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Abstract

Introduction: New radiological tools can accurately provide preop-
erative three-dimensional spatial assessment of metastatic renal cell 
carcinoma (RCC). We aimed to determine whether the distribution, 
volume, shape, and fraction of RCC resected in a cytoreductive 
nephrectomy associates with survival. 
Methods: We retrospectively reviewed 560 patients undergoing 
cytoreductive nephrectomy, performing a comprehensive volu-
metric analysis in eligible patients of all detectable primary and 
metastatic RCC prior to surgery. We used Cox regression analysis 
to determine the association between the volume, shape, fraction 
resected, and distribution of RCC and overall survival (OS).
Results: There were 62 patients eligible for volumetric analysis, with 
similar baseline characteristics to the entire cohort, and median 
survivor followup was 34 months. Larger primary tumors were 
less spherical, but not associated with different metastatic patterns. 
Increased primary tumor volume and tumor size, but not the frac-
tion of tumor resected, were associated with inferior survival. The 
rank of tumors based on unidimensional size did not completely 
correspond to the rank by primary tumor volume, however, both 
measurements yielded similar concordance for predicted OS. 
Larger tumor volume was not associated with a longer postopera-
tive time off treatment.
Conclusions: Primary tumor volume was significant for predicting 
OS, while the fraction of disease resected did not appear to impact 
patient outcomes. Although rich in detail, our study is potentially 
limited by selection bias. Future temporal studies may help elu-
cidate whether the primary tumor shape is associated with tumor 
growth kinetics.

Introduction

In 2019 in the U.S., kidney cancer was estimated to cause 
around 14 770 deaths.1 Upfront surgery is recommended 
to reduce mortality from localized disease, however, when 
renal cell carcinoma (RCC) has already metastasized, the 
role of surgery is not definitive. The CARMENA trial reported 
non-inferiority for upfront sunitinib compared with cytore-
ductive surgery followed by systemic treatment.2 However, 
the study’s principal investigators excluded some patients 
with a low metastatic burden “at the investigator’s discre-
tion,” and did not report on whether the fraction of tumor 
removed during nephrectomy or the location of metastases 
were associated with outcome.

We have previously reported that primary tumor size is 
an independent predictor of survival following cytoreductive 
nephrectomy.3 However, this finding did not consider that 
tumor volume can vary, even in tumors with identical maxi-
mum axial diameter, depending on the shape of disease.4 
Previous studies by Pierorazio et al and Barbastefano et al 
showed that the fraction of disease resected in a cytoreduc-
tive nephrectomy may be significant for survival outcomes, 
with improved outcomes when a minimum of 90–95% of 
all disease is debulked.5,6

We aimed to test the findings described by Pierorazio et 
al and Barbastefano et al in an independent cohort, using 
modern computed tomography (CT) software tools. Further, 
we aimed to identify how the volume, shape, and distribu-
tion of disease varies, and whether this variation relates to 
survival after cytoreductive nephrectomy.
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Methods 

Patients

After obtaining institutional review board approval, we 
reviewed 560 patients from our prospectively maintained 
nephrectomy database with metastatic disease treated 
with cytoreductive nephrectomy. As part of a collaborative 
effort, patients with clear-cell histology and next-generation 
sequencing of tumors were retrospectively evaluated for total 
volumetric analysis of all detectable disease. This required 
patients to have a CT scan of the chest, abdomen, and pelvis 
prior to surgery, plus additional peripheral CT imaging if 
other distant metastases were suspected. Patients needed to 
have non-contrast and nephrographic phase studies avail-
able for volumetric analysis. There were 62 patients that 
met all inclusion criteria and their baseline clinicopathologi-
cal variables, including International Metastatic Renal-Cell 
Carcinoma Database Consortium (IMDC) risk7 and time to 
systemic treatment were recorded for analysis. 

Image analysis

Primary and metastatic disease was measured using 
TeraRecon semi-automated segmentation analysis.8 A sys-
tematic approach was taken to individually count and mea-
sure every single detectable metastasis. This process was 
overseen by a radiologist (CD) specializing in whole-body 
CT analysis. Outputs from this segmentation analysis includ-
ed RECIST 1.1 scores, volume calculations, and tumor com-
pactness measurement (an assessment of sphericity). Binary 
observations were made of whether the primary tumor con-
tours were well-defined radiographically. 

Statistical analysis

We visually reviewed the volume of disease and distribu-
tion of disease in patients prior to undergoing cytoreductive 
nephrectomy. We divided the volume of primary disease by 
the sum volumes of all measurable disease, including the 
primary, to determine the fractional percentage of tumor 
volume. The distribution volume was visualized and trans-
formed to normalize the data. The Kaplan-Meier and Cox 
regression methods were used to determine whether the 
volume and the fraction of disease resected was associated 
with a difference in overall survival, both as a continuous 
variable and with the previously published cutoffs of 90% 
and 95% resection. The primary endpoint was OS following 
surgery, with patients alive at last followup date censored. 
We tested the shape of primary tumors to further determine 
whether irregularly shaped tumors were associated with dif-
ferent radiographical features, metastatic distributions, and 

poorer survival outcomes. We further evaluated whether 
increased tumor volume was associated with longer time 
to commencing systemic therapy. Finally, to estimate gener-
alizability, we compared the cohort’s baseline characteristics 
with the clear-cell histology cases that did not meet the 
selection criteria. A p<0.05 was considered to be statistically 
significant. All statistical analyses were performed using R 
Version 3.5.1.9

Results

The cohort consisted of 62 patients, 46 of whom were 
male, with a median age of 57 years. Table 1 describes 
the cohort characteristics, including the preoperative radio-
graphical descriptive characteristics. Patients included in the 
study were slightly younger than the original cytoreductive 
nephrectomy cohort, with all other patient and tumor fea-
tures balanced (Supplementary Table 1).

The median volume of primary tumors (PV) was 225 
cm3; this was non-normally distributed, with a negative 
skew (p=0.007). The median total volume of disease (TV) 
was 236 cm3, with patients’ TV predominantly restricted to 
the primary tumor (Fig. 1). Only three tumors had a vol-
ume of metastatic disease (MV) greater than PV; the median 
percentage of TV resected was 96.7%. Shape analysis was 
performed on the primary tumors, with five tumors unsuc-
cessfully processed due to small size (mean volume 27 cm3). 

Table 1. Cohort characteristics 

Cohort 62
Male gender (%) 46 (74.2)

Age, median (IQR) 57.47 (52.52, 63.30)

Tumor size (cm), median (IQR) 7.90 (5.62, 10.17)

Pathological vs. radiographical size 
difference (mm), median (IQR)

-0.36 (-1.18, 0.45)

Tumor stage (%)

T0 1 (1.6)

T1 6 (9.7)

T2 11 (16.1)

T3 46 (74.2)

T4 6 (9.7)

Node-positive (%) 24 (38.7)

IMDC risk group

High-risk 16 (25.8)

Intermediate-risk 43 (69.4)

Low-risk 2 (3.2)

Unknown 1 (1.6)

Radiographic tumor contours ill-defined (%) 38 (61.3)

Number of lesions, metastatic and primary, 
median (IQR)

3.50 (2.00, 5.00)

Number of metastatic organs involved, 
median (IQR)

2.00 (1.00, 2.00)

IMDC: International Metastatic Renal Cell Carcinoma Database Consortium; IQR: 
interquartile range.
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There was an inverse correlation between PV and sphericity, 
with larger PV being less compact (Spearman rank -0.26, 
p=0.049). However, there was no association between the 
sphericity of the primary tumor and ill-defined tumor bor-
ders, the number of metastases, or the volume of metastatic 
disease.

The long axis size on CT was concordant with the final 
pathological specimen diameter, with a median difference 
between the pathological tumor size and radiographic size 
of 3.6 mm (mean 2 mm). Interestingly, while the rank of 
tumors measuring maximal unidimensional CT size was gen-
erally comparable to the rank based on PV, some tumors 

moved significantly in their rank when switching between 
volume and unidimensional size measurement (Fig. 2). The 
median number of metastatic organs involved was two and 
the median number of measurable disease sites at the time 
of resection (including the primary) was 3.5. Over half of 
all patients had metastatic disease in their lung, however, 
only just over one-quarter had the largest volume of their 
disease in the lung, with axial and appendicular skeletal 
sites representing the largest combined site for the highest 
volume metastatic deposits (Table 2).

There were 52 patients that received systemic therapy 
after cytoreduction, with a median time from surgery to 
commencing systemic therapy of 88 days. Of note, 26/62 
patients underwent a period of close postoperative active 
surveillance, with either minimal residual disease or no 
evidence of disease, with eight patients remaining off treat-
ment at last followup. Active surveillance was associated 
with a lower log10(PV) (p<0.001). Although larger PV was 
associated with a shorter time to systemic therapy, when 
you remove the patients that underwent a period of active 
surveillance, there was no association between PV and time 
to treatment (Fig. 3).

There were 29 deaths during the followup period, with a 
median followup time of 34 months. Median survival was 
4.48 years from surgery. When grouping the fraction of TV 
resected by published criteria (<90%, 90–95%, and >95%) 
or as a continuous variable, there was no significant dif-
ference in survival. A log10 transformation of the PV pro-
duced a similar hazard ratio (HR) and p-value for survival 
(HR 2.62, 95% confidence interval [CI] 1.23–5.62, p=0.01) 
compared with radiographical long axis length (HR 1.16, 
95% CI 1.04–1.30, p=0.007). This similarity persisted when 
adjusting for sphericity and IMDC risk stratification (p=0.049 
and p=0.016, respectively). An increase in log10(TV) also cor-
responded with inferior survival (p=0.02), however, the sphe-
ricity of the primary tumor, number of metastatic lesions, 
and number of organs harboring those metastases were not 
significant for OS. Overall, unidimensional CT size, log10(PV) 
and log10(TV) yielded similar concordance, with a c-index 
of 0.674, 0.666, 0.655, respectively. 

Discussion

This study presents an in-depth analysis of the volume and 
distribution of RCC at the time of undergoing cytoreductive 
nephrectomy and their corresponding impact on postop-
erative survival. We identified that in patients selected for 
cytoreductive nephrectomy, an increase in the log10(PV) was 
associated with worse OS and that this impact was compa-
rable to an increase in the radiographical long axis size of 
the primary tumor. 

We analyzed the distribution of disease and saw that 
patients selected for surgery predominantly had disease 

Fig. 1. Distribution of tumor volume.
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contained to their primary tumor. The most common sites 
of metastases were lung, supradiaphragmatic nodes, and 
regional nodes (55%, 26%, and 24%, respectively), and the 
most common sites containing the largest volume of metas-
tases were lung, vertebra, and appendicular bone (27%, 
15%, and 11%, respectively). Another notable finding was 
that larger tumors were less spherical, although the change 
in shape alone was not associated with inferior survival. 
Future longitudinal exploration could explore whether the 
architectural tumor shape changes over time.

Although the fraction of TV resected was not associated 
with survival in our cohort, there appeared to be a signifi-
cant impact from PV. De Bruijn et al looked at patients with 
intermediate-risk IMDC profile and did not find an indepen-
dent association between either baseline tumor volume or 
fraction resected and OS.10 Notably, the majority of patients 
in our cohort were intermediate-risk, further reinforcing our 
finding that the fraction of disease resected is probably not 
an effective measurement for predicting survival outcomes 
after cytoreductive nephrectomy. Interestingly, in our cohort, 
it was the patients with a lower TV of disease that harbored 
higher proportions of MV. This is probably due to selection 
bias and ascertainment bias, whereby patients with a high 
MV and TV are assessed by surgeons as unsuitable candi-
dates for cytoreductive nephrectomy and a higher proportion 
of these patients are deceased. A potential confounder to the 
contention that higher PV confers an adverse prognosis after 
cytoreductive nephrectomy is that recovery time following 
resection of a larger tumor may be longer. While patients 
undergoing a period of postoperative active surveillance 
after surgery had a lower PV, among patients planned for 
systemic therapy immediately after surgery, there was no 
correlation between log10(PV) and time to initiating systemic 
therapy. Given the similar postoperative recovery times, the 
worse hazard for increasing log10(PV) potentially represents a 
more aggressive phenotype. Despite a quarter of our cohort 
consisting of high-risk IMDC patients, OS across the entire 
cohort was comparable to the expected survival for IMDC 
intermediate-risk patients. This result is likely due to surgeons 
selecting patients that they deem most likely to benefit from 
cytoreductive nephrectomy.While we could not reproduce 
the previous finding that the fraction of TV resected is asso-
ciated with survival, this may be due to methodological 
factors, along with differences in patient selection. Disease 
volume can be calculated radiographically by extrapolat-
ing from unidimensional or bidimensional measurements or 
using segmentation software. Unlike unidimensional mea-
surements, segmentation estimates can account for irregu-
larly shaped tumors, whereas maximal axial size measure-
ments may lead to an overestimation of volume.11 

In this small cohort, due to the variation in tumor sphe-
ricity, multiple tumors shifted in size rank when ordered by 
unidimensional size compared with volume, although most 

did not change markedly. This is particularly important for 
assessing correlations for populations with non-parametric 
distributions. Therefore, estimating volume measurements 
from long axis size measurements will result in a differ-
ent order of tumors volumes compared with rankings from 
segmentation analysis. Blute et al similarly illustrated that 
unidimensional measurements were unsuitable for calcu-
lating volume; this was not linked to differences between 
sphericity.12 Nonetheless, our findings demonstrated a strong 
concordance between both increases in log10(PV) and uni-
dimensional size measurements with OS. 

Our cohort has limitations due to selection biases by 
both surgical case selection and strict eligibility for volu-
metric analysis. The data benefits from in-depth analysis of 
volume of disease, however, as a small, non-consecutive 
case series, larger populations may demonstrate different 
OS outcomes. Reassuringly, aside from a slightly younger 
population, the clinicopathological characteristics of this 
series largely reflected the profile of the institution’s broader 
cytoreductive nephrectomy experience. The study provides 
a thorough snapshot of disease status immediately prior to 
surgery, although we do not capture temporal factors, such 
as the rate of primary tumor growth and the rate of progres-

Fig. 2. Order of patients by tumor size.
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sion of metastatic disease. Nonetheless, the relatively small 
case numbers warrant caution with interpretation and the 
novel findings outlined require external validation.

While this project provides considerable biological 
insights into the volumetric patterns of metastatic RCC, the 
process of obtaining the data using semi-automated seg-
mentation remains time-consuming. Given the similarity in 
predicted outcomes for both volume and long axis measure-
ment, unidimensional size serves as an effective surrogate for 
tumor volume; therefore, it is unlikely that volumetry would 
significantly improve patient selection and prognostication. 
However, with the growth of both artificial intelligence and 
automated radiological analysis, surgical decision-making in 
the future may ultimately integrate tumor segmentation.13,14

Conclusions

An increasing log10(PV) is associated with reduced OS and 
less-spherical primary tumors. Future studies could identify 
whether sphericity changes depending on tumor growth 
kinetics and whether it is associated with distinct muta-
tional profiles.

Competing interests: The authors report no competing personal or financial interests related to 
this work. Fig. 3. Primary volume and time to treatment.

Table 2. Distribution of metastases by site and size

Site Frequency 
involved

Largest 
metastatic 

volume

Involved before 
surgery (%)

Largest 
metastatic 
volume (%)

Most commonly involved sites

Adrenal 5 3 8% 5% Overall Largest site only
Bone 11 7 18% 11% 1. Lung 1. Lung

CNS 2 1 3% 2% 2. Supradiaphragmatic 
node

2. Vertebra

Distant node above diaphragm 16 4 26% 6% 3. Regional node 3. Appendicular bone

Distant node below diaphragm 3 0 5% 0% 4. Vertebra 4. Regional node

Regional node 15 7 24% 11% 5. Appendicular bone 5. Rib/sternum

Gastrointestinal tract 1 0 2% 0%

Skull/facial bones 1 0 2% 0%

Liver, GB, and bile tree 7 2 11% 3%

Parotid 1 0 2% 0%

Lung 34 17 55% 27%

Muscle 1 0 2% 0%

Pancreas 5 2 8% 3%

Bladder 1 1 2% 2%

Spleen 1 0 2% 0%

Thyroid 1 0 2% 0%

Vertebra 12 9 19% 15%

Pleura 1 1 2% 2%

Retroperitoneum 2 0 3% 0%

Rib/sternum 9 5 15% 8%

Contralateral kidney 3 2 5% 3%
CNS: central nervous system; GB: gall bladder.
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Supplementary Table 1. Baseline characteristics of included 
and excluded patients

Remaining 
cohort

Volumetric 
study

p

Number 368 62

Male gender (%) 274 (74.5) 46 (74.2) 1

Age, median (IQR) 61.67 (52.96, 
68.56)

57.47 (52.52, 
63.30)

0.022

Size, median (IQR) 8.85 (6.50, 
11.00)

7.90 (5.62, 
10.17)

0.318

pT3/4 (%) 292 (80.0) 52 (85.2) 0.385

Nodal metastases (%) 102 (27.7) 24 (38.7) 0.096

Bone metastases (%) 116 (31.5) 24 (38.7) 0.305

Visceral metastases (%) 283 (76.9) 44 (71.0) 0.335

Other metastases (%) 38 (10.3) 5 (8.1) 0.819

Number of metastatic 
sites (%)

0.092

1 195 (53.0) 24 (38.7)

2 103 (28.0) 21 (33.9)

>2 70 (19.0) 17 (27.4)
IQR: interquartile range.


