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ABSTRACT

Background. In the ‘Die Deutsche Diabetes Dialyse Studie’ (4D Study), treatment of patients with type 2 diabetes
mellitus (T2DM) on haemodialysis (HD) with atorvastatin compared with placebo had no significant effect on the first
composite primary major adverse cardiovascular event (MACE) endpoint of death from cardiac causes, fatal stroke,
non-fatal myocardial infarction or non-fatal stroke. In this study we analysed first and recurrent events in 1255 patients
from the 4D Study.
Methods. We conducted an event history analysis to investigate the effects of previous clinical events on the risk of
different endpoints in the total patient group and after stratification by randomization group.
Results. During a median follow-up of 4 years, a total of 548 MACEs occurred, with 469 first and 79 recurrent events. The
most frequent event was sudden cardiac death, followed by death due to infection/sepsis. Of the 548 total MACEs, 260
occurred in the atorvastatin group and 288 in the placebo group [hazard ratio 0.91 (95% confidence interval 0.76–1.07),
P = .266]. Interestingly, analyses of the baseline hazard functions for first and recurrent events as a function of time after
randomization demonstrated that the risks of the composite primary endpoint continually increased in the placebo
group with increasing time in the study, whereas the risk in the atorvastatin group remained constant after ≈1.5 years.
Conclusion. This recurrent and total event analysis from the 4D Study underscores the high risk of sudden cardiac
death and death due to infection/sepsis in patients with T2DM receiving HD and raises the hypothesis that atorvastatin
may stabilize cardiovascular risk only after 1–2 years in this high-risk population.

LAY SUMMARY

We analysed first and recurrent events in 1255 patients with type 2 diabetes mellitus (T2DM) on haemodialysis (HD)
from the ‘Die Deutsche Diabetes Dialyse Studie’, in which treatment with atorvastatin compared with placebo had no
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significant effect on the first composite primary major adverse cardiovascular event. Our data suggest that sudden
cardiac death and death caused by infection/sepsis were the most frequent events in patients with T2DM receiving
HD. In addition, our analysis on baseline hazard functions for first and recurrent primary endpoint events raises the
hypothesis that atorvastatin may stabilize cardiovascular risk in this population after 1.5 years.

Keywords: atorvastatin, 4D Study, haemodialysis, outcomes, type 2 diabetes mellitus

INTRODUCTION

The ‘Die Deutsche Diabetes Dialyse Studie’ (4D Study) was a
randomized, placebo-controlled trial in patients with type 2
diabetes mellitus (T2DM) receiving maintenance haemodialy-
sis (HD) treatment that investigated the effect of atorvastatin
20 mg/day on major adverse cardiovascular events (MACEs). In
this study, atorvastatin, compared with placebo, had no sig-
nificant effect on the composite primary endpoint of death
fromcardiac causes, fatal stroke,non-fatalmyocardial infarction
(MI) or non-fatal stroke, thus suggesting that initiation of lipid-
lowering therapy in patients with T2DM and end-stage kidney
disease (ESKD) may be too late to translate into a decrease in
cardiovascular (CV) events [1]. Similar results have also been ob-
tained for rosuvastatin versus placebo in A Study to Evaluate the
Use of Rosuvastatin in participants on Regular Hemodialysis: An
Assessment of Survival and Cardiovascular Events (AURORA) [2].
As in most cardiovascular outcome trials (CVOTs), the 4D Study
used time-to-first-event analyses. These analyses are subopti-
mal for chronic diseases such as T2DM or chronic kidney dis-
ease (CKD), because relevant information on recurrent events is
ignored and the effect of a given intervention on the total mor-
bidity burden is not captured [3].

Patients with T2DM receiving HD have a notably high risk
of developing CV events, and epidemiological and clinical data
have shown that sudden cardiac death is the most frequent CV
event in patients receiving HD [4, 5]. Nonetheless, the effects of
previous non-fatal clinical events, such as MI or stroke, on the
risk of subsequent events in patients with T2DM receiving HD
are unclear but may be important to help guide clinical decision
making. In addition, the effects of previous clinical events on the
efficacy of lipid-lowering statin treatment in decreasing the risk
of subsequent events are unexplored.

Therefore, we conducted an event history analysis of the 4D
Study data to investigate the effects of previous clinical events
(CV events and hospitalizations) on the risk of different end-
points in the total patient group and after stratification by ran-
domization group (atorvastatin versus placebo).

MATERIALS AND METHODS

The 4D Study was a multicentre, randomized, double-blind,
prospective study enrolling 1255 participants with T2DM receiv-
ingmaintenanceHDat 178 centreswhowere randomly assigned
to receive 20 mg of atorvastatin or matching placebo daily. The
study rationale and design were as previously described [6]. In
the placebo group, one patient was lost to follow-up and 150
patients discontinued treatment before the end of the study. In
the atorvastatin group, no patients were lost to follow-up and
142 patients discontinued treatment before the end of the study.
The primary endpoint was a composite of death from cardiac
causes, non-fatal MI and stroke. Secondary endpoints included
death fromall causes and all cardiac and cerebrovascular events.

Endpoint definitions and endpoint assessment procedures have
been described in detail elsewhere [7]. As previously reported,
atorvastatin had no statistically significant effect on the com-
posite MACE endpoint of CV death, non-fatal MI and non-fatal
stroke {relative risk [RR] 0.92 [95% confidence interval (CI) 0.77–
1.10], P = .37} [1].

Statistical methods

We applied the Prentice, Williams and Petersen (PWP) counting
process model, an extension of the Cox proportional hazards
model for multiple events [8], which allows for recurrent events
in the same patient and accounts for a change in risk during
follow-up, on the basis of the occurrence of previous clinical
events (hospitalizations and non-fatal CV events). Further-
more, the model assumes an event-specific baseline hazard
and estimates cause-specific hazard ratios (HRs) by treating
competing events as censored observations. For each endpoint,
we fitted several prognostic models for three different patient
populations (all patients, patients in the atorvastatin group and
patients in the placebo group), adjusting for different sets of
covariates. First, we fitted a univariate model including only the
clinical event of interest (e.g. non-fatal MI) as a time-varying
covariate. Second, we used a multivariate model additionally
including any other previous clinical event as a time-varying
covariate (e.g. non-fatal stroke or hospitalization). The third
model additionally adjusted for age, sex, duration of diabetes,
time on HD, systolic blood pressure, body mass index (BMI),
haemoglobin A1c, erythropoietin use and a history of coronary
heart disease at baseline. For the endpoints of CV and non-CV
death, we additionally fitted a competing risk regression model
estimating subdistribution HRs to address potential selection
bias due to the covariate-dependent competing risk process [9].
All prognostic models for the total population were fitted with
stratification by treatment group (atorvastatin versus placebo).
In addition, we fitted an efficacy model aimed to estimate the
effect of atorvastatin, including first and recurrent events, by
including the respective randomization group as a predictor
variable adjusted for sex and baseline coronary heart disease
status. In all recurrent event models, the correlation among
repeated events in the same participant was addressed by
adjusting the variance–covariance matrix by using a grouped
jack-knife estimator [10]. For sensitivity analysis, we imple-
mented a landmark time-to-event analysis approach including
only patients that reached the landmark of 12 months of follow-
up. The landmark analysis starts the follow-up at 12 months
and weights patients inversely to the probability to reach
the landmark. Probability weights were estimated by fitting
a logistic regression model to the full trial study population
that identified the prognostic factors sex, BMI, haemoglobin,
phosphate, leucocyte count, creatinine, time of HD, duration
of diabetes, New York Heart Association score, coronary heart
disease, peripheral vascular disease, cardiac valve disorder,
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Table 1: Observed recurrent events, classified by order of event occurrence (N = 1255 patients with T2DM receiving HD).

Event ordera

Type of event 1 2 3 4 5 6 7 Total Rateb

Sudden cardiac death 119 28 12 1 0 0 0 160 45.0
Death caused by infection/sepsis 92 24 8 3 0 0 1 128 36.0
PTCA, non-fatal 56 31 7 4 1 0 0 99 27.9
Silent MI 73 17 5 2 1 0 0 98 27.6
Non-cardiac/cerebrovascular death, other causes 66 12 4 1 0 1 0 84 23.6
Non-fatal MI 54 11 3 0 0 0 0 68 19.1
TIA/PRIND 51 9 4 0 0 0 0 64 18.0
Non-fatal ischaemic stroke 45 10 2 1 0 0 0 58 16.3
Fatal MI 42 10 4 0 0 0 0 56 15.8
Non-cardiac/cerebrovascular death, unknown cause 38 11 1 1 0 0 0 51 14.4
ACVB, non-fatal 35 10 0 1 2 1 0 49 13.8
Death caused by CHF 35 6 0 0 0 0 0 41 11.5
Death caused by cancer 32 3 1 0 0 0 0 36 10.1
Fatal ischaemic stroke 15 8 1 0 1 0 0 25 7.0
Non-fatal stroke of unclear type 5 3 1 0 0 0 0 9 2.5
Fatal haemorrhagic stroke 6 2 0 0 0 0 0 8 2.3
Death caused by pulmonary embolism 6 2 0 0 0 0 0 8 2.3
Fatal stroke of unclear type 5 2 0 0 0 0 0 7 2.0
Death during/after ACVB 3 1 1 0 1 0 0 6 1.7
Death from other coronary causes 5 1 0 0 0 0 0 6 1.7
Non-fatal haemorrhagic stroke 4 0 1 0 0 0 0 5 1.4
Death during/after PTCA 1 0 0 0 0 0 0 1 0.3
Other intervention, caused by CHD, non-fatal 1 0 0 0 0 0 0 1 0.3
Total 789 201 55 14 6 2 1 1068 300.6

ACVB: aortocoronary venous bypass; CHD: congenital heart disease; CHF: congestive heart failure.
aOrder of occurrence of the event among all recurrent events in a patient.
bRate per year per 1000 patients.

angina pectoris and the use of angiotensin-converting enzyme
inhibitors as predictors to survive the 12 months. All P-values
are two-sided. Statistical analyses were conducted in Stata
version 16 (StataCorp, College Station, TX, USA).

RESULTS

Effects of previous non-fatal events on the risk of
subsequent events

The baseline characteristics of patients in the placebo and ator-
vastatin group are shown in Supplementary Table S1. During a
median follow-up of 4 years, a total of 548 MACEs (death from
cardiac causes, fatal stroke, non-fatal MI or non-fatal stoke) oc-
curred among the 1255 trial participants, with 469 first events
and 79 recurrent events, thus reflecting a 17% increase in events
with respect to first events. Of the assessed outcomes, the in-
crease was 11% in MIs (fatal or non-fatal, also including silent
MI; 200 first events only, 222 total events), 9% in stroke (fatal and
non-fatal; 103 first, 112 total) and 24% in total hospitalizations
(1107 first, 4603 total).

The overall event rate during the trial, including an overview
of the sequence of events, is shown in Table 1. Themost frequent
event in this high-risk population of patients with T2DM receiv-
ing HD was sudden cardiac death, which was followed by death
caused by infection/sepsis, with annual event rates of 4.5% and
3.6%, respectively.

Baseline characteristics of patients with one or two or more
events were not statistically different, as shown in Supplemen-
tary Table S2.

Effect of previous clinical events on endpoint
occurrence overall and according to study treatment

In the placebo group, a previous non-fatal MI increased the risk
of a subsequent primary endpoint event,with an HR of 2.26 (95%
CI 0.79–6.5) even after multivariate adjustment and a similar HR
[2.50 (95% CI 0.78–7.99)] in atorvastatin-treated patients. In addi-
tion, after a first non-fatal MI, the risk of a subsequent MI (fatal
or non-fatal, including silent MI) increased by 2.44-fold (95% CI
0.30–19.84) in the placebo group but not in the atorvastatin group
[HR 0.79 (95% CI 0.09–6.88)]. The HRs of CV death after a first non-
fatal MI were 1.75 (95% CI 0.95–3.22) in the placebo group and
0.93 (95% CI 0.37–2.34) in the atorvastatin group. Interestingly,
in both groups, previous hospitalization had the strongest effect
on CV death [placebo: HR 3.27 (95% CI 2.02–5.29); atorvastatin:
HR 2.01 (95% CI 1.06–3.82)], non CV-death [placebo: HR 6.76 (95%
CI 3.68–12.42); atorvastatin: HR 3.81 (95% CI 2.08–6.97)] and over-
all mortality [placebo: HR 4.65 (95% CI 3.14–6.90); atorvastatin:
HR 3.04 (95% CI 1.99–4.63)] (Table 2).

Efficacy of atorvastatin including recurrent events

Of the 548 total combined primary endpoint events, 260 occurred
in the atorvastatin group, whereas 288 occurred in the placebo
group, thus resulting in an annual incidence rate of 14.7% in the
statin group and 16.2% in the placebo group and a crude inci-
dence rate ratio of 0.91 (95% CI 0.76–1.07, P = .266). After ad-
justment for age and all other predictive baseline covariates, the
HR was 0.86 (95% CI 0.73–1.03, P = .103). Separate evaluation of
endpoint components showed a 20% decrease in cardiac death
[HR 0.80 (95% CI 0.63–1.02)] and a 16% decrease in non-fatal MI
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Table 3: Efficacy estimates of atorvastatin, obtained in first event and multiple event analysis.

Time to first event Multiple events

Endpoint Events, n HR a 95% CI P-value Events, n HR 95% CI P-value

Combined primary endpoint 469 0.92 0.77–1.10 0.370 548 0.86 0.73–1.03 0.112
Death from cardiac causesb 270 0.81 0.64–1.03 0.080
Non-fatal MI 149 0.88 0.64–1.21 0.420 166 0.84 0.62–1.14 0.258
Fatal stroke 40 2.03 1.05–3.93 0.040 40 1.78 0.91–3.47 0.092

Non-fatal stroke 65 1.04 0.64–1.69 0.890 72 1.03 0.63–1.71 0.881
All cardiac eventsc 451 0.82 0.68–0.90 0.040 585 0.80 0.66–0.96 0.020
All cerebrovascular eventsd 149 1.12 0.81–1.55 0.490 176 1.13 0.84–1.52 0.424
Stroke 103 1.33 0.90–1.97 0.150 112 1.33 0.90–1.97 0.151
Death from all causes 617 0.93 0.79–1.08 0.330
Death from other causes than CV 307 0.95 0.76–1.18 0.620

aHazard ratios adjusted for sex and history of coronary artery disease at baseline.
bDeath from cardiac causes: fatal MI, sudden cardiac death and death by congestive heart failure.
cAll cardiac events: death from cardiac causes, non-fatal MI, silent MI, aortocoronary venous bypass, PTCA or other non-fatal intervention caused by coronary artery

disease.
dAll cerebrovascular events: fatal or non-fatal stroke, non-cardiac/cerebrovascular death, other causes or TIA/PRIND.

[HR 0.84 (95% CI 0.62–1.14)], but an absence of a benefit in stroke
[fatal stroke: HR 1.78 (95% CI 0.91–3.47); non-fatal stroke: HR 1.03
(95% CI 0.63–1.71)]. Additional analyses revealed a 20% decrease
in all cardiac events [death from cardiac causes, non-fatal MI,
percutaneous transluminal coronary angioplasty (PTCA), coro-
nary artery bypass graft and other interventions to treat coro-
nary artery disease] in the atorvastatin group [HR 0.80 (95% CI
0.66–0.96)] but a slightly increased rate of cerebrovascular events
[stroke, transient ischaemic attack (TIA)/prolonged reversible is-
chaemic neurological deficit (PRIND): HR 1.13 (95% CI 0.84–1.52)].
The HR for total mortality was 0.89 (95% CI 0.76–1.04) (Table 3,
Supplementary Table S3). A detailed event analysis of patients
in the two study groups is shown in Supplementary Table S3.
The respective Kaplan–Meier curves are shown in Supplemen-
tary Fig. S1.

Next, we analysed the baseline hazard functions for first
and recurrent events as a function of time after randomization.
In the placebo group, the risk of the composite primary end-
point continually increased with increasing time in the study,
whereas the risk in the atorvastatin group remained constant af-
ter ≈1.5 years (Fig. 1a). Similar hazard profiles were observed for
the endpoints of MI (Fig. 1b), thus suggesting that atorvastatin
treatment appeared to stabilize the increase in risk of cardiac
endpoints during the study over time. In contrast, theHR for fatal
stroke was higher in the intervention group, and this difference
remained constant during the entire follow-up period (Fig. 1c).
Finally, both groups exhibited a substantially increasing CVmor-
tality rate with increasing study duration,with a slightly smaller
increase in the intervention group (Fig 1d). The landmark analy-
sis corroborated our findings that the associations were similar
to the original analysis (Supplementary Table S4).

DISCUSSION

In this exploratory total event analysis of the 4D Study,we found
that sudden cardiac death and death caused by infection/sepsis
were themost frequent events in this high-risk population of pa-
tients with T2DM receiving HD. In addition, our analysis of base-
line hazard functions for first and recurrent primary endpoint
events raises the hypothesis that atorvastatin may stabilize CV
risk in this population after ≈1.5 years, mainly by exhibiting a
positive effect on MI.

The recurrent event data from our study provide impor-
tant information on the total morbidity burden in patients with
T2DM receiving HD. During the median follow-up period of
4 years, 49% of all patients in the study died, thus underscoring
the extremely high mortality risk in this population. Our data
from 1255 very well-characterized patients with carefully ad-
judicated events allowed for detailed analysis of the causes of
death as well as the sequence of events over time. Sudden car-
diac death (with an annual event rate of 4.5%) and death caused
by infection/sepsis (with an annual event rate of 3.6%) were the
major causes of death. More importantly, these events were by
far the most frequent of all events in this study. In our study
population, sudden cardiac death and death by infection/sepsis
most often occurred as the first event but had a much lower in-
cidence as the second or third event after an initial non-fatal
event. These data are consistent with previous results from reg-
istries and retrospective analyses on the one hand, showing
high overall mortality risk in this population [4, 5, 11], but on
the other hand, demonstrating different sequences of events
between patients with T2DM receiving HD and patients with
T2DMwithout CKD.Recurrent event data from the Empagliflozin
Cardiovascular Outcome Event Trial in Type 2 Diabetes Melli-
tus Patients trial in patients with T2DM with CV disease but
preserved kidney function [estimated glomerular filtration rate
(eGFR) 74 ± 21 ml/min/1.73 m2 at baseline] showed a compa-
rable first event rate for MI and CV death in the placebo group
(5.3% and 5.9%, respectively) and a much lower rate for non-CV
death (2.4%) as a first event [12]. Similar analyses have been pub-
lished from the Liraglutide Effect and Action in Diabetes: Eval-
uation of Cardiovascular Outcome Results trial [13]. Our obser-
vation that sudden cardiac death was the most frequent first
and overall event in the 4D Study suggests that patients with
T2DM receiving HD exhibit a substantially different event risk
profile from that in patients with T2DM with preserved eGFR.
This difference is probably due to characteristic pathophysio-
logical alterations in the heart in ESKD, such as fibrosis [14]
and hypertrophy [15], as well as volume and sudden electrolyte
shifts [16], all of which are known to increase the risk of sudden
cardiac death.

In addition, our recurrent events analysis in the placebo
group demonstrates that T2DM patients on HD after a first non-
fatal MI exhibit a 2.26-fold or 2.44-fold increased risk to develop
a primary endpoint event or a subsequent MI (fatal, non-fatal),
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Figure 1: Baseline hazard functions as a function of time after randomization (atorvastatin group versus placebo group, including recurrent events). (A) Primary
endpoint (death from cardiac causes, fatal stroke, non-fatal MI or non-fatal stroke), (B) MI (fatal or non-fatal), (C) stroke (fatal or non-fatal), (D) death from CV causes,

(E) death from non-CV causes, (F) death from all causes. Smoothed baseline hazard estimates as a function of time since randomization. Estimates >5 years are not
shown because of inconsistency due to very few events.

respectively. However, the risk of death did not increase after
a non-fatal MI, thus potentially suggesting that patients might
have received more stringent therapy overall after they experi-
enced a non-fatal MI. Interestingly, in this high-risk population
of patients, our data suggest that previous hospitalizationmight
be the strongest predictor of a subsequent primary endpoint
event, CV death, non-CV death or all-cause mortality, with the
highest HR of 6.76 for the risk of non-CV death. Given the wide

confidence intervals, the data need to be interpreted with cau-
tion. Still, the results underscore that many other clinical events
beyond CV complications are important drivers of the high over-
all mortality in this population, thus suggesting that after these
patients are hospitalized, they have a substantially elevated risk
of dying over the next years.

In the initial time-to-first-event analysis in the 4DStudy,ator-
vastatin treatment had no significant effect on the combined
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time-to-first-event primary endpoint. Analysis of all events
in this study did not change this overall result and showed
that atorvastatin did not decrease the risk of subsequent CV
events after an initial non-fatal event. Nonetheless, atorvastatin
decreased the combined secondary exploratory endpoint of
all cardiac events, thus suggesting that statin treatment might
have at least moderately mitigated the increased risk of cardiac
endpoints during the study, but this effect was not as potent as
that in patients not receiving HD. In addition, baseline hazard
functions for first and recurrent primary endpoint events raise
the hypothesis that atorvastatin may stabilize CV risk in this
population after ≈1.5 years. Various large CVOTs have shown
that low-density lipoprotein (LDL) cholesterol lowering with
statins as well as other drugs, such as proprotein convertase
subtilisin/kexin type 9 inhibitors, decreases the cardiovascular
endpoints in high-risk patients with or without T2DM through
beneficial effects on arteriosclerosis-related events such as MI
[17–19]. In all these studies, patients with ESKD receiving kidney
replacement therapy were excluded. In the 4D Study, despite
an effective lowering of LDL cholesterol by 42% from baseline,
atorvastatin had no significant effect on the time-to-first-event
combined endpoint or on recurrent and total events. These
results suggest that the lipid-lowering intervention in this
population of patients with T2DM receiving HD may have
come too late and that the increased CV risk in these patients
could no longer be diminished through a therapeutic strategy
focusing mainly on modulating arteriosclerosis-related events.
In addition, the high rate of death from causes other than
CV or cerebrovascular disease and the finding that previous
hospitalizations are the best risk indicator of overall mortality
indicate the frailty of HD patients with T2DM.

Limitations

Our analysis has certain limitations. The 4D Study started in
1998 and, at that time, state-of-the-art therapy in patients with
diabetes was different and did not include novel agents such
as sodium–glucose co-transporter-2 inhibitors or glucagon-like
peptide-1 receptor agonists. In addition, LDL targets are differ-
ent nowadays, and the results both of the 4D Study itself as
well as the data from our current analysis may be look different
if the study were conducted today. The statistical methods
employed have certain limitations: as in all post hoc analyses,
we cannot rely on P-values because clinical and statistical
significance do not converge. Some hypotheses tests might not
have enough power because the study has not been primarily
defined to answer this research questions. Thus the results may
only be seen as hypothesis generating and should not change
current recommendations for the treatment of HD patients with
T2DM. Finally, changes in co-medication after an event were not
available for our analysis. However, given that the prognosis of
patients with T2DM and HD is still reduced today, and given that
no therapy over the last 2 decades has been shown to reduce
CV risk in this population, our data provide novel information
on the overall burden of disease in these patients.

In summary, our analysis of recurrent and total events from
the 4D Study underscores the high risk of sudden cardiac death
and death due to infection/sepsis in patients with T2DM receiv-
ing HD and raises the hypothesis that atorvastatin may stabilize
CV risk only after 1–2 years in this high-risk population.

SUPPLEMENTARY DATA

Supplementary data is available at ckj online.
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