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ARTICLE INFO ABSTRACT

Keywords: In acute ischemic stroke, reported relationships between lesion metrics and behavior have largely focused on
Stroke lesion volume and location. However, hypoperfusion has been shown to correlate with deficits in the acute stage.
Hypoperfusion Hypoperfusion is typically identified using perfusion imaging in clinical settings, which requires contrast. Un-
?&f};mtense vessels fortunately, contrast is contraindicated for some individuals. An alternative method has been proposed to
identify hypoperfusion using hyperintense vessels on fluid-attenuated inversion recovery (FLAIR) imaging. This
study aimed to validate the clinical importance of considering hypoperfusion when accounting for behavior in
acute stroke and demonstrate the clinical utility of scoring the presence of hyperintense vessels to quantify it.

One hundred and fifty-three participants with acute ischemic stroke completed a battery of commonly-used
neurological and behavioral measures. Clinical MRIs were used to determine lesion volume and to score the
presence of hyperintense vessels seen on FLAIR images to estimate severity of hypoperfusion in six different
vascular regions. National Institutes of Health Stroke Scale (NIHSS) scores, naming accuracy (left hemisphere
strokes), and language content produced during picture description were examined in relation to lesion volume,
hypoperfusion, and demographic variables using correlational analyses and multivariable linear regression.

Results showed that lesion volume and hypoperfusion, in addition to demographic variables, were indepen-
dently associated with performance on NIHSS, naming, and content production. Specifically, hypoperfusion in
the frontal lobe independently correlated with NIHSS scores, while hypoperfusion in parietal areas indepen-
dently correlated with naming accuracy and content production.

These results correspond to previous reports associating hypoperfusion with function, confirming that hypo-
perfusion is an important consideration—beyond lesion volume—when accounting for behavior in acute
ischemic stroke. Quantifying hypoperfusion using FLAIR hyperintense vessels can be an essential clinical tool
when other methods of identifying hypoperfusion are unavailable or time prohibitive.

1. Introduction identify acute lesions, perfusion weighted imaging (PWI) and CT
perfusion imaging are typically used to identify severe hypoperfusion

MRI and CT imaging have become standard components of routine surrounding the infarct (i.e., the ischemic penumbra). However, com-
clinical care in acute ischemic stroke. Different protocols and scan se- plications and/or nephrotoxicity of contrast agents, such as gadolinium
quences are helpful to identify various characteristics of stroke etiology or iodinated contrast, limit the application of PWI/CT perfusion when
and pathology. While diffusion weighted imaging (DWI) is preferred to patients have renal insufficiency (Ramalho et al., 2016; Hasebroock and

Abbreviations: ACA, anterior cerebral artery; BNT, Boston Naming Test; cc, cubic centimeters; CU, content unit; DWI, diffusion weighted imaging; FHV, FLAIR
hyperintense vessel(s); FLAIR, fluid-attenuated inversion recovery; LH, left hemisphere; MCA, middle cerebral artery; NIHSS, National Institutes of Health Stroke
Scale; PCA, posterior cerebral artery; PWI, perfusion weighted imaging; RH, right hemisphere; rtPA, recombinant tissue plasminogen; SD, standard deviation; TIA,
transient ischemic attack.
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Serkova, 2009) or after repeated administration (McDonald et al., 2015;
Kanda et al., 2015; Kanda et al., 2014). Alternative methods of identi-
fying hypoperfusion are needed when PWI/CT perfusion application is
contraindicated. Arterial spin labeling perfusion is useful but time
consuming and highly sensitive to motion artifact, making it often
difficult to interpret.

Hyperintense vessels on fluid-attenuated inversion recovery (FLAIR)
MRI sequences are another possible alternative to PWI/CT perfusion for
identifying hypoperfusion (Legrand et al., 2015; Toyoda et al., 2001;
Reyes et al., 2017). FLAIR hyperintense vessels (FHVs) are bright
serpentine-like structures and/or isolated bright spots near or within the
sulci (see Fig. 1). Typically, blood vessels appear dark on FLAIR se-
quences as signal intensity is lost when the blood flows out of the im-
aging slice prior to the next pulse. This phenomenon is described as a
‘flow void.” Hyperintense vessels reflect the absence of the flow void
because blood is not moving fast enough during image acquisition.

While the exact underlying cause of FHV is unclear (i.e., as an
indication of slow antegrade flow, collateral retrograde flow, and/or
new thrombus), it is generally accepted that FHV reflect abnormal he-
modynamic function. A relationship between the presence of FHV and
vessel occlusion/stenosis and/or hypoperfused tissue has been demon-
strated in numerous studies for both stroke (Legrand et al., 2015; Toyoda
et al., 2001; Noguchi et al., 1997; Maeda et al., 1999; Maeda et al., 2001;
Legrand et al., 2016; Cosnard et al., 1999; Huang et al., 2012; Olindo
et al., 2012; Cheng et al., 2012; Kamran et al., 2000; Gawlitza et al.,
2014; Hohenhaus et al., 2012; Azizyan et al., 2011; Iancu-Gontard et al.,
2003; Schellinger et al., 2005; Sanossian et al., 2009; Lee et al., 2009),
and transient ischemic attack (TIA) (Kobayashi et al., 2013; Sanossian
et al., 2007). The association of FHVs with lesion size, stroke severity,
and clinical outcomes/prognosis is not yet fully understood. For
example, some studies report presence of FHV to be predictive of clinical
outcomes19 (lancu-Gontard et al., 2003), while others do not (Schel-
linger et al., 2005; Lee et al., 2009). Thus, some practitioners remain
unconvinced of the clinical utility of FHV in managing acute ischemic
stroke/TIA, possibly because of the conflicting diagnostic/prognostic
relationship reported across the literature.

Recently, Reyes and colleagues proposed a method to estimate the
amount/severity of hypoperfusion by quantifying the presence of FHVs
(Reyes et al., 2017). They found that the FHV scores correlated strongly
with volume of hypoperfusion on PWI. Previous work using PWI has
shown that the volume and location of hypoperfusion often contributes
additional information, beyond DWI lesion volume, in accounting for
deficits in acute stroke (Hillis et al., 2002; Hillis et al., 2004; Hillis et al.,
2004; Shirani et al., 2009; Hillis et al., 2001; Hillis et al., 2005; Hillis,

Fig. 1. Examples of hyperintense vessels on FLAIR. Panel (a) demonstrates
hyperintense vessels in the right ACA territory. Panel (b) demonstrates hyper-
intense vessels in the temporal region of the left MCA territory. Note that these
images are in radiological convention with the right hemisphere on the left side
of the image.
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2007; Hillis et al., 2002; Philipose et al., 2007; Hillis et al., 2006; Fri-
driksson et al., 2002), but similar demonstrations are needed using FHVs
to establish validity for use in clinical and/or research settings. The
purpose of this study is to evaluate the clinical utility of estimating
volume and site of hypoperfusion with FHVs in explaining neurological
deficits in a large cohort of both right- and left-hemisphere acute
ischemic stroke patients. We hypothesized that neurological impairment
measured with the National Institutes of Health Stroke Scale (NIHSS)
(National Institute of Neurological Disorders and Stroke, 2011) would
be better explained by estimated volume of hypoperfusion by FHV than
with volume of DWI lesion alone. Furthermore, we hypothesized that
both NIHSS score and performance on some simple language tests would
be best accounted for by a combination of DWI lesion volume, location
of hypoperfusion, age, and education.

2. Materials and methods
2.1. Participants

Participants were retrospectively selected from a larger, prospective
observational study examining various aspects of behavioral perfor-
mance following acute ischemic stroke in the cerebral hemispheres (i.e.,
strokes in anterior/middle/posterior cerebral artery territories). Strokes
that were primary hemorrhages or restricted to the brainstem/cere-
bellum were excluded. Additional inclusion/exclusion criteria were that
participants be at least 18 years of age, have premorbid proficiency in
English, normal or corrected to normal vision/hearing, no prior history
of neurological disease affecting the brain other than stroke, no con-
traindications for MRI, and were not intubated (thus precluding
participation in the behavioral measures). Medical records for those
with prior stroke were reviewed, and only those without residual deficits
(i.e., modified Ranken Score [mRS] = 0) before the new stroke were
retained in the sample. Potential participants were further excluded if
clinical MRI was not obtained within 48 h of hospital admission or if
reperfusion therapies such as recombinant tissue plasminogen (rtPA) or
mechanical thrombectomy occurred after the MRI but before behavioral
assessments. For those with bilateral or chronic lesions, diffusion
weighted images (DWI) were carefully reviewed by the first two and last
authors. Only those with small (e.g., lacunar) chronic or contralateral
lesions were retained in the sample. Chronic lesions were confirmed
asymptomatic using medical records. Participants were administered
the right or left hemisphere testing battery (described in subsequent
sections), depending on [primary] lesion location. All participants, or
legally authorized representatives, provided informed consent in
accordance with the Declaration of Helsinki and as approved by the
Internal Review Board of Johns Hopkins Medicine.

A total of 153 participants were included: 79 with right hemisphere
(RH) stroke (35 female, mean [SD] age = 64.3 [14.4]), and 74 with left
hemisphere (LH) stroke (39 female, mean [SD] age = 61.4 [11.7]). Years
of education for the whole group averaged 13.8 (SD = 3.0, range = 7-20
years), with the LH group averaging 14.0 years (SD = 2.9, range = 8-20)
and the RH group averaging 13.7 years (SD = 3.2, range = 7-20).
Additional demographic information is reported in Table 1. A total of
seven participants with bilateral lesions were included, with four being
assigned to the RH group and three to the LH group (stroke in the
opposite hemisphere was <1 cc). Three participants with chronic
asymptomatic infarcts (mRS = 0) were retained, all of whom were in the
LH group (i.e., the acute stroke was in the LH). Two of the chronic le-
sions were ipsilateral lacunar infarcts and one was a contralateral ACA
infarct. Note that numbers reported for education and hand dominance
do not sum to 153 as this information was not available for some par-
ticipants. There were no statistically significant differences between LH
and RH groups in age, sex, education, race, or handedness.
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Table 1
Participant demographics.
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Age Sex Years of Education* Race’ Handedness' Testing Interval
Mean (SD) Mean (SD) Mean (SD)
Range Range Range
LH 61.4(11.7) 39F 14.0 (2.9) W/C =37 R=61 1.2 (0.7)
(n=74) B/AA = 33 L=7
39-91 35M 8-20 Asian =1 Amb. =2
Other = 3
RH 64.3(14.4) 35F 13.7 (3.2) W/C =41 R =64 1.0 (0.7)
=79 B/AA =35 L=7
28-88 44M 7-20 Asian = 2 Amb. =0
Other =1
Total Sample 62.9(13.2) 74F 13.8 (3.0) W/C =78 R=125 1.12 (0.7)
(n =153) B/AA = 68 L=14
28-91 79M 7-20 Asian = 3 Amb. =2
Other = 4

Note. R = right, L = left, LH = Left hemisphere stroke, RH = Right hemisphere stroke, F = female, M = male, Amb. = ambidextrous, W/C = White/Caucasian; B/AA =
Black/African American; Testing Interval = time between MRI and behavioural assessments.

*Years of education only available for n = 137.
iNo participants identified as Native American or Pacific Islander.
{Premorbid hand dominance only available for n = 141.

2.2. Neuroimaging

Clinical MRI scans (1.5 or 3T) were completed within 48 h of hospital
admission (Johns Hopkins Hospital or Johns Hopkins Bayview Medical
Center). Data were collected between 2003 and 2020; exam parameters
and device specifications/manufacturers have changed during this
period and are thus not specified here. Participants completed axial DWI
and FLAIR scans as part of their routine clinical management, which
were used for this investigation. Trained study team members manually
traced lesions slice by slice on DWI scans using MRIcron or MRIcroGL
(available at nitric.org); tracings were verified by experienced re-
searchers. We used routines from SPM12 (Statistical Parameter Map-
ping; https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) to warp
each patient’s DWI b0 image to a healthy older adult template (Rorden
et al., 2012) and subsequently applied the normalization parameters to
the lesion map. We calculated the volume of the normalized lesion map
(in mm®) using NiiStat (https://www.nitrc.org/projects/niistat/). DWI
scans were also used to determine general lesion location prior to
viewing/rating presence of FHV.

2.3. FLAIR hyperintense vessel ratings

The first two authors—blinded to behavioral and NIHSS score-
s—scored presence of FHV using the method developed by Reyes et al.

N\
\
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Insular

(2017) FLAIR scans were viewed in native space, slice by slice in
conjunction with an atlas of vascular territories corresponding to the
individual’s brain shape (Damasio and Damasio, 1989). Across all
available slices, presence of FHV was scored on a 3-point scale (i.e., 0-2)
in six different vascular regions—anterior cerebral artery (ACA) terri-
tory, posterior cerebral artery (PCA) territory, and the middle cerebral
artery (MCA) territory divided into frontal (MCA-frontal), temporal
(MCA-temporal), insular (MCA-insular), and parietal regions (MCA-pa-
rietal; see Fig. 2). The vascular region was scored 0 if no hyperintense
vessels were visible in that area on any slice. A score of 1 was given if
there were 1-2 hyperintense vessels on one or two different slices. A
score of 2 was given for three or more vessels on one slice or three or
more slices with hyperintense vessels. Scores for each region were
summed for a total of 12 possible points for the hemisphere.

2.4. Hypoperfusion on FLAIR and PWI

Although the primary aim of this study was to examine the rela-
tionship between FHVs and function, we did also examine the rela-
tionship between FHV and hypoperfusion on PWI for a subset of
participants (n = 73; 43 LH and 30 RH) who had PWI as part of their
clinical MRI. Although underpowered for strong conclusions, we
examined the volume and location of hypoperfused tissue on PWI
compared to ratings and location of FHVs for 69 of these individuals

FHYV Scoring System per Reyes et al.}

Score Description

No hyperintense vessels noted
on any slice

1-2 hyperintense vessels on no
more than 2 slices

3+ hyperintense vessels on a
2 single slice OR 3+ slices with
hyperintense vessels

Each of the six vascular regions is scored;
individual scores are summed for a maximum
of 12 for the hemisphere.

Fig. 2. FLAIR hyperintense vessel (FHV) scoring system and example of vascular areas. Presence of FHV was rated in six different regions—ACA territory (red), PCA
territory (yellow), MCA frontal region (brown), MCA insular region (blue), MCA temporal region (green), and MCA parietal region (orange)—as demonstrated in this
sample slice. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(four had inadequate data quality to be included) as a preliminary ex-
amination of the agreement between the two methods. That is, did the
location of FHVs correspond with hypoperfusion measured on PWI?
Volumes and location of hypoperfusion were calculated by a stroke
neurologist (senior author) per methods described previously, without
knowledge of clinical scores or FHV ratings (Hillis et al., 2006).

2.5. Neurological & behavioral assessments

NIHSS scores for all participants were collected from routine
neurological examinations administered on the same day as the MRI or
as close as possible to the scan time.

Participants completed different batteries of behavioral tasks
depending on the location of their stroke (i.e., RH vs. LH) within 48 h of
the MRI (mean [SD] interval was 1.2 [0.7] days for LH and 1.0 [0.7] days
for RH, calculated from the absolute difference). For this study, we
examined only two of these batteries’ language production
tasks—picture naming (LH only) and content production (LH and RH)—
that are highly reliable, frequently completed, and representative of left
or right hemisphere cortical dysfunction, described subsequently. As not
all participants were able to complete all behavioral assessments, the
number of data points for each assessment task varies and is reported
with the description of each task.

Eighty-five participants (RH = 37, LH = 48) participants completed
the Cookie Theft picture description task (Goodglass et al., 2001). This
task is clinically useful for describing and quantifying abnormal
behavior for strokes in either hemisphere (Agis et al., 2016; Trupe and
Hillis, 1985; Yorkston and Beukelman, 1980; Mackenzie and Brady,
2004; Brookshire and Nicholas, 1995; Myers and Brookshire, 1978;
Myers and Brookshire, 1979). Participants were given general in-
structions to describe what was happening in the picture. Responses
were audio-recorded and transcribed verbatim, including dysfluencies,
fillers, nonwords, paraphasic errors, and sound errors per methods
described in Nicholas and Brookshire (Nicholas and Brookshire, 1993).
Transcripts were scored for mention of specific content units (CUs)
produced by normative samples (Yorkston and Beukelman, 1980). If a
participant presented with aphasia, they still received credit for any
accurate content but did not receive credit for paraphasic errors, se-
mantic jargon, or repeated or confabulatory content. Many individuals
with aphasia are able to produce at least some appropriate content in
response to this stimulus, but those with severe global impairment may
not be able to produce any (receiving a score of zero). In the case of
participants with motor-speech disorders, any apraxic or dysarthric er-
rors that were easily recognizable in context were given credit. Various
metrics can be collected from this task, but we used only the total
number of content units produced as this measure is reduced in both RH
and LH strokes (allowing for more direct comparison and for the two
groups to be combined).

LH stroke participants (n = 68) completed a 30-item version of the
Boston Naming Test (BNT) (Mack et al., 1992) to quantify naming
impairment, as this deficit is a consistent feature across all aphasia types.
Administration and scoring followed the instructions published by the
test authors (Kaplan et al., 1983).

2.6. Statistical analyses

Due to skewed distributions for some numerical variables (i.e.,
NIHSS, DWI lesion volume, and BNT accuracy), we used a log transform
for DWI lesion volume and recoded BNT scores as an ordinal variable
(log transform was not effective to correct the distribution because of
floor/ceiling effects). As a log transformation of the NIHSS did not
significantly alter results, we opted to retain the raw values for ease of
interpretation. BNT scores were coded from 0 to 3 with 0 = “little to no
difficulty” as indicated by scoring above the mean for normal controls
(Goodglass et al., 2001), 1 = “mild difficulty” indicated by scoring
within 1 SD below the mean, 2 = “moderate difficulty” indicated by
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scoring between 1 and 2 SD below the mean, and 3 = “significant dif-
ficulty” indicated by scoring > 2 SDs below the mean.

We used Pearson’s correlations to examine the relationship between
our independent (i.e., demographic variables, lesion volume, and
hypoperfusion) and dependent variables (i.e., NIHSS, naming accuracy,
and content production) and multivariable linear regression to identify
variables that were independently associated with an outcome measure
(Katz, 2003; Hidalgo and Goodman, 2013). We used Spearman’s cor-
relation to examine PWI hypoperfusion volumes and total FHV scores,
and Fisher’s Exact tests to examine the relationship between location of
hypoperfusion on PWI and FHVs for each of the six vascular regions. For
Fisher’s Exact, PWI hypoperfusion and FHVs were scored as either
“present” or “absent.”

2.7. Reliability

Approximately 20% of participants were pseudorandomly selected
for reliability purposes so that RH and LH strokes were equally repre-
sented in the sample. Following training on scoring FHV, the first two
authors independently scored the selected participant scans for presence
of FHV in each of the six vascular regions. Interrater agree-
ment—calculated using weighted Cohen’s kappa—was moderate (x =
0.78, p < 0.000, 95% CI [66-0.91]) (McHugh, 2012). Weighted kappa
was used so that differences of one point in FHV was not as large of a
disagreement as differences of two points (e.g., if one rater identified
zero FHVs while the other identified three or more). Behavioral mea-
sures were not rescored for reliability for this investigation as FHV
scores were the focus. Additionally, the participants are part of a larger
parent study, and reliability for those measures have been reported, as
appropriate, in other publications.

2.8. Data availability

Data are available at score.jhmi.edu.
3. Results
3.1. Imaging data

Summary statistics for imaging and behavioral measures are re-
ported in Table 2. Although RH and LH strokes are often characterized
by different features, NIHSS scores were not statistically different for the
two different hemisphere groups (two-tailed t-test, t[{151) = 0.45, p
=.66). Thus, groups were combined for regression analyses. The two
stroke groups were significantly different in terms of total content units
produced (two-tailed t-test, t(83) = —2.89, p =.004), but since both LH
and RH strokes demonstrate reduced CUs on Cookie Theft picture
description (Agis et al., 2016), and differentiating between LH and RH
strokes was not the purpose of this investigation, the two groups were
combined for regression analyses on this outcome measure as well. BNT

Table 2
Summary Statistics for Independent and Dependent Variables.
Mean (SD) Range Median

Lesion Volume (mm®) 20,093 (36,226) 49 - 227,214 6397
LH Group Only 21,704 (41,733) 83 - 227,214 6092
RH Group Only 18,583 (30,373) 49 — 143,934 6563
Total FHV Score (out of 12) 1.39 (1.77) 0-8 1
LH Group Only 1.35 (1.51) 0-7 1
RH Group Only 1.43 (1.99) 0-8 1
NIHSS 4.39 (4.13) 0-20 3
BNT Percent Accuracy (%) 62.5 (29.86) 0-100 71.5
Total CUs (Cookie Theft) 8.33 (5.48) 0-23 11

Note. Lesion Volume = lesion volume on DWI; LH = left hemisphere; RH = right
hemisphere; FHV = FLAIR hyperintense vessel; NIHSS = National Institutes of
Health Stroke Scale; BNT = Boston Naming Test; CUs = content units.
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was only given to LH stroke participants. Since some outcomes were
completed by only one group (e.g., LH), lesion metrics (DWI lesion
volume and FHV score) are reported for the whole group, and for RH and
LH stroke groups individually to aid in interpretation.

3.2. Correlation analyses

Correlations are reported in Table 3. To account for multiple com-
parisons, we used a Benjamini and Hochberg (Benjamini and Hochberg,
1995) correction at a 5% false discovery rate (FDR, g = 0.05). After
correction, there was a significant moderate negative correlation be-
tween years of education and naming difficulties (i.e., more education
correlated with fewer naming difficulties). DWI lesion volume corre-
lated moderately with all four outcome measures (i.e., increased lesion
volume corresponded with higher NIHSS scores, fewer CUs on picture
description, and greater naming difficulties). The total FHV score had a
small positive correlation only with NIHSS scores (see Discussion).

3.3. Regression analyses

Multivariable linear regression models (MLRM) are reported in Ta-
bles 4-6 (all model assumptions were met in each case). Participants
with missing data were dropped from respective models, thus the ob-
servations for each model may differ slightly from numbers reported
previously. Based on the correlation results, we initially ran a MLRM
examining NIHSS scores with only DWI lesion volume and total FHV
score as the independent variables (see Table 4, Model A). Total FHV
score was significantly associated with NIHSS score independent of DWI
lesion volume. Subsequent models used the FHV scores in the six indi-
vidual vascular regions rather than the total FHV score so that contri-
butions from specific anatomical areas could be examined (i.e., is
hypoperfusion in a particular area(s) independently associated with the
variability in the dependent variable?). This was particularly important
for the language measures since total FHV scores did not correlate with
these outcomes (see Table 3). While age and education correlated with
only some outcome measures, both variables were also included in each
of our models based on the assumption that these demographic variables
contribute to the variance in confrontational naming (Neils et al., 1995;
Zec et al., 2007; Tsang and Lee, 2003; Henderson et al., 1998; Welch
et al.,, 1996), content production (Yorkston and Beukelman, 1980;
Cooper, 1990; Ardila and Rosselli, 1996; Pistono et al., 2017; Mack-
enzie, 2000), and stroke severity—in terms of the effect of premorbid
neurological function on stroke outcomes (Umarova et al., 2021;
Umarova et al., 2019; Habeck et al., 2017). The MLRM for NIHSS is
reported in Table 4 (Model B), in Table 5 for picture naming, and in
Table 6 for content production on Cookie Theft picture description.

Overall models for each outcome were statistically significant. The
model for NIHSS scores with total FHV scores accounted for 17% of the
variance (Model A, Table 4), whereas the addition of age and education
and the breakdown of FHV by region accounted for 23% of the variance
(Model B, Table 4). Models for naming accuracy (Table 5), and content

Table 3
Pearson’s Correlations.
Age Yrs. Edu. Lesion Vol.  Total FHV
NIHSS 0.08 -0.04 0.37"" 0.26%
(n=153) (n=137) (n= _1_53) (n =153)
CUs on Cookie Theft picture ~ -0.16 0.26 -0.377 -0.16
(n=85) (n=175) (n=85) (n=85)
BNT Accuracy 0.13 -0.32 0.42" 0.13
(i.e., 0-3 difficulty rating) (n = 68) (n = 66) (n = 68) (n = 68)

Note. LH = left hemisphere; RH = right hemisphere; Yrs. Edu. = years of edu-
cation; Vol. = volume; FHV = FLAIR hyperintense vessel score; NIHSS = Na-
tional Institutes of Health Stroke Scale; CUs = content units; BNT = Boston
Naming Test. All p-values adjusted for multiple comparisons (FDR, q = 0.05).
*significant at p < 0.05; **significant at p < 0.01; ***significant at p < 0.001.
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Table 4
Multivariable linear regression models for NIHSS.

Model A

Overall Model (n = 153): F [2, 150] = 15.38

r?=0.170 Adj. r* = 0.159 p <.000™"

Coefficient Std. Error t p-value
Lesion Volume 0.70 0.16 4.36 0.000"""
Total FHV score 0.42 0.18 2.39 0.018"
Constant —-2.11 1.36 -1.55 0.123
Model B
Overall Model (n = 137): F[9,127] =4.17

r? =0.228 Adj. > = 0.173 p <.000""

Coefficient Std. Error t p-value
Age -0.03 .0.03 -0.93 0.357
Yrs. Educ. -0.02 0.11 -0.21 0.838
Lesion Volume 0.76 0.18 4.30 0.000"""
FHV - ACA 0.85 0.90 0.94 0.348
FHV - PCA -0.79 1.01 -0.78 0.438
FHV — MCA-frontal 2.10 0.75 2.81 0.006"
FHV — MCA-temporal -0.46 0.58 -0.79 0.431
FHV — MCA-parietal 0.20 0.58 0.34 0.731
FHV — MCA-insular .0.33 0.98 0.34 0.735
Constant -0.35 2.53 -0.14 0.889

Note. NIHSS = National Institutes of Health Stroke Scale; Lesion Volume = lesion
volume on DWI (lesion volume is log transformed); Adj. = adjusted; Yrs. Educ.
= years of education; FHV = FLAIR hyperintense vessel score; ACA = anterior
cerebral artery; PCA = posterior cerebral artery; MCA = middle cerebral artery.
*significant at p <.05; **significant at p <.01; ***significant at p <.001.

Table 5
Multivariable Linear Regression Model for Picture Naming on BNT.

Overall Model (n = 66): F[9, 56] = 4.23

% = 0.404 Adj. r* = 0.309 p <.001™"

Coefficient Std. Error t p-value
Age 0.002 0.01 0.13 0.894
Yrs. Educ. -0.13 0.04 -3.03 0.004""
Lesion Volume 0.24 0.07 3.61 0.001"""
FHV - ACA 0.69 0.66 1.04 0.302
FHV - PCA 0.07 0.32 0.21 0.837
FHV — MCA-frontal 0.10 0.25 0.39 0.699
FHV — MCA-temporal -0.18 0.19 -0.92 0.361
FHV — MCA-parietal 0.58 0.23 2.52 0.015*
FHV — MCA-insular -0.73 0.51 —1.44 0.155
Constant 1.84 1.02 1.79 0.078

Notes. BNT = Boston Naming Test (scored as 0-3, 0 = “little to no difficulty” up
to 3 = “significant difficulty”); Adj. = adjusted; Yrs. Educ. = years of education;
Lesion Volume = lesion volume on DWI (lesion volume is log transformed); FHV
= FLAIR hyperintense vessel score; ACA = anterior cerebral artery; PCA =
posterior cerebral artery; MCA = middle cerebral artery.

*significant at p <.05; **significant at p <.01; ***significant at p < 0.001.

production (Table 6) accounted for 40% and 31% of the variance,
respectively.

In each model, DWI lesion volume was significantly associated with
performance (p < 0.001 in each case) independent of the other variables.
Age was not independently associated with outcomes in any model, but
years of education independently correlated with naming accuracy and
content production on picture description. With more education, per-
formance on picture naming improved. For every two years of educa-
tion, an additional content unit, approximately, was produced on the
picture description task.

In terms of area(s) of hypoperfusion associated with performance,
NIHSS scores were independently related to hypoperfusion in the frontal
region of the MCA territory. A 1-point increase in FHV score
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Table 6
Multivariable regression model for content units on cookie theft picture
description.

Overall Model (n = 75): F[9, 65] = 3.21

r? = 0.308 Adj. r* = 0.212 p =.003"

Coefficient Std. Error t p-value
Age -0.007 0.05 -0.13 0.897
Yrs. Educ. 0.45 0.19 2.34 0.023*
Lesion Volume -1.53 0.37 -4.07 0.000™"
FHV — ACA 0.82 1.54 0.54 0.594
FHV - PCA -1.05 2.51 -0.42 0.677
FHV - MCA-frontal 0.09 1.39 0.06 0.950
FHV — MCA-temporal 0.12 1.26 0.09 0.925
FHV - MCA-parietal —-2.63 1.14 —2.32 0.024*
FHV - MCA-insular 2.48 1.76 1.41 0.164
Constant 17.57 5.10 3.45 0.001

Notes. Adj. = adjusted; Yrs. Educ. = years of education; Lesion Volume = lesion
volume on DWI (lesion volume is log transformed); FHV = FLAIR hyperintense
vessel score; ACA = anterior cerebral artery; PCA = posterior cerebral artery;
MCA = middle cerebral artery.

*significant at p <.05; **significant at p <.01; ***significant at p <.001.

corresponded to just over a 2-point increase in NIHSS score. Hypo-
perfusion in the parietal region of the MCA territory was significantly
associated with naming performance, with a 1-point increase in FHV
score in the parietal region corresponding to almost a full point on the
BNT categorical score (e.g., a decrease from 0 “little to no difficulties” to
1 “mild difficulties™).

Content production on the Cookie Theft picture description task was
associated with hypoperfusion in the parietal region of the MCA terri-
tory. A 1-point increase in FHV score corresponded to a decrease of 2-3
CUs. The constant in this model was significant, possibly suggesting that
there may be other important variables not accounted for, but this can
be difficult to interpret.

3.4. Hypoperfusion on PWI & FHV

Total FHV scores and volume of hypoperfusion on PWI were strongly
positively correlated (r = 0.79, p <.0001). Presence of FHVs and
hypoperfusion on PWI was significantly associated in the PCA (Fisher’s
Exact = 69.0, p <.001), MCA-frontal (Fisher’s Exact = 13.7, p <.001),
MCA-temporal (Fisher’s Exact = 31.2, p <.001), MCA-parietal (Fisher’s
Exact = 26.9, p <.001), and MCA-insular areas (Fisher’s Exact = 29.5, p
<.001). There was no significant relationship in the ACA territory
(Fisher’s Exact = 10.3, p <.086), but very few of our participants (i.e., n
= 3) demonstrated FHVs in the ACA region.

4. Discussion

The purpose of this study was to present a clinical application of
FHVs, as an estimation of hypoperfusion, by accounting for variability
on various clinical measures. Using MLRMs, we were able to demon-
strate that performance on several widely-used clinical measures can be
accounted for by the presence of hypoperfusion—as indicated by FHV
scores—in specific vascular regions, independent of other significant
relationships (i.e., after controlling for the other variables). The primary
motivation behind running MLRMs was not to identify the model of
independent variables that accounted for the most variance, but rather
show that the addition of hypoperfusion—as indicated by FHVs—can
provide important clinical information, which may subsequently be
used in diagnosis, management, and, potentially, prognosis. Specifically,
when individuals are unable to receive perfusion imaging—either
because of contraindications or lack of access/feasibility—estimating
hypoperfusion using FLAIR imaging could be a useful alternative. Sig-
nificance of specific clinically-meaningful relationships are discussed in
the following sections.
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4.1. Correlational relationships

As expected, DWI lesion volume correlated with each clinical
outcome. Total FHV scores (i.e., the summed score for the whole
hemisphere) correlated with NIHSS scores, which was unsurprising
since the NIHSS captures global deficits. Thus, dysfunction caused by
hypoperfusion in any of the six scored regions would be expected to be
captured in the NIHSS scores. The total FHV score did not correlate with
any other behavioral measures, but this is not surprising for essentially
the same reason. Picture naming and verbal language production are
specific language and cognitive processes, which are somewhat more
localized in general, so deficits on these measures would not necessarily
be explained by hypoperfusion across all six regions (as opposed to the
range of domains captured by the NIHSS).

4.2. Multivariable linear regression models

NIHSS. Our initial model for NIHSS demonstrated that overall
amount/severity of hypoperfusion accounts for differences in scores,
independent of lesion volume. This corroborates other studies that have
shown relationships between NIHSS scores and hypoperfusion on PWI,
both in the NIHSS’ ability to account for behavior or not (Hillis et al.,
2004; Hillis et al., 2003). When demographic variables and individual
regions of hypoperfusion were added to the model, the specific region of
hypoperfusion contributing most to the variance in the scores was the
MCA-frontal region. The fact that hypoperfusion in this region was
associated with NIHSS scores corresponds nicely with previous studies
showing NIHSS bias toward motor and language functions (Hillis et al.,
2003; Lee et al., 2012; Sato et al., 2008; Woo et al., 1999; Fink et al.,
2002).

Naming performance on the BNT. Education, lesion volume, and
hypoperfusion in the MCA-parietal region were significantly associated
with naming performance, independent of other variables. The rela-
tionship between naming and education has been well documented (as
discussed previously). Likewise, the ability for lesion volume to account
for naming performance was expected as well (Dgli et al., 2021; Thye
and Mirman, 2018; Hertrich et al., 2020). Hypoperfusion on PWI and CT
in the left MCA territory has been associated with aphasia, in general, in
multiple studies (Hillis et al., 2002; Hillis et al., 2004; Fridriksson et al.,
2002; Hillis et al., 2000; Croquelois et al., 2003; Olsen et al., 1986).
Specific regions of the temporoparietal cortex have also been identified
as important for naming in both lesion analyses (Baldo et al., 2013;
Fridriksson et al., 20182018; Yourganov et al., 2015; Butler et al., 2014)
and studies of hypoperfusion (Hillis et al., 2002; Hillis et al., 2006). Our
findings are in line with these results, indicating that presence of FHV in
the parietal region could correspond with naming difficulties observed
clinically. Of course, disruption to oral naming can be related to
breakdown in various processing stages that are associated with distinct
neuroanatomical regions, so these results are not to say that impaired
naming could not be associated with hypoperfusion in other areas
instead of or in addition to the parietal lobe. Indeed, some studies have
identified multiple specific regions of hypoperfusion—on CT or PWI-
—associated with naming (Hillis et al., 2002; Hillis et al., 2006), while
others have not (Croquelois et al., 2003). Additional study of FHV in a
specific cohort of individuals with acute stroke naming deficits may
identify other areas of hypoperfusion contributing to observed
behaviors.

Content production on picture description. Our MLRM for language
content produced on the Cookie Theft picture description task also
identified education, lesion volume, and hypoperfusion in the MCA-
parietal region to be independently associated with content produc-
tion (see Table 6). The parietal region could account for reduced content
production for both LH and RH strokes, albeit for different reasons.
Dysfunction in LH parietal regions (e.g., supramarginal gyrus and
angular gyrus) (Fridriksson et al., 20182018) likely impair lexical-
semantic processing and thus word retrieval reflected in decreased
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content production; whereas dysfunction in RH parietal regions could
affect visuospatial attention and processing again reflected as decreased
content production. Hypoperfused RH parietal regions, as part of the
central executive network, may also play a role in disinhibition that
might result in production of irrelevant, rather than relevant, content,
potentially contributing to reduced content units as well. The relation-
ship between content production on the Cookie Theft picture description
and lesion location has been documented (Agis et al., 2016), but, to our
knowledge, there have not been examinations of this specific outcome in
relation to hypoperfusion on PWI (although it has been used diagnos-
tically for inclusion/exclusion purposes, see Hillis et al., 2002). How-
ever, as noted in the previous section, numerous studies have found
hypoperfusion on PWI or CT to associate with aphasia in general, often
quantified using the same or similar measures intended to capture the
amount of accurate/appropriate content provided during language
production tasks.

4.3. Limitations

There are several limitations of this study that need to be addressed.
First, although we provided preliminary evidence correlating the sus-
pected regions of hypoperfusion using FHV and actual hypoperfusion
measured on PWI, additional evidence is still needed to confirm that
FHVs in a particular area correspond with hypoperfusion in the same
area, as corroborated by hypoperfusion on PWI. Second, while imaging
and clinical/behavioral assessments were completed within 48 h of each
other, and we specifically excluded individuals with reperfusion treat-
ments between the MRI and testing, some spontaneous reperfusion
could still have occurred during the interval. Imaging and clinical/
behavioral assessments would ideally be completed on the same day, but
it was not always feasible. Thus, relationships between hypoperfusion
and performance on outcome measures may have been underappreci-
ated. An anonymous reviewer pointed out that the potential for recan-
alization could have been confirmed on MR angiogram (MRA) prior to
inclusion. However, it is possible that participants could have recanal-
ized after the MRA. Additionally, some individuals with chronic occlu-
sion may still have normal perfusion due to collateral circulation—thus,
MRA is not always useful. We cannot be certain that some results are not
erroneous due to reperfusion, but we attempted to control for this factor
as much as was feasible.

Another limitation is that over the course of data collection, clinical
MRI specifications changed. Slice thickness for FLAIR scans decreased
from 5 mm to 4 mm, resulting in an overall different number of slices
spanning the whole brain (i.e., 28 vs. 40). As higher FHV scores were
given when hyperintense vessels were seen on multiple slices, those with
fewer slices had fewer opportunities to demonstrate hyperintense ves-
sels. This may have resulted in underestimated hypoperfusion for some
participants.

Several variables in our study were not normally distributed; rather,
they were skewed toward smaller and less severe strokes (as reflected in
the descriptive statistics of each variable, Table 2). For example,
although NIHSS scores ranged from 0 to 20, the average severity score
was about 4.4. Likewise, total FHV scores ranged from 0 to 8 for the
whole group, but the average score was less than two. Understandably,
individuals with more severe acute ischemic stroke were less likely to be
able to participate in most study tasks due to sequelae of severe stroke (e.
g., somnolence) or medical interventions (e.g., intubation secondary to
respiratory complications or post-surgical care). Subsequently, these
individuals were not included considering our study parameters. We did
attempt to address the issue of skewed distribution, as noted in the
methodologies, but the fact remains that our sample, overall, tended
toward small, mild strokes and/or mild behavioral impairment.

Some might also consider it a limitation that our sample did not
exclude individuals without hypoperfusion (as indicated by FHV scores).
If asking the specific question of whether FHV scores in a particular
region account for behavior on an outcome, it may have been useful to
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examine only participants with the presence of FHV. However, the
absence of hypoperfusion can be just as important to explain behavioral
differences as the presence of hypoperfusion. Thus, we felt it important
not to limit our sample to the presence of FHV. Doing this would have
also created other challenges regarding sample size for some regression
models. Since we did not control for the number of participants
contributing FHV scores, in general, or for the number of participants
demonstrating FHV in each vascular region, it is possible that there were
insufficient samples sizes in each subgroup to identify some relation-
ships between hypoperfusion in a particular area and performance on a
behavioral measure. Subsequent studies could more critically examine
the ability of FHVs in a specific region to account for variability in
outcomes.

5. Conclusions

Despite the potential limitations of our study, we are confident in the
preliminary findings that hypoperfusion, as estimated using FLAIR im-
aging, can contribute meaningful information toward brain-behavior
relationships in acute stroke. The FHV scoring method used in this
study is a relatively quick and easy method to estimate hypoperfusion
from FLAIR imaging if/when other imaging options are unavailable.
While the amount and location of hypoperfusion indicated by FHV
scores can only be approximated, we did provide some preliminary
evidence suggesting that location of FHVs does correspond to PWIL
Furthermore, the relationships between FHV and outcomes that we
identified correspond to those previously identified in a number of
different studies using PWI or CT perfusion. For example, identified
relationships between hypoperfusion in the MCA-frontal region and
NIHSS scores and hypoperfusion in the MCA-parietal region and naming
accuracy/content production on the Cookie Theft picture description
task were expected. Our study is an initial step for validating the clinical
application of FHV ratings of hypoperfusion, and additional investiga-
tion is still needed to determine the clinical utility of estimating hypo-
perfusion using FLAIR scans. However, this investigation is an important
step in demonstrating ecological and construct validity for FHV scores in
management of acute ischemic stroke. Also, these preliminary data
could be used in future studies including clinical applications of machine
learning (to identify predictor variables that could be applied to indi-
vidual cases), examinations of the sensitivity/specificity of FHV ratings,
or correlating FHVs on MRI with hypoperfusion on CT and PWI.
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