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Purpose: We investigated compensatory structural hypertrophy and functional hyperfiltra-
tion in patients with renal cell carcinoma (RCC) after radical nephrectomy (RN) according to 
the presence of proteinuria.
Patients and Methods: We retrospectively enrolled 471 patients who underwent RN for 
RCC between October 2005 and December 2013. These patients were divided into two 
groups according to the presence of postoperative proteinuria (trace or greater (≥1+) urine 
dipstick). We obtained computed tomography images before and 1 year after surgery to 
calculate the functional renal volume (FRV). The preoperative and postoperative Chronic 
Kidney Disease Epidemiology Collaboration equation-calculated glomerular filtration rates 
(CKD-EPI GFRs) per unit FRV (GFR/FRV) were used to calculate the degree of 
hyperfiltration.
Results: The mean patient age was 54.7±11.1 years, and the mean preoperative CKD-EPI 
GFR, FRV, and GFR/FRV were 89.3±13.3 mL/min/1.73 m2, 357.2±71.8 cm3, and 0.26 
±0.05 mL/min/1.73 m2/cm3, respectively. The percentage reduction rate of the GFR was 
not significantly different according to the presence of proteinuria (normal: −28.5±11.6% vs 
proteinuria: −28.7±15%; p=0.902); however, the postoperative hypertrophic FRV in the 
remnant kidney was significantly different (normal: 17.5±9.1% vs proteinuria: 13.8±14.1%; 
p=0.001). Meanwhile, the change in the percentage rate of the GFR/FRV was not signifi-
cantly different (normal: 21.1±23% vs proteinuria: 23.8±28.3%; p=0.324). Multivariate 
logistic regression analysis revealed that age (p=0.010) and the GFR/FRV (p<0.001) were 
significant predictors of postoperative proteinuria.
Conclusion: Compensatory structural hypertrophy and functional hyperfiltration are posi-
tive adaptations that reduce the occurrence of proteinuria.
Keywords: nephrectomy, proteinuria, glomerular filtration rate, hypertrophy, renal cell 
carcinoma

Introduction
Radical nephrectomy (RN) or partial nephrectomy (PN) is the gold standard 
surgical treatment option in patients with renal cell carcinoma (RCC).1,2 

However, one of the major problems in the surgical treatment of RCC is that RN 
or PN increases the risk of postoperative proteinuria and chronic kidney disease 
(CKD) significantly with an estimated glomerular filtration rate (GFR) of <60 mL/ 
min/1.73 m2.1,3 Furthermore, proteinuria not only indicates the severity of CKD but 
is also strongly related to CKD progression.4 Consequently, the occurrence of CKD 
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has been related to an increased risk of all-cause mortality 
and cardiovascular disease in large population-based 
cohort studies, even when controlling for other confound-
ing factors.5,6

Previous studies have shown that the occurrence of CKD 
or proteinuria after renal surgery is affected by older age, 
presence of diabetes mellitus (DM), type of surgery (RN or 
PN), and low preoperative GFR.3,7–9 Particularly, a low 
preoperative GFR is a well-known factor for predicting the 
rate of postoperative decline in the GFR, as the decrease in 
the postoperative GFR is greater in patients with 
a preoperative GFR of <60 mL/min/1.73 m2 than in those 
with a preoperative GFR of >60 mL/min/1.73 m2.10,11 

Additionally, compared with healthy individuals, approxi-
mately 26%–34% of patients with RCC show a decline in 
renal function before renal surgery.12,13

In a recent study, hypertrophic functional renal volume 
(FRV) has been suggested as a factor affecting the recov-
ery of postoperative GFR in the remnant kidney.14,15 

Following renal surgery, the postoperative GFR recovers 
owing to compensatory structural hypertrophy in the rem-
nant kidney and functional hyperfiltration in the renal 
glomeruli. Some studies in the clinical setting have sug-
gested that the rate of structural hypertrophy in the rem-
nant kidney is significantly related to postoperative 
recovery of renal function.16,17 However, with respect to 
functional adaptation after renal surgery, hyperfiltration 
has only been observed in animal studies; no studies 
have yet been conducted in clinical settings. In some 
experimental animal trials involving reduced renal par-
enchyma, fractional sodium reabsorption and renal blood 
flow were reduced acutely following nephrectomy but 
recovered rapidly to the preoperative level.12,13 However, 
in a previous animal study, it was questioned whether 
functional hyperfiltration had a long-term positive or nega-
tive effect on the kidneys in a clinical setting.18

In this study, preoperative and postoperative measurements 
were performed regarding compensatory hypertrophy in 
patients with a normal preoperative GFR. The GFR was mea-
sured per unit FRV after examining the hyperfiltration rate. The 
data were used to determine the effects of proteinuria which is 
strongly associated with CKD for assessing on the volumetric 
and functional adaptations after surgery.

Materials and Methods
This study was approved by the Institutional Review 
Board of Samsung Medical Center (2018–11-079) and 
performed in accordance with the Declaration of 

Helsinki. Informed consent of patients was waived owing 
to the study design, but all patient data complied with 
relevant privacy regulations and data protection. Among 
the 610 patients who underwent RN between 
October 2005 and December 2013, 471 patients had avail-
able GFR data and computed tomography (CT) images 
from both before and up to ≥1 year after the surgery and 
were thus enrolled in this study. All clinical data were 
recorded from individual patient medical records at the 
time of admission for the surgery. Patients with a solitary 
kidney, who underwent bilateral RCC, who had 
a preoperative GFR of <60 mL/min/1.73 m2, or who had 
proteinuria before surgery were excluded from the study. 
The GFR was calculated using the Chronic Kidney 
Disease Epidemiology Collaboration (CKD-EPI) 
equation.19 The patients were divided into two groups 
according to the presence of proteinuria 1 year after sur-
gery. Proteinuria was defined as trace or greater (≥1+) on 
urine dipstick. All methods were performed in accordance 
with the relevant guidelines and regulations.

Preoperative CT images within 60 days of RN were 
included in this study. CT was performed using a 16 or 64 
row multi-detector CT scanner (Siemens, Erlangen, 
Germany) according to the standard clinical protocol for 
abdominopelvic CT. Renal parenchyma images were 
obtained at 5-mm slice thickness. Normal enhancement 
(>50 Hounsfield units [HU]) of the renal parenchyma indi-
cated the functional area on the CT images. Based on the 
preoperative cross-sectional CT images, venous or portal 
phase images were extracted using Xelis software (Infinitt, 
Seoul, Korea). A threshold of 50 HU was selected for this 
study. After manual rendering of the tumor area, the soft-
ware automatically calculated the three-dimensional tumor 
volume.18 The overall preoperative FRV was calculated by 
summing the operated kidney FRV minus the tumor volume 
and remnant kidney FRV based on the preoperative CT 
images. The postoperative FRV was calculated only from 
the remnant kidney FRV from the CT images obtained 
1 year after surgery. The preoperative GFR per unit volume 
(GFR/FRV) was calculated by dividing the preoperative 
CKD-EPI equation-calculated GFR (CKD-EPI GFR) by 
the preoperative overall FRV. As such, the postoperative 
GFR/FRV was calculated by dividing the postoperative 
CKD-EPI GFR by the postoperative FRV.

Continuous variables were summarized as means ± stan-
dard deviations and compared using analysis of variance. 
Categorical variables were summarized as frequency counts 
and percentages and compared using Pearson’s chi-square test. 
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According to the presence of proteinuria, the CKD-EPI GFR, 
FRV, and GFR/FRV were assessed in the grouped patients, and 
the differences were analyzed. Using logistic regression ana-
lysis, we determined the factors that affected the presence of 
proteinuria 1 year after surgery. Statistical significance was set 
at p-values of <0.05. All analyses were performed using the 
Statistical Product and Services Solutions statistical software 
(version 20.0, Chicago, IL, USA).

Results
A total of 471 patients with RCC were enrolled in this 
study. The clinical characteristics of all patients are shown 
in Table 1. The mean age at the time of RN was 54.7±11.1 
years. The mean preoperative GFR was 89.3±13.3 mL/ 
min/1.73 m2; the mean preoperative FRV was 357.2 

±71.8 cm3; and the mean preoperative GFR/FRV was 
0.26±0.05 mL/min/1.73 m2/cm.3

The results of the comparison of patients grouped accord-
ing to the presence of postoperative proteinuria are shown in 
Table 2. Of the 471 patients, 369 (78.3%) and 102 (21.7%) 
belonged to the postoperative normal and proteinuria groups, 
respectively. The body mass index (BMI) did not differ 
between the two groups; however, sex, age, and presence of 
hypertension (HTN) and DM differed significantly (p<0.05). 
The mean preoperative GFRs in the postoperative normal and 
proteinuria groups were 90.4±17.5 mL/min/1.73 m2 and 85.4 
±18.3 mL/min/1.73 m2, respectively (p=0.001). The preopera-
tive volume of the operative kidney significantly differed 
between the groups (173.5±40.7 cm3 vs 185.7±59 cm3; 
p=0.017) as did the preoperative volume of the remnant kidney 
(177.6±34.4 cm3 vs 194±40 cm3; p<0.001). Similarly, the 
preoperative GFR/FRV significantly differed between them 
(0.27±0.06 mL/min/1.73 m2/cm3 vs 0.23±0.05 mL/min/ 
1.73 m2/cm3; p<0.001).

Significant differences between the postoperative nor-
mal and proteinuria groups were also observed at the 
1-year postoperative follow-up in terms of the GFR (64.8 
±13.7 mL/min/1.73 m2 vs 61.1±17.1 mL/min/1.73 m2; 
p=0.039) and GFR/FRV (0.32±0.08 mL/min/1.73 m2/cm3 

vs 0.28±0.07 mL/min/1.73 m2/cm3; p<0.001); however, 
the remnant FRV did not differ significantly (214.4 
±40.9 cm3 vs 226.6±45.3 cm3; p=0.069).

The comparison of postoperative changes between the 
two groups showed that the GFR decreased by −28.5 
±11.6% in the postoperative normal group and by −28.7 
±15% in the postoperative proteinuria group (Figure 1A), 
p=0.902). Meanwhile, the postoperative volume of the 
remnant kidney increased by 17.5±9.1% in the postopera-
tive normal group and by 13.8±14.1% in the postoperative 
proteinuria group, with a significant difference between 
them (Figure 1B), p=0.001). Conversely, the overall 
GFR/FRV increased in average by 21.1±23% in the post-
operative normal group and by 23.8±28.3% in the post-
operative proteinuria group (Figure 1C), p=0.324).

Table 3 shows the results of logistic regression analysis 
performed to identify the predictive factors of proteinuria. 
Multivariate regression analysis revealed that age 
(p=0.010) and the GFR/FRV (p<0.001) were significant 
predictors of postoperative proteinuria.

Discussion
Renal surgery has an impact on the postoperative GFR 
owing to surgical removal of functional renal parenchyma 

Table 1 Overall Cohort Characteristics

Variable

Total number of patients 471

Sex, M:F, n (%) 341:130 (72.4:27.6)

Age, years, mean ± SD 54.7±11.1

BMI, kg/m,2 mean ± SD 24.8±3.2

DM, n (%) 48 (10.2)

HTN, n (%) 120 (25.5)

Pre-operation

CKD-EPI GFR, mL/min/1.73 m2, mean ± SD 89.3±13.3
FRV, cm3, mean ± SD 357.2±71.8

Tumor volume, cm3, mean ± SD 75.7±102.8

GFR/FRV, mL/min/1.73 m2/cm3, mean ± SD 0.26±0.05

Post-operation

CKD-EPI GFR, mL/min/1.73 m2, mean ± SD 63.7±14.5
FRV, cm3, mean ± SD 217±42.1

GFR/FRV, mL/min/1.73 m2/cm3, mean ± SD 0.31±0.08

Postoperative proteinuria, n (%) 102 (21.7)

T stage, n (%)

T1 334 (70.9)

T2 41 (8.7)
T3 89 (18.9)

T4 8 (1.5)

N stage, N0-X:N1, n (%) 459:12 (97.7:2.3)

M stage, M0:M1, n (%) 428:43 (91.1:8.9)

Abbreviations: BMI, body mass index; CKD-EPI, Chronic Kidney Disease 
Epidemiology Collaboration; DM, diabetes mellitus; FRV, functional renal volume; 
GFR, glomerular filtration rate; HTN, hypertension; SD, standard deviation
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or damage to functioning nephrons.1,20 Thus, CKD follow-
ing renal surgery has a major influence on the all-cause 
mortality and the subsequent risk of cardiovascular 
events.5,6 Furthermore, postoperative proteinuria increases 
the risk of CKD and thus the mortality in patients with 
RCC.21,22 Recently, numerous studies have been estab-
lished to determine the factors predictive of postoperative 
CKD and proteinuria.4,5,22,23 After renal surgery, the rem-
nant kidney is affected by compensatory structural hyper-
trophy and functional filtration through several factors, 
such as patient body size, sex, and ethnicity.24,25 

Therefore, accurate individual prediction of the recovery 
of renal function is limited. To compensate for these 
limited predictive factors, we previously investigated the 
increase in the incidence of compensatory hypertrophy and 
functional filtration in the remnant kidney based on the 
GFR/FRV.18 However, in that study, it was not clear 
whether the increase in the GFR per unit volume would 
positively or negatively affect the postoperative recovery 
of renal function; further, no other studies have investi-
gated the effect of increased filtration per unit FRV on the 

occurrence of proteinuria in patients. This study was per-
formed to determine the volume of structural hypertrophy 
and GFR/FRV per unit FRV in relation to the development 
of proteinuria in patients 1 year after surgery.

When the two study groups were divided according to 
the presence of proteinuria after renal surgery, significant 
differences were observed in baseline characteristics, 
including sex, age, and presence of HTN and DM (each 
p<0.05). This difference may be attributed to the fact that 
the study was performed in patients without a GFR of 
<60 mL/min/1.73 m2 and proteinuria preoperatively. In 
terms of preoperative renal function and functional 
volume, the patients without proteinuria were found to 
have significantly better renal function (90.4±17.5 mL/ 
min/1.73 m2 vs 85.4±18.3 mL/min/1.73 m2; p=0.001); 
however, the patients with proteinuria were found to 
have a higher FRV (351.1±67.2 cm3 vs 379±83.1 cm3; 
p<0.001). Meanwhile, the postoperative GFR/FRV was 
found to be 0.27±0.06 mL/min/1.73 m2/cm3 among the 
patients without proteinuria, which was significantly 
higher than 0.23±0.05 mL/min/1.73 m2/cm3 among the 

Table 2 Pre- and Post-Operative Differences According to the Presence of Proteinuria

Characteristics No Proteinuria 
(N=369)

Proteinuria 
(N=102)

p-value

Sex, M:F, n (%) 260:109 (70.5:29.5) 81:21 (79.4:20.6) 0.046

Age, years, mean ± SD 53.6±10.9 58.6±10.7 <0.001

BMI, kg/m,2 mean ± SD 24.6±3.0 25.2±3.7 0.106

HTN, n (%) 83 (22.5) 37 (36.3) 0.004

DM, n (%) 30 (8.1) 18 (17.6) 0.006

Pre-operation, mean ± SD
GFR, mL/min/1.73 m2 90.4±17.5 85.4±18.3 0.001

Overall FRV, cm3 351.1±67.2 379±83.1 <0.001

Operative FRV, cm3 173.5±40.7 185.7±59 0.017
Remnant FRV, cm3 177.6±34.4 194±40 <0.001

Tumor volume, cm3 67.3±94 106.2±125.8 0.001

GFR/FRV, mL/min/1.73 m2/cm3 0.27±0.06 0.23±0.05 <0.001

Post-operation, mean ± SD

GFR, mL/min/1.73 m2 64.8±13.7 61.1±17.1 0.039
Remnant FRV, cm3 214.4±40.9 226.6±45.3 0.069

GFR/FRV, mL/min/1.73 m2/cm3 0.32±0.08 0.28±0.07 <0.001

Change after surgery, mean ± SD

GFR, % −28.5±11.6 −28.7±15 0.902

Hypertrophic volume, % 17.5±9.1 13.8±14.1 0.001
GFR/FRV, % 21.1±23 23.8±28.3 0.324

Abbreviations: BMI, body mass index; DM, diabetes mellitus; FRV, functional renal volume; GFR, glomerular filtration rate; HTN, hypertension; SD, standard deviation
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Figure 1 (A) Preoperative GFR and postoperative reduction in GFR according to proteinuria. (B) Preoperative functional renal volume of the remnant kidney and degree of 
hypertrophy according to proteinuria. (C) Changes in preoperative and 1-year postoperative GFR/FRV according to proteinuria.
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patients with proteinuria (p<0.001). After surgery, there 
was no significant difference observed in the FRV between 
the two groups (214.4±40.9 cm3 vs 226.6±45.3 cm3; 
p=0.069); however, there was a significant difference 
found in the GFR (64.8±13.7 mL/min/1.73 m2 vs 61.1 
±17.1 mL/min/1.73 m2; p=0.039) and GFR/FRV (0.32 
±0.08 mL/min/1.73 m2/cm3 vs 0.28±0.07 mL/min/ 
1.73 m2/cm3; p<0.001).

In a recent study, Tourojman et al suggested that the 
prevalence of proteinuria is lower in the presence of 
a higher preoperative GFR; similar to our findings, this 
finding supports the result of a previous study that inves-
tigated patients with a higher GFR with no proteinuria.4 In 
contrast, from a volumetric point of view, the overall FRV 
was found to be higher in patients with preoperative pro-
teinuria. No previous studies have reported a correlation 
between the FRV and proteinuria. Conversely, Hosokawa 
et al reported that the incidence of proteinuria was higher 
in patients with a GFR/FRV of <0.24, although it can be 
indirectly expected that a lower GFR/FRV may result in 
the development of proteinuria.8

This study revealed that the GFR decreased by −28.5 
±11.6% among the patients without proteinuria and by 
−28.7±15% among those with proteinuria (p=0.902). 
However, the hypertrophic FRV after RN was 17.5±9.1% 
among the patients without proteinuria and 13.8±14.1% 
among those with proteinuria, with an observed significant 

difference (p=0.001). Meanwhile, the GFR/FRV increased 
by 21.1±23% among the patients without proteinuria and 
by 23.8±28.3% among those with proteinuria, without any 
significant difference (p=0.324).

Previous studies have suggested that the changes in the 
remnant kidney are attributed to the division between 
postoperative structural adaptation and functional 
adaptation.24 As a structural adaptation, compensatory 
hypertrophy is characterized by structural hypertrophy 
after renal surgery. Recently, this was estimated using 
volumetric measurement software via CT, wherein the 
percentage was found to be 21.2% after RN and 10.9% 
after PN for RCC.15 Further, the degree of compensatory 
hypertrophic FRV was dependent on the BMI, age, and 
presence of HTN.26 Animal studies have shown that struc-
tural hypertrophy causes lengthening of the proximal and 
distal tubules in the glomeruli, which consequently func-
tionally increases fractional sodium reabsorption.27 In this 
study, a significant difference was observed in the remnant 
kidney volume between the two groups after surgery; 
those without proteinuria were found to have a 17.5 
±9.1% increase and those with proteinuria were found to 
have a 13.8±14.1% increase. After RN, both structural and 
functional adaptations can be observed.

To date, functional adaptation has been explained as 
the maintenance of GFR via induction of glomerular 
hyperfiltration that increases renal blood flow.24 Previous 

Table 3 Logistic Regression Analysis to Identify the Predictive Factors of Proteinuria

Parameter Univariate Multivariate

OR (95% CI) p-value OR (95% CI) p-value

Sex

Male Ref
Female 0.61 (0.36–1.05) <0.001

Age 1.03 (1.02–1.07) <0.001 1.03 (1.01–1.06) 0.010

BMI 1.05 (0.99–1.13) 0.104

DM (Yes vs No) 2.42 (1.29–4.55) 0.006

No Ref

Yes

HTN (Yes vs No)

No Ref
Yes 2.23 (1.22–3.14) <0.001

Hypertrophic volume 0.96 (0.94–0.98) <0.001

GFR/FRV 0.88 (0.84–0.92) <0.001 0.90 (0.85–0.95) <0.001

Abbreviations: BMI, body mass index; CI, confidence interval; DM, diabetes mellitus; FRV, functional renal volume; GFR, glomerular filtration rate; HTN, hypertension; OR, 
odds ratio.
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studies have suggested that the GFR can reach up to 70% 
of the preoperative level several weeks after donor 
nephrectomy.26,28 In a previous animal study, such 
changes were investigated; the GFR reached up to 80% 
of the preoperative renal function level by 
postoperative day 32, after which the GFR stabilized.17 

A decreased FRV reduces afferent arteriolar resistance and 
thus improves effective plasma blood flow.28 Additionally, 
nitric oxide production increases, thereby increasing renal 
plasma blood flow and the single-nephron GFR 
(SNGFR).29 Consequently, mesangial cells in a single 
nephron lead derivation of chemokines to increase the 
SNGFR and ultimately cause compensatory 
hypertrophy.14,24 However, through adaptation, hyperfiltra-
tion increases the GFR as well as the possibility of 
nephron injury, suggesting maladaptation in relation to 
the presence of proteinuria or HTN.24 In this study, the 
GFR/FRV increased from 0.27±0.06 mL/min/1.73 m2/cm3 

to 0.32±0.08 mL/min/1.73 m2/cm3 among patients without 
proteinuria and from 0.23±0.05 mL/min/1.73 m2/cm3 to 
0.28±0.07 mL/min/1.73 m2/cm3 among patients with pro-
teinuria; therefore, a difference could be seen between the 
two groups. Patients without proteinuria showed higher 
hyperfiltration per unit area than patients with proteinuria; 
this measurement showed an insignificant difference in the 
growth rate between the two groups (21.1±23% vs 23.8 
±28.3%; p=0.324).

We then analyzed the factors that can cause proteinuria 
through multivariate logistic regression analysis, which 
showed that increased age was linked to a higher protei-
nuria occurrence rate (p=0.010) and that a higher GFR/ 
FRV was significantly linked to a decreased proteinuria 
occurrence rate (p<0.001). Based on this finding, we can 
posit that GFR/FRV changes after RN have a positive 
effect on the occurrence of proteinuria, rather than mala-
daptation-induced proteinuria, causing hyperfiltration.

It is difficult to clinically measure the degree of recovery 
for functional adaptation. The SNGFR was mostly measured 
in animal models because such measurements would involve 
invasive procedures in the clinical setting. To date, human 
studies have used CT scans to measure structural hypertro-
phy following renal surgery but could not measure changes 
in functional adaptation.14 Nevertheless, in this study, we 
measured the renal volume before and 1 year after RN and 
calculated the GFR per cm3 of the FRV to estimate the 
compensatory functional changes 1 year after RN. In this 
study, the increase in the unit area filtration after RN was 
considered a positive adaptation that decreases the 

occurrence of proteinuria and improves the prognosis of 
patients after RN.

This study has several limitations. First, this study was 
retrospective in nature. Second, the GFR values used in 
this study were derived using the CKD-EPI equation. 
More accurate measurements of fractionated renal function 
(ie, renal scintigraphy) could not be obtained preopera-
tively; thus, preoperative function of the remnant kidney 
could not be accurately represented. Additionally, our 
study used the dipstick test for the pre- and post- 
operative assessments of proteinuria. The dipstick test is 
less sensitive and less reliable than the quantified measure-
ment based on 24-hour urine collection. Further prospec-
tive studies are needed to obtain more quantifiable 
estimates of proteinuria. Finally, the method for assessing 
the FRV employed in this study was based on CT, which is 
not a standardized method despite it being precise.

Conclusion
Development of proteinuria after RN increases the inci-
dence of CKD and worsens patients’ prognosis. After 
surgery, structural hypertrophy and functional hyperfiltra-
tion occur for GFR recovery through compensatory adap-
tation, which act as positive adaptations to decrease the 
occurrence of proteinuria. Therefore, the renal function 
per unit area can be used as a prognostic factor to deter-
mine the occurrence of proteinuria after surgery; how-
ever, additional research is necessary to evaluate this 
value.
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