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Purpose: Current clinical guidelines recommend to initiate dialysis in the presence of symp-

toms or signs attributable to kidney failure, often with a glomerular filtration rate (GFR) of 

5–10 mL/min/1.73 m2. Little evidence exists about the optimal kidney function to start dialysis. 

Thus far, most observational studies have been limited by lead-time bias. Only a few studies 

have accounted for lead-time bias, and showed contradictory results. We examined the effect of 

GFR at dialysis initiation on survival in chronic kidney disease patients, and the role of lead-

time bias therein. We used both kidney function based on 24-hour urine collection (measured 

GFR [mGFR]) and estimated GFR (eGFR).

Materials and methods: A total of 1,143 patients with eGFR data at dialysis initiation and 

852 patients with mGFR data were included from the NECOSAD cohort. Cox regression was 

used to adjust for potential confounders. To examine the effect of lead-time bias, survival was 

counted from the time of dialysis initiation or from a common starting point (GFR 20 mL/

min/1.73 m2), using linear interpolation models.

Results: Without lead-time correction, no difference between early and late starters was present 

based on eGFR (hazard ratio [HR] 1.03, 95% confidence interval [CI] 0.81–1.3). However, after 

lead-time correction, early initiation showed a survival disadvantage (HR between 1.1 [95% CI 

0.82–1.48] and 1.33 [95% CI 1.05–1.68]). Based on mGFR, the potential survival benefit for 

early starters without lead-time correction (HR 0.8, 95% CI 0.62–1.03) completely disappeared 

after lead-time correction (HR between 0.94 [95% CI 0.65–1.34] and 1.21 [95% CI 0.95–1.56]). 

Dialysis start time differed about a year between early and late initiation.

Conclusion: Lead-time bias is not only a methodological problem but also has clinical impact 

when assessing the optimal kidney function to start dialysis. Therefore, lead-time bias is extremely 

important to correct for. Taking account of lead-time bias, this controlled study showed that 

early dialysis initiation (eGFR >7.9, mGFR >6.6 mL/min/1.73 m2) was not associated with an 

improvement in survival. Based on kidney function, this study suggests that in some patients, 

dialysis could be started even later than an eGFR <5.7 and mGFR <4.3 mL/min/1.73 m2.

Keywords: end-stage renal disease, epidemiology, hazard model, kidney function, lead time, 

linear interpolation model

Introduction
Current clinical KDIGO (Kidney Disease: Improving Global Outcomes) guidelines 

recommend to initiate dialysis in the presence of symptoms or signs attributable to 

kidney failure.1 This often occurs with a glomerular filtration rate (GFR) between 5 

and 10 mL/min/1.73 m2. There is little evidence about the optimal kidney function to 
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start dialysis, and the only randomized study so far showed 

no effect on survival for starting at a GFR around 9 versus 

7.2 mL/min/1.73 m2.2 Several observational studies have 

been performed, with contradictory results. Some studies 

suggested better survival for patients who started with a high 

plasma creatinine-based estimated GFR (eGFR), whereas 

the majority suggested better survival for those who started 

with a lower eGFR.3–19 However, only four of these studies 

properly accounted for lead-time bias.5,6,10,18 Nevertheless, all 

were based on a relatively low number of dialysis patients.

Lead-time bias often occurs when evaluating the efficacy 

of a treatment in observational studies, especially in dialysis 

initiation, and stems from a difference in timing of treatment 

initiation.20 Specifically, lead time is the added time of sur-

vival attributable to the fact that a selected group of patients 

starts earlier with dialysis than a later-starting comparative 

group. When comparing survival time starting from treat-

ment initiation, early starters will show a survival benefit 

(Figure 1). Any potential survival benefit of early dialysis 

initiation may then be due to lead-time bias instead of rep-

resenting an improvement in the course of the disease and 

effect on survival. In the IDEAL study,2 in which lead-time 

bias was no issue due to randomization, no difference was 

observed in survival rates associated with a time difference 

of 6 months between early and late starts. However, this 

randomized controlled trial (RCT) does not help to set the 

optimal kidney function to initiate dialysis. Furthermore, 

RCTs are hard to conduct and time-consuming, and thus we 

are still bound by observational studies.

Interpretation of results is further complicated, since 

most studies used only eGFR instead of true measurements 

of kidney function.6 It has been argued that eGFR is less 

valid, because of artificial low plasma creatinine levels in 

patients with fluid overload or low muscle mass, especially 

in low ranges of kidney function, when initiation of dialysis 

is near.21,22 Kidney function may be better reflected by the 

mean of measured creatinine and urea clearance (C
Cr–U

) 

based on 24-hour urine collections (measured GFR [mGFR] 

by C
Cr–U

). This study aimed to examine the effect of kidney 

function (both eGFR and mGFR) at dialysis initiation on 

survival in chronic kidney disease (CKD) patients, and the 

role of lead-time bias therein.

Materials and methods
Study design
Netherlands Cooperative on the Adequacy of Dialysis-2 

(NECOSAD) was a multicenter prospective observational 

cohort study in which 38 dialysis centers throughout the 

Netherlands participated.23 Inclusion of patients took place 

between 1997 and 2007, and follow-up data on death were 

available until February 2015. Patients were followed until 

time of death or censored, due to kidney transplantation, 

recovery of kidney function as reason to stop dialysis therapy, 

withdrawal from the study, transfer to a dialysis center that 

did not participate in the study, loss to follow-up, or end of 

the study period (February 2015), whichever came first. Avail-

able data on mGFR and eGFR during the predialysis period 

collected from medical records were added retrospectively to 

the prospective NECOSAD cohort for a convenient sample of 

patients included before 2003. The study was approved for all 

participating hospitals by the Medical Ethics Committee of 

the Academic Medical Center in Amsterdam, as coordinating 

center of the NECOSAD study, and all hospitals involved 

(Supplementary material) approved participation. The study 

was conducted according to the Declaration of Helsinki. All 

patients gave written informed consent.

Patient inclusion
For the present analysis, incident-dialysis patients aged ≥18 

years with no history of renal replacement therapy (RRT; ie, 

starting dialysis or renal transplantation) were included at 

the start of dialysis treatment. Patients were excluded when 

they had a hemodialysis catheter. The latter ensured we 

excluded patients with acute renal impairment. The current 

study population included patients studied by Korevaar et al.5

Exposure and outcome
The effect of GFR at dialysis initiation on survival in CKD 

patients was investigated using time to death as outcome. 

The GFR at dialysis initiation was based on tertiles of GFR 

at the moment of dialysis initiation, and included the cat-

egories late, intermediate, and early dialysis initiation (ie, 

low, intermediate, and high levels of GFR). Starting groups 

were based on two measures: mGFR (mL/min/1.73 m2, by 

C
Cr–U

) and eGFR (mL/min/1.73 m2). The first is calculated 

by the mean of endogenous C
Cr–U

 in 24-hour collected 

Figure 1 Lead time based on moment of referral and time of dialysis initiation.
Notes: Lead-time bias tends to favor earlier dialysis initiation, because patients 
starting dialysis with more residual kidney function enter dialysis earlier in the 
course of the disease than those starting dialysis with less residual function, and 
accordingly gain a spurious residual lifetime advantage. Analyzing survival from the 
moment of referral solves the problem of lead-time bias, as would analyzing from 
the moment a certain glomerular filtration rate is reached (eg, 20 mL/min/1.73 m2, 
as used in the present study).

Lead time
Timely start

Late start

Referral Dialysis initiation Outcome
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urine, corrected for body-surface area, and the latter was 

calculated by the ‘186’ 4-item Modification of Diet in Renal 

Disease (MDRD) formula (Supplementary material).24 

Plasma creatinine concentration was measured per dialysis 

center using the local method, which was predominately the 

alkaline picrate (Jaffe) method. A pilot study comparing 

these measurements with more precise enzyme-mediated 

methods found that differences were negligible for the very 

high concentrations present in patients with end-stage renal 

disease. For all patients included in the present analysis, the 

start date of dialysis was regarded as baseline. The GFR value 

at dialysis initiation was used as baseline measurement. For 

eGFR, plasma creatinine was drawn before the first dialysis 

session. For mGFR, urine and blood samples were collected 

either before or until 1 month after the first dialysis session.23

Estimating kidney function decline for 
lead-time bias correction
Lead-time correction was achieved by using two approaches: 

mean annual decline rate in kidney function, and individual 

decline rates imputed from data available for a subgroup 

in NECOSAD. Both approaches were used to estimate the 

date when individuals would have had a specific prede-

termined GFR level before dialysis start (ie, GFR 20 mL/

min/1.73 m2). Survival time was then counted from this date 

onward, thereby eliminating the added survival time associ-

ated with starting dialysis early, when counting survival time 

from dialysis initiation. For the first approach, we used our 

calculated average annual rates of kidney function decline 

for eGFR and mGFR in the year prior to dialysis initia-

tion based on predialysis data from the Dutch PREdialysis 

PAtient REcord-1 (PREPARE-1) study.25–27 PREPARE-1 

was a Dutch retrospective follow-up study with incident-

predialysis patients with CKD stages 4–5 (for more details, 

see Supplementary material). PREPARE-1 and NECOSAD 

were performed during the same period.

Statistical analyses
Data are presented as mean values with standard deviations 

or medians with interquartile ranges for continuous variables, 

depending on the distribution. Categorical variables are 

presented as numbers and percentages. P-values are two-

tailed, and P<0.05 was considered statistically significant. 

All statistical analyses were performed with SPSS version 20.

Missing values of potential confounders were imputed 

with multiple imputation methods using a fully conditional 

specification with ten repetitions.28–30 All available baseline 

variables and outcomes were used for imputation. Follow-up 

time was logarithmically transformed; age, baseline GFR 

values, and BMI were square-root-transformed before entry 

in the imputation model. Estimates and standard deviations 

were calculated in each imputation set, pooled into one overall 

estimate and standard deviation according to Rubin’s rules.31,32

Kidney function decline
Individual kidney function declines prior to dialysis initia-

tion were calculated following the two approaches described 

earlier. For the first approach, average annual eGFR/mGFR 

rates from PREPARE-1, used for lead-time correction, were 

based on calculated individual annual GFR rates using linear 

regression. The assumption of a linear decline is considered 

safe, given the relatively short follow-up period of 1 year. At 

least two GFR measurements had to be available to estimate 

the rate of decline. Furthermore, a minimum of 30 days 

between first and last predialysis GFR values was applied, as 

too short a time frame would give an unreliable estimation of 

the decline. For the second approach, individual annual GFR 

decline rates prior to dialysis initiation were first calculated 

for those individuals in NECOSAD with available predialysis 

GFR data, and linear regression analysis was used for this 

purpose. With these available predialysis GFR decline data, 

GFR decline rates were imputed for individuals with missing 

predialysis data in NECOSAD.

Survival analysis
In our cohort of NECOSAD, we first performed a regular 

survival analysis for the effect of GFR at dialysis initiation 

on survival from dialysis initiation. Cumulative survival rates 

for early, intermediate, and late starters were calculated using 

the Kaplan–Meier method. Crude and adjusted hazard ratios 

(HRs) for timing of dialysis initiation were obtained using 

Cox proportional-hazard regression analyses, adjusted for 

the confounders age, sex, primary kidney disease, ethnicity, 

and comorbidities using the Khan comorbidity score.33 The 

Khan comorbidity score includes the following risk groups: 

low risk, defined as age <70 years and no comorbid illness; 

medium risk, defined as age 70–80 years or age <80 years 

with any one of cardiac, pulmonary, or liver disease or age 

<70 years with diabetes mellitus; and high risk, defined as 

age >80 years or any age with two or more organ dysfunc-

tions in addition to end-stage renal disease or any age with 

visceral malignancy.33 Information on comorbidities included 

in the Khan score was collected by using questionnaires 

completed by clinicians, and was based on clinical diagno-

sis and information on comorbidities from patient records. 

Primary kidney disease was classified according to the codes 

of the European Renal Association–European Dialysis and 

Transplantation Association.34
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Survival analysis corrected for lead-time bias
Next, the aforementioned survival analyses were repeated 

with correction for lead-time bias. This was achieved by mea-

suring survival from the predetermined point before dialysis 

(ie, eGFR/mGFR of 20 mL/min/1.73 m2), rather than from 

the start of dialysis (Figure 1), based on the method used by 

Traynor et al.18 The date of this common starting point was 

calculated back from the start of dialysis, using a linear inter-

polation model with either the previously computed mean 

annual GFR slopes prior to dialysis commencement from 

PREPARE-1 or the computed individual predialysis GFR 

slopes from NECOSAD. Then, these lead-time-corrected 

results were compared to the previous uncorrected results of 

survival analyses. The difference in HRs between survival 

rates for the timing of dialysis initiation, corrected and uncor-

rected for lead-time bias, showed the impact of lead-time bias. 

Finally, the length of lead time was estimated by calculating 

the difference in baseline GFR value between early versus 

late and intermediate versus late dialysis initiation, divided 

by the annual GFR decline from PREPARE-1.

Sensitivity analyses
To validate the robustness of our results, we performed 

several sensitivity analyses. First, to confirm that early 

starters did not decline faster than late starters, mean GFR 

decline rates prior to dialysis initiation were calculated 

for late-, intermediate-, and early-starting groups in both 

PREPARE-1 and a selection of patients in NECOSAD with 

available data on GFR decline rates prior to dialysis initiation. 

Early-, intermediate-, and late-starting groups were based 

on the same GFR tertiles as used in the main analyses in 

NECOSAD. Second, correction for lead-time bias was also 

achieved by using the lowest and highest values of decline 

in kidney function extracted from a review of the literature 

on GFR decline in the year prior to dialysis initiation.23,35,36 

Third, we repeated the analyses in subjects with both mGFR 

and eGFR values at dialysis initiation available to enable a 

direct comparison between mGFR and eGFR results. Fourth, 

we varied the cutoff point of the GFR value for dividing the 

study population into three categories. Fifth, we performed 

additional adjustment in the survival analysis for possible 

additional confounders or variables that are potentially in 

the causal pathway: smoking, systolic and diastolic blood 

pressure, and blood pressure medication.

Results
Patient characteristics at baseline
In total, 852 patients with an mGFR measurement and 1,143 

patients with an eGFR measurement at dialysis initiation were 

included for the present analyses. See Figure 2 for a flow-

chart of patient inclusion. Individual predialysis decline rates 

were available for 150 of the 852 patients with mGFR data 

and for 363 of the 1,143 patients with eGFR data. Baseline 

characteristics for the total population under study and for 

early, intermediate, and late starters, based on either mGFR or 

eGFR data, are shown in Table 1. Mean baseline mGFR was 

2.5 (±1.4) for late starters, 5.4 (±0.7) for intermediate, and 

8.9 (±2.1) mL/min/1.73 m2 for early starters. Late, intermedi-

ate, and early starters based on eGFR data had higher mean 

baseline eGFRs of 4.4 (±1.2), 6.7 (±0.6), and 10.2 (±2.3) 

mL/min/1.73 m2, respectively. Median time from dialysis 

initiation and baseline plasma creatinine measurement used 

to calculate eGFR was 6 (interquartile range 1–14) days. In 

general, diabetes was the underlying cause of kidney disease 

in a larger proportion of early starters compared to later start-

ers. A total of 21 variables were used to impute the missing 

Figure 2 Patient-inclusion flowchart for patients with data on mGFR (A) and data on eGFR (B).
Abbreviations: mGFR, measured glomerular filtration rate; eGFR, estimated glomerular filtration rate.

A 2,051 incident predialysis patients between 1997–2007

Excluded 1,166 individuals without mGFR measurement at dialysis initiation

Excluded 33 individuals not receiving predialysis care

852 patients included in study

2,051 incident predialysis patients between 1997–2007

Excluded 812 individuals without eGFR measurement at dialysis initiation

Excluded 96 individuals not receiving predialysis care

1,143 patients included in study

B
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values of potential confounders at baseline for both mGFR 

and eGFR. Most confounders had no missing values. From 

variables with missing values, the percentage of missing 

values varied between 0.5% and 11.2%.

Survival analyses with and without  
lead-time correction
Using the first approach, for the starting groups based on 

mGFR data, an unadjusted Kaplan–Meier analysis suggested 

incrementally increased survival of early starters compared to 

late starters without lead-time correction (Figure 3A). How-

ever, after correction for lead-time bias, the Kaplan–Meier 

analysis suggested a reversed survival benefit of patients 

initiating dialysis later (Figure 3B). These analyses were 

also performed for starting groups based on eGFR data. In 

contrast, without lead-time correction, increased cumulative 

survival was observed for late starters (Figure 3C), and after 

correction for lead-time bias this survival benefit increased 

(Figure 3D). These results were reflected by crude Cox 

analyses, with and without correction for lead-time bias, as 

shown in Table 2.

In the adjusted Cox analyses based on mGFR data, both 

intermediate and early starters had a lower risk of death com-

pared to late starters, with HRs of 1 (0.77–1.28, early) and 

Figure 3 Kaplan–Meier survival curves for late, intermediate, and early starters.
Notes: mGFR (A, B) and eGFR (C, D), either from dialysis initiation (A, C) or from a GFR value of 20 mL/min/1.73 m2 (B, D).
Abbreviations: mGFR, measured glomerular filtration rate; eGFR, estimated glomerular filtration rate.
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0.8 (0.62–1.03, late). When corrected for lead-time bias, an 

inverse association was present, with HRs of 1.23 (0.95–1.58) 

and 1.21 (0.93–1.56) for intermediate and early starters versus 

late starters, respectively (Table 2). In contrast, this observed 

inverse association of adjusted HRs after correction for lead 

time was not found for starting groups based on eGFR data 

at dialysis initiation. Without lead-time bias correction, the 

adjusted Cox analyses based on eGFR data at dialysis initia-

tion showed no difference in mortality risk between early and 

late dialysis initiation. However, after correction for lead-time 

bias, the early starters had a higher risk of death, with an 

HR of 1.33 (1.05–1.68) (Table 2). With the second approach 

with individual decline rates prior to dialysis initiation from 

NECOSAD to correct for lead-time bias, adjusted Cox 

analyses based on mGFR data showed no substantial differ-

ence between early and late starters (Table 3). The HR was 

approximately equal to 1. Based on eGFR data, the early and 

intermediate starters still had a higher risk of death compared 

to late starters after correction for lead-time bias, with HRs 

of 1.1 (0.81–1.5) and 1.1 (0.82–1.48) (Table 3), respectively.

Length of lead time
The first approach, with computed annual GFR declines 

derived from the predialysis cohort in PREPARE-1, as shown 

in Table 4, yielded a lead time of 13.9 months for early ver-

sus late starters and 6.3 months for intermediate versus late 

Table 2 Effect of GFR at dialysis initiation on survival and length of lead time

Crude HR (95% CI) Adjusted HR (95% CI)a Length of lead timeb

Data on mGFR
Without correction for lead time

Late starters (<4.3) Reference Reference
Intermediate starters (4.3–6.6) 0.86 (0.67–1.1) 1 (0.77–1.28)
Early starters (>6.6) 0.79 (0.61–1.02) 0.8 (0.62–1.03)

With correction for lead time
Late starters Reference Reference
Intermediate starters 1.02 (0.8–1.31) 1.23 (0.95–1.58) 6.3
Early starters 1.14 (0.88–1.47) 1.21 (0.93–1.56) 13.9

Data on eGFR
Without correction for lead time
Late starters (<5.7) Reference Reference
Intermediate starters (5.7–7.9) 1.21 (0.96–1.53) 1.02 (0.8–1.29)
Early starters (>7.9) 1.55 (1.24–1.94) 1.03 (0.81–1.3)

With correction for lead time
Late starters Reference Reference
Intermediate starters 1.33 (1.06–1.69) 1.12 (0.88–1.42) 3.6
Early starters 1.97 (1.58–2.47) 1.33 (1.05–1.68) 9.2

Note: aAdjusted for age, sex, Khan comorbidity score, primary kidney diseases, and ethnicity; blength of lead time (months) = Δbaseline GFR/annual GFR slope from  
PREPARE-1, eg, length of lead time for early versus late starters based on mGFR data = (8.9–2.5)/5.5=13.9 months.
Abbreviations: GFR, glomerular filtration rate; HR, hazard ratio; CI, confidence interval; mGFR, measured glomerular filtration rate; eGFR, estimated glomerular filtration 
rate.

Table 3 Effect of GFR at dialysis initiation on survival and length of lead time

Crude HR (95% CI) Adjusted HR (95% CI)a Length of lead timeb

Data on mGFR
With correction for lead time

Late starters (<4.3) Reference Reference
Intermediate starters (4.3–6.6) 0.9 (0.64–1.28) 0.92 (0.65–1.31) 6.8
Early starters (>6.6) 0.9 (0.65–1.26) 0.94 (0.65–1.34) 25.6

Data on eGFR
With correction for lead time

Late starters (<5.7) Reference Reference
Intermediate starters (5.7–7.9) 1.35 (1.01–1.8) 1.1 (0.81–1.2) 5.1
Early starters (>7.9) 1.72 (1.29–2.28) 1.1 (0.82–1.48) 14.5

Notes: aAdjusted for age, sex, Khan comorbidity score, primary kidney diseases, and ethnicity; blength of lead time (months) = Δbaseline GFR/annual GFR slope from 
NECOSAD, eg, length of lead time for early versus late starters based on mGFR data = (8.9–2.5)/3=25.6 months.
Abbreviations: GFR, glomerular filtration rate; HR, hazard ratio; CI, confidence interval; mGFR, measured glomerular filtration rate; eGFR, estimated glomerular filtration 
rate; NECOSAD, Netherlands Cooperative on the Adequacy of Dialysis-2.
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starters, based on mGFR data (Table 2). For starting groups 

based on eGFR data, shorter lead times of 9.2 and 3.6 months 

were shown for early- versus late- and intermediate- versus 

late-starting groups, respectively (Table 2). Under the second 

approach, with individual decline rates from NECOSAD 

to correct for lead-time bias, even longer lead times were 

calculated for early and intermediate versus late starters, 

both based on mGFR and eGFR data (Table 3). Mean rates 

of kidney function decline for the three starting groups, 

used to compute the length of lead time based on the second 

approach, are shown in Table 5.

Sensitivity analyses
Calculated annual GFR declines prior to dialysis initiation 

in PREPARE-1 and a selection of patients of NECOSAD 

(with available data) showed that early/intermediate starters 

had a less rapid decline then late starters (Table S1). Repeat-

ing the crude and adjusted Cox analyses with correction for 

lead-time bias based on the lowest and highest value of GFR 

decline extracted from literature, adjusted and corrected risk 

of mortality for early compared to late starters ranged between 

1.14 (0.88–1.47) and 1.61 (1.24–2.09), based on mGFR data 

(Table 6). This was accompanied by lead time between 11.5 

and 23.6 months. For starting groups based on eGFR values, 

adjusted and corrected HRs between 1.22 (0.96–1.54) and 1.52 

(1.21–1.92) were calculated for early- versus late-dialysis ini-

tiation, accompanied by lead time of 6–15.3 months (Table 6).

Additional subgroup analyses in subjects (n=577) with 

both eGFR and mGFR measurement available at dialysis 

initiation were similar and in line with results obtained in the 

main analyses. Classification among late, intermediate, and 

early starters was tested by additional analyses in which the 

study population was divided into two groups based on the 

median GFR value at dialysis initiation, in quartiles, and in 

categories of GFR value at dialysis initiation <5, 5–10, and 

>10 mL/min/1.73 m2(data not shown). All classifications 

showed the same patterns of association, and confirmed the 

stability of our results. Adding additional confounders to the 

Cox proportional-hazard model did not alter our conclusions 

(Table S2).

Discussion
This study on the effect of lead-time bias when examining the 

effect of both eGFR and mGFR at dialysis initiation on sur-

vival in CKD patients underlines the impact of lead-time bias 

herein. Without lead-time bias correction, we demonstrated 

no substantial effect of GFR levels at dialysis initiation, ie, 

early versus late start, on survival in CKD patients, although 

a borderline survival benefit for early dialysis initiation was 

observed based on mGFR. However, after lead-time correc-

tion, early dialysis initiation yielded no survival benefit and 

seemed rather harmful, irrespective of whether early start was 

based on eGFR or mGFR. The start time for dialysis differed 

by about a year between early and late starters. Our results 

underline the importance to correct for lead-time bias, and 

showed that early dialysis initiation was not associated with 

an improvement in survival.

To our knowledge, this is one of the first studies account-

ing for lead-time bias in survival of CKD patients starting 

dialysis in an observational study design, based on both 

eGFR and mGFR. The only performed RCT, in which 

lead-time bias was no issue, showed no difference between 

early- and late-initiation strategies.2 However, in this RCT 

the mean difference in eGFR between early and late starters 

was only 1.8 mL/min/1.73 m2 with 6 months difference in 

dialysis start time, whereas we showed a difference in eGFR 

of 5.8 mL/min/1.73 m2 with 9.2–14.5 months of lead time. 

Our data, based on individual lead-time correction for eGFR 

data, support the conclusion of the IDEAL trial that early 

dialysis initiation was not associated with an improvement 

in survival.2 Besides, several observational studies have also 

investigated the effect of GFR at dialysis initiation on survival 

in CKD dialysis patients, with contradictory results. Some 

studies suggested better survival for patients who started 

dialysis early, whereas most studies suggested better survival 

for those who started late and most studies did not take into 

Table 5 Rates of kidney function decline in NECOSAD

Mean decline  
(mL/min/1.73 m2/year)

mGFR Late starters –7.4 (±12)
Intermediate starters –5.1 (±11.7)
Early starters –3 (±12.7) 

eGFR Late starters –5.6 (±9.4)
Intermediate starters –5.4 (±9.4)
Early starters –4.8 (±10.5)

Notes: Decline rates shown are means (± standard deviation).
Abbreviations: mGFR, measured glomerular filtration rate; eGFR, estimated GFR; 
NECOSAD, Netherlands Cooperative on the Adequacy of Dialysis-2.

Table 4 Rates of kidney function decline in PREPARE-1

n 211
Rate of mGFR decline (mL/min/1.73 m2/year) –5.5 (±6.4)
mGFR value at dialysis initiation 6.2 (±1.9)

n 336
Rate of eGFR decline (mL/min/1.73 m2/year) –7.6 (±8.9)
eGFR value at dialysis initiation 8.3 (±4.1)

Notes: Decline rates shown are means (± standard deviation).
Abbreviations: mGFR, measured glomerular filtration rate; eGFR, estimated 
glomerular filtration rate; PREPARE-1, PREdialysis PAtient REcord-1.
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Table 6 Effect of GFR at dialysis initiation on survival and length of lead time based on literature search

Crude HR (95% CI) Adjusted HR (95% CI)a Length of lead timeb

Data on mGFR
With correction for lead time based on:

Lowest value in literature (–3.2)c

Late starters Reference Reference
Intermediate starters 1.14 (0.89–1.47) 1.4 (1.09–1.81) 10.9
Early starters 1.48 (1.15–1.9) 1.61 (1.24–2.09) 23.6

Highest value in literature (–6.6)c

Late starters Reference Reference
Intermediate starters 0.99 (0.78–1.28) 1.19 (0.93–1.54) 5.3
Early starters 1.08 (0.84–1.39) 1.14 (0.88–1.47) 11.5

Data on eGFR
With correction for lead time based on:

Lowest value in literature (–4.7)c

Late starters Reference Reference 
Intermediate starters 1.4 (1.11–1.77) 1.8 (0.93–1.49) 5.9
Early starters 2.25 (1.79–2.81) 1.52 (1.21–1.92) 15.3

Highest value in literature (–12.1)c

Late starters Reference Reference
Intermediate starters 1.29 (1.02–1.63) 1.08 (0.85–1.37) 2.3
Early starters 1.81 (1.45–2.27) 1.22 (0.96–1.54) 6

Notes: aAdjusted for age, sex, Khan comorbidity score, primary kidney diseases, and ethnicity; blength of lead time (months) = Δbaseline GFR/annual GFR slope; cannual GFR 
decline (mL/min/1.73 m2) in the year prior to dialysis initiation.
Abbreviations: GFR, glomerular filtration rate; HR, hazard ratio; CI, confidence interval; mGFR, measured glomerular filtration rate; eGFR, estimated glomerular filtration rate.

account lead-time bias.3–19 In the latter case, lead-time bias 

cannot explain their findings, because lead-time bias can 

only explain better survival for early starters. However, of 

these previous studies, only four took account of lead-time 

bias, but were never based on both eGFR and mGFR and had 

small study populations.5,6,10,18 One study was based on Kt/V 

measurements, which is beyond the scope of this article.5 

Our eGFR results confirmed the findings of the two studies 

based on eGFR: survival benefit in favor of late starters.10,18 

With a larger sample size, the present study extends these 

results by showing a stronger association between late start 

and survival benefit when accounting for lead-time bias. 

With regard to the mGFR results, only one other study also 

used mGFR and corrected for lead-time, showing a survival 

disadvantage for “late” starters.6 However, in this Hong Kong 

study, later starters were initial refusers, ie, no real late start-

ers, compared to elective starters (baseline difference only 

0.3 mL/min/1.73 m2), and they were in an initially worse 

condition upon starting dialysis. Therefore, these results were 

not comparable with our data. The relatively high percent-

age of patients with a low Khan score in this dialysis cohort, 

for both eGFR and mGFR, is in line with results of Khan 

et al.33 The pathophysiological mechanisms underlying the 

observed disadvantage of early starters remain unclear, but 

suggest harmful effects of the dialysis procedure itself.37–40

Our somewhat different findings between starting groups 

based on either eGFR or mGFR data could be explained by 

misclassification bias. Misclassification bias occurs when 

either outcome or exposure is misclassified, ie, the prob-

ability for early starters to be misclassified as late starter 

or vice versa. This type of bias is present with calculating 

eGFR based on the MDRD formula, and is almost completely 

eliminated using mGFR, which is not influenced by muscle 

mass.8,21,41 For instance, frail or elderly patients with muscle 

wasting have lower levels of plasma creatinine, resulting in 

falsely high eGFR levels compared to their true underlying 

kidney function. Therefore, they are prone to be misclassified 

as early starters; the opposite applies for late starters.42,43 In 

addition, eGFR overestimates kidney function in advanced 

CKD, as reflected by our higher values for the eGFR than 

mGFR starting groups.21,44 As a consequence, misclassifica-

tion bias overestimates survival in the late-initiation group 

of eGFR and underestimates survival in early starters. 

Indeed, we demonstrated that the significant crude survival 

disadvantage for early versus late starters in the eGFR group 

without lead-time correction completely disappeared after 

adjustment for baseline confounders. Following this, misclas-

sification bias could also explain the observed differences in 

adjusted mortality risks for early versus late starters when 

comparing mGFR and eGFR. In addition, plasma creatinine 

measurements in the present study were not always performed 

on standardized plasma creatinine assays, which theoretically 

could lead to imprecision of eGFR measurements, besides 

the introduced misclassification bias, due to the influence of 
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muscle mass on eGFR measurements. mGFR seems more 

accurate in decision making on timing of dialysis initiation; 

when eGFR is used, a thorough realization of its weaknesses 

and pitfalls is needed.

The present study has potential limitations. First, we 

cannot rule out the presence of confounding by indication, 

resulting from clinical decision making at dialysis initiation. 

Although adjustment for a range of known confounders did 

not affect the results, we did not have information on uremic 

symptoms.17,45–48 Therefore, residual confounding could not 

be completely eliminated. Second, mean annual GFR decline 

was used, based on a selected group of patients with predi-

alysis measurements from PREPARE-1. For both of these 

limitations, one might have concerns that early starters with 

or without uremic symptoms might have a faster decline in 

kidney function with worse prognosis than later starters. 

However, in the current study this was no limitation, since 

the opposite holds true for starting groups in PREPARE-1 

and available data in NECOSAD. Furthermore, our results, 

ie, based on decline rates derived from PREPARE-1, fell 

within the observed range based on the available literature, 

which justified the use of the decline rates from PREPARE-1. 

Finally, we also used imputed individual GFR declines based 

on patients with available predialysis data in NECOSAD. 

Third, survivor bias (ie, immortal time bias) could be a 

potential limitation of addressing lead-time bias in this 

way, as individuals who died before starting dialysis were 

not included in our cohort. Only people who survived to 

dialysis initiation were analyzed, excluding those who died 

before starting dialysis. As a consequence, the individuals 

included in the present study will have better survival in 

general. Therefore, survival rates could have been overesti-

mated in the present results, especially for late starters. The 

difference in survival rates between early and late starters 

could partially be explained by survivor bias. However, we 

corrected for health status by adjusting for several confound-

ers, such as Khan’s score and age. Therefore, we consider 

the influence of survivor bias as minimal and will not alter 

the conclusion. However, predialysis dropout due to death 

was limited to 11% over the complete follow-up period in 

the PREPARE-1 study.25,26 Finally, mGFR values might not 

be completely accurate, since they were based on 24-hour 

urine collections. However, any errors were assumed to be 

randomly distributed over the study population and would 

dilute the effect.

Major strengths of our study are that we were able to 

eliminate lead-time bias in an observational cohort study 

design and that we assessed the long-term effect of both eGFR 

and mGFR at dialysis initiation on survival (until 18 years 

of follow-up). Our results clearly indicate the importance of 

correcting for lead-time bias.

Our results could have an impact on the currently 

used KDIGO guideline for decision making on timing of 

dialysis initiation, which recommends to initiate dialysis 

in the presence of symptoms or signs attributable to kidney 

failure, often in the eGFR range of 5–10 mL/min/1.73 m2.1 

However, considering this eGFR range, early initiation (ie, 

>7.9 mL/min/1.73 m2) showed a clear mortality disadvan-

tage in the current study when lead time was accounted 

for. Furthermore, data on mGFR could be added in the 

guideline. In the context of misclassification of patients in 

eGFR early-starting groups, mGFR may be more reliable as 

a guide for timing of dialysis initiation.22 While the IDEAL 

study showed that the strategy to initiate dialysis with a mean 

eGFR <7.2 mL/min/1.73 m2 is safe, we show that based on 

solely kidney function, in some patients we can even go lower 

than an eGFR of 5.7 and an mGFR of 4.3 mL/min/1.73 m2.2 

Further research is needed to examine this precise kidney 

function threshold and to implement these findings in the 

context of presence of uremic symptoms and quality of life.

Conclusion
We showed that lead-time bias is not only a methodologi-

cal problem but also a clinical problem when assessing the 

optimal kidney function to start dialysis. Therefore, lead-time 

bias is extremely important to correct for. Taking account of 

lead-time bias, this controlled study showed that early dialy-

sis initiation (ie, eGFR >7.9, mGFR >6.6 mL/min/1.73 m2) 

was not associated with an improvement in survival. Based 

solely on kidney function, this study suggests that in some 

patients, dialysis could be started even later than an eGFR 

<5.7 and mGFR <4.3 mL/min/1.73 m2. These results should 

naturally be interpreted in the context of clinical judgment 

and presence of any symptoms.
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Supplementary material
Hospitals participating in the  
NECOSAD study
Maasstad Hospital Rotterdam, Deventer Hospital Deventer, 

Sint Lucas Andreas Hospital Amsterdam, Academic Medi-

cal Center Amsterdam, Maxima Medical Center Veldhoven, 

Catharina Hospital Eindhoven, Medical Center Haaglanden 

Den Haag, University Medical Center Groningen, Kennemer 

Gasthuis Haarlem, Atrium Medical Center Heerlen, Medical 

Center Leeuwarden, Leiden University Medical Center Leiden, 

Elisabeth Hospital Tilburg, University Medical Center Utrecht, 

Antonius Ziekenhuis Nieuwegein, Hospital Gelderse Vallei 

Ede, Haga Hospital Leyenburg Den Haag, Academic Hospital 

Maastricht, Jeroen Bosch Hospital Den Bosch, Medisch Spec-

trum Twente Enschede, Albert Schweitzer Hospital Dordrecht, 

Alysis Zorggroep Rijnstate Hospital Arnhem, Dianet Dialysis 

Center Lunetten Utrecht, Canisius Wilhelmina Hospital Nijme-

gen, Vie Curi Medical Center Venlo, Leveste Scheper Hospital 

Emmen, Dianet Dialysis Center Holendrecht Amsterdam, 

Haga Hospital Rode Kruis Den Haag, Rijnland Hospital Lei-

derdorp, Admiraal de Ruyter ziekenhuis Goes, Medical Center 

Alkmaar, Laurentius Ziekenhuis Roermond, Dialysis Center ‘t 

Gooi Hilversum, Groene Hart Hospital Gouda, Westfries Gas-

thuis Hoorn, TergooiHospitals Hilversum, Martini Ziekenhuis 

Groningen, Zaans Medical Center Zaandam.

Formulae
To calculate estimated glomerular filtration rate (eGFR), 

we used the Modification of Diet in Renal Disease formula:

eGFR (mL/min/1.73 m2) = 186 × plasma 
creatinine/88.4–1.154 × age–0.203 × 0.742 (if female) ×  
1.212 (if African)

� (1)

To calculate measured GFR (mGFR) based on 24-hour urine 

samples, we used:

mGFR urea = urine urea (mmol/day)/plasma urea 
(mmol/L) × (1,000/1,440)

mGFR creatinine = urine creatinine (mmol/day)/ 
(plasma creatinine [μmol/L]/1,000) × (1,000/1,440)

mGFR urea and creatinine = (mGFR urea + mGFR 
creatinine)/2

mGFR (mL/min/1.73 m2) = (mGFR urea and  
creatinine × 1.73) × 10,000/(weight0.424 [kg] ×  
height0.725 [cm] × 71.84)

� (2)

PREPARE-1
PREPARE-11–3 was a retrospective follow-up study of 500 

consecutive incident predialysis patients with chronic kidney T
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Table S2 Effect of GFR at dialysis initiation on survival and length 
of lead time

Adjusted HR  
(95% CI)a

Adjusted HR  
(95% CI)b

Data on mGFR
Without correction for lead time

Late starters (<4.3) Reference Reference
Intermediate starters (4.3–6.6) 0.97 (0.74–1.25) 0.97 (0.75–1.26)
Early starters (>6.6) 0.76 (0.59–0.99) 0.76 (0.59–0.99)

With correction for lead time
Late starters Reference Reference
Intermediate starters 1.21 (0.93–1.57) 0.88 (0.61–1.26)
Early starters 1.16 (0.89–1.51) 0.91 (0.64–1.31)

Data on eGFR
Without correction for lead time

Late starters (<5.7) Reference Reference
Intermediate starters (5.7–7.9) 1.02 (0.8–1.3) 1.02 (0.8–1.3)
Early starters (>7.9) 0.99 (0.78–1.25) 0.99 (0.78–1.25)

With correction for lead time
Late starters Reference Reference
Intermediate starters 1.13 (0.89–1.43) 1.13 (0.83–1.54)
Early starters 1.28 (1.01–1.62) 1.09 (0.8–1.47)

Notes: aAdjusted HR for model with mean GFR decline from PREPARE-11–3; 
badjusted HR for the model with individual GFR declines from NECOSAD4. Adjusted 
for age, sex, ethnicity, Khan comorbidity score, primary kidney diseases, systolic and 
diastolic blood pressure, smoking, and antihypertensive use.
Abbreviations: GFR, glomerular filtration rate; HR, hazard ratio; CI, confidence 
interval; mGFR, measured glomerular filtration rate; eGFR, estimated glomerular 
filtration rate; PREPARE-1, PREdialysis PAtient REcord-1; NECOSAD, Netherlands 
Cooperative on the Adequacy of Dialysis-2.

disease stages 4–5. These patients were treated in one of the 

outpatient clinics of eight Dutch hospitals between 1999 and 

2001. Patients had been referred to these outpatient clinics 

when creatinine clearance was below 20 mL/min. In addition, 

these patients were at least 18 years of age, had not had prior 

renal replacement therapy, and need for renal replacement 

therapy was expected within 1 year. The clinical course of 

predialysis patients was followed through medical charts until 

the start of dialysis, transplantation, death, loss to follow-up, 

or January 1, 2008, whichever came first.
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