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Effect of a Very Low-Protein Diet on Outcomes: Long-term Follow-up of
the Modification of Diet in Renal Disease (MDRD) Study

Vandana Menon, MD, PhD,1 Joel D. Kopple, MD,2 Xuelei Wang, MS,3 Gerald J. Beck, PhD,3

Allan J. Collins, MD,4 John W. Kusek, PhD,5 Tom Greene, PhD,6 Andrew S. Levey, MD,1

and Mark J. Sarnak, MD, MS1

Background: The long-term effect of a very low-protein diet on the progression of kidney disease is
unknown. We examined the effect of a very low-protein diet on the development of kidney failure and
death during long-term follow-up of the Modification of Diet in Renal Disease (MDRD) Study.

Study Design: Long-term follow-up of study B of the MDRD Study (1989-1993).
Setting & Participants: The MDRD Study examined the effects of dietary protein restriction and

blood pressure control on progression of kidney disease. This analysis includes 255 trial participants
with predominantly stage 4 nondiabetic chronic kidney disease.

Intervention: A low-protein diet (0.58 g/kg/d) versus a very low-protein diet (0.28 g/kg/d) supple-
mented with a mixture of essential keto acids and amino acids (0.28 g/kg/d).

Outcomes: Kidney failure (initiation of dialysis therapy or transplantation) and all-cause mortality until
December 31, 2000.

Results: Kidney failure developed in 227 (89%) participants, 79 (30.9%) died, and 244 (95.7%)
reached the composite outcome of either kidney failure or death. Median duration of follow-up until
kidney failure, death, or administrative censoring was 3.2 years, and median time to death was 10.6
years. In the low-protein group, 117 (90.7%) participants developed kidney failure, 30 (23.3%) died, and
124 (96.1%) reached the composite outcome. In the very low-protein group, 110 (87.3%) participants
developed kidney failure, 49 (38.9%) died, and 120 (95.2%) reached the composite outcome. After
adjustment for a priori–specified covariates, hazard ratios were 0.83 (95% confidence interval, 0.62 to
1.12) for kidney failure, 1.92 (95% confidence interval, 1.15 to 3.20) for death, and 0.89 (95% confidence
interval, 0.67 to 1.18) for the composite outcome in the very low-protein diet group compared with the
low-protein diet group.

Limitations: Lack of dietary protein measurements during follow-up.
Conclusion: In long-term follow-up of the MDRD Study, assignment to a very low-protein diet did not

delay progression to kidney failure, but appeared to increase the risk of death.
Am J Kidney Dis 53:208-217. © 2009 by the National Kidney Foundation, Inc.
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lthough experimental data suggest a benefit
of dietary protein restriction on slowing

he progression of chronic kidney disease (CKD)
n animal models,1,2 clinical studies have shown
onflicting results. Low-protein diets appear to
low the rate of decrease in kidney function in
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ome studies,3-6 whereas others have failed to
how a benefit.7-9 Very few of these studies were
andomized controlled trials, most were short
erm, and many used outcomes based on creati-
ine levels, which are affected by level of dietary
rotein ingested as meat.10

The Modification of Diet in Renal Disease
MDRD) Study, the largest clinical trial to date to
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Very Low-Protein Diet and Outcomes in CKD 209
xamine the safety and efficacy of dietary pro-
ein restriction on the progression of kidney
isease, was unable to show a conclusive benefit
uring the trial of low- or very low-protein diets
n slowing the rate of measured glomerular filtra-
ion rate (GFR) decrease.11 In long-term fol-
ow-up of patients randomly assigned to usual-
ersus low-protein diets, there was insufficient
vidence supporting a benefit of the latter in
etarding the progression to kidney failure.12

here are limited data for long-term effects of
ery low-protein diets on clinical outcomes in
atients with nondiabetic CKD; however, dietary
rotein restriction remains a therapeutic consider-
tion in these patients.10,13,14

There are several precedents in the literature
or interventions during a trial showing benefits
r harm during long-term follow-up.15-17 There-
ore, we examined the effects of randomization
o the low-protein diet versus the very low-
rotein diet supplemented with a mixture of
ssential keto acids and amino acids on the
evelopment of kidney failure or death during
ong-term follow-up of the MDRD Study random-
zed cohort.

METHODS

DRDStudyRandomizedControlled Trial

The MDRD Study was a randomized controlled trial
onducted from 1989 to 1993 to study the effect of dietary
rotein restriction and strict blood pressure control on the
rogression of kidney disease. Details of this study have
een published previously.18,19 Eligibility criteria included
ge 18 to 70 years, serum creatinine concentration of 1.2 to
.0 mg/dL in women and 1.4 to 7.0 mg/dL in men, and mean
rterial pressure of 125 mm Hg or less. Exclusion criteria
ere insulin-requiring diabetes, class III or IV heart failure,
rine protein excretion exceeding 10 g/d, kidney transplanta-
ion, or frequent hospitalizations. Participants with GFR of
5 to 55 mL/min/1.73 m2 entered study A and participants
ith GFR of 13 to 24 mL/min/1.73 m2 entered study B. The
55 participants in study B were randomly assigned to either
low-protein diet (0.58 g/kg/d) or a very low-protein diet

0.28 g/kg/d) supplemented with a mixture of keto acids and
mino acids (0.28 g/kg/d; Table 1). Participants also were
andomly assigned to either a low or usual blood pressure
arget. Participants in study A were randomly assigned to
ither a usual-protein diet (1.3 g/kg/d) or low-protein diet
0.58 g/kg/d), with approximately 65% of dietary protein of
igh biological value (from animal sources) and are not
ncluded in the analyses presented here. Long-term fol-
ow-up results of the dietary interventions in study A have
een published previously.12 GFR was measured by using

othalamate clearance. Decisions to initiate dialysis therapy I
ere based on the clinical judgment of the primary nephrolo-
ists taking care of the patients. Iothalamate GFR values
ere not available to the primary physicians.

scertainment ofDietary Protein Intake

During the trial, protein and amino acid intake (Fig 1) was
easured every 2 months from urea nitrogen excretion rate

n 24-hour urine collections by using the formula of Maroni
t al20:

rotein intake (g ⁄ d)
� 6.25 (urine urea nitrogen excretion [g/d]

� 0.031 g/kg/d � SBW [kg])

here SBW is standard body weight computed from height
nd body frame.21 Mean protein intake during the study was
efined as the average of all measurements obtained after the
rst month of follow-up.19,22 The median amount of pre-
cribed keto acid–amino acid supplements used during the
rial was estimated by using pill counts to be 92%.

No recommendations were made regarding dietary pro-
ein targets after completion of the trial. Protein intake was
easured in a subgroup of participants 4 months after the

nd of the study (after close-out) and 5 months later (9
onths after study end; phase 5). Thereafter, protein intake
easurements are not available.

utcomeAscertainmentDuring Long-termFollow-up
1993-2000) of theMDRDStudy

We assessed 3 outcomes: kidney failure (initiation of
ialysis therapy or transplantation), all-cause mortality, and
composite outcome of kidney failure and all-cause mortal-

ty. We ascertained survival status from the National Death

Table 1. Composition of the Keto Acid–Amino Acid
Supplement Used in the Modification of Diet in Renal

Disease Study

-Tyrosine (�mol/kg/d) 271
-Threonine (�mol/kg/d) 119
alcium (�mol/kg/d) 17
,L-Hydroxymethylthiobutyrate (�mol/kg/d) 34
-Tryptophan (�mol/kg/d) 4

L-Ornithine (�mol/kg/d) 491
-Lysine (�mol/kg/d) 237
-Histidine (�mol/kg/d) 68
etoisocaproate (�mol/kg/d) 305
etoisovalerate (�mol/kg/d) 254
,S-Ketomethylvalerate (�mol/kg/d) 237

Note: Information provided by Ross Laboratories, Colum-
us, OH (David B. Cochram, personal communication,
ebruary 1996). The mixture combines mixed salts of
asic amino acids (or calcium) with amino acid analogues.
he table gives the constituents after hydrolysis of these
alts. Dosages were administered to the nearest 10 kg of
tandard body weight.
Reproduced with permission from Levey et al.22
ndex by using the participant’s Social Security number,
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Menon et al210
ame, sex, and date of birth. The National Death Index is
3% accurate in identifying deaths with known social secu-
ity numbers.23 We obtained kidney failure outcomes, de-
ned as initiation of dialysis therapy or transplantation, from

he US Renal Data System by using the same identifying
nformation. Death data from the National Death Index was
onfirmed by using data from the US Renal Data System.
articipants were censored on December 31, 2000, if neither
f these outcomes had occurred. The Institutional Review
oards of The Cleveland Clinic, Cleveland, OH, and Tufts
edical Center, Boston, MA, approved data collection pro-

edures for the long-term follow-up study.

tatistical Analysis

Time-to-event analyses for the 3 outcomes were per-
ormed by using the Kaplan-Meier method to estimate
umulative incidence curves and log-rank tests stratified by
linical center. We compared the effect of randomized dietary
rotein group on risk of the 3 outcomes by using unadjusted
nd adjusted Cox regression models stratified by clinical center.
he follow-up period included the duration of the trial (mean

ollow-up, 2.2 years) and long term follow-up until administra-
ive censoring on December 31, 2000. Models for mortality
utcome included deaths that occurred both before and after
idney failure and were censored at the end of follow-up.
odels for kidney failure were censored at death or the end of

ollow-up, and models for the composite outcome were cen-
ored at the end of follow-up. All analyses were performed on
n intention-to-treat basis, in which participants were analyzed
ccording to diet group throughout the randomized trial and
ong-term follow-up.

To increase statistical power, we obtained hazard ratios
HRs) with adjustment for baseline factors. Covariates speci-
ed a priori in the adjusted models were blood pressure
ssignment, race, polycystic kidney disease as cause of
idney disease, log urine protein, serum transferrin concentra-
ion, high-density lipoprotein cholesterol level, and mean arte-
ial pressure. We chose these factors based on their recognized
ssociations with GFR decrease in the MDRD Study.24 In
ddition, we adjusted for baseline age and GFR given their
nown relationship with death and kidney failure, respectively.

ex also was added for analyses for mortality. h
We checked proportional hazards assumptions of the Cox
egression models by testing the interaction of each baseline
actor with duration of follow-up. As a result, we included
nteraction terms of follow-up time with baseline urine
rotein excretion and diagnosis of polycystic kidney disease
n the multivariable model.

Using time-dependent Cox regression, we examined dif-
erences in HRs for the 3 outcomes for 2 periods: (1) during
he trial period and posttrial follow-up period, and (2) before
nd after 6 years of follow-up, a cut-off point based on
nspection of data in successive 2-year intervals. S-Plus 6.2
Insightful Corp, Seattle, WA) and SPSS 14.0 (SPSS Inc,
hicago, IL) were used to perform statistical analyses.

dditional Analyses

We performed prespecified tests for interactions to determine
hether effects of the dietary protein restriction on death
iffered between deaths occurring before or subsequent to
idney failure and whether effects for the 3 outcomes differed
y blood pressure assignment (usual and low target).

The short-term exposure to the very low-protein diet may
ave deleterious effects during the long term and especially
fter the onset of kidney failure, in which case one would
xpect the majority of deaths to occur early, ie, a year or 2 after
ialysis therapy initiation. Therefore, we also examined the
ffect of diet on the hazard for death subsequent to kidney
ailure by using 2 different times: (1) kidney failure that
ccurred during or after the trial, and (2) kidney failure that
ccurred within 4 years from the start of the trial versus after 4
ears.

RESULTS

aselineCharacteristics ofMDRDStudyB
articipants

The study cohort had an average age of 50.8 �
2.8 (SD) years. The sample was predominantly
hite (85.9%), 59.2% were men, and 5.1% had a

Figure 1. Dietary protein in-
take (excluding amino acid
supplements) during and up to
9 months after the Modification
of Diet in Renal Disease Study
(1989-1993). Abbreviations:
B3, baseline; F, months of fol-
low-up; n1, participants with
follow-up at any period in the
low-protein diet group; n2, par-
ticipants with follow-up at any
period in the very low-protein
diet group; Phase V, 9 months
after completion of trial; post
close-out, 4 months after the
end of the study.
istory of non–insulin-dependent diabetes. Mean
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Very Low-Protein Diet and Outcomes in CKD 211
aseline GFR was 18.5 � 3.4 mL/min/1.73 m2

median, 18.6 mL/min/1.73 m2), and proteinuria
as 1.4 � 1.7 g/d of protein (median, 0.7 g/d).
hese characteristics were balanced between the

andomized groups (Table 2).

utritional ParametersDuring Follow-up

During the trial, mean separation in dietary pro-
ein intake, not including amino acids and keto
cids, between the low- and very low-protein groups
as 0.25 g/kg/d (Table 2; Fig 1). Selected nutri-

ional parameters were measured in a subgroup of
articipants 9 months after study end (phase 5).
here were no differences in protein intake, energy

ntake, serum albumin and creatinine levels, uri-
ary creatinine excretion, and anthropometric mea-
ures between the low- and very low-protein diet

Table 2. Baseline and Follow

Factor

aseline
Age (y)
Men (%)
White (%)
Diabetes (%)
Kidney disease diagnosis (%)

Polycystic kidney disease
Glomerular disease
Other

Median proteinuria (g/d)
GFR (mL/min/1.73 m2)
Protein intake (g/kg/d)
Energy intake (kcal/kg/d)
Mean arterial blood pressure (mm Hg)
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Total cholesterol (mg/dL)
High-density lipoprotein cholesterol (mg/dL)
Albumin (g/dL)
Transferrin (mg/dL)
Use of angiotensin-converting enzyme inhibitors (%)

ollow-up during trial
Protein intake from food (g/kg/d)
Protein intake from food and amino and keto acids (g/kg/
Energy intake (kcal/kg/d)
Mean arterial pressure (mm Hg)
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Follow-up visits with angiotensin-converting enzyme–inh

Note: Values expressed as mean � SD or percent. T
onverted to mmol/L by multiplying by 0.02586; albumin in
ultiplying by 0.01.
roups (Table 3). r
ffect of theVery Low-ProteinDiet onKidney
ailure, theCompositeOutcome, andDeath

Median duration of follow-up until kidney
ailure, death, or administrative censoring was
.2 years, and median time to death was 10.6
ears. Of 255 participants, 227 (89.4%) devel-
ped kidney failure and 79 (30.9%) died of any
ause, with 17 deaths occurring before kidney
ailure, and 244 (95.7%) reached the composite
utcome. In the low-protein group, 117 (90.7%)
articipants developed kidney failure, 30 (23.3%,
6% due to cardiovascular disease) died, and 124
96.1%) reached the composite outcome. In the
ery low-protein group, 110 (87.3%) participants
eveloped kidney failure, 49 (38.9%, 21% due to
ardiovascular disease) died, and 120 (95.2%)
eached the composite outcome. Of patients who

aracteristics by Protein Diet

Low-Protein Diet
(n � 129)

Very Low-Protein Diet
(n � 126) P

51.1 � 12.8 50.5 � 12.95 0.7
60.5 57.9 0.7
82.9 88.9 0.1
5.4 4.8 0.8

22.5 23.8
34.9 37.3 0.8
42.6 38.9
0.7 0.7 0.9

18.7 � 3.2 18.3 � 3.5 0.3
0.9 � 0.3 0.9 � 0.3 0.9

25.0 � 6.7 25.5 � 6.5 0.5
98.9 � 10.2 97.6 � 11.5 0.3

132.5 � 18.7 133.7 � 16.4 0.6
80.2 � 10.4 81.5 � 10.1 0.3

213.4 � 43.2 213.1 � 39.2 0.9
38.7 � 13.5 39.0 � 16.8 0.9
4.0 � 0.4 4.0 � 0.4 0.5

262.0 � 41.1 265.8 � 47.3 0.5
37.2 34.1 0.2

0.73 � 0.10 0.48 � 0.11 �0.001
0.73 � 0.10 0.66 � 0.11 �0.001
21.9 � 4.6 22.0 � 4.7 0.8
97.2 � 8.0 96.1 � 8.0 0.3

132.9 � 15.8 131.9 � 14.9 0.6
79.3 � 7.2 78.1 � 7.7 0.2

se (%) 38.8 � 1.9 32.5 � 40.6 0.2

d high-density lipoprotein cholesterol in mg/dL may be
to g/L by multiplying by 10; transferrin in mg/dL to g/L by
-up Ch

d)

ibitor u

otal an
g/dL
eached kidney failure during the trial, 12%
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nderwent preemptive kidney transplantation in
oth diet groups.
Figure 2 shows numbers of events during and

fter the trial. Few participants died before kid-
ey failure in either group, with no difference
etween groups; however, there were more deaths
ubsequent to kidney failure in the very low-

Table 3. Nutritional Parameter

Factor

Low-Protein

No. of Patients

rotein intake from food (g/kg/d) 35
nergy intake (kcal/kg/d) 35
rine creatinine (mg/d) 35 1,
ransferrin (mg/dL) 35
lbumin (g/dL) 35
ody weight (kg) 35
ody mass index (kg/m2) 35
iceps skinfold thickness (mm) 31
riceps skinfold thickness (mm) 30
rm circumference (cm) 31
ubscapular skinfold (mm) 28

Note: Albumin in g/dL may be converted to g/L by multipl
Figure 2. Patients at risk of kidney failure or dea
rotein group compared with the low-protein
roup.
Kaplan-Meier curves (Fig 3) by randomized

roups did not show a difference in risk of
idney failure (log rank P � 0.4) or the compos-
te outcome (P � 0.5; data not shown), but
howed a greater probability of death in the very

nths After Completion of Trial

Very Low-Protein Diet

Pue No. of Patients Value

0.2 50 0.7 � 0.2 0.8
332 50 1,562 � 477 0.1
308.5 50 1,086.7 � 332.1 0.9
26.7 52 265.5 � 44.3 0.2
0.4 52 4.2 � 0.5 0.4
14.6 52 76.6 � 16.1 0.7
3.7 52 26.0 � 4.1 0.8
4.9 47 8.5 � 5.8 0.3
7.9 47 15.7 � 6.4 0.9
4.0 47 31.0 � 3.8 0.8
7.6 44 16.3 � 7.2 0.9

10; transferrin in mg/dL to g/L by multiplying by 0.01.
s 9 Mo

Diet

Val

0.7 �
1,436 �
097.4 �
256.3 �

4.2 �
75.2 �
25.8 �
7.2 �

15.8 �
30.7 �
16.6 �
th during the trial and long-term follow-up.
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Very Low-Protein Diet and Outcomes in CKD 213
ow-protein group (P � 0.01). In unadjusted
nalyses, randomized diet groups were not asso-
iated with kidney failure or the composite out-
ome; however, the very low-protein group had
2% greater risk of all-cause mortality (Table 4).
ovariate adjustment did not appreciably alter

he observed associations.
In time-dependent Cox models, there was no

ssociation between assignment to a very low-
rotein diet and risk of kidney failure or the
omposite outcome during or after the trial. How-
ver, the very low-protein diet was associated

Figure 3. Kaplan-Meier survival curves for (A) kidney
ailure and (B) all-cause mortality. Low- and very low-
rotein intake refer to target protein intake of 0.58 and 0.28
/kg/d, respectively. Note: the cumulative probabilities in
he figure represent the conditional probabilities of having
vents and therefore are not identical to the percentage of
he population who had events as reported in the text.
ith increased risk of death after the trial. When 0
ollow-up time was categorized as less or greater
han 6 years, the very low-protein diet was not
ssociated with risk of kidney failure or the
omposite outcome at either time or with death at
ess than 6 years, but was associated with a
reater than 2-fold increased risk of death after 6
ears (P for interaction � 0.3).

dditional Analyses

There was no difference between diet groups
n risk of death before kidney failure (HR, 1.12;
5% confidence interval, 0.42 to 2.94). However,
he very low-protein diet was associated with a
reater than 2-fold increased risk of death subse-
uent to kidney failure (HR, 2.43; 95% CI, 1.33
o 4.43). The interaction of protein group with
eaths before or subsequent to kidney failure did
ot reach statistical significance (P � 0.1). There
as no difference in risk of any of the outcomes
y blood pressure assignment (data not shown).
The very low-protein diet was associated with

ncreased risk of death after kidney failure occur-
ing both during and after the trial and with risk
f death after kidney failure occurring 4 years
rom the start of the trial and after 4 years (data
ot shown).

DISCUSSION

In the MDRD Study randomized cohort, as-
ignment to a very low-protein diet with a mix-
ure of essential keto acids and amino acids
ersus a low protein-diet during the trial was
ssociated with a significantly greater risk of
eath during long-term follow-up, but had no
ffect on the development of kidney failure or a
omposite outcome of kidney failure and death.
lthough very low-protein diets generally are
ot recommended, we believe these findings are
linically relevant given the continued interest in
he use of dietary protein restriction as an inter-
ention to delay progression of kidney dis-
ase.10,13,14

There are limited data from randomized con-
rolled trials examining the effect of very low-
rotein diet on the progression of advanced kid-
ey disease and no data for long-term outcomes.
hle et al3 randomly assigned 64 patients with
erum creatinine concentrations of 350 to 1,000
mol/L (4 to 11.3 mg/dL) to a regular diet or

.4 g of protein/kg of body weight per day with
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Menon et al214
n energy supplement to provide 35 to 40 kcal/
g/d. During 18 months of follow-up, the very
ow-protein diet was associated with lower rates
f kidney failure and a slower decrease in kidney
unction measured by using chromium-51–labeled
DTA clearance. Pedrini et al25 performed meta-
nalyses of randomized controlled trials of di-
tary protein restriction and found that a low-
rotein diet significantly reduced the risk of
eath or kidney failure in patients with nondia-
etic kidney disease. In 1998, a meta-analysis by
asiske et al26 that included randomized and
onrandomized studies found a relatively small
ffect of dietary protein restriction on the rate of
ecrease in GFR. An updated meta-analysis of 7
andomized controlled trials with 1,494 patients
ith nondiabetic kidney disease found that pro-

ein restriction decreased the incidence of a com-
osite outcome (death, dialysis therapy, or kid-
ey transplantation during the trial; odds ratio,
.61; 95% confidence interval, 0.46 to 0.83).10

his analysis included patients at varying stages
f CKD and studied low- and very low-protein
iets, but did not analyze these diet groups sepa-
ately. In a recent randomized controlled trial, a
upplemented very low-protein diet (0.3 g/kg
ody weight per day supplemented with keto
cids, amino acids, and vitamins) was effective
n postponing dialysis therapy in elderly patients
ith stage 5 nondiabetic kidney disease.13

This analysis from the MDRD Study random-
zed cohort is the first to examine the long-term
ffects of a very low-protein diet on clinical
utcomes in patients with advanced nondiabetic
idney disease. We found that assignment to a

Table 4. Effect of Very Low-Protei

Analysis*

Kidn

No. of E

o covariate adjustment 0.90 (
djusted for baseline glomerular filtration rate 0.85 (
djusted for baseline covariates‡ 0.83 (

*All analyses stratified by clinical center.
†Includes deaths before and after kidney failure.
‡Hazard ratios were adjusted for the following baseline

nteraction, polycystic kidney disease, polycystic kidney di
igh-density lipoprotein cholesterol level, mean arterial pr
ssignment. Sex was added for analyses for mortality.
ery low-protein diet significantly increased the g
isk of death during long-term follow-up, but did
ot affect the risk of kidney failure or a compos-
te of kidney failure and death. The composite
utcome reflects the kidney failure outcome for 2
easons. First, there were many more kidney
ailure events than deaths, and second, the com-
osite includes only deaths before kidney failure,
nd most of the deaths occurred after kidney
ailure. The increased risk of death is especially
vident with longer follow-up and after kidney
ailure and may indicate a deleterious effect of
he very low-protein diet on postdialysis death.

There are several potential explanations for
he long-term findings. First, participants may
ave continued to adhere to a very low-protein
iet beyond the duration of the trial and after the
evelopment of kidney failure, a circumstance in
hich the very-low protein diet may be harmful.
ollock et al27 found that patients with reduced
idney function who were advised to restrict
heir protein intake were unable to increase their
rotein intake after the start of dialysis therapy
espite dietary counseling. Because dialysis is a
nown catabolic event, the inability to increase
heir protein intake may have resulted in a nega-
ive nitrogen balance, a known risk factor for
eath.28 Conversely, another observational study
ound that patients on very low-protein diets
ere able to increase their protein intake after the

tart of hemodialysis.29 The phase 5 data from
he MDRD Study do not support this first hypoth-
sis because protein intake was similar in both
tudy arms. However, it must be acknowledged
hat phase 5 represents a select and small sub-

us Low-Protein Diet on Outcomes

Hazard Ratio (95% Confidence Interval)

re Deaths† Kidney Failure and Deaths

227 No. of Events � 79 No. of Events � 244

.19) 1.82 (1.15-2.87) 0.92 (0.70-1.21)

.13) 1.83 (1.16-2.89) 0.88 (0.67-1.16)

.12) 1.92 (1.15-3.20) 0.89 (0.67-1.18)

les: log urine protein, log urine protein � follow-up time
� follow-up time, African American race, transferrin level,
, glomerular filtration rate, age, and blood pressure goal
n Vers

ey Failu

vents �

0.68-1
0.64-1
0.62-1

variab
sease
essure
roup of participants.
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Second, short-term exposure to the very low-
rotein diet may have deleterious effects during
he long term and especially at the onset of
idney failure and may potentiate the negative
mpact of malnutrition associated with dialysis
nd earlier stages of CKD.28,30-33 The reduction
n urine creatinine excretion seen with very low-
rotein diets may indicate a reduction in skeletal
uscle mass.34,35 Thus, although most studies

nvestigating the effect of very low-protein diets
n nutritional status report short-term changes in
utritional parameters with stabilization after 3
o 4 months, it is possible that there is a more
ustained, but gradual, loss of muscle and/or
omatic protein.3,36-38 The safety of the dietary
rotein restriction during the MDRD Study was
onitored by using several nutritional status

ndicators. During the trial, body weight, percent-
ge of body fat, arm muscle area, serum trans-
errin level, and urine creatinine excretion de-
reased and serum albumin level increased in
oth the low- and very low-protein diet groups.39

ercentage of body fat decreased more in the low-
rotein diet group, whereas urine creatinine ex-
retion decreased to a greater extent in the very
ow-protein diet group. Mean energy intake de-
reased in both the low- and very low-protein
iet groups. The mean change in these variables
as small, and there was a more gradual, but

ontinued, decrease after the first 4 months until
he end of the trial. Two study B participants
eached a stop point for malnutrition. However,
he subgroup data available at phase 5 in the

DRD Study do not support this second hypoth-
sis because nutritional parameters were similar
etween the diet groups. However, as noted, this
epresents a select subgroup of participants. In
ddition, if this hypothesis were true, one would
xpect the majority of deaths to occur early, ie, a
ear or 2 after dialysis therapy initiation. Our
esults indicate that the very low-protein diet is
ssociated with increased risk of death after
idney failure both 4 years from the start of the
rial and 4 years after completion of the trial.

Third, dietary protein restriction was accompa-
ied by a concomitant decrease in mean energy
ntake in some studies, and this could potentially
ontribute to the development of protein calorie
alnutrition.40-42 However, although mean en-

rgy intake decreased in both diet groups in the

DRD Study, there was no difference in mean f
nergy intake during the trial or at phase 5
etween the diet groups.
Fourth, one could hypothesize a direct toxic

ffect of the keto acid–amino acid supplements.
he original keto acid preparation used in the
ilot and feasibility study had a relatively low
ryptophan content, raising concerns that this
ight lead to decreased protein synthesis and

herefore malnutrition. Hence, additional trypto-
han was added to the keto acid–amino acid
upplement used in the trial. After the trial began,
uman and animal studies described a potential
ephrotoxic effect of a metabolite of tryptophan,
ndoxyl sulfate.43-47 In addition, in a post hoc
nalysis from the pilot and feasibility phase of
he MDRD Study in which the supplement had
ower tryptophan content, there was a trend to-
ard a slower rate of progression of kidney
isease in patients on the keto acid–amino acid
ixture than those supplemented with an amino

cid mixture.48 However, we are unable to di-
ectly test whether this mechanism may have a
ole in explaining our results.

Fifth, it must be acknowledged that the ob-
erved association of the very low-protein diet
ith increased death may be a spurious one.
The strengths of our study include random

ssignment to dietary protein groups, long-term
ollow-up, complete ascertainment of data by
sing clinical outcomes, and use of intention-to-
reat principle in analyses. The primary limita-
ion is lack of dietary protein and nutritional
easurements and information for medical man-

gement and clinical course during long-term
ollow-up, leading to an inability to understand
he exact mechanism underlying the increased
isk of death seen in the very low protein-diet
roup. We also acknowledge that the study may
ave been underpowered to study the interac-
ions tested. As presented in a previous publica-
ion from our group, the MDRD Study cohort
as a lower competing risk of mortality com-
ared with other populations with CKD.49 The
ow risk of mortality may be attributable to the
elatively young and healthy group of patients
ith predominantly nondiabetic CKD and low
revalence of cardiovascular disease at baseline
epresented by the MDRD cohort.

In summary, assignment to a very low-protein
iet increased the risk of death in long-term

ollow-up of the MDRD Study, but had no im-
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Menon et al216
act on delaying the progression to kidney fail-
re and no relationship with a composite out-
ome of kidney failure and death. These results
mphasize the importance of long-term fol-
ow-up when evaluating the impact of interven-
ions designed to slow the progression of chronic
iseases.
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