrast, single cell-based analyses such as single-cell RNA sequencing (scRNA-seq) and single-cell mass
cytometry (scMC) allow for massively parallel, high-dimensional analyses of specific cell populations in the TME,
with the ability to predict potential interactions between different cell populations based on their expressed
surface molecules, promoting a much granular understanding of the dynamics of the TME of RCC 87:8893.95.101

Inthisregard, Chevrier etal. (2017)% used scMC to analyze 73 tumour samples of untreated patients with advanced
RCC and 5 healthy matched kidney samples. Using computational phenotype clustering, they demonstrated the
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significant complexity of the adaptive and innate (T cell and TAM) populations in the TME of RCC, noting 22
different T-cell phenotypes, which made up over half of the immune infiltrate, along with macrophages with 17
phenotypes, which accounted for 31% of immune cells.®® Two populations of PD1+, exhausted T cells (including
CD4+ and CD8+ T-cells) were noted: a “terminally exhausted” cluster and a corresponding “progenitor exhausted”
cluster of potentially immuno-oncology (10)-responsive T cells. In contrast, TAM populations did not exhibit any
clear phenotypic differences, again arguing that the M1/M2 polarization phenotypes were an oversimplification
of what is a plastic and dynamically changing cell population. However, they did note immunosuppressed T-cell
compartments to be associated with high levels of regulatory CD4 cells and a protumour TAM population.®®

Following this study, Braun et al. (2021)®” performed scRNA-seq and T-cell receptor (TCR) sequencing of ccRCC
tissue from 13 patients across clinical stages to define changes in the immune component of the TME with
advancing disease. They again noted significant diversity within the T-cell and TAM populations, with the latter
existing in a continuum of antitumour (M1) to protumour (M2) polarization. However, they noted an overall
linear trend of progressive T-cell dysfunction and exhaustion with advancement in disease stage, which was
associated with concurrent shift in from M1- to M2-like signatures in the TAM population. The authors also
noted that the predicted T-cell and TAM interactions increased along with disease stage, suggesting they played
role in progression of T cells toward exhaustion in ccRCC patients.®”

To examine the influence of ICB on RCC TME, Krishna et al. (2021)* used scRNA-seq to examine the TME
of multiregional tumour samples from 4 ICB-treated to 2 ICB-naive advanced ccRCC patients. They noted
significant intratumoural and interpatient heterogeneity, along with differences in the overall TME behaviour of
ICB-treated versus -naive patients. Focusing on tumour specimens from an ICB-treated patient who exhibited
complete response, they noted enrichment of CD8A+ tissue-resident populations and low TAM infiltrations in
all tumour regions. In contrast, specimens from ICB-resistant patients exhibited high TAM infiltration but low
T-cell enrichment (T-cell exclusion).® Bi et al. (2021)%8 performed a similar study that also compared tumours
from 5 ICB-exposed to 3 ICB-naive patients with advanced ccRCC. They noted that ICB-exposed tumours were
enriched in a population of CD8+ T cells that had low levels of the activation maker 4-1BB, a feature that had
been previously associated with improved response to ICB in melanoma.®81%? Interestingly, the authors noted
that while this cell cluster expressed costimulatory molecules associated with the “progenitor exhausted” T cells
described by Chevrier et al.,*® they also paradoxically expressed inhibitory molecules associated with terminally
exhausted T cells, suggesting that these ICB-responsive cells were potentially undergoing a shift toward
terminal exhaustion as well. Similarly, antitumour TAM populations in ICB-exposed patients were noted to
paradoxically express molecules that correlate with a pro-inflammatory, antitumour phenotype, but again with
upregulation of immune checkpoint and anti-inflammatory signalling genes. The authors proposed that these
seemingly paradoxical changes in both T-cell and TAM populations of ICB-exposed patients may explain the
initial response and eventual transition to resistance to ICB agents noted in ccRCC tumours. Finally, the authors
noted enrichment for two tumour programs (TPs) within tumour cells: TP1, which was associated with improved
survival in the CheckMate-025 (CM-025) nivolumab trial, and TP2, which was associated with upregulation of
immune checkpoint molecules, immune evasion, and worse survival in the CM-025 cohort (Figure 3).28 All
three scRNA-seq studies also identified novel gene signatures that may have allowed for the detection of specific
T-cell, TAM, and TP populations and were validated in multiple external cohorts.8":8893
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FIGURE 3 The tumour microenvironment of ccRCC undergoes notable changes in both the T-cell and macrophage
compartments with progression from early-grade to high-grade/metastatic disease, including progression toward
exhausted T-cell and protumour M2 phenotypes, respectively. Following treatment with immune checkpoint blockage
(ICB) agents, responsive tumours acquire changes in these compartments, along with changes in the tumour program
(TP) that are antitumour proliferation, while unresponsive tumours maintain their predominantly protumour,
exhausted T-cell, TP2 phenotypes. However, ICB-responsive tumours also exhibit changes suggestive of a potential

transition to eventual ICB resistance.
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While single cell-based technologies have revolutionized our understanding of the complexity and heterogeneity
of the TME in RCC, it is important to note that even these technologies are not without their limitations—current
scRNA-seq platforms are costly and allow for analysis of relatively limited cell numbers, limiting their ability to
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examine large patient populations and to capture cellular complexity,'°* and scMC relies on limited, prespecified
sets of isotope-labelled antibodies for detection of prespecified cell “types” by mass spectrometry.®® Furthermore,
both technologies require cell separation prior to analysis, resulting in loss of spatial orientation in the TME that
they attempt to reproduce using complex computational methods,®"88% which may be abrogated with newer
spatial transcriptomic technologies that allow for parallel sequencing of TME cells in situ.!*®* However, future
work remains needed for the incorporation of these technologies and their derived TME signatures into clinical
practice to guide management of RCC patients and identify potential new therapeutic targets within the TME
of RCC.

Mouse RCC Models

Mouse models of human cancers represent valuable experimental systems that allow the study of the detailed
mechanisms that underlie tumour pathology and are essential for preclinical therapeutic studies. Transplantation
of human ccRCC cancer cell lines, or of fragments of human ccRCC tumours, into immunodeficient mice as
xenografts or patient-derived xenografts (PDXs), respectively, represents valuable human ccRCC model systems.
Excellent reviews of the available cell line xenograft models'°+°5 as well as a description of an extensive resource
of human PDX models'*® are described elsewhere. In this section, we focus on recent progress that has been
made in generating genetically engineered mouse models (GEMMs) of ccRCC. The underlying goal of generating
GEMMs is to be able to accurately mimic the genetic events that underlie the initiation, evolution, and progression
of human ccRCCs in the physiologically relevant context of the mouse kidney. In contrast to xenograft and PDX
models, ccRCC tumours in GEMMs arise directly from the relevant cell of origin in the context of the normal
complex structures of the renal nephron and normal surrounding cells. Perhaps most importantly given the
enormous recent progress that has been made in developing immune checkpoint—based therapies for ccRCC,
GEMMs are immune-competent and therefore reproduce ccRCC immune microenvironments, providing
opportunities to study and manipulate the interactions of tumour cells and immune cells that modulate the
animal’s antitumour immune response over the course of the evolution of the tumour.

For many years, the development of ccRCC GEMMs lagged behind the rapid progress that was made in modelling
other common types of human tumours, in part due to lack of knowledge of the unique and complex spectrum
of genetic drivers of human ccRCC tumours. However, insights from several kidney cancer exome sequencing
projects fueled recent successful efforts to generate accurate mouse ccRCC models that reflect different
combinations of genetic driver mutations. These models and the biological and therapeutic insights that are
beginning to be derived from their study are summarized below. More detailed information about ccRCC and
non-ccRCC mouse GEMMs are described in other publications.5107

Initial attempts to model ccRCC revealed that genetic deletion of Vhl (also known as VVhih), the mouse homologue
of VHL, in renal epithelial cells in mice is not sufficient to induce tumour formation.’°¢-*2 These findings are
consistent with the conclusions of studies of the evolution of human ccRCC, which revealed that VHL deletion
alone is insufficient to induce tumour onset,? but rather that tumour evolution results from the combined biallelic
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inactivation of VHL as the truncal genetic event, followed by additional mutations or copy number alterations
in one or more of a series of other genes that control cellular epigenetics, PI3K-pathway signalling, or cell cycle
regulation.»2+1819 Combinations of these mutations act as secondary and tertiary genetic events to drive tumour
formation. Mouse genetic studies have confirmed this concept of ccRCC evolution by showing that mutations in
a number of different genes can cooperate with Vhl mutation to induce the evolution of ccRCC precursor lesions
or tumours from mouse renal epithelial cells in vivo. Studies of mice with the combined mutation of Vhl/Pten,"°
Vhl/Kif3a,'*® (Kif3a is a gene that is essential for the formation of the primary cilium), and Vhl/Trp53/Kif3a'4
implicated loss of the primary cilium in the formation of premalignant cysts that in at least some cases represent
precursor lesions of ccRCC. The development of cystic as well as premalignant solid ccRCC precursor lesions
was also induced by the combined mutation of Vhl/Trp53.1*5 Importantly, mice with renal epithelial—specific
deletion of Vhl/Pbrm1,231617 \Vhl/Bapl1,**"*8 Vhl/Pbrm1/Tscl,"® Vhl/Trp53/Rb1,*° Vhl + Myc expression, or Vhl/
Cdkn2a plus Myc expression*? all develop ccRCC tumours. These tumours reproduce many of the hallmark
molecular and histopathological features of human ccRCC, meaning that they represent bona fide GEMM models
of different genetic subtypes of ccRCC that can be used to address questions about ccRCC biology and therapy.
For example, genetic studies revealed that tumour development in the Vhl/Trp53/Rb1 model requires HIF-1a but
is less dependent on HIF-2a.*? Preclinical therapeutic studies in the same model showed that different tumours
exhibit variable sensitivities to the tyrosine kinase inhibitor sunitinib and the mTORCL inhibitor everolimus,
partial sensitivity to the dual HIF-1a/HIF-2a inhibitor acriflavine, complete insensitivity to the HIF-2a—specific
inhibitor PT-2399, but good sensitivity to the sphingosine pathway inhibitor fingolimod."**?! It will be important
in future studies to utilize the different models of ccRCC to investigate patterns of genotype-dependent resistance
or sensitivity to particular therapies with the ultimate aim of tailoring treatment to the underlying mutations
present in each patient’s tumour.

Further development of ccRCC GEMMs will also be necessary, as the existing models do not include mutations
in other commonly mutated ccRCC tumour suppressor genes such as SETD2, MTOR, and KDM5C, and do not
fully reflect the complexities of human ccRCC genomes, which frequently harbour three or more combinations of
genetic mutations. With the exception of the Vhl/Cdkn2a + Myc model,'?° the GEMM models also do not exhibit
spontaneous metastasis, so they do not accurately reflect the most problematic clinical manifestation of ccRCC
in patients.

The availability of existing and future ccRCC GEMMs that are driven by different combinations of genetic
mutations will allow for investigation of common phenotypic traits, as well as of potential genotype-specific
differences in the biology of ccRCC tumours. In this respect, the available mouse models have confirmed that
proximal tubule cells represent the cell of origin of ccRCC. The Pax8-Cre and Kspl.3-Cre lines that were used
in these models induce gene deletion widely throughout different types of epithelial cells of the nephron, yet the
tumours that emerge as a result of deletion of Vhl/Pbrm1, Vhi/Bap1, or Vhl/Trp53/Rb1 always show markers and
gene expression profiles of proximal tubule cells,?316118119 similarly to human ccRCC. This implies that there are as-
yet-unidentified aspects of the biology of proximal tubule cells that make them highly sensitive to transformation
by mutation of Vhl and cooperating genes. Interestingly, comparison of the effects of deletion of Vhl/Pbrm1 or
Vhl/Bapl using Pax8-Cre, which causes tumours, with Villin-Cre or Sglt2-Cre, which does not cause tumours,
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suggests that the cell of origin is likely to be found in the difference between the expression patterns of these
drivers.'® Pax8-Cre induces gene deletion widely throughout the nephron including in parietal epithelial cells of
the Bowman'’s capsule, while Villin-Cre and Sglt2-Cre induce deletion in subfractions of proximal tubule cells,
implying that not all proximal tubule epithelial cells have the capacity to form tumours. Further lineage tracing
studies using different combinations of gene mutations and different Cre drivers will be necessary to try to narrow
down the precise cell or cells of origin of ccRCC.

Related to this point, another interesting biological feature of the majority of the ccRCC GEMMs that have been
developed to date (with the exception of Vhl/Bapl) is that they exhibit very long latencies (typically at least
6 and up to 20 months) until tumours arise after gene deletion. It is evident that only a small fraction of the
total number of cells with induced gene deletions will ultimately develop into a ccRCC tumour. This suggests
that other genetic, epigenetic, or microenvironmental alterations arise in some cells during the lifetime of the
animal and that these must cooperate with the induced gene deletions to cause tumour evolution. By studying
the mechanisms that underlie tumour formation in the context of different sets of starting mutations, it will
be interesting to investigate whether evolutionary trajectories and mutational selection pressures are in part
constrained or dictated by the combinations of starting mutations that are genetically imposed in each model.
While these types of studies are in their infancy, one example is that mTORC1 pathway activation is evident in
tumours that arise in the Vhl/Pbrm1, Vhl/Bapl, and Vhl/Trp53/Rbl ccRCC GEMM models,?1819 implicating
activation of this pathway as a point of convergence in the process of tumour evolution in response to different
sets of tumour-initiating mutations. Human ccRCCs also frequently display mTORCL1 activation and about one-
third of all ccRCC tumours harbour genetic mutations that lead to activation of the PIS3K-mTORC1 pathway.>4
Another example is that exome sequencing of tumours in the Vhl/Trp53/Rb1 model revealed recurrent mutations
in primary cilia genes,*® linking to a large body of work implicating the primary cilium in renal cyst formation
and ccRCC development 1013122123 Thege studies also identified Myc gene amplifications in two of seven Vhl/
Trp53/Rbl tumours,*® consistent with frequent chromosomal copy number gains of the MYC gene in human
ccRCC?# and with the mouse Vhl/Cdkn2a + Myc model*?° in which p53 and pRb functions are abrogated by
Cdkn2a deletion. Based on these preliminary findings of convergence in different ccRCC models on common
molecular pathways, it appears likely that larger-scale studies of the genomes and epigenomes of tumours arising
in different mouse ccRCC GEMMs will inform about the spectrum of molecular events that can cooperatively
drive the development of human ccRCC.

Ssummary

As the genetic determinants of renal cell carcinoma have been more clearly defined, this has led to an increased
understanding of the evolution and metastatic development, particularly in clear cell renal cell carcinoma. While
increasing data supports the role of the immune microenvironment in determining therapeutic response, the
molecular links to immune response remain in their infancy. Future studies of both human tissue and murine
models will facilitate further progress in the quest to cure kidney cancer.
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Introduction

Some individuals are born with a gene alteration that predisposes them to develop kidney cancer—usually an
inactivating mutation of a tumour suppressor gene (TSG). Though both alleles typically must be lost for cancer to
occur (the classic Knudson’s “two-hit” model,!) people with hereditary renal cell carcinoma (RCC) are born with
the first “hit,” making them prone to early and frequent development of tumours. Although hereditary syndromes
represent only 5—8% of all RCCs,? it is important for urologists to recognize their features and be aware of their
manifestations and management strategies. Early detection will adapt cancer management with a focus on
lifelong renal preservation, direct appropriate cancer surveillance protocols, and help identify family members
who may also be at risk. Family history of kidney cancer, presentation in the early decades of life, or presence
of multifocal or bilateral tumours all should raise suspicion for an inherited syndrome and trigger referral for
genetic counselling and screening.

von Hippel-Lindau (VHL) Disease

von Hippel-Lindau (VHL) disease is a hereditary syndrome in which affected individuals demonstrate a
predisposition to develop cystic and solid tumours in multiple organs, including the kidneys.® von Hippel-Lindau
disease is considered a rare disease by the NIH Office of Rare Diseases, with 1 case observed in 35,000 births. There
is no gender or racial predisposition, and the prevalence in the United States is estimated at about 7,000—8,000.

The VHL gene is located on the short arm of chromosome 3 (3p25-26).4 It is inherited in an autosomal
dominant fashion, and a single mutated copy predisposes an individual to develop clinical manifestations
of VHL following the classic two-hit model for a TSG. Modern technology allows for almost 100% accuracy
in diagnosis of VHL mutations.® De novo germline VHL mutations are observed in affected patients without
family history of VHL. In addition to RCC and renal cysts, patients with VHL are at risk for the development
of pheochromocytomas or paragangliomas, hemangioblastomas of the brain or spine, retinal angiomas
(hemangioblastomas), cysts and neuroendocrine tumours of the pancreas, endolymphatic sac tumours of the
inner ear, and papillary cystadenomas of the epididymis or broad ligament. Renal cell carcinomas in VHL are
characteristically early onset, bilateral, multifocal, and of clear cell or conventional histology.® It is estimated
that patients with VHL can develop as many as 600 renal tumours and 1,100 cysts per kidney,” with some
requiring their first RCC intervention in their 20s. Given the multi-organ nature of VHL, patients are optimally
managed by a multidisciplinary team of physicians. Surveillance procedures and imaging should be coordinated
to minimize patient burden and guarantee that tumours are detected and managed in a timely fashion. Renal
surveillance involves annual abdominal ultrasound starting at age 8 years, with cross-sectional imaging every
2 years. Magnetic resonance imaging (MRI) is preferred over computed tomography (CT) to minimize lifelong
radiation exposure. Urology surgery for VHL patients should never be performed in isolation. It is crucial to be
aware of a large central nervous system (CNS) lesion or a functional pheochromocytoma before contemplating
any major surgery to prevent potentially life-threatening complications.
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Historically, RCC was the leading cause of death with 35—45% of patients with VHL dying from metastatic
kidney cancer. Although surgical removal of both kidneys can decrease the risk for metastases, it negatively
affects quality of life and long-term survival. Over 30 years, a conservative approach has been developed for the
clinical management of VHL RCC that involves active surveillance of renal tumours until the largest tumour
reaches 3 cm in maximal diameter, at which time nephron-sparing surgery is performed.8° Because these
patients have a lifelong risk for recurrent, multifocal tumours, use of parenchymal-sparing surgery helps to
maintain renal function for as long as possible while reducing the risk for metastasis.®® One study followed
patients managed with the “3 cm rule” for more than 10 years, confirming that no VHL patient with a renal
tumour <3 cm developed metastatic disease.

Despite maximal surgical efforts, more than 80% of patients will develop a recurrent renal mass within 10 years
of resection.’? It is important to recognize, however, that these recurrences are de novo renal tumours rather
than treatment failure, and that the “3 cm rule” can be applied again to trigger repeat nephron-sparing surgery.
The success of repeat partial nephrectomy has been demonstrated in this population, with preservation of
renal function in the majority®® even with the 3rd or 4th partial nephrectomy on the same renal unit." Recent
advances have allowed treatment of patients with multifocal lesions using a minimally invasive approach,
often without need for vascular clamping.’® In addition to nephron-sparing surgery, percutaneous ablation
using radiofrequency, cryotherapy, or microwave therapy has been reported in select patients with comparable
functional and oncologic outcomes.’®” One limit of ablative modalities, however, is inaccessibility due to
proximity to adjacent organs or vasculature, which can preclude safe and effective ablation.'®

While surgery and ablation remain excellent options for the management of VHL RCC, a recent breakthrough
in molecular therapeutics introduced the first FDA-approved HIF-2a inhibitor, belzutifan.!* VHL patients with
renal tumours less than 3 cm in diameter who received daily oral belzutifan demonstrated control of their
RCC (partial response or stable disease) in 97% over 21 months of follow-up. Similarly, 91% of concurrent
pancreatic neuroendocrine tumours and 30% of concurrent CNS hemangioblastomas responded to treatment.
Belzutifan was generally well tolerated, with the most frequently observed side effects being anemia due to on-
target inhibition of erythropoietin (an HIF-2 transcriptionally regulated gene) and fatigue.'® Appreciation of
genetics, molecular pathways, epidemiology, and decades of research in both the laboratory and clinic can now
offer numerous options for VHL patients with RCC.

Birt-Hogg-Dubé (BHD) Syndrome

Birt-Hogg-Dubé (BHD) syndrome is an autosomal dominantly inherited disorder with major features of cutaneous
fibrofolliculomas, pulmonary cysts, and RCC.2°-22 BHD syndrome is caused by loss of function, usually truncating,
variants in the FLCN tumour suppressor gene.?**4 To date no clear genotype-phenotype correlations have been
described, and all individuals with pathogenic FLCN variants should be considered at risk of developing RCC.%
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Clinical expression of BHD is variable. Skin involvement (fibrofolliculomas and trichodiscomas) may be
overlooked, and the syndrome is widely considered to be underdiagnosed. Fibrofolliculomas (benign hair
follicle tumours) generally start to appear from age 20 years and are present in at least 70% of patients by age 40
years. Fibrofolliculomas typically occur over the nose and malar regions and appear as raised whitish papules.
Less frequently they occur on the neck, ears, forehead, and trunk. Fibrofolliculomas and trichodiscomas are
benign and require treatment only for cosmetic reasons. Pulmonary cysts, typically localized in the lower lobes,
occur in around 80% of patients. Cyst rupture can cause spontaneous pneumothorax, and the lifetime risk
for pneumothorax with BHD is about 30%.2° The lifetime risk for RCC (mean age at diagnosis ~50 years,
earliest 20 years) is estimated at 25—30%.2>2° Multifocal RCC may occur, but this is less common than in VHL
disease. BHD mostly presents to dermatologists or pulmonologists, but presentation with apparently sporadic
or familial RCC is well recognized.?

A variety of histopathologies have been described in BHD. A hybrid chromophobe oncocytic appearance is most
characteristic but chromophobe, clear cell, and papillary RCC have been described (in contrast to VHL disease
in which RCC is invariably clear cell).2%28 Small microscopic nodules of oncocytic cells have been described
within the renal parenchyma.??

Several less common features have been suggested including colorectal polyps and cancer, thyroid cancer, and
melanoma, but these have not yet been confirmed to be associated. It has been suggested that an increased risk
for colorectal neoplasia may be restricted to a subset of families, and therefore colonoscopy may be indicated
if there is a family history of colorectal cancer.?®

The European BHD Consortium suggested clinical diagnostic criteria for BHD to include one “major” (a
pathogenic FLCN variant or five or more adult onset fibrofolliculomas/trichodiscomas [one histologically
confirmed]) or two “minor” criteria (multiple bilateral basal lung cysts with no other apparent cause; RCC with
early onset <50 years or multifocal/bilateral or mixed chromophobe/oncocytic histopathology).*® Birt-Hogg-
Dubé syndrome should be differentiated from other inherited RCC syndromes including tuberous sclerosis in
which facial skin lesions (angiofibromas), lung cysts with lymphangioleimyomatosis, and renal lesions occur.*°

Surveillance for renal tumours is offered to affected patients, asymptomatic mutation carriers, and individuals
at 50% risk (affected parent) who have not undergone genetic testing. Annual MRI scans (to avoid repeated
radiation) are typically offered from age 20 years, but ultrasonography can be used if MRI is unavailable or not
tolerated. When a solid renal lesion is detected, it is usually monitored with sequential scans until it reaches
3 cm diameter (“3 cm rule”) when nephron-sparing surgery or, in some centres, ablative interventions such as
radiofrequency ablation or cryotherapy is performed.?®

Renal cell carcinoma in BHD syndrome follows the classic Knudson’s “two-hit” model of tumourigenesis.
Inactivation of folliculin in mouse and cell-based models leads to activation of the mammalian target of
rapamycin (mTOR) pathway, and it has therefore been suggested that metastatic RCC in BHD syndrome might
be best treated with mTOR inhibitors.® However, clinical trial evidence for this is not available and a clinical
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trial of topical rapamycin for fibrofolliculomas did not demonstrate a detectable therapeutic effect.? Recurrent
pneumothoraces may be treated by a variety of surgical approaches including pleurodesis and pleural covering
procedures.®

Hereditary Leiomyomatosis and Renal Cell
Carcinoma (HLRCCQC)

The condition now known as HLRCC was first reported by the dermatology community as Reed syndrome
nearly 50 years ago as an autosomal dominant family syndrome of cutaneous leiomyomas.3* The recognition of
linkage to uterine leiomyomas led to the condition also known as multiple cutaneous and uterine leiomyomatosis
(MCUL). Finally, when RCC was accepted as part of the syndrome, Launonen and colleagues proposed the
HLRCC moniker.® Linkage and then sequencing analyses identified fumarate hydratase (FH) as the causal gene
in 2002.3° Hereditary leiomyomatosis and RCC was initially thought to be a rare disease with high penetrance, but
recent data suggests that HLRCC may be very common with an estimated incidence up to 1in 1,000 individuals.®”

The clinical manifestations of HLRCC include both non-renal and renal features, and penetrance varies greatly
between family members.®3 Cutaneous leiomyomas are skin papules that may be painful with pressure
exposure to cold and are observed in 50—80% of patients with HLRCC. Asymptomatic uterine leiomyomas
are reported in 30—80%, with wide variability perhaps due to reliance on imaging for detection. They can
cause heavy vaginal bleeding and early hysterectomy is frequently reported. Renal cell carcinoma is seen in
10—20% of affected individuals,3®-4° and has been reported between the ages of 11 and 90 years, with a median
age of onset of 36—40 years.2*# Importantly, as many as 7% of RCC patients are found under the age of 20
years, highlighting the need for early screening and surveillance. When not found on screening, HLRCC kidney
cancers present with symptomatic, invasive, bulky tumours (Figure 1) or distant metastases.+>* To date, most
HLRCC RCCs have been unifocal, largely due to their aggressive nature and propensity for early dissemination.
With screening and early treatment, however, metachronous tumours have been reported in the ipsilateral and
contralateral kidney.
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FIGURE 1 Gross inspection of a hereditary leiomyomatosis and renal cell carcinoma (HLRCC) radical
nephrectomy specimen, demonstrating infiltrative tumour appearance.

Source: Image courtesy of Brian M. Shuch, Department of Urology, University of California, Los Angeles, Los Angeles, California,
United States.

Genetic screening after appropriate counselling should test all 10 coding exons and the flanking intronic
sequences. When an FH mutation is identified, cascade testing of all first-degree relatives should follow, with
further clinical testing as needed based on the results. As the onset of kidney and uterine manifestations can
occur prior to adulthood, at-risk individuals should ideally be tested prior to the age of 10 years. In the absence
of family history, testing should be considered in individuals with multiple cutaneous leiomyomas, early-onset
fibroids before the age of 40 years, or early-onset kidney cancer under the age of 46 years, especially those with
non-clear cell histology.+-45

HLRCC RCCs can have variable morphology and resemble various eosinophilic subtypes of kidney cancer
including type 2 papillary, collecting duct, or tubulocystic RCC.3%42 Most exhibit two or more growth patterns
including papillary, solid, cribriform, tubulocystic, or cystic. These tumours are now considered their own
distinct histologic subtype: FH-deficient RCC. They typically demonstrate pleiomorphic eosinophilic nucleoli
surrounded by a clear halo.*® These nucleolar features may be focal but with careful pathologic examination can
be identified in more than 90% of nephrectomy specimens.*® Most demonstrate loss of immunohistochemistry
(IHC) for FH, though some missense mutations can maintain protein expression. Staining for S-(2-succino)-
cysteine (2SC) can be helpful to detect the functional consequences of excess intracellular fumarate.
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The current management strategy for FH-deficient RCC is aimed at early detection with intervention as quickly
as possible. Tumours may appear as complex lesions with a mixture of solid or cystic elements and are frequently
infiltrative in appearance.+’ Cross-sectional imaging with MRI or CT is necessary, as renal ultrasound can
easily miss complex cysts or small papillary tumours. Because lifelong surveillance is necessary, annual MRI
is preferred to avoid the unnecessary cumulative radiation exposure of annual CT scans. Fluorodeoxyglucose
positron emission tomography ([FDG]-PET) imaging may be useful due to the increased metabolic activity
of FH-deficient RCC.#® Once FH-deficient RCC is detected, prompt excision with clear margins is required
regardless of tumour size. The “3 cm rule” does not apply to HLRCC patients. Due to the infiltrative behaviour
of HLRCC, nephron-sparing surgery in the setting of HLRCC should be approached with caution and performed
only if a negative margin is reasonably possible. Contrary to other hereditary RCCs, FH-deficient RCC should
never be enucleated. For large, advanced cases of HLRCC kidney cancer, regional retroperitoneal recurrences
are common, and consideration should be given to regional lymph node dissection even if the nodes are
clinically negative.#” Robotic surgery may be considered. However, if there is concern for tumour spillage,
particularly with cystic lesions, open surgery is appropriate depending on the level of surgeon comfort.

Systemic therapy for disseminated HLRCC has had limited success, and tumours are frequently refractory
to available agents. National Comprehensive Cancer Network (NCCN) Guidelines currently recommend a
combination of bevacizumab plus erlotinib as first-line therapy based on response rates of 70%, with median
progression-free survival (PFS) of 21 months.4 Outcomes with other tyrosine kinase inhibitors have been
variable. One series from France reported promising partial response rates approaching 50% for sunitinib
or cabozantinib.® However, others report lower response rates, with most patients experiencing progression
within 6 months.®* Immunotherapy with checkpoint inhibitors has similarly shown mixed outcomes, with
reports ranging from no response to complete response.5? Due to the demonstration of homologous repair
deficiencies in FH-deficient RCC, an ongoing trial (NCT03914742) is investigating whether DNA damage
repair inhibitors may have therapeutic benefit.>

Hereditary Papillary Renal Cell Carcinoma
(HPRC)

Hereditary papillary renal cell carcinoma (HPRC) is a rare autosomal dominant disease with an incidence of about
1 in 500,000. HPRC was initially described as a familial RCC syndrome in 1994 with 3 successive generations
from the same family developing homogeneous papillary type 1 RCC.5¢ Tumours are predominantly indolent
and confined to the kidney but can be advanced. No other manifestations of HPRC have been observed. The
same team subsequently linked the syndrome to germline-activating missense mutations in the tyrosine kinase
domain of MET proto-oncogene (chromosome 7). Once activated, MET activates multiple signalling pathways
that ultimately promote RCC proliferation and survival.®
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Although there are no standard guidelines for genetic testing or screening for patients with HPRC, genetic
screening should be considered for any individual who has a known family history of HPRC or who develops
type 1 papillary RCC prior to age 45 years or multifocal papillary tumours.>® Testing involves bidirectional
DNA sequencing to isolate variants in the coding exons of MET. To date, all the mutations that have been
described reside in 4 of the 21 exons, and currently available assays specifically test these exons with near-
perfect sensitivity.*%™-% Unfortunately, papillary tumours are frequently isoechoic and unreliably detected
by ultrasound. Routine cross-sectional imaging with CT or preferably MRI is recommended every 2 years.5%
Tumours are characteristically hypovascular, with enhancement of 10-30 Hounsfield units after contrast
administration.

Patients with HPRC present with bilateral, multifocal, type 1 papillary RCC and renal adenomas. Rarely, clear
cell RCC (ccRCC) has been seen along with papillary RCC.55%2 The median age of onset is 41 years? but has
been reported as young as 30 years. Penetrance approaches 100% by the age of 80 years. Most tumours are
diagnosed incidentally, but an advanced tumour can present with the classic triad of flank pain, hematuria,
and an abdominal mass or, rarely, lung metastasis.®® One detailed analysis of 12 kidneys from 9 patients with
HPRC estimated that a single affected kidney can contain between 1,100 and 3,400 microscopic papillary
tumours.% Hereditary papillary renal cell carcinomas are usually International Society of Urologic Pathologists
(ISUP) grade 1 or 2 and demonstrate predominantly papillary or tubulo-papillary features with type 1 papillary
histology. A tumour is classified as a type 1 papillary type when at least 50% of the tumour has a tubulo-
papillary growth pattern with malignant epithelial cells around a fibrovascular core.>*

Tumours are usually small, indolent, and confined to the kidneys. In many cases, patients die of unrelated
causes before they are diagnosed.® The current standard of care for HPRC is surveillance until the largest
tumour size reaches 3 cm (“3 cm rule”), followed by nephron-sparing surgery as with VHL.° Because of the
slow growth rate of papillary tumours, biannual cross-sectional imaging is usually sufficient. The feasibility
and safety of partial nephrectomy for multifocal disease has been demonstrated with good preservation of
renal function, even in patients requiring resection of more than 20 tumours from the same kidney.%

Though partial nephrectomy has been the mainstay of treatment for tumours over 3 cm, advances in
understanding the biology of the disease have introduced novel agents with potential efficacy against HPRC.
Several agents targeting the MET pathway have been studied.® In one phase 2 study, about 50% of patients
with germline HPRC showed tumour response to oral foretinib, a multi-kinase inhibitor of MET, VEFGR2,
RON, AXL, and TIE-2 receptors.” Other agents targeting the MET receptor pathway, including cabozantinib,
are being explored in patients with HPRC,®” potentially opening new therapeutic options for these patients.

Tuberous Sclerosis Complex (TSC)

Tuberous sclerosis complex (TSC) is a multi-organ syndrome that was described in the late 1800s. Initial work by
Von Recklinghausen and Bourneville described the condition, characterized by neurologic, cutaneous, oromucosal,
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pulmonary, cardiac, and renal manifestations. Inheritance is autosomal dominant. Tuberous sclerosis complex
has been estimated to be present in 1 in 6,000—10,000 new births. Due to often severe neurological challenges
in patients with TSC, up to 50% are de novo alterations.®® Both somatic and germline mosaicism have been
described and account for a subset of patients.®

A pathogenic alteration can be found in the genes for TSC (TSC1-hamartin and TSC2-tuberin) in approximately
80% of clinically affected individuals. The absence of a mutation does not change the clinical diagnosis or
management in someone with established features. However, testing should be done if the TSC diagnosis is
possible but cannot be clinically confirmed.” Additionally, patients with TSC who plan to start a family may
consider prenatal genetic screening.™

Although penetrance in TSC is over 95%, there is significant variability in the disease phenotype, including rare
cases with subtle to no clinical manifestations.”? Penetrance varies greatly by organ system, with central nervous
system (CNS) and dermatologic involvement present in more than 90% of cases.” Central nervous system
manifestations include both cognitive or behavioural impairment such as autism, and structural issues leading
to the development of epilepsy or subependymal nodules of the ventricular walls. Renal angiomyolipomas
(AMLs), seen in nearly 70% of affected individuals, are the most common kidney manifestation and a major
source of morbidity. Renal cell carcinoma occurs in 2—4% of patients with TSC.7 Patients may exhibit various
types of retinal hamartomas.”™ There is a clear genotype-phenotype association in TSC, with greater disease
burden and severity observed for TSC2 germline defects.”

The age of onset for both CNS and dermatologic manifestations is early childhood.”™ Cardiac rhabdomyomas,
found in up to 50% of affected infants, often regress during childhood without treatment. Renal AMLs develop
in late childhood, with a median age at diagnosis of 16.9 years in one large registry study of more than 2,000
patients.”” The rare cases of RCC that occur have a much earlier age of onset than sporadic forms of kidney
cancer. In one of the largest series of TSC RCC (n=19), the median age of diagnosis was 28 years (range,
7-59).74 As patients with TSC are frequently diagnosed in childhood, they may be screened prospectively for
renal manifestation. Current recommendations include abdominal imaging at the time of diagnosis, which has
led to identification of more than 80% of TSC AMLs prior to the development of symptoms.” For rare cases
where patients may have a subtler TSC phenotype, AML may present with acute hemorrhage, flank pain, and
hypotension. Perhaps due to routine surveillance imaging, most TSC RCCs are small (median size, 2.9 cm) and
incidental.” The overwhelming majority of these cases are localized, without regional or distant disease.

Renal AMLs are typically bilateral and multifocal. Many patients have an aggressive phenotype with bulky
tumours that often merge, making it difficult to distinguish clear boundaries between distinct lesions.
Angiomyolipomas are part of a family of mesenchymal tumours called PEComas. The majority are benign and
triphasic in nature, consisting of vascular, smooth muscle, and fatty elements. These lesions almost always
stain positive for classic melanocytic markers including HMB-45 and Melan-A by ITHC. A rare but important
variant, epithelioid AML, is composed of epithelioid cells with minimal to no fat, with increased incidence of
necrosis and hemorrhage, signalling the potential for aggressive or malignant behaviour. Epithelioid AML can
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become large, and distant metastases are seen in up to one-third of cases in multiple series. Epithelioid AML
should be suspected when a TSC-related tumour is treatment refractory (Figure 2).

FIGURE 2 Epithelioid variant angiomyolipoma (AML) in a patient with tuberous sclerosis complex (TSC)
who had failed two attempts at angioembolization of large vessel (coil seen).

Source: Image courtesy of Brian M. Shuch, Department of Urology, University of California, Los Angeles, Los Angeles, California,
United States.

Though TSC RCCs are rare, nearly 50% are multifocal.”#7® Our understanding of TSC-associated RCC has
evolved, as more cases have been reported. The initial morphologies reported with TSC RCC were similar to
sporadic forms of RCC, including clear cell histology,®® though molecularly distinct from VHL.” In recent years,
common morphologic patterns have emerged including chromophobe and hybrid oncocytic/chromophobe
tumours (HOCT), RCC with smooth muscle stroma (also known as renal angiomyoadenomatous tumours), and
eosinophilic unclassified variants.#7® This final category is morphologically similar to sporadic eosinophilic
solid cystic (ESC) RCCs, which have been shown to harbour somatic mTOR/TSC mutations.
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Current guidelines recommend baseline abdominal imaging at the time of diagnosis, followed by lifelong
assessment for the progression of AML or renal cystic disease every 1-3 years.”® Renal AMLs are easily
identified on imaging by macroscopic fat. Fat-poor lesions however may be a diagnostic challenge and often
require biopsy for confirmation. Unfortunately, renal ultrasound does not adequately assess tumour size or
the presence of fat in relatively “fat-poor” tumours, and enhanced cross-sectional imaging with CT or MRI is
necessary. As many patients require periodic brain MRI, effort should be made to coordinate simultaneous
abdominal MRI with contrast to minimize both radiation and frequency of sedation.

Standard AMLs can be safely observed until they reach 4 cm, at which time they should undergo resection or
embolization. Epithelioid variants should be considered for earlier resection given their risk for aggressive
behaviour. Everolimus is approved for the medical management of renal AML and has also shown efficacy
in the setting of metastatic epithelioid variants.t® There is limited data to suggest that TSC RCC should be
treated differently than other forms of RCC. However, with the high propensity for renal AMLs that may
require intervention, renal preservation should be prioritized, dictating use of partial nephrectomy or ablation
when feasible. Identification of a small renal tumour in the setting of multifocal AML requires careful surgical
planning and intra-operative ultrasound.

PTEN Hamartoma Tumour Syndrome (PHTS)

PTEN hamartoma tumour syndrome (PHTS) is a spectrum of disorders caused by heterozygous (monoallelic)
mutations in the PTEN TSG. The best recognized form of PHTS is Cowden syndrome (CS), but other clinical
subtypes include Bannayan-Riley-Ruvalcaba syndrome (BRRS), Proteus-like syndrome, and macrocephaly with
autism and/or learning disability. Cowden syndrome is an autosomal dominantly inherited disorder with major
features of mucocutaneous lesions (papillomatous papules and tricholemmomas), macrocephaly, multinodular
goiter, follicular adenomas of the thyroid, and increased risks for breast (lifetime risk >80%), non-medullary
thyroid (~35%), and endometrial (~30%) cancers.t82 Renal cell carcinoma, most commonly papillary and
chromophobe subtypes, also occurs with lifetime risks varying from 15-24% and median age at diagnosis around
age 50 years.?8384 Renal cell carcinoma is usually unilateral and though patients with CS may present with
apparently sporadic RCC, macrocephaly and mucocutaneous features of CS are usually present.®+ Colorectal
polyposis is a frequent finding in CS, and there is an increased risk for colorectal cancer. Some manifestation of
CS is estimated to be present in ~90% of cases by age 30 years.®

Clinical diagnostic criteria for Cowden syndrome comprising combinations of major and minor features (e.g.,
RCC) have been defined,®® and the diagnosis of PHTS is confirmed by detecting a germline pathogenic variant
in PTEN. Scoring systems have been developed to help identify which patients should be offered molecular
testing,® but PTEN is now included on many germline and somatic multigene cancer testing panels. Individuals
with PTEN variants of uncertain significance require careful assessment for features of PHTS.
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Comprehensive surveillance protocols for PHTS have been described starting at age 18 years.®>%” For women,
annual mammography or breast MRI is recommended from age 30 years and consideration of endometrial
cancer screening from age 35 years. In addition to surveillance, prophylactic mastectomy may be offered.
All patients should be offered annual thyroid examination and ultrasound scan starting at time of diagnosis,
(bi)annual dermatological assessment, and regular colonoscopy commencing at 35 years. Though surveillance
for RCC by (bi)annual ultrasonography was initially recommended from age 40 years, reports of younger-onset
cases have led to suggestions that biannual screening should be offered starting at age 20 years.®® Following
a diagnosis of PHTS, at-risk relatives should be evaluated and offered genetic testing. The treatment of PHTS-
related cancers is generally similar to sporadic cancers and for RCC, and available data suggest that the “3 cm
rule” can be applied.

BAP1 Tumour Predisposition Syndrome
(BAP1-TPDS)

Germline mutations or deletions of BAP1 are associated with a multi-organ cancer syndrome including early-
onset RCC. Manifestations of BAP1-TPDS include pigmented skin lesions (BAPl-inactivated melanocytic
tumours), aggressive uveal melanoma with increased risk for metastasis and poor survival, and malignant
mesothelioma (MM) of the pleura and peritoneum.®® BAP1-TPDS—related MM presents 10 years earlier than
sporadic MM, with higher ratios of peritoneal to pleural involvement and female to male gender.?® Notably,
BAP1 MM also shows significantly increased 5-year survival compared with sporadic disease, possibly due to
increased sensitivity to chemotherapy.®® Less common manifestations include early-onset cutaneous melanoma,
basal cell carcinoma, meningioma, cholangiocarcinoma, and breast cancer. Inheritance is autosomal dominant,
and tumours demonstrate loss of both alleles consistent with a classic TSG. Penetrance is variable but high, with
at least one tumour observed in nearly 90% of affected individuals.®®

BAPL1 is located on 3p21.1 near VHL and is frequently deleted with VHL in ccRCC.% It codes for ubiquitin
carboxyl-terminal hydrolase BAP1, a nuclear deubiquitinating enzyme involved in chromatin remodelling and
regulation of growth and development. The protein also functions to repair double-stranded DNA breaks.®?
Loss of BAP1 protein expression is observed in up to 15% of sporadic ccRCC and correlates with aggressive
features.®® The overall prevalence of germline BAP1-TDS remains unknown, but it is estimated to represent
1-1.5% of all ccRCCs and nearly 20% of patients who develop both RCC and uveal melanoma.’

Renal cell carcinoma occurs in about 10% of patients with BAP1-TPDS,%>% with predominantly clear
cell histology though papillary and chromophobe have been reported.®*8 Tumours demonstrate loss of
heterozygosity for BAP1, with resulting loss of IHC staining for BAP1 protein. The median age at diagnosis is
47 years, and tumours may be bilateral and multifocal. BAP1 TPDS renal cell carcinomas tend to be high grade
with poor clinical outcome. Due to this aggressive tumour biology, the “3 ¢cm rule” may not be appropriate, and
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close follow-up of affected individuals with consideration for early excision of renal masses is recommended
until the syndrome is better characterized.*

Genetic consultation and screening should be considered in any individual with personal or family history of
two or more BAP1-TPDS—associated cancers.® 87% of germline defects will be detected on sequence analysis,
whereas the remainder on a deletion screen. Once a diagnosis is made, all at-risk family members should be
offered testing. Affected individuals will require lifelong testing, including annual fundus examination starting
at age 11 years and annual full body dermatology examinations starting at age 18 years. Annual abdominal
imaging for RCC and/or peritoneal MM is recommended starting at age 30 years, preferably using alternating
ultrasound and MRI to avoid cumulative radiation.®® In addition, patients should be counselled to avoid known
risk factors for BAP1-TPDS—associated cancers, including asbestos, arc welding, tobacco, or excessive sun
exposure.

Succinate Dehydrogenase (SDH)-Deficient RCC

A rare hereditary RCC syndrome involving germline mutations of the succinate dehydrogenase complex (SDH)
was added to the World Health Organization (WHO) classification in 2016.9° In addition to early-onset RCC in the
third or fourth decade, affected individuals may develop paragangliomas of the head and neck, pheochromocytoma
and paraganglioma, wild-type (negative for mutations of the KIT and PDGFRA genes) gastrointestinal stromal
tumour (GIST) and, less commonly, prolactin secreting pituitary adenoma.®3 Renal masses may be multifocal
and bilateral and are morphologically distinct from other RCCs.*” Inheritance is autosomal dominant. Germline
SDH defects are present in up to 15% of all pheochromocytomas and paragangliomas and 1-1.5% of all RCCs.%%-98

SDH is a complex enzyme composed of four subunits: SDHA, SDHB, SDHC, and SDHD (encoded by the nuclear
genome (SDHA: 5p15.33, SDHB: 1p36.13, SDHC: 1923.3 and SDHD: 11g23). It is alternatively known as the
Mitochondrial Complex Il and is anchored on the inner mitochondrial membrane where it participates in
both the Krebs cycle and the electron transport chain.®® SDH catalyzes the oxidation of succinate to fumarate,
paired with reduction of ubiquinone to ubiginol.®® Loss of SDH function can result from a defect in any of the
four subunits or in SDHAF2 (required for SDHA function), resulting in accumulation of intracellular succinate
and a metabolic shift to aerobic glycolysis.®® Most cases of SDH-deficient RCC involve germline mutations of
SDHB, though mutations in all subunits have been reported.®°

Because SDHB is rapidly degraded when it is not part of an intact SDH complex, absence of SDHB staining by
IHC can identify inactivation of any SDH subunit and is used as a reliable screen for SDH-deficient RCC?%% with
two notable caveats. First, VHL-deficient clear cell RCCs frequently show decreased SDHB staining® at least
in part due to direct inhibition of the SDHD transcript by HIF-mediated upregulation of miR-210.% Second,
fumarate hydratase (FH)-deficient tumours may demonstrate downregulation of SDHB due to accumulation
of mitochondrial fumarate. Mass spectroscopy for the relative values of succinate and fumarate may be helpful
in this setting.°
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Succinate dehydrogenase—deficient RCCs are tan to brown with well circumscribed “pushing” margins.'% Cystic
features are common. Tumours have a distinctive histologic appearance of cuboidal cells with inconspicuous
nucleoli arranged in nests or tubules with eosinophilic cytoplasm containing vacuoles and cytoplasmic
inclusions.®>¢ Although the majority are low grade, SDH-deficient RCC can be aggressive when high grade or
if sarcomatoid features or necrosis is present.?®:°* Metastasis has been observed even with small SDH-deficient
RCC.% At-risk individuals should be screened annually for renal tumours with abdominal MRI or CT. Prompt
surgical excision regardless of size is recommended using nephron-sparing surgery when possible due to the
lifelong risk for RCC recurrence.

Other Hereditary RCC Syndromes

Hereditary hyperparathyroidism jaw tumour syndrome (HPT-JT) is a hereditary syndrome of
parathyroid adenoma and cancer, benign ossifying fibromas of the jawbone, and renal and uterine cancers. It
commonly presents as early-onset primary hyperparathyroidism, with estimated penetrance of 65% by age 50
years.!°2 Inheritance is autosomal dominant and conferred by germline mutations of the CDC73 gene, which
encodes the nuclear protein parafibromin. Renal manifestations include renal cysts and tumours, with both
ccRCC and Wilm’s tumour reported.'® Though there are currently no consensus guidelines, renal screening by
abdominal ultrasound every 5 years has been recommended for at-risk individuals.®®

Although a variant of micropthalmia-associated transcription factor, MITF(E318K) has been reported to
predispose to RCC, and a recent meta-analysis and review of The Cancer Genome Atlas (TCGA) project data
failed to demonstrate any association with RCC.*** The MITF(E318K) variant causes a 2-fold risk for cutaneous
melanoma and may be linked to uterine cancer, but no RCC screening is indicated at present.

Conclusion

Hereditary RCC syndromes are a diverse group with varying penetrance, histology, and clinical behaviour. Though
hereditary RCC syndromes are uncommon, most urologists will encounter hereditary RCC, and it is important
to remain vigilant, take an appropriately detailed history, make use of genetic counsellors when indicated, and
select a surveillance and management strategy that addresses the tumour biology and lifelong risk for recurrence.
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Introduction

The exponential increase in the use of cross-sectional imaging, along with the increased sensitivity of imaging
over the past few years, has led to an increase in the number of incidentally detected renal masses and an increase
in the identification of asymptomatic renal cell carcinomas (RCCs). The characterization of an indeterminate
renal mass remains challenging, but diagnostic algorithms continue to evolve and improve.»? New techniques
such as contrast-enhanced ultrasound have entered clinical practice and the development of new molecular
imaging techniques, some of which will translate into clinical practice, have changed how renal masses have been
imaged. A thorough understanding of the strengths and limitations of different imaging modalities is critical
in the implementation of imaging strategies in the management of a renal mass and in particular renal cell
carcinoma. A significant change in the management strategies of renal cell carcinoma with active surveillance,
embolization, and ablative treatments and the development of neoadjuvant therapies including chemotherapy,
antiangiogenic treatments, and immunotherapy have also had an impact on the use of imaging. This includes
pretreatment evaluation as well as post-treatment follow-up and surveillance in renal cell carcinoma.

This chapter introduces the concepts of renal cell carcinoma imaging using individual imaging modalities viz,
ultrasound, computed tomography (CT), magnetic resonance imaging (MRI), molecular imaging and finally a
summary of imaging strategies in staging of RCC.

Ultrasound

Detection and diagnosis
Solid masses

Ultrasound (US) is not the final imaging study performed for evaluation of a solid renal mass, as that role
is typically performed by multiphase contrast-enhanced CT and MRI. However, because of the low cost and
widespread availability of US, renal masses may be encountered as an incidental finding on US examinations
performed for other reasons. A large study found that solid renal masses were detected incidentally in 0.4% of
patients undergoing US, with roughly half of these proving to be RCC.! Traditionally, confirmation that a renal
lesion is a solid enhancing mass is achieved with CT or MRI, but that role is increasingly being performed by
contrast-enhanced ultrasound (CEUS) as well.

Another common role for US in the early workup of a renal lesion is for evaluation of an indeterminate lesion
detected at single-phase CT. Typically, a lesion measuring greater than fluid attenuation at single-phase CT can
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be evaluated with US to determine whether it is a simple or minimally complex cyst that can be safely ignored or
instead a solid lesion that requires further workup.

Ultrasound is inferior to CT for detection of renal masses, and particularly so for smaller lesions.® For solid renal
masses detected on imaging that measure less than 4 cm in size, about 80% will be malignant, and the rate of
malignancy increases for larger masses.# Among malignant renal masses, RCC is the most common entity, with
other etiologies including urothelial carcinoma, lymphoma, and metastases.

The appearance of RCC at conventional US is variable. The most common subtype of RCC is clear cell RCC
(ccRCC), comprising 75—80% of RCCs, but even within this subtype the US appearance can vary. Most commonly,
the tumour is composed of solid tissue that is heterogeneously hypoechoic or isoechoic (Figure 1), though it may
also show hyperechoic components.® Fluid components may be seen within ccRCC, which may be due to cystic,
necrotic, or hemorrhagic change. Doppler flow should be readily identifiable in ccRCC, owing to the hypervascular
nature of ccRCC, and at CEUS this tumour shows avid, early enhancement, followed by washout (Figure 2).

All images are courtesy of contributing authors and have not been published elsewhere.
FIGURE 1 Clear cell RCC. Greyscale ultrasound (A) shows a heterogeneous mass (arrows) with solid and

cystic components, and colour Doppler ultrasound (B) shows flow in the solid portion. Contrast CT (C) shows a
heterogeneous mass with avid enhancement.

Abbreviations: CT, computed tomography; RCC, renal cell carcinoma.
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FIGURE 2 Clear cell RCC at CEUS. Corticomedullary phase (A) shows a heterogeneously hyperenhancing
(relative to renal cortex) mass (arrows) exophytic from the right kidney (arrowheads). At delayed phase (B) the
mass shows washout.

Abbreviations: CEUS, contrast-enhanced ultrasound; RCC, renal cell carcinoma.

Other less common subtypes of RCC include papillary RCC (pRCC) and chromophobe RCC (chRCC), making
up 10—15% and 5—-10% of RCCs, respectively. pRCC may be a solid, well-circumscribed mass (Figure 3), or
sometimes may be partially solid with cystic or hemorrhagic components. At CEUS, pRCC is hypoenhancing
and appears quite different from ccRCC, showing a later and lower peak of enhancement (Figure 4). chRCC
is typically a solid, well-circumscribed mass that is more homogeneous than ccRCC. Enhancement of chRCC is
commonly nearly isoenhancing to renal cortex, though this appearance can be difficult to discriminate from the
more common ccRCC, especially when the lesion is small.®
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FIGURE 3 Papillary RCC. Greyscale ultrasound (A) shows a small solid, well-circumscribed mass (arrows) that
is isoechoic to mildly hyperechoic, with colour Doppler ultrasound (B) showing flow.

Abbreviations: RCC, renal cell carcinoma.

FIGURE 4 Papillary RCC at CEUS. Corticomedullary phase (A) shows only slight early enhancement of the mass
(arrows), much less than adjacent cortex (arrowheads). The peak of enhancement is later, at nephrographic phase
(B), but even at its peak the mass is still slightly hypoenhancing (arrows) relative to adjacent cortex (arrowheads).

Abbreviations: CEUS, contrast-enhanced ultrasound; RCC, renal cell carcinoma.
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On US, the benign entities angiomyolipoma (AML) and oncocytoma can be difficult to differentiate from RCC.
Angiomyolipoma is typically a homogeneous markedly hyperechoic mass, but it is not considered acceptable to
definitively diagnose AML by US appearance alone, as even as many as 30% of small RCCs may be hyperechoic.”
Confirming the presence of bulk fat in AMLs with CT or MRI is usually definitive; however, lipid-poor AMLs
can present a diagnostic dilemma and may mimic RCC, regardless of modality. Oncocytoma is well known to
appear similar to RCC on all imaging modalities, which can result in surgical removal; some 5—7% of masses that
undergo partial nephrectomy are oncocytomas.?®

Cystic masses

It is generally not considered acceptable to assign Bosniak classes to cystic renal lesions based on conventional
US features, with the exception of Bosniak I simple cysts, if US depicts an anechoic lesion with well-defined
smooth borders and increased posterior through-transmission.’® Thus, US has an important role in confirming
the cystic nature of a lesion that is indeterminate for solid or cystic composition at single-phase CT.

FIGURE 5 Superior ability of CEUS to demonstrate septal enhancement. Contrast CT (A) shows a large cystic
lesion (arrows) centrally in the right kidney, with several internal enhancing septations. Contrast ultrasound
(B) shows an even greater number of internal enhancing septations, and with superior detail. Postsurgical
pathological evaluation confirmed a MEST.

Abbreviations: CEUS, contrast-enhanced ultrasound; CT, computed tomography; MEST, mixed epithelial and stromal tumor; RCC,
renal cell carcinoma.
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Contrast-enhanced ultrasound currently does not have a formal role in the Bosniak classification scheme, but
with continued expansion in the use of and experience with CEUS, it is likely that the assignment of a Bosniak
class based on CEUS features will become more acceptable in the future. Proposals for Bosniak designation based
on CEUS features have been suggested.’*> The description of features for a CEUS Bosniak classification scheme
will likely not be identical to that used for CT/MRI Bosniak classification, as CEUS is well known to surpass
other modalities in demonstrating lesion septa, septa/wall thickness, and fine enhancement of small structures
(Figure 5).2-15

Ultrasound-guided biopsy

Percutaneous biopsy of renal lesions has become more commonly performed in recent years. The procedure is
generally considered safe, with hemorrhage requiring blood transfusion seen in 0—5% of cases, and a tumour
seeding rate reported as below 0.01%.*° Biopsy may help avoid surgery by demonstrating benign pathology, or if
showing malignancy can help guide management decisions, in choosing whether to opt for resection, ablation, or
active surveillance. Percutaneous renal mass biopsy may be performed by US or CT, and the choice of modality
depends on multiple factors, including patient habitus, specific location of the lesion in the kidney, and operator
experience. As the kidneys are in constant motion with respiration, US offers a particular advantage over CT
in continuous real-time observation of the needle approach to the lesion, which is helpful with smaller lesions
(Figure 6). Contrast-enhanced ultrasound can be performed during biopsies to verify identification of a lesion
that is difficult to visualize on greyscale US alone.
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FIGURE 6 Renal mass biopsy. A 74-year-old man with a history of ocular lymphoma was found on surveillance
FDG PET/CT to have a 2.1-cm exophytic left renal mass that was FDG-avid (arrows on A and B). CEUS (C)
showed the mass to be hypoenhancing (arrow), and biopsy of the mass (D) was performed under ultrasound, with
the biopsy needle (arrowheads) seen to enter the mass (arrow). Pathology from the biopsy showed papillary RCC
with eosinophilic features, and the patient underwent subsequent partial nephrectomy.

Abbreviations: CEUS, contrast-enhanced ultrasound; FDG, fluorodeoxyglucose; PET/CT, positron emission tomography/computed

tomography; RCC, renal cell carcinoma.
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Staging, intraoperative guidance, and postsurgical follow-up

Staging

Computed tomography and/or MRI are preferred for RCC staging and preoperative planning, as these modalities
are more capable of demonstrating the full complement of extrarenal findings than US. Specifically, CT and
MRI are superior to US in the detection of abnormal retroperitoneal lymph nodes and other distant metastases,
as well as in the assessment of the renal veins and inferior vena cava for tumour invasion. However, CEUS can
be helpful in certain situations if CT/MR findings are indeterminate, or if a CT/MR cannot be performed with
contrast (Figure 7).

FIGURE 7 Renal vein tumour invasion on CEUS. On noncontrast CT (A), a left renal lower pole mass is shown
(arrow), and a more cranial image (B) demonstrates expansion of the renal vein (arrowheads), concerning for
tumour invasion or bland thrombus. Greyscale US (C) shows the mass (arrow) and the renal vein (arrowheads)
to have similar echogenicity. CEUS (D) shows tumour enhancement (arrow) that is contiguous with enhancing
tissue in the renal vein (arrowheads), confirming venous invasion by tumour.

Abbreviations: CEUS, contrast-enhanced ultrasound; CT, computed tomography; RCC, renal cell carcinoma; US, ultrasound.
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Intraoperative guidance

Images obtained with intraoperative ultrasound offer greater detail than those obtained with conventional
transabdominal ultrasound, as probes with higher spatial resolution are used, and they can be placed directly
on the renal capsule.’® During partial nephrectomy, the use of intraoperative ultrasound increases confidence
in selection of the site of parenchymal transection, aids in evaluation of the relationship of a mass to the renal
vessels and collecting system, and can aid in detection of additional lesions. Intraoperative ultrasound is also
useful in verifying extent of inferior vena cava (IVC) tumour involvement.’ Imaging guidance during thermal
ablation procedures is typically performed with CT rather than US, as obscuration by gas bubbles (created during
radiofrequency ablation) or shadowing from the ice ball (created during cryoablation) makes US unsuitable for
adequate visualization.

Postsurgical follow-up

In general, US is considered inferior to CT for identification of local recurrence at the operative site, and for
detection of distant metastatic disease.?® However, according to American Urological Association (AUA)
guidelines, there is a role for US in postsurgical surveillance, depending on extent of surgery and patient risk.

For low-risk patients (pT1, NO or Nx) who have undergone radical nephrectomy, AUA guidelines recommend
imaging of the abdomen with US, CT, or MRI within 3—12 months after surgery.?° If that scan is negative,
additional US, CT, or MRI may be performed in the future as needed. For low-risk patients who have undergone
partial nephrectomy, CT or MRI (not US) is recommended at the first imaging 3—12 months after surgery,
followed by yearly US, CT, or MRI for 3 years, if the first postoperative scan is negative.

For moderate- to high-risk patients (pT2-4 No or Nx, or N+ with any T stage), for follow-up abdominal imaging
the AUA guidelines recommend a baseline CT or MRI (not US) within 3—6 months after surgery, and then US,
CT, or MRI every 6 months for a minimum of 3 years, with the interval extended to yearly until the 5th year.
Continued imaging follow-up after 5 years is considered optional.

Future directions

The use of CEUS in the evaluation of renal masses is undergoing ongoing expansion, and further experience with
CEUS among radiologists will likely generate additional roles for CEUS in RCC imaging. The eventual adoption
of a Bosniak-like consensus statement on the CEUS evaluation of cystic renal masses would be of great benefit
for reporting standardization. Additionally, advanced ultrasound techniques are being studied in renal mass
evaluation, for example, the potential of elastography to differentiate benign and malignant renal masses.?
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Key Points

e US is of great use in verifying that a renal lesion is a simple or only minimally complicated cyst in need
of no further workup.

e CEUS is an emerging technique with capabilities in confirming and characterizing solid enhancing renal
masses.

e Additionally, CEUS is superior to other imaging modalities in the evaluation of septal and mural
enhancement of cystic renal lesions.

e US is generally considered inferior to CT/MR in staging and postsurgical surveillance for renal
malignancies but does have a role in certain patients.

Cross-Sectional Imaging

Computed tomography

Multiphase contrast enhanced CT is the current imaging modality most commonly used for the evaluation of
RCC.%2 Computed tomography allows the detection, characterization, staging, pretreatment planning, post-
treatment evaluation, and active surveillance of RCC. Computed tomography examination is generally protocoled
to include the chest, abdomen, and pelvis.

A dedicated CT protocol that allows optimal characterization of a renal mass includes non-enhanced, cortico-
medullary, nephrographic, and excretory phases.?® However, the protocol may vary between institutions.

Non-enhanced images provide a baseline attenuation of the mass to allow calculation of enhancement on
subsequent contrast-enhanced phases of the study, and to determine presence of macroscopic fat and calcification.
Corticomedullary, nephrographic, and excretory phases are obtained following contrast administration and allow
evaluation of the dynamic enhancement characteristics of the renal mass, relationship of the mass to adjacent
structures, renovascular anatomy, and regional and distant metastases.

A systematic review found that the median sensitivity and specificity of CT for the detection of RCC were 88%
and 75%, respectively.?

Magnetic resonance imaging

Magnetic resonance imaging is frequently used to further characterize renal masses that are indeterminate on CT
but can be used as the initial study for the evaluation of renal masses, especially in patients with contraindication
to iodinated contrast material.?
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Multiparametric renal MRI protocol includes multiplanar T2-weighted, dual gradient-echo T1-weighted, and
T1-weighted three-dimensional fat-suppressed gradient-echo images before and after gadolinium-based contrast
material.?® Corticomedullary, nephrographic, and excretory phases following contrast administration provide
qualitative and quantitative information similar to CT and help in differential diagnosis. Diffusion-weighted
imaging (DWI) and apparent diffusion coefficient values can also be obtained to further characterize a mass.
Subtraction imaging can be used to evaluate for lesion enhancement in the presence of intrinsic T1 hyperintensity.

A systematic review showed that the median sensitivity and specificity of MRI for the detection of RCC were
87.5% and 89%, respectively.>+

Imaging features of common subtypes of RCC

The three most common histologic subtypes of RCC are clear cell, papillary, and chromophobe tumours, which
as a group shows a broad spectrum of imaging appearances.

Clear cell RCC is the most common subtype. Itis typically exophytic and shows vivid early contrast enhancement.2¢
It has low to intermediate T1 signal and high T2 signal compared to the adjacent renal parenchyma.? Internal
tumour heterogeneity can occur owing to areas of hemorrhage, necrosis, and/or cystic degeneration, which appear
as non-enhancing regions.?82° Clear cell RCC may show reduced signal on opposed-phase chemical shift magnetic
resonance images compared to in-phase images, owing to intracellular fat.*° A peritumoural pseudocapsule may
be present, which appears as a regular low or high attenuation rim on CT,* and low T1 and T2 signal on magnetic
resonance images.*? Calcifications are uncommon (Figures 8 and 9).%

FIGURE 8 60-year-old male patient with typical imaging features of clear cell RCC on CT.

A: Axial unenhanced CT scan of the abdomen at the level of the kidney showing an expansile mass involving the
right kidney.

B: Postcontrast axial CT scan of the abdomen of the same patient in corticomedullary phase shows heterogeneous
and intense enhancement.

C: Delayed-phase image (90 seconds) shows washout. This pattern of enhancement and washout is typical in
clear cell RCC.

Abbreviations: CT, computed tomography; MRI, magnetic resonance imaging; RCC, renal cell carcinoma.
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FIGURE 9 60-year-old male patient with typical imaging features of clear cell RCC on MRI.

A: Axial T2-weighted MRI image showing a right renal mass with heterogeneous high signal on T2-weighted
sequences.

B: Precontrast fat-suppressed 3D T1-weighted image showing a hypointense expansile central mass in the right
kidney.

C: Postcontrast 3D T1-weighted image performed in corticomedullary phase shows intense and heterogeneous
enhancement.

D: Diffusion-weighted image (b=500) and corresponding ADC map (E) shows restricted diffusion.

Abbreviations: 3D, three-dimensional; MRI, magnetic resonance imaging; RCC, renal cell carcinoma.

Papillary RCC is the second most common subtype. It is generally a small peripheral homogeneous tumour that
has low T2 signal compared to renal cortex, and shows weak enhancement compared to normal renal cortex
that progressively increases on subsequent phases.3* It may show loss of signal on in-phase images compared to
opposed phase at chemical shift MRI owing to hemosiderin.® Some papillary RCC appear as hemorrhagic cystic
masses with enhancing papillary projections.3¢ Calcifications occur in 7% of cases in a large series of papillary
RCC,* but they have been reported in up to 32% of cases.®® Type 1 and 2 papillary RCC cannot be reliably
differentiated on imaging but type 2 papillary RCC is more likely to be heterogeneous, show infiltrative margins,
and contain calcifications (Figures 10 and 11).%’
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FIGURE 10 50-year-old male patient with an asymptomatic right upper pole papillary RCC.

A: Axial noncontrast CT scan, (B) corticomedullary phase scan, and (C) nephrographic phase scan showing an
expansile mass in the upper pole of the right kidney with low-grade enhancement. This finding is commonly seen
in type 1 papillary RCC.

Abbreviations: CT, computed tomography; RCC, renal cell carcinoma.

FIGURE 11 A: T2-weighted axial MRI of the abdomen at the level of the kidneys shows an expansile partially
exophytic mass in the upper pole of the right kidney with relative low signal compared to the renal cortex.

B: Axial fat-suppressed precontrast T1-weighted image and (C) postcontrast T1-weighted image in the nephro-
graphic phase showing relative hypoenhancement of the mass in the upper pole, compatible with papillary RCC.

D: Diffusion-weighted image (b=500) and corresponding ADC map (E) shows restricted diffusion in the upper
pole lesion.

Abbreviations: MRI, magnetic resonance imaging; RCC, renal cell carcinoma.

D
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Chromophobe RCC is the third most common subtype. It is usually a solid homogeneous tumour on CT, shows
heterogeneous T2 signal on MRI,*® and shows intermediate contrast enhancement in between that of clear cell
RCC and papillary RCC.2%3%39 A central scar, spoke-wheel enhancement pattern, and segmental enhancement
inversion may be present, but these features overlap with oncocytoma.2®4° Segmental enhancement inversion is
whereby areas of the tumour that show early avid enhancement become reduced on more delayed images, and
other areas of the tumour that showed lesser enhancement on early phases show progressive enhancement.*
Calcifications occur in 14—38% of cases, and perinephric infiltration and venous invasion are uncommon.33%°

Differentiation of RCC from benign renal tumours

Computed tomography and MRI are unable to reliably and consistently discriminate between benign and malig-
nant renal masses owing to overlapping imaging characteristics in 10—15% cases.* Renal cell carcinoma can be
challenging to differentiate from oncocytoma and angiomyolipoma, especially the lipid poor variant. However,
composite and collated imaging features can suggest a likely diagnosis.

Macroscopic fat within a non-calcified renal mass is almost diagnostic of an AML. Macroscopic fat rarely occurs
in RCC.# Intracellular fat can be identified in clear cell RCC but this feature in isolation does not allow its
differentiation from lipid-poor AML.* A renal mass containing fat with calcification or that shows necrosis is
more likely to be an RCC than an angiomyolipoma.3¢-43

Papillary RCC shows weak progressive contrast enhancement, which allows its differentiation from a hemorrhagic
cyst and lipid-poor AML. Hemorrhagic cyst shows no contrast enhancement,* and lipid-poor AML shows avid
early contrast enhancement with subsequent contrast washout.4

Chromophobe RCC and oncocytoma show multiple overlapping imaging features and are most challenging to
differentiate from each other.3%47:48

Quantitative imaging parameters, such as tumour enhancement characteristics,+5° diffusion-weighted MRI,>
and texture analysis,*? have shown some ability to differentiate between benign and malignant renal masses. A
systematic review showed that the sensitivity and specificity for DWI to differentiate benign from malignant renal
masses were 86% and 78%, respectively.®

Differentiation of subtypes of RCC

Computed tomography and MRI are yet unable to reliably differentiate between the subtypes of RCC owing
to overlapping imaging characteristics. A study showed the performance of CT to predict clear cell RCC and
chromophobe RCC on morphologic features alone had a positive predictive value of less than 75%, but evaluation
of their contrast enhancement profile allowed differentiation of clear cell RCC from other subtypes with sensitivity,
specificity, and accuracy of 64%, 87%, and 75%, respectively.+> Application of algorithmic and scoring systems
such as the clear cell likelihood score helps in achieving greater accuracy.5354
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Another study showed that the sensitivity and specificity of MRI in predicting clear cell RCC and papillary RCC
were 92% and 83%, and 80% and 94%, respectively.®® Dynamic contrast-enhanced MRI studies found that RCC
subtypes showed contrast enhancement profiles concordant with CT findings, but considerable overlap occurs
and does not allow definitive tumour histologic subtyping.2®5>5° Clear cell RCC shows the widest differential in
contrast enhancement during all contrast-enhanced phases compared to papillary RCC.2%5° Sun et al. showed
sensitivity, specificity, and accuracy of 93%, 96%, and 94%, respectively, in differentiating clear cell RCC
from papillary RCC.2° Type 1 and 2 papillary RCC often show overlapping imaging features that do not permit
differentiation between them, though type 2 often shows more hypervascularity.2%3”

Grading of RCC

Nuclear grade of RCC correlates with patient survival.’” Imaging features that act as accurate surrogate markers
of histologic grade of RCC would allow noninvasive prediction of prognosis and triage management.

Most studies have attempted to differentiate between low- and high-Fuhrman grade clear cell RCC. One study
showed that the sensitivity and specificity of MRI to diagnose low-grade clear cell RCC and high-grade clear
cell RCC were 50% and 94%, and 93% and 75%, respectively.® Another study showed no significant correlation
between histologic grade and MRI features for papillary RCC and chromophobe RCC.58

Morphologic imaging features suggestive of higher-grade tumour or sarcomatoid dedifferentiation, include larger
tumours with intratumoural necrosis, calcification, infiltrative margins, increased peritumoural neovascularity,
larger peritumoural vessels, and renal vein thrombosis.5559:60:6162 An uncommon predominantly cystic appearance
of clear cell RCC has been shown to have low-grade malignant potential.®s

Quantitative imaging parameters, such as tumour enhancement characteristics, diffusion-weighted MRI,% and
texture analysis,* have shown some correlation with nuclear grading. Sun et al. showed no significant difference
in enhancement between low-grade and high-grade clear cell or papillary RCC.2¢ A systematic review found that
DWI showed a pooled sensitivity and specificity of 78% and 86%, respectively, to differentiate between low-grade
and high-grade clear cell RCC.%

Emerging techniques and applications

Dual-energy spectral CT

Dual-energy CT is an emerging technique that can improve the conspicuity and characterization of renal masses.®”
The technique evaluates the material composition of a lesion by using two energy levels to simultaneously acquire
images of the region of interest. Materials, such as iodine and water, have unique attenuation profiles at different
energy levels. The acquired data are postprocessed using a mathematical algorithm. Datasets generated by this
technique include water-based or virtual unenhanced images, and iodine-only image maps.
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Todine-only image maps or iodine quantification would allow detection of low-level contrast enhancement
in tumours, which allows differentiation of clear cell RCC and papillary RCC owing to their different contrast
enhancement profile. Several studies found that the sensitivity, specificity, and accuracy of this technique
to differentiate between clear cell RCC and papillary RCC were 87-98.2%, 86.3—-92%, and 90—95.3%,
respectively.8:69.70

Dai et al. showed that iodine quantification allowed the differentiation of clear cell RCC and chromophobe RCC
with a sensitivity, specificity, and accuracy of 83.9%, 90%, and 84.5%, respectively.™

Zarzour et al. found that iodine quantification showed a sensitivity, specificity, and accuracy of 100%, 96%, and
97%, respectively, in differentiating papillary RCC from complex renal cysts.®

Studies have shown mixed results in the ability of dual-energy CT to differentiate between papillary RCC and
chromophobe RCC;-"2 and between low-grade and high-grade clear cell RCC.%8-707273

Perfusion CT

Perfusion CT is a technique that involves multiple CT acquisitions of a fixed volume of tissue following contrast
administration to generate qualitative and quantitative perfusion data. Mathematical algorithms are applied to
this data to generate tumour perfusion parameters including blood flow, blood volume, and permeability.

Several authors have investigated the utility of CT perfusion to differentiate between benign and malignant renal
masses,”+75 RCC subtypes,”® and RCC histologic grade.”

One study investigated the ability of perfusion CT and dual-energy CT to differentiate clear cell RCC from
non-clear cell RCC using the same cohort of study subjects. It showed perfusion that CT achieved a sensitivity,
specificity, and accuracy of 88%, 87%, and 87%, respectively,”® but found no statistically significant difference in
the accuracy with dual-energy CT. However, the authors found that perfusion CT involved a significantly higher
radiation dose. The higher radiation dose penalty and more challenging technique of perfusion CT may limit the
wider utility of the technique.

Radiomics

Radiomics is an emerging field that uses computational methods to extract quantitative metrics, such as shape,
size, and texture, from any standard clinical image dataset, such as CT or MRI. Texture is the main radiomics
feature used to evaluate renal tumours. It assesses tumour heterogeneity by analyzing pixel data within the image,
which can provide information about the internal tumour microenvironment, such as vascularity and necrosis.
The main areas under investigation in the application of radiomics in RCC research include the differentiation
between benign and malignant small renal masses, nuclear grade prediction, and gene expression profile.”
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Preliminary studies have shown that radiomics allows the differentiation of benign from malignant renal masses
with CT8-8% and MR 84-8¢

One CT study showed a sensitivity and accuracy of 85.8% and 74.4%, respectively, in differentiating clear cell
RCC from oncocytoma.®® Another CT study of 127 RCCs showed a sensitivity, specificity, and accuracy of 89%,
92%, and 87%, respectively, for differentiating clear cell RCC from non-clear cell RCC, and 87%, 92%, and 78%,
respectively, for differentiating papillary RCC from chromophobe RCC.%¢ A further CT study of 62 papillary
RCCs showed 84% accuracy in differentiating between type 1 and type 2 papillary RCC.8” A MRI study found
the sensitivity, specificity, and accuracy of 92%, 41%, and 70%, respectively, for distinguishing benign from
malignant renal masses when using deep learning algorithms.84

Studies have shown the feasibility of radiomics to differentiate between low- and high-grade RCC.855° One study of
53 patients showed a sensitivity, specificity, and accuracy of 91.3%, 80.6%, and 85.1%, respectively, for predicting
high-grade from low-grade clear cell RCC.*°

Radiogenomic studies have shown that mutation of BRCAl-associated protein 1 (BAP1) is associated with ill-
defined tumour margins and presence of calcification, and is more commonly seen with higher-grade RCC.*
Mutation of mucin 4 (MUC4) is found to be associated with exophytic tumour growth and reduced survival,®
while mutation of lysine demethylase 5C (KDM5C) is found to be associated with renal vein invasion and reduced
survival.®

A systemic review and meta-analysis of 57 studies found that translation of radiomics into clinical practice
remains technically challenging owing to several factors including heterogeneous image acquisition protocols,
reproducibility of radiomics signature, and big data sharing.®®

Three-dimensional imaging technology

Three-dimensional (3D) imaging technology, such as 3D printing model, augmented reality, and mixed-reality
technology, is a novel application of a CT or an MRI dataset to produce a visually concise representation of a
renal tumour to improve its localization within the kidney and understand its relationship to relevant anatomical
structures. 3D printing models and augmented reality have been used for preoperative surgical planning in
complex cases®* and for patient counselling.®® One study showed the utility of a 3D-printing model for robot-
assisted partial nephrectomy of tumours with a nephrometry score of > 7, reducing operative time by about 20%.%°
A systematic review found improved perioperative outcomes, such as intraoperative blood loss, reduction in
estimated glomerular filtration rate (eGFR), and complications, in laparoscopic partial nephrectomy for complex
renal tumours using a 3D-printing model in preoperative planning compared to surgery without the model.®’
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Key Points

e Multiphase contrast-enhanced CT or MRI is critical in the characterization and staging of renal masses
and RCC in particular.

e Multiplanar and volumetric reconstructions help in evaluation as well as treatment planning for
renal masses.

e Semiquantitative and quantitative imaging methods are increasingly being used in the evaluation of
renal masses.

e Artificial Intelligence (AI)-enabled techniques of renal mass evaluation are being explored but have not
yet translated into clinical practice.

Molecular Imaging in Renal Cell Carcinoma

Molecular imaging provides additional anatomic and physiologic information through noninvasive means to
assist in characterizing, diagnosing, staging, and monitoring disease. Positron emission tomography/computed
tomography (PET/CT) is the dominant modality of this class, wherein the PET portion of the exam depicts
biochemical and metabolic processes specific to the unique radiotracer injected into the patient and the CT
portion provides anatomic context. Annihilation coincidence photons from positron emission decay are detected
by the PET camera and the spatial positioning of the event is coregistered with the CT for accurate anatomic
localization. Here, we will discuss the specific application of PET/CT in renal cell carcinoma.

18F-FDG and primary renal cell cancer

The most commonly used radiotracer, 18F-Fluorodeoxyglucose (18F-FDG), is a radiolabelled glucose analogue
highly avid in many tumours that has been moderately studied in RCC. Unfortunately, many reports are small
and from single institutions while prospective and multicentre studies are few. A significant issue is that
distinguishing tumours from normal parenchyma within the kidney is challenging due to the physiologic urinary
excretion of 18F-FDG. One of the first large studies to examine 18F-FDG in RCC retrospectively reviewed 66
patients. FDG PET had a sensitivity of only 60% for detecting RCC but had a high specificity of 100% for primary
RCC tumours. Evaluating the contralateral kidney for concomitant malignancy in a mixed group of primary and
restaging patients, 18F-FDG was only 50% sensitive (but 98.8% specific) for identifying renal masses. A major
limitation of this study was that scans were not on a PET/CT scanner, and detection was based on PET alone.®®

In a meta-analysis evaluating the diagnostic performance of 18F-FDG PET in RCC, sensitivities ranged widely
from 40—-100% in the diagnosis and staging of primary tumours with large variations in methodology.®”® A
systematic review of RCC imaging found only two studies meeting specific criteria for primary tumour evaluation
with 18F-FDG. The result was a relatively high median sensitivity of 88% and specificity of 87.5%.%°°° This is in
contrast to a prospective study evaluating indeterminate renal masses. Patients with suspicious lesions identified
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by conventional imaging underwent 18F-FDG PET/CT and were compared to gold standard histopathology
obtained from nephrectomy or resection. 18F-FDG showed an overall accuracy of 50%, sensitivity of 46.6%,
and specificity of 66.6% for primary RCC in this more difficult cohort of patients.!®® Another prospective study
of primary renal tumour detection with 18F-FDG PET/CT reached a sensitivity of 98% with strong correlations
with tumour maximum standardized uptake value (SUV__) and Furhman grading. The notable addition of
contrast enhancement on CT and larger tumour sizes (mean of 5 cm) significantly contributed to the impressive
detection rate in this publication.’? A different systematic review found 18F-FDG PET/CT performed equivalent
to conventional imaging in primary renal tumour detection.’*® From this work it can be concluded that 18F-FDG
PET/CT has a high specificity for RCC, but its sensitivity varies according to the size and type of the renal lesion.

Renal cell carcinoma can be further categorized by pathological subtypes with separate risk profiles. Clear cell
RCC is the most prevalent subtype. Papillary type 2 and some clear cell carcinomas can be extremely aggressive
with high rates of recurrence and metastasis, resulting in poor patient outcomes. Recognizing critical subtypes
could affect treatment strategies. Early dynamic imaging with 18F-FDG PET/CT may be more helpful than
traditional static scanning in distinguishing aggressive RCC subtypes. In a prospective study of 100 patients
undergoing renal resection, the SUV__ from dynamic scans was higher in clear cell tumours than non-clear
cell variants. Because the other subtypes were low in numbers, further differentiation could not be made. With
whole body static imaging, researchers observed that elevated SUV__ and tumour-to—normal reference tissue
ratios corresponded to more aggressive RCC features with higher TNM stage, Fuhrman grade, as well as venous
and lymphatic invasion, but could not be used to separate tumour subtypes.’*4 The same authors later showed
that chromophobe RCC demonstrated lower SUV__ values than clear cell and papillary tumours. There was no
real distinction in SUV,___between papillary and clear cell variants, but high-grade tumours had higher SUV__
than low-grade tumours in both groups and were associated with Fuhrman grading in clear cell tumours.i% In
papillary RCC, 18F-FDG sensitivity has been reported as high as 81.5% and similarly could distinguish between
high-grade and low-grade tumours but not papillary subtypes (Figure 12).1°¢ In contrast, a recent retrospective
analysis found that 18F-FDG was useful in distinguishing papillary type 2 renal cell cancer from papillary type 1,
clear cell, and oncocytoma. Tumour-to-liver ratios were higher in papillary type 2 tumours than the other types
of RCC and also higher in patients with papillary type 2 tumours with distant metastasis compared to those
without.’” Papillary type 2 tumours, usually show high uptake because they are often associated with defects in
the fumarate hydratase gene causing increased glycolysis. Other researchers have found that 18F-FDG uptake
in benign oncocytoma and angiomyolipoma is difficult to distinguish from malignant RCC subtypes of clear
cell, chromophobe, and papillary.t°? Reliably discriminating the varied histologies of RCC through radionuclide
imaging may not ultimately be possible but could guide diagnostic workups.
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FIGURE 12 18F-FDG PET/CT demonstrates focal uptake in the primary left upper pole papillary RCC and in
metastatic lesions in the ribs, spine, pelvis, and retrocrural lymph nodes. Physiologic activity is within the renal
collecting system and bladder. Coronal PET and CT fusion image is on the left and coronal PET is on the right.

Abbreviations: FDG, fluorodeoxyglucose; PET/CT, positron emission tomography/computed tomography; RCC, renal cell
carcinoma.

Other metabolic measures in addition to SUV,___appear to correlate with RCC tumour grading. In a prospective
study, metabolic tumour volume (MTV) and tumour-to-liver ratios could also distinguish between Fuhrman
high-grade and low-grade RCC tumours. Diuretic use did not improve tumour detection.'°® Significant differences
were seen between high-grade and low-grade primary clear cell tumours and tumour SUV__ , tumour-to-liver
SUV ratio, and tumour-to-kidney SUV ratios in a retrospective trial of 125 subjects with newly diagnosed RCC.1%°
Radiomics and texture analysis have also been suggested as a means of using 18F-FDG to determine RCC subtype.
Fuhrman grading of clear cell RCC could be predicted using standardized uptake normalized to lean body mass
(SUL) and 18F-FDG texture models.*® Texture analysis also appears to distinguish RCC and renal lymphomas.**
Computed tomography characteristics on 18F-FDG PET/CT as well as higher SUV__, SUV and SUV,_,could

mean’

max’

likewise distinguish sarcomatoid differentiation from clear cell type in these limited studies.?
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The combined value of 18F-FDG and novel tumour or serum markers have also been explored. TP53-inducible
glycolysis and apoptosis regulator (TIGAR) is a newly discovered enzyme controlling cellular glucose degradation
that is hijacked by some cancers. Expression of tumour induced molecular pathway changes and 18F-FDG
metabolism were investigated in 62 patients with clear cell RCC. Identified by immunohistochemistry on renal
tumour specimens, evidence of positive TIGAR in clear cell RCC correlated with high tumour SUV__ and shorter
overall survival (OS).2 Others have probed associations with the tumour immune microenvironment and FDG
metabolism in clear cell RCC. Interestingly, high SUV_ _ correlated with increased tumour infiltrating lymphocytes
and higher grade. SUV__ also predicted disease-free survival with patients who had elevated tumour SUV__
developing progressive disease earlier. No correlation was seen between SUV,__ and programmed cell death 1
ligand 1 (PD-L1) expression.’# Primary tumour SUV__ has also been linked to progression-free survival (PFS)
with shorter PFS in patients with increased SUV__ "%

max

A major limitation of 18F-FDG in assessing primary RCC is the physiologic excretion through the kidneys,
which can obscure all or parts of RCC. Therefore, recent guidelines from major societies including the National
Comprehensive Cancer Network (NCCN), the European Association of Urology (EAU), and American Urology
Association (AUA) do not recommend 18F-FDG use in diagnosis or evaluation of RCC.

Restaging and detection of extra-renal metastasis with
18F-FDG

18F-FDG is more successful in detecting metastatic or recurrent RCC tumours rather than primary RCC, and
despite expert opinion against its use in restaging RCC, it could have prognostic benefits and influence clinical
decisions. Renal cell carcinoma recurs at a rate of 20—50% even after nephrectomy."®> Consequently, accurate
detection of tumour recurrence is important in managing treated RCC. Moreover, metastatic tumour identification
by postsurgical 18F-FDG PET/CT is reported to have predictive value. Overall survival rates decreased in patients
with positive scans by 5 years and lower PFS was seen at 3 years. Scan results were shown to affect management
decisions in 43.2 % of patients including the decision for curative or palliative treatments or surveillance without
therapy."® Added support includes a small prospective study in patients with metastatic renal disease that found
poor prognosis correlated with high tumour SUV__ | which is in keeping with the experience with most other

types of tumours.*

max’

A meta-analysis by Ma et al. included 14 studies with 853 patients and calculated a pooled sensitivity of 86% and
pooled specificity of 88% for detecting metastatic disease.'*® This is in line with another meta-analysis evaluating
18F-FDG PET/CT detection of extrarenal lesions, which reported a pooled sensitivity of 91% and specificity of
88%, but again, the evaluation was limited by small numbers.** Compared to CT and MRI, 18F-FDG PET/CT
was superior in staging and detecting metastasis in a small prospective study.’°? Similarly, in a retrospective
review of 343 patients who underwent surveillance after surgery for RCC, 18F-FDG PET/CT was comparable
to conventional imaging with diagnostic CT. Researchers also pointed out that 18F-FDG PET/CT delivered less
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radiation exposure, which is an appealing consideration for its use in the recurrent setting.'?° However, 18F-FDG
PET/CT was not clearly superior to conventional imaging, decreasing the impetus to employ it.

A retrospective study reviewing 18F-FDG in restaging RCC offered a detailed analysis of metastatic lesion
locations. Retroperitoneal lymph node metastases and/or renal bed recurrence was identified with 75% sensitivity
and 100% specificity. Lung metastases were detected with 75% sensitivity and 97.1% specificity. Mediastinal/
hilar lymph nodes were detected with 69% sensitivity and 97.9% specificity. 18F-FDG was 61.5% sensitive and
100.0% specific for liver metastases. 18F-FDG PET was strongest in detecting bone lesions with a sensitivity
of 77.3% and specificity of 100%. FDG demonstrated 98.4% positive predictive value (PPV) but 29.6% negative
predictive value (NPV) for soft tissue metastases. Meanwhile, the PPV was 100% and NPV was 93.2% for bone
metastases. Again, the use of an older PET scanner without a built-in CT for this study likely influenced the lower
percentages.®®

In papillary RCC, 18F-FDG performance in restaging was impressive, with 100% sensitivity and 72.7% specificity
and analogously affected clinical management. Compared to CT and MRI, 18F-FDG found additional lesions
in bone and lymph nodes.'*® Interestingly, 18F-FDG may have more difficulty in detecting clear cell metastases
compared to papillary RCC, but clear cell carcinomas are far more common and thus likely represent the majority
of cases in most series.'?

Therapy response with 18F-FDG

18F-FDG PET/CT shows potential in predicting response to therapy for metastatic disease. Caldarella et al.
published a systematic review including 7 prospective studies evaluating 18-FDG PET/CT as a marker of response
to tyrosine kinase inhibitors (TKIs) in patients with advanced RCC. Despite variable findings and heterogeneity
in studies, the authors concluded that 18F-FDG PET/CT was a beneficial tool in assessing prognosis.'?> The
largest study in this review, which consisted of 44 patients, looked at the TKI sunitinib and 18F-FDG as a
biomarker of response in patients with untreated metastatic clear cell cancer. At baseline and 16 weeks post-
treatment, 18F-FDG PET/CT assessments were predictive of outcome. High number of PET-positive lesions and
increased SUV,__ at baseline were linked to shorter OS while disease progression seen on 18F-FDG at 16 weeks
correlated to decreased OS and PFS.*??

Volumetric indices of 18F-FDG have also been studied to assess response to TKIs. Changes in peak SUL and total
lesion glycolysis (TLG) correlated to PFS and OS as early as 14 days after treatment in patients with metastatic
RCC. Changes in SUV,__ did not have a meaningful impact.” In a small prospective trial with sunitinib in
metastatic RCC, 18F-FDG parameters included TLG and MTV in addition to SUV__ in examining relationships
to PFS. Baseline and interim 18F-FDG PET/CT at 12 weeks (after 2 cycles) were evaluated. Baseline PET metrics
were predictive of PFS at 12 months post-therapy and changes in these quantitative measures between baseline
and interim images showed correlations with PFS, but the interim scan itself was not as effective in predicting
outcome.*?® Similarly, a retrospective study of 18 F-FDG prior to TKI therapy found that TLG and MTV predicted
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OS and PFS. Furthermore, high MTV or TLG predicted worse OS and PFS in intermediate- and poor-risk groups
as defined by the International Metastatic RCC Database Consortium (IMDC).*2¢

Separately, a small prospective study evaluated 18F-FDG metabolism at baseline and after 1 month of nivolumab
treatment in patients with metastatic clear cell RCC, finding that high SUV__ corresponded to treatment response
at 4 months.'”” A larger prospective study looked at 100 patients with metastatic or recurrent RCC planning
to undergo systemic therapy. On pretreatment 18F-FDG PET/CT, the highest tumour SUV,__ per patient was
predictive of poor prognosis.'?® The same authors prospectively evaluated 18F-FDG metabolism in 81 patients
with advanced RCC prior to second-line systemic therapy. They also observed that high maximum SUV__ at
baseline was associated with poor 0S.*?° 18F-FDG PET/CT shows merit as a prognostic tool for metastatic therapy
response and could inform clinicians on risks and benefits on an individualized level. 18F-FDG imaging could
guide selection of patients poised to derive favourable treatment outcomes.

Other PET agents

PSMA radiotracers

Prostate-specific membrane antigen (PSMA) PET radiotracers have exploded into use in prostate cancer over
the past several years because of their excellent targeting abilities. 68Ga-PSMA is the most used worldwide,
but 18F-DCFPyL and 18F-PSMA-1007 are also in clinical practice. Research has been plentiful in exploring
their efficacy in other tumours largely based on PSMA expression associated with malignant angiogenesis. A
systematic review in nonprostate tumours indicated that PSMA PET/CT was useful in the diagnosis, staging,
and management of RCC, but larger prospective studies are needed.’* Another mini-review of PSMA PET/CT
in RCC evaluated 13 studies and concluded that PSMA radiotracers could be useful in staging, restaging, and
predicting treatment response, but not in primary tumour evaluation. Most studies were small and retrospective,
highlighting the need for better studies on this topic.”®! In a retrospective analysis of 6 patients, 68Ga-PSMA
PET/CT easily identified metastatic RCC lesions but again, was not as distinct in primary tumours. An early
pilot study looked at 18F-DCFPyL PET/CT in 5 patients with metastatic clear cell RCC and reported more lesions
seen with 18F-DCFPyL than CT or MRI.*2 However, the clinical importance of these added lesions is uncertain.
Several studies have compared the performance of PSMA and 18F-FDG in RCC and found that more lesions
were detected by PSMA PET/CT. Differences in time to visualize response to therapy were also noted for each
agentI133,134

PSMA PET/CT can also be helpful in distinguishing aggressive features seen with clear cell variants. 68Ga-PSMA
tumour SUV__ values correlated to World Health Organization/ International Society of Urological Pathology
(WHO/ISUP) grades and the presence of pathological characteristics with poor prognosis (such as tumour
necrosis, sarcomatoid or rhabdoid features) in a group of patients with primary clear cell tumours.** Surprisingly,
PSMA expression in clear cell RCC on immunohistochemistry does not correlate well with 68Ga-PSMA PET
uptake suchas SUV__,SUV__ or lesion-muscle-ratio.’s® This may reflect the heterogeneous expression of PSMA
in tumours. Moreover, PSMA radiotracers may not be helpful in non-clear cell subtypes.

mean’
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A recent trend has been the resection of all metastases in patients with oligometastatic RCC, which has been
reported to improve OS in carefully selected patients.’® PSMA agents may be helpful in identifying RCC
oligometastases that could be curatively treated by surgery. 18F-DCFPyL PET/CT was prospectively compared
to CT or MRI in 14 patients with presumed oligometastatic clear cell RCC and had a high detection rate of 88.9%
versus 66.7% with conventional imaging.'®®

CAIX tracers

Another potential target for molecular imaging is the cell surface antigen carbonic anhydrase IX (CAIX), which
is overexpressed in RCC and promotes tumour growth through acidosis. While more than 94% of clear cell RCC
express CAIX, it is not found in other RCC subtypes or benign renal tissue (Figure 13).** Geruntuximab is
an anti-CAIX monoclonal antibody that was initially labelled with 1241 to explore PET/CT tumour imaging. In
195 patients with renal masses, 124I-geruntuximab demonstrated 86% sensitivity and specificity compared to
contrast-enhanced CT sensitivity of 76% and a specificity of 47% for clear cell RCC; however, this was ultimately
judged to not be of sufficient clinical value.*4°

FIGURE 13 Maximum intensity projection image of 18F-VM4-037, a small molecule targeting carbonic
anhydrase IX, in a patient with metastatic renal cell carcinoma. Physiologic soft palate, hepatic, renal,
gastrointestinal, and bladder activity is intense while metastatic lung lesions are focal.
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More investigations with this antibody have shifted to the 89Zr labelled agent, which improves PET image
contrast and spatial resolution over 1241 owing to its longer retention in tumour, making it advantageous for
research efforts. 89Zr-girentuximab is safe, with the liver, kidneys and heart wall receiving the most radiation
exposure and a mean whole body effective dose of 0.57 + 0.08 mSv/MBq, which is comparable to other 89Zr
agents. The radiotracer successfully differentiates between clear cell RCC and non-clear cell RCC lesions.*! In
newly diagnosed metastatic clear cell RCC, 89Zr-girentuximab PET/CT and 18F-FDG PET/CT may provide
complementary data. Studying a population of 42 patients with good and intermediate prognosis, 89Zr-
girentuximab and 18F-FDG detected considerably more lesions, particularly bone and soft tissue than CT alone.
89Zr-girentuximab detected slightly more lesions than 18F-FDG in this preliminary analysis of a larger trial.'+?

An international, multicentre, phase 3 trial is underway to prospectively determine the sensitivity and specificity
of 89Zr-girentuximab PET/CT for clear cell RCC in primary tumours (clinicaltrials.gov identifier NCT03849118).

Additional tracers

Other novel metabolic and cellular processes can be illustrated with molecular imaging, and scattered studies
have been published to test their capabilities in RCC. These include:

a. Measuring hypoxia with 18F-fluoromisonidazole PET/CT.3

b. Accuracy of identifying bone metastases was similar with 18F-NaF, 18F-FDG, and 99mTc-bone scan in
patients with RCC.144:145

c. Assessing tumour cell proliferation and cell membrane synthesis with 18F-fluorothymidine (18F-FLT).w¢
11C-choline#748 and Acetate'4*15° have also been explored.
Imaging tumour angiogenesis with research tracers such as 18F-FPPRGD2, an integrin receptor targeting
ligand, have been explored.®

Future directions

Advances in molecular imaging bring the hope of translation to targeted therapy. Radioligand treatments
with beta and alpha emitters attached to compounds directed at PSMA are actively under investigation in
prostate cancer and are being considered for other tumours. Although PSMA is not specific to RCC, damage
to the cancer’'s PSMA-positive neovasculature through radioligand therapy could nevertheless be a worthwhile
adjuvant treatment. Similarly, girentuximab has been “armed” with a beta emitter, and a phase 2 trial with
177Lu-girentuximab in 14 patients with metastatic clear cell RCC resulted in stabilized disease in 64%, although
most patients developed reversible grade 3—4 myelotoxicity, precluding treatment beyond 1 or 2 cycles.'*? Hence,
customized 177Lu regimens based on patient 89Zr-girentuximab dosimetry could improve radioimmunotherapy.
Pairing functional nuclear medicine imaging with targeted therapeutic radionuclides helps map biodistribution
and suggests likelihood of treatment efficacy. Developing more theragnostic options for RCC opens exciting
opportunities for future progress.
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Key Points

e Molecular imaging in RCC is constrained by physiologic excretion of PET agents and the role is limited
in tumours smaller than 2 cm.

e Novel radiopharmaceuticals such as PSMA and CAIX radiotracers as well as tracers directed at various
cellular processes have demonstrated potential in RCC, but larger prospective trials are necessary to
determine clinical impact.

Imaging in Staging and Follow-Up of RCC

Imaging plays a key role in staging of the primary tumour. Computed tomography and MRI are equivalent in
staging accuracy of primary renal tumours based on multiple different studies.’s3'54 It should be noted that both
these modalities suffer from similar weaknesses when compared to postoperative pathology, mainly due to
disparities in radiographic and pathologic size or subtle perinephric or renal sinus fat invasion, which may be
difficult to detect on imaging.'s5!5° In most institutions, CT is the primary modality used for evaluation of renal
masses. Magnetic resonance imaging is generally reserved for patients who cannot receive a contrast-enhanced
CT scan due to allergy to iodinated contrast medium or a depressed renal function.

Renal cell carcinoma is a multifocal disease. An optimal CT scan and MRI protocol should be able to detect and
assess small renal masses, which can be addressed at the time of surgery. Hence it is important to obtain a high-
quality CT and MRI that includes a nephrographic or excretory phase to optimize detectability and characterize
small lesions.

The 8th edition of American Joint Committee on Cancer (AJCC) TNM staging system depicted in Table 1*%7 is
universally used and allows for stratification of patients based on predicted prognosis. This also forms the basis
for modality and frequency of evaluation on follow-up post-treatment.
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TABLE 1T Staging Categories

Tx Primary tumour cannot be assessed
T1 T1a: < 4 cm, limited to the kidney

T1b: > 4 cm and < 7 cm, limited to the kidney
T2 T2a: > 7 cm and < 10 cm, limited to the kidney

T2b: > 10 cm, limited to the kidney

T3 T3a: invades renal vein / branches, perirenal fat, renal sinus fat, or pelvicalyceal system
T3b: extends into vena cava below the diaphragm

T3c: extends into vena cava above the diaphragm or invades vena cava wall
T4 Invades beyond Gerota’s fascia, including direct extension to adrenal gland

Source: Amin MB, Edge SB. AJCC Cancer Staging Manual, 8th Edition. Springer Nature Switzerland AG; 2017.%7

Presurgical evaluation staging of primary tumour

Size, extent, degree of local invasion of the primary tumour (perinephric invasion, renal sinus fat invasion,
renal calyceal invasion, adrenal glands, involvement of other structures in the retroperitoneum, involvement of
Gerota’s fascia), renal arterial anatomy, and tumour extension into the veins are to be assessed on presurgical
imaging.”® The American College of Radiology (ACR) appropriateness criteria recommend CT and MRI of the
abdomen without and with contrast as the most appropriate imaging modalities to stage renal cell carcinoma.
CT scan of the chest may be considered in high-risk patients such as those with very large tumours and those
with locally aggressive disease to assess for lung metastases. Imaging of brain and bone scans is reserved for
symptomatic patients with aggressive disease.'®

Size and degree of local invasion determines the T stage in the AJCC TNM staging system. Tumour confined to
the kidneys is staged as T1 and T2. Tumours with extension into the perinephric fat or renal sinus fat, or tumours
extending into the renal vein are staged as T3a. Tumors extending into the inferior vena cava are staged as T3b
and T3c depending on the most distal extension of tumour in relation to the diaphragm. Tumours involving the
adrenal gland or extending beyond the Gerota’s fascia are considered T4 disease.'’

Perinephric tumour extension and invasion of the renal sinus fat are difficult to accurately detect on CT and MRI.
Nonspecific perinephric stranding due to edema or fibrosis can be misinterpreted as perinephric extension of
tumour on CT.1531% Some authors have shown that the presence of a pseudocapsule on MRI has an accuracy of
93% in distinguishing T1 / T2 tumours from T3a.’*® Direct continuous spread to the adrenal gland is considered
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T4 disease. CT and MRI have high sensitivity of nearly 100% NPV of detecting adrenal involvement. However, the
PPV is lower, as it may be difficult to distinguish abutment from direct invasion. Tumour thrombus in the renal
vein and its extent is best delineated on contrast-enhanced images performed in nephrographic or delayed-phase
studies on CT, as arterial and portal venous phase are limited by admixture of an opacified blood in the IVC. It
is also important to identify the cephalad extent of tumour thrombus within the IVC, which can also determine
the surgical approach and preoperative planning. Extensive mobilization of liver and/or cardiac bypass may be
required in tumours that show significant careful out-extension of tumour thrombus. Occasionally, transmural
invasion of caval wall may have to be treated with excision and reconstruction with a graft.*® The significance of
extent of venous thrombosis is a topic of controversy, but supradiaphragmatic extension of IVC thrombus appears
to be associated with a poorer prognosis than subdiaphragmatic extension of disease. Both CT and MRI have a
similar sensitivity in detecting venous involvement, particularly in the main renal vein and the IVC. Noncontrast
MRI, however, has significant advantages over noncontrast CT due to higher tissue contrast. Hence, in patients
with impaired or significantly impaired renal functions, MRI is the preferred modality for local staging of tumour.

In addition to arterial variants such as multiple renal arteries, it is also important to identify venous anomalies
such as retro aortic and circumaortic renal vein, as these have significant implications in surgical planning.

Presurgical evaluation of nodes and distant metastasis

Cross-sectional imaging criteria for diagnosis of metastatic nodes relies on size, disruption of normal lymph
node architecture, and enhancement characteristics mirroring those of the primary tumour. Significant false-
negative rates are encountered when size alone is used as a cutoff criteria.*®® MRI has not shown to be superior
to CT in overcoming this weakness. CT-guided aspiration of suspicious lymph nodes is an alternative and can be
performed if this information is required for treatment planning.

Distant metastases are commonly seen in the lungs, bones, liver, and brain. The risk for metastasis increases with
the size of the tumour and stage of the tumour. CT of the chest is justified for larger and more locally advanced
primary tumours.'%2 Bone metastases is considered a poor prognostic indicator in patients with metastatic RCC.63
In symptomatic patients who have advanced primary tumours or who have abnormal laboratory findings such as
elevated alkaline phosphatase, bone scan can be considered for diagnosis of bone metastases. Brain metastasis is
seen in up to 17% of patients with metastatic renal cell carcinoma. Patients with neurological signs should receive
contrast-enhanced MRI of the brain or CT scan. Asymptomatic occult brain metastases in patients with advanced
RCC may be detected with brain MRI.1%4

Imaging in follow-up

Risk for recurrence following surgery depends on the size of the tumour, the pathological stage of the tumour,
the grade, and pathological subtype. Patients undergoing surgery are classified into risk groups depending on
the pathologic stage and grade of the tumour into low-risk, intermediate-risk, high-risk, and very high—risk
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categories. Patients with positive surgical margin on resection are considered at least one level of risk category
higher and subject to increased clinical vigilance. The frequency of follow-up visits and imaging is based on the
risk category and subject to increased clinical vigilance the patient belongs to. The risk categories are depicted in
Table 2.%7

A follow-up schedule after surgery for renal cell carcinoma as recommended by the American Urological
Association expert committee is detailed in Table 3.12

Chest X ray is recommended for patients belonging to the low-risk and intermediate-risk categories. Chest CT is
recommended for patients belonging to the high-risk and very high—risk categories. Patients undergoing ablative
procedures should undergo pre- and post-contrast cross-sectional abdominal imaging (or MRI) within 6 months
and follow-up should be according to the recommendations for the intermediate-risk category group.

Hematogenous and lymphatic spread are both seen in renal cell carcinoma. Hematogenous spread commonly is
seen in the lungs, occurring via the renal vein. Metastasis to the lymph nodes in the perinephric space is the initial
manifestation of lymphatic spread. Occasionally, tumour cells may travel via the thoracic duct to involve nodal
groups elsewhere in the body. Postsurgical recurrence of renal cell carcinoma in the surgical bed is also seen. A
comprehensive review of patterns of tumour recurrence or spread found that 83% of the recurrences occurred
within the first 2 years of surgery. However, late recurrences sometimes as long as 10 years after initial surgeries
have also been reported. Lung and bone metastases most commonly occur within 1 to 2 years. The recurrence
in the nephrectomy site, however, has occurred at varying times, between 1 to 3 years after surgery. The most
frequent sites of distant metastases are, in decreasing order of frequency, the lung, bone, lymph nodes, and liver,
followed by adrenal gland, contralateral kidney, retroperitoneum, and brain. Metastases to almost any organ or
muscle can also occur.6516

TABLE 2 Risk Categories Based on Pathology

Low Risk pT1 and grade 1/2

Intermediate Risk pT1 and grade 3/4, or pT2 any grade

High Risk pT3 any grade

Very High Risk pT4 or pN1, or sarcomatoid/rhabdoid dedifferentiation, or macroscopic positive
margin

Staging system refers to the AJCC TNM staging (8th edition) and grading system corresponds to ISUP grading system (2016).%’

Source: Reproduced from Campbell SC, Uzzo RG, Karam JA, et al. Renal Mass and Localized Renal Cancer: Evaluation, Manage-
ment, and Follow-up: AUA Guideline: Part Il. J Urol. 2021;206(2):209—218. doi:10.1097/JU.0000000000001912.2
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TABLE 3 Suggested Follow-Up Schedule After Surgery for RCC (in months)*?

Risk 3 6 9 12 18 24 30 36 48 60 72—84  96—120

LR X X X X X X
IR X X X X X X
HR X X X X X X X X
VHR X X X X X X X X X X X X

Abbreviations: HR, high risk; IR, intermediate risk; LR, low risk; VHR, very high risk.

Source: Reproduced from Campbell SC, Uzzo RG, Karam JA, et al. Renal Mass and Localized Renal Cancer: Evaluation, Manage-
ment, and Follow-up: AUA Guideline: Part 11. J Urol. 2021;206(2):209-218. doi:10.1097/JU.0000000000001912.2

Key Points

e Imaging strategies in RCC follow-up are related to risk categorization of the patient’s tumour.
e  An understanding of the surgical and nonsurgical treatments that the patient has had influences the
imaging appearances.

Conclusions

Imaging plays a central role in clinical staging and therefore in the management of patients with RCC. It is
therefore imperative that dedicated imaging protocols are used as discussed in this chapter. Special situations
such as patients with poor renal function may necessitate the use of multiple imaging techniques and modalities.
Contemporary management RCC in the past few years has emphasized the role that imaging now plays in
the multidisciplinary care of these patients. For the radiologist, it is imperative that they are cognizant of the
management options for these patients. For the urologists and oncologists, it is critical that they recognize the
strengths and limitations of these different imaging techniques. New imaging techniques and the expanding
role of artificial intelligence, some of which may translate into clinical practice, will impact the multidisciplinary
management of these patients.
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Introduction

The central pillar of cancer management is an accurate disease conceptualization, which then informs the most
appropriate treatment strategy. The American Joint Committee on Cancer (AJCC) TNM staging system has
been the foundation for cancer conceptualization since its introduction in 1977.! In renal cell carcinoma (RCC),
TNM staging is primarily based on the tumour characteristics (tumour size, invasiveness, presence of regional
adenopathy, or distant disease) on cross-sectional imaging. While TNM staging provides an excellent framework
for cancer communication and standardization, it has limited ability to provide individualized risk assessment
and treatment-associated feasibility/morbidity, or to predict disease prognosis beyond banded ranges.

As a result, anatomic complexity models have been introduced to better conceptualize localized renal lesions
and inform the feasibility and potential morbidity of different treatment options (partial vs. radical, resection
vs. ablation, treatment vs. active surveillance). Robust clinicopathological prognostic models have also been
introduced to guide patient counselling, surveillance strategies, the use of adjuvant therapies, and clinical
trial design. Emerging RCC-specific biomarkers (urine and serum) are poised to further optimize tumour
characterization (benign vs. malignant and indolent vs. aggressive) and guide surveillance strategies and adjuvant
treatments.

Renal Cell Carcinoma Presentation

The clinical presentation of RCC has changed dramatically with the wide utilization of cross-sectional imaging.
Once considered the “internist tumour” due to the vast constellation of symptoms associated with RCC at
presentation, nowadays, most RCCs are diagnosed as incidental findings in cross-sectional imaging obtained for
seemingly unrelated reasons.

Clinical symptoms associated with RCC include hematuria (microscopic or gross), a palpable abdominal
mass, varicocele, or symptoms related to advanced disease including anorexia, weight loss, anemia, or hepatic
dysfunction.? The diagnosis of symptomatic RCC tends to be associated with higher tumour grade and stage,
with a significant number of patients, deemed metastatic at diagnosis.>+ Paraneoplastic syndromes are relatively
common in patients with RCC and are caused mainly by the increased excretion of pro-inflammatory cytokines
or pseudo-endocrine hormones.?

While most renal cancers are believed to occur sporadically, familial clusters have led to the discovery of at least
seven RCC susceptible syndromes.® It is estimated that approximately 4% of RCCs have a hereditary basis,® of
these, the most common being Von Hippel-Lindau (VHL) disease, hereditary papillary renal cell carcinoma,
Birt-Hogg-Dubé Syndrome, and hereditary leiomyomatosis renal cell carcinoma. In hereditary RCC syndromes,
tumours tend to be bilateral and multifocal, and arise at an early age of onset.> A careful family history and
knowledge of accompanying clinical findings on physical exam findings are crucial for the accurate diagnosis of
these patients.
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As a result of increased access to healthcare, there has been a significant increase in the detection of incidental
asymptomatic RCCs.%~8 The most common imaging modalities for the diagnosis of incidental RCC are abdominal
ultrasonography (US), computed tomography (CT), and magnetic resonance imaging (MRI).® The vast majority
of incidentally diagnosed RCCs are of lower stage (cT1a-b), leading to a significant stage migration over the past
20 years.®

The resultant stage migration seen with the increased use of abdominal imaging has led some to advocate for
regular screening for RCC, especially for patients at risk. Common risk factors associated with RCC include
smoking, obesity, and hypertension.’® A recent study assessing the discriminatory ability of a model that
included several known risk factors (age, sex, hypertension, diabetes, smoking history) was able to discriminate
well between those at risk, but given the low prevalence of the disease in the general population, the authors
questioned the use of the model in clinical practice.” For instance, one large study in which more than 50,000
adults were screened for abdominal malignancy with ultrasound only found 192 cases of screening detected—RCC
(0.4%).12 Screening has, therefore, been proposed in target populations, including individuals with familial RCC
syndromes and those on hemodialysis, who are known to be more likely to be diagnosed with RCC.

Differential Diagnosis and Clinical Evaluation of
the Renal Mass

As mentioned, increased imaging is associated with increased detection of asymptomatic solid and cystic
renal masses. While most incidental renal masses are simple cysts (40%),"* some renal lesions, especially solid
enhancing masses, can represent renal cell carcinomas and require further characterization.

The characterization of the renal mass starts with the determination if the mass in question is solid or
cystic. A solid mass is defined as a tissue mass that disrupts the normal renal architecture and demonstrates
contrast uptake, which reflects the vascular nature of the mass. Microlesions (< 1 cm) can be challenging to
characterize with CT alone, and an MRI may provide a better assessment. Pseudotumours, representing vascular
malformations, focal infectious processes, and congenital malformations, can also present as a renal mass and
require further characterization with other imaging modalities, especially MRI and, rarely, angiography. Many
may require follow-up studies to fully characterize and/or identify changes in lesions which may not be completely
characterized given their size, location, or imaging features. In cases where the diagnosis remains inconclusive, a
renal mass biopsy or imaging surveillance should be considered once a vascular malformation has been ruled out.

The majority of renal masses, especially those over 4 cm in size, represent a primary renal malignancy.
Conversely, benign lesions (angiomyolipoma and oncocytoma) of the kidney are commonly noted in smaller
masses, representing up to 30% of tumours less than 3 cm in size.*# Angiomyolipoma (AML) is diagnosed mainly
by noncontrast CT, where a CT attenuation of —10 HU or less is pathognomonic for intralesional fat. That being
said, the absence of fat cannot exclude the presence of an AML, as up to 5% of AMLs are of a fat-poor type.’®
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Oncocytomas tend to have imaging characteristics similar to malignant lesions, but some present with a “central
stellate scar,” which can help with the diagnosis.*® The presence of a stellate fibrous core is not pathognomonic, as
it cannot be readily differentiated from central necrosis commonly found in large malignant lesions.*

RCC represents a constellation of three distinct malignant histologies: clear cell, papillary, and chromophobe
renal cell carcinoma. Clear cell RCC (ccRCC), the most common histology, is known for its intense uniform
enhancement and rapid washout due to its hypervascular nature.’” This imaging characteristic is not universal,
as clear cell RCC can be quite heterogeneous due to tumour necrosis and hemorrhage.” Papillary RCC (pRCC)
is known to be a more homogeneous tumour in terms of tissue density and signal intensity. Moreover, pRCC
demonstrates more delayed contrast uptake and slower washout.”” Imaging modalities remain limited in their
ability to predict solid renal mass histology and, importantly, RCC aggressiveness (grade). This has resulted in
the introduction of several predictive models to aid in the identification of masses in need of intervention. Most
of the available models include tumour size as the most important determinant of renal mass histology and
grade, followed by age and gender.®-2° Lane et al.’® were the first to introduce a predictive model for renal mass
histology and grade. The model included tumour size, patient age, gender, smoking history, and the presence of
symptoms as key variables and reported an adequate discriminatory ability for histology (c Index = 0.64) but poor
ability to predict grade (c index = 0.56). Others combined the aforementioned variables with tumour location
data,'® noting improved predictive ability for both histology (0.76) and grade (0.73). The predictive ability of the
tumour location as a predictor of renal mass histology has been questioned, with several groups demonstrating
limited predictive ability.?°2! A systematic review and meta-analysis,? which assessed all the available renal mass
predictive models, concluded that the only consistent predictors of malignancy were increasing tumour size
(odds ratio [OR], 1.33 per cm increase; 95% confidence interval [CI], 1.22—1.43) and male gender (OR, 2.71; 95%
Cl, 2.39-3.02).

Cystic lesions of the kidney present a different diagnostic challenge. The majority of cystic lesions of the kidney
are simple and uniformly benign in nature. Characterization of a simple cystic lesion can be complicated by
hemorrhage or infection, which can be mistaken for radiographical features noted on cystic RCC given that
both of these conditions increase tissue density and heterogeneity, making the finding of pre- and postcontrast
enhancement more difficult to discern. Several hereditary disorders present with renal cysts, adult polycystic
kidney disease being the most common. Other cystic benign pathologies include multilocular cystic nephroma
(MCN), a benign mixed mesenchymal and epithelial neoplasm of the kidney, which can be difficult to differentiate
from a multilocular cystic RCC or cystic Wilms tumours.? Multilocular cystic nephroma has a bimodal age
distribution, with male predominance in pediatric cases and a female preponderance in middle age.?®

Cystic clear cell carcinoma represents 4—15% of renal cancers, and may present as a single or multilocular cyst
(1—4%).2® The risk for malignancy associated with renal cysts increases with increasing cyst complexity.?
Bosniak?4 was the first to introduce a classification system to grade renal cystic complexity and its association
with the risk for RCC. The original classification divided cystic renal lesions into four categories based on cyst
morphology on CT-based imaging (Table 1). Since its introduction in 1986, several refinements have been made
to the classification,?-?" aiming to reduce the number of resected benign cystic lesions. Over time the Bosniak
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I1F group was introduced, limiting Bosnaik Il lesion to those with thick septations demonstrating measurable
enhancement. At its last publication on 2012,2” Bosniak reported that after several refinements over 25 years,
Bosniak I and II lesions were “clearly benign” and Bosniak IV lesions “clearly malignant.” Bosniak IIF lesions
represent a group of “indeterminate” lesions, which were likely malignant but deserved close surveillance, while
Bosniak ITI lesions tend to be removed. Problematic in the Bosniak classification is interobserver variability in the

readingofBosiak I1Fvs 111 lesions. Clinically, thisisameaningful distinction, as Bosniak I IFs are typically observed,
while current guidelines recommend Bosniak Ills be resected given the data that >50% harbour malignancy.

TABLE 1 2019 Updated Bosniak Grading System of Renal Cysts

Class CT—Cyst characteristics
| Well-defined, thin (< 2 mm), smooth

wall

Homogeneous simple fluid (-9 to 20

HU)

No septa or calcifications, the wall
may show enhancement

1 Six variations, all well defined with

(< 2 mm) smooth walls

MRI—Cyst characteristics
Well-defined, thin (< 2 mm),
smooth wall

Homogeneous simple fluid
(signal intensity similar to CSF);

no septa or calcifications, the wall

may enhance
Three variations, all well defined
with (< 2 mm) smooth walls

Recommendations
Benign simple cyst;
requires no follow-up

Likely a benign renal
mass requiring no

1. Cystic mass with thin (< 2 mm), = 1. Cystic masses with thin follow-up
and few (1-3) septa, may have (< 2 mm) and few (1-3)
calcifications enhancing septa, any

2.  Homogeneous hyperattenuating nonenhancing septa, may
(= 70 HU) masses at have calcifications
noncontrasted CT 2. Homogeneous masses

3. Homogeneous nonenhancing markedly hyperintense
masses > 20 HU at renal at T2-weighed imaging
mass protocol, may have (similar to CSF) at
calcifications noncontrast MRI

4. Homogeneous masses -9 to 20 3. Homogeneous masses
HU at noncontrast CT markedly hyperintense

5. Homogeneous masses 21 to 30 at T1-weighted imaging
HU at portal venous phase CT (approximately x 2.5

6. Homogeneous low-attenuation normal parenchymal

masses that are too small to
characterize

signal) at noncontrast MRI
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TABLE 1 2019 Updated Bosniak Grading System of Renal Cysts (Cont'd)

Class CT—Cyst characteristics MRI—Cyst characteristics Recommendations
1F Cystic masses with a smooth Two types: The majority of IIF are
minimally thickened (3 mm) 1. Cystic masses with benign
enhancing wall, OR smooth minimal a smooth minimally If malignant, nearly all
thickening (3 mm) of one OR more, of thickened (3 mm) are indolent
many (> 4) thin (< 2 mm) enhancing enhancing wall, OR smooth | Follow-up scheduled:
septa minimal thickening (3 mm) | Every 6 months for the

of one or more OR many 1st year
(= 4) smooth thin (< 2 mm) | Annually thereafter for
enhancing septa 5 years
1. Cystic masses that
have a heterogeneously
hyperintense at
unenhanced fat-saturated
T1-weighed imaging

11 One or more enhancing thick One or more enhancing thick Intermediate probability
(= 4 mm width) OR enhancing (= 4 mm width) OR enhancing of being malignant
irregular (displaying < 3 mm obtusely  irregular (displaying < 3 mm If malignant, the
margined convex protrusion[s]) walls ' obtusely margined convex majority are indolent
or septa protrusion[s]) walls or septa Recommend urology

consultation

v One or more enhancing nodule(s) One or more enhancing nodule(s) | The majority of the
(= 4 mm convex protrusion with (= 4 mm convex protrusion masses are malignant
obtuse margins OR convex protrusion | with obtuse margins OR convex | A significant number
of any size that has acute margin) protrusion of any size that has represent high-grade

acute margin) malignancies

Recommend urology
consultation

Abbreviations: CSF, cerebrospinal fluid; CT, computed tomography; HU, Hounsfield units; MRI, magnetic resonance imaging.

Source: Adapted from Schieda N, Davenport MS, Krishna S, et al. Bosniak Classification of Cystic Renal Masses, Version 2019: A
Pictorial Guide to Clinical Use. Radiographics. 2021;41(3):814—828. d0i:10.1148/rg.2021200160%®

Recently, an update to the Bosniak criteria was proposed, which aimed to further improve the predictive ability of
the classification to accurately identify cystic RCC.2% The new classification provides a less ambiguous definition
of septal and wall thickness, increasing the likelihood of cystic RCC in Bosniak IIT and IV lesions. The new
classification incorporates MRI-specific definitions into the classification system, given the increased use of the
imaging modality and its superior capability in characterizing complex cystic lesions. Lastly, a standard reporting
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template was introduced to guide non-radiology or urology clinicians in the management of these lesions, often
identified incidentally on cross-sectional imaging (Table 1). Of particular importance when assessing cystic
lesions of the kidney is to try and distinguish cystic lesions harbouring necrosis from those with serous contents.
This distinction is best made by evaluating the Hounsfield units of the cystic component, which is usually lower
(<10) for serous elements and higher (>15) for necrotic content.

Imaging Modalities for Evaluation of the Renal
Mass

While simple cysts are well characterized by US, other lesions require further evaluation by multiphase imaging,
such as contrast-enhanced CT and MRI. However, over the past few years, contrast-enhanced ultrasound (CEUS)
with microbubble emerged as an interesting option able to overcome the limitations of grey-scale and Doppler
US modes in the evaluation of solid renal tumours. Although not widely adopted, CEUS can demonstrate specific
enhancement patterns, allowing for the differentiation of benign and malignant solid tumours as well as focal
inflammatory lesions.?

Contrast-enhanced multislice computed tomography (MSCT) is the mainstay modality for detection,
characterization, staging, and treatment planning of solid kidney tumours, as it provides optimal spatial
resolution.® Contrast-enhanced MRI is an alternative that is mostly utilized in equivocal cases because it is more
expensive and less readily available. MRI is also indicated in patients with contraindication to receiving iodine-
based contrasts (allergy or significant renal insufficiency) due to its superior contrast resolution. Also, MRI is
a better option in pregnant and young patients in whom radiation exposure is a concern.® In addition, MRI
may characterize small and/or cystic masses more accurately.® Both MSCT and MRI should be performed first
without and then with an intravenous contrast agent. Due to nephrotoxic and tissue retention concerns in recent
years, most regulation agencies advocate the use of macrocyclic gadolinium-based agents. The imaging protocol
varies among institutions but should include at least a precontrast phase and a postcontrast nephrographic phase
(100—1207), the latter being the most sensitive for tumour detection.®®* Many institutions use a multiphase
technique, which adds corticomedullary (40—60”) and excretory phases for lesion characterization and collecting
system evaluation, respectively (Figure 1 a-d).2+3” The excretory phase is particularly useful in diagnosing
urothelial lesions. Additionally, renal angiographic mapping during the arterial phase imaging may be extremely
useful for surgical planning, particularly before a partial nephrectomy. Contrast-enhanced imaging is crucial to
determine the solid nature of the lesion as well as to characterize the type, dynamics, and intensity of enhancement.
Assessment of enhancement is usually performed qualitatively (visually) or by means of objective quantification
with Hounsfield units (HU). Enhancement greater than 20 HU is considered significant and is the threshold to
differentiate a proteinaceous cyst from a solid mass.3* Also, MRI allows for objective evaluation of enhancement
through a subtraction technique.® Dual-energy CT is a novel CT technology that can digitally subtract materials
and tissues from images and enhance iodine contrast without the added image noise typical with low-energy
settings. It improves image quality without increasing the overall radiation dose.3¢
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FIGURE 1 a-d. Clear cell renal cell carcinoma (ccRCC). Unenhanced (a), corticomedullary (b), nephrographic
(c), and excretory phase (d) contrast-enhanced multislice computed tomography (MSCT) shows ovoid-shaped
partially exophytic hypervascular mass with amorphous hypodense areas in keeping with necrosis and/or cystic
degeneration in 77-year-old male patient with ccRCC.

1 e-f. ccRCC. Axial T2 (e), T1in phase (f), T1 out of phase (g), diffusion-weighted imaging (DWI) (h), and post-
Gad T1 (j) —weighted images show partially exophytic ccRCC with heterogeneous hyperintensity, drop of signal
on opposed phase image relative to in phase, moderate diffusion restriction, and heterogeneous enhancement.

1 k-n. Papillary renal cell carcinoma (pRCC). Axial T2 (k), DWI (I), pre- (m) and post-Gad T1 (n) —weighted
images show a rounded endophytic T2 low signal solid nodule with marked diffusion restriction, mild
hyperintensity on precontrast T1 and hypoenhancing. These features are typical of pRCC but are not specific.

1 o-t. Lipid poor angiomyolipoma (AML). Unenhanced (0) and contrast-enhanced computed tomography (CT)
(p) scans show small cortical nodule with small fat attenuation sector on left side (yellow arrow) and larger lipid
poor sector on right aspect (red arrow). The former is mildy hyperdense on precontrast CT and hypointense on
T2 (q) and shows marked enhancement mimicking a ccRCC on postcontrast images (r). High signal is shown on
dual T1 (s) with signal drop on opposed phase T1 (t) -weighted images.
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In order to assess the degree of enhancement of a lesion, qualitative or quantitative comparison with the avid-
enhancing cortex is performed. As up to 25% of resected renal lesions have been found to be benign, itis important
to scrutinize the radiographic appearance of the mass, which may suggest a histospecific diagnosis (e.g., fat in an
angiomyolipoma). All RCC subtypes typically present as expansive masses with rounded, lobulated, or irregular
contours. ccRCC is often hypervascular and heterogeneous due to necrosis or cystic changes (Figure 1 a-d).
On MRI, high signal intensity is typical on T2-weighted imaging, and variable degree of restriction is shown on
diffusion-weighted imaging (DWI) (Figure 1 e-j). Chemical shift or DIXON sequences are key to demonstrating
microscopic fat based on the different processional frequencies of fat and water protons.®” Calcification and
hemorrhage in the tumour are not uncommon, the former specifically shown by CT and blood products such as
hemosiderin, better shown by MRI. Certain imaging features have been reported to correlate with higher grade
and poorer outcomes, including the presence and amount of necrosis, retroperitoneal collateral vessels, as well as
venous thrombosis, whereas serous cystic elements have been found to correlate with lower grade.3=°

pRCC is hypovascular with mild progressive enhancement. On unenhanced CT, pRCC is usually slightly
hyperdense similar to lipid-poor angiomyolipomas. On MRI, pRCC is typically hypointense on T2 and shows
restriction on DWI (higher than ccRCC) (Figure 1 k-n). Chromophobe RCC (chRCC) is hypervascular (less
intense enhancement than ccRCC) on CT and hypointense on MRI. A central stellate scar may be present, similar
to what is observed in oncocytomas. Oncocytomas are a common cause of misdiagnosis of malignancy. Imaging
features usually overlap with those of ccRCC, but oncocytomas tend to be more homogeneous and usually exhibit
low signal on T2 and less intense enhancement. When present, the characteristic central scar increases diagnostic
accuracy. Segmental enhancement inversion pattern is characteristic of oncocytomas but not pathognomonic.4°
More recently, 9g9mTc-sestamibi SPECT/CT has shown promising results in differentiating oncocytomas and
hybrid chRCC/oncocytomas from other renal tumours.+

Lipid poor AML is another potential cause of misinterpretation. It is mildly hyperattenuating on unenhanced
CT. When a renal homogeneous renal lesion has a precontrast density higher than 70 HU, it is most likely
a hyperdense cyst, and further workup is not warranted.+* Precontrast densities in the 20—70 HU range are
considered indeterminate, as they may correspond with any benign or malignant histology; thus, a multiphase-
enhanced MSCT or MRI exam should be performed to better characterize the mass. AMLs may enhance
avidly and are hypointense on T2. Chemical shift-based sequences are key to detecting small amounts of fat
(Figure 1 o-t).

18F-FEG PET imaging is of limited value for diagnosis and staging of RCC due to its low avidity for FDG.
Additionally, its urinary excretion impairs tumour visualization (Figure 2). 89Zr-cG250 immunoPET imaging
targeting carbonic anhydrase IX (CAIX), an enzyme overexpressed in ccRCC and thus a potential powerful
theranostic agent, has been reported to have high sensitivity and specificity;+3 however, it is still investigational.
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FIGURE 2 Renal cell carcinoma. Two examples of behaviour with fluorodeoxyglucose—positron emission
tomography/computed tomography (FDG PET/CT).

A. Low-pole, exophytic, heterogeneous, hypervascular mass with no avidity for radiotracer.

B. Small hypovascular lesion with avid FDG uptake proven to be an aggressive tumour with sarcomatoid features.

Anatomical Complexity Models: Role and
Predictive Value

Anatomical complexity models, also known as “nephrometry scores,” were introduced with the common aim of
objectifying the anatomical complexity of a renal mass, assisting in surgical decision-making, and facilitating
outcome assessment. The RENAL and the PADUA systems were the first to be reported in 2009.444 Over the
past decade, several other systems have been conceptualized and proposed in the effort to improve the predictive
value and clinical applicability (Figure 3). These can be broadly grouped into those based on a visual anatomical
assessment and those based on a mathematical assessment of a renal mass (Table 2).

FIGURE 3 Evolution of renal mass anatomical models over time.
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Abbreviations: ABC, Arterial Based Complexity; C-index, Centrality index; CLAMP, Coefficient-Location-Anterior, Multi, and
Posterior boundary; CSA, Contact Surface Area; DAP, Diameter-Axial-Polar; MAP, Mayo Adhesive Probability; NePhRO, Zonal
Nearness-Physical-Radius-Organization; PADUA, Preoperative Aspects and dimensions used for an anatomical classification; PASS,
Peritumoral artery scoring system; RAIV, Renal and Ischemic Volume; RENAL, Radius-Exophytic-Nearness-Anterior/posterior-
Location; RPS, Renal Pelvic Score; RTII, Renal Tumor Invasion Index; SARR, Surgical Approach Renal Ranking; SPARE, Simplified
Padua Renal; ZII, Zero Ischemia Index; ZS, Zhongshan Score.
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TABLE 2 Comparison of the American Joint Committee on Cancer (AJCC) 7th Edition and 8th Edition Renal
Cell Carcinoma Tumour-Node-Metastasis (TNM) Staging Systems

AJCC TNM 7th ed. (2009) AJCC TNM 8th ed. (2018) Changes
Tla Organ confined < 4 cm
Tib Organ confined 4—7 cm
T2a Organ confined > 7—10 cm None
T2b Organ confined > 10 cm
T3a Perinephric or renal sinus fat invasion, but not beyond Gerota’s fascia

Tumour grossly extends into the | Tumour extends into the renal vein ' Terms “grossly” and

renal vein or its segmental or its segmental branches “muscle-containing”
(muscle-containing) branches removed
Tumour invades the pelvicalyceal New
system
T3b Tumour extends into the vena cava below the diaphragm (without wall
invasion)
T3c Tumour extends into the vena cava above the diaphragm
Tumour invades the wall of the vena cava None
T4 Tumour invades beyond Gerota’s fascia
Direct invasion of the adrenal gland
NO No regional lymph node metastasis
N1 Metastasis to 1 or more lymph nodes
M1 Distant metastasis or noncontiguous adrenal involvement

Group staging
Stage | TINOMO
Stage Il  T2NOMO
Stage I1l1  T1-2N1MO, T3NanyMO None
Stage IV T4NanyMo, TanyNanyM1

A recent systematic review and meta-analysis of 51 studies assessed the predictive role of nephrometry scores in
nephron-sparing surgery.+® The main conclusions were that available literature is mostly focused on RENAL and
PADUA, which are easy to calculate and carry a good correlation with several outcome parameters. RPS, SARR,
and PASS can offer a better predictive value for pelvicalyceal entry/repair and urine leak, surgical approach,
and renal function variation, respectively. Not surprisingly, the implementation of nephrometry scores based on
mathematical models might be limited by their complexity and limited evidence supporting their predictive value.
Overall, RENAL and PADUA scores can still be regarded as the standard for reporting anatomical complexity.
The latest addition is the SPARE, which was conceived as a simplified version of the PADUA.#
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Renal Mass Biopsy

Despite the advances in imaging, accurate histological diagnosis of renal lesions remains elusive. As a result,
percutaneous renal mass sampling has been proposed for the management of small renal lesions where the risk
for benign histology is high (30—40%)+ and for patients in whom up-front systemic therapy is being considered.
Currently, renal mass biopsy (RMB) is discussed in most treatment guidelines.349-5t RMB is recommended when
the findings may have the potential to change management (primary renal lymphoma/leukemia, infections
process, or metastatic foci) or prior to thermal ablation.

The adoption of RMB in the management of renal masses, especially small renal masses (SRMs), remains
controversial due to concerns with diagnostic accuracy, possible post-procedure complications, and ultimate
capacity to affect clinical management. Diagnostic accuracy has been improved by the use of core biopsies over
the historic fine needle aspirations (FNA). A recent meta-analysis,*> which combined more than 5,000 patients,
noted an RMB diagnostic rate of 92% (interquartile range [IQR], 80—96.8%). A subsequent meta-analysis,>
assessing 2,970 patients and 3,113 biopsy specimens, reported a diagnostic rate of 85%, which increased to 86%
when limited to core biopsy specimens. In patients in whom an RMB is nondiagnostic, repeat biopsy provides
a histological diagnosis in 80% of patients. Predictors for nondiagnostic RMB have been studied in SRM and
noted to be smaller masses (< 2 ¢cm), cystic lesions, nonenhancing masses, and with a skin-to-tumour distance
of > 13 ecm.5+5 Importantly, renal mass complexity or location near the renal hilum was not associated with
nondiagnostic RMB in experienced hands.* While concordance has been high in regard to histological diagnosis,
accurate tumour grading remains limited, with concordance rates ranging from 60% to 75%.5>5° The decreased
accuracy when assessing tumour grade stems from the significant grade heterogeneity that exists in renal cell
carcinoma, especially in high-grade masses, leading to significant sampling bias.5” Some centres® have advocated
for multi-quadrant biopsy in large or heterogeneous masses, noting an improved diagnostic rate and increased
identification of poor prognostic factors (high grade, sarcomatoid features, and necrosis).

Overall complications following RMB are rare (8%), with severe complications (Clavien Grade > 2) occurring
in less than 1% of patients.52%* Common complications include hematoma (4.9%) and clinically significant pain
(1.2%).% Other reported less common complications included gross hematuria (1.0%), pneumothorax (0.6%),
and hemorrhage (0.4%).>® There has been a concern for needle track seeding following RMB, but the reports
remain limited to case studies with no reports in large RMB series.*®

Advances in RMB, along with growing evidence of the indolent nature of a significant number of SRMs, has led
some centres to advocate for near-universal and/or logarithmic use of renal mass biopsy in all patients prior to
treatment.* Proponents of RMB for all suggest that universal RMB would decrease the rate of benign renal mass
excisions, along with allowing for a risk-stratified approach to the management of small renal masses.5*% Others
proposed a measured approach in which RMB is only used where the decision will impact management,® as it
has the potential to create further uncertainty in clinical decision-making (active surveillance candidate with an
RCC RMB diagnosis, young patients with oncocytic tumour RMB diagnosis, etc.) or would subject the patient to
an unnecessary procedure.
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The evolution of RMB over the past 20 years has been staggering. Once considered a superfluous tool, RMB is
increasingly used as a central diagnostic tool in the management of the renal mass. Contemporary use of RMB
shows excellent histological (malignant vs. benign & RCC subtype) diagnosis but remains limited by the tumour
grade. As a result, most guidelines advocate for RMB to be used as an adjunct rather than a screening tool in the
management of the renal mass.

Renal Cell Carcinoma Staging: The TNM Staging
System Evolution and Pitfalls

The American Joint Committee on Cancer (AJCC) tumour-node-metastasis (TNM) staging system remains the
most used one for RCC. This system includes multiple important anatomical prognostic factors, such as tumour
size, extension into veins or perinephric tissues, invasion of the adrenal gland or Gerota’s fascia (“I” component),
as well as metastatic spread to lymph nodes (“N” component) or other organs (“M” component). Based on these
TNM categories, the system categorizes RCC into stages I to IV. Since its first release in 1978, the TNM system for
RCC has undergone several changes, usually every 6 to 8 years, leading to the latest 8th edition, released in late
2016 and implemented in 2017.%2 This edition incorporates minimal changes compared to the previous, the more
significant being in the classification of T3a disease (Table 3). While the 7th edition relied on “gross” inspection
for pT3a staging purposes, in the latest version, the word “grossly” to describe renal vein invasion was removed,
as this could be commonly missed on the gross examination. Additionally, “muscle containing” was also removed
when describing the involvement of “segmental veins,” as these veins may have inconspicuous muscle. Moreover,
“invasion of the pelvicalyceal system” was added.®s Notably, no changes in the AJCC prognostic stage grouping
were made, and this means the conventional prognostic stage grouping continues to be used. Thus, some pitfalls
of the TNM staging system persist, and they remain to be addressed in ongoing research endeavours.%465
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TABLE 3 Overview of Anatomical Complexity Models and Their Predictive Value

Model

Components

Visual anatomical assessment-based models

RENAL

PADUA

DAP

NePhRO

RPS

SARR

SPARE

ABC

PASS
MAP

ZS

Abbreviations: ABC, Arterial Based Complexity; DAP, Diameter-Axial-Polar; MAP, Mayo Adhesive Probability; NePhRO, Zonal
Nearness-Physical-Radius-Organization; PADUA, Preoperative Aspects and dimensions used for an anatomical classification; PN

partial nephrectomy; RN, radical nephrectomy; RENAL, Radius-Exophytic-Nearness-Anterior/posterior-Location; RPS, Renal Pelvic

Tumour size as maximal diameter, exophytic/
endophytic tumour properties, nearness of deepest
portion of tumour to collecting system/sinus,
anterior/posterior descriptor, and location relative
to polar line

Face of the kidney involved, longitudinal location,
degree of tumour deepening into parenchyma
according to exophytic rate, renal rim location,
involvement of renal sinus, involvement of urinary
collecting system, clinical tumour size

Diameter, axial distance, polar distance

Nearness to collecting system, physical location,
radius, and organization of the tumour

Percentage of renal pelvis contained inside the
volume of the renal parenchyma

Tumour size, endophytic or exophytic, longitudinal
location, extent of the impairment of renal
parenchyma, relationship with renal sinus, and
anterior or posterior

Tumour rim location, renal sinus involvement,
exophytic rate, and maximum tumour size

Order of vessels needed to be transected/dissected

Peritumoural artery characteristics

Measures of perinephric fat distance and severity of
perinephric stranding

Maximum tumour diameter within renal
parenchyma, physical location of the tumour, depth
of tumour invasion

Score; SARR, Surgical Approach Renal Ranking; ZS, Zhongshan Score.

Predictive value

Type of procedure (PN vs. RN), on-clamp
resection, warm ischemia time, overall
and major complications, conversion to
RN, pelvicalyceal system entry/repair,
urine leak, postoperative renal function,
malignant histology

Type of procedure (PN vs RN), on-clamp
resection, warm ischemia time, overall
and major complications, conversion to
RN, pelvicalyceal system entry/repair,
urine leak, postoperative renal function
Warm ischemia time, renal function
variation

Overall complications

Overall and major complications, urine
leak

Type of procedure (PN vs. RN)

Overall complications

On-clamp resection, pelvicalyceal system
entry/repair

Postoperative renal function

Adhesive perinephric fat, on-clamp
resection, conversion to RN

Overall complications, conversion to RN
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In general, tumour size is associated with more aggressive clinical behaviour,°® and this has been traditionally
reflected in determining the T stage category for T1 and T2 RCC. The 8th edition AJCC staging system continues
to classify tumours >7 cm as “pT2,” as this cutoff was found to be predictive of poor outcomes.” However, a
significant number of clear cell RCCs > 7 cm will be noted to invade the renal sinus at the pathological examination,
translating into a pT3a stage. Thus, it is rare for RCC at this size to be actually “confined” to the kidney. Similarly,
while tumours >10 cm are classified as “pT2b,” almost all of them are, in fact, invading the renal sinus, vein, or
perinephric region. Thus, despite evidence that large tumours are frequently associated with renal sinus invasion,
the TNM persists in classifying those > 7 cm and > 10 cm as T2a and T2b, respectively. For this reason, it has been
suggested that the pT1—pT3a staging categories should be revised by defining pT1 as tumours up to 4 cm, pT2 as
those between 4 and 7 cm, and pT3a as those above 7 cm.%

Since the incorporation of renal sinus invasion as pT3a in the AJCC staging system in 2002, several studies
have confirmed the prognostic importance of this finding.® In the AJCC 8th edition, renal sinus and perinephric
fat infiltration continue to be considered under the same category (pT3a). However, there is some evidence
suggesting there may be a difference in prognosis between the two.” The AJCC 8th edition continues to classify
both segmental or main renal vein invasion as pT3a. However, a study found that the 3-year recurrence-free
survival, as well as cancer-specific survival rates for segmental vein invasion alone and main renal vein invasion,
are different.” Thus, some argue that the current pT3a should be further substratified, as it is likely there is a
prognostic difference between early and more advanced vein invasion.® Infiltration of the renal pelvis by RCC is
uncommon (6.8—14% of cases) and, in previous studies, has been associated with aggressive tumour behaviour,”
but without being specifically addressed in prior AJCC systems. In the 8th edition, this finding is added to the
pT3a category. However, its prognostic relevance remains debatable. In a bicentre study on 671 patients, invasion
of the renal pelvis was recorded in 8.8% of the cases but not found to be an independent prognostic factor on
multivariate analysis.” On the other hand, in a follow-up study of 519 patients with intracapsular RCC, invasion of
the collecting system was found in 7.5% of patients, being an independent predictor of recurrence-free survival.”

Prognostic group staging also remains under scrutiny, and proposals for different regrouping have been made
with the aim of allowing more accurate risk stratification. For example, a retrospective analysis from the MD
Anderson Cancer Center showed that patients with pT1-3N1Mo had a significant survival disadvantage compared
with those with pT3NoMo, and overall and cancer-specific survival for pT1-3N1Mo patients is most similar to
patients with pT1-3NanyM1 RCC, suggesting that pT1-3N1Mo disease should be considered stage IV disease.”™

Lastly, the AJCC 8th edition also includes the World Health Organization/International Society of Urologic
Pathologists (WHO/ISUP) nucleolar grade in place of the Fuhrman nuclear grade. This grading system is based
on nucleolar prominence for grades 1 through 3, whereas grade 4 consists of more aggressive morphologies
(rhabdoid, sarcomatoid, and anaplastic). The system correlates with prognosis in both ccRCC and pRCC but not
with chRCC.!
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RCC Prognosis and Available Models

In the absence of reliable and validated biomarkers, clinical and pathological parameters remain the primary
factors in communicating prognosis. For nearly eight decades, the TNM system has been standard in
risk prediction and communication.” Over the past 20 years, we have seen a surge in the development and
implementation of clinicopathological prognostic models’™-8? aimed at providing increasingly accurate and
individualized assessments.

The first of these models to be introduced was the UCLA Integrated Staging System (UISS),”” which stratified
patients based on TNM stage, nuclear grade, and Eastern Cooperative Oncology Group (ECOG) performance
status, with the authors reporting a discriminatory index of 0.73 in the prediction of overall survival (OS).
Currently, eight prognostic algorithms and nomograms (Table 4) are widely used for predicting the risk for
relapse in RCC.77-8 Each model considers clinical and/or pathologic variables but differs with regard to the
number and type of covariates, tool properties (nomogram or prognostic categories), and endpoints (OS, cancer-
specific survival [CSS], and disease recurrence-free survival [RFS]). The majority of these models were developed
to provide a postresection prediction, and all use TNM staging as the foundation and the most important predictor
of the event in question. To the TNM stage, grade, RCC histology (Kattan et al.’®), symptoms on presentation
(Kattan et al.,”® Sorbellin et al., MSKCC,™ Yaycioglu et al.,® Karakiewicz et al.,®® and Cindolo et al.#2), tumour size
(Franketal., SSIGN,® Leibovich et al.,®! Yaycioglu et al.,? Karakiewicz et al.,®® and Cindolo et al.82), and evidence
of tumour necrosis (Frank et al., SSIGN®® and Leibovich et al.?!) are added to further improve the discriminatory
ability of the model (Table 4).
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TABLE 4 Clinically Available Prognostic Models for Patients with Localized RCC

Model ulISss SSIGN Leibovich MSKCC Kattan Yaycioglu Karakiewicz Cindolo GRANT Score ASSURE
Type KM survival analysis Algorithm Algorithm Nomogram Nomogram Formula Nomogram Formula Algorithm Nomogram
Qutcome oS CSS MFS RFS RFS RFS CSS CSS DFS & OS DSF, OS, and EDP
Time period 1989-1999 1970-1999 1970—2000 1989—-2002 1989-1998 1990-1999 1984-2006 1987—2003
Original N 814 1,801 1,671 701 601 296 2,474 660 310 1,735
Histology ccRCC+Pap+ ccRCC ccRCC ccRCC cCRCC+Pap+ @ ccRCC+Pap+ ccRCC+Pap+ ccRCC+Pap+ | ccRCC+Pap+ ccRCC+Pap+
Chromo Chromo Chromo Chromo Chromo Chromo Chromo
Inclusion RNx/PNx RNx/PNx RNx RNx/PNx RNx/PNx RNx/PNx RNx/PNx RNx/PNx RNx/PNx RNx/PNx
criteria pTanyN(0-1)M(0-1) | pTanyN(O-1) pTanyN(0-1) pTanyNOMO pTanyNOMO | pT1-3cNOMO | pTanyN(O-1) pTanyNOMO pT2-3N(0-1) pT1b G 3-4
M(0-1) MO M(0-1) MO pT2-3N(0-1) or
pTanyN1
3 Factors: 6 Factors: 5 Factors: 5 Factors: 4 Factors: 2 Factors: 6 Factors: 2 Factors: 4 Factors: 6 Factors:
* 1997 TNM * 1997 TNM * 1997 TNM * 2002 TNM * 1997 TNM e Clinical * 2002 TNM e Clinical * 2002 TNM * Age
Model ¢ Fuhrman grade * pN+ * pN+ e Tumour size  * Tumour size tumour size  « Age tumour size < Age « Histology
variables *« ECOG PS * pM+ e Tumour size  * Fuhrman « Histology * Symptoms * Gender * Symptoms * Fuhrman * Tumour size
* Tumour size e Fuhrman grade * Symptoms (Presentation) = e cM+ (Presentation) = grade e Tumour grade
e Fuhrman grade * Necrosis (Presentation) * Tumour size * pN+ « Tumour necrosis
grade * Tumour * Symptoms * Symptoms « Nodal status
e Tumour necrosis (Presentation) (Presentation)
necrosis
Median 3.1 9.7 5.4 2.7 &3 4 4.2 &3 9.6 9.6
follow-up (yrs)
Reported 0.73 0.84 0.82 0.82 0.74 0.65 0.86 0.67 NA DSF, 0.68
C-Statistic 0S, 0.69
EDP, 0.75
Validated in 0.56 0.69 0.62 0.67 0.64 0.59 0.62 0.63 DFS, 0.59 DSF, 0.68
contemporary OsS, 0.61 OS, 0.69
data EDP, 0.75

Abbreviations: ccRCC: clear cell renal cell carcinoma; Chromo, chromophobe; CSS, cancer-specific survival; ECOG PS, Eastern Cooperative Oncology Group performance status;
EDP, early disease progression; KM, Kaplan—Meier; MFS, metastasis-free survival; OS, overall survival; PNXx, partial nephrectomy; RFS, recurrence-free survival.



The adoption of these prognostic models in the clinical setting has been swift, with three of these models (Zisman
et al., UISS,”” Leibovich et al.,®* and Frank et al., SSIGN®°) rapidly becoming the pillars of risk stratification:
informing risk-adapted surveillance strategies in leading guidelines,3+485 selection for adjuvant therapies,® and
enrollment into clinical trials.5* A recent validation® of these models using contemporary data from an adjuvant
clinical trial demonstrated a significant reduction of their previously published and validated discriminatory
indices, with the majority of models barely outperforming TNM staging. An important factor often overlooked in
the existing prediction models is the inherent reliance on retrospective data for model development and respective
validations. The use of retrospective data is prone to significant source and reporting biases due to differences
in data collection techniques, a lack of standard outcome and histological reporting, and cohorts that spanned
several decades. Furthermore, the current models are limited by their reliance on a specific TNM staging version,
which limits their applicability to contemporary cohorts due to evolving nature of the TNM staging system.

Two novel prognostic models, GRANT® and ASSURE,® have been developed using contemporary cohorts
leveraging clinical data from clinical trials. The GRANT score,? introduced by Buti and colleagues, was based
on 310 patients accrued as part of an adjuvant trial assessing the efficacy of low-dose interleukin-2 (IL-2) and
interferon-a (IFN-a) versus observation.® The model includes four prognostic variables, in which the 2002 TNM
staging system sets the framework for the model, to which age, Fuhrman grade, and nodal status are added.
An initial discriminatory index was never published for the model, but on its validation in the ASSURE cohort,
the model was calculated to have a discriminatory ability of 0.59 and 0.61 for DSF and OS, respectively.®® The
ASSURE model® was developed and internally validated using the ASSURE adjuvant clinical trial cohort. The
model was developed with an emphasis on clinical applicability by being histology inclusive and reporting on
three clinically meaningful outcome measures: DSF, OS, and early disease progression (EDP). The model was
also created to be TNM stage agnostic so it can be easily transported into future clinical cohorts. The ASSURE
model outperforms most of the established prognostic models (Table 4), with the SSIGN model providing a
comparable discriminatory ability for CSS.

It is important to note that the discriminatory ability of the currently available models 77-84%7 is highest at 2 years
following resection, and then it degrades rapidly over time (Figure 4).858" The degradation in discriminatory
ability is likely related to the tumour-centric nature of the currently available models, where early recurrences
are largely dictated by tumour factors, whereas late recurrences are a complex interplay between tumour factors
and the host’s immune system.
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FIGURE 4 Discriminatory ability of each validated prognostic model over time. Dashed line showed infection in
the sharp decrease in discriminatory ability.
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Source: Reproduced from Correa AF, Jegede O, Haas NB, et al. Predicting renal cancer recurrence: defining limitations of existing
prognostic models with prospective trial-based validation. J Clin Oncol. 2019;37(23):2062—2072. doi:10.1200/JC0.19.00107%

For patients with advanced disease, two prognostic models have been introduced (MSKCC® and IMDC*®°) and
currently provide the framework for risk stratification. The MSKCC model®® was the first model introduced and
developed from patients treated with IFN-based regimens. The model utilizes ECOG performance status, anemia,
LDH, corrected serum calcium, and time from diagnosis to metastatic disease to segregate patients into three risk
groups. The IMDC model®® builds on the variables introduced by the MSKCC model using patients treated in the
targeted therapy era and adds neutrophil and platelet count to the model to further improve its discriminatory
ability.®® Both of these models continue to be used in clinical trial development and in the identification of patients
for risk-based treatment options as we move toward combination treatments that include novel immunotherapy

therapeutics (programmed cell death 1 receptor [PD-1], programmed cell death 1 ligand 1 [PD-L1], and cytotoxic
T-lymphocyte antigen 4 [CTLA-4] inhibitors).
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Update on Serum/Urine Biomarkers in RCC

While current guidelines3+4®5t do not endorse any specific biomarker for RCC, the potential role of several
biomarkers has been investigated over the past decade. “Liquid” biomarkers are those that can be measured in
the “serum” and “urine,” and they represent an attractive tool for clinical implementation in different settings,
including screening, diagnosis, tumour characterization, and post-treatment monitoring both in localized
and advanced disease.®? Advantages of “liquid” over “tissue” biomarkers are: noninvasive, fast sampling,
repeatability, and potential cost savings.®®

The most promising circulating (blood-based) biomarkers for RCC to date include cell-free DNA (ccDNA) and,%
circulating tumour cells (CTCs),* circulating RNAs, such as microRNAs (miRNAs)?¢ and long noncoding RNAs,’
and exosomes (extracellular vesicles secreted by tumour cells containing a concentrated number of proteins).%®
Moreover, several studies have looked at possible RCC-specific proteins and oncometabolites,* such as kidney
injury molecule-1 (KIM-1).1°

Urinary proteomic tests represent another attractive tool for the screening/early detection of RCC, but the
evidence supporting their use remains limited, and none has surpassed the prevalidation discovery phase and
have been approved for clinical use.’®* Relevant urinary proteins studied as RCC biomarkers are aquaporin 1
(AQP1) and perilipin 2 (UPLIN2), or a panel combining the two.1°2 Urinary miRNA profiling has been another
area of active investigation in RCC patients.’*®

Biomarkers for the prediction of response to treatment and progression of disease represent an area of active
investigation as novel systemic therapies are being introduced for metastatic RCC (mRCC).¢ A correlation
between ctDNA and tumour burden was found.’®> Moreover, early variations in ctDNA levels might provide
an early measure of treatment response.’°® Recent studies have suggested a potential role for ctDNA testing in
determining therapeutic resistance in mRCC, allowing for resistant-directed therapies.l” The detection of ctDNA
in patients with early-stage disease has been challenging due to low cfDNA shedding by RCC.*°® The measurement
of cell-free tumour DNA methylomes via cell-free methylated DNA immunoprecipitation and high-throughput
sequencing (cfMeDIP-seq) methylomes provides a superior technology for the measurement of cfDNA in low-
shedding tumours. A recent study by Nuzzo and colleagues'®® evaluated the technology in serum and urine in
patients who present with both localized and locally advanced RCC. The essay noted the highest accuracy for the
detection of ¢fDNA in both serum (area under the curve [AUC], 0.99) and urine (AUC, 0.86) reported to date.

Overall, the actual role of “liquid” biomarkers in clinical practice for the management of RCC in different stages
of the disease spectrum remains investigational. The technology has the ability to revolutionize the management
of RCC, allowing for noninvasive histological assessment of the renal mass, with follow-up of patients with a high
risk for recurrence and low-cost assessment of systemic treatments.
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Conclusions and Future Directions

The ubiquitous use of cross-sectional imaging in modern healthcare has led to an increase in the diagnosis of renal
masses. The workup of the renal mass remains nuanced mainly due to the high incidence of benign pathology in
small renal masses (< 4 cm). Conventional imaging is limited in its ability to differentiate benign/indolent renal
mass from those than are more aggressive. Several anatomical complexity models have been introduced to help
clinicians and patients better risk-stratify the burden of a potential treatment. Anatomic complexity as a predictor
of renal mass histology and RCC grade has been studied, but the results remain unconvincing. Molecular targeted
imaging (Sestamibi and CAIX) has been introduced to aid in the diagnostic pathway, but validation studies are
needed. Renal mass biopsy has been hailed as the diagnostic solution to avoid overtreatment, but its impact
appears to be limited to a small subset of patients where the results actually influence patient-physician decision-
making. Several serum and urine biomarkers have been proposed to aid in the renal mass diagnosis dilemma,
but a clinically actionable biomarker remains elusive. Recent work on cell-free methylated tumour DNA appears
promising as a potential biomarker that can be detected in both serum and urine.

For patients diagnosed with RCC, the TNM staging system remains the standard for risk stratification and
communication. Several clinical prognostic models have been introduced in the hopes to individualize the risk
assessment, better select patients for adjuvant therapeutic clinical trials, and introduce risk-based surveillance
strategies. Recent validation of these models on contemporary data demonstrated the limitations of these models
due to their development using retrospective cohorts. As a result, two models (ASSURE and GRANT) have been
recently introduced; the ASSURE model is poised to become the model of choice due to its inherent applicability
to future cohorts (histology inclusive and TNM agnostic). The current clinicopathological models remain limited
in their ability to predict late recurrences due to their tumour-centric nature. Serum and urine biomarkers, most
notably cell-free methylated tumour DNA, have been proposed to further the ability to provide individualized care
and better identify patients for adjuvant therapies and clinical trials. Correlative biomarkers studies of ongoing
immunotherapy adjuvant trials will likely bring a new era of RCC biomarkers that could be easily translatable to
the clinical setting.

Renal Cell Carcinoma: Diagnosis, Staging, and Prognosis 231



References

10.

11.

12.

Paner GP, Stadler WM, Hansel DE, et al. Updates in the Eighth Edition of the Tumor-Node-Metastasis
Staging Classification for Urologic Cancers. Eur Urol. 2018;73(4):560-569. do0i:10.1016/j.eururo.2017.
12.018

Gold PJ, Fefer A, Thompson JA. Paraneoplastic manifestations of renal cell carcinoma. Semin Urol Oncol.
1996;14(4):216—222.

Palsdottir HB, Hardarson S, Petursdottir V, et al. Incidental detection of renal cell carcinoma is an
independent prognostic marker: results of a long-term, whole population study. J Urol. 2012;187(1):48—-53.
doi:10.1016/j.juro.2011.09.025

Tsui KH, Shvarts O, Smith RB, et al. Renal cell carcinoma: prognostic significance of incidentally detected
tumors. J Urol. 2000;163(2):426—430. doi:10.1016/s0022-5347(05)67892-5

Linehan WM, Pinto PA, Bratslavsky G, et al. Hereditary kidney cancer: unique opportunity for disease-
based therapy. Cancer. 2009;115(10 Suppl):2252—2261. doi:10.1002/cncr.24230

Rossi SH, Klatte T, Usher-Smith J, Stewart GD. Epidemiology and screening for renal cancer. World J Urol.
2018;36(9):1341—1353. d0i:10.1007/500345-018-2286-7

Rabjerg M, Mikkelsen MN, Walter S, Marcussen N. Incidental renal neoplasms: is there a need for routine
screening? A Danish single-center epidemiological study. APMIS. 2014;122(8):708-714. doi:10.1111/
apm.12282

Takagi T, Kondo T, Tanabe K. Stage migration of renal cell carcinoma at a single Japanese university
hospital: 24-year study. Int J Urol. 2014;21(4):429—430. doi:10.1111/iju.12300

Hollingsworth JM, Miller DC, Daignault S, Hollenbeck BK. Rising incidence of small renal masses: a need
to reassess treatment effect. J Natl Cancer Inst. 2006;98(18):1331—1334. doi:10.1093/jnci/djj362

Kabaria R, Klaassen Z, Terris MK. Renal cell carcinoma: links and risks. Int J Nephrol Renovasc Dis.
2016;9:45-52. doi:10.2147/IJNRD.S75916

Harrison H, Pennells L, Wood A, et al. Validation and public health modelling of risk prediction models for
kidney cancer using the UK Biobank. BJU Int. 2022;129(4):498-511. doi:10.1111/bju.15598

Lotan Y, Karam JA, Shariat SF, et al. Renal-cell carcinoma risk estimates based on participants in the
prostate, lung, colorectal, and ovarian cancer screening trial and national lung screening trial. Urol Oncol.
2016;34(4):167.e9—.e16. doi:10.1016/j.urolonc.2015.10.011

232

2nd WUOF/SIU ICUD on Kidney Cancer



13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

Carrim ZI, Murchison JT. The prevalence of simple renal and hepatic cysts detected by spiral computed
tomography. Clin Radiol. 2003;58(8):626—629. d0i:10.1016/s0009-9260(03)00165-X

Frank I, Blute ML, Cheville JC, et al. Solid renal tumors: an analysis of pathological features related to
tumor size. J Urol. 2003;170(6 Pt 1):2217—2220. d0i:10.1097/01.ju.0000095475.12515.5€

van Oostenbrugge TJ, Fiitterer JJ, Mulders PFA. Diagnostic imaging for solid renal tumors: a pictorial
review. Kidney Cancer. 2018;2(2):79—93. doi:10.3233/KCA-180028

Woo S, Cho JY, Kim SH, Kim SY. Comparison of segmental enhancement inversion on biphasic MDCT
between small renal oncocytomas and chromophobe renal cell carcinomas. AJR Am J Roentgenol.
2013;201(3):598—-604. doi:10.2214/AJR.12.10372

Hélénon O, Eiss D, Debrito P, et al. How to characterise a solid renal mass: a new classification proposal for
a simplified approach. Diagn Interv Imaging. 2012;93(4):232—245. doi:10.1016/j.diii.2012.01.016

Lane BR, Babineau D, Kattan MW, et al. A preoperative prognostic nomogram for solid enhancing renal
tumors 7 cm or less amenable to partial nephrectomy. J Urol. 2007;178(2):429—434. do0i:10.1016/j.
juro.2007.03.106

Kutikov A, Smaldone MC, Egleston BL, et al. Anatomic features of enhancing renal masses predict
malignant and high-grade pathology: a preoperative nomogram using the RENAL Nephrometry score. Eur
Urol. 2011;60(2):241—-248. d0i:10.1016/j.eururo.2011.03.029

Bagrodia A, Harrow B, Liu ZW, et al. Evaluation of anatomic and morphologic nomogram to predict
malignant and high-grade disease in a cohort of patients with small renal masses. Urol Oncol. 2014;32(1):
37.e17—e23. doi:10.1016/j.urolonc.2013.03.003

Antonelli A, Furlan M, Sandri M, et al. The R.E.N.A.L. nephrometric nomogram cannot accurately predict
malignancy or aggressiveness of small renal masses amenable to partial nephrectomy. Clin Genitourin
Cancer. 2014;12(5):366—372. doi:10.1016/j.clgc.2014.02.003

Pierorazio PM, Patel HD, Johnson MH, et al. Distinguishing malignant and benign renal masses with
composite models and nomograms: a systematic review and meta-analysis of clinically localized renal
masses suspicious for malignancy. Cancer. 2016;122(21):3267—3276. doi:10.1002/cncr.30268

Freire M, Remer EM. Clinical and radiologic features of cystic renal masses. AJR Am J Roentgenol.
2009;192(5):1367—1372. doi:10.2214/AJR.08.1468

Bosniak MA. The current radiological approach to renal cysts. Radiology. 1986;158(1):1—10. doi:10.1148/
radiology.158.1.3510019

Wilson TE, Doelle EA, Cohan RH, et al. Cystic renal masses: a reevaluation of the usefulness of the Bosniak
classification system. Acad Radiol. 1996;3(7):564—570. d0i:10.1016/s1076-6332(96)80221-2

Renal Cell Carcinoma: Diagnosis, Staging, and Prognosis 233



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37-

38.

Israel GM, Bosniak MA. An update of the Bosniak renal cyst classification system. Urology. 2005;66(3):484—
488. doi:10.1016/j.urology.2005.04.003

Bosniak MA. The Bosniak renal cyst classification: 25 years later. Radiology. 2012;262(3):781-785.
doi:10.1148/radiol.11111595

Schieda N, Davenport MS, Krishna S, et al. Bosniak Classification of Cystic Renal Masses, Version 2019:
A Pictorial Guide to Clinical Use. Radiographics. 2021;41(3):814—828. d0i:10.1148/rg.2021200160

Harvey CJ, Alsafi A, Kuzmich S, et al. Role of US contrast agents in the assessment of indeterminate solid
and cystic lesions in native and transplant kidneys. Radiographics. 2015;35(5):1419—1430. doi:10.1148/
rg.2015140222

Kim EY, Park BK, Kim CK, Lee HM. Clinico-radio-pathologic features of a solitary solid renal mass at MDCT
examination. Acta Radiol. 2010;51(10):1143—1148. d0i:10.3109/02841851.2010.515617

Ljungberg B, Albiges L, Abu-Ghanem Y, et al. European Association of Urology Guidelines on Renal Cell
Carcinoma: The 2019 Update. Eur Urol. 2019;75(5):799—810. doi:10.1016/j.eururo.2019.02.011

Margolis NE, Shaver CM, Rosenkrantz AB. Indeterminate liver and renal lesions: comparison of
computed tomography and magnetic resonance imaging in providing a definitive diagnosis and impact
on recommendations for additional imaging. J Comput Assist Tomogr. 2013;37(6):882-886. doi:10.1097/
RCT.0b013e3182aace0d

Ward RD, Tanaka H, Campbell SC, Remer EM. 2017 AUA Renal Mass and Localized Renal Cancer
Guidelines: Imaging Implications. Radiographics. 2018;38(7):2021—2033. doi:10.1148/rg.2018180127

Israel GM, Bosniak MA. How I do it: evaluating renal masses. Radiology. 2005;236(2):441—450.
doi:10.1148/radiol.2362040218

Hecht EM, Israel GM, Krinsky GA, et al. Renal masses: quantitative analysis of enhancement with signal
intensity measurements versus qualitative analysis of enhancement with image subtraction for diagnosing
malignancy at MR imaging. Radiology. 2004;232(2):373—378. doi:10.1148/radiol.2322031209

Mileto A, Allen BC, Pietryga JA, et al. Characterization of incidental renal mass with dual-energy CT:
diagnostic accuracy of effective atomic number maps for discriminating nonenhancing cysts from enhancing
masses. AJR Am J Roentgenol. 2017;209(4):W221-W230. doi:10.2214/AJR.16.17325

Gurel S, Narra V, Elsayes KM, et al. Subtypes of renal cell carcinoma: MRI and pathological features. Diagn
Interv Radiol. 2013;19(4):304—311. doi:10.5152/dir.2013.147

Beddy P, Genega EM, Ngo L, et al. Tumor necrosis on magnetic resonance imaging correlates with aggressive
histology and disease progression in clear cell renal cell carcinoma. Clin Genitourin Cancer. 2014;12(1):
55—62. doi:10.1016/j.clge.2013.07.006

234

2nd WUOF/SIU ICUD on Kidney Cancer



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Doshi AM, Huang WC, Donin NM, Chandarana H. MRI features of renal cell carcinomathat predict favorable
clinicopathologic outcomes. AJR Am J Roentgenol. 2015;204(4):798—803. doi:10.2214/AJR.14.13227

O’Malley ME, Tran P, Hanbidge A, Rogalla P. Small renal oncocytomas: is segmental enhancement inversion
a characteristic finding at biphasic MDCT? AJR Am J Roentgenol. 2012;199(6):1312—1315. doi:10.2214/
AJR.12.8616

Gorin MA, Rowe SP, Baras AS, et al. Prospective evaluation of (99m)Tc-sestamibi SPECT/CT for the
diagnosis of renal oncocytomas and hybrid oncocytic/chromophobe tumors. Eur Urol. 2016;69(3):413—
416. doi:10.1016/j.eururo.2015.08.056

Pooler BD, Pickhardt PJ, O’Connor SD, et al. Renal cell carcinoma: attenuation values on unenhanced CT.
AJR Am J Roentgenol. 2012;198(5):1115—1120. doi:10.2214/AJR.11.7587

Divgi CR, Pandit-Taskar N, Jungbluth AA, et al. Preoperative characterisation of clear-cell renal carcinoma
using iodine-124-labelled antibody chimeric G250 (1241-cG250) and PET in patients with renal masses: a
phase I trial. Lancet Oncol. 2007;8(4):304—310. d0i:10.1016/S1470-2045(07)70044-X

Kutikov A, Uzzo RG. The R.E.N.A.L. nephrometry score: a comprehensive standardized system for
quantitating renal tumor size, location and depth. J Urol. 2009;182(3):844—853. doi:10.1016/j.
juro.2009.05.035

Ficarra V, Novara G, Secco S, et al. Preoperative aspects and dimensions used for an anatomical (PADUA)
classification of renal tumours in patients who are candidates for nephron-sparing surgery. Eur Urol.
2009;56(5):786—793. do0i:10.1016/j.eururo.2009.07.040

Veccia A, Antonelli A, Uzzo RG, et al. Predictive value of nephrometry scores in nephron-sparing surgery: a
systematic review and meta-analysis. Eur Urol Focus. 2020;6(3):490—-504. doi:10.1016/j.euf.2019.11.004

Carbonara U, Veccia A, Spaliviero M, et al. Simplified PADUA renal classification (SPARE): a new kid on the
(crowded) block of nephrometry scores. BJU Int. 2021;128(4):527—528. doi:10.1111/bju.15543

Campbell S, Uzzo RG, Allaf ME, et al. Renal Mass and Localized Renal Cancer: AUA Guideline. J Urol.
2017;198(3):520—529. d0i:10.1016/j.juro.2017.04.100

Campbell S, Uzzo RG, Allaf ME, et al. Renal Mass and Localized Renal Cancer: AUA Guideline. J Urol.
2017;198(3):520—529. d0i:10.1016/j.juro.2017.04.100

Finelli A, Ismaila N, Bro B, et al. Management of Small Renal Masses: American Society of Clinical Oncology
Clinical Practice Guideline. J Clin Oncol. 2017;35(6):668—680. doi:10.1200/JC0.2016.69.9645

Motzer RJ, Jonasch E, Agarwal N, et al. Kidney Cancer, Version 2.2017, NCCN Clinical Practice Guidelines
in Oncology. J Natl Compr Canc Netw. 2017;15(6):804—834. d0i:10.6004/jncen.2017.0100

Renal Cell Carcinoma: Diagnosis, Staging, and Prognosis 235



52.

53

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Marconi L, Dabestani S, Lam TB, et al. Systematic review and meta-analysis of diagnostic accuracy of
percutaneous renal tumour biopsy. Eur Urol. 2016;69(4):660—673. doi:10.1016/j.eururo.2015.07.072

Patel HD, Johnson MH, Pierorazio PM, et al. Diagnostic accuracy and risks of biopsy in the diagnosis
of a renal mass suspicious for localized renal cell carcinoma: systematic review of the literature. J Urol.
2016;195(5):1340—1347. doi:10.1016/j.juro.2015.11.029

Leveridge MJ, Finelli A, Kachura JR, et al. Outcomes of small renal mass needle core biopsy, nondiagnostic
percutaneous biopsy, and the role of repeat biopsy. Eur Urol. 2011;60(3):578—584. do0i:10.1016/].
eururo.2011.06.021

Masic S, Strother M, Kidd LC, et al. Feasibility and outcomes of renal mass biopsy for anatomically complex
renal tumors. Urology. 2021;158:125-130. d0i:10.1016/j.urology.2021.07.026

Patel HD, Mullins JK, Pierorazio PM, et al. Trends in renal surgery: robotic technology is associated with
increased use of partial nephrectomy. J Urol. 2013;189(4):1229—-1235. d0i:10.1016/j.juro.2012.10.024

Ball MW, Bezerra SM, Gorin MA, et al. Grade heterogeneity in small renal masses: potential implications
for renal mass biopsy. J Urol. 2015;193(1):36—40. d0i:10.1016/j.juro.2014.06.067

Abel EJ, Heckman JE, Hinshaw L, et al. Multi-quadrant biopsy technique improves diagnostic ability in
large heterogeneous renal masses. J Urol. 2015;194(4):886—891. d0i:10.1016/j.juro.2015.03.106

Richard PO, Jewett MA, Bhatt JR, et al. Renal tumor biopsy for small renal masses: a single-center 13-year
experience. Eur Urol. 2015;68(6):1007-1013. d0i:10.1016/j.eururo.2015.04.004

Halverson SJ, Kunju LP, Bhalla R, et al. Accuracy of determining small renal mass management with
risk stratified biopsies: confirmation by final pathology. J Urol. 2013;189(2):441-446. do0i:10.1016/].
juro.2012.09.032

Kutikov A, Smaldone MC, Uzzo RG, et al. Renal mass biopsy: always, sometimes, or never? Eur Urol.
2016;70(3):403—406. d0i:10.1016/j.eururo.2016.04.001

Gallardo E, Méndez-Vidal MJ, Pérez-Gracia JL, et al. SEOM clinical guideline for treatment of kidney
cancer (2017). Clin Transl Oncol. 2018;20(1):47—56. d0i:10.1007/512094-017-1765-4

Paner GP, Stadler WM, Hansel DE, et al. Updates in the Eighth Edition of the Tumor-Node-Metastasis
Staging Classification for Urologic Cancers. Eur Urol. 2018;73(4):560-569. do0i:10.1016/j.eururo.2017.
12.018

Williamson SR, Taneja K, Cheng L. Renal cell carcinoma staging: pitfalls, challenges, and updates.
Histopathology. 2019;74(1):18—30. doi:10.1111/his.13743

Delahunt B, Eble JN, Samaratunga H, et al. Staging of renal cell carcinoma: current progress and potential
advances. Pathology. 2021;53(1):120-128. doi:10.1016/j.pathol.2020.08.007

236

2nd WUOF/SIU ICUD on Kidney Cancer



66.

67.

68.

69.

70.

71.

72.

73.

74.

75-

76.

77-

78.

Bhindi B, Thompson RH, Lohse CM, et al. The probability of aggressive versus indolent histology based on
renal tumor size: implications for surveillance and treatment. Eur Urol. 2018;74(4):489—497. d0i:10.1016/].
eururo.2018.06.003

Bedke J, Pritsch M, Buse S, et al. Prognostic stratification of localized renal cell carcinoma by tumor size.
J Urol. 2008;180(1):62—-67. d0i:10.1016/j.juro.2008.03.026

Delahunt B, Dagher J, Egevad L, et al. Is the UICC/AJCC pT2 staging category for clear cell renal cell
carcinoma meaningful? Am J Surg Pathol. 2019;43(9):1249—1252. d0i:10.1097/PAS.0000000000001308

Bonsib SM. The renal sinus is the principal invasive pathway: a prospective study of 100 renal cell
carcinomas. Am J Surg Pathol. 2004;28(12):1594—1600. d0i:10.1097/00000478-200412000-00007

Zhang Z,Yu C, Velet L, et al. The difference in prognosis between renal sinus fat and perinephric fat invasion
for pT3a renal cell carcinoma: a meta-analysis. PLoS One. 2016;11(2):e0149420. doi:10.1371/journal.
pone.o149420

Ball MW, Gorin MA, Harris KT, et al. Extent of renal vein invasion influences prognosis in patients with
renal cell carcinoma. BJU Int. 2016;118(1):112—117. doi:10.1111/bju.13349

Uzzo RG, Cherullo E, Myles J, Novick AC. Renal cell carcinoma invading the urinary collecting system:
implications for staging. J Urol. 2002;167(6):2392—-2396.

Terrone C, Cracco C, Guercio S, et al. Prognostic value of the involvement of the urinary collecting system
in renal cell carcinoma. Eur Urol. 2004;46(4):472—476. d0i:10.1016/j.eururo.2004.07.006

Klatte T, Chung J, Leppert JT, et al. Prognostic relevance of capsular involvement and collecting system
invasion in stage | and Il renal cell carcinoma. BJU Int. 2007;99(4):821—824. doi:10.1111/j.1464-410X.
2006.06729.X

Yu KJ, Keskin SK, Meissner MA, et al. Renal cell carcinoma and pathologic nodal disease: implications for
American Joint Committee on Cancer Staging. Cancer. 2018;124(20):4023—4031. doi:10.1002/cncr.31661

Lane BR, Kattan MW. Prognostic models and algorithms in renal cell carcinoma. Urol Clin North Am.
2008;35(4):613—625; vii. doi:10.1016/j.ucl.2008.07.003

Zisman A, Pantuck AJ, Wieder J, et al. Risk group assessment and clinical outcome algorithm to predict the
natural history of patients with surgically resected renal cell carcinoma. J Clin Oncol. 2002;20(23):4559—
4566. doi:10.1200/JC0.2002.05.111

Kattan MW, Reuter V, Motzer RJ, et al. A postoperative prognostic nomogram for renal cell carcinoma.
J Urol. 2001;166(1):63—67.

Renal Cell Carcinoma: Diagnosis, Staging, and Prognosis 237



79.

8o.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Sorbellini M, Kattan MW, Snyder ME, et al. A postoperative prognostic nomogram predicting recurrence
for patients with conventional clear cell renal cell carcinoma. J Urol. 2005;173(1):48—51. doi:10.1097/01.
ju.0000148261.19532.2¢

Frank I, Blute ML, Cheville JC, et al. An outcome prediction model for patients with clear cell renal cell
carcinoma treated with radical nephrectomy based on tumor stage, size, grade and necrosis: the SSIGN
score. J Urol. 2002;168(6):2395-2400. d0i:10.1097/01.ju.0000035885.91935.d5

Leibovich BC, Blute ML, Cheville JC, et al. Prediction of progression after radical nephrectomy for
patients with clear cell renal cell carcinoma: a stratification tool for prospective clinical trials. Cancer.
2003;97(7):1663—1671. d0i:10.1002/cncr.11234

Cindolo L, de la Taille A, Messina G, et al. A preoperative clinical prognostic model for non-metastatic renal
cell carcinoma. BJU Int. 2003;92(9):901-905. d0i:10.1111/j.1464-410X.2003.04505.X

Karakiewicz PI, Briganti A, Chun FK, et al. Multi-institutional validation of a new renal cancer-specific
survival nomogram. J Clin Oncol. 2007;25(11):1316—1322. d0i:10.1200/JC0.2006.06.1218

Yaycioglu O, Roberts WW, Chan T, et al. Prognostic assessment of nonmetastatic renal cell carcinoma: a
clinically based model. Urology. 2001;58(2):141—145. d0i:10.1016/s0090-4295(01)01207-9

Correa AF, Jegede O, Haas NB, et al. Predicting renal cancer recurrence: defining limitations of existing
prognostic models with prospective trial-based validation. J Clin Oncol. 2019;37(23):2062—2071.
doi:10.1200/JC0O.19.00107

Buti S, Puligandla M, Bersanelli M, et al. Validation of a new prognostic model to easily predict
outcome in renal cell carcinoma: the GRANT score applied to the ASSURE trial population. Ann Oncol.
2017;28(11):2747—-2753. doi:10.1093/annonc/mdx492

Correa AF, Jegede OA, Haas NB, et al. Predicting disease recurrence, early progression, and overall survival
following surgical resection for high-risk localized and locally advanced renal cell carcinoma. Eur Urol.
2021;80(1):20—31. doi:10.1016/j.eururo.2021.02.025

Passalacqua R, Caminiti C, Buti S, et al.; POLAR-01 Trial Investigators Adjuvant low-dose interleukin-2 (IL-
2) plus interferon-a (IFN-a) in operable renal cell carcinoma (RCC): a phase 111, randomized, multicentre
trial of the Italian Oncology Group for Clinical Research (GOIRC). J Immunother. 2014;37(9):440—447.
d0i:10.1097/CJ1.0000000000000055

Motzer RJ, Mazumdar M, Bacik J, et al. Survival and prognostic stratification of 670 patients with advanced
renal cell carcinoma. J Clin Oncol. 1999;17(8):2530—2540. d0i:10.1200/JC0.1999.17.8.2530

Heng DY, Xie W, Regan MM, et al. Prognostic factors for overall survival in patients with metastatic
renal cell carcinoma treated with vascular endothelial growth factor-targeted agents: results from a large,
multicenter study. J Clin Oncol. 2009;27(34):5794—5799. d0i:10.1200/JC0.2008.21.4809

238

2nd WUOF/SIU ICUD on Kidney Cancer



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Campi R, Stewart GD, Staehler M, et al. Novel liquid biomarkers and innovative imaging for kidney cancer
diagnosis: what can be implemented in our practice today? A systematic review of the literature. Eur Urol
Oncol. 2021;4(1):22—41. d0i:10.1016/j.€u0.2020.12.011

Marchioni M, Rivas JG, Autran A, et al. Biomarkers for renal cell carcinoma recurrence: state of the art.
Curr Urol Rep. 2021;22(6):31. d0i:10.1007/511934-021-01050-0

Bergerot PG, Hahn AW, Bergerot CD, et al. The role of circulating tumor DNA in renal cell carcinoma. Curr
Treat Options Oncol. 2018;19(2):10. d0i:10.1007/s11864-018-0530-4

Green EA, Li R, Albiges L, et al. Clinical utility of cell-free and circulating tumor DNA in kidney and
bladder cancer: a critical review of current literature. Eur Urol Oncol. 2021;4(6):893-903. d0i:10.1016/].
€10.2021.04.005

Santoni M, Cimadamore A, Cheng L, et al. Circulating tumor cells in renal cell carcinoma: recent findings
and future challenges. Front Oncol. 2019;9:228. doi: 10.3389/fonc.2019.00228

Mytsyk Y, Dosenko V, Skrzypczyk MA, et al. Potential clinical applications of microRNAs as biomarkers for
renal cell carcinoma. Cent European J Urol. 2018;71(3):295—-303. doi:10.5173/ceju.2018.1618

Barth DA, Drula R, Oftt L, et al. Circulating non-coding RNAs in renal cell carcinoma—pathogenesis
and potential implications as clinical biomarkers. Front Cell Dev Biol. 2020;8:828. doi:10.3389/
fcell.2020.00828

Thongboonkerd V. Roles for exosome in various kidney diseases and disorders. Front Pharmacol.
2020;10:1655. doi:10.3389/fphar.2019.01655

Lakshminarayanan H, Rutishauser D, Schraml P, et al. Liquid biopsies in renal cell carcinoma—recent
advances and promising new technologies for the early detection of metastatic disease. Front Oncol.
2020;10:582843. doi:10.3389/fonc.2020.582843

Kushlinskii NE, Gershtein ES, Naberezhnov DS, et al. Kidney Injury Molecule-1 (KIM-1) in blood
plasma of patients with clear-cell carcinoma. Bull Exp Biol Med. 2019;167(3):388-392. doi:10.1007/
$10517-019-04533-W

Flitcroft JG, Verheyen J, Vemulkar T, et al. Early detection of kidney cancer using urinary proteins: a truly
non-invasive strategy. BJU Int. 2022;129(3):290—-303. doi:10.1111/bju.15601

Morrissey JJ, Mellnick VM, Luo J, et al. Evaluation of urine aquaporin-1 and perilipin-2 concentrations as
biomarkers to screen for renal cell carcinoma: a prospective cohort study. JAMA Oncol. 2015;1(2):204—212.
doi:10.1001/jamaoncol.2015.0213

Oto J, Plana E, Sdnchez-Gonzélez JV, et al. Urinary microRNAs: looking for a new tool in diagnosis,
prognosis, and monitoring of renal cancer. Curr Urol Rep. 2020;21(2):11. d0i:10.1007/s11934-020-0962-9

Renal Cell Carcinoma: Diagnosis, Staging, and Prognosis 239



104.

105.

106.

107.

108.

109.

Adashek JJ, Salgia MM, Posadas EM, et al. Role of biomarkers in prediction of response to therapeutics
in metastatic renal-cell carcinoma. Clin Genitourin Cancer. 2019;17(3):e454—e460. do0i:10.1016/j.
clge.2019.01.004

Maia MC, Bergerot PG, Dizman N, et al. Association of circulating tumor DNA (ctDNA) detection in
metastatic renal cell carcinoma (mRCC) with tumor burden. Kidney Cancer. 2017;1(1):65—70. doi:10.3233/
KCA-170007

Dawson SJ, Tsui DW, Murtaza M, et al. Analysis of circulating tumor DNA to monitor metastatic breast
cancer. N Engl J Med. 2013;368(13):1199—1209. doi:10.1056/NEJMoa1213261

Pal SK, Sonpavde G, Agarwal N, et al. Evolution of circulating tumor DNA profile from first-line to
subsequent therapy in metastatic renal cell carcinoma. Eur Urol. 2017;72(4):557-564. do0i:10.1016/j.
eururo.2017.03.046

Geertsen L, Koldby KM, Thomassen M, et al. Circulating tumor DNA in patients with renal cell carcinoma.
A systematic review of the literature. Eur Urol Open Sci. 2022;37:27—-35. doi:10.1016/j.eur0s.2021.12.006

Nuzzo PV, Berchuck JE, Korthauer K, et al. Detection of renal cell carcinoma using plasma and urine cell-
free DNA methylomes. Nat Med. 2020;26(7):1041—1043. doi:10.1038/s41591-020-0933-1

240

2nd WUOF/SIU ICUD on Kidney Cancer






COMMITTEE 8

Partial Nephrectomy of Renal Cell
Carcinoma

CHAIR COMMITTEE MEMBERS

Peter F.A. Mulders, MD, PhD* Vincenzo Ficarra, MD?
Alexandre Mottrie, MD?
Hiro Uemura, MD, PhD*
Tobias Klatte, MD, PhD®
Inderbill Gill, MD®
Ruben De Grootte, MD’

AFFILIATIONS

Professor and Chairman of the Department of Urology, Radboud University Medical Center, Nijmegen, The Netherlands

2Professor of Urology, Department of Human and Pediatric Pathology “Gaetano Barresi”, Urologic Section, University of Messina, Messina, Italy
3Head of Urology, Onze-Lieve-Vrouw Ziekenhuis Aalst, Aalst, Belgium

“Professor and Chair in Urology, Kindai University Faculty of Medicine, Osaka, Japan

SAssociate Professor of Urology, Medical University of Vienna, Vienna, Austria

%Chair and Distinguished Professor of Urology, Keck School of Medicine of University of Southern California, Los Angeles, California, United States

"Urologist, Onze-Lieve-Vrouw Ziekenhuis Aalst, Aalst, Belgium



Table of Contents

Partial Nephrectomy of Renal Cell Carcinoma 242
Anatomy of the Kidney 244
Indications for Partial Nephrectomy 248
Partial Nephrectomy Versus Radical Nephrectomy 250
Oncological outcomes 250
Renal function and overall survival 253
Perioperative outcomes and quality of life 255
Preoperative Management 256
Surgical Approaches 259
Open partial nephrectomy versus robot-assisted partial nephrectomy 260
Laparoscopic partial nephrectomy versus robot-assisted partial nephrectomy 262
Surgical Technique 263
Isolation of the renal hilum 263
Kidney mobilization and tumour identification 263
Clamping techniques 265
Resection techniques 267
Suturing techniques 269
Follow-Up 271

References 272




Anatomy of the Kidney

The kidneys are located in the retroperitoneum, a space demarcated by the lumbodorsal fascia posteriorly, the
peritoneum anteriorly, the transversus abdominis musculature laterally, and the diaphragm cranially. Caudally,
the retroperitoneum continues with the extraperitoneal pelvic structures.

The right kidney sits 1 to 2 cm lower than the left, presumably because of a downward displacement caused by the
liver. Generally, the right kidney lies in the space between the top of the 1st lumbar vertebra to the bottom of the
3rd lumbar vertebra. Conversely, the left kidney occupies the space from the body of the 12th thoracic vertebra to
the 3rd lumbar vertebra. Typically, kidneys are approximately 11 cm long, 6 cm wide, and 4 cm thick. The kidneys
lie in a fatty cushion surrounded by Gerota’s fascia.

Posteriorly, the diaphragm covers the upper third part of each kidney, with the 12th rib crossing at the lower
extent of the diaphragm. Notably, the pleura extends to the level of the 12th rib, posteriorly. Medially, the lower
two-thirds of the kidney lie on the psoas muscle. This relation to the psoas muscle causes the upper pole of the
kidneys to be situated medially and posteriorly compared to the lower pole. Moreover, the medial aspect of each
kidney is rotated anteriorly at an angle of approximatively 30 degrees. Laterally, the quadratus lumborum muscle
and aponeurosis of the transversus abdominis muscle are encountered.

Anteriorly, the upper pole of the right kidney is bordered by the right adrenal gland and the liver. The right kidney
and the liver are separated by the peritoneum. The hepatorenal ligament bridges the upper pole of the right
kidney to the posterior liver surface. The descending duodenum is in close contact with the medial part of the
right kidney and hilar structures. The anterior face of the lower pole of the right kidney is covered by the hepatic
flexure of the colon.

Anteriorly, the upper pole of the left kidney is bordered by the left adrenal gland, the posterior gastric wall, the
tail of the pancreas, and the spleen. Notably, the splenorenal ligament attaches the left kidney to the spleen.
Therefore, excessive downward pressure or traction during surgical maneuvers can be responsible for splenic
capsular tears and bleeding. The lower pole of the left kidney is covered by the splenic flexure of the colon and by
the jejunum (Figure 1).

Gerota’s fascia is interposed between the kidneys and the surrounding structures. This fascial layer encloses
the perirenal fat tissue, the kidneys, and adrenal glands. Superiorly and laterally Gerota’s fascia is closed, while
medially it extends across the midline to fuse with the contralateral side. Inferiorly, Gerota’s fascia is not closed
and remains an open space.
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FIGURE 1 Anatomical and topographic relationship between kidneys and surrounding organs (Courtesy of Dr.
Silvia Vigano).

The upper collecting system is composed of minor and major calices, pelvis, and ureter. Each minor calyx
narrows to an infundibulum. The infundibula combine to form three (upper, middle, inferior) major calices,
further combining to form the renal pelvis. The ureter originates from the ureteropelvic junction. The proximal
ureter begins posterior to the renal artery and continues along the anterior edge of the psoas muscle. From the
surgical standpoint, it is important to note that gonadal vessels cross anteriorly to the ureter in this region. The
ureter next crosses over the iliac vessels marking the bifurcation of the common iliac artery into internal and
external iliac arteries.! The ureter is typically divided into an abdominal tract extending from the renal pelvis to
the iliac vessels, and a pelvic tract extending from the iliac vessels to the bladder.

The renal vasculature is of relevant interest from the surgical standpoint. The renal pedicle is classically composed
by a single artery deriving directly from the aorta and by a single renal vein draining into the inferior vena cava
(IVC). The right renal artery runs behind the IVC, and is typically posterior and superior to the left and right renal
veins. In approximately 30% of cases, the renal artery is located anteriorly to the renal vein. The left renal artery
is more cranial than its right counterpart.

Both vessels enter the kidney at the level of the renal hilum. The vein is located anteriorly to the artery, while
the renal pelvis and ureter are located posteriorly to the vascular structures. Usually, a single renal artery arises
bilaterally from the lateral portion of the abdominal aorta immediately caudal to the origin of the superior
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mesenteric artery. However, anatomic arterial variation can be detected in about 25% of cases. Two or sometimes
three duplicate arteries can be present, above all on the right side. Supernumerary arteries can reach the
kidney at the level of the hilum usually showing a similar caliber as the main renal artery, or they can enter the
parenchyma at the level of a pole (aberrant arteries) (Figure 2). Accessory arteries directed to the upper pole are
typically smaller in diameter than those to the lower pole. Approaching the kidney, the main renal artery splits
outside the renal hilum into an anterior and a posterior branch. The posterior segmental branch provides the
vascularization of about 25% of the renal parenchyma. The anterior branch is responsible for the vascularization
of the remaining 75% of the parenchyma, and usually splits in further four segmental arteries: apical, superior,
middle, and inferior.?® Therefore, according to the classic Graves description, the renal parenchyma is subdivided
into five segments (apical, upper, middle, lower, and posterior), each supplied by its own branch. The segmental
arteries were classically considered as end arteries without an adequate collateral circulation,>* and according
to this paradigm, ligation of a segmental artery would cause irreversible ischemia to that segment of the kidney
and subsequent segmental renal infarction. However, in 2017 Macchi et al. demonstrated in an experimental
model obtained from human cadaveric kidneys that a single renal segment receives two or more branches
originating from different segmental arteries in a significant percentage of cases.® Notably, overlapping branches
were observed in 20% of apical segments, 33% of superior segments, 40% of middle segments, 47% of inferior
segments, and 13% of posterior segments. The presence of overlapping arteries can explain the inefficacy of
selective clamping observed in about 35% of the cases.®

FIGURE 2 Three-dimensional (3D) reconstruction showing a large right parenchymal renal tumour.
A) Complete view of vascularization; B) after inferior vena cava removal. The imaging shows the presence of three
right renal arteries.

246 2nd WUOF/SIU ICUD on Kidney Cancer



In an anatomical study performed using the 3D model obtained from high-resolution computed tomography
(CT) scan images of arterial vascular cast, Macchi et al. described for the first time the presence of a higher
number of parenchymal segments compared to the classical Graves description in a high proportion of cases.
In detail, a mean value of 7.3 segments (range, 5—9) were identified. Interestingly, the volume of each perfused
segment can be calculated using the CT scan imaging (Figure 3).” Further studies should clarify the potential
clinical application of this novel anatomical observation.

FIGURE 3 Parenchymal renal segments identified according to volume of each perfused segment calculated
using the computed tomography (CT) scan imaging. A) Anterior view; B) posterior view.

The right renal vein is generally 2—4 cm in length, it does not receive any branches, and enters the right lateral
to posterolateral edge of the IVC. Rarely, the right gonadal vein may drain into the right renal vein. Renal vein
duplications are found in 15—20% of cases, but isolated accessory polar veins are a rarity.

The left renal vein is 6-10 ¢cm in length and enters the left lateral aspect of the IVC running posteriorly to the
superior mesenteric artery and anteriorly to the aorta. Differently from its right counterpart, the left renal vein
receives the left adrenal vein superiorly, the lumbar vein posteriorly, and the gonadal vein inferiorly (Figure 4).
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FIGURE 4 Renal left venous vasculature (Courtesy of Dr. Silvia Vigano).

Indications for Partial Nephrectomy

The aim of partial nephrectomy (PN) is to completely remove the renal tumour while preserving the largest
possible part of healthy renal parenchyma. Over the past decades, indications for PN have been classified as 1)
imperative, 2) relative, and 3) elective. Imperative indications are finalized to avoid hemodialysis and, therefore,
are applied to patients with renal tumours in anatomical or functional solitary kidney, bilateral synchronous
renal tumours, or with multiple tumours in the context of von Hippel-Lindau (VHL) disease. Relative indications
are represented by any medical condition that might impair the function of the contralateral kidney (e.qg.,
hypertension, diabetes, pyelonephritis, preexisting chronic kidney disease, urolithiasis). Elective indications are
applicable to unilateral renal tumours with a contralateral healthy kidney.

Indications for elective PN have changed significantly over time. Currently, PN is strongly recommended as the
preferred treatment option for localized renal tumours < 7 ¢cm in size (¢T1). If technically feasible, PN might be
offered also to patients with localized renal tumours larger than 7 cm (¢T2). However, the strength rating assigned
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to PN for cT2 renal tumours is weak. Therefore, PN in this latter category should be still considered suitable for
patients with imperative or relative indications.®® Moreover, the amount of parenchymal volume preserved to
allow sufficient postoperative renal function should be strongly considered. Notably, in this subgroup of large
tumours, surgical feasibility might not be matched by oncologic safety. Indeed, larger tumours are associated
with a higher risk for fat tissue and/or peritumoural vein involvement and/or high nuclear grade and/or
unfavourable histologic subtypes at final hystopathological examination.'® Similarly, PN should be preferable for
well-circumscricted lesions instead of those with an infiltrative growth pattern." Surgical or technical feasibility
is not yet standardized, and strongly related to the surgeon’s experience and preferences. Moreover, beyond
surgeon experience, hospital volume is a further key factor to be considered in the decision-making process to
select candidates for PN.

TABLE 1 Factors considered in the decision-making process to select patients suitable for PN instead of RN.
Modified from Chandrasekar T, Boorjian SA, Capitanio U, et al. Collaborative review: factors influencing
treatment decisions for patients with a localized solid renal mass. Eur Urol. 2021;80(5):575—588. doi:10.1016/j.
eururo.2021.01.021%

Categories Factors
Patient related Younger age
Familial/genetic syndromes
Kidney related Reduced baseline eGFR
Baseline proteinuria
Atrophic/absent contralateral kidney
Comorbidities that impact renal function
Tumour related Tumour size/clinical stage (cT1a; cT1b; ¢cT2 with caution)
Well-circumscribed tumours
Benign mass or positive sestamibi scan
Provider related Surgeon experience
Medical centre experience

Abbreviations: eGFR, estimated glomerular filtration rate; PN, partial nephrectomy; RN, radical nephrectomy.
Factors influencing the decision-making process for PN versus radical nephrectomy (RN) are summarized in

Table 1." Indications for PN in the case of solid tumours are also applicable to cystic lesions classified as category
III or IV according to the modified Bosniak classification.!?
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Partial Nephrectomy Versus Radical Nephrectomy

The choice of PN over RN should be strongly based on careful evaluation of oncological, functional, and
perioperative outcomes. In detail, PN should offer equivalent oncological outcomes to RN, better renal function
preservation (prevention of chronic kidney disease [CKD]), and overall survival (OS) as consequence of a reduction
in cardiovascular events due to CKD. Moreover, also health-related quality of life (HRQoL) can represent an
important discriminant between PN and RN in patients with localized renal cell carcinoma (T1-2 NOMO).

Oncological outcomes

The highest level of evidence in the choice of PN versus RN is represented by the European Organisation for
Research and Treatment of Cancer (EORTC) randomized controlled trial (RCT) 30904 published in 2011.* This
RCT was designed as a noninferiority study between the two surgical procedures in terms of overall survival.
Cancer-specific survival (CSS) was considered as a secondary endpoint. The trial started in April 1992, and it was
prematurely closed because of poor accrual in January 2003. In detail, 268 patients were randomized to PN and
273 to RN. Median follow-up was 9 years. Notably, only solitary, clinically organ-confined renal tumours equal
or inferior to 5 cm in size were included. Median clinical and pathological tumour size was 3 cm (T1a). During
follow-up, 12 (2.2%) renal cancer—related deaths were observed, 4 (1.5%) in the RN group and 8 (3%) in the PN
group. Therefore, the estimated risk for death from renal cancer was not significantly higher in the PN arm (HR,
2.06), with a very wide CI (95% CI, 0.62—6.81; Gray’s test p=0.23). Looking at the progression of disease, the
10-year progression rate was 4.1% (95% CI, 1.7—6.5) after PN and 3.3% (95% CI, 1.2—5.4) after RN (p=0.48),
confirming the oncological equivalence between PN and RN.*

The oncological findings provided by the EORTC 30904 trial were widely confirmed by several retrospective
studies comparing PN and RN in the setting of localized cTla and cTlb renal tumours, thus supporting the
expanding indications for PN to the setting of patients with tumours larger than 4 cm (Table 2).147©
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TABLE 2 Oncologic outcomes reported in studies comparing PN versus RN in the setting of cT1 tumours.

Cases (n) @SS (OFS]
(5-yr) [10-yr] (5-yr) [10-yr]
Authors, year | Setting @ Follow-up PN RN PN RN PN RN
(cT) | (months)

Patard et al. cTlb 62.5 65 576 6.2%* 9%*
2004"
Leibovich, 2004 cTlb 48 60 534 96.2% 86%t
Mitchell, 2006 cTib 44 33 66 96.2% 97.8%
Antonelli, 2008 cTlb 43 52 277 93% 92.5%
Antonelli, 2011 cTlb 47 198 1,426 90% 92.6%

[90%] [87%]
Badalato, 2012 cTlb 33—41 1,047 10,209 82.5% 85%
Simmons, 2009 cTlb 57 a5 57 97% 97% 89% 89%
Thompson, 2009 | cTlb 56 286 873 97% 91%t 80% 79%

[90%] [85]T [51%] [58%]
liuzuka, 2012 cTlb NR 67 195 100% 86%

[100%] [67%]
Roos, 2012 cT1b- 55 101 146 94% 97% 83% 86%

cT2 [91%] [95%] [64%] [76%]

Jang, 2015 cTlb 42—48 100 477  [85.7%] [84.4%] [85.7%] [73.3%]t
An, 2017 cT1lb-2 36 437 350 100% 87.5%t 80.2% 65.4%t

[100%] | [80.2%]t [60.6%] [35.1%]
Cai, 2018 cTlb 67—70 39 160 96% 91% 93.3% 85.6%

[88%] [82.8%] [85.5%] [73.4%]
Gershman et al. cT1 132 919 690 RN vs. PN RN vs. PN
201820 HR, 1.08 (0.64-1.81) | HR, 1.14 (0.94-1.38)
Yang et al. cTlb 55 177 154 RN vs. PN RN vs. PN
2020% HR, 2.867 HR, 2.129

(1.309-6.277)% (1.211-3.743)%

*Cancer-specific mortality rate; tstatistically significant; *confirmed at multivariable analysis.

Abbreviations: CSS, cancer-specific survival; HR, hazard ratio; NR, not reported; OS, overall survival; PN, partial nephrectomy;
RN, radical nephrectomy.
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A potential oncological issue with PN could be represented by the risk for clinical tumour downstaging.

In their meta-analysis including 7,406 patients collected in 12 selected articles related to upstaged pT3a, Chung
et al. did not report any differences in recurrence-free survival (RFS) and CSS between the PN and RN groups.
Conversely, patients who underwent PN showed a significant longer OS compared with those who received RN.
Recently, Liu et al. analyzed the clinical records of a total of 3,196 patients who underwent PN or RN for clinical
T1 RCC and resulted pT3aNo (perirenal fat tissue invasion) on final pathology. This population-based study
using data of the Surveillance, Epidemiology, and End Results (SEER) database between 2010—2017 showed that
PN provides similar CSS and OS as RN in the previous setting of patients, confirming the oncologic safety of PN
in ¢T1a RCCs that are proved to be pT3a on final pathology.'® A more recent study published by Tian et al. in 2022
confirmed that patients with pT3a RCC who underwent PN achieved comparable oncologic outcomes with those
receiving RN. In particular, these SEER database data demonstrated that PN and RN had comparable CSS both
in the fat invasion cohort (p=0.075) and the venous invasion cohort (p=0.190).*° These studies demonstrated that
PN can be considered a safe oncologic procedure for selected T3a tumours.

In 2014, Kopp et al. published a very interesting study showing an equivalent CSS in a series of patients who
underwent PN or RN for localized cT2 renal tumours.?° A systematic review of studies comparing PN and RN in
the setting of patients with c¢T1b or c¢T2 renal cell carcinoma showed statistically significantly higher CSS rates
after PN in comparison with RN.?! Previous results have been confirmed by a more recent multicentre study
including clear cell RCC larger than 7 cm in size followed for a median time of 102 months. In detail, the authors
reported a statistically significantly better CSS in patients who underwent PN in comparison with RN (median
survival not reached for PN vs. 164 months for RN; p=0.04).?2 A recent meta-analysis of studies comparing PN
and RN in the setting of cT2 RCC showed worse recurrence rates in patients who underwent RN and equivalent
CSS and CSM between the two surgical treatments. Moreover, no differences in oncological outcomes were
observed in sensitivity analyses considering nuclear grading and histological subtypes.? Data of a previous meta-
analysis were confirmed in a further comparative study between PN and RN in patients with ¢T2 tumours. In
detail, overall, metastases-free, and cancer-specific survival were not significantly different between PN and RN
considering a 7.1-year median survivor follow-up.?* Table 3 summarizes oncological data of available studies
comparing PN and RN in patients with cT2 tumours.

252 2nd WUOF/SIU ICUD on Kidney Cancer



TABLE 3 Oncologic outcomes reported in studies comparing PN versus RN in the subgroup of cT2 tumours.

Cases (n) CSS 0oSs
(5-yr) [10-yr] (5-yr) [10-yr]

Authors, Setting | Follow-up PN RN PN RN PN RN
year (cT)  (months)
Margulis, 2007 cT2 62—43 34 567 78% 74%
Jeldres, 2009 >cT2 48 17 45 67% 87%*
Breau, 2010 >cT2 38 69 207 RN vs. PN RN vs. PN

HR, 0.96 (0.50-1.82) HR, 1.01 (0.63—1.62)
Hansen, 2012 cT2 NR 245 8,602 96% 88%
Kopp et al. cT2 41 80 122 86.7% 82.5% 83.3% 80%
2014%°
Janssen et al. cT2 102 18 105 [88.9%] @ [74.6%]* [75%] [60%]*
20182
Reix, 2018 cT2 24 91 176 80.2% 85% 78.7% 76.2%
Shum, 2018 cT2 49 137 226 RN vs. PN

HR, 5.289 (4.137—-6.762)T

Klett et al. cT2 84 72 379 RN vs. PN RN vs. PN
202124 HR, 1.32 (0.61—2.82) | HR, 0.51 (0.28—0.93)*

*Statistically significant; tall-cause mortality.

Abbreviations: CSS, cancer-specific survival; HR, hazard ratio; NR, not reported; OS, overall survival; PN, partial nephrectomy;

RN, radical nephrectomy.

Although promising, oncologic data reported for cT2 tumours are likely affected by a high risk for selection bias in
favour of the PN group including patients and tumours with more favourable characteristics. Therefore, further
data from high-quality studies are needed to support the expanding indications of PN to the challenging setting
of cT2 tumours.

Renal function and overall survival

One of the main arguments for preferring PN over RN is the decreased impact on developing CKD. In 2004, Huang
et al. published an interesting retrospective study showing that patients who underwent a PN for renal tumours
inferior or equal to 4 c¢m in size had a significantly lower probability of freedom from new onset of estimated
glomerular filtration rate (eGFR) < 60 mL/min/1.73 m?or < 45 mL/min/1.73 m? compared with patients treated
with RN. Patient age, preoperative eGFR value, and performing a PN were shown to be independent predictors
of postoperative renal function preservation.?
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The best available evidence concerning the comparison between PN and RN is still represented by the EORTC
30904 trial. At a median follow-up of 6.7 years, PN decreased the percentage of subjects reaching at least moderate
CKD stage A (eGFR <60 mL/min) and stage B (eGFR <45 mL/min) in comparison with RN. Moreover, also the
percentage of subjects with advanced CKD (eGFR <30 mL/min) was lower in the PN arm, although the difference
between the two treatment arms was relatively small for this subgroup. Conversely, no differences between the
two treatments were detected in terms of incidence of end-stage renal disease (GFR <15).2°

A significant lower decline in eGFR and a minor risk of developing CKD were observed also in patients who
underwent PN in comparison with RN for localized cT1b-T2 tumours.? Previous data were recently confirmed
in a meta-analysis including only studies comparing PN and RN in the setting of cT2 RCC.?® Moreover, in 2021,
Klett et al. confirmed in a series of ¢T2 tumours that eGFR rate change at 1 and 3 years was more pronounced
with RN in comparison with PN.2¢ Previous data suggested that in patients with preexisting CKD, PN is the
treatment of choice to reduce the risk for further development of CKD, which may require hemodialysis.

An interesting study published in 2004 highlighted the strong correlation between CKD and risk for death,
cardiovascular events, and hospitalization in the general population.?” Therefore, we can hypothesize that in
patients who underwent surgical treatment for renal tumour, PN could be strongly associated with a reduction in
the risk for cardiovascular events, and, consequently, with a prolonged overall survival in comparison with those
who underwent RN. However, conflicting data were later reported. While some population-based studies failed
to show differences in terms of cardiovascular events between PN and RN, other studies showed a decreased
cardiovascular-specific mortality and an improved overall survival in patients who underwent PN in comparison
with those treated with RN.282° More recently, the Mayo Clinic published a large study including patients with
localized ¢T1 RCC who underwent PN or RN. In this study, the authors observed a significant reduction in the risk
for CKD after PN compared with RN.%°

Concerning the overall survival endpoint, the EORTC trial 30904 showed a noninferiority of PN in comparison
with RN. When considering the targeted population of RCC patients only and clinically and pathologically eligible
patients, the 10-year OS rates after PN and RN were 75.2% and 79.4%, respectively, for RCC patients and 78.0%
and 79.6%, respectively, for clinically and pathologically eligible patients.2¢

Equivalence in terms of overall survival between PN and RN was reported also by Gershman et al. analyzing a
very large series of cT1 renal tumours surgically treated at the Mayo Clinic.*°

Conversely, a meta-analysis of studies comparing PN and RN for c¢T1b and c¢T2 tumours showed a significant
lower risk for all-cause mortality in patients who underwent PN in comparison with those receiving RN.

A recent meta-analysis including only c¢T2 tumours treated with PN or RN showed a significant advantage in
favour of PN in terms of overall survival and all-cause mortality.?
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Therefore, the OS advantage suggested for PN versus RN is still questionable. While the OS advantage seems
to hold for younger patients and/or those without significant comorbidities, the point remains substantially
guestionable for patients older than 75 years with or without comorbidities.®*2 Moreover, the lower OS in
patients with preoperative lower eGFR values does not seem a consequence of a renal function impairment due
to surgery, but rather the consequence of medical comorbidities responsible for presurgical CKD.** These data
reinforce the indications for PN in patients with presurgical CKD to minimize the risk for subsequent end-stage
renal disease and hemodialysis.®

Perioperative outcomes and quality of life

It is generally accepted that a procedure such as PN is associated with a higher likelihood for postoperative
complications and blood loss compared to RN.**2 Hemorrhagic complications and urinary fistulas are the most
frequent and typical postoperative complications observed in patients undergoing PN.34 Conversely, RN can be
complicated with damage to the surrounding organs (spleen, lung, liver, and bowel).** However, a meta-analysis
showed an equivalent risk of spleen damage in patients who underwent PN or RN.% The risk for complications is
strongly related to the surgery complexity and clinical stage both for PN and RN.

The EORTC 30904 RCT including cases of small, incidentally detected RCC showed only slightly higher
complication rates in the PN group in comparison with RN.*

Conversely, in Tib and T2 renal tumours, available retrospective studies showed a significantly higher risk for
blood loss and postoperative complications after PN in comparison with RN.?! Notably, previous data are mainly
reported for clinical series including patients receiving an open approach.?* A recent meta-analysis comparing
patients who underwent PN versus RN confirmed that patients treated with PN were associated with a greater
risk for overall postoperative complications (OR, 1.40; 95% CI, 1.17-1.68; p<0.001), postoperative hemorrhagic
complications (OR, 1.92; 95% CI, 1.28—2.87; p=0.002), and urinary fistula (OR, 17.65; 95% CI, 5.35—-58.30;
p<0.001) in comparison with RN. Similar results were reported by Huang et al. in 2021 analyzing studies with
cT2 cases only.?® Conversely, although Klett et al. reported more common overall and severe complications for
PN compared with RN, this difference was not statistically significant.

The risk of developing a cardiovascular event (CE) after RN in comparison with PN is non-negligible. Huang et al.
reported a CE risk that was 1.4 times more frequent in patients who underwent RN (HR, 1.37; p<0.001) compared
with those who received PN. However, the cardiovascular-related death score was equal for both treatments.?®
These findings were confirmed in a multicentre study, showing a lower risk of developing CEs following PN
compared with RN (HR, 0.57; 95% CI, 0.34—0.96; p=0.03), after adjusting for patients’ cardiovascular profile.
Interestingly, the authors observed a trend toward a higher incidence of CEs in PN patients with a postoperative
GFR < 60 mL/min/1.73 m? compared with those with a GFR > 60 mL/min/1.73 m2.3° However, a recent meta-
analysis including eight comparative studies showed that cardiovascular complications were equivalent after the
two surgical treatments.
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Only a few studies assessed the impact of PN and RN on quality of life (QOL). In 2009, Novara et al. analyzed
129 consecutive patients who underwent PN or RN for RCC. Interestingly, they noted a significant worsening in
physical domains and significant improvement in the emotional ones after surgery (all p<0.05). Moreover, only
50—80% of patients returned to baseline scores 6 months and 12 months after surgery. Age, body mass index
(BMI), educational level, occupational status, New York Heart Association (NYHA) functional class, tumour mode
of presentation, pathologic stage, size, and histological subtype were associated with 6-month and 12-month
return to baseline HRQoL scores. Notably, no differences in analyzed HRQoL domains were detected between PN
and RN.% Other authors reported a proportional correlation between tumour size and HRQoL. Indeed, patients
treated with PN for a tumour less than 4 cm with a normal contralateral kidney reported a significantly better
HRQoL than those treated for larger tumours.® In a recent systematic review of the literature, Junker et al.
analyzed three studies and investigated HRQoL in studies comparing PN and RN, showing higher QoL scores
after the conservative surgical management.*®

Preoperative Management

The multiphasic contrast-enhanced abdominal CT is still the reference standard for the diagnosis, staging, and
preoperative surgical planning of renal tumours. However, an abdominal contrast-enhanced CT angiography
should be considered in cases requiring detailed information on the renal vascular supply.+ Three-dimensional
CT reconstructions are needed to display the vascular and renal mass anatomy in a visual form that is familiar
to surgeons and to guide the surgical strategy during PN, especially in complex cases.#! Indeed, abdominal CT
imaging provides essential information regarding the anatomical and topographical characteristics of the tumour
as well as information regarding the relationship between the kidney and surrounding organs and its vasculature.
Abdominal magnetic resonance imaging (MRI) could be the only imaging available in patients who are allergic to
intravenous CT contrast medium or are pregnant without renal failure.®

Some anatomical and topographical characteristics of renal tumours can help urologists evaluate the surgical
complexity of PN. In 2009, first-generation nephrometry systems were proposed with the aim to standardize
the description of renal tumours beyond the traditional clinical size and to predict the potential morbidity of PN
in different clinical scenarios. Nephrometry scoring systems were soon applied to clinical practice because they
were found to provide useful data for treatment planning, patient counselling, and comparison between different
PN series.

The RENAL nephrometry (Radius/maximal tumour diameter, Exophytic/Endophytic properties, Nearness to
the collecting system or renal sinus, Anterior/posterior descriptor, and Location relative to the polar lines),
the Preoperative Aspects and Dimensions Used for an Anatomical (PADUA) classification, and the Centrality
Index (C index) represent the first-generation nephrometry systems.+>-# Although in the following years several
second-generation nephrometry systems have been proposed, the RENAL and PADUA systems are still the
most common tools used to objectify tumour anatomy and complexity.! Indeed, both the RENAL and PADUA
scoring systems have been widely externally validated as predictors of overall complications, warm ischemia time
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(WIT), estimated blood loss (EBL), and renal function impairment in patients who underwent PN, regardless
of the approach used.*+5-4¢ Moreover, a recent comprehensive systematic review and meta-analysis, evaluating
the impact of host factors on robot-assisted partial nephrectomy (RAPN), confirmed the ability of both the
RENAL and PADUA nephrometry systems to predict the most important intra- and postoperative outcomes.+
Notably, in 2019, Ficarra et al. proposed a simplified version of PADUA classification including only four of the
original variables (rim location, exophytic rate, clinical size, and renal sinus involvement), which was able to
reach the same performance as the first-generation and more complex RENAL and PADUA systems (Table 4).%°
Nephrometry scores can therefore be a helpful tool for preoperative decision-making, counselling, and patient
selection. Besides nephrometry systems, a parameter of interest to estimate the functional impairment after PN
is represented by the Contact Surface Area (CSA).% A simplified formula to calculate this interesting parameter
was proposed by Hsieh et al. in 2016 and externally validated by Haifler et al. in 2018.525% In 2019, Ficarra et al.
showed than while CSA was not a predictor of overall complications, it was an independent predictor of renal
function impairment after PN.54

TABLE 4 Parameters and scores included in the first generation of nephrometry scores.

RENAL Nephrometry PADUA score SPARE system
Score
Variables included or not included

Tumour size (cm) | =4 (1), 4-7(2), >7 (3) <4 (1), 4-7(2), >7(3) <4(0),4-7(2), >7 (4)

Exophytic rate (%) | =50% (1), <50% (2), >50% (1), <50% (2), >50% (0), <50% (1),
endophytic (3) endophytic (3) endophytic (2)

Polar location Superior vs. inferior vs. Superior/inferior (1) vs. = Not Included
middle (1-2—3)* middle (2)

Medial/lateral Not evaluated Lateral (1) vs. medial (2) | Lateral (0) vs. medial (2)

location

Anterior/posterior | Included (a/p) Included (a/p) Included (a/p)

location

Renal sinus >7mm (1), 4—7mm (2), | Not involved (1) vs. Not involved (0) vs.

involvement <4 mm (3) involved (2) involved (3)

Collecting system Not involved (1) vs. Not included

involvement dislocated/infiltrated (2)

Subgroup stratification
4—6vs. 7-9vs. 10-12 (no  6—7vs. 8—9 vs =10 based 0—3 vs. 4—7 vs. 8—10 based
criteria specified) on multivariate analysis  on OR binary logistic
regression analysis
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*1) Entirely above the upper or below the lower polar line; 2) lesion crosses polar line; 3) >50% of mass is across polar line, or mass
crosses the axial renal midline, or mass is entirely between polar lines.

Abbreviations: PADUA, Preoperative Aspects and dimensions used for an anatomical classification; RENAL, Radius-Exophytic-
Nearness-Anterior/posterior-Location; SPARE, Simplified Padua Renal.

Another interesting parameter not included in the classical nephrometry scoring system, but with a potential
interest in the preoperative imaging evaluation is represented by perirenal fat tissue status. Indeed, in 2014,
Davidiuk et al. proposed the Mayo Adhesive Probability (MAP) score, an accurate image-based scoring system to
predict the adherent perirenal fat tissue in patients suitable for PN.% The score was based on thickness of lateral
and posterior perirenal fat measured at the level of the renal veins as well as on grading of perinephric stranding.
The MAP score was shown to be a predictor of operative time and EBL during PN.557

FIGURE 5 Traditional CT scan imaging (A) and 3D reconstruction of renal vasculature, collecting system,
kidney shape, and tumour characteristics, anterior vision (B-C); posterior vision (D).
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e
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Hyper-accuracy three-dimensional (HA3D) reconstruction of the anatomical structures from CT scan images
represents an interesting new tool for assessing surgical complexity and plan surgical treatment. A 3D virtual
model of the affected kidney is created on the basis of high-resolution abdominal CT (angio-CT) scans. It is focused
on the renal vasculature (both arterial and venous), collecting system, kidney shape, and tumour characteristics.
The 3D images allow for reconstructing the renal pedicle, and the extra- and the intrarenal arteries, with the
possibility of seeing the segmental arteries and their relationship with the renal tumour (Figure 5). Notably,
in 2019 Porpiglia et al. showed that 3D virtual imaging of renal tumours helped surgeons improve the accuracy
of nephrometry scoring systems for predicting both overall and major complications.® Moreover, this new
technology may maximize the efficacy of selective clamping technique during RAPN for complex renal tumours.*
Features such as 360-degree rotation along all axes, changing the view from solid phase to transparency mode,
and establishing a resection plane with possibly adequate safety margins even before resection can further aid
surgeons to optimally plan for the different steps of the operation. In robotic platforms, these reconstructions can
be imported to complete the virtual surgery and intraoperative navigation.5:¢°

Surgical Approaches

PN can be performed using either open, pure laparoscopic, or robot-assisted approach based on the surgeon’s
expertise and skills as well as the hospital’s surgical volume.®-% However, according to most representative
international guidelines, minimally invasive surgery should not be taken into consideration if this approach
may compromise oncological, functional, and perioperative outcomes of PN or significantly increase the risk for
intraoperative conversion to RN. Conversely, it is not acceptable to perform a laparoscopic RN instead of an open
PN in patients with cT1 tumours suitable for nephron-sparing surgery (NSS) in experienced hands.®

For many years, the open approach had been the only option available to perform NSS in patients with
parenchymal renal tumours. Urologists have performed open partial nephrectomy (OPN) through a
retroperitoneal approach using a flank/subcostal incision or transperitoneally using a median xifo-ombelical
incision or a bilateral subcostal Chevron incision according to their preference and tumour location at the level of
posterior or anterior face, respectively.

Over the past decades, conventional and robot-assisted laparoscopy have been proposed as minimally invasive
alternatives to OPN. According to the literature, pure laparoscopic partial nephrectomy (LPN) is considered
a technically challenging procedure requiring a steep and long learning curve to reach acceptable WIT and
perioperative morbidity.% Robot-assisted partial nephrectomy (RAPN) has been introduced as the natural
evolution and simplification of traditional LPN. Specifically, 3D vision, optical magnification up to 12x, and
the patented EndoWrist (Intuitive Surgical, Sunnyvale, California, United States) technology allow surgeons to
perform a very precise tumour resection and a very accurate and simplified renorrhaphy.®® The advantages of
robotic technology have facilitated the expanding indications of minimally invasive PN for the management of
large and/or very complex parenchymal renal tumours. Recent data has confirmed that hospital RAPN volume
is a predictor of the most important perioperative outcomes as well as positive surgical margins (PSMs).6-63
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Notably, more than 60 PN/year were shown to be an independent predictor of PSMs in a large series of 2,060
patients who underwent OPN, LPN, or RAPN.%7

A potential issue with NSS is the risk for PSMs. In a recent systematic review of the literature, Ficarra et al.
reported a 6.7% PSM rate in a total of 45,786 PN cases included in the analysis, with a mean PSM rate ranging
from 0.7 to0 10.1% of cases. According to the different approach used, mean PSM rate ranged between 0 and 8.5%
in the 26,606 RAPN cases analyzed; between 1 and 12% in the 2,013 LPN cases included in the systematic review,
and between 1.8 and 18% in the 7,126 OPN cases analyzed. Notably, the risk for PSMs was not correlated with the
tumour complexity.®® Conversely, the risk for PSMs was inversely correlated with hospital volume.®

Similarly to open surgery, laparoscopic procedures can also be performed using a transperitoneal or
retroperitoneal approach, according to tumour location and surgeon preferences. Posteriorly located tumours
may be approached in an easier manner using a retroperitoneal approach. Moreover, this approach allows for
direct access to the renal hilum without the need for bowel mobilization. Conversely, the small operation field
and the lack of anatomical landmarks are potential disadvantages of this approach.® A recent study comparing
transperitoneal with retroperitoneal RAPN showed advantages in favour of the retroperitoneal approach in terms
of lower EBL. Conversely, no differences in terms of postoperative complications, PSM rate, length of hospital
stay, WIT, and postoperative kidney function were observed. Moreover, this study failed to demonstrate any
significant advantages in favour of the retroperitoneal approach in the management of posterior tumours.”
Therefore, surgeon preference represents the main factor influencing the choice between the transperitoneal and
the retroperitoneal approaches.

Open partial nephrectomy versus robot-assisted partial
nephrectomy

In the past decade, the number of RAPN cases significantly increased, exceeding the number of NSS procedures
still performed using the open approach in several countries. Currently, RAPN should be considered as the
reference standard for NSS in patients with renal tumours, with the exception of centres without the robotic
platform where LPN remains the main alternative to OPN.

In 2013, Masson-Lecomte et al. compared prospectively collected clinical data of 58 patients who underwent OPN
and 42 who received RAPN by the same experienced surgeon between 2008 and 2010. The authors reported a
statistically significant advantage in favour of RAPN only in terms of EBL and length of hospital stay. Conversely,
overall complications, WIT, PSM rate, and effect on renal function were similar.™ In 2014, Ficarra et al. published
a multicentre, multi-surgeon, matched pair-analysis comparing 200 OPN with 200 RAPN cases. The authors
showed a significantly shorter WIT in patients who underwent OPN and a significantly lower EBL in those who
underwent RAPN. No differences were observed in terms of operative time and intraoperative complications.
However, RAPN was associated with a shorter in-hospital stay and a significantly lower postoperative
complications rate. No differences in terms of PSM rate were reported in the two groups.” In 2016, Peyronnet
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et al. published a multicentre, retrospective French study comparing 1,800 patients who underwent OPN or
RAPN in 6 academic departments. The results of this study confirmed that RAPN was associated with lower
complications, lower EBL, and a shorter hospital stay. Although the median follow-up was short, the oncologic
outcomes were similar in the two compared groups.” Comparable results with the two techniques in terms of
PSM rate were also reported in another meta-analysis.®®

Previous oncologic data were confirmed by Garisto et al. in a series of patients receiving OPN or RAPN for highly
complex renal masses. Indeed, the authors reported comparable recurrence- and cancer-specific mortality rates
between the two approaches.” Similarly, in the subgroup of complex tumours, Wang et al. reported 5-year
RFS and CSS rates for RAPN versus OPN of 95.1% versus 92.7% (p=0.48) and 98.7% versus 97.6% (p=0.12),
respectively.” Previous data were confirmed by Larcher et al. in a propensity observational study comparing
170 OPN with 302 RAPN cases. In detail, the study showed equivalent 5-year rates of local recurrence-free,
distant progression-free, and cancer-free survival between the two groups. Moreover, patients who underwent
PN showed a lower rate of overall and major complications. Notably, this advantage was confirmed also in more
complex cases characterized by high PADUA scores, high CClI, large tumours, and low preoperative eGFR.7®

In 2019, Grivas et al. published a systematic review of the literature including 22 studies comparing OPN and
RAPN, showing that the last approach was superior to OPN in terms of complication rate in 11 included studies
while similar results were observed in 9 studies. Positive surgical margins were similar in 13 studies while RAPN
had lower surgical margins in 6 studies. Looking at perioperative outcomes, most of the retrieved studies showed
equivalent or longer OR and WIT in RAPN. Moreover, most studies showed that EBL and length of hospital
stay were equivalent or in favour of RAPN. Overall and major postoperative complications were equivalent or in
favour of RAPN. Both eGFR decline and CKD upstaging were similar in the majority of studies.”

More recently, Zeuschner et al. in a comparison of 313 OPN and 500 RAPN cases confirmed that RAPN beyond
the learning curve was associated with fewer complications, less blood loss, and shorter length of hospital stay
compared with OPN, even for more complex tumours.™

Some studies compared RAPN and OPN in specific settings of patients. Takagi et al. compared RAPN and OPN ina
cohort of patients with CKD. Performing a propensity score—matched analysis comparing 40 RAPN with 40 OPN
cases, the authors observed that EBL was significantly lower and length of hospital stay was significantly shorter
in the RAPN compared with the OPN group. Conversely, major complications, PSM rates, and preservation of the
eGFR did not differ between the two groups.™

The potential role of RAPN in obese patients was evaluated by Malkoc et al. in a study comparing 180 RAPN with
207 OPN cases. Perioperative outcomes were in favour of RAPN. In this study, obesity and OPN turned out to be
independent predictors of postoperative complications.®®
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Yerram et al. investigated 110 patients who underwent RAPN or OPN for multifocal tumours located in the
same kidney. RAPN achieved equivalent rates of trifecta as open surgery. The equivalence persisted on subgroup
analyses of patients with two and more than two tumours.®

Laparoscopic partial nephrectomy versus robot-assisted
partial nephrectomy

Most studies comparing LPN and RAPN were performed at the beginning of the robotic era, and therefore they are
not representative of the current clinical practice, where vi