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ABSTRACT

Background. Men commence dialysis with a higher estimated
glomerular filtration rate (eGFR) than women and are more
likely to transition from chronic kidney disease (CKD) to end-
stage renal disease. We hypothesized that for a given estimated
body surface area (BSA) men have a greater metabolic burden,
and that consequently, the practice of indexing GFR to BSA
results in gender differences in the degree of biochemical
uraemia.

Methods. Metabolic burden was assessed as estimated dietary
protein, calorie, phosphorus, sodium and potassium intakes
and urinary urea nitrogen excretion in the Chronic Renal In-
sufficiency Cohort, Modification of Diet in Renal Disease
study, and National Health and Nutrition Examinations
Surveys (NHANES) 1999-2010. Uraemia was characterized by
serum biochemistry.

Results. Per m® BSA, men had greater urea nitrogen excre-
tion and intakes of all dietary parameters (P < 0.001 for all).
For a given BSA-indexed iothalamate GFR or eGFR, male
gender was associated with a 10-15% greater serum urea ni-
trogen (P <0.001), giving men with a BSA-indexed GFR of
70-75 mL/min/1.73 m” the same serum urea nitrogen con-
centration as women with a GFR of 60 mL/min/1.73 m>.
However, indexing metabolic burden and GFR to alternative
body size measures (estimated total body water, lean body
mass or resting energy expenditure) abolished/reversed the
gender associations. In NHANES, BSA-indexed eGFR distri-
bution was very similar for men and women, so that adjust-
ing for eGFR had little effect on the gender difference in
serum urea.

© The Author 2013. Published by Oxford University Press on
behalf of ERA-EDTA. All rights reserved.

Conclusions. Indexing GFR to BSA across genders may ap-
proximate nature’s indexing approach, but gives men a greater
ingested burden of protein, calories, sodium, phosphorus and
potassium per mL/min GFR. This has implications for gender
differences in CKD outcomes.

Keywords: body surface area, CKD complications, gender,
GFR, uraemia

INTRODUCTION

Male gender is a predictor of adverse outcomes in chronic
kidney disease (CKD); as in the general population, men with
CKD have greater total and cardiovascular mortality than
women at all levels of estimated glomerular filtration rate
(eGFR) [1]. Men are also more likely to transition from CKD
to end-stage renal disease [2] and commence dialysis at a
higher average residual eGFR, suggesting an earlier onset of
uraemic symptoms or biochemical complications [3, 4].

The degree of biochemical and clinical uraemia experienced
by an individual with CKD partly reflects a balance between
the level of residual excretory function and the rate of ingestion
or endogenous production of a uraemic excretory burden (in-
cluding phosphorus, sodium, potassium, acid and a number of
poorly understood organic ‘toxins’ [5, 6]). On a per-weight
basis, men ingest greater quantities of calories, protein, phos-
phorus, sodium and potassium than women [7, 8]. This is not
surprising since women typically have a smaller percentage
lean body mass (LBM) than men [9] and so a lower basal meta-
bolic rate per unit weight [10]. Consequently, indexing GFR to
weight might be expected to result in gender discrepancies in
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the degree of uraemia. Traditionally, eGFR is expressed indexed
to an estimated body surface area (BSA) [11, 12], calculated
from height and weight [13], although the rationale for this
choice has been questioned [14]. The extent to which uraemic
burden per m* BSA differs between men and women with
non-dialytic CKD has not previously been reported. Other
measures of body size proposed for GFR indexing, such as esti-
mated total body water (TBW) [15], resting energy expenditure
(REE, ie. basal metabolic rate) [10] or LBM [16-19], might
better predict excretory burden. Notably, unlike estimated BSA,
formula-based estimates of these parameters incorporate
gender in recognition of the accompanying differences in body
composition [10, 15, 16].

We hypothesized that for a given estimated BSA men have
a greater uraemic excretory burden than women, resulting in a
more advanced degree of biochemical uraemia for a given
BSA-indexed eGFR. Using data from the Chronic Renal Insuf-
ficiency Cohort (CRIC), Modification of Diet in Renal Disease
Study (MDRD) and US National Health and Nutrition Exam-
ination Surveys (NHANES) 1999-2010, gender differences in
BSA-indexed metabolic burden were assessed in terms of esti-
mated dietary intakes of protein, calories, phosphorus, sodium
and potassium, and measured urinary urea nitrogen excretion.
The effects of indexing GFR to alternative measures of body
size on gender differences in serum urea and the likelihood of
uraemic metabolic complications were also determined.

METHODS

Study populations

The recruitment procedures and characteristics of the
CRIC, MDRD and NHANES cohorts have been published
previously [20-24]. The CRIC is a longitudinal cohort study
investigating the determinants of CKD progression and car-
diovascular disease in CKD. The MDRD study was a rando-
mized controlled trial of the effects of dietary protein
restriction and blood pressure control on CKD progression.
Baseline data from these two studies were used for the analysis
of estimated dietary intakes, serum biochemistry, iothalamate-
measured GFR (iGFR) and urine biochemistry. A small
number (1%) of participants with 24-h urine creatinine of
<350 or >3500 mg considered implausible [25] were excluded,
leaving total cohorts of N=3631 (CRIC) and N=1679
(MDRD) with serum/urine biochemistry and body size data
for analysis. Twenty-four hour urinary urea nitrogen results
were available from both CRIC and MDRD, whereas urinary
phosphorus, sodium and potassium measurements were only
available from the MDRD dataset. Dietary intake estimates
were complete for subsets of n=2778 (CRIC) and n=1267
(MDRD). Data from these studies were provided by the
National Institutes for Diabetes and Digestive and Kidney
Disease Data Repository [26] following Institutional Review
Board Approval (University of Sheffield, UK).

The NHANES uses a multistage probability sampling design
to create a sample representative of the non-institutionalized
US population. Oversampling of certain population subgroups
(non-Hispanic blacks, Mexican-Americans and the over 60s)

Scaling of GFR and metabolic burden

increases the reliability of prevalence estimates in these groups
[22]. For this analysis, data from the continuous NHANES
cycles 1999-2010 were combined. Non-pregnant participants
aged 20 years or older with complete dietary intake estimates
and weight, height and serum biochemistry data were included
in the analysis (N'=25 970). Associations between gender and
metabolic burden were examined in NHANES subpopulations
with an eGFR of <60 mL/min/1.73 m* (n = 2472) and >60 mL/
min/1.73 m* (n = 23 498).

Dietary intake estimates

Dietary intakes of protein, calories, phosphorus, sodium
and potassium were estimated using diet questionnaires and
the University of Pittsburgh Nutrient Database [27] (MDRD)
or the National Cancer Institute’s Diet History Questionnaire
[28] (CRIC). For NHANES participants, nutrient intakes were
estimated with the USDA automated multi-pass 24-h dietary
recall method and the Food and Nutrient Database for Dietary
Studies [29].

Biochemistry analysis

Serum and urine biochemistry analyses were performed
using standard bioanalyzers. Glomerular filtration rate was
estimated from serum creatinine using the Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) equation [12],
with appropriate correction of the Beckman CX3-measured
creatinines from MDRD [30]. Recalibration of serum creati-
nines across NHANES cycles was performed according to
NHANES recommendations [31, 32]. Iothalamate clearance
was used to measure GFR in MDRD and in a weighted random
sample of one-third of CRIC participants. Analyses of the
effects of GFR indexing measure on gender-associated differ-
ences in uraemic biochemistry included all subjects with demo-
graphic, biochemistry and iGFR measurements from CRIC
(n=1319) and MDRD (n=1679). Hyperphosphataemia,
hyperkalaemia and acidosis were defined as serum phosphorus
of >4.6 mg/dL, potassium >5.0 mM and bicarbonate <22 mEq/L.
Anaemia was defined both by the World Health Organization
(WHO) gender-specific haemoglobin thresholds [33] (<13
and <12 g/dL for men and women, respectively) and the
KDOQI definition [34] of <11 g/dL.

Body size indices

Body size estimates used for indexing metabolic burden
and GFR as alternatives to BSA were weight, TBW, REE and
LBM. Estimated BSA, TBW, REE and LBM were calculated
using the formulae of Dubois and DuBois [13], Watson et al.
[15], Mifflin et al. [10] and Deurenberg et al. [16], respectively.
Fat-free mass was estimated in CRIC by bioimpedance analysis
and was also tested as an indexing measure in this cohort.

Statistical analysis

Variables were naturally log transformed prior to paramet-
ric tests where appropriate. Gender differences in dietary
intakes and urinary solute excretion rates indexed to alterna-
tive body size indices were examined by linear regression.
Ratios between the geometric means for each gender were ob-
tained by exponentiating the gender coefficients from linear
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regression models predicting log-transformed indexed dietary/
urinary parameters.

The effects of indexing measured iGFR to alternative body
size measures on gender differences in log-transformed serum
urea nitrogen were also determined by linear regression. Log-
transformation was applied to measures of GFR in these ana-
lyses to optimize both the normal distribution and the linear-
ity of the relationship with log serum urea. The same approach
was adopted to examine the effects of indexing GFR to alterna-
tive body size measures on gender differences in fractional ex-
cretions of phosphorus, sodium and potassium.

Odds ratios of hyperphosphataemia, hyperkalaemia,
anaemia and acidosis associated with male versus female
gender were determined in binary logistic regression models
incorporating gender, age, race and indexed iGFR or eGFR.
Whether indexing GFR to alternative body size indices
improves complication prediction was assessed by calculating
area under the receiver operating characteristic curve (C-statis-
tic) and net reclassification index; subjects were ranked
according to absolute GFR and to each indexed GFR, then the
net reclassification according to the presence of each complica-
tion calculated as previously described [35].

In analyses adjusting for ethnicity, self-reported categories of
non-Hispanic white, non-Hispanic black, Hispanic and ‘other’
were applied. Diabetes was also defined by self-report. All ana-
lyses performed using the NHANES data applied the appropri-
ate sample weights according to NHANES recommended
procedures [36]. Statistical analyses were performed using the
SAS version 9.3, and SPSS version 20. A P-value of <0.05 was
considered statistically significant.
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ORIGINAL A

BSA-indexed metabolic burden is greater in men

Characteristics of the MDRD and CRIC study participants
with available dietary data are shown by gender in Table 1,
together with those of the US population represented by
NHANES 1999-2010 participants with an eGFR of <60 mL/
min/1.73 m”. Of the alternative indices of body size considered
(weight, BSA, TBW, REE and LBM) estimated BSA differed
least between genders in all cohorts (ratios are shown in Sup-
plementary Table S1). Consequently, gender differences in
estimated dietary intakes were exaggerated when BSA rather
than weight was used as the indexing measure (Table 2). The
same pattern of results was found in NHANES participants
with an eGFR of >60 mL/min/1.73 m®, though gender-asso-
ciated differences in BSA-indexed intakes were generally
greater in this population (Supplementary Table S2). Confin-
ing analyses to obese (body mass index, BMI, of >30 kg/m?)
or non-obese subsets did not change the findings (not shown).

Indexing to TBW, REE or LBM rather than BSA attenuated
or reversed the gender-associated differences in dietary
intakes; overall, the greatest disparities in dietary intakes asso-
ciated with gender were apparent when indexed to BSA
(though all indexing measures reduced the gender differences
compared with those seen between absolute dietary intakes).
When bioimpedance-measured fat-free mass was applied as

60.7 (13.3)
59.0 (33.6)
44.7 (20.5)
30.9 (6.0)
95.4 (20.8)
2.14 (0.25)
47.9 (7.5)
1760 (240)
61.1(7.7)
8.80 (5.50)
69.9 (46.1)
1150 (710)
1820 (1090)
2870 (1840)
3010 (1740)

52.7

Iothalamate GFR, mL/min, median (IQR)*
eGFR, mL/min/1.73 m? median (IQR)

BM]I, kg/mz, mean (SD)
Phosphorus, mEq/24 h, median (IQR)®

Estimated BSA, m? mean (SD)"
Protein, g/24 h, median (IQR)®
Energy, kcal/24 h, median (IQR)®
Sodium, mEq/24 h median (IQR)®
Potassium, mEq/24 h, median (IQR)b

Age, years, median (IQR)
TBW, L, mean (SD)®

REE, kcal/24 h, mean (SD)®

LBM, kg, mean (SD)b
UUN, g, median (IQR)"

Weight, kg, mean (SD)°

n (%)

Characteristics are shown for the CRIC and MDRD subpopulations with complete dietary data and for the US population represented by NHANES 1999-2010 participants with an eGFR of <60 mL/min/1.73 m?,

*Absolute iothalamate GFR was measured in a CRIC subpopulation of n = 1319.

Table 1. Demographic characteristics and dietary intakes of the study cohorts
P <0.001 between genders in all cohorts.
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Table 2. Influence of the choice of indexing measure on gender differences in estimated dietary intakes

Indexed to CRIC (N =2778) MDRD (N =1267) NHANES (N =2472)

Ratio (95% CI) P-value

Ratio (95% CI) P-value Ratio (95% CI) P-value

Protein Weight 1.14 (1.10-1.18) <0.001 1.11 (1.03-1.15) <0.001 1.18 (1.12-1.25) <0.001
BSA 1.16 (1.12-1.20) <0.001 1.18 (1.13-1.22) <0.001 1.22 (1.16-1.28) <0.001
TBW 0.96 (0.93-1.00) 0.03 0.98 (0.94-1.01) 0.19 1.06 (1.01-1.11) <0.02
REE 1.02 (0.99-1.06) 0.21 1.04 (1.00-1.08) 0.07 1.05 (1.00-1.11) <0.04
LBM 0.89 (0.86-0.92) <0.001 0.96 (0.92-0.99) 0.02 0.97 (0.92-1.02) 0.18
Calories Weight 1.12 (1.08-1.15) <0.001 1.11 (1.08-1.15) <0.001 1.13 (1.08-1.18) <0.001
BSA 1.13 (1.10-1.17) <0.001 1.18 (1.14-1.22) <0.001 1.16 (1.11-1.21) <0.001
TBW 0.94 (0.91-0.97) <0.001 0.98 (0.95-1.01) 0.18 1.01 (0.96-1.05) 0.64
REE 1.00 (0.97-1.03) 0.89 1.04 (1.01-1.07) 0.02 1.00 (0.96-1.05) 0.83
LBM 0.87 (0.84-0.90) <0.001 0.96 (0.93-0.99) 0.01 0.92 (0.88-0.96) <0.001
Phosphate Weight 1.09 (1.05-1.13) <0.001 1.08 (1.04-1.12) <0.001 1.15 (1.09-1.21) <0.001
BSA 1.11 (1.07-1.14) <0.001 1.15 (1.11-1.19) <0.001 1.18 (1.13-1.24) <0.001
TBW 0.92 (0.89-0.95) <0.001 0.95 (0.92-0.99) 0.01 1.03 (0.98-1.08) 0.23
REE 0.98 (0.94-1.01) 0.16 1.01 (0.97-1.05) 0.53 1.02 (0.98-1.07) 0.33
LBM 0.85 (0.82-0.88) <0.001 0.93 (0.90-0.97) <0.001 1.06 (1.01-1.12) 0.01
Sodium Weight 1.13 (1.09-1.17) <0.001 1.01 (0.96-1.05) 0.72 1.14 (1.08-1.21) <0.001
BSA 1.15 (1.12-1.19) <0.001 1.07 (1.02-1.12) 0.003 1.17 (1.12-1.24) <0.001
TBW 0.96 (0.93-0.99) 0.02 0.89 (0.85-0.93) <0.001 1.02 (0.97-1.08) 0.56
REE 1.02 (0.99-1.05) 0.27 0.94 (0.90-0.99) 0.009 1.02 (0.97-1.07) <0.001
LBM 0.89 (0.86-0.92) <0.001 0.87 (0.83-0.91) <0.001 0.93 (0.89-0.98) 0.10
Potassium Weight 1.05 (1.01-1.09) 0.009 0.99 (0.96-1.03) 0.68 1.10 (1.04-1.15) <0.001
BSA 1.07 (1.03-1.10) <0.001 1.05 (1.02-1.09) 0.004 1.13 (1.08-1.18) <0.001
TBW 0.89 (0.86-0.92) <0.001 0.87 (0.84-0.90) <0.001 1.02 (0.94-1.03) <0.001
REE 0.94 (0.91-0.97) <0.001 0.93 (0.90-0.96) <0.001 1.02 (0.93-1.02) <0.001
LBM 0.82 (0.79-0.85) <0.001 0.86 (0.83-0.89) <0.001 0.90 (0.86-0.94) <0.001

Male:female ratios for geometric means of indexed estimated dietary intakes are shown, adjusted for age and race.
BSA, estimated body surface area; TBW, estimated total body water; REE, estimated resting energy expenditure; LBM, estimated lean body mass.

Table 3. Influence of indexing measure on gender differences in urine urea nitrogen excretion rate

Indexed to: MDRD (N=1679)
Ratio (95%CI) P-value Ratio P-value
24 h urine urea nitrogen Weight 1.11 (1.08-1.15) <0.001 1.04 (1.01-1.07) 0.018
BSA 1.13 (1.10-1.17) <0.001 1.10 (1.07-1.13) <0.001
TBW 0.94 (0.91-0.97) <0.001 0.91 (0.88-0.94) <0.001
REE 1.00 (0.97-1.03) 1.00 0.97 (0.94-1.00) 0.03
LBM 0.87 (0.84-0.90) <0.001 0.89 (0.87-0.92) <0.001

Male: female ratios for geometric means of indexed measured urinary urea nitrogen excretion rates are shown, adjusted for age and race.
BSA, estimated body surface area; TBW, estimated total body water; REE, estimated resting energy expenditure; LBM, estimated lean body mass.

Table 4. Effects of GFR indexing measure on gender differences in serum urea nitrogen concentration

GFR measure CRIC MDRD
Ratio (95% CI) P-value Ratio (95% CI) P-value

Absolute iGFR 1.22 (1.18-1.27) <0.001 1.23 (1.20-1.26) <0.001
iGFR/weight 1.14 (1.10-1.18) <0.001 1.07 (1.04-1.10) <0.001
iGFR/BSA 1.15 (1.12-1.19) <0.001 1.12 (1.09-1.14) <0.001
iGFR/TBW 1.02 (0.99-1.06) 0.25 0.98 (0.95-1.00) 0.10
iGFR/REE 1.06 (1.03-1.10) <0.001 1.02 (1.00-1.05) 0.10
iGFR/LBM 0.99 (0.95-1.02) 0.45 0.97 (0.94-0.99) 0.01
eGFR 1.12 (1.10-1.14) <0.001 1.10 (1.07-1.13) <0.001

Ratios between the geometric mean serum urea nitrogen concentrations in men and women are shown, adjusted for age, race and the indicated indexed iothalamate GFR or calculated

eGFR.

iGFR, iothalamate GFR; BSA, estimated body surface area; TBW, estimated total body water; REE, estimated resting energy expenditure; LBM, estimated lean body mass.

Scaling of GFR and metabolic burden
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the indexing measure in CRIC, all dietary intakes were signifi-
cantly greater in women (Supplementary Table S3).

When indexed to weight or BSA, 24-h urinary urea nitro-
gen excretion (thus generation) rate was significantly greater in
men (Table 3). Indexing to TBW or LBM reversed the gender
difference, whereas urea nitrogen excretion indexed to REE did
not differ between men and women. Results of 24-h urinary
phosphorus, sodium and potassium measurements were avail-
able from MDRD participants and also showed a significantly
greater excretory burden in men when indexed to BSA (P <
0.001 for all), but not when indexed to TBW, REE or LBM
(Supplementary Table S4). Inclusion of data from the small
percentage of subjects considered to have implausible values for
creatininuria had no effect on these conclusions (not shown).

Indexing GFR to BSA results in gender differences
in serum urea nitrogen

There was a negative linear relationship between log-trans-
formed serum urea nitrogen and log-transformed GFR, con-
sistent with the expected reciprocal relationship between GFR
and serum urea nitrogen. Ratios between the geometric mean
serum urea nitrogen concentrations for men and women,
adjusted for age, race and log-transformed absolute or indexed
GFR are summarized in Table 4. When GFR was indexed to
BSA, male gender remained independently associated with
greater log serum urea nitrogen. Adjustment for diabetes
status and 24-h urine volume (as a measure of hydration
status) or confining the analyses to non-obese participants
(BMI of <30 kg/m®) did not materially alter these findings.
Further adjustment for diuretic use and a diagnosis of congest-
ive cardiac failure (data only available in CRIC) also did not
change the conclusions. Based on these regression results,
women with a BSA-indexed iGFR of 60 mL/min/1.73 m* had
the same mean log serum urea nitrogen as men with BSA-
indexed GFRs of 75 and 70 mL/min/1.73 m* in CRIC and
MDRD, respectively. Equivalent male GFRs corresponding to
a female BSA-indexed iGFR of 20 mL/min/1.73 m* were 25
and 23 mL/min/1.73 m®. Similar findings were apparent with
application of a BSA-indexed eGFR. Indexing GFR to TBW,
REE or LBM rather than BSA attenuated or reversed the asso-
ciation between log serum urea nitrogen and gender. The rela-
tionship between gender and serum urea nitrogen in CRIC is
shown for the various indexing approaches in Figure 1.

In the NHANES cohort (where iGFR was not measured),
male gender was associated with a greater log serum urea
nitrogen, independently of log eGFR (P <0.001). The male:
female ratio of geometric mean serum urea concentrations,
adjusted for log eGFR, age and race, was 1.14 (95% CI 1.13-
1.15, P<0.001). Similar significant differences between
genders were evident in subpopulations defined by excretory
impairment (geometric mean ratios of 1.13 and 1.14 for sub-
jects with an eGFR of <60 and >60, respectively) or obesity
(ratios of 1.16 and 1.14 for BMI of <30 and >30 kg/m’, re-
spectively) and were not affected by adjustment for a diagnosis
of cardiac failure. Male eGFRs corresponding to the same
mean log serum urea nitrogen concentrations as eGFRs of 60
and 20 mL/min/1.73 m* in women were 74 and 25 mL/min/
1.73 m?, respectively.

1190

BSA-indexed eGFR reflects natural GFR scaling
equally across genders

To determine whether BSA-indexed eGFR reflects the
‘natural’ scaling of GFR (i.e. the relationship between absolute
GFR endowment and body size) equally in men/women, the
US adult population distribution of eGFR by gender was ex-
amined in NHANES 1999-2010. The mean eGFR did not
differ by gender (94 mL/min/1.73 m? for both), but the distri-
bution of eGFR was slightly more widely spread in females
(Figure 2). Consistent with the similar distribution of eGFR in
men and women, eGFR adjustment had little effect on the
gender difference in log serum urea: the male:female ratio of
geometric mean serum urea concentrations, adjusted just for
age and race, was 1.16 (95% CI 1.15-1.17, P <0.001) c.f. 1.14
with eGFR adjustment (as above). Therefore, the body size
measure to which GFR naturally scales seems to match urea
generation rate to excretory function across genders no better
than BSA-indexing.

Choice of indexing measure and gender differences
in CKD complication risk

Indexing iGFR to TBW, REE or LBM rather than BSA
predictably reduced the ORs associated with male gender for
all complications (Figure 3). Consequently, an association
between male gender and greater likelihood of hyperkalaemia
was attenuated, whereas significant associations were revealed
between male gender and lower likelihoods of hyperphospha-
taemia and WHO-defined anaemia. Using a single haemoglo-
bin cut-off of <11 g/dL resulted in a lower likelihood of
anaemia in men when BSA-indexed GFR was applied (OR
0.37 and 0.42 in MDRD and CRIC, respectively, P <0.001 for
both), but the OR was further reduced with the alternative
indexing measures.

In linear regression models, adjusting for age and log-trans-
formed indexed GFR, men had a greater fractional excretion of
phosphorus than women, regardless of the GFR indexing
measure applied (P <0.001 for all, Supplementary Table S5).
However, consistent with the greater dietary phosphorus
burden per m* BSA in men, the gender difference in fractional
phosphorus excretion was greatest when BSA-indexed GFR
was used (ratio of geometric means 1.23, 95% CI 1.19-1.27). A
greater fractional excretion of sodium was also evident in men
for a given BSA-indexed GFR (ratio of geometric means 1.12,
95% CI 1.08-1.17).

Compared with absolute (unindexed) iGFR, indexing GFR
to any measure of body size failed to demonstrate an improve-
ment in the prediction of hyperphosphataemia, acidosis,
anaemia or hyperkalaemia by C-statistic or net reclassification
index (not shown).

DISCUSSION

It is only logical to index GFR to some measure of metabolic
burden or body size for two reasons: first, indexing excretory
function to metabolic burden should improve the consistency
of prediction of CKD complications and requirement for
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dialysis. Secondly, since absolute GFR is normally greater in
bigger people [17, 19, 37-39], expressing GFR indexed to body
size should facilitate the detection of an ‘abnormal’ reduction

in GFR. Whether BSA is the optimal indexing measure for
either of these two objectives has not been determined; we ex-
amined the implications of BSA-indexing on gender differ-
ences in uraemic biochemistry.

Our work demonstrates that men have a greater ingested
burden of protein, calories, phosphorus, sodium and potas-
sium per m? BSA. In fact, compared with weight-indexing,
BSA-indexing exaggerates gender differences in dietary intakes
and in the urea generation rate. Consequently, for a given
BSA-indexed GFR, men have a greater ingested dietary burden
and urea generation rate per mL/min GFR. Indexing GFR to
BSA, thus, results in a significantly greater serum urea
nitrogen concentration in men, which is not apparent when
indexing to plausible alternative measures of body size.

Since urea is probably not a major driver of most of the clinic-
al phenomena that constitute the syndrome of uraemia [6],
gender differences in serum urea nitrogen concentration have not
attracted much interest. However, urea has postulated toxic prop-
erties that could contribute to adverse outcomes [40-42], and
greater serum urea nitrogen concentrations may be accompanied
by greater levels of unmeasured uraemic toxins derived from ca-
tabolism of nitrogenous gut contents [43]. The greater calorie
consumption per m* BSA in men also might be accompanied by
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increased concentrations of unmeasured uraemic by-products of
energy metabolism at a given BSA-indexed GFR. Gender differ-
ences in intakes of sodium, phosphorus and potassium per mL/
min GFR at a given BSA-indexed GFR are potentially clinically
important; dietary restriction of these substances is commonly
required in advanced CKD to prevent clinical/biochemical com-
plications (though guideline dietary restriction targets are not
gender-specific [44]).

The gender-associated urea nitrogen concentration differ-
ence at any given BSA-indexed GFR/eGFR is small in absolute
terms, but when considered as a marker of the degree of
accompanying general uraemic burden it is potentially of sig-
nificant epidemiological consequence. Men with an eGFR of
70-75 mL/min/1.73 m” have approximately the same serum
urea nitrogen as women with an eGFR of 60 mL/min/1.73 m*;
men may therefore experience a pathological uraemic bio-
chemical milieu at a higher BSA-indexed GFR than women.
At low levels of BSA-indexed GFR/eGFR, the difference is
equivalent to a few mL/min/1.73 m?, which would be suffi-
cient to explain the reported earlier start of dialysis in men
[3, 4]. We can also speculate that gender differences in the
balance between ingested burden (e.g. of sodium), and GFR
might contribute to increased total/cardiovascular mortality in
men even at the earliest stages of CKD.

In the US population represented by NHANES 1999-2010,
average BSA-indexed eGFR was the same for both genders, so
that the gender difference in serum urea nitrogen was largely
unaffected by eGFR adjustment. Some studies in healthy po-
tential kidney donors have reported that measured GFR scales
to BSA similarly in both genders [19, 37], whereas others have
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found GFR/BSA to be slightly greater in men [38, 39]. If GFR
does, indeed, naturally scale closely to BSA across genders,
then this seems to be an unfortunate circumstance for men;
the consequence is a greater natural average excretory burden
of urea, sodium, phosphorus and potassium per mL/min GFR
in men. Men would need a greater increment in absolute GFR
endowment (such as in proportion to their greater LBM or
TBW) in order to match their greater ingested burden.

Since, as we demonstrate, indexing GFR to TBW or LBM
abolishes gender differences in serum urea, the observed
greater serum urea nitrogen concentration in NHANES men
suggests that GFR does not naturally scale to TBW or LBM
across genders. Consequently, with regard to the derivation
and clinical application of an alternative eGFR indexing
measure, indexing to LBM or TBW would better match excre-
tory burden to function by gender, perhaps predicting dialysis
initiation more consistently in men/women; however, this
approach would require gender-specific definitions of ‘normal’
eGFR ranges.

Gender differences in CKD complication risk are not
simply a consequence of the differential scaling of ingested
burden and GFR, but also reflect differences in physiology. For
example, higher serum phosphorus levels have previously
been reported in women with CKD [45] and may reflect sex
hormone effects on renal phosphorus handling [46, 47]. Con-
sequently, indexing GFR to body size measures that better
predict ingested burden does not abolish gender differences in
complication risk, but rather creates a significant gender dif-
ference in the likelihood of hyperphosphataemia. Gender-as-
sociated CKD physiology differences thus may not be
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apparent if differences in ingested burden are not accounted
for.

Our work has some limitations: the MDRD and CRIC
study cohorts are selected populations and dietary records
were not available for all participants. A selection bias may,
therefore, have influenced the conclusions. However, our find-
ings are consistent across both these cohorts despite different
participant characteristics, as well as in the analysis of
NHANES 1999-2010, which uses sample weights to account
for incomplete or non-response to dietary intake question-
naires. Gender might influence serum urea nitrogen independ-
ently of the balance between excretory burden and excretory
function, through confounding-associated differences in tubu-
lar urea handling or extrarenal urea hydrolysis [48]. However,
indexing GFR to body size measures that show the same asso-
ciation with the urea excretion rate or protein intake in both
genders abolishes the gender difference in serum urea. This
strongly suggests that differences in BSA-indexed protein in-
gestion and urea generation rather than unrecognized con-
founders are responsible for the greater serum urea nitrogen in
men at a given BSA-indexed GFR.

In conclusion, we demonstrate that although the US popu-
lation average BSA-indexed eGFR is the same in men and
women, gender differences in ingested metabolic burden are
most evident when indexed to BSA. Men thus seem to be nat-
urally endowed with less excretory function for a given in-
gested burden of protein, calories, phosphorus, sodium and
potassium. The greater ingested burden per mL/min GFR at a
given BSA-indexed GFR has implications for observed gender
differences in CKD outcomes; future characterization of novel
uraemic toxins should reveal whether men experience a patho-
logical uraemic milieu at an earlier stage of CKD.
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