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Abstract

Objectives—Traditional Doppler measures have been used to predict cognitive performance in
patients with carotid atherosclerosis. Novel measures, such as carotid plaque strain indices (CPSI),
have shown associations with cognitive performance. We hypothesized that lower mean middle
cerebral artery (MCA) velocities, higher bulb-internal carotid artery (ICA) velocities, MCA
pulsatility index (PI) and CPSIs would be associated with poorer cognitive performance in
individuals with advanced atherosclerosis.

Methods—Neurocognitive testing, carotid ultrasound, transcranial Doppler and carotid strain
imaging were performed on 40 patients scheduled for carotid endarterectomy. Kendall tau
correlations were used to examine relationships between cognitive tests and surgical side
maximum peak systolic velocity (PSV) (from bulb, proximal, mid or distal ICA), mean MCA
velocity and Pl and maximum CPSI (axial, lateral and shear strain indices used to characterize
plaque deformations with arterial pulsation). Cognitive measures included age adjusted indices of
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verbal fluency, verbal and visual learning/memory, psychomotor speed, auditory attention/working
memory, visuospatial construction, and mental flexibility.

Results—Participants were median age 71.0 (interquartile range [IQR] 9.75) years, 26 male
(65%) and 14 female (35%). Traditional Doppler parameters, PSV, mean MCA velocity and MCA
P1 did not predict cognitive performance (p values all >0.05). Maximum CPSIs were significantly
associated with cognitive performance (p<0.05).

Conclusions—Traditional velocity measurements of maximum bulb-ICA PSV, mean MCA
velocity and PI were not associated with cognitive performance in patients with advanced
atherosclerotic disease; however, maximum CPSIs were associated with cognitive performance.
These findings suggest cognition may be associated with unstable plaque rather than blood flow.
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Introduction

Traditional Doppler measures such as mean blood flow velocity of the middle cerebral artery
(MCA), pulsatility index (PI) of the cerebral arteries, peak systolic velocity (PSV) of the
internal carotid artery (ICA), and cerebrovascular reactivity have been associated with
cognitive performance and dementia.1~11 The mean velocity of blood flow in the MCA has
been shown to be lower in individuals with Alzheimer disease and vascular dementia when
compared with age matched controls.8: @ The PI of the middle MCA has also been shown to
be elevated in patients with Alzheimer dementia and vascular dementia compared to age
matched controls, & 89 and cerebral vascular pathology has been seen in patients with
Alzheimer disease.1? Thus, it is hypothesized that increased vascular resistance downstream
to the MCA is associated with decreased flow (manifested as lower mean velocity in the
MCA) and increased vascular resistance (depicted as an increased P1).8 8 9 While this
phenomenon of hemodynamic changes (lower mean flow velocity and increased resistance
measured with the PI) have been explored in patients with disease and compared to healthy
controls, these parameters have not been well described in individuals with advanced carotid
atherosclerosis to characterize changes in cognition. Thus, we sought to explore the
relationships of the surgical side Doppler velocities in the most stenotic segment of the
vessel (carotid bulb to ICA [proximal, mid and distal] and flow in the ipsilateral MCA). We
hypothesized that if traditional Doppler parameters were associated with cognition, these
hemodynamic measures may be an additional tool for assessing symptomology in
individuals with asymptomatic carotid stenosis. We hypothesized that lower mean MCA
velocities, higher bulb-1CA velocities and higher MCA P1 would be associated with poorer
cognitive performance in individuals with advanced atherosclerosis (> 60% stenosis and
scheduled for clinically indicated carotid endarterectomy based on asymptomatic carotid
artery stenosis (ACAS)13 and the North American Carotid Endarterectomy Trial
(NASCET) criteria). We also hypothesized that traditional Doppler measurements would
perform similar to novel approaches of evaluating carotid plaque strain indices (CPSlIs),
where we have previously demonstrated that higher strain indices are associated with poorer
cognitive performance.15-18
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Materials and Methods

Participants

Participants were individuals enrolled in the Structural Stability of Carotid Plaque and
Symptomatology study (R01 NS064034, PI: R. Dempsey, funded by the National Institutes
of Health, Bethesda, MD, USA). From 2010-2018, 40 participants underwent
neurocognitive testing, transcranial Doppler examination (for hemodynamic assessment and
to monitor for high intensity transient signals [HITS]), a clinical carotid Doppler
examination and carotid strain imaging performed on their surgical side. All 40 participants
were scheduled for clinically indicated carotid endarterectomy based on ACAS and
NASCET criteria. This study was approved by the University of Wisconsin Health Sciences
Institutional Review Boards. All patients provided informed consent prior to participating in
the study.

Neurocognitive Testing

Each participant was administered the National Institute of Neurological Disorders (NINDS)
and Canadian Stroke Network (CSN) 60-minute test battery. The NINDS-CSN battery is
specifically designed for stroke patients to assess their executive function/attention, speeded
psychomotor, verbal and nonverbal memory, language, and visuospatial skills. The entire
test battery with accompanying citations is shown in Table 1 and these tests have been
previously described.1® Incorporated in the statistical analyses were the Wechsler Adult
Intelligence Scale 4t edition (WAIS-1V) Information subtest for verbal semantic
information, the Controlled Oral Word Association Test for verbal fluency,29-21 the, WAIS-
IV Digit Symbol Test?2 for psychomotor speed, Trail Making Test B,23 for speeded mental
flexibility, the Hopkins Verbal Learning Test-Revised (HVLT)?4 total learning test for verbal
learning and delayed verbal memory,24 the WAIS-IV Block Design Test?2 for visuospatial
construction, the WAIS-1V Digit Span Test for auditory attention/working memory, and the
Rey Complex Figure Delayed Recall Test?® for delayed visual memory.The Wechsler Adult
Intelligence scale 4t edition (WAIS-1V) Digit Symbol Coding Test and Block Design Test
are reported as scaled scores (mean=10, sd=3), T-scores (mean = 50, sd = 10) are reported
for all other cognitive tests.

Transcranial Doppler

Patients were placed in the supine position with a transducer fixation device (helmet) placed
on the head. Two, 2.0 MHz transducers were attached to the fixation device and placed over
the trans-temporal window. The right and left MCA Doppler signals were identified and
sampled at a depth between 45 and 60 mm. The PSV, mean velocity, end diastolic velocity,
P1, resistive index (RI) and systolic to diastolic ratio in the MCA were acquired. The mean
blood flow is the time average velocity of the envelope (maximal velocity) over one cardiac
cycle.26 Pl and RI were calculated from the Doppler signal. P1 (unitless, Gosling P1) was
calculated as follows: Pl = (PSV — End diastolic velocity[EDV])/mean velocity) mean blood
flow is the time average velocity of the envelope (maximal velocity) over one cardiac cycle.
26 Resistance index (Pourcelot Resistance Index) was calculated: Rl = (PSV — EDV) / PSV.
26 gystolic to Diastolic ratio was calculated as the PSV / minimal diastolic velocity. These
measures were calculated with the auto Doppler function on the transcranial Doppler system
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utilizing the peak envelope. All transcranial Doppler examinations were performed with a
SONARA Digital Bilateral Systems transcranial Doppler system (Natus Neurology, Inc,
Middleton, WI, USA) (Figure 1).

Carotid Ultrasound

B-mode, pulsed wave Doppler, and color flow Doppler images of the bilateral common
carotid, internal, and external carotid arteries were acquired with a 9L4 linear array
transducer and an Acuson S2000 ultrasound system (Siemens Medical Solutions USA, Inc,
Malvern, PA, USA). Pulsed-wave Doppler was utilized to measure blood flow velocities.
The Doppler sample volume was placed in the center of the vessel, and all samples were
acquired at an angle of 60 degrees or less. Peak systolic and end diastolic velocities were
recorded in the proximal, mid and distal segments of the common and internal carotid
arteries, carotid bulb and external carotid arteries. Pulsatility index (PI), Rl and systolic to
diastolic ratio measurements were measured at each previously mentioned vessel segment
(Figure 2).

Carotid Strain Imaging

Methods for performing carotid strain imaging have been previously described.15-18. 27,28
Briefly, Ultrasound radio frequency (RF) echo signal data loops were acquired with an 18L6
linear array transducer and Acuson S2000 ultrasound system (Siemens Medical Solutions
USA, Inc, Malvern, PA, USA). RF sampling frequency was 40 MHz. Plaque and adventitia
were segmented utilizing the Medical Imaging Interaction Toolkit (MITK). Displacement
tracking of segmented regions from the end diastolic frame was automatically tracked over
two complete cardiac cycles (25 frames/cycle) using a hierarchical block-matching motion
tracking algorithm previously developed in our laboratory,2” and currently implemented on a

GPU.2? Corresponding strain tensors are computed from the gradient of the respective
ody,
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E§V , EN and E,’C\g represents accumulated axial, lateral and shear strains over a cardiac cycle
respectively (Figures 3,4,5).

Statistical Analysis

Descriptive statistics are presented as median and interquartile range (IQR). Kendall tau
correlations were used to examine relationships between the cognitive measures and the
maximum PSV (PSV; from bulb, proximal, mid or distal ICA), mean MCA velocity and Pl
(on surgical side) and CPSIs (maximum axial, lateral and shear strain indices used to
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characterize plaque deformations with arterial pulsation). To determine if contralateral
hemodynamics may influence associations with cognitive performance we also computed
the average (average of surgical and contralateral non-surgical side) maximum PSV (PSV;
from bulb, proximal, mid or distal ICA), average mean MCA velocity and average PI.
Kendall tau correlations were also used to examine relationships between the average
(average of surgical and contralateral non-surgical side) maximum PSV (PSV; from bulb,
proximal, mid or distal ICA), mean MCA velocity and PI. Cognitive measures included age-
adjusted indices of verbal fluency, verbal and visual learning/memory, psychomotor speed,
auditory attention/working memory, visuospatial construction, and mental flexibility.

Forty participants enrolled in the Structural Stability of carotid Plaque and Symptomatology
study (RO1 NS064034, PI: R. Dempsey funded by the National Institutes of Health,
Bethesda, MD, USA) scheduled for clinically indicated carotid endarterectomy underwent
neurocognitive testing, comprehensive clinical carotid ultrasound imaging, carotid strain
imaging and ipsilateral transcranial Doppler examination in which hemodynamic velocity
data was acquired. Participants were median age 71.0 ( IQR 9.75) years, 26 male (65%) and
14 female (35%). Twenty (50%) were symptomatic. Participants also had clinical imaging
performed (computed tomography [CT] or magnetic resonance imaging [MRI]) to determine
the percent stenosis prior to surgery. The median stenosis was 70.0 (IQR 10.0) percent.
Median score [IQR] performance for each cognitive test (Controlled Oral Word Association
Test, 41.00 [10.00]; Trail Making Test B, 44.00 [15.00]; WAISIV Digit Symbol Coding,
9.00 [2.50]; Hopkins Verbal Learning Test—Revised Total Learning, 45.00 [18.25]; Hopkins
Verbal Learning Test—-Revised Delayed Recall, 44.00 [18.00]; WAIS-1V Block Design, 10.00
[2.5]; and Rey Complex Figure Delayed Recall, 46.00[16.50]), Doppler values (PSV, 194.4
[131.60]; MCA mean velocity, 42.90 [21.50]; and MCA PI, 1.05 [0.36]), and strain values
(axial, 17.97 [22.24]; lateral, 12.15 [11.25]; and shear, 20.72 [22.89]) are provided in Table
2.

Traditional Doppler Parameters

Traditional Doppler parameters of the highest PSV in the carotid bulb to distal ICA segment,
mean velocity in the MCA, and PI in the MCA were not significantly related to cognitive
performance in any of the tests (all P >.05). For the surgical side, Kendall tau correlations
() ranged from -0.02 to —0.14 for the PSV in the bulb—distal ICA segment, —0.01 to 0.20
for the mean MCA velocity, and — 0.02 to 0.12 for the MCA PI (Table 3). The average PSV
(bulb to ICA), mean blood flow velocity of the MCA, and mean PI were also not
significantly associated with cognitive performance (data not shown; all P > 0.05).

Carotid Strain Imaging

Maximum strain values were significantly associated with cognitive performance (P < .05;
Table 3). Maximum axial strain CPSls were significantly inversely correlated with WAIS-1V
Digit Symbol test performance (r = -0.40; P <0.001), Trail Making Test B (r =-0.35; P =
0.002); and WAIS-1V Digit Span (r = —-0.24; P =.036). Maximum lateral strain CPSIs were
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significantly inversely correlated with the Controlled Oral Word Association Test (r = —0.22;
P =.046), WAIS-IV Digit Symbol (r = -0.25; P =.031), and Trail Making Test B (r = —0.29;
P =.010), and maximum shear strain CPSIs were significantly correlated with WAIS-IV
Digit Symbol (r = -0.35; P =.003), Trail Making Test B (r = -0.35; P = .002), and Rey
Complex Figure Delayed Recall (r = —-0.22; P = .050) (Table 3).
Discussion

Our results demonstrate that traditional Doppler measures such as highest PSV in the bulb to
ICA, mean flow velocity of the MCA and PI of the MCA are not indicative of cognitive
performance in individuals with advanced atherosclerosis. Axial, lateral and shear strain
indices were significantly related to cognitive performance. We have previously
hypothesized that CPSIs represent a novel measure for assessing the pulsatility of plaque
and that plaques with higher strain are more susceptible to the release of microemboli which
may be resulting in brain damage contributing to cognitive decline,15-18. 28,30, 31

The significance of these results is that measurement of CPSIs in plagues may represent a
novel method for following patients and assisting with management in patients with
advanced atheroscleriosis.15-18. 28, 30-32 The findings of this study suggest that traditional
measures may not be the best way to follow patients with asymptomatic carotid arterial
stenosis. While velocity information has been used historically to estimate the percent
stenosis,33-3% stenosis alone may not be indicative of brain damage occurring due to the
release of microemboli from unstable carotid plaque and thus asymptomatic patients may
not be fully asymptomatic in that they may have cognitive symptoms of decline that are not
associated with the current clinical examination.

Others have demonstrated that cerebral blood flow diminishes with age and is reduced in
patients with Alzheimer disease, vascular dementia, vascular cognitive impairment and
cognitive decline in non-demented individuals.3: 6 8: 9. 36-39 However, in many of these
studies comparisons were made between healthy controls and patients with disease.3: & 39

Our study focused on evaluation of individuals with advanced atherosclerosis to see if
Doppler hemodynamics were associated with cognitive function in individuals with
advanced disease. Our findings suggest that Doppler measures may not be the best way to
identify patients at highest risk for cognitive decline in individuals with advanced carotid
atherosclerosis. Others have suggested that hypo perfusion, secondary to high-grade carotid
stenosis contributes to cognitive impairment through chronic ischemia.#9-42 Since the ICA
contributes flow to the MCA, it is proposed that the MCA mean blood flow velocity can be
used as an indirect measure for cerebral perfusion and thus, lower MCA mean velocities
would be indicative of decreased perfusion.1® Increased Pls are thought to represent
increased vascular resistance due to damage to small vessels and capillaries.39 Increased
MCA PIs have also been associated with increased white matter hyper intensity lesion
burden with MRI brain imaging.3° The reason our findings may differ from others is that our
study population consisted of individuals with advanced atherosclerosis and not specifically
looking for difference between healthy controls or individuals with vascular cognitive
impairment— non dementia and individuals without vascular cognitive impairment.
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Our findings also demonstrated that strain measures were associated with cognitive
performance. We have previously demonstrated associations of carotid strain imaging with
cognitive performance and associations with total white matter hyper intensity lesion
volume.15-18. 28, 43 \We hypothesize that vascular strain indices are a measure of plaque
instability with higher strains associated with plaques that are more likely to release
microemboli resulting in brain damage contributing to cognitive decline. Previously we have
demonstrated that patients with advanced carotid atherosclerosis had poorer cognitive
performance compared to age matched controls demonstrated loss from their premorbid 1Q
regardless of if they presented with neurologic symptoms (stroke, transient ischemic attack,
speech, motor or visual deficits).19 We have also demonstrated that patients with advanced
atherosclerosis have similar plaque histopathology findings at the time of carotid
endarterectomy suggesting that both symptomatic and asymptomatic patients have plaque
features that are similar and capable of releasing microemboli.*4 Thus, it becomes
imperative to identify new measures, such as CPSls, to further characterize plaque instability
and optimize treatment of carotid atherosclerosis to halt and/or delay the onset of cognitive
decline associated with vascular disease.

This is a small study (n=40) and did not image control participants. Also, all participants had
advanced carotid atherosclerosis and were scheduled for clinically indicated carotid
endarterectomy. These individuals may already have altered cerebral hemodynamics based
on their advanced disease state. Therefore, it is not known how traditional Doppler
measurements for individuals with advanced carotid atherosclerosis in our study would
differ with healthy age matched controls. However, the aim of this study was to see if these
measures were associated with cognitive performance and if they could they be used to assist
with treatment planning to halt or delay vascular cognitive decline. Future work will require
larger prospective longitudinal studies with aims developed to evaluate the best noninvasive
measurement techniques for following patients and maximizing treatment to halt or delay
cognitive decline associated with carotid vascular disease.

In conclusion, traditional velocity measurements of maximum bulb-ICA PSV, mean MCA
velocity and Pl were not associated with cognitive performance in patients with advanced
atherosclerotic disease; however, maximum CPSIs were associated with cognitive
performance. Findings suggest that cognition may be associated with unstable plaque
(plaques at greater risk for rupture) rather than blood flow in individuals with advanced
atherosclerosis.
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Figure 1. Trancranial Doppler Signal form the Middle Cerebral Arteries.

Probe

Doppler sample in the right and left middle cerebral arteries (R-MCA, LMCA). * Mean =
mean velocity cm/s, Peak = peak systolic velocity cm/s, EDV = end diastolic velocity cm/s,
Pl = pulsatility index, RI = resistive index, S/D = systolic/diastolic ratio, HR = heart rate.
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Figure 2. Internal Carotid Artery Doppler.
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diastolic velocity (ED) 54.6 cm/s. Temporal average max (TAMx) = —=104.5 cm/s, temporal

average mean (TAMn) = —56.9 cm/s, pulsatility index = 1.56, resistive index = 0.75,
systolic/diastolic (S/D) ratio = 3.98, acceleration time (T) = 0.025 seconds.
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Figure 3. Carotid Axial Strain Image.
Carotid strain image. Axial strain in the segmented region overlaid on the corresponding B-

mode.

J Ultrasound Med. Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mitchell et al.

Page 14

Widthnmm))

8.00

Lateral Strain
-0.0800 0.00 0.0800 0.160

Figure 4. Carotid Lateral Strain Image.
Carotid strain image. Lateral strain in the segmented region overlaid on the corresponding

B-mode.
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Figure5. Carotid Shear Strain I mage.
Carotid strain image. Shear strain in the segmented region overlaid on the corresponding B-

mode.
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