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Objective: To evaluate the cerebral hemodynamic variations in patients with unilateral
carotid artery stenosis and contralateral carotid occlusion (CCO) in hours following
carotid artery stenting (CAS) by transcranial Doppler (TCD) or transcranial color-code
Doppler (TCCD).
Methods: Sixty-five consecutive patients who underwent unilateral CAS were enrolled.
Among them, 14 patients had ipsilateral severe stenosis and CCO (CCO group) while the
other 51 patients had only unilateral severe carotid stenosis without CCO (UCS group).
All patients underwent TCD or TCCD monitoring before, at 1 and 3 h after CAS. We
monitored bilateral middle cerebral artery (MCA) peak systolic velocity (PSV), pulsatility
index (PI), and blood pressure (BP), and compared that data between two groups.
Results: In UCS group, ipsilateral MCA PSV increased relative to baseline at 1 h (96 ± 30
vs. 85 ± 26 cm/s, 15%, P < 0.001) and 3 h (97 ± 29 vs. 85 ± 26 cm/s, 17%, P < 0.001)
following CAS. Significant PI increases were observed at 1 and 3 h following CAS on the
ipsilateral side. In CCO group, ipsilateral MCA PSV increased relative to baseline at 1 h
(111 ± 30 vs. 83 ± 26 cm/s, 35%, P < 0.001) and 3 h (107 ± 28 vs. 83 ± 26 cm/s,
32%, P <0.001) following CAS. The magnitude of ipsilateral MCA PSV increase was
significantly higher in CCO group compared with UCS group at 1 h (P = 0.002) and 3 h
(P = 0.024) following CAS, while BP similarly decreased between the two groups. On
the contralateral side, significant MCA PSV increases were observed following CAS in
CCO group but not in UCS group. Bilateral MCA PSV increases were higher in patients
with a stenosis degree of ≥90% than in patients with stenosis degree of 70–89% only in
CCO group.
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Conclusion: The ipsilateral MCA PSV and PI increase moderately in the initial hours
after unilateral CAS in patients without CCO. In patients with CCO, the ipsilateral, and
contralateral MCA PSV increase significantly in the early stage following CAS. CCO is a
factor of the increased blood flow velocity in ipsilateral MCA after unilateral CAS.
Keywords: carotid artery stenosis, contralateral carotid occlusion, carotid artery stenting, transcranial Doppler,
transcranial color-code Doppler, cerebral hemodynamics, early stage

INTRODUCTION

procedure, all patients received antithrombotic premedication
(100 mg aspirin and 75 mg clopidogrel). Transbrachial approach
was used in one patient because of aortic-iliac artery occlusion.
Transfemoral approach with local anesthesia using 2% lidocaine
was used in all the other cases. Distal embolic protection device
was used in all the patients. We routinely applied pre-dilation
with a 4.0–5.0 mm balloon catheter (Boston Scientific, Natick,
MA), and selected the appropriate stent device (Precise RX,
Cordis Endovascular; Acculink, Abbott Vascular; and Carotid
Wallstent, Boston Scientific) according to the anatomic location
and the diameter of the artery at the operater’s discretion. We
would not perform post-dilation unless the residual stenosis
was more than 30%. The completion angiogram of carotid
artery and distal cerebral vasculature was performed after stent
deployment (Figure 1).

Contralateral carotid artery occlusion (CCO) was found in 5–
15% of carotid artery stenosis (CS) patients (1–4). According
to the North American Symptomatic Carotid Endarterectomy
Trial (NASCET), CCO has been demonstrated as an independent
risk factor for carotid endarterectomy CEA (1, 2, 5, 6). While,
carotid artery stenting (CAS) is suggested as an alternative for
the treatment of patients with CS and CCO (2, 3). A recent
meta-analysis about cerebral hyperperfusion syndrome (CHS)
encouraged further investigation on cerebral hemodynamic
monitoring (7). Besides, a crucial risk factor of periprocedural
stroke following CAS is hemodynamic disturbance (HD), which
often occurs within 6 h after CAS (8–11). However, only a few
studies have evaluated cerebral hemodynamic changes in the
early stage following CAS in patients with CCO. Transcranial
Doppler (TCD) and transcranial color-code Doppler (TCCD)
are bedside examinations and can be used for routine clinical
monitoring of cerebral hemodynamic changes immediately after
CAS (12). Our study used TCD and TCCD to assess the
immediate effect on cerebral hemodynamics after CAS in patients
with and without CCO.

Transcranial Doppler
Examination was performed using a 2-MHz probe connected to
a TCD machine (TC2021, EME, Companion III, Germany) or a
transcranial color-code Doppler (TCCD) machine (GE LOGIOe)
fitted with 2.0-MHz sector array transducer. The ipsilateral
and/or contralateral middle cerebral artery (MCA) was insonated
through the temporal window at a depth of 46–60 mm. We
recorded peak systolic velocity (PSV) and pulsatility index (PI)
at baseline on the day before CAS, and again at about 1 and
3 h following the CAS procedure. To maintain a constant depth,
angle of insonation, and an original probe-skin contact point
(Figure 1), all TCD or TCCD examinations in the patients were
performed by an identical physician. Post-CAS hyperperfusion
was defined as the MCA-PSV exceeded 2-fold of the pre-CAS
TCD measurement (13, 14).

MATERIALS AND METHODS
Subjects
All patients who underwent CAS in Department of
Interventional Radiology and Vascular Surgery at Peking
University First Hospital from Jan, 2013 to Dec, 2018 were
enrolled in this study. One hundred forty-eight patients
underwent CAS, of whom 27 patients had no bone window.
TCD were performed in 121 patients and 56 of them were
excluded because of simultaneous bilateral carotid stenting
(nine patients), simultaneous vertebral or subclavian artery
stenting (16 patients), carotid artery near occlusion (20 patients),
or moderate-severe contralateral carotid artery stenosis (11
patients). Carotid stenosis was diagnosed using ultrasound
and computed tomography angiography (CTA), and finally
Four-vessel angiography. Among all the remaining 65 patients,
14 patients were diagnosed severe CS with CCO, 51 patients had
severe unilateral CS.

Blood Pressure Control
Blood pressure (BP) was monitored and controlled throughout
the periprocedure period. Before balloon predilation, systolic BP
was controlled below 160 mmHg. After predilation and stent
deployment, systolic blood pressure was preliminarily controlled
between 90 and 140 mmHg for unilateral CAS patients. If
potential hyperperfusion or hypoperfusion were detected by
the first TCD, BP would be further adjusted. Hemodynamic
depression (HD) was defined as periprocedural hypotension (BP
< 90/60 mmHg) or bradycardia (heart rate < 50 beats/min).
Persistant HD was defined as HD persisted for at least 1 h.
Dopamine or/and atropine were used for HD patients. Urapidil
or/and nicardipine were administered intravenously to lower BP,
which was measured during the examination using a standard
BP cuff.

CAS Protocol
CAS was performed in symptomatic (at least 2 weeks after
onset of symptom) or asymptomatic patients with >70% stenosis
(NASCET criteria). Written informed consent was obtained from
all of the patients that underwent CAS. At least 72 h before the
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FIGURE 1 | A patient with carotid artery stenosis and contralateral carotid occlusion (CCO) underwent carotid artery stenosis (CAS), and periprocedural transcranial
color-code Doppler (TCCD) monitoring. (A) Digital subtraction angiography (DSA) showing right internal carotid artery (ICA) occlusion (black arrow) and right external
carotid artery supplying right middle cerebral artery (MCA) via collateral circulation of ophthalmic artery. (B) DSA showing left ICA severe stenosis (arrow). (C) DSA
showing left ICA supplying right anterior cerebral artery (ACA) via anterior communicating artery. (D) TCCD before CAS showing left MCA peak systolic velocity (PSV)
was 94 cm/s, while systolic blood pressure (SBP) was 155 mmHg. (E) DSA showing left ICA following CAS. (F) DSA showing left ICA supplying right ACA and MCA
via anterior communicating artery following CAS. (G) TCCD at 1 h after CAS maintained a constant depth, angle of insonation, and an original probe-skin contact
point, showing left MCA PSV was 133 cm/s, while SBP was 130 mmHg.

Statistical Analysis

patients (53%) were asymptomatic. Forty-two patients (82%) of
UCS group were male. The average degree of ICA stenosis of UCS
group was 82 ± 8%. The mean (±SD) age of CCO group was 67
± 7 years. Of these patients, 10 (71%) were symptomatic, while
the remaining four patients (29%) were asymptomatic. Twelve
patients (86%) of CCO group were male. The average degree of
ICA stenosis of CCO group was 81 ± 11%. Angiography showed
opened anterior communicating branch in all the CCO patients.
Contralateral MCA was supplied by anterior communicating
branch in four patients before CAS and in six patients after CAS.
The demographic data are shown in Table 1. Three different
types of stent were used in both groups. There were no instances
of severe hyperperfusion syndrome, renal failure, deaths or
disabling strokes in any of the participants in the month following
CAS. Three patients in UCS group had minor stroke in the
early phase following CAS. Four patients in UCS group and two
patients in CCO group had persistent HD, which we treated with
dopamine during the 24-h period following CAS (Table 1). In
both groups, the mean BP decreased after CAS. The mean BP
values did not significantly differ between the two groups, either
at baseline or post-CAS.
TCD examinations were performed in all the 65 patients
before CAS, and at 1 and 3 h after CAS. Among them, three
patients in UCS group and two patients in CCO group received
only ipsilateral TCD examination because of unilateral absence
of bone window, or contralateral MCA occlusion. In UCS group,
at 1 h after CAS, TCD showed a significant PSV increase in the

We performed all statistical analyses using IBM SPSS software
(version 23.0). TCD data are presented as mean ± standard
deviation (SD). PSV and PI values the day before CAS,
and at both 1 and 3 h following CAS were evaluated using
paired t-test, after repeated measure ANOVA. Bonferroni
correction was used, and statistical significance was considered
to be P < 0.05/3 (=0.0167). Variations between groups were
compared using independent t-test and P < 0.05 was considered
statistically significant.

Study Approval
The protocol for this study was approved by the institutional
review board at the Peking University First Hospital in
accordance with the Chinese clinical research ethics guidelines.
All data were obtained from the Peking University First Hospital,
Department of Interventional Radiology and Vascular Surgery,
after anonymization.

RESULTS
All CAS procedures were successful and without adverse events.
Among the 65 patients enrolled, 14 patients had ipsilateral severe
stenosis and CCO (CCO group), the other 51 patients had only
unilateral severe carotid stenosis without CCO (UCS group).
The mean (±SD) age of UCS group was 66 ± 8 years. Of these
patients, 24 (47%) were symptomatic, while the remaining 27
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TABLE 3 | Parameters of hemodynamic changes in CCO group.

TABLE 1 | Patient demographic, stents and outcome data.
Variable

UCS group (n = 51) CCO group (n = 14)

Pre-CAS

P

Male

42 (82%)

12 (86%)

0.562

BP (mm Hg)

Age≥ 70 years

19 (37%)

5 (36%)

0.916

iMCA PSV (cm/s)

Hypertension

41 (80%)

9 (64%)

0.205

iMCA PI

Diabetes mellitus

23 (45%)

3 (21%)

0.096

cMCA PSV (cm/s)

Smoke

32 (63%)

10 (71%)

0.394

cMCA PI

Asymptomatic

27 (53%)

4 (29%)

0.093

Hyperlipidemia

42 (82%)

11 (79%)

0.711

Precise RX

36 (70%)

11 (79%)

0.411

Wallstent

6 (12%)

1 (7%)

0.528

Acculink

9 (18%)

3 (14%)

0.506

19 (37%)

5 (36%)

0.916

Pre-CAS iMCA PSV (cm/s)

85 ± 26

83 ± 26

0.829

Transient or Permanent HD

16 (31%)

5 (36%)

0.497

12 (24%)

3 (21%)

0.590

Persistent HD

4 (8%)

Minor stroke
Hyperperfusion syndrome
Myocardial infarction, renal
failure, or other events

2 (14%)

3 (6%)

0

0

0

0

125 ± 17

< 0.001

122 ± 19

< 0.001

83 ± 26

111 ± 30

< 0.001

107 ± 28

< 0.001

0.85 ± 0.16

0.90 ± 0.17

0.191

69 ± 16

90 ± 29

0.001

86 ± 29

0.005

0.74 ± 0.13

0.77 ± 0.15

0.231

0.75 ± 0.13

0.634

1 h post-CAS
Average increase rate

0.384
0.477

0

iMCA PSV (cm/s)
cMCA PSV (cm/s)
cMCA PI

Pre-CAS

1 h post-CAS

P

3 h post-CAS

P

143 ± 16

116 ± 12

< 0.001

117 ± 12

< 0.001

85 ± 26

96 ± 30

< 0.001

97 ± 29

< 0.001

0.85 ± 0.16

0.94 ± 0.24

0.003

3 h post-CAS

BP

iMCA PSV

BP

iMCA PSV

UCS group (n = 51)

−18%

15%

−18%

17%

CCO group (n = 14)

−15%

35%

−17%

32%

P

0.331

0.002

0.930

0.024

CCO group ≥ 90% (n = 5)

−17%

53%

−17%

52%

CCO group < 90% (n = 9)

−14%

26%

−18%

21%

P

0.656

0.004

0.927

0.018

UCS group ≥ 90% (n = 19)

−18%

22%

−17%

24%

UCS group < 90% (n = 32)

−19%

11%

−18%

12%

P

0.715

0.089

0.753

0.056

but similar to the value at 1 h after CAS (P = 0.144). There was
no significant PI increase in the ipsilateral MCA for either 1 or
3 h after CAS. On the contralateral side, the MCA PSV increased
in 1 h after CAS (69 ± 16 vs. 90 ± 29, 28%, P = 0.001) and 3 h
after CAS (69 ± 16 vs. 86 ± 29, 22%, P = 0.005) compared with
the value before CAS. There was no significant PI increase in the
contralateral MCA for either 1 or 3 h after CAS (Table 3).
The increase rate of BP had no significant difference at 1 or
3 h after CAS between the two groups. There was no significant
difference of the average pre-CAS ipsilateral MCA PSV between
the two groups (P = 0. 829). The magnitude of ipsilateral MCA
PSV increases in CCO group significantly exceeded that observed
in UCS group at both 1 h after CAS (35 vs. 15%, P = 0.002), and
3 h after CAS (32 vs. 17%, P = 0.024; Table 4). In CCO group,
five patients had a ≥90% stenosis degree. In these patients, the
magnitude of ipsilateral MCA PSV increase was 53 ± 17% at
1 h and 52 ± 21% at 3 h after CAS, significantly higher than
the magnitude of 26 ± 11% (P = 0.004) at 1 h and 21 ± 19%
(P = 0.018) at 3 h in the other nine patients. In UCS group, at 1
or 3 h after CAS, the magnitude of ipsilateral MCA PSV increase
had no statistically significant difference whether stenosis degree
was ≥90% (Table 4). In both groups, the magnitude of ipsilateral
MCA PSV increase had no significant difference with the varied
type of Willis circle, whether the patients were ≥70 years old or
whether the patients were asymptomatic (data not shown).

1.0 ± 0.25 < 0.001

89 ± 24

90 ± 27

0.631

90 ± 26

0.395

0.93 ± 0.15

0.93 ± 0.21

0.953

0.95 ± 0.19

0.234

CAS, carotid artery stenting; BP, blood pressure; iMCA, ipsilateral middle cerebral artery;
PSV, peak systolic velocity; PI, pulsatility index; cMCA, contralateral middle cerebral artery.
P < 0.017 (after Bonferroni correction) was considered statistically significant.

ipsilateral MCA (from 85 ± 26 to 96 ± 30 cm/s, 15%, P < 0.001).
The average PI also increased in the ipsilateral MCA (from 0.85
± 0.16 to 0.94 ± 0.24, P = 0.003). At 3 h after CAS, the PSV
in the ipsilateral MCA was also significantly increased compared
to the value before CAS (from 85 ± 26 to 97 ± 29 cm/s, 17%,
P <0.001), but similar to the value 1 h after CAS (P = 0.514). A
significant PI increase was observed 3 h after CAS (from 0.85 ±
0.16 to 1.0 ± 0.25, P < 0.001). On the contralateral side, there was
no significant PSV or PI increase in the MCA for either 1 or 3 h
after CAS (Table 2).
In CCO group, at 1 h after CAS, TCD showed a significant
PSV increase in the ipsilateral MCA (from 83 ± 26 to 111 ±
30 cm/s, 35%, P < 0.001). At 3 h after CAS, the PSV value in
the ipsilateral MCA was also significantly increased compared to
prior CAS (from 83 ± 26 to 107 ± 28 cm/s, 32%, P < 0.001),
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0.92 ± 0.19 < 0.097

CAS, carotid artery stenting; BP, blood pressure; iMCA, ipsilateral middle cerebral artery;
PSV, peak systolic velocity; PI, pulsatility index.
P < 0.05 was considered statistically significant.

TABLE 2 | Parameters of hemodynamic changes in UCS group.

iMCA PI

P

TABLE 4 | Increase rate of ipsilateral MCA PSV following CAS in UCS group and
CCO group.

NO, near occlusion; ICA, internal carotid artery; iMCA, ipsilateral middle cerebral artery;
PSV, peak systolic velocity; CAS, carotid artery stenting; HD, hemodynamic depression.
P < 0.05 was considered statistically significant.

BP (mm Hg)

3 h post-CAS

148 ± 12

Outcome:

Transient HD

P

CAS, carotid artery stenting; BP, blood pressure; iMCA, ipsilateral middle cerebral artery;
PSV, peak systolic velocity; PI, pulsatility index; cMCA, contralateral middle cerebral artery.
P < 0.017 (after Bonferroni correction) was considered statistically significant.

Different stent:

Stenosis degree ≥ 90%

1 h post-CAS
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DISCUSSION

In the control group, there were only a little bit more than
15% average increase of ipsilateral MCA PSV at 1 and 3 h
following procedure, perhaps due to a relatively normal cerebral
autoregulation (24). In this article, we analyzed not only PSV but
PI. Increase of PI indicates that the waveform becomes steeper.
The PI is not dependent solely on cerebrovascular resistance but
a product of the interplay between cerebral perfusion pressure,
pulse amplitude of arterial pressure, cerebrovascular resistance
and compliance of the cerebral arterial bed as well as the heart
rate (25). Notably, PI increased significantly in the ipsilateral
MCA following CAS in UCS group. This finding reveals that
vasoconstriction of resistance arterioles can accommodate the
substantially increased MCA blood flow that follows CAS
(18, 25, 26). It is probably because CCO could reduce the cerebral
vascular reactivity and the cerebral perfusion reserve (27–29), no
PI changes were found in CCO group. Hence the increases of
bilateral MCA PSV as well as the cerebral blood was greater than
that of patients without CCO.
The present study did not include some parameters such
as intracranial pressure or cerebrovascular reactivity. Only to
measure the MCA velocities can facilitate the TCD examination
and ensure the data of all the patients could be collected
on time. Some medications, such as statins, vasopressor or
antihypertensives, may have an impact on cerebral circulation
(30). The potential confounding role of these medications will be
studied in future researches. There were two limitations in the
present research. First was the limited sample size. The present
research observed greater increases of ipsilateral MCA PSV in
patients with an original stenosis degree of ≥90%. However, it
needs further confirmation by future large sample study. The
second limitation was the gender imbalance. This was because
TCD or TCCD were not feasible in patients with a poor temporal
window, and female accounted for a high incidence.

Patients with CS and CCO carry a higher incidence of
complication following CEA and CAS (15). A previous metaanalysis recommended CAS, rather than CEA in patients with
CCO (2). HD and CHS are two different complications of CAS
related to cerebral hemodynamic changes, both may occur within
6 h following CAS (16–19). However, only few studies have
focused on cerebral hemodynamic changes in the early stage
following CAS, especially in the patients with CCO. The present
research clarified the changes of bilateral MCA PSV in the early
stage after unilateral CAS in patients with or without CCO.
A previous research demonstrated an about 20% increase of
the ipsilateral MCA PSV in the early stage following CAS (12).
However, sample in that research had some extent heterogeneity.
The present research excluded several potential risk factors,
such as simultaneous bilateral carotid stenting, simultaneous
vertebral or subclavian artery stenting, carotid artery near
occlusion, or contralateral carotid artery stenosis (12, 20).
Therefore, the variation of cerebral blood flow velocity after
CAS in patients with simple unilateral carotid artery stenosis
could be observed for the first time. Meanwhile, the influence
of CCO on MCA PSV change after unilateral CAS could be
demonstrated more clearly. Concerning the changes of PSV, the
previous research stated that there were no significant differences
between patients with ≥90% stenosis and those with 70–89%
stenosis. The present research shows that although in UCS
group the increment in ipsilateral MCA PSV in patients with
≥90% stenosis is greater, there is still no statistical significance.
In CCO group, however, it is observed that ipsilateral MCA
PSV increased significantly higher in patients with a ≥90%
stenosis, which might be attributed to the impaired cerebral
hemodynamic autoregulation.
Following CAS, there is a 3.1–6.8% risk of CHS, that most
likely occurs in the early post-procedural period (7). Abou-Chebl
et al. (11) has suggested that patients with severe bilateral carotid
stenosis were predisposed to CHS, and patients with CCO should
require more intensive hemodynamic monitoring after CAS.
However, in the present study, no patient had more than 100%
increase of the MCA PSV following the procedure and none
CHS occurred. The increase of ipsilateral MCA PSV was at an
average of 35 and 32% at 1 and 3 h following CAS, respectively.
The maximum magnitude of MCA PSV increase was 84% in the
ipsilateral side and 67% in the contralateral side. These results
suggest that for patients with CCO, under a strict BP control and
cerebral hemodynamic monitoring after CAS, the risk for CHS
can be reduced.
Regional cerebral blood flow is proportional to blood flow
velocity in the MCA (21, 22). A previous research measured
cerebral blood flow by SPECT within 2 h following CAS in
patients with CCO (23). In that research, no significant difference
was found in resting cerebral blood flow in both hemispheres
immediately after CAS, which differed from the present research.
Besides, the previous research did not include comparisons with
a control group. To our knowledge, there are no other study
focus on the immediate cerebral hemodynamic changes in CCO
patients following CAS.
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CONCLUSIONS
In patients with unilateral severe carotid stenosis and without
CCO, the ipsilateral MCA PSV and PI increase moderately in
the initial hours after unilateral CAS. In patients with CCO, the
ipsilateral and contralateral MCA PSV significantly increase in
the early stage following CAS. The MCA PSV of both sides may
increase more in CCO patients with an original stenosis degree
of ≥90%. CCO is a factor of the increased blood flow velocity in
ipsilateral MCA after unilateral CAS.
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