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ABSTRACT

Background. Previous studies suggest that haemodiafiltration reduces mortality compared with haemodialysis in
patients with end-stage kidney disease (ESKD), but the controversy surrounding its benefits remains and it is unclear to
what extent individual patients benefit from haemodiafiltration. This study is aimed to develop and validate a treatment
effect prediction model to determine which patients would benefit most from haemodiafiltration compared with
haemodialysis in terms of all-cause mortality.
Methods. Individual participant data from four randomized controlled trials comparing haemodiafiltration with
haemodialysis on mortality were used to derive a Royston-Parmar model for the prediction of absolute treatment effect
of haemodiafiltration based on pre-specified patient and disease characteristics. Validation of the model was performed
using internal-external cross validation.
Results. The median predicted survival benefit was 44 (Q1–Q3: 44–46) days for every year of treatment with
haemodiafiltration compared with haemodialysis. The median survival benefit with haemodiafiltration ranged from 2 to
48 months. Patients who benefitted most from haemodiafiltration were younger, less likely to have diabetes or a
cardiovascular history and had higher serum creatinine and albumin levels. Internal–external cross validation showed
adequate discrimination and calibration.
Conclusion. Although overall mortality is reduced by haemodiafiltration compared with haemodialysis in ESKD
patients, the absolute survival benefit can vary greatly between individuals. Our results indicate that the effects of
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Haemodiafiltration treatment effect prediction 1925

haemodiafiltration on survival can be predicted using a combination of readily available patient and disease
characteristics, which could guide shared decision-making.

GRAPHICAL ABSTRACT

Robin W.M.
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INTRODUCTION

The prevalence of end-stage kidney disease (ESKD) and the use
of renal replacement therapy (RRT) are expected to increase
over the next decades [1], driven by an ageing population and
an increasing prevalence of diabetes and hypertension [2]. De-
spite improvements in the survival of patients with ESKD over
past decades, morbidity and mortality in patients receiving
haemodialysis remain high [3, 4]. Hence, there is an urgent med-
ical need to improve the prognosis for patients with ESKD. On-
line haemodiafiltration, a technique combining convection and
diffusion, has been shown to more effectively remove middle-
molecular weight solutes than haemodialysis [5]. Moreover, an
individual patient data (IPD) analysis of four randomized con-
trolled trials (RCTs) indicated that haemodiafiltration reduces
the mortality risk compared with haemodialysis, especially for
patients receiving a higher convection volume [6]. However, con-
troversy surrounding the benefits of haemodiafiltration remains
and has impeded broad acceptance of this technique as routine
therapy.

Previous studies on haemodiafiltrationwere designed to esti-
mate group-level average treatment effects, but it is conceivable
that not all patients benefit equally from haemodiafiltration. For
example, absolute treatment effects may vary between patients
due to differences in their prognosis and disease severity before

treatment. Individualized treatment effect prediction provides a
comprehensive approach to assess the presence of heterogene-
ity in treatment effect and to estimate an individual patient-
specific expected absolute treatment effect, which is critical for
personalized medicine [7–10]. In addition, such clinically inter-
pretable estimates could help in decisions on whether to imple-
ment haemodiafiltration as routine therapy. In this study,we de-
veloped and validated a model to predict the median survival
with haemodialysis and haemodiafiltration treatment for indi-
vidual patients with ESKD to determine which patients will ex-
perience the greatest survival benefit from haemodiafiltration.

MATERIALS AND METHODS

Study design and population

Data from the HDF Pooling Project [6], including four RCTs that
compared haemodialysis with haemodiafiltration treatment
in terms of mortality, were used. The Convective Transport
Study (CONTRAST) study, including 714 patients, was un-
dertaken in the Netherlands, Canada and Norway [11]. The
On-Line Haemodiafiltration Survival Study (ESHOL), including
906 patients, was conducted in Spain [12]. The French HDF
study included 391 patients [13] and the Turkish HDF study
782 patients [14]. The primary outcome in all four trials was
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all-cause mortality. A detailed description of the study popu-
lation and outcomes used for the present study is provided in
Supplementary data, Appendix 1. Detailed descriptions of the
four included RCTs are provided elsewhere [11–14].

Model development

A complete description of the methods used for developing and
validating the model is provided in Supplementary data, Ap-
pendix 2–8. In short, using data from the HDF Pooling Project, a
flexible parametric Royston-Parmar model [15] were developed
to predict the absolute treatment effect, defined as the differ-
ence between the median survival time with haemodiafiltra-
tion and haemodialysis treatment. The model predictors were
selected based on available literature (Supplementary data, Ap-
pendix 2) and comprised age, sex, body mass index (BMI) af-
ter dialysis, diabetes mellitus, history of cardiovascular disease,
serum creatinine before dialysis, serum albumin and C-reactive
protein (CRP). This model was used to predict the median sur-
vival in months with haemodiafiltration and haemodialysis
treatment for all individual patients included in the HDF-Pooling
project.

Baseline covariate data were missing in ≤4% of patients, ex-
cept for CRP, which was missing for 20.3%. These missing data
were multiplied and imputed 20 times, separately for the four
studies (Supplementary data, Appendix 3) [16]. We accounted
for competing risk by kidney transplantation (n = 355) and po-
tential informative censoring due to missing outcome data af-
ter discontinuation of the randomized treatment (n = 57) by
multiple imputations of censored failure times (Supplementary
data, Appendix 4) [17]. Since log transformations of age and
CRP consistently improved the model fit, these predictors
were log-transformed in the final model (Supplementary data,
Appendix 5).

To evaluate whether the relative treatment effect varies
across individuals (i.e. treatment effect heterogeneity on the
relative scale), we fitted a Cox proportional hazards model
for each study and quantified the statistical interaction be-
tween treatment and the linear predictor of risk [10]. These
interaction terms were then pooled using a random effects
meta-analysis. If a significant risk-by-treatment interaction was
found, the presence of treatment effect heterogeneity was fur-
ther evaluated by including all possible treatment-covariate
interactions in the model and selecting these with least the
absolute shrinkage and selection operator (LASSO) regression.
A detailed description of the evaluation of relative treat-
ment effect heterogeneity is provided in Supplementary data,
Appendix 6.

To enable the prediction of the absolute treatment effect,
we fitted a Royston-Parmar model with a proportional odds
scale and with two internal knots (Supplementary data, Ap-
pendix 7). Previous studies reported that higher convection vol-
umes are associated with a more pronounced survival bene-
fit for haemodiafiltration compared with haemodialysis treat-
ment [6, 18]. To assess the effects of high-volume haemodiafil-
tration [i.e. body-surface area (BSA)-adjusted convection volume
of ≥23 L/1.73m2 per session) we used the same steps as de-
scribed above in the data excluding patients who were treated
with haemodiafiltrationwith a BSA-adjusted convection volume
of <23 L (n = 959) to obtain an effect estimate for high-volume
haemodiafiltration. This effect estimate was subsequently used
in the main model to predict the median survival with high-
volume haemodiafiltration.

Model validation

Discrimination and calibration performance were evaluated us-
ing internal–external cross validation [19]. This approach com-
bines model development with external validation and provides
a method to detect heterogeneity in study populations, which
may warrant model adjustment such as recalibration. For this
purpose, a model was developed using three of the datasets and
was then validated in the remaining fourth dataset, repeating
for each permutation of the four studies. The prognostic per-
formance of the model in terms of discrimination was eval-
uated using the C-index [20] (Supplementary data, Appendix
8a), and calibration was evaluated using calibration plots [21]
(Supplementary data, Appendix 8b). Furthermore,we performed
decision curve analyses to evaluate whether using the model
to guide treatment decisions would improve clinical outcomes.
This method is based on the calculation of net benefit, which is
a decision-analytic measure that places benefits and harms on
the same scale [22]. We used this technique to compare the fol-
lowing treatment strategies: (i) treat all patients with haemodi-
afiltration; (ii) treat all patients with haemodialysis; and (iii)
prediction-based treatment. As the threshold for treatment is
subjective, we calculated the net benefit for threshold ranges in
terms of median survival benefit. A detailed description of the
net benefit calculations is provided in Supplementary data, Ap-
pendix 8c. Performance measures were assessed at 30 months,
i.e. the median follow-up time in the pooled data.

The analysis was guided by and reported in accordance with
the Predictive Approaches to Treatment Heterogeneity (PATH)
and Transparent Reporting of a multivariable prediction model
for Individual Prognosis or Diagnosis (TRIPOD) statements [10,
23]. All statistical analyses were performed in R version 4.0.3
(R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

All 2793 patients that participated in the four trials were in-
cluded in the analyses. The mean age was 64 (SD: 15) years,
63% were male, and the median dialysis vintage was 33 (Q1–
Q3: 14–64) months (Table 1). Approximately one-third of the
patients (n = 989) had a history of cardiovascular disease and
30% (n = 814) had diabetes. There were no major differences in
baseline characteristics between study arms.During themedian
follow-up of 30 months, 769 (28%) died and 355 (13%) patients
received a renal transplant (Supplementary data, Appendix Ta-
ble A1). Random effects meta-analysis in the pooled data pro-
vided a hazard ratio (HR) for all-cause mortality of 0.79 [95%
CI (confidence interval): 0.68–0.91] for haemodiafiltration com-
pared with haemodialysis.

Model derivation

Model coefficients accompanied by hazard ratios with corre-
sponding 95% CIs, are reported in Supplementary data, Ap-
pendix Fig. A1. Results indicated heterogeneity in the relative
treatment effect in the ESHOL study, where a significant treat-
ment interaction was found for baseline risk (P = .002; Supple-
mentary data, Appendix Fig. A2), and for log-transformed CRP
(P = .007). These findings suggest that the relative effect onmor-
tality of haemodiafiltration versus haemodialysis treatment in-
creases as the patient’s mortality risk increases (or as their CRP
values increase).However,when data from all trials were pooled,
evidence of heterogeneity in treatment effect on a relative scale
was no longer significant (Pfor baseline risk-by-treatment interaction = .36
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Table 1. Baseline characteristics of study participants

Total CONTRAST ESHOL French study Turkish study

N (% haemodiafiltration) 2793 (50) 714 (50) 906 (50) 391 (50) 782 (50)
Age, years 64 (15) 64 (14) 65 (14) 76 (6) 57 (14)
Male sex 63 62 67 61 59
History of cardiovascular disease 37 44 33 50 26
Diabetes mellitus 30 25 25 39 35
Dialysis vintage, months 33 (14–64) 24 (12–48) 28 (12–59) 38 (17–71) 50 (24–83)
Body mass index, kg/m2, post-dialysis 25.2 (4.7) 25.4 (4.8) 24.9 (4.5) 26.3 (4.9) 24.9 (4.8)
Blood flow, mL/min 337 (66) 301 (40) 386 (63) 336 (42) 294 (45)
Serum creatinine, mg/dL, pre-dialysis 8.4 (2.5) 9.7 (2.9) 8.0 (2.4) 7.6 (1.8) 8.1 (2.2)
Haemoglobin, g/dL 11.7 (1.4) 11.8 (1.3) 12.0 (1.4) 11.6 (1.3) 11.4 (1.5)
Serum albumin, g/dL 4.0 (0.4) 4.0 (0.4) 4.1 (0.4) 3.9 (0.4) 3.8 (0.4)
C-reactive protein, mg/L 3.5 (0.9–8.6) 3.9 (1.4–10.4) 6.3 (4.9–13.0) 5.0 (1.9–12.6) 0.9 (0.4–1.9)

Values are expressed as % for categorical variables, and mean (SD) or median (interquartile range) for continuous variables.

Table 2. Relative effects of model predictors on all-cause mortality

Predictor Odds ratio (95% confidence interval)

Haemodiafiltration versus haemodialysis 0.78 (0.65–0.93)
Male sex 1.38 (1.13–1.68)
Natural logarithm of age, years 8.71 (4.87–15.60)
Body mass index, kg/m2, post-dialysis 0.97 (0.95–0.99)
Diabetes mellitus 1.50 (1.23–1.83)
History of cardiovascular disease 1.61 (1.34–1.94)
Serum creatinine, mg/dL, pre-dialysis 0.94 (0.90–0.99)
Serum albumin, g/dL 0.52 (0.40–0.67)
Natural logarithm of C-reactive protein, mg/L 1.23 (1.15–1.31)

Odds ratios with 95% confidence intervals of the predictors in the final Royston-Parmar proportional odds model for all-cause mortality. The model was fitted in all

20 imputation sets of the pooled data and results were pooled using Rubin’s rules. The full model parameters and computational formula for predicting absolute risk
reduction for haemodiafiltration versus haemodialysis are provided in Supplementary data, Appendix 10.

and Pfor CRP-by-treatment interaction = .63). Therefore, we assumed that
the relative effect of haemodiafiltration versus haemodialysis is
constant and did not include any treatment–covariate interac-
tions in the final model.

Table 2 shows the ORs with 95% CI for the predictors in
the final model. The full model parameters and computational
formula for predicting absolute risk reduction for treatment
with haemodiafiltration versus haemodialysis, as well as study-
specific values for recalibration of the intercept are provided in
Supplementary data, Appendix 10.

Treatment effect prediction

The median predicted survival benefit with haemodiafiltration
versus haemodialysis treatment was 7.1 (Q1–Q3: 5.5–10.1)
months (Fig. 1, left panel). For every year of treatment with
haemodiafiltration the median predicted survival benefit was
44 (Q1–Q3: 44–46) days (Fig. 1, right panel). The characteristics
of the patients in different strata of predicted survival benefits
are shown in Table 3. Patients with a higher predicted survival
benefit with haemodiafiltration treatment versus haemodialy-
sis were younger, less likely to have diabetes or cardiovascular
history and had higher serum creatinine and serum albumin
levels. Supplementary data, Appendix Fig. A4 demonstrates the
effects of the individual continuous predictors and the total lin-
ear predictor of risk on median survival benefit predictions with
haemodiafiltration treatment versus haemodialysis. Examples

of the predicted survival benefit with haemodiafiltration com-
pared with haemodialysis for three patients are shown in Fig. 2.

Model validation

Four-fold external validation using internal–external cross-
validation showed that the C-index at 30 months ranged from
0.63 in the French study to 0.73 in the CONTRAST study. The
pooled (using random effects meta-analysis) C-index at 30
months was 0.69 (95% CI: 0.61–0.77; Supplementary data, Ap-
pendix Fig. A5). Calibration at 30 months was adequate in the
CONTRAST and ESHOL studies, but there was some overestima-
tion of mortality in patients with the highest predicted risk in
the Turkish and French studies (Supplementary data, Appendix
Fig. A6). Supplementary data, Appendix 8c provides a detailed
description of the decision curve analyses performed in the
internal–external cross-validation framework. Compared with
treating all patients with haemodiafiltration or treating all with
haemodialysis, prediction-based treatment allocation resulted
in the most favourable outcome across the range of evaluated
treatment thresholds (Supplementary data, Appendix Fig. A7).

High-volume haemodiafiltration

After excluding patients who were treated with haemodiafiltra-
tion with a BSA-adjusted convection volume of <23 L per ses-
sion the predicted median survival benefit with high-volume
haemodiafiltration treatment versus haemodialysis was 13.1
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FIGURE 1: Probability densities for the predicted survival benefit (in months) with haemodiafiltration and for haemodiafiltration with a body surface area-adjusted
convection volume of ≥23 L/1.73 m2 (i.e. high-volume haemodiafiltration) compared to hemodialysis (left panel), and for the predicted survival benefit (in days) per
year of treatment with haemodiafiltration and high-volume haemodiafiltration compared with haemodialysis (right panel), in the pooled data.

Table 3. Strata of predicted median survival benefit of online haemodiafiltration versus haemodialysis

<6 months ≥6 and <12 months ≥12 and <24 months ≥24 months

N 536 1301 630 265
Age, years 77 (7) 69 (9) 55 (10) 39 (12)
Male sex 79 64 49 54
Body mass index, kg/m2, post-dialysis 24.1 (3.8) 25.6 (4.5) 25.9 (5.4) 24.0 (4.9)
Diabetes mellitus 46 34 16 7
History of cardiovascular disease 73 38 12 6
Serum creatinine, mg/dL, predialysis 7.0 (5.6–8.4) 7.9 (6.4–9.5) 9.3 (7.6–10.8) 10.0 (8.3–12.0)
Serum albumin, g/dL 3.7 (0.4) 4.0 (0.4) 4.1 (0.4) 4.2 (0.4)
C-reactive protein, mg/L 10.5 (5.0–20.9) 4.0 (1.3–8.3) 1.4 (0.5–4.9) 0.5 (0.2–1.4)

Values are expressed as % for categorical variables, and mean (SD) or median (interquartile range) for continuous variables.

(Q1–Q3: 10.1–18.7) months (Fig. 1, left panel). For every year
of treatment with high-volume haemodiafiltration the median
predicted survival benefit was 74 (Q1–Q3: 73–77) days (Fig. 1,
right panel). This model showed similar performance in terms
of discrimination, calibration, andnet benefit comparedwith the
other models (Supplementary data, Appendix Fig. A8–11).

DISCUSSION

In this study, we have developed a model for individualized
prediction of the treatment effect with haemodiafiltration ver-
sus haemodialysis based on the data of four RCTs. Our results
demonstrate that the treatment effect with haemodiafiltration
versus haemodialysis can be predicted using a combination of
patient and disease characteristics that are readily available
in clinical practice. Although overall mortality is reduced by
haemodiafiltration compared with haemodialysis in ESKD pa-
tients, the survival benefit greatly varied between individuals.
For example, the patients who experienced the greatest survival
benefit with haemodiafiltration were younger, less likely to have
diabetes or cardiovascular history and had higher serum crea-
tinine and serum albumin levels, suggesting better nutritional

and physical status [24]. Internal–external cross-validation of
the model showed adequate calibration and discrimination and
decision curve analyses indicated that using the model to guide
treatment decisions could improve clinical outcomes.

In contrast to previous prediction models for mortality
in ESKD patients [25], our model predicts the median sur-
vival benefit for haemodiafiltration treatment compared with
haemodialysis for individual patients. This approach facilitates
weighing the expected benefits for individual patients against
the potential harms and costs of a treatment. Although the
predicted gain in median survival varied substantially between
individual patients, we found no evidence that the relative
treatment effect is affected by individual patient characteris-
tics. Consequently, all patients benefit from haemodiafiltration
treatment in terms of survival compared with haemodialysis.
As haemodiafiltration is considered to be safe and cost-effective
compared with haemodialysis [26, 27], it seems reasonable
to have haemodiafiltration as standard-of-care. Yet, the use
of haemodiafiltration varies substantially across the world,
possibly because of differences in the acceptance of the idea
that haemodiafiltration is superior to haemodialysis and
required investments in machinery and training of personnel
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Example patient 1 2 3

Sex Male Female Male

Age, years 36 65 65

Body Mass Index, kg/m2, post-dialysis 24 28 35

History of diabetes No No Yes

History of cardiovascular disease No No Yes

Serum creatinine, mg/dL, pre-dialysis 11,2 9,1 5,8

Serum albumin, g/dL 4,2 3,8 2,8

C-reactive protein, mg/L 1,2 2,3 11,4

0.
0

0.
2

0.
4

0 .
6

0.
8

1.
0

Years
P

re
di

ct
ed

 s
ur

vi
va

l p
ro

ba
bi

lit
y

0 2 4 6 8 10 12 14 16 18 20

Patient 1  HD
Patient 1  HDF
Patient 1  High volume HDF
Patient 2  HD
Patient 2  HDF
Patient 2  High volume HDF
Patient 3  HD
Patient 3  HDF
Patient 3  High volume HDF

FIGURE 2: Survival curves for three example patients on haemodialysis (HD) and haemodiafiltration (HDF) as predicted with the final model.

to start up haemodiafiltration programme [26]. Our model could
help to ease these barriers by quantifying the individual pa-
tient’s prognosis from haemodiafiltration treatment compared
with haemodialysis. This also potentially improves the individ-
ual patient’s understanding of the benefits of haemodiafiltration
treatment compared with haemodialysis and facilitates shared
decision-making.

The important heterogeneity in the absolute effect of treat-
ment with haemodiafiltration versus haemodialysis that was
found can be explained by the differences in predicted sur-
vival among ESKD patients because those patients who live the
longest have the longest time to benefit from haemodiafiltra-
tion. Thus, younger patients benefited most from haemodiafil-
tration, whereas those with cardiovascular risk factors, such
as higher BMI, diabetes and history of cardiovascular dis-
ease, which increase the mortality risk, had a lower pre-
dicted survival benefitwith haemodiafiltration treatment versus
haemodialysis.

Among the four studies included in the HDF-Pooling dataset,
the convection volume, patient characteristics and practice
practices varied considerably [6]. Possibly these differences ex-
plain the weaker discrimination found in the French study and
the poorer calibration in the French and Turkish studies. To
address this, we provided study-specific recalibration values,
which can be used to tailor the baseline hazard function to spe-
cific patient populations.

The effects of high-volume haemodiafiltration treatment
compared with haemodialysis on survival and cardiovascular
diseases, but also on patient-reported outcomes measures and
cost-effectiveness, are currently being evaluated in two large
RCTs [28, 29]. Once these studies have been completed and the
HDF-Pooling project database has been updated, including the
new studies, our current results will warrant an update. Mean-
while, simultaneous evaluation of absolute treatment effects on
all relevant characteristics at the level of an individual patient,
such as utilized in this study, could provide a sensible approach
to determine the value of haemodiafiltration in clinical practice.
In line with previous studies [30, 31], our results suggest that
those patients treated with the highest convection volume ex-
perienced the most survival benefit compared with haemodial-

ysis. Given that the haemodiafiltration treatment arm in the two
ongoing trials concerns high-volume haemodiafiltration, we ex-
pect that a definite answer on the effects of high-volume con-
vection volume will be provided after finalizing these two trials
[28, 29].

Some limitations of this study warrant caution in interpret-
ing the present results. Although data from RCTs have the ad-
vantage of an unbiased treatment effect estimate, the study pop-
ulation included in RCTs are subject to eligibility criteria, which
might include, but are not limited to, younger age, more males
and fewer comorbidities. Hence, use of the presented model
should be restricted to those patients who meet the inclusion
criteria of the four included trials. In our analyses, we were only
able to consider the patient- or disease-characteristics that are
routinely available in clinical practice, i.e. were measured in the
included RCTs. New biomarkers might further improve the pre-
dictions of response to haemodiafiltration if added to themodel.
The application of our prediction model warrants further evalu-
ation in a real-world setting.

In conclusion, the effects of treatment with haemodiafiltra-
tion versus haemodialysis in patients with ESKD in terms of
survival can be predicted by a prediction model that includes
routinely available patient and disease characteristics. Although
all patients were predicted to benefit from haemodiafiltration
treatment compared with haemodialysis, there was consider-
able heterogeneity in the survival benefit by haemodiafiltra-
tion treatment in ESKD patients. Those patients who benefit
most from treatmentwith haemodiafiltrationwere younger, less
likely to have diabetes or cardiovascular disease history, and had
higher serum creatinine and serum albumin levels. Treatment
effect predictions can be used to determine which patients are
likely to experience the most benefit from haemodiafiltration
treatment and to guide shared decision-making.

ONLINE CALCULATOR

The model is available on https://hdfpredictiontool.shinyapps.
io/hdf_prediction_tool/

https://hdfpredictiontool.shinyapps.io/hdf_prediction_tool/
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