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A B S T R A C T

Background. Residual kidney function (RKF) is thought to ex-
ert beneficial effects through clearance of uremic toxins.
However, the level of native kidney function where clearance
becomes negligible is not known.
Methods. We aimed to assess whether levels of nonurea solutes
differed among patients with ‘clinically negligible’ RKF com-
pared with those with no RKF. The hemodialysis study ex-
cluded patients with urinary urea clearance >1.5 mL/min, be-
low which RKF was considered to be ‘clinically negligible’. We
measured eight nonurea solutes from 1280 patients participat-
ing in this study and calculated the relative difference in solute
levels among patients with and without RKF based on measured
urinary urea clearance.
Results. The mean age of the participants was 57 years and 57%
were female. At baseline, 34% of the included participants had
clinically negligible RKF (mean 0.7 6 0.4 mL/min) and 66%
had no RKF. Seven of the eight nonurea solute levels measured
were significantly lower in patients with RKF than in those
without RKF, ranging from �24% [95% confidence interval
(CI) �31 to �16] for hippurate, �7% (�14 to �1) for trime-
thylamine-N-oxide and�4% (�6 to�1) for asymmetric dime-
thylarginine. The effect of RKF on plasma levels was compara-
ble or more pronounced than that achieved with a 31% higher
dialysis dose (spKt/Vurea 1.7 versus 1.3). Preserved RKF at 1-
year follow-up was associated with a lower risk of cardiac death
and first cardiovascular event.
Conclusions. Even at very low levels, RKF is not ‘negligible’, as
it continues to provide nonurea solute clearance. Management
of patients with RKF should consider these differences.

Keywords: clearance, dialysis dose, ESRD, hemodialysis, ure-
mic toxins

B A C K G R O U N D

The association between residual kidney function (RKF) and
improved survival in the dialysis population has been well
established for more than two decades [1–4]. RKF, however
small, contributes to ongoing electrolyte regulation, volume
control, erythropoietin production and solute clearance [3, 5–
8]. Solute clearance is of particular importance because native
kidneys remain far superior to hemodialysis (HD) at removing
various ‘nonurea’ solutes, particularly those that are large in
molecular size, secreted by the native kidney or sequestered in
the intracellular space [7, 9–11].

HD adequacy is routinely assessed using Kt/Vurea, the frac-
tional clearance of urea from the body during dialysis [12, 13].
Despite its imperfections, urea kinetic modeling remains the
principal way to measure HD adequacy, largely because a supe-
rior measure of adequacy does not exist yet and because it is a
relatively simple calculation that relies on urea, an easy and inex-
pensive solute to assay throughout the world [12, 14–16]. As a
result, dialyzers have evolved to the extent that they can effi-
ciently remove urea without requiring a contribution from RKF.
The disadvantage of this is 2-fold. First, dialyzers are less effective
at clearing small, nonurea, organic solutes, many of which have
pathologic implications in HD patients. Second, they have gener-
ated a reimbursement model in the USA incentivized on achiev-
ing a goal Kt/Vurea, which means US clinicians do not habitually
measure RKF and adjust HD dosing accordingly, despite this be-
ing a recommendation in the Kidney Disease Outcomes Quality
Initiative (KDOQI) HD clinical practice guidelines [12, 13].
Because the native kidneys remain uniquely superior to HD in
removing various nonurea solutes from the body, we hypothe-
sized that even a ‘clinically negligible’ degree of RKF would im-
pact certain small, nonurea, organic solute levels.
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The goal of our study was to determine the effect of RKF on
eight nonurea solutes in patients with RKF considered to be
clinically negligible. We addressed this question using data
from the Hemodialysis (HEMO) study, a large, national, multi-
center, randomized controlled trial of dialysis dose and mem-
brane flux [17]. The HEMO study carefully measured RKF at
baseline and excluded participants with a residual urea clear-
ance >1.5 mL/min/35 L of urea, a threshold below which RKF
was considered to be clinically negligible. This allowed us to
compare solute levels in patients with RKF deemed clinically
negligible with those without RKF.

M A T E R I A L S A N D M E T H O D S

Study design

The HEMO study was a multicenter, randomized controlled
trial that randomized 1846 prevalent HD patients in a 2� 2 fac-
torial design to either low- or high-flux membranes and to a di-
alysis prescription targeted to a standard- or high-dose single-
pool Kt/Vurea (spKt/Vurea). The standard-dose goal was an spKt/
Vurea of 1.25, whereas the high-dose goal was an spKt/Vurea of
1.65. In our analysis, we term this dialysis the ‘dose intervention
group’ and refer to the group that a participant was randomized
to in the parent study, that is, standard-dose goal versus high-
dose goal. In our analysis, participants randomized to the
standard-dose group achieved a mean spKt/Vurea of 1.32 6 0.01
and those randomized to the high-dose goal achieved a mean
spKt/Vurea of 1.72 6 0.01. We term this dialysis ‘dose achieved’,
which refers to the mean spKt/Vurea actually achieved by partici-
pants in each intervention arm. Patients 18–80 years of age who
were undergoing in-center HD thrice weekly at 1 of 15 clinical
centers associated with 72 participating dialysis units were en-
rolled between March 1995 and October 2000 and followed for
prespecified outcomes until death, kidney transplantation or
censoring of the study in December 2001. Major exclusion cri-
teria included interdialytic urine collection with a residual urea
clearance >1.5 mL/min/35 L urea volume of distribution, New
York Heart Association Class IV congestive heart failure and se-
vere malnutrition as measured by serum albumin <2.6 g/dL
[17–19]. The participating institutions’ review boards reviewed
and approved the study. Johns Hopkins Medicine
(IRB00032559) and the University of California, San Francisco
(10-00758) institutional review boards approved this study.

Data collection

In our study, we included 1280 participants with predialysis
plasma samples available. Samples were collected 3–8 months
after randomization in the HEMO study, a time point that
allowed adequate separation between the study groups [20].

Urine collection measurements

Timed urine collections were performed once at baseline
over 24–46 h in patients producing >50 mL of urine per day.
This measurement was repeated annually at the discretion of
the treating physician [19]. Residual kidney urea clearance was
calculated from timed urine collections for each individual.
Routine kinetic modeling took place at baseline and monthly

thereafter and included predialysis and postdialysis urea con-
centration measurements. Extensive kinetic modeling that
accounted for urea rebound occurred at follow-up visits at
Months 4 and 36 and consisted of eight blood samples collected
at designated times during and after dialysis, including a 30-
min postdialysis sample [19].

We used urine collections at 1 year of follow-up for sensitiv-
ity analyses. These urine collections were collected at the discre-
tion of the treating physician and were available for 173 of the
433 patients with RKF at baseline (40%). We excluded the
remaining participants (n¼ 260) from our sensitivity analyses
because we could not differentiate those that had truly lost RKF
from those that retained RKF but did not have urine collected.

Solute measurements

Concentrations of p-cresol sulfate (PCS), indoxyl sulfate
(IS), hippurate (HIPP) and phenylacetylglutamine (PAG) were
assayed by stable isotope dilution liquid chromatography/
tandem mass spectrometry (LC-MS/MS) using a modification
of a previously described method [21]. Total plasma concentra-
tions were measured after deproteination with methanol; fur-
ther assay measurements and coefficients of variation for
quality control have been described in detail previously [20].
Concentrations of trimethylamine-N-oxide (TMAO), asym-
metric dimethylarginine (ADMA), symmetric dimethylarginine
(SDMA) and methylguanidine (MG) were also determined by
LC-MS/MS. Recoveries and coefficients of variation for quality
control have been previously described and published [20].

Other covariates

Demographics and clinical information for all participants
were obtained at baseline at the time of enrollment. The index
of coexisting disease (ICED), a composite index of 19 comorbid
conditions and 9 physical impairments, was used to quantify
the level of comorbidity at baseline. Scores are tabulated based
on the severity or impairment of each comorbidity, with higher
scores indicating a greater overall degree of comorbidity.
Anthropometry was assessed once at baseline and included
measurements such as height and weight. Normalized protein
catabolic rate, a measure considered to reflect protein intake
in a metabolically stable patient, was calculated using urea ki-
netic modeling from the predialysis and postdialysis urea
measurements.

Statistical analysis

We examined baseline characteristics of the participants
overall and by the presence or absence of RKF. Differences were
compared using a chi-squared test for categorical variables and
an unpaired Student’s t-test for continuous variables.

The primary outcome was a relative difference calculation of
mean solute level in those with RKF (defined as residual urea
clearance) compared with those without RKF {[(Mean solute
level in those with RKF/mean solute level in those without
RKF)� 1]� 100}. A negative value implied a lower solute level
in the group with RKF. Confidence intervals (CIs) for this dif-
ference were calculated by bootstrapping with replacement and
2000 repetitions. Solutes were regressed on RKF using linear
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regression and then adjusted for age, sex, race and dialysis dose
intervention group. To determine if the association between
RKF and solutes was modified by spKt/Vurea, an interaction
term between the dialysis dose randomization group and RKF
(present or absent) was added to the model. In order to allow
for direct comparison of the effect of residual urea clearance on
the eight nonurea solutes, we performed linear regression of the
natural log transformed and standardized solutes on residual
urea clearance. To compare the effect of RKF on solute levels
and the effect of dialysis dose intervention on solute levels, we
calculated the relative difference of the mean solute level in
those randomized to a high-dose HD versus a standard-dose
HD {[(high Kt/Vurea group/standard Kt/Vurea group) – 1] �
100}, as previously described [20]. A negative value implied a
lower solute level in the high-Kt/Vurea group. As in the primary
analysis, 95% CIs were calculated using bootstrapping with
2000 replicates.

We used Cox proportional hazards models to analyze the as-
sociation of RKF (defined as urine volume �250 mL/day) [3]
with any-cause death, cardiac death and first cardiovascular
event, adjusting for age, sex, race, comorbidities (as per the
ICED score), cause of end-stage renal disease (ESRD), body
mass index, diabetes and duration of prior dialysis. Outcomes
analysis was performed using baseline RKF and preserved RKF,
that is, RKF present at baseline and the 1-year follow-up. Stata/
IC 14.1 (StataCorp, College Station, TX, USA) was used for all
statistical analyses.

R E S U L T S

Participants and their characteristics

Our study sample was comprised of 1280 participants from
the HEMO study, 433 (34%) of whom had RKF and 847 (66%)
who had no RKF. Table 1 presents the baseline characteristics
of the 1280 participants overall and by the presence or absence
of RKF. Participants with RKF were more likely to be older (59
versus 57 years, P¼ 0.007), less likely to be black (57% versus
66%, P¼ 0.002) and had been on dialysis for a shorter period of
time (1.8 versus 4.3 years, P< 0.001) compared with patients
without RKF. Compared with excluded participants, those in-
cluded in our analysis were less likely to have cardiac disease
but otherwise differed only slightly (Supplementary data, Table
S1).

Among those with RKF, average residual kidney urea clear-
ance was 0.7 6 0.4 mL/min/35 L total body water (TBW) with
an average urine volume of 1.8 L/week. Those with RKF had
lower ultrafiltration requirements (relative volume removed
3.8% versus 4.1%, P< 0.001). When compared with those with-
out RKF, this equated to 377 cc/week less ultrafiltration in abso-
lute terms (P¼ 0.048) or 762 cc/week less ultrafiltration in a
participant standardized to 70 kg (P< 0.001). Serum b2-micro-
globulin levels were also significantly lower in those with RKF
compared with those without RKF, a finding that persisted
when we controlled for dialysis dose and flux intervention
group in the parent study (P< 0.001; Supplementary data,
Table S2).

Association between RKF and solute concentrations

Table 2 describes the concentrations of urea and eight non-
urea solutes overall by RKF. Seven of the eight nonurea solutes
were lower in patients with RKF compared with those without.
The difference ranged from 24% lower (95% CI �30.8 to
�16.5) for HIPP to 3.7% lower (95% CI �6.4 to �0.9) for
ADMA. Further adjustments for age, sex, race and dialysis dose
intervention group in the parent study did not change these
findings (Table 2).

Among those with RKF, lower RKF was associated with
higher concentrations of seven of eight uremic solutes
(Table 3). Standardizing a natural log transformation of each of
the solutes allowed for head-to-head comparison of solute level
differences per 0.5 mL/min/35 L TBW decrease in residual urea
clearance (Table 3). HIPP and MG were lower at 0.32 mg/dL
and 0.34 lM, respectively, whereas TMAO was lower by
0.09 lM per each 0.5 mL/min/35 L TBW decrease in urea clear-
ance. This association was similar when evaluated by baseline
urine volume (Supplementary data, Table S3).

The relative differences in solute concentrations by RKF and
dialysis dose randomization group are shown in Figure 1. PAG,
TMAO, ADMA and SDMA levels were lower in those with
RKF versus those without and the magnitude was greater when
compared with the levels in those randomized to high-dose ver-
sus standard-dose HD. IS levels were equivalent, both lower by
a relative difference of 11%. Among our study sample, the mean
spKt/Vurea was 31% higher in those randomized to a high-dose
dialysis group versus a standard-dose dialysis group (1.7 versus
1.3).

Sensitivity analyses

Urine collection was performed in 40% of the 433 partici-
pants who had RKF at baseline and served as a sensitivity analy-
sis cohort (Supplementary data, Table S4). Similar to our
primary analysis, solute levels were lower in six of eight solutes
in the group that maintained RKF over the 1 year of follow-up
compared with the group without RKF. These results remained
significant after adjustment for age, sex, race and dialysis dose
intervention group (Supplementary data, Table S5).

Association between RKF and outcomes

The incidence of any-cause death, cardiac death or first car-
diovascular event (composite of first cardiovascular hospitaliza-
tion or death from any cause) per 1000 person-years was 152.4,
59.3 and 265.4, respectively (Table 4). RKF at baseline was asso-
ciated with a trend toward 14% lower risk of cardiovascular
events. Preserved RKF (presence of RKF at baseline and Year 1)
was associated with a 19% lower risk of death, 25% lower risk of
cardiac death and 16% lower risk of first cardiovascular event.

D I S C U S S I O N

In this study from a large, national, multicenter study of preva-
lent HD patients, we demonstrate that seven of eight nonurea
solute concentrations are lower in those with RKF compared
with those without RKF, despite a mean urea clearance of only
0.7 mL/min/35 L TBW in those with RKF. The concentrations
ranged from 24% lower for HIPP to 3.7% lower for ADMA.
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Table 1. Baseline characteristics of 1280 HD patients, overall and by RKF

Characteristic All RKF No RKF P-value

Number 1280 433 847
Demographics

Age (years) 57.5 6 14.0 59.0 6 13.6 56.7 6 14.2 0.007
Female, n (%) 727 (56.8) 229 (52.9) 498 (58.8) 0.049
Black, n (%) 804 (62.8) 246 (56.8) 558 (65.9) 0.002

Clinical characteristics
ICED score 1.95 6 0.8 1.89 6 0.9 1.98 6 0.8 0.05
Diabetes, n (%) 578 (45.2) 200 (46.2) 378 (44.6) 0.63
Cardiac disease, n (%) 1007 (78.7) 334 (77.1) 673 (79.5) 0.35
Gastrointestinal disease, n (%) 480 (37.5) 153 (35.3) 327 (38.6) 0.27
Residual kidney urea clearance (mL/min/35 L TBW) 0.24 60.4 0.72 6 0.4 0 6 0 <0.001
Urinary standard Kt/Vurea 0.06 6 0.1 0.19 6 0.1 0 6 0 <0.001
Urine volume (mL/24 h) 78.0 6 157.2 258.1 6 187.8 0 6 0 <0.001
BMI (kg/m2) 25.6 6 5.3 26.0 6 5.1 25.4 6 5.4 0.04
Body surface area (m2) 1.8 6 0.2 1.8 6 0.2 1.7 6 0.2 <0.001

Dialysis characteristics
Duration of prior dialysis (years) 3.4 6 4.1 1.8 6 1.8 4.3 6 4.7 <0.001
Predialysis SBP (mmHg) 152.6 6 21.8 154.0 6 20.0 151.9 6 22.7 0.1
Predialysis weight (kg) 72.5 6 15.4 74.3 6 15.2 71.6 6 15.4 0.002
Postdialysis weight (kg) 69.6 6 15.0 71.5 6 14.8 68.7 6 15.0 0.001
Relative volume removeda (%) 4.0 6 1.5 3.8 6 1.4 4.1 6 1.5 <0.001
Absolute volume removed (L) 2.9 6 1.1 2.9 6 1.1 2.8 6 1.1 0.048
Standardized volume removedb (L) 3.0 6 1.1 2.8 6 1.1 3.0 6 1.1 <0.001
High-dose HD intervention, n (%) 638 (49.8) 218 (50.3) 420 (49.6) 0.81
High-flux intervention, n (%) 638 (49.8) 226 (52.2) 412 (48.6) 0.24
Mean delivered dialysis (spKt/Vurea) 1.5 6 0.4 1.5 6 0.5 1.5 6 0.4 0.32
Session length (min) 206.8 6 28.2 208.7 6 28.7 205.8 6 28.0 0.08
Blood flow rate (mL/min) 343.1 6 60.7 345.7 6 57.5 341.8 6 62.3 0.29
Dialysate flow rate (mL/min) 673.2 6 129.7 674.6 6 133.5 672.6 6 127.8 0.79

Predialysis laboratory tests
Serum urea nitrogen (mg/dL) 56.7 6 14.7 56.7 6 14.0 56.7 6 15.1 0.99
Serum albumin (g/dL) 3.6 6 0.3 3.6 6 0.3 3.6 6 0.3 0.29
Serum b2-microglobulin (mg/L) 35.7 6 13.7 30.7 6 11.2 38.3 6 14.1 <0.001
Equilibrated nPCR (g/kg/day) 1.0 6 0.2 1.1 6 0.2 1.0 6 0.2 0.003

Values are presented as mean 6 SD unless stated otherwise. All values are prerandomization baseline data.
aRelative volume removed is calculated as [(predialysis weight � postdialysis weight)/predialysis weight] � 100.
bMean volume removed per HD session as standardized to a 70-kg patient is calculated as [(predialysis weight � postdialysis weight)/postdialysis weight] � 70.
BMI, body mass index; nPCR, normalized protein catabolic rate; SBP, systolic blood pressure.

Table 2. Association of solute concentrations with RKF

Solute Overall
(N¼ 1280)

RKF
(n¼ 433)

No RKF
(n¼ 847)

Mean difference Relative differencea Adjusted P-valueb P-value for
interactionc

Urea (mg/dL) 59.7 6 18.7 59.8 6 18.5 59.6 6 18.8 0.2 (�1.9–2.3) 0.3 (�3.2–3.9) 0.09 0.55
PCS (mg/dL) 3.3 6 1.7 3.5 6 1.7 3.3 6 1.7 0.3 (0.1–0.5) 8.2 (2.1–14.2) 0.007 0.75
IS (mg/dL) 2.5 6 1.2 2.3 6 1.1 2.6 6 1.2 �0.3 (�0.4 to �0.2) �11.1 (�16.0 to �6.2) <0.001 0.57
HIPP (mg/dL) 5.4 6 4.3 4.5 6 3.7 5.9 6 4.4 �1.4 (�1.9 to �0.9) �23.6 (�30.8 to �16.5) <0.001 0.23
PAG (mg/dL) 4.5 6 2.8 4.0 6 2.6 4.7 6 2.9 �0.7 (�1.0 to �0.4) �14.5 (�20.7 to �8.2) <0.001 0.10
TMAO (lM) 102.2 6 63.8 97.1 6 61.4 104.8 6 64.9 �7.8 (�15.0 to �0.6) �7.4 (�14.1 to �0.7) 0.04 0.51
MG (lM) 7.7 6 4.4 7.0 6 3.8 8.1 6 4.7 �1.2 (�1.6 to �0.7) �14.1 (�19.6 to �8.6) <0.001 0.31
ADMA (lM) 0.9 6 0.2 0.9 6 0.2 0.9 60.2 �0.03 (�0.06 to �0.01) �3.7 (�6.4 to �0.9) 0.01 0.95
SDMA (lM) 4.3 6 1.4 4.1 6 1.3 4.4 6 1.4 �0.3 (�0.5 to �0.2) �7.0 (�10.5 to �3.5) 0.001 0.16

aRelative difference was calculated as {[(Mean solute level in those with RKF/mean solute level in those without RKF) � 1] � 100}; 95% CIs were calculated using bootstrapping with
2000 replicates. Negative values imply a lower concentration in the group with RKF compared with the group without RKF.
bP-values are from a linear regression model of solute on RKF adjusting for age, sex, race and dialysis dose intervention group.
cP-value of the interaction term between dialysis dose intervention group and RKF (present or absent), adjusted for age, sex and race. The presence of statistically significant interaction
would suggest that the association between RKF and the individual solute levels was modified by dialysis dose.
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These findings are particularly significant since the HEMO
study included only patients with a ‘clinically negligible’ degree
of RKF as demonstrated by a mean residual urea clearance of
0.7 mL/min among those with RKF. The effect of RKF was con-
firmed in sensitivity analyses.

It is well established that mortality risk is lower among HD
patients with RKF. Results from the Netherlands Cooperative
Study on the Adequacy of Dialysis 2, the Choices for Healthy
Outcomes in Caring for End-Stage Renal Disease (CHOICE)
study and a recent study using data from a dialysis organization
in the USA support the idea that all other factors being equal,
patients that are best able to preserve their RKF after initiating

HD are likely to live longer than those that are anuric near the
start of dialysis or lose RKF at a rapid rate [2–4]. However, neg-
ligible RKF remains arbitrarily defined across study populations
and dialysis adequacy guidelines. At times it has been defined
by urine volume, whereas at other times it is defined by a mini-
mal glomerular filtration rate or urea clearance [2, 3, 12, 17, 22].

When we compared the relative difference of uremic solute
levels among those with RKF and those without RKF with
patients randomized to high-dose HD (Kt/Vurea 1.7) versus
standard-dose HD (Kt/Vurea 1.3), we found that uremic solute
concentrations were significantly lower in those with RKF com-
pared with those receiving standard-dose HD. We also found

Table 3. Association of solute concentration with measured urinary urea clearance in 433 HEMO study participants with RKF

Solute Absolute change in solute levela P-valueb Standardized, natural log
change in solute levelc

P-valueb

PCS (mg/dL) �0.08 6 0.1 0.36 �0.01 6 0.05 0.8
IS (mg/dL) 0.24 6 0.1 <0.001 0.22 6 0.05 <0.001
HIPP (mg/dL) 1.10 6 0.2 <0.001 0.34 6 0.05 <0.001
PAG (mg/dL) 0.67 6 0.1 <0.001 0.25 6 0.05 <0.001
TMAO (lM) 6.07 6 3.3 0.07 0.08 6 0.05 0.1
MG (lM) 1.40 6 0.2 <0.001 0.33 6 0.05 <0.001
ADMA (lM) 0.03 6 0.0 0.01 0.13 6 0.05 0.011
SDMA (lM) 0.18 6 0.1 0.01 0.12 6 0.05 0.018

aPer 0.5 mL/min/35 L TBW decrease in urea clearance.
bAdjusted for age, sex race.
cThe natural log of each solute level was standardized among those patients with RKF and subsequently regressed on urea clearance allowing for a head-to-head comparison of solutes.
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FIGURE 1: Impact of RKF and HD dose on solute levels. The relative differences of the eight measured solute levels in those with RKF versus
without RKF are juxtaposed with the relative differences in solute levels in those randomized to high-dose HD (mean spKt/Vurea ¼ 1.7) versus
standard-dose HD (mean spKt/Vurea ¼ 1.3). Formulas used to calculate relative differences were [(mean solute level in those with RKF/mean
solute level in those without RKF) – 1] � 100 and [(high Kt/Vurea group/standard Kt/Vurea group) – 1] �100, respectively. The y-axis represents
the relative difference in predialysis solute levels. A negative value implies a lower solute level in the group with RKF or high-dose HD in rela-
tion to those without RKF or standard-dose HD, respectively. The table in the figure shows the mean relative difference of each solute level
rounded to the nearest whole number, with bolded values indicating statistical significance (P < 0.05). P-values and CIs were calculated by
bootstrapping with replacement and 2000 repetitions.
*Denotes P < 0.05 (RKF versus non-RKF and high versus low Kt/Vurea).
aAs published by Meyer et al. [20].

850 S.M. Toth-Manikowski et al.



that preserved RKF at 1 year was associated with lower risk of
death, cardiac death and first cardiovascular event. These find-
ings are consistent with prior studies of RKF in the CHOICE
study and analyses from a large dialysis organization [3, 4] and
suggest that a lower burden of uremic toxins may be responsible
for this observed association.

Previous studies have shown that secretory clearance may be
preserved in the residual kidneys of HD patients [11, 23]. Our
work supports the idea that RKF provides an added level of con-
tinuous clearance of solutes, either by filtration or tubular secre-
tion, which is not provided by HD. This was demonstrated by
higher levels of solutes that are normally secreted by the kidneys,
including HIPP, PAG, IS, TMAO and ADMA, in anuric patients
(Table 3) [24–26]. This was also true for IS, a solute whose excre-
tion correlates highly with the degree of filtration and whose pro-
tein-bound state makes it less available for clearance by HD [23].
Additionally, both ADMA and TMAO levels were lower in those
with RKF. Higher levels of ADMA and TMAO levels were
associated with adverse outcomes in previous HEMO analyses;
although no effect modification was seen by RKF, this could
have been due to the sample size. The inability of conventional
HD to effectively control the levels of these solutes may contrib-
ute to the increased risk of cardiovascular disease and all-cause
mortality seen in the HD patient population and may provide an
explanation for why even small amounts of RKF in prior studies
were associated with better outcomes [2, 3]. In effect, native
kidneys provide a level of clearance that is not provided by HD.
This may partially explain the survival benefit seen in HD
patients with RKF and should be studied in further research.

One solute in particular stands out from the rest, PCS.
Notably, it was the only solute with a higher serum level in
subjects with RKF compared with those without RKF.
Our results are consistent with prior studies demonstrating

that plasma PCS levels are largely independent of the rate of
dialytic PCS removal in patients with ESRD [20, 27, 28]. By
and large, increasing HD intensity to decrease plasma levels
of uremic toxins has been largely unsuccessful and was re-
cently reviewed in detail [29]. While the exact biological rea-
son for this observation remains unexplained, it is
hypothesized that the gut microbiome is altered in those with
chronic kidney disease and ESRD, resulting in elevated PCS,
IS, PAG and TMAO levels by increased generation or reten-
tion in the gut [25, 27, 28, 30–38]. As the relationship be-
tween the gut microbiome and kidney disease is further
elucidated, it is becoming increasingly evident that the use
of prebiotics and probiotics may play an important role in
reducing systemic levels of uremic toxins [38–40].
Additionally, further attention is warranted to adsorbents such
as AST-120 (Kremezin), an oral adsorbent of PCS and IS pre-
cursors [41], and to dialyzers incorporating a hollow fiber
mixed matrix membrane capable of removing certain uremic
toxins [42]. However, further studies are needed before these
approaches can be widely accepted and implemented.

A few limitations of our study deserve mention. RKF was
assessed once at baseline, whereas solutes were measured at a
single time point 3–8 months later. Although a certain degree of
differential misclassification is likely to have occurred as a result
of loss of RKF during this time period, our methodology en-
sured the most conservative assessment of solute level differen-
ces in the patient population and suggests that the true effect
size of RKF may actually be stronger. To address this limitation,
we analyzed our data using baseline urine volume (�250 mL/
day) and residual urea clearance at 1-year follow-up and found
similar effects on solute levels.

Although we assessed eight well-described uremic solutes
based on prior known associations with increased cardiovascular

Table 4. Association of outcomes and RKF at baseline and 1-year follow-up

Residual kidney function
at baseline

Any-cause death Cardiac death First cardiovascular event or any-cause death

n¼ 1280 n¼ 1280 n¼ 1280
Events ¼ 568 Events ¼ 221 Events ¼ 737

IR/1000 PY ¼ 152.4 IR/1000 PY ¼ 59.3 IR/1000 PY ¼ 265.4

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Unadjusted 0.83 (0.63–1.10) 0.19 0.84 (0.62–1.13) 0.25 0.82 (0.67–1.00) 0.05
Age þ sex þ race 0.81 (0.65–1.01) 0.06 0.81 (0.61–1.06) 0.12 0.83 (0.70–0.98) 0.03
Model 2 þ ICED þ cause
þ BMI þ DM

0.84 (0.66–1.07) 0.16 0.78 (0.57–1.05) 0.1 0.86 (0.73–1.01) 0.07

Residual kidney function
at baseline and year 1

Any-cause death Cardiac death First cardiovascular event or any-cause death

n ¼ 1212 n ¼ 1214 n ¼ 1214
Events ¼ 548 Events ¼ 214 Events ¼ 702

IR/1000 PY ¼ 155.2 IR/1000 PY ¼ 60.6 IR/1000 PY ¼ 267.7

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Unadjusted 0.81 (0.61–1.08) 0.15 0.81 (0.60–1.09) 0.16 0.81 (0.66–0.99) 0.04
Age þ sex þ race 0.77 (0.62–0.97) 0.02 0.76 (0.59–0.98) 0.04 0.80 (0.68–0.95) 0.01
Model 2 þ ICED þ cause
þ BMI þ DM

0.81 (0.64–1.03) 0.09 0.75 (0.56–0.99) 0.04 0.84 (0.71–1.00) 0.046

HR represents risk in patients with RKF compared with those without RKF. RKF was defined as urine volume �250 mL/24 h.
IR, incidence rate; PY, person-years; HR, hazard ratio; Cause, cause of ESRD; BMI, body mass index; DM, diabetes.
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disease or mortality in HD populations, other uremic solutes
likely exist and may behave differently [20, 43–46]. Additionally,
despite various adjustments, it remains possible that people with
RKF are less sick in unmeasured ways and hence the possibility
of residual confounding remains. These limitations are balanced
by the major strengths of our study, including its large sample
size and careful collection of samples [20, 43–46].

The clinical implications of our findings are multifold and
highlight the idea that patients with RKF are unique and should
be managed differently from those with no RKF. In current
practice, dialyzers have become supremely efficient at urea
clearance and allow a goal Kt/Vurea to be achieved without the
need to account for RKF. Although the KDOQI HD guidelines
support routine measurement of RKF, there is no reimburse-
ment model to support the implementation of this practice.
Given what is known about the survival benefit associated with
RKF in HD patients, it may be worthwhile to incorporate RKF
measurement as a quality and standard-of-care metric in order
to ensure that RKF is measured (and possibly preserved) in this
unique patient population. Additionally, implementing an indi-
vidualized approach to HD that accounts for RKF in incident
HD patients, such as incremental HD, should be more fre-
quently employed [47].

In conclusion, a degree of RKF that was previously consid-
ered ‘clinically negligible’ provides a degree of uremic solute
clearance that is not provided by HD. Clinical trials dedicated
to investigating methods that prolong RKF in incident HD
patients are warranted. In the meantime, clinicians caring for
these patients should consider an individualized approach to
HD prescription that takes into account routine RKF
measurement.
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