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Abstract
Objectives: To identify the optimal estimated glomerular filtration rate (eGFR) to 
initiate dialysis in persons with advanced chronic kidney disease.

Design: Nationwide observational cohort study. We mimicked the strict design 
criteria of a clinical trial using the cloning, censoring, and weighting method to 
eliminate immortal time bias, lead time bias and survivor bias. 

Setting: National Swedish Renal Registry of nephrologist-referred patients. 

Participants: Individuals had a baseline eGFR between 10-20 ml/min/1.73m2 and 
were included between January 1, 2007, and December 31, 2016, with follow-up 
until June 1, 2017.

Main outcome measures: A dynamic marginal structural model was used to 
estimate adjusted hazard ratios (HR) and absolute risks for 5-year all-cause mortality 
and major adverse cardiovascular events (MACE; composite of cardiovascular 
death, nonfatal myocardial infarction, or nonfatal stroke) for fifteen dialysis initiation 
strategies with eGFR values between 4 and 19 ml/min/1.73m2 in increments of 1 ml/
min/1.73m2. An eGFR between 6-7 ml/min/1.73m2 (eGFR6-7) was taken as reference.

Results: Among 10,290 incident individuals with advanced CKD (median age 73 
years; 36% women; median eGFR 16.8 ml/min/1.73m2), 3822 individuals initiated 
dialysis, 4160 died and 2446 experienced a MACE. A parabolic relationship was 
observed for mortality, with the lowest risk for eGFR15-16. Compared with dialysis 
initiation at eGFR6-7, initiation at eGFR15-16 was associated with a 5.1% (95% CI 2.5% to 
6.9%) lower absolute 5-year mortality risk and 2.9% (95% CI 0.2% to 5.5%) lower MACE 
risk, corresponding with HRs of 0.89 (95% CI 0.87 to 0.92) and 0.94 (95% CI 0.91 
to 0.98), respectively. This 5.1% absolute risk difference corresponded to a mean 
postponement of death of 1.6 months over 5 years of follow-up. However, dialysis 
would need to be initiated 4 years earlier. When emulating the intended strategies 
of the IDEAL trial (eGFR10-14 vs. eGFR5-7) and the achieved eGFR levels in IDEAL 
(eGFR7-10 vs. eGFR5-7), HR’s for all-cause mortality were 0.96 (95% CI 0.94 to 0.99) and 
0.97 (95% CI 0.94 to 1.00), respectively, which are congruent with the findings of the 
randomized IDEAL trial.

Conclusions: Very early dialysis initiation was associated with a modest reduction 
in mortality and cardiovascular events. For most individuals such a reduction may 
not outweigh the burden of a substantially longer period spent on dialysis. 
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Introduction
Worldwide, more than 3 million individuals with kidney failure require maintenance 
dialysis treatment for survival (1-4). These numbers are expected to double by 2030 
(2). The societal and patient burden of kidney failure treated by dialysis is high: for 
instance, the United States Medicare fee-for-service spending for beneficiaries 
with kidney failure was 36.6 billion in 2018 (3). The mean annual healthcare costs 
per hemodialysis patient are $93,191 in the United States (3), and similar numbers 
are reported for European countries (5-8). Dialysis treatment also places a large 
burden on patients’ daily lives (9, 10). Determining the optimal timing of dialysis is 
therefore of substantial importance.

Despite extensive previous literature, there is absence of evidence on whether an 
optimal GFR to start dialysis exists, and if so where it lies. Previous observational 
studies that attempted to investigate multiple estimated glomerular filtration rate 
(eGFR) strategies have been limited by insufficient power (11-13), immortal time bias 
(14-17) or lead time and selection biases (16-32). In 2010 the Initiating Dialysis Early 
and Late (IDEAL) trial (33) showed that a strategy to start dialysis at an eGFR of 10-14 
ml/min/1.73m2 was not superior to one of waiting until symptoms develop or eGFR 
is 5-7 ml/min/1.73m2. This is reflected in subsequent guidelines, which recommend 
starting dialysis when symptoms and signs attributable to kidney failure arise 
rather than a specific kidney function (34-40). However, IDEAL only compared two 
strategies, from which an optimal GFR cannot be derived. In addition, the achieved 
GFR separation in IDEAL was 1.8 (9.0 vs. 7.2) ml/min/1.73m2 by Modification of Diet in 
Renal Disease equation. It therefore remains possible that there is a kidney function 
outside this range at which starting dialysis is associated with better outcomes, and 
uncertainty on this issue in providers persists (41).

In the absence of evidence on an optimal GFR level, decision-making may be 
influenced by other factors, including potential financial incentives. Indeed, 
large between-country variation exists in the mean eGFR at dialysis start: from 
approximately 5 ml/min/1.73m2 in Taiwan, to 8.5 in the United Kingdom and 11 ml/
min/1.73m2 in the United States (36). Some health systems in the United States (42) 
start at a mean eGFR of 16-17 ml/min/1.73m2. This broad heterogeneity may lead 
to differences in outcomes and healthcare costs. 

Ideally, this complex question would be addressed in a multi-armed randomized 
trial. However, such a trial is unlikely to be conducted because the required sample 
size is large and recruitment is problematic: IDEAL recruited 828 patients over 8 
years. In the absence of trial evidence, clinical decisions could be aided by well-
conducted observational studies which explicitly mimic the strict design criteria of 
this multi-armed trial. We therefore used novel analytical methodology to compare 



178

different dialysis initiation strategies using data from a nationwide cohort of non-
dialysis dependent patients with advanced chronic kidney disease (CKD) under 
nephrologist care. 

Methods
This study was reported following the Strengthening the Reporting of Observational 
Studies in Epidemiology (STROBE) guidelines (43).

Data sources
We used data from the Swedish Renal Registry, a nationwide registry of patients 
with CKD categories G3-5 attending routine nephrologist care in Sweden (44, 45), 
during the period 2007-2017. The Swedish Renal Registry includes information 
from outpatient nephrologist visits, including CKD etiology, laboratory tests, blood 
pressure and other results obtained from routine clinical examination, as well as 
the date of kidney replacement therapy (either kidney transplantation or long-term 
dialysis). Registry enrolment is mandatory in Sweden when patients reach an eGFR 
<30 mL/min/1.73m2, but some clinics may start reporting them earlier. Subsequent 
outpatient visits to nephrology care (on average 2-3 per year per patient) are 
registered until death or emigration. Nearly all nephrology clinics in Sweden (96%) 
report to the Swedish Renal Registry and the estimated national coverage is >75% 
for nephrologist-referred patients with CKD G4-5 (46). 

Using each citizen’s unique personal identification number, the Swedish Renal 
Registry data was linked to other national registries. The Swedish Prescribed 
Drug Registry provided complete information on all prescribed drugs dispensed 
at Swedish pharmacies (47); the Swedish Patient Registry added information on 
all outpatient specialist consultations and hospitalizations occurring in Swedish 
healthcare since 1997, and was used to obtain information on comorbidities and 
outcomes (48); the Swedish Death Registry added information on the date and 
causes of death (49). All these registries are run by the Swedish National Board of 
Welfare, a government institution, and are considered to have no or minimal loss to 
follow-up. All patients are informed about their participation in the registry and have 
the possibility to opt out at any time. 

Study design and patient selection
This observational study emulated a pragmatic clinical trial (50) comparing the 
effect of initiating dialysis at various eGFR levels on mortality and cardiovascular 
outcomes in people with advanced CKD, and in general follows the approach 
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proposed by Sjölander et al. (51). WebTable 1 outlines the protocol of such a trial 
and the emulation procedure. Explicit emulation of a trial, and in particular aligning 
the start of follow-up with the assignment of treatment strategies, eliminates 
immortal time bias, selection/survivor bias and lead time bias, which significantly 
affected previous observational studies (51-53). A detailed explanation of how these 
biases arise can be found in the Supplemental Methods. Our analysis included 
individuals who met the following eligibility criteria between January 1, 2007 and 
December 31, 2016: aged 18 years or older, an eGFR measurement between 10-20 
ml/min/1.73m2 with a previous eGFR measurement between 10-30 ml/min/1.73m2 
as confirmation, no history of kidney replacement therapy, and at least one 
available measurement of systolic blood pressure, diastolic blood pressure, total 
calcium, phosphate, albumin and hemoglobin. Baseline was defined as the first 
time when all of these eligibility criteria were met. eGFR was calculated with the 
CKD-EPI equation (54) from routine plasma creatinine measurements performed 
by enzymatic or corrected Jaffe methods traceable to isotope dilution mass 
spectroscopy standards. As information on ethnicity is not available in Sweden by 
law, we assumed all patients to be Caucasian. 

Treatment strategies
We compared fifteen dialysis initiation strategies with eGFR values ranging between 
4 and 19 ml/min/1.73m2 in increments of 1 ml/min/1.73m2. An eGFR between 6-7 
ml/min/1.73m2 (eGFR6-7) was taken as the reference group since this is the eGFR at 
which most individuals initiate dialysis in Sweden. 

Study outcomes
The primary outcome was 5-year all-cause mortality. The secondary outcome 
was MACE (defined as a composite endpoint of cardiovascular death, non-fatal 
myocardial infarction and non-fatal stroke). ICD-10 codes for ascertainment of 
cardiovascular outcomes are listed in WebTable 2. Each patient was followed 
until the first of occurrence of an event, five years after baseline, or administrative 
censoring (June 1, 2017). 

Statistical analysis
We used the method of cloning, censoring and weighting (50, 52, 55-57) to emulate 
a target trial comparing the effects of different dialysis initiation strategies (see 
Supplemental Methods and WebFigure 1 for a detailed discussion on target trial 
emulation and the cloning, censoring and weighting method). Explained briefly, we 
created a dataset with fifteen copies of each eligible individual (cloning step) and 
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assigned each of the replicates to one of the treatment strategies at the start of 
follow-up. Thereafter, we assessed at monthly intervals whether replicates adhered 
to their assigned treatment strategy; replicates were censored as soon as their actual 
treatment deviated from their assigned treatment strategy, thereby ensuring that 
replicates followed their assigned strategy (censoring step). To adjust for the potential 
selection bias induced by this artificial censoring, each individual received a time-
varying inverse probability weight (58) (weighting step). Informally, the denominator of 
the weights was the probability that a replicate remained uncensored during follow-
up (i.e., remained on the assigned treatment strategy). These weights created fifteen 
pseudopopulations in which censoring was independent of measured prognostic 
factors. We estimated the time-varying weights by fitting a pooled logistic model 
for the monthly probability of remaining uncensored, including variables for time 
and baseline plus time-varying covariates listed in WebTable 2. Models were fitted 
separately for each treatment strategy to allow for treatment-covariate interaction 
(57, 59). The variables for each model and their regression coefficients for the eGFR6-7 
strategy are reported in WebTable 3. To avoid undue influence of outliers, weights 
were truncated at the 99.95th percentile (60).

After cloning, censoring and weighting, we estimated the effect of each dialysis 
initiation strategy on 5-year all-cause mortality and MACE using a weighted pooled 
logistic regression model, including an indicator for treatment strategy (modelled as 
restricted cubic spline with knots at 5, 8, 11, 14 and 17 ml/min/1.73m2), month, month 
squared, their interactions to allow for non-proportional hazards, and all baseline 
covariates. This weighted model estimates the parameters of a dynamic marginal 
structural model when the covariates include all joint determinants of censoring 
and the outcome (55). The predicted probabilities from this logistic model were 
used to estimate the adjusted 5-year probability of mortality and MACE under each 
treatment strategy and to produce weighted cumulative incidence curves, which 
were standardized to the baseline distribution of confounders (61, 62). From these 
probabilities we also derived 5-year risk differences, risk ratios and hazard ratios. 
We estimated cause-specific cumulative incidences to account for the competing 
event of kidney transplantation (63, 64). In addition, we also calculated the 5-year 
restricted mean survival time (RMST) and the 5-year RMST differences between 
each dialysis initiation strategy. The RMST is interpreted as the average survival 
time over a fixed follow-up period. Graphically, it corresponds to the area under 
the survival curve (65). The 5-year RMST difference compares the areas under the 
survival curves for the different dialysis initiation strategies. It is interpreted as the 
mean postponement of the outcome in one group compared with the reference. 
Pointwise 95% percentile confidence intervals were calculated using nonparametric 
bootstrap based on 500 full samples. The 5-year RMST difference was compared 
with the postponement of dialysis initiation to provide insight into this trade-off. 
Postponement of dialysis initiation was determined by the average eGFR decline 
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before dialysis initiation using a linear mixed model (Supplemental Methods). R 
version 3.6.2 was used for all statistical analyses. 

Sensitivity analyses
We pre-specified several analyses to test the robustness of our main results. First, 
we emulated the IDEAL trial comparing early (eGFR10-14) versus late initiation (eGFR5-

7) on mortality and MACE to validate our analytical methods. We added a third 
“intermediate initiation” arm (eGFR7-10), which includes the mean achieved eGFR in 
the early initiation arm in IDEAL. Second, we performed stratified analyses by age 
(≥70 vs. <70 years), sex, presence of diabetes, eGFR at baseline (10-15 vs. 15-20 
ml/min/1.73m2), presence of ischemic heart disease, and presence of heart failure. 
Third, we investigated the influence of adjustment for measured confounders 
on our point estimates by sequentially adjusting for baseline and time-varying 
confounders. Fourth, we compared results when using nontruncated weights. Fifth, 
we excluded individuals with cancer at baseline. Sixth, we used a different analytical 
method for the competing event of kidney transplantation. We modelled the direct 
effect of dialysis initiation strategies on mortality, not mediated through kidney 
transplantation, by adding additional inverse probability of censoring weights (63). 
Intuitively, this models the effect of dialysis initiation strategies in a hypothetical 
world in which no kidney transplantations occur. Seventh, we additionally adjusted 
for time-dependent measures of urinary albumin-to-creatinine ratio and plasma 
potassium in our analyses. This analysis was restricted to the 4286 individuals with 
these measurements available. Although these laboratory values are routinely 
measured in this population, reporting these to the Swedish Renal Registry was not 
mandatory until 2015. Because some physicians chose to report this information 
whereas others did not, we assumed that these data were missing completely 
at random (44). Eighth, we censored patients who chose conservative treatment, 
where patients explicitly chose treatment of kidney failure without dialysis. We 
used additional inverse probability of censoring weights to account for informative 
censoring. Intuitively, this models the effect of dialysis initiation strategies in a 
hypothetical world in which no patients choose conservative management. Lastly, 
we analyzed our data using the “from initiation” and “from threshold” method 
analogous to previous observational studies (14-29) to show that immortal time 
bias and selection/survivor bias give an artificial survival advantage to late dialysis 
initiation (51, 52). A detailed description of these methods and how bias arises is 
provided in the Supplemental Methods. Due to computational efficiency and lower 
power with fifteen strategies, subgroup and sensitivity analyses were performed 
using three dialysis initiation strategies only.
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Patient involvement
No patients were involved in setting the research question or the outcome 
measures, nor were they involved in developing plans for design or implementation 
of the study. No patients were asked to advise on interpretation or writing up of 
results. Being a study based on anonymised nationwide register data, there are no 
plans to disseminate the results of the research to study participants. 

Results
Of 30,180 individuals registered in the Swedish Renal Registry during the study 
period, 10,290 individuals with an eGFR between 10-20 ml/min/1.73m2 were 
eligible for inclusion in our study. WebFigure 2 displays the patient selection flow 
chart, and Table 1 describes their baseline characteristics. At baseline, individuals 
had a median (interquartile range; IQR) age of 73 (63-80) years, 35.7% were women 
and 42.1% had diabetes. The median eGFR was 16.8 (14.3-18.6) ml/min/1.73m2 and 
68.9% of the study population had an eGFR between 15-20 ml/min/1.73m2. 

Table 1. Baseline characteristics of individuals under nephrologist care with eGFR between 10-20 ml/

min/1.73m2 registered in the Swedish Renal Registry during January 2007 and December 2016. 

Overall (N = 10,290)

Age, median (IQR), y 73.0 [63.0, 80.0]

Age group, N (%)

<50 1057 (10.3)

50-59 1030 (10.0)

60-69 2119 (20.6)

70-79 3247 (31.6)

>=80 2837 (27.6)

Female Sex 3739 (36.3)

Primary kidney disease, N (%)

Diabetes 2427 (23.6)

Hypertension/Renovascular 2277 (22.1)

Glomerulonephritis 1066 (10.4)

Polycystic kidney disease 636 (6.2)

Pyelonephritis 313 (3.0)

Other 2083 (20.2)

Unknown 1488 (14.5)
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Overall (N = 10,290)

Clinical and laboratory values

Previous eGFR before baseline, median (IQR), ml/min/1.73m2, b 20.4 [16.4, 22.7]

Baseline eGFR, median (IQR), ml/min/1.73 m2, b 16.8 [14.3, 18.6]

Baseline eGFR between 15-20 ml/min/1.73 m2, b, N (%) 7087 (68.9)

SBP, mean (SD), mmHg 139.6 (21.0)

SBP category, N (%)

<120 1270 (12.3)

120-139 3774 (36.7)

140-159 3315 (32.2)

>160 1931 (18.8)

DBP, mean (SD), mmHg 76.6 (11.8)

DBP category, N (%)

<80 5346 (52.0)

80-89 3354 (32.6)

90-99 1201 (11.7)

>100 389 (3.8)

BMI, mean (SD), kg/m2, c 27.9 (5.7)

Total calcium, mean (SD), mmol/L 2.3 (0.2)

Total calcium category, N (%)

<2.0 351 (3.4)

2.0-2.19 2156 (21.0)

2.20-2.44 6502 (63.2)

>2.45 1281 (12.4)

Phosphorus, mean (SD), mmol/L 1.4 (0.3)

Phosphorus category, N (%)

<0.8 45 (0.4)

0.8-1.49 6628 (64.4)

1.50-1.99 3215 (31.2)

>2.0 402 (3.9)

Albumin, mean (SD), g/L 36.5 (4.7)

Albumin category, N (%)

<25 152 (1.5)

25-29 555 (5.4)

30-39 6889 (66.9)

>40 2694 (26.2)

Hemoglobin, mean (SD), g/L 119.4 (14.1)
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Overall (N = 10,290)

Hemoglobin category, N (%)

<90 143 (1.4)

90-99 585 (5.7)

100-114 3071 (29.8)

>115 6491 (63.1)

UACR, median (IQR), mg/mmolc 57.6 [11.6, 180.0]

UACR category, N (%)

A1 (<3) 570 (9.9)

A2 (3-29) 1698 (29.4)

A3.1 (30-70) 815 (14.1)

A3.2 (>70) 2701 (46.7)

Potassium, mean, mmol/Lc 4.5 (0.6)

C-reactive protein, median, ng/mLc 5.0 [2.1, 10.0]

Ferritin, median, ng/mLc 150.0 [77.0, 274.0]

Comorbidities, N (%)

Hypertension 8796 (86.6)

Acute coronary syndrome 1906 (18.5)

Other ischemic heart disease 3177 (30.9)

Heart failure 2612 (25.4)

Diabetes 4329 (42.1)

Valve disorders 670 (6.5)

Stroke 1243 (12.1)

Other cerebrovascular disease 1300 (12.6)

Atrial fibrillation 1808 (17.6)

Other arrhythmia 898 (8.7)

Peripheral vascular disease 1415 (13.8)

Chronic obstructive pulmonary disease 792 (7.7)

Other lung disease 1605 (15.6)

Venous thromboembolism 816 (7.9)

Cancer in previous year 1025 (10.0)

Liver disease 368 (3.6)

Fracture in previous year 297 (2.9)

Medication use, N (%)

Beta blocker 6736 (65.5)

Calcium channel blocker 6348 (61.7)

Diuretic 7356 (71.5)

ACEi/ARB 6971 (67.7)
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Overall (N = 10,290)

Lipid lowering drug 5610 (54.5)

Potassium binder 1270 (12.3)

Phosphate binder 1034 (10.0)

Erythropoietin-stimulating agent 3160 (30.7)

Vitamin D 5977 (58.1)

Digoxin 158 (1.5)

Nitrate 1474 (14.3)

Antiplatelet 4345 (42.2)

Anticoagulant 1214 (11.8)

Sodium bicarbonate 4381 (42.6)

Calendar Year, N (%)

2007-2010 3211 (31.2)

2011-2013 3473 (33.8)

2014-2016 3606 (35.0)

Hospitalizations

Number of hospital admissions in previous year, median (IQR) 0.0 [0.0, 2.0]

Any hospitalization in previous year, N (%) 4770 (46.4)

Hospital admission due to cardiovascular causes in previous year, N (%) 1614 (15.7)

eGFR = estimated glomerular filtration rate; SBP = systolic blood pressure; DBP = diastolic blood pressure; 

UACR = albumin-to-creatinine ratio. 
a Due to the cloning step in the cloning, censoring and weighting method, patient characteristics are 

identical at baseline for the early, intermediate and late dialysis initiation groups. A detailed explanation of 

the cloning, censoring and weighting method can be found in the Methods and Supplemental Methods. 
b eGFR was calculated with the CKD-EPI formula. Patients were required to have two eGFR measurements 

to be eligible for inclusion. The median (IQR) time between the baseline and previous eGFR measurement 

was 154 (93-234) days. 
c BMI was missing in 25.8% of individuals, UACR in 43.8%, potassium in 29.1%, CRP in 15.9% and ferritin in 

60.3%, because reporting these variables to the Swedish Renal registry was not mandatory (Webtable 2). 

Due to the high degree of missingness, these variables were not used in further analyses and are presented 

for descriptive purposes only. 

During follow-up 3822 individuals started dialysis, the majority with an eGFR 
between 5 and 8 ml/min/1.73m2 (WebFigure 3). Hemodialysis was the initial dialysis 
modality in 2339 individuals (61.2%) and peritoneal dialysis in 1483 individuals (38.8%).
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Dialysis initiation strategies and risk of mortality or MACE
During a median (IQR) follow-up of 3.1 (1.7-5.0) years, 4160 (40.4%) individuals died. 
Table 2 and Figure 1A show the 5-year absolute risks, risk differences, hazard 
ratios and cumulative incidence curves for all-cause mortality for all dialysis 
initiation strategies. For mortality, the absolute risk decreased from eGFR18-19 to a 
nadir at eGFR15-16 and progressively increased again between eGFR15-16 and eGFR4-

5. Compared with eGFR6-7, 5-year absolute risk differences varied between an 
increase of 0.8% (95% CI, 0.0% to 1.6%) for eGFR4-5 and a decrease of 5.1% (95% CI, 
2.5% to 6.9%) for eGFR15-16 (Figure 2A), with corresponding hazard ratios of 1.01 (95% 
CI, 1.00 to 1.02) and 0.89 (95% CI, 0.87 to 0.92), respectively. When the mean eGFR 
at dialysis start in the United States was taken as reference group (i.e. eGFR11-12), 
risk differences varied between an increase of 2.8% (95% CI, 0.5% to 5.3%) and a 
decrease of 3.1% (95% CI, 0.9% to 5.2%) (WebTable 4). Compared with eGFR6-7, the 
maximum 5-year RMST difference was 1.6 months (95% CI, 1.0 to 2.0) for eGFR15-16, 
and these patients would need to start dialysis on average 47.9 months (95% CI, 46.2 
to 49.6) earlier than eGFR6-7 (WebTables 5-6 and Figure 3). 
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Figure 1. Weighted, standardized cumulative incidence curves for mortality (A) and MACE (B) stratified by 

different dialysis initiation strategies. 



188

Ta
b

le
 2

. 5
-y

e
ar

 a
b

so
lu

te
 r

is
ks

, r
is

k 
d

iff
e

re
n

ce
s,

 r
is

k 
ra

tio
s 

an
d

 h
az

ar
d

 r
at

io
s 

fo
r 

al
l-

ca
u

se
 m

o
rt

al
ity

 a
ss

o
ci

at
e

d
 w

ith
 in

iti
at

in
g

 d
ia

ly
si

s 
w

ith
 e

G
F

R
 v

al
u

e
s 

b
e

tw
e

e
n

 4
 a

n
d

 

19
 m

l/
m

in
/

1.
73

m
2  i

n
 in

cr
e

m
e

nt
s 

o
f 1

 m
l/

m
in

/
1.

73
m

2  w
ith

 6
-7

 m
l/

m
in

/
1.

73
m

2  a
s 

re
fe

re
n

ce
.

D
ia

ly
si

s 
in

it
ia

ti
o

n
 

st
ra

te
g

y 

P
e

rs
o

n
sa , 

n
O

u
tc

o
m

e
s,

 n
M

e
d

ia
n

 (I
Q

R
) 

e
G

FR
 a

t 
d

ia
ly

si
s 

in
it

ia
ti

o
n

a 

5-
ye

ar
 a

b
so

lu
te

 
ri

sk
 (%

, 9
5%

 C
I)

b
R

is
k 

d
iff

e
re

n
ce

 
(%

, 9
5%

 C
I)

b
R

is
k 

ra
ti

o
 

(9
5%

 C
I)

b
H

az
ar

d
 r

at
io

 
(9

5%
 C

I)
b

18
-1

9
34

8
3

48
4

18
.5

 (1
8

.2
-1

8
.7

)
50

.9
 (4

4.
0

 to
 5

5.
3)

-2
.9

 (-
7.

2 
to

 -
0

.1
)

0
.9

5 
(0

.8
6

 to
 1

.0
0

)
0

.9
7 

(0
.8

7 
to

 1
.0

2)

17
-1

8
49

11
74

2
17

.6
 (1

7.
3-

17
.8

)
50

.6
 (4

4.
1 

to
 5

4.
4)

-3
.2

 (-
6

.9
 to

 -
0

.8
)

0
.9

4 
(0

.8
7 

to
 0

.9
9

)
0

.9
3 

(0
.8

7 
to

 0
.9

7)

16
-1

7
6

0
79

10
37

16
.5

 (1
6

.3
-1

6
.8

)
49

.5
 (4

3.
9

 to
 5

3.
9

)
-4

.3
 (-

6
.8

 to
 -

2.
1)

0
.9

2 
(0

.8
7 

to
 0

.9
6

)
0

.9
0

 (0
.8

7 
to

 0
.9

4)

15
-1

6
70

8
7

13
12

15
.5

 (1
5.

3-
15

.7
)

48
.7

 (4
3.

9
 to

 5
3.

4)
-5

.1
 (-

6
.9

 to
 -

2.
5)

0
.9

0
 (0

.8
7 

to
 0

.9
5)

0
.8

9
 (0

.8
7 

to
 0

.9
2)

14
-1

5
79

32
15

9
5

14
.5

 (1
4.

3-
14

.7
)

48
.9

 (4
4.

1 
to

 5
4.

0
)

-4
.9

 (-
6

.6
 to

 -
2.

5)
0

.9
1 

(0
.8

8
 to

 0
.9

5)
0

.9
0

 (0
.8

8
 to

 0
.9

4)

13
-1

4
8

6
57

18
8

8
13

.5
 (1

3.
2-

13
.8

)
49

.9
 (4

5.
2 

to
 5

4.
8

)
-4

.0
 (-

5.
5 

to
 -

1.
9

)
0

.9
3 

(0
.9

0
 to

 0
.9

6
)

0
.9

2 
(0

.9
0

 to
 0

.9
5)

12
-1

3
9

28
1

21
8

7
12

.6
 (1

2.
3-

12
.8

)
51

.0
 (4

6
.3

 to
 5

5.
8

)
-2

.8
 (-

4.
4 

to
 -

1.
1)

0
.9

5 
(0

.9
2 

to
 0

.9
8

)
0

.9
5 

(0
.9

3 
to

 0
.9

7)

11
-1

2
9

8
0

8
24

26
11

.5
 (1

1.
3-

11
.7

)
51

.8
 (4

7.
1 

to
 5

6
.4

)
-2

.0
 (-

3.
7 

to
 -

0
.4

)
0

.9
6

 (0
.9

3 
to

 0
.9

9
)

0
.9

6
 (0

.9
4 

to
 0

.9
9

)

10
-1

1
10

29
0

27
0

4
10

.5
 (1

0
.2

-1
0

.8
)

52
.4

 (4
7.

6
 to

 5
6

.9
)

-1
.5

 (-
3.

0
 to

 -
0

.1
)

0
.9

7 
(0

.9
4 

to
 1

.0
0

)
0

.9
8

 (0
.9

5 
to

 0
.9

9
)

9
-1

0
10

29
0

28
39

9
.5

 (9
.2

-9
.8

)
52

.7
 (4

8
.2

 to
 5

7.
1)

-1
.1

 (-
2.

3 
to

 0
.0

)
0

.9
8

 (0
.9

6
 to

 1
.0

0
)

0
.9

8
 (0

.9
7 

to
 1

.0
0

)

8
-9

10
29

0
29

9
1

8
.5

 (8
.2

-8
.7

)
53

.1
 (4

8
.6

 to
 5

7.
4)

-0
.7

 (-
1.

5 
to

 0
.0

)
0

.9
9

 (0
.9

7 
to

 1
.0

0
)

0
.9

9
 (0

.9
8

 to
 1

.0
0

)

7-
8

10
29

0
30

8
8

7.
5 

(7
.3

-7
.8

)
53

.5
 (4

8
.9

 to
 5

7.
6

)
-0

.4
 (-

0
.8

 to
 0

.0
)

0
.9

9
 (0

.9
9

 to
 1

.0
0

)
0

.9
9

 (0
.9

9
 to

 1
.0

0
)

6
-7

10
29

0
31

6
8

6
.5

 (6
.2

-6
.7

)
53

.8
 (4

9
.2

 t
o

 5
8

.0
)

R
e

fe
re

n
ce

R
e

fe
re

n
ce

R
e

fe
re

n
ce

5-
6

10
29

0
31

9
6

5.
5 

(5
.3

-5
.8

)
54

.2
 (4

9
.6

 to
 5

8
.5

)
0

.4
 (0

.0
 to

 0
.8

)
1.

0
1 

(1
.0

0
 to

 1
.0

1)
1.

0
1 

(1
.0

0
 to

 1
.0

1)

4-
5

10
29

0
31

8
8

4.
6

 (4
.3

-4
.8

)
54

.6
 (4

9
.2

 to
 5

8
.0

)
0

.8
 (0

.0
 to

 1
.6

)
1.

0
1 

(1
.0

0
 to

 1
.0

3)
1.

0
1 

(1
.0

0
 to

 1
.0

2)

N
ot

e 
th

at
 5

-y
ea

r 
ris

k 
d

iff
er

en
ce

s 
an

d
 r

is
k 

ra
tio

s 
co

m
p

ar
in

g
 a

ny
 t

w
o 

st
ra

te
g

ie
s 

ca
n 

b
e 

re
ad

ily
 c

al
cu

la
te

d
 f

ro
m

 t
he

 5
-y

ea
r 

ab
so

lu
te

 r
is

ks
 b

y 
su

b
tr

ac
tio

n 
or

 d
iv

is
io

n 
of

 t
he

 

ab
so

lu
te

 ri
sk

s.
 T

hi
s 

is
 n

ot
 p

os
si

b
le

 fo
r t

he
 h

az
ar

d
 ra

tio
s.

a  A
m

on
g

 in
d

iv
id

ua
ls

 w
ho

 in
iti

at
e 

d
ia

ly
si

s 
w

ith
ou

t b
ei

ng
 c

en
so

re
d

. 
b

 A
na

ly
se

s 
w

er
e 

ad
ju

st
ed

 f
or

 a
ll 

b
as

el
in

e 
an

d
 t

im
e-

va
ry

in
g

 v
ar

ia
b

le
s 

lis
te

d
 in

 W
e

bT
ab

le
 3

. T
he

se
 a

re
 t

he
 s

am
e 

va
ria

b
le

s 
as

 t
ho

se
 li

st
ed

 in
 T

ab
le

 1
, e

xc
ep

t 
fo

r 
B

M
I, 

A
C

R
, 

p
ot

as
si

um
, C

R
P

 a
n

d
 fe

rr
iti

n
. 



189

 CHAPTER 9- When to initiate dialysis

9

Figure 2. 5-year absolute risks and risk differences for mortality (A) and MACE (B) associated with initiating 

dialysis with eGFR values between 4 and 19 ml/min/1.73m2 in increments of 1 ml/min/1.73m2, with 6-7 ml/

min/1.73m2 as reference. 
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Figure 3. Trade-off between additional survival time (5-year RMST difference) and time that dialysis has to 

be initiated earlier, for dialysis initiation strategies with eGFR values between 4 and 19 ml/min/1.73m2 in 

increments of 1 ml/min/1.73m2, with 6-7 ml/min/1.73m2 as reference. Note that a positive value indicates 

longer survival and an earlier dialysis start compared with the reference group. In our study population the 

annual eGFR decline was 2-3 ml/min/1.73m2, which was estimated with a linear mixed model including 

linear and quadratic slope (Supplemental Methods). In other words, it takes ~5 months for the eGFR to 

decline 1 ml/min/1.73m2.
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For MACE the absolute risk was lowest between eGFR17-18 and eGFR11-12 and then 
progressively increased between eGFR11-12 and eGFR4-5 (WebTable 7 and Figure 2B). 
Compared with eGFR6-7, risk differences varied between an increase of 1.5% and a 
decrease of 3.3% (Figure 2B), and hazard ratios between 1.04 and 0.91, respectively. 
When eGFR11-12 was taken as reference group, risk differences varied between an 
increase of 4.7% for eGFR4-5 to a decrease of -0.2% for eGFR12-13 (WebTable 8). The 
5-year RMST differences varied between -0.3 and 0.7 months (WebTable 5).

Supporting and sensitivity analyses
In our analysis mirroring the GFR thresholds from the IDEAL trial, early dialysis 
initiation (eGFR10-14) was associated with a 3.3% (95% CI, 1.3% to 5.3%) lower 5-year 
mortality risk and 3.6% (95% CI, 1.0% to 6.0%) lower MACE risk compared with late 
initiation (eGFR5-7), with hazard ratios of 0.96 (95% CI, 0.94 to 0.99) and 0.96 (95% CI, 
0.93 to 1.00), respectively (WebTable 9, Figure 4). Similar results were found when 
comparing late versus intermediate (eGFR7-10) dialysis initiation, in keeping with the 
achieved eGFR at initiation in the earlier arm of IDEAL. A lower mortality risk for 
early dialysis initiation was observed among all subgroups of age, sex, diabetes, 
eGFR, and ischemic heart disease (WebTables 10-11, WebFigures 4-6). Patients 
with diabetes or heart failure had a high absolute 5-year mortality and MACE risk. 
For instance, for the early dialysis initiation strategy the 5-year absolute mortality 
risk was 59.1% (95% CI, 54.9% to 65.4%) in the subgroup of patients with diabetes, 
and 80.5% (95% CI, 74.1% to 86.1%) in the subgroup with heart failure. Among patients 
with diabetes, early dialysis initiation (eGFR10-14) was associated with a 5.4% (95% 
CI, 2.1% to 8.1%) lower 5-year mortality risk and 4.3% (95% CI, 0.2% to 9.1%) lower 
MACE risk compared with late initiation (eGFR5-7), with hazard ratios of 0.96 (95% CI, 
0.92 to 1.00) and 0.98 (95% CI, 0.93-1.04), respectively. Among patients with heart 
failure, early dialysis initiation was associated with a 3.3% (95% CI, -0.1% to 6.1%) 
lower 5-year mortality risk but no difference in MACE risk (0.3%; 95% CI, -5.2% to 
5.0%) compared with late initiation, with hazard ratios of 0.95 (95% CI, 0.92 to 0.99) 
and 1.03 (95% CI, 0.97 to 1.08), respectively. Adjustment for confounders moved the 
risk difference away from the null (WebTable 12). As an example, the unadjusted 
5-year risk difference between eGFR5-7 and eGFR10-14 was -0.11% and became 
-3.33% after full adjustment. Using untruncated weights, excluding patients with 
cancer, applying an alternative analytical approach for the competing risk of kidney 
transplantation, additionally adjusting for urinary albumin-to-creatinine ratio and 
potassium or censoring patients who chose conservative care did not alter our 
results (WebTables 13-17). 

When we used traditional analytical approaches that introduced immortal time bias 
like previous observational studies (14-17) (Supplemental Methods), early dialysis 
initiation was associated with worse outcomes, the opposite of the association we 
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identified in our trial emulation analysis. The hazard ratio for eGFR15 was 1.46 (95% CI, 
1.19 to 1.78) compared with eGFR5 (WebFigure 7). In addition, when starting follow-
up at dialysis initiation which introduced selection/survivor bias and lead time bias 
(16-31), the hazard ratio for eGFR15 was 1.58 (95% CI, 1.37 to 1.83) compared with 
eGFR5 (WebFigure 8).

Figure 4. Weighted, standardized cumulative incidence curves for mortality (A) and MACE (B) for early, 

intermediate and late dialysis initiation. 
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Discussion
In this large nationwide study of patients with advanced CKD, we estimated 
with novel trial emulation methodology that the maximum absolute 5-year risk 
reductions were 5.1% for mortality (for eGFR15-16 vs. eGFR6-7) and 3.3% for MACE (for 
eGFR13-14 vs. eGFR6-7). These results were robust in various sensitivity analyses and 
subgroups, including older patients and those with comorbidities such as diabetes, 
ischemic heart disease or heart failure. 

Strengths and limitations of study
Strenghts of our study include its nationwide nature, large sample size, inclusion 
of a representative cohort of patients under routine nephrologist care, long-
term follow-up and adjustment for 83 time-fixed and time-varying confounders. 
Furthermore, we tested the robustness of our findings in a number of supplemental 
analyses, and present information on absolute and relative risks, and the trade-off 
between restricted mean survival time and earlier dialysis start to provide a detailed 
picture of this issue. Our study also has limitations. First, despite adjustment for 
rich baseline and time-varying covariates which are used in the decision-making 
process (including time-varying eGFR and previous eGFR measurements), residual 
confounding cannot be excluded, and the precise reasons for dialysis initiation were 
not available in our study. Our study lacked important variables influencing this 
decision such as nutritional status or muscle mass stores, uremic symptoms, quality 
of life or physical activity. We believe however that some of these aspects were 
indirectly captured through adjustment for biochemical variables, hospitalizations 
and comorbidities. Indeed, additional adjustment for urinary albumin-to-creatinine 
ratio and potassium did not meaningfully alter our point estimates. Furthermore, in 
one of our sensitivity analyses, we sequentially adjusted for major confounder groups 
which are expected to induce strong confounding. However, additional adjustment 
resulted in at most a 1% increase in absolute risk. This, in combination with the strong 
probability that additional (unmeasured) confounders will be correlated with the 
variables we already adjusted for, reassures us that the impact from unmeasured 
confounders is unlikely to be large. In any case, the most compelling argument in 
favour of the validity of the findings is the congruence between our findings using 
trial emulation and those of the randomized IDEAL study. Second, the Swedish 
Renal Registry did not record information on symptoms or quality of life during the 
study period. Future studies should include symptoms in their treatment strategies 
and study quality of life as an outcome. Third, creatinine-based estimates of eGFR 
may not be an accurate reflection of true kidney function, as it may be influenced by 
muscle wasting or cachexia; eGFR estimated by the CKD-EPI equation is accurate 
within 30% to measured GFR 85% of the time (54). However, eGFR is commonly 
one of the factors to take into consideration by many physicians at the time of 
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decision-making. Lastly, as Sweden has nationwide healthcare reimbursement, 
and individuals in our analyses were all under nephrologist care, generalizing our 
results to other health systems should be done with caution. 

Comparison with other studies
One randomized trial (IDEAL) and various observational studies have investigated 
the timing of dialysis. In a sensitivity analysis, we compared the same treatment arms 
as the IDEAL trial to benchmark our analytical methods (33). In IDEAL, the achieved 
eGFR in the early and late arms were 7.2 vs. 9.0 ml/min/1.73m2 respectively. In our 
study, mean eGFR for late (eGFR5-7) and intermediate (eGFR7-10) start were 6.0 and 
8.3 ml/min/1.73m2, respectively. In this comparison, we observed hazard ratios 
of 0.97 (95% CI, 0.94 to 0.99) for mortality and 1.00 (0.97 to 1.04) for MACE. These 
findings are congruent with IDEAL: 1.04 (95% CI, 0.83 to 1.30) and 1.23 (95% CI 0.97 to 
1.56), respectively. 

Previous observational studies (14-31) investigating the timing of dialysis initiation 
have been criticized for the presence of immortal time, selection/survivor and lead 
time biases (15, 19, 51). For example, some reports found a strong protective effect 
of late dialysis initiation (18, 20-24, 26, 27, 29, 30), which conflicts with findings from 
IDEAL. In our sensitivity analyses we showed that such findings may have been 
attributed to either immortal time bias or selection/survivor bias. Our study design 
based on cloning, censoring and weighting prevents these biases by explicitly 
emulating a target trial, and aligning eligibility and treatment strategies at baseline. 
Although one previous observational study applied a similar design as ours, it did 
not adjust for time-varying covariates and was limited in sample size (13).

Policy implications
Our findings provide novel evidence regarding the optimal timing of dialysis initiation 
and show that even with maximum eGFR separations, the range of plausible effects 
is likely to be small. The modest increase in observed survival for initiation at higher 
eGFR comes at the expense of earlier dialysis initiation. Our results provide an insight 
into this trade-off: the maximum 5.1% absolute mortality reduction translated into a 
postponement of death of only 1.6 months over a 5-year follow-up period, whereas 
dialysis would need to be started on average 4 years earlier. For many patients 
this increased time on dialysis may not outweigh the modest survival benefit. Our 
results further suggest that in the absence of symptoms or strong indications, 
dialysis initiation may be postponed until lower eGFR values are reached (intent-to-
defer) (40, 66), without a large increase in mortality or cardiovascular events. From 
a societal perspective, the elevated costs associated with earlier dialysis initiation 
make these strategies even less desirable. Current position papers highlight the 
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importance of individualized decision making in deciding whether and when to 
start dialysis, taking into account outcomes, quality of life and patient preferences. 
Our findings should not be used to suggest a single eGFR cut-off to start dialysis in 
all patients. Rather, our finding of similar survival across the range of eGFR where 
dialysis is usually considered (eGFR 5-14 ml/min/1.73m2) should be a reassuring 
addition to the evidence base for clinicians: these data provide no support for any 
strategy other than starting dialysis based on symptoms and patient preferences, 
which is widespread clinical practice, recommended by guidelines, and a patient-
centred approach. Our study did not address the effects of dialysis initiation 
versus comprehensive conservative management in patients with kidney failure. 
Conservative care has been proposed as a reasonable alternative to maintenance 
dialysis for selected older patients with comorbidities or poor functional status. 
Whether there are differences in survival and quality of life between dialysis and 
conservative management is currently unknown, and is being addressed in the 
ongoing randomized PREPARE for Kidney Care Study (67).

Conclusions
In conclusion, although early dialysis initiation was associated with a modest 
reduction in mortality and cardiovascular events, this may not outweigh the burden 
of a substantially longer period spent on dialysis. 
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WebFigure 4. Weighted, standardized cumulative incidence curves for mortality for 
late (eGFR 5-7 ml/min/1.73m2), intermediate (eGFR 7-10 ml/min/1.73m2) and early 
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WebFigure 5. Weighted, standardized cumulative incidence curves for MACE for 
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WebFigure 7. Deliberate introduction of immortal time bias to illustrate why previous 
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mortality. eGFR was modelled as a continuous variable using a penalized spline. 
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WebFigure 8. Deliberate introduction of selection/survivor bias and lead time 
bias to illustrate why previous observational studies found a protective effect of 
late dialysis initiation on all-cause mortality. eGFR was modelled as a continuous 
variable using a penalized spline. The reference was set at an eGFR of 5 ml/
min/1.73m2. Dotted lines represent 95% confidence intervals.
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Supplemental Methods

Target trial emulation using cloning, censoring and weighting
Here we describe in detail our implementation of target trial emulation and the 
cloning, censoring and weighting procedure. A thorough review of trial emulation can 
be found elsewhere (1, 2), as well as recent applications of the methodology (3-10). 

Specifying details of the target trial

The goal of many observational studies is to compare the effects of two or more 
treatment strategies on a clinical outcome. A simple way to structure the study 
design and analysis of such a study is to use the target trial framework (1, 2). 
This means that we think about the hypothetical randomized trial we would like 
to conduct and then use our observational data to explicitly emulate it. Explicitly 
emulating a randomized trial can prevent unnecessary biases such as immortal 
time bias, selection/survivor bias and lead time bias (11-15), as well as making results 
from observational analyses more comparable to those from trials (16). Similar to 
a real trial, we first need to formally define the eligibility criteria of our hypothetical 
trial, the treatment strategies we would like to compare, how treatment is assigned 
to each individual, the duration of follow-up, the primary and secondary endpoints, 
the causal contrast of interest (intention-to-treat or per protocol effect), and the 
statistical analysis. Details of the target trial we wanted to emulate in our analysis 
are given in WebTable 1. 

In our study we were interested in comparing 15 dialysis initiation strategies , with 
eGFR values ranging between 4-5 ml/min/1.73m2 and 18-19 ml/min/1.73m2. Note 
that it would be difficult to compare 15 strategies in a real randomized controlled 
trial, as this would require an extremely large sample size. The IDEAL trial required 8 
years to include 828 individuals. We therefore need to rely partly on well-conducted 
observational studies to identify the optimal eGFR to start dialysis. We applied the 
same methodology when comparing three treatment strategies in our sensitivity 
analysis. For ease of explanation we will therefore explain the methods according 
to three strategies only. 

Treatment strategies such as those defined above depend on the value of a 
time-varying individual characteristic (in this case eGFR) and are therefore called 
dynamic treatment strategies (5, 17). Such dynamic treatment strategies answer 
the question “When should I start a particular treatment?”. Comparing the effects 
of dynamic treatment strategies in observational data requires methods that 
can appropriately adjust for time-varying confounding, such as the parametric 
G-formula (18, 19) or cloning, censoring and weighting (1, 14, 20). We now explain 
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in detail our implementation of the latter approach for three dialysis initiation 
strategies. A graphical depiction of the cloning, censoring and weighting procedure 
can be found in WebFigure 1.  

Rationale for the cloning, censoring and weighting method

The rationale for using the cloning, censoring and weighting method is that at baseline, 
an individual’s data is consistent with multiple strategies. For instance, an individual 
with an eGFR of 16 ml/min/1.73m2 at baseline has data consistent with early (starting 
dialysis with an eGFR10-14), intermediate (eGFR7-10) or late (eGFR10-14) dialysis initiation. 
This individual could be randomly assigned to one of the three strategies, similar 
to a real randomized trial. However, it is more statistically efficient to allocate this 
individual to all treatment strategies with which his/her data are consistent.

Step 1: Cloning and assigning replicates to the treatment strategies

The first step consists of cloning each individual into three identical replicates, 
each of whom is assigned to one strategy (either late, intermediate or early dialysis 
initiation). The dataset will now be three times as large as the original dataset. Since 
each individual occurs in all strategies, the three treatment groups will be identical 
in all characteristics and hence no baseline confounding is present. 

Note that for the comparison of 15 dialysis initiation strategies, 15 identical replicates 
of each individual need to be made. At baseline some of the replicates will already 
have passed their assigned eGFR value to start dialysis. For example, an individual 
with a baseline eGFR of 13 ml/min/1.73m2 can never comply with the strategy 
“initiate dialysis with an eGFR between 16-17 ml/min/1.73m2”. Such replicates that do 
not comply with their assigned strategy at baseline are removed from the dataset. 

Step 2: Censoring replicates if and when they do not adhere to their 
assigned strategy

Note that there are now replicates included that do not necessarily always adhere 
to their assigned strategy during follow-up. To estimate the effect of a particular 
treatment strategy, we need to censor replicates if and when their observed 
treatment does not match their assigned strategy anymore. 

In our dataset, we therefore determined at each month whether a replicate was 
adherent to their assigned strategy and artificially censored them if they stopped 
adhering. As an example, consider the three hypothetical persons in the Appendix 
Table on the next page. Three replicates of each person are present in the dataset 
(cloning step), and each replicate is assigned to a different treatment strategy (late, 
intermediate or early dialysis initiation). 
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Replicate 1.1 is assigned to the strategy “initiate dialysis with an eGFR between 5-7 
ml/min/1.73m2” (i.e. late dialysis initiation). Since his eGFR has dropped to 4.2 ml/
min/1.73m2 in month 5 and this individual has not initiated dialysis yet, he will be 
censored in month 5. Replicate 1.2 is assigned to the strategy “initiate dialysis with 
an eGFR between 7-10 ml/min/1.73m2” (i.e. intermediate dialysis initiation). Since 
his eGFR has dropped to 6.5 ml/min/1.73m2 in month 3 and this individual has not 
initiated dialysis yet, he will be censored in month 3. Lastly, replicate 1.3 is assigned 
to the strategy “initiate dialysis with an eGFR between 10-14 ml/min/1.73m2”. Since 
his eGFR has dropped to 7.3 ml/min/1.73m2 in month 2 and this individual has not 
initiated dialysis yet, he will be censored in month 2. The first individual died in 
month 5. However, this death will count for none of the treatment strategies since all 
replicates are censored before the death is observed. Note that the three replicates 
represent the same person (individual 1), and that we use data from individual 1 to 
estimate the effect of each strategy as long as he adheres to his assigned strategy. 

Person 2 is like person 1, except that dialysis is initiated in month 3 of follow-up at an 
eGFR of 6.5 ml/min/1.73m2. Replicate 2.1 adheres to his assigned treatment strategy 
and is therefore never censored during follow-up. Replicate 2.2 and replicate 2.3 are 
censored in month 3 and 2, respectively, since they do not adhere to their assigned 
strategy anymore in those months. Note that the death is observed only for replicate 
2.1 and not for replicates 2.2 or 2.3.

Person 3 dies in the first month while his eGFR was 12.0 ml/min/1.73m2. The death 
will count for all three treatment strategies because the data were consistent with 
all strategies when it developed. 
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Appendix Table. Three hypothetical persons whose data are consistent with multiple dialysis initiation 

strategies.  

Person Replicate Assigned 
strategy

Month eGFR Dialysis Death Artificial 
censoring

1 1.1 5-7 1 12.0 0 0 0

1 1.1 5-7 2 7.3 0 0 0

1 1.1 5-7 3 6.5 0 0 0

1 1.1 5-7 4 5.8 0 0 0

1 1.1 5-7 5 4.2 0 1 1

1 1.2 7-10 1 12.0 0 0 0

1 1.2 7-10 2 7.3 0 0 0

1 1.2 7-10 3 6.5 0 0 1

1 1.2 7-10 4 5.8 0 0 1

1 1.2 7-10 5 4.2 0 1 1

1 1.3 10-14 1 12.0 0 0 0

1 1.3 10-14 2 7.3 0 0 1

1 1.3 10-14 3 6.5 0 0 1

1 1.3 10-14 4 5.8 0 0 1

1 1.3 10-14 5 4.2 0 1 1

2 2.1 5-7 1 12.0 0 0 0

2 2.1 5-7 2 7.3 0 0 0

2 2.1 5-7 3 6.5 1 0 0

2 2.1 5-7 4 5.8 1 0 0

2 2.1 5-7 5 4.2 1 1 0

2 2.2 7-10 1 12.0 0 0 0

2 2.2 7-10 2 7.3 0 0 0

2 2.2 7-10 3 6.5 1 0 1

2 2.2 7-10 4 5.8 1 0 1

2 2.2 7-10 5 4.2 1 1 1

2 2.3 10-14 1 12.0 0 0 0

2 2.3 10-14 2 7.3 0 0 1

2 2.3 10-14 3 6.5 1 0 1

2 2.3 10-14 4 5.8 1 0 1

2 2.3 10-14 5 4.2 1 1 1

3 3.1 5-7 1 12.0 0 1 0

3 3.2 7-10 1 12.0 0 1 0

3 3.3 10-14 1 12.0 0 1 0
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Step 3: Inverse probability weighting to adjust for informative censoring

Because the artificial censoring of replicates is likely to be informative, this will 
lead to selection bias (also called collider stratification bias in the epidemiology 
literature). We therefore need to use inverse probability weighting to adjust for 
this selection bias, which is the most involved step of the cloning, censoring and 
weighting procedure. In brief, uncensored replicates receive a weight that is equal 
to the inverse of the probability of remaining uncensored, conditional on their own 
covariate history. Intuitively, the weighting will upweight uncensored replicates who 
have similar characteristics as censored replicates (see also WebFigure 1). This 
creates a pseudopopulation in which censoring does not depend on measured 
characteristics and is no longer informative (21). 

To estimate the inverse probability of censoring weights, we first fit a pooled logistic 
model with “being uncensored” as the outcome and as independent variables an 
indicator for time (a restricted cubic spline with prespecified knots at months 3, 7, 12, 
23 and 35), baseline and time-varying confounders. We fit a pooled logistic model 
for each arm separately since the censoring pattern is likely to be different for each 
treatment strategy, and to allow for treatment-covariate interaction (2, 4). The knots 
for time were based on visual inspection of the censoring pattern during follow-up.  

Next, we used the probabilities estimated by these models to construct the inverse 
probability of censoring weights. Weights were set to 1 after a replicate initiated dialysis, 
as their probability to remain uncensored is per definition 1. We truncated the weights 
at the 99.95th percentile to avoid undue influence of very large weights. Truncating 
the weights is a trade-off between bias and precision: truncation of large weights will 
lead to narrower confidence intervals at the expense of introducing some bias. The 
median of the truncated weights was 1.02, the mean 1.17 and the maximum 31.1. Using 
untruncated weights showed virtually similar results and therefore indicated that no 
substantial bias was introduced by truncation (WebTable 13). 

Step 4: Primary analysis 

Next, we stacked the three datasets (late, intermediate and early dialysis initiation). 
We used a weighted pooled logistic model to estimate the per protocol effect of 
late, intermediate and early dialysis initiation. The pooled logistic model contained 
indicators for time (month and month squared), an indicator for treatment strategy, 
interactions between time and treatment strategy (to allow for nonproportional 
hazards) and all baseline covariates, as well as the weights estimated in step 3. 
Treatment strategy was modelled as a factor for 3 strategies and as a restricted cubic 
spline with knots at 5, 8, 11, 14 and 17 for 15 strategies. This pooled logistic model 
was used to calculate weighted cumulative incidence curves. The weighted curves 
were then standardized to the baseline distribution of confounders and used to 
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calculate 5-year absolute risk differences and differences in restricted mean survival 
time. To account for the weighting and cloning procedure, we used nonparametric 
bootstrapping based on 500 samples to obtain valid percentile confidence intervals. 
From the survival curves we estimated the average hazard ratio at each month 
during follow-up as log(Survival2)/log(Surival1). To obtain one summary hazard ratio 
we averaged the hazard ratio over the whole study period (22).  

Why common methods introduce immortal time bias,  
lead-time bias or selection bias
A number of observational studies have tried to estimate the effects of dialysis 
timing on outcomes. Most of these studies used two methods, denoted by 
Sjölander et al. as the “from initiation” method or the “from threshold” method (13). 
Both methods introduce various biases, including lead time bias, survival/selection 
bias and immortal time bias. 

In the from initiation method, baseline is defined as the time of dialysis initiation 
(Appendix Figure 1). All patients are included at the moment of dialysis start and 
eGFR levels are then compared on outcomes such as mortality. Note that the choice 
if baseline in the from initiation method is wrong: in a randomized trial (such as 
the IDEAL trial) individuals are included before dialysis. The from initiation method 
introduces two biases: lead time bias and survivor/selection bias. The lead time 
bias occurs because patients with a higher eGFR at dialysis initiation will be earlier 
in the course of their disease progression than individuals with a lower eGFR. This 
will give early starters an artificial survival advantage. It is similar to the lead time 
bias in observational studies investigating cancer screening. The screened group 
will be diagnosed with cancer earlier, and hence follow-up for this group starts 
earlier in the course of their disease. However, in reality patients in the screened 
group may not live longer than those in the non-screened group: only the diagnosis 
of cancer is moved earlier in time. 

The second bias that is introduced by the from initiation method is selection/
survival bias, also known in the epidemiology literature as collider stratification bias. 
This bias gives an artificial survival advantage to the late starters. Why this bias 
arises can be understood intuitively. Patients with a low eGFR who are included in 
an observational cohort must have survived long enough until sampling. As eGFR 
is a strong risk factor for mortality, patients who do not have other risk factors for 
mortality (such as diabetes) are more likely to survive until a low eGFR. After all, if the 
patients with a low eGFR would have had multiple other risk factors for mortality, 
they most likely would not have survived until sampling into the cohort. The bias 
can be graphically shown in a causal diagram (Appendix Figure 2). Conditioning 
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on surviving until a low eGFR value (denoted by the selection node S), induces 
an inverse association between eGFR and other risk factors (denoted by U). In 
technical terms, the conditioning on the collider S opens a backdoor path, thereby 
introducing collider stratification bias. To properly adjust for the selection bias, 
one would need to adjust for all risk factors for mortality. Failure to do so (which 
is very likely) will lead to biased effect estimates, e.g. if one has not measured all 
risk factors for mortality. It should be noted that this selection bias is distinct from 
confounding. Confounders are variables which influence both eGFR at dialysis 
initiation and mortality. Adjusting for confounders only will not be sufficient to adjust 
for the selection bias. 

It seems that the effect of the selection/survival bias is stronger than the effect 
of lead time bias, since most observational studies have found a harmful effect of 
early dialysis initiation rather than a protective effect (23-33). When reanalyzing our 
data using the from initiation method, we also obtained an effect estimate favoring 
the late starters, with a hazard ratio of 1.58 (95% CI, 1.37 to 1.83) for eGFR15 versus 
eGFR5 (WebFigure 8). Even though we adjusted for a large number of confounders 
(similar to previous observational studies), this suggests that we – like the other 
observational studies – were not able to correct for all selection bias introduced 
by the from initiation method, since our main analysis found a completely opposite 
effect: a modest protective effect of early initiation. 

In an attempt to mitigate lead time bias, some researchers have started follow-
up at a common point in time, e.g. when eGFR drops below 20 ml/min/1.73m2 for 
the first time. This method has been referred to as the from threshold method, 
because follow-up starts when a certain threshold is passed. However, by doing 
so, immortal time bias can be introduced. The problem is that at baseline it is not 
yet known at which eGFR dialysis will be initiated. At baseline all patients will have 
an eGFR around 20 ml/min/1.73m2, and dialysis has not started yet at that moment. 
To overcome this problem, some researchers have classified patients into exposure 
groups by using future information that is not available at baseline. Whenever 
future information is used to classify patients into exposure groups, immortal time 
is introduced. All patients need to survive until dialysis start, otherwise they cannot 
be classified. Therefore, all included individuals will be immortal until the start of 
dialysis. The immortal time will be longer for individuals with a low eGFR than for 
those with a high eGFR, and therefore favors late dialysis initiation (Appendix Figure 
3). When reanalyzing our data using the from threshold method and introducing 
immortal time bias, we obtained again an effect estimate favoring the late starters, 
with a hazard ratio of 1.46 (95% CI, 1.19 to 1.78) for eGFR15 versus eGFR5.
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Both methods described above do not explicitly emulate a clinical trial. In a 
randomized trial we would follow patients from a common starting point (e.g. eGFR 
between 10-20 ml/min/1.73m2) and randomize them at that moment to treatment 
groups. Therefore, the moment of start of follow-up and the assignment of treatment 
strategies coincide at baseline. The from initiation method does not adhere to this 
important principle since it starts follow-up at dialysis initiation. The from threshold 
method as applied by previous researchers (34-37) also does not properly emulate 
a randomized trial since the start of follow-up happens before the assignment of 
treatment strategies. The cloning step forces the alignment of the start of follow-
up and assignment of treatment strategies and thereby automatically eliminates 
immortal time bias, lead time bias and selection/survivor bias. This cloning, 
censoring and weighting approach was used in an earlier analysis by Crews et al 
(38). However, their analysis was limited by a small sample size and by the fact 
that analyses were not adjusted for time-varying confounders. WebTable 13 in 
which we sequentially adjusted for more baseline and time-varying confounders 
shows the importance of adjusting for time-varying confounders when applying 
this analytical method.

Another recent study compared dialysis initiation versus no initiation stratified by 
eGFR levels (39). However, this analytical approach does not answer the question 
when to initiate dialysis. Rather, it compares the effectiveness of dialysis vs. no 
dialysis for various levels of eGFR (i.e.: “given that my patient has survived until an 
eGFR of x ml/min/1.73m2, what is the effect of dialysis vs. no dialysis on mortality?”). 
The authors found that dialysis initiation compared with no initiation was associated 
with an adjusted HR of 0.28 (95% CI, 0.16 to 0.45) in individuals with an eGFR <6 ml/
min/1.73m2. The hazard ratio was 0.41 for eGFR6-9, 0.83 for eGFR9-12, 0.88 for eGFR12-15, 
1.50 for eGFR15-29 and 3.70 for eGFR >29 ml/min/1.73m2. Looking at these numbers, 
it is tempting to compare the different hazard ratios and conclude that initiating 
dialysis at an eGFR <6 is associated with the best survival (since it has the lowest 
hazard ratio). However, we cannot compare the different hazard ratios with each 
other, since each hazard ratio is calculated conditional on surviving until a certain 
eGFR level. Therefore, the patients that contribute to the eGFR <6 analysis are only 
a subset of the patients that contribute to the analysis of dialysis effectiveness 
in individuals with an eGFR between 12-15. Naturally, the authors found that the 
effectiveness of dialysis was stronger in individuals with a low eGFR. These results 
tell you that if you do not initiate dialysis when you reach an eGFR of 6, you will die 
quickly. It does not tell you that initiating at an eGFR <6 is better than initiating at an 
eGFR between 9 and 12. 

Lastly, Scialla et al. elegantly applied an instrumental variables approach using 
geographic variation as an instrument (40). Similar to conventional observational 
analyses, instrumental variable analyses also rely on untestable assumptions 
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which are difficult to verify, e.g. that there are no confounders for the instrument-
outcome relationship (exogeneity assumption) and that the instrument influences 
the outcome mortality only through eGFR levels at dialysis initiation (exclusion 
restriction assumption). Secondly, it is difficult to interpret the effect estimate 
obtained from an instrumental variables analysis. Under additional assumptions 
(e.g. the monotonicity assumption) the effect estimate can be interpreted as the 
average causal effect of treatment in the subpopulation of compliers. However, it is 
not possible to identify this subpopulation of compliers, which makes it difficult to 
apply these findings for decision making. A more detailed discussion of merits and 
caveats of instrumental variable analysis can be found elsewhere (41-43).

A fourth bias: confounding
All observational studies are limited by confounding. However, published results 
show that confounding may not be the biggest problem in observational analyses. 
Rather, the preventable biases explained in the previous section are an important 
reason why observational analyses and randomized trials have led to different 
conclusions, e.g. in the case of statins and decreased cancer risk, the effect of 
hormonal replacement treatment on cardiovascular events in postmenopausal 
women, or the effect of timing of dialysis on outcomes (12, 15, 44). There are a 
number of recent analyses showing that properly conducted observational studies, 
in particular those explicitly emulating a trial, can in certain situations obtain similar 
estimates as randomized trials (e.g. if we apply similar inclusion/exclusion criteria, 
have enough data to emulate the treatment strategies, etc.) (16, 45). When data from 
randomized trials are available, it can help to compare the results obtained from 
the observational analysis with those from the trial. If these results align, this can 
add further validity to the methods and data used in the observational approach.

To avoid confounding as much as possible, we adjusted for a wide range of 
baseline and time-varying covariates, including demographic variables, laboratory 
measurements, medication use, medical history, and prior hospitalizations, many 
of which are used in the decision-making process to start dialysis. Sequential 
adjustment for confounding can also give an indication how large confounding bias 
is likely to be, and whether any additional adjustment would significantly affect the 
point estimate. This seemed not to be the case. Additional adjustment for urinary 
albumin-to-creatinine ratio and potassium measurements also did not suggest 
major residual confounding bias. 
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Calculation of postponement of dialysis using a linear mixed-
effects regression model.
To estimate the time from baseline until start of dialysis for various dialysis initiation 
strategies, we first fit the a linear mixed-effects regression model that describes the 
eGFR decline of the population over time. This model estimates the coefficients β, 
b and ε, as previously described by Crews et al. (38):

eGFRij = β0 + β1tij + β2(tij)
2 + b0i + b1itij + b2i(tij)

2 + εij (eq. 1)

where persons i = 1, …, n have eGFR measurements at occasions j=1, …, mi and tij 
= time in years after baseline. β terms represent fixed effects describing the 
population-average eGFR decline over time, b terms are random effects describing 
the patient-specific deviation from this population average, and ε terms represent 
the patient- and occasion-specific residuals. All eGFR measurements until the start 
of dialysis were used for the estimation of this model. 

Using the coefficients  of the fitted model, we solved the quadratic equation for t to 
obtain time until dialysis for various eGFR levels. 

where
 

Next, dialysis times were subtracted from the reference value of dialysis initiation 
at eGFR6-7. To obtain 95% confidence intervals around these differences, parametric 
bootstrapping based on 10.000 samples was used. 

β0 + β1t + β2t
2 = eGFR (eq. 2)

β0 = 21.0, β1 = -2.7+ β2=0.05.  ̂ ̂ ̂

̂ ̂ ̂
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