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Abstract

BACKGROUND—The reproducibility of transcranial Doppler (TCD) ultrasound measurements
in Sturge-Weber syndrome (SWS) and TCD’s ability to predict neurologic progression is
unknown.

METHODS—In fourteen SWS patients, TCD measured mean flow velocity, pulsatility index,
peak systolic velocity (PSV), and end diastolic velocity (EDV) in the middle (MCA), posterior
(PCA) and anterior cerebral arteries (ACA) of the affected and unaffected hemisphere. TCD was
performed either once (n=5) or twice in one day (n=9). We assessed the reproducibility of the
measurements performed twice on the same day on subjects and compared the TCD measurements
to previously published age-matched controls. Clinically obtained neuroimaging was scored for
extent and severity of SWS brain involvement. Patients were prospectively assigned SWS
neuroscores.

RESULTS—MCA velocity (r=0.79, p=0.04, n=7), PCA velocity (r=0.90, p=0.04, n=5), and ACA
pulsatility index (r=0.82, p=0.02, n=7) were reproducible TCD measurements comparing same-
day percent side-to-side differences. In subjects with SWS, affected and unaffected mean PSV and
EDV velocities in the MCA, PCA, and ACA were globally lower compared to age-matched
controls. Subjects with the lowest affected MCA velocity had the greatest worsening in total
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neurologic score between time 1 and 2 (r=—-0.73, p=0.04, n=8) and the most severe MRI
involvement of the affected frontal lobe (r=—0.82, p=0.007, n=9).

CONCLUSIONS—TCD is suggested as a reliable measure with potential clinical value,
indicating blood flow may be globally decreased in SWS patients with unilateral brain
involvement.
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Introduction

Sturge-Weber syndrome (SWS) is a neurocutaneous syndrome consisting of leptomeningeal
angioma of the brain, a facial capillary malformation (port-wine birthmark), and capillary
venous malformation of the eye [1]. SWS is caused by a R183Q somatic mutation in GNAQ
occurring during fetal development [2, 3]. Individuals with SWS often suffer from seizures
and stroke-like episodes [1]. The extent of brain involvement is formally assessed using a
magnetic resonance imaging (MRI) of the brain with and without intravenous contrast. The
contrast specifically highlights the stereotypical leptomeningeal angiomatosis enhancement
in affected individuals. However, low sensitivity of neuroimaging in infancy makes it
challenging to confirm early SWS brain involvement. Furthermore, MRIs of the brain at this
point frequently require conscious sedation and intravenous contrast administration,
hindering the accessibility of the MRI as a biomarker for monitoring patient response to
treatment. Early suspicion of brain involvement can be assessed using
electroencephalograms (EEGS), though in some cases the EEG and subsequent MRI are not
concordant, or may not correlate with neurologic symptoms [4]. The SWS community is in
need of an additional, early detection tool to screen for SWS brain involvement and a non-
invasive biomarker to evaluate treatment response.

Research has demonstrated that individuals with SWS brain involvement have decreased
cerebral blood flow in involved regions of the brain [5, 6]. Transcranial Doppler (TCD)
ultrasound is a non-invasive vascular procedure that measures velocity of blood flow
throughout the brain's blood vessels. TCD has been used successfully in individuals with
neurovascular disorders (specifically stroke prevention in sickle cell disease) to predict
neurologic progression [7]. To test the utility of TCD in assessing cerebral blood flow in
patients with SWS brain involvement, Jordan and colleagues (2008) evaluated eight children
with unilateral brain involvement by TCD performed once to assess non-angle-corrected
mean flow values (cm/sec) for the velocity, depth, and pulsatility index (PI) [8]. Those with
SWS had lower middle cerebral artery (MCA)-velocity and posterior cerebral artery (PCA)-
velocity TCD, as well as higher MCA P1 values on the affected hemisphere compared to the
unaffected hemisphere. It is therefore concluded that TCD was a promising tool for
monitoring abnormal blood flow in SWS. A larger number of subjects were needed to seek
correlations with neurologic status and additional comparisons with age-matched controls
were also required. Therefore, the goals of this study are three-fold: 1) assess reproducibility
of TCD ultrasound measurements in subjects with SWS, 2) determine whether there is an
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association in changes in TCD with clinical change and 3) compare TCD results with age-
matched normal subjects.

The Johns Hopkins Institutional Review Board approved this study and the subjects or their
legal guardian signed informed consent for their participation.

Participants with a diagnosis of SWS unilateral brain involvement as defined on
neuroimaging were eligible for this study. Participants were recruited from the Kennedy
Krieger Institute (Baltimore, Maryland) as patients of A.M.C and came from Maryland and
the neighboring states. Participants were recruited prospectively. No subjects were excluded.
Age-matched control data for mean flow velocity, PSV (peak systolic velocity), and EDV
(end-diastolic velocity) were obtained from Bode and Wais (1988) [9].

TCD was performed by a clinical ultrasonographer, M. R. D., on an ATL/Philips Model
5000 (Bothell, Washington) and a Siemens Antares (Malvern, Pennsylvania) for the
participants who received TCD once (n=5) and on an ATL/Philips Model 5000 (Bothell,
Washington) and a Philips 1U-22 (Bothell, Washington) for the participants who received
TCD twice in one day (n=9). No repeat TCD data are available for the participants reported
in the Jordan et al., 2008 study [8]. Standard clinical procedures were used with three
different clinical models that supported TCD to avoid participants waiting for the unit to be
available; all models had preventative maintenance every six months. Using previously
described methods, the non-angle corrected mean, PSV and EDV (cm/sec), and the Pl were
measured for the MCA, PCA, and ACA using a 2 MHz probe during approximately 90
minute sessions [8]. Not all TCD measurements were able to be collected for each
participant due to subject cooperation (see Supplemental Table 1 for details). For
participants with multiple velocities, the highest velocity per session for each hemisphere of
each TCD vessel was used in the analyses. TCD measurements were done blinded to both
MRI scores and SWS clinical severity scores.

Average differences and average percent side-to-side differences of TCD values were
calculated to compare the first TCD session to the second. Reproducibility of the TCD
measures was evaluated using Spearman’s correlation with two measurements done on the
same day on the same subjects (n=9). For the participants that had more than one session,
the average TCD value for the sessions was calculated for each hemisphere; similarly, an
average percent difference between the affected and unaffected hemisphere was calculated
for the two sessions.

SWS clinical severity scores were collected prospectively (A.M.C.), on average, at the time
of the TCD and twelve months later. Differences were calculated for each subcategory of the
clinical severity scores between the two assessment dates. A SWS clinical severity score
contained frequency of seizures, severity of hemiparesis, assessment of visual field cut,
degree of cognitive functioning with a total score ranging from 0-15 as previously published
(see Supplemental Table 2) [10]. Correlations of TCD values with the SWS clinical severity
scores were evaluated using Spearman’s rho. TCD values of those with two sessions were
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averaged together. Percent side-to-side differences (PSSDs) of TCD values were calculated
between the affected and unaffected side of the brain as below:

(((affected TCD value — unaffected TCD value)/affected TCD value) * 100)

MCA, PCA, and ACA velocities were compared between affected hemispheres and
unaffected hemispheres and also compared to previously published age matched normal
values using Wilcoxon matched-pairs signed rank tests [9]. For brevity, the authors only
report significant results.

All subjects had prior brain MRI with and without contrast imaging done for clinical
reasons. The time between MRIs and the date of TCD ranged from 7 months to 10 years and
6 months with a median time range of 1 year and 3 months. Each MRI was rated by
D.D.M.L and A.M.C., blinded to the TCD and clinical severity scores. The raters scored
MRI scans individually and then came to consensus on discrepancies. A Likert scale of 1 -4
(1 = “no asymmetry”, 2 = “mild asymmetry” (atrophy or angiomatosis only), 3 = “moderate
asymmetry” (angiomatosis and mild atrophy), and 4 = “severe asymmetry” (angiomatosis
and severe atrophy)) was used to assign a score for the frontal, parietal, occipital, and
temporal lobes of the brain in both hemispheres (adaptation from Jansen et al., 2002) [11].
Correlations of MRI severity scores with TCD values and clinical severity scores were
evaluated using Spearman’s rho.

Non-parametric analyses were used for correlations due to the non-continuous and semi-
quantitative nature of the scales and/or non-normal and small datasets. Inter-rater reliability
was evaluated using Cohen’s weighted kappa (k). P-values less than 0.05 for two-tailed
analyses were used as the threshold for determining significance. All analyses were
conducted using IBM SPSS Statistics 23.0 and 24.0 software.

Demographics and Clinical Information

TCD ultrasound was performed either once (n=5, 2F, 8 mos-9 yrs) or twice in one day (n=9,
5F, 3 yrs-20 yrs). Seventy-one percent of the participants identified as Caucasian (6F, 4M).
Six participants had brain involvement on the left hemisphere compared to the eight with
right hemisphere brain involvement. SWS eye involvement was present in five participants
unilaterally and in three participants bilaterally. Six participants did not have eye
involvement. Seven participants had SWS skin involvement on one side of their face and
three had involvement on both sides. Four participants did not have any skin involvement.
More individual-specific demographics and clinical information can be found in Table 1.

MRI Location and Severity of Brain Involvement

Eleven out of fourteen participants had neuroimaging available for scoring. There was
moderate agreement between the two raters, with the following values: total MRI severity
score x,y, = 0.43 and total affected MRI severity score x,y = 0.46. Consensus total MRI
severity scores ranged from 9 to 19 with a median total score of 13. For those with left-sided
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brain involvement, the median total MRI severity score was 10.50 (6-14). Participants with
right-sided brain involvement had a median total score of 9 (5-15). On the affected
hemisphere, six out of these eleven participants had unaffected frontal lobes, four
participants had unaffected temporal lobes, and one participant had an unaffected parietal
lobe. Zero participants had an unaffected occipital lobe on their affected hemisphere.

MRI severity score correlations with TCD and clinical severity—The average
percent side-to-side difference in MCA mean flow velocity negatively correlated with total
affected MRI severity in the frontal lobe (Spearman, r=—0.82, p=0.007, n=9); thus, lower
MCA velocity on the affected hemisphere correlated with increased MRI severity scores in
the frontal lobe of the affected hemisphere (see Figure 1). The total affected MRI severity
score positively correlated with a change in total SWS neuroscore (Spearman, r=0.69,
p=0.04, n=9); therefore, increased MRI severity scores on the affected hemisphere correlated
with worsening neurologic status over a year (see Table 2).

Reproducibility of TCD Measurements

Reproducible Percent Side- to- Side Differences—Five out of seven, five out of five,
and two out of seven subjects had decreased MCA, PCA, and ACA mean velocity on the
affected side compared to the unaffected side, respectively. Six out of seven, five out of five,
and five out of seven subjects had increased MCA, PCA, and ACA pulsatility index on the
affected side compared to the unaffected side, respectively (first session of TCD data for
those with two sessions, for full data see Supplemental Table 4). MCA velocity percent side-
to-side difference was significantly correlated from session-to-session (n=7) as were PCA
velocity percent side-to-side differences (n=5). ACA pulsatility index percent side-to-side
differences were also reproducible from session-to-session (n=7), but PCA and ACA
pulsatility indices were not (see Table 3). The nine participants with TCD twice in one day
were used for these analyses; though not all had successful measurements for each vessel
(see Supplemental Table 1 for details).

Reproducible Velocities—The first TCD session’s MCA unaffected PSV trended
towards reproducibility with the second session’s values (n=6). PSV and EDV of the MCA
on the affected hemisphere of the MCA also trended towards reproducibility (n=6). These
reproducibility correlations for MCA, PCA, and ACA measurements are summarized in
Table 3.

Correlation of Clinical Severity scores with TCD

SWS clinical severity scores at the time of the TCD ranged from a total score of 1 to 8 with
a median total score of 4. Scores from 7 to 17 months after TCD ranged from a total score of
0 to 8 with a median total score of 4 (see Supplemental Table 3).

MCA correlations with clinical severity—Percent difference in MCA velocity was
negatively correlated with a change in total SWS neuroscore (Spearman, r=—0.73, p=0.04,
n=8); therefore, lower velocity in the MCA on the affected side correlated with worsening
neurologic status over a year (see Figure 2 Panel A). A trend was also noted for a decrease in
MCA mean flow velocity on the affected side (compared to the unaffected side) correlated
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with a worsening in seizure scores from time 1 to time 2 (Spearman, r=—0.69, p=0.06, n=8,
see Figure 2 Panel B). There were no significant correlations between the percent difference
in MCA velocity and the initial SWS clinical severity score.

Comparison with age-matched normal data

MCA velocities—The PSV, EDV, and mean flow velocity for the affected and unaffected
MCA were significantly lower compared to that of age-matched controls. Unaffected MCA
values were significantly lower compared to affected values for the EDV and mean flow
velocity (see Figure 3 Panel A, B, and C and Supplemental Table 5).

PCA velocities—The PSV, EDV, and mean flow velocity for the affected PCA were
significantly lower compared to that of age-matched controls. The EDV and mean flow
velocity for the unaffected PCA were significantly lower compared to controls. Unaffected
PCA values were significantly lower compared to affected values for the PSV, EDV, and
mean flow velocity (see Supplemental Figure 1 Panel A, B, and C and Supplemental Table
5).

ACA velocities—The EDV for the affected ACA was significantly lower compared to that
of age-matched controls. The PSV, EDV, and mean flow velocity for the unaffected ACA
was also significantly lower than age-matched controls (see Supplemental Figure 2 Panel A,
B, and C and Supplemental Table 5). Unaffected ACA values were lower compared to
affected values for the PSV, EDV, and mean flow velocity, though not significant.

Discussion

A novel finding in this study was that the mean flow, PSV and EDV on the unaffected
hemisphere of these subjects with SWS were significantly lower than expected for age. All
subjects recruited for this study had unilateral brain involvement diagnosed on neuroimaging
performed after one year of age with the exception of one subject (subject 10) whose
imaging was obtained at birth. Therefore, these data suggest that even unilateral SWS brain
involvement has the potential to negatively impact the putatively unaffected hemisphere. It is
unknown at this time whether the decrease in flow velocities on the unaffected side is
secondary to decreased metabolic demand and tissue changes resulting from seizures and
strokes on that or the other side, or alternatively suggests a more global underlying
disruption in cerebral hemodynamics in SWS than previously suspected.

Decreases in EDV on the unaffected side, compared to normal controls, is particularly
interesting as it likely reflects impaired venous drainage [12, 13]. Decreased cerebral
perfusion due to impaired venous drainage has been demonstrated in SWS by magnetic
resonance (MR) perfusion imaging and therefore these results are consistent with SWS
being a neurovascular disorder of venous impairment [14]. These results suggest that global
impaired venous drainage is present in patients with a unilateral leptomeningeal angioma.

In the affected hemisphere, the relative mean flow velocities in the MCA and PCA were
significantly lower, compared to the contralateral unaffected hemisphere. The mean flow
velocities, PSV, and EDV of the MCA and PCA in the affected hemisphere were also
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significantly lower than expected for age. These findings are consistent with prior studies
that have shown decreased blood flow in individuals with SWS on the affected hemisphere
using various different techniques [5, 6, 15]. Chiron and colleagues (1989) used single
photon emission computed tomography (SPECT) to assess regional cerebral blood flow
(rCBF) in thirteen patients with SWS [5]. They noted a 32—72% decrease in rCBF in
computerized tomography (CT) scan-confirmed brain regions related to SWS [5]. Pinto
(1997) also detected decreased rCBF in the affected hemispheres of twenty-two babies with
diagnosed SWS using SPECT imaging [6]. Riela, Stump, Roach, McLean, and Garcia
(1985) used a non-invasive Xenon-133 inhalation technique to track rCBF in four patients
with SWS [15]. Vasomotor dysfunction, indicating decreased rCBF, was discovered in the
affected brain regions of all patients in this study [15]. Miao and colleagues (2011) identified
correlates between more severe brain atrophy in individuals with low perfusion in the
affected white matter tissue of the brain with lower cerebral blood flow and lower cerebral
blood volume [16]. Clinically, a longer duration of epilepsy was also associated with lower
cerebral blood flow and lower cerebral blood volume. Decreased perfusion on the affected
hemisphere was found to be correlated with more frequent seizures. Aylett and colleagues
(1999) also reported mean flow velocity decreased by 29-62% on the affected hemisphere
compared to the unaffected in two of the three infants studied [17]. Based on these perfusion
imaging studies, decreased mean flow velocities on the affected hemispheres, relative to the
unaffected side and compared to normal controls, are expected.

One would also anticipate a greater MCA and PCA (compared to ACA) relative decrease in
mean flow velocity in the affected hemisphere, compared to the unaffected hemisphere,
since SWS brain involvement is more commonly in posterior occipital, parietal, and
temporal regions of the brain [18], as was seen in our cohort of subjects. The frontal lobe,
perfused in part by the ACA, is the least likely region to be affected by SWS brain
involvement [19]. The increased relative mean flow velocity in the ACA on the affected side
compared to the unaffected side in our data suggests that some compensatory increased flow
through the anterior circulation may be occurring.

Increased relative pulsatility index in the MCA and PCA on the affected side compared to
the unaffected (noted in the first TCD session of most subjects) was previously noted in our
Jordan et al., 2008 study [8]. However, pulsatility index was not reproducible from session to
session of the current study. It may be that a larger number of subjects are needed to
determine if pulsatility index is sufficiently reproducible to be clinically useful in SWS;
further studies are needed.

Clinical correlates with reproducible TCD values suggest that mean flow velocities of the
MCA may be predictive of clinical worsening in patients with SWS. If confirmed in larger
studies and clinical trials, TCD may prove to be a useful biomarker for monitoring and
predicting neurologic progression in SWS. With this cross-sectional study, it is not possible
to determine whether the associations between lower relative mean flow velocities in the
MCA on the affected hemispheres are causative of the worsening in clinical symptoms or
reflective of existing injury. While cerebral flow velocities are not a direct measure of
cerebral blood flow, the lower relative flow velocities (affected side compared to the
unaffected side) may relate to decreased cerebral perfusion and ongoing ischemia, which
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may explain why decreased relative MCA mean velocity was associated with worsening
clinical measures. Lower MCA mean flow velocity on the affected hemisphere correlation
with increased MRI severity scores in the frontal lobe of the affected hemisphere further
supports a relationship between TCD measurements and extent of brain involvement. This
decrease in relative mean flow velocity may be reflective of an arterial abnormality or rather
may potentially be due to elevated venous resistance, which is the more likely scenario with
SWS. Alternatively, the relative flow velocities are lower, on the affected side compared to
the unaffected side, because the already ischemic/injured posterior regions of the brain have
lower metabolic demand.

The MR perfusion study by Miao and colleagues (2011) argued that cerebral hyperfusion
actually precedes brain atrophy in young children with SWS and that cerebral blood flow
later evolves to decreased cerebral perfusion [16]. Thus the lower cerebral flow velocities
(both relative and compared to normal) may be surrogate markers of the degree of cerebral
injury and thus disease severity. It is also possible, even likely, that the underlying causes of
the TCD measurement abnormalities are different in a young infant compared to an older
child or adult with SWS. TCD in an older patient is more likely to reflect atrophy and
compensatory changes than in a young infant. We postulate that a longitudinal TCD study of
young patients with SWS may further clarify the significance of these findings. While the
data in this study did not show age-related differences in TCD measurements, a future study
of serial TCD measurements over the first year of life is needed to determine the early
cerebral flow velocities as measured by TCD.

This study also sought to determine the reproducibility of TCD measures in subjects with
SWS. The percent difference in relative MCA mean flow velocity, PCA mean flow velocity,
and ACA pulsatility index were reproducible across sessions. A majority of the PSV and
EDV for the MCA, PCA, and ACA were also found to be reproducible between sessions,
most consistently on the unaffected hemisphere. Based on these results, it is concluded that
cerebral blood flow measurement by TCD in SWS is feasible and reproducible. The
reproducibility of pulsatility index may require further study.

Limitations of the study

SWS is a rare disorder and the relatively small sample size for this study is a limitation. A
larger number of subjects will enable additional correlations with MRI scores and other
clinical outcomes, as well as greater certainty regarding the reproducibility and value of
pulsatility measurements. This was a cross-sectional TCD study, and therefore no
conclusions can be drawn regarding changes in TCD measurements in SWS over time.
Serial TCDs in infants with port-wine birthmarks need to be done in order to determine to
what extent decreases in blood flow by TCD occur early in the progression of SWS and to
determine whether TCD is useful for screening infants with facial port-wine birthmark for
brain involvement. TCD has technical limitations in uncooperative participants that can, at
times, prevent successful measurements of all the cerebral vessels. Nevertheless, the bilateral
decreases in velocities in both PCA and MCA vessels demonstrated on both the affected and
the unaffected sides of most of the subjects provides confidence that even an incomplete
study is likely to be useful. Also, given the safety and wide availability of TCD, these results
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justify further TCD work in patients with SWS. With further development, TCD may be
considered as a clinical outcome for future clinical trials to gauge progression of SWS.

In conclusion, the correlations between mean flow velocity on TCD in SWS patients and
clinical outcomes suggest that TCD has the potential to predict neurologic progression of
SWS and aid in clinical care. TCD may also be useful in assessing treatment response and
screening for the need for more aggressive treatment. Further study, particularly of MCA
measurements, is needed to demonstrate the clinical utility of TCD in SWS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Correlation of TCD Values with MRI Severity. Figure 1 depicts the correlation and trend line

between the total affected MRI severity score with the difference in total SWS severity
scores from time 1 to time 2.
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Figure2.

Correlation of TCD Values with SWS Clinical Severity Scores. Panel A depicts the
correlation and trend line between the average percent difference between the affected and
unaffected MCA velocity with the difference in total SWS severity scores from time 1 and
time 2. Panel B depicts the correlation and trend line between the average percent difference
between the affected and unaffected MCA velocity with difference in seizure scores from
time 1 to time 2. Only participants with both time 1 and time 2 SWS clinical severity scores
were included. A greater decrease in MCA velocity on the affected side (negative percent
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difference) was associated with a decline in function (Figure 2A) and a worsening of
seizures (Figure 2B) from time 1 to time 2.
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Middle Cerebral Artery Systolic Velocity
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Figure 3.

Comparison of MCA flow velocities in SWS patients compared to previously published age
matched controls. Panel A: MCA peak systolic velocities for each patient are shown for the
affected and unaffected hemispheres compared to previously published age-matched
controls. Panel B: MCA diastolic velocities for each patient are shown for the affected and
unaffected hemispheres compared to previously published age-matched controls. Panel C:
MCA mean velocities for each patient are shown for the affected and unaffected

Pediatr Neurol. Author manuscript; available in PMC 2018 May 31.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Offermann et al.

Page 15

hemispheres compared to previously published age-matched controls. Subjects are arranged
by age in all three panels of Figure 3.
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Reproducibility of TCD Data.

Table 3

Vessel Velocity r (p-value) Pulsatility Index r (p-value)
MCA Percent Side-to-Side Difference  0.79 (0.04) -0.25 (0.59)
PCA Percent Side-to-Side Difference  0.90 (0.04) -0.30 (0.62)
ACA Percent Side-to-Side Difference  0.54 (0.22) 0.82(0.02)
Vessel PSV (peak systolic velocity) r (p-value) EDV (end-diastolic velocity) r (p-value)
MCA Affected 0.60 (0.21) 0.77 (0.07)
MCA Unaffected 0.77 (0.07) 0.26 (0.62)
PCA Affected 0.90 (0.04) 0.60 (0.30)
PCA Unaffected 0.70 (0.19) 0.90 (0.04)
ACA Affected 0.10 (0.87) 0.20 (0.75)
ACA Unaffected 1.00 (0.01) 0.87 (0.05)

r — Spearman’s rho correlation coefficient

p-value — two-tailed significance value
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