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Objective: To evaluate the clinical value of early post-operative computed tomographic

angiography (CTA) after direct extracranial-intracranial (EC-IC) bypass surgery in

moyamoya patients.

Methods: A retrospective analysis of all adult moyamoya patients treated at our center

from 2013 to 2019 with a direct EC-IC bypass was performed. Early post-operative

CTA (within 24 h after surgery) was compared with conventional digital subtraction

angiography (DSA) 6–12 months after surgery. If available, magnetic resonance

time-of-flight angiography (MR-TOF) was evaluated 3 months and 6–12 months

post-operatively as well. Imaging results were analyzed and compared with CTA,

MR-TOF and DSA, whereat DSA was used as the final and definite modality to decide

on bypass patency.

Results: A total of 103 direct EC-IC bypasses in 63 moyamoya patients were

analyzed. All inclusion criteria were met in 32 patients (53 direct bypasses). In 84.9%

the bypass appeared definitively, in 5.7% uncertainly and in 9.4% not patent according

to early post-operative CTA. MR-TOF suggested definitive bypass patency in 86.8%

3 months after surgery and in 93.5% 6–12 months after surgery. DSA 6–12 months

post-operatively showed a patency in 98.1% of all bypasses. The positive predictive

value (to correctly detect an occluded bypass) on post-operative CTA was 12.5%, the

negative predictive value (to correctly detect a patent bypass) was 100%with a sensitivity

of 100% and a specificity of 86.5%.

Conclusion: Early post-operative CTA has a high predictive value to confirm the patency

of a bypass. On the other hand, a high false positive rate of (according to CTA) occluded

bypasses after direct EC-IC bypass surgery can be seen. This must be considered

critically when initiating possible therapeutic measures.
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INTRODUCTION

Surgical revascularization with direct extracranial-intracranial
(EC-IC) bypass is the most common therapy in adult moyamoya
patients (1, 2). Long-term bypass patency has been shown to be
between 88 and 97% in these patients (3–6). The risk of bypass
occlusion appears highest during the first week after surgery and
declines over time as the bypass matures (3).

Digital subtraction angiography (DSA) is the “gold standard”
for the imaging of cerebral vessels (3, 4, 7, 8). However, non-
invasive techniques, such as computed tomography angiography
(CTA) or time-of-flight magnetic resonance angiography (MR-
TOF) can also be used to examine the cerebral vessels with high
precision (9–13). CTA has been reported to have a specificity of
88% to 100% and even higher sensitivity for the detection and
follow-up of intracranial aneurysms compared to DSA (7, 10, 13).
MR-TOF has been shown to have a specificity of up to 94% and
sensitivity of 88% in the same context (9, 11, 12). Little is known
about the clinical value of early post-operative CTA after EC-
IC bypass surgery in moyamoya patients. A small cohort with
11 patients revealed a slightly lower specificity of post-operative
CTA compared to DSA but an identical sensitivity regarding
early-post-operative bypass patency (8). A comparison of early
post-operative CTA andMR-TOF revealed a similar visualization
of EC-IC bypasses in moyamoya patients (14).

Aim of this study was to analyze the clinical value of early post-
operative CTA compared to long-term results of MR-TOF and
DSA regarding the bypass patency in adult moyamoya patients
after EC-IC bypass surgery.

METHODS

A single-center retrospective analysis was performed including
all consecutive adult moyamoya patients treated at our center
between 2013 and 2019. Patients who had received a direct STA-
MCA bypass, an early post-operative CTA and a DSA after 6 to
12 months were included. The primary aim of the study was to
calculate sensitivity, specificity, positive and negative predictive
value of early post-operative CTA. In addition, the association of
bypass patency with patients’ characteristics was investigated.

The presence of moyamoya angiopathy was proven in all
cases angiographically. All patients received pre- and post-
operative diagnostic imaging according to a routine protocol
(which has been adapted over time) including pre-operative H2
15O PET CT with acetazolamide challenge, early post-operative
CTA within 24 h, MR-TOF ∼3 months and DSA as well as MR-
TOF approximately 6 to 12 months after surgery. Indication for
revascularization was based on the results of H2 15O PET CT
with acetazolamide challenge in all cases. Inclusion criteria for
this study were the availability of early post-operative CTA and
DSA after 6 to 12 months post-operatively. Patients with direct
bypasses other than STA-MCA were excluded.

Bypass patency was evaluated independently for each imaging
modality and each bypass blinded for the longitudinal imaging
findings of each patient. Results were categorized as “patent,”
“uncertain” or “occluded.” Bypasses were rated as uncertain if
only the proximal donor branch was visible but could not be

traced to the anastomosis. Bypasses were considered occluded
if neither the proximal nor the distal part of the donor vessel
could be visualized. Occluded bypasses and those with uncertain
patency were reevaluated by a second reviewer according to the
same criteria. Divergent results were finally decided in consensus.
For statistical processing, uncertain bypasses were classified as
non-patent. Additionally, MR-TOF images 3 months and 6 to
12 months after surgery were analyzed if available, following the
same criteria as for CTA and DSA. Results of 6 to 12 months
post-operative DSA were used as the final criterion for bypass
patency. General clinical data was collected from the patients’
medical files.

Statistics
Data acquisition and statistical analyses were performed with
IBM R© SPSS Statistics 21 (IBM Corporation, Armonk, NY,
USA) and Microsoft R© Excel 16.16.11 (Microsoft Corporation,
Redmond, WA, USA). Due to the exploratory character of
the study no a-priori case number calculation was performed.
Metric variables were tested for normal distribution using the
Shapiro-Wilk test. Normally distributed data was compared
by means of t-tests for dependent or independent variables,
as applicable. Nominally scaled data was analyzed with the
Chi-Square or Fisher’s-Exact test. P-values < 0.05 were
considered as significant. The confidence interval was assumed
to be 95%. Sensitivity (truly occluded/occluded in imaging
modality), specificity (truly patent/patent in imaging modality),
negative (truly occluded/truly and falsely occluded in imaging
modality) and positive (truly patent/truly and falsely patent in
imaging modality) predictive values were calculated for CTA
and MR-TOF.

CTA Imaging
CT images were acquired on a 128-slice CT (Somatom
Definition AS+, Siemens Healthcare AG, Forchheim, Germany).
CT angiography was performed using bolus tracking after
intravenous injection of 50ml iodinated contrast agent
(Imeron R©, 400mg iodine/ml, Bracco Imaging, Konstanz,
Germany) followed by a 60-ml saline chaser at a flow rate of
4 ml/s. For the CTA the following scanning parameters were
used: automatic tube current modulation (CARE Dose 4D,
Siemens Healthcare AG, Forchheim, Germany) with a reference
mAs setting of 120, Care kV with a reference setting of 120
kV, 0.75mm collimation, 0.3 s rotation time, 0.55 spiral pitch
factor. Axial MPRs were reconstructed from the raw data with a
FOV of 240mm, matrix size 512 × 512 and a slice thickness of
1.5mm using the reconstruction kernel I26f in conjunction with
advanced modeled iterative reconstruction (ADMIRE) software
(Siemens Healthcare AG) strength 2.

MR-TOF Imaging
All follow-up MR scans at our hospital were done on a clinical
3T Scanner (Magnetom Skyra, Siemens Healthcare, Erlangen,
Germany) using a 3D TOF-MRA sequence with the following
parameters: TE 3.73ms, TR 22ms, flip angle 18◦, FoV 177 ×

210mm, slice thickness 0.60mm, pixel spacing 0.23mm. The
acquisition time was 3:36 min.
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TABLE 1 | Characteristics of all included patients.

Patient characteristics

Gender

% (N) of patients

Female Male

75.8% (25) 24.2% (8)

Unilateral/bilateral angiopathy

% (N) of patients

Unilateral Bilateral

34.4% (11) 65.6% (21)

TABLE 2 | Bypass characteristics. Cross table showing percentage and number

of bypasses in which an intraoperative temporary thrombosis (which was resolved

before suturing the anastomosis) of the donor vessel was observed and bypass

blood flow at the end of surgery.

Bypass

characteristics

Intraoperative blood flow

% of bypasses (N) Promptly Delayed Occluded Total

Intraoperative

thrombosis

Yes 3.8% (2) 3.8% (2) 0% (0) 7.5% (4)

No 84.9% (45) 7.5% (4) 0% (0) 92.5% (49)

Total 88.7% (47) 11.3% (6) 0% (0) 100% (53)

Intraoperative blood flow is described as written by the surgeon (NK and CR) in the surgical

report based on visual inspection only without invasive measurement as promptly, delayed

or occluded.

Ethics
Ethical approval for this study was obtained from the Ethics
Committee at the Medical Faculty of the University of
Tuebingen (909/2020BO2).

RESULTS

A total of 103 direct EC-IC bypasses in 63 moyamoya patients
were analyzed. Of those, 32 patients with 53 bypasses met the
inclusion criteria and were reviewed in detail. The main reason
for exclusion from the analysis was a non-available CTA or DSA
in the defined time period. Four bypasses other than STA-MCA
were excluded. The mean patient age at the time of surgery
was 41.1 years (sd = 15.5) with an age range of 17 to 67
years. 78.1% (n = 25) were female and 21.9% (n = 7) were
male (Table 1). Twenty-eight bypasses were on the right,
25 on the left side. Twenty-one patients (65.6%) received
bilateral bypasses.

Intraoperatively, the bypasses were described as patent
(proven by duplex sonography and ICG) in all cases at the
end of surgery. In four cases the blood flow of the donor
vessel was limited after preparation caused by vasospasm or
thrombosis. Blood flow was restored successfully in all four cases
by local medical therapy (heparin, papaverine) before placing
the anastomosis. The intraoperative blood flow was described as
promptly in 88.7% (n = 47) and delayed in 11.3% (n = 6) of the
cases (Table 2).

Bypass Patency According to CTA
In 84.9% (n = 45) of all cases the bypass was clearly patent
in the early post-operative CTA. In 5.7% (n = 3) patency
was uncertain and in 9.4% (n = 5) CTA was suspicious

FIGURE 1 | Percentage and number of bypasses shown as “patent,”

“uncertain,” and “occluded” in CTA post-operatively, MR-TOF after 3 months

(3M), MR-TOF after 6 to 12 months (6–12M) and DSA after 6 to 12 months.

for an occluded bypass (Figure 1). Examples for patent,
uncertainly patent and suspiciously occluded bypasses are shown
in Figure 2.

Bypass Patency According to MR-TOF
MR-TOF after 3 months was available for 38, after 6 to 12
months for 46 bypasses. Three-month post-operative MR-TOF
showed the bypass to be clearly patent in 86.8% (n = 33),
uncertainly patent in 7.9% (n = 3) and suspicious for occlusion
in 5.3% (n= 2).

MR-TOF 6 to 12 months after surgery showed a clearly patent
bypass in 93.5% (n = 43), an uncertain patency in 4.3% (n = 2)
and occlusion in 2.2% (n= 1) of all cases.

Bypass Patency According to DSA
The result of DSA 6 to 12 months after surgery was the final
criterion for bypass patency and showed a patency rate of 98.1%
(n = 52) of all direct revascularizations. One STA-MCA bypass
was occluded at that time (1.9%), which was concordant with
the previous imaging of this patient (see Figure 3). In this
single case, intraoperatively impaired blood flow of the donor
vessel was seen caused by local thrombosis which, however, was
restored to normal blood flow after medical therapy with local
intraluminal heparin.

There was no significant difference in bypass patency
regarding gender, age or side of the hemisphere for the post-
operative CTA, MR-TOF after 3 months or MR-TOF after 6 to
12 months [CTA: gender—Fisher’s exact, p = 0.51; age − 95%-
CI(−11.28, 12.78), t(51) = 0.13, p = 0.90; side—Fisher’s exact, p
= 86; MR-TOF after 3 months: gender—Fisher’s exact, p= 1; age
− 95%-CI(−21.96, 8.73), t(36) = −0.87, p = 0.39; side—Fisher’s
exact, p = 0.78; MR-TOF after 6 to 12 months: gender—Fisher’s
exact, p = 1; age–95%-CI(−26.06, 12.51), t(44) = −0.71, p =

0.48; side—Fisher’s exact, p= 0.73].
The overall sensitivity to detect an angiographically proven,

truly occluded bypass was 100% for CTA and MR-TOF
examinations. The specificity of detecting an angiographically
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FIGURE 2 | Example of right-sided STA-MCA bypasses in CTA. (A,B): Bypass

is patent. The proximal (A) and the distal (B) parietal branch of the STA are

visible (arrows). (C,D): Bypass of uncertain patency. Only the proximal branch

of the STA is visible (C, arrow), the distal branch is not clearly contrasted (D).

(E,F): Bypass appears occluded. Neither the proximal (E) nor the distal (F)

parietal branch of the STA are contrasted. Good contrast enhancement of the

frontal branch of the STA (arrows).

proven patent bypass was 86.5% for post-operative CTA, 89.2%
for MR-TOF after 3 months and 95.6% for MR-TOF after 6 to
12 months.

The positive predictive value (as the probability for a bypass
to be truly occluded when shown uncertainly or non-patent in
the post-operative CTA) was 12.5%. For MR-TOF the positive
predictive value was 20% after 3 months and 33% after 6 to
12 months. The negative predictive value (the probability for a

FIGURE 3 | Follow-up of a left-sided STA-MCA bypass shown to be occluded

in DSA. (A,B): Early post-operative CTA. Only the frontal branch of the STA is

contrasted (arrow). (C,D): MR-TOF after 3 months. Only the frontal branch of

the STA is contrasted (arrows). (E,F): MR-TOF after 6 months. Only the frontal

branch of the STA is contrasted (arrows). (G,H): Angiogram of the external

carotid artery anterior-posterior (G) and lateral (H) with only little cortical

perfusion at the site of revascularization (arrow; vessel sprouting caused by

indirect revascularization with additional EGPS (MCA territory) and in the ACA

territory (spontaneous collateralization caused by the middle meningeal artery).

bypass to be truly patent in DSA when shown patent in CTA or
MR-TOF) was 100%.
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DISCUSSION

In this study we were able to show that the post-operative CTA
after well-indicated EC-IC bypass surgery is highly reliable to
confirm the patency of a bypass compared to the 6 to 12-month
post-operative DSA. On the other hand, a relatively high false
positive rate of bypasses appearing as occluded in early post-
operative CTA was seen.

Overall definite bypass patency after 6 to 12 months was
excellent with 98.1% and, therefore, slightly higher than reported
in the literature (3, 4). One bypass which was confirmed to
be occluded in the follow-up DSA was already displayed as
non-patent in the post-operative CTA. This assumed very early
occlusion of the bypass supports data from earlier studies that
showed, that risk of bypass occlusion is highest during the first
post-operative week (3). As we always place an additional indirect
bypass by encephalo-galea-periost-synangiosis (EGPS) on the
brain when doing a direct revascularization, the patient’s body
can build collaterals through the indirect bypass, as also seen in
this case (Figures 3G,H). This, however, takesmanymonths until
the revascularization has reached relevant blood flow.

Our data show a sensitivity of 100% for the post-operative
CTA as well as for MR-TOF on follow-up examinations with
a slightly lower specificity. This is consistent with data from
smaller cohorts investigating EC-IC bypasses by means of CTA
(8, 15). However, sensitivity rates might be falsely high due to
the low number of occluded bypasses in our cohort. We found a
continuous increase of specificity from 86.5% in the direct post-
operative examination to 95.6% after 6 to 12 months. Although
different imaging modalities are compared in this case (CTA and
MR-TOF) earlier examinations showed similar results on bypass
visualization regarding its patency for both examinationmethods
(14). Also, the MR-TOF specificity rate of 95.6% after 6 to 12
months almost equals findings from Park et al. who reported a
specificity for CTA compared to DSA of 95.5% regarding bypass
patency. In that study CTA was performed 5 to 9 months after
surgery (15), which is comparable to our data.

A possible explanation for an initially higher rate of an
incorrectly implied bypass occlusion is the low-flow nature
of single-branch STA-MCA bypasses (16, 17). Since the time-

point of the CT scan after application of the contrast agent is
determined to optimally display the intracranial arteries (based
on the common carotid artery), time of contrast wash-in might
be delayed for the STAwith a slow flow in the early post-operative
phase. This, however, improves over time as the blood flow
through the bypass usually increases over time depending on
the intracranial blood demand (3). Therefore, a higher residual
anterograde blood flow at the site of the anastomosis competing
with the applied retrograde STA-MCA perfusion (2) might lead
to a slower blood flow during the early post-operative period
leading to false positive results on CTA imaging.

In some cases, initially uncertainly patent bypasses
were displayed patent in the DSA after 6 to 12 months
but didn’t mature as much over time as expected. This
might be a consequence of a lower intracranial blood
demand than pre-operatively estimated despite extended
pre-operative examinations (18).

The question arises, which clinical consequences should
be derived from these results. In our institution, usually no
emergency revision surgeries are performed after detecting
a possibly occluded bypass on CTA. Adequate volume
management should be maintained in the early post-operative
phase in all patients. Extended continuous blood-pressure
monitoring and intravascular volume supplementation might be
considered. Also, indirect revascularization might develop even
if direct revascularization fails as we usually place an EGPS in
addition to direct EC-IC bypass surgery on the brain to possibly
enhance indirect vessel sprouting, if needed.

In conclusion, our findings do not reveal any substantial
benefits of early post-operative CTA due to a high false-positive
rate for bypass occlusion. Considering the additional costs and
exposure to radiation routine early post-operative CTAmight not
be recommended in the early post-operative course.

LIMITATIONS

This is a retrospective single-center study in moyamoya patients.
Imaging was only rated by one person as patent bypasses are
clearly identifiable. For uncertain or possibly occluded bypasses
a second rater was asked for final consensus. We routinely do not
use ultrasound examinations in the direct post-operative phase,
which however might be a good tool to monitor bypass-patency
but has several limitations in the early post-operative phase
caused by local swelling and the wound healing. Only one bypass
was seen to be truly occluded after 6 to 12 months. Therefore,
sensitivity rates in this study might appear higher due to the low
number of occluded bypasses. A relatively high number of overall
drop-outs is based on the fact that the routine imaging protocol
developed over time and, therefore, not all imaging was available
for each patient at all time-points.

CONCLUSIONS

Our analysis shows a high reliability of the post-operative CTA
to confirm the patency of a bypass compared to the 1-year post-
operative DSA. On the other hand, a relatively high false positive
rate of bypasses appearing as occluded after direct EC-IC bypass
surgery is shown in early post-operative CTA. This should be
critically considered when initiating early surgical revision or
extended blood pressure and intravascular volume-management
based on CTA. Routine early post-operative CTA might not be
recommended for the evaluation of bypass patency in the early
post-operative course.
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