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Predicting outcomes of unruptured
intracranial artery dissection with
clear symptoms onset using clinical
and radiological features

Yun Hwa Roh?, Seung Chai Jung'*, Minjae Kim?, Hye Hyeon Moon?, Pae Sun Suh'3,
Yunsun Song?, Ji Sung Lee* & Keum Mi Choi®

We investigated the clinical and radiologic predictors of unruptured symptomatic intracranial artery
dissection (IAD) outcomes. Unruptured symptomatic IAD patients who underwent vessel wall magnetic
resonance imaging (VW-MRI) and time-of-flight magnetic resonance angiography (TOF-MRA) within 1
month after symptom onset, followed for over 12 months were included. Baseline features predicting
the clinical outcome of recurrent symptoms and radiologic outcomes of aneurysmal dilatation and
occlusion were analyzed using logistic regression analysis. The Kaplan—Meier method calculated the
median time to morphological stability. Patients with aneurysmal dilatation were categorized into
progressive and non-progressive enlargement subgroups. Seventy-three IADs from 65 patients were
included. All patients showed benign clinical course (MRS 0-1). No baseline features were predictive of
recurrent symptoms. Aneurysmal dilatation was associated with increased outer diameter in baseline
VW-MRI (OR, 23.15; 95% Cl, 3.78-141.75, P <0.001) and TOF-MRA (OR, 10.81; 95% Cl, 2.16-53.99,

P =0.004). Occlusion was inversely associated with preserved patency in baseline VW-MRI (OR, 0.1;
95% Cl, 0.01~0.74, P=0.024) and TOF-MRA (OR, 0.14; 95% Cl, 0.02-0.98; P=0.048). The median

time to morphological stability was 3.9 months (95% Cl, 3.16-5.5). While baseline features did not
significantly differ between aneurysmal dilatation subgroups, follow-up imaging revealed significant
differences in remodeling index, normalized wall indeXx, relative signal intensity of intramural
hematoma, and presence of onion-skin appearance and intramural hematoma (all P <0.05). Our
findings suggest that while unruptured IAD presents a benign clinical outcome, follow-up imaging may
be necessary to monitor the progressive enlargement of aneurysmal dilatation.
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Spontaneous intracranial artery dissection (IAD) is an uncommon but significant cause of stroke among
younger and middle-aged patients!. The incidence of IAD is higher in Asian populations, predominantly
affecting the posterior circulation and showing a predominance in men, whereas it is less common and more
frequently involves the anterior circulation in Western populations'. IAD has varied morphology based on the
pathogenesis and time that has passed since the IAD. Sub-intimal IAD tends to result in luminal steno-occlusion,
while a sub-adventitial IAD tends to result in aneurysmal dilatation, also known as dissecting aneurysm!>%.
Rapid morphological changes are a unique hallmark of IAD, occurring within 2-3 months and rarely after 6
months following symptom onset™’.

Unruptured IAD follows a typically benign course compared to ruptured IAD which has fatal clinical
outcomes®!%. However, recurrent ischemic strokes may occur in 2-38% of IAD patients initially presenting with
ischemic strokes™!!. Unruptured IAD may exhibit progressive enlargement of aneurysmal dilatation, associated
with a high rupture rate of 7.7%!'? and symptomatic mass effect®!%!3, prompting endovascular or surgical
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intervention during follow-up. Previous studies have suggested that symptomatic presentation, smoking,
hyperlipidemia, young age, presence of intramural hematoma, and large diameter are potential predictors
of progressive enlargement of IAD initially presented as aneurysmal dilatation. However, the duration from
symptom onset to initial work-up was unclear or not reported in these studies®”!21415, Further, whether IAD
resulted in recanalization or occlusion could affect the clinical outcome of unruptured IAD®!6-18, Although
studies have reported that the relative signal intensity of intramural hematoma'® and contrast enhancement'” in
vessel wall magnetic resonance imaging (VW-MRI) were associated with the recanalization of unruptured IAD,
these studies are limited by their short-term follow-up of less than a year.

VW-MRI and time-of-flight magnetic resonance angiography (TOF MRA) are widely used for diagnosing
and as follow-up imaging modalities for IAD, owing to their lack of radiation hazard and low invasiveness, while
offering radiological performance comparable to that of computed tomography angiography (CTA) and digital
subtraction angiography (DSA)!-2L.

Therefore, we aimed to investigate the clinical and radiologic features using baseline and follow-up VW-
MRI and TOF-MRA to predict the outcomes of unruptured symptomatic IAD, with a clearly defined symptom
onset time and follow-up period over 12 months. Specifically, the radiologic outcome was assessed as the final
morphology of aneurysmal dilatation or occlusion, and the clinical outcome was defined as the presence of
recurrent symptoms.

Results

Patients characteristics

From 2016 to 2020, a total of 374 patients underwent VW-MRI and TOF-MRA for evaluation of IAD (Fig. 1). Of
these, 309 patients were excluded for the following reasons: unknown symptom onset (n=91), underwent VW-
MRI after 1 month of symptom onset (n=110), absence of follow-up imaging for over 12 months (n=92), and
underwent endovascular treatment within 1 month (n=16). A total of 73 dissections from 65 patients (mean
age, 46.7 +10.08 years old; 27 females) were included.

The baseline characteristics of the study population are presented in Table 1. The mean interval between
symptom onset and baseline imaging was 13.3 days (n =73; range, 1-30 days) and the mean interval from baseline
to final follow-up period was 29.9 months (n =73; range, 12-80 months). Two patients underwent endovascular
treatment involving the insertion of a flow diverter due to progressive enlargement of the aneurysmal dilatation
at 20 months and 30 months, respectively, after symptom onset. Among the 65 patients, 45 patients (69.2%)
initially presented with ischemic symptoms and 20 patients (30.8%) initially presented with headaches. Patients
were treated with aspirin (n=>52, 80%), clopidogrel (n=36, 55.4%), or statin (n =47, 72.3%). During the follow-
up outpatient visits, thirteen patients (20%) complained of mild recurrent symptoms or neurologic deficit with
modified Rankin Scale (mRS) 1 and subsequently underwent CT or MRI for evaluation. However, no newly
developed lesions were found on the images.

Consecutive patients who underwent VW-MRI and TOF-MRA
for evaluation of IAD between January 2016 and December 2020 (n=374)

A,

Exclusion (n=309)
- Unknown symptom onset (n=91)
- Underwent VW-MRI and TOF-MRA after 1 month of symptom

Y

onset (n=110)
- Absence of follow-up chart records and imaging (VW-MRI, TOF-
MRA, CTA, or DSA) for over 12 months (n=92)

- Underwent endovascular or surgical treatment for target vessel
within 1 month (n=16)

Study patients (n=65)

Fig. 1. Flowchart of participants. VW-MRI, vessel wall magnetic resonance image; IAD, intracranial
artery dissection; TOF-MRA, time of flight-magnetic resonance angiography; CTA, computed tomography
angiography; DSA, digital subtraction angiography.
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All patients (n=65)

Female 27 (41.5)
Age in years, mean + standard deviation 46.8+10.1
Hypertension 28 (43.1)
Diabetes 2(3.1)
Hyperlipidemia 12 (18.5)
Smoking 21(32.3)
Old cerebrovascular accident 3 (4.6)
Family history of stroke 13 (20)
Initial symptoms

Ischemic symptom 45 (69.2)
Headache 20 (30.8)
Treatments

Aspirin 52 (80)
Clopidogrel 36 (55.4)
Statin 47 (72.3)

Location of dissection (n="73)

ACA 5(6.8)
MCA 4(5.5)
PCA 6(8.2)
BA 2(2.7)
VA 38 (52.1)
PICA 18 (24.7)
Clinical outcomes (n=65)
Recurred or newly developed symptom 13 (20)
Headache 8(12.3)
Dizziness 3(4.6)
Ataxic gait 2(3.1)
Asymptomatic 52 (80)
Final morphology (n=73)
Aneurysmal dilatation 16 (21.9)
Progressive enlargement 7 (9.6)
Non-progressive enlargement 9(12.3)
Occlusion 5(6.8)

Incomplete normalization with residual stenosis | 24 (32.9)

Complete normalization 28 (38.4)

Table 1. Baseline characteristics. Data are expressed as the number of cases with percentages in parentheses
unless otherwise indicated. ACA anterior cerebral artery; MCA middle cerebral artery; PCA posterior cerebral
artery; BA basilar artery; VA vertebral artery; PICA posterior inferior cerebellar artery.

Eight patients had dissections at more than one segment: four patients had dissections at the bilateral V4
segment of the vertebral artery (VA), one basilar artery (BA) and bilateral P4 segment of the posterior cerebral
artery (PCA), and one at the BA and bilateral vertebral arteries. The most common location of dissection was
the VA (n=38), followed by a posterior inferior cerebellar artery (n=18), PCA (n=6), anterior cerebral artery
(n=5), middle cerebral artery (n=4), and BA (n =2). The final morphology was as follows: aneurysmal dilatation
(n=16); occlusion (n=5); incomplete normalization with residual stenosis (n=24); complete normalization
(n=28).

Comparisons of baseline features according to recurrent symptoms
There were no significant differences in the baseline clinical and radiologic features between the recurrence and
non-recurrence symptom groups (Supplementary Table 2).

Comparisons of baseline features according to final morphology of aneurysmal dilatation
and occlusion

The group with aneurysmal dilatation as the final morphology initially presented with headaches (75%), whereas
those without aneurysmal dilatation mostly complained of ischemic symptoms (78.9%). The aneurysmal
dilatation group showed a significantly higher proportion of increased outer diameter (93.8% vs. 12.3%,
P<0.001) and larger remodeling index (3.224 vs. 2.058, P=0.004) and a less frequent presence of intramural
hematoma (62.5% vs. 91.2%, P=0.011) at the baseline VW-MRL Similarly, in the baseline TOF-MRA, the
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Aneurysmal dilatation (n=16) | No aneurysmal dilatation (n=57) | P Occlusion (n=5) | No occlusion (n=68) | P
Male 8 (50) 33 (57.9) 0.574 | 3 (60) 38 (55.9) 1.000
Age in years, mean + SD 49.5+8.07 46.0+10.5 0.224 | 49+5.1 46.8+10.1 0.613
Hypertension 6(37.5) 24 (42.1) 0.741 | 3 (60) 27 (39.7) 0.396
Diabetes 1(6.25) 1(1.8) 0.393 | 0(0) 2(2.9) 1.000
Hyperlipidemia 2(12.5) 11 (19.3) 0.720 | 0(0) 13 (19.1) 0.578
Smoking 3(18.9) 20 (35.1) 0.214 |2 (40) 21 (30.9) 0.647
Old CVA 0(0) 3(5.3) 1.000 | 0(0) 3 (4.4) 1.000
Family history 2(12.5) 13 (22.8) 0.497 | 0(0) 15 (22.1) 0.576
Initial symptom <0.001* 1.000
Ischemic symptom 4 (25) 45 (78.9) 3 (60) 46 (67.7)
Headache 12 (75) 12 (21.1) 2 (40) 22(32.4)
Recurred or newly developed symptom | 1 (6.3) 15 (26.3) 0.168 | 1(20) 15 (22.1) 1.000
VW-MRI
Dissecting flap 13 (81.3) 50 (87.7) 0.681 |4 (80) 59 (86.8) 0.532
Double lumen 9 (56.3) 20 (35.1) 0.126 | 0(0) 29 (42.7) 0.150
Intramural hematoma 10 (62.5) 52(91.2) 0.011* | 5(100) 57 (83.8) 1.000
Increased outer diameter 15 (93.8) 7 (12.3) <0.001* | 0 (0) 22 (32.4) 0.314
Onion-skin appearance 5(31.3) 17 (29.8) 1.000 | 3 (60) 19 (27.9) 0.157
Wall enhancement 13 (81.3) 31 (54.4) 0.052 |2 (40) 42 (61.8) 0.380
Preserved patency 15 (93.8) 38 (66.7) 0.054 | 1(20) 52 (76.5) 0.018*
Eccentricity index* 0.49 (-0.07-0.86) 0.75 (0.49-0.86) 0.118 | 0.6 (0.5-0.72) 0.74 (0.43-0.86) 0.454
Remodeling index* 3.2 (2.44-4.22) 2.06 (1.6-3) 0.004* | 2.53 (2.4-4.64) 2.33(1.64-3.23) 0.303
Normalized wall index® 0.66 (0.53-0.77) 0.57 (0.5-0.69) 0212 | 0.66(0.56-0.69) | 0.57 (0.51-0.7) 0.786
rsIMH?* 1.63 (1.35-2.35) 2(1.48-3.53) 0.086 |3.13(2.21-3.89) 1.87 (1.43-3.21) 0.247
TOF-MRA
Dissecting flap 12 (75) 35(61.4) 0.316 | 3(60) 44 (64.7) 1.000
Double lumen 5(31.3) 9(15.8) 0.278 | 0(0) 14 (20.6) 0.576
Intramural hematoma 7 (43.8) 26 (45.6) 0.895 | 4(80) 29 (42.7) 0.169
Increased outer diameter 13 (81.3) 9 (15.8) <0.001* | 0(0) 22 (32.4) 0.314
Preserved patency 14 (87.5) 35(61.4) 0.050 | 1(20) 48 (70.6) 0.037
Remodeling index* 2.87 (2.02-4.35) 1.97 (1.19-2.77) 0.005* | 2.45 (2.06-2.65) | 2.1 (1.28-3.33) 0.860
rsSIMH? 2.2 (1.27-2.64) 1.56 (1.13-2.53) 0.142 | 2.53(1.86-2.85) | 1.62(1.16-2.59) 0.110

Table 2. Comparison of baseline features according to final morphology. Data are expressed as the number of
cases with percentages in parentheses unless otherwise indicated. *Data are expressed as median (interquartile
range). VW-MR vessel wall magnetic resonance image; TOF-MRA time of flight-magnetic resonance
angiography; SD standard deviation; CVA cerebrovascular accident; rsIMH relative signal intensity of
intramural hematoma. * indicates statistical significance (P <0.05).

aneurysmal dilatation group also frequently demonstrated increased outer diameter (81.3% vs. 15.8%, P<0.001)
and a larger remodeling index (2.866 vs. 1.973, P=0.005) (Table 2).

There were no significant differences in the baseline clinical characteristics between those with final
morphology of occlusion and those without occlusion. The group without occlusion exhibited preserved patency
in both baseline VW-MRI (76.5% vs. 20%, P=0.018) and TOF-MRA (70.6% vs. 20%, P=0.037) compared to
the occlusion group.

Predicting recurrent symptom from baseline clinical and radiological features
No baseline clinical or radiological features could predict the recurrence of symptoms (Supplementary Table 3).

Predicting final morphology of aneurysmal dilatation and occlusion from baseline clinical
and radiological features
In the multivariable logistic regression analysis, only increased diameter in both VW-MRI (odds ratio [OR],
26.08; 95% confidence interval [CI], 3.96-171.89; P<0.001) and TOF-MRA (OR, 11.53; 95% CI, 2.18-60.84,
P=0.004) remained significantly associated with the outcome of aneurysmal dilatation (Table 3).

The final morphology of occlusion was inversely associated with the baseline feature of preserved patency in
both VW-MRI (OR, 0.1; 95% CI, 0.01-0.74, P=0.024) and TOF-MRA (OR, 0.14; 95% CI, 0.02-0.98; P=0.048)
(Table 4).
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Univariate Multivariable (1) Multivariable (2)
OR (95% CI) P OR (95% CI) P OR (95% CI) P
Male 0.73 (0.24-2.2) 0.577
Age (per 10 years increase) | 1.41 (0.78-2.54) 0.256
Hypertension 0.85(0.27-2.61) 0.771
Diabetes 3.64 (0.22-61.68) 0.370
Hyperlipidemia 0.70 (0.15-3.25) 0.646
Smoking 0.47 (0.13-1.77) 0.267
Old CVA 0.47 (0.01-15.11) 0.671
Family history 0.57 (0.12-2.59) 0.465
Initial symptom
Ischemic symptom 1(Ref) 1(Ref) 1(Ref)
Headache 10.11 (2.86-35.78) <0.001* | 2.45(0.37-16.08) 0.35 2.89 (0.50-16.79) | 0.237
VW-MRI
Dissecting flap 0.57 (0.13-2.47) 0.455
Double lumen 2.32(0.76-7.06) 0.139
Intramural hematoma 0.17 (0.04-0.66) 0.011* | 0.40 (0.04-4.02) 0.437 |0.27 (0.04-1.88) 0.187
Increased outer diameter | 69.58 (10.76-449.83) | <0.001* | 26.08 (3.96-171.89) | <0.001*
Onion-like appearance 1.11 (0.34-3.61) 0.867
Wall enhancement 3.25(0.88-11.96) 0.077
Preserved patency 5.23 (0.86-31.75) 0.072
f};‘;iﬁgg;?;;ndex (per 0.1 1 45 (0.78-0.99) 0.036*
Remodeling index 1.38 (1.02-1.87) 0.034*
Normalredwillindes 55 0720 | o0
RsIMH 0.63 (0.35-1.13) 0.120
TOF-MRA
Dissecting flap 1.76 (0.52-5.96) 0.363
Double lumen 2.44 (0.69-8.66) 0.167
Intramural hematoma 0.94 (0.31-2.83) 0.910
Increased outer diameter | 19.69 (4.93-78.71) <0.001* 11.53 (2.18-60.84) | 0.004*
Preserved patency 3.68 (0.85-15.99) 0.082
Remodeling index 1.54 (1.08-2.19) 0.017* | 1.34 (0.67-2.68) 0.408 | 1.42(0.77-2.62) 0.261
rsIMH 1.46 (0.80-2.67) 0.217

Table 3. Logistic regression analysis on baseline features predicting aneurysmal dilatation. VW-MRI vessel
wall magnetic resonance image; TOF-MRA time of flight-magnetic resonance angiography; OR odds ratio; CI
confidential interval; CVA, cerebrovascular accident; rsIMH,relative signal intensity of intramural hematoma.
Multivariable analysis was performed with two separate models to address the issue of multicollinearity
involving the variable ‘increased outer diameter. In the first model, the variable of increased outer diameter
on TOF-MRA was excluded. In the second model, the variable of increased outer diameter on VW-MRI was
excluded. * indicates statistical significance (P <0.05).

Analysis of progressive enlargement of aneurysmal dilatation and morphological stability
Within the aneurysmal dilatation group of 16 IAD lesions, seven were categorized as the progressive enlargement
group and nine as the non-progressive aneurysmal dilatation group. There were no significant differences in the
baseline clinical and radiological features between the two groups (Supplementary Table 4).

In the IAD lesions that exhibited no further morphological changes, the median time from symptom onset
to morphological stability was 3.9 months (95% CI, 3.16-5.5 months) (Fig. 2). Based on these findings, further
analyses were conducted on the groups with progressive and non-progressive enlargement of aneurysmal
dilatation using the mid-term follow-up imaging performed later than 4 months after the symptom onset. When
the groups were compared using imaging taken at a similar time, all four cases in the progressive enlargement
group displayed an onion-skin appearance in VW-MRI and intramural hematoma in TOF-MRA. They also
demonstrated a larger remodeling index in both VW-MRI (16.56 vs. 2.39, P=0.021) and TOF-MRA (12.96
vs. 2.01, P=0.021), and an increased normalized wall index (0.975 vs. 0.67, P=0.021) and rsIMH (4.6 vs. 1.38,
P=0.021) in VW-MRI (Table 5). Representative cases are displayed in Fig. 3.
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OR (95% CI) P
Male 1.11 (0.20-6.16) 0.906
Age (per 10 years increase) 1.21 (0.50-2.92) 0.671
Hypertension 2.11(0.38-11.76) | 0.393
Diabetes 2.42(0.05-110.33) | 0.650
Hyperlipidemia 0.37 (0.02-7.97) 0.528
Smoking 1.58 (0.28-8.90) 0.605
Old CVA 1.70 (0.05-58.17) | 0.768
Family history 0.31 (0.02-6.56) 0.455
Initial symptom
Ischemic symptom 1(Ref)
Headache 1.48 (0.26-8.30) 0.658
VW-MRI
Dissecting flap 0.48 (0.06-3.71) 0.481
Double lumen 0.12 (0.01-2.40) 0.166
Intramural hematoma 2.20(0.10-48.12) | 0.617
Increased outer diameter 0.19 (0.01-3.78) 0.275
Onion-skin appearance 3.55(0.63-20.08) | 0.151
Wall enhancement 0.45 (0.08-2.48) 0.356
Preserved patency 0.10 (0.01-0.74) 0.024*
Eccentricity index (per 0.1 unit increase) 0.97 (0.81-1.17) 0.769
Remodeling index 1.27 (0.87-1.84) 0.211
Normalized wall index (per 0.1 unit increase) | 0.74 (0.44-1.26) 0.271
rsIMH 1.66 (0.81-3.41) 0.167
TOF-MRA
Dissecting flap 0.77 (0.14-4.32) 0.767
Double lumen 0.34 (0.02-7.21) 0.490
Intramural hematoma 4.02 (0.58-27.77) | 0.159
Increased outer diameter 0.19 (0.01-3.78) 0.275
Preserved patency 0.14 (0.02-0.98) 0.048*
Remodeling index 1.06 (0.64-1.75) 0.833
rsIMH 1.73 (0.72-4.13) 0.218

Table 4. Logistic regression analysis on baseline features predicting occlusion. VW-MRI vessel wall magnetic
resonance image; TOF-MRA time of flight-magnetic resonance angiography; OR odds ratio; CI confidential
interval; CVA cerebrovascular accident; rsIMH relative signal intensity of intramural hematoma. * indicates
statistical significance (P <0.05).

Discussion

None of the baseline clinical or radiological features were predictive of recurrent symptoms. The baseline
radiological features of increased outer diameter and lack of luminal patency in both VW-MRI and TOEF-
MRA were significant predictors of aneurysmal dilatation and occlusion as the final morphology, respectively
(P<0.05). The median time from symptoms onset to morphological stability was 3.9 months. The baseline
clinical and radiological features were not significantly different between the groups with progressive and non-
progressive enlargement of aneurysmal dilatation. However, the progressive enlargement group exhibited a
significantly larger remodeling index in both VW-MRI and TOF-MRA, a higher rate of onion-skin appearance,
a larger normalized wall index, and rsIMH in VW-MRI (P <0.05) at the mid-term follow-up. The progressive
enlargement group also showed a more frequent presence of intramural hematoma in TOF-MRA (P <0.05).

The clinical outcomes of unruptured symptomatic IAD are generally benign, with the recurrence rates of
ischemic stroke reported to range between 2-14%"%-19, and more than 80% of patients maintained a mRS < 222724,
In our study, none of the patients experienced hemorrhage or recurrent stroke during the follow-up period, and
those who complained of recurrent symptoms or neurologic deficits (13/65, 20%) exhibited only a mild form as
estimated with mRS 1.

The major morphological changes in IAD usually occur within 2-3 months after symptom onset, and these
changes generally end within 6-7 months*!?>. Tt is rare for such changes to occur for more than 6 months after
the onset of symptoms®®. Our study findings align with the previous findings demonstrating that the median
time interval for observing morphological stability in IAD was approximately 4 months following symptoms
onset.

The progressive enlargement of aneurysmal dilatation in unruptured IAD during follow-ups is critical to
establish the need for an endovascular or surgical intervention. Although one of the most common radiological
features predicting progressive enlargement of IAD was baseline large diameter, many of these studies did not
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Fig. 2. Time from symptom onset to angiographic stabilization. The Kaplan-Meier curve illustrates time from
the onset of symptoms to the point of angiographic stabilization, as evidenced by no further changes in the
shape of the intracranial artery dissection when compared to the last follow-up image. The median time from
symptom onset to morphological stability is 3.9 months (95% confidence interval, 3.16-5.5 months).

clearly report the time interval between the onset of symptoms and the initial imaging®”1%121415 However, this
information is significant because IAD can exhibit clinical and radiological changes within days or even hours
after symptom onset>*!1:22, Further, if the exact onset time is unknown, the baseline features of IAD initially
identified on imaging may not be the initial features since the onset of symptoms but instead be indicative of
features that occur after the acute to subacute stage (the most vigorous phase of morphological change). In
our study, the baseline feature of increased outer diameter was the only predictor of the final morphology of
aneurysmal dilatation. There were no significant differences in the baseline features between the progressive
and non-progressive enlargement of aneurysmal dilatation groups within 1 month. However, follow-up imaging
conducted after 4 months showed distinguishable features between the two groups. Therefore, collectively,
findings from the previous studies and our present study results, an initial imaging alone may not fully capture
the dynamic process of IAD.

In our study, the group with aneurysmal dilatation as the final morphology initially presented with headaches,
whereas those without aneurysmal dilatation predominantly complained of ischemic symptoms. Patients with
aneurysmal dilatation mostly showed preserved patency, which likely explains their lesser association with
ischemic symptoms. Similar findings have been reported in previous research on intracranial unruptured
vertebrobasilar artery dissection, showing that non-ischemic patients more frequently exhibited aneurysmal
dilatation while ischemic patients more often showed steno-occlusive lesions®*. Another study also reported that
vertebrobasilar artery dissection patients who presented with isolated headaches had a higher rate of arterial
dilatation and more dynamic arterial changes during follow-up?. Headaches in IAD may result from a direct
tear of the blood vessel wall, where mechanical tears of the arterial wall usually extend to the sub-adventitial
layer?’, potentially associated with aneurysmal enlargement.

Recanalization and luminal patency are also important features to predict clinical outcomes in unruptured
IAD®16-18 although a study by Wadhwa et al. reported that the likelihood of good neurological outcome was
not influenced by the recanalization status’. Hashimoto et al. reported that after a mean follow-up interval of 52
days, a higher contrast enhancement in unruptured IAD was associated with increasing stenosis or aneurysmal
dilatation!’. They also reported that after 3 months of follow-up imaging, higher rsIMH was associated with
recanalization or the attenuation of the vascular morphology'®. However, these studies did not show specific
results on recanalization or luminal patency, and were limited by short-term follow-ups. Lin et al. demonstrated
that the presence of a double lumen and occlusion were associated with no remodeling in cervico-cranial
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Progressive enlargement of aneurysmal dilatation (n=4) | Non-progressive aneurysmal dilatation (n=4) | P
Time to MRI from symptom onset, days | 216 (196-231) 182.0 (157-193.5) 0.083
Male 3(75) 2 (50) 1.000
Age, years 48.5 (46-53.5) 42.5 (39-50.5) 0.245
Initial symptom 0.429
Ischemic symptom 2 (50) 0(0)
Headache 2 (50) 4 (100)
Hypertension 2 (50) 0(0) 0.429
Diabetes 1(25) 0(0) 1.000
Hyperlipidemia 1(25) 1(25) 1.000
Smoking 1(25) 2 (50) 1.000
Old CVA 0 (0) 0(0)
Family history 0(0) 1(25) 1.000
VW-MRI
Dissecting flap 4 (100) 2 (50) 0.429
Double lumen 4 (100) 1(25) 0.143
Intramural hematoma 4 (100) 1(25) 0.143
Increased outer diameter 4 (100) 4 (100) NA
Onion-skin appearance 4 (100) 0(0) 0.029*
Wall enhancement 4 (100) 2 (50) 0.429
Preserved patency 4 (100) 3(75) 1.000
Eccentricity index 0.84 (0.74-0.94) 0.54 (0.39-0.72) 0.059
Remodeling index 16.56 (7.80-24.71) 2.39 (2.11-2.97) 0.021*
Normalized wall index 0.98 (0.96-0.99) 0.67 (0.65-0.76) 0.021*
rsIMH 4.60 (3.21-4.92) 1.38 (1.24-1.46) 0.021*
TOF-MRA
Dissecting flap 4 (100) 2 (50) 0.429
Double lumen 4 (100) 1(25) 0.143
Intramural hematoma 4 (100) 0(0) 0.029*
Increased outer diameter 3(75) 3(75) 1.000
Preserved patency 3(75) 3(75) 1.000
Remodeling index 12.96 (7.47-19.2) 2.02 (1.66-2.89) 0.021*
rsIMH 2.67 (1.91-3.28) 1.07 (0.96-2.16) 0.149

Table 5. Comparisons of follow-up features between progressive enlargement and non-progressive aneurysmal
dilatation. Data are expressed as the number of cases with percentages in parentheses or median (interquartile
range). VW-MRI vessel wall magnetic resonance image; TOF-MRA time of flight-magnetic resonance
angiography; CVA cerebrovascular accident; rsIMH relative signal intensity of intramural hematoma. *
indicates statistical significance (P <0.05).

artery dissection, but their study included extracranial artery dissections and medial follow-up interval was 8.5
months?. Our study addresses this gap by demonstrating that the status of luminal patency in baseline imaging
can be a predictor of occlusion as the final morphology, after a minimum follow-up period of 12 months.
Similarly, Nedeltchev et al. demonstrated that occlusion at 1-month ultrasonography reduced the likelihood of
recanalization at 12 month follow-up?, but that study was limited to extracranial carotid artery dissection. To
our knowledge, this is the first study to focus on the recanalization of IAD as extensively.

This study had several limitations. First, this was a retrospective study at a single center and involved a
small number of patients. However, we included only unruptured symptomatic patients of IAD with clear time
intervals from the symptom onset. Second, the imaging follow-up for each patient was irregular because of the
retrospective study design. Third, the final morphology was classified on various angiography. Fourth, the lack
of significant differences in baseline features between groups with progressive and non-progressive enlargement
of aneurysmal dilatation could be attributed to the small number of study patients. Studies using a larger patient
cohort are needed to validate the findings of our study. Finally, our study focused on symptomatic IAD with a
clear symptom onset, and thus did not include asymptomatic IAD, which may exhibit fluctuating radiological
findings during follow-up. Future research should consider including asymptomatic cases to provide a more
comprehensive understanding of IAD.

In conclusion, unruptured symptomatic IAD demonstrated a benign clinical outcome. The baseline
radiological features of increased outer diameter and lack of luminal patency were associated with aneurysmal
dilatation and occlusion as the final morphology, respectively. A follow-up imaging may be necessary to monitor
the progressive enlargement of aneurysmal dilatation.
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Fig. 3. Baseline and Follow-up Images in Cases of Non-progressive and Progressive Enlargement of
Aneurysmal Dilatation. (a-h) Representative case of non-progressive enlargement of aneurysmal dilatation.
(a, b) Baseline images show dissection in the left vertebral artery (arrow) with an increased outer diameter
compared to the adjacent normal-looking artery. (c, d) Axial images at the point of maximal outer diameter
shows double lumen with dissecting flap and intramural hematoma (arrow head). The remodeling index,
normalized wall index, and relative signal intensity of intramural hematoma (rsIMH) were 2.49, 0.59, and 3.09,
respectively. (e, f) Follow-up images after 6 months of symptom onset shows residual aneurysmal dilatation of
the dissected artery (arrow). (g, h) Axial images demonstrates dissecting flap (arrow head) but no intramural
hematoma in both TOF-MRA and VW-MRI. The remodeling index, normalized wall index, and rsIMH

were 2.22, 0.64, and 1.33, respectively. (i-p) Representative case of progressive enlargement of aneurysmal
dilatation. (i, j) Baseline images show dissection in the right vertebral artery (arrow) with an increased outer
diameter. (k, 1) Baseline axial images show double lumen with dissecting flap and intramural hematoma
(arrow head). The remodeling index, normalized wall index, and rsIMH were 3.43, 0.67, and 3.94, respectively.
(m, n) Follow-up images after 6 months of symptom onset show continuous enlargement in the diameter of
the dissected artery (arrow). (o, p) Axial images demonstrate the onion-skin appearance of a multilayered
hematoma. The remodeling index, normalized wall index, and rsIMH were 26.08, 0.99, and 4.89, respectively.

Methods
Study population
This retrospective observational cohort study was approved by the institutional review board at Asan Medical
Center, and the requirement for informed consent was waived (IRB No. 2023 — 0294, date of approval: March
2023). All methods were performed in accordance with the principles outlined in the Declaration of Helsinki.
Consecutive patients who underwent VW-MRI and TOF-MRA for evaluation of IAD at our institution
between January 2016 and December 2020 were reviewed. The inclusion criteria were as follows: (a) age>18
years, (b) IAD diagnosed based on clinical history and imaging (VW-MRI and TOF-MRA with or without CTA
or DSA), (c) IAD which was not ruptured, traumatic, or iatrogenic. The exclusion criteria were as follows: (a)
unclear symptoms onset, (b) did not undergo baseline VW-MRI and TOF-MRA within 1 month of symptom
onset, (¢) did not have follow-up chart records and imaging (VW-MRIL TOF-MRA, CTA, or DSA) for more than
12 months, (d) underwent endovascular treatment for target vessels.
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Image acquisition

The VW-MRI was conducted using a 3.0-T MRI system (Magnetom Skyra; Siemens) with 64-channel head and
neck coils using sampling perfection with application-optimized contrasts and different flip-angle evolutions
(SPACE) and 3D turbo spin-echo sequences. The proton density images, T2-weighted images, pre-contrast T1-
weighted images (T1WIs), and contrast-enhanced TIWIs were obtained using SPACE. The contrast-enhanced
T1WIs were obtained after intravenous administration of gadoterate meglumine (Dotarem) at 0.1 mmol
per kilogram of body weight. Additionally, 3D TOF-MRA was performed, and the imaging parameters are
summarized in Supplementary Table 1.

Diagnosis of IAD

The diagnosis of IAD was based on definite signs of a dissecting flap and double lumen, along with suspicious
signs of intramural hematoma, aneurysmal dilatation, and rapid morphological changes observed on follow-up
!

maging-.

Imaging analysis

Two neuroradiologists (S.C.J. with 15 years of experience and Y.H.R. with 6 years of experience) analyzed VW-
MRI and TOF-MRA images with consensus reading. The neurologists conducted the image analysis based on
information on a picture archiving and communication system workstation (PetaVision'; Asan Medical Center)
and AquariusNET viewer version 4.4.13 (TeraRecon, Durham), and were blinded to the clinical and laboratory
characteristics of the patients.

The presence or absence of the following imaging characteristics measured using VW-MRI and TOF-MRA
were analyzed at baseline in all patients, and at mid-term follow-up (5-8 months) in the group with aneurysmal
dilatation: (1) dissecting flap, (2) double lumen, (3) intramural hematoma, (4) increased outer diameter (relative
to the adjacent normal-appearing arteries), (5) preserved patency of the lumen. The onion-skin appearance and
wall enhancement were assessed using VW-MRI only. The onion-skin appearance was defined as a multilayered
thrombus or wall hematoma®. The wall enhancement was present if the enhancement degree was equal to or
greater than the pituitary stalk>.

The remodeling index and relative signal intensity of intramural hematoma (rsIMH) were assessed in VW-
MRI and TOF-MRA. The remodeling index was calculated as the maximal outer wall area in the lesion site/
mean value of the outer wall area in adjacent proximal and distal normal-looking arteries*?. The rsIMH was
calculated as the signal intensity in intramural hematoma/signal intensity in the masseter muscle on TIWI on
VW-MRI and TOF-MRA?*. In the case of absence of intramural hematoma, the rsIMH was calculated as the
signal intensity of the vessel wall at the dissected artery/signal intensity in the masseter muscle. The normalized
wall index and eccentricity index were assessed in VW-MRI. The normalized wall index was calculated as the
wall area/maximal outer wall area®*. The eccentricity index was calculated as (maximum wall thickness-opposite
wall thickness)/maximum wall thickness.

Radiologic outcome: final morphology assessment

The final morphology was categorized into aneurysmal dilatation, occlusion, incomplete normalization, and
complete normalization, based on findings from CTA, MRA, or DSA at the last follow-up imaging. Within
the aneurysmal dilatation category, patients who exhibited continuous enlargement in diameter during follow-
up were classified as the “progressive enlargement of aneurysmal dilatation”, and those for whom the lesions
did not show a progressive enlargement (i.e., no change or decreased size over time) were classified as “non-
progressive aneurysmal dilatation” Incomplete normalization was defined as lesions showing residual stenosis
while preserving patency, whereas complete normalization was defined when lesions appeared normal.

Each follow-up image was assessed to identify changes in angiographic shape relative to the previous image.
The date at which changes in angiographic shape were not observed in comparison to the last follow-up image,
was recorded and defined as the date of stability.

For the detection of recurrent infarcts from the baseline to the final follow-up, computed tomography,
diffusion-weighted imaging, and fluid-attenuated inversion recovery were reviewed.

Clinical outcome

Two neuroradiologists (S.C.J. and Y.H.R.) conducted a consensus review of the patients’ initial symptoms using
the chart records. Initial symptoms were classified as either ischemic symptoms or headaches. During follow-
up visits, chart records were thoroughly reviewed to document any symptoms the patient complained of. If
the reported symptoms were severe enough to necessitate further imaging evaluation, they were recorded as
recurrent symptoms.

Statistical analysis

The Chi-square test, Fisher’s exact test, Student’s ¢-test, and Wilcoxon rank sum test were used for comparisons
of baseline clinical and radiological features according to recurrent symptoms (recurrence group and non-
recurrence group) and final morphology (aneurysmal dilatation and occlusion). A multivariable logistic
regression using Firth’s penalized maximum likelihood method following a series of univariate analyses was
used to identify independent features associated with recurrent symptoms, final morphology of aneurysmal
dilatation or occlusion. Multivariable analysis was performed with two separate models to address the issue of
multicollinearity involving the variable ‘increased outer diameter’ on VW-MRI and TOF-MRA.
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The clinical and radiological features between non-progressive and progressive enlargement of aneurysmal
dilatation were compared using Fisher’s exact test and Mann- Whitney U test at baseline and mid-term follow-
up imaging. The median time from the symptom onset to the date at which the angiographic shape demonstrated
no further changes compared to the last follow-up image was calculated using the Kaplan- Meier method.

All statistical analyses were performed using IBM SPSS for Windows, Version 21.0 (Armonk, NY: IBM
Corp) and MedCalc version 20.014 (MedCalc Software Ltd, Ostend, Belgium). All tests were two-sided, and a
p-value <0.05 was considered statistically significant.

Data availability

The data in the current study are available from the corresponding author upon reasonable request.
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