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Abstract

Background: Understanding determinants of glomerular filtration rate (GFR) is impor-
tant in aiding prediction and interpretation of kidney function. Body composition is
known to affect GFR but is not included in current screening of kidney disease. We
investigated the association between GFR and body composition in healthy young men
with differing body mass but without known diabetes or kidney injury.

Methods: Three groups were recruited: normal BMI (17 = 22) with a body mass index
(BMI) <25 kg/m?, muscular (z = 23) with BMI >30 kg/m? and bioelectrical impedance
body fat £20% and obese (17 = 22) with BMI >30 kg/m? and bioelectrical impedance
body fat 230%. Dietary analyses, GFR clearance by *™ Tc-DTPA, urine protein and body
composition by dual-energy X-ray absorptiometry were measured in all participants.
Linear and nonlinear associations of constituents of body composition with GFR were
assessed.

Results: Muscular men had a higher GFR (mean 186.4 mL/min; 95% CI 171.7-201.1)
than normal BMI and obese groups (P = 0.0007). Urine protein and albumin excretion
were not elevated in any participants. On multiple regression analysis (r* = 0.60), the
variables with strong associations with GFR were age (P = 0.0009) and lean mass (P =
0.0001). Fat mass, protein intake and smoking status were not associated. Skeletal
muscle mass correlated significantly with GFR in all subgroups.

Conclusion: Age and lean mass were strong determinants of GFR. Estimates of GFR
should therefore be indexed to an estimate of lean mass.

Introduction events includes incremented glomerular intracapillary
pressure and glomerulosclerosis with subsequent loss of
Insight into the factors affecting glomerular filtration rate GER

(GFR) in subjects without kidney disease may assist with

separating normal from abnormal kidney function and

this may help provide strategies for prevention.
Although not entirely understood, in subjects with

Hyperfiltration in obese individuals diminishes after a
reduction in bodyweight,3? suggesting body composition
may be involved in the regulation of GFR. However, it is
not certain whether a reduction in lean or fat mass

obesity, renal structure and function have been shown to
be progressively altered. Several studies showed an asso-
ciation between obesity and glomerular hyperfiltration,’
chronic kidney disease (CKD)? and end-stage renal
failure.’ Glomerular hyperfiltration, signified by increases
in GFR, often predicts development of nephropathy in
patients with type 1 diabetes.* Different mechanisms of
hyperfiltration are postulated.”” In diabetes, the chain of
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reduces hyperfiltration to normal levels. Current guide-
lines do not address how hyperfiltration should be incor-
porated into CKD screening.

Two important concepts regarding the effect of body
composition on kidney function warrant investigations.
First, although not widely documented, several studies
have shown that lean mass is correlated with GFR.'*"
Second, there is growing evidence that normalising GFR
to body surface area (BSA) may not be entirely appro-
priate as humans have a fixed number of nephrons that
must increase filtration in order to meet the demands of
body size.” Therefore accuracy of prediction equations in
estimating GFR is questionable especially for those with
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extremes of body size. This is crucial in clinical practice
for purposes such as drug dosing, which is often guided
by an estimate of GFR.

We therefore aimed to investigate the differences in GFR
in subjects with different body compositions and to evalu-
ate independent variables associated with GFR measured
by ™ Technetium-diethylene triaminepentaacetic acid
(DTPA). As the relative effects of fat versus lean mass on
GFR are unknown, we also examined the hypothesis that
body composition modulates GFR in healthy people.

Methods

Subjects

The study was given ethical approval by the Upper South
B Ethics Committee (reference number: URB/09/051).
We recruited age-matched males with ‘normal body com-
position’, and males with extremes of body composition,
particularly those with an increased muscle mass, and
those with a high body fat.

Participants were screened for body mass index (BMI)
and body fat percentages by bioelectrical impedance
(BIA) using a TANITA fat analyser scale. BMI was calcu-
lated using the formula, weight divided by height
squared (kg/m?), and characterised using the World
Health Organization’s definition of BMI reference range
as: ‘mormal’ BMI (BMI = 18.5-25 kg/m?) (n = 22); ‘mus-
cular’ (BMI 230 kg/m?, with a BIA body fat of <20 %) (n
= 23); and ‘obese’ groups (BMI >30 kg/m?, with a BIA
body fat of >30%) (n = 22). Participants with known
diabetes or thyroid dysfunction or unsuitable BMI or
body fat percentages were excluded.

Tc-DTPA GFR, a 4-hour urine collection, dietary
intake and body composition by dual-energy X-ray
absorptiometry (DEXA) analysis were subsequently
undertaken for all eligible participants. Values of GFR
were reported as raw measured values (mL/min) and
adjusted for body surface area (BSA) (mL/min/1.73 m?)
by the Du Bois-Du Bois method.' Samples were ana-
lysed for plasma and urine creatinine, cystatin C, high-
sensitivity C-reactive protein, urine protein and urine
albumin, and the results for the plasma samples were
described elsewhere.'®

Urine measurements

Urine protein and albumin concentrations were meas-
ured by immunoturbidimetric assays (Roche Diagnostics,
Indianapolis, IN, USA). These were undertaken to
confirm that participants were free from kidney dysfunc-
tion according to current guidelines.'®
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Dietary analysis

All eligible participants were asked to complete a 4-day
diet record prior to the second study visit. Participants
were asked not to change their habitual diet consumption,
to estimate the quantities eaten using a combination of
photographs and household measures,'” and to supply
information on the intake of dietary supplements. Nutri-
ent analyses for each participant were undertaken using
Foodworks Professional 2009, Version 6.0.2562 (Xyris
Software Ltd, Brisbane, QId, Australia) to access New
Zealand FOODfiles 2004 (Crop and Food and Research,
Palmerston North, and Ministry of Health, Wellington,
New Zealand).

Measurement of lean mass and estimation of
skeletal muscle mass

Body composition was determined by DEXA in partici-
pants using a GE Lunar Prodigy Scanner (GE Medical
Systems, Madison, WI, USA). DEXA determines mass
and composition by using dual-energy X-rays and
photoelectric absorption, and therefore differentiates
between lean mass, fat mass, bone mineral content and
regional distribution. Although BIA was used initially to
screen participants, DEXA was used for end-point body
composition analyses. Regional distributions are shown
in Appendix I. The android region was defined as
the region around the mid-section of the body, gynoid
as the region around the hips and thighs, and
appendicular as the combination of arms and legs. Skel-
etal muscle mass was calculated using the equation of
Kim et al., based on appendicular lean tissue mass free of
intermuscular fat.'®

Statistical analysis

Statistical analyses were undertaken with MedCalc®
Version 11.2.1.0 (Mariakerke, Belgium), spss (IBM SPss
Statistics for Windows, Version 20.0.0.2, Chicago, IL,
USA) and NCSS statistical software (version 07.01.04).
GFR distributions were normal using the Kolmogorov—
Smirnov test (P = 0.50) and therefore logarithmic data
transformation was not done. Multivariate analysis and
Bonferroni adjustment for post hoc analysis were per-
formed to determine the significance of differences
between variables of interest within the three groups of
participants. Linear and nonlinear regressions were
determined for each variable plotted against raw GFR.
To assess for nonlinearity, scatter diagrams between indi-
vidual variables of interest versus GFR on the horizontal
axis were viewed individually to determine whether a
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Lean mass and GFR

Table 1 Participant characteristics; mean (ranges). P-values show the between-subject effects

Normal BMI Muscular Obese Significance of between-

subject effects (P-value)
Age (years) 32.2(19.1-51.4) 32.1(19.0-52.0) 33.4 (20.0-50.8) 0.885
Weight (kg) 74.0 (62.0-88.8)t,% 101.8 (76.8-114.8)1,8 106.6 (87.6-124.4) <0.0001
BMI (kg/m?) 23.6 (19.8-25.2)1,% 32.1 (30.0-34.4)1,8 34.2 (30.0-42.0)%,8 <0.0001
GFR (mL/min) 135.9 (104.6-195.6)1 186.4 (121.1-237.1)1,8 159.2 (112.4-211.9)§ <0.0001
GFR (mL/min/1.73 m?) 122.8 (93.1-172.8)t 146.4 (103.4-178.5),8§ 123.4 (89.0-159.5)§ <0.0001

BIA body fat (%)
DEXA body fat (%)
Total body fat (kg)
Total lean mass (kg)

Skeletal muscle mass (kg)
Appendicular lean mass (kg)

Urine creatinine

Excretion (mmol/24 h/L)

Urine protein/creatinine ratio (g/mol)
Urine albumin/creatinine ratio (g/mol)
Total dietary protein intake (g)

Total fat intake (g)
Water intake (L)
Sodium intake (g)

(

(

(

(

(
16.8 (9.0-22.0)%
17.0 (6.8-29.7)1,+
12.0 (4.9-20.1)1,+
58.7 (43.0-72.8)1 %
322 (23.7-39.7)t
27.1 (20.0-33.4)f
16.6 (12.1-33.4)t
11.7 (0.1-25.0)+
0.51 (0.15-1.08)
129 (7-398)
852(420 167.3)

9(1.1-8.4)

1(1.3-7.6)

19.0 (15.0-28.0)§ 35.5 (30.0-54.0)%,§ <0.0001
222 (13.7-27.9)1,8 37.0 (30.0-52.8)%,§ <0.0001
21.6 (10.3-27.7)1,§ 37.8 (29.1-62.8)%,§ <0.0001
75.5 (62.4-88.9)F 64.1 (49.7-79.3)% <0.0001
42.2 (35.6-50.9)1,§ 35.3 (28.0-47.5)§ <0.0001
35.5 (30.0-42.8)1,§ 29.7 (23.6-39.9)§ <0.0001
26.9 (16.0-59.9)1,§ 18.2 (12.9-23.9)§ <0.0001
7.5 (2.8-14.3)t 8.6 (4.2-15.6) 0.009
0.42 (0.10-1.26) 0.56 (0.04-4.28) 0.121
154 (44-256)§ 92 (45-216)§ 0.003
89.2 (30.0-149.5) 77.3 (27.2-142.1) <0.0001
3.0 (0.9-5.3) 2.2 (1.1-4.2) 0.153
3.7 (1.1-8.1) 2.9 (1.2-7.3) 0.479

tDifferences between normal BMI group and muscular group significantly different (P < 0.05). #Differences between normal BMI group and obese group
significantly different (P < 0.05). §Differences between the muscular group and obese group significantly different (P < 0.05). BMI, body mass index.

nonlinear relationship with GFR existed. The spss curve
fitting menu allowed quick evaluations of linear, quad-
ratic, cubic, inverse, logarithmic and power funct-
ions. We assessed 7 values and significance of curve
based on the F test, P-values and whether the 95% con-
fidence intervals (CI) for the parameter estimates
included zero. For variables with a significant P-value,
and assessed together with estimates differing from
zero, we further explored inverse, quadratic and cubic
functions.

The association of body composition with GFR was
examined using raw GFR results which were uncorrected
for BSA. Using the ‘all possible regression” selection in
NCSS, multiple regression analyses were performed to
determine variables which had the most significant asso-
ciations with GFR. This allowed assessment of models
which were similar to those performed using forward
stepwise regression. After the selection of ‘best fit" vari-
ables, the variables were explored in the model using
multiple linear regression analysis. P-values < 0.05 were
deemed as statistically significant.

Results

Participant characteristics

The study group consisted of 67 males between 18 and 52
years. The normal BMI group included moderately, often
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Internal Medicine Journal © 2014 Royal Australasian College of Physicians

physically active (<3 h of exercise per week) subjects. The
muscular group were physically active (at least 4 h of
cardiovascular exercise per week), and comprised mainly
of bodybuilders, rugby players and other sportsmen. Sub-
jects in the obese group were not actively participating in
physical exercise (<3 h/week). In the whole group, only
seven participants were current smokers, with only four
smoking more than five cigarettes a day. Thirteen subjects
reported the use of medication (no antihypertensive
drugs). Table 1 summarises characteristics of the three
groups.

Body composition results

Table 1 shows the differences in body composition for the
three groups of participants. The muscular group had
higher total lean mass: 75.5 kg (95% CI, 72.3-78.61)
than the normal BMIL: 58.7 kg (95% CI, 55.5-61.9);
however, these were not different from those of the obese
group: 64.1 kg (95% CI, 60.9-67.3). The obese group had
the most body fat: 37.8 kg (95% CI, 35.2-40.3) (P <
0.0001). Appendix I further shows the distribution of
lean and fat mass for the three groups of participants, and
their correlations with GFR. There was no significant
association between total lean mass and total fat mass (r
=0.074, P=0.55) for the 67 subjects as a whole. Skeletal
muscle mass was significantly associated with GFR in all
subgroups (P = 0.04).
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Figure 1 Graph of ™ Technetium-diethylene triaminepentaacetic acid
glomerular filtration rate (GFR; mL/min) plotted against total lean mass
(kg). (@), Normal body mass index (BMI); (), muscular; (A), obese.

GFR results

Interpretation of GFR is based on CKD staging by the
National Kidney Foundation (NKF).!® A GFR > 90 mL/
min was considered normal. When GFR was adjusted for
BSA (GFR/BSA), the obese and normal BMI groups had
similar GFR/BSA results (P = 0.91), which were within
the expected range (Table 1). The muscular group had a
significantly higher GFR/BSA values (P = 0.0007) than
the other two groups (Table 1). Without adjusting for
BSA, the muscular group had the highest GFR, followed

0.8 -
P <0.0001

0.7 -

P <0.0001
0.6 -

1

by the obese and normal BMI groups (P < 0.0001)
(Table 1, Fig. 1).

Urine protein and microalbumin results

None of the participants had overt proteinuria (urine
protein/creatinine ratio >22.9 g/mol), high urine
albumin or impaired kidney tunction (GFR <60 mL/min/
1.73 m?) by current criteria.'®

Nutrient analyses

Fifteen subjects reported taking protein supplements
(normal BMI — 4, muscular — 10, and obese — 1). For the
three groups of participants, percentage energy from
protein differed only between the muscular and obese
groups (P = 0.0072, Table 1). Total fat intake, sodium
consumption and water intake were not different
amongst the groups (Table 1).

Determinants of GFR

GEFR correlated with age (r=-0.33, P=0.005), weight (r=
0.57, P<0.0001), BMI (0.49, P<0.0001), skeletal muscle
mass (r = 0.69, P < 0.0001), lean mass (r = 0.72, P <
0.0001), urine creatinine excretion (r = 0.32, P = 0.009)
and total protein intake (r =0.29, P=0.02) on univariate
analyses of the whole cohort (Figs 1,2). Neither total fat
nor percentage fat was associated with GFR in the whole
cohort or in subgroup analyses (Fig. 3, Appendix I). There

Figure 2 Univariate significant correlations
(P < 0.05) with glomerular filtration rate (GFR)
(mL/min). Variables not found to be signifi-
cantly correlated with GFR include total fat (P
= 0.18), percentage skeletal muscle (P =
0.64), percentage fat (P = 0.98), percentage
protein intake (P = 0.09) and protein intake
per bodyweight (P = 0.64).
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0.5
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Figure 3 Graph of *" Technetium-diethylene triaminepentaacetic acid
glomerular filtration rate (GFR; mL/min) plotted against total body fat (kg).
(@), Normal body mass index (BMI); (), muscular; (A), obese.

was no evidence of nonlinearity between variables of
interest and GFR in this study cohort, therefore all
subsequent multiple regression analyses utilised linear
regressions.

Several models were further compared using multiple
regression analysis to determine co-variables related to
GFR (Table 2). Using the ‘all possible regression’ selection
function identified age, total lean mass, truncal fat and
gynoid lean mass as the four-variable model with the
highest r? with a value of 0.64 with GFR. Forcing these
same variables into a multiple linear regression model
with GFR demonstrated that truncal fat (P = 0.09) was
non-significant. Subsequent remodelling with the
remaining three variables, that is, age (P = 0.003), lean
mass (P < 0.0001) and gynoid lean (P = 0.03), were well
correlated, ’=0.62. As gynoid lean and total lean mass are
not independent, we excluded gynoid lean as the less
significant variable. Subsequent regression analysis

Table 2 Models of multiple regression analysis of GFR predictors for our
study participants

Independent variables All subjects (n = 67) r? value for model

P-value
Model 1 0.64
Age (years) 0.0002
Total lean mass <0.0001
Gynoid lean 0.03
Truncal fat 0.08
Model 2 0.62
Age (years) 0.0003
Total lean mass <0.0001
Gynoid lean 0.03
Model 3 0.60
Age (years) 0.0009
Total lean mass <0.0001

© 2014 The Authors
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Lean mass and GFR

yielded a good correlation (72 of 0.60) between GFR and
the model which only included age and lean mass. The
final derived multiple regression equation (Eqn 1) was:

GFR =38.3-0.997 (Age)+2.34 (Total Lean Mass) (1)

We then evaluated the effect of bone mineral content
as the ‘other’ body constituent in the above model,
together with smoking and taking dietary supplements as
categorical variables to predict GFR. Individually and in
combination, the observed correlations did not provide a
significant enhancement in 7? values. Similarly, neither
protein, water nor salt intake added significance to the
age and lean mass model.

Discussion

The purpose of this study was to investigate whether
body constituents and, secondarily, the effect of protein
intake, could affect GFR in a population with varying
body composition. We purposely chose subjects with
normal body composition, together with subjects with
extreme muscularity and extreme body fat, to determine
the relative effects of lean versus fat mass on GFR. The
unique inclusion of controls, muscular and obese subjects
in similar proportions demonstrated little overall correla-
tion between lean mass and fat mass (r = 0.074). Cru-
cially this allowed clear discrimination between the
effects of each ‘independent’ variable in the regression
analyses in the whole cohort.

The study revealed that lean mass and age were the
most important determinants of raw measured GFR and
that this GFR was independent of protein intake and
smoking status in a group of healthy young men. The
increased measured Tc-DTPA GFR was observed in all
study groups, and particularly the increased GFR levels in
the obese group decreased to normal levels after normali-
sation to BSA (Table 1). This observation is clinically
important and suggests that the historical practice of
indexation of GFR to a BSA of 1.73 m? is inappropriate in
those with extremes of body composition.

A model of age and lean mass only explained for 60%
of GFR variance, suggesting other unaccounted-for
factors. These may include blood pressure, which may
account for the association of increased GFR levels in
obese and muscular participants. However, the associa-
tion of GFR with lean mass in the normal BMI group
(Appendix I), considered to be healthy controls and theo-
retically likely to have normal blood pressure, suggests
that lean mass may modulate GFR independently of
blood pressure, and the presence of diabetes. The absence
of proteinuria or microalbuminuria in the cohort suggests
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that the association of lean mass with GFR was also
independent of kidney injury.

Although our subjects presented with increased GFR
levels which might be considered high, the study was not
designed to investigate mechanisms of hyperfiltration.
Documented mechanisms of hyperfiltration in other
studies include: acute protein intake,'” chronic excessive
habitual protein intake?** and androgen usage.?!??
Brenner and colleagues proposed that maladaptive
glomerular haemodynamic changes occur in hyper-
filtering subjects in response to a reduction in functional
nephron number.?*> In most cases, renal structural abnor-
mality is often present,’?!?%242% which may perpetuate
disease progression towards kidney dysfunction.

The effect of body composition on renal function has
not been extensively investigated. Most studies of
obesity have reported crude BMIs, but this parameter
does not adequately differentiate body composition. One
Japanese study, which included lean thigh volume
measured using CT, suggested that lean rather than fat
body mass could explain the association between BMI
and increased creatinine clearance.'' Urine creatinine
excretion declined with Cr-EDTA GFR in obese
hyperfiltering subjects after intestinal bypass surgery for
weight loss in the study of Brechner-Mortensen ef al.,®
suggesting improvement in GFR was a function of loss
of muscle mass. Janmahasatian efal. reported that
‘over’-compensation of GFR (to a lower GFR) was
evident in obese individuals after GFR normalised for
bodyweight.?’ After normalising GFR data against lean
mass, no apparent difference in GFR between obese and
control individuals was present, leading the authors to
conclude that renal function is more closely related to
lean body mass than fat mass.?® Similarly, correcting
GFR to BSA in our obese participants inherently under-
estimated high levels of measured GFR to normal levels.
Delanaye et al. have criticised the practice of indexing
GFR to BSA,*® and explained that ‘the higher the
weight, the higher the BSA and the indexed GFR will
decrease’. This calls for other types of correction to GFR,
particularly an index that could consider the kidney’s
role in regulating body fluid.

A recent report suggests that GFR is related to body fat
distribution, and that central adiposity is associated with
lower GFR.’! However, that study used waist-to-hip
measurements as surrogates of central adiposity rather
than direct measurements. Our study does not support
the suggestion that central adiposity, defined by android
and gynoid fat mass, is associated with GFR, nor did the
ratio of android to gynoid fat mass (results not shown).
Our data suggest that lean mass exerted a greater influ-
ence on GFR than any other variable as shown in the
multiple regression analyses. We hypothesise that there
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is an important link between lean mass and GFR. First,
a relationship between skeletal muscle mass and GFR
in normal healthy people may exist through fluid
balance. In compartmental models of body composition
analysis, fat free mass compartments are divided into
three basic physiological compartments: body cell mass,
extracellular volume and extracellular solids.*> The asso-
ciation between skeletal muscle mass and extracellular
volume in our study participants was r? = 0.47 (P <
0.001). This association supports the idea that lean mass,
which includes skeletal muscle together with the con-
tained significant blood volume, can modulate GFR
through renal fluid regulation. Teleologically, this could
be explained by the need to excrete a toxic waste,
creatinine, the major by-product of skeletal muscle mass
and hence the need to regulate excretion through renal
clearance.”

Strengths of this study include the use of a gold stand-
ard GFR measurement and having three clearly defined
and distinct groups separated by body composition.
Assessment of dietary intake also allowed analysis of the
effects of protein, salt (sodium), water intake and other
micronutrients on renal function. Limitations of the
study include the absence of blood pressure recordings
and the applicability of results to only males and to sub-
jects with normal to high GFR. Results from another
study showed lean mass to be associated with creatinine
clearance in subjects without hypertension, suggesting
the association we observed here is independent of blood
pressure.!! Finally, individuals with higher GFR levels in
our study may be in a ‘pre-pathological’ state which
should ideally be identified by screening and longitudinal
follow-up.

Conclusion

Our study results suggest age and lean mass to be strong
determinants of GFR. Based on our multiple regression
modelling, we estimate that GFR decreases by 1 mL/min/
year of age together with an increase of 2.3 mL/min/kg of
lean mass in healthy men. This too warrants further
investigation. The strong association of GFR with lean
mass in our data supports the case for indexation of GFR
to lean body mass. Renal impairment may then be
assessed against a better estimate of expected physiologi-
cal function.

Acknowledgements

We are also grateful to Dr John Pearson (University
of Otago) for advice on statistical analysis, Madeleine
Price (Canterbury District Health Board) and Hilary

© 2014 The Authors
Internal Medicine Journal © 2014 Royal Australasian College of Physicians



Dumbleton (Canterbury District Health Board) for assis-
tance with the dietary data collection. The staff of

Primorus Clinical Trials, including Dr Alison Luckey and

References

—

W

v

(=)

N

)

)

Henegar JR, Bigler SA, Henegar LK,
Tyagi SC, Hall JE. Functional and
structural changes in the kidney in the
early stages of obesity. J Am Soc Nephrol
2001; 12: 1211-17.

Foster MC, Hwang S-J, Larson MG,
Lichtman JH, Parikh NI, Vasan RS et al.
Overweight, obesity, and the
development of stage 3 CKD: the
Framingham Heart Study. Am J Kidney
Dis 2008; 52: 39-48.

Ejerblad E, Fored CM, Lindblad P,
Fryzek J, McLaughlin JK, Nyrén O.
Obesity and risk for chronic renal
failure. J Am Soc Nephrol 2006; 17:
1695-702.

Mogensen C. Early glomerular
hyperfiltration in insulin-dependent
diabetics and late nephropathy.

Scand J Clin Lab Invest 1986; 46:

201-6.

Kramer H, Luke A, Bidani A, Cao G,
Cooper R, McGee D. Obesity and
prevalent and incident CKD: the
hypertension detection and follow-up
program. Am J Kidney Dis 2005; 46:
587-94.

Hostetter T, Olson J, Rennke H,
Venkatachalam M, Brenner B.
Hyperfiltration in remnant nephrons: a
potentially adverse response to renal
ablation. Am J Physiol Renal Physiol 1981;
241: F85-93.

Helal I, Fick-Brosnahan GM,
Reed-Gitomer B, Schrier RW.
Glomerular hyperfiltration: definitions,
mechanisms and clinical implications.
Nat Rev Nephrol 2012; 8: 293-300.
Brochner-Mortensen J, Rickers H,
Balslev I. Renal function and body
composition before and after intestinal
bypass operation in obese patients.
Scand J Clin Lab Invest 1980; 40:
695-702.

Chagnac A, Weinstein T, Herman M,
Hirsh J, Gafter U, Ori Y. The effects of
weight loss on renal function in patients
with severe obesity. J Am Soc Nephrol
2003; 14: 1480-6.

© 2014 The Authors
Internal Medicine Journal © 2014 Royal Australasian College of Physicians

10

11

13

17

Macdonald JH, Marcora SM, Kumwenda
MJ, Jibani M, Roberts G, Glover R et al.
The relationship between estimated
glomerular filtration rate, demographic
and anthropometric variables is mediated
by muscle mass in non-diabetic patients
with chronic kidney disease. Nephrol Dial
Transplant 2006; 21: 3488-94.

Gerchman F, Tong J, Utzschneider KM,
Zraika S, Udayasankar J, McNeely MJ
et al. Body mass index is associated with
increased creatinine clearance by a
mechanism independent of body fat
distribution. J Clin Endocrinol Metab
2009; 94: 3781-8.

Taylor TP, Wang W, Shrayyef MZ,
Cheek D, Hutchison FN, Gadegbeku CA.
Glomerular filtration rate can be
accurately predicted using lean mass
measured by dual-energy X-ray
absorptiometry. Nephrol Dial Transplant
2006; 21: 84-7.

Ozmen S, Kaplan MA, Kaya H, Akin D,
Danis R, Kizilkan B ef al. Role of lean
body mass for estimation of glomerular
filtration rate in patients with chronic
kidney disease with various body mass
indices. Scand J Urol Nephrol 2009; 43:
171-6.

Du Bois D, Du Bois EF. Clinical
calorimetry: tenth paper a formula to
estimate the approximate surface area if
height and weight be known. Arch Intern
Med 1916; 17: 863-71.

Chew-Harris JS, Florkowski CM, George
PM, Elmslie JL, Endre ZH. The relative
effects of fat versus muscle mass on
cystatin C and estimates of renal
function in healthy young men. Ann
Clin Biochem 2013; 50: 39-46.

Levey AS, Coresh J, Balk E, Kausz AT,
Levin A, Steffes MW et al. National
Kidney Foundation practice guidelines
for chronic kidney disease: evaluation,
classification and stratification. Ann
Intern Med 2003; 139: 137-47.

Edington J, Thorogood M, Geekie M,
Ball M, Mann J. Assessment of
nutritional intake using dietary records
with estimated weights. J Hum Nutr Diet
1989; 2: 407-14.

20

2

—

22

23

24

26

27

28

29

Lean mass and GFR

Jo Kepple, are also acknowledged for providing support
and clinical infrastructure.

Kim J, Heshka S, Gallagher D, Kotler
DP, Mayer L, Albu J et al. Intermuscular
adipose tissue-free skeletal muscle mass:
estimation by dual-energy X-ray
absorptiometry in adults. J Appl Physiol
2004; 97: 655-60.

Hammond KA, Janes DN. The effects of
increased protein intake on kidney size
and function. J Exp Biol 1998; 201:
2081-90.

King AJ, Levey AS. Dietary protein and
renal function. J Am Soc Nephrol 1993; 3:
1723-37.

Herlitz LC, Markowitz GS, Farris AB,
Schwimmer JA, Stokes MB, Kunis C

et al. Development of focal segmental
glomerulosclerosis after anabolic steroid
abuse. J Am Soc Nephrol 2010; 21:
163-72.

Zeier M, Schonherr R, Amann K, Ritz E.
Effects of testosterone on glomerular
growth after uninephrectomy. Nephrol
Dial Transplant 1998; 13: 2234-40.
Brenner BM, Lawler EV, Mackenzie HS.
The hyperfiltration theory: a paradigm
shift in nephrology. Kidney Int 1996; 49:
1774-7.

Benigni A, Zoja C, Remuzzi A, Orisio S,
Piccinelli A, Remuzzi G. Role of renal
prostaglandins in normal and nephrotic
rats with diet-induced hyperfiltration. J
Lab Clin Med 1986; 108: 230.

Shankland S. The podocyte’s response to
injury: role in proteinuria and
glomerulosclerosis. Kidney Int 2006; 69:
2131-47.

D’agati V. Podocyte injury in focal
segmental glomerulosclerosis: lessons
from animal models (a play in five acts).
Kidney Int 2007; 73: 399-406.
Kambham N, Markowitz GS, Valeri AM,
Lin J, D’Agati VD. Obesity-related
glomerulopathy: an emerging epidemic.
Kidney Int 2001; 59: 1498-509.

Chen H-M, Liu Z-H, Zeng C-H, Li S-J,
Wang Q-W, Li L-S. Podocyte lesions in
patients with obesity-related
glomerulopathy. Am J Kidney Dis 2006;
48: 772-9.

Janmahasatian S, Duffull SB, Chagnac
A, Kirkpatrick CM, Green B. Lean body

755



Chew-Harris et al.

mass normalizes the effect of obesity on

renal function. Br J Clin Pharmacol 2008;

65: 964-5. 3
30 Delanaye P, Radermecker RP, Rorive M,

Depas G, Krzesinski JM. Indexing

glomerular filtration rate for body

surface area in obese patients is

misleading: concept and example.

Nephrol Dial Transplant 2005; 20:
2024-8.

Kwakernaak AJ, Zelle DM, Bakker SJ,
Navis G. Central body fat distribution
associates with unfavorable renal
hemodynamics independent of body
mass index. J Am Soc Nephrol 2013; 24:
987-94.

32 Ellis KJ. Human body composition: in
vivo methods. Physiol Rev 2000; 80:
649-80.

33 Wyss M, Kaddurah-Daouk R. Creatine
and creatinine metabolism. Physiol Rev
2000; 80: 1107-213.

—

Appendix |

Correlation of uncorrected glomerular filtration rate with regional lean and fat mass for subgroups.

Body composition parameter Mean results for regional body composition (kg) (95% Cl)

[Correlation of individual variables (r) with GFR (mL/min) (P-values)]

Normal BMI Muscular Obese

Lean mass (kg)
Total lean mass
Total truncal lean

58.7 (55.5-61.9) [0.49 (0.02)]* 75.5 (72.3-78.6) [0.76 (<0.0001)]****  64.1 (60.9-67.3) [(0.36 (0.09)]***

Total android lean

Total gynoid lean

Total appendicular lean
Total arm lean

Total leg lean

Total skeletal muscle mass
Fat mass (kg)

Total fat mass

Total truncal fat

Total android fat

27.6 (25.9-29.2) [0.47 (0.03)]*
3.7 (3.5-4.0) [0.37 (0.09)]***
8.7 (8.1-9.3) [0.40 (0.06)]*

27.1 (25.4-28.8) [0.48 (0.02)]*
7.6 (6.9-8.2) [0.48 (0.02)]*

19.5 (18.3-20.7) [0.44 (0.04)]***

32.2 (30.3-34.2) [0.49 (0.02)]*

12.0 (9.4-14.5) [-0.03 (0.89)]***
6.9 (5.3-8.5) [-0.12 (0.60)]***
1.2 (0.86-1.5) [-0.37 (0.08)]***

35.4 (33.7-37.0) [0.58 (0.003)]****
4.9 (4.6-5.1) [0.70 (0.0002)]*

11.1 (10.5-11.7) [0.60 (0.003)]****
4.9 (4.6-5.1) [0.62 (0.002)]****
11.0 (10.4-11.7) [0.23 (0.28)]*=**

24.5 (23.3-25.7) [0.66 (0.0006)]****

42.3 (40.3-44.3) [0.62 (0.002)]****

21.6 (19.1-24.1) [0.24 (0.27)]****
13.0 (11.4-14.6) [0.22 (0.32)]*+**
1.8-2.5) [0.20 (0.35)]**+*

30.3 (28.7-31.9) [0.24 (0.29)]***
4.5 (4.3-4.7) [0.18 (0.41)]**
9.6 (8.9-10.2) [0.30 (0.17)]***
29.7 (28.0-31.3) [0.43 (0.04)]***
8.0 (7.4-8.6) [0.45 (0.03)]***
21.7 (20.5-22.9) [0.39 (0.07)]*****
35.3 (33.3-37.3) [0.43 (0.04)]***

37.8 (35.2-40.3) [-0.03 (0.90)]**-*+*
22.4 (20.8-24.0) [-0.13 (0.58)]*+m#x
4.1 (3.8-4.4) [<0.17 (0.44)]xxx%%

Total gynoid fat

Total appendicular fat
Total arm fat

Total leg fat

2.2
2.3 (1.9-2.8) [-0.32 (0.14)]*** 3.9 (3.5-4.3) [0.12 (0.59)]**+

4.6 (3.3-5.9) [-0.25 (0.25)]* 7.9 (6.6-9.2) [0.22 (0.30)]****
1.0 (0.6-1.4) [-0.21 (0.34)]*** 1.9 (1.6-2.3) [0.08 (0.73)]**+
3.6 (2.6-4.6) [0.26 (0.25)]*** 6.1 (5.0-7.1) [0.25 (0.26)]***+

6.4 (6.0-6.8) [0.03 (0.91)]**x+*
15.4 (14.1-16.7) [0.01 (0.95)]***

3.6 (3.2-4.0) [~0.06 (0.79)]*****
11.8 (10.8-12. 9) [0.04 (0.87)]*+m*x

Significant results are highlighted in bold. *Differences between normal BMI group and muscular group significantly different (P < 0.05). **Differences
between normal BMI group and obese group significantly different (P < 0.05). ***Differences between the muscular group and obese group significantly
different (P < 0.05). BMI, body mass index; Cl, confidence interval; GFR, glomerular filtration rate.
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