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INTRODUC TION

Patients with chronic kidney disease (CKD) are at higher risk for 
stroke than patients with normal kidney function, as patients with 
ischemic stroke and CKD share the same cardiovascular risk fac-
tors [1, 2]. Moreover, stroke patients with impaired kidney func-
tion have a higher risk of recurrent vascular events and death than 
patients with normal kidney function [3, 4], as atrial fibrillation 
[5], higher lipoprotein (a) levels [6], and symptomatic intracranial 
bleeding after intravenous thrombolysis for acute stroke [7] are 
observed more often in patients with CKD. However, the impact 
of reduced kidney function on recurrent vascular events goes 
beyond traditional risk factors [1, 8]. Nontraditional risk factors 
such as chronic inflammation, thrombogenic factors, and de-
creased klotho protein expression may contribute to a higher risk 
of incident and recurrent cardiovascular events in patients with 
CKD [8].

In stroke cohorts, kidney function has been defined primarily by 
single measurements of serum creatinine or estimated glomerular 
filtration rate (eGFR) [3, 9]. There are a limited number of studies ex-
amining the dynamics of kidney function after acute stroke. Lindner 
et al. examined the deterioration of kidney function by comparing 
serum creatinine levels at baseline and up to 1 year after stroke as 
a post hoc analysis of the ROCKET AF trial. The authors found a 
higher risk of cardiovascular death in stroke patients with a 20% 
decrease in serum creatinine, suggesting that an acute, reversible 
decline of eGFR is associated with poor prognosis [10]. A systematic 
review and meta- analysis showed an impact of acute kidney injury 
(AKI) on mortality in stroke patients [11].

Because kidney function may vary in the acute phase of stroke, 
we analyzed whether repeated measurements of serum creatinine 
levels or eGFR during the in- hospital stay of patients with acute isch-
emic stroke or transient ischemic attack (TIA) provide relevant ad-
ditional information to risk prediction for recurrent vascular events 
or death.

Correspondence
Serdar Tütüncü, Center for 
Stroke Research Berlin, Charité– 
Universitätsmedizin Berlin, Charitéplatz 1, 
Berlin 10117, Germany.
Email: serdar.tuetuencue@charite.de

Funding information
The MonDAFIS study was an investigator- 
initiated, prospective, randomized, 
multicenter study sponsored by Charité– 
Universitätsmedizin Berlin, Germany and 
supported by an unrestricted research 
grant from Bayer Vital, Leverkusen, 
Germany to Charité– Universitätsmedizin 
Berlin, Germany

Abstract
Background and purpose: Impaired kidney function is associated with an increased risk 
of vascular events in acute stroke patients, when assessed by single measurements of es-
timated glomerular filtration rate (eGFR). It is unknown whether repeated measurements 
provide additional information for risk prediction.
Methods: The MonDAFIS (Systematic Monitoring for Detection of Atrial Fibrillation 
in Patients with Acute Ischemic Stroke) study randomly assigned 3465 acute ischemic 
stroke patients to either standard procedures or an additive Holter electrocardiogram. 
Baseline eGFR (CKD- EPI formula) were dichotomized into values of < versus ≥60 ml/
min/1.73 m2. eGFR dynamics were classified based on two in- hospital values as “stable 
normal” (≥60 ml/min/1.73 m2), “increasing” (by at least 15% from baseline, second value 
≥ 60 ml/min/1.73 m2), “decreasing” (by at least 15% from baseline of ≥60 ml/min/1.73 m2), 
and “stable decreased” (<60 ml/min/1.73 m2). The composite endpoint (stroke, major 
bleeding, myocardial infarction, all- cause death) was assessed after 24 months. We esti-
mated hazard ratios in confounder- adjusted models.
Results: Estimated glomerular filtration rate at baseline was available in 2947 and a second 
value in 1623 patients. After adjusting for age, stroke severity, cardiovascular risk factors, 
and randomization, eGFR < 60 ml/min/1.73 m2 at baseline (hazard ratio [HR] = 2.2, 95% 
confidence interval [CI] = 1.40– 3.54) as well as decreasing (HR = 1.79, 95% CI = 1.07– 
2.99) and stable decreased eGFR (HR = 1.64, 95% CI = 1.20– 2.24) were independently 
associated with the composite endpoint. In addition, eGFR < 60 ml/min/1.732 at baseline 
(HR = 3.02, 95% CI = 1.51– 6.10) and decreasing eGFR were associated with all- cause 
death (HR = 3.12, 95% CI = 1.63– 5.98).
Conclusions: In addition to patients with low eGFR levels at baseline, also those with 
decreasing eGFR have increased risk for vascular events and death; hence, repeated esti-
mates of eGFR might add relevant information to risk prediction.
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METHODS

Study cohort

The Systematic Monitoring for Detection of Atrial Fibrillation 
in Patients with Acute Ischemic Stroke (MonDAFIS) study is an 
investigator- initiated, prospective, randomized, multicenter study 
sponsored by Charité– Universitätsmedizin Berlin, Berlin, Germany 
and supported by an unrestricted research grant from Bayer Vital, 
Leverkusen, Germany to Charité– Universitätsmedizin Berlin. The 
study rationale and design [12] as well as the primary and some sec-
ondary endpoints [13] were published previously. All study patients 
gave written informed consent. A critical event committee adjudi-
cated all serious adverse events (including recurrent stroke, myocar-
dial infarction, major bleeding, and all- cause death) blinded to study 
randomization.

Study population

Men or women ≥18 years of age were eligible for study enrollment if 
they had an ischemic stroke according to World Health Organization 
criteria [11], a TIA with new onset neurological deficit present and 
documented by a neurologist on hospital admission, or a TIA with 
documented corresponding acute ischemic lesion(s) on brain im-
aging. For detailed inclusion and exclusion criteria or the chosen 
diagnostic intervention procedure, see the previously published 
main analysis of the MonDAFIS trial [13]. Serum creatinine level at 
baseline, as well as a follow- up value, was available for a subset of 
the MonDAFIS complete randomized set. The eGFR was calculated 
using the creatinine- based CKD- EPI formula [14].

Outcomes and exposures

In line with the predefined secondary endpoint of the MonDAFIS 
study, we assessed the rate of recurrent stroke, myocardial infarc-
tion, major bleed, and all- cause death (composite endpoint) within 
2 years after the index stroke in defined subgroups. Furthermore, 
all- cause death within 2 years was analyzed separately. The analy-
ses were carried out in two parts. In the first part, the occurrence 
of the endpoints was analyzed using a single point estimate of GFR 
at baseline. Here, we used two different approaches. First, we ana-
lyzed eGFR as a dichotomized condition at baseline, considering 
patients with eGFR < 60 ml/min/1.73 m2 as having impaired kidney 
function [2– 4].

Second, patients were divided into four categories of normal 
or increased eGFR (≥90 ml/min/1.73 m2), mildly reduced eGFR 
(60– 89 ml/min/1.73 m2), moderately reduced eGFR (30– 59 ml/
min/1.73 m2), and severely reduced eGFR (<30 ml/min/1.73 m2).

In the second part of the analyses, we examined the effects 
of eGFR dynamics on the occurrence of outcome values in those 
patients with a baseline and second eGFR during the in- hospital 

stay. Because the available data did not allow application of AKI 
criteria [11], we chose a change of at least 15% as a clinically rel-
evant outcome value. This definition was chosen on the advice of 
an expert nephrologist (K.- U.E.) to exclude as much as possible a 
random decrease or increase in eGFR dynamics. In further explor-
ative analyses, we also examined eGFR changes of at least 10% and 
20%, respectively. Patients with a baseline and follow- up eGFR 
value were categorized into four groups: (i) “stable normal” (both 
eGFR values ≥ 60 ml/min/1.73 m2), (ii) “increasing” (baseline eGFR 
value < 60 ml/min/1.73 m2, increase of at least 15%, with a second 
value ≥ 60 ml/min/1.73 m2), (iii) “decreasing” (decrease of at least 
15% in patients with baseline eGFR ≥ 60 ml/min/1.73 m2), and (iv) 
“stable decreased” (both eGFR values < 60 ml/min/1.73 m2). For 
a further sensitivity analysis, we categorized patients with base-
line and follow- up serum eGFR value as follows: (i) both eGFR 
values < 60 ml/min/1.73 m2, (ii) baseline eGFR ≤ 60 ml/min and fol-
low- up eGFR > 60 ml/min/1.73 m2, (iii) baseline eGFR ≥ 60 ml/min 
and follow- up eGFR < 60 ml/min, and (iv) both eGFR values > 60 ml/
min/1.73 m2. Furthermore, we analyzed the dynamics of eGFR in- 
hospital using the delta value between both eGFR values (so- called 
“eGFR delta”) as a continuous variable testing for linear association 
and squared eGFR delta for curvilinear association.

Statistical methods

This is an explorative analysis of the MonDAFIS study dataset using 
predefined outcomes. Baseline characteristics are reported as fre-
quencies, and data are presented as percentages for categorical vari-
ables or median and limits of the interquartile range (IQR; 25th and 
75th percentile) for metric variables. For the outcomes of interest, 
we conducted event- free survival analyses comparing cumulative 
hazards between patient groups. Event- free survival time as well as 
survival was measured in person- days until one of the events of the 
composite endpoint or death occurred, the study ended, or the par-
ticipant was lost to follow- up. These dropouts are censored at time 
of last contact. We used Kaplan– Meier curves and the log- rank test 
to compare crude cumulative hazard distributions. Cox proportional 
hazard models, crude and adjusted for cardiovascular risk factors 
and group randomization (Adjusted Model 1) and additionally stroke 
subtype (ischemic stroke, TIA) and medical secondary prevention 
(Adjusted Model 2), were used to estimate hazard ratios (HRs) for 
the composite endpoint or separately for all- cause death risk within 
2 years after index ischemic stroke or TIA. Cox proportional hazard 
assumption was checked. Data preparation was done using the soft-
ware IBM SPSS Statistics 24.

RESULTS

Of 3470 patients recruited into the MonDAFIS study, 39 patients 
were excluded from analysis due to violation of main inclusion or ex-
clusion criteria. The remaining cohort of 3431 patients was defined 
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as the “MonDAFIS complete randomized set” [13]. Figure S1 shows 
the derivation of the study population of this subanalysis.

Single point estimate of GFR at hospital 
admission and outcomes

A serum creatinine value at baseline was available in 2947 (85.9%) 
MonDAFIS patients. Baseline characteristics of patients with or 
without impaired kidney function (eGFR </≥ 60 ml/min/1.73 m2) are 
shown in Table S1. Median age was 68 (IQR = 58– 77) years; 39.0% 
were female. Median National Institutes of Health Stroke Scale 
(NIHSS) score in admission was 2 points [IQR=1- 4]. Within 2 years 
after stroke, the predefined composite endpoint occurred in 439 
(14.9%) patients (recurrent stroke in 198 [6.7%], myocardial infarc-
tion in 41 [1.4%], major bleeding in 48 [1.6%], and all- cause death 
in 152 [5.2%]). All- cause death occurred in 162 (5.5%) participants 
within 2 years (for explanation, 10 patients had other events of 
the combined endpoint before death). Decreased eGFR of <60 ml/
min/1.73 m2 was present in 625 (21.2%) of 2947 patients.

All- cause death occurred in 68 (11%) of 625 patients with de-
creased eGFR of <60 ml/min/1.73 m2. We had no additional informa-
tion on four of these deaths. Vascular death occurred in 46 (56.3%) 
of 64 deaths. In patients with normal eGFR of ≥60 ml/min/1.73 m2 
(n = 2322), all- cause death occurred in 94 (4.1%) patients. We had 
no additional information on six of these deaths. Vascular death oc-
curred in 45 (51.1%) of 88 deaths.

As shown in Table 1 and Figure 1, risk for the composite end-
point or all- cause death was higher in patients with eGFR < 60 ml/
min/1.73 m2 than for patients with eGFR ≥ 60 ml/min/1.73 m2 at 
baseline. The HR in the Adjusted Model 1 analysis was 1.36 (95% 
confidence interval [CI] = 1.09– 1.67) for the composite endpoint 
and 1.65 (95% CI = 1.17– 2.31) for all- cause death. The results of the 
Adjusted Model 2 analysis, also including stroke subtype (ischemic 

stroke, TIA) and medical secondary prevention (oral anticoagulation, 
antiplatelet) were similar and are shown in Table 1. For compara-
bility and sensitivity analysis, we performed the abovementioned 
analyses in those who had repeated measurements of eGFR value 
(n = 1623). The results of these sensitivity analyses yielded similar 
results (Table S2).

Of 2947 patients, 855 (29.0%) had normal or increased eGFR 
(≥90 ml/min/1.73 m2), 1467 (49.8%) had slightly reduced eGFR 
(60– 89 ml/min/1.73 m2), 558 (18.9%) had moderately reduced 
eGFR (30– 59 ml/min/1.73 m2), and 67 (2.3%) had severely reduced 
eGFR (<30 ml/min/1.73m2). Results for this analysis are shown in 
Table S3.

In- hospital dynamics of eGFR and outcomes

A second serum creatinine value was available in 1623 (47.3%) 
MonDAFIS patients, with a median interval between baseline and 
follow- up measurement of 2 days [IQR=1- 5]; the time period be-
tween both measurements ranged from 1 to 29 days. Baseline char-
acteristics of patients stratified by dynamics of eGFR are shown in 
Table S4. Median age of patients was 69 [59– 77] years; 39.7% were 
female. Median NIHSS score on admission was 2 (IQR = 1– 4) points. 
Overall, 1001 (61.5%) of 1623 patients had stable normal eGFR, 231 
of 1623 (14.2%) had increasing eGFR, 74 of 1623 (4.6%) had decreas-
ing eGFR, and 317 of 1623 (19.5%) had stable decreased eGFR.

All- cause death occurred in 46 (4.6%) patients with stable nor-
mal eGFR. We had no additional information on two of these deaths. 
Vascular death occurred in 23 (52.3%) of 44 deaths. In patients with 
increasing eGFR, all- cause death occurred in 13 (5.6%) patients. We 
had no additional information on one of these deaths. Vascular death 
occurred in four (33.3%) of 12 deaths. In patients with decreasing 
eGFR, all- cause death occurred in 12 (16.2%) patients; five (41.7%) 
deaths were categorized as vascular deaths. In patients with stable 

TA B L E  1  Adjusted survival analyses, Cox regression, results for the composite endpoint (recurrent stroke, myocardial infarction, major 
bleeding, all- cause death) and all- cause death within 24 months of the MonDAFIS trial in patients with impaired kidney function at baseline 
(eGFR < 60 ml/min/1.73 m2; n = 2947)

Model
eGFR, ml/
min/1.73 m2 n

Composite endpoint All- cause death

HR (95% CI) p HR (95% CI) p

Crude ≥60 2322 1 1

<60 625 1.79 (1.46– 2.19) <0.001 2.76 (2.02– 3.77) <0.001

Adjusted Model 1a ≥60 2322 1 1

<60 625 1.36 (1.09– 1.67) 0.006 1.65 (1.17– 2.31) 0.004

Adjusted Model 2b ≥60 2322 1 1

<60 625 1.35 (1.08– 1.68) 0.007 1.62 (1.15– 2.27) 0.006

Abbreviations: CI, confidence interval; eGFR, estimated glomerular filtration rate; HR, hazard ratio; MonDAFIS, Systematic Monitoring for Detection 
of Atrial Fibrillation in Patients with Acute Ischemic Stroke.
aAdjusted for age, stroke severity on admission (National Institutes of Health Stroke Scale score), diabetes mellitus, arterial hypertension, coronary 
heart disease, detection of atrial fibrillation in- hospital, and randomization.
bAdjusted for all variables of Adjusted Model 1 and for medication at discharge (anticoagulation, antiplatelet) and stroke type (ischemic stroke, 
transient ischemic attack).
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decreased eGFR, all- cause death occurred in 39 (12.3%) patients. 
We had no additional information on three of these deaths. Vascular 
death occurred in 22 (61.1%) of 36 deaths.

The composite endpoint occurred in 263 (16.2%) patients (recur-
rent stroke in 109 [6.7%], myocardial infarction in 29 [1.8%], major 
bleeding in 30 [1.8%], and all- cause death in 95 [5.9%]). All- cause 
death occurred in 110 (6.8%) participants within 2 years (for explana-
tion, 15 patients had other events of the composite endpoint before 
death).

After adjusting for cardiovascular risk factors and randomization 
(Adjusted Model 1), the risk for the composite endpoint was higher 
in patients with stable decreased eGFR (HR = 1.64, 95% CI = 1.20– 
2.24) and in patients with decreasing eGFR (HR = 1.79, 95% 
CI = 1.07– 2.99), if compared to patients with stable normal eGFR. 
Risk for all- cause death was also higher for patients with decreasing 

eGFR (HR = 3.12, 95% CI = 1.63– 5.98), but not for those with stable 
decreased eGFR (HR = 1.54, 95% CI = 0.97– 2.45), if compared to 
patients with stable normal eGFR, as shown in Figure 2 and Table 2. 
Adding stroke subtype (ischemic stroke, TIA) and medical secondary 
prevention (oral anticoagulation, antiplatelet) to the model (Adjusted 
Model 2) revealed similar results, as shown in Table 2. Analyses 
for at least 10% or 20% changes of eGFR revealed similar results 
(Tables S5 and S6). A further sensitivity analysis examining dynam-
ics of eGFR, using a strict limit at 60 ml/min/1.732 (<60 vs. ≥60) at 
baseline and follow- up measurement to assess whether kidney func-
tion is normal, decreased, increasing, or decreasing, showed that pa-
tients with baseline eGFR ≥ 60 ml/min/1.73 m2 and follow- up eGFR 
< 60 ml/min/1.73 m2 (n = 49/1623, 3.0%) had higher risk for the 
composite endpoint and all- cause death (Table S7). In addition, eGFR 
delta (as a continuous variable) was significantly linearly associated 

F I G U R E  1  Time to event analysis of 
the MonDAFIS (Systematic Monitoring for 
Detection of Atrial Fibrillation in Patients 
with Acute Ischemic Stroke) study 
according to kidney function at baseline. 
Occurrence of the composite endpoint 
(recurrent stroke…all- cause death) (a) or 
all- cause death (b) within 24 months after 
the index stroke/transient ischemic attack 
is shown. eGFR, estimated glomerular 
filtration rate [Colour figure can be viewed 
at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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with the composite endpoint (HR per 1 ml/min/1.732 change = 0.98, 
95% CI = 0.97– 0.99) and all- cause death (HR per 1 ml/min/1.732 
change = 0.98, 95% CI = 0.96– 0.99).

According to multivariate logistic regression, increasing eGFR 
was independently associated with age (odds ratio [OR] per 
year = 1.05, 95% CI = 1.03– 1.07) and eGFR on admission (OR per 
point = 0.85, 95% CI = 0.83– 0.87) if compared to those with stable 
normal eGFR (Table S8).

DISCUSSION

This retrospective analysis of a prospective study confirms that im-
paired kidney function in acute stroke patients is associated with 
higher rates of vascular events and mortality [1, 2, 4, 8]. Patients 

with reduced kidney function (eGFR < 60 ml/min/1.73 m2) at base-
line had a higher rate of recurrent vascular events and death within 
24 months compared to those with nonreduced kidney function 
(eGFR ≥ 60 ml/min/1.73 m2). Our study further identifies patients 
with decreasing eGFR in- hospital (ie, with a 15% decrease from in-
itially normal levels of ≥60 ml/min/1.73 m2) as a high- risk group for 
both recurrent vascular events and death. These patients would 
have been falsely categorized into a low- risk group based on a sin-
gle eGFR measurement. Of note, the observed eGFR decrease by 
at least 15% was not associated with administration of contrast 
medium for vessel imaging or acute endovascular thrombectomy 
(Table S4). Also, we would like to note that there are no known 
negative effects of intravenous thrombolysis on kidney function. 
Interestingly, an increase in eGFR during hospitalization, presum-
ably reflecting the recovery from AKI occurring before admission, 

F I G U R E  2  Time to event analysis of 
the MonDAFIS (Systematic Monitoring for 
Detection of Atrial Fibrillation in Patients 
with Acute Ischemic Stroke) study 
according to dynamics of kidney function 
(of at least 15%) during the in- hospital 
stay. Occurrence of the composite 
endpoint (recurrent stroke…all- cause 
death) (a) or all- cause death (b) within 
24 months is shown [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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was not associated with adverse outcomes but with older age and 
lower eGFR levels at baseline. Therefore, our study provides im-
portant new information for clinical practice, as repeated meas-
urements of eGFR may add relevant information to risk prediction 
for individual patients.

There are several limitations of our study. First, the MonDAFIS 
study was not designed to analyze the impact of eGFR level or its dy-
namics on recurrent vascular events or death, and values were only 
available when ordered as part of the routine care of patients, which 
may have introduced bias. A serum creatinine value at baseline was 
missing in 14%, and a second measurement during the in- hospital 
stay was missing in 52% of all patients. In particular, the patients 
who had a second creatinine value might represent a more severely 
ill group (Tables S8 and S9), and this may have led to a significant se-
lection bias. Nevertheless, we observed associations between eGFR 
change and outcomes among those who had more than one mea-
surement. Second, limited data availability did not allow application 
of diagnostic criteria for AKI. Third, estimating eGFR from serum 
creatinine requires steady state conditions, which were presumably 
not established in many patients. We therefore categorized patients 
rather than basing our analysis on individual numerical estimates and 
conducted a number of sensitivity analyses, which confirmed the 
conclusions. Fourth, urine albumin measurements were not avail-
able, and we refrained from applying diagnostic criteria for CKD and 
CKD staging, although the thresholds for eGFR categories were ap-
plied that are consistent with CKD stages. Fifth, the adjustments in 

the statistical analyses may be incomplete, because potentially rele-
vant postrandomization variables were not measured. The strength 
of the study includes the large sample size, the adjudication of all 
endpoints, and the possibility of adjusting for a large number of clin-
ical parameters according to the prospective study design.

In conclusion, repeated measurement of serum creatinine levels 
or eGFR during the in- hospital stay of acute stroke or TIA patients 
might add relevant information to the risk prediction of recurrent 
vascular events or death in patients with baseline eGFR of ≥60 ml/
min/1.73 m2. Our results need to be confirmed in further studies.
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TA B L E  2  Adjusted survival analyses, Cox regression, results for the composite endpoint (recurrent stroke, myocardial infarction, major 
bleeding, all- cause death) and all- cause death within 24 months of the MonDAFIS study according to dynamics of kidney function (of at least 
15%) during in- hospital stay (n = 1623)

Model eGFR na

Composite endpointa

n

All- cause death

HR (95% CI) p HR (95% CI) p

Crude Stable normal 992 1 1001 1

Increasing 231 1.00 (0.67– 1.50) 0.990 231 1.22 (0.66– 2.25) 0.535

Decreasing 73 2.02 (1.22– 3.35) 0.007 74 3.86 (2.05– 7.29) <0.001

Stable decreased 313 2.19 (1.65– 2.90) <0.001 317 2.74 (1.79– 4.21) <0.001

Adjusted Model 1b Stable normal 992 1 1001 1

Increasing 231 0.91 (0.60– 1.36) 0.633 231 1.00 (0.54– 1.86) 0.994

Decreasing 73 1.79 (1.07– 2.99) 0.027 74 3.12 (1.63– 5.98) 0.001

Stable decreased 313 1.64 (1.20– 2.24) 0.002 317 1.54 (0.97– 2.45) 0.068

Adjusted Model 2c Stable normal 992 1 1001 1

Increasing 231 1.35 (1.08– 1.68) 0.007 231 0.98 (0.53– 1.84) 0.959

Decreasing 73 1.78 (1.07– 2.99) 0.027 74 3.15 (1.64– 6.03) 0.001

Stable decreased 313 1.63 (1.20– 2.23) 0.002 317 1.51 (0.95– 2.41) 0.084

Abbreviations: CI, confidence interval; eGFR, estimated glomerular filtration rate; HR, hazard ratio; MonDAFIS, Systematic Monitoring for Detection 
of Atrial Fibrillation in Patients with Acute Ischemic Stroke.
aIn 14 patients the composite endpoint occurred before the second serum creatinine or eGFR value was measured; data of these 14 patients were 
excluded from the analysis for the composite endpoint only.
bAdjusted for age, stroke severity on admission (National Institutes of Health Stroke Scale score), diabetes mellitus, arterial hypertension, coronary 
heart disease, detection of atrial fibrillation in- hospital, and randomization.
cAdjusted 2 for all variables of Adjusted Model 1 and for medication at discharge (anticoagulation, antiplatelet) and stroke type (ischemic stroke, 
transient ischemic attack).
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