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Introduction: We examined the role of hemodynamic dysfunction in cognition by relat-

functioning, in patients with heart failure (HF), carotid occlusive disease (COD), and
patients with cognitive complaints and vascular brain injury on magnetic resonance
imaging (MRI; ie, possible vascular cognitive impairment [VCI]).

Methods: We included 439 participants (124 HF; 75 COD; 127 possible VCI; 113 refer-
ence participants) from the Dutch multi-center Heart-Brain Study. We used pseudo-
continuous ASL to estimate whole-brain and regional partial volume-corrected CBF.

Neuropsychological tests covered global cognition and four cognitive domains.
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1 | BACKGROUND

Cardiovascular disease and dementia are both common in the aging
population and are among the leading causes of death and disability.
After Alzheimer’s disease (AD), vascular brain injury is the second most
common cause of cognitive impairment and dementia.! Vascular cog-
nitive impairment (VCI) covers the entire spectrum of cognitive impair-
ment, ranging from mild cognitive impairment (MCI) to fully developed
dementia, due to all forms of vascular brain injury.! Moreover, research
interest is shifting to the earlier stage of subjective cognitive decline
(SCD), which refers to patients with cognitive complaints, but without
objective impairment on cognitive testing.23 Recent studies suggest
that cardiovascular disease and dementia are closely related as they
share common risk factors such as age, diabetes, smoking, and physi-
cal inactivity.% In addition, patients with cardiovascular disease are at
increased risk for cognitive decline and dementia.® This has led to the
concept of a “heart-brain axis” in cognitive decline and dementia.6”

Hemodynamic dysfunction or abnormalities of the circulatory sys-
tem in any component of the heart-brain axis could be a risk factor
for the development of vascular brain injury and consequently to the
development of cognitive impairment and dementia.8 In the Heart-
Brain study, we investigate if the hemodynamic status of the heart, ves-
sels, and the brain is an important, but underestimated, cause of VCI.
We focus on heart failure (HF), symptomatic carotid occlusive disease
(COD), and patients with cognitive complaints and vascular brain injury
on magnetic resonance imaging (MRI; ie, possible VCI) as three exem-
plar conditions of hemodynamic dysfunction in different components
of the heart-brain axis (ie, heart-carotids-brain).?

Recently, we found that a substantial number of the patients
with HF and COD have cognitive impairment.1® Reduced cerebral
blood flow (CBF) has been associated with cardiovascular disease and
is increasingly recognized as an important contributor to cognitive
decline. If so, treatment targeting hemodynamic dysfunction in the
heart-brain axis might contribute to prevention of cognitive decline. In
the Heart-Brain study, we use arterial spin labeling (ASL) MRI for mea-
surement of CBF. ASL is a quantitative MRI technique that enables non-
invasive measurement of CBF at the tissue level.11 In a previous study
in memory-clinic patients we found associations between reduced CBF

Results: CBF values were lowest in COD, followed by VCI and HF, compared to refer-
ence participants. This did not explain cognitive impairment, as we did not find an asso-
ciation between CBF and cognitive functioning.

Discussion: We found that reduced CBF is not the major explanatory factor underlying
cognitive impairment in patients with hemodynamic dysfunction along the heart-brain

carotid occlusive disease, cognitive impairment, heart failure, perfusion, small vessel disease,
vascular cognitive impairment

and worse cognitive functioning.1? In the present study, we investi-
gated the cross-sectional association between CBF, measured with
ASL, and cognitive functioning in patients with HF, COD, and possible
VCI. We expect this association in all patient groups, but most promi-

nently in VCI.

2 | METHODS

The data that support the findings of this study are available from the
corresponding author upon reasonable request, within the privacy leg-
islation of the Netherlands and after permission of the Heart-Brain
study steering committee.

The Heart-Brain study is an ongoing prospective observational
cohort study.? All patients have been enrolled between September
2014 and September 2017 and here we report on the baseline data
(version 2, 1-1-2018). We included patients with HF, VCI, and COD
from cardiology, memory, and neurology outpatient clinics from four
sites in the Netherlands: Leiden University Medical Center (LUMC) in
Leiden, Maastricht University Medical Center (MUMC) in Maastricht,
University Medical Center Utrecht (UMCU) in Utrecht, and VU Univer-
sity Medical Center (VUMC) in Amsterdam. The study protocol with
all in- and exclusion criteria per patient group have been described
in detail previously.” Most important inclusion criteria for all patient
groups were a diagnosis of possible VCI, COD, or HF according to cur-
rent guidelines, age >50 years, ability to undergo MRI and cognitive
testing, and independence in daily life. Most important exclusion cri-
teria for all patient groups were clinical evidence of a neurodegenera-
tive disease other than VCI or AD, a psychiatric diagnosis that affects
cognitive functioning, and atrial fibrillation at the moment of inclu-
sion. For possible VCI, we included patients with cognitive complaints
(regardless of the severity of cognitive impairment [ie, subjective cog-
nitive decline to dementia]), combined with moderate to severe vascu-
lar brain injury on MRI, or mild vascular brain injury with presence of
vascular risk factors, with a Mini-Mental State Examination (MMSE)13
of >20. Patients with COD had a significant stenosis (>80%) or occlu-
sion of the internal carotid artery as assessed with MR angiography.
We included patients with HF irrespective of left ventricular ejection
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fraction and coronary artery disease according to the European Car-
diology Society guidelines with a stable clinical situation. As a refer-
ence group, we recruited reference participants via advertisements
and among spouses of patients. None of the reference participants had
a history of dementia or COD; one reference participant had a prior
diagnosis of HF. The study was performed according to the Helsinki
Declaration and was approved by the medical ethics committee of
LUMC. All participants provided written informed consent prior to

research-related procedures.

2.1 | Participants

For the current study, we included all participants with available ASL on
MRI and neuropsychological testing at the baseline assessment. Of the
total of 559 participants (162 HF, 109 COD, 160 possible VCI, and 128
reference participants), 87 participants were excluded due to missing
ASL (n = 83), neuropsychological assessment (n = 2), or both (n = 2).
All participants underwent an extensive baseline assessment includ-
ing medical, neurologic, and cardiovascular history; physical examina-
tion including blood pressure measurement and electrocardiography;
screening laboratory tests; a neuropsychological assessment; and car-
diac and brain MRI. For all participants, history of previous stroke and
transient ischemic attack (TIA) and the presence of vascular risk fac-
tors (ie, hypertension, hypercholesterolemia, and diabetes mellitus)
was determined based on self-reported medical history and medica-
tion use. Smoking status was defined as never, former, or current. Body
mass index (BMI) was calculated as weight in kilograms divided by
height in meters squared. Level of education was classified according to
the system of Verhage ranging from 1 to 7 (low to highly educated).14

2.2 | Neuropsychological assessment

Cognitive functioning was assessed using the standardized neuropsy-
chological test battery that has been developed in context of the Dutch
Parelsnoer Initiative.1> As cognitive screening, we used the MMSE.13
In addition, we assessed four cognitive domains: memory, language,
attention-psychomotor speed, and executive functioning. For memory,
we used the Visual Association Test (VAT), part A and the total imme-
diate recall, delayed recall, and recognition score of the Dutch version
of the Rey Auditory Verbal Learning Test (RAVLT).16:17 To examine lan-
guage, we used the VAT naming and the 1-minute category fluency
(animals).17:18 For the domain attention/psychomotor speed, we used
the Trail Making Test (TMT) part A, the forward condition of the Digit
Span, the Letter Digit Substitution Test, and the Stroop Color Word
Test (SCWT) card | and 11.19-22 To examine executive functioning, we
used the index score of TMT part B/part A, the backward condition
of the Digit Span and the SCWT interference score, calculated as card
I11/([card | + card 111/ 2).19-21 The RAVLT recognition score, TMT-A and
TMT-B and the SCWT scores were inverted, so that higher scores imply
a better performance. In participants where the TMT-B was aborted

(n = 14), for example because of lack of time or cognitive impairment,
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HIGHLIGHTS

e We investigated patients with hemodynamic disorders
along the heart-brain axis.

e We found no association between cerebral blood flow
(CBF) and cognitive functioning.

e CBF is not the explanatory factor underlying cognitive
impairment in these patients.

RESEARCH IN CONTEXT

1. Systematic review: We reviewed the literature using
PubMed regarding cerebral blood flow (CBF) and cog-
nitive impairment in cardiovascular disease and patients
with vascular brain injury. We cite several studies that
investigate this association in a single group with limited
data on cognitive functioning. In our study, we investi-
gated this association in three groups with hemodynamic
impairment on different levels along the heart-brain axis
using extensive neuropsychological testing.

2. Interpretation: We found no associations between
decreased CBF and cognitive impairment in patients
with hemodynamic disorders along the heart-brain axis.
This could suggest that the predisposition of cognitive
impairment in these patients is likely to be driven by
other (hemodynamic) mechanisms than static CBF.

3. Futuredirections: Further studies within the Heart-Brain
Connection Consortium will focus on other mechanisms,
underlying the role of compromised hemodynamics on
cognitive impairment, including cardiac output, cerebral

autoregulation, and presence of amyloid deposition.

we estimated TMT-B by multiplying the time needed to complete TMT-
A with the mean B/A index. On the other tests, 0% to 2.7% of the test
scores were missing. All neuropsychological test scores were standard-
ized into z-scores, using the reference participants as reference group.
Subsequently, available test scores were averaged to create the four
cognitive domains. A score for global cognition was constructed by cal-

culating the mean z-score across all cognitive domains.

2.3 | MRl protocol

All brain MRI scans were acquired on Philips Ingenia, Achieva, and
Gemini 3T MRl scanners (Philips, Best, the Netherlands). The standard-
ized MRl protocol included 3D T1-weighted, T2 fluid-attenuated inver-
sion recovery (FLAIR), and susceptibility-weighted imaging (SWI).?
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CBF was measured with pseudo-continuous ASL (pCASL) (multi-slice
2D echo planar imaging [EPI] acquisition with background suppression;
labeling duration = 1800 milliseconds; post-labeling delay = 1800 mil-
liseconds; single shot EPI readout; resolution = 3 x 3 x 7 mm).23 The
perfusion measurements were performed in the same scan session as

the structural sequences.

2.4 | Preprocessing and MRI data analysis

Processing of the brain MRI was performed using two automated
pipelines. For each patient, manual segmentation of infarcts and other
pathologies that potentially affect automatic tissue segmentation was
performed by a neuroradiologist. Subsequently, the annotated infarcts
and pathologies were manually segmented by trained students. In addi-
tion, an automated pipeline (Quantib Brain, Rotterdam, the Nether-
lands) was used to segment white matter hyperintensities (WMH)
based on FLAIR scans. A brain tissue segmentation method was applied
to the 3D T1-weighted images. From these segmentations, volumes
in millilitres (mL) of total brain gray matter (GM), white matter, cere-
brospinal fluid, and WMH were computed.

pCASL data were processed using the automated Iris pipeline
for CBF quantification.2* Quantification of ASL data into CBF maps
was based on a single-compartment model after the subtraction of
labeled images from control images according to the recommended
approach.23 To scale the signal intensities of the subtracted ASL
images to absolute CBF units, a separately acquired proton density-
weighted image (MO) was used. The quantification further included
motion-correction of the raw ASL data2> and additional partial volume
correction (PVC).2¢ CBF was quantified in normal-appearing GM
(NAGM) only. To obtain the NAGM mask for each participant, first a
binary GM segmentation was obtained using SPM (Statistical Paramet-
ric Mapping, London, UK) software. Subsequently, PVC-uncorrected
ASL images of all patients were visually inspected.2®> We excluded
nine patients due to suboptimal quality of the ASL images (ie, motion
artefacts, incomplete ASL-sequence, or labeling errors). In addition,
21 patients were excluded due to ASL images with dominant vascular
artefacts and little tissue perfusion signal. We excluded three extreme
outliers, because their CBF values were more than three standard
deviations from the mean. This resulted in a study sample of 439
patients (124 HF, 75 COD, and 127 possible VCI) and 113 reference
participants. The regions of interest (ROls) were defined using a
multi-atlas approach. This involved the registration of 30 manually
labeled T1W images, each containing 83 ROIs,2728 to the participants’
T1 images. In our analyses we combined these ROIs to obtain mean

CBF values of the frontal, parietal, temporal, and occipital brain lobes.
2.5 | Statistical analysis
PASW Statistics 25.0 for Mac (SPSS Inc., Chicago IL, USA) was used for

all statistical analyses. Analyses of variance (ANOVA) and Pearson y2
tests were performed to compare groups when appropriate.

To investigate the association between CBF and cognitive func-
tioning, we used linear regression analyses with CBF as independent
variable and cognitive domains as dependent variables (separate
models for each cognitive domain). We adjusted for participant group
(using dummy variables), age, sex, education, and center. As the pre-
sumed underlying mechanism of reduced CBF differs fundamentally
among participant groups (ie, reduced CBF is caused by either an
impaired pump function [HF], low blood supply to the brain [COD],
or the proposed result of dysfunction of these components [VCI]),
we subsequently stratified for participant group to investigate the
association between CBF and cognitive functioning per group. For
the linear regression analyses, we chose an alpha of 0.01 to adjust
for multiple comparisons. A power analysis illustrated that based on
two-tailed testing, an alpha of 0.01, and a power of 80%, our sample
size was powered to detect the following effect sizes: 0.11 (refer-
ence participants) to 0.10 (HF-group), 0.16 (COD-group), and 0.09
(VCl-group).

3 | RESULTS

Compared to participants included in the analysis, excluded partici-
pants were older (mean age 70.3 vs 67.2 years, P < 0.001; Table S1 in
supporting information).

Demographics are summarized by participant group in Table 1.
Patients with COD were less often female than patients in the other
participant groups. Patients with HF and possible VCI were older than
those with COD and reference participants. Mean MMSE was lowest in
patients with possible VCIl and COD, compared to patients with HF and
reference participants. Prevalence of vascular risk factors (ie, hyper-
tension, hypercholesterolemia, diabetes mellitus, currently smoking,
and BMI >30) was high among all patient groups. A history of previ-
ous stroke or TIA was most frequent in patients with COD and VCI.
Compared to the other patient groups and reference participants, total
WMH volume was highest and hippocampal volume was lowest in
patients with possible VCI.

An overview of the CBF values by participant group is shown in
Table 2. Whole-brain and regional CBF values were lower in patients
with COD compared to patients with possible VCI, who in turn
had lower CBF values than patients with HF and reference partici-
pants (whole-brain PVC CBF in mL/100 g/min: COD: 47.9 + 10; VCI:
51.2 + 10.8; HF: 53.6 + 11.2 vs reference participants: 56.2 + 11.4).
Example CBF maps of three patients and a reference participant are
provided in Figure 1. The patient with VCI appears to have slightly
reduced CBF compared to the reference participant, mainly in the pos-
terior regions. As clearly seen in the patient with COD, CBF was unilat-
erally reduced as the patient had a left-sided unilateral occlusion of the
carotid.

Table 3 shows the raw neuropsychological data and the z-scores
of all cognitive domains per participant group. As expected, patients
with possible VCI had the lowest scores on almost all neuropsycho-
logical tests compared to patients with HF and COD and reference
participants.
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Reference
participants
Demographics Total (n =439) (h=113)
Age, years 67.2+8.6 65.6+7.1
Women, n (%) 165 (37.6%) 55 (48.7%)
Education’ 52+12 54+11
MMSE 282+21 288+13
CDR, median (IQR) 0(0.5) 0(0)
GDS 21+24 10+13
Systolic BP, mmHg 140.3+19.8 140.8 + 18.7
Diastolic BP, mmHg 79.9 +10.5 81.4+9.6
Vascular risk factors’, n (%) 403 (91.8%) 88 (77.9%)
Hypertension 279 (63.6%) 30(26.5%)
Hypercholesterolemia 278 (63.6%) 33(29.2%)
Diabetes mellitus 61 (13.9%) 2(1.8%)
Currently smoking 72 (16.4%) 7 (6.2%)
BMI >30 90 (20.5%) 18 (15.9%)
History of stroke, n (%) 97 (22.1%) 0
History of TIA, n (%) 102 (23.3%) 6(5.3%)
Left and right hippocampal 3.8+05 3.9+04
volume, mL
Total white matter lesion 1.6 (5.7) 0.6(1.8)

volume in mL, median (IQR)

Possible VCI
HF (n=124) COD (n=75) (n=127)
687+9.9" 65.1+7.5' 683+87"
40(32%)" 20(26.7%)" 50(39.4%)'
50+13 51+1.2 53+12"
286+12 27.8+23" 2744287
0(0)" 0(0.5)" 0.5(0.5)%
22427 25+2.1° 29+27"
133.6+17.2° 149.1+20.4"7 141.2+20.5"
764+9.9° 81.5+11.0' 81.0+10.8'
122 (97.6%)’ 74 (98.7%)° 120 (94.5%)°
100 (80%)° 58 (77.3%)° 92 (72.4%)°
80 (64%)° 69 (92%)" 1 97 (76.4%)"
21(16.8%)° 22(29.3%)"* 16 (12.6%)"
21(16.8%) 19 (25.3%) 25(19.7%)"
31(25%) 21(28%)" 20(15.7%)'
6(4.8%) 38(50.6%)" 1 53(41.7%)"7
11 (8.9%) 56 (74.7%)"7 29 (23%)"7*
38+0.5 3.9+0.5 3.6+0.5™
1.6 (4.0) 0.9 (1.4) 7.5(19.8) "

NOTE: Data are presented as mean+SD or number (percentage). One-way ANOVA or y2 were performed, respectively.

Abbreviations: BMI, body mass index; BP, blood pressure; CDR, Clinical Dementia Rating; COD, carotid occlusive disease; GDS, Geriatric Depression Scale;
HF, heart failure; IQR, interquartile range; LVEF, left ventricular ejection fraction; MMSE, Mini-Mental State Examination; VCI, vascular cognitive impairment.
aLevel of education was classified according to the system of Verhage ranging from 1 to 7 (low to highly educated).

bPresence of vascular risk factors was determined based on self-reported medical history and medication use.

*P < 0.05 compared to reference participants.
P < 0.05 compared to HF.

#P < 0.05 compared to COD.

8P < 0.001 compared to reference participants.
1P < 0.001 compared to HF.

#P < 0.001 compared to COD.

3.1 | Association between CBF and cognitive
functioning

We found hardly any association between whole-brain and regional
PVC CBF values and cognitive functioning (standardized beta [stf] = -
0.01 to 0.10, all P > 0.01, Table 4). When we repeated the analysis
for whole-brain uncorrected CBF values, results remained essentially
unchanged (data not shown). Subsequent stratification for participant
group showed no associations between whole-brain or regional CBF

and cognitive functioning in any of the groups.

4 | DISCUSSION

We found reduced whole-brain and regional CBF values in patients
with COD and possible VCI compared to patients with HF and refer-
ence participants. However, we found no associations between whole-

brain or regional CBF and cognitive functioning in patients with hemo-
dynamic dysfunctioning along the heart-brain axis.

In the Heart-Brain study, we study the patient groups HF, COD, and
possible VCI as exemplar conditions of hemodynamic disorders affect-
ing the heart-brain axis. We investigated the hypothesis that hemody-
namic changes, whether brought on by impaired pump function (HF) or
low blood supply to the brain (COD) are determinants of impaired cog-
nition. In addition, we included patients with possible VCI to assess if in
patients presenting with cognitive complaints and vascular brain injury,
compromised hemodynamics contribute to cognitive impairment. Con-
trary to our expectations, reduced CBF, as measured by ASL, plays a
limited role in cognitive functioning and is not the explanatory factor
underlying cognitive impairment in patients with hemodynamic disor-
ders along the heart-brain axis.

There are a number of possible explanations for the lack of associa-
tion between CBF and cognitive functioning in this study. CBF is influ-
enced by several hemodynamic factors, at all levels of the heart-brain
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TABLE 2 Values of cerebral blood flow

Reference
participants
CBF values Total (n =439) (n=113)
Whole brain CBF’
Uncorrected CBF 41.6+8.0 424+7.8
PVC cortical CBF 52.6+11.2 562+114
Regional PVC cortical CBF’
Frontal 545+113 579+111
Temporal 48.7 +10.7 520+11.8
Parietal 53.9+12.0 57.0+124
Occipital 542+ 130 568 +13.1
Central 51.5+10.3 53.3+10.7

possible VCI
HF (n = 124) COD (n=75) (n=127)
431+8.1 38.8+7.0" 40.9 + 8.4
53.6+11.2 47.9+100" 51.2+10.8"
558+ 11.8 493+ 1057 52.9+10.2"
504+ 9.9 429+ 9.4 47.5+9.5"
553+ 12.4 48.9+10.0" 525+114"
54.6+13.5 517 +12.1 52.9+125
52.7 +10.9 482+97" 51.0+9.1

NOTE: Data are presented as mean + SD. One-way ANOVA or 42 were performed, respectively.
Abbreviations: ANOVA, analysis of variance; CBF, cerebral blood flow; COD, carotid occlusive disease; HF, heart failure; PVC, partial volume corrected; SF,

standard deviation; VCI, vascular cognitive impairment.
aCerebral blood flow (CBF) values in mL/100 g/min.

*P < 0.05 compared to reference participants.

7P < 0.05 compared to HF.

#P < 0.05 compared to COD.

$P < 0.001 compared to reference participants.

1P < 0.001 compared to HF,

#P < 0.001 compared to COD.

axis, ie, the heart, vessels, and the brain. At the level of the heart, subop-
timal cardiac function, impaired cardiac output, and myocardial injury
could affect endothelial function and decrease perfusion pressure and
eventually lead to reduced CBF.2? These diseases are characteristics
of HF, but are also frequently seen in patients with cardio- and cere-
brovascular disease. In addition, reduced systolic left ventricular func-
tioning could decrease perfusion pressure and thus potentially could
lead to reduced CBF.20 At the level of the vessels, a variability or fluc-
tuations in blood pressure have been associated with cognitive decline
and dementia and to structural lesions in the brain.31-32 And finally, at
the level of the brain, CBF is controlled by flow-regulating mechanisms
as cerebral autoregulation and cerebrovascular reactivity, which are
often impaired in patients with dementia.®

An alternative explanation for our lack of associations could be
the choice of methods to assess CBF in our study. ASL has become
an increasingly popular method to measure CBF, because of the non-
invasive nature and the technological benefits over other imaging
modalities (eg, single-photon emission computed tomography). ASL
allows visualization and quantification of CBF and the clinical utility
of ASL has been demonstrated for several implications, such as cere-
brovascular disease (eg, acute and chronic ischemia) and dementia.33
However, a potential problem with ASL in patients with hemodynamic
problems is that the quantification of CBF is hampered due to possi-
ble delayed transit time. Transit time is the time it takes for the mag-
netically labeled arterial blood water to travel from the labeling plane
located several centimeters above the carotid bifurcation to the tis-
sue of interest. Transit time is dependent on several factors such as
age, arterial size, stiffness, presence of vascular risk factors, and car-
diac output. We did not use several delay times to estimate and account

for between-group differences in transit times, as we used the common
(single) delay time of 1.8 seconds, as recommended in the consensus
paper on ASL.23 Based on visual inspection, we excluded patients with
clearly prolonged transit times, but this might have lowered our sensi-
tivity to detect associations between CBF and cognition.

Finally, our study could have been underpowered, despite our rel-
atively large cohort of patients with HF, COD, and possible VCI. In
fact, power analysis suggested sufficient power to demonstrate asso-
ciations within groups. Furthermore, the observed effect sizes are in
line with earlier studies, in which relations between CBF and cognitive
functioning are also generally modest. For example, in a previous study
of CBF and cognitive functioning in memory-clinic patients (ie, patients
with SCD, mild cognitive impairment, and dementia), we found small
effect sizes with standardized betas between 0.05 and 0.18.12 The
Rotterdam Study investigated the association between CBF, using 2D
phase-contrast MRI, and cognitive functioning in cognitively healthy
participants and found no association between total CBF and global
cognition (difference in z-score per SD increase [95% confidence inter-
val], reporting small effect sizes: 0.05 [0.01;0.10]).34

Our study has several strengths, including the achievement of a
standardized ASL protocol aligned in a multicenter setting, across
three different patient groups. We used an extensive, standardized
neuropsychological test battery which allowed us to look at specific
cognitive domains. In addition, we included a large cohort of patients
with three extreme exemplar conditions of hemodynamic dysfunc-
tion of different components of the heart-brain axis. Despite these
strengths, several limitations should be considered. First, we used PVC
CBF maps, which has as a main drawback that there is currently no con-
sensus on which method is best to correct for partial volume effects.3>
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FIGURE 1 Examplesof uncorrected whole-brain CBF maps in participants of the Heart-Brain study. COD = carotid occlusive disease; HF =
heart failure; VCI = vascular cognitive impairment. NOTE: Reference participant: 53-year-old woman, Mini-Mental State Examination [MMSE]: 30,
mean uncorrected cerebral blood flow [CBF]: 54 mL/100 g/minute; patient with HF, 85-year-old female, MMSE: 27, mean uncorrected CBF:

56 mL/100 g/minute; patient with COD, 66-year-old woman, MMSE: 29; mean uncorrected CBF: 42 mL/100 g/minute; patient with possible VCI:

63-year-old man, MMSE: 26, mean uncorrected CBF: 48 mL/100 g/min

However, the analyses with both uncorrected as PVC CBF yielded com-
parable results. Second, we included patients with possible VCI, regard-
less of the severity of cognitive impairment (ie, subjective cognitive
decline to dementia). By contrast, most diagnostic criteria on VCl state
that this construct only applies to patients with MCI or dementia.3¢:37
However, the severity of cognitive impairment does not always corre-
spond to the burden of vascular brain injury. In addition, patients with
cognitive complaints as a result of vascular brain injury may not always
develop cognitive deficits that are severe enough to be classified as
MCI. Also, in research on VCI, interest is shifting to the earlier stage of
SCD. In the reference group, we included spouses of patients but only
on average 20% in all centers. Third, we used large ROls, which may
have obscured subtle regional associations with cognitive functioning.
However, the use of large ROls has the advantage to be more robust.38
Fourth, we cannot exclude selection bias as we had to exclude partici-

pants due to missing ASL or cognitive testing and suboptimal quality

or vascular artefacts on ASL as our excluded participants were older
compared to our study sample. Given our cross-sectional method,
we cannot rule out the possibility of reverse causality. Finally, we
did not adjust for all possible confounders such as cardiac output,
caffeine intake, and effects of (vasoactive) medication. A substantial
number of the participants in the patients group used antihyper-
tensive medication. It is debated whether angiotensin-converting
enzyme (ACE) inhibitors could maintain or increase CBF as studies
in humans are scarce. Studies showed that the use of ACE inhibitors
improved CBF and cerebral vasoreactivity in cognitively healthy older
individuals with hypertension3? and in hypertensive patients with
stroke.40

Future research within the Heart-Brain study will include the devel-
opment of cognitive impairments over time and the longitudinal anal-
yses of the association between CBF and cognitive functioning. In

addition, we will address variability and regulation of CBF as well as
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TABLE 3 Raw neuropsychological test scores per participant group

Reference
participants Possible VCI
Cognitive domains and tests Total (n =439) (n=113) HF (n = 124) COD (n=175) (n=127)
Global cognitive functioning (z-score)’ -04 09 Ref -04 £ 06 -05+07 -0.9 + 1.1"7
Memory (z-score)’ -0.6 + 1.8 Ref -04 + 1.2 -0.6 + 14 -14 + 269
VAT A 111 + 22 11.8 £ 0.6 113 + 1.6 11.3 £ 1.9 10.3 + 32"
RAVLT total immediate 382 + 11.2 419 + 94 38.5 + 10.0 370 + 11.3° 351 + 12.7°
RAVLT delayed 74 + 3.6 8.6 + 3.1 7.7 £ 3.2 72 + 34" 62+ 41"
RAVLT recognition’ 2.3+ 28 15+ 1.6 19 + 2.1 24 + 2.6 34 + 387
Attention/psychomotor speed (z-score)’ -0.5+ 10 Ref —05+0.9" -08 + 1.0° -0.8 + 1.2"
TMT part A, seconds’ 46.0 + 244 38.1 + 15.3 461 + 17.7 492 + 257" 51.1 + 32.9°
LDST 421 + 107 48.3 + 84 42.1 + 10.0° 39.6 + 10.8° 37.9 + 10.9"
Digit span (forward) 84 + 20 8.7+ 20 83+ 19 83+ 22 8.3+ 20
Stroop |, seconds” 529 + 143 482 + 90 521+ 121 564 + 11.8" 55.6 + 19.4°
Stroop I1, seconds’ 70.1 + 19.9 627 + 121 69.6 + 16.2" 762 + 20.6° 737 + 25.7°
Language (z-score)’ -0.3+0.8 Ref —04 + 08" -0.3+0.6 —0.6 + 0.97
VAT naming 11.9 + 0.7 11.9 + 0.7 11.9 + 0.8 12.0 + 0.2 11.8 + 0.8
Animal fluency 225 + 6.4 260 + 5.6 222 + 6.0° 228 + 55" 19.6 + 6.4
Executive functioning (z-score)’ -0.3 + 0.9 Ref —02+08" -0.3+0.8 -06 + 11"
TMT part B, seconds” 118.7 + 77.6 88.1 + 40.6 114.1 + 538" 1292 + 77.7" 144.5 + 107.4"
Digit span (backward) 57 +19 59+ 1.9 58 + 1.9 54+ 1.8 57 + 1.9
Stroop I, seconds” 123.6 + 52.1 103.5 + 28.5 121.0 + 40.3" 131.2 + 425" 140.1 + 74.0"

NOTE: Raw neuropsychological data are presented as mean + SD or number (percentage). z-scores allow comparison of neuropsychological test results
within patients and were calculated using the reference participants as reference group. Univariate analyses of variance were performed with diagnosis as
between-subject factor.

Abbreviations: COD, carotid occlusive disease; HF, heart failure; LDST, Letter Digit Substitution Test; RAVLT, Rey Auditory Verbal Learning Test; SD, standard
deviation; TMT, Trail Making Test; VAT, Visual Association Test; VCI, vascular cognitive impairment.

aHigher z-scores imply better performance on all tests.

bHigher scores imply worse performance.

*P < 0.05 compared to reference participants.

7P < 0.05 compared to HF.

#P < 0.05 compared to COD.

5P < 0.001 compared to reference participants.

1P <0.001 compared to HF.

#P < 0.001 compared to COD.

factors that modulate the impact of hemodynamic changes on the brain
(ie, age, sex, and environmental changes).

In conclusion, we have shown that CBF, as measured by ASL, is
unlikely to be the explanatory factor underlying cognitive impairment
in patients with hemodynamic dysfunction along the heart-brain axis.
The predisposition of cognitive impairment in those patients is likely
to be driven by other (hemodynamic) mechanisms than CBF. In addi-
tion, the interplay with vulnerability factors that modulate the impact
of hemodynamics on the brain, such as the presence of atrial fibrilla-
tion and the presence of co-occurring AD pathology,*142 may play a
role in the development of cognitive impairment. Investigating the role
of hemodynamic and other factors in cognitive impairment is impor-
tant to identify potential new treatment targets and the identification
of patients that are at risk for cognitive decline.
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TABLE 4 Linear regression models for the association among PVC, CBF, and cognitive domains

Total
Region Cognitive domain (n=439)
Whole-brain Global cognitive functioning 0.04
Memory 0.03
Attention /psychomotor speed 0.01
Language 0.05
Executive functioning 0.04
Frontal lobe Global cognitive functioning 0.05
Memory 0.01
Attention /psychomotor speed 0.03
Language 0.09
Executive functioning 0.06
Temporal lobe Global cognitive functioning 0.06
Memory 0.05
Attention /psychomotor speed 0.01
Language 0.09
Executive functioning 0.04
Parietal lobe Global cognitive functioning 0.07
Memory 0.04
Attention /psychomotor speed 0.04
Language 0.10
Executive functioning 0.05
Occipital lobe Global cognitive functioning 0.04
Memory 0.00
Attention /psychomotor speed 0.07
Language 0.06
Executive functioning 0.03
Central lobe Global cognitive functioning 0.01
Memory -0.01
Attention/psychomotor speed 0.00
Language 0.03
Executive functioning 0.03
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Reference Possible
participants HF COD VCI
(n=113) (n=124) (n=75) (n=127)
0.03 -0.05 0.03 0.10
-0.04 -0.08 0.07 0.06
0.03 -0.07 0.08 0.04
-0.04 0.03 0.04 0.15
0.14 -0.01 -0.17 0.10
0.08 -0.05 0.07 0.08
0.06 -0.11 0.09 0.00
-0.01 -0.05 0.12 0.07
0.10 0.03 0.07 0.12
0.06 0.03 -0.12 0.17
0.03 -0.04 -0.02 0.15
-0.08 -0.04 0.00 0.12
0.04 -0.09 0.03 0.05
0.04 0.06 -0.01 0.22
0.10 -0.02 -0.12 0.11
0.08 -0.05 0.05 0.13
0.08 -0.11 0.08 0.05
-0.02 -0.04 0.12 0.10
0.08 0.03 0.11 0.17
0.07 0.01 -0.19 0.15
0.02 -0.12 0.06 0.12
-0.05 -0.18 0.07 0.04
0.04 -0.04 0.13 0.13
0.02 -0.02 0.06 0.16
0.07 -0.06 -0.13 0.12
—-0.05 -0.07 0.05 0.03
-0.11 -0.13 0.14 -0.03
-0.02 -0.02 0.03 0.01
-0.02 -0.02 0.03 0.09
0.02 0.03 -0.12 0.09

NOTE: Linear regression analyses with data represented as standardized beta (stf). We performed linear regression analyses with CBF as independent vari-
able and cognitive domains as dependent variable. Cognition is expressed as a (composite) z-score. We corrected for participant group (using dummy vari-
ables), age, sex, education, and center. Subsequently, we stratified for participant group. We used an alpha of 0.01.

Abbreviations: CBF, cerebral blood flow; COD, carotid occlusive disease; HF, heart failure; PVC, partial volume corrected; VCI, vascular cognitive impairment.
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