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Long-term consequences of glomerular enlargement
after transplantation are not well understood. The aim
is to evaluate the relationship between glomerular vol-
ume (Vg) estimated in protocol biopsies, graft function
and graft survival. Vg and Banff chronic damage score
were evaluated in protocol biopsies at 4 months. Crea-
tinine clearance (CrCl) was estimated by the Cockroft-
Gault formula. Vg estimated in 144 patients was 4.8 +
2.0 x 10%u3. It was associated with donor age (r =
0.23, p < 0.01), recipient body mass index (r = 0.17,
p = 0.04), delayed graft function (Vg = 5.9 & 2.3 vs.
4.6 = 1.9 x 10%:3, p < 0.01) and CrCl (r = 0.17, p =
0.04). The best cutoff of Vg, Banff chronic damage
score and CrCl was determined by Cox regression anal-
ysis, being 5.0 x 10°u® for Vg (relative risk (RR): 2.4,
95% confidence interval (Cl): 1.03-5.6), >2 for chronic
damage score (RR: 3.4,95% Cl: 1.03-8.9) and 60 mL/min
for CrCl (RR: 3.5, 95% CI: 1.04-11.9). These variables
were independent predictors of death-censored graft
survival. According to Vg and CrCl, four groups of pa-
tients were defined. Patients with small glomeruli and
high CrCl had a 95% graft survival while patients with
large glomeruli and low CrCl had a 45% graft survival
at 15 years (p < 0.01). Large glomerular volume, high
Banff chronic score and poor early renal function in
stable grafts are independently associated with death-
censored graft survival.
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Introduction

The number of glomeruli is set at the time of birth (1)
and shows an important variability between subjects (2,3).
There is an inverse relationship between glomerular num-
ber and glomerular volume, suggesting that mean glomeru-

lar volume (Vg) may represent a rough surrogate measure
of renal mass (2). This proposal is further sustained by the
observation that aging is associated with fewer nephrons
and larger glomeruli, or by the observation that glomeruli
enlarge in conditions characterized by reduced nephron
number such as oligomeganephronia or hypertension (4,5).

In experimental transplant models (6,7), renal mass is a ma-
jor determinant of chronic allograft nephropathy (CAN) and
surrogate parameters of reduced renal mass in large epi-
demiological studies are associated with poorer allograft
survival (8).

Larger glomerular size evaluated in donor biopsies is asso-
ciated with late renal allograft dysfunction (9,10). This as-
sociation is not surprising if we take into consideration that
glomerular enlargement is associated with glomeruloscle-
rosis in the native and transplanted kidney (11-14). Taken
together, these data suggest that enlarged glomeruli in re-
nal transplants may represent a marker of reduced nephron
number and poor graft outcome. However, in a study of
paired donor and protocol biopsies done at 4 months,
we observed that glomeruli enlarge during the first few
months and that larger glomerular size is associated with
a better graft function (15). Since graft function is a major
determinant of graft survival (16,17), this observation chal-
lenges the idea that increased Vg is necessarily a marker
of poor prognosis. The aim of the present study is to fur-
ther characterize the relationship between Vg evaluated in
protocol biopsies, graft function and graft survival.

Patients and Methods

Patients

Since 1988, we have been performing an early protocol biopsy in patients
who fulfill the following criteria: (i) serum creatinine <300 umol/L, (i) protein-
uria <1 g/24 h, (iii) stable renal function and (iv) written informed consent.
For the present study, we have retrospectively reviewed our files to iden-
tify protocol biopsies with at least 10 glomerular sections. The timing of
early protocol biopsies at our center has been progressively delayed in or-
der to better focus on the study of early chronic lesions. Between 1988 and
1990, the biopsy was done during the first month while later on the biopsy
was done between the 3rd and 6th month. For the present study, biopsies
performed until December 2001 were considered.

Biopsies
Biopsies were obtained under ultrasound guidance with an 18-gauge spring-
loaded needle until 1994 and with a 16-gauge needle later on. Biopsies
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were formalin fixed and paraffin embedded and processed for routine light
microscopy as previously described (15). Renal lesions were graded and
diagnosed according to the 1997 Banff criteria in the absence of any clin-
ical information (18). Banff chronic score was calculated as the addition
of individual chronicity scores in the four renal compartments (cg, ci, ct
and cv).

Silver methenamine-stained sections were employed for histomorphomet-
ric analysis. Mean glomerular area (Ag) was estimated by a point counting
method at 200x magnification in all the complete and nonsclerosed avail-
able glomeruli in one section. Glomeruli lying in the boundary of the biopsy
with a sectioned Bowman'’s capsule were not considered. For this purpose,
a grid of 560 points 1 cm apart was displayed on a television screen and
the distance between grid points was calibrated with a micrometer ruler.
Glomerulus was defined as the area inside the minimal convex polygon de-
scribed by the outer capillary loops of the tuft. The total number of points
hitting the glomerular tuft was counted at 200. Vg was estimated from Ag
according to the Weibel and Gomez method as (19):

Vg = Ag®?xB /d (1)

Where B is 1.38, the shape coefficient of the sphere and d is 1.01, the
size distribution of glomeruli assuming a 10% coefficient of variation of the
caliper diameter. In a previous study, we already showed that in 4-month
protocol biopsies, the size variability of glomeruli fits the Weibel and Gomez
assumption (20).

Clinical variables

The following variables were evaluated in each patient at the time of surgery:
age and sex of the donor and the recipient, height and weight of the
recipient, hypertension, last panel reactive antibodies, number of human
leukocyte antigen mismatches and cold ischemia time. After surgery, im-
munosuppressive therapy, the presence of delayed graft function and acute
rejection were evaluated. At the time of protocol biopsy, serum creatinine,
proteinuria, hypertension, cyclosporine (CsA) or tacrolimus doses and levels
were recorded.

Body surface area (BSA) was calculated from recipient weight and height
(21). Body mass index (BMI) was calculated as the weight divided by the
squared height.

Creatinine clearance (CrCl) at the time of biopsy was calculated according
to the Cockroft-Gault formula (22).

Statistics

Results are expressed as the mean =+ standard deviation. Comparison be-
tween groups was performed by the Mann-Whitney U-test or Kruskal-Wallis
test for ordinal variables or not normally distributed continuous variables.
Student’s t-test or analysis of variance and Scheffé test for individual com-
parisons were employed for continuous normally distributed variables.

Simple regression analysis was employed to study the relationship be-
tween normally distributed quantitative parameters and Spearman corre-
lation was employed to study the relationship between ordinal variables.
Death-censored graft survival was calculated according to the Kaplan-
Meier method and comparison between groups was done by the log-
rank test. Univariate and multivariate Cox regression analyses were done
to analyze the relationship between clinical or histological data and graft
survival.

All p-values were two-tailed and a p-value <0.05 was considered significant.
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Results

Patients

During the study period, we performed 430 consecutive
protocol biopsies and according to the pathology reports,
204 displayed at least 10 glomerular sections. A protocol
biopsy containing at least 10 nonsclerosed and complete
glomerular sections was available in 144 transplants. De-
mographic characteristics of patients are summarized in
Table 1. Mean follow-up until December 2004 was 95 +
44 months (range: 12-197). At the end of follow-up, 11
patients died with a functioning graft and 22 patients lost
their graft due to CAN (n = 18), chronic glomerulonephritis
associated with hepatitis C virus (n = 3) and recurrence of
IgA nephropathy (n = 1). In 2 out of 18 patients with CAN,
acute rejection grade la was also present in the diagnostic
biopsy, in 6 out of 18 patients, CAN was associated with
transplant glomerulopathy and in 1 case, severe hyaline ar-
teriolar changes suggesting CsA toxicity were observed.

During this period of time, different combinations of
immunosuppressive drugs were employed. A CsA and
prednisone-based immunosuppression was employed in
123 patients. This treatment was associated with anti-
lymphocytic induction therapy (n = 52), azathioprine (n
18), mycophenolate mofetil (n = 45) or sirolimus (n =
4). Tacrolimus associated with mycophenolate mofetil
and prednisone was employed in 12 patients. In the re-
maining 9 patients, a calcineurin-free regimen based on

Table 1: Characteristics of patients and clinical evolution after
transplantation

Variable Mean £ SD Range
Donor age (years) 37 +£16 (12-76)
Donor gender (M/F) 101/43
Patient age (years) 47 £13 (15-72)
Patient gender (M/F) 95/49
Body mass index (kg/m?) 23+ 4 (17-37)
Body surface area (m?2) 17402 (1.2-2.5)
Cause of end-stage renal disease

Glomerular 58

Interstitial 26

Polycystic kidney disease 14

Vascular 3

Unknown 43
Panel reactive antibodies (%) 7+18 (0-100)
DR mismatches 0.6+0.6 (0-2)
Cold ischemia time (h) 2245 (7-38)
Delayed graft function (no/yes) 121/23
Acute rejection (no/yes) 114/30
Time of protocol biopsy (days) 125 4+ 52 (256-261)
Serum creatinine (umol/L) 140 + 44 (72-298)
Creatinine clearance (mL/min) 57 + 18 (24-144)
Proteinuria (g/day) 0.34 +£0.28 (0.03-1.00)
Mean arterial blood pressure (mmHg) 101 + 12 (77-137)

Serum creatinine, creatinine clearence, proteinuria and mean
arterial blood pressure were determined at the time of biopsy.
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anti-lymphocytic therapy, mycophenolate mofetil and
prednisone was administered. At the time of biopsy,
122 patients were receiving a CsA-based regimen, 15 pa-
tients a tacrolimus-based regimen and 7 patients remained
on an anti-calcineurin-free regimen.

Protocol biopsies

Mean number of glomerular sections was 16 £ 5, percent-
age of glomerulosclerosis was 2 + 6% and Vg was 4.8 +
2.0 x 108u3. Protocol biopsies were classified as normal
(n = 66), borderline changes (n = 28), acute rejection (n =
5), CAN (n = 22), CAN associated with borderline changes
(n = 16) and CAN associated with acute rejection (n = 7).
Vg was not associated with the percentage of glomeru-
losclerosis or mesangial matrix increase.

Vg and clinical variables

Vg was associated with donor age (r = 0.23, p < 0.01),
recipient BMI (r = 0.17, p = 0.04), delayed graft func-
tion (5.9 £ 2.3 for patients with delayed graft function and
4.6 £ 1.9 x 10%u® for patients with immediate graft func-
tion, p < 0.01), CsA levels at the time of biopsy (n = 122,
r=—0.21, p = 0.02) and CrCl at the time of biopsy (r =
0.17, p = 0.04).

Vg and graft survival

In order to characterize the predictive value of Vg on death-
censored graft survival, the best cut-off for this variable
was evaluated considering the following thresholds in an
univariate Cox proportional hazard model: 4, 4.5, 5, 5.5 and
6 x 10%u3. The best prediction of death-censored graft sur-
vival was obtained when Vg was binarized as smaller or
larger than 5 x 10%u® (relative risk (RR): 2.4, 95% confi-
dence interval (Cl): 1.03-5.6, p = 0.04). Similarly, the best
cut-off for chronic score was evaluated considering the fol-
lowing thresholds: 1, 2, 3 and 4. The best prediction of
death-censored graft survival was obtained when chronic
score was binarized as >2 (RR: 3.4, 95% ClI: 1.03-8.9,
p = 0.012). Finally, the best cutoff for CrCl was evalu-
ated considering the following thresholds: 50, 55, 60 and
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65 mL/min. The best prediction of death-censored graft
survival was obtained when estimated CrCl was binarized
as lower or higher than 60 mL/min (RR: 3.5, 95% Cl: 1.04-
11.9, p = 0.04).

Multivariate analysis showed that Vg, chronic score and
CrCl were independent predictors of death-censored graft
survival (RR: 3.3, 95% Cl: 1.4-7.9, p < 0.01; RR: 2.9, 95%
Cl:1.1-7.8, p = 0.04 and RR: 4.2, 95% CI: 1.2-14.6, p =
0.02; respectively). Repeated Cox regression analysis ad-
justing for donor age, immunosuppressive treatment (CsA
vs. non-CsA-based) and acute rejection before the proto-
col biospy confirmed that Vg (RR: 4.2, 95% CI: 1.6-11.2,
p < 0.01), chronic score (RR: 3.4, 95% CI: 1.2-9.6, p =
0.01) and CrCI (RR: 4.9, 95% Cl: 1.3-18.2, p = 0.01) were
independent predictors of death-censored graft survival.

In order to further explore the relationship between Vg,
CrCl and death-censored graft survival, patients were
classified in 4 groups according to Vg and CrCl as:
(a) small glomeruli with good renal function (n = 24), (b)
small glomeruli with poor renal function (n = 60), (c) large
glomeruli with good renal function (n = 29) and (d) large
glomeruli with poor renal function (n = 31). As shown in
Figure 1, patients with small glomeruli and good renal func-
tion displayed the best graft survival (95%) at 15 years
while patients with large glomeruli and poor renal function
had the lowest graft survival (45%). Graft survival was in-
termediate in patients with either large glomeruli and good
renal function (73%) or with small glomeruli and poor renal
function (78%).

To further characterize patients according to Vg and CrCl,
we analyzed clinical and histological variables in these four
groups. In Table 2, clinical variables showing a significant
difference between groups are summarized. In Figure 2,
acute and chronic Banff scores in these four groups are
shown. Despite acute and chronic scores were not differ-
ent between groups, glomerulitis was significantly lower
in patients with small glomeruli and good renal function

Cumulative Survival

Figure 1: Death-censored graft sur-
vival in the four groups of patients de- 04
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Table 2: Clinical variables in patients classified according to glomerular volume and creatinina clearance

Vg Small Small Large Large

GFR high low high Low p-value
N 24 60 29 31

Vg (x10%u3) 32408 34+09 70+£13 6.6+1.2

CrCl (mL/min) 73+ 12 48 £9 76 + 16 45 4+ 10

Donor age (years) 28412 36 + 16* 33+ 12 49 + 16%11 0.001
Recipient age (years) 41 + 14 48 £ 12% 42 +12 54 + 11%11 0.001
Recipient sex (M/F) 17/7 32/28 24/5 22/9 0.036
DGF (no/yes) 23/1 53/7 20/11 35/4 0.006
BMI (kg/m?) 24+ 4 23+3 23+3 25 + 3t 0.032
BSA (m?) 1.76 £0.19 1.65+0.18* 1.72 £0.16 1.74 + 0.20f 0.046
Proteinuria (mg/day) 330 £ 210 320 + 240 230 + 1607 420 + 270t 0.016
CsA levels (ng/mL) 195 + 84 (22) 228 + 107 (52) 166 + 731 (21) 197 £ 69 (27) 0.049

Vg = mean glomerular volume, CICr = creatinina clearance, DGF = delayed graft function, BMI = body mass index, BSA = body surface
area, CsA levels = cyclosporine levels at the time of biopsy (the number of patients receiving CsA is shown in brackets). *p < 0.05 vs.
small/high group, fp < 0.05 vs. small/low group, p < 0.05 vs. large/high group.
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Figure 2: (A) Banff acute scores in the four groups of patients
defined according to glomerular volume and creatinine clear-
ance. g-score, glomerulitis; i-score, interstitial infiltrate; t-score,
tubulitis; v-score, intimal arteritis. *p < 0.05 vs. the group with
CrCl >60 and Vg <b. (B) Banff chronic scores in the four groups
of patients defined according to glomerular volume and creatinine
clearance. cg-score, chronic transplant glomerulopathy; ci-score,
interstitial fibrosis; ct-score, tubular atrophy; cv-score, chronic vas-
cular damage. *p < 0.05 vs. the other three groups.
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(p=0.013) and cv-score was significantly higherin patients
with large glomeruli and poor renal function (p = 0.009).

Discussion

In the present study, we evaluate the relationship between
glomerular volume, renal function and graft survival in pro-
tocol biopsies obtained at approximately 4 months. Vg was
estimated according to the Weibel and Gomez method
which is an assumption-based method and consequently
may be the source of a systematic error (19). This method
assumes that glomeruli are spheres and that their size dis-
tribution is known. The Cavalieri or the maximal profile area
methods allow a more precise estimation of Vg, but they
are more difficult and time consuming to perform since
they require the evaluation of serial sections (23,24). The
Weibel and Gomez method estimates Vg in one section
and accordingly it is easy to perform in a clinical setting.
Furthermore, in a previous study, we demonstrated that
there is a good agreement between Vg estimated with the
maximal profile area and the Weibel and Gomez method
in 4-month protocol biopsies (20). Since the association
between a morphometric parameter and clinical outcome
not only depends on the accuracy of the morphometric
method, but also on the sample size, our approach repre-
sents a compromise between the accuracy of the estimate
of Vg and the number of included cases.

In a study of paired donor and protocol biopsies in which
Vg was also evaluated according to the Weibel and Gomez
method, we observed that glomeruli enlarge after trans-
plantation and that there is an association between Vg
at 4 months and renal allograft function at the time of
biopsy (15). In the present study, we confirm that there
is a weak but significant association between Vg and CrCl
in stable grafts. Taken together, these observations sug-
gest that glomerular size adaptation may be a necessary
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condition to achieve an adequate renal function after trans-
plantation. This notion is in agreement with the observation
that large glomerular size was associated with a surrogate
parameter of increased recipient metabolic demand such
as recipient sex and BMI (25,26). Nevertheless, the long-
term consequences of this adaptation process after trans-
plantation have not been well characterized since there is
a size threshold for glomerular enlargement that leads to
glomerulosclerosis and progressive renal failure (27,28). It
has been shown that Vg threshold for glomerulosclerosis
after transplantation is smaller than in the native kidney
(29). In the present study, we observed an association be-
tween large Vg and poor allograft survival; despite patients
with larger glomeruli have a better renal function at the time
of biopsy. Thus, this observation suggests that glomerular
enlargement may trigger mechanisms leading to glomeru-
losclerosis in the long-term follow-up.

In the general population, aging is associated with glomeru-
lar enlargement to adapt the filtration surface area to a de-
creasing glomerular number (2,3). In the present study, we
confirm that there is an association between donor age
and Vg (9). Taking into consideration that the capacity of
glomeruli to enlarge after transplantation is inversely re-
lated to donor glomerular volume, the present data do not
allow distinguishing whether large glomerular size in pro-
tocol biopsies is associated with old donor age or with a
proper adaptation to the recipient metabolic demand. De-
spite this limitation, we observed an association between
large Vg and decreased renal allograft survival.

In epidemiological studies, it has been repeatedly shown
that renal function is a major determinant of graft outcome.
Furthermore, the presence of chronic allograft damage in
protocol biopsies is also an independent predictor of late
graft failure (30,31). In the present study, we not only con-
firm that CrCl and chronic score are associated with death
censored renal allograft survival, but we also observed that
Vg is an independent predictor of graft survival. This obser-
vation raises the question whether Vg may be a useful
parameter in the evaluation of renal allograft biopsies to
characterize glomerular adaptation after transplantation.

Outcome was the poorest in patients with large glomeruli
and poor renal function. This group received kidneys from
the oldest donors and the recipient BMI was the highest.
These data suggest that this group received kidneys that
were unable to properly adapt to the recipient metabolic de-
mand since the potential for glomerular enlargement was
already exhausted before transplantation. This notion is re-
inforced by our previous study of paired donor and early
protocol biopsies, in which we observed that the larger
the glomeruli in the donor biopsy, the lower glomerular en-
largement in the protocol biopsy (15).

On the other hand, patients with large glomeruli and good

renal function received kidneys from younger donors and
were exposed to lower CsA levels. In this group, graft sur-
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vival was intermediate. Unfortunately, our data do not allow
exploring whether glomeruli were already enlarged in the
donor or they represent proper glomerular adaptation to the
recipient metabolic demand. The observation that these
patients were exposed to lower CsA levels, suggest that
CsA may difficult glomerular enlargement after transplan-
tation.

Death-censored graft survival was also intermediate in pa-
tients with small glomeruli and poor renal function. In this
group, recipients were smaller and probably the stimulus
for glomerular enlargement was less intense. Furthermore,
CsA levels were higher than in the other groups, once
more suggesting that CsA may interfere with glomerular
enlargement.

Finally, the best outcome was observed in patients with
small glomeruli and good renal function. These patients re-
ceived kidneys from the youngest donors. Since glomeru-
lar size can be considered a surrogate measure of glomeru-
lar number (2), we interpret that these patients received the
highest nephron number and accordingly, their glomeruli
were not forced to growth after transplant since small
Vg was sufficient to provide an adequate filtration surface
area. It is worth noticing that delayed graft function was
very low in these patients while approximately 30% of pa-
tients with large glomeruli and good renal function suffered
from delayed graft function. Since it has been shown that
glomerular number in the general population ranges be-
tween 0.2 and 1.8 x 10 (2), we cannot discard that this last
group of patients received a low nephron number despite
they were transplanted with a kidney from a young donor.
Unfortunately, the history of donor hypertension was not
properly recorded in order to further explore the hypoth-
esis that this group of donors was endowed with fewer
nephrons (4).

In summary, the present data show that large glomerular
volume, high chronic score and poor renal function evalu-
ated in stable grafts early after transplantation are indepen-
dently associated with a decreased death-censored graft
survival. These data suggest that the evaluation of Vg in
renal biopsies may contribute to characterize glomerular
adaptation after renal transplantation.
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