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Abstract
Introduction: Low cerebral blood flow can affect cognition in patients with high-grade  
asymptomatic internal carotid artery stenosis. Current clinical algorithms use stroke risk to 
determine which patients should undergo revascularization without considering cognitive 
decline. Although correlations between low-flow and cognitive impairment have been re-
ported, it is not known whether a threshold exists below which such a correlation expresses 
itself. Such information would be critical in treatment decisions about whether to intervene in 
patients with high-grade carotid artery stenosis who are at risk for cognitive decline.  
Objective: To determine how reduced blood flow correlates with lower cognitive scores. 
Methods: Patients with ≥80% unilateral internal carotid artery stenosis with no history of 
stroke were recruited from inpatient and outpatient practices at a single, large, comprehen-
sive stroke center. Patients underwent bilateral insonation of middle cerebral arteries with 
standard 2-Hz probes over the temporal windows with transcranial Doppler. Cognitive assess-
ments were performed by an experienced neuropsychologist using a cognitive battery com-
prising 14 standardized tests with normative samples grouped by age. Z-scores were gener-
ated for each test and averaged to obtain a composite Z-score for each patient. Multivariable 
linear regression examined associations between mean flow velocity (MFV) and composite 
Z-score, adjusting for age, education, and depression. The Davies test was used to determine 
if there was a breakpoint for a non-zero difference in slope of a segmented relationship over 
the range of composite Z-score values. Results: Forty-two patients with unilateral high-grade 
internal carotid artery stenosis without stroke were enrolled (26 males, age = 74 ± 9 years, 
education = 16 ± 3 years). Average composite Z-score was –0.31 SD below the age-specific 
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normative mean (range –2.8 to +1.2 SD). In linear regression adjusted for age, education, and 
depression, MFV correlated with cognitive Z-score (β = 0.308, p = 0.043). A single breakpoint 
in the range of composite Z-scores was identified at 45 cm/s. For MFV < 45 cm/s, Z-score de-
creased 0.05 SD per cm/s MFV (95% CI: 0.01–0.10). For MFV > 45 cm/s, Z-score change was 
nonsignificant (95% CI: –0.07 to 0.05). Conclusions: In high-grade, asymptomatic carotid ar-
tery stenosis, cognitive impairment correlated linearly with lower flow in the hemisphere fed 
by the occluded internal carotid artery, but only below a threshold of MFV = 45 cm/s. Identi-
fying a hemodynamic threshold for cognitive decline using a simple, noninvasive method may 
influence revascularization decision-making in otherwise “asymptomatic” carotid disease.

© 2020 The Author(s)
Published by S. Karger AG, Basel

Introduction

Current algorithms for determining whether revascularization is indicated for patients with 
high-grade stenosis of the internal carotid artery are based solely on the risk of future stroke. 
Robust clinical trial evidence exists for carotid endarterectomy and carotid stenting when an 
index stroke or transient ischemic attack has occurred [1–3]. Because the incidence of initial 
stroke is quite low for patients with an asymptomatic status, particularly in the face of modern 
medical management, it has been difficult to show an advantage of revascularization over medical 
management alone [4]. A large, international, randomized, clinical trial is currently underway to 
test whether revascularization (either carotid endarterectomy or stenting) with intensive 
medical management is superior to intensive medical management alone in preventing subse-
quent stroke [5]. What has yet to be incorporated into management algorithms for asymptomatic 
carotid artery disease is cognitive impairment. Despite several lines of evidence that carotid 
artery disease is associated with cognitive decline, it has been difficult to quantify this rela-
tionship in a sufficiently compelling way to be adopted for clinical use.

Patients with carotid artery disease may have cognitive impairment for a variety of 
reasons. Clinically apparent strokes as well as silent infarction from carotid stenosis may alter 
cognition [6, 7]. Risk factors for atherosclerotic carotid disease – diabetes, hypertension, and 
the metabolic syndrome – have in themselves been associated with cognitive dysfunction 
[8–10]. Most pertinent to the current study, an increasing body of evidence suggests that 
cerebral hemodynamic impairment in patients with high-grade carotid artery stenosis may 
independently contribute to cognitive dysfunction [11, 12]. Among patients with “asymp-
tomatic” carotid stenosis, this evidence carries the most weight because the confounding 
factors of stroke-related cognitive disturbance are not present [13–16]. It is conceivable, 
therefore, that if hemodynamic impairment due to the carotid stenosis is a factor in cognitive 
decline, then improved cerebral blood flow following carotid revascularization by surgery or 
stenting could lead to improvements in cognition. Because carotid disease management algo-
rithms have focused on the prevention of frank stroke rather than on cognitive outcomes, 
relatively little attention has been paid to the nature of the relationship between blood flow 
and cognition in this population. 

Materials and Methods

Subjects
Patients were recruited from the Columbia Stroke Neurology in- and outpatient services, 

and through the Columbia Neurosonology (Doppler) laboratory. Inclusion criteria were age 
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18–85 years, fluent in English, able to give informed consent, ≥80% carotid stenosis, or 
complete occlusion by carotid Doppler, MRA, or CTA, and no stroke. A transient ischemic 
attack was allowed provided no acute infarct was present on brain imaging. Exclusion criteria 
were prior clinical stroke, diagnosis of dementia, head trauma causing loss of consciousness, 
substance abuse, active psychiatric disease, NYHA stage 3/4 congestive heart failure, and 
inadequate sonographic windows for transcranial Doppler (TCD). 

Neurocognitive Testing
Patients underwent a 1-h neurocognitive battery, administered by a trained examiner 

under the supervision of an experienced neuropsychologist. All neurocognitive testing was 
audiotaped for quality assurance. The battery consisted of 14 standardized neuropsycho-
logical tests which were designed to assess left hemisphere function, right hemisphere 
function, and global (bilateral) function (Table 1), used previously for carotid disease research 
[15]. All tests had published, normative samples grouped by age. All patients were adminis-
tered all 14 neurocognitive tests. The order of test administration remained constant to 
accommodate delays required for recall intervals and to minimize interference between 
memory and language tasks. 

Scoring
Raw test scores were transformed into Z-scores, derived from published normative 

samples grouped by age. Z-scores were summed and divided by the number of tests completed 
to calculate a composite Z-score for each patient. The generation of a composite average score 
obviated the need to correct for multiple comparisons within the battery.

Measurement of Blood Flow
Middle cerebral arteries were located through the temporal windows at a depth of 50–58 

mm using 2-MHz probes (Terumo Trifid PMD150B; Spencer Technologies, Seattle, WA, USA) 
attached to a standard headframe to provide a continuous recording of cerebral blood flow 
velocity waveforms. Peak systolic velocity, end-diastolic velocity, and mean flow velocity 
(MFV) were recorded for 10 min with the patient lying supine.

Table 1. Neurocognitive battery

Neurocognitive tests Hemisphere specificity Outcome variable

Trails A Global Time (s)
Trails B Global Time (s)
Digit span Global Digits forward + backward
Digit symbol Global Correct number of symbols
Boston naming Left Number correct
BDAE repetition Left Number correct
Hopkins verbal memory Left Total (3 trials + delayed recall)
COWA word fluency Left Total number words (F/A/S)
Rey figure copy Right Score
Rey figure recall Right Score
Line bisection Right Percent deviation
Target cancellation Right Number correct + search pattern
Grooved pegboard contralateral hand Left/right Time (s)
Grooved pegboard ipsilateral hand Global Time (s)
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Statistical Analysis
Pearson correlations and multivariable linear regression were used to look for associa-

tions between MFV and composite Z-score, adjusting for age, education, and depression, 
entering variables stepwise with p ≤ 0.10 (SPSS v.22). The Davies test [17] was used to 
determine whether there was a single breakpoint for a non-zero difference in slope of a 
segmented relationship between the main variables of interest: MFV and composite Z-score. 
Subsequently, a piecewise linear model was fitted, assuming 1 (unknown) breakpoint.

Results

Forty-eight patients were enrolled. Of those, 3 had insufficient temporal windows for TCD 
insonation, and 3 additional patients were unable to undergo neurocognitive testing – 2 because 
of poor vision and 1 whose education was at the 2nd grade level, preventing normative scoring 
of cognitive data. Of the 42 remaining subjects, 26 were males; their average age was 72 years 
(SD = 9.0), and average MFV was 41 cm/s (range 17–76). Average composite Z-score was –0.31 
SD below the normative mean (range = –2.8 to 1.2). Unadjusted correlation between MFV and 
composite Z-score approached but did not reach significance (R = 0.294, p = 0.059). Depression 
did not correlate with composite Z-score (R = –0.162, p = 0.293). Because cognitive scores were 
already normalized for age, age did not correlate with composite Z-score (R = 0.017, p = 0.914). 
Education correlated with composite Z-score (R = 0.345, p = 0.022). In the linear regression 
model adjusted for education, lower MFV was associated with impaired cognitive composite 
Z-score: (β = 0.308, p = 0.043). Figure 1 shows a scatterplot of the correlation between MFV and 
composite Z-score. Visual inspection suggested that the relationship between both variables 
might not be uniformly linear. The Davies test for non-zero difference in slope of a segmented 
relationship yielded a single breakpoint at 45 cm/s (p = 0.061) and demonstrated distinct linear 
relationships above and below the breakpoint. For MFV < 45 cm/s, the Z-score decreased 0.05 
SD per unit decrease in MFV (95% CI: 0.01–0.10). By contrast, for MFV > 45 cm/s, the Z-score 
showed no significant change per unit increase in MFV (95% CI: –0.07 to 0.05). 

Discussion/Conclusions

Associations between cerebral blood flow and cognition have been reported in high-
grade asymptomatic carotid stenosis, but prior studies have only partially quantified the 
nature of the cognition-hemodynamic relationship. In the current study, we used an easily 
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Fig. 1. Segmented relationship 
between mean flow velocity 
(MFV) by transcranial Doppler 
and composite cognitive Z-score. 
There is a linear correlation be-
tween MFV and cognitive Z-score 
below a threshold of MFV = 45 
cm/s, whereas above MFV = 45 
cm/s there is no change in cogni-
tion with change in MFV.
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attainable hemodynamic measure – MFV by TCD – to show that reduced blood flow has a 
linear relationship to cognitive impairment in the setting of asymptomatic high-grade carotid 
artery disease, but only below an identifiable flow velocity threshold. Cognitive function, as 
measured by a composite Z-score on a standard neurocognitive test battery, declined in a 
linear fashion below a threshold of 45cm/s. This threshold is in the low normal range for 
patients from 60 to 80 years of age [18]. In contrast, cognition remained constant when flow 
velocities were > 45 cm/s. The relationship did not hold for every individual. As illustrated in 
Figure 1, 9 of the patients whose MFV was < 45 cm/s had Z-scores ≥0, and 5 with MFV ≥45 
cm/s had Z-scores < 0. In addition, the average degree of cognitive decline was relatively mild, 
which has been previously reported for this population [16]. Nonetheless, our findings have 
implications for the management of carotid artery disease. Once the threshold is crossed, the 
lower the flow, the worse the cognition is likely to become, and even mild levels of cognitive 
impairment can affect quality of life [19].

In most studies seeking associations between hemodynamic impairment and cognitive 
dysfunction in carotid artery disease, only dichotomized thresholds have been used. For 
example, impaired vasomotor reactivity measured with a Doppler-based breath holding 
index has been associated with impaired cognition at a threshold < 0.69 [14]. Using the breath 
holding method with this threshold, investigators showed that there was an increased like-
lihood of global cognitive deterioration measured by the modified Mini-Mental State Exami-
nation over the course of 36 months [13]. In the Randomized Evaluation of Carotid Occlusion 
and Neurocognition (RECON) study, it was also shown that patients with unilateral internal 
carotid artery occlusion and transient ischemic attack but no clinical stroke had cognitive 
change that occurred beyond a threshold oxygen extraction fraction asymmetry index of  
1.13 [15]. 

Our finding of a linear correlation between blood flow and cognition below a certain 
threshold has implications for the management of carotid artery disease. Analogous findings 
for a threshold with linear decline have been reported in other cardiovascular systems. For 
example, in patients with aortic stenosis, asymptomatic cardiac status is preserved until a 
specific threshold of aortic valve stenosis is reached (< 1.0 cm2 diameter or valve pressure 
gradient of > 40 mm Hg [20]) at which point progressive, symptomatic, congestive heart 
failure ensues as the stenosis or pressure gradient worsens [21]. A second example is the 
effect of dolichoectasia in the vertebrobasilar system. Remarkably long periods of asymp-
tomatic status may exist until a threshold of the mass effect on the brainstem is reached, at 
which point patients’ functional status begins to decline [22]. Finally, in addition to large-
vessel contributions to flow, cognitive dysfunction correlates with reduced brain blood flow 
in small-vessel disease [23, 24]. Affected cognitive functions overlap with those in the current 
study, including tests of memory and executive function. These investigators also showed a 
linear correlation between lower flow and cortical thinning, a marker also associated with 
cognitive impairment [25, 26]. This correlation was also demonstrated in patients with 
carotid disease [27]. 

In conclusion, our quantitative characterization of cerebral hemodynamic impairment in 
high-grade carotid stenosis reveals a segmented relationship between flow and cognitive 
impairment, which advances our understanding of vascular cognitive impairment in this 
population. Such an understanding may lead to a shift in treatment algorithms for what would 
otherwise be considered “asymptomatic” carotid artery stenosis, raising the issue whether 
patients with flow-limiting stenosis should be considered at risk for symptomatic cognitive 
decline, not just risk of stroke. The question of reversibility of hemodynamically induced 
cognitive decline is currently being tested in the Carotid Revascularization Endarterectomy 
versus Stenting Trial – Hemodynamics (CREST-H) [28], a substudy of the Carotid Revascular-
ization and Medical Management for Asymptomatic Carotid Stenosis Trial (CREST-2] [5].
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The public health implications are high, since 124,000 individuals over 60 years of age 
harbor high-grade carotid stenosis in the US alone [29]. Further investigation in a larger 
sample is warranted. 
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