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Summary
Background and objectives The significance of renal parenchymal volume and the factors that influence it
are poorly understood.
Design, setting, participants, & measurements Renal parenchymal volume (RPV) was measured on contrastenhanced CT scans after exclusion of sinus fat and vessels in 224 healthy subjects evaluated as kidney donors and in a separate cohort of 22 severely obese individuals before and after 6 months of weight loss.
GFR was measured by iohexol clearance in 76 of the transplant donors. RPV was correlated with age, GFR,
and various anthropometric parameters.
Results In potential transplant donors, RPV correlated with body surface area (BSA; r ⫽ 0.68) and was 7%
larger in men but did not vary with age or race. Gender and body size were independent determinants of
RPV. RPV correlated well with GFR (r ⫽ 0.62) and accounted for almost all of the variability in a model of
GFR that included age, race, gender, and body surface area. GFR correlated more strongly with RPV than
with creatinine-based equations. The same relationship between RPV and BSA was observed in obesity,
and RPV decreased with weight loss.
Conclusions In healthy adults younger than 65 years, renal parenchymal volume is governed by body size
and gender but not age or race and is strongly correlated with GFR. This indicates that renal parenchymal
volume varies to meet metabolic demand and is closely linked to renal function.
Clin J Am Soc Nephrol 6: 70 –76, 2011. doi: 10.2215/CJN.00030110

Introduction
Detection and assessment of kidney disease is usually
through measurement or estimation of renal function
and examination of the urine. However, renal parenchymal volume is another parameter that may have clinical
utility. For instance, a reduction can occur in chronic
kidney disease and is a frequently used parameter for
decisions about biopsy, whereas renal enlargement can
occur in a number of disorders. Renal enlargement in
diabetics is a risk factor for nephropathy (1,2), and the
size of donor kidneys influences the outcome after transplantation (3–5). A reduced quantity of nephrons at
birth may contribute to the development of hypertension (6,7) and may be detectable as differences in renal
parenchymal volume because kidney weight correlates
closely with nephron number (8) in healthy humans.
The use of kidney volume as a clinical or research tool
has been limited by inaccuracy in its measurement in
vivo, uncertainty about its determinants, and a lack of
normative data. Sonographic measurements of kidney
volume have been used in most studies but are very
inaccurate (9 –12). Although it is generally accepted that
kidney size should be corrected for body size, the magnitude of this correction is unknown, and the influence
of other parameters such as gender and age is unclear.
The determinants of renal parenchymal volume
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were identified in adults without kidney disease undergoing contrast-enhanced computed tomography
(CT) scans as part of an evaluation for kidney donation. Volume was also measured in a cohort of obese
subjects before and after weight loss therapy to better
define the relationship with body size.

Materials and Methods
Subjects
Two cohorts of patients were studied. The first was
selected between January 2003 and February 2006
from individuals undergoing inpatient evaluation as
kidney donors, which included contrast-enhanced
computed tomography of the abdomen. The potential
donors were screened before admission by telephone
interview only for a history of hypertension or kidney
disease. In 224 subjects, adequate CT scans were
available and showed structurally normal kidneys. Of
these, 80 were identified prospectively and agreed to
a measurement of GFR. The second cohort consisted
of 21 female patients undergoing CT scanning as part
of a study of metabolic changes during weight loss.
Weight loss was produced by Roux-en-Y gastric bypass in 16 patients, gastric banding in two, and diet in
four. Patients underwent noncontrast CT scans before
and 1, 6, and 24 months after weight loss therapy to
quantitate mesenteric fat.
www.cjasn.org Vol 6 January, 2011
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Renal Parenchymal Volume
Transverse images from CT scans were exported as
TIFF files into ScionImage software (Scion Corp., Frederick, MD) for tracing and measurement of the crosssectional kidney areas. For total kidney area, the outline
of the kidney was traced, and where the renal border is
discontinuous (renal hilum), the kidney was enclosed
by extending a straight line tangential to each hilar lip.
For renal parenchymal area, the tracing excluded sinus
fat, vessels, and cysts. The number of enclosed pixels
was counted and converted to a cross-sectional area
after calibration of pixel size. Volume was determined
by summing the cross-sectional areas and multiplying
by the slice interval. Most of the CT scans were performed with a slice interval of 5 mm. To determine
whether a larger interval could be used to reduce the
amount of tracing, 13 kidneys were traced at 5-mm
intervals, and the volume was compared using every
slice (5-mm interval) and every other slice (10-mm interval). Because there was no significant difference
(0.4% ⫾ 0.3%), 10-mm intervals were used. Some
scans were performed with 7-mm intervals or 1-mm
intervals, in which case every image (7-mm interval) or every tenth image (10-mm interval) was
used. Measurements were performed by one of five
investigators. Each underwent a period of training,
and consistency was checked with test cases in a
blinded fashion. We have previously reported intraobserver and interobserver variabilities of 3 and
8% for the measurement of renal parenchymal volume (13), and others have reported an interscan
correlation of 0.94 (14).
GFR
GFR was measured as the plasma clearance of the
iohexol (approximately 145 ml at 350 mg of iodine/
ml) that was administered intravenously for the CT
scan. The bottle of iohexol was weighed before and
after the iohexol was withdrawn, and residual solution in the syringe and tubing was weighed to determine the precise dose. At least four and usually five
heparinized blood samples were collected at approximately 30-minute intervals beginning 2 hours after
iohexol administration, a period during which there is
a single exponential decline in plasma iohexol concentration (15). Plasma iohexol concentration was
measured by reverse-phase HPLC after deproteina-
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tion with perchloric acid (15) with detection by ultraviolet absorption, and the larger of the two peaks was
used to calculate the concentration. Clearance was
calculated from the slope of the linear regression of
the logarithm of iohexol concentration as a function
of time as described by Gaspari et al. (15) using a
one-compartment model corrected by the method
of Bröchner-Mortensen (16). This technique gives
an excellent correlation with inulin clearance over a
wide range (15). The data were rejected if the correlation coefficient for the regression was less than
0.97, which occurred in four of the 80 subjects in
whom GFR was measured.
Other Measurements
Height and weight were measured in the hospital,
and body surface area was estimated using the formula of DuBois and DuBois (17). Lean body mass was
obtained by subtracting fat mass (measured by air
plethysmography) from total weight. Serum creatinine and urine creatinine were measured in the clinical laboratory of the hospital and used to calculate
creatinine clearance. GFR was estimated by the modification of diet in renal disease (MDRD2) formula as
described previously (18).
Data Analyses
Univariate data are presented as Pearson correlation coefficients. Multivariate regression was performed using Statistical Excel Add-in software, version 1.6 (StatistiXL, Perth, Australia). A P value of 0.05
was considered statistically significant.

Results
Of the 224 potential transplant donors studied, 125
(56%) were female, 155 (69%) were Caucasian, 47
(21%) were black, and 9 (4%) were Hispanic. Other
characteristics are shown in Table 1. All of the parameters appeared to be distributed evenly about their
mean. Serum creatinine was greater than 1.2 in four
subjects, all of whom had a creatinine clearance
greater than 120 ml/min. Creatinine clearance was
less than 80 ml/min in eight subjects, all of whom had
a serum creatinine concentration of 1.0 or less. Two
subjects had an admission diastolic BP above 100
mmHg but had no evidence of renal disease on the

Table 1. Clinical characteristics of the potential kidney donors (n ⴝ 224)

Parameter

Mean ⫾ SD

Median

Range

Age (yr)
Serum creatinine (mg/dl)
Creatine clearance (ml/min per 1.73 m2)
Mean blood pressure (mmHg)
Weight (kg)
Body surface area (m2)
Body mass index (kg/m2)
Combined renal parenchymal volume (ml)

39 ⫾ 11
0.86 ⫾ 0.17
131 ⫾ 35
92 ⫾ 9
79 ⫾ 16
1.90 ⫾ 0.23
27.2 ⫾ 4.6
357 ⫾ 73

38
0.9
128
92
77
1.87
27.0
348

18 to 66
0.5 to 1.8
40 to 266
71 to 127
44 to 122
1.37 to 2.47
18.8 to 39.4
233 to 601
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Table 2. Univariate correlations between renal
parenchymal volume and anthropometric parameters in
potential kidney donors (n ⴝ 224)

Parameter

Correlation
Coefficient

P

Weight
Height
Body surface area
Body mass index
Age
Gender
Race

0.66
0.52
0.68
0.39
⫺0.10
0.55
0.098

⬍0.0001
⬍0.0001
⬍0.0001
⬍0.0001
NS
⬍0.0001
NS

basis of serum creatinine levels of 0.7 and 0.8 mg/dl,
creatinine clearances of 109 and 116 ml/min, and
24-hour urine protein excretions of less than 250 mg.
Prior studies have measured total kidney volume,
which includes tissue such as the renal sinus that is
devoid of nephrons and does not contribute to renal
function. To determine the relationship between total
renal volume and renal parenchymal volume, initial
measurements included both total kidney volume
and parenchymal volume. In 20 subjects, the relationship between the two varied considerably, with renal
parenchymal volume (RPV) ranging from 55 to 98%
of total kidney volume. Because of the desire to measure functional renal tissue and the poor correlation
with total renal volume, renal parenchymal volume
rather than total kidney volume was measured in the
remainder of the subjects.
Pearson correlation coefficients for potential determinants of RPV in the transplant donors are shown in
Table 2. Of the various anthropometric indices, body
surface area and body weight correlated best with
RPV. The relationship between RPV and body surface
area is shown in Figure 1. The correlation between
BSA and total kidney volume was slightly better (r ⫽
0.77), but this analysis was limited to 14 subjects. RPV

Figure 1. | Relationship between renal parenchymal volume
and body surface area in potential kidney donors (n ⫽ 224).
The regression equation is RPV ⫽ 217 ⫻ BSA ⫺ 55 (r ⫽ 0.68;
P ⬍ 0.0001).

Figure 2. | Plot of age and renal parenchymal volume in potential kidney donors showing no relationship (n ⫽ 224).

was also correlated with gender, and this was not due
to differences in body size because RPV/BSA was 7%
less in women than in men (181 ⫾ 2.4 versus 195 ⫾ 2.7
ml/m2, P ⬍ 0.001). As shown in Figure 2, there was
no significant correlation with age (r ⫽ ⫺0.15, P ⬎
0.05), but there were few donors above age 60. There
was also no correlation with age in the subgroup of 41
subjects aged 50 or greater. Race did not correlate
with RPV, and in particular RPV/BSA was the same
in blacks and other races (193 ⫾ 5 versus 185 ⫾ 2
ml/m2). The results of these univariate analyses were
confirmed by a multivariate regression (Table 3) in
which only body surface area and gender were significantly correlated with RPV. The adjusted r2 for
this model was 0.51.
The relationship between body size and kidney
volume was also examined in 22 severely obese individuals undergoing weight loss therapy. The mean
age was 39 years (range, 25 to 57 years), the mean
body mass index was 47 (range, 35 to 55), and all were
female. The baseline RPV/BSA was not significantly
different than in female potential kidney donors
(180 ⫾ 5 ml/m2 versus 183 ⫾ 2.5 ml/m2, P ⬍ 0.05).
This is apparent in Figure 3, in which the obese subjects and the female transplant donors appear to fall
on the same regression line for RPV/BSA. RPV was
also measured 1 month (19 subjects) and 6 months (18
subjects) after initiation of weight-loss therapy. All of
the patients lost weight after 1 month and further
weight after 6 months. As shown in Figure 4, RPV
decreased significantly in the first month (8.1 ⫾ 1.8%)
with a smaller decrease over the next 5 months (to
10.3 ⫾ 1.7%). RPV decreased in all but four patients at
1 month and in all but two patients at 6 months. The
initial loss of RPV matched the loss in body weight,
but subsequent weight loss was much greater than
the decrease in RPV. The initial loss of RPV was
greater than the decrease in BSA, but these two values
were equal after 6 months. Although the loss of lean
body mass was less than the loss of RPV at both time
points, the patterns matched.
To determine whether renal function is related to
renal parenchymal volume, GFR was measured in 76
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Table 3. Multivariate model of renal parenchymal volume in potential kidney donors (n ⴝ 224)

Parameter

Coefficient

Standardized ␤

P

Body surface area (m2)
Gender (female)
Age (yr)
Race (white)

182
⫺27
⫺0.39
⫺6.0

0.58
⫺0.19
0.06
⫺0.07

⬍0.0001
0.002
0.22
0.156

Figure 3. | Relationship between renal parenchymal volume and
body surface area in female potential kidney donors (n ⫽ 122; solid
symbols) and in severely obese women (n ⫽ 22; open symbols) at
baseline.

Figure 5. | Relationship between GFR and renal parenchymal
volume in potential kidney donors (n ⫽ 76). The equation for
the regression line is: GFR ⫽ 0.17 ⫻ RPV ⫹ 38; r ⫽ 0.62; P ⬍
0.0001.

clearance (r ⫽ 0.47) and considerably stronger than
the correlation between GFR (normalized to BSA) and
the MDRD formula (r ⫽ 0.35) or the MDRD2 formula
(r ⫽ 0.31). The relationship between GFR and RPV
remained highly significant in a multivariate regression model that included age, gender, race, and BSA
(Table 4). The adjusted r2 for the inclusive model
(0.39) was only slightly better than that for the correlation between GFR and RPV alone (0.38).

Discussion

Figure 4. | Decrease in renal parenchymal volume with weight
loss in severe obesity. The thick line indicates renal parenchymal volume. The data are the means of 19 subjects at baseline
at 1 month and 18 subjects at 6 months. The error bars are
standard errors.

of the potential kidney donors. As shown in Figure 5,
there was a strong correlation between GFR and RPV
(r ⫽ 0.62, P ⬍ 0.0001). Common methods to estimate
GFR were also compared with measured GFR to determine whether RPV is a better indicator. The correlation between GFR and RPV was stronger than the
correlation between GFR and creatinine clearance (r ⫽
0.48) or the Cockcroft-Gault formula for creatinine

Renal parenchymal volume may have both diagnostic and prognostic utility, but the lack of normative data and knowledge of the factors that affect it
has limited its use. Previous studies of kidney size
have been performed primarily in children and have
relied on sonographic or autopsy measurements.
Sonographic measurements of renal volume are very
inaccurate (9 –11), and autopsy weights are subject to
postmortem changes. The volume of kidneys and
other organs can be accurately measured by CT scanning with errors of 3% or less (19). However, studies
to date have measured total kidney volume, which
includes tissue that does not contribute to renal function. Initial measurements in this study showed a
wide variation in the proportion of kidney volume
that is parenchymal (cortex and medulla). Thus, differences in kidney volume do not accurately reflect
differences in parenchymal volume. Furthermore,
there was an inverse correlation between nonparen-
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Table 4. Multivariate model of glomerular filtration rate in potential kidney donors (n ⴝ 76)

Parameter

Coefficient

Standardized ␤

P

Renal parenchymal volume (ml)
Age (yr)
Body surface area (m2)
Race (white)
Gender (female)

0.15
⫺0.39
⫺18
⫺4.7
2.3

0.56
⫺0.20
0.06
⫺0.02
⫺0.04

⬍0.0001
0.044
0.69
0.87
0.74

chymal volume and kidney volume (r ⫽ ⫺0.33, P ⬍
0.05), suggesting that the renal sinus, which is composed primarily of fat in adults, compresses or expands to accommodate changes in parenchymal volume. Despite this, total kidney volume and RPV
showed similar correlations with BSA, suggesting
that nonparenchymal portions of the kidney also vary
with body size. Body size and gender were both independent determinants of renal parenchymal volume. The strong correlation between renal parenchymal volume and body size is consistent with previous
autopsy (20,21), sonographic (22), and CT (23) studies.
When measured, lean body mass has shown a slightly
better correlation with renal volume than body surface area in children (24) and adults (23). In children,
kidney volume correlates more strongly with body
size than with age (25,26). This, together with the fact
that BSA and RPV are closely linked in adults, suggests that renal enlargement during development is
an adaptation to body size and that this continues into
adulthood.
The mechanism by which body size affects renal
parenchymal volume is unknown. Because additional glomeruli do not appear to form after birth,
the increase in renal parenchymal volume with increasing body size during development results
from nephron hypertrophy (8,20,27), presumably to
meet increased metabolic demand. The decrease in
RPV during weight loss in the obese subjects is
consistent with this and indicates that renal parenchymal volume is dynamic. Although there were
similar declines in RPV and BSA at 6 months, the
greater decrease in RPV at 1 month suggests that
food intake or metabolic rate rather than body size
may affect renal parenchymal volume. While the
decrease in RPV was greater than the loss of lean
body mass at both 1 and 6 months, the pattern was
similar.
The results of this study also clarify the influence of
gender on kidney size. The larger renal size in men
has been shown in previous studies (21,28), but when
differences in body size were taken into account, no
effect of gender was observed in other studies (20,29).
We found that renal parenchymal volume is significantly lower in women, even when differences in
body surface area are accounted for. Less accurate
measurements that did not exclude nonparenchymal
tissue may have obscured this relationship in prior
studies. Whether the effect of gender is due to a direct
action of sex steroids on kidney growth or is secondary to differences in body composition, diet, or phys-

ical activity is unclear. Race did not influence renal
parenchymal volume, which complements autopsy
data showing no racial differences in kidney weight
(20).
An important finding in this study is that renal
parenchymal volume does not decrease with age in
healthy individuals. However, because there were
only a few subjects over age 60 and none over age 65,
we cannot exclude a decline after age 60. The effect of
age on renal parenchymal volume has not been determined in normal individuals, and the results of
sonographic or autopsy studies of total renal mass are
variable, ranging from a linear decline after age 40
(30) to no decline (20). Measurements of total volume
or weight can be misleading in this regard, because
sinus fat increases with age (28) and, as shown in this
study, varies inversely with parenchymal volume.
Nevertheless, several studies of apparently healthy
individuals have shown a decline in kidney size only
after age 60 (8,28,29). The correlation between kidney
size and renal function during aging is unclear because of uncertainty about the effect of aging on renal
structure and function (31). Our data indicate that the
decline in renal function noted throughout adulthood
in cross-sectional studies (32,33) is not associated with
a loss of renal parenchymal volume before age 60,
suggesting a functional rather than structural basis.
An alternative explanation for the stable renal parenchymal volume is that hypertrophy of remaining
nephrons compensates for the nephron loss that may
occur (8,21). However, the decline in renal function
may be much slower before age 60 (34 –36), and longitudinal data indicate no decline in renal function
with age in many healthy individuals (37), consistent
with the stable RPV noted in this study.
Body size and gender together explained only
about half the variability in renal parenchymal volume, and the source of the remaining variability is
unknown. Although subjects with diabetes, which
causes renal enlargement (38), were not included in
the cohort of transplant donors, less severe metabolic
abnormalities may play a role. Diet may also have an
effect because protein intake can influence renal size
(39). An additional variable is glomerular number,
which is fixed at birth and can vary as much as
eight-fold (8,21). While glomerular number is reported to correlate with kidney weight in healthy
adults (8), compensatory hypertrophy could obscure
this relationship as indicated by the increase in glomerular size during childhood (27) and the inverse
relationship between nephron number and glomer-
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ular size in adults (27,40,41). This may be the explanation for the recent finding of substantially
reduced nephron numbers yet similar kidney
weights in hypertensive kidneys (7).
The correlation between kidney size and renal
function has not been carefully examined. Several
studies have shown a good correlation between
GFR and renal size measured urographically or
sonographically in children (42– 45). Correlations
between size and function have been found in
adults with hypertension or renal disease using
urography (46), in diabetics (1,38) and elderly hospitalized patients (47) using sonography, and in
disease-free cancer patients using CT scanning (23).
However, no correlation was found between sonographic kidney size and GFR in normal subjects
(38). Our data show that there is a strong relationship between renal parenchymal volume and GFR
and that this correlation remained highly significant when age, gender, race, and body size were
taken into account. Almost all of the variation in
GFR accounted for by these variables could be explained solely by RPV, suggesting that RPV alone
may be useful in predicting GFR. In fact, GFR
showed a stronger correlation with RPV than with
commonly used methods to estimate renal function
such as the Cockcroft-Gault and MDRD formulas
and the measurement of creatinine clearance. The
poor performance of these methods in subjects
without renal disease has recently been documented (48). The data indicate that measurement of
renal parenchymal volume may be a useful method
for estimating renal function in normal individuals,
but additional data will be required to determine
whether this can be extrapolated to patients with
renal disease.
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