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Nephron Hypertrophy and Glomerulosclerosis and
Their Association with Kidney Function and Risk Factors
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Abstract
Background and objectives The relationship of kidney function and CKD risk factors to structural changes in the
renal parenchyma of normal adults is unclear. This study assessed whether nephron hypertrophy and
nephrosclerosis had similar or different associations with kidney function and risk factors.
Design, setting, participants, & measurements From 1999 to 2009, 1395 living kidney donors had a core needle
biopsy of their donated kidney during transplant surgery. The mean nonsclerotic glomerular volume and
glomerular density (globally sclerotic and nonsclerotic) were estimated using the Weibel and Gomez stereologic
methods. All tubules were counted in 1 cm2 of cortex to determine a mean proﬁle tubular area. Nephron hypertrophy was identiﬁed by larger glomerular volume, larger proﬁle tubular area, and lower nonsclerotic glomerular density. Nephrosclerosis was identiﬁed by higher globally sclerotic glomerular density.
Results The mean (6SD) age was 44612 years, 24-hour urine albumin excretion was 567 mg, measured GFR was
103617 ml/min per 1.73 m2, uric acid was 5.261.4 mg/dl, and body mass index was 2865 kg/m2. Of the study
participants, 43% were men, 11% had hypertension, and 52% had a family history of ESRD. Larger glomerular
volume, larger proﬁle tubular area, and lower nonsclerotic glomerular density were correlated. Male sex, higher
24-hour urine albumin excretion, family history of ESRD, and higher body mass index were independently
associated with each of these measures of nephron hypertrophy. Higher uric acid, higher GFR, and older age
were also independently associated with some of these measures of nephron hypertrophy. Hypertension was not
independently associated with measures of nephron hypertrophy. However, hypertension and older age were
independently associated with higher globally sclerotic glomerular density.
Conclusions Nephron hypertrophy and nephrosclerosis are structural characteristics in normal adults that relate
differently to clinical characteristics and may reﬂect kidney function and risk factors via separate but inter-related
pathways.
Clin J Am Soc Nephrol 9: 1892–1902, 2014. doi: 10.2215/CJN.02560314

Introduction
There has been much research on optimally characterizing kidney function and deﬁning risk factors
for CKD in order to predict outcomes such as kidney
failure and mortality in the general population.
However, how kidney function and risk factors relate
to underlying structural changes in the renal parenchyma is less clear. Prior studies linked older age,
CKD, and hypertension to lower nephron endowment
(1–4). Both lower nephron endowment and metabolic
abnormalities (e.g., diabetes) can lead to glomerulomegaly and tubular hypertrophy (5,6). Hypertrophy
of glomeruli is associated with hypertrophy of the
attached tubules with resultant kidney enlargement
(7–10). In normal kidneys, the cortex consists only of
nephrons and supporting vessels; increases in nephron size will disperse the glomeruli further apart, decreasing their density (11). Recent studies by Tsuboi
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et al. found that larger glomerular volume, lower proﬁle tubular density, and lower proﬁle glomerular
density were correlated and predictive of kidney failure and other outcomes in a variety of early glomerulopathies (12–15). Conceptually, larger glomerular
volume, lower proﬁle tubular density (or larger
mean proﬁle tubular area), and lower glomerular
density are all measures of larger nephron size (nephron hypertrophy).
Because of the bleeding risk, a renal biopsy is usually
unavailable in settings in which there is not substantial
kidney disease. Autopsy studies allow assessment of
renal morphology in relation to CKD risk factors (16),
but are typically of small sample size and are reﬂective of substantial disease burden at the time of death.
Autopsy studies can be restricted to accidental deaths
to be more reﬂective of the general population, but
kidney function and CKD risk factors are not known
www.cjasn.org Vol 9 November, 2014
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at the time of an unexpected death. Living kidney donation
provides a unique opportunity to relate kidney morphology to concurrent kidney function and CKD risk factors
in a large sample of adults not selected on disease. Living
donors undergo a standardized medical evaluation to assess kidney function and CKD risk factors just before donation and some transplant programs biopsy the kidney at
the time of transplant surgery.
We hypothesized that morphologic measures of nephron
hypertrophy (larger mean glomerular volume, larger mean
proﬁle tubular area, and lower glomerular density) would
be correlated and reproducible in kidney donors. Furthermore, we hypothesized that kidney function and CKD risk
factors among kidney donors would associate with nephron hypertrophy differently than with glomerulosclerosis.

Materials and Methods
Study Population
Our sample consisted of living kidney donors at the Mayo
Clinic (Rochester, MN) from 1999 to 2009 who had a protocol
implantation biopsy. Each kidney donor underwent a standardized battery of tests as part of his or her predonation
evaluation. In general, potential donors with a measured GFR
below the ﬁfth percentile for their age (17), 24-hour urine
albumin.30 mg/24 h, fasting blood glucose.110 mg/dl,
or any cardiovascular disease were excluded from donation.
Hypertension was not an absolute contra-indication in older
donors if BP was controlled with minimal antihypertensive
therapy (monotherapy or two drugs if one was a thiazide).
Obesity was not an absolute contra-indication to donation.
Dyslipidemia and hyperuricemia were not typically exclusion
criteria for donation. All donors were invited for a follow-up
visit during the year after donation.
Donor Clinical Characteristics
The analyzed donor clinical characteristics were all part
of the predonation evaluation. If multiple test results were
present, the result temporally closest to kidney donation
was used in the analysis. The kidney function tests were
measured GFR by iothalamate clearance (17), 24-hour urine
protein, and 24-hour urine albumin. An ambulatory BP
monitor obtained systolic and diastolic BP readings every
10–20 minutes during an 18-hour period. The mean overall
BP, mean active BP (4 p.m. to 9 p.m.), and mean nocturnal
BP (12 a.m. to 5 a.m.) were obtained (18). Hypertension
was deﬁned by treatment with any antihypertensive therapy, systolic BP.140 mmHg, or diastolic BP.90 mmHg.
Family history of ESRD was deﬁned by the recipient
being a blood relative of the donor. Metabolic characteristics obtained from a fasting morning blood draw included levels of total cholesterol, triglycerides, LDL
cholesterol, HDL cholesterol, glucose, and uric acid.
Body mass index (BMI) was calculated as the weight in
kilograms divided by height in meters squared. Metabolic
syndrome was deﬁned by a BMI.30 kg/m2 (waist circumference was unavailable) and any two of the following: (1)
triglycerides.150 mg/dl (to convert to millimoles per liter,
multiply by 0.0113), (2) HDL cholesterol,40 mg/dl in men
and ,50 mg/dl in women (to convert to millimoles per liter,
multiply by 0.0259), (3) fasting glucose.100 mg/dl, and (4)
18-hour mean systolic BP.130 mmHg, 18-hour mean
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diastolic BP.85 mmHg, or antihypertensive therapy (19).
Measured GFR and 24-hour urine albumin were repeated
at the follow-up visit.
Kidney Biopsy Morphology
An 18-gauge needle core biopsy of the cortex was taken
with a biopsy gun (1.7-cm specimen slot) at the time of
implantation (intraoperative) after revascularization of the
kidney in the recipient. The tissue specimen was ﬁxed in
formalin and embedded in parafﬁn. Sections 3 mm in depth
were taken from the core and stained. This study used two
consecutive central sections, one stained with periodic
acid–Schiff and one stained with Masson trichrome, that
were scanned into high-resolution digital images (Aperio
XT system scanner, http://www.aperio.com). The periodic acid–Schiff-stained sections were magniﬁed onto a
tablet to manually outline the cortex, medulla, each complete or partial nonsclerotic glomerular tuft, and each
globally sclerotic glomerulus (Supplemental Figure 1A).
The cortex and each globally sclerotic glomerulus were
also outlined on the trichrome-stained section. The presence of a capsule or corticomedullary junction was identiﬁed. To determine the mean proﬁle tubular area, ﬁve
consecutive 0.2-mm2 area circles were placed along the
sectioned cortex starting from an end that had a capsule
or opposite an end that had a corticomedullary junction to
avoid medulla. All nontubular regions within these circles
were excluded and the number of complete and partial tubules was counted (Supplemental Figure 1B). From these
measures, we calculated the mean volume of nonsclerotic
glomeruli (NSG; in millimeters cubed), NSG density (per millimeter cubed), globally sclerotic glomeruli (GSG) density (per
millimeter cubed), total glomerular density (per millimeter
cubed), and mean proﬁle tubular area (in micrometers
squared) using stereologic models as described in the Supplemental Methods. Detection of any interstitial ﬁbrosis was also
determined from these sections. We assessed reproducibility
of morphometric measures with a subset of donors with two
separate biopsy cores (both at the time of implantation).
Statistical Analyses
Morphometric measures of nephron size (nonsclerotic
glomerular volume, mean proﬁle tubular area, and glomerular density) were compared with scatterplots and
were log-transformed for regression analyses. Each morphometric measure of nephron size was regressed on each
donor clinical characteristic. Multivariable regression models were limited to the characteristics of age, sex, urine
albumin, measured GFR (in milliliters per minute per 1.73
m2), hypertension, family history of ESRD, uric acid, and
BMI (these characteristics had at least a borderline statistically signiﬁcant association in prior work) (11). Glomerular density was analyzed as total glomerular density and
by each type (NSG density and GSG density). For a sensitivity analysis, these analyses were repeated limited to donors with at least 4 mm2 of cortex on biopsy and donors
with 0% interstitial ﬁbrosis on biopsy, and were adjusted
for the presence of capsule, the presence of corticomedullary junction, and the area of cortex. The subset of donors
with two separate biopsy cores was used to determine intraclass correlation (proportion of total variation due to true
differences between individuals) for each morphometric
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Table 1. Clinical and renal biopsy characteristics

Characteristic
Age, y
Men
Kidney function
24-h Urine protein
excretion, mg
24-h Urine albumin
excretion, mg
Serum creatinine, mg/dl
Measured GFR, ml/min
per 1.73 m2
Measured GFR, ml/min
18-h Mean BP, mmHg
Overall SBP
Active SBP
Nocturnal SBP
Overall DBP
Active DBP
Nocturnal DBP
Hypertension
Other clinical characteristics
Family history of ESRD
Total cholesterol, mg/dl
Triglycerides, mg/dl
HDL cholesterol, mg/dl
LDL cholesterol, mg/dl
Glucose, mg/dl
Uric acid, mg/dl
BMI, kg/m2
Metabolic syndrome
Renal biopsy ﬁndings
NSG, n
GSG, n
Proﬁle area of cortex, mm2
Proﬁle NSG area, mm2
NSG volume, mm3
Proﬁle NSG density, per mm2
NSG density, per mm3
Proﬁle GSG density, per mm2
GSG density, per mm3
Total glomerular density,
per mm3
Proﬁle tubular area, mm2
Capsule
Corticomedullary junction
Any interstitial ﬁbrosis
$5% interstitial ﬁbrosis

Value
44.0612
593 (42.5)
44.5624.7
567; 4 (0, 7)
1.060.2
103617
115624
11969.1
12267.4
10769.7
7266.7
7467.4
6267.6
154 (11)
717 (52)
195636
118667
56616
115632
9568.6
5.261.4
2865
170 (12.4)
16.8+8.2
0 (0, 1)
6.762.4
15,74063966
0.002860.0011
2.560.9
15.366.6
0.0 (0.0, 0.1)
0.0 (0.0, 1.1)
16.166.9
474861513
64 (4.6)
209 (15)
280 (23)
41 (2.9)

Data are presented as the mean6SD, median (25 percentile, 75
percentile), or n (%). SBP, systolic BP; DBP, diastolic BP; BMI,
body mass index; NSG, nonsclerotic glomeruli; GSG, globally
sclerotic glomeruli.

measure (20). The association of these morphometric measures with the residual GFR (follow-up/predonation)
and change in urine albumin (follow-up2predonation)
was also assessed.

Results
There were 1451 living kidney donors with an implantation biopsy of the renal cortex that was sectioned and

Figure 1. | Different measures of nephron size are correlated.
Scatterplots comparing mean nonsclerotic glomerular volume to
mean profile tubular area (A), mean nonsclerotic glomerular volume
to glomerular density (B), and mean profile tubular area to glomerular
density (C).

scanned into an image ﬁle for analyses. Fifty donors were
excluded for having ,2 mm2 for area of cortex and six
were excluded for severely distorted architecture (compressed appearance). Stained biopsy sections from the remaining 1395 donors (94% white) were analyzed and their
characteristics are described in Table 1. The morphologic
measures of nephron size were correlated. The mean glomerular volume was positively correlated with mean proﬁle tubular area (rs=0.44, Figure 1A). Glomerular density
was negatively correlated with mean glomerular volume
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Table 2. Association of kidney function and CKD risk factors with glomerular volume and profile tubular area

Mean Glomerular Volume
Characteristic

Age per 10 yr
Men
24-h Urine protein
excretiona
Log 24-h urine albumin
excretion, per
doubling
Measured GFR
(ml/min)a
Measured GFR
(ml/min
per 1.73 m)2a
18-h Overall SBPa
18-h Overall DBPa
Hypertension
Family history of ESRD
Triglyceridesa
HDL cholesterola
LDL cholesterola
Glucosea
Uric acida
BMIa
Metabolic syndrome

Unadjusted

Mean Proﬁle Tubular Area

Multivariable
Adjusted

Percent
Difference

P
Value

Percent
Difference

21.1
15.8
1.6

0.18
,0.001
0.13

0.06
7.3

0.95
0.004

3.2

,0.001

1.8

0.01

7.7

,0.001

1.5

0.15

5.5
3.5
8.5
9.5
4.1
25.4
1.6
6.2
9.0
10.7
17.8

,0.001
,0.001
0.01
,0.001
,0.001
,0.001
0.12
,0.001
,0.001
,0.001
,0.001

2.0

P
Value

0.09

3.6
7.3

0.29
0.01

3.6
8.2

0.01
,0.001

Unadjusted

Multivariable
Adjusted

P
Value

Percent
Difference

P
Value

1.0
6.9
0.005

0.17
,0.001
0.99

2.4
4.9

0.01
0.03

2.9

,0.001

2.4

,0.001

4.4

,0.001

1.9

0.03

3.1

0.002

3.4
4.3

0.27
0.02

0.15
4.2

0.90
,0.001

Percent
Difference

2.3
1.1
7.9
4.4
1.8
23.0
0.8
1.7
2.9
4.9
7.0

0.01
0.20
0.01
0.01
0.03
,0.001
0.36
0.05
,0.001
,0.001
0.01

SBP, systolic BP; DBP, diastolic BP.
a
Per SD.

(rs=20.63, Figure 1B) and mean tubular area (rs=20.37,
Figure 1C).
Tables 2 and 3 show the association between each morphometric measure and each clinical characteristic. Some
donors were missing a 24-hour urine albumin value or a
measured GFR, and the multivariable analysis was limited
to the 1236 donors with these data. Larger glomerular volume was independently associated with male sex, higher
urine albumin excretion, family history of ESRD, higher
uric acid, and higher BMI. A larger mean proﬁle tubular
area was independently associated with older age, male
sex, higher urine albumin excretion, higher GFR, family
history of ESRD, and higher BMI. Both lower total glomerular density and lower nonsclerotic glomerular density
were independently associated with older age, higher
urine albumin excretion, family history of ESRD, higher
uric acid, and higher BMI. Higher GSG density was independently associated with older age, hypertension, and
lower urine albumin excretion. Figure 2 shows that the
density of NSG was lower with age (24.4% per decade,
P,0.001), whereas density of GSG was higher with age
(16% per decade, P,0.001) such that the total glomerular
density became more gradually lower with age (21.9% per
decade, P=0.06).
The area of cortex contained in the biopsy section was
correlated with larger glomerular volume, larger proﬁle

tubular area, and lower glomerular density; the presence of
capsule associated with smaller glomeruli and a higher
glomerular density; and the presence of corticomedullary
junction associated lower glomerular density. However,
clinical-morphologic associations were not substantively
different after adjustment for these biopsy factors (Table 4).
Findings were also similar when analyses were limited to
donors with .4 mm2 cortex or to donors with no detectable interstitial ﬁbrosis (Table 4).
We assessed the reproducibility of each of these morphometric measures of nephron size among 31 donors with
two separate needle core biopsies of cortex. The mean area
of cortex for this subset was 6.9 mm2, and was thus representative of the full sample (mean area of cortex was 6.7
mm2 for all 1395 donors). The intraclass correlation coefﬁcients (proportion of variation not due to measurement
error) ranked from highest to lowest for each morphometric measures was as follows: glomerular density (0.65),
NSG density (0.61), mean glomerular volume (0.44),
mean proﬁle tubular area (0.31), and GSG density (0.12)
(Supplemental Table 1).
There were 830 donors (59%) 830 donors (59%) who returned for a follow-up visit a mean of 6 months after donation. The mean (6SD) follow-up measured GFR was 74617
ml/min and follow-up 24-hour urine albumin excretion was
6615 mg (median 0 [25th percentile, 75th percentile, 0, 5] mg).

P
Value

0.06
,0.001
0.54

,0.001

,0.001
0.38

,0.001
,0.001
0.18
,0.001

,0.001
,0.001
0.29
,0.001
,0.001
,0.001
,0.001

Percent
Difference

21.9
210
20.8

24.1

24.6

1.1

25.1
24.0
25.1
29.6

24.5
6.0
21.3
24.2
28.1
210
215

Unadjusted

SBP, systolic BP; DBP, diastolic BP.
a
Per SD.

Age, per 10 yr
Men
24-h Urine protein
excretiona
24-h Urine albumin
excretion,
per doubling
Measured GFRa
(ml/min)
Measured GFR
(ml/min per
1.73 m)2a
18-h Overall SBPa
18-h Overall DBPa
Hypertension
Family history of
ESRD
Triglyceridesa
HDL cholesterola
LDL cholesterola
Glucosea
Uric acida
BMIa
Metabolic syndrome

Characteristic

24.7
28.0

4.6
210

20.1

23.3

24.2
23.2

Percent
Difference

0.003
,0.001

0.29
,0.001

0.50

,0.001

,0.001
0.29

P
Value

Multivariable
Adjusted

Glomerular Density

24.5
5
1.4
24.7
28.1
29.8
215

25.9
24.6
211.6
29.2

1.9

23.8

23.8

24.4
210
21.2

,0.001
,0.001
0.30
,0.001
,0.001
,0.001
,0.001

,0.001
,0.001
0.002
,0.001

0.16

0.004

,0.001

,0.001
,0.001
0.37

P
Value

24.9
27.4

20.7
211

21.7

23.1

26.6
23.2

Percent
Difference

0.003
,0.001

0.87
,0.001

0.25

,0.001

,0.001
0.31

P
Value

Multivariable
Adjusted

NSG Density
Unadjusted
Percent
Difference

Table 3. Association of kidney function and CKD risk factors with glomerular density

21.2
26.7
0.7
2.4
2.3
22.8
2.1

3.1
2.6
42
25.5

25.9

27.6

22.9

16
26.8
1.97

Percent
Difference

0.43
,0.001
0.65
0.13
0.13
0.06
0.66

0.04
0.09
,0.001
0.07

,0.001

,0.001

0.003

,0.001
0.02
0.22

P
Value

Unadjusted

20.5
22.8

29
3.1

1.3

22.1

14
23.8

Percent
Difference

0.80
0.09

,0.001
0.33

0.46

0.03

,0.001
0.31

P
Value

Multivariable
Adjusted

GSG Density
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Figure 2. | Density of nonsclerotic glomeruli and globally sclerotic
glomeruli by age group.

The mean residual GFR (follow-up GFR/predonation GFR)
was 65%. Only higher GSG density predicted a lower residual GFR at follow-up (Table 5) and this persisted with ageadjustment (-1.0% per SD, p=0.01). A measured GFR,60
ml/min per 1.73 m2 occurred in 33% of donors at followup. Only higher GSG Density per SD associated with a followup measured GFR,60 ml/min per 1.73 m2 (OR=5.4, p=0.002),
but not after age adjustment (OR=1.0, p=0.5). None of the
morphometric measures predicted a change in 24-hour urine
albumin excretion (Table 5).

Discussion
Despite selection on health, living kidney donors still
vary considerably with respect to kidney function and CKD
risk factors. Structural ﬁndings in the kidney could provide
insight into the pathology of early CKD. We found that
older age, male sex, albuminuria, higher GFR, family history of ESRD, hyperuricemia, and obesity associate with
larger nephron size, as detected by three different morphometric measures. These morphometric measures (larger
nonsclerotic glomerular volume, larger proﬁle tubular area,
and lower total and nonsclerotic glomerular density) are
correlated and reﬂect true renal structural differences between individuals (intraclass correlation coefﬁcients, 0.31–
0.65). Characteristics that associate with larger nephron
size are established risk factors for CKD or states that
can precede CKD (e.g., hyperﬁltration and mild albuminuria). Most of these characteristics were not associated
with glomerulosclerosis, which instead had strong associations with hypertension and older age. The differing clinical associations with nephron hypertrophy compared
with glomerulosclerosis suggest that there are two interrelated pathways of early CKD.
Our prior work in kidney donors found that a crude
assessment of proﬁle glomerular density had similar
associations with kidney function and CKD risk factors
(11). Proﬁle glomerular density is simple and may be more
practical for predicting outcomes in patients who have renal biopsies for early glomerulopathies (12–15). However,
proﬁle glomerular density is less accurate because at the
same true glomerular density, smaller glomeruli are less
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likely to be sectioned and detected on a random proﬁle
than larger glomeruli. In this study, we obtained better
measurements of proﬁle glomerular density (per millimeter squared) and applied stereologic models to estimate true
glomerular density (per millimeter cubed). Glomerular density
was inversely correlated with mean glomerular volume and
mean proﬁle tubular area, conﬁrming that the larger glomeruli
and tubules disperse the glomeruli further apart and decrease
their density. We also found important differences between the
NSG density and GSG density. NSG density was lower with
older age and had a similar association with kidney function
and CKD risk factors to that seen with total glomerular density, glomerular volume, and proﬁle tubular area. Conversely,
GSG density was higher with age and had a strong association
with hypertension not evident with NSG density. These
microstructural ﬁndings parallel macrostructural ﬁndings
in donor kidneys. Cortical hypertrophy (consistent with
nephron hypertrophy) associates with higher GFR, albuminuria,
and obesity, whereas cortical atrophy (consistent with higher
GSG density) associates with older age (21).
The clinical characteristics that associate with nephron
hypertrophy may represent two distinct pathophysiologic
pathways: lower nephron endowment at the time of birth
and metabolic risk factors later in life. There is substantial
variation in nephron endowment across the population
(22). A low nephron endowment is associated with larger
glomeruli, low birth weight (23,24), and increased risk of
kidney failure (25,26). Prior studies suggest a high rate of CKD
linked to low nephron endowment and glomerulomegaly,
particularly in certain racial or ethnic groups (27–30). The
association of a family history of ESRD with morphometric
measures of nephron hypertrophy in this study may represent a familial pattern of low nephron endowment,
but we could not conﬁrm this. Metabolic risk factors such
as obesity and hyperuricemia have been linked to CKD
(31–35). Obesity has been associated with both glomerulomegaly (36,37) and lower proﬁle glomerular density (38).
Artiﬁcially increasing uric acid levels in animal models
results in glomerular hypertrophy (39). Hypertrophy of
functional glomeruli with aging both helps compensate
for age-related glomerulosclerosis and may itself cause
glomerulosclerosis (40).
Donating a kidney results in hypertrophy of the nephrons in the remaining kidney (41,42). Because of this compensatory hypertrophy, the follow-up GFR is usually
.50% the predonation GFR (mean of 65% in our study)
(41,42). Our study found that the compensatory increase in
GFR is less inﬂuenced by the baseline size of the nephrons
and more inﬂuenced by the amount of nephrosclerosis
(glomerulosclerosis) present. This is consistent with prior
work by Poggio et al. who found that nephrosclerosis on
implantation biopsy predicted less estimated GFR compensation post-donation (50).
Few studies have investigated the mean proﬁle tubular
area. A study in patients with minimal change disease
found proﬁle tubular density (number of tubules per area
of cortex) to be correlated with glomerular density and inversely correlated with glomerular volume (14). We showed
the same ﬁnding in kidney donors using the inverse measure, mean proﬁle tubular area (area of cortex per tubule).
The proﬁle area of a sectioned tubule will be affected by the
region (e.g., proximal versus distal) and the orientation of the

Mean nonsclerotic glomerular
volume
Age, per 10 yr
Men
24-h Urine albumin excretion,
per doubling
Measured GFR (ml/min per
1.73 m)2b
Hypertension
Family history of ESRDb
Uric acidb
BMIb
Area of cortex
Corticomedullary junction
Capsule
Mean proﬁle tubular area
Age, per 10 yr
Men
24-h Urine albumin excretion,
doubling
Measured GFR (ml/min per
1.73 m)2b
Hypertension
Family history of ESRDb
Uric acidb
BMIb
Area of cortex
Corticomedullary junction
Capsule
Total glomerular density
Age, per 10 yr
Men
24-h Urine albumin excretion,
doubling
Measured GFR (ml/min
per 1.73 m)2b
Hypertension
Family history of ESRDb
Uric acidb
BMIb

Characteristic

0.29
,0.001
0.003
,0.001

0.27
0.02
0.90
,0.001

3.4
4.3
0.15
4.2

4.6
210
24.7
28.0

0.002

3.1

0.50

0.01
0.03
,0.001

2.4
4.9
2.4

20.1

0.29
,0.001
0.01
,0.001

3.6
7.3
3.6
8.2

,0.001
0.29
,0.001

0.08

2.0

24.2
23.2
23.3

0.95
0.004
0.01

P Value

0.06
7.3
1.8

Percent Difference

Original
Analysis (n=1236)

2.5
210
25.8
-7.2

21.1

23.6
20.9
23.5

3.4
5.2
0.6
4.3

3.0

2.4
3.7
2.2

2.1
7.7
4.4
8.3

1.1

20.1
4.8
1.8

Percent Difference

0.57
,0.001
,0.001
,0.001

0.44

0.01
0.77
,0.001

0.31
0.01
0.63
,0.001

0.01

0.02
0.11
,0.001

0.55
,0.001
0.001
,0.001

0.35

0.96
0.06
0.01

P Value

At least 4 mm2
of Cortex (n=1072)

0.43
0.49
,0.001
0.01
,0.001

23.6
211
24.9
27.7

,0.001
0.27
0.02

0.28
0.04
0.55
,0.001

0.004

0.01
0.01
0.003

0.02
0.01
0.01
,0.001

0.18

0.76
0.01
0.05

P Value

21.2

25.6
23.8
22.2

4.1
4.3
20.8
3.9

3.2

2.6
6.8
2.0

10
6.6
3.7
8.0

1.7

0.3
8.0
1.5

Percent Difference

0% Interstitial
Fibrosis (n=956)a

4.4
-9.0
24.7
28.3

21.0

24.2
23.5
22.9

3.7
4.0
0.1
4.5
3.3
3.4
25.3

3.3

2.7
4.5
1.8

3.7
7.0
3.6
8.4
3.0
0.3
213

2.2

0.3
7.1
1.3

Percent Difference

0.31
,0.001
0.003
,0.001

0.46

,0.001
0.24
,0.001

0.21
0.03
0.93
,0.001
,0.001
0.18
0.19

,0.001

0.003
0.04
0.001

0.27
,0.001
0.01
,0.001
,0.001
0.91
0.01

0.05

0.75
0.004
0.04

P Value

Adjusted Depth and
Amount of Biopsy (n=1236)

Table 4. Sensitivity analysis of characteristics associated with glomerular volume, mean profile tubular area, total glomerular density, and globally sclerotic glomerular density
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0.6
26
3.5
0.1
22.4

0.03
,0.001
0.33
0.80
0.09

1.3
28.8
3.1
20.5
22.8

14.4
25.7
22.1

Percent Difference

,0.001
0.31
0.03

P Value

,0.001
0.29
0.99
0.17

0.74

,0.001
0.13
0.04

P Value

At least 4 mm2
of Cortex (n=1072)

13.5
23.8
22.1

Percent Difference

Original
Analysis (n=1236)

All ﬁndings are multivariable adjusted.
a
Only 2.9% of donors had $5% interstitial ﬁbrosis, but we used the strictest criteria for this sensitivity analysis.
b
Per SD.

Area of cortex
Corticomedullary junction
Capsule
GSG density
Age, per 10 yr
Men
24-h Urine albumin excretion,
doubling
Measured GFR, ml/min
per 1.73 m2b
Hypertension
Family history of ESRDb
Uric acidb
BMIb
Area of cortex
Corticomedullary junction
Capsule

Characteristic

Table 4. (Continued)

0.01
0.10
0.44
0.82

0.52

21.1
16.4
5.2
21.5
0.4

,0.001
0.44
0.44

P Value

8.4
22.9
20.8

Percent Difference

0% Interstitial
Fibrosis (n=956)a

28.5
3
20.5
23
20.4
27.5
10.9

1.3

,0.001
0.35
0.8
0.07
0.57
0.08
0.17

0.45

,0.001
0.27
0.05

,0.001
0.03
,0.001

21.9
27.7
26
13.6
24.1
22

P Value

Percent Difference

Adjusted Depth and
Amount of Biopsy (n=1236)
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Table 5. Association of renal biopsy morphometric measures at time of donation with the change in kidney function at follow-up
a mean 6 months after donation

Renal Biopsy Morphometric
Measures at Donationa
Mean glomerular volume
Mean proﬁle tubular area
Glomerular density
NSG density
GSG density

Residual GFRb

Change in 24-h Urine Albuminc

Percent Change

P Value

Change (mg)

P Value

0.5
20.1
20.5
20.2
21.4

0.23
0.86
0.15
0.50
,0.001

0.9
0
20.7
20.5
20.6

0.08
0.20
0.16
0.25
0.20

Percent changes are per characteristic.
a
Per SD.
b
Calculated as follows: Follow-Up GFR/Predonation GFR 3 100%.
c
Calculated as follows: Follow-Up 24-Hour Urine Albumin 2 Predonation 24-Hour Urine Albumin.

Figure 3. | A conceptual model relating CKD risk factors and kidney function to the structural findings of nephron hypertrophy and
nephrosclerosis (glomerulosclerosis) on renal biopsy among relatively healthy adults.

tubule. By sampling a large number of sectioned tubules
(mean 194 tubule proﬁles per donor) and excluding nontubular structures, the mean proﬁle tubular area becomes
more representative of biologic variation between people
than these random factors. Nonetheless, our mean proﬁle
tubular area still had a relatively low intraclass correlation
coefﬁcient and sampling more tubule proﬁles may be
needed to improve precision.
Higher GSG density was independently associated with
older age and hypertension despite having poor measurement precision (low intraclass correlation coefﬁcient).
Glomerulosclerosis with aging and hypertension has
been well described in a variety of populations (43–45).
Interestingly, we also found that lower GSG density was
associated with higher urine albumin excretion. This can
be explained by dispersion of GSG farther apart by the
enlarged nephrons that associate with albuminuria. Some
clinical characteristics associated with higher GSG density
(hypertension) differed from the clinical characteristics associated with larger nephron size (higher albuminuria,

higher BMI, and family history of ESRD), which may be
explained by two inter-related pathophysiologic pathways. Glomerulosclerosis (and nephrosclerosis) may be
primarily driven by ischemia from arteriosclerosis with
aging and hypertension. Glomerulomegaly (and nephromegaly) may be primarily driven by low nephron endowment at birth and by metabolic stress (obesity and
hyperuricemia; Figure 3) (41,42).
Our study has potential limitations. This study was conducted on donors who are selected on health. How these
associations may differ in the general population with a
wider range of pathology is unclear. Another limitation
was that only 59% of donors returned for a follow-up visit
because many chose to receive follow-up care closer to the
area where they lived. This study investigated methodologic concerns with the stereologic analysis of clinical renal
biopsies. As reported by others, we found glomerular density to be higher near the capsule (46). This can be explained by the deeper glomeruli being dispersed by the
tubules of superﬁcial glomeruli as well as glomerulosclerosis

Clin J Am Soc Nephrol 9: 1892–1902, November, 2014 Characteristics Associating with Nephron Size versus Glomerulosclerosis, Elsherbiny et al.

and tubular atrophy occurring initially in the subcapsular
region. The nonsclerotic glomerular volume was smaller
for glomeruli near the capsule. This is consistent with
smaller ischemic glomeruli (thickened Bowman’s capsule
and capillary wrinkling but not globally sclerotic) in the
subcapsular region and compensatory enlargement of glomeruli near the corticomedullary junction (47). Another
methodologic concern is variable tissue shrinkage with
formalin dehydration and parafﬁn-embedding distorting
morphometric measures (48). We found that the morphometric measures of larger nephron size were correlated with
the cortical area on the sectioned biopsy specimen. Tissue
shrinkage has a similar effect on both the morphometric
measures of nephron size and the area of cortex biopsied
(because the biopsy gun targets the same specimen size).
However, the depth of the biopsy and the amount of tissue
shrinkage (related to various factors with ﬁxation, embedding,
sectioning, mounting, and staining) (49) are reasonably viewed
as having little or no relationship to donor clinical characteristics. This was conﬁrmed by the clinical-morphologic associations remaining robust after adjustment for these biopsy
factors.
In conclusion, kidney function and CKD risk factors had
similar associations with three separate morphologic measures of nephron hypertrophy but different associations with
glomerulosclerosis. Hypertrophy of nephrons, due to both
low nephron endowment and metabolic stress, may contribute to the risk of CKD along different biologic pathways than
age- and hypertension-related nephrosclerosis.
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