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ABSTRACT

Background. We conducted single-marker, gene- and path-
way-based analyses to examine the association between
renin–angiotensin–aldosterone system (RAAS) variants and
chronic kidney disease (CKD) progression among Chronic
Renal Insufficiency Cohort study participants.
Methods. A total of 1523 white and 1490 black subjects were
genotyped for 490 single nucleotide polymorphisms (SNPs) in
12 RAAS genes as part of the ITMAT-Broad-CARe array. CKD
progression phenotypes included decline in estimated glomerular

filtration rate (eGFR) over time and the occurrence of a renal dis-
ease event, defined as incident end-stage renal disease or halving
of eGFR from baseline. Mixed-effects models were used to exam-
ine SNP associations with eGFR decline, while Cox proportional
hazards models tested SNP associations with renal events. Gene-
and pathway-based analyses were conducted using the truncated
product method. All analyses were stratified by race, and a Bon-
ferroni correction was applied to adjust for multiple testing.
Results. Among white and black participants, eGFR declined
an average of 1.2 and 2.3 mL/min/1.73 m2/year, respectively,
while renal events occurred in a respective 11.5 and 24.9% of

O
R
IG

IN
A
L
A
R
T
IC

L
E

© The Author 2015. Published by Oxford University Press
on behalf of ERA-EDTA. All rights reserved.

1711



participants. We identified strong gene- and pathway-based as-
sociations with CKD progression. The AGT and RENBP genes
were consistently associated with risk of renal events in separate
analyses of white and black participants (both P < 1.00 × 10−6).
Driven by the significant gene-based findings, the entire RAAS
pathway was also associated with renal events in both groups
(both P < 1.00 × 10−6). No single-marker associations with
CKD progression were observed.
Conclusions. The current study provides strong evidence for a
role of the RAAS in CKD progression.

Keywords: chronic kidney disease, genetics, renin–angiotensin–
aldosterone system

INTRODUCTION

The prevalence of end-stage renal disease (ESRD) has risen
steadily over the past few decades [1]. Recent data indicate
that over 600 000 individuals are now living with ESRD in the
USA [1]. The rising prevalence of ESRD combined with its
associated increases in morbidity and mortality make ESRD
a quickly emerging public health challenge [1, 2]. However,
ESRD makes up only a small portion of the total number of
chronic kidney disease (CKD) cases nationwide [1]. Although
CKD frequently worsens in severity over time, declines in renal
function can vary substantially between individuals [3]. Well-
known factors influencing progression of CKD to ESRD in-
clude proteinuria [4], diabetes [5], hypertension [6] and race
[7]. While a genetic component to CKD progression has also
been established [8], genomic factors underlying this complex
phenotype remain largely unknown.

Physiological studies have implicated the renin–angiotensin–
aldosterone system (RAAS) in the progression of CKD [9, 10].
While the RAAS likely contributes to CKD progression in part
via blood pressure-mediated kidney damage, non-hemodynamic
effects of the RAAS on this complex phenotype have also been
described [9, 10]. In addition to its vasoconstrictive properties,
angiotensin II (the main effector protein of the RAAS) has
been shown to increase production of pro-inflammatory cyto-
kines leading to inflammation and renal fibrosis [10]. The
known physiological relevance of the RAAS makes genes in
this pathway logical candidates for genomic study of CKD pro-
gression. While some studies have examined the role of select
variants in RAAS genes on CKD-related phenotypes [11–18], a
comprehensive exploration of common genetic variation in these
genes for their association with CKD progression has not been
carried out. Furthermore, no gene or pathway-based analyses
have been conducted. Such analyses may increase statistical
power to detect the likely modest effects of common RAAS
variants on CKD progression phenotypes.

In the current study, we conducted single-marker, gene- and
pathway-based analyses to examine the associations of common
variants from 12 RAAS candidate genes [renin (REN); hydroxys-
teroid (11-beta) dehydrogenase 1 (HSD11B1); angiotensinogen
(AGT); angiotensin II Type 1 receptor (AGTR1); nuclear recep-
tor subfamily 3, group C, member 2 (NR3C2); cytochrome P450,
family 11, subfamily B, polypeptide 1 (CYP11B1); cytochrome

P450, family 11, subfamily B, polypeptide 2 (CYP11B2); hydro-
xysteroid (11-beta) dehydrogenase 2 (HSD11B2); angiotensin
converting enzyme (ACE); angiotensin-converting enzyme
2 (ACE2); angiotensin II Type 1 receptor 2 (AGTR2) and renin-
binding protein (RENBP)] with CKD progression phenotypes
among white and black participants from the Chronic Renal
Insufficiency Cohort (CRIC) study.

MATERIALS AND METHODS

Study population

Between June 2003 and August 2008, the CRIC study en-
rolled 3939 adult patients with CKD who are followed-up bi-
annually for clinical and subclinical outcomes of kidney and
cardiovascular diseases. A detailed description of the CRIC
study design and participants has been reported previously
[19, 20]. Briefly, the CRIC study recruited a racially and ethnic-
ally diverse group of adults aged 21–74 with a broad spectrum
of renal disease severity [estimated glomerular filtration rate
(eGFR) of 20–70 mL/min/1.73 m2] from seven clinical centers
in the USA. Among the 3288 non-Hispanic white and black
CRIC participants, 3013 (91.6%) with adequate phenotype
and genotype data were eligible for the current analysis.

Data collection

At the baseline examination information was ascertained on
demographic characteristics, medical history and medication
use. Blood samples were collected and DNA extracted for gen-
omic study. Anthropometric measurements were also obtained
and blood pressure measured using a standard protocol [21].
Serum creatinine was measured from fasting blood samples at
the baseline examination and during annual in-person study
visits. The eGFR was calculated according to a CRIC-specific
equation, which included serum creatinine, cystatin C, age, gen-
der and race [22].

During the follow-up, incident ESRD was defined as receipt
of chronic dialysis or kidney transplant. Information on the ini-
tiation and maintenance of dialysis and kidney transplant was
obtained by annual clinical follow-up visits and interim tele-
phone interviews and confirmed by a dialysis unit or hospital
chart review. Ascertainment of ESRD in the CRIC study was
supplemented by information from the US Renal Data System.

Genotyping and genotype quality control

A total of 1523 white and 1490 black CRIC participants were
genotyped using the ITMAT-Broad-CARe (IBC) chip [23],
which includes ∼50 000 SNPs from cardiovascular disease-
related loci across the genome. To examine the association be-
tween RAAS variants and CKD progression, all 490 SNPs from
12 RAAS genes (REN, HSD11B1, AGT, AGTR1, NR3C2,
CYP11B1, CYP11B2, HSD11B2, ACE, ACE2, AGTR2 and
RENBP) were selected from the IBC chip for possible inclusion
in the current study. Characteristics of these SNPs are shown in
Supplementary Table S1. Quality control excluded RAAS var-
iants with low minor allele frequency (<0.01), low genotyping
call rate (<95%) or significant deviation from Hardy–Weinberg
Equilibrium (Bonferroni-adjusted, <1.02 × 10−4). After SNP
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filtering, 254 SNPs and 375 SNPs remained among white and
black participants, respectively. Individual quality control was
conducted using genome-wide genotype data. Assessment of
cryptic relatedness removed two white and four black partici-
pants who shared at least 12.5% of alleles identically by descent
with another CRIC participant. In addition, race-stratified prin-
cipal components analysis excluded a further 11 whites and 1
black with genomic ancestry at least 6 SDs from the mean [24].
After excluding cryptically related participants and participants
with divergent ancestry, 1510 white and 1485 black participants
remained for the analysis. Significant principal components were
retained for ancestry adjustment in multivariable analysis.

Study outcomes

The current analysis examined two CKD progression phe-
notypes, which included rate of decline in kidney function
(slope of eGFR over time) and the occurrence of a renal disease
event (incident ESRD or halving of eGFR from baseline). For
time-to-event analyses, time until halving of eGFRwas imputed
assuming a linear decline in kidney function between in-person
annual follow-up visits.

Statistical analysis

Baseline characteristics and CKD progression outcomes
were calculated separately among white and black CRIC parti-
cipants as mean ± SD for continuous variables and as percen-
tages for categorical variables.

Race-stratified mixed-effects regression models were used to
test the additive associations between single SNPs and eGFR de-
cline over time. In the mixed-effects models, eGFR was in-
cluded as the dependent variable while each SNP, follow-up
time and an SNP by follow-up time interaction term were in-
cluded as independent variables (along with other covariables).
The P-value for the interaction term was used to identify SNPs
influencing eGFR decline over time. Autoregressive variance–
covariancematrices were used to accommodate the correlations
of repeated measurements within individuals. A race-stratified
Cox proportional hazards model was used to examine the addi-
tive association between each SNP and time to renal event. In
the main analysis of CKD progression phenotypes, models
were adjusted for age, gender and ancestry (Model 1). Addition-
al models were developed to explore the association of each
SNP with CKD progression outcomes after adjustment for
variables in the main model plus potential mediators such as
baseline eGFR (Model 2) and both baseline eGFR and systolic
blood pressure (Model 3). For analysis of variants on the
X-chromosome, SNPs were encoded as [0, 2] for men and [0,
1, 2] for women, which assumes one of the two X chromosomes
in women is fully inactivated. All single-marker analyses were
carried out using SAS statistical software (version 9.3; SAS
Institute, Cary, NC, USA).

While the influence of single SNPs on complex phenotypes
may be modest, the joint effects of multiple SNPs at a single
gene locus may be larger, increasing statistical power to identify
genic associations [25]. In the current analysis, the truncated
product method (TPM) was used to determine the overall asso-
ciation of each RAAS gene (with at least two genotyped SNPs)
as well as the entire RAAS pathway with the CKD progression

outcomes in each race group [26]. TPM combines P-values
from a set of L hypothesis tests by leveraging features of the
Fisher’s product method and Wilkinson’s truncation method.
This procedure takes the product of P-values less than a speci-
fied cut-point (denoted as τ) and evaluates the probability of
such a product, or smaller, under the overall hypothesis that
all L hypotheses are true [26]. TPM has been evaluated ex-
tensively through simulation [27]. Furthermore, because the
correlations between adjacent markers are taken into account
in the permutation testing used to derive P-values, TPM allows
for the statistical dependence of single-marker tests arising
from linkage disequilibrium [26]. Similar to previous studies,
TPM was used to estimate gene-based P-values by combining
P-values from SNPs within each RAAS gene [28, 29]. TPM
was also used to conduct pathway-based analyses, combining
the TPM-generated gene-based P-values across all RAAS
genes [28, 29]. The truncation point was set as τ = 0.10 for all
analyses, and the P-value for TPM was estimated through
simulation (1 000 000 replications). Sensitivity analyses were
performed to determine whether significant variants from
single-marker analyses could explain gene-based findings and
whether significant genes from gene-based analyses could ex-
plain pathway-based findings. All gene- and pathway-based
analyses were performed using R software (Version 3.0.1; http://
www.r-project.org).

For all analyses, statistical significance was determined after
Bonferroni adjustment for multiple testing.

RESULTS

Table 1 summarizes the baseline characteristics and CKD pro-
gression among 2995 CRIC study participants. On average,
whites were 59 years of age, had systolic blood pressure of
122 mmHg and baseline eGFR of 44 mL/min/1.73 m2. Blacks,
on average, were 58 years of age, had systolic blood pressure of
133 mmHg and baseline eGFR of 44 mL/min/1.73 m2. Sixty
percent of whites and 49% of blacks were male. Over ∼3.7

Table 1. Baseline characteristics and CKD progression among 2995 CRIC
study participants

Whites
(n = 1510)

Blacks
(n = 1485)

Baseline characteristic
Age, years, mean (SD) 59.0 (10.8) 58.1 (10.6)
Male (%) 59.9 48.7
eGFR (mL/min/1.73 m2), mean

(SD)
43.6 (12.8) 43.7 (13.9)

Systolic BP (mmHg), mean (SD) 121.9 (18.6) 132.9 (23.1)
CKD progression
eGFR slope (mL/min/1.73 m2/

year), mean (SD)
−1.2 (3.7) −2.3 (5.0)

Renal eventa (%b) 11.5 24.9

BP, blood pressure; CKD, chronic kidney disease; CRIC, Chronic Renal Insufficiency
Cohort; eGFR, estimated glomerular filtration rate; SD, standard deviation.
aDiagnosis of ESRD or a reduction of 50% in eGFR since baseline.
bPercent of participants with renal events over an average of 3.7 and 3.5 years follow-up in
whites and blacks, respectively.
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and 3.5 years follow-up in whites and blacks, respectively, renal
events occurred in 12% of whites and 25% of blacks. The eGFR
declined an average of 1.2 and 2.3 mL/min/1.73 m2/year in
whites and blacks, respectively.

Results from themainmultivariablemodel (adjusted for age,
gender and ancestry) examining the association of each SNP
with eGFR decline over time and time to renal event are
shown in Figure 1A and B, respectively, and in Supplementary

F IGURE 1 : Association of RAAS variants with eGFR decline (A) and renal events (B) among participants of the CRIC study. Results represent
findings from the main multivariable model (adjusted for age, gender and ancestry). No SNPs were significant after Bonferroni correction for
multiple testing (P < 1.97 × 10−4 in whites and P < 1.33 × 10−4 in blacks). eGFR, estimated glomerular filtration rate; RAAS, renin–angiotensin–
aldosterone system.
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Table S2. After adjustment for multiple testing, no associations
between RAAS variants and the CKD progression outcomes
were identified in either white or black study participants. Re-
sults of Model 2 (Model 1 plus additional adjustment for base-
line eGFR) and Model 3 (Model 1 plus additional adjustment
for baseline eGFR and systolic blood pressure) were similar to
those of the main analysis (data not shown).

Table 2 summarizes gene- and pathway-based findings for
eGFR decline. Among whites only, the ACE gene was signifi-
cantly associated with eGFR decline. Results remained statistic-
ally significant after additional multivariable adjustments in
Models 2 and 3. In blacks only, the ACE2 and AGTR2 genes
as well as the entire RAAS pathway were significantly associated
with eGFR decline in the main analysis. These associations re-
mained in Models 2 and 3 for the ACE2 gene and the entire
RAAS pathway. The AGTR2 gene remained associated with
eGFR decline in Model 2 but not in Model 3.

The results of gene- and pathway-based analyses of renal
events are displayed in Table 3. In the main multivariable
model, genes AGT and RENBP as well as the entire RAAS path-
way were significantly associated with renal events among both
white and black study participants. The AGT gene and the en-
tire RAAS pathway remained significantly associated with renal
events in multivariable Models 2 and 3 in both groups. In

contrast, the RENBP gene association was completely attenu-
ated by additional adjustments in bothModels 2 and 3 in whites
and blacks. Among whites only, CYP11B2 appeared to be asso-
ciated with renal events in Models 1 and 2 with a complete at-
tenuation of the association in Model 3. Among blacks only,
ACE2 was significantly associated with renal events in all mod-
els, a finding that was consistent with results from the gene-
based analysis of eGFR decline.

After simultaneous removal of the genes identified by gene-
based analysis, sensitivity analyses revealed a complete attenu-
ation of the relationship between the RAAS pathway and eGFR
progression that was observed in blacks. Similarly, removal of
significantly identified genes for renal events explained the in-
fluence of the RAAS pathway with this CKD progression
phenotype, attenuating the association in both whites and
blacks. Because there were no single-marker findings, the influ-
ence of individual SNPs on gene-based findings was not
examined.

DISCUSSION

In the first study, to examine the joint contribution of RAAS
variants to CKD progression, we identified strong gene- and
pathway-based associations with this complex phenotype.

Table 2. Pathway- and gene-based associations of RAAS variants and eGFR
decline among CRIC study participants

HGNC symbol k Model 1a Model 2b Model 3c

Whites
RAAS pathway 254 0.22 0.23 0.26
REN 23 0.52 0.77 0.68
HSD11B1 10 0.41 0.41 0.44
AGT 42 0.68 0.45 0.51
AGTR1 44 0.63 0.78 0.72
NR3C2 71 0.94 0.86 0.89
CYP11B1 3 0.30 0.30 0.26
CYP11B2 7 0.42 0.52 0.47
ACE 24 8.31 × 10−4 d 9.93 × 10−4 d 0.001d

ACE2 17 0.67 0.55 0.54
AGTR2 8 0.58 0.59 0.40
RENBP 5 0.16 0.21 0.21

Blacks
RAAS pathway 375 7.00 × 10−6 d 3.79 × 10−4 d 5.18 × 10−4 d

REN 38 0.69 0.66 0.61
HSD11B1 11 0.49 0.53 0.59
AGT 47 0.88 0.73 0.71
AGTR1 73 0.59 0.26 0.49
NR3C2 88 0.73 0.60 0.51
CYP11B1 3 0.30 0.27 0.28
CYP11B2 7 0.20 0.15 0.17
ACE 42 0.77 0.95 0.85
ACE2 43 <1.00 × 10−6 d <1.00 × 10−6 d <1.00 × 10−6 d

AGTR2 13 6.00 × 10−6 d 0.003 d 0.004
RENBP 9 0.38 0.51 0.51

eGFR, estimated glomerular filtration rate; HGNC, HUGO Gene Nomenclature
Committee; k, number of SNPs; RAAS, renin–angiotensin–aldosterone system.
aMain multivariable model (adjusted for age, gender and genetic ancestry).
bMain multivariable model with additional adjustment for baseline eGFR.
cMain multivariable model with additional adjustment for baseline eGFR and systolic
blood pressure.
dSignificant after Bonferroni correction for 12 gene- and pathway-based tests (P < 0.004).

Table 3. Pathway- and gene-based associations of RAAS variants and renal
event among CRIC study participants

HGNC symbol k Model 1a Model 2b Model 3c

Whites
RAAS pathway 254 <1.00 × 10−6 d 1.10 × 10−5 d 5.16 × 10−4 d

REN 23 0.07 0.59 0.77
HSD11B1 10 0.24 0.34 0.56
AGT 42 <1.00 × 10−6 d <1.00 × 10−6 d <1.00 × 10−6 d

AGTR1 44 0.87 0.56 0.73
NR3C2 71 0.53 0.47 0.72
CYP11B1 3 0.20 0.15 0.26
CYP11B2 7 1.00 × 10−6 d 1.60 × 10−5 d 0.33
ACE 24 0.45 0.77 0.55
ACE2 17 0.61 0.33 0.60
AGTR2 8 0.43 0.64 0.004
RENBP 5 1.70 × 10−5 d 0.31 0.28

Blacks
RAAS pathway 375 <1.00 × 10−6 d <1.00 × 10−6 d <1.00 × 10−6 d

REN 38 0.97 0.78 0.63
HSD11B1 11 0.61 0.22 0.03
AGT 47 <1.00 × 10−6 d 0.001d 1.00 × 10−6 d

AGTR1 73 0.15 0.45 0.60
NR3C2 88 0.80 0.59 0.64
CYP11B1 3 0.04 0.03 0.20
CYP11B2 7 0.37 0.35 0.48
ACE 42 0.43 0.06 0.49
ACE2 43 <1.00 × 10−6 d <1.00 × 10−6 d <1.00 × 10−6 d

AGTR2 13 0.36 0.33 0.58
RENBP 9 2.20 × 10−5 d 0.05 0.006

CRIC, Chronic Renal Insufficiency Cohort; HGNC, HUGO Gene Nomenclature
Committee; k, number of SNPs; RAAS, renin–angiotensin–aldosterone system.
aMain multivariable model (adjusted for age, gender and genetic ancestry).
bMain multivariable model with additional adjustment for baseline eGFR.
cMain multivariable model with additional adjustment for baseline eGFR and systolic
blood pressure.
dSignificant after Bonferroni correction for 12 gene- and pathway-based tests (P < 0.004).
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Both the AGT and RENBP genes were consistently associated
with risk of renal events in independent subsamples of white
and black participants of the CRIC study. Driven by significant
gene-based findings, the entire RAAS pathway was also asso-
ciated with renal events in both white and black CRIC partici-
pants. Race-specific findings included the associations of ACE
and CYP11B2 with CKD progression phenotypes in whites and
the associations of ACE2 and AGTR2 with CKD progression in
blacks. These results are promising but should be interpreted
with caution until consistency in other samples with similar an-
cestry is demonstrated. Since no individual SNP associations
were identified by the current study, our results highlight the
utility of gene- and pathway-based approaches to better under-
stand the genomic mechanisms underlying CKD progression.

We observed a strong association of theAGT genewith renal
events in both white and black CRIC study participants. This
association persisted after adjustment for systolic blood pres-
sure, suggesting that the influence of AGT on CKD progression
may also be mediated by non-hemodynamic mechanisms of
renal injury. The protein encoded by AGT is a precursor to
angiotensin II, which may be involved in inflammation and
renal fibrosis through its activation of mononuclear cells and
by increasing pro-inflammatory mediators such as cytokines,
chemokines, adhesion molecules and nuclear factor kB [10].
While we are the first to identify a gene-based association of
AGT, individual AGT variants have previously been linked to
CKD progression [11, 30]. Hsu et al. [11] identified an associ-
ation of the AGT variant rs5051 (or the A-6G polymorphism)
with renal events in black participants, while Lovati et al. [30]
identified an association of rs699 (or the M235T polymorph-
ism) with progression to ESRD in Europeans. These two mar-
kers are in high linkage disequilibrium in populations of
European and African ancestry (r2 = 0.96 and 0.91, respective-
ly). Interestingly, in the current study, rs5051 and rs699 were
nominally or marginally associated with renal events among
both whites (P = 0.06 and 0.03, respectively) and blacks (P =
0.05 and 0.17, respectively) after adjustment for systolic blood
pressure. In aggregate, these findings strongly support a role of
AGT in CKD progression.

A consistent association of the RENBP gene with renal
events was also identified among white and black CRIC study
participants. RENBP encodes a protein that inhibits renin activ-
ity [31]. Although this gene has not been implicated previously
in CKD progression, its potential influence on blood pressure
phenotypes has been reported in past epidemiologic studies
[31, 32]. In the current study, findings were attenuated inmulti-
variable models which included baseline eGFR and systolic
blood pressure, suggesting that these factors may mediate the
observed association. Since the multivariable models used
could not disentangle the influence of systolic blood pressure
from that of eGFR, a post hoc analysis was conducted to deter-
mine whether systolic blood pressure alone may have mediated
the findings observed in the main analysis (the post hoc analysis
included covariables in the main analysis plus baseline systolic
blood pressure alone). Results showed a complete attenuation of
the relation in whites (P = 0.19) but only a very slight attenu-
ation in blacks (P = 2.50 × 10−5). While these inconsistent find-
ings could be due to varying genomic mechanisms in whites

and blacks, it could also be due to the different SNPs included
in the gene-based analyses across race groups. The latter would
suggest that blood pressure may only partly explain the
observed association of RENBP with CKD progression.

Our analysis also identified race-specific gene-based find-
ings, showing associations of ACE and CYP11B2 with CKD
progression phenotypes in whites and associations of ACE2
and AGTR2 with CKD progression in blacks. Of particular
interest was the consistent association of ACE2 with both
eGFR decline and incident renal events in blacks. ACE2 is ex-
pressed in kidney endothelium and has renoprotective proper-
ties, converting angiotensin I to the inactive nonapeptide,
angiotensin [1–9], and angiotensin II to the potent vasodilator,
angiotensin [1–7, 33, 34]. Although several studies have identi-
fied relations of ACE2 with blood pressure phenotypes [35, 36],
we are the first to report an association with a CKD-related trait.
Interestingly, the association identified in the current study was
independent of blood pressure, suggesting that the observed
ACE2 association is not blood pressure mediated. While these
results are promising, replication is needed to confirm our
findings.

Our study has several strengths. We are the first to conduct
gene- and pathway-based analyses to examine the influence of
RAAS variants on CKD progression phenotypes. In addition,
the CRIC study is a rigorously designed and conducted
NIH-funded study, providing high-quality genomic, covariable
and phenotypic data for genetic research. Furthermore, the
large sample sizes of both white and black participants allowed
us to explore the consistency of identified associations in in-
dependent CRIC subsamples employing stringent Bonferroni
correction to adjust for multiple testing. Several limita-
tions should also be acknowledged. Although our sample size
was sufficient to identify aggregate effects of variants within
RAAS genes and the entire RAAS pathway, we may have
been underpowered to detect individual RAAS markers asso-
ciated with CKD progression. In addition, although race-
specific findings identified by our study are promising, research
will be needed to explore whether they can be replicated in in-
dependent samples of similar ancestry. Furthermore, due to the
limited number of SNPs in HSD11B2, gene-based analyses
could not be performed on this RAAS gene. Future research
will be needed to explore the gene-based association of
HSD11B2 with CKD progression.

The current study provides strong evidence for a role of the
RAAS in CKD progression. AGT and RENBP independently
associated with renal events in both white and black partici-
pants. Since blood pressure did not completely explain the
gene-based findings, our data provide further support for a
non-hemodynamic role of the RAAS in renal disease progres-
sion. In aggregate, our findings emphasize the potential import-
ance of gene- and pathway-based analyses to better understand
the biological pathways underlying renal disease progression.
Furthermore, our work contributes new insights into the cu-
mulative understanding of the genomic mechanisms influen-
cing this complex phenotype. Such information may one day
be used to better predict renal disease progression in CKD
patients, which could enable early prevention and intervention
strategies for those at highest risk of ESRD.
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ABSTRACT

Background. In chronic kidney disease (CKD), multiple meta-
bolic and nutritional abnormalities contribute to the impair-
ment of skeletal muscle mass and function thus predisposing
patients to the condition of sarcopenia. Herein, we investigated
the prevalence and mortality predictive power of sarcopenia,
defined by three different methods, in non-dialysis-dependent
(NDD) CKD patients.
Methods. We evaluated 287 NDD-CKD patients in stages 3–5
[59.9 ± 10.5 years; 62% men; 49% diabetics; glomerular filtra-
tion rate (GFR) 25.0 ± 15.8 mL/min/1.73 m2]. Sarcopenia was
defined as reduced muscle function assessed by handgrip
strength (HGS <30th percentile of a population-based reference
adjusted for sex and age) plus diminished muscle mass assessed
by three different methods: (i) midarm muscle circumference
(MAMC) <90% of reference value (A), (ii) muscle wasting by
subjective global assessment (B) and (iii) reduced skeletal mus-
cle mass index (<10.76 kg/m² men; <6.76 kg/m² women) esti-
mated by bioelectrical impedance analysis (BIA) (C). Patients
were followed for up to 40 months for all-cause mortality,
and there was no loss of follow-up.

Results. The prevalence of sarcopenia was 9.8% (A), 9.4% (B)
and 5.9% (C). The kappa agreement between the methods were
0.69 (A versus B), 0.49 (A versus C) and 0.46 (B versus C).
During follow-up, 51 patients (18%) died, and the frequency
of sarcopenia was significantly higher among non-survivors.
In crude Cox analysis, sarcopenia diagnosed by the three meth-
ods was associated with a higher hazard for mortality; however,
only sarcopenia diagnosed by method C remained as a predict-
or of mortality after multivariate adjustment.
Conclusions. The prevalence of sarcopenia in CKD patients on
conservative therapy varies according to the method applied.
Sarcopenia defined as reduced handgrip strength and low skel-
etal muscle mass index estimated by BIA was an independent
predictor of mortality in these patients.

Keywords: chronic kidney disease, handgrip strength, mortality,
muscle mass, sarcopenia

INTRODUCTION

Sarcopenia, recently redefined as an age-related syndrome char-
acterized by progressive decline in both muscle mass and
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