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Abstract

Background. Measurement of individual glomerular vol-
umes (IGV) has allowed the identification of drivers of
glomerular hypertrophy in subjects without overt renal
pathology. This study aims to highlight the relevance of
IGV measurements with possible clinical implications and
determine how many profiles must be measured in order to
achieve stable size distribution estimates.

Methods. We re-analysed 2250 IGV estimates obtained
using the disector/Cavalieri method in 41 African and 34
Caucasian Americans. Pooled IGV analysis of mean and
variance was conducted. Monte-Carlo (Jackknife) simula-
tions determined the effect of the number of sampled glo-
meruli on mean IGV. Lin’s concordance coefficient (R¢),
coefficient of variation (CV) and coefficient of error (CE)
measured reliability.

Results. IGV mean and variance increased with over-
weight and hypertensive status. Superficial glomeruli were
significantly smaller than juxtamedullary glomeruli in all
subjects (P < 0.01), by race (P < 0.05) and in obese in-
dividuals (P < 0.01). Subjects with multiple chronic kidney
disease (CKD) comorbidities showed significant increases
in IGV mean and variability. Overall, mean IGV was par-
ticularly reliable with nine or more sampled glomeruli
(Rc > 0.95, <5% difference in CV and CE). These obser-
vations were not affected by a reduced sample size and did
not disrupt the inverse linear correlation between mean
IGV and estimated total glomerular number.
Conclusions. Multiple comorbidities for CKD are associ-
ated with increased IGV mean and variance within sub-

jects, including overweight, obesity and hypertension.
Zonal selection and the number of sampled glomeruli do
not represent drawbacks for future longitudinal biopsy-
based studies of glomerular size and distribution.
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Introduction

Chronic kidney disease (CKD) is a major health problem
worldwide, with glomerular pathology accounting for
>90% of CKD [1]. Glomerular enlargement is a common
feature in several prevalent pathologies including hyper-
tension [2, 3], diabetes mellitus [4, 5] and obesity [6]. In-
deed, human mean glomerular volume (Vgiom) is inversely
correlated with age [7] and total nephron number (Ngjom)
[7, 8] and directly correlated with body surface area (BSA)
[7, 8] and glomerulosclerosis [9, 10]. Several morphomet-
ric methods have been used to estimate Vgjom [11, 12, 13].
Regardless of the method used, a single estimate of glo-
merular volume for an entire kidney is obtained. Because
the structure and function of human glomeruli varies with
their location in the cortex [14, 15], and human kidneys
contain on average 900 000 nephrons with a reported 13-
fold range (=210 000 to 2.7 million nephrons) [16], a single
estimate of glomerular volume for a kidney provides a
limited insight of glomerular dimensions.

We have previously described a method for the un-
biased estimation of individual glomerular volume
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(IGV) [18]. The method involves disector sampling of
glomeruli and volume estimation using the Cavalieri prin-
ciple [12, 19]. With this approach, associations between
glomerular volume heterogeneity within single kidneys
and relevant clinical features can be investigated [11,
20]. Reliable non-invasive methods for in vivo measure-
ments of IGV and its distribution in humans are unavail-
able, although magnetic resonance imaging methods are
available for ex vivo rat kidneys [21]. Thus, human studies
currently depend on renal autopsy or biopsy samples for
studying the course of glomerular hypertrophy. To date,
few studies have used the unbiased disector/Cavalieri
combination to measure IGV in renal biopsies [22, 23],
mostly due a lack of (i) understanding as to which cortical
zones should be sampled; (ii) the number of glomeruli
needed to sample in order to get a reliable estimate and
(iii) the financial burden and time-consuming nature of
the process often favours other methods [11, 24]. Our
previous autopsy-based studies of IGV have sampled 30
glomeruli, 10 from each cortical zone (superficial, middle
and juxtamedullary). However, it is not known whether
reliable IGV estimates can be obtained when only limited
tissue is available, as is the case with renal biopsies.

This study is an in silico analysis of our IGV measurements
of 75 American subjects, the largest database available. We
present data that supports the relevance of IGV estimates
through an analysis of accepted comorbidities for CKD. To
provide guidelines for future biopsy studies, we explored IGV
mean and variance in different cortical zones and determined
how many glomeruli must be measured to generate reliable
mean IGV estimates.

Materials and methods

Tissue

Tissue was obtained at coronial autopsies performed at the University of
Mississippi Medical Center (Jackson, MS) between 1998 and 2005. Per-
mission for autopsy was obtained from next-of-kin and ethical approval
was provided by the respective boards of the University of Mississippi and
Monash University. Right kidneys were perfusion-fixed with 10% buf-
fered formalin, bisected and immersed in 10% formalin. After 10 days,
both halves were cut into slices 4 mm thick and every fourth slice of both
halves sampled for stereology. Selected slices were sent to Monash Uni-
versity for analysis.

Subjects

We reviewed data from 75 American males (41 African Americans and
34 Caucasians) who were included in previous publications [17, 25, 26]
then stored in our Monash University Renal Autopsy Database. Clinical
data were obtained from the forensic report, emergency department and
hospital records. Variables such as body mass index (BMI) and BSA
were calculated based on weight and height. Subjects were also catego-
rized as hypertensive or normotensive based on a number of different
criteria including confirmed blood pressure from medical records and
histopathology [2, 27].

Other sub-groups were also defined: subjects were classified as obese
with a BMI >30.0 kg/m?® and lean with a BMI <24.9 kg/m?. We further
defined sub-groups based on accepted comorbidities for CKD: low-risk
(age <30 years, BMI <29.0 kg/m* and no evidence of hypertension) and
high-risk (age >40 years, BMI >30.0 kg/m’ and the evidence of
hypertension).

Estimation of total glomerular number (Ngjop)

Total nephron (glomerular) number was estimated using the physical
disector/fractionator combination as previously described [8]. This is a

1881

design-based stereological method that provides unbiased estimates.
Macroscopically, kidney tissue was systematically sampled, embedded
in glycolmethacrylate and exhaustively sectioned at 20 pm. Section
pairs were used to count glomeruli at a unique point in a known fraction
of the kidney. Total glomerular number was calculated using basic
algebra.

Estimation of IGV

The technique used to estimate IGV has previously been described in
detail [18]. Briefly, a tissue slice (~10 X 10 X 1 mm) containing full
thickness cortex and medulla was obtained from the mid-hilar region.
After glycolmethacrylate embedding [28], blocks were exhaustively sec-
tioned at 10 pm and stained with periodic acid-Schiff. Slides were pro-
jected onto a white surface using an Olympus BH-2 microscope at a
magnification of X320. Three evenly spaced cortical zones were defined:
outer (superficial) located within four glomerular diameters of the cap-
sule; inner (juxtamedullary) located within four glomerular diameters of
the arcuate vessels and mid-cortical zone as intermediate between the
outer and inner zones. Thirty glomeruli (10 per zone) in each kidney were
sampled using disectors [29], and their volumes estimated using the
Cavalieri method [30]. Each glomerulus used for volume estimation
was exhaustively sectioned at a 10-um. The glomerular profile tuft area
of every second section was measured by 2point counting using an or-
thogonal test grid (area per point = 1 cm” at a final magnification of
X320). IGV was represented by the glomerular tuft volume and was
estimated using:

IGV =) " Pyiom*SSF*1,

where »_Pgiom is the total number of grid points overlying the glomer-
ular tuft, 7 is section thickness (10 pm) and SSF is the reciprocal of the
section sampling fraction, in this Case 2 because every second section was
analysed.

Statistical analysis

Statistical analyses were performed using Stata (version 8), and statistical
significance was defined as a P < 0.05.

The general features of variables were described in mean, SD, mini-
mum and maximum values. To assess distribution of IGV values within
subjects, the Shapiro-Wilk W test was used and skewness defined when
statistical significance was observed. Student’s #-test or analysis of var-
iance tests were performed whenever applicable. For skewed variables,
Mann—Whitney and Kruskal-Wallis tests were applied. For zonal analysis,
the pooled mean IGV, SD, range (maximum value minus minimum value)
and variance were estimated in order to assess differences between cortical
zones.

A ‘gold standard’ IGV mean value was defined from the 30 sampled
glomeruli per subject (10 glomeruli per zone). Then, Monte-Carlo sim-
ulation (Jackknife) was performed in order to simulate the effect of
reducing the number of sampled glomeruli (from 29 to 3 sampled glo-
meruli per subject). This approach provided 27 new mean IGV values,
which were compared with the gold standard mean IGV. This process
was repeated three times in order to compare the variability generated by
random selection. Our database contains IGV values for 2250 glomeruli
from 75 well-matched subjects and therefore provides a greater power
than which might be achievable in many settings. In order to simulate the
effect of measuring fewer glomeruli in a smaller cohort size, a random
sample of 10 subjects per race was selected and the effect of the Jack-
knife evaluated.

The coefficient of variation (CV, 100 X SD/mean IGV) and the
coefficient of error (CE, 100 X SE/mean IGV) were calculated for each
mean IGV generated by Jackknife simulation. Lin’s concordance coef-
ficient (Rc) [31] was used to assess precision, accuracy and the 95%
limits of agreement of mean IGV values from the Jackknife simulation,
again to determine whether reliable estimates of IGV size distribution
could still be achieved whilst measuring fewer glomeruli. Finally, a
regression analysis was conducted between Nyjom and different mean
IGV values. Nyjom was selected because of its previously described
inverse linear relationship with mean glomerular volume [8]. We tested
whether this relationship was preserved when fewer glomeruli were
measured.
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Table 1. Demographic and stereological data for male African and Caucasian Americans (N = 75)*

African Americans (n = 41)

Caucasian Americans (n = 34)

Mean SD Mean SD P
Age (years) 39.85 10.96 44.59 14.33 NS
Height (cm) 179.85 7.84 177.21 8.83 NS
Weight (kg) 95.45 24.31 94.79 29.11 NS
BSA (m?) 2.19 0.32 2.15 0.38 NS
BMI (kg/m?) 29.32 6.31 29.98 8.46 NS
Kidney weight (g) 189.49 46.86 196.09 48.21 NS
Hypertension (%) 61 NA 47 NA NS
Glomerular number (Ngjom) 980 706 350 320 859 538 315 090 NS
NS, P > 0.05; NA, Non-Applicable.
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Fig. 1. Mean IGV and variance in Caucasian and African Americans and associations with BMI (A, B) and hypertension (C, D). Black bars represent
African Americans and white bars Caucasian Americans. BMI categories were defined as lean (BMI from 20.00 to 24.99 kg/m?), overweight (BMI from

25.00 to 29.99 kg/m?) and obese (BMI >30.00 kg/m?). *P < 0.05.

Results

Demographics

General demographics of this cohort are provided in
Table 1. Subjects were middle-aged men with a tendency
towards overweight. Renal pathology findings (such as
percentages of glomerulosclerosis, hyalinosis, corticofib-
rosis and vascular changes) were similar in the two racial
groups with no overt renal disease (data not shown). The
kidneys of African Americans contained 14% more neph-
rons than Caucasians, although this difference was not
statistically significant.

Glomerular size and variability

Mean IGV was larger with overweight (Figure 1A, P < 0.05)
but did not increase any further in obesity (P > 0.05). However,
as seen in Figure 1B, mean IGV variance progressively in-
creased with BMI (F-test; P > 0.05). In both racial groups,
hypertensives showed greater mean IGV (Figure 1C, P <
0.05). Hypertensive African Americans demonstrated ~100%
greater IGV variance than normotensives (Figure 1D, P < 0.05).

Zonal differences

Overall, African Americans presented larger glomeruli
with a wider range and greater variance in all three cortical
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Table 2. Zonal analysis comparing the mean and variance of IGVs for male African and Caucasian Americans®
Number of glomeruli Mean IGV IGV variance
measured (X10° pm®) (X10° pm?)
Group Zone
CA AA CA AA CA AA
Race (n = 75) S 340 410 4.03 4.88° 274 3.38°
M 340 410 438 5.20° 3.57 3.66
J 340 410 428 5.16° 2.61 4.15°
Cardiovascular NT HTN NT HTN NT HTN
AA (n = 41) S 160 250 423 5.29° 2.60 3.46°
M 160 250 4.56 5.61° 2.30 4.11°
J 160 250 4.42 5.63" 1.95 4.99°
CA (n=32) S 170 150 3.56 4.69° 151 3.65°
M 170 150 3.86 511° 2.45 4.27°
J 170 150 4.00 4.70° 1.95 3.22°
Metabolic Lean Obese Lean Obese Lean Obese
AA (n = 22) s 80 140 472 4.56 2.52 3.54°
M 80 140 4.96 5.17 4.28° 3.20
J 80 140 4.56 5.21° 3.84 3.56
CA (n = 26) s 110 150 3.85 4.10 1.85 2.62°
M 110 150 3.83 4.81° 1.17 3.90°
J 110 150 3.71 4.61° 1.42 2.48°
CKD comorbidities Low High Low High Low High
(n=15) S 70 80 3.33 478" 1.05 2.90°
M 70 80 3.24 5.41° 0.68 2.22°
J 70 80 3.44 521° 1.08 2.70°

Group definitions: AA (African Americans), CA (Caucasian Americans), NT (mormotensive), HTN (hypertensive), lean (BMI <24.9 kg/m?), obese
(BMI >30.0 kg/m?), low (age <30 years + BMI <29.9 kg/m? + normotensive) and high (age >40.0 years + BMI >30.0 kg/m? + hypertensive). Zones:
S (superficial), M (middle) and J (juxtamedullary). Numbers indicted in bold type are statistically significant.

P < 0.001 between comparable groups and within the same zone.
°P < 0.05 between comparable groups and within the same zone.

zones (see Table 2). Superficial glomeruli were signifi-
cantly smaller than juxtamedullary glomeruli (all subjects,
P < 0.01) and by racial group (P < 0.05). However, in lean,
normotensive and low-risk subjects IGV mean and var-
iance did not differ between the three zones. Interestingly,
there was no association between zonal location and
IGV mean or variance in hypertensive individuals nor
did subjects at high-risk of kidney disease demonstrate
location-specific changes in IGV (P > 0.05). In contrast,
middle and juxtamedullary glomeruli from obese individuals,
especially among obese Caucasians, showed larger and
greater IGV variability (Table 2).

Notwithstanding the minimal effects of cortical zone,
hypertensive individuals demonstrated IGVs that were sig-
nificantly larger than normotensives (P < 0.001) and more
heterogeneous (P < 0.001) in all three zones. A similar
pattern was observed when comparing risk of kidney dis-
ease groups, where glomeruli from low-risk subjects were
smaller and more homogeneous across all cortical zones
than their high-risk counterparts (Table 2).

Optimizing technical efficiency

Following the Jackknife procedures to simulate the ef-
fects of sampling fewer than 30 glomeruli per subject,
27 new mean IGV values were generated for both racial
groups (Table 3). Surprisingly, average IGV was barely
altered by reducing the number of glomeruli measured,
with little variation within and between groups. Mean

IGV in African Americans (n = 41) was as stable as in
Caucasian Americans (n = 34), even when the African
Americans presented a larger mean IGV and more heter-
ogeneous distribution. In African Americans, CV ranged
from 29.02% (30 glomeruli measured per subject) to
29.33% (3 glomeruli measured) and CE from 4.53% (30
glomeruli measured) to 4.58% (3 glomeruli measured),
whereas in Caucasian Americans, CV ranged from
32.21% (30 glomeruli measured) to 32.20% (3 glomeruli
measured) and CE from 5.52% (30 glomeruli measured)
to 5.52% (3 glomeruli measured). When 10 subjects were
randomly sampled in each racial group, mean IGV for
each subject showed little variation when more than nine
glomeruli were measured per subject (Figure 2). More-
over, Rc and the 95% limits of agreement were especially
strong when more than nine glomeruli were measured per
subject for each racial group (Figure 3).

Figure 4 shows the linear relationship between mean
IGV and Nyjom. The general trend was preserved with all
the different glomerular sample sizes (from 29 to 3 glomer-
uli measured per subject, data not shown) in both racial
groups. The linear regression was statistically significant
when eight or more glomeruli were measured from Cauca-
sian Americans and nine or more glomeruli were measured
from African Americans. Together, the results of the Lin’s
concordance, Bland and Altman and linear regression anal-
ysis suggest that a stable estimate of mean IGV and IGV
distribution are achieved where more than nine glomeruli
are sampled per subject.
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Table 3. Mean IGV values generated by the Monte-Carlo Jackknife simulation®

Number of African Americans (n = 41)

Caucasian Americans (n = 34)

sampled

glomeruli Mean SD Min Max CV  CE Mean SD Min Max CV CE
per subject (X10° pm®) (X10° pm®) (X10° um®) (X10° um®) (%) (%) (X10° pm?®) (X10° pm®) (X10° um®) (X10° pm®) (%) (%)
30 5.08 1.47 2.91 9.48 29.02 4.53 4.23 1.36 227 9.28 3221 5.52
29 5.08 1.48 2.90 9.50 29.01 4.53 424 1.37 227 9.28 32.41 5.56
28 5.07 1.47 2.92 9.45 29.06 4.54 422 1.35 227 9.18 31.97 5.48
27 5.07 1.45 2.91 9.26 28.61 4.47 421 135 228 9.20 32.18 5.52
26 5.05 1.48 2.83 9.43 2926 457 423 1.37 2.25 9.19 3234 5.55
25 5.13 1.52 2.83 9.30 29.63 4.63 4.25 1.40 220 9.33 3234 5.63
24 5.11 1.49 2.89 9.65 29.24 457 421 1.34 229 9.25 3173 5.44
23 5.13 1.52 2.89 9.64 2951 4.61 426 1.42 229 9.38 33.36 5.72
22 5.10 1.48 2.88 9.13 28.97 4.52 4.23 1.38 227 9.36 32.58 5.59
21 5.11 1.47 2.85 9.64 2876 4.49 423 1.37 2.19 9.09 3239 5.55
20 5.07 1.50 2.85 9.43 20.54 4.61 421 1.35 227 9.11 31.92 547
19 5.00 1.46 2.64 8.85 29.24 456 4.1 1.38 229 9.49 3276 5.62
18 5.07 1.44 2.91 9.16 28.49 445 425 1.34 2.17 8.98 31.60 5.42
17 5.11 1.49 291 9.95 29.11 4.55 427 1.41 220 9.23 33.05 5.67
16 5.04 1.52 2.68 9.58 3020 4.72 4.15 1.31 2.31 9.44 31.56 5.41
15 5.07 1.50 2.68 9.59 29.59 4.62 4.26 1.40 2.26 9.24 32.96 5.65
14 5.00 1.47 2.73 9.69 2947 4.60 4.16 1.33 226 9.04 31.98 5.48
13 5.07 1.51 2.44 9.16 2973 4.64 4.18 1.35 2.30 9.19 3228 5.54
12 5.07 1.46 2.97 10.14 28.83 4.50 4.17 1.39 224 9.41 33.26 5.70
11 5.10 1.58 2.64 10.06 31.02 4.85 421 1.44 2.10 9.42 3423 587
10 5.04 1.56 2.77 9.61 30.89 4.82 4.18 1.31 2.37 8.83 3130 5.37
9 5.10 1.59 2.63 9.84 31.08 4.85 427 1.32 2.18 9.14 30.89 5.30
8 5.04 1.50 2.69 9.75 29.84 4.66 4.15 1.28 222 9.64 30.87 5.29
7 5.07 1.52 2.39 9.24 29.90 4.67 4.17 1.42 1.97 9.67 33.97 5.83
6 5.24 1.73 2.94 11.65 32.92 5.14 431 1.39 2.25 10.21 32.15 5.51
5 5.18 1.61 2.72 9.53 31.08 4.85 431 1.58 231 9.31 36.67 6.29
4 5.16 1.58 2.77 9.91 30.54 477 423 1.43 2.19 9.40 33.77 5.79
3 4.95 1.45 2.64 8.83 2933 4.58 4.00 1.29 226 9.52 3220 5.52

*Number of sampled glomeruli per subject, number of glomeruli randomly sampled by the Monte-Carlo simulation; min, minimum volume (X 10° ym?);
max, maximum volume (X 10° pm®); CV (%), coefficient of variation (100 X SD/mean); CE (%): coefficient of error (100 X SE/mean).

Discussion

This study reinforces the clinical relevance of IGV meas-
urement, demonstrating that IGV mean and variance in-
crease with established CKD comorbidities including age,
obesity and hypertension. It also illustrates how reliable
estimates of mean IGV can be obtained with at least nine
sampled glomeruli.

This is the largest cohort study to show associations
between obesity and hypertension and IGV. Hyperten-
sion and obesity are major contributors to the CKD
epidemic, especially in populations with increased risk
of kidney disease including Australian Aborigines
[32], Pima Indians [33] and African Americans [34].
Of relevance to the present study, glomerular hypertro-
phy has been described in all these populations [32, 33,
35, 36]. Glomerular size and size variability are the two
important markers of glomerular stress [16] and age
[18, 37], BMI, hypertension [38] and Ngjom [17, 26,
37] may act as glomerular stressors, increasing mean
IGV and heterogeneity.

Glomerular morphology and function vary according to
their location within the renal cortex [39]. Skov et al. [15]
showed that in healthy primates, juxtamedullary glomer-
uli were up to four times larger than superficial glomeruli
and our first autopsy study of IGV showed that superficial
glomeruli were larger than juxtamedullary glomeruli in

advanced age (>50 years) and high BSA (>2.11 m?)
[18]. Our current analysis considered 2250 glomeruli
from subjects with minimal comorbidities (lean, normo-
tensive and low risk of kidney disease) and observed no
zonal differences. Low-risk individuals presented smaller
more homogeneous glomeruli in all three cortical zones
compared with high-risk subjects. Moreover, middle and
juxtamedullary glomeruli from high-risk subjects tended
to be larger than superficial glomeruli (8-13%); a ten-
dency that was not observed in the low-risk group. The
data from the low-risk kidneys are in agreement with two
human autopsy studies; neither Zimanyi et al. [26] nor
McNamara et al. [37] found zonal differences in IGV,
despite analysing 48 adult males (24 American and 24
Senegalese) and a total of 1440 glomeruli. Furthermore,
Newbold et al. [40] found no differences between the size
of juxtamedullary and superficial glomeruli in nosocomial
human necropsies [7].

Tracy [41] suggested that glomerular size heterogeneity
could be closely related to vascular changes, especially in
hypertensive nephrosclerosis. Hoy et al. [42] showed that
among subjects with hypertension, wall thickening of
interlobular arteries was present at a younger age than
the increase in glomerulosclerosis, suggesting that vascu-
lar changes preceded parenchymal loss. Moreover, in the
scenario of hyperfiltration (such as obesity or any other
type of parenchymal loss), renal blood flow would need to
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be re-distributed to preserve function and glomeruli closer
to principal vessels (juxtamedullary) would possibly be
favoured by their proximity to the blood supply. As
described by Brenner [43], this hyperfiltration process
would lead to progressive glomerular hypertrophy and
finally glomerulosclerosis in the remaining glomeruli.
Hoy et al. [38] proposed that small glomeruli may be more
likely to sclerose and Samuel ef al. [18] found that global
glomerulosclerosis increased with age and was most se-
vere in the superficial cortex. This observation is sup-
ported by our findings in high-risk subjects with smaller
glomeruli in the superficial area. Whether this difference
between superficial and juxtamedullary glomeruli reflects
mostly vascular changes, or structural differences be-
tween glomeruli such as differences in podocyte number,
is still to be defined.

We and others have estimated mean glomerular volume
in renal biopsies [44, 45], but few studies have assessed
variability in glomerular volumes within single biopsies
with unbiased stereology [22, 47]. The method of Weibel
and Gomez (1962) has been most commonly used to esti-
mate glomerular volume in biopsies but requires knowl-
edge of glomerular size distribution and shape [22, 44].
While the effect of size distribution has been previously
addressed [48], the effect of assuming a uniform glomer-
ular shape remains unknown and may be a source of
significant bias.

We propose that measurements of IGV in renal biop-
sies would provide valuable insights in the diagnosis,
prognosis and management of CKD [49]. However,
several caveats must be mentioned. While biopsies are
usually taken from the lower pole of the kidney, our
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Fig. 4. The effect of the Jackknife simulation on the relationship between mean individual glomerular volume (mean IGV) and total glomerular number
(Ngiom) in African and Caucasian American males. (A, B and C) (black circles) show African Americans (n = 41) and (D, E and F) (white circles)
Caucasian Americans (n = 34). Mean IGV values were generated by the Jackknife simulation with different numbers of sampled glomeruli per subject; A
and D (30 glomeruli), B and E (15 glomeruli), C (9 glomeruli) and F (8 glomeruli). C and F represent the minimum number of sampled glomeruli
necessary to retain a statistically significant linear correlation between mean IGV and Ngjom.

estimates of IGV have been made in tissue from the mid-
hilar region of the kidney. Lodrup et al. [50] report no
differences in mean glomerular volume between mid-hi-
lar region and renal poles in pigs but this has not been
addressed in humans. Furthermore, biopsy samples have
a preponderance of superficial glomeruli because of the
risks of sampling in the juxtamedullary zone. Superficial
glomeruli demonstrate changes in volume and volume
distribution with disease but are stable under normal con-
ditions, supporting their use for monitoring kidney health
longitudinally.

The stereological dogma of ‘do more, less well” may
also be applicable to measurements of IGV [13, 51].
Although there are obvious advantages of designing
studies in which as many glomeruli as possible are meas-
ured, our observation that a relatively modest number of

glomeruli must be measured to return a reliable estimate
of IGV mean and distribution suggests that longitudinal
biopsy-based studies may be feasible. An average of
9-12 glomeruli [52] can be obtained from a percutaneous
needle biopsy and the present study suggests that reliable
estimates of mean IGV could be obtained with at
least nine ‘complete’ or disector-sampled glomeruli per
subject. Group analysis (mean IGV by racial group) and
individual analysis (comparison of mean IGV values in
10 randomly sampled subjects per racial group) returned
similar results, suggesting that the stability of IGV esti-
mates is not a function of the large number of subjects
available for this study.

Another relevant issue is the time-consuming nature of
IGV estimation. MacLeod et al. [22] reported that five
glomeruli per biopsy at a sectioning interval of 20 um
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would provide satisfactory estimates of mean glomerular
volume by the Cavalieri principle in normotensive type 1
diabetic patients. The present findings in subjects with-
out overt renal pathology indicate that even three glo-
meruli per subject would barely alter the mean IGV, CV
and CE compared with that observed from 30 glomeruli.
However, valuable information about the spread or dis-
tribution of IGVs, the ability to perform correlations and
statistical power would be lost with reductions below
nine glomeruli per subject. Moreover, if the research
question extends to an assessment of glomerular size
distribution and variance within and between subjects,
then the measurement of as many complete glomeruli as
possible should be encouraged. Furthermore, new tech-
nologies such as the use of digital images and stereology-
based software offer improvements in efficiency.

The present study has a number of limitations. Firstly,
the IGV values utilized came from subjects carefully
selected for various criteria in previous studies [18, 26].
Notwithstanding this, the matching criteria set previously
were mainly based on age. Secondly, subjects in the three
previous studies were selected for different end points,
based on the extremes of the distributions for each variable
of interest (age, Ngiom, hypertension and BMI). Though this
may appear to introduce a selection bias, we consider that
our results based on subjects on the lower and upper end of
their distributions would restrain our optimization process
up to a sensible point. All glomeruli measured were con-
tained in a mid-hilar slice of tissue. As such, any differ-
ences in the size or size distribution of glomeruli in the
renal poles were not taken into account. Another important
caveat would be the differences in the fixation process.
Biopsy tissue is immersion-fixed, whereas we studied per-
fusion-fixed tissue. Mean glomerular capillary volume is
lower in immersion versus perfusion fixed tissue [53]. In-
terestingly, Macleod et al. [22] have used the Cavalieri
method to estimate glomerular volume in immersed-fixed
human biopsy tissue, from diabetic individuals and showed
a similar range of glomerular volumes to our present data.
This outcome further strengthens the argument for estimat-
ing variability in glomerular volume in the study of renal
disease.

In summary, this large cohort study of 2250 glomeruli
from 75 individuals provides further evidence that the size
distribution of glomeruli throughout the renal cortex is a
relevant marker of risk factors for CKD including obesity,
hypertension and low nephron number. Neither glomerular
location within the renal cortex nor the number of sampled
glomeruli per subject represent significant drawbacks for
the application of IGV to tissue samples of limited size,
including renal biopsies.
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