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OBJECTIVE: To test the hypothesis that kidney function and meta-
bolic risk factors are associated with glomerular density on renal
biopsy samples from healthy adults.

PATIENTS AND METHODS: This study compared glomerular density
with predonation kidney function, blood pressure, and metabolic
risk factors in living kidney donors at Mayo Clinic in Rochester,
MN, from May 10, 1999, to February 4, 2009. During implantation
of the kidney allograft, an 18-gauge core needle biopsy sample
of the renal cortex was obtained, sectioned, and examined by
pathologists. Glomerular density was determined by the number of
glomeruli (normal and sclerotic) divided by area of cortex.

RESULTS: The study sample of 1046 kidney donors had a mean
of 21 glomeruli (0.8 sclerotic glomeruli) and a glomerular density
of 2.3 glomeruli per square millimeter. In a subset of 54 donors,
glomerular density inversely correlated with the mean glomerular
area (r,=—0.28). Independent predictors of decreased glomerular
density were older age, increased glomerular filtration rate, family
history of end-stage renal disease, increased serum uric acid, and
increased body mass index. Increased urine albumin excretion,
hypertension, decreased high-density lipoprotein cholesterol,
and metabolic syndrome were also associated with decreased
glomerular density after age-sex adjustment. These associations
were not explained by the presence of glomerulosclerosis, tubular
atrophy, interstitial fibrosis, or arteriosclerosis on the renal biopsy
sample. In older donors, decreased glomerular density was at-
tenuated by an increased prevalence of glomerulosclerosis and
tubular atrophy.

CONCLUSION: Decreased glomerular density is associated with
many different kidney function and metabolic risk factors among
relatively healthy adults and may represent an early state of in-
creased risk of parenchymal injury.
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BMI = body mass index; CKD = chronic kidney disease; ESRD = end-
stage renal disease; GFR = glomerular filtration rate; HDL = high-density
lipoprotein

he size of individual nephrons can reflect important

elements of metabolic regulation. Persons with a low
nephron endowment or with certain stress states (eg, obe-
sity, pregnancy, or unilateral nephrectomy) develop glo-
merular hypertension and increased single-nephron filtra-
tion (hyperfilter) with compensatory glomerulomegaly.!*
Glomerulomegaly from hyperfiltration also occurs in re-
sponse to nephron loss, perhaps due to a shift in perfu-
sion from nonviable to viable nephrons.®’ In addition to
glomerulomegaly, hyperfiltration leads to tubular hyper-
trophy and hyperplasia.®!® Much of the volume increase
of viable nephrons in response to hyperfiltration may be

in the proximal tubule rather than the glomerulus.!""® Un-
fortunately, there is no safe and practical method to di-
rectly measure the average volume occupied by nephrons
in living humans.

Normal kidney parenchyma consists only of nephrons
and supporting vessels, with a trivial amount of inter-
stitium (Figure 1), and thus glomerular density on sec-
tioned biopsy samples of renal cortex is inversely pro-
portional to average nephron size to some extent. We
hypothesized that glomerular density is associated with
kidney function and metabolic characteristics of the kid-
ney. Specifically, among persons with risk factors for
glomerular hypertension and hyperfiltration, the glo-
merular density would be decreased. The rationale for
this hypothesis is that any process that
increases the volume occupied by each
nephron would effectively push glo-
meruli apart, leading to decreased
glomerular density. For example, de-
creased glomerular density has been associated with
low birth weight in neonates and, in this instance, has
been attributed to low nephron endowment with com-
pensatory hypertrophy.'* Alternatively, kidney func-
tion and metabolic risk factors may be associated
with global glomerulosclerosis (complete scarring of
glomerulus), and reabsorption of these sclerotic glo-
meruli’® could decrease glomerular density.

In the current study, we used adult living kidney do-
nors with implantation (intraoperative) renal biopsy
samples to study glomerular density. Although kidney
donors are selected on the basis of good health, they still
demonstrate substantial variation in kidney function,
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FIGURE 1. Representative fields of implantation biopsies (original
maghnification x100; hematoxylin-eosin) for kidney donors with (top)
high glomerular density (10 glomeruli in a representative field of a
biopsy section) and (bottom) low glomerular density (2 glomeruli in
a representative field of a biopsy section). G = glomerulus.

blood pressure, and metabolic profiles.'® Our goal was to
compare glomerular density against predonation clinical
characteristics, particularly those that have previously
been implicated in glomerular hyperfiltration and glo-
merular hypertension or are risk factors for chronic kid-
ney disease (CKD).

PATIENTS AND METHODS

We studied a series of adult living kidney donors at Mayo
Clinic in Rochester, MN, between May 10, 1999, and Feb-
ruary 4, 2009, who had implantation needle core biopsies of
their kidney allografts.!® The study protocol was approved
by the Mayo Clinic Institutional Review Board. Donors who
declined the Minnesota research authorization were exclud-
ed.'” All potential kidney donors underwent a standardized
evaluation with a protocol-based battery of tests. Approval
for kidney donation was determined by a donor-selection
committee, as well as guidelines that evolved during the
study period. Potential candidates were usually excluded
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from donation if they had a measured glomerular filtration
rate (GFR) (iothalamate clearance) below the age-specific
fifth percentile!’® or albuminuria (>30 mg/24 h). Patients
with diabetes or a fasting plasma glucose level greater than
110 mg/dL (to convert to mmol/L, multiply by 0.0555) were
also excluded. Persons with hypertension were permitted as
kidney donors if their blood pressure was controlled with
minimal antihypertensive therapy (up to 2 agents if 1 was a
thiazide diuretic). Obesity was not considered an absolute
contraindication to donation. There were no exclusion cri-
teria based on serum lipids or uric acid levels.

Donor CLINICAL CHARACTERISTICS

The donor characteristics analyzed were kidney function
test results, risk factors for CKD, and characteristics that
may be affected by early CKD. Donor characteristics
were obtained from the medical record, including only
test results that were 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 obtained included serum creatinine,
estimated GFR by the Modification of Diet in Renal
Disease Study equation,'’ measured GFR by iothalamate
clearance,'® and 24-hour urine protein and albumin ex-
cretion. The serum creatinine assay was standardized'’
in October 2006, and prior test results were adjusted
by subtracting 0.14 mg/dL (the mean change in donor
serum creatinine levels with the switch to a standardized
assay). An ambulatory blood pressure monitor obtained
systolic and diastolic blood pressure readings every 10 to
20 minutes during an 18-hour period. The mean overall
blood pressure, mean active blood pressure (4 PM to 9 PM),
and mean nocturnal blood pressure (12 AM to 5 AM) were
obtained.?**! Hypertension was defined by treatment with
antihypertensive therapy. Family history of end-stage
renal disease (ESRD) was defined by the recipient being
related to the donor. Metabolic characteristics obtained
from a fasting morning blood draw were levels of total
cholesterol, triglycerides, low-density lipoprotein cho-
lesterol, high-density lipoprotein (HDL) cholesterol,
glucose, uric acid, calcium, and phosphorus. Body mass
index (BMI) was calculated as the weight in kilograms
divided by height in meters squared. Metabolic syndrome
was defined by a BMI greater than 30 kg/m? (because
waist circumference was unavailable) and any 2 of the
following: (1) triglycerides >150 mg/dL (to convert to
mmol/L, multiply by 0.0113), (2) HDL cholesterol <40
mg/dL in men and <50 mg/dL in women (to convert to
mmol/L, multiply by 0.0259), (3) fasting glucose >100
mg/dL, (4) 18-hour mean systolic blood pressure >130
mm Hg or 18-hour mean diastolic blood pressure >85 mm
Hg or antihypertensive therapy.?
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Kipney HistoLogic FEATURES

At Mayo Clinic, implantation renal biopsy samples are
routinely obtained to provide baseline histologic features
for comparison with future biopsy samples of the allograft.
After vascular and ureteral anastomoses of the allograft and
unclamping of vessels, biopsy samples were obtained from
the antihilar border of the most accessible pole with an
18-gauge Bard Monopty biopsy instrument with a 1.7-cm
specimen slot (Bard Peripheral Vascular, Inc, Tempe, AZ).
Formalin-fixed, paraffin-embedded longitudinal sections
stained with hematoxylin and eosin, periodic acid—Schiff,
methenamine silver, and Masson trichrome were examined
by dedicated renal pathologists who were blinded to donor
characteristics. Biopsy reports were manually reviewed
and abstracted for number of glomeruli and number of
globally sclerotic glomeruli. Chronic histologic abnormali-
ties of global glomerulosclerosis (defined when >10% of
the glomeruli were globally sclerotic), any tubular atrophy,
interstitial fibrosis (defined by >5% interstitial fibrosis),”
and any arteriosclerosis were also identified from these re-
ports. The biopsy sections (on slides) were subsequently
examined (by M.H.S.) in a blinded manner to measure
length and width of the sections. A ruler was used to mea-
sure the length of the biopsy section to the nearest 1 mm,
summing the length of all sections observed on the slide.
Under light microscopy, the width of the biopsy section
was determined to the nearest 0.1 mm, averaging the width
along the length of the section or sections. At low magnifi-
cation, the proportion of the biopsy section that was cortex
was estimated to the nearest fifth percentile. In a previously
reported subset, the sectional area of each manually out-
lined glomerulus with a vascular pole was determined us-
ing a pixel-counting technique.?

STATISTICAL ANALYSES

Donors without biopsy slides for reexamination or with
an implantation biopsy sample of only medulla were ex-
cluded. The area of cortex for the sectioned renal biopsy
sample from each kidney donor was determined from the
product of length multiplied by width multiplied by pro-
portion cortex. Donors without at least 4 mm? of cortex
were excluded; this threshold was chosen a priori on the
basis of the 10th percentile for cortex area. Glomerular
density was calculated from the number of glomeruli
(both normal and sclerotic) divided by the area of cor-
tex (mm?) and normalized by logarithmic transformation.
The Spearman rank correlation between glomerular den-
sity and the mean glomerular area was assessed in 54 do-
nors with at least 6 mm? of cortex to ensure an adequate
number of glomeruli. The correlation between the num-
ber of glomeruli reported in the medical record by many
different pathologists and a recount by one pathologist

(L.D.C.) was also assessed in 39 donors. Logarithmic
glomerular density was regressed on donor clinical char-
acteristics with and without adjustment for age and sex.
Independent predictors of glomerular density were identi-
fied using backwards stepwise selection in multivariable
models. Regression coefficients from logarithmic models
were converted to estimates that predicted percent differ-
ences in glomerular density. Continuous variables were
also polychotomized for age (18-29, 30-39, 40-49, 50-59,
and 60-77 years), quartile of BMI (<24, 24-27, 28-31, >31
kg/m?), measured GFR (<99, 99-112, 113-128, >128 mL/
min), and serum uric acid level (<4.1, 4.1-5.0, 5.1-6.1,
>6.1 mg/dL; to convert to pmol/L, multiply by 59.5), and
the associations with glomerular density were assessed
with analysis of variance.

To account for the possibility of bias in determining the
proportion cortex from biopsies, analyses were repeated
after limiting the data to biopsies with only cortex pres-
ent. Estimates of glomerular density may lack adequate
precision even after excluding biopsy sections with less
than 4 mm? of cortex; therefore, analyses were repeated
after excluding sections with less than 6 mm? of cortex.
Because glomerulosclerosis, tubular atrophy, interstitial fi-
brosis, and arteriosclerosis may affect glomerular density,
analyses of the association between clinical characteristic
and glomerular density were repeated with adjustment for
these chronic histologic abnormalities. Analyses were also
repeated with adjustment for percent glomerulosclerosis
(number of globally sclerotic glomeruli divided by total
number of glomeruli). We previously found chronic his-
tologic abnormalities to strongly increase with age.'® To
further explore the U-shaped association between age and
glomerular density, we included in statistical models a test
for interaction between chronic histologic abnormalities
and age in the prediction of glomerular density. All sta-
tistical tests were 2-sided, with P<.05 considered statisti-
cally significant.

RESULTS

In this study, 1221 living kidney donors with an implanta-
tion biopsy of the allograft cortex were identified. Of these,
53 were excluded because biopsy slides were missing for
rereview. After further exclusion of 122 donors with less
than 4 mm? of cortex, the study sample consisted of 1046
donors. The mean + SD length and width of the sectioned
biopsy samples were 13.743.5 mm and 0.73+0.10 mm, re-
spectively. The mean proportion cortex was 93%, and 791
(76%) of the biopsies were only cortex with no medulla.
The mean + SD number of glomeruli present was 21+8 in
an area of cortex averaging 9.3+2.9 mm?, for a glomerular
density of 2.3+0.8 glomeruli per square millimeter. The de-
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TABLE 1. Clinical Characteristics and Renal Biopsy Findings of
1046 Living Kidney Donors at Mayo Clinic, 1999-2009%°

Demographics Mean + SD or No. (%)
Age,y 43+12
Male 448 (43)
Kidney function
24-h urine protein excretion, mg 45+26
24-h urine albumin excretion, mg 6.1+8.2
Serum creatinine, mg/dL 0.90+0.16

Estimated GFR, mL/min/1.73 m? 8114

Measured GFR, mL/min/1.73 m? 103+18

Measured GFR, mL/min 11624
Blood pressure

18-h mean overall SBP, mm Hg 119+9

18-h mean active SBP, mm Hg 122+10
18-h mean nocturnal SBP, mm Hg 108+10
18-h mean overall DBP, mm Hg 73+7
18-h mean active DBP, mm Hg 75+8
18-h mean nocturnal DBP, mm Hg 63+8
Hypertension (with therapy) 61 (6)
Other clinical characteristics
Family history of ESRD 599 (57)
Total cholesterol, mg/dL 19637
Triglycerides, mg/dL 127+99
HDL cholesterol, mg/dL 56+16
LDL cholesterol, mg/dL 116+36
Glucose, mg/dL 95+9
Uric acid, mg/dL 52+1.4
Calcium, mg/dL 9.5+0.3
Phosphorus, mg/dL 3.6+0.5
BMI, kg/m? 28+6
BMI >30 323 (31)
Metabolic syndrome 123 (12)
Renal biopsy findings

No. of glomeruli 21+8
No. of globally sclerotic glomeruli 0.9+1.4
Area of cortex, mm? 9.3+2.9
Glomerular density, glomeruli per mm? 2.3+0.8
Percent global glomerulosclerosis 4.4%+6.6%
Global glomerulosclerosis >10% 130 (12)
Any tubular atrophy 239 (23)
Interstitial fibrosis >5% 53 (5)
Any arteriosclerosis 326 (31)

4 BMI = body mass index; DBP = diastolic blood pressure; ESRD = end-
stage renal disease; GFR = glomerular filtration rate; HDL = high-den-
sity lipoprotein; LDL = low-density lipoprotein; SBP = systolic blood
pressure.

b ST conversion factors: To convert cholesterol values to mmol/L, mul-
tiply by 0.0259; to convert triglyceride values to mmol/L, multiply by
0.0113; to convert serum creatinine values to umol/L, multiply by 88.4;
to convert glucose values to mmol/L, multiply by 0.0555; to convert
uric acid values to pmol/L, multiply by 59.5; to convert calcium values
to mmol/L, multiply by 0.25; to convert phosphorus values to mmol/L,
multiply by 0.323.

mographics, clinical characteristics, and biopsy findings of
the kidney donors are shown in Table 1. In a subset of 54
donors, glomerular density was inversely correlated with
mean glomerulararea (r =—0.28; P=.04). In another subset of
39 donors, the initial and repeat count of the number of glo-
meruli was highly correlated (r=0.97; P<.001).
Glomerular density decreased with older age (Table 2).
After adjustment for age and sex, glomerular density de-
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creased with increased urine albumin excretion, increased
GFR, hypertension, family history of ESRD, decreased
HDL cholesterol, increased uric acid, increased BMI, and
metabolic syndrome (Table 2). Older age, increased mea-
sured GFR, family history of ESRD, increased uric acid,
and increased BMI were independently associated with de-
creased glomerular density in the reduced model that con-
tained only the statistically significant predictors (Table 3).
The association between these polychotomized character-
istics and glomerular density is displayed in Figure 2. In
the sensitivity analysis, findings were similar (Table 4).

Chronic histologic abnormalities were also associated
with glomerular density. Global glomerulosclerosis was
associated with decreased glomerular density (unadjusted,
—11.7%; P<.001; age-adjusted, —9.6%; P=.009), whereas
tubular atrophy was associated with increased glomeru-
lar density (unadjusted, 5.2%; P=.05; age-adjusted, 7.7%;
P=.005). Interstitial fibrosis had no association with glo-
merular density (unadjusted, —3.4%; P=.48; age-adjusted,
0.4%; P=.94), and the association of arteriosclerosis with
decreased glomerular density was not independent of age
(unadjusted, —6.4%; P=.005; age-adjusted, —4.5%; P=.06).
We also assessed whether the association between glomer-
ular density and age differed when glomerulosclerosis was
present. As shown in Figure 3, among donors with less than
10% glomerulosclerosis (n=916), glomerular density de-
creased by 3.5% per decade of age; but among donors with
more than 10% glomerulosclerosis (n=130), glomerular
density increased by 4.6% per decade of age (P=.004 for
interaction). There was no evident age interaction with tu-
bular atrophy, interstitial fibrosis, or arteriosclerosis (P>.05
for all).

DISCUSSION

Our results indicate that glomerular density is associated
with kidney function and other metabolic characteristics
in a relatively healthy population. As expected, glomerular
density had an inverse correlation with mean glomerular
area. Decreased glomerular density was associated with
older age, increased urine albumin excretion, increased
GFR, hypertension, family history of ESRD, decreased
HDL cholesterol, increased uric acid, increased BMI, and
metabolic syndrome. Importantly, these characteristics
are recognized risk factors for CKD and/or cardiovascular
disease. Histologic findings for CKD (glomerulosclerosis,
tubular atrophy, interstitial fibrosis, and arteriosclerosis)
have previously not been associated with GFR, family his-
tory of ESRD, HDL cholesterol, uric acid, BMI, or meta-
bolic syndrome in this population sample.'¢ To the extent
that metabolic risk factors for CKD affect glomerular
density, decreased glomerular density may be a precursor
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TABLE 2. Percent Difference in Glomerular Density (No. of Glomeruli per Cross-sectional
Cortex Area) by Donor Characteristics Among 1046 Living Kidney Donors at Mayo Clinic,
1999-2009

Donor characteristic

Unadjusted

Adjusted for age and sex

(per SD if continuous) % Difference P value % Difference P value
Demographics
Age,y -3.8 <.001
Male -4.0 .06
Kidney function
24-h urine protein excretion -1.7 .10 -1.2 .29
24-h urine albumin excretion =25 .02 2.4 .02
24-h urine albumin excretion >15 mg -12.2 .003 -12.0 .003
Serum creatinine -0.7 49 1.8 22
Estimated GFR, mL/min/1.73 m? -0.7 44 2.4 .01
Measured GFR, mL/min/1.73 m? -0.9 44 -3.1 .01
Measured GFR, mL/min -3.9 <.001 -5.8 <.001
Blood pressure
18-h mean overall SBP -2.8 .009 -1.7 12
18-h mean overall DBP -2.2 .06 -1.0 40
18-h mean active SBP -2.7 .01 -1.7 13
18-h mean active DBP -1.4 24 -0.4 71
18-h mean nocturnal SBP -2.8 .02 2.2 .06
18-h mean nocturnal DBP -2.4 .04 -1.5 23
Hypertension (with therapy) -12.4 .004 -9.2 .04
Other clinical characteristics
Family history of ESRD =52 .01 -6.6 .002
Total cholesterol -1.3 24 -0.3 78
LDL cholesterol -1.5 17 -0.8 49
HDL cholesterol 2.5 .02 3.0 .01
Triglycerides -1.1 28 -0.7 49
Glucose -3.5 .001 -2.2 .06
Uric acid -4.6 <.001 -4.9 <.001
Calcium -1.2 .19 -0.9 .32
Phosphorus 0.0 99 -0.6 .53
BMI, kg/m? -6.3 <.001 -6.0 <.001
BMI >30 kg/m? -10.6 <.001 -10.1 <.001
Metabolic syndrome -12.9 <.001 -12.3 <.001

BMI = body mass index; DBP = diastolic blood pressure; ESRD = end-stage renal disease; GFR =
glomerular filtration rate; HDL = high-density lipoprotein; LDL = low-density lipoprotein; SBP =

systolic blood pressure.

state for chronic parenchymal injury that parallels the in-
crease in glomerular area observed in early stages of overt
kidney disease.>?’

What underlying biologic process does glomerular den-
sity represent? An interstitial infiltrative process might re-
duce the density of glomeruli in the cortex; however, such
an infiltrative process was not seen except for a mild inter-
stitial fibrosis that occurred in only 5% of donors, and there
was no association between interstitial fibrosis and glo-
merular density. Interestingly, although glomerular den-
sity was associated with global glomerulosclerosis, tubular
atrophy, and arteriosclerosis, the association between glo-
merular density and clinical characteristics was indepen-
dent of these histologic abnormalities. Reabsorption of
sclerotic glomeruli might be expected to decrease glo-
merular density,'® but associations with glomerular density
did not change substantially with adjustment for severity of
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glomerulosclerosis. Thus, it is less plausible that glomeru-
losclerosis leading to reabsorption of sclerotic glomeruli
could explain these kidney function and risk factor associa-
tions with glomerular density. Depth of the biopsy in the
cortex may also affect glomerular density, but this would
not explain the association between donor clinical charac-
teristics and glomerular density in a renal biopsy sample
obtained by a surgeon who was effectively blinded to these
characteristics. Measurements of biopsy depth were not
available; however, excluding biopsy samples with medul-
la present did not substantially change the findings.

We suspect that decreased glomerular density on sec-
tioned renal biopsy specimens primarily represents dis-
persed glomeruli from increased average nephron size sec-
ondary to both glomerular hypertrophy and hyperplasia and
renal tubular hypertrophy and hyperplasia. This hypothesis
was supported by the inverse correlation between glomeru-
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TABLE 3. Multivariable Model Estimating Percent Difference in

Glomerular Density (No. of Glomeruli per Cross-sectional Cortex

Area) With Donor Characteristics Among Living Kidney Donors at
Mayo Clinic, 1999-2009°

Full model Reduced model
Donor characteristic (n=848)" (n=967)°
(per SD if continuous) % Diff P value % Diff P value

Age -4.7 .001 -5.6 <.001
Male 1.3 .67
24-h urine albumin excretion -3.0 .06
Measured GFR, mL/min -3.1 .03 -3.9 .002
18-h mean overall SBP, mm Hg 1.0 .39
Hypertension (with therapy) -7.4 11
Family history of ESRD -5.9 .01 -6.2 .004
HDL cholesterol -0.2 .88
Glucose -1.0 44
Uric acid -3.2 .03 -2.6 .02
BMI -3.8 .007 -4.4 <.001

4 BMI = body mass index; Diff = difference; ESRD = end-stage renal dis-
ease; GFR = glomerular filtration rate; HDL = high-density lipoprotein;
SBP = systolic blood pressure.

b Sample sizes that are less than 1046 differ between models because of
missing data.
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lar density and glomerular area in the subset analysis. Al-
though we could not assess for inverse correlation between
average tubular volume of each nephron and glomerular
density, hypertrophy of proximal tubules has been shown
to occur with glomerulomegaly via tubuloglomerular feed-
back in animal models.'°

Increased GFR, BMI, and uric acid and family history
of ESRD were independent predictors of decreased glo-
merular density. These associations with decreased glo-
merular density are consistent with those that other inves-
tigators have seen with increased glomerular area. With
increased single glomerulus filtration there is compensato-
ry glomerulomegaly,'” and the sum expected effect would
be an increase in GFR. Obesity has been associated with
glomerulomegaly®*?** and with risk of CKD.**! Hyperu-
ricemia is also a risk factor for CKD,*?* and raising uric
acid levels in rats leads to intraglomerular hypertension*
and glomerular hypertrophy.*> A family history of ESRD
is also a risk factor for CKD and may reflect a familial trait
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FIGURE 2. Logarithmic glomerular density by (A) age groups, (B) measured glomerular filtration rate (GFR) quartiles, (C) serum uric acid level
quartiles, and (D) body mass index (BMI) quartiles among 1046 living kidney donors. The mean with standard error bars is shown for each

group (analysis of variance, P<.001 for all).
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TABLE 4. Sensitivity Analyses for Estimating Percent Difference in Glomerular Density With Donor Characteristics in a Multivariable Model
Among Living Kidney Donors at Mayo Clinic, 1999-2009°

Adjustment for global
glomerulosclerosis,
Data limited to tubular atrophy, Adjustment for
Data limited to biopsies with >6 interstitial fibrosis, percent
Original analysis biopsies that were mm? of cortex and arteriosclerosis glomerulosclerosis
Donor characteristic (n=967) all cortex (n=728) (n=837) (n=966) (n=966)

(per SD if continuous) % Diff P value % Diff P value % Diff P value % Diff P value % Diff P value
Ageper 12y -5.6  <.001 -5.1 <.001 -5.0 <001 -5.0 <.001 -44 <001
Measured GFR per 24 mL/min -3.9 .002 -2.9 .03 -2.7 .06 -3.6 .004 -3.8 .002
Family history of ESRD -6.2 .004 -4.1 .08 -39 12 —6.4 .003 —6.1 .004
Uric acid per 1.4 mg/dLP -2.6 .02 -34 .005 -4.3 .001 -2.9 .01 -2.7 .02
BMI per 6 kg/m? -44 <001 -3.8 .006 =33 .02 -4.5 <.001 44 <001

4 BMI = body mass index; Diff = difference; ESRD = end-stage renal disease; GFR = glomerular filtration rate.

b SI conversion factor: To convert uric acid values to umol/L, multiply by 59.5.

for lower nephron endowment at birth, leading to increased
glomerular area.’*¥’ Hypertension, increased urine albu-
min excretion, and lower HDL cholesterol level were also
predictors of decreased glomerular density independent of
age and sex. Glomerulomegaly has been associated with
hypertension in autopsy studies.!*® Glomerular area has
also been found to correlate with urine albumin excretion
in kidney donors.? Intrauterine growth retardation could
also link these metabolic risk factors to decreased glo-
merular density from a reduction in total number of
nephrons (Barker and Brenner hypothesis).*

We found that glomerular density decreased with age, as
others previously reported in an autopsy study.** The rea-
son for this finding is unclear, but increased glomerular area
with age*®*? might result from increased metabolic burden
(eg, oxidative stress) leading to hypertrophy and hyperpla-
sia of viable nephrons. In our study, the age-related decrease
in glomerular density also appeared to level off around 40
to 49 years of age. Further analysis showed that this age-
related decrease in glomerular density did not level off but
continued to decline when glomerulosclerosis was 10% or
less, but there was paradoxically an increase in glomerular
density with age when glomerulosclerosis was greater than
10%. This may be explainable by the increased prevalence of
glomerulosclerosis with tubular atrophy in older compared
with younger donors.'® In this study, among donors aged
18 to 29 years, only 3% (4/131) had greater than 10% glo-
merulosclerosis, none of whom had tubular atrophy, whereas
among donors aged 60 to 77 years, 36% (35/96) had greater
than 10% glomerulosclerosis, 63% of whom had tubular
atrophy. Glomerulosclerosis is a volume-losing lesion that
may have more impact on glomerular density in older kid-
neys, where it is more prevalent. Furthermore, tubular atro-
phy can result from glomerulosclerosis in the same nephron
and, as expected, is a volume-losing lesion associated with
increased glomerular density. Finally, hypertrophy of the un-

affected nephrons occurs to compensate for glomeruloscle-
rosis,** and this compensatory hypertrophy will decrease
glomerular density; however, younger kidneys may have
more of this compensatory reserve than older kidneys.*
Our study data have several strengths and limitations
that should be noted. The living kidney donors underwent
protocol-driven evaluations (ie, there was no medical com-
plaint), and the renal biopsy sample was obtained by proto-
col as part of a transplant operation. This avoids the prob-
lem of “confounding by indication” in the interpretation
of renal biopsy findings. Nonetheless, kidney donors are
selected on the basis of good health such that the spectrum
of kidney function and metabolic risk factors is restricted
compared with that of the general population. In particular,
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FIGURE 3. Logarithmic glomerular density by age for persons with
<10% (solid smoothing spline, A=100,000) or with >10% (dashed
smoothing spline, A=100,000) glomerulosclerosis (P=.004 for sta-
tistical interaction in the linear regression model) among 1046 liv-
ing kidney donors.

The key in this figure is incorrect in the print version.
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persons with reduced GFR or other conditions associated
with significant interstitial fibrosis were excluded. Changes
in glomerular density when patients develop overt CKD
were not assessed. Despite this restriction, we found sub-
stantial evidence of clinicopathologic correlation between
donor characteristics and glomerular density. How associa-
tions with glomerular density compare with associations
with glomerular area requires further investigation because
glomerular area data were available only for a small subset
of the sample. Because less than 2% of the sample was any
specific nonwhite race group, race differences in glomeru-
lar density could not be meaningfully assessed.

CONCLUSION

Our study indicates that glomerular density on sectioned
renal biopsy samples is an informative measure in a rela-
tively healthy population. Decreased glomerular density
is associated with older age, increased urine albumin ex-
cretion, increased GFR, hypertension, family history of
ESRD, decreased HDL cholesterol, increased uric acid,
increased BMI, and metabolic syndrome. It is not practical
or safe to biopsy the kidneys of most patients in clinical
practice. However, this finding should be further explored
because intervention to treat albuminuria, hyperfiltration,
hypertension, low HDL cholesterol level, hyperuricemia,
and obesity may be protective against the development
and progression of CKD. Indeed, increased nephron size
as detected by decreased glomerular density may be part
of a common pathway for increased risk of CKD. Because
increased nephron size may also be physiologic (eg, during
pregnancy)*® and is not always associated with adverse out-
comes (eg, postnephrectomy kidney donors),**® additional
factors are likely necessary for progression to CKD. None-
theless, novel biomarkers and risk factors for CKD may
benefit from validation in living kidney donors to assess for
an association with decreased glomerular density.
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