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The Journal of Nutrition

Nutrition and Disease
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in Maintenance Hemodialysis Patients1–3
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Abstract

To determine the association between all-cause mortality and dietary protein intake in patients with chronic kidney

disease, we performed a large-scale, 8-y prospective cohort study in 98,489 maintenance hemodialysis patients

from a multicenter dialysis care provider. Compared with the reference level (60 to <70 g/d), low protein nitrogen

appearance (PNA) levels [<30 g/d, HR: 1.40 (95% CI: 1.30, 1.50); 30 to <40 g/d, HR: 1.33 (95% CI: 1.28, 1.39)] was

associated with higher all-cause mortality, and high PNA levels [$110 g/d, HR: 0.92 (95% CI: 0.88, 0.97); 100 to

<110 g/d, HR: 0.87 (95% CI: 0.82, 0.91)] were associated with lower all-cause mortality in all analyses. This association

was also found in subanalyses performed among racial and hypoalbuminemic groups. Hence, using PNA as a surrogate

for protein intake, a low daily dietary protein intake is associated with increased risk of death in all hemodialysis

patients. Whether the association between dietary protein intake and survival is causal or a consequence of anorexia

secondary to protein-energy-wasting/inflammation or other factors should be explored in interventional trials. J. Nutr.

143: 1084–1092, 2013.

Introduction

In individuals with chronic renal failure, decreased dietary
protein intake may be associated with poor survival (1,2).
The malnutrition-inflammation complex syndrome (MICS)14 is

related to decreased appetite (3), inadequate protein and en-
ergy intake (4), and hypercatabolism as well as other causes such

as acidemia and antianabolic states (4,5). Thus, maintenance

hemodialysis (MHD) patients presenting with this constellation

of features may suffer from protein-energy malnutrition, which

may provoke, exacerbate, or be enhanced by inflammation (6).

MICS and concomitant inadequate protein-energy intake have

been implicated as possible causes of adverse clinical outcomes

in maintenance dialysis patients.
Because MHD patients excrete little or no urine, the change

in serum urea nitrogen between and during hemodialysis

sessions becomes a reliable indicator of dietary nitrogen intake,

provided the patient is in a steady state. Although indirect, this

measure of protein intake is referred to as the urea kinetic-based

protein nitrogen appearance (PNA) or the protein catabolic rate,

which is usually normalized for body weight [normalized protein

nitrogen appearance (nPNA)]. Although the association between

nPNA and survival has been examined at baseline and time-

dependent PNA levels measured quarterly (1), to more fully

understand the direct relationships and potential confounders

that can better inform more precise prospective studies, there
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remains a need for additonal observational studies to examine
the effects of PNA over time on mortality in a time-averaged
analysis with or without multivariate adjustment for other
elements of MICS, which also may vary over time.

Hypoalbuminemia is strongly associated with increased
mortality in MHD and chronic peritoneal dialysis patients
(7,8). Evidence indicates that both malnutrition and inflamma-
tion are major causes of severe hypoalbuminemia in MHD
patients (4). Nutritional support has been shown to improve
hypoalbuminemia and clinical outcome in patients with chronic
kidney disease (CKD) (5,7,9,10). Indeed, several randomized
and nonrandomized prospective trials in hypoalbuminemic
MHD patients indicate that nutritional support may increase
serum albumin (11), but it has not affected hard outcomes (12–
14). Increased dietary protein in hypoalbuminemic patients thus
might confer a survival advantage compared with those patients
with lower dietary protein intakes. Moreover, race is an effect
modifier in association between clinical outcomes and different
nutritional markers in MHD patients, and it might explain the
survival advantage of African American MHD patients com-
pared with their white counterparts (15,16).

In a large, prospective cohort study in MHD patients from a
multicenter dialysis care provider, we examined the hypothesis
that survival would increase across the higher PNA groups
independent of case-mix characteristics, comorbidity, dialysis
dose, and other covariates. We also hypothesized that increases
in PNA in hypoalbuminemic MHD patients would be associated
with an improvement in survival in the same linear fashion, as
would increased protein intake in blacks, whites, and Hispanics.

Participants and Methods

Patients. We examined the national database of large dialysis organi-
zation (LDOs) in the United States. Database creation has been described

elsewhere (17). An 8-y cohort was created by using data collected from

patients with stage 5 CKD undergoing MHD treatment between July 1,

2001, and September 30, 2009, among 966 LDO outpatient dialysis
facilities in the US. The study was approved by the institutional review

committees of Harbor-UCLA Medical Center and DaVita, Inc.

Patients� postdialysis weight from each treatment was averaged over

each 13-wk quarter, and their BMI (weight in kg, divided by height
squared in m2) was calculated. Age was estimated by using date of birth

and the first day of the entry quarter. Three race/ethnic groups were

defined: whites (including non-Hispanic whites and Middle Easterners),
self-described blacks (including African Americans and sub-Saharan

Africans), and Hispanics.

History of tobacco smoking and preexisting cardiovascular and

noncardiovascular comorbid conditions were obtained by linking the
DaVita database to the Medical Evidence Form 2728 of the U.S. Renal

Data System (18) and categorized into 5 comorbid conditions: 1)
congestive heart failure, 2) peripheral vascular disease, 3) inability to

ambulate, 4) hypertension, and 5) alcohol dependency. Cohort time
included the number of days that a patient participated in the cohort and

was a number between 1 and 2920 d. Dialysis vintage was defined as the

interval of time between the first day of dialysis treatment and the first
day that the patient entered the cohort. Four categories of vintage were

created: 1) the first 6 mo, 2) between 6 and 24 mo, 3) between 2 and 5 y,

and 4) >5 y on dialysis. The entry quarter was defined as the first quarter

in which the patient�s dialysis vintage was >3 mo for at least half the
duration of the quarter as in our previous studies (15,16,19–24).

Laboratory methods. All laboratory measurements were performed by

LDO Laboratories in Deland, FL, by using standardized and automated
methods. For each laboratory measure, the average of all available values

obtained within any given calendar quarter were used in all analyses. The

nPNA and dialysis dose (Kt/V) (single pool) were calculated by using

urea kinetic modeling (UKM) formulas. The commonly used alternate

formulas, representing simplified UKM equations, are as follows

(25,26):

Kt=V ¼ -lnðR-0:0083 tÞ þ ½ð4-3:5æRÞ3UF=WÞ�

nPNA ¼ C0=½25:8þ ð1:15=½Kt=V�Þ þ 56:4=ðKt=VÞ� þ 0:168

where R is the ratio of postdialysis to predialysis serum urea nitrogen

(SUN), t is time of dialysis in hours, UF is the amount of ultrafiltration
(in L), W is the postdialysis weight (in kg), and C0 is the predialysis

concentration of SUN. The nPNA unit is grams of net protein

degradation per kilogram of body weight per day [g/(kg � d)]. However,
the UKM formulas used in DaVita laboratories to calculate Kt/V and

nPNA are more complex, and computational software programs are

routinely used. In general, in all of the foregoing calculations, the PNA is

a function of the urea nitrogen appearance [i.e., the urea generation rate
(G)] and the calculated total body water (TBW), both of which are

estimated during the UKM computations:

PNA ¼ ð5:4233GÞ=ð0:0013TBWÞ þ 0:168

All calculated PNA values are normalized (nPNA) to take into

account the body weight based on the postdialysis dry weight of the

patients, and other anthropometric and demographic variables entered

into the UKM software program.
Blood samples were collected predialysis with the exception of the

postdialysis SUN to calculate urea kinetics. Blood samples were drawn

by using uniform techniques in all LDO dialysis clinics across the nation

and were transported to the LDO Laboratory in Deland, FL. Most
laboratory values, including complete blood cell counts and serum

concentrations of urea nitrogen, albumin, creatinine, ferritin, and total

iron-binding capacity (TIBC), were measured monthly. Both nPNA and
Kt/V were estimated monthly. Serum ferritin was measured quarterly.

Hemoglobin was measured weekly to biweekly in most patients. Patients

with missing PNA values in all 33 quarters were excluded from the

analysis.
The following 10 time-varying (quarterly changing) laboratory

variables with up to 33 repeated measures per patient over the 8-y

cohort time were also included in the time-averaged models as potential

confounders: 1) serum ferritin, 2) serum albumin, 3) serum TIBC, 4)
serum creatinine, 5) serum phosphorus, 6) serum calcium, 7) serum

bicarbonate, 8) blood hemoglobin, 9) peripheral white blood cell count

(WBC), and 10) lymphocyte percentage. These measures are related to

MICS and have been associated in other studies with important
outcomes in dialysis patients as described elsewhere (15,16,19–24).

Statistical and epidemiologic methods. Cox proportional hazard
regressions with time-averaged measures were examined to determine

whether 8-y survival rates were associated with PNA. Variables were

averaged across quarters to form a cohort including all existing MHD
patients of the first quarter (quarter 1) and all new MHD patients of

subsequent quarters (quarters 2–33). Sixteen quarterly data sets were

merged using unique patient identifiers, and a baseline value was created

for each measure by left-truncating the first available value of the entry
quarter for each patient. Models were analyzed within 10 categories of

PNA: <30 g/d to $110 g/d, with eight 10-g/d incremental categories in

between. The reference PNA category for all Cox analyses was$60 and

<70 g/d. This category was chosen for its clinical relevance according
to Kidney Disease Outcomes Quality Initiative recommendations and

because it had the highest number of death cases.

Three types of models were examined on the basis of the level of

multivariate adjustment: 1) unadjusted models included only PNA
category, entry quarter, and mortality data; 2) case-mix–adjusted models

included age, gender, race/ethnicity, diabetes mellitus, vintage category,

primary insurance (Medicare, Medicaid, private, other), marital status
(married, single, divorced, widowed, other), Kt/V (single pool), residual

renal function at entry quarter (i.e., urinary urea clearance), iron

saturation ratio, serum intact parathyroid hormone, and alkaline

phosphatase levels history of smoking, and 5 preexisting comorbid
conditions (see above); and 3) case-mix– and MICS-adjusted models

Protein intake and hemodialysis survival 1085
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included all of the aforementioned covariates as well as BMI plus the

10 MICS-associated laboratory values (serum albumin, TIBC, ferritin,

creatinine, calcium, phosphorus, bicarbonate, blood hemoglobin,
WBCs, and lymphocyte percentage).

Standard descriptive statistics were also performed to obtain baseline

demographic, clinical, and laboratory characteristics stratified by PNA

category, and multiple linear regression models were fitted to construct
Pearson�s and partial correlations. To obtain ORs and 95% CIs for PNA

values #70 g/d versus PNA values >70 g/d, we used logistic regression

models after a check of variance inflation factors for each variable

affirmed that there was no multicollinearity. Due to the large sample size,
most associations and interactions we examined had very low P values.

Values in the text are means6 SDs, and analyses were performed at the a

= 0.05 level of significance. All statistical analyses were performed by
using SAS, version 9.2 (SAS Institute).

Results

There were 164,789 MHD patients in the LDO database during
the 8-y study (Supplemental Fig. 1). After excluding patients
receiving peritoneal dialysis or those who had undergone
modality switches between hemodialysis and peritoneal dialysis
(n = 33,495), participants younger than 19 y or within an outlier
of age (n = 722), those missing nPNA measurements during the
base quarter (n = 29,998), those missing base-quarter laboratory
and demographic data (n = 8), and those missing follow-up data
(n = 478) and PNA level (n = 1599), the final cohort consisted of
98,489 participants. All of these participants had the required
data for time-averaged analyses.

The 98,489 observed MHD patients had a mean follow-up
time of 1006 d, and there were 54,848 deaths (56%). The mean
6 SD patient age was 64 6 15 y, 45% were female, and 59%
had diabetes mellitus (Table 1). MHD patients who had lower
protein intakes, as determined by their PNA, included more
women. All-cause mortality exhibited decreasing rates across
increasing PNA values. Supplemental Table 1 shows the basic
characteristics of our population using nPNA categories.

Table 2 shows the bivariate (unadjusted) and multivariate-
adjusted correlation coefficients between PNA and some clini-
cally relevant variables in the baseline quarter of the cohort.
Serum creatinine, phosphorus, albumin, and TIBC concentra-
tions displayed the strongest unadjusted correlations with PNA.

Figure 1A shows death HRs of different PNAvalues using the
time-averaged models in all 98,489 MHD patients studied.
Adjusting for case-mix covariates, increased PNA confers a
survival advantage among all patients. Compared with the
reference level (60 to <70 g/d), patients with low PNA levels
[<30 g/d, HR: 1.40 (95% CI: 1.30, 1.50); 30 to <40 g/d, HR:
1.33 (95%CI: 1.28, 1.39)] were associated with higher all-cause
mortality and patients with high PNA levels [$110 g/d, HR:
0.92 (95% CI: 0.88, 0.97); 100 to <110 g/d, HR: 0.87 (95% CI:
0.82,0.91)] were associated with lower all-cause mortality in all
levels of analysis (Supplemental Table 2). In all patients, the
relationship between protein intake and mortality was reverse
J-shaped when nPNA (normalized to body weight) was ex-
amined (Fig. 1B). We found similar results in our sensitivity
analysis when we excluded patients with <6 or 12 mo dialysis
vintage (data not shown). These analyses were repeated for
the hypoalbuminemic subgroup (serum albumin <3.5 mg/dL),
and similar trends were observed (Fig. 2).

Similar relationships were also observed in a race-based
subanalysis of 3 mutually exclusive subgroups: black, Hispanic,
and white. We found similar reverse linear associations between
PNA and mortality in black, Hispanic, and white patients
(Fig. 3).T
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To identify the predictors of low protein intake (i.e., PNA
#70 g/d), we performed logistic regression analysis. Results
from the multivariate model are shown in Table 3. After
adjusting for case-mix and MICS covariates, we found that the
odds of experiencing low PNAwere 46% higher for blacks than
for whites and 257% higher for females compared with males,
and that a 0.1-g/dL decrease in serum albumin increased the
odds of experiencing low protein intake by 5%.

Discussion

With the use of time-adjusted analyses in a contemporary cohort
of 98,489 adult dialysis patients, we found that low PNA level,
as a surrogate of dietary intake, was associated with mortality
even after controlling for such demographic and laboratory
variables as age, gender, diabetes, and albumin.

Almost two-thirds of all MHD patients in the US die within
5 y of initiation of chronic dialysis treatment, mostly due to
cardiovascular disease (27). Survival in dialysis patients has
not improved substantially in the past 2 decades (27). Recent

randomized clinical trials have shown no survival benefit of
cholesterol-lowering interventions using rosuvastatin (28),
atorvastatin (29), simvastatin/ezetimibe (30), or high-dose folic
acid to treat hyperhomocysteinemia (31). Although a study on
high-flux membrane hemodialysis showed survival benefits for
cardiovascular mortality, there were no such results for all-cause
mortality (32), and additional efforts in the form of several
multicenter clinical trials have also failed to show any survival
advantage of increasing dialysis dose above a double pool Kt/V
urea of ;1.05 in these patients (33,34). Hence, there appear to
be other prevailing conditions that contribute to this substantial
mortality rate and that need to be identified and better studied.
Our study reiterates that protein intake may be an important
nontraditional risk factor in these patients.

Higher PNA was associated with better survival in our case-
mix model. A notable finding was the mitigation, but not
complete removal, of the protective effect of PNA on survival
upon further adjustment for MICS surrogates, leading to an
almost horizontal line for the >80-g/d PNA range. This may
reflect an overadjustment bias (35,36), especially because the
MICS may be a causal intermediate in the etiologic pathway
between protein intake and survival. If so, additional multivar-
iate adjustment for MICS may be inappropriate. Nonetheless,
the observed residual association between protein intake and
survival supports the presence of an effect.

We found that an nPNA $1.3 g � kg21 � d21 was not
associated with improved survival, but rather with increased
mortality. This reverse J-shaped association is consistent with
previous findings (1) and was also found in our study in
subanalyses of hypoalbuminemic patients and in all 3 racial/
ethnic groups analyzed separately. The reverse J-shaped upward
trend in all-cause mortality may be a consequence of toxic effects
of a very-high-protein diet, a hypercatabolic state due to inflam-
mation, the outcome-associated confounding effect of body
weight in smaller patients, or a reflection of a behavior pattern
due to poor compliance to medical prescription, any of which
may be acting singly or in concert to produce this increase in
mortality risk. It is considered unlikely that inflammation by
itself could be a sole cause of a chronically increased nPNA,
because a substantially increased protein catabolism from
inflammation is generally a rather self-limited phenomenon.
Furthermore, normalizing PNA to body weight is a matter of

TABLE 2 Bivariate (unadjusted) and multivariate correlation
coefficients between PNA and selected clinical and laboratory
variables at base quarter1

Variable
Unadjusted (Pearson)

correlation P
Adjusted (partial)

correlation2 P

BMI 0.67 ,0.001 0.68 ,0.001

Dialysis vintage 0.10 ,0.001 0.02 ,0.001

Serum albumin 0.27 ,0.001 0.07 ,0.001

Bicarbonate 20.16 ,0.001 20.09 ,0.001

Creatinine 0.34 ,0.001 0.26 ,0.001

Intact PTH 0.10 ,0.001 20.01 0.001

TIBC 0.26 ,0.001 0.10 ,0.001

Phosphorus 0.28 ,0.001 0.11 ,0.001

1 n = 98,489 MHD patients. MHD, maintenance hemodialysis; PNA, protein nitrogen

appearance; PTH, parathyroid hormone; TIBC, total iron-binding capacity.
2 Adjusted for case-mix features (age, sex, race, diabetic status), dialysis vintage,

dialysis dose, comorbid states, and malnutrition-inflammation complex syndrome

variables (serum albumin, TIBC, ferritin, creatinine, calcium, phosphorus, bicarbonate,

blood hemoglobin, white blood cell count, and lymphocyte percentage).

FIGURE 1 Associations between PNA (A) (n = 98,489) and nPNA (B) (n = 100,088) and 8-y mortality in all MHD patients based on time-

averaged models using averaged quarterly measures. MHD, maintenance hemodialysis; MICS, malnutrition-inflammation complex syndrome;

nPNA, normalized protein nitrogen appearance; PNA, protein nitrogen appearance.
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controversy in the literature, as it can be misleading in obese,
malnourished, and edematous individuals (37). In reality, one
does not need to account for patient size in order to calculate
a prescribed protein intake; such adjustments have actually
proven to mathematically bias results against seemingly well-
nourished or obese patients (38). In our study, the reverse
J-shaped association was eliminated when nPNAwas multiplied
by dry body weight to obtain PNA, and when categories were
plotted against all-cause mortality, suggesting that PNA may be
a more reliable surrogate than nPNA for dietary protein intake.
It is important to note that nPNA, according to the equations,
underestimates dietary protein intake by ;6–8 g protein/d and
more accurately reflects ‘‘measured’’ net protein degradation as
determined by the urea nitrogen appearance.

FFQs (39,40) or dietary interviews represent a more direct
approach to the assessment of protein intake in MHD patients,

and although vulnerable to imprecision and bias, future studies
using these methods may help to elucidate the etiology of these
reverse J-shaped associations.

The PNA-mortality associations were the same in all races.
However, there was a difference in mortality risk trends among
blacks, whites, and Hispanics across categories of nPNA. We
found similar reverse J-shaped associations between nPNA and
mortality in black and white patients. However, in Hispanic
patients only low nPNA was associated with higher mortality
risk. These results have added a new perspective to our previous
findings (15,41), which reveal a racial survival difference
whereby Hispanic and black MHD patients experience lower
mortality than their non-Hispanic white counterparts, perhaps
due to differences in nutritional and inflammatory status.

There are some potential pitfalls of our study. One of them is
our lack of explicit laboratory markers of inflammation such as

FIGURE 2 Time-averaged associations between PNA (A) and nPNA (B) and 8-y mortality among 26,433 MHD patients with serum albumin,3.5

mg/dL. MHD, maintenance hemodialysis; MICS, malnutrition-inflammation complex syndrome; nPNA, normalized protein nitrogen appearance;

PNA, protein nitrogen appearance.

FIGURE 3 Time-averaged associations between PNA/nPNA and 8-y mortality among 32,046 black (A, B), 15,488 Hispanic (C, D), and 41,776

white (E, F) MHD patients. MHD, maintenance hemodialysis; MICS, malnutrition-inflammation complex syndrome; nPNA, normalized protein

nitrogen appearance; PNA, protein nitrogen appearance.
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C-reactive protein or proinflammatory cytokines. However, we
did have data for serum albumin, ferritin, TIBC, and WBCs and
lymphocytes, which are all associated with inflammation (42–
46). Furthermore, whereas serum C-reactive protein may be a
more sensitive inflammatory marker, it may also be a more
short-term marker, whereas albumin is a longer-term indicator
of MICS. In addition, we did not have data about dietary and
lifestyle factors, which can have an effect on PNA level. The
included patients were older, more likely diabetic, and more
likely Hispanic or black (Supplemental Table 3), differences
which might affect the generalizability of our results.

One of the reported limitations of nPNA is its mathematical
coupling with the dialysis dose (Kt/V) (26). Indeed, in our study,
the correlation coefficient between Kt/V and nPNA was 0.309.
However, an alternative explanation is that the change in the
measured nPNA may be a consequence of a better dialysis dose
and subsequently improved appetite with greater nutrient
intake, leading to improved survival (3). In a recent study, a
significant association between Kt/V and nPNA was found only
for Kt/V values <1.2 (26). All multivariate models in our study
were adjusted for Kt/V; hence, it is unlikely that the mathemat-
ical or clinical association between these 2 measures had a

TABLE 3 Multivariate logistic regression model predicting PNA of 970 g/d in 98,489 MHD patients, 2001–20091

Unadjusted Case-mix adjusted Fully adjusted

Variable OR (95% CI) P OR (95% CI) P OR (95% CI) P

Age (10-y increase) 1.28 (1.27, 1.29) ,0.001 1.31 (1.30, 1.32) ,0.001 0.93 (0.92, 0.95) ,0.001

Gender (female) 2.18 (2.12, 2.23) ,0.001 1.89 (1.83, 1.94) ,0.001 3.57 (3.42, 3.72) ,0.001

Diabetes mellitus 0.63 (0.61, 0.65) ,0.001 0.50 (1.42, 1.52) ,0.001 0.52 (0.50, 0.54) ,0.001

Race

White (reference) 1.00 NA 1.00 NA 1.00 NA

Black 0.98 (0.95, 1.01) 0.12 1.22 (1.12, 1.27) ,0.001 1.46 (1.39, 1.53) ,0.001

Hispanic 0.90 (0.87, 0.93) ,0.001 1.10 (1.05, 1.14) ,0.001 1.26 (1.20, 1.33) ,0.001

Asian 1.49 (1.38, 1.61) ,0.001 1.66 (1.53, 1.80) ,0.001 1.49 (1.34, 1.65) ,0.001

Vintage (time on dialysis)

0–,6 mo (reference) 1.00 NA 1.00 NA 1.00 NA

6–,24 mo 1.15 (1.12 1.18) ,0.001 0.65 (0.62, 0.68) ,0.001 0.78 (0.74, 0.83) ,0.001

2–,5 y 0.74 (0.72, 0.76) ,0.001 0.42 (0.40, 0.44) ,0.001 0.77 (0.73, 0.82) ,0.001

$5 y 0.86 (0.858, 0.90) ,0.001 0.38 (0.36, 0.40) ,0.001 0.88 (0.82, 0.94) ,0.001

Primary insurance

Medicare (reference) 1.00 NA 1.00 NA 1.00 NA

Medicaid 1.19 (1.13, 1.23) ,0.001 1.31 (1.23, 1.34) ,0.001 1.16 (1.07, 1.25) ,0.001

Other 0.73 (0.71, 0.75) ,0.001 0.90 (0.87, 0.94) ,0.001 0.94 (0.90, 0.98) 0.005

Marital status

Married (reference) 1.00 NA 1.00 NA 1.00 NA

Divorced 0.95 (0.91, 1.00) 0.05 1.28 (1.22, 1.33) 0.08 1.06 (0.99, 1.14) 0.09

Single 0.94 (0.91, 0.97) ,0.001 1.20 (1.16, 1.24) ,0.001 1.12 (1.06, 1.17) ,0.001

Widowed 2.18 (2.10, 2.27) ,0.001 1.28 (1.22, 1.33) ,0.001 1.20 (1.13, 1.27) ,0.001

Other variables

Kt/V (dialysis dose) (+1 increase) 1.90 (1.81, 1.99) ,0.001 1.98 (1.86, 2.10) ,0.001 0.41 (0.37, 0.44) ,0.001

Residual renal function 0.75 (0.74, 0.76) ,0.001 0.70 (0.69, 0.72) ,0.001 0.73 (0.71, 0.74) ,0.001

BMI (+1 kg/m2) 0.78 (0.78, 0.79) ,0.001 0.76 (0.75, 0.76) ,0.001 0.75 (0.74, 0.75) ,0.001

Comorbid states (presence of)

Congestive heart failure 1.03 (1.01, 1.06) 0.02 0.90 (0.87, 0.92) ,0.001 0.87 (0.83, 0.91) ,0.001

Hypertension 0.86 (0.83, 0.89) ,0.001 0.81 (0.78, 0.84) ,0.001 0.91 (0.94, 1.03) 0.40

Inability to ambulate 1.37 (1.27, 1.48) ,0.001 1.10 (1.01, 1.19) 0.02 0.85 (0.77, 0.95) 0.004

PVD 1.19 (1.15, 1.24) ,0.001 1.19 (1.14 1.25) ,0.001 1.02 (0.97, 1.08) 0.45

Tobacco use 1.42 (1.34, 1.51) ,0.001 1.75 (1.64, 1.87) ,0.001 1.52 (1.39, 1.66) ,0.001

Alcohol dependence 1.73 (1.54, 1.94) ,0.001 1.76 (1.55, 1.99) ,0.001 1.49 (1.27, 1.74) ,0.001

Serum concentrations

Albumin (0.1-g/dL decrease) 1.14 (1.13, 1.14) ,0.001 1.11 (1.11, 1.12) ,0.001 1.05 (1.04, 1.06) ,0.001

Creatinine (1-mg/dL increase) 0.78 (0.79, 0.80) ,0.001 0.71 (0.71, 0.72) ,0.001 0.75 (0.74, 0.75) ,0.001

Phosphorus (1-mg/dL increase) 0.68 (0.67, 0.68) ,0.001 0.73 (0.72, 0.74) ,0.001 0.82 (0.81, 0.84) ,0.001

Total iron-binding capacity (10-mg/dL increase) 0.90 (0.89, 0.90) ,0.001 0.90 (0.89, 0.90) ,0.001 0.94 (0.93, 0.94) ,0.001

Carbon dioxide (1-mg/dL increase) 1.11 (1.11, 1.12) ,0.001 1.09(1.09, 1.10) ,0.001 1.07 (1.06, 1.08) ,0.001

Calcium (1-mg/dL increase) 0.83 (0.81, 0.85) ,0.001 0.83 (0.81, 0.85) ,0.001 0.95 (0.91, 0.98) 0.004

Iron saturation ratio (+1%) 1.00 (0.99, 1.00) 0.78 1.00 (0.99, 1.01) 0.27 0.99 (0.98, 0.99) ,0.001

Ferritin (100 mg/L increase) 1.03 (1.02, 1.03) ,0.001 1.01 (1.01, 1.02) ,0.001 0.98 (0.983, 0.99) ,0.001

Alkaline phosphatase (10-U/L increase) 1.02 (1.02, 1.04) ,0.001 1.03 (1.03, 1.04) ,0.001 0.99 (0.99, 1.00) 0.56

Intact PTH (100-pg/mL increase) 0.95 (0.94, 0.95) ,0.001 0.94 (0.94, 0.95) ,0.001 1.00 (0.99, 1.01) 0.10

White blood cells (3103/mL) 1.00 (1.00, 1.01) 0.13 0.98 (0.97, 0.98) ,0.001 0.98 (0.97, 0.99) ,0.001

Lymphocytes (+1%) 0.99 (0.98, 0.99) ,0.001 0.99 (0.98, 0.99) ,0.001 1.01 (1.01, 1.01) ,0.001

1 Kt/V, dialysis dose; MHD, maintenance hemodialysis; NA, not applicable; PNA, protein nitrogen appearance; PTH, parathyroid hormone; PVD, peripheral vascular disease.
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bearing on the multivariate-adjusted association between the
nPNA and mortality. Another potential limitation of nPNA is
that the metabolic status of any given patient cannot be
estimated by it; patients may be in negative or positive nitrogen
balance for a variety of reasons (47). However, MHD patients
are rarely in negative or, particularly, in positive nitrogen
balance (>1.0 to 1.5 g/d) for more than a very few days (26,47).
Thus, except for those exceptional times when an MHD patient
is in strongly negative or positive nitrogen balance, the nPNA
should rather closely reflect the dietary protein intake (e.g.,
within 610–15%). Moreover, the extremely large size of our
study and the use of the 13-wk averaged nPNA in lieu of 1 single
measurement mitigate the effect of nitrogen balance status on
our examined associations.

Among the strengths of our study is the use of time-averaged
models to examine the relation of PNA groups to all-cause
mortality while controlling for other nutritional and inflamma-
tory indices and the dialysis dose. Furthermore, our data are
based on an 8-y cohort period. Hence, our results are reflective
of long-term survival rates. Our time-averaged findings are
supported by the observed relations of different rates of PNA
gain and loss over time to survival. The data originate from
1 dialysis care provider that has uniform patient management
practices; all laboratory measurements were performed in
1 facility, and most data were means of several measures.
Hence, measurement variability was minimized.

In conclusion, in a contemporary cohort from one of the
largest dialysis facilities, we found that PNA as a surrogate of
protein intake shows a inverse association with mortality, but
the survival advantage of high PNA levels was not robust. It is
possible that the association between protein intake and survival
is secondary to protein-energy-wasting or additional factors,
and it would be worthwhile to further investigate this possibility
through interventional trials. Our effect estimates are subject to
various potential biases, not all of which are addressable with
the observational database available to us. Nonetheless, if causal,
the time-averaged association of PNA with survival would have
major clinical and public health implications. Clinical trials based
on dietary interventions in MHD patients including nutritional
supplements with or without antiinflammatory or antioxidant
properties could provide valuable information on the cause of
the association between PNA and mortality (48). Such inter-
ventions may also include appetite-stimulating agents (49),
because a poor appetite is associated with MICS and poor
outcome (3). Until randomized, prospective controlled trials
are conducted, special caution should be exercised in interpreting
observational data such as ours.
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