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Abstract

Background

High body mass index (BMI) is paradoxically associated with better outcomes in hemodialy-

sis (HD) patients. This study aimed to examine whether serum creatinine (Cr), a marker of

muscle mass, could modify the association between BMI, and mortality and morbidity in

prevalent HD patients.

Methods

A retrospective study was conducted using a nationwide database from the registry of the

Japanese Society for Dialysis Therapy. A total of 119,099 patients were selected (age: 65

±12 years; median time on HD: 5.6 years; male: 62%), and we examined the association of

basal BMI with mortality and morbidity after a 1-year period. Patients were stratified either

by BMI into 4 groups or by serum Cr levels into 3 tertiles. Odds ratio (OR) [95% confidence

interval] was calculated by multivariate logistic regression analysis.

Results

Higher BMI did not predict a higher 1-year total mortality. However, when we stratified the

patients by serum Cr levels, the risk of cardiac death became significantly higher in obese

patients with the lowest Cr levels, in both males (OR 2.82 [1.51–5.27], p<0.01) and females

(OR 2.00 [1.03–3.90], p<0.05). The risk of new cerebral infarction was also higher in obese

male patients within the lowest Cr tertile. In contrast, there was a significantly lower risk of

cardiac, cerebrovascular, and infection-related death in non-obese patients with higher lev-

els of Cr. Higher serum Cr was also related to a lower risk of cardiovascular events and hip

fracture in non-obese HD patients.

PLOS ONE | DOI:10.1371/journal.pone.0150003 March 1, 2016 1 / 15

OPEN ACCESS

Citation: Sakao Y, Ojima T, Yasuda H, Hashimoto S,
Hasegawa T, Iseki K, et al. (2016) Serum Creatinine
Modifies Associations between Body Mass Index and
Mortality and Morbidity in Prevalent Hemodialysis
Patients. PLoS ONE 11(3): e0150003. doi:10.1371/
journal.pone.0150003

Editor: Joseph Devaney, Children's National Medical
Center, Washington, UNITED STATES

Received: October 10, 2015

Accepted: February 7, 2016

Published: March 1, 2016

Copyright: © 2016 Sakao et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: The authors have no support or funding to
report.

Competing Interests: K.I. has received consulting
fees and/or lecture fees from Kyowa Hakko Kirin,
Bayer Yakuhin, Chugai Pharm., Merk Sharp &
Dohme Corp., Teijin Pharma, Astellas, Daiichi-
Sankyo, Mochida, and Torii Pharm. Y.T. has received
honoraria and/or research funding from Chugai
Pharm., Kyowa Hakko Kirin, Mitsubishi Tanabe,

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0150003&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Conclusions

The obesity paradox was found to be present in HD patients only when obesity was defined

by BMI. Decreased serum Cr levels were found to be positively associated with clinical poor

outcomes in all BMI groups. Thus, irrespective of BMI, the evaluation of serum Cr levels is

important to predict mortality and morbidity in patients receiving regular HD.

Introduction
Body mass index (BMI) is a simple and useful marker in the assessment of body size. In gen-
eral, the mortality risk is lowest in subjects with 22.5–25.0 kg/m2 BMI. Higher BMI increases
the risk of cardiovascular mortality, while infection- and cancer-related mortality increases at a
lower BMI [1]. In contrast, obesity (BMI�30 kg/m2) provides better prognosis in patients with
chronic kidney disease (CKD). This association, called “reverse epidemiology” [2] or “obesity
paradox” [3], has been widely observed in different geographic regions and races [4–8].

A recent cohort study showed that mortality risk associated to BMI was comparable
between the hemodialysis (HD) and general population, when age and follow-up periods were
identical [9]. It has also been reported that obesity is a strong risk factor in HD patients youn-
ger than 65 years [10]. Thus, the relationship between BMI and mortality is still controversial,
and may underlie complex implications between both associations [11, 12]. BMI becomes a
mortality risk factor when whole body composition is considered [13], or in the presence of
protein-energy wasting (PEW) [14].

Sarcopenia, defined as decreased skeletal muscle mass and quality, could lead to not only
physical inactivity but also poor prognosis in the general elderly [15], and is found to be more
prevalent in dialysis patients (37.0% in men and 29.3% in women) [16]. In addition, in HD
patients, visceral fat accumulates irrespective of their BMI [17]. Thus, the characteristics of
body composition are skeletal muscle atrophy with abdominal adiposity (obese sarcopenia).
However, since BMI does not accurately differentiate between lean and fat tissues, a simple
measurement of BMI is difficult to depict the independent prognostic effect of each individual
tissue.

The aim of this study is to further understand potential factors underlying the association
between BMI and clinical outcomes in the dialysis population. We focused on serum creatinine
(Cr) (a marker of muscle mass volume) in patients with end-stage kidney disease, and exam-
ined whether serum Cr level modifies the correlation of BMI with clinical outcomes in preva-
lent HD patients.

Materials and Methods

Data source
The Japanese Society for Dialysis Therapy (JSDT) has been conducting annual questionnaire
surveys for all dialysis facilities since 1968. Data are collected by year-end survey questionnaires
sent to dialysis facilities each year, requesting information on each patient. Using this nation-
wide cohort, we conducted a retrospective analyses of the database collected both at the end of
2008 and 2009 [18, 19]. The study was approved by Institutional Review Board of JSDT and
conducted in accordance with the Declaration of Helsinki. Either written or oral informed con-
sent was obtained according to the policy of each dialysis facility. Patient records/information
was anonymized and de-identified prior to analysis.
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Patient selection
The method of patient selection is shown in Fig 1. The 2008 JSDT registry had 283,421 dialysis
patients, 273,237 of whom had gender information [18]. We selected 165,215 patients after
excluding those treated with peritoneal dialysis, HD therapy other than thrice a week, and
those without any record for height or body weight. Of these, 160,000 patients had records
regarding their survival status at the end of 2009.

We further excluded patients younger than 20 years of age, those who had stopped HD dur-
ing the study period, those who had received a kidney transplant, and those whose clinical
parameters had not been obtained (Fig 1).

BMI categories
BMI (kg/m2) was calculated by dividing post-HD body weight (kg) by squared body
height (m). Based on the World Health Organization (WHO) criteria [20], patients were classi-
fied into eight groups. We also categorized BMI less than 18.5 kg/m2 as underweight, BMI
from 18.5 to 24.9 kg/m2 as normal weight [reference], BMI from 25.0 to 29.9 kg/m2 as over-
weight, and BMI more than 30.0 kg/m2 as obese.

These groups were further subdivided into 3 tertiles based on serum Cr levels (lowest, mid-
dle, and highest tertiles, respectively):

Males:<9.8, 9.8–12.3 [reference], �12.4 mg/dl
Females:<8.4, 8.4–10.3 [reference],�10.4 mg/dl)

Fig 1. Patient selection. Fig 1 represented how to select and enroll the patients into analyses. Abbreviations
are BMI: body mass index, ESRD: end-stage renal disease, PD: peritoneal dialysis, HD: hemodialysis and
CRP: C-reactive protein.

doi:10.1371/journal.pone.0150003.g001

Creatinine and Outcomes in Prevalent HD Patients

PLOS ONE | DOI:10.1371/journal.pone.0150003 March 1, 2016 3 / 15



Clinical outcomes
Causes of death were categorized by JSDT using the 10th edition of the International Classifica-
tion of Diseases (ICD-10) codes. We recorded the causes of cardiovascular death as cardiac
death (cardiac failure due to pulmonary edema, ischemic heart disease, arrhythmia, valvular
heart disease, endocarditis, cardiomyopathy, pericarditis, cardiomyositis, pulmonary embo-
lism, or sudden death) or cerebrovascular (CV) death (including cerebral infarction, intracra-
nial hemorrhage, subarachnoid hemorrhage, or other CV diseases).

We estimated the onset of non-fatal myocardial infarction, cerebral infarction, cerebral
bleeding, limb amputation, and hip fracture during the period by comparing the records of
past history between the 2008 and 2009 datasets. If the disease had been initially recorded in
the 2009 file, we judged this as a new event during the 1-year period. The rates of myocardial
infarction, cerebral infarction, and cerebral bleeding, combined with fatal and non-fatal events,
were then calculated.

Statistical analyses
Data were expressed as mean ± standard deviation (SD) or median [interquartile range]. Con-
tinuous variables were compared using the Jonckheere-Terpstra trend test. Chi-square test was
used to compare categorical variables.

Odds ratio (OR [95% confidence intervals (CI)]) was calculated by logistic regression analy-
sis using unadjusted and multivariate adjusted models in each sex. Model 1 was adjusted for
age. Model 2 was adjusted for variables in model 1, plus time on HD and presence of diabetes
mellitus (DM) as a primary cause of end-stage renal disease (ESRD). Model 3 was adjusted for
variables in model 2, plus serum Cr, albumin, phosphorous, C-reactive protein (CRP) and dial-
ysis dose (Kt/Vurea) assessed by the single-pooled urea kinetic model. Percentile creatinine gen-
eration rate (%CGR) [21] and normalized protein catabolic rate (nPCR) [22] were also
calculated from Shinzato’s formula.

All calculations were performed using SPSS statistics 17.0 for Windows (SPSS Inc., CA,
USA).

Results

Patient characteristics
The final number of the enrolled patients was 119,099 (Fig 1). Mean age was 65±12 years in
males, and 66±13 years in females. Median time on HD was 5.3 years in men and 6.2 years in
women (Table 1, S1 Table). The prevalence of DM was 37.5% in males and 29.2% in females.

As BMI increased, the prevalence of DM as well as levels of serum Cr, phosphorous, albu-
min, and CRP increased, whereas patient age, dialysis vintage, and Kt/Vurea decreased
(p<0.001) (Table 1, S1 Table).

Clinical outcomes during the observation
Of the 119,099 patients, 8,854 (7.4%) patients expired during the 1-year study (male/
female = 5,685/3,169). The overall incidence of all-cause mortality was 7.73 (male/female = 8.07/
7.20) per 100 person-years. The main causes of death were cardiac (32.8%), infection (19.1%),
cancer (10.3%), and CV involvement (9.6%).

The incident rates of fatal and nonfatal events recorded per 100 person-years were as fol-
lows: myocardial infarction, 2.58 (male/female = 2.92/2.06); cerebral bleeding, 1.75 (male/
female = 1.85/1.58); cerebral infarction, 4.48 (male/female = 4.64/4.22); limb amputation, 0.86
(male/female = 0.98/0.68); and hip fracture, 1.16 (male/female = 0.76/1.81).
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Association of BMI with all-cause and cause-specific mortality
The relationship between BMI and all-cause mortality turned out to be an L-shaped curve,
after adjusting for multiple covariates (Fig 2). Men exhibited the lowest risk of death at 23.0–
24.9 kg/m2 BMI (OR 0.84 [95% CI: 0.76–0.94], p<0.01) and women at 27.5–29.9 kg/m2 BMI
(OR 0.59 [95% CI: 0.42–0.83], p<0.01). A higher BMI (�30.0 kg/m2) did not relate to mortal-
ity risk in both genders.

Table 1. Baseline characteristics of the study cohort.

Underweight Normal weight Overweight Obesity

BMI< 18.5 kg/m2 BMI 18.5–24.9 kg/m2 BMI 25.0–29.9 kg/m2 BMI� 30.0 kg/m2

Total Lowest
Cr

Middle
Cr

Highest
Cr

Lowest
Cr

Middle
Cr

Highest
Cr

Lowest
Cr

Middle
Cr

Highest
Cr

Lowest
Cr

Middle
Cr

Highest
Cr

Number (%)

M 73410
(100)

6326
(8.6)

3692
(5.0)

1885
(2.6)

15485
(21.1)

18345
(25.0)

18077
(24.6)

1794
(2.4)

2577
(3.5)

3921
(5.3)

263 (0.4) 320 (0.4) 725 (1.0)

F 45689
(100)

5900
(12.9)

4211
(9.2)

3342
(7.3)

7893
(17.3)

8970
(19.6)

9918
(21.7)

1176
(2.6)

1508
(3.3)

1835
(4.0)

234 (0.5) 285 (0.6) 417 (0.9)

Age (y)

M 65±12 72±10 66±11 55±14 71±10 66±10 58±11 65±12 63±11 56±11 57±13 54±12 49±10

F 66±13 74±11 67±12 58±12 73±11 68±11 60±11 69±11 67±11 60±11 64±12 62±11 54±12

HD vintage (y)

M 5.3
[2.3–
10.2]

4.3 [1.7–
9.0]

8.2 [3.9–
14.7]

9.8 [5.3–
15.8]

2.6 [0.9–
5.8]

5.7 [2.8–
10.6]

7.8 [4.4–
12.8]

1.8 [0.7–
3.5]

3.8 [2.0–
6.8]

5.8 [3.3–
9.4]

1.9 [0.7–
3.8]

3.2 [1.7–
5.7]

4.8 [2.7–
7.6]

F 6.2
[2.8–
11.9]

4.9 [2.0–
10.7]

8.7 [4.2–
16.3]

10.8 [6.1–
17.0]

3.2 [1.3–
6.8]

6.3 [3.1–
11.7]

8.8 [4.8–
14.2]

2.2 [1.0–
4.3]

4.5 [2.4–
7.7]

6.5 [3.6–
10.3]

2.2 [0.8–
3.8]

3.7 [2.1–
6.1]

5.3 [2.8–
8.5]

DM (%)

M 37.5 39.2 24.8 10.4 51.3 39.8 21.6 65.2 54.9 37.3 70.0 62.2 44.3

F 29.2 31.2 15.5 6.2 46.3 30.9 15.5 66.2 52.9 31.7 74.4 62.5 42.0

P (mg/dL)

M 5.3±1.4 4.5±1.4 5.3±1.4 5.7±1.4 4.7±1.3 5.3±1.3 5.8±1.4 4.8±1.2 5.5±1.3 6.1±1.5 5.1±1.4 5.8±1.5 6.6±1.6

F 5.3±1.4 4.6±1.4 5.2±1.3 5.6±1.3 4.7±1.3 5.2±1.3 5.7±1.3 4.9±1.1 5.4±1.3 5.9±1.4 5.0±1.3 5.5±1.3 6.2±1.6

Alb (g/dL)

M 3.7±0.4 3.4±0.5 3.7±0.4 3.9±0.4 3.6±0.5 3.7±0.4 3.9±0.4 3.7±0.4 3.8±0.4 3.9±0.3 3.7±0.4 3.8±0.4 3.9±0.3

F 3.7±0.4 3.4±0.5 3.7±0.4 3.9±0.4 3.5±0.5 3.7±0.4 3.8±0.4 3.6±0.4 3.7±0.3 3.8±0.3 3.6±0.4 3.6±0.3 3.7±0.3

CRP (mg/dL)

M 0.13
[0.06–
0.40]

0.30
[0.10–
1.01]

0.12
[0.06–
0.40]

0.08
[0.04–
0.20]

0.18
[0.07–
0.58]

0.13
[0.06–
0.37]

0.10
[0.05–
0.25]

0.19
[0.09–
0.50]

0.19
[0.08–
0.45]

0.16
[0.08–
0.39]

0.22
[0.10–
0.50]

0.30
[0.10–
0.74]

0.25
[0.10–
0.55]

F 0.10
[0.05–
0.30]

0.17
[0.06–
0.60]

0.10
[0.04–
0.23]

0.05
[0.03–
0.11]

0.14
[0.06–
0.48]

0.10
[0.05–
0.29]

0.09
[0.05–
0.20]

0.16
[0.07–
0.46]

0.17
[0.07–
0.45]

0.13
[0.06–
0.36]

0.24
[0.11–
0.59]

0.28
[0.10–
0.72]

0.27
[0.10–
0.71]

Kt/V

M 1.31
±0.26

1.37
±0.30

1.45
±0.27

1.43
±0.24

1.25
±0.28

1.34
±0.24

1.33
±0.21

1.11 0.27
±

1.22
±0.23

1.22
±0.20

1.07
±0.29

1.13
±0.25

1.12
±0.21

F 1.53
±0.31

1.56
±0.35

1.67
±0.31

1.67
±0.28

1.45
±0.33

1.56
±0.29

1.55
±0.26

1.32
±0.31

1.41
±0.28

1.41
±0.24

1.21
±0.34

1.32
±0.26

1.28
±0.21

Abbreviation: HD, hemodialysis; DM, diabetes mellitus; Cr, serum creatinine; P, serum phosphorus; Alb, serum albumin; CRP, serum C-reactive protein

doi:10.1371/journal.pone.0150003.t001
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There was a significantly higher risk of cardiac, CV- and infection-related mortalities in
males with BMI less than 20.0 kg/m2 (Fig 3A–3C). The risk of cardiac death was also signifi-
cantly higher in obese male patients (�30.0 kg/m2). In females, a higher risk of cardiac and
infection-related mortality was found in lean patients (BMI<18.5 kg/m2). However, there was
no connection between cancer-related mortality and BMI categories in both sexes (Fig 3D).

Relationship between BMI groups and the tertiles of serum Cr
1) All-cause mortality. In both sexes, there was a significantly higher risk of all-cause

mortality in underweight and normal patients within the lowest tertile of Cr. In contrast, all
patients within the highest Cr tertile had a lower risk (Fig 4, S2 Table).

The same trend between BMI and serum Cr groups was observed when serum Cr was cate-
gorized into quartiles (S1 Fig). There was also an identical trend between BMI and %CGR (S2
Fig). In females, the risk of all-cause death was significantly higher in obese patients in the low-
est tertile of %CGR: (OR 1.72 [95% CI: 1.11–2.66], p<0.05) (S2 Fig). In addition, increased
serum Cr level was positively associated with higher nPCR (S3 Fig).

2) Cause-specific mortality. In both men and women, the risk of cardiac death was signif-
icantly higher in obese patients in the lowest tertile of serum Cr: (OR 2.82 [95% CI: 1.51–5.27],
p<0.01) and (OR 2.00 [95% CI: 1.03–3.90], p<0.05) respectively (Fig 5A, S3 Table). In con-
trast, a higher serum Cr level was significantly related to a lower risk of cardiac death, when
BMI was less than 25.0 kg/m2 in men and less than 30.0 kg/m2 in women.

In both genders, a higher risk of CV and infection- and cancer-related mortality was
observed in underweight and normal patients, when serum Cr was in the bottom tertile (Fig
5B–5D, S4–S6 Tables). In contrast, elevated serum Cr (�12.4 mg/dL) was significantly associ-
ated with a lower risk of the above deaths in males. The risk of CV and infection-related mor-
tality was also significantly lower in females with the highest Cr tertile (�10.4 mg/dL). In obese
patients, there was no association between serum Cr and mortality risks.

3) Comorbidity. In both genders, the risk of fatal and nonfatal myocardial infarction was
significantly lower in normal patients in the highest Cr tertile, when compared with those

Fig 2. Multivariate-adjusted odds ratios for all-causemortality according to BMI categories.Odds
ratios were calculated by logistic regression analysis adjusted for age, dialysis vintage, diabetes mellitus,
serum albumin, phosphorus, CRP, creatinine and Kt/V. We used BMI of 20.0–22.9 kg/m2 as the reference.
Error bars indicated 95% confidence intervals. Abbreviations are OR: odds ratio, BMI: body mass index,
CRP: C-reactive protein and Ref: reference group. ap, bp and cp denoted p values less than 0.001, 0.01 and
0.05 respectively.

doi:10.1371/journal.pone.0150003.g002
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Fig 3. Multivariate-adjusted odds ratios for the cause-specific mortality (A: cardiac death, B:
cerebrovascular death, C: infection-related death, D: cancer-related death) according to BMI groups.
We used BMI of 20.0–22.9 kg/m2 as the reference group. Error bars indicated 95% confidence intervals.
Abbreviations are OR: odds ratio, BMI: body mass index and Ref: reference group. ap, bp and cp denoted p
values less than 0.001, 0.01 and 0.05 respectively.

doi:10.1371/journal.pone.0150003.g003
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categorized into the middle Cr tertile (Tables 2 and 3). The risks of cerebral bleeding, cerebral
infarction, limb amputation, and hip fracture were significantly higher in underweight patients
whose serum Cr was in the lowest tertile compared to the reference category (Tables 2 and 3).
In contrast, there was a significantly lower risk of cerebral infarction in lean patients whose
serum Cr was distributed in the top tertile in both male and female population. An increased
serum Cr was also related to a lower risk of cerebral bleeding, cerebral infarction, limb amputa-
tion, and hip fracture in normal patients. The risks of cerebral bleeding and hip fracture were
found to be significantly lower in overweight patients with the highest Cr tertile.

Discussion
Obesity paradox has been well demonstrated in dialysis patients, but is not a universal finding.
In a 12-year follow-up, Kaizu et al. [23] observed that survival rate was significantly lower in
non-diabetic HD patients with BMI more than 23.0 kg/m2 compared to that in those with a
BMI of 17.0–18.9 kg/m2. During their 2-year observation, Wong et al. [24] also reported that
obese Asian-American dialysis patients were associated with poor prognosis. The Netherlands
survey also did not find any clinical benefit for obesity [9, 10].

In this study, there was a L-shaped association between BMI and all cause mortality both in
men and women. Recently, it is speculated that muscle size can help to explain the complicated
relationship between BMI and mortality in chronic illnesses such as cancer [25], heart failure
[26], and type-2 DM [27]. Lowrie and Lew first reported a strong relationship between serum
Cr and mortality in dialysis patients [28]. In a US nationwide cohort, Kalantar-Zadeh et al.
[29] demonstrated that higher BMI with higher serum Cr concentration appears to be associ-
ated with a higher survival rate in HD patients. They showed that in HD patients, a decline in
serum Cr over time was a stronger predictor of fatality than body weight loss [30]. A trend
association between higher Cr and lower risk of total mortality was also observed across all
BMI categories in the Dialysis Outcomes Practice Patterns Study (DOPPS) [31].

As expected, our study showed that obesity, as assessed by BMI, was not associated with the
risk for all-cause mortality. However, after stratifying obese patients by serum Cr tertiles, the
lowest tertile of serum Cr was significantly related to an increased risk of cardiac death and

Fig 4. Multivariate-adjusted odds ratios for all-causemortality according to the BMI groups and the tertiles of serumCr.We applied the group with
normal-weight and the middle tertile of Cr as the reference. Abbreviations are BMI: body mass index, Cr: creatinine and Ref: reference group. ap, bp and cp
denoted p values less than 0.001, 0.01 and 0.05 respectively.

doi:10.1371/journal.pone.0150003.g004
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Fig 5. Multivariate-adjusted odds ratios for the cause-specific mortality (A: cardiac death, B:
cerebrovascular death, C: infection-related death, D: cancer-related death) according to BMI groups
with serumCr tertiles.We used the mortality rate of the group with normal-weight and the middle tertile of Cr
as the reference. Abbreviations are BMI: body mass index, Cr: creatinine and Ref: reference group. ap, bp
and cp denoted p values less than 0.001, 0.01 and 0.05 respectively.

doi:10.1371/journal.pone.0150003.g005
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cerebral infarction. In addition, the risk of all-cause or cause-specific death was significantly
lower than that in the reference category in lean patients, when serum Cr was classified into the
top tertile (Figs 4 and 5). In agreement with the findings, Honda et al. [14] have reported that
obese sarcopenia was associated with a higher risk of mortality in incident dialysis patients.
Moreau-Gaudry et al also found that serum Cr lower than 8.1 mg/dL was associated with mor-
tality in HD patients with BMI over 23 kg/m2 [32]. A recent international cohort study demon-
strated that assessment of body lean and fat masses is more useful in predicting survival
prognosis in HD patients [33]. Taken together, these observations convincingly suggest that
serum Cr level, irrespective of BMI, is more useful than BMI alone in predicting mortality and
comorbidity in HD patients.

We showed that the highest tertile of serum Cr was associated with a lower risk of cardiac
and CV-related deaths. Increased Cr was also related to a lower risk of fatal and non-fatal car-
diovascular events. In general, sarcopenia increases the risk of mortality, independent of BMI
category [34]. Thigh sarcopenia is closely associated with arteriosclerotic changes in HD
patients [35, 36]. Since serum Cr is positively correlated with nPCR, an indirect marker of die-
tary protein intake, adequate protein intake may be essential to prevent muscle wasting,
thereby leading to a slower progression of arteriosclerosis.

Low BMI is strongly linked to the risk of hip fracture in maintenance HD patients. The risk
of hip fracture was 2.5-fold higher in patients with BMI less than 23.0 kg/m2 than in those with
higher BMI [37]. Sarcopenia has commonly been seen in elderly patients with hip fracture
[38]. In this study, we confirmed that the risk of hip fracture was 2.0-fold higher in men and
1.9-fold higher in women with BMI less than 18.5 kg/m2 with the lowest tertile of Cr. However,

Table 2. Associations of BMI with morbidities according to Cr levels in male.

Categories of BMI (kg/m2)

Tertile of sCr <18.5 18.5–24.9 25.0–29.9 �30.0

Myocardial infarction Lowest 1.05 (0.86–1.28) 1.06 (0.92–1.22) 1.18 (0.89–1.58) 1.56 (0.79–3.08)

Middle 0.98 (0.77–1.25) Reference 0.89 (0.68–1.16) 1.33 (0.70–2.54)

Highest 0.66 (0.43–1.01) 0.74 (0.63–0.86) a 0.79 (0.61–1.03) 0.99 (0.58–1.69)

Cerebral bleeding Lowest 1.44 (1.16–1.79) b 1.08 (0.91–1.29) 0.97 (0.66–1.44) 0.51 (0.13–2.08)

Middle 0.97 (0.72–1.30) Reference 0.71 (0.49–1.04) 0.99 (0.40–2.42)

Highest 0.53 (0.31–0.92) c 0.72 (0.60–0.87) b 0.69 (0.50–0.97) c 0.48 (0.19–1.17)

Cerebral infarction Lowest 1.43 (1.24–1.67) a 1.11 (0.99–1.24) 1.00 (0.77–1.29) 1.80 (1.05–3.09) c

Middle 1.15 (0.95–1.39) Reference 0.87 (0.69–1.10) 0.67 (0.31–1.43)

Highest 0.66 (0.45–0.95) c 0.76 (0.67–0.87) a 0.83 (0.66–1.04) 0.56 (0.30–1.05)

Limb amputation Lowest 1.39 (1.04–1.87) c 1.02 (0.81–1.28) 0.91 (0.56–1.47) 1.75 (0.70–4.37)

Middle 0.92 (0.61–1.39) Reference 0.73 (0.47–1.15) 0.80 (0.25–2.54)

Highest 0.41 (0.17–1.01) 0.45 (0.34–0.61) a 0.72 (0.48–1.09) 0.72 (0.31–1.67)

Hip fracture Lowest 2.04 (1.51–2.76) a 1.36 (1.05–1.76) c 0.65 (0.30–1.40) 0.00

Middle 1.29 (0.86–1.95) Reference 0.67 (0.35–1.28) 1.38 (0.34–5.64)

Highest 0.37 (0.12–1.16) 0.64 (0.46–0.89) b 0.47 (0.23–0.97) c 0.41 (0.06–2.95)

Data are expressed as odds ratio (95% confidence interval) compared to the reference group of BMI 18.5–24.9 with middle tertile of sCr, adjusted for age,

dialysis vintage, diabetes mellitus, serum albumin, phosphorus, C-reactive protein and Kt/V.
aP < 0.001,
bP < 0.01, and
cP < 0.05.

Abbreviation: BMI, body mass index; sCr, serum creatinine

doi:10.1371/journal.pone.0150003.t002
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in patients with the highest Cr tertile in this group, the risk of bone fracture became rather low
in comparison to the reference. Similarly, elevated Cr levels were also associated with lower
risk of hip fracture in patients with normal to excess body weight.

Recently, decreased muscle power in lower extremities has been shown to be strongly asso-
ciated with increased mortality risk in HD patients [39]. Handgrip strength is also more associ-
ated with physical inactivity and mortality than muscle mass [40]. Hence, serum Cr may
preferentially reflect muscle function rather than muscle mass volume itself in HD patients.

In the dialysis population, the risk of infection-related death was 7.5-fold higher than in the
general population; in patients aged 60–74 years, the risk of infection-related death was as high
as 22-fold [41]. Sarcopenia is known to be a potent risk factor for nosocomial infections in the
elderly [42]. In this study, a lower serum Cr level was significantly related to a higher risk of
infection-related death, when men had BMI less than 25.0 kg/m2 and women had BMI less
than 30.0 kg/m2.

Recently, a low serum Cr level has been demonstrated as an independent risk factor in van-
comycin-resistant enterococcal colonization [43] and nosocomial aspiration pneumonia [44]
in HD patients. The decrease of serum Cr levels during the first 2 weeks is a risk factor of pneu-
monia-related mortality [44]. Since swallowing and chewing are closely correlated with sys-
temic loss of skeletal muscle mass volume [38], decreased serum Cr level may be associated
with sarcopenic dysphagia, an important cause of recurrent aspiration pneumonia.

We have several limitations to this cohort. Firstly, we did not directly evaluate lean and fat
masses by anthropometric measurements. However, since serum Cr correlates well with lean
body mass volume [45], measurement of serum Cr is established as a surrogate marker of

Table 3. Associations of BMI with morbidities according to Cr levels in female.

Categories of BMI (kg/m2)

Tertile of sCr <18.5 18.5–24.9 25.0–29.9 �30.0

Myocardial infarction Lowest 1.16 (0.91–1.48) 1.00 (0.80–1.25) 0.67 (0.41–1.07) 1.62 (0.81–3.26)

Middle 1.01 (0.76–1.35) Reference 1.12 (0.78–1.60) 0.76 (0.31–1.88)

Highest 0.74 (0.50–1.10) 0.67 (0.52–0.87) b 0.77 (0.50–1.19) 0.67 (0.27–1.67)

Cerebral bleeding Lowest 1.53 (1.17–1.99) b 1.11 (0.86–1.43) 0.48 (0.25–0.93) c 0.70 (0.22–2.23)

Middle 1.06 (0.77–1.46) Reference 0.33 (0.16–0.67) b 0.63 (0.20–2.01)

Highest 0.84 (0.56–1.25) 0.61 (0.46–0.82) b 0.58 (0.34–0.99) c 0.78 (0.31–1.93)

Cerebral infarction Lowest 1.37 (1.15–1.64) a 1.14 (0.97–1.35) 1.21 (0.90–1.63) 1.05 (0.54–2.02)

Middle 0.92 (0.74–1.15) Reference 1.02 (0.76–1.37) 1.07 (0.57–1.99)

Highest 0.68 (0.50–0.91) b 0.65 (0.53–0.79) a 0.68 (0.48–0.97) c 0.60 (0.28–1.29)

Limb amputation Lowest 3.01 (1.96–4.62) a 2.12 (1.41–3.18)a 1.37 (0.68–2.73) 1.15 (0.27–4.87)

Middle 1.51 (0.85–2.69) Reference 0.96 (0.46–2.00) 0.95 (0.23–4.00)

Highest 0.88(0.38–2.01) 0.79 (0.47–1.33) 1.11 (0.54–2.27) 0.71 (0.17–3.00)

Hip fracture Lowest 1.89 (1.49–2.39) a 1.24 (0.98–1.57) 0.98 (0.61–1.59) 0.27(0.04–1.98)

Middle 1.07 (0.78–1.46) Reference 0.81 (0.50–1.32) 0.27 (0.04–1.95)

Highest 0.78 (0.49–1.24) 0.52 (0.37–0.73) a 0.37 (0.17–0.79) c 0.57 (0.14–2.33)

Data are expressed as odds ratio (95% confidence interval) compared to the reference group of BMI 18.5–24.9 with middle tertile of sCr, adjusted for age,

dialysis vintage, diabetes mellitus, serum albumin, phosphorus, C-reactive protein and Kt/V.
aP < 0.001,
bP < 0.01, and
cP < 0.05.

Abbreviation: BMI, body mass index; sCr, serum creatinine

doi:10.1371/journal.pone.0150003.t003
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skeletal muscle mass in HD patients [46]. Secondly, besides muscle mass, pre-dialysis serum Cr
level might be affected by residual renal function. In this cohort, the interquartile time on HD
was 2.3–10.2 years and 2.8–11.9 years for males and females respectively, indicating that over
75% of the patients had been undergoing HD regularly for more than 2 years. Since residual
renal function can generally be considered negligible in patients receiving HD for more than 2
years, serum Cr levels could be a good indicator for muscle mass in patients on long-term HD.
Thirdly, we only measured BMI and clinical parameters at commencement due to the method-
ological limitations in this nationwide cohort. Finally, we did not assess other potentially con-
founders such as psychological, social, and economic factors.

In summary, our findings indicate that the obesity paradox occurs in HD patients only
when obesity is simply defined by BMI. However, when patients are subdivided by serum Cr
levels in each BMI category, the obesity paradox disappears. Rather, serum Cr level plays a cru-
cial role in determining mortality and morbidity. Thus, we conclude that an early identification
and intervention for sarcopenia (along with obesity) by assessing serum Cr levels may be more
important to improve poor clinical outcomes in prevalent HD patients.
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(TIF)

S2 Fig. Multivariate-adjusted odds ratios for all-cause mortality according to the BMI
groups and the tertiles of %CGR.We applied the group with normal-weight and the middle
tertile of %CGR as the reference. Abbreviations are BMI: body mass index, %CGR: percentile
creatinine gereration rate and Ref: reference group. ap, bp and cp denoted p values less than
0.001, 0.01 and 0.05 respectively.
(TIF)

S3 Fig. Normalized protein catabolic rates according to the four BMI categories with
serum Cr tertiles. Abbreviations are BMI: body mass index, Cr: creatinine and nPCR: normal-
ized protein catabolic rate. Labeled data indicates mean nPCR in each group.
(TIF)

S1 Table. Baseline characteristics of the study cohort.
(PDF)

S2 Table. Associations of BMI with all-cause mortality according to Cr levels.
(PDF)

S3 Table. Associations of BMI with cardiac mortality according to Cr levels.
(PDF)

S4 Table. Associations of BMI with cerebrovascular mortality according to Cr levels.
(PDF)

S5 Table. Associations of BMI with infection-related mortality according to Cr levels.
(PDF)

S6 Table. Associations of BMI with cancer mortality according to Cr levels.
(PDF)

Creatinine and Outcomes in Prevalent HD Patients

PLOS ONE | DOI:10.1371/journal.pone.0150003 March 1, 2016 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150003.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150003.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150003.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150003.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150003.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150003.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150003.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150003.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150003.s009


Author Contributions
Conceived and designed the experiments: YS TO HY SH TH KI YT AK. Performed the experi-
ments: YS. Analyzed the data: YS TO AK. Contributed reagents/materials/analysis tools: YS.
Wrote the paper: YS AK.

References
1. Prospective Studies Collaboration, Whitlock G, Lewington S, Sherliker P, Clarke R, Emberson J, et al.

Body-mass index and cause-specific mortality in 900 000 adults: collaborative analyses of 57 prospec-
tive studies. Lancet. 2009; 373: 1083–96. doi: 10.1016/S0140-6736(09)60318-4 PMID: 19299006

2. Kalantar-Zadeh K, Block G, Humphreys MH, Kopple JD. Reverse epidemiology of cardiovascular risk
factors in maintenance dialysis patients. Kidney Int. 2003; 63: 793–808. PMID: 12631061

3. Park J, Ahmadi SF, Streja E, Molnar MZ, Flegal KM, Gillen D, et al. Obesity paradox in end-stage kid-
ney disease patients. Prog Cardiovasc Dis. 2014; 56: 415–25. doi: 10.1016/j.pcad.2013.10.005 PMID:
24438733

4. Leavey SF, McCullough K, Hecking E, Goodkin D, Port FK, Young EW. Body mass index and mortality
in 'healthier' as compared with 'sicker' haemodialysis patients: results from the Dialysis Outcomes and
Practice Patterns Study (DOPPS). Nephrol Dial Transplant. 2001; 16: 2386–94. PMID: 11733631

5. Chazot C, Gassia JP, Di Benedetto A, Cesare S, Ponce P, Marcelli D. Is there any survival advantage
of obesity in Southern European haemodialysis patients? Nephrol Dial Transplant. 2009; 24:2871–76.
doi: 10.1093/ndt/gfp168 PMID: 19369686

6. Ricks J, Molnar MZ, Kovesdy CP, Kopple JD, Norris KC, Mehrotra R, et al. Racial and ethnic differ-
ences in the association of body mass index and survival in maintenance hemodialysis patients. Am J
Kidney Dis. 2011; 58:574–82. doi: 10.1053/j.ajkd.2011.03.023 PMID: 21658829

7. Park J, Jin DC, Molnar MZ, Dukkipati R, Kim YL, Jing J, et al. Mortality predictability of body size and
muscle mass surrogates in Asian vs white and African American hemodialysis patients. Mayo Clin
Proc. 2013; 88: 479–86. doi: 10.1016/j.mayocp.2013.01.025 PMID: 23562348

8. Vashistha T, Mehrotra R, Park J, Streja E, Dukkipati R, Nissenson AR, et al. Effect of age and dialysis
vintage on obesity paradox in long-term hemodialysis patients. Am J Kidney Dis. 2014; 63: 612–22.
doi: 10.1053/j.ajkd.2013.07.021 PMID: 24120224

9. de Mutsert R, Snijder MB, van der Sman-de Beer F, Seidell JC, Boeschoten EW, Krediet RT, et al.
Association between body mass index and mortality is similar in the hemodialysis population and the
general population at high age and equal duration of follow-up. J Am Soc Nephrol. 2007; 18: 967–74.
PMID: 17267739

10. Hoogeveen EK, Halbesma N, Rothman KJ, Stijnen T, van Dijk S, Dekker FW, et al. Obesity and mortal-
ity risk among younger dialysis patients. Clin J Am Soc Nephrol. 2012; 7: 280–8. doi: 10.2215/CJN.
05700611 PMID: 22223612

11. Ikizler TA. Resolved: being fat is good for dialysis patients: the Godzilla effect: pro. J Am Soc Nephrol.
2008; 19: 1059–62. doi: 10.1681/ASN.2007090983 PMID: 18256355

12. Stenvinkel P, Lindholm B. Resolved: being fat is good for dialysis patients: the Godzilla effect: con. J
Am Soc Nephrol. 2008; 19:1062–4. PMID: 18512270

13. Kato A, Odamaki M, Yamamoto T, Yonemura K, Maruyama Y, Kumagai H, et al. Influence of body com-
position on 5 year mortality in patients on regular haemodialysis. Nephrol Dial Transplant. 2003;
18:333–40. PMID: 12543889

14. Honda H, Qureshi AR, Axelsson J, Heimburger O, Suliman ME, Barany P, et al. Obese sarcopenia in
patients with end-stage renal disease is associated with inflammation and increased mortality. Am J
Clin Nutr. 2007; 86: 633–8. PMID: 17823427

15. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, et al. Sarcopenia: European
consensus on definition and diagnosis: Report of the EuropeanWorking Group on Sarcopenia in Older
People. Age Ageing. 2010; 39: 412–23. doi: 10.1093/ageing/afq034 PMID: 20392703

16. Kim JK, Choi SR, Choi MJ, Kim SG, Lee YK, Noh JW, et al. Prevalence of and factors associated with
sarcopenia in elderly patients with end-stage renal disease. Clin Nutr. 2014; 33:64–8. doi: 10.1016/j.
clnu.2013.04.002 PMID: 23631844

17. Odamaki M, Furuya R, Ohkawa S, Yoneyama T, Nishikino M, Hishida A et al. Altered abdominal fat dis-
tribution and its association with the serum lipid profile in non-diabetic haemodialysis patients. Nephrol
Dial Transplant. 1999; 14: 2427–32. PMID: 10528668

Creatinine and Outcomes in Prevalent HD Patients

PLOS ONE | DOI:10.1371/journal.pone.0150003 March 1, 2016 13 / 15

http://dx.doi.org/10.1016/S0140-6736(09)60318-4
http://www.ncbi.nlm.nih.gov/pubmed/19299006
http://www.ncbi.nlm.nih.gov/pubmed/12631061
http://dx.doi.org/10.1016/j.pcad.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24438733
http://www.ncbi.nlm.nih.gov/pubmed/11733631
http://dx.doi.org/10.1093/ndt/gfp168
http://www.ncbi.nlm.nih.gov/pubmed/19369686
http://dx.doi.org/10.1053/j.ajkd.2011.03.023
http://www.ncbi.nlm.nih.gov/pubmed/21658829
http://dx.doi.org/10.1016/j.mayocp.2013.01.025
http://www.ncbi.nlm.nih.gov/pubmed/23562348
http://dx.doi.org/10.1053/j.ajkd.2013.07.021
http://www.ncbi.nlm.nih.gov/pubmed/24120224
http://www.ncbi.nlm.nih.gov/pubmed/17267739
http://dx.doi.org/10.2215/CJN.05700611
http://dx.doi.org/10.2215/CJN.05700611
http://www.ncbi.nlm.nih.gov/pubmed/22223612
http://dx.doi.org/10.1681/ASN.2007090983
http://www.ncbi.nlm.nih.gov/pubmed/18256355
http://www.ncbi.nlm.nih.gov/pubmed/18512270
http://www.ncbi.nlm.nih.gov/pubmed/12543889
http://www.ncbi.nlm.nih.gov/pubmed/17823427
http://dx.doi.org/10.1093/ageing/afq034
http://www.ncbi.nlm.nih.gov/pubmed/20392703
http://dx.doi.org/10.1016/j.clnu.2013.04.002
http://dx.doi.org/10.1016/j.clnu.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23631844
http://www.ncbi.nlm.nih.gov/pubmed/10528668


18. Nakai S, Suzuki K, Masakane I, Wada A, Itami N, Ogata S, et al. Overview of regular dialysis treatment
in Japan (as of 31 December 2008). Ther Apher Dial. 2010; 14: 505–40. doi: 10.1111/j.1744-9987.
2010.00893.x PMID: 21118359

19. Nakai S, Iseki K, Itami N, Ogata S, Kazama JJ, Kimata N, et al. Overview of regular dialysis treatment in
Japan (as of 31 December 2009). Ther Apher Dial. 2012; 16: 11–53. doi: 10.1111/j.1744-9987.2011.
01050.x PMID: 22248195

20. WHOExpert Consultation. Appropriate body-mass index for Asian populations and its implications for
policy and intervention strategies. Lancet. 2004; 363: 157–63. PMID: 14726171

21. Shinzato T, Nakai S, Miwa M, Iwayama N, Takai I, Matsumoto Y, et al. Newmethod to calculate creati-
nine generation rate using pre- and postdialysis creatinine concentrations. Artif Organs. 1997; 21:
864–72. PMID: 9247176

22. Shinzato T, Nakai S, Fujita Y, Takai I, Morita H, Nakane K, et al. Determination of Kt/V and protein cata-
bolic rate using pre- and postdialysis blood urea nitrogen concentrations. Nephron. 1994; 67: 280–90.
PMID: 7936017

23. Kaizu Y, Tsunega Y, Yoneyama T, Sakao T, Hibi I, Miyaji K, et al. Overweight as another nutritional risk
factor for the long-term survival of non-diabetic hemodialysis patients. Clin Nephrol. 1998; 50:44–50.
PMID: 9710346

24. Wong JS, Port FK, Hulbert-Shearon TE, Carroll CE, Wolfe RA, Agodoa LY, et al. Survival advantage in
Asian American end-stage renal disease patients. Kidney Int. 1999; 55:2515–23. PMID: 10354301

25. Gonzalez MC, Pastone CA, Orlandi SP, Heymsfield SB. Obesity paradox in cancer: new insights pro-
vided by body composition. Am J Clin Nutr. 2014; 99: 999–1005. doi: 10.3945/ajcn.113.071399 PMID:
24572565

26. Wannamethess SG, Shaper AG, Whincup PH, Lennon L, Papacosta O, Sattar N. The obesity paradox
in men with coronary heart disease and heart failure: the role of muscle mass and leptin. Int J Cardiol.
2014; 171: 49–55. doi: 10.1016/j.ijcard.2013.11.043 PMID: 24331120

27. Murphy RA, Reinders I, Garcia ME, Eiriksdottir G, Launer LJ, Benediktsson R, et al. Adipose tissue,
muscle, and function: potential mediators of associations between body weight and mortality in older
adults with type 2 diabetes. Diabetes Care. 2014; 37: 3213–19. doi: 10.2337/dc14-0293 PMID:
25315206

28. Lowrie EG, Lew NL. Death risk in hemodialysis patients: the predictive value of commonly measured
variables and an evaluation of death rate differences between facilities. Am J Kidney Dis. 1990; 15:
458–82. PMID: 2333868

29. Kalantar-Zadeh K, Streja E, Kovesdy CP, Oreopoulos A, Noori N, Jing J, et al. The obesity paradox and
mortality associated with surrogates of body size and muscle mass in patients receiving hemodialysis.
Mayo Clin Proc. 2010; 85: 991–1001. doi: 10.4065/mcp.2010.0336 PMID: 21037042

30. Kalantar-Zadeh K, Streja E, Molnar MZ, Lukowsky LR, Krishnan M, Kovesdy CP, et al. Mortality predic-
tion by surrogates of body composition: an examination of the obesity paradox in hemodialysis patients
using composite ranking score analysis. Am J Epidemiol. 2012; 175:793–803. doi: 10.1093/aje/kwr384
PMID: 22427612

31. Lopes AA, Bragg-Gresham JL, Elder SJ, Ginsberg N, Goodkin DA, Pifer T, et al. Independent and joint
associations of nutritional status indicators with mortality risk among chronic hemodialysis patients in
the Dialysis Outcomes and Practice Patterns Study (DOPPS). J Ren Nutr. 2010; 20:224–34. doi: 10.
1053/j.jrn.2009.10.002 PMID: 20060319

32. Moreau-Gaudry X, Guebre-Egziabher F, Jean G, Genet L, Lataillade D, Legrand E,et al. Serum creati-
nine improves body mass index survival prediction in hemodialysis patients: a 1-year prospective
cohort analysis from the ARNOS study. J Ren Nutr. 2011; 21: 369–75. doi: 10.1053/j.jrn.2010.08.005
PMID: 21239182

33. Marcelli D, Usvyat LA, Kotanko P, Bayh I, Canaud B, Etter M, et al. Body Composition and Survival in
Dialysis Patients: Results from an International Cohort Study. Clin J Am Soc Nephrol. 2015; 10: 1192–
200. doi: 10.2215/CJN.08550814 PMID: 25901091

34. Batsis JA, Mackenzie TA, Barre LK, Lopez-Jimenez F, Bartels SJ. Sarcopenia, sarcopenic obesity and
mortality in older adults: results from the National Health and Nutrition Examination Survey III. Eur J
Clin Nutr. 2014; 68:1001–7. doi: 10.1038/ejcn.2014.117 PMID: 24961545

35. Kato A, Ishida J, Endo Y, Takita T, Furuhashi M, Maruyama Y, et al. Association of abdominal visceral
adiposity and thigh sarcopenia with changes of arteriosclerosis in haemodialysis patients. Nephrol Dial
Transplant. 2011; 26: 1967–76. doi: 10.1093/ndt/gfq652 PMID: 20980356

36. Kato A, Takita T, Kumagai H. Relationship between arterial stiffening and skeletal muscle atrophy in
hemodialysis patients: a gender comparative study. J Cachexia Sarcopenia Muscle. 2014; 5:247–9.
doi: 10.1007/s13539-014-0147-9 PMID: 24898354

Creatinine and Outcomes in Prevalent HD Patients

PLOS ONE | DOI:10.1371/journal.pone.0150003 March 1, 2016 14 / 15

http://dx.doi.org/10.1111/j.1744-9987.2010.00893.x
http://dx.doi.org/10.1111/j.1744-9987.2010.00893.x
http://www.ncbi.nlm.nih.gov/pubmed/21118359
http://dx.doi.org/10.1111/j.1744-9987.2011.01050.x
http://dx.doi.org/10.1111/j.1744-9987.2011.01050.x
http://www.ncbi.nlm.nih.gov/pubmed/22248195
http://www.ncbi.nlm.nih.gov/pubmed/14726171
http://www.ncbi.nlm.nih.gov/pubmed/9247176
http://www.ncbi.nlm.nih.gov/pubmed/7936017
http://www.ncbi.nlm.nih.gov/pubmed/9710346
http://www.ncbi.nlm.nih.gov/pubmed/10354301
http://dx.doi.org/10.3945/ajcn.113.071399
http://www.ncbi.nlm.nih.gov/pubmed/24572565
http://dx.doi.org/10.1016/j.ijcard.2013.11.043
http://www.ncbi.nlm.nih.gov/pubmed/24331120
http://dx.doi.org/10.2337/dc14-0293
http://www.ncbi.nlm.nih.gov/pubmed/25315206
http://www.ncbi.nlm.nih.gov/pubmed/2333868
http://dx.doi.org/10.4065/mcp.2010.0336
http://www.ncbi.nlm.nih.gov/pubmed/21037042
http://dx.doi.org/10.1093/aje/kwr384
http://www.ncbi.nlm.nih.gov/pubmed/22427612
http://dx.doi.org/10.1053/j.jrn.2009.10.002
http://dx.doi.org/10.1053/j.jrn.2009.10.002
http://www.ncbi.nlm.nih.gov/pubmed/20060319
http://dx.doi.org/10.1053/j.jrn.2010.08.005
http://www.ncbi.nlm.nih.gov/pubmed/21239182
http://dx.doi.org/10.2215/CJN.08550814
http://www.ncbi.nlm.nih.gov/pubmed/25901091
http://dx.doi.org/10.1038/ejcn.2014.117
http://www.ncbi.nlm.nih.gov/pubmed/24961545
http://dx.doi.org/10.1093/ndt/gfq652
http://www.ncbi.nlm.nih.gov/pubmed/20980356
http://dx.doi.org/10.1007/s13539-014-0147-9
http://www.ncbi.nlm.nih.gov/pubmed/24898354


37. Stehman-Breen CO, Sherrard DJ, Alem AM, Gillen DL, Heckbert SR, Wong CS, et al. Risk factors for
hip fracture among patients with end-stage renal disease. Kidney Int. 2000; 58: 2200–5. PMID:
11044242

38. Wakabayashi H, Sakuma K. Rehabilitation nutrition for sarcopenia with disability: a combination of both
rehabilitation and nutrition care management. J Cachexia Sarcopenia Muscle. 2014; 5: 269–77. doi:
10.1007/s13539-014-0162-x PMID: 25223471

39. Matsuzawa R, Matsunaga A, Wang G, Yamamoto S, Kutsuna T, Ishii A, et al. Relationship between
lower extremity muscle strength and all-cause mortality in Japanese patients undergoing dialysis. Phys
Ther. 2014; 94: 947–56. doi: 10.2522/ptj.20130270 PMID: 24578522

40. Isoyama N, Quershi AR, Avesani CM, Lindholm B, Bárány P, Heimbürger O, et al. Comparative associ-
ations of muscle mass and muscle strength with mortality in dialysis patients. Clin J Am Soc Nephrol.
2014; 9: 1720–8. doi: 10.2215/CJN.10261013 PMID: 25074839

41. Wakasugi M, Kazama JJ, Yamamoto S, Kawamura K, Narita I. Cause-specific excess mortality among
dialysis patients: comparison with the general population in Japan. Ther Apher Dial. 2013; 17: 298–
304. doi: 10.1111/j.1744-9987.2012.01144.x PMID: 23735145

42. Cosquéric G, Sebag A, Ducolombier C, Thomas C, Piette F, Weill-Engerer S. Sarcopenia is predictive
of nosocomial infection in care of the elderly. Br J Nutr. 2006; 96: 895–901. PMID: 17092379

43. Kee SY, Park CW, Lee JE, Kwon YJ, Pyo HJ, Western Dialysis Physical Association, et al. Healthcare-
associated risk factors of vancomycin-resistant Enterococci colonization among outpatients undergo-
ing hemodialysis. Jpn J Infect Dis. 2012; 65: 57–60. PMID: 22274159

44. Minakuchi H, Wakino S, Hayashi K, Inamoto H, Itoh H. Serum creatinine and albumin decline predict
the contraction of nosocomial aspiration pneumonia in patients undergoing hemodialysis. Ther Apher
Dial. 2014; 18: 326–33. doi: 10.1111/1744-9987.12143 PMID: 24215304

45. Noori N, Kovesdy CP, Bross R, Lee M, Oreopoulos A, Benner D, et al. Novel equations to estimate lean
body mass in maintenance hemodialysis patients. Am J Kidney Dis. 2011; 57: 130–9. doi: 10.1053/j.
ajkd.2010.10.003 PMID: 21184920

46. Patel SS, Molnar MZ, Tayek JA, Ix JH, Noori N, Benner D, et al. Serum creatinine as a marker of muscle
mass in chronic kidney disease: results of a cross-sectional study and review of literature. J Cachexia
Sarcopenia Muscle. 2013; 4: 19–29. doi: 10.1007/s13539-012-0079-1 PMID: 22777757

Creatinine and Outcomes in Prevalent HD Patients

PLOS ONE | DOI:10.1371/journal.pone.0150003 March 1, 2016 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/11044242
http://dx.doi.org/10.1007/s13539-014-0162-x
http://www.ncbi.nlm.nih.gov/pubmed/25223471
http://dx.doi.org/10.2522/ptj.20130270
http://www.ncbi.nlm.nih.gov/pubmed/24578522
http://dx.doi.org/10.2215/CJN.10261013
http://www.ncbi.nlm.nih.gov/pubmed/25074839
http://dx.doi.org/10.1111/j.1744-9987.2012.01144.x
http://www.ncbi.nlm.nih.gov/pubmed/23735145
http://www.ncbi.nlm.nih.gov/pubmed/17092379
http://www.ncbi.nlm.nih.gov/pubmed/22274159
http://dx.doi.org/10.1111/1744-9987.12143
http://www.ncbi.nlm.nih.gov/pubmed/24215304
http://dx.doi.org/10.1053/j.ajkd.2010.10.003
http://dx.doi.org/10.1053/j.ajkd.2010.10.003
http://www.ncbi.nlm.nih.gov/pubmed/21184920
http://dx.doi.org/10.1007/s13539-012-0079-1
http://www.ncbi.nlm.nih.gov/pubmed/22777757

