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Abstract

OBJECTIVES: The management of acute type A aortic dissection with malperfusion syndrome remains challenging. To evaluate preopera-
tive condition, symptoms might be subjective and objective evaluation of cerebral artery has not yet been established. For quantitative
evaluation, this study focused on brain computed tomography perfusion (CTP), which has been recommended by several guidelines of
acute ischaemic stroke.

METHODS: In the last 2 years, 147 patients hospitalized due to acute type A aortic dissection were retrospectively reviewed. Among the
23 (16%) patients with cerebral malperfusion, 14 who underwent brain CTP (6 preoperative and 8 postoperative) were enrolled. CTP
parameters, including regional blood flow and time to maximum, were automatically computed using RApid processing of Perfusion and
Diffusion software. The median duration from the onset to hospital arrival was 129 (31–659) min.
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RESULTS: Among the 6 patients who underwent preoperative CTP, 4 with salvageable ischaemic lesion (penumbra: 8–735 ml) without
massive irreversible ischaemic lesion (ischaemic core: 0–31 ml) achieved acceptable neurological outcomes after emergency aortic re-
placement regardless of preoperative neurological severity. In contrast, 2 patients with an ischaemic core of >50 ml (73, 51 ml) fell into a
vegetative state or neurological death due to intracranial haemorrhage. CTP parameters guided postoperative blood pressure augmenta-
tion without additional supra-aortic vessel intervention in the 8 patients who underwent postoperative CTP, among whom 6 achieved nor-
mal neurological function regardless of common carotid true lumen stenosis severity.

CONCLUSIONS: CTP was able to detect irreversible ischaemic core, guide critical decisions in preoperative patients and aid in determin-
ing the blood pressure augmentation for postoperative management focusing on residual brain ischaemia.

Keywords: Acute type A aortic dissection • Cerebral malperfusion • CT perfusion • Quantitative evaluation • Neurological outcome

ABBREVIATIONS

AAAD Acute type A aortic dissection
AIS Acute ischaemic stroke
CBF Cerebral blood flow
CCA Common carotid artery
CPB Cardio-pulmonary bypass
CTP Computed tomography perfusion
FET Frozen elephant trunk
GCS Glasgow Coma Scale
MRI Magnetic resonance imaging
TAR Total arch replacement
Tmax Time to maximum

INTRODUCTION

The management of acute type A aortic dissection (AAAD) with
malperfusion syndrome, which is certainly a lethal condition,
still remains challenging. Unlike other end-organ malperfusions,
cerebral malperfusion occurs at a relatively higher frequency,
affecting 6–14% of patients with AAAD, and has been reported
as an indicator of poor prognosis [1–4]. However, the optimal
management of patients with cerebral malperfusion remains
unclear. According to several distinct features of cerebral mal-
perfusion, including the time-sensitive nature of the brain injury
and concerns regarding reperfusion injury triggered by cardio-
pulmonary bypass (CPB) with cerebral perfusion, decisions re-
garding immediate surgery for difficult clinical scenarios, such
as patients with comatose neurological status and simultaneous
malperfusion syndrome of the other vital organs, occasionally
arise.

Several authors have advocated treatment strategies for
patients with cerebral malperfusion stratified according to their
preoperative symptoms, which are sometimes subjective and
fluctuating depending on their vital condition [5, 6]. Although
preoperative objective multimodal evaluation of the common
carotid artery and/or intracranial cerebral artery has been
attempted in recent years [7–9], its utility has not yet been estab-
lished. For objective and quantitative evaluation, this study ap-
plied brain computed tomography perfusion (CTP), which had
been already recommended by acute ischaemic stroke (AIS)
guidelines to determine the treatment strategy for AIS. This study
sought to determine the clinical impact and applicability of the
same concept of CTP for patients with AAAD complicated with
cerebral malperfusion.

PATIENTS AND METHODS

Ethics statement

This retrospective observational study was approved by the
Institutional Review Board (M30-057) of National Cerebral and
Cardiovascular Center, and individual informed consent from
each patient was waived given its retrospective nature.

Study design

Figure 1 shows the flowchart of study enrolment between August
2019 and May 2021, during which 147 consecutive patients hos-
pitalized for AAAD were included herein. Among the 23 (16%)
patients who presented with cerebral malperfusion, 14 were ulti-
mately enrolled in this study, of whom 6 patients underwent pre-
operative CTP, 2 underwent both pre- and postoperative CTP
and 8 underwent only postoperative CTP. Patients’ demographics
are summarized in Table 1.

Diagnosis, definition and management

Cerebral malperfusion was defined as AAAD with newly devel-
oped neurological symptoms, including coma, disturbance of
consciousness, neurological deficit and syncope at the onset of
AAAD in the presence of radiographic and/or carotid ultrasono-
graphic evidence of high-grade stenosis or lack of opacification
through the unilateral or bilateral common carotid artery (CCA).
Impaired CCA was defined as the true lumen decompression of
CCA >50% regardless of false lumen patency, according to the
largest series published by Kreibich et al. [8].

All patients were considered for immediate emergency aortic
repair except for those with established cerebral oedema with or
without herniation/intracranial haemorrhage. Conservative medi-
cal treatment, including withdrawal of care due to futile neuro-
logical prognosis, was occasionally selected by their family
according to patients’ severely deteriorated neurological
condition.

Neurological and radiographic evaluation via
computed tomography perfusion

Neurological examination was performed on patient arrival by
the Cardiovascular Surgery and Neurology Services. The Glasgow
Coma Scale (GCS) scores for each patient were obtained to assess
symptom severity [10]. Coma was defined as neurological deficits

2 Y. Inoue et al. / Interactive CardioVascular and Thoracic Surgery



with a GCS score of <8. Neurological death was defined as a
death caused by severe irreversible neurological impairment, in-
cluding withdrawal of care due to a futile neurological prognosis.

CTP was performed on a 320-slice CT scanner (GE Healthcare,
Waukesha, WI; Aquilion ONE; Canon Medical System, Ohtawara,
Japan) including a non-contrast CT scan (120 kV, 250 mA, 4-mm
axial slices) and volume CTP (z-axis = 160 mm, delay after start of
contrast medium injection = 4 s, total imaging duration = 56 s,
80 kV, 120 mA, slice thickness = 5 mm, collimation = 320
mm� 0.5 mm). Even in the emergency setting, CTP can be com-
pleted only 1–2 min after the injection of contrast medium.
Whole-body CT angiography can also be taken simultaneously
on the same CT table and same set-up after CTP examination.

Perfusion parameters [regional cerebral blood flow (CBF) and
time to maximum (Tmax)] were automatically computed using
RApid processing of Perfusion and Diffusion software through a
delay-independent deconvolution approach [11–14]. Based on
recent data suggesting that cerebral blood flow is more accurate
than cerebral blood volume for defining ischaemic core, irrevers-
ible ‘ischaemic core’ was prespecified as regional cerebral blood
flow <30% of contralateral hemisphere median. In contrast, sal-
vageable ‘penumbra’ was prespecified as spital area Tmax >_6 s.
Based on the aforementioned parameters, ischaemic core and
penumbra mismatch map was visualized to determine the treat-
ment strategy for the brain. Figure 2 provides an example of the
mismatch map.

Application of computed tomography perfusion

Preoperative CTP was conducted for preoperative neurologically
impaired patients with a haemodynamically stable condition,
based on assessment of neurological status by neurologist. Those
with shock, evidence of pericardial effusion and any concerns re-
garding haemodynamics were excluded from preoperative CTP.
Moreover, those with mild symptomatic status (GCS >13) after
the definitive diagnosis of AAAD were not indicated for addi-
tional CTP examinations.

Postoperative CTP was performed for patients with any con-
cerns regarding postoperative stroke within 24 h after emergency
surgery. Reasons for CTP application included (i) comparison

with preoperative CTP and (ii) unavailable preoperative CTP due
to concerns regarding haemodynamic instability or mild neuro-
logical symptom.

In addition, Tmax map also visualized the area Tmax >10 s,
which is prespecified as the index of the collateral flow. The
greater volume of the area of Tmax >10 s implicated the less col-
lateral network flow inside the brain. According to the Tmax
data, hypoperfusion intensity ratio (Tmax >10 s volume/Tmax 6 s)
could be calculated as a predictive value of ongoing brain ischae-
mia [15].

Surgical techniques

In patients eligible for emergency surgery, CPB was immediately
established using quick introduction of the double cannulation
technique via the distal right axillary artery and common femoral
artery based on previous studies [16]. The cannula introduced via
the distal axillary artery was utilized as both a systemic perfusion
line and a hemi-cerebral perfusion line after brachiocephalic ar-
tery clamping (Supplementary Material S1). If the regional tissue
oxygen saturation did not improve after the establishment of
CPB and initiation of right side hemi-cerebral perfusion, the ori-
gin of left CCA was clamped and cut down followed by balloon
tip cerebral perfusion catheter insertion inside the true lumen of
left CCA as soon as possible. For patients with cerebral malperfu-
sion, our standard protocol involves the total arch replacement
with the individual reconstruction of supra-aortic branches. Our
standard protocol for surgery has been previously reported [16].

RESULTS

All patient’s preoperative demographics are presented in Table 1.
The median duration from onset to hospital arrival was 129 (31–
659) min. Among the 6 patients (I–VI) who underwent preopera-
tive CTP, 2 also underwent postoperative CTP immediately after
the emergency surgery. The remaining 8 patients only underwent
postoperative CTP due to haemodynamic instability in 3 and pre-
operative mild symptoms with remaining postoperatively im-
paired CCA in 5.

Figure 1: Flowchart of the enrolment of this study. AAAD: acute type A aortic dissection; CTP: computed tomography perfusion.
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Preoperative computed tomography perfusion

Data for patients who underwent preoperative CTP are summa-
rized in Table 2. All patients were neurologically symptomatic
upon hospital arrival, except for 1 patient (patient no. I) who pre-
sented syncope at the onset and occlusion of the right distal mid
cerebral artery with positive diffusion-weighted magnetic reso-
nance imaging (MRI), which was sufficiently supplied by collat-
eral artery via another collateral pathway of internal carotid
artery detected on preoperative CTP.

The characteristics of 3 patients (nos. IV, V and VI) are summa-
rized in Fig. 3 [17]. Patient V presented with dysarthria followed
by a loss of consciousness. She had fallen into a deep coma upon
hospital arrival 2 h after the onset. CTP revealed massive penum-
bra (735 ml) without a complete ischaemic core. Total arch re-
placement (TAR) with frozen elephant trunk (FET) was
subsequently performed. The amount of penumbra dramatically
improved (10 ml) on postoperative CTP immediately after sur-
gery. The patient recovered consciousness and linguistic ability
with monoparesis only in the right arm. Meanwhile, patient IV
was found to have collapsed and was transferred with left hemi-
paresis 2 h after the last known well. The patient’s GCS score was
11 (E3, V4 and M4), with CT revealing AAAD with static obstruc-
tion of the right CCA. CTP revealed an ischaemic core (57 ml)
and a high volume (228 ml) of Tmax >10 s, which indicated that
the brain area was perfused for >10 s with poor brain collaterals
and that the hypoperfusion intensity ratio (Tmax >10 s/Tmax
>6 s = 0.6) increased, suggesting rapidly progressing brain ischae-
mia. Emergency TAR with FET was started 2.5 h after hospital ar-
rival. Massive intracranial bleeding was ultimately diagnosed
postoperatively, and her neurological status deteriorated to a
vegetative state despite craniotomy. The family of patient VI re-
fused invasive aortic repair and selected the best supportive care
due to the evidence of an ischaemic core and advanced patient’s
age. Unfortunately, patient VI died 1 day after admission due to
cerebral haemorrhage and herniation.

Postoperative computed tomography perfusion

The perioperative characteristics of the patients are shown in
Table 3. Three patients presented with preoperative shock with
pericardial effusion. Among them, 2 were elderly (VII and VIII)
and presented postoperative neurological deficits despite systolic
blood pressure augmentation >120 mmHg. Moreover, 4 patients
without postoperative penumbra achieved normal neurological
status. All 4 patients who presented postoperative penumbra on
CTP received postoperative systolic blood pressure augmentation
>120 mmHg without additional invasive supra-aortic vessel inter-
vention. Among them, 2 patients (VII and VIII) who presented
with preoperative shock suffered from hemiparesis. The remain-
ing 2 patients (IX and X) who exhibited transient syncope before
surgery achieved postoperative normal neurological status re-
gardless of CCA stenosis severity.

Particularly in patient X, CTP-guided systemic blood pressure
augmentation played an important role in terms of postoperative
decision-making. She developed syncope at the onset and was
transferred 3 h after with a definitive diagnosis of AAAD with
right CCA occlusion. Emergency TAR with FET procedure was
then performed. After the TAR with neck vessel reconstruction,
recanalization of right CCA blood flow was confirmed via direct
carotid ultrasonography in the operating room. However, re-
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occlusion of the right CCA was detected 2 h after surgery. CTP
revealed a minute ischaemic core (12 ml) and penumbra volume
(149 ml) and good collateral flow from the left side with a hypo-
perfusion intensity ratio as low as 0.08. We decided to maintain
pressure augmentation (>120 mmHg) without any additional in-
tervention. Recanalization of the right CCA was detected 12 h af-
ter initial examination, while complete remodelling was achieved
on postoperative day 3. Video 1 presents the chronological series
of carotid echocardiogram and intracranial blood flow in patient
X. Figure 4 summarizes the pre- and postoperative CT angiogra-
phy. Patient X was ultimately discharged without any neurologi-
cal deficits.

DISCUSSION

Surgical outcomes for AAAD have been gradually improving over
the last 2 decades, with malperfusion syndrome having been

reported as an indicator of poor prognosis [3, 4]. Given the
relative frequency of cerebral malperfusion compared to other
end-organ malperfusions and its more frequently occurrence in
younger patients [1, 2, 18], we occasionally encounter difficult
decisions regarding emergency surgery indications in patients
with severe neurological symptoms, such as coma.

Recently, cerebral malperfusion has been tried to be stratified
by not preoperative patients’ symptom but preoperative radio-
graphic data [5, 6, 8, 9]. However, the utility of these objective
evaluations attempted in recent years remains unclear. As such,
we have focused on CTP, which has been recommended by sev-
eral guidelines, to quantitatively evaluate treatment strategies for
AIS [19].

The current study has 3 points of discussion: (i) the utility of
preoperative CTP, (ii) the utility of postoperative CTP and (iii) the
application of preoperative CTP.

In patients with cerebral malperfusion, prompt surgery is not
always justified given that the burden of reperfusion against the

Figure 2: A ischaemic core–penumbra mismatch map automatically computed by RApid processing of Perfusion and Diffusion software using computed tomography
perfusion data. Pink area presents the irreversible ischaemia as an ischaemic core. Green mark presents the salvageable ischaemic area as a penumbra.

Figure 3: Summary of characteristic of 3 patients with preoperative computed tomography perfusion. FET: frozen elephant trunk; TAR: total arch replacement.
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brain occasionally evokes catastrophic results, such as intracranial
bleeding with herniation. To minimize reperfusion brain injury,
determining the severity of AIS is essential, for which MRI has
been usually utilized. However, MRI is time-consuming and not
suitable for acute-phase AAAD with possible haemodynamic in-
stability. On the other hand, while plain brain CT is an ideally
brief and rapid examination, it cannot detect ongoing AIS within
3–6 h [20]. Considering that patients included herein were trans-
ferred in the acute phase, a new modality is warranted to appro-
priately address cerebral malperfusion. Even in the early phase,
CTP allowed for the visualization of an area of CBF <30% as an
ischaemic core and Tmax lesions >6 s as a penumbra based on the
mismatch concept, which has been advocated by a specialist deal-
ing with AIS. Patients with mismatch ratios (Tmax lesion >6 s/lesion

of CBF <30%) >1.8 have been considered good candidates for ag-
gressive intervention, including mechanical thrombectomy or
thrombolysis therapy in patients with AIS. Four of our patients (I, II,
III and V) who satisfied this criterion achieved acceptable neurologi-
cal outcomes regardless of preoperative symptom severity. In con-
trast, an ischaemic core of >53 ml has been reported as an
independent risk factor for post-interventional intracranial haemor-
rhage [12]. In the present study, 2 patients (IV and VI) with an
ischaemic core >53 ml developed intracranial bleeding with hernia-
tion, suggesting that they were already included in the malignant
profile in terms of the AIS. Especially in patient IV, ligation of the ca-
rotid artery to minimize the burden of reperfusion should be con-
sidered as another option. Although it still remains unclear whether
these criteria directly apply to patients with cerebral malperfusion
due to AAAD, quantitative evaluation using CTP should be helpful
in making critical decisions and anticipating the patients’ prognosis.

Historically, our approach for cerebral malperfusion due to
AAAD has exclusively been focused on the timelines of surgery,
surgical technique for aortic reconstruction and cerebral perfusion
strategy based on preoperative symptoms. Okita et al. [21] pre-
sented the impact of early reperfusion strategy of right CCA estab-
lished even in the emergency room. However, postoperative
management could also alter neurological outcomes. Haphazard
additional treatments, including high-blood pressure argumenta-
tion, intervention for impaired CCA itself, can sometimes exacer-
bate postoperative bleeding or thromboembolic stroke [20]. Olivot
et al. [14] suggested that hypoperfusion intensity ratio >0.5 could
predict infarct growth and poor clinical outcomes. Based on these
data, we were able to select blood pressure argumentation therapy
without invasive intervention of the occluded right CCA in patients
VII, VIII, IX and X. In addition, ischaemic core sometimes becomes
negative even in potentially positive patients. Plain head CT is also
taken to detect intraoperative massive stoke to anticipate the neu-
rological prognosis and manage the systolic pressure depending
on the evidence of ischaemic core and penumbra. CTP evaluation
was helpful even in the postoperative period to determine the ne-
cessity of supra-aortic vessel intervention based on hypoperfusion
intensity ratio, from the viewpoint of establishing a rationale for
appropriate treatment.

Figure 4: Pre- and postoperative CT angiography in patient number X. (A) Preoperative 3D CT. The yellow dot line implies occluded right common carotid artery and
yellow arrow points dissected aorta. (B) Preoperative axial view focusing on bilateral common carotid artery in early phase; red circle emphasizes occluded right com-
mon carotid artery. (C) Preoperative axial view focusing on bilateral common carotid artery in delayed phase; red circle emphasizes occluded right common carotid
artery. (D) Preoperative axial view focusing on supra-aortic branches. (E) Postoperative 3D CT. CCA: common carotid artery; SCA: subclavian artery

Video 1: Video was divided into 4 parts. Part 1 presented right common ca-
rotid echogram 2 hours after the emergency operation. Right common carotid
artery was occluded and reverse flow of external carotid artery into the internal
carotid artery. Part2 presented real time intracranial cerebral blood flow after
detection of re-occlusion of right common carotid artery. Right side brain was
well perfused contralateral internal carotid artery. Part 3 presented right com-
mon carotid echogram 12 hours after the emergency operation. Recanalization
was detected. Part 4 presented right common carotid echogram 3 days after
the emergency operation. CCA: Common carotid artery; ICA: Internal carotid
artery; ECA: External carotid artery.
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Ultimately, all patients with AAAD with cerebral malperfusion
should ideally undergo preoperative CTP. However, from the
viewpoint of patient safety, haemodynamically unstable patients
should be immediately transferred to the operating room.
Indeed, patients included herein who had with any concern re-
garding haemodynamic instability were excluded from not only
CTP but also contrast medium-enhanced CT angiography given
that preoperative shock has been reported as the independent
risk factors for in-hospital mortality [8]. Based on our protocol, all
6 patients with cerebral malperfusion safely underwent preopera-
tive CTP, which justified our patients’ selection in terms of
patient’s safety. However, as a diagnostic modality, preoperative
CTP can be utilized for some patients, including those who have
a stable condition, were transferred in the acute phase and have
moderate neurological symptoms. These limitations are common
problems not only for CTP but also for time-consuming preoper-
ative quantitative modalities. To overcome and completely man-
age patients with cerebral malperfusion, a multidisciplinary
approach, such as intraoperative regional tissue oxygen satura-
tion monitoring for haemodynamically unstable patients without
any preoperative objective evaluation and postoperative CTP for
patients with any concern regarding intracranial blood flow,
would be mandatory. Although cerebral malperfusion still
remains challenging, CTP can be a useful guide for making critical
decisions regarding challenging clinical circumstances.

Limitations

This study has several inherent limitations worth noting. First, this
was a retrospective study with a small sample size, especially in 6 of
24 malperfusion patients indicating preoperative CTP. Furthermore,
important clinical variables regarding neurological prognoses, such
as patient’s age, comorbidities and preoperative frailty, were not in-
corporated into the analysis. In addition, imaging studies for the
evaluation of the CTP were obtained at different time points, includ-
ing immediately to several hours after neurological symptom occur-
rence. Further accumulation of patients’ volume and investigations
involving other institutions using standardized methodology are
highly warranted to validate our results.

CONCLUSION

The complete management of patients with AAAD complicated
with cerebral malperfusion still remains challenging. Nonetheless,
CTP as an approach for quantitative evaluation was useful in
detecting irreversible ischaemic core and guiding critical deci-
sions in preoperative patients. Moreover, for postoperative man-
agement focusing on residual brain ischaemia, CTP can be
helpful in diagnosing the necessity of additional intervention for
supra-aortic vessels and predicting neurological prognosis.
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