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1. Abstract

In the literature, there is evidence of an association between cardiac diseases and clinical
cognitive impairment as well as subclinical brain injury. We examined whether there is a link
between elevated cardiac troponin levels (hs-cTnT) as a marker of subclinical myocardial injury
and severity of white matter lesions (WML) as a marker of subclinical brain injury in stroke
patients since those patients are a high-risk population in terms of both cognitive decline and
cardiac comorbidity.

We conducted a retrospective analysis of consecutive acute ischemic stroke patients admitted
to Charité-University Hospital, Berlin from 2011-2013. All included participants underwent 3T-
cMRI and serial hs-cTnT measurements as part of the clinical routine. Severity of WML was graded
using the age- related white matter severity score (ARWMS). Patients with hs-cTnT >52ng/| or
dynamic change of hs- cTnT >50%, which may indicate acute myocardial damage, were excluded.
We performed unadjusted and adjusted quantile regression models to determine whether there
is an association between hs- cTnT (dichotomized at the 99th percentile of a healthy reference
population, 14ng/l) and WML.

The data of 860 patients were examined (median age 73 years, 44.8% female, median ARWMS
6). In patients with elevated hs-cTnT, WML were more severe than in patients with normal hs-
cTnT (median ARWMS 8 vs. 5, adjusted beta for the 50" percentile 1.12, 95% Cl 0.41-1.84). There
was a more pronounced association between WML and elevated hs-cTnT in patients with
moderate to severe WML (beta 1.77, 95% Cl 0.26-3.27 for 80" percentile). Further division of
patients with elevated hs- cTnT values showed that the association was independent of the
severity of hs-cTnT elevation.

Our data indicate an association between subclinical myocardial injury and severity of white
matter lesions. Longitudinal studies are needed to assess the impact of risk-modifying therapy
on the prevention of cognitive impairment and the value of hs-cTnT as a parameter for therapy

monitoring.

Zusammenfassung

In der Literatur finden sich Hinweise auf einen Zusammenhang zwischen kardialen Erkrankungen
und sowohl kognitiver Beeintrachtigung als auch subklinischer Schadigung des Gehirns. In dieser
Arbeit wurde untersucht, ob ein Zusammenhang zwischen einer Erhohung des kardialen
Troponins (hs-cTnT) als Marker einer subklinischen Myokardschadigung und dem Schweregrad
zerebraler ,white matter lesions” (WML) als Marker einer subklinischen Hirnschadigung bei

Schlaganfallpatienten besteht.



Es handelt sich um eine retrospektive Auswertung von Patienten mit akutem ischamischem
Schlaganfall, die von 2011-2013 am Campus Benjamin Franklin stationar behandelt worden sind.
Bei allen eingeschlossenen Patienten wurden im Rahmen der klinischen Routine ein 3T-cMRT und
serielle Bestimmungen der Troponinwerte durchgefiihrt. Der Schweregrad der zerebraler WML
wurde anhand des ,,age-related white matter severity scores” (ARWMS) bestimmt. Patienten mit
einem hs-cTnT > 52 ng/l oder einer Anderung des hs-cTnT > 50% in seriellen Kontrollen wurden
ausgeschlossen, da diese Konstellationen auf einen akuten Myokardschaden hindeuten. Es
wurden unadjustierte und adjustierte Quantilsregressionsanalysen durchgefiihrt, um
festzustellen, ob ein Zusammenhang zwischen erhéhtem hs-cTnT (cut-off 14 ng/|, entsprechend
der 99. Perzentile einer gesunden Kontrollpopulation) und WML besteht.

Insgesamt wurden die Daten von 860 Patienten untersucht (medianes Alter 73 Jahre, 44.8%
weibliches Geschlecht, medianer ARWMS 6). Patienten mit erhdhtem hs-cTnT hatten ein
groBeres Ausmafl an WML als Patienten mit normwertigem hs-cTnT (medianer ARWMS 8 vs. 5,
adjustiertes beta fiir die 50. Perzentile 1.12, 95% Cl 0.41-1.84). Der Zusammenhang zwischen
WML und erhéhtem hs-cTnT war starker bei Patienten mit hdherem Schweregrad an WML (beta
1.77,95% Cl1 0.26-3.27 fur die 80. Perzentile). Eine weitere Aufteilung der Studienpopulation nach
hs-cTnT-Werten zeigte, dass der Zusammenhang unabhadngig vom Ausmall der hs-cTnT-
Erhohung war.

Die Ergebnisse weisen auf einen Zusammenhang zwischen subklinischem Myokardschaden und
zerebralen WML hin. Es braucht longitudinale Studien, um den Einfluss einer
risikomodifizierenden Therapie zur Vorbeugung einer kognitiven Einschriankung und den

moglichen Stellenwert von Troponin als Marker eines Therapieerfolgs zu untersuchen.



2. Background and purpose

The increasing prevalence of dementia and cognitive impairment constitutes a major public
health problem worldwide [1]. No curative treatment for dementia is available to this date.
Therefore, it is of importance to gain knowledge on treatable risk factors and develop possible
prevention strategies.

Many cross-sectional and longitudinal studies have demonstrated an association between clinical
cognitive impairment and manifest cardiac diseases, such as congestive heart failure or atrial
fibrillation [2, 3, 4]. Moreover, data suggest that treatment of heart diseases may lead to an
improvement of cognitive function [5].

This link with cardiac diseases has been demonstrated for the development of vascular dementia
as well as Alzheimer’s dementia [6, 7, 8].

Besides these clinical observations, there is also evidence of a link between cardiac diseases and
subclinical brain injury [9, 10]. However, by the time cardiac conditions become clinically
apparent, the impact of preventive strategies may already be diminished due to the presence of
significant cerebral injury. Furthermore, a relation between subclinical cardiac dysfunction and
cognitive impairment has also been shown in patients without clinically apparent cardiac
diseases [11]. In order to ensure an effective prevention of cognitive impairment, it may
therefore be of benefit to diagnose cardiac damage before the onset of clinical symptoms.

The use of cardiac Troponins is well-established in clinical routine for the diagnosis of myocardial
infarction since they are highly sensitive and specific of myocardial damage [12]. Measuring
troponin with high-sensitivity assays (hs-cTnT) now enables clinicians to also detect myocardial
damage at an early stage [13] when clinical symptoms might not yet be present. Data show that
subclinical myocardial injury determined by higher levels of hs-cTnT is associated with poorer
cognitive performance and an increased longitudinal risk of hospitalization with an ICD-9 code
for dementia in subjects without manifest heart disease [14, 15].

Impairment of executive function can be an early clinical sign of developing dementia [16, 17]
and is known to be associated with subcortical vascular damage [18, 19]. White matter lesions
(WML) are a useful marker to determine the extent of cerebral small vessel disease [20] and are
commonly found in older adults [21]. They are defined as areas of cerebral white matter that
appear hyperintense on T2-weighted MRI. Persons with more extensive WML perform worse in
cognitive testing and have greater severity of cortical atrophy in cerebral imaging [22, 23].
Moreover, WML progression has also been linked to cognitive decline [24, 25]. Stroke patients
with a higher degree of WML have poorer cognitive outcome one year after the event [26]. The

exact pathomechanism that explains these observations is not yet fully understood.



We know that progress of WML is largely age-related [27]. However, there is strong evidence for
an association between WML severity and common cardiovascular risk factors, such as
hypertension [28, 29]. Apart from that, studies have shown a link with cardiac conditions like
atrial fibrillation, left- ventricular hypertrophy or low stroke volume [10, 30, 31, 32].

Knowing that there is a link between subclinical myocardial injury and cognitive impairment on
the one hand and WML, cardiac diseases and the risk of cognitive decline on the other hand
implies that there may also be a connection between subclinical cardiac dysfunction and
subclinical brain injury. So far, only few data exist on this matter. Studies that have been
conducted to this date yield results in favor of the hypothesized coexistence of subclinical chronic
brain and heart injury: Hilal et al. found a significant association between hs-cTnT and cortical
cerebral microinfarcts [33]. Analyses of the ARIC (atherosclerosis risk in communities) study
revealed a significant association between hs-cTnT and WML on cMRI performed ~ 3 years prior
[34]. Moreover, hs-cTnT also seemed to be associated with progression of WML in follow-up MRI
~11 years after the initial brain image [34].

Stroke patients are at higher risk of cognitive impairment or dementia than the general population
[35] and often have acute or chronic cardiac diseases [36]. Therefore, our aim was to assess
whether an association between subclinical myocardial injury (i.e. elevated hs-cTnT) and
subclinical brain injury (i.e. more severe WML) can be found in these patients.

We hypothesized that elevated hs-cTnT levels would be associated with more severe WML on

cerebral MRl in stroke patients.

3. Methods

Study population

This cross-sectional study assesses data from a screening list, which includes consecutive stroke
patients admitted to the Department of Neurology at Charité-Campus Benjamin Franklin, Berlin
between February 2011 and December 2013. The data were recorded anonymously and the list
only includes data that were generated during clinical routine. For this study, we defined acute
ischemic stroke as an acute focal neurological deficit with onset <72 hours prior to admission with
confirmation on cerebral imaging (CT or MRI). We did not include patients with a diagnosis of
transient ischemic attack.

Patient characteristics of interest for this analysis were obtained from medical records. Besides
imaging data and hs-cTnT levels, we recorded age, sex, presence of hypertension,
hyperlipidemia, coronary artery disease, atrial fibrillation, heart failure, diabetes, previous

history of stroke and smoking status and patients’” medication. Since cognitive testing was not



part of the routine work-up

for acute stroke patients, no data concerning the cognitive status of the study population prior
to or after the event were available.

Figure 1 shows inclusion and exclusion criteria. Since CT imaging has lower accuracy and
sensitivity concerning the detection of white matter lesions, we evaluated data of those patients

that had undergone cerebral MRI (n=1479).

Fig. 1 algorithm for inclusion/exclusion and comparison groups

All consecutive stroke patients admitted to CBF
between 02/2011 and 12/2013, stroke confirmed
by cerebral imaging (n=2046)

A

onset of symptoms < 72h prior to admission
(n=2040)

Y
patients with cMRI (n=1479)

A

patients with available data on WML and serial
troponin measurements (n=1104)

patients with hs-cTnT < 52 ng/l and no dynamic
change of hs-cTnT (n=860)

y Y
hs-cTnT below URL hs-cTnT above URL
(i.e. < 14 ng/l) (n=584) (i.e. 2 14 ng/l) (n=276)

v v v
hs-cTnT hs-cTnT 19- hs-cTnT
14-18 ng/l 26 ng/l 27-52 ng/l
(n=95) (n=95) (n=86)

Abbreviations: CBF = Charité Benjamin Franklin hospital, cMRI = cerebral magnetic resonance imaging, WML
= white matter lesions, hs-cTnT = high-sensitivity cardiac troponin T, URL = upper reference limit

This graph is a copy of figure 1 from the publication cited on pp 29-37 of the dissertation [37]



There are various pathophysiologic mechanisms, which may lead to myocardial damage in stroke
patients [36]. One can distinguish between acute and chronic myocardial injury by performing
serial hs-cTnT measurements [12]. Acute myocardial injury typically leads to a dynamic change
in hs-cTnT levels [12]. Stable hs-cTnT levels are indicative of chronic myocardial injury [12], the
type of damage, which was of interest for this analysis. With the diagnostic algorithm for
suspected myocardial infarction by the European Society of Cardiology as a reference [38], we
therefore excluded patients with dynamic change of troponin values > 50 % or a troponin value
> 52 ng/l in any measurement (n=244). When less than two hs-cTnT values were available, the
patient was excluded (n=375) because we could not differentiate between acute or chronic
myocardial injury in this case. No patient included in this analysis had a diagnosis of acute

myocardial infarction.

Neuroimaging

All patients included in this study were examined in a 3T MRI (Trim Trio, Siemens AG, Erlangen,
Germany). The protocol used in clinical routine includes T2*, diffusion-weighted imaging, time-of-
flight MR angiography, fluid attenuated inversion recovery and perfusion imaging. Imaging data
were assessed by trained neurologists or neuroradiologists irrespectively of the question
addressed in this study. Routine assessment included grading of white matter lesion severity on
fluid attenuated inversion recovery using the Age-related white matter severity score (ARWMS)
[39].

To determine the score, five regions of the brain are examined with regard to severity of white
matter lesions: frontal, parieto-occipital, temporal, infratentorial and basal ganglia. Right and left
hemisphere are assessed separately. In each region, severity of white matter lesions is graded on
a scale from 0 (no lesions) to 3 (confluent lesions), resulting in a final score from 0 to 30 [38].

Acute infarcts were not included in the rating.

Blood tests

The laboratory of Campus Benjamin Franklin used a high sensitivity Troponin T assay (Roche
Elecsys Troponin Ths, Mannheim, Germany) to measure troponin levels. The 99 percentile
upper reference limit of a healthy population is 14 ng/l and the limit of detection is 3 ng/I [40]. If
hs-cTnT levels were below the upper reference limit, the laboratory did not provide actual values
before March 2013.

Acute stroke patients admitted to Campus Benjamin Franklin underwent serial troponin

measurements as part of the clinical routine: Initial troponin values were obtained on admission



and subsequent values within 24 hours thereafter. For the statistical analyses, we used the
troponin values as measured on admission

Measurement of creatinine values was also part of the routine laboratory work-up on admission.
The laboratory estimated glomerular filtration rate (GFR) using the Chronic Kidney Disease

Epidemiology Collaboration equation [41].

Statistical analysis

Mann-Whitney U test for binominal and Spearman correlation analysis for continuous variables
were used for univariate analyses of WML and patients’ baseline characteristics since the
dependent variable (WML) was not normally distributed. The association between hs-cTnT and
WML was analyzed by performing quantile regression analysis using three different adjustment
models: In the first model, we performed unadjusted analyses. In the second model, we adjusted
for age (continuous) and sex (dichotomous). In the third model (full adjustment), additional
adjustment was made for comorbidities with a potential influence on WML severity including
atrial fibrillation (dichotomous), coronary artery disease (dichotomous), diabetes mellitus
(dichotomous), smoking status (dichotomous), heart failure (dichotomous), hypertension
(dichotomous), hyperlipidemia (dichotomous) and previous history of stroke (dichotomous).

In contrast to linear regression analysis, quantile regression compares medians instead of means.
Therefore, it is more robust to outliers and is not influenced by skewness in the distribution of
the dependent variable [42]. Linear regression analysis relies on the assumption of a linear
association between the dependent and the independent variable. In contrast, quantile
regression analysis can be performed in different quantiles of the dependent variable [42]. Thus,
one is able to assess associations with covariates not only for the median but also for the upper
and lower parts of the distribution of the dependent variable. Since there are no well-established
clinical cut-offs for the ARWMS, we decided against categorization of the dependent variable to
perform logistic regression analyses.

In addition to median quantile regression analysis, we performed quantile regression analysis for
the 20™, 40%™, 60" and 80 percentile of WML in order to assess whether there was a difference
in the association between hs-cTnT and WML depending on the extent of white matter disease.
For each regression analysis, we provide the regression coefficient (beta) with 95% confidence
interval (Cl) and p-value. The regression coefficients indicate the effects of the covariate on the
cut-off of the respective quantile of the dependent variable, just like in any other regression
model.

For the median quantile regression analysis, we used two different approaches to model hs-cTnT

levels: In a first approach, hs-cTnT was dichotomized into either “normal” (i.e. < 14 ng/l) or



“elevated” (= 14 ng/l). In a second approach, we assessed if the association with WML depended
on the severity of hs-cTnT elevation. Therefore, patients with elevated hs-cTnT were split into
tertiles (14-18 ng/l, 19- 26 ng/l and 27-52 ng/l). The reference group for both approaches were
the patients with normal hs- cTnT (< 14 ng/I).

To perform quantile regression analysis we used Stata (version 14; StataCorp, College Station, TX).
For all other analyses we used SPSS Statistics 23.0 (IBM, Armonk, NY). We conducted all statistical

procedures at a 0.05 significance level. No adjustment was made for multiple comparisons.

4. Results

Baseline characteristics

We included 860 patients in this study (figure 1). Detailed information on patient characteristics
are shown in Table 1. In our study population, the median age was 73 years (interquartile range
= |QR 65- 80 years) with 55.2% male patients. The median ARWMS was 6 (IQR 4-10) and hs-cTnT
values on admission were above the upper reference limit (i.e. 14 ng/l) in 32.4% of patients.
Univariate analyses revealed that atrial fibrillation, hypertension, diabetes mellitus,
hyperlipidemia and history of stroke were positively associated with WML. WML was significantly
more severe in women than in men. There was a positive correlation between age and white

matter lesions. For all results of univariate analyses, also see Table 1.

Table 1: Univariate analysis of patient characteristics according to WML

Variable Spearman’s WML Median p
correlation (IQR)
coefficient
Age
years, median, IQR 73 (65-80) .397 <0.001
Sex
male 55.2% (n=470) 5 (4-8) <0.001
female 44.8% (n=390) 8(4-12)
hs-cTnT
normal 67.9% (n=584) 5(3-9) <0.001
elevated 32.1% (n=276) 8(4-12)
eGFR
ml/min, median (IQR)  73.26  (57.71- -.193 <0.001
86.55)
Atrial fibrillation
yes 27.5% (n=236) 7 (4-12) .003
no 72.5% (n=624) 6 (3-10)
CAD
yes 15.9% (n=138) 6.5 (4-10) 135
no 84.1% (n=722) 6 (4-10)
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Diabetes mellitus

yes 25.4% (n=219) 7 (4-11) .002
no 74.6% (n=641) 6 (3-10)

Heart failure

yes 6.0% (n=51) 8 (4-14) .013
no 94.0% (n=809) 6 (4-10)

History of stroke

yes 25.4% (n=219) 8 (4-13) <0.001
no 74.6% (n=641) 6 (3-10)

Hyperlipidemia

yes 59.5% (n=512) 6 (4-10) .042
no  40.5% (n=348) 6 (3-10)

Hypertension

yes 82.6% (n=711) 7 (4-11) <0.001
no 17.4% (n=149) 4 (2-6)

Medication beta-

blockers

yes 42.9% (n=344) 8 (4-11) <0.001
no 57.1% (n=457) 5(3-9)

Medication RAAS

inhibitors

yes 47.8% (n=383) 7 (4-11) <0.001
no 52.2% (n=418) 5(3-9)

Smoking status

yes 19.5% (n=168) 4 (3-8) <0.001
no 80.5% (n=692) 6 (4-10)

Abbreviations: WML = white matter lesions, IQR = interquartile range, hs-cTnT = high-sensitivity cardiac troponin T,
eGFR = estimated glomerular filtration rate, CAD = coronary artery disease

This table is a copy of table 1 from the publication cited on pp 29-37 of the dissertation [37]

Patients who were excluded from this study were older (p < 0.001), more often female (p <
0.001), more heart failure (p < 0.001), more CAD (p=0.002), more AFIB (p < 0.001), more non-
smokers (p=0.004), less hyperlipidemia (p=0.005), hypertension (p <0.001), lower GFR (p < 0.001)
No significant difference were found regarding history of stroke and diabetes mellitus. For all

characteristics of excluded patients, see table 2.

Table 2: characteristics of excluded patients (n=1186)

Age, years, median (IQR) 78 (70-85)
Sex, female (%) 606 (53.7%)
Wahlund Score, median (IQR) -

Hs-cTnT, above ULR (%) 63.7% (n=683)
Hs-cTnT, ug/dl, median (IQR) 0.019 (0.013-0.041)
Atrial fibrillation (%) 487 (43.1%)
Hypertension (%) 1008 (89.3%)
Diabetes mellitus (%) 317 (28.1%)
Heart failure (%) 168 (14.9%)
CAD (%) 246 (21.8%)
Hyperlipidemia (%) 607 (43.8%)
Previous history of stroke (%) 327 (29.0%)
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Smoking (%) 162 (14.3%)
GFR, ml/min, median (IQR) 64.61 (48.66-80.47)

Abbreviations: IQR = interquartile range, hs-cTnT = high-sensitivity cardiac troponin T, eGFR = estimated
glomerular filtration rate, CAD = coronary artery disease

Hs-cTnT and WML
In unadjusted median quantile regression analysis, patients with hs-cTnT > 14 ng/| had more
extensive WML than those with normal hs-cTnT levels (figure 2, table 3). This association was

attenuated after adjustment for age and sex as well as in the fully adjusted model but remained

statistically significant.

Fig. 2 Extent of white matter lesions according to hs-cTnT status
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This graph is a copy of figure 2 from the publication cited on pp 29-37 of the dissertation [37]

The unadjusted median quantile regression analysis with hs-cTnT categorized into four groups
showed that patients with elevated hs-cTnT had more extensive WML in all tertiles compared to
the reference group of patients with normal hs-cTnT levels (table 3). Regression coefficients were
similar in all tertiles. Adjusting for age, sex and all other baseline characteristics attenuated the

association with WML so that a significant association remained in the first tertile.

Table 3 Median quantile regression analysis with hs-cTnT a) as a dichotomous and b) as a
categorical variable

Adjustment Model 1 Model 2 Model 3

Stratification Beta (95% p Beta (95% Cl) P Beta (95% Cl) p

model Cl)

a)

hs-cTnT 2 14 3.00 (2.00- <0.001 0.90 (0.19- 0.013 0.87 (0.13- .0021

ng/| 4.00) 1.61) 1.60)

b)

hs-cTnT group 2 = 3.00 (1.92- <0.001 1.00(0.11- 0.028 1.14 (0.48- 0.001
4.08) 1.89) 1.81)

hs-cTnT group 3 3.00(0.75- = 0.009 1.14 (-0.69- 0.221 = 0.96 (-0.86- 0.301
5.25) 2.97) 2.77)

hs-cTnT group 4 = 3.00(1.33- <0.001 0.57 (-0.60- 0.340 0.44 (-1.09- 0.569
4.67) 1.75) 1.98)

Quantile regression analysis was performed according to three adjustment models. Model 1: unadjusted regression
analysis (n=860). Model 2: adjustment for age and sex (n=860). Model 3: adjustment for age, sex and other baseline
characteristics as described in the methods section (n=860). Abbreviations: hs-cTnT = high-sensitivity cardiac
troponin T, Cl = confidence interval

This table is a copy of table 2 from the publication cited on pp 29-37 of the dissertation [37]

In the quantile regression analysis for the 20™, 40'™, 60*" and 80" WML percentiles we saw that
the association between elevated hs-cTnT and WML was stronger in patients with moderate to
severe WML. While the cut-off of 20™ percentile of WML was only increased by 0.38 (95% Cl -
0.27-1.03) for those with hs-cTnT > 14 ng/| after full adjustment the cut-off of the 80" percentile
was increased 1.41 (95% Cl 0.09-2.74) (see also figure 3 and table 4).

Table 4 Quantile regression analysis in different WML percentiles

Percentile | Adjustment model Variable Beta (95% Cl) p

p20 Model 1 hs-cTnT > 14 ng/I 1.00(1.00-1.00) <0.001
Model 2 hs-cTnT > 14 ng/I 0.27 (-0.19-0.73) 0.243
Model 3 hs-cTnT > 14 ng/I 0.38 (-0.27-1.03) 0.246

p4o0 Model 1 hs-cTnT > 14 ng/| 3(2.13-3.87) <0.001
Model 2 hs-cTnT 2 14 ng/| 0.38(0.26-1.74) 0.008
Model 3 hs-cTnT 2 14 ng/| 0.78 (0.21-1.35) 0.007

p60 Model 1 hs-cTnT > 14 ng/| 4(2.28-5.71) <0.001
Model 2 hs-cTnT 2 14 ng/| 1.17(0.12-2.22) 0.03

13



Model 3 hs-cTnT > 14 ng/| 1.06 (0.24-1.87) 0.011

p80 Model 1 hs-cTnT > 14 ng/! 4(1.75-6.24) <0.001
Model 2 hs-cTnT > 14 ng/I 0.93 (-0.46-2.32) 0.19
Model 3 hs-cTnT > 14 ng/! 1.41 (0.09-2.74) 0.037

Quantile regression analysis was performed for the 20, 40th, 60t and 80t percentile of WML. Quantile
regression analysis was performed according to three adjustment models. Model 1: unadjusted regression
analysis (n=860). Model 2: adjustment for age and sex (n=860). Model 3: adjustment for age, sex and and other
baseline characteristics as described in the methods section (n=860). Abbreviations: WML=white matter lesions,
Cl = confidence interval, hs-cTnT = high-sensitivity cardiac troponin T

This table is a copy of table 3 the publication cited on pp 29-37 of the dissertation [37]

Fig. 3 Association between hs-cTnT and ARWMS in different WML percentiles
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The Figure shows WML scores for each quintile of WML depending on hs-cTnT status. WML levels for patients with
normal hs-cTnT are the reference group (blue). Clinically elevated hs-cTnT was significantly associated with higher
ARWMS scores in all WML quintiles (green) with the effect being more pronounced in patients with higher WML
levels (60th and 80th percentile). Full adjustment for confounders attenuated these effects, but remained
statistically significant for the 40th, 60th and 80th WML percentile (red).

Abbreviations: WML = white matter lesions, ARWMS = age-related white matter severity score hs-cTnT = high-
sensitivity cardiac troponin T

This graph is a copy of figure 3 from the publication cited on pp 29-37 of the dissertation [37]

5. Discussion

In this study, we found that elevation of hs-cTnT as a marker of myocardial injury was significantly
associated with more severe WML as a marker of chronic brain injury. This association remained
significant after adjustment for age, sex and vascular diseases that have also been linked to the

development of WML. In our study population, the association between elevated hs-cTnT levels

14



and WML was more pronounced in patients with more extensive white matter disease.
Therefore, measurement of hs-cTnT might be useful to identify individuals with more severe
cerebral small vessel disease and at greater risk of cognitive impairment, and vice versa,
assessment of WML severity might help in detecting (subclinical) myocardial injury, thus
identifying patients who should undergo a more detailed cardiological work-up.

In accordance with our findings, other studies conducted in different populations have shown a
link between hs-cTnT and different markers of cerebral small vessel disease. In memory clinic
patients, there was an association between hs-cTnT and cortical cerebral microinfarcts that was
described by Hilal et al [33]. Analyses of the ARIC (atherosclerosis risk in communities) study
showed that hs-cTnT is associated with WML on cMRI in the general population [34]. However,
participants in the ARIC study underwent cMRI approximately 3 years prior to the hs-cTnT
measurements. Therefore, it remains unclear whether myocardial injury was already present
when the extent of WML was assessed. Both studies mentioned recruited participants either
from the general population [34] or from a memory clinic [33]. Our study, however, was the first
to examine the association between subclinical cardiac and cerebral injury in patients with
manifest cerebrovascular disease, who are at a particularly high risk of both cognitive impairment
and cardiac complications.

Since our study was conducted in stroke patients, a population with high cardiac comorbidity,
the average baseline hs-cTnT levels in our cohort were higher in the ARIC study, which recruited
participants from the general population [34]. Moreover, there was a significantly higher
proportion of patients with elevated hs-cTnT levels in our study (> 30%) compared to the ARIC
study (10%) [34]. While the ARIC investigators chose to categorize patients with normal hs-cTnT
levels [34], we did an additional analysis after splitting patients with elevated hs-cTnT into
tertiles. Furthermore, the ARIC study performed a volume-based assessment of WML [34],
whereas in our study, WML was assessed based on a visual rating scale. These differences
regarding the study population, imaging assessment and statistical analysis might explain why (in
contrast to the ARIC study) we did not find significantly greater WML severity with increasing hs-
cTnT levels when we performed the analysis after further categorization.

Studies utilizing other markers of subclinical cardiac disease have also produced evidence of a
link between cardiac and cerebral damage: NT-proBNP as a marker of cardiac volume overload
is associated with WML as well as reduced grey matter volume in the general population [43, 44].
Furthermore, Russo et al. found a connection between echocardiographic determinants of
subclinical cardiac damage, such as increased left atrial volume or left ventricular dysfunction,
and subclinical cerebral damage [45, 46].

The pathogenic mechanisms underlying the link between subclinical myocardial and cerebral
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injury are not fully understood. However, it is likely that their etiology is multifactorial. Currently,
several hypotheses are discussed that may explain these findings: One theory states that cerebral
hypoperfusion due to reduced cardiac output may lead to chronic cerebral ischemia and small
vessel disease. Animal research has shown that chronic cerebral hypoperfusion following
bilateral carotid artery occlusion can lead to cerebral white matter lesions and neurodegenerative
diseases [47]. Saosh et al. found that EC-IC bypass performed in patients with hemodynamic
cerebral ischemia results in better cerebral perfusion as well as better performance in cognitive
tests [48]. One might argue that cerebral autoregulation should provide some protection from
hypoperfusion due to cardiac dysfunction. However, data show that cerebral autoregulation
cannot compensate sufficiently for systemic hypoperfusion resulting from reduced cardiac
output [49]. One possible explanation is impairment of cerebral autoregulation resulting from
cardiovascular disease [49].

The second suggested mechanism underlying cerebral small vessel disease is cardioembolism.
Cardiac injury is known to be associated with atrial fibrillation, which can cause recurrent
cerebral ischemia [50].

Thirdly, it has been proposed that the association between cardiac and cerebrovascular disease
is mediated by a common underlying pathomechanism, such as atherosclerosis. There is
compelling evidence for the co-occurrence of atherosclerosis and cerebral injury [51, 52, 53]. For
instance, data show that aortic stiffness, a marker of atherosclerosis, leads to increased pressure
and flow in cerebral microvasculature, which subsequently impairs cerebral autoregulation and
causes vascular damage [51, 52]. Apart from pressure- and flow-induced vascular damage,
atherosclerosis is also associated with chronic inflammatory activity [53].

Pase et al. found that aortic stiffness is associated with more severe WML in the general
population [54]. Moreover, there also seems to be a link between arterial stiffness and cognitive
impairment [51]. Coronary artery calcification is considered a marker of subclinical
atherosclerosis and provides information on the future risk of coronary artery disease as well as
cerebrovascular disease [55]. However, research has revealed that it is also associated with
endothelial dysfunction and the development of cerebral white matter disease [56].

All three theories outlined above have been supported by scientific evidence and arguably
complement one another. Moreover, they imply that vascular risk prevention strategies might
also be effective in primary prevention of WML and, subsequently, cognitive impairment.

Lastly, the association between hs-cTnT and WML might also be caused by subclinical brain
injury, which in turn leads to myocardial damage. Data suggest that the localization of brain injury
might play an important role in neurogenic myocardial injury. A stroke in certain regions of the

brain, such asthe insular cortex, can lead to myocardial injury and hs-cTnT elevation [57]. This
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implies that the interaction between heart and brain is in fact bidirectional.

The actual connection between WML and cognitive impairment, however, is still only partly
understood. It has been suggested that the effect may be mediated by cortical atrophy [22, 23].
Apart from that, imaging studies indicate that, in white matter with close proximity to WML,
tissue integrity may already be impaired even though standard MRI sequences do not show any
structural damage yet. Studies using diffusion tensorimaging (DTI) to assess white matter integrity
have shown that those damages of microstructure in cerebral white matter are associated with
poorer cognitive performance in non-demented subjects [58, 59]. Moreover, they seem to be
associated with later development of WML [20]. This suggests that there are in fact several stages
of development of WML and that structurally visible lesions may only represent the tip of the

iceberg of cerebral white matter damage.

Strengths of this study include the large sample size as well as standardized cMRI evaluation.
Quantile regression analysis is suitable especially if the dependent variable is not normally
distributed, which was also the case in our study population. For linear regression analysis, one

assumes that in the equation Yi= Bo+ B1Xi+ €ithe error term &;is normally distributed with a mean

of 0 [60]. However, quantile regression is of a semiparametric nature and therefore does not rely
on the normal distribution of errors and is also invariant to monotonic transformations (e.g.
logarithmic transformation) [60]. If the assumptions underlying linear regression analysis are not
met, data are often log-transformed to achieve a normal distribution [60]. However, this
complicates interpretation of the results. Moreover, one still does not resolve the issue of a non-
linear relationship between the dependent variable and the predictor since linear regression
analysis only provides information on the average effect of a predictor on the outcome variable
[42]. If the relationship is non-linear (e.g. if there is a floor or ceiling effect), important information
about the relationship between the outcome variable and a predictor may be missed [42].
Another way of analyzing non-normally distributed data is to categorize the variable in question
and perform logistic regression analysis, which does not necessarily assume a linear relationship
between the variables analyzed [42]. However, categorizing a variable comes with a loss of
information, especially when there is no clinically defined cut-off [42]. Quantile regression
analysis works with a continuous outcome variable and does not require a prior definition of cut-
off values.

Nevertheless, our study also has certain limitations. First of all, our study is cross-sectional,
leaving it impossible to make any inference about the direction of the effect captured in our

analyses. Second, we were not able to obtain exact hs-cTnT values below the URL in the majority
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of patients. Therefore, we were confined to performing our statistical analyses with hs-cTnT as a
categorical variable, which may have attenuated the association with WML. Third, acute
elevation of hs-cTnT is not uncommon in acute ischemic stroke [61]. To account for this, we
excluded patients with dynamic change of hs-cTnT or hs-cTnT > 52 ng/l. However, the exact
pathomechanism of myocardial damage could not be determined in each patient since not all
patients undergo a systematic cardiological work-up.

Since patients’ cognitive status was not systematically evaluated, we could not draw any
conclusions regarding a possible association with clinical symptoms of cognitive impairment or
the development of cognitive decline. However, the primary aim of this study was to assess
cardiac and cerebral damage at the subclinical level.

Compared to the overall population of stroke patients treated at the Campus Benjamin Franklin,
the patients included in our study were younger and a history of cardiac diseases was less
common, which limits the generalizability of our results. However, this also highlights that the
association between hs- cTnT and WML that we found in our study cannot solely be explained by

the presence of clinically apparent cardiac diseases.

6. Conclusions

In our study, we showed that elevated levels of hs-cTnT were associated with more extensive
WML in patients with acute ischemic stroke. In conjunction with previous studies, this suggests a
link between subclinical heart and brain injury. Therefore, evidence of myocardial injury might
be useful in identifying subjects at increased risk of cognitive impairment and dementia at a
subclinical stage.

The effect that early treatment of risk factors, such as hypertension or hyperlipidemia, may have
on cognitive outcome is still unknown. Further longitudinal studies are needed to assess the
impact of risk-modifying therapy on the prevention of cognitive impairment. In addition, further

might look at the potential value of hs-cTnT as a marker for monitoring therapeutic effects.
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sensitivity cardiac Troponin T and severity of cerebral white matter lesions in patients with acute
ischemic stroke. Journal of Neurology 2018.

Ich habe gemeinsam mit Jan Scheitz und Christian Nolte die Fragestellung und das
Studienprotokoll erstellt. Bei den fur die Publikation verwendeten Daten handelt es sich
ausschlieBlich um Daten, welche im Rahmen der klinischen Routine erhoben werden, sodass der
Datensatz bereits vorlag. Unter der Supervision von Bob Siegerink und Jan Scheitz habe ich
samtliche statistische Analysen durchgefuhrt, welche die Arbeit enthalt. Das Manuskript sowie alle
enthaltenen Tabellen und Grafiken habe ich erstellt und unter Supervision aller 0.g. Co-Autoren
Uberarbeitet. Den gesamten Publikationsprozess (Submission, Draft einer Revision, kritische
Antworten an die Reviewer, Resubmission) habe ich selbststandig durchgefuhrt.
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9. Auszug Journal Summary List

Journal Data Filtered By: Selected JCR Year: 2017 Selected Editions:
SCIE,SSCI Selected Categories: “CLINICAL NEUROLOGY” Selected
Category

Scheme: WoS
Gesamtanzahl: 197 Journale

Rank | Full Journal Title Total Journal Eigenfactor
Cites Impact Score
Factor
1 LANCET NEUROLOGY 28,671 | 27.138 0.069040
2 Nature Reviews Neurology 8,095 19.819 0.028090
3 ACTA NEUROPATHOLOGICA 18,783 | 15.872 0.041490
4 Alzheimers & Dementia 10,423 | 12.740 0.030040
5 JAMA Neurology 6,885 11.460 0.035270
6 BRAIN 52,061 | 10.840 0.075170
7 SLEEP MEDICINE REVIEWS 6,080 10.602 0.010720
8 ANNALS OF NEUROLOGY 37,251 | 10.244 0.053390
9 NEURO-ONCOLOGY 10,930 | 9.384 0.030350
10 Epilepsy Currents 790 9.333 0.001600
11 MOVEMENT DISORDERS 26,511 | 8.324 0.037980
12 Translational Stroke Research 2,202 8.266 0.005260
13 NEUROLOGY 88,493 | 7.609 0.115530
14 NEUROSCIENTIST 4,738 7.461 0.008730
15 JOURNAL OF NEUROLOGY NEUROSURGERY 29,695 | 7.144 0.032980
AND PSYCHIATRY
16 STROKE 65,854 | 6.239 0.088520
17 BRAIN PATHOLOGY 4,952 6.187 0.007750
18 Brain Stimulation 4,263 6.120 0.014510
19 NEUROPATHOLOGY AND APPLIED 3,654 6.059 0.006350
NEUROBIOLOGY
20 Neurotherapeutics 3,973 5.719 0.008980
21 PAIN 36,132 | 5.559 0.038000
22 Multiple Sclerosis Journal 10,675 | 5.280 0.021890
23 SLEEP 20,547 | 5.135 0.025870
24 EPILEPSIA 26,301 | 5.067 0.032490
25 Alzheimers Research & Therapy 2,192 5.015 0.008470
26 JOURNAL OF NEUROTRAUMA 14,508 | 5.002 0.021130
27 JOURNAL OF PAIN 9,264 4.859 0.016890
28 Journal of Stroke 694 4.750 0.002880
28 Therapeutic Advances in Neurological 1,004 4,750 0.002800
Disorders
30 JOURNAL OF PSYCHOPHARMACOLOGY 5,808 4.738 0.010900
31 PARKINSONISM & RELATED DISORDERS 8,967 4.721 0.019910
32 NEUROREHABILITATION AND NEURAL REPAIR | 5,032 4.711 0.009850
33 Annals of Clinical and Translational Neurology | 1,377 4.649 0.006450
34 EUROPEAN JOURNAL OF NEUROLOGY 10,206 | 4.621 0.019350
35 BIPOLAR DISORDERS 5,070 4.490 0.007870
36 NEUROSURGERY 28,592 | 4.475 0.025930
37 JOURNAL OF NEUROSURGERY 34,561 | 4.318 0.030750
38 CNS DRUGS 4,364 4.206 0.007540
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39 PROGRESS IN NEURO- 9,823 4.185 0.013170
PSYCHOPHARMACOLOGY & BIOLOGICAL
PSYCHIATRY
40 EUROPEAN NEUROPSYCHOPHARMACOLOGY | 6,920 4.129 0.015110
41 CURRENT OPINION IN NEUROLOGY 5,344 4.010 0.010200
42 INTERNATIONAL JOURNAL OF 6,259 3.981 0.014550
NEUROPSYCHOPHARMACOLOGY
43 CEPHALALGIA 8,721 3.882 0.013940
44 International Journal of Stroke 3,825 3.859 0.014880
45 NEUROGASTROENTEROLOGY AND MOTILITY 7,401 3.842 0.014960
46 JOURNAL OF AFFECTIVE DISORDERS 26,957 | 3.786 0.053380
47 JOURNAL OF NEUROLOGY 14,359 | 3.783 0.025160
48 NEUROEPIDEMIOLOGY 3,261 3.697 0.005640
49 Expert Review of Neurotherapeutics 3,888 3.692 0.006910
50 AMERICAN JOURNAL OF NEURORADIOLOGY 22,667 | 3.653 0.029840
51 Journal of Neurologic Physical Therapy 964 3.633 0.001530
52 EUROPEAN ARCHIVES OF PSYCHIATRY AND 3,837 3.617 0.005400
CLINICAL NEUROSCIENCE
53 CLINICAL NEUROPHYSIOLOGY 18,399 | 3.614 0.023070
54 Frontiers in Neurology 4,272 3.508 0.015580
55 CNS SPECTRUMS 2,200 3.504 0.003180
56 Journal of Neurodevelopmental Disorders 1,106 3.500 0.003410
57 JOURNAL OF NEUROPATHOLOGY AND 9,252 3.490 0.008680
EXPERIMENTAL NEUROLOGY
58 Current Neurology and Neuroscience Reports | 2,770 3.478 0.007410
59 Journal of Neurogastroenterology and 1,207 3.438 0.002930
Motility
60 JOURNAL OF SLEEP RESEARCH 5,092 3.433 0.007460
61 JOURNAL OF HEAD TRAUMA REHABILITATION | 4,282 3.406 0.005540
62 JOURNAL OF HEADACHE AND PAIN 2,624 3.403 0.005510
63 Journal of Clinical Sleep Medicine 5,329 3.396 0.011800
64 SLEEP MEDICINE 9,130 3.395 0.016270
65 Current Alzheimer Research 3,740 3.289 0.007910
65 DEVELOPMENTAL MEDICINE AND CHILD 11,671 | 3.289 0.013680
NEUROLOGY
67 JOURNAL OF PAIN AND SYMPTOM 9,734 3.249 0.013980

MANAGEMENT
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10. Original-Publikation
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troponin T and severity of cerebral white matter lesions in patients with acute ischemic stroke.
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11. Lebenslauf

Mein Lebenslauf wird aus datenschutzrechtlichen Griinden in der elektronischen Version meiner
Arbeit nicht veroffentlicht.
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