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ABSTRACT

Retention of uremic metabolites is a proposed cause of cognitive impairment in patients with ESRD. We used

metabolic profiling to identify and validate uremicmetabolites associatedwith impairment in executive function in

two cohorts of patients receivingmaintenance dialysis.We performedmetabolic profiling using liquid chromatog-

raphy/mass spectrometry applied to predialysis plasma samples from a discovery cohort of 141 patients and an

independent replication cohort of 180 patients participating in a trial of frequent hemodialysis. We assessed exec-

utive functionwith the TrailMaking Test Part B and theDigit Symbol Substitution test. Impaired executive function

was defined as a score $2 SDs below normative values. Four metabolites—4-hydroxyphenylacetate, phenylace-

tylglutamine, hippurate, and prolyl-hydroxyproline—were associatedwith impaired executive function at the false-

detection rate significance threshold.After adjustment fordemographicandclinical characteristics, theassociations

remainedstatistically significant: relative risk1.16 (95%confidence interval [95%CI], 1.03 to1.32), 1.39 (95%CI, 1.13

to 1.71), 1.24 (95%CI, 1.03 to1.50), and1.20 (95%CI, 1.05 to1.38) for eachSD increase in 4-hydroxyphenylacetate,

phenylacetylglutamine, hippurate, and prolyl-hydroxyproline, respectively. The association between 4-

hydroxyphenylacetateand impairedexecutive functionwas replicated in thesecondcohort (relative risk1.12;95%

CI,1.02 to1.23),whereas theassociations forphenylacetylglutamine,hippurate, andprolyl-hydroxyprolinedidnot

reach statistical significance in this cohort. In summary, four metabolites related to phenylalanine, benzoate, and

glutamate metabolism may be markers of cognitive impairment in patients receiving maintenance dialysis.
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Uremia is the clinical syndromeaccompanying kidney

failure that is primarily attributed to retention of

metabolic waste products in plasma.1 Neurologic

symptoms, including cognitive impairment, were

among the earliest described clinical features of ure-

mia. Cognitive impairment accompanying uremia

has been reported to improve with maintenance di-

alysis or kidney transplantation.2–4 Contemporary

studies indicate that cognitive impairment is common

among patients receiving maintenance dialysis.5

However, the extent to which incomplete removal

of uremic metabolites by dialysis contributes to cog-

nitive impairment remains unclear for several rea-

sons. First, the number of knownmetabolites retained

in uremia exceeds 200; presumably, many more re-

main uncharacterized.6,7 To date, few metabolites

with neurotoxicity in animal models have been

identified and human studies are even more lim-

ited.8 Second, more intensive hemodialysis does

not appear to yield improvement in cognitive func-

tion.9 In contrast, nonrandomized studies suggest

kidney transplantation is associated with improved

cognitive function.4 Whether failure of higher-

dose hemodialysis reflects ineffective clearance of

putative uremic metabolites and/or adverse effects
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of the hemodialysis procedure, such as cerebral stunning, is un-

known.10 Alternatively, cognitive impairment may not be pri-

marily related to retention of uremicmetabolites, but may reflect

health conditions whichwould not be expected to improve with

renal replacement therapies, such as vascular dementia.11,12

Metabolic profiling refers to high-throughput analysis of

plasmametabolites using mass spectrometry. This technique has

been utilized to characterize novel uremic metabolites and iden-

tify uremic metabolites associated with cardiovascular risk.13–15

We used metabolic profiling to identify and validate uremic me-

tabolites associated with cognitive impairment using two co-

horts of patients receiving maintenance dialysis. The discovery

cohort consisted of patients receiving peritoneal dialysis or he-

modialysis in Northern Californiawho participated in a prospec-

tive study of cognitive function. The replication cohort consisted

of subjects enrolled in the Frequent Hemodialysis Network

(FHN) Daily Trial, a randomized clinical trial of six times per

week versus three times per week hemodialysis.

RESULTS

Patient Characteristics in the Discovery and Replication

Cohorts

Subjects in the discovery cohort had a mean age of 56.6614.6

years, 64.5% were male, and 42.6% were white (Table 1). The

median dialysis vintage was 25 (interquartile range [IQR], 48)

months. There were 81 subjects (57.5%) in the discovery cohort

with impaired executive function. Compared with subjects with-

out impaired executive function, those with impaired function

were similar in most characteristics except that they had a higher

dialysis vintage and were less likely to be treated with peritoneal

dialysis versus hemodialysis (Supplemental Table 1).

At baseline, before the FHN intervention, subjects in the

replicationcohorthadameanageof 50.6613.8 years, 61.9%were

male, and 26.0% were white (Table 1). The median dialysis vin-

tage was 42 (IQR, 60) months. There were 117 subjects (64.6%)

in the replication cohort with impaired executive function. Com-

pared with subjects in the cohort without impaired executive

function, those with impaired executive function were older

and had fewer years of education (Supplemental Table 1).

Metabolites Associated with Impaired Executive

Function in Discovery Cohort

Mean metabolite values for subjects with and without impaired

executive function are provided in Supplemental Table 2. Of the

95 uremic metabolites included on the platform, four metabo-

lites were significantly associated with impaired executive func-

tion at the false-detection rate (FDR) thresholdP value (P,0.05)

(Figure 1). Two were related to phenylalanine metabolism

(4-hydroxyphenylacetate and phenylacetylglutamine), one was

related to benzoate metabolism (hippurate),

and one was a dipeptide related to gluta-

mate metabolism (prolyl-hydroxyproline).

When we repeated the analyses using

all metabolites and the ratio of all me-

tabolite pairs, three metabolite ratios met

the FDR threshold P value—all with

phenylacetylglutamine in the denominator

(Supplemental Table 3). The p-gain statistic

indicated that these associations were not

different from the association of the indi-

vidual metabolites with executive function

impairment.

The correlation coefficient between phe-

nylacetylglutamineandhippuratewas0.62; all

other correlation coefficients among the four

metaboliteswere,0.30.Noneof the fourme-

tabolites were correlated with urea or the urea

reduction ratio. Mean phenylacetylglutamine

concentrationwas 3.063.1mg/dl andmean

hippurate concentrationwas 4.165.5mg/dl,

as measured by quantitative tandem mass

spectrometry (methods fordirect quantifica-

tion of 4-hydroxyphenlacetate and prolyl-

hydroxyproline are not yet available). There

was a strong correlation between metabo-

lite levels obtained from the Metabolon

Inc. platform and direct quantification of

phenylacetylglutamine and hippurate (Sup-

plemental Figure 1).

Table 1. Characteristics of dialysis patients in the discovery cohort and
replication cohort

Patient Characteristics
Discovery

Cohort n=141

Replication

Cohort n=180

Demographic and Clinical Characteristics

Age, yr 56.6614.6 50.6613.8

Male, % 64.5 61.7

White versus nonwhite, % 42.6 26.1

Months receiving dialysisa 25 (12, 60) 42 (20, 80)

Education, %

, High school 12.8 16.7

High school graduate 27.0 24.4

Post–high school 60.2 58.9

English- versus

Spanish-speaking, %

95.0 80.6

Diabetes, % 46.1 41.7

Stroke, % 12.1 8.9

Peritoneal dialysis, % 7.1 0

Systolic BP, mmHg 141.3626.1 147.1618.2

Diastolic BP, mmHg 77.0614.9 80.1612.0

Hemoglobin, g/dl 11.961.0 12.161.2

Urea reduction ratio, % 67.868.6 73.065.7

BUN, mg/dl 67.2619.0 58.0617.6

Cognitive Function

Trail Making Test Part B 130.8669.8 162.4697.2

Digit Symbol Substitution test 49.9617.5 49.1619.0b

Impaired executive function, % 57.5 64.4

Higher scores on the Trail Making Test Part B indicate poorer cognitive function. Lower scores on the
Digit Symbol Substitution test indicate poorer cognitive function.
aMedian (25th, 75th percentile).
b(n=59).
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In models adjusted for vintage and dialysis modality, and

then additionally adjusted for age, education, language, and

stroke, there remained a significant association between each

metabolite and impaired executive function (P,0.05; Supple-

mental Table 4, Table 2). Results were similar when we

excluded subjects receiving peritoneal dialysis and when we

adjusted for the urea reduction ratio. The results were also

similar when we substituted the concentrations of phenylace-

tylglutamine (relative risk [RR] per SD increase 1.12; 95%

confidence interval [95% CI], 1.00 to 1.27) and hippurate

Figure 1. Distribution of (A) 4-hydroxyphenylacetate, (B) phenylacetylglutamine, (C) hippurate, and (D) prolyl-hydroxyproline among
subjects with (red) and without (black) impaired executive function in the discovery cohort. The beeswarm plots illustrate significantly
higher metabolite levels among subjects with versus without impaired executive function.
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(RR per SD increase 1.13; 95% CI, 1.01 to 1.25) from direct

quantification.

In adjusted linear regression models, higher levels of

phenylacetylglutamine were associated with poorer scores on

tests of executive function, as well as psychomotor speed and

memory (Pegboard and Rey Auditory Verbal Learning tests,

respectively [Table 3]). Higher levels of hippurate were associ-

ated with poorer scores on tests of executive function and

memory. There was no significant linear association between

the other twometabolites (4-hydroxyphenylacetate and prolyl-

hydroxyproline) with either test of executive function or with

tests of other cognitive domains.

There were 48 subjects (34%) with nometabolites elevated,

35 (25%) with one elevated metabolite, 27 (19%) with two

elevatedmetabolites, and 31 (22%)with three ormore elevated

metabolites. After adjustment for vintage, modality, age,

education, language, and stroke, there was an increased risk

of impaired executive function among subjects with two

elevated metabolites (RR 1.91; 95% CI, 1.25 to 2.92), and

three or more elevated metabolites (RR 1.93; 95% CI, 1.21 to

3.08), compared with subjects with no elevated metabolites

(Figure 2).

Associations among Selected

Metabolites and Impaired Executive

Function in the Replication Cohort

After adjustment for age, education, lan-

guage, stroke, vintage, and the day of the

week that blood was sampled, there was a

significant association between higher levels

of 4-hydroxyphenylacetate and impaired

executive function in the replication cohort

(Supplemental Table 4, Table 4). There

were borderline significant associations

between higher levels of phenylacetylglutamine (P=0.1)

and prolyl-hydroxyproline (P=0.05) and impaired executive

function. There was no significant association between hippu-

rate and impaired executive function in the replication cohort.

The results were similar when we substituted the concen-

trations of phenylacetylglutamine and hippurate from direct

quantification.

DISCUSSION

In a cohort of patients receiving maintenance dialysis, we

identified four uremic metabolites independently associated

with impaired executive function. Compared with subjects

with no elevated metabolite levels, there was a higher risk of

impairment among subjects with two or more elevated

metabolites. Furthermore, the association for one of these

metabolites, 4-hydroxyphenylacetate, was replicated in an

independent sample of patients, whereas two other metabo-

lites, phenylacetylglutamine and prolyl-hydroxyproline, had

borderline, nonsignificant associations with impaired execu-

tive function in the replication cohort.

Table 2. Adjusted association between selected metabolites and RR of
impaired executive function in discovery cohort (n=141)

Adjusted RR (95% CI)

Metabolite Model One Model Two

4-hydroxyphenylacetate per SD increase in log 1.19 (1.06 to 1.33) 1.16 (1.03 to 1.32)

Phenylacetylglutamine per SD increase in log 1.38 (1.12 to 1.68) 1.39 (1.13 to 1.71)

Hippurate per SD increase in log 1.23 (1.02 to 1.49) 1.24 (1.03 to 1.50)

Prolyl-hydroxyproline per SD increase in log 1.20 (1.05 to 1.36) 1.20 (1.05 to 1.38)

Model 1 is adjusted for vintage and peritoneal dialysis (versus hemodialysis).
Model 2 is adjusted for age, education, language, stroke, vintage, and peritoneal dialysis.

Table 3. Adjusted association of selected metabolites with cognitive test scores in discovery cohort

Cognitive Test

4-hydroxyphenylacetate

per SD Increase in Log

Phenylacetylglutamine

per SD Increase in Log

Hippurate

per SD Increase in Log

Prolyl-hydroxyproline

per SD Increase in Log

b6SEM P Value b6SEM P Value b6SEM P Value b6SEM P Value

Executive function

Trail Making Test Part B 2.665.6 0.65 14.465.4 0.01a 9.465.8 0.11 3.065.5 0.58

Digit Symbol Substitution 22.261.4 0.13 -4.961.4 ,0.001a -3.561.5 0.02a 0.761.4 0.65

Attention and psychomotor speed

Trail Making Test Part A 2.362.1 0.29 3.462.1 0.10 2.162.2 0.35 1.262.1 0.57

Pegboard, dominant hand 6.164.9 0.21 8.664.4 0.05a 2.864.8 0.56 5.364.7 0.26

Pegboard, nondominant hand 7.865.6 0.17 10.364.6 0.03a 2.064.9 0.69 3.164.8 0.52

Language and memory

Controlled Oral Word

Association

20.0161.2 0.99 21.361.2 0.30 21.461.2 0.24 1.261.8 0.31

Rey Auditory Verbal

Learning, delayed recall

20.260.3 0.45 -0.660.3 0.03a -0.660.3 0.05a 20.160.3 0.74

Models are adjusted for age, vintage, education, language, modality, and stroke. The Trail Making Test Part B, Trail Making Test Part A, and the Pegboard test are
timed tests measured in seconds. A positive parameter estimate indicates poorer cognitive function. The Digit Symbol Substitution, Controlled Oral Word As-
sociation, and Rey Auditory Verbal Learning tests are scored as the number of correct responses. A negative parameter estimate indicates poorer cognitive
function.
aUncorrected P value ,0.05.
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The metabolites 4-hydroxyphenylacetate and phenylacetyl-

glutamine are derived from metabolism of phenylalanine and

tyrosine by colonic microbes.16,17 Although 4-hydroxyphenyla-

cetate has not been extensively studied, dialytic clearance of

phenylacetylglutamine is less than half that of native kidney clear-

ance.18 While the bound fraction of phenylacetylglutamine is

below 20%, it is secreted by the kidneys—a function not repli-

cated by hemodialysis; therefore, levels are increased more than

100-fold in patients receiving hemodialysis compared with per-

sons with normal kidney function.18 In patients with inborn

errors of urea synthesis, phenylacetylglutamine is an alternative

vehicle for nitrogen disposal.19 Accumulation of phenylacetate

and phenylacetylglutamine after infusion of high-dose phenyl-

acetate results in confusion, lethargy, and nausea.20,21 The serum

phenylacetylglutamine concentration associated with toxicity

varies in reports between 1.6- and 6-fold higher than the average

concentration observed in patients receiving hemodialysis.20,21

Administration of phenylacetate together with sodium

benzoate, a precursor of hippurate, increases renal excretion of

glutamine-associated nitrogen, and is Food and Drug Adminis-

tration-approved for the treatment of hyperammonemia in pa-

tients with inborn errors of urea synthesis.22,23 These agents, as

well as a similar agent, ornithine phenylacetate, are currently

being tested as treatments for hepatic encephalopathy.24Elevated

phenylacetylglutamine levels have also been identified in the

cerebrospinal fluid of patients with HIV-associated cognitive

impairment.25

Hippurate is a product of the conjugation of benzoate with

glycine. In addition to being a food preservative, benzoate is

produced by microbial metabolism of polyphenols, purines,

aromatic organic acids, and amino acids.26 Like phenylacetyl-

glutamine, hippurate is secreted by the kidneys, so dialytic

clearance of it is low (,30%) relative to native kidney clear-

ance, and serum concentrations are increased more than 100-

fold in patients receiving hemodialysis compared with persons

with normal kidney function.18 It is speculated that hippurate

inhibits organic anion transporters, which mediate efflux of

uremic metabolites across the blood–brain barrier; however,

there is limited evidence of toxicity in humans.27–29

Prolyl-hydroxyproline is a dipeptide produced from colla-

gen breakdown. Metabolism of prolyl-hydroxyproline occurs

in the kidney, resulting in release of glutamine, which is a

precursor for several neurotransmitters.30 To our knowledge,

there is no known association of prolyl-hydroxyproline with cen-

tral nervous system function.

Like urea, the dialytic reduction ratio for phenylacetylgluta-

mine and hippurate is high (75–80%).18 Therefore, increas-

ing clearance parameters or session length of conventional

thrice-weekly hemodialysis does not lower the postdialysis

concentration much more. Lowering the pretreatment plasma

concentration of these metabolites might theoretically be

achieved by altering dietary intake and/or the colonic micro-

biome, or by increasing the frequency of hemodialysis. It is

plausible that even if one or more of the metabolites identified

in this study are causally related to cognitive impairment,

other factors, such as vascular disease, could play a larger role.

This study has several limitations. First, the discovery and

replication cohorts were small, and may not be representative of

the larger population of patients receiving dialysis. Most patients

in this studywere receiving hemodialysis, thus thesefindingsmay

not be generalizable to patients receiving peritoneal dialysis.

Second, blood sampling was not performed on a uniform day of

the dialysis cycle in the replication cohort; this would be expected

to bias the results toward the null. Furthermore, adjustment for

day of the week did not appreciably change the results. Third,

executive function was assessed with a single test in a subset of

participants in the replication cohort, which may have led to

misclassification of impairment status. Fi-

nally, theconcentrationofuremicmetabolites

in cerebrospinal fluid is likely to be more

important than serum concentrations with

respect to cognitive function; however, this

was not assessed in this study.

In summary, higher levels of 4-phenyl-

acetylglutamine were associated with im-

paired executive function in independent

samples of patients receivingdialysis,whereas

threeothermetabolites,phenylacetylglutamine,

Table 4. Adjusted association between selected metabolites and RR of
impaired executive function in replication cohort (n=180)

Adjusted RR (95% CI)

Metabolite Model One Model Two

4-hydroxyphenylacetate per SD Increase in Log 1.12 (1.02 to 1.22) 1.12 (1.02 to 1.23)

Phenylacetylglutamine per SD Increase in Log 1.10 (0.98 to 1.25) 1.11 (0.98 to 1.26)

Hippurate per SD Increase in Log 0.96 (0.83 to 1.06) 0.96 (0.86 to 1.08)

Prolyl-hydroxyproline per SD Increase in Log 1.11 (0.99 to 1.23) 1.11 (1.00 to 1.24)

Model 1 is adjusted for age, education, and language. Model 2 is adjusted for age, education, lan-
guage, stroke, vintage, and day of blood sampling.

Figure 2. Adjusted RR of impaired executive function for subjects
with one, two, and three or more elevatedmetabolites, compared with
subjects with no elevated metabolites. The figure illustrates a signifi-
cantly higher risk for impaired executive function among subjects with
twoormore elevatedmetabolites. An elevatedmetabolite is definedas
the highest tertile for each metabolite: 4-hydroxyphenylacetate, phe-
nylacetylglutamine, hippurate, and prolyl-hydroxyproline.
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hippurate, and prolyl-hydroxyproline, were associated with

impaired executive function in one, but not both cohorts. Further

research is needed to determine whether these markers of

phenylalanine, benzoate, and glutamate metabolism represent

modifiable risk factors for uremic cognitive impairment.

CONCISE METHODS

Subjects
The discovery cohortwas comprised of subjects recruited fromMarch

2009 through October 2010 from five outpatient dialysis clinics in

Northern California for a study of cognitive function.31 Eligible par-

ticipants were at least 21 years of age and receiving dialysis for at least

90 days. Participants were excluded if they were not fluent in English

or Spanish, had an active psychiatric disorder, or had significant vi-

sual or hearing impairment. We contacted 346 eligible individuals;

148 (43%)were enrolled. Of the 148 enrolled subjects, 141 (95%) had

blood samples available for metabolic profiling.

The replication cohort was comprised of subjects enrolled in the

FHNDailyTrial. Thedesign andmainoutcomesof theFHNtrials have

been previously reported.9,32,33 From January 2006 to March 2009,

patients receiving maintenance hemodialysis were recruited from

clinics in the United States and Canada. Major exclusion criteria in-

cluded age ,13 years, inability to achieve a mean equilibrated Kt/

Vurea$1.0, life expectancy,6months, medical need for hemodialysis

.3 times per week, residual urea clearance.3 ml/min per 35L, poor

adherence to hemodialysis, inability to communicate in English or

Spanish, and anticipated kidney transplantation or relocation within

the next 14 months. Of the 387 enrolled subjects, 330 completed

cognitive testing at baseline; of these, 180 (55%) subjects had blood

samples available. Both studies were reviewed by institutional review

boards at each clinical center and all subjects gave informed consent.

Cognitive Function Assessment
The primary outcome for these analyses was impairment in executive

function. In the discovery cohort, executive functionwas assessedwith

the Trail Making Test Part B (Trails B) and the Digit Symbol

Substitution test. In the replication cohort, we designated a priori

the Trails B as the primary performance metric within the cognitive

function domain. A subset (n=59) of FHN subjects also received the

Digit Symbol Substitution test in a cognitive ancillary study. In both

cohorts, cognitive testing was administered before a midweek dialysis

session. We defined impairment in executive function as a score on

the Trails B or Digit Symbol Substitution test at least two SDs below

normative values, accounting for age and grade level attainment.5,34

Additional cognitive tests assessing attention, psychomotor speed,

language, andmemory were administered to subjects in the discovery

cohort, as previously described.31 These were evaluated as secondary

outcomes because they were not available for most subjects in the

replication cohort.

Metabolite Profiling
In the discovery cohort, blood samples were drawn one week after

cognitive testing, before a Monday or Tuesday hemodialysis session

(i.e., after a 67-hour dialysis interval). In the replication cohort, blood

samples were drawn before hemodialysis according to each center’s

monthly lab schedule. Accordingly, 29% of baseline blood samples

were drawn on Monday/Tuesday, 61% on Wednesday/Thursday, and

17% on Friday/Saturday.

Metabolon Inc. performedmetabolomic profiling.35,36 Briefly, se-

lect compounds were added to each plasma sample before processing

for quality control. Individual samples were deproteinized and ali-

quoted for analysis by gas chromatography-mass spectrometry and

by tandem mass spectrometry in positive and negative modes. The

platform identifies compounds using software which compares the

chromatographic and mass spectral patterns of potential compounds

observed in samples to an in-house library consisting of purified

chemical standards. The peak area for each compound is automati-

cally recorded when the quality of identification is considered high

and hand-checked when the quality of identification is considered

intermediate. No value is recorded for samples inwhich identification

does not meet a threshold value.

The Metabolon analysis detected a total of 562 compounds in at

least oneplasma sample fromthediscoveryandreplicationcohorts.Of

these, 96 have been previously identified as uremicmetabolites on the

basis of finding of higher levels in patients receiving dialysis compared

with healthy subjects in a recent study using the same platform.37One

metabolite was measured in,90% of subjects and was excluded. The

list of 95 metabolites included in these analyses is provided in Sup-

plemental Table 2. To confirm the results, we performed quantitative

analysis of selected metabolites by tandem mass spectrometry with

isotopic dilution as previously described.38 For this analysis, plasma

samples were deproteinized with methanol in 1:4 vol/vol ratio and

diluted 40 times before mass spectrometric analysis. In supplemen-

tary analyses, we repeated the analysis using all metabolites detected

in at least 90% of samples (363 metabolites) and all pairs of metab-

olite ratios.

Statistical Analyses
Weexpressed continuous variables as amean (6SD) ormedian (IQR)

and compared these using the t test or Kruskall–Wallis test. We ex-

pressed categorical variables as proportions and compared these us-

ing the chi-squared test. In the discovery cohort, we compared the

raw area counts of 95 uremic metabolites among subjects with im-

pairment in executive function versus subjects without impairment,

accounting for multiple comparisons using the FDR.39 For the sup-

plementary analyses of all metabolites and the ratios of metabolite

pairs, we evaluated the association using the FDR P value (accounting

for a larger number of tests) and the p-gain statistic. The p-gain

statistic indicates whether the association between the ratio of two

metabolites and the outcome of interest is different than the associ-

ation of the individual metabolites.40,41 We log transformed metab-

olite values for analysis. To summarize the results, we plotted the

distribution of untransformed metabolites in subjects with versus

those without impairment in executive function.

Next, we assessed whethermetabolites meeting the FDR threshold

were independently associatedwith impairment in executive function

after accounting forpotential confounders. For these analyses,weused

Poisson regression to estimate the RR of impairment in executive
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function. We used Poisson regression rather than logistic regression

because theodds ratiodoesnot approximate theRRwhen theoutcome

is common.42 We analyzed metabolites as log-transformed continu-

ous variables divided by their SD. We constructed two adjusted mod-

els. The first model adjusted for clinical characteristics that differed

among subjects with impairment versus those without impairment in

executive function in each cohort. The second model adjusted for

clinical characteristics that differed among subjects with impairment

versus those without impairment in executive function in either co-

hort. In complementary analyses, we used linear regression to assess

the relationships among metabolites meeting the FDR threshold with

scores on the Trails B and Digit Symbol Substitution tests, as well as

additional tests of attention, psychomotor speed, language, andmemory.

To determine whether the metabolites had additive effects, we deter-

mined the proportion of subjects with elevated levels of one or more

of the metabolites meeting the FDR threshold, defined as the highest

tertile for each metabolite. We then estimated the RR of impairment for

subjects with zero, one, two, and three or more elevated metabolites. To

validate the results, we repeated the analysis using the replication cohort.

To account for the fact that blood samples were drawn on different days

of the dialysis cycle in the validation cohort, we included day of the week

in adjusted models in addition to other covariates.
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