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Renal anemia and
hyporesponsiveness to ESA for
preservation of residual kidney
function in patients undergoing
peritoneal dialysis
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Preservation of residual kidney function (RKF) is important in patients undergoing peritoneal dialysis
(PD). We aimed to examine the association between anemia management and residual urine output
using data from a nationwide survey of dialysis patients. After excluding patients with anuria at
baseline from the Total cohort of 2,712, 659 of 1,640 patients developed anuria during a median follow-
up of 2.5 (interquartile range: 1.5-4.2) years. Urine volume decreased more rapidly as hemoglobin
decreased or as the erythropoiesis-stimulating agent (ESA) resistance index (ERI) increased. The
hazard ratios with 95% confidence intervals for the development of anuria, defined as residual urine
volume <100 mL/day, were 1.65 (1.20-2.27), 1.39 (1.08-1.77), and 1.32 (1.07-1.63) for hemoglobin
levels of <9.0, 9.0-9.9, and 10.0-10.9 g/dL compared with 11.0-11.9 g/dL, and 1.35 (1.10-1.66) and
1.41 (1.14-1.73) for the second and third tertiles of ERI compared with the first tertile. In conclusion,
patients with a low hemoglobin level or a high ERI were more likely to experience a decline in
residual urine output and to develop anuria. Further studies are needed to investigate the effects of
interventions that could improve renal anemia and/or ESA hyporesponsiveness on RKF preservation.

Keywords Anuria, Erythropoiesis-stimulating agent resistance index, Hyporesponsiveness to erythropoiesis-
stimulating agent, Peritoneal dialysis, Residual kidney function

Residual kidney function (RKF) declines progressively with the loss of functional kidney parenchyma and
is associated with survival“2. The benefits of preserving RKF have been highlighted especially in patients
undergoing peritoneal dialysis (PD); not only is preserving RKF beneficial independent of the total dose of small
solute clearance delivered®, but it is also considered more important than peritoneal clearance®. Preservation
of RKF provides multifaceted benefits, including reduced blood pressure and left ventricular hypertrophy,
improved fluid status, lower serum B2-microglobulin levels, higher hemoglobin levels, and better nutritional
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status®~’. Residual urine output is a simple measure used as a surrogate for RKF in routine clinical practice®.
Anuria is often defined as a residual urine volume of <100 mL/day.>!? Patients with preserved residual urine
volume generally have a better prognosis'!.

Our previous study demonstrated a U-shaped association between hemoglobin levels and mortality in
patients undergoing PD'2, underscoring the importance of effective anemia management for survival. However,
to the best of our knowledge, the impact of anemia management on RKF preservation has not been thoroughly
explored.

In patients with kidney failure, decreased production of endogenous erythropoietin leads to renal
anemia, often requiring the administration of erythropoiesis-stimulating agents (ESAs). Some patients
develop ESA hyporesponsiveness, necessitating increased ESA doses to maintain hemoglobin levels'>!%. ESA
hyporesponsiveness, which is often expressed as ESA resistance index (ERI), has been associated with adverse
clinical outcomes, including increased risk of mortality and cardiovascular events in patients on dialysis'>!6.

While the mechanisms underlying ESA hyporesponsiveness are complex, RKF is considered to be relevant.
For example, the required dose of ESAs was lower in patients undergoing PD compared to patients on
hemodialysis (HD)'”!%. In addition, patients with preserved RKF exhibited a better response to ESAs'®. Despite
these observations, there has been little quantitative evaluation of how residual urine volume relates to ESA
hyporesponsiveness in patients undergoing PD.

Therefore, this study aimed to investigate how hemoglobin levels and ESA resistance were associated with
longitudinal changes in residual urine output. In an exploratory analysis, we also aimed to identify factors
associated with ESA resistance and to quantify the association between residual urine output and ESA resistance.
We used data on patients undergoing PD from a nationwide dialysis survey.

Results

Patient selection and cohort setting

This was a cohort study using data collected from patients undergoing PD in the Japanese Society for Dialysis
Therapy (JSDT) Renal Data Registry (JRDR) database. A flowchart of the patient inclusion process is presented
in Fig. 1. Among patients undergoing PD and registered in the database in 2012 (n=9,570), those who aged > 18
years, survived and underwent PD by the end of 2012 were enrolled and followed up until the end of 2021
(n=8,819). We excluded patients undergoing combination therapy with HD at the end of 2012 (n=1,662),
patients whose hemoglobin level data were not available (n=2,282), and patients whose urine volume and ESA

Patients undergoing PD registered in 2012 (N=9,570)

Age<18 years(N=122)
Died in 2012 (N=582)
Transferred or discontinued PD in 2012 (N=47)

\4

\4

Patients who survived and underwent PD (N=8819)

Combination of PD and HD at baseline(N=1662)
Missing data on hemoglobin (N=2282)

Missing data on residual UV (N=1618)

Missing or implausible dose of ESA (N=545)

Total cohort (N=2712)

Anuria (residual UV <100 mL/d) (N=438)
The records of residual UV <2 times (N=634)

A 4

Analytic cohort(N=1640)

Fig. 1. Flow diagram of patient selection. In the Total cohort, patients undergoing PD with available data
on ESA dose and residual urine were included to examine the association between urine output and ERI. In
the Analytic cohort, after excluding those with a urine volume <100 mL/day at baseline and those with only
one urine data available, we examined the longitudinal association of ERI with urine output. PD, peritoneal
dialysis; ESA, erythropoiesis-stimulating agent; ERI, ESA resistance index; UV, urine volume.
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dose data were not available (n=1,618 and 545, respectively) (the remaining patients were labeled the Total
cohort, n=2,712). After excluding patients with anuria, we investigated the association between baseline ESA
resistance and subsequent urine output trajectories in the remaining patients (this group was defined as the
Analytic cohort, n=1,640).

Baseline characteristics

The baseline characteristics of the Analytic cohort and number of missing values are shown in Table 1. The
mean age of the participants was 62 years, and 63% were men. The median time since starting dialysis was 21
months, and the mean (standard deviation) hemoglobin level was 10.9 (1.3) g/dL. The median total, PD, and
residual kidney Kt/V values were 2.0, 1.3, and 0.70, respectively, with substantial proportion of missing values.
Approximately 25% of the participants had diabetic nephropathy. The mean TSAT was 35.2%, and the median
ferritin level was 113 ng/mL.

The baseline characteristics of participants in the Total cohort according to residual urine volume categories
are presented in Supplementary Table 1. Residual urine volume was divided into three categories: <100, >100-
500, and >500 mL/day. Of the 2,712 patients, 438 (16%) had anuria, and 2,450 (90%) used ESAs. Participants
with a residual urine volume of >500 mL/day were more likely to have been undergoing dialysis for a shorter
time period, have a higher residual kidney Kt/V, lower ESA dose, and lower ERI. TSAT and ferritin levels were
similar across the urine volume categories.

Analytic cohort

(N=1,640) No. of missing values in the Analytic cohort (%)
Residual urine volume, mL/day 900 (500-1200) |0
Age, year 62 (13) 0
Male sex 1,031 (63%) 0
Time since starting dialysis, month 21 (9-41) 0
Hemoglobin, g/dL 10.9 (1.3) 0
Residual kidney Kt/V 0.70 (0.40-1.0) | 843 (51.4)
PD Kt/V 1.3 (1.0-1.7) 678 (41.3)
Total Kt/V 2.0 (1.7-2.3) 851 (51.9)
D/P creatinine ratio 0.7 (0.6-0.7) 540 (32.9)
PD solutions, L 6 (4-8) 11 (0.7)
Diabetic nephropathy 405 (24.7%) 0
Hypertension 1,453 (90%) 22(1.3)
History of myocardial infarction 111 (7.3%) 120 (7.3)
History of stroke 151 (9.9%) 114 (7.0)
History of limb amputation 21 (1.4%) 121 (7.4)
History of peritonitis 183 (11.5%) 53(3.2)
Current smoking 140 (9.1%) 96 (5.9)
Body mass index, kg/m2 23.3(3.6) 211 (12.9)
Systolic blood pressure, mmHg 138 (20) 203 (12.4)
Diastolic blood pressure, nmHg 79 (13) 202 (12.3)
Transferrin saturation, % 35.2(15.1) 500 (30.5)
Serum ferritin, ng/mL 113 (58-193) 307 (18.7)
ESA use 1,480 (90%) 0
DA-equivalent weekly dose 25 (15-40) 0
Erythropoietin resistance index 2.47(1.24-3.95) |0
Weight-based erythropoietin resistance index | 8.32 (4.28-13.5) | 162 (9.9)
Serum albumin, g/dL 3.4 (0.5) 9(0.5)
Total cholesterol, mg/dL 182 (38) 324 (19.8)
Serum C-reactive protein, mg/dL 0.10 (0.00-0.30) | 173 (10.5)
Serum corrected calcium, mg/dL 9.4 (0.8) 181 (11.0)
Serum phosphate, mg/dL 5.0(1.2) 4(0.2)
Intact PTH, pg/mL 163 (89-272) 181 (11.0)

Table 1. Baseline characteristics of the Analytic cohort and number of missing values. Categorical variables
are summarized as numbers (%), and continuous variables are summarized as mean (standard deviation) or
median (interquartile range), appropriately. PD, peritoneal dialysis; ESA, erythropoiesis-stimulating agent; DA,
darbepoetin alpha; PTH, parathyroid hormone.
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Association of hemoglobin levels and ERI with longitudinal urine volume trajectory and
anuria

In the Analytic cohort, the number of records of urine volume gradually decreased over time (Supplementary
Fig. 1). We therefore estimated the longitudinal trajectory using up to 6 years of data. The longitudinal trajectories
of residual urine volume varied significantly across hemoglobin levels (Fig. 2A, P for interaction <0.001) and
ERI tertiles (Fig. 2B, P for interaction <0.001). The estimated differences in time to anuria, defined as urine
volume < 100mL/day, were approximately 2 years between a hemoglobin level of <9.0 g/dL and the reference
category of 11.0-11.9 g/dL and 1 year between the first and third ERI tertiles. These differences were estimated
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Fig. 2. Longitudinal trajectories of residual urine output across levels of hemoglobin and ESA resistance index
at baseline. Longitudinal trajectories of residual urine output across levels of hemoglobin (A) and ERI tertiles
(B) were estimated using mixed-effects models. The residual urine output decreased more rapidly over time

in patients with lower hemoglobin levels or higher ERI. Models were adjusted for age, sex, time since dialysis
initiation, and log-transformed urine volume at baseline. ESA, erythropoiesis-stimulating agent; ERI, ESA
resistance index.
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from the graph showing the urine volume trajectory. This means that the higher the hemoglobin or the lower the
ERI, the longer the estimated time to anuria.

Here we used the following two definitions of anuria: type A and B (Supplementary Fig. 2A and 2B). The
cumulative incidence of anuria using the two definitions is shown in Supplementary Fig. 3A and 3B for type A
and B, respectively. Type A anuria events occurred in 659 patients (median follow-up period, 2.5 [IQR, 1.5-4.2]
years), while type B anuria events occurred in 572 patients (median follow-up period, 2.0 [IQR, 1.0-3.4] years).
We used type A anuria events as in the primary analysis.

We examined the association between hemoglobin levels and anuria using multivariable Cox regression
analysis (Fig. 3). Patients with hemoglobin levels <11 g/dL were more likely to develop anuria than the reference
level of 11.0-11.9 g/dL, with HRs and 95% ClIs of 1.65 (1.20-2.27), 1.39 (1.08-1.77), and 1.32 (1.07-1.63) for
those with hemoglobin levels <9.0, 9.0-9.9, and 10.0-10.9 g/dL, respectively, in Model 5. The association was
attenuated when nutritional parameters, specifically, serum albumin were added. Sensitivity analyses showed
consistent results (Supplementary Table 2).

We also showed that the second and third ERI tertiles were significantly associated with the occurrence of
anuria, with HRs and 95% ClIs of 1.35 (1.10-1.66) and 1.41 (1.14-1.73) for the second and third tertiles of ERI,
respectively (Table 2). The HR of ERI for anuria occurrence was attenuated by the addition of CKD-mineral and
bone disorder (MBD) markers (from Model 2 to Model 3) and nutritional parameters (from Model 4 to Model
5). Sensitivity analyses showed consistent results (Supplementary Table 3). In the RCS analysis, the occurrence
of anuria was associated with increased ERI (Fig. 4).

Association between residual urine volume and ERI (exploratory analysis)

Cross-sectional analysis using the Total cohort (n=2,712) revealed that as the residual urine volume decreased,
the estimated ERI increased in the multivariable-adjusted models. The point estimates decreased after including
nutritional markers such as serum albumin and total cholesterol levels (Supplementary Table 4). Similar results
were obtained when serum albumin level alone was added to Model 4. Factors associated with elevated ERI
were older age, female sex, time since starting dialysis, hypertension, elevated phosphorus and CRP levels, and
decreased serum albumin and total cholesterol levels (Supplementary Table 5). A non-linear association was

Unadjusted T ¢
Model 1 s
Model 2
Model 3
Model 4
Model 5

<9

T T I T
9-9.9 10-10.9 1-11.9 12-12.9 213
Hemoglobin, g/dL

Fig. 3. Association between hemoglobin levels and anuria. Covariates in multivariable adjustment models
were as follows: age, sex, time since starting PD, hypertension, urine output at baseline, weekly ESA dose; DM,
BML, history of myocardial infarction, history of stroke, total Kt/V, and smoking (Model 1, a demographic
model); Model 1+ TSAT, and ferritin (Model 2, + iron indices); Model 2 + phosphorus, calcium, and intact
PTH (Model 3, + CKD-MBD markers); Model 3 + CRP and history of peritonitis (Model 4, + inflammation);
Model 4 +albumin and total cholesterol (Model 5, nutritional indices). HR, hazard ratio; CI, confidence
interval; ESA, erythropoiesis-stimulating agent; ERI, ESA resistance index; PD, peritoneal dialysis; DM,
diabetes mellitus; BMI, body mass index; TSAT, transferrin saturation; PTH, parathyroid hormone; CKD-
MBD, chronic kidney disease mineral and bone disorder; CRP, C-reactive protein.
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HR (95% confidence intervals) of ERI for

risk of anuria
Models 1st tertile | 2nd tertile 3rd tertile
Unadjusted Ref 1.61 (1.32-1.96) | 1.96 (1.61-2.39)
Model 1: Demographic model Ref 1.57 (1.28-1.92) | 1.71 (1.40-2.09)
Model 2: + iron indices Ref 1.57 (1.28-1.92) | 1.72 (1.40-2.10)
Model 3: + CKD-MBD markers | Ref 1.47 (1.20-1.80) | 1.61 (1.31-1.97)
Model 4: + inflammation Ref 1.45(1.18-1.77) | 1.58 (1.28-1.93)
Model 5: + nutritional indices Ref 1.35(1.10-1.66) | 1.41 (1.14-1.73)

Table 2. Association between ESA resistance index and anuria. Covariates in multivariable adjustment models
were as follows: age, sex, time since starting dialysis, hypertension, log-transformed urine volume at baseline;
DM, BM]I, history of myocardial infarction, history of stroke, total Kt/V, and smoking (Model 1, a demographic
model); Model 1 + TSAT, and ferritin (Model 2, + iron indices); Model 2 + phosphorus, calcium, and intact
PTH (Model 3, + CKD-MBD markers); Model 3 + CRP and history of peritonitis (Model 4, + inflammation);
Model 4 + albumin and total cholesterol (Model 5, + nutritional indices). Significant associations were observed
between urine volume and all-cause mortality, while no significant association was observed between ERI and
all-cause mortality. HR, hazard ratio; CI, confidence interval; UV, urine volume; PD, peritoneal dialysis; HD,
hemodialysis; DM, diabetes mellitus; BMI, body mass index; ESA, erythropoiesis-stimulating agent; ERI, ESA
resistance index; TSAT, transferrin saturation; PTH, parathyroid hormone; CKD-MBD, chronic kidney disease
mineral and bone disorder; CRP, C-reactive protein; ERI, ESA resistance index.

observed in the RCS (Supplementary Fig. 4). The estimated ERI tended to be lower with higher residual urine
volume in an almost linear fashion when the urine volume was > 100 mL/day. In contrast, when the urine volume
was <100 mL/day, the estimated ERI remained consistently high. Similar results were obtained when different
ERI definitions were used (Supplementary Tables 6 and Supplementary Fig. 5).

Overall survival and comparison of survival outcomes (exploratory analysis)

Using the Total cohort (n=2,712), we also examine the association of ERI or residual urine volume with all-cause
mortality. During a median follow-up period of 3.5 (interquartile range [IQR], 1.5-6.3) years, 759 patients died,
101 patients underwent kidney transplantation, and 1,483 patients were transferred to HD. The Kaplan-Meier
curve exhibited a difference in mortality based on residual urine output (P<0.001) (Supplementary Fig. 6A),
whereas no difference was observed in mortality based on the ERI tertiles (Supplementary Fig. 6B and 6 C). In
the multivariable Cox models, compared to the reference urine output category of >500 mL/day, anuria (urine
volume < 100 mL/day) was significantly associated with risk of mortality with the adjusted hazard ratios (HRs) of
1.59 (1.26-2.01), while elevated ERI was not associated with increased risk of mortality (Supplementary Table 7).

Discussion

Using data on patients undergoing PD from a nationwide dialysis survey, this study revealed two important
findings. First, we clearly demonstrated the potential role of anemia management in preserving RKE, which has
not been formally addressed in previous studies. Second, exploratory analysis revealed that urine volume <100
mL/day was associated with ESA hyporesponsiveness and risk of mortality, which were of clinical significance.
Interestingly, an inverted J-curve association with residual urine output was observed: the ERI decreased
linearly with increasing urine output when urine output was >100 mL/day, whereas it remained high and
almost unchanged with decreasing urine volumes when urine output was < 100 mL/day. This is the first study to
quantitatively assess the association between residual urine volume and ESA hyporesponsiveness.

We found that a low hemoglobin level or a high ERI at baseline was associated with a long-term decline in
residual urine output, and we demonstrated the robustness of the results through several sensitivity analyses.
Interestingly, our study successfully demonstrated that the trajectory of decline in residual urine volume varies
with hemoglobin levels in patients undergoing PD and that the duration of preserved residual urine output
differed depending on hemoglobin levels (Figs. 2A and 3). Specifically, an approximate 2-year difference in
time to anuria was observed between hemoglobin levels <9.0 g/dL and the reference category of 11.0-11.9 g/
dL (Fig. 2A). Furthermore, this association was also observed for ERI: the difference of approximately 1 year
was observed between the first and third tertiles of ERI (Fig. 2B). These findings provide clear evidence of the
importance of anemia management on preserving RKE.

In this study, both hemoglobin levels and ERI showed an association with preservation of RKE, whereas
ERI, unlike hemoglobin levels!?, was not significantly associated with mortality (Supplementary Table 7). This
may be because inflammation and iron deficiency were less pronounced in Japanese patients on PD. In this
study, iron storage parameters were mostly adequate, with a mean TSAT of 35% and a median ferritin of 113
ng/mL. According to the results of a recent PDOPPS study?’, while>80% of Japanese patients undergoing PD
had ferritin levels <300 ng/mL, only 11% of the patients had TSAT levels <20%, with almost 30% of patients
receiving iron administration. Note that the Japanese guidelines for renal anemia recommend maintaining
ferritin levels <300 ng/mL.%! In these iron indices, 83% of patients had hemoglobin levels>10 g/dL and were
well controlled, suggesting that iron was being utilized effectively. The low level of inflammation in the Japanese
PD population may also have contributed to this favorable iron utilization. In this study, the median value of
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Fig. 4. Non-linear association between ESA resistance index and risk of anuria. Non-linear estimation of
residual urine output was demonstrated using restricted cubic spline analysis with three knots at the 10th, 50th,
and 90th percentiles of ERI in all patients (A) and in those who were administered ESA (B). The reference

category was placed on the median values of ERI, 2.47 (A) and 2.68 (B). A multivariable regression model was
adjusted for the variables in Model 5. ESA, erythropoiesis-stimulating agent; ERI, ESA resistance index.

CRP was as low as 0.10 mg/dL. Similar results have been reported in Japanese patients on HD?2. In addition, a
low incidence of PD-related peritonitis has been reported?. Although the association with mortality was not
clear, the association of ERI with urine volume trajectory or anuria provides valuable insight into the importance
of anemia management for the preservation of RKE

The association between anemia management and residual urine output was attenuated by several factors
in this study. Serum albumin levels attenuated the impacts of hemoglobin levels or ERI on the longitudinal
trajectory of residual urine output (Table 2; Fig. 3). As albumin is considered to be an inflammatory marker?,
these findings may suggest that inflammation and/or malnutrition may be associated with anemia management
and RKF decline. A recent retrospective observational study found that the use of a hypoxia-inducible factor
prolyl hydroxylase inhibitor was associated with improvement in anemia as well as preservation of RKF and
lower CRP levels?. Further studies are needed to investigate the effectiveness of this medicine on RKF and ERI.
The present study also found that the association between ERI and anuria was attenuated by the addition of CKD-
MBD markers (Table 2). Previous studies have shown that high PTH levels were associated with decreased RKF
in patients undergoing HD?®, whereas low phosphorus levels were associated with preserved RKF in patients
undergoing PD?. Thus, CKD-MBD, inflammation, and nutrition may be potential targets for preserving RKF
and improving anemia management in patients undergoing PD.

Previous studies have shown that patients with preserved RKF had a better response to ESAs'®, and preserved
residual urine volume has also been associated with lower ESA requirements!'!. However, in the latter study,
the presence or absence of residual urine output was defined by whether one cup of urine (250 mL/day) was
maintained on the basis of a questionnaire and was not treated and assessed as a continuous value. In the present
study, both residual urine output and ESA resistance were treated and analyzed as continuous values, and their
associations were clearly demonstrated. Notably, the association appeared to be quite different between residual
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urine volumes below and above 100 mL/day. Although a residual urine output of 100 mL/day is widely accepted
as the threshold for anuria®!’, there was insufficient evidence to support this value?®. This study provides valuable
insights into the clinical significance of this value.

This study had several limitations. First, this was an observational study, which limits the interpretation
of causal relationships. The association between residual urine output and ERI was based on a cross-sectional
analysis. However, the findings provided new clinical significance to the value of 100 mL/day of residual urine
volume. Second, we employed variables with definitions that are not well established, such as ERI, which was
not based on body weight, and anuria, which was imputed with a mixed-effects model. We conducted several
sensitivity analyses to address this uncertainty and obtained consistent results (Supplementary Tables 2, 3, 6,
and 7). Third, our data did not include details of medications or PD-related factors. For example, the use of iron
supplementations or types of antihypertensive agents, such as renin-angiotensin system inhibitors, were not
available. Nevertheless, the patients in this study had well-controlled iron stores. The use of renin-angiotensin
system inhibitors and biocompatible PD solutions can preserve RKF?, whereas nephrotoxic agents may disrupt
it”. However, neutral-pH solutions with low-glucose degradation products allow excellent preservation of RKF
and larger urine volumes®**!, and such biocompatible PD solutions are widely used in Japan®2. Fourth, the
present study did not provide a clear cut-off for ERI with regard to its association with outcomes. However, a
novelty is that it showed an association of ERI with anuria or reduced urine output. Future research is needed
to determine ESA hyporesponsiveness based on ERI values. Fifth, there is the potential for immortal-time
bias. Patients with multiple urine volume records may remain in the cohort, ensuring the survival of these
patients. However, this is unavoidable due to the study design. Without collecting information on urine output
at multiple time points, it is not possible to observe the outcome of urine output or anuria. Finally, our results
were derived from a single country, which may limit their generalizability. Namely, external validation is needed
in populations where larger PD solution volumes are required to provide adequate dialysis.

In conclusion, this study demonstrated that patients with high hemoglobin levels or low ERI were more likely
to have a preserved residual urine output and were less likely to develop anuria. We also identified the clinical
significance of a residual urine volume of 100 mL/day. Further studies are needed to investigate the effects of
interventions that could improve renal anemia and/or ESA hyporesponsiveness on the preservation of RKE

Materials and methods

Study design and population

JRDR is a nationwide dialysis registry that conducts a survey at the end of each year to collect dialysis-related
parameters and event data. Details of the JRDR are described elsewhere?!. Data acquisition in the JRDR is planned
a priori, and the target patients and data items are clearly defined in advance. Data collection is continuously
conducted according to predefined rules. In Japan, biocompatible neutral PD solutions were introduced in
the early 2000s, and have gained prevalence since then?*2. The study protocol was approved by the Medicine
Ethics Committee of the JSDT, and the study was conducted in accordance with the Declaration of Helsinki.
Written informed consent to participate in the study was waived by the ethics committee because the data were
anonymized and no intervention was performed for research purposes.

Definition of variables
The weekly dose of epoetin was divided by 200, and the monthly dose of epoetin beta pegol was divided by
four to convert to a weekly darbepoetin-equivalent dose®*4. If ESA doses recorded in the dataset exceeded the
insurance-covered doses owing to inaccurate data entries, they were considered missing values. The ERI was
given by the following Eqs!®3*:

1) Darbepoetin alpha-equivalent ESA dose divided by hemoglobin level ... primary analysis.

2) Epoetin alpha-equivalent ESA dose divided by hemoglobin level and body weight ... sensitivity analysis.

We used the latter definition in a sensitivity analysis owing to the substantial missing data for body weight.
Whole PTH levels measured by bio-intact assays were multiplied by 1.7 to obtain equivalent intact PTH values®.

Covariates in multivariable models

The covariates in multivariable models collected at baseline were as follows: Age, sex, time since starting dialysis,
hypertension, DM, BMI, history of myocardial infarction, history of stroke, total Kt/V, smoking, log-transformed
urine volume (except when the exposure was urine output), and weekly ESA dose (except when the exposure
was ERI or urine output) (Model 1, a demographic model); Model 1 + transferrin saturation (TSAT), and ferritin
(Model 2, including iron indices); Model 2 + phosphorus, calcium, and intact PTH (Model 3, including CKD-
MBD markers); Model 3 + C-reactive protein (CRP) and history of peritonitis (Model 4, including inflammation-
related variables); Model 4 + albumin and total cholesterol (Model 5, including nutritional indices).

Outcomes

In the Analytic cohort, we defined anuria as residual urine volume <100 mL/day®'°. The method of estimating
time to anuria is described in Supplementary Fig. 2. Since anuria was determined in the annual survey, which
was conducted at fixed time intervals, we implemented an ad hoc approach to impute the timing of the
occurrence of anuria®’. Two types of time intervals during which an event could occur are possible: an interval
bracketed by an annual record and a censoring event; and an interval bracketed by two annual records. In the
first type of interval, no urine information was available after the study participant’s last annual urine record,
but they were still alive and being followed up. We, therefore, estimated urine volume using a mixed-effects
model and regressed it linearly to the participant’s censoring event (Supplementary Fig. 2A, type A). When the
regression line intersected the threshold of 100 mL/day before the censoring event, that time was recognized as
the occurrence of anuria. In the second type of interval, urine volume values are available on both sides of the
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interval. We assumed log-transformed urine volume changed linearly over time within the interval. If, at the
end of the interval, urine volume had fallen to or below 100 mL/day, the timing of the event’s occurrence was
estimated by drawing a straight line within the interval (Supplementary Fig. 2B, type B). Follow-up was censored
at any of the following events: transition to thrice-weekly HD, withdrawal from dialysis, kidney transplantation,
or the end of 2021. In the sensitivity analysis, we also considered the initiation of combination therapy between
HD and PD as a censoring event in addition to the above-mentioned censoring events.

In an exploratory analysis using the Total cohort, the outcomes were all-cause death in the longitudinal
analysis and the ERI in the cross-sectional analysis.

Statistical analysis
The baseline characteristics of the Total cohort were compared according to the three categories of residual
urine volume. Data are presented as numbers (%), means (standard deviation), or medians (interquartile ranges
[IQR]), as appropriate.

A mixed-effects model with an unstructured variance-covariance structure was employed to consider
patient-level random effects to examine the longitudinal urine volume trajectory across hemoglobin levels and
ERI tertiles at baseline. Multivariable analyses were performed after adjusting for age, sex, time since dialysis
initiation, and the log-transformed urine volume at baseline. We also examined the association of hemoglobin
levels and ERI at baseline with the occurrence of anuria using multivariable Cox regression models. Hemoglobin
levels between 11.0 and 11.9 g/dL were considered the reference category.

We imputed the missing values in the multivariable linear regression and Cox regression models using
multiple imputations with chained equations®®*. Variables used in multiple imputations included exposure
of interest, covariates in the multivariable models, the endpoint indicator, and the Nelson-Aalen cumulative
hazard estimate. The results for the 100 imputed data sets were combined using Rubin’s rule.

In an exploratory analysis, we performed a multivariable linear regression analysis to explore factors associated
with ERI and to examine the association between ERI and urine output using the Total cohort. Furthermore,
all-cause mortality was compared across categories of urine output or ERI tertiles using the Kaplan-Meier
method and log-rank tests. The association of urine output or ERI with all-cause mortality was examined using
multivariable Cox proportional hazards models. The urine output category of > 500 mL/day was selected as the
reference.

Assuming a nonlinear association between exposures and outcomes, we performed restricted cubic spline
(RCS) analysis to examine the longitudinal association between ERI and anuria occurrence based on Cox
regression, and the cross-sectional association between residual urine volume and ERI. In the Cox model, the
reference value was set as the median ERI value. The proportional hazard assumption was graphically assessed
using Schoenfeld residuals. In all analyses, a two-sided P value <0.05 was considered statistically significant.
Statistical analyses were performed using Stata MP version 18.0 (Stata Corp, College Station, TX, USA).

Data availability
Owing to personal information protection laws, our data are not freely available. The data underlying this article
will be shared upon reasonable request to the corresponding author.
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