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Background: Intracranial angioplasty and stenting is an optional treatment for patients with symptomatic
intracranial artery stenosis (IAS) who have failed to respond to standard medical therapy. We aimed
to analyze the effect of the operator’s learning curve in our center in terms of the safety of intracranial
angioplasty and stenting.

Methods: In this retrospective study, we analyzed patients treated with intracranial angioplasty and stenting
in our center between January 2007 and December 2015. The endpoint was peri-procedure complications
within 30 days. A risk-adjusted cumulative sum chart was used for the learning curve analysis. Multivariable
logistic analysis was also used to evaluate the effect of the learning curve on intracranial angioplasty and
stenting.

Results: A total of 329 patients were included. The overall peri-procedure complication rate was 8.21%
(27/329). Multivariate logistic regression analysis showed that operators with experience of >20 cases [odds
ratio (OR) =0.229; 95% confidence interval (CI): 0.059-0.893] and >40 cases (OR =0.024; 95% CI: 0.006—
0.093) were associated with a low risk of complications compared with operators with experience of <20
cases. Furthermore, patients with hypertension (OR =3.595; 95% CI: 1.104-11.702) and stenosis of Mori
classification C (OR =28.562; 95% CI: 4.788-170.395) were associated with a high risk of complications.
The observed outcome was better than expected (more negative deflections) after the 30" consecutive case.
Conclusions: The level of operator experience can influence the risk of peri-procedure complications
associated with intracranial angioplasty and stenting. A total of 30 consecutive cases is required for an

operator to overcome the learning curve.
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Introduction

Intracranial artery stenosis (IAS) is the most common
vascular lesion in patients with cerebrovascular disease in
China (1). The earlier Chinese intracranial atherosclerosis
trial revealed a prevalence of 46.6% in China. Symptomatic
patients with IAS also have a high risk of subsequent stroke
within one year. Intracranial angioplasty and stenting
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remains the primary course of treatment for patients
with severe IAS who have failed to respond to standard
medical therapy (2). However, the stenting and aggressive
medical management for preventing recurrent stroke and
intracranial stenosis (SAMMPRIS) trial showed a high
complication rate (14.7%) within 30 days of angioplasty
and stenting treatment (3). The SAMMPRIS trial also
revealed an interesting point: the complication rate varied
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extensively when compared between centers with a large
number of patients and centers with only a few patients.
This may indicate that one of the factors responsible for
this high complication rate was due to the experience of the
operator. Recent studies have shown that increased operator
experience could help to reduce the rate of complications
associated with surgical procedures (4).

In this study, we investigated the role of the operator’s
learning curve as a factor in the safety of intracranial
angioplasty and stenting. We did this by analyzing data
from 329 consecutive patients in a single center. In addition,
we identified the number of cases required to overcome
the learning curve effect for intracranial angioplasty and
stenting.

Methods
Patients and clinical information

As this study was based on a retrospective analysis of cases
from a single center, our local regulatory committees did
not require us to have specific ethical approval. Patients
diagnosed with symptomatic severe IAS and treated with
intracranial angioplasty and stenting between January 2007
and December 2015 were recruited in accordance with the
following inclusion criteria:

(I) severe stenosis was defined as stenosis of >70% in
the internal carotid artery (ICA), the first segment
of the middle cerebral artery (M1), the intracranial
vertebral artery, or the basilar artery (BA), as
measured by criteria provided by the Warfarin
versus Aspirin for Symptomatic Intracranial
Disease (WASID) study using digital subtraction
angiography (DSA) (5);

(II) treated by intracranial angioplasty and stenting;

(II) failure to respond to standard medical therapy for
recurrent ischemic stroke or transient ischemic
attack (TTA);

(IV) location of the stenosis corresponding to the
vascular territory of the ischemic event;

(V) Dbaseline modified Rankin Scale score <2;

(VD) hypo-perfusion substantiated by computed
tomography (CT) perfusion.

The exclusion criteria were as follows:

(I) patients with combined extracranial artery stenosis
or aneurysim;

(II) contraindication to antiplatelet therapy;
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(IIT) stenosis not caused by atherosclerosis, such as

inflammation or Moya disease.

For each patient, we collected the following clinical
information: age, gender, history of hypertension, diabetes,
hyperlipidemia, index events (such as TIA or ischemic
stroke in the area of the artery with stenosis), and the
time interval from index events to the surgical procedure.
Procedure-related variables included the severity of stenosis,
anesthesia, location of the lesion, Mori classification of the
lesion, perforators (defined as the vessel segment of the
lesion with perforators originating from it), double stents
for one lesion, treatment options, and procedure failure
(6,7). All operators in this study had an experience of more
than 20 procedures of extracranial artery stenting in our
center. Operator-related variables included operators and
operative experience (defined as each individual operator’s
case sequence number; the operative sequence was divided
into three levels: 1-20, 21-40 and >40 cases) (8).

Study endpoints

The primary endpoint was peri-procedural complications
within 30 days. Complications included the following
events: TTA (defined as any new neurological event with
complete recovery within 24 h); ischemic stroke in the
territory of vascular lesions during the follow-up period
(substantiated by diffusion weighted imaging); technical
problems during the procedure (defined as any technical
situation that significantly affected the success of angioplasty
and stenting procedures); cerebral hyper-perfusion
syndrome (diagnosed as the occurrence of ipsilateral
headache, seizures, or a focal neurological deficit without
radiographic evidence of infarction); and hemorrhagic
events such as vessel perforation or intracranial hemorrhage
caused by hyper-perfusion after the procedure or in
response to medicine.

Treatment procedure

Aspirin (100 mg/day) and clopidogrel (75 mg/day) were
administered for at least 3 days prior to treatment. The
same dose of aspirin and clopidogrel was recommended
for 3 months after treatment, followed by an indefinite
dose of aspirin only (9). Low molecular weight heparin
was given for 3 days after stenting. Two kinds of stents
were used in our center; initially the Apollo Stent
[MicroPort Medical (Shanghai), Shanghai, China] was
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used, and then, the Wingspan (Boston Scientific, Natick,
MA, USA) was used from 2009 to the end of study. The
procedure was performed under general anesthesia with
full heparinization. A 6-French Envoy guiding catheter
(Cordis, Miami Lakes, FL, USA) was placed into the distal
portion of the internal carotid or vertebral artery. Next, a
0.014-inch micro-guidewire was carefully navigated through
the stenosis. Angioplasty and stenting were performed,
following the instructions carefully. The choice of stent
type was made by the operator, taking into account the
patient’s wishes. The criteria for size selection were
described previously (10). Systolic blood pressure was
monitored and controlled at levels of 120 mmHg for 24 h after
treatment (11). If any neurological deteriorations occurred,
then an appropriate form of imaging was carried out to
investigate for potential complications. Noncontrast CT was
performed for every patient at 24 h after the treatment, even
if patients did not show any neurological deterioration.

Outcome assessment

Details of all technical problems arising during the surgery
were recorded by the operator. Peri-procedural neurological
deterioration at 30 days after treatment was recorded by a
neurosurgeon who was not involved in the study and was
blinded to clinical information. The same neurosurgeon
used appropriate imaging techniques to confirm the
presence of ischemic or hemorrhagic complications if
patients experienced neurological deterioration at any point
during the study.

Statistical analysis

Operator experience was divided into three different levels:
1-20, 21-40 or >40 cases, according to the operation
sequence (8). All variables associated with peri-procedural
complications were analyzed by univariate logistic
regression. Variables with a P value <0.2 were used for
subsequent multivariable logistic regression to evaluate the
risk factors associated with peri-procedural complications. A
second multivariate logistic regression model that excluded
operator experience was used to evaluate the probability
of peri-procedural complications for each case and was
then used to construct an RA-CUSUM chart to evaluate
caseload. Two-sided P values <0.05 were considered
statistically significant. All analyses were performed with the
use of SAS 9.4.
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Results

In total, 359 patients were diagnosed in our center between
January 2007 and December 2015 with severe IAS and
treated with angioplasty and stenting. Of these, 28 patients
were excluded due to the additional presence of extracranial
artery stenosis (23 patients) or cerebral aneurysm
(5 patients). Two more patients were also excluded because
they did not have any follow-up data. Finally, 329 patients
with 329 intracranial lesions were included in the final
analysis. There were 244 males and 85 females (mean age:
55.9£10.2 years; median 52 years; range, 26-81 years) who
presented with stroke (n=70) or TIA (n=259). Of these,
193 patients had hypertension, 78 had diabetes, and 79 had
hyperlipoidemia. The median modified Rank Scale score
was 1, and the mean degree of stenosis was 85.7+7.0%
(median: 85%; range, 70-99%). Lesions were located
in the intracranial ICA in 26 cases (7.90%), the M1 in
170 cases (51.67%), the BA in 82 cases (24.92%), and
intracranial vertebral artery in 51 cases (15.50%). The
event-to-stenting interval was <21 days in 139 patients
(42.25%) and >21 days in 190 patients (57.75%). Of these
patients, 60 patients were classified as Mori A type, 158 as
Mori B type, and 111 as Mori C type. Four lesions were
treated with double stents because the lesion length was
>12 mm or the lesion was not completely covered by the
first stent; In this study, these circumstances were classified
as one procedure. Univariable logistic regression results
revealed stenosis location, Mori classification and operator
experience associated with the complications (7able I).

Peri-procedural complications and risk factors

The overall rate of 30-day peri-procedural complications
was 8.2% (27/329). Eighteen cases involved ischemia,
while nine cases involved hemorrhagic complications.
Seven of these patients died due to their complications.
Multivariable logistic regression indicated that a history
of hypertension [odds ratio (OR) =3.595; 95% confidence
interval (CI): 1.104-11.702] was a risk variable associated
with peri-procedure complications. Compared with Mori
classification A, Mori classification C (OR =28.562; 95%
CI: 4.788-170.395) increased the risk of peri-procedure
complications (Zable 2).

Operator experience was significantly correlated with
peri-procedure complications. Adjusting for other variables,
operators with more than 20 cases worth of experience were
associated with a level of protection that led to a reduced
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Table 1 Clinical characteristics of subject

Variables Without complications (n=302) (%)  With complications (n=27) (%) P
Sex 0.6383
Female 77 (25.50) 8 (29.63)
Male 225 (74.50) 19 (70.37)
Age (y) 0.0526
<65 239 (79.14) 17 (62.96)
>65 63 (20.86) 10 (37.04)
Hypertension 173 (57.28) 20 (74.07) 0.0896
Diabetes 71 (23.51) 7 (25.93) 0.7773
Coronary heart disease 41 (13.58) 2 (7.41) 0.5348
Hyperlipidemia 71 (23.51) 8 (29.63) 0.4757
Smoking 142 (47.02) 13 (48.15) 0.9104
Event-to-stenting interval (days) 0.1695
<21 131 (43.38) 8 (29.63)
>21 171 (56.62) 19 (70.37)
Index events 0.0099
TIA 243 (80.46) 16 (59.26)
Ischemic stroke 59 (19.54) 11 (40.74)
Location of lesion 0.0410
Intracranial ICA 24 (7.95) 2(7.41)
M1 159 (52.65) 11 (40.74)
BA 70 (23.18) 12 (44.44)
Intracranial vertebral artery 49 (16.89) 2 (7.41)
Severity of stenosis 0.8425
70-79 25 (8.28) 2(7.41)
80-89 128 (42.38) 13 (48.15)
90-99 149 (49.34) 12 (44.44)
Mori type 0.0033
Mori A 58 (19.21) 2(7.41)
Mori B 150 (49.67) 8 (29.63)
Mori C 94 (31.13) 17 (62.96)
Operator 0.5609
Operator A 163 (53.97) 13 (48.15)
Operator B 139 (46.03) 14 (51.85)
Operative experience (cases) <0.0001
1-20 29 (9.60) 11 (40.74)
21-40 34 (11.26) 6 (22.22)
>40 239 (79.14) 10 (37.04)

Index events means the clinical manifestation of the stenosis, either TIA or stroke which led patient to a clinical visit. ICA, internal carotid
artery; M1, middle cerebral artery; BA, basilar artery; TIA, transient ischemic attack.
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Table 2 Multivariate analysis of all variables associated with complications
Risk factors OR 95% ClI P
Hypertension 3.595 1.104-11.702 0.0336
Mori classification
Mori B vs. Mori A 2.949 0.533-15.729 0.2054
Mori C vs. Mori A 28.562 4.788-170.395 0.0002
Operator’s experiences (cases)
1-20 1
21-40 0.229 0.059-0.893 0.037
>40 0.024 0.006-0.093 <0.0001

OR, odds ratio; Cl, confidence interval.

Table 3 Multivariable logistic regression model using operator experience to calculate the expected probability of complications for each case

Risk factors B OR 95% Cl P
Intercept —3.9981 - - <0.0001
Index events
Ischemic stroke vs. TIA 0.9477 2.580 1.094-6.085 0.0304
Mori classification
Mori B vs. Mori A 0.4960 1.642 0.335-8.037 0.5405
Mori C vs. Mori A 1.7029 5.490 1.208-24.957 0.0275
Hypertension 0.4989 1.647 0.683-3.969 0.2663

Index events means the clinical manifestation of the stenosis, either TIA or stroke which led patient to a clinical visit. Prediction probability
of complications =1/[1+exp(0.9477X1+0.4960X2+1.7029X3+0.4989X4-3.9981)]. X1 indicates index events: TIA X1 =0, ischemic stroke
X1 =1; X2 and X8 indicate Mori classification: Mori A X2 =0 and X3 =0; Mori B X2 =1 and X3 =0; Mori C X2 =0 X8 =1; X4 indicates

hypertension: hypertension X4 =1, No hypertension X4 =0. OR, odds ratio; Cl, confidence interval; TIA, transient ischemic attack.

risk of peri-procedure complications (OR =0.229; 95%
CI: 0.059-0.893). Furthermore, compared with operator
experience of less than 20 cases, operators with more than
40 cases worth of experience also showed a reduced level of
risk for complications with a lower odds ratio (OR =0.024;
95% CI: 0.006-0.093).

To evaluate the learning curve for intracranial
angioplasty and stenting, the expected probability of
complications for each individual case was calculated with
a second multivariate logistic regression model (7zble 3).
The calibration of the model was good, as shown by the
Hosemer-Lemeshow method (x°=0.0136; P=0.9996). The
learning curve of IAS was demonstrated by a risk-adjusted
CUSUM chart (Figure I). Visual inspection of the RA-
CUSUM chart demonstrated that the observed outcome
was worse than expected (more positive deflections) at
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the beginning of the series. The observed outcome was
better than expected (more negative deflections) after the
30™ consecutive case. However, patient characteristics
before and after the 30" case were not different, although
the proportion of Mori type was higher in cases after the
30" case (Table SI). This suggests that the learning curve
for intracranial angioplasty and stenting to overcome
complications in a risk-adjusted manner is 30 cases.

Discussion

In this study, we found that the rate of complications of
intracranial angioplasty and stenting decreased as the
operators’ case number increased. In addition, we found
there was a learning curve for intracranial angioplasty
and stenting. The number of cases required to overcome
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c (30, 12.45)

-20, 30 80 130 180
Sequence number of case

Cumulative observed outcome
minus expected complication rate

Figure 1 The learning curve of intracranial angioplasty and
stenting was demonstrated by a risk adjusted CUSUM chart, which
involved a series of 329 procedures performed by two operators at

our center.

this learning curve effect for intracranial angioplasty and
stenting in our center was calculated to be 30 cases.

A recent study revealed that the prevalence of IAS in
China is high (12). The WASID trial further demonstrated
that symptomatic patients with severe IAS are considered
to have a 20% risk of stroke in 1 year (13). Intracranial
angioplasty and stenting remains the primary course of
treatment for patients with severe IAS who fail to respond
to medical therapy. However, the SAMMPRIS trial showed
disappointing results in that angioplasty and stenting
could lead to a higher complication rate compared with
patients treated with standard medical therapy. In our
study, the proportion of peri-procedure complications
was only 8.2%, compared with 14.7% in the SAMMPRIS
trial. This indicated that intracranial angioplasty and
stenting may represent a favorable treatment for severe
symptomatic IAS. The mean age of patients in the present
study was lower than the mean age in the SAMMPRIS trial
(59.5+11.8 years); therefore, our data may indicate that
patients with IAS are slightly younger than foreign patients.

The reasons for the low ratio of peri-procedure
complications in our center may be ascribed to a variety of
different factors. First, this could be due to our operators
having significant experience. In the SAMMPRIS trial,
operators in the participant centers were required to have
experience of at least 20 consecutive intracranial stent or
angioplasty cases, including a minimum of three Wingspan
cases (3). Therefore, the investigators concluded that
the high proportion of peri-procedure complications
involving angioplasty and stenting was not caused by
inexperience. However, our study showed that the volume
of cases required to overcome the learning curve effect
of intracranial angioplasty and stenting in our center was
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30. We also found that the complication rate decreased
as operator experience increased. When operators had
less than 20 cases worth of experience, the ratio of peri-
procedure complications was 27.5%; however, this ratio
decreased to 15.0% when operators had experience of
21-40 cases and to 4.0% when operators had experienced
more than 40 cases. These results indicate that the inclusion
criteria for the operators in the SAMMPRIS trial may not
have been appropriate.

Second, we need to consider blood pressure monitoring
and control. Our study showed that hypertension correlated
with peri-procedure complications. Previous studies found a
relationship between hypertension and hyperperfusion after
intracranial angioplasty (9). A long history of hypertension
could lead to depolarization of the vascular smooth
muscles and vasoconstriction of the small arterioles. After
intracranial angioplasty and stenting, cerebral vessels may
not adapt to the increased blood perfusion, thus leading
to a disastrous complication. In our center, 24-hour blood
pressure monitoring was implemented for every patient,
and blood pressure was controlled under 120 mmHg after
treatment. This may represent one of the factors responsible
for the low proportion of peri-procedure complications.

Third, only 33.7% of patients were classified as having
Mori C stenosis. Mori classification is a proven predictor of
outcome and restenosis after intracranial angioplasty and
stenting (5). In our present study, only 33.7% (111/329)
of cases were classified as Mori C type. However, the
complication rate was 15.3% (17/111) in this particular
subgroup. This may indicate that Mori classification
played an important role in peri-procedure complications
during intracranial angioplasty and stenting. Cases with
Mori A lesions tend to have a lower risk of peri-procedure
complications than Mori B and Mori C lesions. Compared
with Mori A, Mori B and Mori C cases are associated with
long, more eccentric and wide-angle stenosis, which may
lead to a high rate of complications during angioplasty and
stenting. This result may indicate that operators with only
limited experience should begin their training on cases
classified as Mori A type.

There are some limitations to our study that need to be
considered. First, this was a retrospective study; in order to
avoid complications, several patients with Mori C type and
old age may not have been advised to receive angioplasty or
stenting. Furthermore, after 2014, we used high-resolution
magnetic resonance imaging techniques to select patients
with a low risk of complications; this practice led to the
development of strict inclusion criteria which reduced the
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risk of complications (7). Second, all treatments were carried
out by only two operators. It is possible that the learning
curve may be different for other operators. Previous studies
found that age and diabetes, as well as Mori classification
and hypertension, were also risk factors for complications
during intracranial angioplasty and stenting. However, we
did not identify other risk factors after multivariable logistic
analysis, although this may have been because of the limited
sample size of patients. Moreover, the overall number of
patients with complications was only 27. Consequently, this
may have resulted in some important variables being left out
of our logistic regression models. With the help of high-
resolution MRI, we can purposefully select patients with a
low risk of complications. Finally, the amount of experience
considered sufficient for performing IAS was identified as
30 cases; this could represent important inclusion criteria
for centers to participate in clinical trials.

Conclusions

The amount of experience gained by an operator could
influence the rate of peri-procedure complications following
intracranial angioplasty and stenting. The number of
cases required to overcome this learning curve effect for
intracranial angioplasty and stenting in our center was
calculated to be 30.
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Supplementary

Table S1 Baseline comparison in before and after 30 cases

Variables Before 30 cases (n=30) (%) After 30 cases (n=299) (%) P
Sex 0.52
Female 6 (20.00) 79 (26.42)
Male 24 (80.00) 220 (73.58)
Age (y) 0.36
<65 21 (70.00) 235 (78.60)
=65 9 (30.00) 64 (21.40)
Hypertension 20 (66.67) 173 (57.86) 0.44
Diabetes 8 (26.67) 70 (23.41) 0.82
Coronary heart disease 5(16.67) 47 (15.72) 0.89
Hyperlipidemia 6 (20.00) 73 (24.41) 0.66
Smoking 14 (46.67) 142 (47.49) 0.93
Event-to-stenting interval (days) 0.85
<21 13 (43.33) 124 (41.47)
>21 17 (56.67) 175 (58.53)
Index events 0.10
TIA 20 (66.67) 239 (79.93)
Stroke 10 (33.33) 60 (20.07)
Location of lesion 0.11
Intracranial ICA 1(3.33) 26 (8.70)
M1 17 (56.67) 155 (51.84)
BA 11 (36.67) 70 (23.41)
Intracranial vertebral artery 1(3.33) 48 (16.05)
Severity of stenosis 0.40
70-79 4(13.33) 23 (7.69)
80-89 10 (33.33) 131 (43.81)
90-99 16 (563.33) 145 (48.49)
Mori type 0.03
Type A 3 (10.00) 57 (19.06)
Type B 10 (33.33) 148 (49.50)
Type C 17 (56.67) 94 (31.44)
Operator 0.98
Operator A 16 (53.33) 160 (53.51)
Operator B 14 (46.67) 139 (46.49)

ICA, internal carotid artery; M1, middle cerebral artery; BA, basilar artery.



