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Abstract  

Background and Purpose: Cardiovascular disease (CVD) encompasses a range of disorders that affect 

health and functioning in older adults. While cognitive declines have been linked to both 

cardiovascular and cerebral blood perfusion, protective neurovascular mechanisms raise the question 

whether cerebrovascular perfusion differs as a function of cardiovascular health status. The present 

study examined whether cerebrovascular perfusion significantly differs between healthy older adults 

with and without diagnosed CVD. The study also examined whether previously documented sex 

differences in cerebral perfusion would be replicated.  

Methods: Twenty CVD patients without significant heart failure and 39 healthy controls were 

recruited to undergo a comprehensive assessment including an interview, echocardiogram, and 

magnetic resonance imaging (MRI). Arterial spin labeling (ASL) was used to quantify cerebral blood 

perfusion.  

Results: Both groups exhibited mean left ventricular ejection fractions that fell within normal limits. 

In line with previous research, women exhibited significantly higher cerebral perfusion than men. 

There were no significant group differences in whole brain cerebrovascular perfusion, regional 

perfusion, or white matter perfusion by patient status after accounting for sex and age.  

Conclusions: These findings suggest that the effects of mild CVD on cerebrovascular perfusion are 

minimal.  Future studies are needed to investigate the mechanisms involved in maintaining 

cerebrovascular perfusion in the context of altered peripheral perfusion determine and to determine 

whether this finding extends to more acute or severe CVD.   
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Introduction 

Cardiovascular disease (CVD) includes a range of disorders of the circulatory system, from 

hypertension to heart failure, that have been linked to adverse effects on other functional systems such 

as cognitive function.
1
 CVD diagnoses have also been associated with mild cognitive impairment in 

domains such as memory, executive function, attention, and psychomotor speed, as well as 

dementia.
2-4,36

 

One possible mechanism for the effect of CVD on cognitive function is cerebral 

hypoperfusion. Prior literature supports the notion that problems with peripheral perfusion may affect 

cerebral perfusion and, in turn, impact cognition. For instance, Efimova, Efimova, Triss, and 

Lishmanov
5
 investigated cerebral perfusion in patients with arterial hypertension and found that it was 

significantly lower among these patients compared to a control group. Decreases in cerebral 

perfusion, alone, have also been linked to cognitive declines. For example, Kitagawa and colleagues
6
 

found that cerebral hypoperfusion was associated with cognitive decline on the Mini Mental State 

Exam (MMSE). Alosco and team
7
 found that reduced total cerebral perfusion was correlated with 

decreased performance on the Repeatable Battery for the Assessment of Neuropsychological Status 

(RBANS) battery composite score, Trail Making Test B, and the MMSE.  

Other research suggests that cerebral perfusion is especially relevant among older adults 

regardless of cardiovascular health, as the aging process leads to declines in cerebral blood flow.
8-9

 

Stoquart-ElSankari and colleagues
9
 observed significantly lower total cerebral blood flow in older 

adults compared to younger adults. Therefore, cerebral hypoperfusion is a serious clinical concern that 

is associated with cognitive impairment and neurodegenerative processes in aging and CVD.  

Several studies have examined cerebral perfusion in individuals with stroke, Alzheimer’s 

disease and other neurodegenerative diseases.
8,10

 Alexopoulos and team
11

 examined 19 patients with 

mild dementia, 24 patients with mild cognitive impairment, and 24 health elderly controls and found 
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significantly lower perfusion in the patient groups. In another study, 17 patients with Alzheimer’s 

disease and 20 patients with Parkinson’s disease dementia were compared to 37 matched controls. 

Results showed similarity in hypoperfusion levels among the patient groups, which differed compared 

to controls.
12

 Lower cerebral blood flow has been related to more advanced stages of Alzheimer’s 

disease in another study.
13

 It has also been reported that cerebral perfusion may decline at a steeper 

rate with age when it is combined with other vascular risk factors, such as oxidative stress, and it may 

be a marker of mild cognitive impairment and Alzheimer’s disease.
14-15

 With this in mind, researchers 

are utilizing these findings on cerebral perfusion to predict clinical outcomes of Alzheimer’s, Stroke, 

and other disorders with cognitive decline.
8,16-17

 

In addition to neurodegenerative disorders, cerebral perfusion has been examined in 

individuals with chronic fatigue and depression.
18-20

 For instance, eleven patients with chronic fatigue 

syndrome and 10 matched controls participated in a neuroimaging study using arterial spin labeling to 

assess the relationship between cerebral blood flow and chronic fatigue. Biswal, Kunwar, and 

Natelson
19

 found that the patients exhibited significantly lower global cerebral blood flow than 

controls, which authors suggest demonstrates a neurological aspect to this illness. Kataoka and team
20

 

deduced from their study that hypoperfusion in the left prefrontal cortex may be associated with 

depressive symptoms exhibited by patients with Alzheimer’s dementia. Alosco and colleagues
18

 

reported increased depressive symptoms in older adults with heart failure who exhibited lower 

cerebral perfusion.  

While cognitive declines have been linked to both CVD and cerebral perfusion, it remains 

unclear whether cerebrovascular perfusion differs as a function of CVD status. As CVD is associated 

with systemic vascular hypoperfusion, it is plausible that cerebral perfusion would also be 

compromised among those with CVD. However, autoregulatory mechanisms are thought to protect 

the brain from systemic vascular dysfunction.
21

 Thus, regulation of cerebral blood flow may serve as a 

protective factor for the brain integrity among individuals with CVD. On the other hand, 
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autoregulation of brain perfusion in CVD may be compromised by CVD, its associated factors, and 

other disorders of aging (e.g., hypertension, diabetes, head injury, stroke, tumors, hematoma).
22,35

 

Therefore, it is possible that CVD also compromises autoregulation of cerebral blood flow, which 

may be a major mechanism that contributes to cognitive decline in this population.  

Another reason to examine the effects of CVD on cerebral perfusion is its putative impact on 

a widely used functional neuroimaging technique with increasing application in this population, blood 

oxygen level-dependent (BOLD) functional magnetic resonance imaging (fMRI). The BOLD 

response is measured by detecting changes in capillary oxygenation over time. CVD-related changes 

in cerebral blood perfusion could alter the validity and reliability of measurement of this signal, which 

would confound interpretations of the imaging results.
23, 15

 Murata and colleagues
24

 described the need 

to take into consideration baseline blood circulation status in individuals with stroke due to its impact 

on the response.  

Arterial spin labeling (ASL) is a non-invasive MRI technique used to assess blood perfusion 

of the brain. It involves magnetically tagging and tracking water in arterial blood to calculate cerebral 

blood flow in units of ml of blood/100 ml of tissue/min. Clinical and research applications are well 

established and substantial scientific literature exists in each.
25

 A notable finding of prior ASL studies 

is sex differences. Specifically, women have significantly greater whole-brain and gray-matter 

perfusion than men. For example, Parkes, Rashid, Chard, and Tofts
26

 measured cerebral perfusion in 

19 females and 15 males, ages 20 to 67, using ASL-MRI scans. They found significantly higher 

perfusion in the whole brain (13% higher) and specifically in grey matter (13% higher) in females 

compared to males. Liu and colleagues
15

 compared perfusion of 20 females and 15 males, ages 23 to 

84, using ASL-MRI scans. Their findings showed that women had significantly higher cerebral blood 

flow values than men (11.7% higher for global grey matter), independent of age. Given these findings, 

sex differences should be considered when examining perfusion.  



 

                   

 

This article is protected by copyright. All rights reserved. 

 

6 

It is often assumed that the BOLD or ASL response that underlies fMRI is preserved, even 

among patients with CVD. It is important to test this assumption and verify the utility of fMRI among 

patients with CVD and other medical disorders that can affect cerebrovascular function. With rapidly 

growing experimental and clinical applications, research is needed that explicitly examines 

cerebrovascular perfusion among populations with known alterations of vascular integrity and 

subsequent hemodynamic responsivity.  

The current study set out to determine whether cerebrovascular perfusion in older adults 

differed as a function of CVD status. That is, whether or not cerebral blood flow remains intact even 

amongst those with known cardiovascular pathology. Sex differences were expected and, therefore, 

examined within this sample to potentially replicate previous findings.  

Methods 

Participants 

Participants included 59 adults over the age of 50 (Mage = 66.68 years ± 9.63; 25 males) who 

were recruited via advertisements in Rhode Island newspapers and outpatient cardiology clinics (see 

Table 1). The sample was predominantly Caucasian (95%), with 1 participant who identified as Asian 

and 2 participants who identified as African American. Participants had an average of 15.98 (± 2.28) 

years of education. 

Twenty of the 59 participants (13 males, 7 females) had been diagnosed with cardiovascular 

disease (CVD). These patients exhibited cardiac function within normal limits, defined as mean 

ejection fraction greater than 55% (mean CVD group ejection fraction of 58.25% ± 4.94), and were all 

receiving treatment for CVD. In terms of New York Heart Association (NYHA) Functional 

Classification, the 20 CVD participants’ medical records showed Class I (6; 30%), Class II (10; 50%), 

or Class III (4; 20%), with no participant categorized as Class IV. In terms of The American College 

of Cardiology/American Heart Association Classification, the 20 CVD participants’ medical records 



 

                   

 

This article is protected by copyright. All rights reserved. 

 

7 

indicated classifications of either Stage B (6; 30%) or Stage C (14; 70%). Thus, while we did not 

explicitly recruit for milder CVD patients, CVD participants were generally healthy, had minimal or 

mild heart failure, and did not exhibit major functional limitations or heart defect. 

 Screening included a comprehensive assessment of exclusion criteria. These were insulin-

dependent diabetes, non-English speaking, current psychiatric disorders or a history of hospitalization 

for psychiatric disorders, neurologic disorders (e.g., traumatic brain injury, stroke), and MRI 

contraindications. None of the participants scored below the clinical cutoff of 25 on the Mini-Mental 

State Examination (MMSE).
27

 The study received approval from appropriate Institutional Review 

Boards and all participants completed written informed consent. Participants were compensated $150 

for their participation in the study. 

Procedures 

 Following screening, individuals who met the study criteria were invited to three separate 

assessment sessions. The initial session included obtaining a more detailed medical history, 

demographic information, and administering the MMSE. The second session of the study involved an 

echocardiogram, which was administered and evaluated by a cardiologist to determine cardiac 

function (cardiac output and left ventricular ejection fraction). Height and weight were also measured 

in order to calculate Body Surface Area (BSA) using the standard DuBois and DuBois formula: BSA 

= (W 
0.425

 x H 
0.725

) x 0.007184. Cardiac index, which is a measure of cardiac output that controls for 

body size, was calculated by dividing cardiac output by body surface area. In the final session, 

participants underwent MRI, including acquisition of resting state cerebrovascular perfusion data.  

All scans were obtained using a 3 Tesla Siemens TIM Trio scanner equipped with a 32-

channel head coil array.  

After the initial localizer scan, a 3D T1-MPRAGE scan with 1mm isotropic resolution was 

conducted. Parameters for this scan were TR=1900ms, TE=2.98ms, TI=900ms, and readout flip 
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angle=9. This provided a 3D T1 image dataset for gray-white matter segmentation that was used to 

mask non-gray matter regions. Two three-minute resting state ASL scans were acquired using a 

PICORE-Q2TIPS technique,
28

 which allowed 18 contiguous axial slices. In-plane spatial resolution 

was 3mm
2
 with a slice thickness of 6mm. Timing parameters for the two resting state scans were 

TR=2500ms, TI1=700ms, TI2=1800ms (inversion to start of the 64
2
 echo planar image readout 

sequence with TE=16ms).  

T1 weighted anatomical volumes were segmented using FreeSurfer,
29-30

 which generated 

white and gray matter segmentations, including cerebral cortical ribbon boundaries. Segmentation 

thresholds were set such that voxels within the white matter and the cortical ribbon were selected only 

if they were determined by Statistical Parametric Mapping (SPM5)
31

 software to be composed of at 

least 80% gray matter. Cerebrovascular perfusion was then calculated by averaging perfusion values 

(ml of blood/100ml of tissue/min) within the segmented white matter and cortical ribbon taking into 

account water exchange between the vascular and interstitial compartments. Thus, perfusion (f) was 

calculated on a voxel basis as: 

 

 

Where M is the signal difference between corresponding voxels in labeled and control images,  is 

the inversion efficiency (0.95 as determined with the scanner manufacturer), q is the factor taking into 

account the water exchange term for gray matter (0.932 for 3 Tesla and the above acquisition 

parameters,
32

 M0 is the equilibrium magnetization, TI1,2 are the inversion times given above, and T1a is 

the arterial blood T1. 

 Descriptive analyses and group-comparison analyses were planned. Whole brain gray matter 

cerebrovascular perfusion was our primary variable of interest and group status (patient vs. control) 

was our primary predictor variable. Additionally, we were interested in perfusion as a function of 
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participant sex, conducting regression analysis with sex and age entered in the first block and patient 

status entered in the second block.  

Follow-up analyses were conducted to explore possible group differences in white matter, 

gray matter regions, and at the voxel level.  Whole-brain white matter comparisons were identical to 

the whole-brain gray matter comparisons except values from individual white matter segmentations 

were averaged.  Regional quantifications represented average mean perfusion derived from Desikan 

atlas regions. Voxel-wise contrasts were accomplished by transforming individual perfusion maps 

into standard stereotaxic space.  An average group map was calculated for each group and an 

independent samples t-test was conducted to contrast the groups for each voxel with a two tailed 

significance level of p<.05, corrected for multiple comparisons using the False Discovery Rate 

procedure.
33

 

Results 

 Summary maps of average perfusion transformed into standard stereotaxic space
34

 are 

presented by group in Figure 1. Patterns are consistent with prior literature with a gradient of 

increasing perfusion from white to gray matter.  An independent samples t-test of each voxel revealed 

no significant group differences.   

 Group means and standard deviations for whole brain, regional (i.e. in the frontal, temporal, 

parietal, and occipital lobes), and white matter cerebrovascular perfusion are presented in Table 2. 

Results were consistent across perfusion analyses with no significant group differences. Patients and 

controls did not significantly differ on whole brain perfusion [t(57) = .17, p = .867, d = 0.04], frontal 

lobe perfusion [t(28.291) = -.41, p = .682, d = 0.12], parietal lobe perfusion [t(57) = .86, p = .394, d = 

0.23], temporal lobe perfusion [t(57) = -.31, p = .757, d = 0.08], occipital lobe perfusion [t(27.92) = 

1.20, p = .241, d = 0.35], or white matter perfusion [t(57) = -1.90, p = .063, d = 0.51].  
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There were no significant differences between males and females with regard to NYHA [t(39) 

= -.58, p=.56, d = .18], ejection fractions [t(57) = -.60, p = .548, d = 0.16], age [t(57) = .49, p = .63, d 

= 0.13], temporal perfusion [t(57) = -1.833, p = .072, d = 0.48], or white matter perfusion [t(57) = -

.428, p = .67, d = 0.11]. There were consistent sex differences such that females exhibited greater 

whole brain perfusion [t(57)= -2.63, p = .011, d = 0.69], greater frontal perfusion [t(57)= -2.209, p = 

.031, d = 0.57], greater parietal perfusion[ t(57)= -3.21, p = .002, d = 0.86], and greater occipital 

perfusion [t(57)= -2.59, p = .012, d = 0.69] compared to males. Additionally, as expected, participants 

with CVD exhibited significantly lower left ventricular ejection fractions compared to participants 

without CVD (58.25% ± 4.94 vs. 60.26% ± 3.43), F(1,57) = 3.33, p = .037, f = 0.4642. While patients 

had significantly lower ejection fractions than controls, it is important to note that mean ejection 

fractions were normal in both groups, as patients were being effectively treated.   

 We examined the whole brain perfusion data utilizing regression analysis with sex and age 

entered in the first block and patient status entered in the second block. The first model was 

significant, F(2,56) = 3.40, p = .04, and accounted for 10.8% of the variation in cerebrovascular 

perfusion. In this model, sex was a significant predictor of perfusion (β = .329, p = .012) but age was 

not (β = .003, p = .978). The second model was not significant but approached significance, F(3,55) = 

2.454, p = .073, and accounted for 11.8% of the variation in perfusion. In this model, similar to the 

first model, sex was a significant predictor of perfusion (β = .364, p = .009) but age was not (β = -

.045, p = .749). In addition, patient status was not a significant predictor of perfusion (β = .117, p = 

.436).  

As the patient and control groups had different sex distributions, we also conducted 

exploratory sub-group analyses that sex-matched participants across groups rather than controlling for 

this demographic variable. We utilized a random number generator to select 7 of the 27 females in the 

control group and 12 of the 13 males in the patient group. This allowed for a subset of data consisting 

of equal sex distributions for each group: 19 control participants (7 female, 12 male) and 19 patient 
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participants (7 female, 12 male). Regression analysis (sex and age entered in the first block, patient 

status entered in the second block) were repeated with this subset dataset. This random selection and 

regression procedure was repeated five times to yield mean estimates of group effects. We found the 

same pattern as the primary regression across these iterations. In all five subset analyses, sex was a 

significant predictor of cerebrovascular perfusion in both the first model (mean β = .425, mean p = 

.016; βs ranged from .33 to .486;  ps ranged from .003 to .046) and the second model (mean β = .431, 

mean p = .016; βs ranged from .328 to .493;  ps ranged from .003 to .049). Consistent with the 

primary analysis, the subset analyses also showed that age was not a significant predictor of perfusion 

in either the first model (mean β = -.100, mean p = .459; βs ranged from -.143 to .046;  ps ranged 

from .35 to .774) nor the second model (mean β = -.147, mean p = .426; βs ranged from -.21 to -.025;  

ps ranged from .233 to .898).  Across all five subset analyses, patient group status was not a 

significant predictor of whole brain cerebrovascular perfusion (mean β = .105, mean p = .562; βs 

ranged from .065 to .191; ps ranged from .268 to .70).    

Because there were significant sex differences in regional perfusion (for frontal,  parietal, and 

occipital lobes), we also conducted the regression and sex-matched sub-analyses described above for 

each of these regions to assess for potential patient status effects after accounting for sex and age. 

Consistent with the whole brain perfusion results, patient status with the full dataset was not a 

significant predictor of frontal perfusion (β = .160, p = .291), parietal perfusion (β = .068, p = .641), 

or occipital perfusion (β = .071, p = .621). Similarly, across the five sex-matched subset analyses, 

patient group status was not a significant predictor of frontal perfusion (mean β = .123, mean p = 

.501; βs ranged from .042 to .198; ps ranged from .258 to .826), parietal  perfusion (mean β = .074, 

mean p = .679; βs ranged from .004 to .148; ps ranged from .372 to .978), or occipital perfusion 

(mean β = .063, mean p = .628; βs ranged from -.06 to .181; ps ranged from .307 to .863).    
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Discussion 

This study investigated the relationship between cerebrovascular perfusion and CVD status. 

Findings demonstrated no significant differences between healthy CVD patients and controls on 

whole brain voxel-wise perfusion cerebrovascular perfusion, mean total and regional gray matter 

perfusion, or white matter perfusion after accounting for age and sex effects. These results suggest 

that when mild cardiac pathology is present, cerebrovascular perfusion may not be significantly 

altered. It is important to note that while participants with CVD had significantly lower left 

ventricular ejection fractions compared to participants without CVD, participants with CVD had 

ejection fractions in the normal range and thus, cardiac function was not compromised. These results 

show that while patients with CVD statistically differed on peripheral perfusion, they did not 

clinically differ, and this was reflected in lack of significant cerebrovascular perfusion difference 

between the two groups. This suggests that in a relatively healthy patient group, the brain’s integrity 

may likely remain intact until later in the disease progression. That is, there might be threshold effects 

at higher levels of CVD impairment, which would be an important question for future studies 

investigate. This study also found sex differences in cerebrovascular perfusion. Consistent with past 

literature,
15,26

 females exhibited higher whole brain perfusion, frontal perfusion, parietal perfusion, 

and occipital perfusion than males.  

 Despite a rapidly growing fMRI research literature on cognitive function among diverse 

patient populations, relatively little is known about how systemic and cerebrovascular perfusion might 

affect fMRI. In this study we found no significant between-group perfusion differences by CVD 

patient status, suggesting that the impact of CVD on fMRI assessment is limited among patients with 

CVD outside the context of significant heart failure. Thus, the results of this study suggest that fMRI 

is as valid and reliable a method to utilize with CVD patients who are undergoing effective treatment 

(e.g., ejection fractions within the normal range) as it is for their non-CVD peers. Nevertheless, 

careful interpretation of fMRI is warranted moving forward due to possible CVD effects on perfusion 



 

                   

 

This article is protected by copyright. All rights reserved. 

 

13 

in individuals who are not undergoing CVD treatment, have more severe illness, and/or exhibit 

additional factors that may influence perfusion (e.g., relevant comorbid diagnoses). Based on the 

current study, we only discuss perfusion in the context of CVD with normal ejection fraction. Future 

studies should expand this research to untreated or more severe samples, as it is possible that 

cerebrovascular perfusion deficits may emerge as CVD severity increases.  

 Study limitations that should be considered when interpreting the data. First, the size of our 

sample was small, as we examined 39 control participants and 20 patients. However, we conclude that 

statistical power was sufficient to detect medium effects, and a medium effect (f = 0.464; d = 0.511) 

was expected based upon observed group differences in systemic perfusion (i.e., LVEF). The 

observed effect for patient group status on perfusion was far from this estimate in both the main 

analysis (β = .117, p = .436) as well as the subgroup analyses (mean β = .105, mean p = .562). 

Replication of previously reported sex effects between 25 males and 34 females also suggests 

sufficient statistical power to detect small to medium effects.
15,26

 As previously noted, our patient 

sample was also limited to mostly mild cases, with no participants falling into the NYHA Class 4 

categorization, and only 4 participants falling into the NYHA Class 3 categorization. Future studies 

that specifically recruit more severe samples would be better positioned to examine how 

cerebrovascular perfusion may differ among those populations.  Our sample also lacked diversity with 

95% of the sample identifying as Caucasian. Future studies should aim to recruit participants from 

more diverse backgrounds. In addition, the sample included more women (34) than men (25), with 

sex distributions being uneven (e.g., more males than females in the patient group). While we 

addressed this issue in this study by controlling for sex and conducting subset analyses, future studies 

should attempt to recruit even distributions of male and female participants across patient and control 

groups. Given sex differences in CVD prevalence and lifespan of older adults, researchers may need 

to be especially thoughtful in the design and recruitment for future studies to reach ideal demographic 

distributions of participants in a timely fashion. Furthermore, the patients in this study were 
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undergoing effective treatment for CVD. These results could be attributed, in part, to treatment, 

medication adherence, lack of severity, and overall well-managed status of the CVD patients. Future 

studies could investigate these relationships between CVD and cerebrovascular perfusion in an 

untreated patient sample to better understand at what point cerebrovascular perfusion becomes 

significantly impaired. Next, a longitudinal design may further provide information on these 

relationships. For example, CVD patients could be given an ASL scan when diagnosed and 

subsequent scans could take place over time so that cerebrovascular perfusion can be better 

understood in a within-subjects context that takes into account illness progression and treatment (or 

non-treatment) over time.  Lastly, an additional limitation was that PICORE-Q2TIPS ASL was used 

including pulsed ASL. While newer PCASL avoids weaknesses associated with pulsed ASL and 

would increase the sensitivity in detecting group differences, we were limited to already collected 

sequences and resources. Future research should aim to make use of the newest PCASL to improve 

upon this limitation.  

 In conclusion, this study found no significant cerebrovascular perfusion differences between 

healthy CVD patients with normal cardiac efficiency and healthy controls. The study also replicated 

previous findings on sex differences in perfusion, finding that females exhibiting higher perfusion 

compared to males. The results of this study suggest that CVD patients without impairment of cardiac 

function also have normal cerebrovascular functioning, and thus, they are likely to exhibit normal 

BOLD response in the context of fMRI imaging. This is a first step in understanding cerebrovascular 

perfusion in the context of CVD. Future studies examining moderate and severe heart failure in the 

context of CVD are needed. Additionally, studies of mechanisms involved in maintaining 

cerebrovascular perfusion in the context of altered peripheral perfusion are needed, including how sex 

differences associated with cerebrovascular and peripheral perfusion might interact with CVD effects. 

 

 



 

                   

 

This article is protected by copyright. All rights reserved. 

 

15 

References 

1. Paul RH, Gunstad J, Poppas A, et al. Neuroimaging and cardiac correlates of cognitive 

function among patients with cardiac disease. Cerebrovasc Dis 2005;20:129-33. 

2. Liebel SW, Sweet LH. Effects of cardiovascular disease and related risk factors on 

neurocognition. In RA Stern & ML Alosco, ed. The Oxford Handbook of Adult Cognitive 

Disorders. New York, New York: Oxford University Press; 2019;80-112.  

3. Cannon JA, Moffitt P, Perez-Moreno AC, et al. Cognitive impairment and heart failure: 

systematic review and meta-analysis. J Card Fail 2017;23:464-75. 

4. Leto L, Feola M. Cognitive impairment in heart failure patients. J Geriatr Cardiol 

2014;11:316. 

5. Efimova IY, Efimova NY, Triss SV, Lishmanov YB. Brain perfusion and cognitive function 

changes in hypertensive patients. Hypertens Res 2008;31:673. 

6. Kitagawa K, Oku N, Kimura Y, et al. Relationship between cerebral blood flow and later 

cognitive decline in hypertensive patients with cerebral small vessel disease. Hypertens Res 

2009;32:816-20. 

7. Alosco ML, Gunstad J, Jerskey BA, et al. The adverse effects of reduced cerebral perfusion 

on cognition and brain structure in older adults with cardiovascular disease. Brain Behav 

2013;3:626-36. 

8. Bangen KJ, Restom K, Liu TT, et al. Differential age effects on cerebral blood flow and 

BOLD response to encoding: associations with cognition and stroke risk. Neurobiol Aging 

2009;30:1276-87. 

9. Stoquart-ElSankari S, Balédent O, Gondry-Jouet C, Makki M, Godefroy O, Meyer ME. 

Aging effects on cerebral blood and cerebrospinal fluid flows. J Cereb Blood Flow Metab 

2007;27:1563-72. 



 

                   

 

This article is protected by copyright. All rights reserved. 

 

16 

10. Kobari M, Meyer JS, Ichijo M, Oravez WT. Leukoaraiosis: correlation of MR and CT 

findings with blood flow, atrophy, and cognition. AJNR AM J Neuroradiol 1990;11:273-81. 

11. Alexopoulos P, Sorg C, Förschler A, et al. Perfusion abnormalities in mild cognitive 

impairment and mild dementia in Alzheimer’s disease measured by pulsed arterial spin 

labeling MRI. Eur Arch Psychiatry Clin Neurosci 2012;262:69-77. 

12. Heron CJL, Wright SL, Melzer TR, et al. Comparing cerebral perfusion in Alzheimer's 

disease and Parkinson's disease dementia: an ASL-MRI study. J Cereb Blood Flow Metab 

2014;34:964-70. 

13. Binnewijzend MA, Benedictus MR, Kuijer JP et al. Cerebral perfusion in the predementia 

stages of Alzheimer’s disease. Eur Radiol 2016;26:506-14. 

14. de la Torre JC. A turning point for Alzheimer's disease?. Biofactors 2012;38:78-83. 

15. Liu Y, Zhu X, Feinberg D, et al. Arterial spin labeling MRI study of age and gender effects 

on brain perfusion hemodynamics. Magn Reson Med 2012;68:912-22. 

16. Chao LL, Buckley ST, Kornak J, et al. ASL perfusion MRI predicts cognitive decline and 

conversion from MCI to dementia. Alzheimer Dis Assoc Disord 2010; 24:19-27. 

17. Wolters FJ, Zonneveld HI, Hofman A, et al. Cerebral perfusion and the risk of dementia: a 

population-based study. Circulation 2017;136:719-28. 

18. Alosco ML, Spitznagel MB, Cohen R, et al. Reduced cerebral perfusion predicts greater 

depressive symptoms and cognitive dysfunction at a 1‐ year follow‐ up in patients with heart 

failure. Int J Geriatr Psychiatry 2014;29:428-36. 

19. Biswal B, Kunwar P, Natelson BH. Cerebral blood flow is reduced in chronic fatigue 

syndrome as assessed by arterial spin labeling. J Neurol Sci 2011;301:9-11.  

20. Kataoka K, Hashimoto H, Kawabe J, et al. Frontal hypoperfusion in depressed patients with 

dementia of Alzheimer type demonstrated on 3DSRT. Psychiatry Clin Neurosci 2010;64:293-

98. 

21. Iadecola C. The pathobiology of vascular dementia. Neuron 2013;80:844–66.   



 

                   

 

This article is protected by copyright. All rights reserved. 

 

17 

22. Paulson OB, Strandgaard S, & Edvinsson L. Cerebral autoregulation. Cerebrovasc Brain 

Metab Rev 1990;2:161-92. 

23. Chang C, Cunningham JP, Glover GH. Influence of heart rate on the BOLD signal: the 

cardiac response function. Neuroimage 2009;44:857-69. 

24. Murata Y, Sakatani K, Hoshino T, et al. Effects of cerebral ischemia on evoked cerebral 

blood oxygenation responses and BOLD contrast functional MRI in stroke patients. Stroke 

2006;37:2514-20. 

25. Detre JA, Rao H, Wang DJ, Chen YF, Wang Z. Applications of arterial spin labeled MRI in 

the brain. J Magn Reson Imaging 2012;35:1026–37.  

26. Parkes LM, Rashid W, Chard DT, Tofts PS. Normal cerebral perfusion measurements using 

arterial spin labeling: reproducibility, stability, and age and gender effects. Magn Reson Med 

2004;51:736-43. 

27. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”: a practical method for grading 

the cognitive state of patients for the clinician. J Psychiatr Res 1975;12:189-98. 

28. Luh WM, Wong EC, Bandettini PA, Hyde JS. QUIPSS II with thin‐ slice TI1 periodic 

saturation: a method for improving accuracy of quantitative perfusion imaging using pulsed 

arterial spin labeling. Magn Reson Med 1999;41:1246-54. 

29. Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis: I. Segmentation and surface 

reconstruction. Neuroimage 1999;9:179-94. 

30. Fischl B, Sereno MI, Dale AM. Cortical surface-based analysis: II: inflation, flattening, and a 

surface-based coordinate system. Neuroimage 1999;9:195-207. 

31. Statistical Parametric Mapping software. Available at:https://www.fil.ion.ucl.ac.uk/spm/. 

Accessed May 27, 2020. 

32. Wong EC, Buxton RB, Frank LR. Implementation of quantitative perfusion imaging 

techniques for functional brain mapping using pulsed arterial spin labeling. NMR Biomed 

1997;10:237-49. 

https://www.fil.ion.ucl.ac.uk/spm/


 

                   

 

This article is protected by copyright. All rights reserved. 

 

18 

33. Benjamini Y, Hochberg Y. On the adaptive control of the false discovery rate in multiple 

testing with independent statistics. J Educ Behav Stat 2000;25:60-83.  

34. Talairach J, Tournoux P. Co-planar stereotaxic atlas of the human brain. 

Thieme;1988:90128-5. 

35. Alosco ML, Spitznagel MB, Cohen R, Sweet LH, Josephson R, Hughes J, Rosneck J, 

Gunstad J. Obesity and cognitive dysfunction in heart failure: the role of hypertension, type 2 

diabetes, and physical fitness. Eur J Cardiovasc Nurs 2015;14:334-41. 

36. Okonkwo OC, Cohen RA, Gunstad J, Tremont G, Alosco ML, Poppas A. Longitudinal 

trajectories of cognitive decline among older adults with cardiovascular disease. Cerebrovasc 

Dis 2010;30:362-73. 

 

Table 1. 

 Cardiac 

Patients 

N =20 

Non-Patient 

Controls 

N=39 

Overall 

N=59 

Significance  

(p value) 

Age in years M(SD) 72.50(8.95) 63.69(8.64) 66.68(9.63) 0.001 

Sex     0.011 

Female 7 27 34  

Male 13 12 25  

Years of Education M (SD) 15.90(2.53) 16.03(2.17) 15.98(2.28) .670 

Demographic Information 

N = Sample Size; M = Mean; SD = Standard Deviation 
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Table 2.  

Group Means and Standard Deviations for Whole Brain Cerebrovascular Perfusion, Regional 

Perfusion, and White Matter Perfusion (ml of blood/100 ml of tissue/min) 

Status N Whole 

Brain 

Perfusion 

M(SD)  

Frontal 

Lobe 

Perfusion 

M(SD) 

Parietal 

Lobe 

Perfusion 

M(SD) 

Temporal 

Lobe 

Perfusion 

M(SD) 

Occipital 

Lobe 

Perfusion 

M(SD) 

White 

Matter 

Perfusion 

M(SD) 

 

Control 39 45.09 

(5.50) 

45.90 

(5.91) 

50.40 

(7.08) 

45.94 

(6.62) 

53.66 

(8.43) 

31.18 

(5.49) 

CVD 

Patient 

20 45.14 

(7.56)  

46.80 

(8.70) 

48.63 

(8.26) 

46.56 

(8.45) 

49.92 

(12.64) 

34.14 

(6.03) 

Total 59 45.11 

(6.21)  

46.20 

(6.92) 

49.80 

(7.48) 

46.15 

(7.23) 

52.39 

(10.10) 

32.18 

(5.80) 

N = Sample Size; M = Mean; SD = Standard Deviation 
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Figure 1. Mean cerebral perfusion by group. 

 

Notes: units are ml of blood/100 ml of tissue/min, slice locations are z = +65 to z = -30 in 5mm 

increments.  Left is left. 

 

 

 

 

 


