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Abstract.
Background: Patients with coronary artery disease have an increased risk for developing vascular cognitive impairment.
Endothelial function is often diminished and has been associated with lower cognitive performance in these patients. The
link between endothelial function and cognition in coronary artery disease is not fully understood. Angiogenesis may play a
role in mediating the association between endothelial function and cognition since angiogenic processes rely heavily on the
endothelium.
Objective: The aim of this study was to determine if markers of angiogenesis mediate the relationship between endothelial
function and cognition in coronary artery disease patients.
Methods: In 50 participants with coronary artery disease, endothelial function was assessed using peripheral arterial tonome-
try. Vascular endothelial growth factor (pro-angiogenic) and endostatin (anti-angiogenic) were measured in peripheral serum
samples. Cognition was assessed using the Montreal Cognitive Assessment. A mediation analysis, using a bias corrected
inferential bootstrapping method with 10,000 permutations, was used to determine if vascular endothelial growth factor
or endostatin mediated an association between peripheral arterial tonometry measures and cognitive performance on the
Montreal Cognitive Assessment.
Results: Endostatin, but not vascular endothelial growth factor, mediated a relationship between endothelial function and
cognitive performance when controlling for total years of education, body mass index, coronary artery bypass graft, stent,
diabetes, and diuretic use. This analysis was also significant when delayed recall was substituted for the overall score on the
Montreal Cognitive Assessment.
Conclusion: These results suggest that endostatin mediates an association between endothelial function and cognitive
performance in coronary artery disease.

Keywords: Cognition, cognitive dysfunction, coronary artery disease, endothelium, endostatin, vascular endothelial growth
factor

∗Correspondence to: Krista L. Lanctôt, Sunnybrook Health Sci-
ences Centre, 2075 Bayview Avenue, Room: FG08, Toronto,

ON M4N 3M5, Canada. Tel.: +1 416 480 6100; E-mail:
krista.lanctot@sunnybrook.ca.

ISSN 1387-2877/20/$35.00 © 2020 – IOS Press and the authors. All rights reserved
This article is published online with Open Access and distributed under the terms of the Creative Commons Attribution Non-Commercial License (CC BY-NC 4.0).

mailto:krista.lanctot@sunnybrook.ca


602 C. Isaacs-Trepanier et al. / Endothelial Function, Endostatin, and Cognition

INTRODUCTION

Coronary artery disease (CAD), a major cause
of cardiovascular disease worldwide [1], is strongly
associated with vascular cognitive impairment (VCI);
prospective studies indicate that those with CAD have
a 45% greater risk of developing cognitive deficits
[2]. Many risk factors for CAD overlap with those for
cognitive impairment: hypertension, hyperlipidemia,
increased body mass index (BMI), smoking, and
hyperglycemia [3]. Therefore, the CAD population
is an at-risk group for developing VCI, and cogni-
tive impairment in CAD can also lead to functional
deficits and mortality [4, 5]. Cognitive performance
in CAD patients is associated with the cerebrovascu-
lar alterations in patients with VCI, including white
matter hyperintensities and signs of cerebral hypop-
erfusion [6–10].

Sufficient tissue perfusion depends highly on the
vascular endothelium, which is a monolayer of
cells within the vasculature that is responsible for
regulating vascular tone and vascular homeostasis.
Both CAD and VCI are associated with endothe-
lial dysfunction, which is characterized by impaired
nitric oxide mediated vascular tone [11–14]. Further,
endothelial dysfunction is linked to cerebrovascular
damage and cognitive deficits [13, 15, 16], which pro-
vides rationale for a mechanistic association between
CAD and VCI. Importantly, impaired endothelial
function plays a critical role in the impairment
of angiogenic processes that results in microvas-
cular rarefaction, which has been linked to tissue
hypoperfusion [17, 18]. It has been demonstrated
that impaired Wnt signaling (an important glyco-
protein responsible for regulating several cellular
processes) can lead to endothelial dysfunction, which
then results in impaired angiogenesis and altered
expression of angiogenesis markers [19]. This pro-
vides rationale that endothelial dysfunction precedes
impaired angiogenesis. While impairment in angio-
genic processes has been associated with poorer
cognitive performance in mild cognitive impairment
and Alzheimer’s disease [20, 21], most of the evi-
dence to suggest the role of angiogenesis in VCI has
been established through animal models [22, 23].
Nonetheless, impairments in angiogenesis may be
critical in VCI given the vascular etiology of these
diseases. Additionally, more studies are required to
establish a link between endothelial dysfunction,
angiogenesis, and cognition in at risk populations for
VCI to further our understanding of the underlying
mechanisms that may contribute to cognitive decline.

Since it has been suggested that peripheral markers
of endothelial function and angiogenesis reflect cere-
brovascular alterations and cognitive performance,
this study aimed to assess the link between periph-
eral endothelial function, markers of angiogenesis,
and overall cognitive performance in a CAD pop-
ulation. It is hypothesized that angiogenesis will
mediate the relationship between endothelial func-
tion and cognition given that impaired angiogenesis
is a likely result of poorer endothelial function and a
contributor to brain hypoperfusion, which is highly
associated with cognitive decline. Furthermore, stud-
ies have indicated that angiogenic promoters and
inhibitors are differentially affected in CAD and
each respond differently to aerobic exercise [24, 25],
an intervention known to have a positive impact
on cognition in CAD patients [26, 27]. Therefore,
this study aimed to investigate both pro- and anti-
angiogenic markers to determine how each signal
mediates the relationship between endothelial func-
tion and cognition. Additionally, altered angiogenesis
markers have been shown to increase apoptotic
signaling and decrease endothelial cell prolifera-
tion in diabetes [28]. Therefore, this study will
also investigate endothelial function as a mediator
between levels of angiogenesis markers and cognitive
performance.

METHODS

Participants

This study was approved by the research ethics
boards at Sunnybrook Health Sciences Centre and
the Toronto Rehabilitation Institute at the University
Health Network, where participants were recruited
before entry into a cardiac rehabilitation program.
All participants provided written informed consent
before enrolling into the study. All participants had
CAD, which was defined as having one or more of
the following: myocardial infarction, angiographic
evidence showing ≥50% blockage in at least one
major coronary artery, percutaneous coronary inter-
vention, or coronary artery bypass graft surgery
(CABG). Participants were excluded based on previ-
ously diagnosed neurodegenerative illness including
all-cause dementia, active cancer, surgery planned
within 12 months, schizophrenia, bipolar affective
disorder, and substance use disorder. Participants
with standardized Mini-Mental Status Examination
of 24 or less were excluded because significant cog-
nitive impairment would preclude participants from
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participating in the cardiac rehabilitation program
independently and from completing the cognitive
testing.

Demographic and clinical characteristics, as well
as a detailed medical history for eligible participants
who provided written informed consent, were col-
lected from patient interviews. Cardiac diagnoses,
concomitant medications, vascular risk factors, and
anthropometrics were obtained from patient charts at
the Toronto Rehabilitation Institute. BMI was calcu-
lated per standard definition [kg/m2].

Endothelial function

Peripheral arterial tonometry (PAT) (EndoPAT; Ita-
mar Medical, Israel) of the index digits was used to
assess endothelial function. Participants fasted for
12 h before measurements were taken in a dimly
lit temperature-controlled room. Participants were
placed in a supine position and the EndoPAT probes
were placed on the index digits of both hands. The
digital pulse amplitude was measured until it was
stable, then for an additional 5 min (pre-occlusion).
Using a blood pressure cuff on the non-dominant
arm, the brachial artery was occluded by increas-
ing the cuff pressure to 60 mm Hg above systolic
blood pressure for 5 min (the absolute pressure was
no less than 200 mm Hg and no more than 300 mm
Hg). The pressure in the cuff was then released and
the digital pulse amplitude was recorded for an addi-
tional 5 min (post-occlusion) during hyperemia. The
responsiveness of the microvasculature to hyperemia
is indicative of endothelial function and is expressed
using the reactive hyperemia index (RHI). The RHI
is calculated as the post- to pre-occlusion ratio of the
digital pulse amplitude in the occluded arm divided
by the same ratio in the non-occluded arm, corrected
for baseline vascular tone. Increased RHI is indica-
tive of better endothelial function. The non-occluded
arm acts as an internal control for non-endothelial
dependent alterations (i.e., systemic changes) in the
digital pulse amplitude.

The Endo-PAT2000 is approved for assessing
endothelial function by USA Food and Drug Admin-
istration [29, 30]. This device has an 82% sensitivity
and 77% specificity for diagnosing coronary artery
endothelial dysfunction when compared to the gold
standard of assessing endothelial function, the intra-
coronary acetylcholine challenge method [30]. The
RHI obtained from PAT has been shown to signifi-
cantly correlate with the cerebral endothelial function

measured using cerebrovascular reactivity to 7%
CO2 [31]. PAT has been significantly correlated
with other measures of peripheral endothelial func-
tion such as flow mediated dilation (FMD) [32].
However, PAT has the advantage of feasibility and
cost-effectiveness, whereas FMD requires a costly
ultrasound device and a trained technician to operate
the device. Additionally, PAT has the advantage of an
internal control for correction of systemic changes
that FMD cannot control for.

Angiogenesis markers

Fasting blood samples were drawn from the
median cubital vein using venipuncture and stored
in a serum separator tube. After clotting for 30 min,
samples were centrifuged at 1000×g for 15 min and
serum was extracted and stored at –80◦C for batch
analysis. The Human Endostatin Quantikine® ELISA
Kit (DNST0) from R&D Systems (Minneapolis, MN,
USA) was used to measure the serum endostatin
concentration. Samples were diluted using a 50-fold
dilution factor (20 �L of serum +980 �L of diluent)
as per the manufacturer’s requirements. The Human
VEGF Quantikine® Kit (DVE00) from R & D Sys-
tems was used to measure serum vascular endothelial
growth factor (VEGF) concentrations. For both kits,
samples were analyzed in duplicates or triplicates
using a standard microplate reader (BioTek Syn-
ergy Neo2 microplate reader; Winooski, VT, USA)
at 450 nm corrected to 540 nm. The standard manu-
facturer’s protocol was followed for both assays.

Cognitive testing

The Montreal Cognitive Assessment (MoCA) was
administered as an assessment of global cognition.
The MoCA is recommended by the National Insti-
tute of Neurological Disorders and Stroke-Canadian
Stroke Network to assess global cognition for the
investigation of VCI [33]. Each section of the MoCA
measures a different cognitive domain and the scores
are summed to get a score of global cognition out
of 30. The MoCA tests for short-term memory,
visuospatial abilities, executive function, attention,
concentration, working memory, language, and ori-
entation to time and space. Cognitive testing was
administered by a trained researcher at a standard-
ized time of 09 : 30 and participants refrained from
consuming caffeine-containing products for at least
4 h prior to testing.
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Statistics

Continuous variables were summarized as means
and standard deviations (SD). Categorical variables
were expressed as percentages. Participant character-
istics were compared using Pearson’s correlation for
continuous variables and independent sample t-test
for categorical variables. Significance for Pearson’s
correlations and t-tests were set a p < 0.05.

Reliability estimates for serum VEGF and endo-
statin concentrations were calculated using the
coefficient of variation (CV%) between replicates
and an average CV% was obtained. A CV% equal
or lower to the CV% published by the manufac-
turer was considered appropriate. RHI, angiogenesis,
and MoCA data were assessed using a frequency
plot and data ware transformed for normality as
required. Mediation effects between RHI, angiogen-
esis markers, and MoCA scores were tested using the
PROCESS macro (version 3.4) for SPSS. We hypoth-
esized an indirect effect of RHI on MoCA scores
that is mediated by concentrations of the angiogen-
esis markers (calculated as the product of the linear
regression coefficients a×b) [34]. A bias corrected
inferential bootstrapping method with 10,000 permu-
tations was used to obtain a 95% confidence interval
(CI) for the indirect effect, which offers superior con-
trol of type I error compared to other methods such as
the Soble test and Barron and Kenny test [35]. A sig-
nificant indirect effect is one where the 95% bootstrap
CI does not cross 0. The model controlled for total
years of education, which has been well documented
as an independent predictor of cognitive performance
[36, 37]. Post-hoc models controlled for potential
confounders that were identified in univariate anal-
yses. To test for possible reciprocal effects between
endothelial function and angiogenesis markers, the
indirect effect of angiogenesis markers on MoCA
scores mediated by RHI was tested using the same
methods described above.

RESULTS

Participant characteristics

Table 1 summarizes the characteristics for the
50 participants who were assessed for endothelial
function, endostatin and VEGF serum levels, and
who completed the MoCA. The mean BMI was in
the overweight range of >25 kg/m2. The mean RHI
(1.8) indicated normal endothelial function (greater
than 1.67). The RHI values ranged from 0.86–3.92

(Table 1) and 43% of participants had an RHI below
1.67. Both serum endostatin and VEGF concen-
trations were comparable to the levels found in
other studies on CAD [38, 39]. The mean MoCA
scores (25.8) indicated that this population was on
average slightly below the cutoff for cognitive impair-
ment (<26). The MoCA scores ranged from 19–30
(Table 1), and 40% of participants had a score below
26. The CV% for endostatin was 4.2% (manufacturer
CV% = 5.9%), and the CV% for VEGF was 4.0%
(manufacturer CV%v= 4.5%).

Mediation effect of angiogenesis markers
between endothelial function and cognitive
scores

In a mediation model controlling for total years
of education, endostatin levels mediated a signifi-
cant indirect association between RHI and MoCA
scores (0.66, 95% CI [0.11, 1.135]; Fig. 1). The
indirect association remained significant in post-hoc
analyses controlling for CABG, stent, diabetes, BMI,
or diuretic use (Table 2). The indirect association
was not significant when controlling for VO2peak
(Table 2). An indirect association of RHI on MoCA
scores mediated by VEGF concentrations was not sig-
nificant (0.07, 95% CI [–0.73, 0.65]). Finally, there
was no significant interaction effect between RHI and
endostatin concentrations on MoCA scores (F = 0.99,
p = 0.33).

Mediation effect of endothelial function between
angiogenesis markers and cognitive scores

RHI did not mediate an association between serum
endostatin levels and MoCA scores (1.21 95% CI
[–1.88, 4.12]). Additionally, RHI did not mediate an
association between serum VEGF levels and MoCA
scores (0.02, 95% CI [–0.12, 1.29]).

Mediation effects of angiogenesis markers
between endothelial function and sub-sections of
the MoCA

Additional mediation analyses demonstrated that
endostatin concentrations mediated an indirect asso-
ciation between RHI and delayed recall scores on the
MoCA (0.59, 95% CI [0.19, 1.22]; Table 3) when
controlling for total years of education. The indirect
association with delayed recall remained significant
when controlling for CABG (0.56, 95% CI [0.12,
1.26]), stent (0.49, 95% CI [0.10, 1.09]), diabetes



C. Isaacs-Trepanier et al. / Endothelial Function, Endostatin, and Cognition 605

Table 1
Participant characteristics and their correlation to the analysis variables

Characteristic1 Mean (SD) RHI Endostatin VEGF MoCA
or n (%) r, p or t, p r, p or t, p r, p or t, p r, p or t, p

Sociodemographic
Age 64 (6.6) 0.139, 0.277 0.238, 0.096 –0.024, 0.868 –0.242, 0.090
Sex, male 43 (86%) –1.006, 0.320 0.043, 0.966 1.296, 0.201 1.999, 0.051
Ethnicity, Caucasian 43 (86%) –0.657, 0.514 –0.376, 0.709 0.676, 0.503 –1.507, 0.138
Marital status, married 36 (72%) –0.423, 0.674 1.254, 0.261 –0.546, 0.587 0.143, 0.887
Years of education 16 (3) –0.112, 0.383 –0.195, 0.174 0.132, 0.361 0.337, 0.019*
Smoking history, smoked 30 (60%) 2.040, 0.047* –1.722, 0.092 –0.319, 0.751 0.232, 0.817

Body composition
Body mass index, kg/m2 29 (5.5) –0.098, 0.443 0.333, 0.018* 0.062, 0.667 –0.135, 0.348
Waist circumference, cm 99.6 (14.4) –0.059, 0.645 0.264, 0.063 0.099, 0.494 –0.016, 0.914

Cardiac history
Myocardial infarction 26 (52%) 0.199, 0.843 1.325, 0.191 –0.928, 0.358 0.398, 0.692
Coronary artery bypass graft 12 (24%) 0.531, 0.598 –2.617, 0.012* 0.411, 0.683 –0.598, 0.553
Stent 35 (70%) –0.775, 0.442 2.054, 0.045* –1.329, 0.190 –1.697, 0.096

Comorbidities
Hypertension 46 (92%) 0.636, 0.528 0.043, 0.966 1.235, 0.223 0.313, 0.756
Diabetes 11 (22%) 1.655, 0.105 –2.522, 0.015* –0.159, 0.875 0.657, 0.514
Depression 9 (18%) 1.006, 0.319 0.826, 0.413 –1.399, 0.168 0.345, 0.731

Cardiopulmonary fitness
VO2peak, ml/kg/min 19.9 (5.8) 0.108, 0.403 –0.337, 0.018* 0.183, 0.209 0.362, 0.011*

Medication
B-adrenergic receptor blockers 40 (80%) –0.522, 0.604 1.396, 0.169 –0.444, 0.659 –0.181, 0.857
Calcium channel blockers 7 (14%) 1.300, 0.200 0.320, 0.750 1.171, 0.247 –1.872, 0.067
Diuretics 7 (14%) –0.689, 0.516 –0.318, 0.752 –0.271, 0.787 2.519, 0.015*
Angiotensin-converting enzyme inhibitors 30 (60%) –0.586, 0.561 0.694, 0.419 –0.822, 0.415 0.244, 0.808
Platelet inhibitors 49 (98%) 0.075, 0.942 –0.504, 0.616 –1.135, 0.262 –0.683, 0.498

Analysis variables2

Reactive hyperemia index 1.8 (0.5) [0.86–3.28] - –0.297, 0.038* –0.066, 0.654 –0.025, 0.861
Endostatin, ng/ml 157.2 (33.2) –0.297, 0.038* - 0.060, 0.678 –0.352, 0.012*
VEGF, pg/mL 276.2 (152.8) –0.066, 0.654 0.060, 0.678 - –0.197, 0.170
MoCA 25.8 (2.7) [19–30] –0.025, 0.861 –0.352, 0.012* –0.197, 0.170 -

1Continuous variables were expressed as means ± SD and Pearson’s correlation (r) was used to assess their relationship to the mediators
and outcome variable. Categorical variables are expressed as n (%) and an unpaired t-test was used to assess their relationship to analysis
variables. Significant (*) analyses are those where p < 0.05. t = test statistic for the t-test. 2Values in square brackets represent the range of
values for reactive hyperemia index (RHI) and the Montreal Cognitive Assessment (MoCA). VEGF = vascular endothelial growth factor.

(0.45, 95% CI [0.01, 1.12]), BMI (0.53, 95% CI [0.09,
1.18]), diuretic use (0.57, 95% CI [0.20, 1.3]), and
VO2peak (0.45, 95% CI [0.08, 1.00]). The indirect
association was not significant between RHI and sub-
sections of the MoCA when VEGF was used as the
mediating variable (data not shown).

DISCUSSION

The contributions of vascular diseases to cognitive
deterioration has emerged as an important avenue of
investigation to understand, prevent, slow, and reverse
declines in cognitive function. Diminished endothe-
lial function has been associated with the degree of
cognitive impairment and cerebrovascular patholo-

gies in Alzheimer’s disease and mild cognitive
impairment [20, 40]. In elderly populations with car-
diovascular diseases, endothelial function has been
associated with white matter hyperintensity volume,
which has been associated with impaired cogni-
tive processes [15]. Additionally, greater endothelial
dysfunction correlated with higher white matter
hyperintensity volume, greater prevalence of silent
infarcts, and lower total cerebral brain volume in indi-
viduals with vascular dementia-type brain aging [41].
In addition to its role in regulating vascular tone, the
endothelium also plays a major role in angiogenesis.
Nonetheless, no studies have investigated angiogen-
esis as a potential contributor to the mechanistic link
between endothelial function and cognition in CAD.
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Fig. 1. A mediation pathway between endothelial function (RHI),
endostatin (log transformed), and cognitive performance (MoCA
scores) in a CAD population. Total years of education was
used a priori as a covariate. a = regression coefficient between
RHI and LogEndostatin (±standard error), b = regression coef-
ficient between LogEndostatin and MoCA (±standard error),
a × b = indirect effect, c’ = c–a × b where c is the regression coeffi-
cient between RHI and MoCA, CI = 95% bias corrected bootstrap
(10,000 permutations) confidence interval for the indirect effect.
Significant path coefficient at p < 0.05, significant indirect effect
when the CI does not cross 0.

Table 2
Mediation results between RHI, LogEndostatin, and MoCA with

different covariates

Covariate1 a, p b, p a×b [95% CI]

CABG –0.05, 0.05* –15.5, 0.001* 0.79 [0.16, 1.73]*
Stent –0.05, 0.06 –11.4, 0.02* 0.57 [0.06, 1.32]*
Diabetes –0.04, 0.12 –12.88, 0.008* 0.54 [0.02, 1.29]*
BMI –0.05, 0.06 –12.6, 0.01* 0.61 [0.04, 1.40]*
Diuretics –0.06, 0.04* –11.63, 0.008* 0.69 [0.18, 1.60]*
VO2peak –0.05, 0.06 –9.9, 0.04* 0.49 [–0.03, 1.16]
1Each covariate was run separately. A significant p is < 0.05 and a
significant 95% CI does not cross 0.

The current study shows that decreases in endothelial
function in CAD may contribute to decreased cogni-
tive performance through increased concentrations of
the anti-angiogenic factor endostatin.

Specifically, endostatin mediated the relationship
between endothelial function and delayed recall. This
may indicate that delayed recall is one of the first
cognitive function to be affected by cardiovascu-
lar damage. One study demonstrated that patients
with CAD were most impaired in verbal memory
compared to controls [42]. Further, neuroimaging
studies have shown that white matter hyperintensi-
ties and deteriorations in microstructural integrity in
the frontal-subcortical white matter tracks affected
verbal memory tasks [43, 44]. In those with mild
VCI, alterations in the frontal-subcortical white-
matter were associated with worse performance on
the MoCA; interestingly, they also performed worse
on the delayed recall task compared to controls [45].
There is also promising evidence to indicate that ver-
bal memory can be improved in CAD patients, which

suggests that early intervention may be able to delay
the progression of cognitive decline. In one study,
CAD patients showed improvements in verbal mem-
ory after completing a 1-year cardiac rehabilitation
program that involved regular exercise sessions [26],
which is known to improve endothelial function and
alter markers of angiogenesis. Therefore, endothelial
function and angiogenesis may be good targets for
improving cognitive deficits, such as impaired verbal
memory, in patients with CAD.

The current study also found that VEGF did
not act as a mediator between endothelial function
and cognitive test performance while endostatin did
mediate the indirect association. One may expect
to see an inverse association between VEGF and
endostatin, and potentially opposite results for the
mediation, given the antagonistic functions of VEGF
and endostatin. However, endostatin mainly acts as
a VEGF antagonist by binding VEGF receptors, not
by altering levels of VEGF [46]. Furthermore, the
current finding may indicate that changes in endothe-
lial function in this population of CAD patients
led to specific alterations in markers of angiogene-
sis. One study showed that there was no difference
in plasma VEGF between CAD patients and con-
trols [24]. While one study disagrees [47], it has
also been shown that VEGF levels do not correlate
with endothelial function in CAD populations [38].
Thereby, increases in VEGF might be facilitated in a
non-endothelial dependent manner in CAD. In con-
trast, increased serum endostatin levels are found
in several cardiovascular associated diseases includ-
ing CAD, heart failure, diabetes, and hypertension
[48]. Specific to CAD, serum endostatin has been
shown to be significantly elevated in CAD versus
healthy controls, and greater levels of serum endo-
statin in CAD patients is significantly associated with
poorer collateralization, increased disease severity,
and a greater risk for future cardiovascular events
[39, 49–52]. Additionally, impairment in endothe-
lial function is significantly associated with increased
serum endostatin levels in those with cardiovascu-
lar risk factors, such as hypertension [53]. Therefore,
endostatin may play a more pronounced role, com-
pared to VEGF, in impaired angiogenic processes as
a result of endothelial dysfunction in CAD. Addi-
tionally, there may be a molecular mechanism that
helps to explain the connection between endothelial
dysfunction and endostatin concentrations in CAD.
Cathepsin L is one endothelial derived protease that is
responsible for the cleavage of endostatin from colla-
gen XVIII [54]. Increased cathepsin L has been linked



C. Isaacs-Trepanier et al. / Endothelial Function, Endostatin, and Cognition 607

Table 3
Mediation analysis between RHI, LogEndostatin, and sub-sections of the MoCA

Sub-section1 Average a, p b, p a×b [95% CI]
score

Visuospatial 4.62/5 –0.05, 0.04* –0.26, 0.80 0.01 [–0.12, 0.14]
Naming 2.86/3 –0.05, 0.04* –1.26, 0.07 0.07 [–0.02, 0.26]
Attention 5.66/6 –0.05, 0.04* –0.38, 0.77 0.02 [–0.12, 0.15]
Language 2.16/3 –0.05, 0.04* –1.20, 0.44 0.07 [–0.11, 0.23]
Abstraction 1.80/2 –0.05, 0.04* –0.44, 0.61 0.02 [–0.08, 0.14]
Delayed recall 2.68/5 –0.05, 0.04* –10.58, 0.0002* 0.59 [0.19, 1.22]*
Orientation 5.9/6 –0.05, 0.04* –5.00, 0.36 0.28 [–0.39, 1.32]
1 Total years of education was chosen as a covariate a priori. Average scores are out of the highest possible
score achievable for the given sub-section. Significant p < 0.05 and a significant 95% CI does not cross 0.

to endothelial dysfunction and anti-angiogenesis [55,
56]. Interestingly, it has been documented that those
with cardiovascular disease, particularly atheroscle-
rotic plaques, can have increased levels of cathepsin
L and endostatin [54, 57]. Therefore, endothelial dys-
function may be linked to endostatin levels via over
expression of cathepsin L in CAD. This may help
to explain why changes in endothelial function were
related specifically to endostatin concentrations in
this CAD population.

This study has potential limitations. First, only a
small sample was available to conduct the media-
tion analysis. Therefore, these results may not reflect
a true expression of the indirect association between
EndoPAT and MoCA scores through peripheral endo-
statin levels. However, this study employed a bias
corrected bootstrapping method, which is robust to
variations from normality in distribution and offers
greater control of type I error compared to the
Sobel test and Baron and Kenny method [35, 58].
Nonetheless, future studies should replicate these
analyses using a larger sample size. Additionally, the
cross-sectional nature of this study limits any causal
inferences and it does not provide insight into the lon-
gitudinal association between endothelial function,
angiogenic markers, and cognitive performance in
CAD [59]. Therefore, this study cannot demonstrate
the role that angiogenic markers play in mediation
as the disease progresses or over the course of a
treatment strategy, such as exercise therapy. For this
reason, future studies should replicate these analy-
ses using longitudinal data. Furthermore, there was
no significant direct relationship between RHI and
MoCA scores (the c’ path). While the traditional
approach to mediation proposed by Baron and Kenny
necessitate a significant c’ path [35], more recent
research suggests that this requirement is overly
restrictive and unnecessary for mediation analyses
[60–62]. In the same context, the c’ path showed an

insignificant negative association between RHI and
MoCA. Since c’=c – ab, the c’ path may very well be
a negative association if the indirect path (ab) is larger
than the total effect (c path). Further work, especially
using longitudinal data, should be done to clarify the
direct association between RHI and MoCA. Another
potential limitation is the larger representation of
males in this population (86%). While this is typi-
cal of the cardiac rehabilitation population [13], it
precluded analysis of sex differences in the medi-
ating effect of angiogenesis markers. Though sex
was not associated with the MoCA in our univariate
analysis, it has been shown to independently predict
MoCA scores [63] and should be addressed in future
studies with larger samples of females. Additionally,
EndoPAT and serum endostatin are indirect mea-
sures of cerebral endothelial function and cerebral
levels of angiogenic markers, respectively. Therefore,
it is possible that EndoPAT does not reflect cerebral
endothelial function and serum endostatin does not
reflect cerebral levels of endostatin. However, it has
been shown in populations with cardiovascular risk
factors (hypertension and/or diabetes) that PAT corre-
lates with cerebral endothelial function measured via
cerebrovascular reactivity to CO2 [31, 64]. Further,
decreased peripheral endothelial function has been
associated with an increased risk of cerebrovascu-
lar events [65], which may indicate that peripheral
markers of endothelial function give insights into
cerebrovascular health. As for serum endostatin,
postmortem analyses of Alzheimer’s disease brains
with evidence of cerebrovascular pathology showed
increased deposits of cerebral endostatin compared
to healthy control brains [66]. Additionally, a rab-
bit model of cerebral ischemia showed that there
were increases in cerebrovascular endostatin levels
after induced ischemia [67]. Furthermore, peripheral
injection of endostatin in mice results in reduction
of choroidal vascularization [68]. Although these are
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animal models, they demonstrate that endostatin may
play a role in cerebrovascular pathologies of cognitive
impairment and that peripheral endostatin can alter
cerebral angiogenesis. Lastly, the sub-sections of the
MoCA may not be sensitive enough to detect minor
changes in specific cognitive domains that would
be expected in a CAD population who is at risk of
cognitive decline. The total score (global cognition)
for the MoCA has a sensitivity of 96.3% for detect-
ing mild cognitive impairment when patients scored
below 26 [69]. While there are no studies explor-
ing the sensitivity of each domain on the MoCA in
CAD, delayed recall was the second most sensitive
sub-section (visuospatial was first) for detection of
impairment in a Parkinson’s disease population [70].
Future studies should utilize more domain-specific
neuropsychological tests to investigate the mediation
effect. Two appropriate tests might include Trails B
for executive function and processing speed and the
California Verbal Learning Test for delayed recall,
both of which assess domains that might be affected in
patients with mild VCI and CAD [13, 26, 27, 71–74].

In conclusion, peripheral endostatin levels may
mediate a relationship between endothelial function
and cognitive performance in a population at risk of
developing VCI. This mediation effect may indicate
the involvement of a specific anti-angiogenic process
because a similar mediation effect was not detected
using a pro-angiogenic marker. Lastly, endostatin
may particularly mediate a relationship between
endothelial function and memory performance. Since
exercise therapy has had cognitive benefits in those at
risk of VCI due to CAD, but has not shown positive
results for some [27], further studies might examine
whether endostatin changes in response to exercise
might explain variability in cognitive benefits.
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