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Background and Objective. Whether anterior cerebral artery occlusion occurs after pipeline embolization devices (PEDs) are
implanted to treat posterior communicating artery aneurysm is controversial. The purposes of this study were to explore the
effect of a PED covering A1 on patients’ clinical prognosis and to evaluate the factors related to vascular occlusion. Method. The
clinical and imaging data of PEDs in the postmarket multicenter registry study (PLUS) in China were retrospectively analyzed,
and patients were divided into two groups on the basis of the follow-up angiographic results: group 1 (no significant change in
A1 blood flow) and group 2 (A1 occlusion or decreased blood flow). We collected patients’ baseline data and evaluated the
following imaging indicators: diameter and ratio of bilateral A1, M1, and internal carotid artery (ICA) vessels before stenting
and the ratio of the PED size (sPED) to the ipsilateral ICA (I-ICA) diameter on the implantation side. Results. A total of 1171
patients were included, of whom 48 met the inclusion criteria (17 in group 1 and 31 in group 2). In group 2, three patients
experienced neurological deterioration at follow-up. From the univariate analysis of outcomes, single PED without coils,
incomplete aneurysm occlusion (IAO), maximum aneurysm diameter, aneurysms involving the ICA bifurcation (ICAb), and
large sPED/I-ICA diameter ratio were included in the multivariate analysis (P < 0:20). The multivariate regression analysis
results showed that the ratio of sPED/I-ICA diameter was the factor influencing A1 vessel occlusion. The area under the ROC
curve was 73.2%. When the sPED/I-ICA diameter ratio was 1.14, sensitivity was 70.6%, and specificity was 77.4%. Conclusion.
When an oversized PED is placed from M1 to the ICA, the higher porosity formed at the covered A1 orifice is conducive to
maintaining stable A1 blood flow and reducing the risk of A1 vessel occlusion. This trial is registered with ClinicalTrials.gov
identifier: NCT03831672.

1. Introduction

Pipeline embolization devices (PEDs) are an alternative
treatment for complex intracranial aneurysms; however,
there remains a risk of occlusion of jailed side branches, even
in patients with good efficacy with antiplatelet drug therapy
[1, 2]. Previous PED manufacturers’ instructions suggested

that these devices are suitable for large or giant wide-
necked aneurysms from the petrous segment of the internal
carotid artery (ICA) to the proximal superior hypophyseal
artery in patients aged ≥22 years. Recently, the FDA incorpo-
rated ICA bifurcation into PED treatment coverage [3].
However, for carotid bifurcation aneurysms, it is often neces-
sary to locate the distal end of the PED into the M1 segment
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and to cover the origin of the ipsilateral A1 segment to ensure
PED stability [3–6]. Previous studies have reported that this
approach may affect A1 blood flow and that A1 segment
occlusion can lead to neurological deficits [3–6].

To date, few studies have evaluated the long-term prog-
nostic impact of covering the ipsilateral A1 segment origin
and the related factors leading to occlusion. We retrospec-
tively analyzed the clinical and imaging data from the post-
market multicenter registry study (PLUS) to investigate the
long-term prognostic impact of A1 occlusion and factors
associated with occlusion.

2. Method

2.1. Design and Process.We performed a retrospective review
using the databases of the 14 participating Chinese institu-
tions for aneurysms treated with PEDs between 2015 and
2019 in the PLUS. The study was a consecutive, real-world
cohort registry study. Local institutional review boards or
ethics committees approved the study and the use of the
patients’ data. All operations were performed with written
informed consent. Inclusion criteria were as follows: (1) for
intracranial aneurysms treated with a PED, a single PED
was deployed from the M1 segment to the ICA and covered
the orifice of A1 and (2) follow-up digital subtraction angiog-
raphy (DSA) imaging data. Exclusion criteria were as follows:
(1) multiple PEDs covering the beginning of A1, (2) loss of
the A1 artery on the PED treated side, and (3) no follow-up
DSA imaging data. Data on the patients’ general information,
aneurysms involving the ICA bifurcation, maximum aneu-
rysmal diameter, intraoperative and postoperative complica-
tions, and the mRS scores before and at the last follow-up
were collected. Patient selection for our study is summarized
in Figure 1.

2.2. Angiographic Follow-Up.Aneurysm occlusion was classi-
fied using the O’Kelly-Marotta (OKM) grading scale [7, 8].
We described the flow modification in the ipsilateral A1 seg-
ment as follows: (1) no change in flow regarding patency and
(2) occlusion or diminished flow [4]. To compare changes in
A1 vessels, we divided patients into two groups. Group 1
comprised patients who showed no flow changes in the jailed
artery at the last angiographic follow-up, and group 2 com-
prised patients in whom occlusion or diminished flow in
the jailed artery had been observed at the last angiographic
follow-up.

2.3. Perioperative Management. All patients received an anti-
platelet regimen that included aspirin (100 or 300mg daily)
and clopidogrel (75mg daily). Patients who were identified
as clopidogrel nonresponders received aspirin (100mg daily)
and ticagrelor (90mg twice daily). All patients demonstrated
optimal platelet activity suppression before PED placement.
Board-certified neuroendovascular surgeons performed all
procedures. Intravenous heparin was administered intrapro-
cedurally to achieve an activated clotting time of >250 sec-
onds. Heparin was discontinued after completing the
procedure. Dual antiplatelet therapy was continued for 6

months after PED placement. Patients received aspirin
100mg/d for life.

2.4. Parameter Measurement. All vessel measurements were
obtained on the original calibrated DSA images using the
Radiant DICOM Viewer 5.0.2 (https://www.radiantviewer
.com/) by two experienced neurosurgeons. Measurements
of the ipsilateral A1 segment and the M1 segment, supracli-
noid ICA, and the contralateral A1 segment 3mm from the
ICAb were evaluated before PED deployment. For aneu-
rysms at the ICA bifurcation (ICAb) site, a vessel diameter
of 3mm around the aneurysm was measured. The widest
diameter on the calibrated images was recorded for each ves-
sel of interest. The PED size/ipsilateral-ICA (sPED/I-ICA)
ratio was defined as the ratio of the standard diameter of
the PED to the average diameter of the proximal M1 segment
and the landing area in the ICA. Other ratios, such as ipsilat-
eral-A1/ipsilateral-M1 (I-A1/I-M1), ipsilateral-A1/ipsilateral
internal carotid artery (A1/I-ICA), ipsilateral-M1/ipsilateral
internal carotid artery (I-M1/ICA), and the odds ratio of ipsi-
lateral-A1/contralateral-A1 (I-A1/C-A1), were obtained after
the sPED/I-ICA measurement.

2.5. Statistical Analysis. Categorical variables are reported as
proportions, and continuous variables are reported as the
mean ± standard deviation or the median and interquartile
range, as appropriate. Between the groups, the variables were
compared using the chi-square test, Mann-Whitney U test,
and t-test. Univariate analysis was used to test the following
independent factors: age, sex, hypertension, smoking, aneu-
rysm size, aneurysm occlusion status, aneurysms involving
the ICAb, and the following ratios: I-A1/I-M1, I-A1/I-ICA,
I-M1/ICA, and the odds ratios of I-A1/C-A1 and sPED/I-
ICA. Factors that were predictive in the univariate analysis
(P < 0:20) were entered into a multivariate logistic regression
analysis. P values < 0.05 were considered statistically signifi-
cant. We created a ROC curve to test the ability of the

1171 treated
with PED at

14
institutions

1121with
PED not

covering the
origin of A1

50 with PED
covering the
origin of A1

2 cases’s
images can’t
be measured

48 with
follow-up

DSA imaging
available

Figure 1: Patient selection for our study.
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sPED/I-ICA ratio to predict jailed A1 vessel patency. Statisti-
cal analysis was performed using SPSS 25 (IBM Corp.,
Armonk, NY, USA).

3. Results

3.1. General Data. A total of 48 patients were identified retro-
spectively in the present study; 31 (65%) patients were
women, and 17 (35%) were men. The mean age was 54 ±
13:8 (range: 14–77) years. The average maximum diameter
of the treated aneurysms was 9:2 ± 6:6mm. Of the 48
patients, 12 (25%) had a history of hypertension, 14
(29.2%) had a history of tobacco smoking, and 4 (8.3%)
had a history of diabetes (Table 1). Of the 51 aneurysms, 9
(30%) were fusiform. Aneurysms occurred at the following
locations: 4 in the cavernous sinus segment, 13 in the oph-
thalmic artery segment, 16 in the posterior communicating
segment, 2 in the anterior choroidal artery origin, and 12 in
the ICAb; the remaining 4 aneurysms were middle cerebral
artery (MCA) aneurysms. Of the 48 patients, 47 had 1 PED
implanted, and 1 required 2 PEDs. The A1 origin ostium
was covered by a single PED in all patients.

3.2. Clinical and Radiographic Outcomes.mRS scores in three
patients changed, and one patient’s right ICA became ste-
notic after PED treatment; the mRS score was 1 before oper-
ation and 3 at the last follow-up. The second patient with A1
occlusion had anmRS score of 1 before operation and 2 at the
last follow-up (Figure 2). The third patient had in-stent reste-
nosis and cerebral ischemia; the mRS score was 0 before
operation and 2 at the last follow-up (Figure 3). Follow-up
DSAs performed a median of 201 days (interquartile range:
168 to 276 days). The O’Kelly-Marotta (OKM) grading scale
grades for the treated aneurysms were as follows: 31 were
OKM-D (no filling), as complete obliteration; incomplete
aneurysm occlusion (IAO) occurred in 20 aneurysms: 2 were
OKM-C2 (entry remnant), 11 were OKM-B2/B3 (subtotal
filling), and 7 were OKM-A1/A2 (total filling). Regarding
the flow modification outcomes for A1, the last follow-up
angiography showed that the covered A1 segment was
occluded in 11 patients (22.9%), with diminished flow in 20
patients (41.7%). There was no flow change in 17 patients
(35.4%) (Table 1).

3.3. Changes in the A1 Segment. Group 1 (n = 17) comprised
patients who showed no flow changes in the jailed artery.
Group 2 (n = 31) comprised patients who had occlusion or
diminished flow in the jailed artery. The mean age in group
1 was 57:7 ± 14:5 years versus 53:0 ± 13:4 years in group 2.
The mean aneurysm size in group 1 was 7:1 ± 3:8mm versus
10:9 ± 7:5mm in group 2. Complete obliteration was
achieved in 6 (35.3%) patients in group 1 versus 25 (73.5%)
in group 2. The sPED/I-ICA ratio in group 1 was 1.19 versus
1.06 in group 2. Other variables are summarized in Table 1
and Table S1.

In the univariate analysis, statistically significant factors
associated with group 1 versus group 2 were single PED treat-
ment (OR: 2.566, 95% CI: 0.693–9.502; P = 0:158), IAO (OR:
0.196, 95% CI: 0.056–0.687; P = 0:011), aneurysm size (OR:

1.099, 95% CI: 0.977–1.235; P = 0:114), aneurysms at the
ICAb (OR: 3.048, 95% CI: 0.855–10.865; P = 0:086), and
sPED/I-ICA (OR: 0.003, 95% CI: 0.0001–0.286; P = 0:012).
Multivariate analysis demonstrated that sPED/I-ICA (OR:
0.0001, 95% CI: 0.0001–0.164; P = 0:013) was a statistically
significant factor associated with jailed arteries with no flow
change. Detailed information is shown in Table 2. The area
under the ROC curve was 73.2%. When the sPED/I-ICA
diameter ratio was 1.14, the sensitivity was 70.6% and the
specificity was 77.4% (Figure 4).

4. Discussion

ICA bifurcation is an uncommon location for a PED. To
avoid PED retraction after treatment, it is necessary to deploy
the end of the PED in the M1 segment and cover the origin of
A1 [6, 9–11]. Sufficient preoperative evaluation is required
for this off-label use, and previous reports have shown that
approximately 2/3 of arteries covered by a flow diverter will
become stenotic or occluded during follow-up [2]. In a recent
report of 10 patients with ICAb aneurysms, all PEDs covered
the origin of A1, of whom 3 patients had asymptomatic
occlusion of A1 [6]. We found that the blood flow reduction
and occlusion rates in A1 were 41.7% and 22.9%, respec-
tively. To the best of our knowledge, ours is the largest study
to assess changes in jailed A1s in patients with PEDs
deployed across the ICAb and covering the ostium of A1.

4.1. Prognosis of A1 Occlusion. Most researchers believe that
PED placement has a significant effect on the blood flow of
covered side branches. Currently, there is a consensus that
if collateral circulation is inadequate to provide sufficient
compensation, patency in the jailed branches is maintained
by direct flow. Otherwise, if direct or pial collateral compen-
sation is well preserved, the jailed branch will become pro-
gressively occluded or narrowed, usually without clinical
consequences [2, 12]. One patient with A1 occlusion in our
study had an mRS score of 1 before operation and 2 at the last
follow-up, with symptoms associated with A1 occlusion. This
indicates that there is a certain risk of covering A1 with a
PED, and no A1 occlusion-related symptoms have been
reported before, which may be related to the small number
of cases. Therefore, it is necessary to fully evaluate the ante-
rior communicating artery patency before the operation.

4.2. Influence of the Diameter Ratio of the Branch Vessels.
Currently, it is believed that when a PED is placed in Y-
shaped vessels, the blood flow changes in covered branches
are related to the diameter ratio of the two branches: the thin-
ner the branches, the greater the blood flow resistance [13].
The effect of side branch diameter on hemodynamics was
quantitatively studied by Tang et al. [14]. After PED implan-
tation, in the side branches with a diameter of 1mm, the
blood flow velocity and pressure decreased by 35% and
3.3%, respectively. For diameters of 2.0mm, the velocity
decrease was only 7.2%, but the pressure decreased by 4.3%.
The reductions of the mean volume flow rates in the side
branch vessel after PED deployment were 0.4% for d = 1:0
mm and 6.3% for d = 2:0mm [14]. Narata and de Moura
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[15] compared the ratios of the diameters of the two sub-
branches in 25 patients with bifurcation aneurysms without
compensation from communicating branches, namely, 11
patients with no vessel caliber change and 14 patients with
vascular occlusion or subacute occlusion. The mean value
difference between the two groups was statistically significant
when the ratio was <0.7 (P < 0:001). Further computational
fluid dynamics analysis of the standard idealized model
showed that a ratio of <0.65 had a statistically significantly
greater effect on the wall shear area of the two branches
before and after operations.

The first study evaluating occlusion following a PED cov-
ering the ipsilateral A1 segment was presented by Nossek
et al. [4]; the authors found that six of seven patients who
demonstrated occlusion of the A1 segment or reversal of flow
from contralateral vessels manifested an average A1/M1 seg-
ment ratio of 0.58 (range: 0.29–0.76). Pujari et al. [3] reported
27 patients whose PEDs were positioned between the M1 and
the supraclinoid segment of the ICA and covered the origin
of A1. They found an average ratio of the patent covered
A1 segments to the ipsilateral M1 of 0.71, compared with
0.50 for the occluded group. The difference using the t-test
was statistically significant (P = 0:0006). In our study, the
A1/M1 ratio was 0.68 in group 2 and 0.67 in group 1.

Although the ratio was between 0.65 and 0.70, there was no
significant difference using the t-test (P = 0:87). We believe
that the current overall evaluation of A1/M1 ratios is based
on a small sample of studies. With the increasing use of
PEDs, we look forward to the results of larger studies.

4.3. Effect of PED Size. The porosity of a certain model of
PED changes parabolically with increased artery diameter.
Relative to the diameter of the landing artery, oversized PEDs
increase in porosity and play an important role in the patency
flow [16, 17]. As indicated in the in vitro study by Shapiro
et al. [17], metal coverage falls rapidly with increasing device
oversizing, with minimum coverage already observed when
the artery is only 1mm smaller than the nominal device
diameter. Thus, even relatively modest degrees of oversizing
translate into substantially lower metallic coverage. In actual
treatment, the PED model chosen by neurointerventionists is
slightly larger than the landing vessel diameter, but the ideal
proportion is currently inconclusive, and it is worth
exploring what proportion may preserve the flow in the cov-
ered vessel.

Our results showed that the sPED/I-ICA ratio in group 1
was 1.19 versus 1.06 in group 2. In the univariate analysis,
sPED/I-ICA ratio (OR: 0.003, 95% CI: 0.0001–0.286; P =

Table 1: Baseline demographic data for all, group 1, and group 2 patients.

Characteristic All Group 1 (n = 17) Group 2 (n = 31) P value

Sex 0.52

M (%) 17 (35%) 5 (29.4%) 12 (38.7%)

F (%) 31 (65%) 12 (71.0%) 19 (61.3%)

Mean age in yrs 54 ± 13:8 57:7 ± 14:5 53:0 ± 13:4 0.26

Hypertension (%) 12 (25%) 6 (35.3%) 6 (19.4%) 0.30

Diabetes (%) 4 (8.3%) 2 (11.8%) 2 (6.5%) 0.52

Smoking (%) 14 (29.2%) 3 (17.6%) 11 (35.5%) 0.32

Aneurysm size (mm) 9:2 ± 6:6 7:1 ± 3:8 10:9 ± 7:5 0.08

Aneurysms at the ICAb (%) 15 (31.3%) 8 (47.0%) 7 (22.5%) 0.08

Treatment 0.15

PED (%) 32 (62.7%) 13 (76.5%) 19 (55.9%)

PED+coil (%) 19 (37.3%) 4 (23.5%) 15 (44.1%)

Aneurysm occlusion 0.008

Complete obliteration (%) 31 (60.8%) 6 (35.3%) 25 (73.5%)

IAO (%) 20 (39.2%) 11 (64.7%) 9 (26.5%)

Fate of A1

Occlusion (%) 11 (22.9%) — 11 (35.5%)

Diminished flow (%) 20 (41.7%) — 20 (64.5%)

No flow change (%) 17 (35.4%) 17 (100%) —

I-A1/I-ICA (mean (SD)) 0.50 (0.12) 0.49 (0.11) 0.51 (0.12) 0.74

I-M1/I-ICA (mean (SD)) 0.76 (0.12) 0.77 (0.12) 0.76 (0.12) 0.78

I-A1/I-M1 (mean (SD)) 0.67 (0.19) 0.67 (0.22) 0.68 (0.17) 0.88

OR I-A1/C-A1 (mean (SD)) 0.92 (0.24) 0.91 (0.19) 0.93 (0.27) 0.81

sPED/I-ICA (mean (SD)) 1.11 (0.16) 1.19 (0.18) 1.06 (0.12) 0.006

yrs: years; M: male; F: female; ICAb: the internal carotid artery bifurcation; PED: pipeline embolization device; IAO: incomplete aneurysm occlusion; I-A1:
ipsilateral-A1; I-ICA: ipsilateral internal carotid artery; SD: standard deviation; I-M1: ipsilateral-M1; OR: the odds ratio; C-A1: contralateral-A1; sPED: the
PED size.
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0:012) was included in the multivariate analysis. The results
of the multivariate analysis demonstrated that sPED/I-ICA
(OR: 0.0001, 95% CI: 0.0001–0.164; P = 0:013) was a statisti-
cally significant factor predicting a jailed artery with no
flow change. We believe that to match the diameter of
the ICA of the landing zone, a relatively large diameter
PED must be placed in the M1 segment, which has differ-
ent diameters from the M1 segment to the ICA. Therefore,
oversizing the PED will inevitably decrease the metal cov-
erage where the diameter changes, with less impact on the
flow into A1 [3, 4, 6].

PED porosity increases from the inner to the outer curves
at each point along the vessel cross-section along a 180-

degree curvature in vitro [17]. However, owing to the effects
of vessel curvature and changes in diameter, the porosity at
the ostium of A1 observed in vivo will be substantially more
complex [18]. The sPED I-ICA ratio was statistically signifi-
cantly different between our two groups, which may be
related to the choice of PED model because this is based on
the diameter of the ICA.

Our results are in accordance with the experimental
results in swine reported by Berg et al. [19]. In their research,
the authors implanted 5 × 20mm PEDs into the carotid
artery, which had diameters of 4.56mm in case 1 and
5.32mm in case 2, and covered the ascending pharyngeal
artery, which had diameters of 2.18mm and 2.42mm, in

(a) (b) (c) (d) (e)

Figure 2: A 50-year-old male patient was treated with a single 4:25mm × 25mm pipeline embolization devices (PED) following the
unexpected discovery of a C7 segment fusiform aneurysm by computed tomography angiography (CTA). The PED size/ipsilateral internal
carotid artery (sPED/I-ICA) ratio was 1.05. The 2-year follow-up angiography (d) showed that the aneurysm still had a residual body, but
A1 (b, black arrow) was occluded. The mRS score of the patient was 2. (a, b) Preoperative 3D reconstruction and orthographic
angiography images showing patency of the ipsilateral A1 segment. (c) PED implantation. (d) Two-year angiography image showing the
residual aneurysm with ipsilateral A1 occlusion. (e) Contralateral 2-year follow-up angiography showing that the right A2 blood supply
area was compensated by the anterior communicating artery.

(a) (b) (c) (d)

Figure 3: Female patient, 56 years old. CTA images showing that a C7 segment aneurysm was treated with a single PED measuring 3mm
× 25mm; the sPED/I-ICA ratio was 1.21. The 6-month follow-up angiography showed that a residual aneurysm was present with in-stent
stenosis (indicated by the white arrowhead in d), and the patient’s mRS score was 2. A1 (indicated by the white arrow in d) is intact. (a, b)
The A1 origin was covered before and after PED implantation. (c) Contralateral ICA angiography. (d) Six-month follow-up angiography
3D reconstruction showing that most of the residual aneurysm and A1 remained intact, but M1 shows in-stent stenosis.

Table 2: Univariate and multivariate analyses of group 1 and group 2.

Characteristic
Univariate analysis∗ Multivariate analysis

OR 95% CI P value OR 95% CI P value

Single PED 2.566 0.693-9.502 0.158 0.717 0.098-5.263 0.744

IAO 0.196 0.056-0.687 0.011 0.228 0.028-1.840 0.165

Aneurysm size 1.099 0.977-1.235 0.114 1.143 0.990-1.320 0.068

Aneurysms at the ICAb 3.048 0.855-10.865 0.086 5.699 0.433-74.932 0.186

sPED/I-ICA 0.003 0.0001-0.286 0.012 0.0001 0.0001-0.164 0.013

PED: pipeline embolization device; IAO: incomplete aneurysm occlusion; ICAb: the internal carotid artery bifurcation; sPED: the PED size; I-ICA: ipsilateral
internal carotid artery. ∗Also entered in the univariate analysis but not significant: I-A1/I-ICA, I-M1/I-ICA, and I-A1/I-M1.
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cases 1 and 2, respectively. Three-month postprocedure angi-
ography showed that patency in the ascending pharyngeal
artery (APhA) in case 1 was well preserved, while the ascend-
ing pharyngeal artery in case 2 was nearly occluded. Scanning
electron microscopy further confirmed the structural basis of
this phenomenon and evaluated the APhA ostium 3 months
after procedure regarding the difference in acute stent strut
angles. In case 1, the angle corresponded to 78° with a circu-
lating surface of 359,208μm2. In case 2, the angle corre-
sponded to 59.1°, with a circulating surface of 142,937μm2.
This indicates that the oversized PED was stretched and that
the metal coverage at the branch ostium was low. However,
undersized PEDs are compressed, which results in high metal
coverage and not only reduces the flow into the branch ves-
sels but also provides more scaffolds for endothelial hyper-
plasia, which ultimately reduces the ostium area.

The mean flow rate reductions through the jailed
branches are calculated using computational fluid dynamics.
In the oversized case 1, mean flow rate decreases of 14.1%
occurred. In comparison, the undersized case 2 showed a
reduction of 25.5% [19]. In case 2, the low wall shear stress
(WSS) along the strut region that covers the ostium enabled
the proliferation of neointimal cells, which led to narrowing
of the jailed arterial branch. Conversely, case 1 showed
increased WSS at the ostium and shear load, especially across
the distal area of the jailed side branch [19]. Similar results
were confirmed in the study by Iosif et al., which compared
the occlusive rate of jailed vessels by the PED between an
anastomotic-type arterial configuration and a terminal-
type. With higher occlusive rates of the anastomotic-type
jailed vessels, the mean ostial shear stress on the struts was

6.7 Pa vs. 11.3 Pa for the terminal type [12]. These results
are in accordance with a previous study investigating the
effect of WSS on endothelial proliferation for an open-cell
stent [20]. It appears that lowWSS promotes endothelial pro-
liferation not only on the stented parent artery but also on the
free segments of the stent.

Clinically, in a regression analysis of 217 covered
branches in 137 patients treated with a PED by Miller and
Kole [21], a relatively undersized PED was associated with
long-term covered vessel stenosis and occlusion. The authors
suggested that relatively undersized PEDs result in higher
metal coverage at the ostium of the covered vessel, which
led to decreased blood flow and long-term vessel occlusion.
Our results were similar. Kole et al. [22] performed regres-
sion analysis and showed that relatively undersized PEDs in
158 aneurysms treated with a single PED were associated
with aneurysm resolution. Therefore, will the PED chosen
to preserve A1 blood flow have an impact on the healing of
aneurysms? Our results were significantly correlated with
no change in A1 in the univariate analysis, but not in the
multivariate analysis. This study provides a valuable refer-
ence for future treatment for considering the effect of PED
size on blood flow when the PED needs to cover A1.

4.4. Limitations. (1) This was a retrospective study and the
number of patients was relatively small. (2) Our data were
derived from a multicenter study, and there were differences
in the effect of the degree of PED pushing and pulling by the
operators on the mesh during PED release. (3) Because some
imaging data may be incomplete in a retrospective study, it is
not certain that each patient’s preoperative anterior commu-
nicating compensation status was evaluated preoperatively.

5. Conclusion

When relatively oversized PEDs are placed between M1 and
the ICA, the higher porosity formed at the ostium of A1 is
beneficial for maintaining stable A1 blood flow and reducing
the risk of A1 artery occlusion.
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Background and Purpose. Ruptured tiny volume intracranial aneurysms (TVIAs) are associated with high risk of intraprocedural
perforation. Aneurysm volume measuring is important for treatment planning and packing density calculation. We aim to assess
the ability of the AngioSuite software in calculating TVIAs and guiding the selection of suitable coil. Methods. Thirty-three
consecutive patients with 34 TVIAs were prospectively recruited and treated with endovascular techniques. The volume of TVIAs
and the required length of coils were calculated by the AngioSuite software before embolization. The treatment efficacy of TVIAs
was assessed using the Raymond scale (Rs) and the modified Rankin scale (mRs). Results. Of the 34 aneurysms with an average
volume of 7.16mm3, 13 aneurysms were treated with sole coil embolization, 19 by stent-assisted embolization, and 2 by balloon-
assisted embolization. The average coil length was 5.32 cm, and the average packing density was 41.21%. The immediate DSA
showed that total occlusion (Rs = 1) was achieved in 15 aneurysms, subtotal (Rs = 2) in 9, and partial (Rs = 3) in 11. Total
occlusion was achieved in 30 aneurysms and subtotal in the other 4 aneurysms at 6-month follow-up. Baseline volume and
diameter of aneurysms were significantly correlated with the coil length (r = 0:801, P < 0:001; r = 0:711, P < 0:001). Conclusions.
Coil embolization of TVIAs was easy to achieve high packing density. According to the data from AngioSuite, relative few coils can
increase the safety in procedure and stenting may reduce risk of aneurysmal recurrence.

1. Introduction

Intracranial aneurysms (IAs) are commonly acquired
cerebral lesions attacking about 2%~3% of the general popu-
lation, which are associated with significant neurologic
impairment and high mortality [1]. Unruptured IAs are
more frequent and are being increasingly detected with the
advancement of noninvasive imaging techniques with higher
resolution [2]. The annual incidence of IA rupture is
estimated to be 0.7%, which represents the leading cause of
subarachnoid haemorrhage (SAH) [3]. A large cohort study
involving 1993 patients with ruptured IAs showed that 83%
of the aneurysms were found in anterior circulation locations
and the median diameters of these aneurysms were 7mm [4].
Besides, Grochowski et al. have concluded that rupture of
small aneurysms (<5mm) is a common cause of aneurysmal
SAH [5].

Tiny volume intracranial aneurysms (TVIAs) are
commonly defined as the aneurysms with size ≤ 3mm in
diameter. Currently, treatment of ruptured TVIAs is still
technically challenging and associated with high risk of intra-
procedural perforation due to their tiny volumes and thin
fragile walls [6]. Endovascular treatments using coiling or
stent-assisted coiling techniques emerge as important
optional therapies for TVIAs because of their less invasive
characteristics [7]. However, excessive coil introduction or
insufficient packing will lead to coil compaction and recana-
lization after IA embolization [8]. The ability to assess the
optimal packing density prior to endovascular treatment is
fundamentally limited by the lack of accurate calculation of
aneurysm volumes [9]. Aneurysm volume measuring is
important for treatment planning and packing density calcu-
lation [10]. This is especially true for the exact volume calcu-
lation of TVIAs due to their extremely limited space for
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stable coil deployment. Until recently, how TVIA volume
should be measured and calculated reaches no consensus
[11]. Therefore, based on the guiding role of TVIA volume
measuring in endovascular treatment, we propose that the
volume of TVIAs is a superior index over diameter in
describing the characteristic of a cystic lesion, especially for
those aneurysms with irregular appearance. The AngioSuite
system is evaluated to be effective in accurate volume calcula-
tion of aneurysms based on two- or three-dimensional (2D or
3D) angiograms [9]. However, whether the AngioSuite soft-
ware has comparable performance in assessing TVIA volume
and packing density is currently unknown. Our study is
aimed at assessing the ability of the AngioSuite software in
calculating TVIA volume and then its role in prospectively
selecting suitable coil, predicting packing density and the
resultant clinical efficiency of endovascular treatment.

2. Materials and Methods

2.1. Definition of TVIAs. Tiny intracranial aneurysms are
routinely defined as those aneurysms with a maximum diam-
eter equal or less than 3mm. However, it is not the case for
those irregular aneurysm sacs with long and narrow appear-
ances that their maximum diameter is above 3mm, while the
inner space of sacs is extremely small for further endovascu-
lar operations. Therefore, we proposed that the volume of
TVIA could provide more details and assistance in predicting
packing density and choosing suitable coils in real clinical
practice. We assumed that the upper limit of TVIA volume
could be calculated using the AngioSuite software by
separately inputting 3mm in length, width, and height, and
the resultant TVIA volume was equal to 14.14mm3.
Therefore, in this study, we defined any aneurysm with
volume ≤ 14:14mm3 as TVIA.

2.2. Patients and Aneurysms. Thirty-three consecutive
patients with 34 TVIAs (volume ≤ 14:14mm3) were
prospectively recruited in our center from March 2016 to
October2020. Thirty-two patients had ruptured aneurysms
and presented acute SAH found by computed tomography
(CT) scanning and CT angiography (CTA). They were
admitted to our center within 24 h after the onset of SAH.
Patient 17 carried an arteriovenous malformation- (AVM-)
related unruptured TVIA, and it was embolized when treat-
ing the AVM. Patient 31 had 2 TVIAs; the ruptured one
was located in the anterior communicating artery (AcoA)
and treated at the first administration; the unruptured aneu-
rysm in the middle cerebral artery (MCA) was embolized two
weeks later (supplementary table (available here)). The
Hunt-Hess grading system (0~V) was applied to evaluate
the severity of the clinical symptoms of SAH. The institu-
tional review board and ethics committee of our hospital
approved the study protocol and informed consent form.
Written informed consent was obtained from all patients.

2.3. Angiography and Volume Calculation. Digital subtrac-
tion angiography (DSA) and 3D rotational angiography were
performed to observe the features of the aneurysms, includ-
ing the location, diameter, and morphology as well as its ana-

tomic relationship to the parent artery. The aneurysm
volume was calculated using the AngioSuite software
(Cascade Medical, Knoxville, TN, USA). As previously
described, the AngioSuite system is a mathematical algorithm-
dependent mobile phone application that uses the loaded
biplane angiographic images or tomographic images to auto-
matically calculate the volume of aneurysm only based on one
aneurysm diameter [9, 10]. The packing density was also evalu-
ated in this software by calculating the ratio of coil volume to
aneurysm volume.

2.4. Embolization Procedure. All cases were assessed to be
suitable for endovascular coil embolization by the consensus
of the neurosurgeons and neurointerventionalists. Surgery
was considered as an alternative option to coil embolization
only after attempting endovascular treatment. Coiling alone
or balloon/stent-assisted coiling treatment strategies were
determined based on the parent vessel-aneurysm geometries
and dome-to-neck ratio of the TVIAs. We decided to use a
stent if the aneurysm was wide necked or had a complex
morphology. Stent-assisted coiling was performed as a bail-
out procedure in case of coil instability or after a failed
attempt of simple coiling. For the embolization procedure,
all embolization was performed under general anesthesia
and the optimal projection was selected to fully expose the
aneurysm neck and body and show the relationships to their
parent artery and the major artery. A 6-French guiding cath-
eter was delivered via a transfemoral approach with access
through the femoral artery using a Siemen’s biplane suite
(Artis Q) with standard arteriographic and digital roadmap
and SmartMask technique. A microcatheter for delivering
stents was navigated to the location of aneurysm. Meanwhile,
another steam-shaped microcatheter carrying the coil was
directed into the aneurysm and partially inserted into the
aneurysm cavity. The required length of the coil was calcu-
lated before embolization by the AngioSuite software when
30%-40% packing density was simulated. The calculated coil
length was referred during coiling to ensure that the used
length did not obviously exceed the calculated length in real
practice. After one or more coils were released to fill the
aneurysmal cavity, stent was partially released to prevent coil
protrusion into the parent artery. Stent was completely
released after the coil deployment was discontinued and the
coil was isolated. Afterwards, the coil pusher was secured
and the microcatheter containing the coil was slightly with-
drawn. The coil delivery microcatheters used in this study
included SL-10 (Stryker) and Echelon 10 (Covidien). The
main coils used in this study were Axium coils (Covidien)
and Target coils (Stryker Neurovascular, Freemont, CA).
The type of stent was chosen depending on the surgeon’s
preference and the patient’s vascular anatomy. Five types of
stents were used in this study, including Neuroform EZ, Sol-
itaire AB, Leo-Leo & Leo baby, Atlas, and Lvis Jr stents.
Balloon-assisted coiling was performed in two patients to
prevent prolapse of the coil loop, and the degree of balloon
inflation varied during coil placement to allow for microcath-
eter movement. Detailed magnified view of angiography was
performed at the end of each procedure to determine degree
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of embolization and to identify possible complications such
as rupture or thrombosis.

2.5. Anticoagulation and Antiplatelet Management. Heparin
was intravenously administrated after placement of sheath
at a dose of 0.6~0.8mg/kg body weight, followed by hourly
boluses (half of the dose of the baseline dose, but no less than
10mg). The activated clotting time was maintained at 2~3
times the baseline throughout the procedure. If stent place-
ment was scheduled for patients with ruptured aneurysm, a
loading dose of 300mg clopidogrel and 300mg aspirin was
administrated 2 hours before stenting; 100mg aspirin and
75mg clopidogrel were administered 24 hours after the pro-
cedure. For patients that underwent emergent stenting, tiro-
fiban was intravenously injected at a dose of 0.005mg/kg
body weight before releasing the stent and this dose was
maintained for 24 hours. Afterwards, tirofiban infusion was
progressively decreased and changed to the regimens con-
taining 100mg aspirin and 75mg clopidogrel. Aspirin
(100mg daily) and clopidogrel (75mg daily) were main-
tained for 1~3 months after the operations based on the
selection of stent type, followed by aspirin alone (100mg
daily) afterwards for 3~6months.

2.6. Outcome Evaluation and Follow-Up. A conventional
follow-up using catheter angiography was performed 6
months after the embolization. The degree of aneurysm
embolization was assessed using the Raymond scale (Rs)
immediately after the embolization and 6 months postopera-
tively. Rs was classified as complete occlusion of the sac and

neck of the aneurysm (Rs = 1), near-complete occlusion
(the sac was occluded but a neck remnant was suspected or
obviously present) (Rs = 2), and incomplete occlusion (there
was persistent opacification of a sac remnant) (Rs = 3). Clin-
ical outcome at follow-up was assessed using the modified
Rankin scale (mRs) graded from 0 to 6.

2.7. Data Analysis. All data analysis was performed in SPSS
26.0 software. Demographic and clinical characteristic data
relating to continuous variables are expressed as means ±
SD. Correlations between volume or diameter of aneurysms
and coil length used or packing density were analyzed using
Pearson analysis. A P value less than 0.05 is considered statis-
tically significant.

3. Results and Discussion

3.1. Baseline Demographics and TVIA Characteristics. Thirty-
four patients, consisting of 21 (61.8%) females and 13
(38.2%) males, were prospectively recruited in this study with

Table 1: Baseline characteristics and aneurysmal features.

Clinical characteristics Values

Gender (M/F) 13/21

Age (years) 60:24 ± 12:72
HH grade

1 18

2 11

3 3

Unruptured 2

Aneurysmal location

AcoA 13

PcoA 6

CPco 3

MCA 8

ACA 2

BA 2

Aneurysmal size

Diameter (mm) 2:95 ± 0:74
Diameter ≤ 3mm (cases) 21

Volumes (mm3) 7:16 ± 3:74 (1.6~13.82)
Note: Emb: coil embolization; MCA: middle cerebral artery; BA: basilar artery;
PcoA: posterior communicating artery; AcoA: anterior communicating artery;
CPco: communicating segment of internal carotid artery; ACA: anterior
cerebral artery.

Table 2: Embolization procedure and angiographic follow-up of the
TVIAs.

Characteristics Values

Embolization

Single coil embolization 13

Stent-assisted 19

Balloon-assisted 2

Stent types

Leo 7

Neuroform 4

Atlas 4

Solitaire AB 3

Lvis Jr 1

Coil types

Target 29

Axium 4

Premier 1

Clinical outcomes

Coil length (cm) 5:32 ± 3:18
Packing density (%) 41:31 ± 16:55
Immediate Rs

1 15

2 9

3 10

Follow-up Rs

1 30

2 4

Follow-up mRs

0 32

1 2

Note: Emb: coil embolization; EZ: Neuroform stent; SAB: Solitaire AB stent;
Leo: Leo & Leo baby stent; Ta: Target coil; Ax: Axium coil; Rs: Raymond
scale; mRs: modified Rankin scale.
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an average age of 60:24 ± 12:72 (ranging 32~85) years. These
patients presented SAH due to tiny intracranial aneurysms
with Hunt-Hess grade I in 18 cases, grade II in 11 cases,
and grade III in 3 cases. These aneurysms were predomi-
nately located in AcoA (13 cases), MCA (8 cases), and poste-
rior communicating artery (PcoA) (6 cases), accounting for
79.4% of the TVIAs. As calculated by the AngioSuite software,
the average diameter and volume of the aneurysms were
2.95mm (1.76~5.0mm) and 7.16mm3 (1.6~13.82mm3),
respectively. 21 (61.8%) aneurysms had diameter below
3mm (Table 1).

3.2. Treatment Efficacy. For the treatment of intracranial
aneurysms, 13 of them were managed with single coil embo-
lization, 19 with stent-assisted embolization, and 2 with
balloon-assisted embolization. The average length of coils
was 5:12 ± 3:18 (1~12) cm, and packing density was 41:31
± 16:55 (17~72) %. One case of stent thrombosis occurred
during the procedures, and it was replaced with another Atlas
stent. An aneurysm ruptured during the operation, and it was
embolized with coil. All other aneurysms were treated suc-
cessfully. Complete occlusion was achieved in 15 patients
(46.2%), while 9 (30.8%) and 11 (23.1%) patients achieved

near-complete occlusion and incomplete occlusion, respec-
tively (Table 2).

3.3. Angiographic Follow-Up. All patients were followed up
six months postoperatively; complete occlusion was achieved
in 30 (88.2%) of 34 aneurysms and near-complete occlusion
was achieved in 4 (11.8%) aneurysms. 33 of the aneurysms
had decreased Rs grade compared to immediately postopera-
tive outcome, and one aneurysm had no change in Rs grad-
ing. At six months of follow-up, 31 (93.9%) of the patients
had no neurological complications as mRs scoring 0, and
the remaining two patients (aged over 80 years) had mild
symptoms but no functional deficiencies with mRs scoring
1 (Table 2). No migration of stents or coils occurred at
follow-up compared with immediate position after emboliza-
tion. None of the aneurysms showed recanalization requiring
additional treatment. The case presentation of case 6
(supplementary table (available here)) is shown in Figure 1.

3.4. Roles of Aneurysm Volume Measurement in Guiding Coil
Embolization. We further explored the correlation between
volumes of aneurysms and coil length used during emboliza-
tion by Pearson analysis. The results showed that baseline

(a)

3F58Y
5E
/05/09

(b) (c) (d)

Occlusion method: coiling 

Aneurysm neck: 1.5mm
Aneurysm dome: 2.2mm

Aneurysm volume: 10.47mm3

Packing density: 29%
Treated with 2 implants:

Stryker target 360 ultra 2×3
Stryker target 360 ultra 2×3

 Dome neck ratio: 1.5

1.
2.

Slide s1: preop working view 
preop working view 

(e)

(f) (g) (h) (i)

Figure 1: Case presentation of patient 6, female, 58 years old. She presented with (a) SAH on noncontrast head CT and (b) a ruptured
irregular AcoA aneurysm on 3D reconstruction image of DSA. The AngioSuite software was used to configure and evaluate the volume of
aneurysm before the embolization procedure (c–e). Based on the AngioSuite data, embolization with 2 coils (two targets 2-3mm) could
achieve sufficient immediate occlusion (Raymond 2) (f, g). Sparse coils showed on nonsubtracted image (h). Six-month follow-up showed
a complete occlusion (Raymond 1) (i).
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volumes (calculated by the AngioSuite software) and diame-
ters of TVIAs were significantly correlated with the coil
length used during embolization (r = 0:801 and P < 0:001
and r = 0:711 and P < 0:001, respectively), indicating that
aneurysmal volume as determined by AngioSuite was a pref-
erable parameter in guiding the coil embolization procedure.
In addition, no significant correlations were shown between
volume or diameter and packing density of the aneurysms
(r = −0:163, P = 0:363; r = 0:099, P = 0:585) (Figure 2).

4. Discussion

With the wide application of 3D rotational angiography,
small and tiny aneurysms have been diagnosed more fre-
quently. Tiny aneurysms have been expected to have a high
rate of ruptures up to 15% [12, 13]. Unfortunately, no specific
recommendations for treating TVIAs are available up to date
[2]. In recent years, coil embolization with the assistance of
stent or balloon offers a reliable and safe strategy for the
treatment of tiny aneurysms with the advancement of endo-
vascular techniques. However, TVIA embolization has
higher risk of procedural complications than other intracra-
nial aneurysms mainly due to excessive coils with limited
space to obtain a stable microcatheter position for coil
deployment [14]. Meanwhile, an optimal packing density
during endovascular treatment is necessary for preventing

coil compaction and improving prognosis of these patients.
In this study, we used the AngioSuite software to calculate
the TVIA volume and the required coil length to ensure suf-
ficient packing density. The AngioSuite-based volume esti-
mation provides efficient assistance for assessing the
required coil length and packing density, in turn reducing
the rupture during embolization and recurrence of TVIAs
in the follow-up.

The volume of intracranial aneurysm is a very important
parameter for endovascular treatment planning and emboli-
zation course, especially for those irregular cystic lesions. An
inaccurate measurement in a millimeter level may cause
higher risk of rupture of TVIAs and secondary misuse of
expensive endovascular devices [10]. Currently, the accurate
calculation of aneurysm volume remains a challenge. Wood-
ward and Forsberg concluded that volume calculation based
on 3D images was greatly affected by identification of thresh-
old windows dependent on the operator, while 2D image-
based volume calculations can be adversely influenced by
lacking reliable markers, irregular aneurysm shapes, and
overly simplistic spherical or elliptical geometric models
[9]. Therefore, how to size the intracranial aneurysm has
been disputed and discussed over the past years. A study by
Behme et al. reported that the most exact aneurysmmeasure-
ment can be achieved on a 2D DSA image with a short
objective-to-detector distance adjusted according to a
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Figure 2: Correlation analyses between aneurysm volume or diameter and length of coils or packing density of coils during embolization.
Scatter plots of (a) volume of TVIAs against coil length, (b) diameter of TVIAs vs. coil length, (c) volume of TVIAs vs. packing density,
and (d) diameter of TVIAs vs. packing density.
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previous 3D run [11]. Meanwhile, the AngioSuite software is
proposed to be an accurate method to calculate aneurysm
volumes in comparison with AngioCalc or other specialized
software based on rotational angiography [9, 10]. The Angio-
Suite mathematical system runs based on bidimensional
angiographic images. In this study, we used the AngioSuite
software to calculate TVIAs’ volume and the required length
of coil that reached sufficient packing density. The coil length
has more prominent influence on the packing density for
TVIAs than for the large or giant IAs. Currently, most of
the coil lengths are measured in centimeters, and an increase
of 1 cm in coil length leads to obvious increase in packing
density for TVIAs, while it may have no notable effect on
an aneurysm with a diameter over 5mm.

Most authors believe that increased packing densities
result in lower compaction and decreased aneurysmal recur-
rence. Piotin et al. [15] noted a 44.4% recurrence rate in
aneurysms with packing densities ≤ 25% and 29.8% in pack-
ing densities > 25%. Sluzewski et al. [16] showed that aneu-
rysms packed to >24% did not show compaction at 6
months of follow-up. However, “the more the better” would
not be always right in the embolization procedure. Intrapro-
cedural rupture is a fearful complication in the endovascular
treatment of TVIAs [17–19]. Nguyen et al. [17] found that
endovascular coil embolization of very small (≤3mm) rup-
tured cerebral aneurysms is 5 times more likely to result in
procedure-related rupture compared with larger aneurysms.
The smaller size of the aneurysm sac limits the movement
of the microcatheter; thus, any unexpected movement during
catheter positioning or coil deployment can result in rupture
of the aneurysm sac [14]. Endovascular devices such as coils
or stents may be oversized, which confer a higher rupture
risk. Tiny volume is liable to reach sufficient packing density
even when fewer coils are used. Chen et al. [20] found that
aneurysmal size was an independent influencing factor for
immediate angiographic outcome after embolization in
patients with TVIAs. A study by Maeda et al. [21] suggested
that the length of all coils should not be longer than 10 cm in
the embolization of TVIAs in terms of safety. Lu et al. [22]
believed that complete coil occlusion of the aneurysm sac
was not necessary to achieve better long-term outcomes.
We currently consider that >30% is a sufficient packing den-
sity for the embolization and approximate length of coils
should be selected according to the data of AngioSuite. An
acceptable immediate occlusion (Rs 1 and Rs 2) rate
(70.6%) was obtained by a 5.32 cm average length of coils
and 41.31% packing density in our series. We also found that
there is a significant linear correlation between the length of
coils and the volume of aneurysms.

In this study, we used the AngioSuite software before the
procedure aiming to minimize the use of coils and increase
the safety during the operations. Meanwhile, stent deploy-
ment enhanced the flow diverting and further reduced the
use of coil. For case 11 (supplementary table (available here)),
only 2 cm coil was used and the rupture risk of the aneurysm
during embolization potentially decreased, while the resul-
tant thrombotic complications could be efficiently treated
with new antiplatelet drugs. Although fewer coils could
reduce the risks of rupture during embolization, tiny volume

is still an adverse factor for coil stabilization. Assistant
devices such as high elasticity balloon and stent are needed
sometimes. The placement of a balloon at the side of the
aneurysm neck to stop haemorrhage has been advocated;
however, the use of additional adjunctive devices during
treatment of very small IAs has been proposed to associate
with increased complication rates in some studies [23, 24].
Stent placement is helpful in packing coils and preventing
coil escape, even playing a role in flow diverting. Stents across
the neck of an aneurysm redirect the blood flow and decrease
intra-aneurysmal flow velocity by disturbing the inflow. The
reduced aneurysmal flow induces stasis and consequently
thrombosis of the aneurysm [25]. Tateshima et al. [26] inves-
tigated the alterations in intra-aneurysmal hemodynamics
following the placement of high-porosity open-cell stents
across the necks of aneurysms and found that the placement
of a single Neuroform stent reduced the intra-aneurysmal
flow velocity by 22%-64%. In another study, the authors
assessed the hemodynamic changes inside aneurysms
induced by the implantation of conventional stents and
found that the velocity of the jet flow entering the aneurysm
and wall shear stresses on the aneurysm were significantly
reduced by the deployment of a stent [27]. Even then, stent
placement also associated with higher thrombosis complica-
tion in the endovascular treatment of TVIAs [28]. In our case
series, more than half of the cases (19/34) underwent stent-
assisted embolization procedure and one case of in-stent
thrombosis was treated immediately. In our experience,
intravenous transfusion of tirofiban (0.005mg/kg/h) was pre-
scribed before stent deployment and continued for 24 hours,
and then, stepwise reduced doses were recommended until
dual oral antiplatelet regimens (aspirin 100mg and clopido-
grel 75mg per day) were given at least 3 times. In a study
byWu et al. [13], the patients with ruptured TVIAs were pre-
scribed with dual antiplatelet therapy (aspirin 300mg and
clopidogrel 300mg) 2 hours prior to the Lvis stent-assisted
embolization, which also achieved safe outcomes. However,
some cases with high grade of Fisher scale or with intracra-
nial hematoma who had high possibility of surgery would
not be indicated for stenting.

5. Conclusions

Embolization was reliable to achieve a high packing density
and occlusion rate in treating TVIAs. According to the data
from AngioSuite, relative few coils can increase the safety in
procedure. For those patients with mild TVIAs, stent-
assisted coil may be a helpful option to reduce the risk of
aneurysm recurrence.
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Objective. Many intracranial aneurysms often have branch arteries, and it is especially important to protect them during
embolization. The purpose of the present study was to evaluate the curative effect and safety of the “stilted building” technique.
Methods. 25 patients with intracranial aneurysms with branch arteries that have been treated by coil embolization with the
“stilted building” technique were retrospectively reviewed. Clinical follow-up was performed after endovascular treatment.
Results. All 25 patients successfully underwent aneurysm embolization. During the operation, the ruptured sac and most of the
body of the aneurysm were embolized using the “stilted building” technique. Immediate imaging showed that the blood flow to
the branch arteries from the neck or sidewall of the aneurysm was unobstructed. The mRS scores of the 25 patients during the
follow-up period were mRS 0 for twenty-one patients, mRS 1 for three patients, and mRS 6 for one patient. No aneurysms
recurred among the patients who completed the follow-up. Conclusions. In an aneurysm with a branch artery, when a balloon or
stent cannot be effectively used to protect the branch artery, the use of “stilted building” embolization can achieve good
therapeutic effects, and the short-term follow-up results are satisfactory; the technique can effectively protect branch arteries
originating from aneurysms.

1. Introduction

Endovascular therapy is one of the main treatment methods
for intracranial aneurysms. Coil embolization is widely used
for ruptured and unruptured aneurysms and is capable of rel-
atively high efficacy and safety [1–3]. Many aneurysms often
have branch arteries, [4] and it is especially important to pro-
tect them during embolization. However, the protection of
these arteries during aneurysm embolization is difficult [4–
6] when the branch artery originates from the neck or the
sidewall of the aneurysm and cannot be effectively protected
by the balloon or stent. From June 2010 to June 2020, Beijing
Chaoyang Hospital and Beijing Tiantan Hospital Affiliated
with Capital Medical University received 25 patients with
intracranial aneurysms involving branch arteries that were
treated by embolization using the “stilted building” tech-
nique. The curative effect was satisfactory. The stilted build-
ings of the Chinese Tujia people feature a bamboo or

wooden structure suspended above the ground and raised
on timber stilts. The principle of the embolization technology
is similar to that of stilted buildings, so it is named the “stilted
building” technique and which was partial embolization [7].
A retrospective report and our technical experience are
described below.

2. Materials and Methods

This is a retrospective study. From June 2010 to June 2020, a
total of 25 patients with intracranial aneurysms with branch
arteries were treated by coil embolization with the “stilted
building” technique. The patient cohort included 7 males
and 18 females aged 35 to 84 years, with a mean age of 63:5
± 11:1 years. Eighteen patients had a spontaneous subarach-
noid hemorrhage, nine with Hunt & Hess grade I, four with
grade II, and five with grade III; the remaining 7 patients
had no obvious symptoms, and their aneurysms were found
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during physical examination. The diagnosis was confirmed
by plain head CT scan and digital subtraction angiography
(DSA). Twelve patients were embolized with the “stilted
building” technique alone, 11 with the “stilted building” tech-
nique combined with stent-assisted embolization, and 2 with
the “stilted building” technique combined with balloon-
assisted embolization.

2.1. Technical Details of the “Stilted Building” Technique. All
aneurysm embolization procedures were performed by two
interventional neurosurgeons and one interventional neuro-
radiologist. For patients with ruptured aneurysms undergo-
ing emergency surgery, if stent-assisted embolization was
required, tirofiban was administered by intravenous infusion
before the stent was released. The initial dose was 10μg/kg,
which was completely delivered within 3 minutes. Then, tir-
ofiban was infused intravenously at a rate of 0.15μg/kg/min.
After the operation, tirofiban was instilled at a maintenance
dose for 24 hours. Patients with indwelling stents were rou-
tinely given aspirin 100mg/day and clopidogrel 75mg/day
after surgery for 3 months. Patients undergoing elective sur-
gery were prescribed aspirin 100mg/day and clopidogrel 75
mg/day at least 5 days before their operation. After the oper-
ation, they continued to receive dual antiplatelet therapy
(aspirin 100mg/day and clopidogrel 75mg/day) for 3
months and long-term administration of aspirin after 3
months. If a stent was not used, the patients were given aspi-
rin 100mg/day for 1 month. All treatments were performed
under general anesthesia and systemic heparinization, with
an activated clotting time of approximately 250-300 seconds.
An arterial sheath was inserted into the femoral artery using
Seldinger’s technique, and a 6F or 8F guiding catheter
(Envoy, Codman Neurovascular, USA) was positioned into
the extracranial segment of the internal carotid artery. A
microcatheter, such as a Headway 17 (MicroVention-Ter-
umo, Tustin, CA, USA) or an Echelon 10 (Medtronic, Min-
neapolis, MN, USA), was placed in an appropriate position
relative to the aneurysm through the guiding catheter. The
aneurysm was embolized by using the “stilted building” tech-
nique alone or after placement of a Hyperglide occluded bal-
loon catheter (Medtronic) or Rebar stent catheter
(Medtronic) into the target artery as required. The principle
of this technique is similar to that of the Tujia stilted build-
ings supported by timber stilts (Figure 1(a)). First, a larger
diameter coil that is slightly larger than the diameter of the
aneurysm was chosen to form a stable internal frame to sup-
port the sidewall of the aneurysm and the wall of the branch
artery, resembling the pillars of the “stilted building” and
providing a strong support point for the aneurysm to later
be filled with coils (Figure 1(d)). After completing the prelim-
inary frame which still contained substantial coil-free dead
space due to the use of large-diameter coils, leaving much
of the aneurysmal space unembolized, the aneurysm was
then filled with additional smaller coils (Figure 1(e)). By
changing the position of the microcatheter tube head and
selecting coils of different properties and diameters, the dis-
tribution of the coils can be adjusted to form the building
body of the “stilted building”, avoiding the area where the
branch artery originates from the aneurysm (Figure 1). In

addition, according to the type of aneurysm neck, an appro-
priate balloon or stent can be selected to form a more stable
frame structure or to protect other branches.

2.2. Angiographic Evaluation. The location of the aneurysm
was defined at the origin of the neck. The angiographic out-
come was evaluated according to the Raymond classification
[8, 9] immediately after the operation and at follow-up.
Angiographic recurrence was defined as any worsening of
the Raymond classification or enlargement of the residual
aneurysm. By comparing the follow-up and intraoperative
blood flow in the relevant arteries, the protective effects on
the branches were evaluated. The follow-up period was
defined as the number of postoperative months to recurrence
or the latest angiogram. When performing DSA during the
operation and the postoperative follow-up, a PHILIPS Allura
Xper FD20 (Philips Healthcare, Best, the Netherlands) was
used. The size of the aneurysm was measured with recon-
structed 3D images by using an Allura 3D-RA workstation
(Philips Healthcare, Best, the Netherlands).

2.3. Clinical Assessment. Clinical outpatient follow-up was
performed at approximately six months and annually after
treatment, and each patient was evaluated by the modified
Rankin Scale (mRS) [10]. If possible, follow-up imaging with
DSA, MRA, or CTA was performed. Perioperative complica-
tions were defined as any new neurologic deficits, serious
adverse events extending hospitalization, or death occurring
within 30 days after the operation.

3. Results

All 25 patients successfully underwent aneurysm emboliza-
tion (Table 1). Of these, 9 aneurysms were located on the
posterior communicating segment of the internal carotid
artery (ICA), 11 aneurysms were located on the middle cere-
bral artery (MCA), 4 aneurysms were located on the anterior
communication artery (AcomA), and 1 aneurysm was
located on the basilar artery (BA). Furthermore, 12 aneu-
rysms were located on the sidewall of the parent artery, and
13 were located at the artery bifurcation. During the opera-
tion, the ruptured sac and most of the body of the aneurysm
were embolized using the “stilted building” technique.
Immediate imaging showed that the blood flow to the branch
arteries from the neck or sidewall of the aneurysm was unob-
structed. The mRS scores of the 25 patients during the
follow-up period were mRS 0 for twenty-one patients, mRS
1 for three patients, and mRS 6 for one patient. The DSA
follow-up time was 0.5-12 months, with an average of 6:4 ±
3:0 months, and the follow-up rate was 36%. No aneurysms
recurred among the patients who completed the follow-up.
The branch arteries of 24 patients had normal blood flow
and demonstrated no significant changes, while 1 patient
showed related arterial blood flow restriction. Three patients
(12%) were considered to have perioperative complications,
all of which were related to ischemic perforator arteries.
One patient, with an aneurysm at the bifurcation of the right
MCA, developed right-sided facial paralysis and left limb
weakness two weeks after surgery. MRI-DWI showed fresh
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infarction of the hind limb of the right internal capsule, no
clear arterial occlusion, and blood flow restriction on DSA
review. A second patient, with a left posterior communicating
aneurysm, showed decreased right limb muscle strength and
reduced consciousness on the first postoperative day. Emer-
gency reexamination of the brain CT showed no significant
increase in hemorrhage or new infarcts. The patient’s state
gradually recovered after enhanced fluid perfusion. Consider-
ing possible small embolus shedding and vasospasm, the
patient’s consciousness was clear at the time of discharge,
and the right limb muscle strength was grade 4. The last
patient, with a left posterior communicating aneurysm, devel-
oped blurred vision and hemianopia on the right side but had
normal limb movement 2 weeks after surgery. Reexamination
of the brain CT showed left occipital lobe infarction, and DSA
showed that the blood flow of the left posterior communicat-
ing artery was restricted. Additionally, two patients had
nonsurgery-related complications. One patient, with an aneu-
rysm of the sidewall of the M1 segment of the right MCA,
developed communicating hydrocephalus 12 months after
surgery and underwent a lumbar cisternal-abdominal shunt-
ing. The second patient, with a right posterior communicating
aneurysm, died of postoperative ventricular fibrillation.

3.1. Illustrative Cases

3.1.1. Patient 1. A 66-year-old woman presented with a
symptomatic aneurysm of the posterior communicating seg-
ment of the right ICA. Head CT showed subarachnoid and

intraventricular hemorrhage. DSA examination revealed that
a right posterior communicating ruptured aneurysm mea-
suring approximately 10mm × 7mm, with a neck width
measuring approximately 7mm, and the embryonic poste-
rior cerebral artery originated from the neck of the aneurysm
(Figures 2(a)–2(c)). The patient underwent intracranial
aneurysm embolization under general anesthesia. First,
assisted by a supersmooth guidewire, a 6F guiding catheter
was indwelled into the extracranial segment of the ICA; the
Headway 17 microcatheter and the Echelon 10 microcatheter
were placed within the aneurysm with assistance from the
microguidewire through the guiding catheter. The microgui-
dewire was withdrawn. Then, the first coil, with a slightly
larger diameter (9mm × 24 cm) than the aneurysm, was fed
through the Headway 17 microcatheter. A few rings were
inserted into the posterior communicating artery to form a
stable support frame (Figure 2(d)). Angiography showed that
the lumen of the ICA and the posterior communicating
artery was unobstructed. The coil was then released. Finally,
a 4mm × 10 cm MicroPlex Coil System (MicroVention-Ter-
umo, Tustin, CA, USA) and 4mm × 12 cm and 4mm × 10
cm Jasper coils (Peijia Medical, Suzhou, Jiangsu, China) were
continuously fed through the Echelon 10 microcatheter.
Angiography showed that the ruptured sac was embolized
(Figure 2(e)). The aneurysm continued to be filled with 6
mm × 15 cm, 4mm × 6 cm, 4mm × 6 cm, 5mm × 15 cm,
and 4mm × 10 cm Jasper coils (Peijia Medical) through the
Headway 17 microcatheter (Figure 2(f)). Immediate angiog-
raphy showed that the ruptured sac of the aneurysm and the

(a) (b) (c)

(d) (e)

Figure 1: Technical details of the “stilted building” technique. (a) The stilted buildings of the Chinese Tujia people feature a bamboo or
wooden structure suspended above the ground and raised on timber stilts (arrow). (b) A branch originates from the neck of the aneurysm
(arrow), and its blood flow direction is at an acute angle with the parent artery. It is difficult to protect it with a balloon or stent during
the embolization of the aneurysm. (c) The aneurysm is embolized by using the “stilted building” technique; first, a double microcatheter is
placed in the appropriate part of the aneurysm. (d) A coil with a diameter slightly larger than the aneurysm is used to form a support
frame within the aneurysm, allowing several rings to enter the branch artery to play a supporting role (arrow). (e) The ruptured sac and
body continue to be embolized with the supporting frame, avoiding the branch artery. The presence of the supporting frame allows
subsequent coils to be held in a suitable position without entering the branch artery. The pillars of the “stilted building” are indicated by
the solid ellipse, and the body of the “stilted building” is shown by the dotted ellipse.
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Table 1: Patient, aneurysm, procedure, and follow-up data.

Stilted building
technique

Stilted building
technique +SAC

Stilted building
technique +BAC

Total

General

Sex

Men 3 3 1 7

Women 9 8 1 18

Age (years) 66:2 ± 10:5 62:2 ± 8:2 55 ± 20 64 ± 11
Aneurysm characteristics

Aneurysm location

AcomA 4 0 0 4

MCA 3 7 1 11

PcomA 5 3 1 9

BA 0 1 0 1

Relationship with the parent
artery

Sidewall 6 5 1 12

Bifurcation 6 6 1 13

Aneurysm size (mm) 5:4 × 4:9 6:9 × 5:9 10:1 × 8:8 6:6 × 5:8
Rupture status

Ruptured 9 7 2 18

Unruptured 3 4 0 7

Branch/origin

A2/aneurysm neck 4 0 0 4

/aneurysm sidewall 0 0 0 0

M2/aneurysm neck 2 5 1 8

/aneurysm sidewall 0 2 0 2

PcomA/aneurysm neck 2 2 1 5

/aneurysm sidewall 3 1 0 4

Others

Subsidiary MCA 1 1

Pericallosal artery 1 1

PCA, SCA 1 1

Central sulcus artery 1 1

Follow-up

Perioperative
complications

Hemorrhage 0 0 0 0

Ischemia 1 2 0 3

Others 0 0 0 0

DSA

Follow-up rate 8% 64% 100% 36%

Average time (month) 7 7.1 6.5 6.4

Outcome

One patient had limited blood
flow in the left posterior

communicating artery; the remaining
patients had no

recurrence and the branches
were unobstructed

No recurrence and
the branches were
unobstructed

No recurrence and the
branches were
unobstructed

mRS

0 11 8 2 21

1 1 2 0 3
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aneurysm body were embolized. The lumen of the communi-
cating artery was unobstructed (Figure 2(g)). Head CT was
reviewed after the operation, and no new bleeding was seen.
Seven months after discharge, the mRS score was 0. Follow-
up DSA showed no recurrence of the aneurysm, and the
lumen of the posterior communicating artery was unob-
structed (Figures 2(h) and 2(i)).

3.1.2. Patient 2. A 55-year-old man presented with a symp-
tomatic aneurysm of the M1 segment of the right MCA. Head
CT showed subarachnoid hemorrhage. DSA examination
revealed a ruptured aneurysm of the M1 segment of the right
MCA measuring 7:5mm× 5:4mm, with a neck width mea-
suring approximately 5.7mm, branch arteries originating
from the body of the aneurysm supplying blood to the cortex,
and the ruptured sac located at the bottom of the aneurysm.
The other branch artery originated from the opposite wall of
the parent artery. First, after placing the stent microcatheter
and embolization microcatheter, multiple smaller coils were
inserted through the Headway 17 catheter to embolize the
ruptured sac (Figure 3(a)), and then, the distal half of the
aneurysm was embolized. Then, a larger coil was selected to
embolize approximately all of the remaining half to form a
frame to support the sidewall of the aneurysm, and a few rings
were entered into the branch artery from the aneurysm body
to form the stable support (Figure 3(b), arrow). A 4 × 20mm
Solitaire stent (Medtronic) was placed to protect the neck
and the large branch arteries from the opposite wall of the par-
ent artery. With the support of the frame formed by the larger
coil, the aneurysm continued to be filled with the coil, avoiding
the branch from the body of the aneurysm (Figure 3(c)).
Immediate DSA showed that the ruptured sac and body of
the aneurysm were embolized, and the lumen of the branch
artery from the body of the aneurysm was unobstructed
(Figure 3(d)). The patient was reexamined 5 months after
the operation. The mRS score was 0. Follow-up DSA showed
that the aneurysm had not recurred, and the branch lumen
from the sidewall of the aneurysm was unobstructed
(Figure 3(e)). The patient had no complications.

4. Discussion

Endovascular aneurysm treatment includes coil emboliza-
tion, balloon-assisted coil embolization, stent-assisted coil

embolization, flow diverters, and intrasaccular flow dis-
rupters. [11–14] In recent years, the technology for perform-
ing endovascular treatment of intracranial aneurysms has
made great progress. The wider application of occlusion bal-
loon- and stent-assisted embolization technology has greatly
improved success in protecting branching arteries when
embolizing aneurysms [15–19]. When the branch artery
originates from the sidewall of the aneurysm and is very close
to the aneurysm neck, an occlusion balloon or stent can pro-
tect the branch artery. However, when the angle between the
branch artery of the aneurysm and the parent artery is less
than 90° or when the diameter of the branch artery is small
(<1mm), it is difficult to release a stent and to ensure that
the stent is completely inserted and fully open. In these cases,
the use of the “stilted building” technique is very effective.

In the “stilted building” technique, the first set of larger
coils form a frame in the aneurysm cavity, and one or two
rings from the coils protrude into the branch artery to protect
it and act as a support structure. The first set of coils can refer
to the first coil alone or a group of coils; for aneurysms with
necks that are too wide or extremely irregular in shape, the
formation of a stable and uniform frame may require multi-
ple coils with the help of multimicrocatheter technology. The
main purpose of the “stilted building” technique is to pallia-
tively or radically embolize the aneurysm while protecting
the branch arteries adjacent to the aneurysm. The first set
of slightly larger coils supports the wall of the branch artery
and the wall of the aneurysm to stabilize the overall structure
and form the pillars of the “stilted building.” The subsequent
coils focus on embolizing any ruptured sacs and the aneu-
rysm body while avoiding the branch arteries, that is, the
“body” of the “stilted building.” The main points of the
“stilted building” technique are as follows: First, the forma-
tion of a support frame, that is, from the frame attached to
the wall of the aneurysm cavity, one or two rings from the
coils (the pillars of the “stilted building”) are allowed to enter
the branch artery to protect it and provide support. The sup-
port point is located at the bifurcation of the artery at the
neck of the aneurysm or within the branch itself. The idea
of “support” means that the rings of the coil protruding into
the branch artery should have a sufficient area to adhere to
the artery wall rather than float within the artery cavity; then,
given the support and restrictiveness of the frame coil, subse-
quent coils can be held within the aneurysm cavity (the body

Table 1: Continued.

Stilted building
technique

Stilted building
technique +SAC

Stilted building
technique +BAC

Total

2 0 0 0 0

3 0 0 0 0

4 0 0 0 0

5 0 0 0 0

6 0
1(death from ventricular

fibrillation)
0 1

Total 12 11 2 25
∗AcomA: anterior communication artery; MCA: middle cerebral artery; PcomA: posterior communication artery; BA: basilar artery; PCA: posterior cerebral
artery; SCA: superior cerebellar artery.
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of the “stilted building”) and are in no danger of entering into
the supported artery. In most cases, the “stilted building”
technique requires a combination of dual microcatheter, bal-
loon, or stent assistive technology. When using dual micro-
catheter technology, one microcatheter is mainly used to
form the supporting frame, and the other is mainly used to
fill the aneurysm cavity. Balloons or stents are generally used
to protect the main trunk or a branch of the parent artery,
and an additional branch is protected by the “stilted build-
ing” technique.

A total of 12 patients in this group had aneurysms located
on the sidewall of the parent artery. It was difficult for the

microcatheter to enter the branch artery due to the angle.
Furthermore, the diameter of some of the branch arteries
was very small, making it difficult to release the stent and
for balloons to protect the branch arteries. In this way, the
first set of coils, which were relatively larger than the diame-
ter of the aneurysm, were leveraged to support the branch
artery wall and the aneurysm wall to form a frame, and the
distribution of the subsequent coils was then adjusted to con-
tinue embolizing the aneurysm body. In some cases, the
aneurysm embolization procedures were Class III according
to the Raymond classification [8, 9]. However, since the
residual aneurysm has a branch artery, a shunting effect for

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 2: Cerebral angiography of the patient 1. (a–c) DSA examination revealed that a right posterior communicating ruptured aneurysm
and the embryonic posterior cerebral artery originated from the neck of the aneurysm. (d) The first coil forms a stable support frame, and a
few rings entered the posterior communicating artery to provide support (the pillars of the “stilted building”) (arrow). (e) The aneurysm
continues to be embolized, and angiography shows that the ruptured sac is densely embolized (arrow). (f) To embolize the aneurysm
body, the detaining effect of the frame was leveraged to adjust the position of the coils and avoiding the branch artery (body of the “stilted
building”) (arrow). (g) Immediate angiography shows that the ruptured sac and body of the aneurysm are embolized. The lumen of the
communicating artery is unobstructed (arrow). (h, i) Seven months after interventional surgery, follow-up DSA shows no recurrence of
the aneurysm, and the lumen of the posterior communicating artery is unobstructed (arrow).
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the blood flow was generated that could reduce the impact of
the pressure of the blood flow on the remaining wall of the
aneurysm, reducing the possibility of aneurysm recurrence
in the residual. There does remain a possibility of recurrence;
however, so closer angiographic follow-up is required. The
short-term follow-up results in this group were satisfactory,
but the DSA follow-up rate was relatively low. In the remain-
ing 13 patients in this group, the aneurysm was located at the
bifurcation of the parent artery, and most branch arteries
originated from the neck of the aneurysm. There are many
treatment methods for this type of aneurysm, including clip-
ping, stent-assisted embolization, and balloon protection
embolization; if the diameter of the artery lumen is suffi-
ciently large, the branch artery can also be protected by
inserting a single stent or a “Y” stent [20–22]. However,
because these patients were older and in the acute stage of
aneurysm rupture, we chose the “stilted building” technique
to embolize the aneurysm. DSA follow-up showed that the
embolization structure was very stable, and the branch arter-
ies involved in the aneurysm had good patency.

When using the “stilted building” technique, a small part
of the coils will be distributed near the beginning of the branch
artery, which may affect the blood flow to that artery. How-
ever, the coverage of the metal coils is theoretically lower than
that of the stent. The probability of the stent affecting the
blood flow of the branch arteries that it covers is very low,

and even LVIS stents, with their greater metal coverage, are
relatively safe [23, 24]. Therefore, we can infer that the “stilted
building” technique has only a limited effect on the blood flow
of the branch artery. Additionally, the DSA follow-up results
in this group also confirmed that the coil structure was stable
and that the blood flow of the branch arteries did not change
significantly. Furthermore, if the aneurysm was wide necked,
the “stilted building” technique had to be combined with
stent-assisted embolization. Considering that the stent may
affect the blood flow of the branch arteries, we used the Soli-
taire stent with a larger mesh; even if the blood flow to the
branch arteries is affected later, it would buy time for vascular
compensation. Eleven patients underwent stent-assisted
embolization for their aneurysms using the “stilted building”
technique. Among the patients followed up by DSA, these
aneurysms did not recur. When using this technique, throm-
boembolic complications may occur. Routine heparinization
during surgery and the use of dual antiplatelet drugs after sur-
gery reduced the risk of thrombosis. Because the ruptured sac
of the aneurysm and most of the aneurysm body were embo-
lized, the probability of rebleeding from the aneurysmwas the-
oretically very low. In this group of 25 patients, no rebleeding
occurred in the short-term outpatient follow-up after the
operation. However, the sample size was small, and the
follow-up rate for DSA was relatively low. Further follow-up
is needed to assess the long-term efficacy.

(a) (b) (c)

(d) (e)

Figure 3: Cerebral angiography of the patient 2. (a) Embolization of the ruptured sac (arrow). (b) A few rings enter the branch artery to form
stable support (pillars of the “stilted building”) (arrow). (c) The aneurysm continues to be filled with the coil, avoiding the branch from the
body of the aneurysm (body of the “stilted building”) (arrow). (d) Immediate angiography shows that the ruptured sac and body of the
aneurysm are embolized (Class IIIa [9]), and the lumen of the branch artery from the body of the aneurysm is unobstructed (arrow). (e)
Five months after interventional surgery, follow-up DSA shows that the aneurysm had not recurred, and the branch lumen from the body
of the aneurysm is unobstructed (arrow).
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5. Conclusions

In an aneurysm with a branch artery, when a balloon or stent
cannot be effectively used to protect the branch artery, the
use of “stilted building” embolization can achieve good ther-
apeutic effects, and the short-term follow-up results are satis-
factory; the technique can effectively protect branch arteries
originating from aneurysms.
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Objective. To evaluate the safety and efficacy of surgical ligation and endovascular embolization for the treatment of type II
congenital extrahepatic portosystemic shunt (CEPS). Methods. In this retrospective study, 23 patients diagnosed with type II
CEPS between March 2011 and April 2019 were divided into either a surgical group (n = 13; 41:5 ± 19:9 years) or the
interventional group (n = 10; 44:9 ± 19:7 years). The surgical group underwent laparoscopic surgical ligation of the shunt alone
or ligation of the shunt and splenic artery and/or vein. The interventional group underwent endovascular embolization using
microcoils, detachable coils, and vascular plug. Results. All 23 patients received a one-step shunt closure, and their clinical
symptoms were significantly improved within 3-month postprocedure and without recurrence during follow-up. The serum
ammonia levels in both groups decreased after the procedure and dropped to normal level at 6- to 12-month postprocedure.
Compared with baseline, the portal vein diameter in interventional group increased significantly at 3-, 6-, 12-, and 36-month
postocclusion (P = 0:01 for all). The procedure time was shorter in the interventional group (127:0 ± 43:2 minutes) than the
surgical group (219:8 ± 56:7 minutes; P < 0:001). The intraoperative blood loss in the interventional group (32:0 ± 62:5mL) was
less than that in the surgical group (238:5 ± 396:9mL; P = 0:001). Conclusion. Both surgical ligation and endovascular
embolization are effective in the treatment of type II CEPS. Endovascular embolization has the advantages of shorter procedure
time and less intraoperative blood loss. The ligation of the portosystemic shunt and splenic artery and vein is feasible with
apparent safety, and it could avoid a second surgical treatment.

1. Introduction

A congenital extrahepatic portosystemic shunt (CEPS), also
known as an Abernethy malformation, is classified based
on the extent of intact hypoplastic portal veins. Type I CEPS
is characterized by an end-to-side portocaval shunt and the
absence of intrahepatic portal vein branches, while type II
CEPS has some hypoplastic intrahepatic portal veins pre-
served with a side-to-side portocaval shunt diverting the por-
tal vein blood to the inferior vena cava (IVC) [1–3]. Although

CEPS is a rare clinical disease with less than 400 cases
reported, it may develop severe complications, such as
hepatic encephalopathy, pulmonary arterial hypertension,
hepatopulmonary syndrome, or nodular liver lesions, among
others [4].

To date, most of the published articles regarding CEPS
are case reports, with a few small-sample clinical studies.
Therefore, no consensus is achieved in the treatment of CEPS
[4]. The recommended strategies for asymptomatic patients
with CEPS are keeping them under careful observation or
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prophylactic interventional therapy [4]. Medical treatment is
primarily used to improve symptoms caused by CEPS or its
complications. While liver transplantation is the only cura-
tive treatment for type I CEPS, shunt occlusion by surgical
ligation or endovascular embolization is the most common
treatment for type II CEPS. The use of shunt occlusion
depends on the expertise of local surgeons and the length
and caliber of the shunts; however, a comparison of the two
occlusion modalities in the management of type II CEPS
has not been reported. We therefore retrospectively com-
pared the safety and efficacy of surgical ligation and endovas-
cular embolization in the treatment of type II CEPS from two
medical centers.

2. Materials and Methods

2.1. Study Design and Patient Population. This was a retro-
spective clinical study performed at two medical centers in
accordance with the Declaration of Helsinki and approved
by the respective institutional review boards. All patients
provided written informed consent prior to treatment. All
patients in this study have not been reported.

This retrospective study included consecutive patients
diagnosed with CEPS through abdominal ultrasound, com-
puted tomographic angiography (CTA), and/or magnetic
resonance imaging (MRI) between March 2011 and April
2019 in two hospitals. Study patient selection was performed

in conjunction with radiologists, hepatobiliary surgeons, and
interventional radiologists. Patients diagnosed with type II
CEPS who presented with one malformation and at least
one apparent CEPS manifestation or complication, including
hepatic encephalopathy, gastrointestinal bleeding, pulmo-
nary hypertension, hepatic myelopathy, hepatopulmonary
syndrome, hepatic cirrhosis, or hepatic adenoma, were
included in the study. Patients with type I CEPS, asymptom-
atic patients, and patients with multiple malformations,
hepatocellular carcinoma, coagulopathies, active infection,
chronic renal failure, or contraindications to angiography
and surgery were excluded.

Initially, portal venography by way of systemic venous
access and traversal of the portosystemic shunt and a
15min shunt balloon occlusion test were performed. Patients
with a large and short shunt, which may have a high risk of
embolic material migration or portal venous pressure ðPVP
Þ > 25mmHg after occlusion, underwent surgical ligation
(surgical group), with all others undergoing endovascular
embolization (interventional group).

2.2. Portography and Shunt Balloon Occlusion Test. To evalu-
ate hemodynamics, measure PVP, and assess whether the
shunt vessel could be closed, portal venography and shunt
balloon occlusion test were conducted.

In general, the right femoral artery and femoral vein were
cannulated using the Seldinger technique under local

Table 1: Baseline characteristics of patients in both groups.

Characteristic Surgical group (n = 13) Interventional group (n = 10) P value

Age 40:7 ± 20:4 44:9 ± 19:7 0.68

Male 5 (38.5) 8 (80.0)

Female 8 (61.5 2 (20.0)

CEPS symptoms

Hepatic encephalopathy 6 (46.2) 5 (50.0) >0.99
Gastrointestinal bleeding 4 (30.8) 2 (20.0) 0.66

Dyspnea 1 (7.7) 0 (0) >0.99
Abdominal pain 1 (7.7) 1 (10.0) >0.99
Hepatic myelopathy 1 (7.7) 1 (10.0) >0.99
Hemoptysis 0 (0) 1 (10.0) >0.99
Fatigue 2 (15.4) 1 (10.0) >0.99

Comorbidity

Hepatic cirrhosis 10 (76.9) 5 (50.0) 0.22

Hepatic adenoma 2 (15.4) 0 (0) 0.49

Pulmonary hypertension 1 (7.7) 1 (10.0) >0.99
Hypersplenism 1 (7.7) 1 (10.0) >0.99

Location of shunt vessels

Splenorenal shunt 5 (38.5) 3 (30.0) >0.99
SMV-IVC shunt 3 (23.1) 1 (10.0) 0.60

Portal vein-IVC shunt 3 (23.1) 2 (20.0) >0.99
SMV-renal vein shunt 1 (7.7) 1 (10.0) >0.99
Portal vein-renal vein shunt 1 (7.7) 1 (10.0) >0.99
Portal vein-iliac vein shunt 0 (0) 2 (20.0) 0.18

Data are numbers of patients, with percentages in parentheses. SMV: superior mesenteric vein; IVC: inferior vena cava.
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anesthesia or a transjugular or percutaneous transhepatic
approach if the transfemoral vein approach failed. An indi-
rect portal venography was then performed via selective angi-
ography of the celiac artery, splenic artery, and superior
mesenteric artery. Next, direct venography of the inferior
mesenteric vein, splenic vein, and portal vein was performed.
Lastly, a balloon occlusion test was performed (Fogarty, Thru
Embolectomy Catheter, Edwards Lifesciences LLC, Irvine,
CA, USA; Boston Scientific, Watertown, Mass) in the infra-
hepatic segment of IVC or shunt to detect the intrahepatic
portal branches and measure PVP before and 15min after
balloon occlusion. If the shunt was suitable for endovascular
embolization and endovascular occlusion, endovascular
embolization and endovascular occlusion of the shunt were
performed at the same time.

2.3. Laparoscopic Surgical Ligation.Under general anesthesia,
a catheter was placed in the portal vein via the shunt through
the femoral vein to monitor PVP. A 12mm port for optics
was placed in the umbilical area, and three 5mm working
ports were placed in the upper abdomen, right lower abdo-
men, and right lateral abdomen, respectively.

If PVP was <25mmHg after 15min of occlusion and
without signs of intestinal wall edema and redness, the shunt
was ligated alone. If PVP was >25mmHg and/or there were
signs of intestinal wall edema and redness, the splenic artery
or splenic artery combined with splenic vein was dissected
and ligated; if PVP was <25mmHg without signs of intestinal
wall edema and redness after 15min, the splenic artery alone
or splenic artery combined with splenic vein was taped. Oth-
erwise, partial occlusion of the shunt was performed and the

Analyzed

Follow-up

Endovascular embolization
(N = 10)

Surgical ligation
(N = 13)

Yes No

Patient witha large and short shunt and/or
PVP > 25 mmHg after occlusion test 

Portography and shunt balloon occlusion test

Patients with type II CEPS

Excluded (N = 4)
— Type I CEPS (N = 1)
— Heptocellular carcinoma (N = 1)
— Missing data (N = 2)

Patients diagnosed with CEPS (N = 27)

Figure 1: The flowchart shows the study population and groups. CEPS: congenital extrahepatic portosystemic shunt; PVP: portal venous
pressure.
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Figure 2: Continued.
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shunt was completely occluded during the follow-up which
was called “two-step closure.”

2.4. Endovascular Shunt Occlusion. The selection of the
embolic materials were dependent on the length and diame-
ter of the shunt vessels. The embolization materials used were
either one or a combination of 0.018-inch pushable micro-
coils (MicroNester; Cook Medical, Bloomington, USA), a
0.018-inch detachable coil (Interlock; Boston Scientific,
Marlborough, Massachusetts, USA), and an Amplatzer vas-
cular plug (16mm, 18mm, 20mm, or 22mm AVP IIA;
Abbott Park, Illinois，USA). After selective shunt catheteriza-
tion, the microcoils and interlock coil were inserted through
a coaxial 2.7 F microcatheter (Progreat; Terumo, Tokyo,
Japan); the plug was inserted through a 6 to 10F long sheath
(Cook medical, USA). Indirect portography through SMA
was performed to detect whether there were residual shunts.

2.5. Postprocedural Treatment. To prevent portal and mesen-
teric thrombosis, 30mg of subcutaneous enoxaparin was
administered every 12h, beginning 12 h after the procedure
and throughout 7 days of in-hospital observation. Patients
were then discharged if no complications occurred, and
10mg of oral rivaroxaban was administered once daily for
30 days.

Abdominal ultrasound and contrast-enhanced CT per-
formed at 1 week and 1 month after the procedure deter-
mined whether portal vein system thrombosis had
occurred. If there was an absence of thrombosis 1 month
after the procedure, rivaroxaban was stopped.

2.6. Follow-Up and Clinical Assessment. Follow-up at 3, 6,
and 12 months after the procedure and every 12 months

thereafter included clinical status, routine blood tests, serum
ammonia, liver function, coagulation, and abdominal
contrast-enhanced CT. The diameter of the main portal vein
was measured by two radiologists independently, with the
mean value used as the final result.

The primary outcomes were defined as the improvement
of the clinical symptoms, including hepatic encephalopathy,
gastrointestinal bleeding, hepatic myelopathy, hemoptysis,
and fatigue. The secondary outcomes were defined as the
increase of portal vein diameter and the improvement of
hemoglobin, serum ammonia, and Child-Pugh scores.

2.7. Statistical Analysis. Continuous variables were recorded
asmeans ± standard deviations, and categorical data as num-
bers and percentages. All data were tested for normality using
a Shapiro-Wilk test. Differences in PVP, hemoglobin, serum
ammonia, portal vein diameter, and Child-Pugh score pre-
and postprocedure within each group were compared with
paired Student’s t-test (normally distributed) or paired Wil-
coxon rank-sum test (not normally distributed). Differences
between groups were tested using a Student t-test or Wil-
coxon rank-sum test. Differences in the main symptoms,
comorbidities, and location of shunt vessels between groups
were tested using the two-tailed Fisher exact test. P < 0:05
indicated a statistically significant difference (SPSS Statistics
for Windows, version 20.0; IBM, Armonk, NY).

3. Results

3.1. Patient Characteristics. Baseline demographic and clini-
cal data of the study patients are presented in Table 1. A total
of 27 patients were recruited; four cases were excluded due to
type I CEPS (n = 1), hepatocellular carcinoma (n = 1), and

2019-8-5

(i)

Figure 2: Images in a 3-year-old girl diagnosed with type II CEPS with hepatic encephalopathy (HE) who underwent surgical ligation due to
large portal vein-IVC shunt. (a) Virtual reality (VR) images reconstructed from computed tomographic angiography (CTA) data prior to
ligation. Anteroposterior view shows the portal vein and its branches (green), inferior vena cava (IVC) (blue), and the patent shunt
communicating portal vein and IVC (red). (b) Posteroanterior VR image shows the portal vein and its branches (green), IVC (blue), and
the portocaval shunt (red). (c) Axial CT image shows the large portal vein-IVC shunt (black arrow) and hepatic adenoma (circle)
diagnosed by biopsy. (d) Axial contrast-enhanced CT image shows hypoplastic intrahepatic portal veins (white arrow) preoperative. (e)
Indirect portal venography via the superior mesenteric artery (SMA) demonstrates venous outflow of the superior mesenteric vein (SMV)
through the shunt (black arrow) drained into IVC (curved arrow), main portal vein (white arrow), and hypoplastic intrahepatic portal
vein branches (arrowhead) which are visible. (f) Portal venography with balloon occlusion shows fine main portal vein (white arrow) and
hypoplastic intrahepatic portal vein branches (arrowhead). The portal venous pressure (PVP) is 14.7 and 16.5mmHg before and 15min
after balloon occlusion, respectively. (g) Contrast-enhanced CT images demonstrate the intrahepatic portal veins at 1 month after surgical
ligation. (h) CT scan shows the intrahepatic portal veins at 12 months after surgical ligation. (i) CT scan shows the intrahepatic portal
veins at 60 months after surgical ligation; the portal vein grows well over time.
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Figure 3: Continued.
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incomplete data (n = 2). Twenty-three patients were included
in the final analysis, 13 patients (five male, eight female; mean
age, 40:7 years ± 20:4; age range, 3-67 years) in the surgical
group and 10 patients (eight males, two females; mean age,
44:9 years ± 19:7; age range, 17-69 years) in the interven-
tional group (Figure 1).

The main manifestations of CEPS in this cohort were
hepatic encephalopathy (six in the surgical group and five
in the interventional group) and gastrointestinal bleeding
(four in the surgical group and two in the interventional
group) with no significant difference between the groups

(P > 0:99 and P = 0:66, respectively). Other manifestations
included dyspnea, abdominal pain, hepatic myelopathy,
hemoptysis, and fatigue, with no significant differences
between groups (P > 0:99 for all).

Of the 13 patients in the surgical group, 10 experienced
hepatic cirrhosis, two experienced hepatic adenoma, one
experienced pulmonary hypertension, and one experienced
hypersplenism. Similarly, of the 10 patients in the interven-
tional group, five experienced hepatic cirrhosis, one experi-
enced pulmonary hypertension, and one experienced
hypersplenism.

(h)

2019-2-8

(i)

(j) (k)

Figure 3: Images in a 54-year-old male diagnosed with type II CEPS with HE who underwent endovascular embolization. (a) Anteroposterior
VR image reconstructed from CTA data prior to occlusion shows portal vein and its fine intrahepatic branches (green), IVC (blue), and
tortuous and dilated portal vein-iliac vein shunt via the paraumbilical vein (red). (b) Sagittal VR image shows portal vein and its branches
(green) IVC (blue) and the shunt (red). (c) Sagittal maximum intensity projection at the portal venous phase demonstrates the portal vein,
IVC, and the shunt, in accordance with the VR findings. (d) Indirect portal venography via SMA demonstrates portal venous outflow
drained into a tortuous and dilated shunt (black arrow). (e) Portal venography demonstrates partial hypoplastic intrahepatic portal venous
veins (white arrow) and the communication between the portal vein and right iliac vein (dotted arrow) via the shunt (black arrow). (f)
Portal venography with balloon occlusion shows hypoplastic intrahepatic portal veins (white arrow). The PVP is 21.7 and 24.3mmHg
before and 15min after balloon occlusion, respectively. (g) The shunt was embolized with Amplatzer plug (curved arrow). (h)
Preoperative contrast-enhanced CT image demonstrates the dilated main portal vein (arrowhead) and the hypoplastic intrahepatic portal
vein branches (white arrow). (i) CT scan shows portal vein thrombosis (arrowhead) at 1 month after the procedure which disappeared
after seven-day anticoagulation therapy. (j) Contrast-enhanced CT images demonstrate the main portal vein shrinking into normal level
(arrowhead), and the intrahepatic portal veins (white arrow) grow well at 12 months after interventional occlusion. (k) CT scan
demonstrates that the intrahepatic portal veins (white arrow) grow well at 36 months after the procedure.
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3.2. Location of Shunt Vessels. In the surgical group, the types
of shunt observed were splenorenal shunt (n = 5), superior
mesenteric vein-inferior vena cava shunt (SMV-IVC; n = 3),
portal vein-IVC shunt (n = 3), SMV-renal vein shunt (n = 1
), and portal vein-renal vein shunt (n = 1), while in the inter-
ventional group, splenorenal shunt (n = 3), SMV-IVC (n = 1
), portal vein-IVC shunt (n = 2), SMV-renal vein shunt (n = 1
), portal vein-renal vein shunt (n = 1), and portal vein-iliac
vein shunt (n = 2) were observed (Table 1; Figures 2 and 3).

3.3. Intraoperative Parameters.All 23 patients received a one-
step closure. For patients in the surgical group, three under-
went shunt ligation alone, six underwent shunt and splenic
artery ligation, and four patients underwent ligation of the
shunt and splenic artery and vein. The postprocedure PVP
(17:5 ± 3:8mmHg; range: 8.1-22.1mmHg) was significantly
greater than the preprocedure PVP (12:9 ± 3:7mmHg; range:
5.9-17.6mmHg; P < 0:001) in the surgical group, but it was
lower than 25mmHg. In the interventional group, the shunts
were embolized using an Amplatzer vascular plug in four
patients, with the remaining six cases using a combination
of detachable and pushable coils (Figures 2 and 3). The
PVP were not significantly different pre- and postocclusion
(pre: 15:9 ± 4:7mmHg; range: 11.4-21.7mmHg; post: 17:1
± 4:8mmHg; range: 13.2-24.3mmHg; P = 0:22) (Table 2).

The procedure time was significantly shorter in the inter-
ventional group (127:0 ± 43:2min) than that in the surgical
group (219:8 ± 56:7min; P < 0:001). The intraoperative
blood loss in the interventional group (32:0 ± 62:5mL) was
significantly less than that of the surgical group
(238:5 ± 396:9mL; P = 0:001). Additionally, the treatment
expense of the interventional group (46331:5 ± 18839:1
yuan) was lower than that of the surgical group
(59561:3 ± 21450:1 yuan) but without statistical significance
(P = 0:20) (Table 3).

3.4. Clinical Outcomes. The mean follow-up period was
26:1 ± 17:6months (range, 6-60 months). Clinical symptoms
of all patients significantly improved within 3 months of their
procedure without recurrence during follow-up. Serum
ammonia levels decreased after both procedures to normal
levels (9-30μmol/L) at 6- to 12-month postprocedure. The
symptoms of hepatic encephalopathy and hepatic myelopa-
thy associated with hyperammonemia were improved within
1 month of the procedure and remained improved during the
follow-up period (Table 4).

Patients with gastrointestinal bleeding (four in the surgi-
cal group and two in the interventional group) stopped
bleeding after their procedure. One patient in the surgical
group suffered hematemesis 6 months after occlusion. Gas-
troscopy revealed hemorrhage of a gastric ulcer, and bleeding
stopped after endoscopic and acid suppression therapy. One
patient with hemoptysis and one with dyspnea related to pul-
monary hypertension achieved symptomatic relief at 1 week
and 3 weeks after the procedure, respectively. Finally, one
patient with hepatic adenoma underwent simultaneous
resection.

Compared with baseline, the portal vein diameter in the
interventional group increased significantly at 3-, 6-, 12-,
and 36-month postocclusion (P = 0:01 for all), but there
was no significant difference in the surgical group (P > 0:05
for all) (Table 4; Figure 4).

Portal vein thrombosis was detected in one patient in the
interventional group using contrast-enhanced CT scan at 1
month after the procedure. Rivaroxaban was discontinued;
intravenous heparin sodium (40U/kg to control the activated
partial thromboplastin time between 40 and 60 s) and uroki-
nase (4000U/kg, twice daily) were administered. Seven days
later, the portal vein thrombosis disappeared. Once daily oral
rivaroxaban (10mg) was resumed for 4 months without
thrombosis (Figure 3).

3.5. Complications. No signs of portal hypertension and
splenic abscess have been observed, and no other complica-
tions occurred.

4. Discussion

CEPS is a congenital malformation created by an abnormal
shunt between the portal vein and vena cava or azygos/he-
miazygos system due to abnormal development of the umbil-
ical vein and yolk vein during the embryonic period. In
combination with other congenital malformations, patients
with CEPS present with hypergalactosemia, high bile acid,
high serum ammonia, and hepatic encephalopathy caused
by the portal and vena cava shunt. It has been reported that
66-100% of patients with CEPS have hyperammonemia and
17-30% have hepatic encephalopathy [5–7].

Currently, liver transplantation is the only curative treat-
ment for type I CEPS. Surgical ligation and endovascular
embolization have been recommended to treat symptomatic
type II CEPS; however, no consensus has been achieved and
no comparison between the two procedures has been
reported. Except for patients who are not suitable for endo-
vascular occlusion due to shunt anatomy, no research has
compared the more advantageous modalities for patients
suitable for both treatment procedures so far. Our study
found that both procedures were safe and effective in patients
with type II CEPS. However, compared with laparoscopic
surgical ligation, the endovascular approach has the advan-
tages of shorter procedure time, less intraoperative blood
loss, and lower treatment expense.

Angiography is the gold standard for diagnosing CEPS
and identifying the type of CEPS present [8, 9]. While shunt
anatomy and flow dynamics can be determined by

Table 2: Comparison of portal vein pressure in the surgical and
interventional group pre- and postprocedure.

Variable
Surgical group

(n = 13)
Interventional
group (n = 10)

P
value

Portal vein pressure
(mmHg)

Preprocedure 12:9 ± 3:7 15:9 ± 4:7 0.18

Postprocedure 17:5 ± 3:8 17:1 ± 4:8 0.86

P value <0.001 0.22
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angiography and/or direct venography, balloon shunt occlu-
sion venography is critical for detecting intrahepatic portal
vein branches. This branch identification could also deter-
mine the type of CEPS and the pressure gradient pre- and
postocclusion that is crucial for assessing the risk of portal
hypertension after shunt occlusion [9–12].

In previous reports, 25mmHg was used as a threshold to
monitor PVP. If PVP was less than 25mmHg after 15-20min
of occlusion, it indicated that the risk of portal hypertension
was insignificant after shunt occlusion. Otherwise, a two-step
closure is recommended with partial occlusion to initially
acclimatize the intrahepatic portal system to increase flow
and then completely occlude in 6 to 12 months [9, 13–16].

To avoid portal hypertension postocclusion for patients
with PVP of more than 25mmHg, we performed surgical
ligation of the shunt combined with the splenic artery and/or
vein and thereby avoided two surgical procedures for shunt
closing, because the ligation of splenic artery and/or vein
could reduce the PVP by reducing portal blood flow. Based
on the abundant communication between the splenic artery,
splenic vein, and splanchnic vessels, ligation of the splenic
artery and splenic vein will not typically cause splenic necro-
sis or abscess. In this cohort, six patients underwent shunt
and splenic artery ligation and four underwent additional
splenic vein ligation. No portal hypertension or splenic
abscess occurred, and a second surgical treatment was
avoided. Therefore, surgical ligation could be used for these
patients.

Portal vein and mesenteric venous thrombosis is a com-
mon complication after shunt ligation that can lead to portal
hypertension; therefore, postprocedural anticoagulation
therapy is very essential [4, 8]. Heparin and warfarin have
been used to prevent thrombosis in previous studies; how-
ever, the activated partial thromboplastin time and interna-
tional normalized ratio should be closely monitored to
adjust drug dosage [14, 17]. In our practice, enoxaparin and
rivaroxaban have been used sequentially for anticoagulation
after occlusion and do not require monitoring indicators of
coagulation and are more convenient to use. In the follow-
up period, only one patient (1/23) suffered portal vein throm-
bosis, which disappeared after 7 days of conservative
treatment.

Theoretically, the hypoplastic intrahepatic portal vein
should dilate after the perfusion of portal vein blood
increased due to shunt ligation. In this cohort, patients
after endovascular embolization achieved a significant
increase in portal vein diameter; however, there was no
significant difference in surgical ligation. This may be
attributed to the well-grown intrahepatic portal vein
branches in several patients before occlusion and the lim-
ited number of cases. Additionally, during the follow-up,
surgical candidates did a little worse than interventional
group; this may be associated with these patients with
worse-grade disease preprocedure.

Our study had some limitations. First, this study included
only a small number of patients primarily due to the low inci-
dence of CEPS. Second, the follow-up period was short, and
due to the retrospective characteristics of the study, the
follow-up intervals were not completely consistent and par-
tial follow-up data was missing. Thirdly, the portosystemic
gradient was not measured. Lastly, the patients of the two
groups were divided according to the length and diameter
of the shunt, so it might led to patient selection bias between
the groups.

Table 3: Differences in intraoperative parameters between surgical and interventional groups.

Parameters Surgical group (n = 13) Interventional group (n = 10) P value

Procedure time (min) 219:8 ± 56:7 127:0 ± 43:2 <0.001
Intraoperative blood loss (mL) 238:5 ± 396:9 32:0 ± 62:5 0.001

Treatment expense (yuan) 59561:3 ± 21450:1 46331:5 ± 18839:1 0.20

Table 4: Clinical outcomes in the surgical and interventional group
pre- and postprocedure.

Variable
Surgical group

(n = 13)
Interventional
group (n = 10)

P
value

Hemoglobin (g/L)

Preprocedure 109:4 ± 26:2 102:0 ± 25:2 0.46

3 months 104:0 ± 27:0 112:4 ± 21:1 0.08

6 months 114:0 ± 8:5 125:0 ± 18:4 <0.001
12 months 104:3 ± 19:8 118:8 ± 18:9 <0.001
36 months 125:5 ± 24:7 127:7 ± 22:5 0.03

Serum ammonia
(μmol/L)

Preprocedure 83:6 ± 32:5 75:1 ± 30:5 0.12

3 months 56:4 ± 20:8 47:8 ± 46:4 0.003

6 months 41:0 ± 1:4 51:4 ± 49:8 0.01

12 months 19:2 ± 6:8 13:5 ± 6:4 <0.001
36 months 24:0 ± 6:4 16:7 ± 6:2 <0.001

Portal vein
diameter (mm)

Preprocedure 8:5 ± 4:9 9:3 ± 4:0 0.25

3 months 9:6 ± 3:4 10:7 ± 2:7 0.34

6 months 9:7 ± 3:0 10:8 ± 2:6 0.22

12 months 10:0 ± 3:0 11:2 ± 2:9 0.09

36 months 10:2 ± 2:9 11:6 ± 2:3 0.046

Child-Pugh score

Preprocedure 7:8 ± 1:7 7:3 ± 2:4 0.36

3 months 6:7 ± 1:9 5:8 ± 1:3 0.01

6 months 5:5 ± 0:7 6:0 ± 1:4 0.001

12 months 6:0 ± 1:4 5:2 ± 0:4 <0.001
36 months 5:5 ± 0:7 5:3 ± 0:6 0.001
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5. Conclusions

Both surgical ligation and endovascular embolization are
effective in the treatment of type II CEPS. The endovascular
approach has the advantages of shorter procedure time, less
intraoperative blood loss, and lower treatment expense. Sur-
gical ligation is recommended for patients with a high risk of
embolic material migration due to short and large extrahe-
patic portosystemic shunts and patients with PVP more than
25mmHg after occlusion, which could lead to portal hyper-
tension. Ligation of the portosystemic shunt and the splenic
artery and vein is feasible with apparent safety, and it could
avoid a second surgical treatment.
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Background. The necessity of preoperative biliary drainage (PBD) prior to pancreaticoduodenectomy (PD) is still controversial.
However, in some settings, PBD with endoscopic retrograde cholangiopancreatography (ERCP) procedure is recommended as a
preferred management. Meanwhile, pancreatic duct stenting in the drainage procedure is rarely performed for selected
indications, and its associated complications after PD remain quite unknown. Methods. A retrospective observational
longitudinal cohort study was performed on patients who underwent PBD and PD from a prospectively maintained database at
the National Cancer Center from March of 2015 to July of 2019. Patients who underwent biliary stenting alone, biliary and
pancreatic stenting, were distributed into two study cohort groups, and their records were scrutinized for the incidence of
postoperative complications. Results. A total of 83 patients who underwent successful PD after biliary drainage were identified.
29 patients underwent nasobiliary drainage (ENBD)/plastic or metal bile duct stenting (BS) and pancreatic duct stenting (PS
group), and 54 patients underwent only ENBD/BS, without pancreatic duct stenting (NPS group). No differences were found
between the two groups with respect to in-hospital time, overall complication rate, respective rate of serious (grade 3 or higher)
complication rate, bile anastomotic leakage, bleeding, abdominal infection, surgical wound infection, organ dysfunction, and
pancreatic anastomotic leakage. Postoperative gastrointestinal dysfunction rates differed significantly, which occurred in 3
(5.56%) cases in the NPS group, compared with 6 (20.7%) cases in the PS group (P = 0:06). In the univariate and multivariate
regression model analysis, pancreatic duct stenting was correlated with higher rates of gastrointestinal dysfunction
[odds ratio ðORÞ = 4:25, P = 0:0472]. Conclusion. Our data suggested that PBD and pancreatic duct stenting prior to
pancreatoduodenectomy would increase the risk of postoperative delayed gastric emptying, while the overall incidence of
postoperative complications and other complications, such as pancreatic leakage and bile duct leakage, showed no statistical
difference.

1. Introduction

Biliary obstruction is a common problem in patients undergo-
ing pancreaticoduodenectomy (PD). However, the necessity
for preoperative biliary drainage (PBD) remains controversial

[1]. A recent well-published study suggests that routine PBD is
not recommended because it is associated with increased com-
plications when PD is conducted [2]. However, if the bilirubin
is markedly elevated in the symptomatic patient, or surgery
needs to be delayed to optimize medical comorbidities or to
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manage neoadjuvant therapy, PBD is still required [1]. Trans-
pupillary endoscopic biliary drainage (EBD) with endoscopic
retrograde cholangiopancreatography (ERCP) is recognized
as the gold standard procedure for malignant biliary obstruc-
tion (MBO) prior to PD [3].

However, the ERCP procedure can cause complications
such as pancreatitis, cholangitis, bleeding, and perforation,
which delays the subsequent pancreaticoduodenectomy, and
may cause postoperative complication [4].

Postoperative pancreatitis is a common complication after
ERCP, especially for patients with difficult cannulation. Many
studies have reported that pancreatic duct stenting can reduce
the occurrence of pancreatitis after ERCP [5]. A cost-effective
analysis showed that restricting preventive pancreatic stenting
to high-risk patients is the most cost-effective strategy [6]. The
European Society of Gastrointestinal Endoscopy strongly
recommends that patients at high risk of postoperative pan-
creatitis, such as inadvertent guidewire insertion, opacification
of the pancreatic duct, double-guidewire cannulation, could
select pancreatic stenting [7].

Therefore, the correlation between pancreatic duct stent-
ing and its resultant complications after pancreaticoduode-
nectomy needs to be evaluated. The purpose of our study
was to analyze and assess the effect of pancreatic duct stenting
on the complication of pancreaticoduodenectomy. This study
compared the complication incidence of pancreaticoduode-
nectomy in patients with PBD and plastic pancreatic duct
stenting (PS group) and patients with PBD alone (NPS group).

2. Methods

2.1. Patients Selection. FromMarch 2015 to July 2019, the data
of patients who underwent successful PD after biliary drainage
with or without pancreatic stenting were extracted from the
National Cancer Center database, and a retrospective observa-
tional cohort study was conducted. This study was approved
by the institutional review board and ethics committee.
Patients enrolled in the study met all the following require-
ments: (1) age≧ 18 years old, (2) with low malignant biliary
obstruction, (3) successful PBD, or with/without pancreatic
duct stenting, and (4) successful pancreaticoduodenectomy.
Those who have undergone short-circuit surgery, percutane-
ous biliary drainage, or intraoperative tumor metastasis or
unable to undergo radical resection were excluded.

A total of 83 patients who underwent successful PD after
biliary drainage were identified. 31 patients had periampullary
carcinoma, 16 had a tumor located in the head of the pancreas,
22 had cholangiocarcinoma, and 14 had duodenal adenocarci-
nomas, respectively. Among the 83 who had successful PD, 29
patients underwent biliary drainage and pancreatic duct stent-
ing (PS group), and 54 patients underwent only biliary drain-
age without pancreatic duct stenting (NPS group).

2.2. Biliary Drainage and Pancreaticoduodenectomy. PBD
procedure was performed with nasobiliary drainage, metal
stent, or plastic stenting. When the double-guidewire method
was selected for difficult bile duct canulation or the guidewire
was accidentally inserted into the pancreatic duct, a 5-Fr

plastic pancreatic duct stent with flanks on the inside was
routinely implanted.

The standard surgical procedure for resectable tumors was
the pylorus-preserving pancreaticoduodenectomy, including
removal of all lymph nodes on the right side of the portal vein
and mesenteric artery [8]. If metastasis into the proximal duo-
denum or pylorus was suspected, a classic Whipple procedure
was performed, with resection of the distal stomach. If limited
metastasis into the portal or superior mesenteric vein was
found, a wedge resection of these vessels was included in the
procedure [8, 9]. No specific modifications of the surgical
technique were expected for patients with jaundice, particu-
larly with respect to creating the hepaticojejunostomy.

2.3. Data Collection and Definition. Demographic character-
istics of the included patients were evaluated, including
pancreaticoduodenectomy, operation time, intraoperative
blood transfusion, perioperative complications, clinical path-
ological results, margin conditions, and other indicators. The
length of hospital stay was defined from the day of surgery to
the day of discharge.

The severity of perioperative complications (i.e., periop-
erative bleeding, abdominal infection, delayed gastric empty-
ing, bile anastomotic leakage, and pancreatic anastomotic
leakage) was divided into 5 grades as described in Table 1
[10, 11]. Grade 1-2 was defined as the mild complication,
and grade 3 or higher was defined as the severe complication.

2.4. Primary Outcome. The main outcome measure is the
incidence of complications after pancreaticoduodenectomy
of the enrolled patients.

2.5. Secondary Outcome. The secondary outcome included
hospital stay time, operative time, and intraoperative blood
transfusion volume.

2.6. Statistical Analysis. Continuous variables were described
by median and range, while categorical variables were
described by frequency and percentage. To analyze the differ-
ences between the two groups (pancreatic duct stent group
and nonpancreatic duct stent group), categorical variables
were analyzed using Fisher’s exact test, and continuous vari-
ables were tested using ANOVA. The length of hospital stay
and intraoperative blood transfusion was transformed into a
normal distribution through logarithmic transformation, and
ANOVA test was performed. R language was used to analyze
the risk factors of surgical complications in univariate and
multivariate analysis. Factors with a P value of <0.20 in uni-
variate analysis were included in the multivariate analysis.
Patients with missing values were excluded from the analysis.

3. Results

Between the two groups (Table 2), there have been no statis-
tically significant differences in all demographic data includ-
ing hospital stay time, operative time, and intraoperative
blood transfusion volume, except the tumor location.

The overall complication rate of the study was 68.7%,
including perioperative complications, severity of (grade 3 or
higher) complications, delayed gastric emptying, biliary
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anastomotic leakage, pancreatic anastomotic leakage, abdom-
inal infection, and wound infection as listed in Table 3. No sig-
nificant differences were found between the two groups in
overall complications. While postoperative gastrointestinal
dysfunction rates differed with delayed gastric emptying
occurring in 3 (5.56%) in the NPS group, compared to 6
(20.7%) in the PS group (NPS vs. PS P = 0:06).

In the univariate regression model analysis about postop-
erative gastrointestinal dysfunction, pancreatic duct stenting
was correlated with higher rates of gastrointestinal dysfunc-
tion [odds ratio ðORÞ = 4:25, P = 0:0472]. In the multivariate
regression model, PS had more delayed gastric emptying
complication than the NPS group when adjusting for age.
Table 4 shows that no other covariate was found significantly
associated with the complications.

4. Discussion

The necessity of preoperative biliary drainage (PBD) prior to
pancreaticoduodenectomy (PD) remained unclear because
some studies showed that PBD procedure may be related to
the complications of PD [4, 10, 12–16]. However, the PBD
would be the recommended bridge management to resolve
jaundice in some situations, such as acute cholangitis, obstruc-
tion with bilirubin levels exceeding 250μmol/L, severe pruri-
tus, jaundice associated with renal failure or comorbidities,
or need of neoadjuvant chemotherapy for borderline resect-
able lesions [3]. Meanwhile, ERCP procedure with biliary stent
or nasobiliary tube for PBD was preferred because of higher
safety and better oncological outcomes [17, 18].

Postoperative pancreatitis was the most common compli-
cation of ERCP. According to reports, the incidence of
postoperative pancreatitis was 2-10% for all patients, 2-4%
for low-risk groups, and 8-40% for high-risk groups [19].
Pancreatic duct stent implantation was recommended to pre-
vent postoperative pancreatitis [20], especially when the
guidewire was accidentally inserted into the pancreatic duct,
or the double-guidewire method was adopted.

There were few studies to evaluate the influence of
pancreatic duct stenting during PBD on the complications
of pancreaticoduodenectomy. A retrospective study by John
et al. in 2018 showed that simultaneous cholangiopancreatic
duct drainage increased the incidence of postoperative
pancreatic leakage [21]. This study enrolled only 5 cases of
simultaneous cholangiopancreatic duct drainage, which was

regarded as a rare event during data analysis and Firth logis-
tic regression. An opposite result was presented in our study,
showing no significant difference between the two groups
regarding the incidence of postoperative pancreatic leakage
or bile duct leakage. The different results may be contributed
to the method of pancreaticointestinal anastomosis and the
proficiency of pancreatic duct stenting.

When analyzing each postoperative complication sepa-
rately, there has been no statistical difference in terms of
operation time, hospital stay, intraoperative blood transfu-
sion, postoperative bleeding, pancreatic leakage, bile leak-
age, wound infection, abdominal infection, and organ
dysfunction between the two groups. However, the inci-
dence of delayed gastric emptying in the pancreatic duct
stenting group was higher than that in the NPS group
(P = 0:06). The multivariate and univariate adjusted analysis
showed that pancreatic duct stenting was an independent
risk factor for delayed gastric emptying (OR = 4:25, P =
0:0472), which was considered as one of the most common
complications after pancreatic surgery, with about 19%-57%
incidence [22].

The potential mechanisms for delayed gastric emptying
after PD have been unclear. Some studies have reported that
other postoperative complications, such as pancreatic leakage,
accumulation of peripancreatic fluid, or abdominal abscess,
could increase the incidence of gastric emptying disorders
[23]. However, many patients develop delayed gastric emptying
in the absence of pancreatic leakage or other abdominal infec-
tions, which may represent a distinct pathology [24]. The study
is the first to report that the PBD and pancreatic duct stenting
prior to pancreatoduodenectomy would increase the risk of
postoperative delayed gastric emptying. The potential pancre-
atic inflammation after pancreatic duct stenting may play an
important role in delayed gastric emptying. To most patients,
although delayed gastric emptying was generally not life-
threatened, patients could suffer abdominal discomfort, longer
hospitalization time, increased hospitalization costs, and reduc-
tion of postoperative life quality.

The results suggest a hard choice in the PBD procedure
when considering post-ERCP pancreatitis and outcomes of
pancreaticoduodenectomy. Therefore, a PBD procedure
without influence on the pancreatic duct would be preferred,
such as endoscopic ultrasonography- (EUS-) guided biliary
drainage method which can avoid contacting the pancreatic
bile duct segmental in accessing the bile duct [25].

Several limitations in our study cannot be neglected.
First, pancreaticoduodenectomy was not performed by the
same surgeon. The difference in surgery proficiency may be
one uncertainty, which affected the incidence of postopera-
tive delayed gastric emptying. Second, our study did not find
a significant difference in the incidence of other complica-
tions between the two groups, which may be attributed to
the small number of cases of preoperative simultaneous cho-
langiopancreatic duct drainage. We cannot exactly exclude
the possibility that pancreatic duct stent implantation may
increase the incidence of other complications, such as surgi-
cal wound infection and abdominal infection. Also, the
increase of the incidence of delayed gastric emptying needs
to be clarified by a multicenter study.

Table 1: Complication criteria.

Grade definition

0: no complications

1: Oral medications or supportive care

2: IV medical therapy with resolution or antibiotics or specialized
nutritional support

3: interventional radiology, endoscopic, or operative intervention

4: chronic deficit or disability associated with sequelae of this event

5: death associated with sequelae of this event
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Table 2: Demographic and clinical characteristics of patients NPS group and PS group.

[ALL] NPS∗ PS∗ P value
N = 83 N = 54 N = 29

Sex (female) 42 (50.6%) 24 (44.4%) 18 (62.1%) 0.193

Age 58.0 [51.5; 63.0] 57.0 [51.0; 62.8] 59.0 [53.0; 63.0] 0.436
#BMI 0.684

Fat 35 (42.2%) 24 (44.4%) 11 (37.9%)

Low 4 (4.82%) 2 (3.70%) 2 (6.90%)

Normal 44 (53.0%) 28 (51.9%) 16 (55.2%)

Biliary drainage 1.000

ENBD 66 (79.5%) 43 (79.6%) 23 (79.3%)

Metal biliary stent 1 (1.20%) 1 (1.85%) 0 (0.00%)

Plastic bile duct stent 16 (19.3%) 10 (18.5%) 6 (20.7%)

Tumor location 0.024

Ampulla 31 (37.3%) 26 (48.1%) 5 (17.2%)

Bile duct 22 (26.5%) 12 (22.2%) 10 (34.5%)

Duodenum 14 (16.9%) 9 (16.7%) 5 (17.2%)

Pancreas 16 (19.3%) 7 (13.0%) 9 (31.0%)

Stay time 18.0 [14.0; 22.5] 20.0 [14.0; 23.0] 17.0 [15.0; 22.0] 0.681

Blood transfusion 300 [0.00; 750] 0.00 [0.00; 675] 500 [0.00; 800] 0.070

Operation duration 366 [306; 454] 359 [314; 466] 369 [300; 432] 0.909

Table 3: Outcomes of patients’ PS group and NPS group.

[all] NPS∗ PS∗ P value
N = 83 N = 54 N = 29

Complication criteria 0.57

None 26 (31.3%) 15 (27.8%) 11 (37.9%)

Mild 42 (50.6%) 28 (51.9%) 14 (48.3%)

Severe 15 (18.1%) 11 (20.4%) 4 (13.8%)

Bile anastomotic leakage 7 (8.43%) 4 (7.41%) 3 (10.3%) 0.691

Bleeding 0.846

Blood transfusion 11 (13.3%) 8 (14.8%) 3 (10.3%)

Dead 2 (2.41%) 2 (3.70%) 0 (0.00%)

Hemostasis 3 (3.61%) 2 (3.70%) 1 (3.45%)

None 67 (80.7%) 42 (77.8%) 25 (86.2%)

Abdominal infection 0.670

Interventional therapy 10 (12.0%) 8 (14.8%) 2 (6.90%)

Medication 24 (28.9%) 15 (27.8%) 9 (31.0%)

None 49 (59.0%) 31 (57.4%) 18 (62.1%)

Surgical wound infection 13 (15.7%) 8 (14.8%) 5 (17.2%) 0.761

Gastrointestinal dysfunction 9 (10.8%) 3 (5.56%) 6 (20.7%) 0.060

Organ dysfunction 6 (7.23%) 5 (9.26%) 1 (3.45%) 0.660

Pancreatic anastomotic leakage 0.380

None 58 (69.9%) 36 (66.7%) 22 (75.9%)

A 8 (9.64%) 7 (13.0%) 1 (3.45%)

B 17 (20.5%) 11 (20.4%) 6 (20.7%)
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5. Conclusion

This study has shown that preoperative biliary drainage and
pancreatic duct stenting prior to pancreaticoduodenectomy
would increase the risk of postoperative delayed gastric empty-
ing, while with no significant difference to the overall incidence
of postoperative complications. More studies, especially RCTs,
are preferred to verify the results in the future study.

Data Availability

From March 2015 to July 2019, the data of patients who
underwent successful PD after biliary drainage with or with-

out pancreatic stenting were extracted from the National
Cancer Center database.
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Background and Purpose. The cause of in-stent restenosis (ISR) after vertebral artery ostium (VAO) stenting remains unclear. We
evaluated factors associated with ISR in patients who underwent VAO stenting. We also assessed the feasibility of stenting for
treating VAO stenosis (VAOS). Methods. Between January 2016 and October 2018, sixty-four consecutive patients who
underwent a total of 66 stenting procedures were screened for symptomatic and asymptomatic atherosclerotic VAOS. Of these
patients, 57 had complete follow-up data. The baseline patient demographics and morphological features of the VAO were
recorded. Potential factors influencing ISR, including conventional cerebrovascular disease risk factors, were assessed, together
with outcome events including recurrent transient ischemic attack (TIA), stroke, and vascular-related mortality. Results. The
average follow-up period was 13:2 ± 4:6 months. Technical success was achieved in all interventions. The degree of stenosis was
reduced from 77:2 ± 6:1% to 13:7 ± 8:9% after the procedure. ISR was detected in eight treated vessels (14.0%) and occlusion in
two (5.3%) arteries. Of the 57 patients, one had an ischemic stroke and 5 had TIAs. The angle of the VAO at the subclavian
artery was associated with the risk of restenosis (preoperative, P = 0:04; postoperative, P = 0:02). Conclusions. Stenting is a
feasible and effective treatment for VAOS. The angle of the VAO at the subclavian artery may contribute to the development of ISR.

1. Introduction

Atherosclerotic stenosis of the vertebral artery ostium
(VAO), a recognized cause of ischemic stroke, accounts for
5.2–9% of posterior circulation ischemic strokes [1, 2].
Recent autopsy [3] and angiographic [4] studies have
revealed VAO stenosis (VAOS) prevalence rates of 12.7%
and 5.4%, respectively. Studies by The New England Medical
Center Posterior Circulation Registry and Borgess Medical
Center Vertebral Artery Ostium Stenting Registry found that
atherosclerotic VAOS alone could explain posterior circula-
tion ischemic stroke [5–7].

Currently, antiplatelet therapy is the first-line treatment
for most posterior circulation strokes caused by VAOS or
occlusion [8]. However, posterior circulation strokes are
often refractory to medical treatment, which increases stroke
recurrence [9]. Stent implantation for VAOS is a safe option
for reducing the long-term risk of stroke [9, 10]; however,

in-stent restenosis (ISR) is more common for stents placed
at the origin of an artery than in those placed in the intra-
cranial vertebral artery (VA) [11]. Moreover, the ISR rate
of VAO stents is higher than that following carotid angio-
plasty and stenting [10, 12, 13]. Previous investigations
have identified factors associated with ISR, including arte-
rial anatomy, vessel diameter, coexisting carotid vascular
occlusions, and medical management and stent type [14–
17]. However, the effect of the VAO/subclavian artery
angle in VAOS stent patients is seldom mentioned. This
prospective, single-center study evaluated the incidence of
and factors associated with ISR in 57 consecutive patients
who underwent VAO stent placement.

2. Materials and Methods

2.1. Patient Characteristics. The study enrolled 64 consecu-
tive patients treated with angioplasty and stenting for VAOS
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at our hospital between January 2016 and October 2018. Of
these patients, 57 (53 males, 4 females; average age, 63.1
years; range: 44–81 years) had available follow-up data. All
patients met the following inclusion criteria: symptomatic
VAOS, defined as VAOS ≥ 50% with transient ischemic
attack (TIA) or stroke in the region of the vertebral artery
(VA); asymptomatic VAOS (≥70% with hypoplasia of the
contralateral VA); satisfactory neurological function, defined
by a modified Rankin Scale score ≤ 2 (if a minor stroke
occurred, the procedure was performed at least 2 weeks after
the onset of the most recent ischemic symptoms); and com-
plete imaging and clinical data. Patients with nonathero-
sclerotic diseases, those with tandem or extensive lesions
requiring the placement of more than one stent, and those
who had undergone previous vertebral ostium interventions
were excluded from the study. The degree of stenosis was
measured on digital subtraction angiography using the
North American Symptomatic Carotid Endarterectomy
Trial method [18] and classified as <50%, 50–69%, or
70–99% stenosis, or occlusion.

The angiography and stent procedures were explained
fully, and all patients provided informed consent.

2.2. Clinical and Angiographic Follow-Up. All patients were
discharged the day after the procedure and prescribed aspirin
(100mg/day) and clopidogrel (75mg/day) for at least 6
months. To minimize the risk of atherosclerosis, the patients
were treated for atherosclerotic risk factors, including hyper-
tension, hyperlipidemia, and diabetes. Follow-up involved tele-
phone interviews and clinical visits 1, 3, 6, and 12 months after
the procedure and yearly thereafter. Outcome events included
TIA, stroke (affecting the anterior and posterior circulation),
myocardial infarction, and death. There were no periproce-
dural complications. Cervical Doppler ultrasound was per-
formed at 3, 6, and 12 months postprocedure. If ISR was
suspected on Doppler examination according to the vertebral
stenosis criteria (ostium site peak systolic velocity ðPSVÞ ≥
140 cm/s and PSV ratio ðvertebral ostium stenosis PSVdivided
by intervertebral segment PSVÞ ≥ 2:1) [19], computed tomog-
raphy angiography (CTA) or digital subtraction angiography
was performed to detect ISR, which we defined as recurrent
in − stent stenosis > 50%.

The mean follow-up duration was 13:2 ± 4:6 months. Of
the eight patients with ISR, six (75.0%) had clinical events
(cerebral infarction, n = 1; TIA, n = 5).

2.3. Stenting and Digital Subtraction Angiography Procedures.
All procedures were performed by experienced interven-
tional neurosurgeons. All patients received aspirin (100mg)
and clopidogrel (75mg) daily for at least 5 days before the
procedure. The procedures were performed under local anes-
thesia, and the patients were heparinized to achieve an acti-
vated clotting time of 150–200 s. A 6F guide catheter was
placed into the subclavian artery at the VAO. Under road-
map guidance, a steerable 0.014-inch microwire was directed
into the VAO through the stenotic lesion and placed in the
distal cervical VA allowing adequate purchase for the stent
to pass to the site of the stenosis. Care was taken to avoid pla-
que dislodgement. A balloon-expandable stent was selected

according to the lesion length and diameter of the nondi-
seased distal segment of the VA. Then, the stent was carefully
advanced into the stenosed segment under fluoroscopic guid-
ance using an 11 cm image-intensifier diameter and X-ray
pulse rate of 30 frames per second. The stent was deployed
first by manual inflation of the balloon to achieve better
controllability and then by controlled inflation to 13 atm
using a manometer and deployed to protrude 1 to 2mm into
the subclavian artery to guarantee complete coverage of the
stenotic lesion.

The stent type was selected according to the preference
and experience of the neurosurgeon and the characteristics
of the stenotic lesion. Three types of stents were used: an
Express Vascular SD stent (Boston Scientific Co., Natick,
MA, USA) was used in 54 procedures (94.7%), an Apollo
stent (Microport, Shanghai, China) was used in two proce-
dures (3.5%), and a Blue stent (Cordis, Miami, FL, USA)
was used in one procedure (1.8%).

The DSA images were imported into Digimizer Image
Analysis Software V4.3.4 (MedCalc Software bvba, Ostend,
Belgium) to obtain a 3D reconstruction of the prestent and
poststent vertebral artery. The vertebral artery ostium/sub-
clavian artery angle was defined the space between the verti-
bral artery and long axis of subclavian artery, and it was
measured in degrees (Figure 1). The degrees were measured
independently with the Digimizer Image Analysis Software
V4.3.4 (MedCalc Software bvba, Ostend, Belgium) by two
neuroradiologists.

2.4. Statistical Analyses. All statistical tests were performed
using SPSS statistical software, version 25.0 (IBM Corp.,
Armonk, NY, USA). The one-sample Kolmogorov–Smirnov
test was used to compare continuous variables. Normally
distributed continuous variables are expressed as mean ±
standard deviation. Differences between the ISR and non-ISR
groups were assessed using Pearson’s chi-squared test or
Fisher’s exact test for categorical data and Student’s t-test for
normally distributed continuous variables and the Mann–
Whitney U-test for continuous skewed data. Kaplan–Meier
curves and the log-rank test were used to show differences in
ISR incidence between the groups. The hazard ratio (HR) and

RVA RCCA LCCA LVA

LSCARSCA

Figure 1: RVA: right vertebral artery; RCCA: right common carotid
artery; LVA: left vertebral artery; LCCA: left common carotid artery;
RSCA: right subclavian artery; LSCA: left subclavian artery.
Vertebral artery ostium/subclavian artery angle (blue arrows).

2 BioMed Research International



95% CI of the different occlusion groups were assessed
by Cox regression. All statistical tests were two-sided, with
P values < 0.05 indicating statistical significance.

3. Results

Of the 64 patients screened, 7 did not receive follow-up. The
clinical, demographic, and procedure characteristics of the
remaining 57 patients are shown in Table 1 according to
ISR status. Twenty-two patients also had a stenosis of the
internal carotid artery. The study included 43 patients
(75.4%) with symptoms, including dizziness in 32 cases
(74.4%), focal weakness or focal sensory disturbance in 12
(27.9%), visual symptoms (diplopia or visual field defect) in
8 (18.6%), vertigo in 6 (14.0%), ataxia in 4 (9.3%), dysarthria
in 3 (7.0%), and drop attacks in 1 (2.3%).

The procedure was technically successful in all cases, and
no adverse events occurred before discharge. There was no
association between ISR after VAO stent implantation and
age, sex, risk factors, rate of stenosis, location of stenting,
stent diameter, stent length, or VAO tortuosity (Table 1).

Stents were implanted in the left (n = 35, 61.4%) and right
(n = 22, 38.6%) VAO. The degree of VAOS was reduced from
77:2 ± 6:1% to 13:7 ± 8:9%. Angiographic follow-up was
conducted 13:2 ± 4:6 months (range: 6–24 months) after
the procedure. Among the 43 symptomatic patients, com-
plete resolution of symptoms was observed in 35 (81.4%);
the remaining 8 (18.6%) patients showed marked clinical
improvement.

The severity of stenosis on follow-up angiography
exceeded 50% in eight cases (14%), two (3.5%) of which were
shown by CTA to be occluded at 6 and 10 months (Figure 2).
Six of the restenosis events were symptomatic: five patients
had recurrent TIAs after a mean of 9.9 months (range: 6–
12 months), and one patient had an acute cerebellar infarc-
tion at 12 months (Figure 2); he died of a heart attack 21
months after stent placement. The angle of the VAO at the
subclavian artery exceeded 70° in six patients. Comparison of
the ISR and non-ISR groups during follow-up revealed that
the angle of the VAO at the subclavian artery (preprocedure,
63:8 ± 18:5°; postprocedure, 67:3 ± 15:7°) was associated with
ISR (preoperative P = 0:04; postoperative P = 0:02) (Figure 3).

Table 1: Demographic and clinical summary of vertebral artery ostium in patients with and without in-stent restenosis at follow-up.

Variable ISR ≤ 50% (n = 49) ISR > 50% (n = 8) P HR (95% CI)

Mean age (y) 63:2 ± 9:7 62:3 ± 9:8 0.54 0.64 (0.15-2.71)

Male (n (%)) 46 (93.9) 7 (87.5) 0.64 0.58 (0.06-5.89)

Hypertension (n (%)) 32 (65.3) 4 (50.0) 0.55 0.64 (0.14-2.84)

Diabetes (n (%)) 15 (30.6) 2 (25.0) 0.78 1.30 (0.20-8.51)

Hyperlipidemia (n (%)) 6 (12.2) 6 (75.0) 0.15 3.89 (0.60-25.13)

Coronary artery disease (n (%)) 16 (32.7) 1 (12.5) 0.62 0.58 (0.07-5.10)

Smokers (n (%)) 33 (67.3) 4 (50.0) 0.52 0.60 (0.12-2.92)

History of alcohol use (n (%)) 26 (53.1) 3 (37.5) 0.38 0.51 (0.12-2.28)

Symptoms (n (%))

TIA 34 (69.4) 5 (62.5) 0.45 0.37 (0.03-5.11)

Stroke 3 (6.1) 1 (12.5) 0.30 0.27 (0.02-3.20)

No symptoms 12 (24.5) 2 (25.0) 0.58 0.65 (0.16-3.10)

Contralateral vertebral

Stenosis or occlusion (n (%)) 13 (26.5) 2 (25.0) 0.50 0.50 (0.08-3.44)

Preoperative stenosis rate (%) 77:5 ± 6:0 75:0 ± 6:2 0.06 0.13 (0.01-1.08)

Residual stenosis (%) 13:7 ± 9:2 13:2 ± 7:1 0.34 0.15 (0.00-7.92)

Location of stenting (n (%)) 0.84 1.22 (0.18-8.40)

LVAO 30 (61.2) 5 (62.5)

RVAO 19 (38.8) 3 (37.5)

Stent diameter (mm) 4:7 ± 0:8 4:8 ± 0:8 0.17 0.28 (0.05-1.72)

Stent length (mm) 15:7 ± 2:6 15:1 ± 1:4 0.57 3.11 (0.06-167.04)

Vessel tortuosity (n (%)) 6 (12.2) 2 (25.0) 0.09 0.04 (0.00-1.80)

Preoperative angle (°) 0.04 0.19 (0.04-0.96)

≥70° 16 (72.7) 6 (27.3)

<70° 33 (94.3) 2 (5.7)

Postoperative angle (°) 0.02 12.11 (1.40-105.04)

≥70° 19 (76.0) 6 (24.0)

<70° 30 (93.8) 2 (6.2)

ISR: in-stent restenosis; TIA: transient ischaemic attack; LVAO: left vertebral artery origin; RVAO: right vertebral artery origin.
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There were no associations amongmean age, sex, and risk fac-
tors (Table 1).

4. Discussion

We found that VAOS was more common in males than
females. More than 50% ISR was found in 8 (14%) patients,
most of whomwere symptomatic. In contrast to other studies
[20], no TIA, stroke, or death occurred within 30 days of the
intervention in our series. To our knowledge, this is the first
report that the angle of the VAO at the subclavian artery,
both before and after stenting, can affect ISR.

Current treatments for VAOS include medical interven-
tion, open surgery, percutaneous transluminal angioplasty,
and stenting. All of the treatment options have advantages
and drawbacks, which differ depending on the patient’s race,
the medications and stent types used, and the follow-up
period. Motarjeme et al. performed the first VAO angioplasty
in 1981 [21], and Storey et al. was the first to report VAO
stent placement in 1996 [22]. The risk of extracranial VA
stenting is lower than that of intracranial VA stenting [11,
15]. Moreover, despite a strict drug regimen after VAO stent-
ing, ISR remains a frequent complication [23]. Although ste-
nosis may be asymptomatic in patients with good collaterals,
ISR is not always benign, and some patients who present with
ischemic symptoms may ultimately require secondary stent
placement.

In our study, ISR was observed in 14% of the patients
after a mean follow-up of 13:2 ± 4:6 months. The reported
rate of restenosis after endovascular treatment for VAOS
can reach 67% [13, 24], which is higher than in our series.
The risk factors for ISR remain unclear. Factors previously
shown to contribute to ISR include age, diabetes mellitus,
smoking, hyperlipidemia, small diameter stent (≤4mm),
longer stent length, tortuous V1 segment, long stenosis
(>10mm), contralateral VA hypoplasia, and contralateral
VA occlusion at the time of stenting [17, 25–34]. The VAO
has a high elastin concentration, which may increase the risk
of stent recoil, kinking, and deformation, and contribute to
ISR [35, 36].

Our findings confirm that the VAO/subclavian artery
angle is associated with ISR after VAO stent placement.
The angle of the VAO at the subclavian artery was 70–90°

in 62.5% of the patients with ISR, which was significantly dif-
ferent from that of the non-ISR group. Local hemodynamic
flow patterns change with vessel angle; the greater the angle,
the higher the wall shear stress (WSS), which ultimately leads
to ISR. A previous study found that high WSS at the junction
of the VAO and subclavian artery markedly affected local
blood flow [37]. A WSS of 2.0 Pa is sufficient to maintain
the structure of arterial vessels. Low (<0.4 Pa) and high
(>40Pa) WSS contribute to ISR via different mechanisms
[38, 39]. Moreover, flow velocity and pressure may influence
the development of ISR. Several recent studies have investi-
gated the effect of VAO stent location in an attempt to
prevent ISR. One study found that implanting the stent
1mm into the subclavian artery produced the smallest
decrease in blood flow and WSS [34]. Although we success-
fully placed the proximal VA stent into the subclavian artery
to a depth of 1–2mm in all of our patients, ISR developed in
several cases. Therefore, further investigation of stent type
and placement in relation to the VAO/subclavian artery
angle is warranted.

5. Study Limitations

The retrospective design, small sample size, and relatively
high rate of loss to follow-up (10.9%) were the major study
limitations of this study. Furthermore, the majority of the
clinical follow-up data were obtained using noninvasive

(a) (b) (c) (d)

Figure 2: A 77-year-old male who presented with dizziness was
admitted. His left subclavian arteriography shows severe stenosis of
the vertebral artery ostium, and the vertebral artery ostium/subclavian
artery angle was 93.9 degrees (a). After stenting of the left vertebral
artery, ostium stenosis showed excellent dilatation of the lesion;
then, the vertebral artery ostium/subclavian artery angle was 72.0
degrees (b). About ten months later, he was readmitted to the
hospital because of dizziness reattack. His neck CTA showed left
vertebral artery ostium occlusion (c). Brain MRI in DWI sequence
showing left cerebellum restricted diffusion (d). Arrow in (a),
stenosis site; arrow in (b), stent site; arrow in (c), occlusion site;
arrow in (d), left cerebellum ischemic lesion.
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Figure 3: Kaplan-Meier estimates of cumulative ISR rate among
patients with stenting in VAO.
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imaging techniques, which may have affected the assessment
of ISR.

6. Conclusion

Our findings suggest that the VAO/subclavian artery angle
significantly affects the incidence of ISR. Future investiga-
tions of ISR prevention through intensive medical treatment
should focus on fluid–structure interactions and appropriate
stent selection. Furthermore, studies with larger sample sizes
and longer follow-ups are needed.
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Objective. Currently, the standard treatment modality for patients with acute ischemic stroke (AIS) presenting with isolated M2
occlusions is not specific. We therefore assessed the difference in treatment outcomes for patients with isolated M2 occlusions.
Methods. We retrospectively analyzed consecutive patients with AIS presenting with isolated M2 occlusions from October 1,
2018, to June 30, 2020. Patients were divided into 3 groups based on the treatments they received: no reperfusion therapy
(NRT), intravenous thrombolysis treatment (IVT), and endovascular intervention (EVT), which comprised IVT in conjunction
with EVT or EVT alone. The primary outcomes were improvements in modified Rankin Scale (mRS) scores at 90 days and
National Institutes of Health Stroke Scale (NIHSS) scores at 24 hours after treatment compared with the baseline. The
secondary efficacy outcome comprised a good outcome rate defined as a 90 − daymRS score ≤ 2, final infarct volume (FIV),
90-day mortality rate, and successful recanalization rate, which was defined as a modified thrombolysis in cerebral infarction
score ≥ 2b. Safety outcomes included symptomatic intracerebral hemorrhage and procedure-related complications. Results.
Seventy patients were enrolled and divided into 3 groups: the NRT group (n = 25), IVT group (n = 27), and EVT group (n = 18).
Twenty-four-hour posttreatment NIHSS scores were substantially decreased by EVT compared with NRT (adjusted β -4.01,
95% confidence interval [CI] -6.60 to -1.43; P = 0:003) or IVT (adjusted β, -3.61 [95% CI, -6.45 to -0.77]; P = 0:013). Compared
with the outcomes observed after NRT, patients who received EVT were more likely to achieve lower 90-day mRS scores
(adjusted β, -1.42 [95% CI, -2.66 to -0.63]; P = 0:007), higher good outcome rates (adjusted odds ratio, 8.73 [95% CI, 1.43-
53.24]; P = 0:019), and smaller FIVs (adjusted β, -29.66 [95% CI, -59.73 to 0.42]; P = 0:048). The recanalization rate of EVT was
high (88.89%), and procedure-related complications were rare (5.56%). Conclusions. For acute, isolated M2 occlusions, EVT
could dramatically and rapidly improve neurological deficits with high safety and effectiveness. These changes were observed at
24 hours after treatment and were maintained over the long term.

1. Introduction

M2 occlusions are an important subgroup of anterior circula-
tion vessel occlusions, accounting for 38.1% [1]. The outcome
of patients withM2 occlusions is believed to be good and supe-
rior to that of patients with large vessel occlusions (LVOs) in
the anterior circulation [2]. Actually, the outcome is much
worse if no vascularization therapies are applied [1, 3].

Endovascular intervention (EVT) has become the stan-
dard first-line treatment for patients with acute ischemic
stroke (AIS) presenting with LVO in the anterior circulation

[4–9]. These studies mainly focused on proximal intracranial
artery occlusions but largely ignored M2 occlusions. Thus,
physicians questioned the efficacy and safety of EVT for
patients with distal occlusions. Some analyses subsequently
showed that patients with M2 occlusions might benefit from
EVT if they met the EVT trial protocols. However, the studies
were retrospective analysis and post hoc analysis rather than
randomized controlled study, the evidence applied was insuf-
ficient [10, 11]. In addition, the treatment methods applied in
the control group consisted of conventional medicinal treat-
ment and intravenous tissue plasminogen activator (t-PA),
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and the favorable response of distal occlusions to t-PA was
neglected [12]. Confusion remains regarding the appropriate
treatment for M2 occlusions.

We compared the comprehensive presentation, imaging,
and clinical outcomes of patients who received no reperfu-
sion therapy (NRT) as a control group with patients who
received IVT alone and patients who received EVT, intend-
ing to provide evidence to clinical physicians that would
enable them to choose an effective and safe treatment for iso-
lated M2 occlusions.

2. Subjects and Methods

2.1. Subjects. After obtaining institutional review committee
approval, we performed a retrospective cohort analysis of
patients with AIS who presented with isolated M2 occlu-
sions at the Yongchuan Hospital of Chongqing Medical
University from October 1, 2018, to June 30, 2020. The
inclusion criteria included time from last normal appear-
ance to first computed tomographic angiography [CTA]
of <24 hours, CTA-diagnosed isolated M2 occlusion, >18
years of age, National Institutes of Health Stroke Scale
[NIHSS] score at admission ≥ 6 points, and available follow-
up data within 90 days. Patients with a premorbid modified
Rankin Scale (mRS) score of ≥3 points (n = 2), patients who
lacked follow-up (within 2-7 days after admission) imaging
data (including computed tomography [CT] or magnetic res-
onance imaging [MRI]) (n = 8), or patients whose previous
intracranial lesions were affected when calculating the final
infarct volume (FIV) due to this stroke (n = 2) were excluded.
Finally, 70 patients with AIS presenting with isolated M2
occlusions were included and divided into 3 groups: the
NRT group (n = 25), IVT group (n = 27), and EVT group
(n = 18). Patients who neither met the intravenous thrombol-
ysis criterion of the Chinese Guidelines for the Diagnosis and
Treatment of Acute Ischemic Stroke 2018 nor met the indica-
tions for EVT in our study and those who met the criterion
listed above but refused the two reperfusion treatments were
enrolled in the NRT group. All patients in the IVT group
met the criterion and agreed to receive IVT. Those who
received IVT followed by EVT were included in the EVT
group rather than the IVT group. Patients were eligible for
EVT if the time from the last normal appearance to femoral
artery puncture ≤ 24 hours, preoperativeNIHSS score ≥ 6,
and RAPID software (iSchemaView) estimated the following
CT perfusion (CTP) data: initial infarct volume ðischemic
coreÞ < 70ml, a ratio of the volume of ischemic tissue to initial
infarct volume of ≥1.8, and an absolute volume of potentially
reversible ischemia (penumbra) of ≥15ml [8].

All enrolled patients received a head CT scan and CT angi-
ography (CTA) of the head and neck at admission. Once CTA
diagnosed M2 occlusions, CTP was essential to estimate the
EVT criterion.Within the next 2-7 days after admission, a cra-
nial MRI or CT scan was essential to calculate the final infarct
volume (FIV). Information on baseline demographics, vascu-
lar risk factors (diabetes mellitus, hypertension, atrial fibrilla-
tion, hyperlipidemia, smoking, and congestive heart failure),
current medications, including antiplatelet drugs and statins,
blood glucose level at admission, time from symptom onset

to treatment (the treatment referring to the initial antiplatelet
drug treatment in the NRT group, venipuncture in the IVT
group, and femoral artery puncture in the EVT group), and
hospitalization days were collected from admission and dis-
charge records.

The NIHSS score (range of 0-42 points, with higher
scores indicating more serious stroke severity) at admission
and at 24 hours posttreatment and the mRS score (range of
0-6 points, with higher scores indicating worse outcomes; a
good outcome was defined as a mRS score of 0-2) at admis-
sion and at 90 days after symptom onset were assessed by a
trained neurological physician who was blinded to the imag-
ing data.

2.2. Study Treatment and Intervention. Patients in the NRT
group received conservative medicinal treatment. In the
IVT group, patients presenting within the first 4.5 hours
from the last normal appearance were intravenously admin-
istered a full dose (0.9mg per kilogram) of t-PA. In the EVT
group, subjects who received IVT did not undergo heparini-
zation, and a heparin infusion was administered at a dose of
70U/kg at initiation of the procedure in those who had not
received IVT. Before the thrombectomy procedure, three-
dimensional digital subtraction angiography (3D-DSA) was
performed under local anesthesia to identify the specific
occlusion site and the morphology of the M2 segment. A
direct first pass aspiration technique (ADAPT) was first con-
sidered during the thrombectomy procedure. If the M2 seg-
ment failed to be recanalized after three attempts, then a
stent retriever was used as a rescue therapy. The devices used
included Penumbra 3Max/4Max catheters and SOLITAIRE™
AB retrievers. 3D-DSA was performed again at the end of the
operation to evaluate the recanalization status.

2.3. Neuroimaging Review. The occlusive site was defined by
two authors based on the initial CTA. The beginning of the
M2 segment was defined as the vertical segment lying within
the mesial margin of the sylvian fissure at the CTA coronal
position. Regional leptomeningeal scores (rLMCs, scores
ranging from 0-20 points, with higher scores indicating bet-
ter collateral circulation) were obtained at the coronal and
horizontal planes of the initial CTA [13]. FIV was measured
on follow-up (within the next 2-7 days after admission) MRI
(diffusion-weighted [DWI] sequence) or CT images. We out-
lined the area of the infarct on each slice using the Mimics
software and then summed the individual slice thicknesses
of all outlined areas [13]. If the CT or MRI images completed
within 7 days after treatment suggested cerebral hemorrhage,
it was defined as symptomatic intracerebral hemorrhage
(sICH) with an NIHSS score that increased by ≥4 points from
baseline; otherwise, it was defined as asymptomatic intrace-
rebral hemorrhage (aICH). For the EVT group, the rate of
successful recanalization (defined as a modified thrombolysis
in cerebral ischemia ½mTICI� score ≥ 2b) and the occurrence
of procedure-related complications was determined from
postprocedure images of catheter-based angiograms [14].
Two neuroradiologists who were blinded to the group
assignments, clinical data, and outcomes independently esti-
mated all neuroimaging findings. The third experienced
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neuroradiologist was in charge of resolving cases in which a
disagreement occurred.

2.4. Clinical and Radiological Variables. The delta NIHSS
score (change in the NIHSS score from baseline at 24h) and
90-day modified Rankin Scale score (mRS, range of 0 to 6
points, an excellent outcome was defined as an mRS score of
0-1, a good outcome was defined as an mRS score of 0-2, a
bad outcome was defined as a mRS score of 3-5, and a mRS
score of 6 referred to death) were the primary efficacy out-
comes. The secondary efficacy outcomes included the 90-day
good outcome rate (mRS score of 0-2), 90-day mortality rate,
FIV, and successful recanalization rate. The safety outcomes
included sICH and procedure-related complications.

2.5. Statistical Analysis. We compared baseline characteris-
tics and clinical outcomes between the 3 groups. Continuous
variables are presented as the means with standard deviations
(SD) or medians and interquartile ranges (IQRs), and com-
parisons were performed using the Kruskal-Wallis test or
analysis of variance (ANOVA). Categorical variables are
reported as percentages [numbers (%)], and comparisons
were performed using Fisher’s exact probability method

and χ2 test, as appropriate. The rank sum test was used for
grade data. The difference in the NIHSS score between base-
line and 24 hours after treatment in each group was investi-
gated using the Mann-Whitney U test. We performed two
logistic regression analyses, linear regression, and binary
logistic regression analyses, to determine the efficacy out-
comes. The distributions of 90-day mRS scores, delta NIHSS
scores, and FIVs were estimated using linear regression anal-
yses. A 90-day mRS score of 0-2 was estimated using a binary
logistic regression analysis. Adjusted estimates of outcome
(common odds ratio and β) were calculated by considering
the following variables: age, baseline NIHSS scores, and time

Table 1: Baseline patient characteristics.

Characteristics NRT (n = 25) IVT (n = 27) EVT (n = 18) F/Z/χ2 P value

Age, mean ± SD, years 75:16 ± 7:60 79:41 ± 7:36 67:61 ± 11:43 12.42a <0.01
Male (%) 13 (52) 12 (44.44) 11 (61.11) 1.21b 0.547

Left hemisphere (%) 17 (68) 15 (55.56) 13 (72.22) 1.54b 0.463

rLMCs, median (IQR) 15 (12, 17) 17 (14.7, 19) 16 (14, 18) 4.76a 0.105

Admission NIHSS score, median (IQR) 12 (7.5, 20.5) 11 (9, 15) 14 (9, 17.5) 2.42a 0.298

Admission NIHSS score stratification (%)

<13 13 (52) 18 (66.67) 8 (44.44)

4.70c 0.09513-19 5 (20) 9 (33.33) 9 (50)

≥ 20 7 (28) 0 1 (5.56)

Vascular risk factors

Hypertension (%) 15 (60) 11 (40.74) 5 (27.78) 4.63b 0.099

Diabetes (%) 4 (16) 6 (22.22) 5 (27.78) 0.88b 0.644

Hyperlipidemia (%) 8 (32) 3 (11.11) 7 (38.89) 5.17b 0.076

Coronary heart disease (%) 3 (12) 8 (29.63) 4 (22.22) 2.41b 0.30

Congestive heart failure (%) 5 (20) 2 (7.41) 5 (27.78) 3.47d 0.171

Atrial fibrillation (%) 8 (32) 8 (29.63) 10 (55.56) 3.55b 0.186

History of ischemic stroke (%) 4 (16) 4 (14.81) 1 (5.56) 1.13d 0.668

Drinking (%) 1 (4) 2 (7.41) 3 (16.67) 2.08d 0.428

Smoking (%) 4 (16) 3 (11.11) 6 (33.33) 3.42d 0.166

Antiplatelet drugs are currently used (%) 1 (4) 0 3 (16.67) 4.62d 0.059

Statins are currently used (%) 1 (4) 0 3 (16.67) 4.62d 0.059

Admission serum glucose level, mean ± SD, mmol/l 8:06 ± 4:72 7:58 ± 2:39 7:71 ± 2:43 0.42a 0.81

Admission systolic blood pressure, mean ± SD, mmHg 156:8 ± 25:7 154 ± 22:06 142:67 ± 18:77 2.19e 0.12

Hospitalization days, mean ± SD 13:04 ± 4:95 11:70 ± 5:04 11:06 ± 4:54 0.95e 0.39

Time from onset to treatment, median (IQR), min 370 (230.5, 820.5) 154 (125.0, 238.0) 272.5 (183.8, 386.3) 20.80a <0.01
Abbreviations: NRT: no reperfusion therapy; IVT: intravenous thrombolysis treatment; EVT: endovascular intervention; rLMCs: regional leptomeningeal
score; NIHSS: National Institutes of Health Stroke Scale; SD: standard deviation; IQR: interquartile range. aKruskal-Wallis test; bχ2 test; crank sum test;
dFisher’s exact probability method; eANOVA.

Table 2: Multiple comparisons based on age and time from onset to
treatment.

Characteristics
NRT vs.
IVT

NRT vs.
EVT

IVT vs.
EVT

Age, years 0.073∗ 0.065∗ <0.001∗

Time from onset to
treatment, min

<0.001∗ 0.279∗ <0.001∗

∗P value.
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from symptom onset to treatment. A P value <0.05 was con-
sidered significant. All analyses were conducted using the
SPSS 23.0 software (IBM SPSS Statistics, Armonk, NY).

3. Results

3.1. Baseline Characteristics. Seventy patients (36 males
[51.43%]; 34 females [48.57%]; mean [SD] age, 74.86 [9.72]
years) were included in the analysis, of whom 25 received
NRT, 27 received only IVT, and 18 received EVT. Of the 25
patients who did not receive IVT in the NRT group, 16
patients had a long interval from the last known normal
appearance to treatment, 3 patients had a large FIV at admis-

sion, 1 patient achieved a significant improvement in neuro-
logical deficit as soon as the head CT was complete, and the
remaining 3 patients met the indications but refused IVT.
Of the 18 patients in the EVT group, 11 patients were treated
with IVT in conjunction with EVT, as they did not achieve
immediate and significant improvement in neurological def-
icit and the DSA suggested that the M2 segment was still
occluded before the endovascular procedure. Another 7
patients were treated with EVT alone. Only 1 of 16 patients
who received a direct first pass aspiration technique
(ADAPT) failed to achieve successful recanalization after
three attempts and then received stent retriever as a rescue
therapy; 2 patients only received a stent retriever.

Table 3: Efficacy and safety outcomes according to treatment methods.

Characteristic NRT IVT EVT
Unadjusted value
(95% CI); P value

Adjusted value
(95% CI)†: P value

Primary efficacy outcome

Delta NIHSS score,
median (IQR)

-1 (-2.5 to 0) -3 (-6 to 0) -5 (-10.25 to -3.75)

-0.98 (-3.18 to 1.22);
P = 0:38∗

-4.26 (-6.71 to -1.81);
P = 0:001#

-3.28 (-5.69 to -0.87);
P = 0:008▲

-0.40 (-2.89 to 2.09);
P = 0:750∗

-4.01(-6.60 to -1.43);
P = 0:003#

-3.61 (-6.45 to -0.77);
P = 0:013▲

90-day mRS score,
median (IQR)

4 (1, 5) 2 (1, 3) 1 (1, 2)

-1.13 (-2.04 to -0.22);
P = 0:016∗

-1.64 (-2.66 to -0.63);
P = 0:002#

-0.52 (-1.52 to 0.48);
P = 0:303▲

-0.67 (-1.65 to 0.32);
P = 0:181∗

-1.42 (-2.43 to -0.40);
P = 0:007#

-0.75 (-1.87 to 0.37);
P = 0:185▲

Secondary efficacy outcomes

90-day mRS score
0-2 (%)

11 (44.00) 20 (74.07) 16 (88.89)

3.64 (1.13-11.69);
P = 0:03∗

10.18 (1.92-54.02);
P = 0:006#

2.80 (0.51-15.38);
P = 0:236▲

2.23 (0.51-9.64);
P = 0:284∗

8.73 (1.43-53.24);
P = 0:019#

6.38 (0.41-99.12);
P = 0:186▲

FIV, median
(IQR), ml

50.93 (8.55, 112.75) 30.77 (8.75, 55.270) 26.08 (6.78, 53.63)

-43.28 (-72.97 to -13.59);
P = 0:005∗

-37.24 (-70.32 to -4.17);
P = 0:028#

6.04(-26.52 to 38.59);
P = 0:713▲

-8.63 (-37.67 to 20.41);
P = 0:555∗

-29.66 (-59.73 to 0.42);
P = 0:048#

-21.03 (-54.12 to 12.07);
P = 0:209▲

90-day mortality
rate (%)

6 (24) 2 (7.41) 0 NA NA

mTICI ≥ 2b (%) - - 16 (88.89) NA NA

Safety outcomes

sICH (%) 0 4 (14.81) 0 NA NA

Procedure-related
complications (%)

- - 1 (5.56) NA NA

Abbreviations: NRT: no reperfusion therapy; IVT: intravenous thrombolysis treatment; EVT: endovascular intervention; NIHSS: National Institutes of Health
Stroke Scale; IQR: interquartile range; mRS: modified Rankin Scale; sICH: symptomatic intracerebral hemorrhage; aICH: asymptomatic intracerebral
hemorrhage; mTICI: modified thrombolysis in cerebral ischemia score; FIV: final infarct volume (within 2-7 days after symptom onset); NA: not applicable;
delta NIHSS score: change in the NIHSS score from baseline to 24 h. †Model adjusted for age, admission NIHSS score, and time from onset to treatment.
∗A comparison was conducted between the NRT and IVT groups, and #comparison conducted between the NRT and EVT groups. ▲A comparison was
conducted between the IVT and EVT groups.
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Table 1 shows the baseline characteristics. Patients in the
EVT group were younger (EVT vs. NRT, 67.61 [±11.43] vs.
75.16 [±7.60] years, P = 0:065; EVT vs. IVT, 67.61 [±11.43]
vs. 79.41 [±7.36] years, P < 0:001). The time from symptom
onset to treatment of patients in the IVT group (154 [125.0,
238.0], min) was shorter than that in the NRT group (370
[230.5, 820.5], min; P < 0:001) and the EVT group (272.5
[183.8, 386.3], min; P < 0:001) (Table 2). Otherwise, no sig-
nificant differences were observed in sex, rLMCs, vascular
risk factors, drugs currently used, admission serum glucose
levels and systolic blood pressure, or hospitalization days.

3.2. Clinical Outcomes. Table 3 shows the efficacy and safety
outcomes. The median 90-day mRS score was 4 (IQR, 1-5)
in the NRT group, 2 (IQR, 1-3) in the IVT group, and 1
(IQR, 1-2) in the EVT group. A trend toward lower disability
grades was observed in patients who received reperfusion
treatments (unadjusted β values of -1.13 and -1.64,
respectively; P values were all <0.05) (Table 3 and
Figure 1). However, after adjustment for age, the NIHSS
score at admission, and time from onset to treatment, we
only showed a significant difference favoring EVT, with an
adjusted β value of -1.42 (95% confidence interval [CI],
-2.66 to -0.63; P = 0:007). The most dramatic difference in
the NIHSS score at 24 hours after treatment from baseline
was detected in the EVT group (median NIHSS score of 6
vs. 14; P < 0:001) (Figure 2). Compared with the NRT group
(adjusted β -4.01 [95% CI, -6.60 to -1.43], P = 0:003) and the
IVT group (adjusted β -3.61 [95% CI, -6.45 to -0.77],
P = 0:013), the value was greater in the EVT group. Com-
pared with the NRT group, the 90-day good outcome (mRS
0-2) rate (88.89% vs. 44.00%] adjusted OR 8.73 [95% CI,
1.43-53.24; P = 0:019]) was higher and the FIV within 7 days
after treatment (50.93 [8.55, 112.75] vs. 26.08 [6.78, 53.63];
adjusted β -29.66 [95% CI, -59.73 to 0.42]; P = 0:048) was

smaller in the EVT group. The recanalization rate in the
EVT group was high (88.89%). The 90-day mortality rate in
the NRT group was higher than that in the other 2 groups
(NRT vs. IVT vs. EVT, 24% vs. 7.41% vs. 0%).

Regarding safety outcomes, patients in the IVT group
were more vulnerable to sICH (NRT vs. IVT vs. EVT, 0%
vs. 14.81% vs. 0%) (Table 3). Only 1 of the 18 patients who
received EVT (5.56%) had a procedure-related complication,
namely, vessel perforation. The M2 segment was perforated
when the operator delivered the 3Max catheter to the termi-
nus of the M1 segment and intended to move the catheter
toward the occluded M2 segment. After stopping the super-
selection and starting digital subtraction angiography
(DSA), contrast was extravasating from the perforated vessel,
the operator terminated the operation immediately, and M2
therefore failed to be recanalized. The postprocedure CT of
this patient showed minor subarachnoid hemorrhage, and
the neurological deficit did not deteriorate, whereas the 90-
day mRS score was 5.

4. Discussion

This retrospective, observational study analyzed consecutive
patients who presented with acute symptomatic M2 occlu-
sions. In our study, only 44% (11/25) of patients who
received NRT achieved good outcomes at 90 days, and the
mortality rate at 90 days reached 24% (6/25), similar to the
results reported previously, where the 90-day good outcome
rate ranged from 45.8 to 47.3% and the mortality rate at 6
months reached 20.8% [1, 3]. This finding revealed the
severely poor natural history of patients with isolated M2
occlusions. Patients who received reperfusion treatment,
either IVT or EVT, had a tendency toward achieving good
functional outcomes at 90 days. In particular, patients treated
with EVT were more likely to achieve an improvement in
neurological deficits with high effectiveness and safety, which
was observed at 24 hours after treatment and was maintained
over the long term.

Our study suggested that the FIV of patients who
received EVT was significantly smaller and that the 90-day
functional outcomes were better than those of patients who
received NRT. A smaller infarct volume was indicated to be
associated with better functional outcomes [15]. Thus, the
effect of EVT on functional outcome was possibly mediated
by decreasing the FIV. However, the study was underpow-
ered to draw the conclusion, as no causal mediation model
was constructed in our study. As shown in the study by Com-
pagne et al., preventing FIV progression only partially
explains the beneficial effect of EVT on outcomes using
mediation analysis [16]. The reperfusion of some key regions,
such as the lateral fissure in the dominant hemisphere and
the M3 and M6 regions in the Alberta Stroke Program Early
CT Score, probably played a crucial role in favorable func-
tional outcomes [17].

In our analysis, the change in NIHSS score from baseline
to 24 hours after treatment in the IVT group was significant,
and most patients (20/27, 74.07%) achieved good 90-day
functional outcomes. Distal intracranial vessel occlusions
responded well to t-PA with a high recanalization rate of

0 25 50 75 100
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90-day mRS scores

0–1
2

3–5
6

%

48.15 25.93 18.52 7.41

66.67 22.22 11.11

28 16 32 24

Figure 1: Distribution of mRS scores at 90 days in the three
groups. Notes: proportion of mRS scores at 90 days in patients
in the NRT, IVT, and EVT groups. NRT: no reperfusion therapy;
IVT: intravenous thrombolysis treatment; EVT: endovascular
intervention; mRS: modified Rankin Scale. A 90-day mRS score of
0-1 was defined as an excellent outcome, an mRS score of 0-2 was
defined as a good outcome, an mRS score of 3-5 was defined as a
bad outcome, and an mRS score of 6 referred to death.
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30.8–68.4%, which is strongly associated with a 90-day good
outcome, even when it occurs two hours after the t-PA bolus
[18–22]. We therefore hypothesized that some patients who
received only IVT had achieved successful recanalization
after treatment. However, we were unable to determine
whether the M2 segment recanalized due to the lack of
follow-up vascular imaging. Furthermore, as the process of
recanalization with intravenous t-PA was continuous over
time, the time from t-PA bolus administration to recanaliza-
tion assessment was associated with successful recanalization
(odds ratio, 1.28 for every 30-minute increase in time [95%
CI, 1.18-1.38]) [19]. This finding would raise concern about
the time within which the follow-up vascular imaging should
be completed after the administration of the t-PA bolus and
the time at which the vessel recanalized would contribute to
good outcomes.

Evidence has shown the benefit of EVT for M2 segment
occlusions compared with the best medical treatment or
M1 segment [11, 23]. Moreover, the 2 mechanical throm-
bectomy techniques most frequently utilized to treat M2
occlusions, ADAPT and stent retriever, did not differ in rates
of 90-day good outcomes, sICH, successful recanalization, or
mortality [24, 25]. In our study, the successful recanalization
rate of patients who mainly received ADAPT reached 88.89%
without sICH occurrence. In previous studies, the successful
recanalization rate in the ADAPT group was lower (70.3-
85.4%), and the sICH rate was higher (5.3-5.6%) [24, 25].
We hypothesized that the prioritization of effectiveness and
safety in our study might be associated with the 3D-DSA
used in the process of operation, which is often used in the
diagnosis and treatment of cerebral aneurysms but is rarely
mentioned in the process of EVT [26–28]. The M2 segment
usually consists of 6-8 branches, and each branch has a differ-

ent morphology and diameter, resulting in overlapping
images on traditional two-dimensional digital subtraction
angiography (2D-DSA), which would increase the opera-
tional difficulty and decrease the possibility of recanalization.
3D-DSA is helpful to observe the occluded M2 segment at
some angles and planes that were missed using 2D-DSA. Fur-
ther, random controlled trial to compare only EVT with EVT
plus 3D-DSA in patients with acute M2 occlusions is proba-
bly a priority.

In our study, the 90-day good outcome rates in the IVT
group and EVT group both were high (74.07% vs. 88.89%)
and the difference between the two groups was not significant
(P = 0:186). Patients received reperfusion treatment, either
IVT or EVT, had a tendency toward achieving 90-day good
functional outcomes. But on the other hand, the ability of
EVT to decrease the NIHSS score at 24 hours after treatment
from baseline was more significant than IVT (adjusted
β -3.61 (-6.45 to -0.77); P = 0:013). Therefore, we recom-
mend that EVT should be performed when a neurological
improvement is not apparent after IVT.

Our study has several limitations. First, our study is a post
hoc analysis and has all the limitations of a nonrandomized
study. Second, we enrolled a relatively small number of
patients, especially patients who received EVT, resulting in
poorly balanced NIHSS score strata and the lack of stratifica-
tion of patients in the EVT group for IVT. Third, follow-up
vascular images captured after treatment were lacking in
the NRT and IVT groups, thus leaving a gap in our under-
standing of the relationship between clinical recovery and
successful reperfusion. Fourth, the outcomes of patients in
different NIHSS score strata were not analyzed, and we were
unable to recommend the NIHSS score strata within which
IVT or EVT should be performed.
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Figure 2: Comparison of NIHSS scores among the three groups. Notes: box and whisker plots comparing median NIHSS scores at admission
and 24 hours after treatment in the no reperfusion therapy (NRT), intravenous thrombolysis treatment (IVT), and endovascular intervention
(EVT) groups. The horizontal line in the middle of each box represents the median, and the upper and lower boundaries of the box represent
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respectively.
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In summary, the natural history of patients with isolated
M2 occlusions was very poor. The EVT modality dramati-
cally and rapidly improved the clinical outcomes with higher
safety and effectiveness, and the changes were present at 24
hours after treatment and maintained over the long term.
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A 125 cm long catheter makes it possible to perform renal arteriography via radial artery, but its feasibility and safety remain
unclear. Our study recruited 1,323 patients grouped by two different vascular accesses to renal arteriography, i.e., femoral artery
access and radial artery access. The success rate of angiography was 100% in both groups. Differential analysis showed that the
overall complication incidence of radial artery access group was significantly lower (2.5% for radial artery access vs. 4.8% for
femoral artery access, p = 0:03). From this study, we suggest that using the 125 cm angiographic catheter to perform renal
arteriography via radial artery access is feasible and safe.

1. Introduction

Atherosclerosis is the main cause of renal artery stenosis. Like
other atherosclerotic diseases, the incidence of atheroscle-
rotic renal artery stenosis (ARAS) rises with the progress of
population aging [1, 2]. In fact, there exists a high rate of
diagnostic omission errors for ARAS because asymptomatic
patients usually cannot receive timely treatment until renal
function deteriorates and cardiovascular injuries occur [3].
Therefore, early diagnosis becomes significantly important
to the prognosis of patients with ARAS.

Renal arteriography (RAG) is the gold standard for diag-
nosing renal artery stenosis [4, 5]. The femoral artery is the
traditional access of renal arteriography and is also preferred
by most hospitals and interventional doctors. However, the
femoral artery access (FAA) can cause strong discomfort,
high incidence of complications such as hematoma and
bleeding, and has been almost completely replaced by radial
artery access (RAA) in the coronary intervention [6]. More-
over, 11.3~ 39% of coronary artery disease patients are com-
plicated with ARAS [7]. It was reported that the 125 cm long
angiographic catheter can make it easily accessible for the
operation [8]. Therefore, this study is aimed at investigating

the feasibility and safety of RAG via the RAA. The results
would increase the diagnostic rate of ARAS.

2. Materials and Methods

2.1. Study Design. Our study was designed according to the
reported standard of the observational study. We searched
1,323 consecutive patients admitted to the Department of
Cardiology at the Chinese PLA General Hospital and
extracted RAG from January 2016 to December 2020 in the
PACS database. All subjects were grouped by different vascu-
lar access (decided by the experienced interventional cardiol-
ogists according to their own operation habit). The index
related to RAG operation and the incidence of complications
between the two groups were compared. This study was
approved by the Ethics Committee of Chinese PLA General
Hospital. All participants were called for verbal agreements.

2.2. Angiography Procedures. In the FAA group, either right
or left femoral artery puncture was first performed; then, a
6F sheath was inserted. 2500 units of unfractionated heparin
were injected into the artery to prevent catheter-related
thrombosis. A 6F Judkins R angiography catheter was
inserted through the femoral artery sheath to the level of
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the first lumbar vertebra, and renal arteriography was imple-
mented at the opening of the renal artery.

In the RAA group, after puncture was performed at the
right or left radial artery, the 6F arterial sheath was inserted.
2500 units of heparin were injected into the artery to prevent
catheter-related thrombosis and followed by 200μg nitro-
glycerin to prevent vasospasm. Guided by the guidewire, a
6F and 125 cm long MP A1 angiography catheter (Cordis,
USA) was put into the ascending aorta. The open end of
the catheter was turned to the left of the patient at this time.
At last, the guidewire was sent into the descending aorta,
through which the catheter can be sent into the opening of
the renal artery.

2.3. Data Collection. All demographic information was col-
lected from the electronic medical record system in a stan-
dard report form, such as age, gender, height, and RAG-
related data including X-ray irradiation time, contrast agent
dosage, and complication incidence.

2.4. Data Analysis. SPSS version 20.0 was used to analyze all
the data of our study. All statistics were two-sided tested at
the 5% level of significance. All results were reported refer-
ring to STROBE statement. Continuous data with normal
distribution and homogeneity of variance were compared
by one-way ANOVA, otherwise by Mann–Whitney test. Cat-
egorical data were compared by χ2 analysis.

3. Results

3.1. Baseline Characteristics. From 1,323 patients enrolled in
our study, renal arteriography was performed in 612 patients
(mean age of 61:3 ± 17:7, 62.9% male, mean height of 166:3
± 9:9 cm, and mean serum creatinine 87:6 ± 21:4ummol/L)
via RAA and 711 patients (mean age of 62:1 ± 18:1, 59.3%
male, mean height of 168:5 ± 9:7 cm, and mean serum creat-
inine 89:2 ± 22:3ummol/L) via FAA. There presented no sig-
nificant difference between the two groups in baseline
characteristics (Table 1).

3.2. RAG Operation Related Index. In the RAA group, all 612
patients underwent angiography successfully via radial
artery. The right radial artery was initially selected in 464
patients and the left radial artery for the others (N = 148).
Among the patients who initially chose the right radial artery,
14 patients were taken another puncture of the left radial

artery because the aortic arch was too tortuous so that the
catheter could not be adjusted to the descending aorta to
complete the RAG. In the FAA group, all 711 patients under-
went angiography through femoral artery access without
changing the punctured vessel. If the frequency of puncture
is not considered, there is no difference of the success rate
of angiography between the two vascular accesses (both
100%).

The differential analysis shows that operation time
(5:08 ± 1:75min for FAA vs. 8:96 ± 2:03min for RAA, p =
0:01) and X-ray exposure time (2:11 ± 0:16min for FAA vs.
4:13 ± 0:23min for RAA, p = 0:03) of FAA were significantly
shorter than that of the RAA group. However, there was no
significant difference in the dosage of contrast (15:19 ± 3:38
mL for RAA vs. 14:38 ± 3:69mL for FAA, p = 0:31) and the
change of serum creatinine (9:32 ± 7:94ummol/L for RAA
vs. 9:38 ± 8:09ummol/L for FAA, p = 0:82) between the two
groups (Table 2).

3.3. Complications. χ2 analysis showed that the incidence of
complications in the RAA group was not higher than that
in the FAA group. Although there was no significant differ-
ence in single complication (including aortic artery dissec-
tion, renal artery dissection, retroperitoneal hematoma,

Table 1: Baseline characteristics of patients grouped by different
vascular access.

Characteristics∗ RAA (N = 612) FAA (N = 711) p†

Age, years 61:3 ± 17:7 62:1 ± 18:1 0.66

Male, no. (%) 385 (62.9) 422 (59.3) 0.18

Height, cm 166:3 ± 9:9 168:5 ± 9:7 0.42

Scr, ummol/L 87:6 ± 21:4 89:2 ± 22:3 0.42
∗Categorical variables are shown as numbers (%) and continuous variables
as means ± standard deviation. †p values were calculated by comparing
characteristics between two groups. RAA: radial artery access; FAA:
femoral artery access; Scr: serum creatinine.

Table 2: Comparison of RAG-related index between different
vascular access.

Item∗ RAA (N = 612) FAA (N = 711) p†

Success rate, % 100 100 1

Operation time, min 8:96 ± 2:03 5:08 ± 1:75 0.01

X-ray exposure time, min 4:13 ± 0:23 2:11 ± 0:16 0.03

Contrast, mL 15:19 ± 3:38 14:38 ± 3:69 0.31

Change of Scr, ummol/L 9:32 ± 7:94 9:38 ± 8:09 0.82
∗Categorical variables are shown as numbers (%) and continuous variables
as means ± standard deviation. †p values were calculated by comparing
characteristics between two groups. RAG: renal arteriography; RAA: radial
artery access; FAA: femoral artery access; Scr: serum creatinine.

Table 3: Comparison of complications between different vascular
access.

Complications∗
RAA

(N = 612)
FAA

(N = 711) p†

Aortic artery dissection,
no. (%)

0 (0) 0 (0) 1

Renal artery dissection,
no. (%)

0 (0) 0 (0) 1

Retroperitoneal hematoma,
no. (%)

0 (0) 0 (0) 1

Hematoma, no. (%) 11 (1.8) 25 (3.5) 0.06

Pseudoaneurysm, no. (%) 3 (0.5) 6 (0.8) 0.44

Arteriovenous fistula, no. (%) 1 (0.2) 3 (0.4) 0.39

Total, no. (%) 15 (2.5) 34 (4.8) 0.03
∗Complications are shown as numbers (%). †p values were calculated by
comparing characteristics between two groups. RAG: renal arteriography;
RAA: radial artery access; FAA: femoral artery access.
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hematoma, pseudoaneurysm, and arteriovenous fistula),
the overall complication incidence of the radial artery
group was significantly lower (2.5% for RAA vs. 4.8% for
FAA, p = 0:03) (Table 3).

4. Discussion

In this retrospective cohort study, we found that the success
rate of renal arteriography with the 125 cm long catheter
via RAA was 100%. Despite slightly more operation and line
exposure time, the complication rate of renal arteriography
via radial artery was 48% less than that via the femoral artery.

Although previous studies have confirmed the possibility
of renal arteriography via radial artery [8–10], few have com-
pared the feasibility and safety between RAA and FAA [11].
Recently, a comparative study for noncoronary angiography
with a small number of renal angiography cases has reported
that radial artery is the feasible and safe access [12], which is
consistent with our results.

The puncture point of the femoral artery approach is
short from the opening of the renal artery, and the access is
relatively straight. This anatomical feature makes the transfe-
moral artery approach easy to operate and keep the standard
way of RAG. In our study, results related to RAG operation
such as operation time and X-ray exposure time have
reflected this feature. However, femoral artery access has
inherent disadvantages as increased bleeding-related compli-
cations and patient discomfort [4, 5, 13]. The 125 cm long
angiographic catheter enables enough distance for the RAG
via RAA or even the right RAA. This study revealed that the
success rate of renal arteriography via the right radial artery
was up to 97% (464 in total, 450 patients succeeded, and 14
patients failed due to extreme distortion of the aortic arch).

It should be noted that in our study, a male with a height
of 195 cm successfully received RAG via the right radial
artery, but the 125 cm long catheter was completely inserted
into the sheath of the radial artery. This case suggests that
patients taller than a certain threshold should not receive
RAG with the 125 cm long catheter, which should be further
studied.

The limitations of our study included the recall bias and
single-center study. More analysis should be conducted on
data related to renal artery intervention and simultaneous
coronary and renal angiography.

5. Conclusion

This study has shown that it is feasible and safe to use the
125 cm long angiographic catheter for renal arteriography
via radial artery access. Radial artery vascular access can be
the first choice for RAG in clinics.
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Purpose. The purpose of this retrospective study was to evaluate the advantages of carbon nanoparticles in neck dissection and to
conclude its application in the treatment of clinically node-negative papillary thyroid carcinoma (CN0PTC). Methods. As a
retrospective cohort study, we divided the enrolled patients into two groups, the carbon nanoparticle (CN) group and the
control group according to the usage of CN. In the CN group, CN was applied to reveal drainage lymph nodes and the picked
LNs were sent for fast frozen testing. If metastasis exits, modified radical lateral lymph node dissection (LLND) was performed.
For both groups, prophylactic central lymph node dissection was routinely done. Finally, the demographic information, tumor
characteristics, postoperative pathological results, and laboratory data were collected for analysis. Results. A total of 61 CN0PTC
were enrolled in this study, 33 in the CN group and 28 in the control group. The black-stained rate for CN was 29/40 (72.5%)
with a positive prediction rate of 34.5%. The mainly black-stained region in the lateral neck was level III and possesses the
highest lymph node ratio (17.5%). The metastasis that occurred in level VI was 30% and 11.8% in the CN and control groups,
respectively (p = 0:058). During the available follow-up, no one showed recurrence. Statistical analysis showed that the CN
suspension can significantly reduce the risk of damage to the parathyroid gland (p = 0:001 for hypocalcemia, <0.05; p = 0:047 for
hypoparathyroidism, <0.05). Conclusion. The lateral neck metastasis in patients with papillary thyroid microcarcinoma in
clinical stage cT1aN0 is not rare. CN can help surgeons to distinguish the real person who actually needs LLND. In prophylactic
CLND, CN acts as a tracer which makes the parathyroid gland more identifiable and avoids risks of injuries to nerves and glands.

1. Introduction

With the development of ultrasonography, especially with
the coming out of high-resolution machines, the incidence
of thyroid cancer in China is dramatically increasing in
recent years [1]. Over 90% of thyroid malignancies are differ-
entiated thyroid cancer (DTC), most of which are papillary
thyroid carcinoma (PTC) [2]. PTC is insensitive to either
chemotherapy or radiotherapy and metastasis via mainly
the lymphatic system. Up to now, surgery including thyroid-
ectomy plus neck dissection is the best means of treatment.
Importantly, the surgical strategy about lymph nodes is an
essential issue that concerns every head and neck surgeon.
In literature, a series of meta-analyses and clinical articles
have discussed the outcomes of pCLND (prophylactic central

lymph node dissection). A recently published retrospective
study analyzing 399 patients to explore the role of prophylac-
tic central lymph node dissection (pCLND) showed that
pCLND can improve disease-free survival in patients with
intermediate and high risk of disease recurrence [3]. Indeed,
pCLND is believed to reduce locoregional recurrence rate
and provide pathological evidence for the adjuvant radioio-
dine (RAI) treatment [4]. Nevertheless, some researchers
thought that during the CLND, the protection of parathyroid
glands and recurrent laryngeal nerve (RLN) injury plays a
vital role due to its otherwise injury-causing poor life quality.
Additionally, the role of lymph node metastases on prognosis
and mortality is some kind doubtful. Gambardella et al. con-
sidered that pCLND has no positive influence on recurrence
rate but brings higher postoperative complications [5].
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Besides pCLND, there have been limited studies focusing
on pLLND. Therefore, after a long period of academic discus-
sion, prophylactic central (pCLND) and even lateral neck
dissections (pLLND) in patients with clinically negative
lymph nodes (CN0PTC) are still controversial. It is reported
that the event of skip metastasis (lateral neck LN metastases
without central LN metastasis) is not rare [6]. Considering
all the above, we believed that importance should be attached
to both pCLND and pLLND, and improving the safety and
efficacy of pLLND is vital so that patients can get benefits
from neck dissection while life quality will not be disturbed.

Since 2015, our center has been using carbon nanoparti-
cle (CN) suspension to trace lymph nodes to reduce the
occurrence of LND complications and lower the risk of dis-
ease recurrence. CN is made of particles with 150nm diame-
ter which allows CN to enter the lymphatic capillaries (the
intercellular space of lymphatic capillary cells is 120–
500nm), but not the blood capillaries (the intercellular space
of blood capillary cells is 20–50nm). Taking use of those
properties, CN can detect draining lymph nodes which are
of importance in the surgical decision-making. Although cer-
tain articles about CN in thyroid cancer have been published,
we wonder how the CN suspension was applied in PTC
patients and the benefits it brings to the real-world condition.
In order to conclude the five years’ experience in the usage of
CN, we conducted this retrospective cohort study based on
the assumption that CN suspension can help the detection
of occult lateral neck metastasis and significantly reduce the
occurrence of associated complications. We hoped this work
can uncover the application of CN in prophylactic neck dis-
section in CN0PTC patients and explore the influence of
CN on the occurrence of hypocalcemia and
hypoparathyroidism.

2. Method

A total of 61 patients diagnosed as CN0PTC from August
2015 to December 2019 at the Department of
Otorhinolaryngology-Head and Neck Surgery of our center
were collected retrospectively. The study was approved by
the Institutional Review Board of the China-Japan Friend-
ship Hospital, Beijing, China. Informed written consent was
obtained from the enrolled patients.

2.1. Inclusion Criteria

(1) Patients with fine needle aspiration cytology-
(FNAC-) proven PTC without suspicious lymph
nodes in ultrasound (CN0PTC) were recruited. No
history of head and neck surgery or radiation

(2) All patients had documentation of normal vocal cord
mobility by preoperative laryngoscopy

(3) A preoperative neck ultrasound and neck CT scan
showed no evidence of metastasis occurring in cen-
tral and lateral cervical compartments (CN0PTC).
Both ultrasound and neck CT scan were confirmed
by two experienced specialists

(4) Patients were included in the CN group or control
group according to the usage of CNs or not

2.2. Exclusion Criteria

(1) Patients in whom FNA had confirmed lateral neck
lymph node metastases were excluded from this
study

(2) Patients with aggressive histologic variants (colum-
nar tall/tall cell, diffuse sclerosing, and insular types)
were excluded

(3) Patients were also excluded if the frozen pathology
examination during operation confirmed benign
tumor or any other malignant tumor, such as medul-
lary thyroid cancer and thyroid lymphoma

(4) Patients younger than 18 years, pregnant, breastfeed-
ing, unable to participate in a postoperative follow-
up, or unable to give informed consent were excluded

2.3. Procedure

2.3.1. Surgical Technique. All surgical procedures were per-
formed by the same surgeon (Prof. Yun Feng) with high
experience in thyroid surgery. General anesthesia was given
to all patients. The patients were placed in the supine posi-
tion. A cervical collar curved incision was made.

A 1ml syringe was used for CN suspension injecting into
the thyroid gland. Several injecting spots were randomized
and uniformly distributed surrounding the tumor. For each
spot, 0.05ml-0.1ml CN suspension was slowly injected after
aspirate to ensure no flashback of blood. Then, manual pres-
sure was given using a wet gauze sponge for 15min to pro-
mote the diffusion of CN. We could see the CNs gradually
diffused from the injecting spots to the surrounding area,
until the entire thyroid lobe was uniformly stained black.
Next, the region of level III was first investigated assisted by
endoscopy to find black-stained LNs. Then, levels II, IV,
and VI were explored in turn. Unilateral lobectomy plus isth-
musectomy was performed for unilateral lesion, and a total
thyroidectomy should be considered for patients with bilat-
eral nodularity and other reasonable indication (such as
combined with hyperthyroidism). The black-stained LNs in
the lateral and center compartments were picked for the
intraoperative frozen section. In the cases where metastasis
was detected in black-stained LN upon frozen biopsy, an
immediate modified radical LLND along the jugular and
carotid vessels (including II, III, and IV regions) plus level
VI should be done. If there is no evidence of LN metastasis
in the lateral compartment, therapeutic lymph node dissec-
tion was only performed in level VI (central compartment).
Due to the high occurrence of central compartment metasta-
sis, we conducted prophylactic CLND for all 61 patients no
matter if CN or control group (see Figure 1).

The boundaries of the central compartment of the neck
(level VI) include the hyoid bone superiorly, right and left
carotid arteries laterally, and the plane at the level of the
innominate artery inferiorly. This includes the pretracheal,
prelaryngeal, and paratracheal lymph nodes. Levels II, III,
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and IV represent the lateral compartment, bordered inferi-
orly by the clavicle, superiorly by the digastric muscle, anteri-
orly by the sternohyoideus, and posteriorly by the
sternocleidomastoid (SCM) muscle [7]. Level V which is
referred to as the posterior triangle group includes the ante-
rior border of the trapezius muscle laterally, the posterior
border of the SCM medially, and the clavicle inferiorly and
is divided into two sublevels, VA and VB using the horizontal
plane that corresponds to the inferior border of the cricoid
cartilage.

2.3.2. Data Collection. Demographic information about age,
gender, history of abnormal thyroid function, cytological
results, BRAF gene mutation, intraoperative bleeding, and
surgery duration was collected. Preoperative FT3, FT4,
TSH, Tg, and anti-Tg antibody levels were also evaluated.
Levels of calcium and parathyroid hormone, along with any
complications including hemorrhage, wound infection, ser-
oma, hypocalcemia, and vocal cord palsy, were registered
postoperatively and at the follow-up after one month, six
months, and 12 months. Postoperative hypocalcemia is
defined as lower than 2.0mmol/l and 12 pg/ml for hypopara-
thyroidism. The lymph node yield was defined as the number
of lymph nodes harvested after lymphadenectomy, and the
lymph node ratio was defined as the ratio between metastatic
lymph nodes and total lymph nodes retrieved, calculated
only in patients with metastatic lymph nodes.

2.3.3. Statistical Analysis. SPSS 22.0 software (Chicago, IL,
USA) was used for statistical analyses. The continuous vari-
ables were expressed as the means ± standard deviations
(SD). Comparison between groups was done using chi-
square test and t test. p values < 0.05 were considered statis-
tically significant.

3. Results

A total of 61 CN0PTC were enrolled in this study, 33 in the
CN group (8 were men and 25 were women) and 28 in the
control group (4 were men and 24 were women). Age, sex,
BRAF mutation results, primary tumor locations and size,
tumor extent, number of tumors, thyroid procedures per-
formed, black-stained LN location and numbers, LN patho-
logical results, and other characteristics of these patients are
shown in Table 1. There was no significant difference
between the two groups in gender, age distribution, tumor
size and location, laterality, multinodules, and BRAF muta-
tion (p < 0:05). In both groups, no patients provided family
history of malignant thyroid tumor, and 2 in the CN group
had hyperthyroidism under stable control of drugs. No per-
manent hypocalcemia and hypoparathyroidism occurred in
either the CN group or the control group. As for transient
hypocalcemia and hypoparathyroidism, CN can significantly
avoid parathyroid injuries (p < 0:05, see data in Table 1).
Other complications including hemorrhage, wound infec-
tion, and seroma are listed in Table 1. Only 2 patients in
the control group showed unilateral vocal cord palsy and
recovered after three months of medical therapy. The occur-
rence of complications showed no significant difference
between the two groups.

In the CN group, seven patients were confirmed to be suf-
fering from bilateral thyroid cancer. Finally, a total of 40 sides
were collected for analysis, in which 11 sides showed no
black-stained LN in the lateral compartment after CN injec-
tion; as a result, the black-stained rate of this study was 29/40
(72.5%). Ten sides (10/29, 34.5%) in which lateral compart-
ment metastasis was revealed on frozen sections underwent
immediate LLND. Of these, five sides also suffered from cen-
tral compartment metastasis. The central compartment (VI)

CN0PTC
61 cases

CN group
33 cases
40 sides

Control group
28 cases

Central+lateral compartment neck dissection
II, III, IV+VI

Prophylactic central compartment neck 
dissection VI

10 sides,
metastasis

(+)

19 sides,
metastasis

(–)

11 sides, no black-stained 
LNs in lateral 
compartment

29 sides, black-stained 
LNs in lateral 
compartment

Black-stained lymph node biopsy
frozen section for fast pathology examination

Figure 1: A flow diagram used to describe the therapeutic regimen for CN and control group, CN0PTC, and papillary thyroid carcinoma
without suspicious lymph nodes in ultrasound. LN: lymph node.
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LN metastatic rate was 30% (12/40). The black-stained LN
distribution in different neck levels is shown in Figure 2. In
conclusion, the positive prediction rate of CN suspension
was 34.5% (10/29). Distribution of black-stained LNs in the
lateral compartment was shown in Table 2. In the lateral neck
area, 142 sentinel LNs detected by CN suspension in 33
patients were located in the ipsilateral lateral neck compart-
ment. The most common location of lack of stained LNs
was level III (Figure 2). Black-stained level VI LNs were
observed in 5 sides with 3 persons was confirmed as positive
for cancer metastasis.

As for the control group, 4 sides were proofed with cen-
tral compartment metastasis (4/33, 11.8%). Parathyroid tis-
sue was spotted in the dissected soft tissue from level VI in
3 patients. 17 patients show transient hypocalcemia while
14 patients suffered from hypoparathyroidism after surgery.

4. Discussion

This study investigated the application of CN suspension in
CN0PTC by retrospectively analyzing two cohorts: the CN
group and the control group. We found that the black-
stained rate of CN is 72.5% with a positive prediction rate
of 34.5%, that is, the occult lateral compartment LN metasta-
sis possibility is 35%. The black-stained LNs were mainly
located in level III, then levels II and IV. Cancer primarily
influences the level III and II LNs in the lateral compartment.
We compared the occurrence rate of hypocalcemia and
hypoparathyroidism. It showed that CN promotes the identi-
fication of the parathyroid gland when the CLND was per-
formed and mitigates injuries to the blood supply of the
parathyroid gland. Moreover, with the application of CN,
we can do pLLND via a form of picking berries then undergo

Table 1: General information and basic data of CN0PTC patients between CN group and control group.

CN group
33 cases
40 sides

Control group
28 cases
34 sides

χ2 t/Zð Þ value p value

Age, y (mean ± SD) 43.55± 11.56 42.89± 14.096 t = 0:199 0.338

Gender, M/F χ2 = 0:950 0.330

Male 8 4

Female 25 24

Laterality χ2 = 0:000 0.984

Bilateral 7 6

Multinodules1 χ2 = 0:728 0.394

Single 27 26

Multifoci 13 8

Tumor size (n, %)2 χ2 = 0:022 0.883

T ≤ 1 cm 30 26

1 cm < T ≤ 2 cm 10 8

Tumor site χ2 = 1:774 0.183

Upper pole 25 16

Middle/lower portion 15 18

BRAF mutation 26 21 χ2 = 0:123 0.726

LN metastasis/side

Central 2 4 χ2 = 3:606 0.058

Lateral 5 —

Central+lateral 5 —

Complications

Unilateral vocal cord palsy 0 2 χ2 = 2:437 0.118

Hemorrhage 0 0 —

Wound infection 0 0 —

Seroma 2 1 χ2 = 0:201 0.654

Transient hypocalcemia 6 17 χ2 = 11:666 0.001∗

Transient hypoparathyroidism 9 14 χ2 = 3:958 0.047∗

1Described by side. 2Calculated by the maximum diameter if multifocal lesions existed. LN: lymph node. ∗p < 0:05.
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modified radical LLND after positive frozen pathological
feedback. Zhou et al. analyzed a total of 127 patients who
were diagnosed with unilateral papillary thyroid microcarci-
noma (clinical stage cT1aN0M0) who underwent primary
thyroid surgery (hemi- or total thyroidectomy with ipsilateral
central lymph node dissection (CLND) plus lateral lymph
node dissection (LLND) including levels III and IV). They
found that the total metastasis rate of the lateral lymph node
was 21.26% (27/127), mainly located in level III [8]. Others
also reported similar data [9].

The primary therapy for differentiated (papillary and fol-
licular) thyroid cancer is surgery including total (or near-
total) thyroidectomy and unilateral lobectomy and LND.
For CN0PTC, LN metastasis occurs mostly in the central
compartments while the lateral compartment LNs are also
commonly involved. However, most research results primar-
ily focused on the stained nodes in the central compartment
so that the application of CN in CN0PTC lateral LND was
rarely reported, and whether CN can improve the detection
rate of metastatic lateral compartment nodes is still uncer-
tain. It is believed that lateral LN metastasis was associated
with tumor staging, postoperative therapy, distant metasta-
ses, prognosis, and survival [10]. Plenty of factors contribute
to disease recurrence andmetastasis, among which occult lat-
eral compartment metastasis plays a vital role. So a complete

neck LND is of great importance for preventing PTC recur-
rence and metastasis. If there is preoperative evidence (on
exam or ultrasound and neck CT scan) of central or lateral
node metastases, therapeutic lymph node dissection would
be performed. However, it is still ambiguous whether pro-
phylactic LLND should be performed in a situation in which
neither ultrasound nor neck CT scan proves LN metastasis.
Researchers are against prophylactic lateral LND due to the
wide disturbed surgical field which may cause a series pre-
and postoperative complications such as postoperative pain,
worsening life quality of patient (wound pain, hoarseness),
and injuries to vessels (Chyle leak, hemorrhage) and nerves
(accessory, ramus mandibularis, sympathetic (Horner’s syn-
drome), phrenic, brachial plexus, and cutaneous cervical
plexus).

Therefore, finding a management which can balance the
benefit of disease control by lateral LND and the loss of life
quality greatly needs to be addressed. Lee et al. applied preop-
erative lymphoscintigraphy combined with a hand-held col-
limated gamma probe to search for “radioactive” lymph
nodes to searching for the sentinel lymph node [11]. The
tracer they used was a 99mTc-tin colloid which was intratu-
morally injected under ultrasound guidance. The radical lat-
eral LND was performed if the picked SLN had metastasis
proven by frozen pathology. They believed that sentinel
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VA

VB

VA

VB

II (1/6 16.7%)
2
III

(1/9,3.4%)
2.07

III
(10/57,17.5

%)
4.38

IV
0/10
0%
3.3

IV
0/8

0%)
4

II (2/12 16.7%)
4

Figure 2: The distribution of the black-stained lymph nodes in different areas. Of these, level III has the highest possibility of detection of
black-stained LN, while the metastasis in LN mostly occurs in levels VI, III, and II, and seldom involves levels V and I which is consistent
with the literature. The mean lymph node yield in different areas was expressed in red.

Table 2: Distribution of black-stained LNs in the lateral compartment of CN0PTC patients.

Number of sides Positive for metastasis proof by intraoperative frozen section

No black-stained LN detected in lateral compartment 11 —

II level 1 0

III level 17 5

II, III level 6 5 (II: 1; III: 2; II+III: 2)

III, IV level 5 0

Total 40 10

PTC: papillary thyroid carcinoma; LN: lymph node.
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lymph node biopsy is a useful method for evaluating the
occult lateral neck lymph node status in patients with PTC.
This method of detecting SLN was reported by others.
Besides radio-guided SLNB (rSLNB), the LN tracer also
includes other kinds of dye techniques, such as CN, methy-
lene blue and India ink, and indocyanine green (ICG).

Carbon nanoparticle suspension has good lymph tro-
pism. After injection into the thyroid tissue, it will be
absorbed by the lymph system quickly selectively blacking
the lymph vessels and nodes, which will enter into the partial
lymph pipe network and lymph gland without blood pipe
absorption due to its 150nm diameter which is bigger than
the blood capillary gap (about 30-50 nm) and less than the
lymphatic capillary gap (100-500 nm). Compared with the
first generation of lymph tracers (methylene blue and India
ink), CN suspension has the advantages of great dispersivity,
with the parathyroid gland not stained and even dying [12].
In comparison with the radioactive tracer, CN is much easier
to operate, requires no special equipment, is radiationless,
and is safer for the human body. Carbon nanoparticle sus-
pension has been widely employed for lymph node tracing

in lots of malignant tumors such as gastric cancer, breast can-
cer, cervical cancer, oral cancer, colorectal cancer, and lung
cancer. Recently, CN was applied in thyroid cancer as
reported by several authors. Zhang et al. reported that carbon
nanoparticle-assisted sentinel lymph node biopsy can detect
incidental thyroid carcinoma which prevents the need for a
second surgery [13].

Because carbon nanoparticles cannot stain the parathy-
roid gland, the parathyroid glands can be easily identified
and protected to reduce the complications of transient hypo-
parathyroidism [14] (Figure 3(a)). This feature has great sig-
nificance especially for those who unfortunately have
bilateral thyroid cancer thus with a high risk of damage to
the parathyroid gland or for patients who need a second neck
surgery due to recurrence and other reasons. In this situation,
CN can assist the surgeons to finish the bilateral central
compartment dissection and protect the parathyroid gland
to the maximum extent at the same time. In our study,
none had permanent hypoparathyroidism which indicated
that CN can effectively protect the parathyroid gland mak-
ing CLND safer.

(a) (b)

(c) (d)

Figure 3: The parathyroid glands were not stained because of sharing different lymphatic systems. Therefore, CN suspensions did help
highlight parathyroid glands (a) (→ indicates the unstained parathyroid gland). (b–d) shows the staining of lymph nodes by CN in levels
VI (b) and III (c, d). White arrows indicate the black-stained lymph nodes.
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This study has some limitations. First, it showed that lat-
eral neck nodal involvement is not uncommon, at 28%. How-
ever, it did not conduct long-term follow-up observations to
illustrate the benefits of preventive LLND.Whether the use of
CN suspension can improve the long-term prognosis and
reduce the recurrence still needs to be explored in the future.
Second, the conclusion in this study needs a greater sample
clinical study for further confirmation.

In conclusion, this study indicated that lateral LN metas-
tasis in CN0PTC is not uncommon. Thus, CN suspension-
assisted identification of drainage LNs should be considered
for facilitating the modified resection of lymph nodes at the
central and lateral compartments of the neck, reducing neck
dissection-associated complications, especially for the explo-
ration and management of the lateral compartment in
patients without definite evidence of lateral neck metastasis.
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Background. The high rate of periprocedural complications for the endovascular stent procedure in the Stenting Versus Aggressive
Medical Management Therapy for Intracranial Arterial Stenosis (SAMMPRIS) trial resulted in it being less recommended than
medical therapy to treat intracranial atherosclerotic stenosis (ICAS). Because Enterprise stent use might reduce the incidence of
complications in ICAS treatment compared to other frequently used stents, this paper evaluated the safety and effectiveness of
the Enterprise stent for the treatment of ICAS. Methods. We performed a comprehensive literature search for reports on
intracranial angioplasty using the Enterprise stent for ICAS treatment from the earliest date available from each database to May
2020 for PubMed, EMBASE, Web of Science, Cochrane, and Clinical Trials databases. We also reviewed the single-center
experience of the First Affiliated Hospital of Harbin Medical University. We extracted information regarding periprocedural
complications, procedure-related morbidity, mortality, immediate angiographic outcome, and long-term clinical and
angiographic outcomes, among others. Event rates were pooled across studies using random-effects or fixed-effects models
depending on the heterogeneity. Results. Five hundred fifty-seven patients with 588 lesions from seven studies, including the
institutional series, were included in the analysis. The incidence of stroke or death within 30 days was 7.4% (95% confidence
interval (CI), 5.5%–10.1%). The incidence of ischemic stroke or TIA in the territory of the qualifying artery beyond 30 days and
during follow-up was 3.2% (95% CI, 1.1%–9.5%). The incidence of in-stent restenosis was 10.1% (95% CI, 4.6%–22.2%), and the
incidence of symptomatic restenosis was 4.1% (95% CI, 1.7%–9.9%). Conclusions. Intracranial angioplasty utilizing the
Enterprise stent for ICAS treatment was relatively safe and effective but required further verification using additional sources for
evidence.

1. Introduction

For decades, intracranial atherosclerotic stenosis (ICAS) has
been a major risk factor for ischemic stroke worldwide, espe-
cially in Asian populations [1, 2]. The Chinese Intracranial
Atherosclerosis (CICAS) trial reported that, in China,
46.6% of patients with cerebral ischemia symptoms exhibited
ICAS [3]. According to current guidelines, the primary treat-
ment for ICAS is medical therapy [4]. However, for ICAS
patients with severe stenosis and symptoms of cerebral ische-

mia (>70%), the stroke recurrence rate after receiving aggres-
sive medical therapy (AMT) exceeds 20% annually [5].
Percutaneous transluminal angioplasty and stenting (PTAS)
has been regarded as an effective alternative method to treat
severe ICAS [6].

In the past decade, two large randomized controlled trials
(RCTs), Stenting Versus Aggressive Medical Management
Therapy for Intracranial Arterial Stenosis (SAMMPRIS) [7]
and Vitesse Intracranial Stent Study for Ischemic Stroke
Therapy (VISSIT) [8], indicated that AMT was the preferred
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ICAS treatment relative to PTAS due to high rates of peripro-
cedural complications associated with PTAS. In the SAMM-
PRIS trial, the 30-day incidence of stroke or death in the stent
group was 14.7%, which was significantly higher than 5.8%
for the AMT group and was partly due to the use of the
Wingspan stent [9, 10]. The Wingspan stent is the only stent
currently approved by the Food and Drug Administration for
the treatment of ICAS [11]. However, concerns have been
raised that its rigidity and open-cell design with high radial
force could be related to the higher perioperative complica-
tion rate observed in previous trials [12].

Meanwhile, other stent varieties not originally designed
to treat ICAS have been used for off-label treatment of ICAS.
Some of these off-label stents have achieved satisfactory
results, including other self-expanding stents such as the
Enterprise stent (Codman Neurovascular, Raynham, Massa-
chusetts, USA), balloon-expandable stents, and drug-eluting
stents [9, 13–20]. Among these varieties, the Enterprise stent,
which has a closed-cell design, special bearing system, and
lower radial force, provides an attractive option to treat ICAS
[9, 13–17]. This preference is supported by the fact that the
Enterprise stent is associated with fewer perioperative com-
plications, and it can reach many lesions that other stents
cannot due to the inclusion of microcatheters [9, 13–17].
However, only a few case series with limited sample sizes
have been published that assess the treatment of ICAS using
the Enterprise stent [9, 13–17]. No systematic review has
been conducted. Due to the advantages mentioned above, it
is possible that the Enterprise stent might become one of
the predominant devices used to treat ICAS. Therefore, it is
necessary to further verify the safety and effectiveness of the
Enterprise stent in the treatment of ICAS. Thus, we reported
on the outcomes of using the Enterprise stent to treat ICAS in
a high-volume center and systematically reviewed all relevant
literature.

2. Materials and Methods

2.1. Institutional Series

2.1.1. Patient Population and Lesion Characteristics. We
conducted a study of case series from a single center and
reported the results according to the Preferred Reporting
Of CasE Series in Surgery (PROCESS) guidelines [21].
We retrospectively collected data from consecutive patients
who underwent PTAS using the Enterprise Stent to treat
ICAS in our institution (First Affiliated Hospital of Harbin
Medical University, Harbin, China) from June 13, 2017, to
April 3, 2020. The First Affiliated Hospital of Harbin Med-
ical University is located in Harbin, Heilongjiang Province,
in northeastern China. The area is located at a high alti-
tude, cold climate, and a high incidence of cerebrovascular
diseases. The center sees more than 1,500 cases of cerebro-
vascular diseases each year, including PTAS, and treats
approximately 200 ICAS patients per year.

Written informed consent was obtained from each
patient, and all study procedures were approved by the insti-
tutional ethics review board (Ethical approval: number ID,
20D0051). The inclusion criteria included the following. (1)

The patient received a diagnosis of ICAS with a degree > 70
%, which was confirmed by digital subtraction angiography
(DSA), using the same methods as the Comparison of
Warfarin and Aspirin for Symptomatic Intracranial Arterial
Stenosis (WASID) trial [5]. (2) The patient exhibited recur-
rent transient ischemic attack (TIA) or ischemic stroke
despite receiving AMT. (3) Hypoperfusion was present in
the region surrounding the qualifying artery that was
confirmed by computed tomography perfusion (CTP) and
magnetic resonance imaging (MRI). The exclusion criteria
included the presence of (1) complete occlusion of the cere-
bral artery; (2) stenosis caused by nonatherosclerotic factors;
(3) ICAS combined with other intracranial diseases such as
cerebral hemorrhage, malformation, aneurysm, moyamoya
disease, and intracranial tumors; and (4) occurrence of a
new ischemic stroke within two weeks before admission, as
verified by diffusion-weighted imaging (DWI).

2.1.2. Procedures. All patients received dual antithrombotic
therapy for a minimum of five days before stenting, as well
as oral aspirin (100mg/d) and clopidogrel (75mg/d), and
their platelet inhibition rate was assessed. Preoperative blood
pressure was maintained 15% lower than the baseline blood
pressure. Patients remained under general anesthesia during
the stent procedure, and heparin was infused following
induction of anesthesia. A 6F catheter was inserted into the
common carotid or vertebral artery via the femoral artery
using the Seldinger method. After femoral artery puncture,
heparin was injected intravenously, and heparin saline was
continuously infused during the procedure to ensure that
the activated clotting time was between 150 and 250 seconds.
Subsequently, angiography was performed to assess stenosis
lesions and blood flow compensation.

We calculated the diameter and length of stenosis
lesions utilizing both three-dimensional rotation and two-
dimensional imaging. Under the guidance of the path
map, a Traxcess 14 (Microvention, USA) microguidewire
was used with the Excelsior SL-10 (Stryker, Kalamazoo,
Michigan, USA) microcatheter to super select the distal
end or branch of the blood vessel through the lesion area,
and the microguidewire was withdrawn. After confirming
the true lumen of the blood vessel, the Transcend 300
microguidewire (Stryker) was inserted to withdraw the
microcatheter. Then, the Gateway balloon catheter (Boston
Scientific, USA) was sent along the Transcend Floppy 300
guidewire to the distal end of the lesion area, such that the
size of the balloon catheter reached 80% of the lesion stenosis
and the balloon was expanded slowly. After satisfactory bal-
loon expansion, it was withdrawn, and the Select Plus micro-
catheter (Stryker) was inserted along the exchange guidewire.
The Enterprise stent (Codman) was delivered to the lesion
area through the microcatheter. It was necessary that the
stent completely cover the lesion, and the length needed to
be greater than 3-5mm at both ends of the lesion area. After
stenting, angiography was performed to assess the procedure
results and rule out thrombosis in the stent or distal throm-
boembolism. The patient’s blood pressure was maintained
at 120-140mmHg after treatment, and the patient continued
to receive dual antithrombotic therapy, including clopidogrel
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(75mg/d) for six weeks and aspirin (100mg/d) for at least six
months. Patients received follow-up telephone calls 30 days
after the procedure.

2.1.3. Data Collection and Outcomes. We reviewed medical
records and extracted basic information concerning the
patients and lesions, including demographic data, lesion
characteristics, clinical presentations, modified Rankin scale
(mRS) scores, and the degree of arterial stenosis. Indicators
related to stent placement were recorded, including the size
of the balloon catheter and Enterprise stent, complications
within 30 days after stenting, and postoperative angiography
results.

The safety was assessed by noting the occurrence of
adverse events within 30 days after stenting, including TIA,
stroke, or death, based on the guidelines of the SAMMPRIS
trial. Besides, we recorded the rate of technical success, which
was defined as remaining stenosis of 50% or less as measured
by immediate postoperative angiography, which indicated
the precise release of the Enterprise stent into the lesion area.

2.2. Literature Review

2.2.1. Study Protocol and Search Strategy. We conducted a
systematic review of relevant literature, following the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [22]. The study was
registered in the International System of Review Prospective
Register (PROSPERO, CRD42020183509). With the assis-
tance of an experienced librarian, we searched PubMed,
EMBASE, Web of Science, Cochrane, and Clinical Trials
databases. Keywords, including “intracranial arteriosclero-
sis,” “cerebral arterial diseases,” “cerebral arteries,” “internal
carotid,” “vertebrobasilar arteries,” “middle cerebral artery,”
“stents,” and “Enterprise” were used in both “AND” and
“OR” combinations, as described in Table S1. The literature
search period was from the earliest date available for each
database to May 2020. All studies reporting ICAS patients
treated with the Enterprise stent were selected.

2.2.2. Trial Selection. Studies reporting an ICAS case series
treated with Enterprise stents with a sample size greater than
five met the initial inclusion criteria. We reviewed all poten-
tially qualified studies with results specifically related to
safety or effectiveness. We excluded studies that did not pro-
vide perioperative complication rates and technical success
rates. Duplicate studies were moved. Non-English articles,
conference abstracts without full text, and case series com-
bined with complete occlusion of the cerebral artery and
moyamoya disease also were excluded.

2.2.3. Data Extraction. Two investigators (BWS and CX)
independently extracted the following information from each
eligible study: the total number of patients and lesions treated
with the Enterprise stent, pretreated and posttreated mean
stenosis degree, technical success rate, intraprocedural com-
plications, frequency of stroke, TIA, or death within 30 days
after implantation of the Enterprise stent, frequency and
mean duration of clinical and imaging follow-ups, frequency
of stroke, TIA or death in the territory of the qualifying artery

beyond 30 days, and the in-stent restenosis (ISR) and symp-
tomatic ISR rates. The presence of ISR was indicated by a
greater than 50% residual stenosis in the stent after place-
ment as assessed by follow-up DSA or computed tomo-
graphic angiography (CTA) examination.

2.2.4. Qualitative Assessment. Two investigators (BWS and
CX) independently assessed the quality of the included liter-
ature, and a third investigator resolved any disagreements.
Literature quality was assessed using a modified version of
the Newcastle-Ottawa Quality Assessment Scale (NOS)
[23], which was specifically designed to assess the quality of
nonrandomized studies, such as case-control studies and
cohort studies. We evaluated the quality of each study based
on three aspects, including (1) selection of the study groups,
(2) comparability of the study groups, and (3) achievement of
the outcome of interest. Specific evaluation details are shown
in Table S2.

2.3. Statistical Analysis. All statistical analyses were per-
formed using R software (version 3.6.1, R Core Team,
Vienna, Austria). Standard descriptive statistics were used
for the institutional series. Continuous data were presented
as means ± standard deviation. Categorical data were pre-
sented as percentages. Since all included studies were non-
comparative studies, we calculated incidence rates rather
than relative risks or mean differences. The cumulative
incidence and 95% confidence interval (CI) for all events
were recorded, and cumulative outcomes were calculated.
Subgroup analyses were conducted based on the anterior
circulation (AC) and posterior circulation (PC) of the cere-
bral arteries. For the pooled analysis, event rates were sum-
marized using a random-effects model if heterogeneity was
significant; otherwise, a fixed-effects model was used [24].
Study heterogeneity was evaluated using the I2 statistic. I2

values of 0-25%, 26-50%, 51-75%, and>75% indicated light,
low, moderate, and high heterogeneity, respectively [25]. If
any apparent heterogeneity was observed, a sensitivity analy-
sis was used to explore the source of the heterogeneity. Visu-
alization using a funnel plot was employed to assess
publication bias when there were sufficient numbers of eligi-
ble studies to create the plot. Asymmetric funnel plots are
suggestive of publication bias.

3. Results

3.1. Institutional Series

3.1.1. Patient Population and Lesion Characteristics. Three
hundred twenty-one ICAS patients received PTAS treatment
at our center from June 13, 2017, to April 3, 2020. After
excluding ineligible participants, 104 patients (mean age,
58:61 ± 9:32 years) with 105 stenosis lesions were incorpo-
rated into the present study (60 male patients, 57.69%). The
screening flowchart is seen in Figure S1. All relevant patient
data are shown in Table 1. Forty-seven (44.76%) lesions
were located in the AC (13 in the intracranial segment of
the internal carotid artery, ICA (12.38%); and 34 in the
middle cerebral artery, MCA (32.38%)). Fifty-eight
(55.24%) lesions were located in the PC (15 in the

3BioMed Research International

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42020183509


intracranial segment of the vertebral artery, VA (14.28%);
and 43 in the basilar artery, BA (40.95%)). Twenty-one
(20.19%) patients were admitted to the hospital for TIA
and 83 (79.81%) for stroke. The frequency of preoperative
mRS scores were as follows: 0, 17 (16.35%); 1, 69 (66.35%);
2, 16 (15.38%); and 3, 1 (0.96%). The preoperative degree of
arterial stenosis was 87:13 ± 7:80%, as determined by DSA.

3.1.2. Immediate Angiographic and 30-Day Outcomes. All
105 stents met the technical success criteria, resulting in a
100% success rate, and postoperative stenosis averaged
27:31 ± 8:89% (Table 1). Within 30 days after stent place-
ment, 7 (6.73%) patients developed stroke or died, 4
(3.81%) patients experienced an ischemic stroke, and 3

(2.88%) patients developed a hemorrhagic stroke. One
patient with a hemorrhagic stroke died, yielding a total mor-
tality rate of 0.95%. One patient with a right MCA stenosis
experienced hyperperfusion cerebral hemorrhage on the sec-
ond day after stent placement and died, despite immediate
symptomatic treatment. One patient with stenosis at the
end of the left ICA developed a subarachnoid hemorrhage
12 hours after the stent was implanted. This patient subse-
quently underwent decompressive craniectomy, gradually
achieved full recovery, and exhibited a mRS score of 3 on
day 30 after the procedure. One patient with cerebellar hem-
orrhage did not present any visible symptoms but scored 1 on
the mRS on day 30 following the procedure. Three patients
with BA stenosis and one patient with MCA stenosis devel-
oped a perforating infarction within 30 days after the proce-
dure, but the symptoms were not severe. After receiving
antiplatelet therapy, their symptoms improved, and their
mRS scores were 0-2 at the 30-day telephone follow-up
interview.

3.2. Systematical Review

3.2.1. Search Results. The literature selection process is shown
in Figure 1. The initial database search identified 351 cita-
tions. Fifty-two duplicates were excluded, and 291 articles
were excluded after reading the titles and abstracts, leaving
eight articles. Two articles presented overlapping data, and
we chose to include the article with the longest study dura-
tion and the largest number of cases. One additional study
was excluded for including only patients with complete
occlusion of the cerebral artery. Therefore, seven studies,
including the institutional series, were included in the sys-
tematic review.

3.2.2. Characteristics of Included Studies. The baseline infor-
mation for all studies is shown in Table 2. Studies were pub-
lished between 2012 and 2019. All included studies were
retrospective observational case studies that lacked compari-
sons to other treatments as control groups. Due to these char-
acteristics, all selected studies had a high risk of bias, as
assessed by the NOS scale (Table S2). Five studies were
conducted in East Asia, while the other two studies were
conducted in Germany and Turkey.

A total of 557 patients underwent Enterprise stent
implantation for 588 ICAS lesions. The average age ranged
from 56.8 to 64.0, and the pretreatment mean stenosis ranged
from 65.4% to 92.0%. All studies reported some within 30
days after Enterprise implantation. Five studies, including
343 lesions, reported angiographic follow-up examinations,
with the mean time ranging from 6 to 22 months. Five stud-
ies, including 370 lesions, reported results from clinical
follow-up examinations, with the mean time ranging from
6.2 to 25.6 months.

3.2.3. Immediate Angiographic and 30-Day Outcomes. The
summary of adverse events after Enterprise implantation is
shown in Table 3, and the forest diagram of the results is
shown in Figure 2. The technical success rate ranged from
98.5% to 100%, with only one procedure that did not achieve
technical success. Posttreatment stenosis was reported for

Table 1: The patient’s demographic data, clinical and angiographic
outcome.

Characteristic Value

Age, years (mean ± SD) 58:61 ± 9:32
Sex, male/female (n) 60/44

Qualifying event (n (%))

Transient ischemic attack 21 (20.19)

Cerebral infarction 83 (79.81)

Comorbidities (n (%))

Hypertension 80 (76.92)

Diabetes 30 (28.85)

Coronary artery disease 18 (17.31)

Pretreated modified Rankin scale score (n (%))

0 17 (16.35)

1 69 (66.35)

2 16 (15.38)

3 1 (0.96)

Location (n (%))

Intracranial segment of internal carotid artery 13 (12.38)

Middle cerebral artery 34 (32.38)

Basilar artery 43 (40.95)

Intracranial segment of the vertebral artery 15 (14.28)

Lesion morphology (n (%))

A 14 (13.33)

B 40 (38.10)

C 51 (48.57)

Complications (n (%))

Any stroke or death within 30 d 7 (6.73)

Nonfatal ischemic stroke within 30 d 4 (3.85)

Nonfatal hemorrhage stroke within 30 d 2 (1.92)

Death within 30 d 1 (0.96)

Angiographic outcome

Pretreated stenosis degree (%) (mean ± SD) 87:13 ± 7:80
Posttreated stenosis degree (%) (mean ± SD) 27:31 ± 8:89
Length of stenosis (mean ± SD) 10:68 ± 4:99
Enterprise stent length (mm) (mean ± SD) 25:12 ± 5:03
Balloon catheter length (mm) (mean ± SD) 13:22 ± 3:64
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474 lesions in five studies, ranging from 12 ± 10% to 27:31
± 8:89% (Table 2). Within 30 days following PTAS, the
pooled incidence of adverse events was as follows: stroke or
death, 7.4% (95% CI 5.5%–10.1%); hemorrhagic stroke,
3.1% (95% CI, 1.9%–5.0%); ischemic stroke, 4.5% (95% CI,
3.0%–6.73%); and mortality, 1.2% (95% CI, 0.5%–2.6%).
The pooled incidence of intraprocedural complications was
2.2% (95% CI, 1.2%–4.0%), including vasospasm, hematoma
in the groin, and asymptomatic dissection of the stented
segment. These results were not heterogeneous (I2 = 0), and
no apparent publication bias was observed in the funnel chart
(Figure S2). We conducted a subgroup analysis of
complications that occurred within 30 days by separating
patients with lesions into AC and PC subgroups. The
complication rate of patients with AC lesions was 6.7%
(95% CI, 3.6%–12.3%), and for patients with PC lesions was
8.1% (95% CI, 4.9%–13.4%). There was no significant
statistical difference between the two subgroups (Figure S3).

3.2.4. Imaging and Clinical Follow-Up. Five studies, including
370 lesions, reported outcomes observed at clinical follow-up
examinations. The pooled incidence of ischemic stroke or
TIA in the territory of the qualifying artery beyond 30 days
was 3.2% (95% CI, 1.1%–9.5%) (Figure 2). Since I2 = 56, we
chose the analysis result obtained from the random-effects
model. Through sensitivity analysis, we determined that the
heterogeneity primarily resulted from the study by Wang
et al. [15]. No deaths were reported during the follow-up
examinations. Five studies, including 343 lesions, reported

imaging follow-up results. The pooled incidence of ISR was
10.1% (95% CI, 4.6%–22.2%), and the pooled incidence of
symptomatic ISR was 4.9% (95% CI, 2.9%–8.5%). The results
of ISR were highly heterogeneous (I2 = 75). Using sensitivity
analysis, we established that the heterogeneity principally
resulted from the study by Vajda et al. [17]. We speculated
that the heterogeneity might be caused by differences in the
length of follow-up times. Based on the asymmetry of the
funnel chart, we believe that the three results described above
presented some degree of publication bias (Figure S2).

4. Discussion

We summarized our experience in a high-volume center and
all published studies before May 2020 on the treatment of
ICAS with the Enterprise stent and evaluated the safety and
efficacy of the Enterprise stent. An analysis of 588 lesions in
557 patients revealed that the incidence of stroke or mortality
within 30 days after the procedure was 7.4% (95% CI 5.5%–
10.1%), and all but one procedure obtained technical success.
In the SAMMPRIS and VISSIT trials, the incidence of
adverse events within 30 days of PTAS with non-Enterprise
stents was 14.7% and 24.1%, respectively, which are higher
than the rates reported in this study. The long-term effect
of treatment, as assessed by the incidence of ischemic stroke
or TIA in the territory of the qualifying artery beyond 30
days, was 3.2% (95% CI, 1.1%–9.5%). Thus, our findings pro-
vided evidence to support the safety and effectiveness of
Enterprise stent placement in the treatment of ICAS.

Records identified through
database searching (n = 351)

Pubmed: 80
Embase: 182

Web of Science: 79
Cochrane: 9

Clinical Trials: 1

Records screened for relevance by
title and abstract (n = 299)

Full text articles (n = 8)

Articles included in quantitative
synthesis (n = 6)

Articles included in quantitative
synthesis (n = 7)

1 article added
(i) Present study

2 articles excluded:
(i)

(ii)
Overlapping data
Patient with occlusion

291 articles excluded:
Case reports
Review articles
Meeting abstracts
Commentary only
Non-English articles
Stenting treatment with devices

(i)
(ii)

(iii)
(iv)
(v)

(vi)
different from Enterprise

52 articles excluded:
(i) Records a�er duplicates removed

Figure 1: Flowchart shows study selection procedure. 7 studies were included in this systematic review.
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The endovascular procedure emerged as a novel ICAS
treatment in the 1980s. Although technology and equipment
have undergone constant innovation and improvement, the
procedure has never become the predominant treatment for
ICAS [26, 27]. Results of the WAISD and SAMMPRIS trials
confirmed the safety of AMT [5]. However, for patients with
high-grade stenosis, the rate of stroke recurrence after AMT
was close to 20% per year [11]. For many patients with severe
ICAS (stricture > 70%), PTAS treatment is still an important
alternative treatment. Additionally, the results of the SAMM-
PRIS trial have been criticized by some experts due to limita-
tions in stent selection, patient inclusion, and technical
aspects of the procedures [28]. Therefore, exploring optimal
treatments for ICAS is still a worthy endeavor.

After minimizing the limitations of the SAMMPRIS trial,
an RCT in China, China Angioplasty and Stenting for Symp-
tomatic Intracranial Severe Stenosis (CASSISS) [29], was ini-
tiated and is ongoing. Early reports from the CASSISS trial
differed from the SAMMPRIS study results, including the
observation that the incidence of 30-day adverse events in
patients with high-grade ICAS treated by PTAS was only
4.3%. This result increased the confidence of practitioners
to use PTAS for ICAS treatment in China. The extensive
use of Wingspan stents in the SAMMPRIS trial also has been
widely criticized [12]. Some experts believed that the rigidity
and high radial force of the Wingspan stent were related to
the high incidence of perioperative complications [30].
Recently, the Wingspan Stent System Post Market Surveil-
lance Study (WEAVE) trial [31] and the Wingspan One-
year Vascular Events and Neurologic Outcomes (WOVEN)
trial [32] reported acceptable results. As postmarket surveil-
lance studies, the WEAVE and WOVEN trials strictly
enrolled patients treated on-label with the Wingspan stent
and reported that 2.67% of patients had died or developed
stroke within 72 hours, and 8.5% of patients had died or
developed stroke at the one-year follow-up. These results
suggest that when assessing the use of PTAS for ICAS treat-
ment, the choice of an appropriate patient group is critical.

Following the failure of the SAMMPRIS and VISSIT
trials, studies on the feasibility and effectiveness of using
other alternative stents to treat symptomatic ICAS have been
continuing [9, 13–20]. Among the many stent options, the

self-expanding Enterprise stent has been used frequently for
ICAS treatment, especially in our center. The Enterprise
stent, which was specifically developed to treat wide-necked
intracranial cerebral aneurysms, has a closed-cell design, spe-
cial carrier system, and lower radial force compared with the
Wingspan stent [15]. It has a diameter of 4.5mm and has
four lengths of 14, 22, 28, and 37mm, so it is suitable for
intracranial blood vessels with a diameter of 2.5-4.0mm.
The release rate of the Enterprise stent is less than 70%, and
it is recyclable. More importantly, the Enterprise stent is
exceptionally malleable, and its delivery catheter tip is soft
and flexible, making it easier to reach the lesion area than
more rigid stents [13]. Due to the wide application of the
Enterprise stent to treat aneurysm embolization [33], it has
been reported that it could reach areas inaccessible by other
types of stents, such as the Neuroform EZ and Solitaire stents
[34]. Interestingly, Vajda et al. proposed that the Enterprise
stent could be delivered to any part of the circle of Willis with
the aid of microcatheters [13].

Several previous studies reported low perioperative com-
plication rates when using the Enterprise stent to treat ICAS
that ranged from 1.47% to 12.50% [9, 13–17]. The results of
this study agree with previous reports, as only 7.4% (95%
CI 5.5%–10.1%) of patients experienced stroke or death
within 30 days after Enterprise stent implantation. More
adverse events were caused by ischemic events, 4.5% (95%
CI 3.0%–6.7%), and although the incidence of hemorrhagic
events was slightly lower, 3.1% (95% CI 1.9%–5.0%), death
was always related to hemorrhagic stroke. Additionally, we
conducted a subgroup analysis based on the AC/PC lesion
location, and the complication rate was not significantly dif-
ferent between the two subgroups.

Several studies reported additional complications related
to the procedure, such as vasospasm and stent migration [9,
13]. The periprocedural complication rates of the current
study were undoubtedly better than the stent group of the
SAMMPRIS trial but slightly higher than the WEAVE trial,
the early results of the CASSISS trial, and the AMT group
of the SAMMPRIS trial. These results could be related to
patient selection, operator experience, and characteristics of
individual PTAS. As the complication rate within 30 days
after PTAS in the VISSIT trial was as high as 24.1%, the trial

Table 3: Summary of adverse events after Enterprise implantation.

Study
Intraprocedural
complications

Any stroke or death within 30 days Ischemic stroke or
TIA in the

territory of the
qualifying artery
beyond 30 days

Mortality
beyond
30 days

ISR

Stoke
Nonfatal
stroke

Death
Asymptomatic Symptomatic

Hemorrhagic Ischemic

Vajda 2012 4/209 8/189 10/189 16/189 2/189 4 0/174 39/174 4/44

Feng 2015 0/44 1/44 3/44 4/44 0/44 0 0/44 1/44 2/44

Lee 2016 0/30 1/24 2/24 2/24 1/24 0 0/24 1/20 0/20

Wang 2016 3/62 0/60 2/60 2/60 0/60 5 0/60 1/45 5/45

Huang 2019 0/70 2/68 1/68 3/68 0/68 NA NA NA NA

Salik 2019 1/68 0/68 0/68 1/68 0/68 0 0/68 2/60 0/60

Present 0/105 3/104 4/104 6/104 1/104 NA NA NA NA

NA: not available.
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Figure 2: Continued.
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was terminated early. It is generally considered that the
balloon-expandable stent is more rigid and less flexible than
self-expanding stents and may be difficult to navigate along
curved blood vessels [24]. Some experts believed that PTAS
complications were related to the morphological classifica-
tion of lesions, as proposed by Mori et al. [9, 14, 35], and
the complication rates of type B and type C lesions were
higher. Recently, a multicenter, single-arm study involving
159 patients explored the application of balloon-expandable
stents in the treatment of ICAS. The complication rate at
72 hours after surgery was 0%, but the study included more
Mori A (33.3%) and Mori B (52.2%) lesions, so the therapeu-
tic effect of balloon-expandable stents for Mori C lesions is
still worth exploring [36].

There are relatively few studies on other types of stents,
so it is challenging to draw broad conclusions [18, 19]. A
single-center study involving 76 patients explored the effect
of a new generation of closed-cell self-expandable stents,
the Acclino® flex stent, in the treatment of ICAS. The inci-
dence of stroke or death within 30 days after PTAS was
6.5%, which is similar to the results of this study [19]. Also,
another study reported that using the Neuroform EZ stent
to treat ICAS has the possibility of reducing complication
risks. That study included 71 consecutive patients, and no
stroke or death was observed within 30 days after surgery.
The open-cell design of the Neuroform EZ stent was thought
to be associated with this result [18]. However, the exact risk
factors for these perioperative complications after PTAS with
the Enterprise stent are still uncertain, and further research is
needed [37]. In particular, for high-grade stenosis, the low
complication rate in our study supported the safety of Enter-
prise stent implantation in ICAS treatment.

For the follow-up results of the systematic review, the
incidence of stroke, TIA, or death over 30 days after PTAS
was 3.2% (95% CI, 1.1%–9.5%). This result was better than
the AMT (6.4%) and stent groups (5.3%) in the SAMMPRIS
trial and lower than the AMT (5.7%) and stent groups

(12.1%) in the VISSIT trial. These results indicated that the
long-term stroke prevention of the Enterprise stent was rela-
tively good. Long-term complications are often associated
with ISR, and the high incidence of ISR after stent implanta-
tion for ICAS has long been a major disadvantage of placing
stents [38]. ISR is common in the first year after PTAS and an
important cause of nonsurgical ischemic events after stent
placement [10]. Importantly, we found that the ISR rate
during the follow-up period after Enterprise stent implanta-
tion was 10.1% (95% CI 4.6%–22.2%), and the incidence of
symptomatic ISR was 4.9% (95% CI 2.9%–8.5%). These
results are in line with results from a previous meta-
analysis of PTAS for ICAS treatment [39]. The Wingspan
stent had an ISR rate between 6% and 42.8% [9], and the
ISR rate was as high as 26.5% in the VISSIT trial using the
balloon-expandable stent. The ISR rate in the study by Vajda
et al. was 24.71%, which potentially could be related to the
patient inclusion criteria and follow-up times, as numerous
patients with a stenosis rate of 50%-70% were included and
followed for a long time until ISR was detected [17].

Recently, a meta-analysis demonstrated that drug-eluting
stents performed better in preventing ISR, with an ISR inci-
dence of only 4.1% and an asymptomatic ISR incidence of
3.0% [20]. However, the risk of low-grade chronic inflamma-
tion leading to late stent thrombosis limits the application of
drug-eluting stents. Moreover, drug-eluting stents are quite
stiff, making it challenging to reach complex stenosis lesions,
causing drug-eluting stents to be inferior to the Enterprise
stent in terms of operability [20].

Several relevant studies have indicated that ISR may be
related to lesion location, preoperative stenosis, use of a
balloon, and the application of antiplatelet drugs [38].
However, few studies have focused on the mechanisms
underlying ISR. A few studies have reported that the low
radial force of Enterprise stents might play a role in reducing
the ISR rate because it is related to intimal hyperplasia [33].
Currently, treatment for ISR includes medical therapy,
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Figure 2: Pooled analysis outcome. (a) Any stroke or death within 30 days. (b) Ischemic stroke within 30 days. (c) Hemorrhage stroke within
30 days. (d) Mortality within 30 days. (e) Intraprocedure complication. (f) Ischemic stroke or TIA in the territory of the qualifying artery
beyond 30 days. (g) In-stent restenosis during imaging follow-up. (h) Symptomatic in-stent restenosis during imaging follow-up.
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bypass surgery, and endovascular recanalization, but most of
these treatments have unsatisfactory outcomes [38]. In our
center, the use of antiplatelet agents was strictly regulated
based on the WASID trial to better prevent the emergence
of ISR.

5. Limitations

Limitations associated with a retrospective single-arm study
were unavoidable in the institutional series. Despite the
authenticity of medical records, recall bias and selection bias
were common, and the lack of a control group limited the
scope of the results. For the systematic review, all included
studies were retrospective single-center studies and lacked
appropriate control groups for comparison with other treat-
ments. The follow-up times and imaging methods for each
study were highly variable, which may have confounded the
clinical and angiographic results. The small number of avail-
able studies limited the effectiveness of evaluating publication
bias. Also, this study only included relevant studies that took
place in the last ten years. Over time, stenting technologies
have continuously improved. The complication rate has
decreased, which might be partially responsible for the het-
erogeneity in the results when studies published across a
long-time span were compared. According to the Grading
of Recommendations, Assessment, Development, and Evalu-
ation framework, we found that the heterogeneity and meth-
odological limitations of the included studies negatively
impacted data in this study [40–42]. Nevertheless, with 557
patients and 588 lesions, this systematic review was the most
extensive study to date that investigated the use of the Enter-
prise stent for ICAS. This study provided useful data to eval-
uate the effects of the Enterprise stent in the treatment of
ICAS.

6. Conclusion

The use of the Enterprise stent for intracranial angioplasty
may be safe and effective in the treatment of ICAS. When
used appropriately, the vast majority of ICAS patients receiv-
ing Enterprise stent implantation obtained good outcomes
and excellent neurological performance during the follow-
up period. However, considering the limitations associated
with the level of evidence in this study, additional RCTs are
needed to further verify the effects of Enterprise stents for
ICAS. Furthermore, the results of this study might provide
assistance in the selection of stents for endovascular treat-
ment of symptomatic severe ICAS.
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Objective. To investigate the efficacy and safety of endovascular double-layer bare stent placement for the treatment of traumatic
false aneurysm (TFA). Methods. This is a retrospective review of five patients with TFA undergone double-layer bare stent
placement in our center between February 2011 and August 2020. There are 2 males and 3 females aged 29-65 years, with an
average age of 43 years. One case suffered from common carotid artery pseudoaneurysm, and four cases suffered superficial
femoral artery pseudoaneurysm. Results. The endovascular interventional treatment was successful in all 5 patients, and the
pseudoaneurysms disappeared after treatment. No TFA recurrence and no complications such as instent stenosis, stent
migration, stent fracture, endoleak, and infection were observed during the 3-99-month follow-up period. Conclusion. For the
treatment of TFA, endovascular interventional therapy with double-layer bare stent was minimally invasive, safe, and effective
with fewer complications. It could preserve all branches of parent artery and had the advantage of lower cost. It can be used in
the treatment of TFA in selected cases. However, further clinical researches with larger cohorts are needed before its long-term
efficacy can be completely clarified.

1. Introduction

Traumatic false aneurysm (TFA) refers to peripheral hema-
toma caused by the partial rupture of the arterial vascular
wall after injury. Since the vascular lumen is connected to
the hematoma, a tumor-like expansion of the hematoma cav-
ity may occur under the high arterial blood pressure. The
lesion is known as a pseudoaneurysm because there is no
normal three-layer structure of arteries [1]. Pseudoaneurysm
can, if left untreated, become a life-threatening situation by
thrombosis, rupture, or distal embolization [2]. Thus, proper
and timely treatment is very important.

Before the era of endovascular techniques, open surgical
aneurysmectomy was the conventional treatment for TFA

[3]. In recent years, with the advances of new tools and
embolization materials, endovascular interventional therapy,
a minimally invasive and safe method, has been applied by
interventional radiologists to treat TFAs, giving satisfactory
results [4]. Based on the locations, types, and collateral path-
ways of pseudoaneurysm, different individualized treatments
should be adopted, including single or overlapped stent-
assisted coiling and covered stents [5, 6]. Zhang et al.
reported that multiple overlapping uncovered stents could
be a feasible option in the endovascular management of com-
plicated peripheral and visceral artery aneurysms where side
branches need to be maintained [7]. There was no similar
case in the literature using dual-bare stents for the treatment
of TFA with a long-term follow-up for 99 months. This study
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is aimed at evaluating the long-term clinical therapeutic
effect of double-layer bare stent implantation for TFA.

2. Subjects and Methods

2.1. General Data. In this study, five TFA patients with an
average age of 43 years (2 males and 3 females, aged 29-65
years) were admitted to our emergency department from
February 2011 to August 2020. The causes of TFA included
sharp injury in 1 case and traffic injuries in 4 cases. The
TFA injury sites included common carotid artery (n = 1)
and superficial femoral artery (n = 4). The clinical manifesta-
tions consisted of continuously enlarging pulsatile mass in
the site of injury, palpable tremor, vascular murmur, and dis-
comfort and pain in the limbs on the traumatic side. The
diagnosis was confirmed by computed tomography angiog-
raphy (CTA) before operation.

2.2. Treatment. All five patients underwent CTA before treat-
ment to determine the exact location, diameter, morphology,
and collateral circulation of TFA [8]. After preoperative and
intraoperative examination and assessment, double-layer
bare stent placement was performed in all patients.

2.2.1. Surgical Procedure. Five milliliters of 2% lidocaine
hydrochloride was subcutaneously injected for local anesthe-
sia. After intravenous administration of heparin sodium (0.6-
0.8mg/kg), the femoral artery was punctured using the stan-
dard Seldinger technique. With the help of supersmooth
guide wire, the catheter was delivered to the proximal vessel
of TFA. Digital subtraction angiography (DSA) was per-
formed to determine the location, morphology and size of
TFA, the diameters of the distal and proximal blood vessels,
and the main branch vessels that maybe involved. The tip
of the catheter was inserted into the normal blood vessel to
establish a working channel for the guide wire. The stent
was slowly released after accurate positioning with the aid
of bony landmarks and DSA path diagram. Since the diseased
segment involved important collateral circulation, overlap-
ping bare stents were placed. At least 2 cm of anchoring area
was required at the two ends of pseudoaneurysm. The bare
stents (LifeStent, Bard Company, USA) were slowly placed
across the neck of the pseudoaneurysm, and the therapeutic
effect was evaluated by DSA. If there was no endoleak or if
the blood flow into the hematoma cavity slowed down signif-
icantly, the implantation of bare stents was stopped; if there
was still contrast agent filling in the hematoma cavity,
another bare stent was implanted [9].

2.2.2. Criteria for Successful Treatment of TFA with
Endovascular Stent Implantation. The final angiography
showed good stent position and an immediate decrease of
flow in the sac of pseudoaneurysm. All branches of the parent
artery were preserved. The endovascular stents implantation
was regarded as successful. After the operation, the femoral
artery puncture point was sutured with a conventional vascu-
lar suture device to stop bleeding, followed by local compres-
sion for about 10 minutes. Subsequently, the femoral artery
puncture point was compressed with elastic bandage for 24
hours.

2.3. Follow-Up. CTA or angiography was performed 3, 6, and
12 months after discharge and then annually to observe if
there was recurrence of TFA, the blood flow of collateral ves-
sels, and the possible migration, rupture, and stenosis of
stents, endoleak, and infection.

3. Results

3.1. Therapeutic Efficacy. Double-layer bare stents (LifeStent,
Bard Company, USA) were successfully implanted in all five
patients. Postoperative angiography showed that the pseu-
doaneurysm was hardly visible, and no important collateral
vessels were occluded. All patients experienced local mass
shrinkage and pain relief, and the pulsation and arterial mur-
mur disappeared. The ischemic symptoms were improved.
No wound infection was found, and there was no interven-
tional therapy-associated complication. The overall thera-
peutic efficacy was satisfactory.

3.2. Follow-Up Outcome. The postoperative follow-up lasted
3 to 99 months (median: 24 months). All patients showed
good outcome during the follow-up period, and no complica-
tions such as instent stenosis, migration, rupture, or endoleak
were observed.

3.3. Typical Cases

(1) Case 1. A 29-year-old male patient with pseudoa-
neurysm of the right common carotid artery caused
by head trauma (Figure 1)

(2) Case 2. A 36-year-old female patient presented with a
pseudoaneurysm of the left superficial femoral artery
due to a comminuted pelvic fracture (Figure 2)

4. Discussion

TFA is mostly caused by direct or indirect violence to the
arteries. Since the pseudoaneurysm is composed of fibrous
tissue, it cannot heal naturally. Most TFAs increase in size
gradually with the impact of blood flow. TFA may rupture
and bleed easily without proper and timely treatment. And
once the thrombus on the inner wall of the blood vessel falls
off, it may cause distal arterial embolism which compresses
the veins and nerve adjacent and causes serious outcomes,
even death [10]. The current therapy of TFA includes conser-
vative treatment, surgical treatment, and endovascular treat-
ment. With the development of interventional technology,
endovascular minimally invasive treatment has largely
replaced surgical treatment. It mainly includes endovascular
covered stent-graft exclusion, implantation of multiple layer
overlapping bare stents, and stent-assisted coil embolization
[11, 12]. However, stent-assisted coiling has the risk of
follow-up recurrence and rerupture [13]. The covered stent
showed poor compliance and could lead to endoleak without
complete apposition and occlude the arterial branches [14].
Aleksandar et al. reported a case of a giant hepatic artery
aneurysm treated with dual layer stent placement as flow-
diverting option. The hypothesis of preserving side branches
that arise from the aneurysm or close to it may be an

2 BioMed Research International



(a) (b)

(c) (d)

(e)

Figure 1: Pseudoaneurysm of the right common carotid artery caused by head trauma. (a) DSA before operation in February 2011 revealed a
pseudoaneurysm of the right common carotid artery. (b) After double-layer bare stent placement, DSA showed that the hematoma cavity
disappeared and no contrast extravasation. (c, d) CTA in Mar 2019 revealed that the blood flow in the stent lumen was smooth, and there
was no stenosis in the lumen. (e) Angiography in May 2019 showed that the blood flow in the stent lumen was smooth, and there was no
stenosis in the lumen.
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additional potential advantage of dual layer stents over tradi-
tional stent grafts [15].

With regard to selection of stents for endovascular inter-
ventional therapy in TFA patients, multiple factors should be
considered, such as long-term patency, risk of vascular rup-
ture, coexisting thrombosis, and surrounding collateral arter-
ies. Treatment should be individualized for different patients.
The covered stent can directly cover the rupture or distal end
of the pseudoaneurysm through a physical barrier, which
separates the blood stream from the TFA cavity and thus pre-
vent blood flow from impacting the hematoma cavity. As the
pressure in the hematoma cavity decreases, emboli form

inside the hematoma and gradually occlude the pseudoa-
neurysm [16]. However, the covered stent has disadvantages
of affecting collateral occlusion and poor compliance. Multi-
ple overlapping bare stents can keep important collateral ves-
sels patent and thus are safe and effective in treating TFA
[17], with relatively lower cost. In this study, all the five
patients underwent double-layer bare stent implantation,
and the clinical symptoms of these patients were significantly
improved without obvious complications. During the long-
term follow-up (up to 99 months), CTA revealed that the
hematoma cavity disappeared, and the artery where the pseu-
doaneurysm was located had smooth blood flow. No obvious

(a) (b)

(c) (d)

Figure 2: A pseudoaneurysm of the left superficial femoral artery due to a comminuted pelvic fracture. (a) DSA before the operation inMarch
2014 revealed a pseudoaneurysm at the root of the left superficial femoral artery with a 2:9 × 2:2 cm of maximum diameter. (b) After double-
layer bare stent placement, DSA showed that the hematoma cavity disappeared and no contrast extravasation. (c) CTA in Mar 2019 revealed
that the blood flow in the stent lumen was smooth, and there was no stenosis in the lumen. (d) Angiography in May 2019 revealed that the
blood flow in the stent lumen was smooth, and there was no stenosis in the lumen.
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stenosis in the stent was observed. Therefore, it is concluded
that double-layer bare stent placement is one of the effective
methods for TFA.

Our study was limited by its single-arm retrospective
design and the small sample size. Thus, we cannot make
the conclusion that double-layer bare stents can replace cov-
ered stents in the treatment of pseudoaneurysm. However,
with the accumulation of cases and the extension of follow-
up time, double-layer bare stent placement may become an
alternative to covered stent, especially for cases with impor-
tant collateral circulation. Further investigations are neces-
sary to define the feasibility, safety, efficacy, and durability
associated with this treatment option.
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To improve the performance of the ultrasonic device during the endovascular operation, a scissor-type ultrasonic catheter device
with compound vibration was developed. The heat generated by friction between the target and the device affects its coagulation
mechanism while the actuator contacts the tissue. The scissor-type ultrasonic catheter device proposed in this study is expected
to improve heat generation performance because it has the action of rubbing the object when it is pushed by combined
vibration. In addition, since it is constructed by simple notch processing, it can be miniaturized and can be expected to be
introduced into catheters. However, the observation of ultrasonic vibration during frictional heating is difficult, which is an issue
for device design. In this paper, a thermal-structure coupling analysis was done using the finite element method to calculate the
heat generation efficiency and evaluate its coagulation performance.

1. Introduction

Vibration has been widely utilized for therapeutic pur-
poses. Since the 1950s, many medical devices based on
vibration have been invented and applied for therapy
applications including tissue cutting, cataract phacoemulsi-
fication, fat emulsion, ultrasonography, bone fracture heal-
ing, cancer treatment, sonothrombolysis, and so on [1, 2].
These devices work based on mechanical vibration, and
the effective vibration needs to be delivered to the tip
directly in complicated environments with many restric-
tions. In this thesis, a new end-effector with the desired
vibration mode at the end-effector tip was designed for
catheter surgery applications. The proposed new structure
of the end-effector can transmit the longitudinal elastic
wave through a shaft and convert it into scissor-type
vibration (compound longitudinal-transversal vibration)
just at the end-effector tip.

The main research line of this thesis is to design an effec-
tive end-effector used in a microcatheter for hemostasis by

coagulated proteins. In the coagulation of proteins by friction
of an end-effector which is excited by mechanical vibration,
the tip transversal vibration is needed for supplying friction
heating function in narrow blood vessels. An ultrasonic cath-
eter surgery device is a device that uses ultrasonically vibrat-
ing heat to denature the tissue protein and simultaneously
performs hemostasis and cutting function at the incision.
According to the reports on hemostasis by an ultrasonic
device [3, 4], the essential hemostatic mechanism is that the
coagulated proteins caused by the friction heat seal the bleed-
ing vessels. For these devices, the heat generation efficiency
depends on the state of contact between the tissue and the
vibrating blade because the blood coagulation needs enough
heat (the coagulated protein occurs at 63 degrees [5]). On
the contrary, it will take a long time to interrupt the blood
flow if the heat does not rise enough, which will lead to inci-
sion closure difficulties and other tissue damage. Therefore,
we realized that the effective solution for stopping the bleed-
ing quickly during surgery is to improve the heat generation
efficiency at the incision.
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In this study, we analysed an ultrasonic catheter sur-
gery device with a novel structure to improve the heat
generation efficiency by exciting the scissor-type com-
pound vibration at the tip of the device and using the
ultrasonic vibration of rubbing while pushing the blade
against the tissue. To find the optimal design of this new
ultrasonic catheter surgery device, it is necessary to evalu-
ate the heat generation phenomenon and compare it with
other models. It is difficult to observe small vibrations at a
high sampling speed. Due to the individual differences of
biomaterials, the reproducibility of the test and associated
parameters which contribute to device performance are
difficult to be ensured and evaluated, respectively. There-
fore, we developed a finite element analysis model with
heat-structural interaction to evaluate the device’s coagu-
lating characteristics, and the heat generation perfor-
mances with different model shapes were simulated and
compared in this paper.

2. Design and Modelling

2.1. Designed Method of Ultrasonic Device. The schematic
image of the new proposed scissor-type actuator was
designed in our previous research [6–9], as shown in
Figure 1. This actuator consisted of a shaft and two small
branches.

The two branches were connected to the shaft, and
two inverse symmetrical slant planes are cut at the head
end of the branches. Figure 2 presents the cutaway view
of the scissor-type ultrasonic incision device. It works the
following way. Firstly, a sinusoid voltage with the required
frequency is applied to the transducer to generate the lon-

gitudinal elastic wave. Then, the longitudinal wave propa-
gates through the shaft and reaches to the branch; the
wave impinges on the slant plane with an oblique angle
and excites a fluctuating motion of the branch due to
the reflection and mode conversion caused by the wave
reflection. Finally, swing the branches in the opposite
direction between branches I and II like a scissor, as
shown in Figure 2.

2.2. Mathematic Modelling of Structural-Heat Problem. The
structural dynamics equation is as follows [10, 11].

M½ � €uf g + D½ � _uf g + K½ � uf g = F tð Þf g + P½ �: ð1Þ

Here, ½M�, ½D�, and ½K� are the mass matrix, damping
matrix, and stiffness matrix, respectively; fFðtÞg is the
time-varying load; ½P� is the contact pressure; and fug, f
_ug, and f€ug are the displacement, velocity, and accelera-
tion, respectively. The penalty method was used to calcu-
late the contact pressure ½P�, and then Equation (1) was
used to calculate the frictional stress and vibrational veloc-
ity of the actuator. The transient analysis was done to ana-
lyse the heat transfer between the actuator and tissue, as
follows:

C½ � _h
n o

+ K½ � hf g = Q hð Þf g, ð2Þ

where ½C� is the specific heat matrix, ½K� is the thermal
conductance matrix, fQðtÞg is the heat flow matrix, and
fhg and _fhg are the temperature and time derivative of
temperature, respectively.
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Figure 1: Schematic image of scissor-type ultrasonic device: (a) isometric view, (b) side view of branch, and (c) top view of branch.
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2.3. Finite Element Method and Modelling. The finite ele-
ment method (FEM) model used in this study was based
on the previous research method, which has proposed an
analysis method for friction stir welding [12–18]. The
FEM model of the ultrasonic catheter surgery for
structural-heat analysis was developed by ANSYS software,
as shown in Figure 3. The material of the human tissue
was used as the natural rubber to simplify simulation. As
the mesh near the contact surface, 0.2mm 10-node tetra-
hedral elements were used. The material parameters of
the actuator and nature rubber are listed in Table 1. As
the boundary condition, the bottom surface of the rectan-
gular parallelepiped rubber target was fixed. From previous
research, the shaft of the ultrasonic catheter used in this

research has a structure to generate only longitudinal
vibration [6, 9]. Therefore, only the X-direction displace-
ment was inputted to the left end of the shaft as a bound-
ary condition. The input signal was the displacement with
200μm added on the left end of the shaft to press the
shaft to the rubber target, and the phenomenon of heat
generation during vibration of the actuator was recorded.
As we know, resonance of the actuator by the input sinu-
soidal wave requires a relatively long analysis time to
obtain enough amplitude, which leads to the problem of
computational cost. In addition, the ultrasonic catheter
device does not generate heat unless pressed against the

Table 1: Parameters of actuator and natural rubber.

Material property Titanium Natural rubber

Young’s Modulus 96GPa 17.6MPa

Density 4620 kg/m2 1200 kg/m2

Poisson ratio 0.36 0.3

Thermal expansion 9:4 × 10−6/°C 270 × 10−6/°C
Thermal conductivity 21.9W/m°C 0.2W/m°C

Specific heat 522J/kg°C 150 J/kg°C

Frictional coefficient 0.2

Initial temperature 22°C
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Figure 5: Model shapes of branches with different tips: (a) Model 1 (longitudinal), (b) Model 2 (longitudinal+slit), and (c) Model 3 (scissor).
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target. Considering the above problems, in this study, the
input displacement (UT) was sliced by different time, as
Equation (3) and Figure 4 show, and enough sinusoidal
amplitude and can be obtained in a short analysis time.
The initial gap between the catheter device tip and natural
rubber was 100μm.

UT =
200 μm½ �∙ t

T
t ≤ Tð Þ,

200 μm½ � t > Tð Þ,

8<
:  T = 0:1 ~ 0:4: ð3Þ

3. Results and Discussion

3.1. Effect of Branch Shape. To confirm the effect of the
branch shape on the heat generation efficiency, three types

of models with different structures were developed and
analysed, as shown in Figure 5. Model 1 (longitudinal
tip) has a simple branch with no slit and notches on the
actuator tip, in which the longitudinal vibration mode
was excited along the whole actuator. In Model 2 (longitu-
dinal+slit), a slit was cut at the centre of the branch, and
the longitudinal vibration mode same as Model 1 was
excited. Compared with the above 2 models, Model 3 cut
two inverse symmetrical slant planes at the branch tips,
and a scissor-type vibration was excited successfully by
the longitudinal input signal. Figure 6 shows the analysis
results of the displacement in the X- and Y-directions
and the friction heat temperature for each model. For
the input displacement, the function at T = 0:3ms in
Equation (3) was used. As the results show, the displace-
ments in the X-direction were the same for each model;
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however, the displacements in the Y-direction were totally
different. Under the same input longitudinal displace-
ment, the longitudinal vibrations at the branch tips are
almost the same, but the transverse vibration of Model
3 was clearly bigger than that of the other two models,
which means Model 3 excited the transverse vibration
successfully. The Y-direction displacements of branches I
and II of Model 3 are recorded and shown in
Figure 6(b). Obviously, the transverse vibrations of these
two branches are reversed at the same time. It is con-
firmed that each branch vibrated in the opposite direc-
tion, which induces a scissor-type vibration at the
actuator tip. The displacement in the Z-direction was
about 10% of the X-direction; it is considered that the

influence of the heat generation by the Z-direction dis-
placement is small.

Comparing the maximum frictional heat temperature
(Hmax) of each model, Models 1 and 2 increased only
1.3°C from the initial temperature of 22°C in 0.5ms, while
Model 3 increased 11.4°C. The temperature increase rate
of the scissor-type actuator is more than 10 times com-
pared with that of the other two models. This indicates
that the heating generation of Model 3 is higher than that
of the other models. From these results, it is considered
that generating the vibration amplitude in the Y-direction
due to the swing in Figure 2, ③ and ④, contributed to the
improvement of the heat generation performance of Model
3. To analyse the thermal distribution between the
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actuator tip and rubber, the temperature contour maps of
different models at the peak value time were recorded and
shown in Figures 7–9. The heat generation tends to
increase at the edge of the tip of the ultrasonic catheter
device.

3.2. Effect of Input Velocity. Since this paper analyses by the
input condition of Equation (3) and Figure 4, the input
speed affects the results and the results may differ from
the real operation. To evaluate the validity of the analysis
model, the effect of changing the input velocity on dis-
placement was discussed in this chapter. The velocity con-
dition was changed by using the function at T = 0:1, 0.2,
0.3, and 0.4ms in Equation (3). The measurement point
was set as the catheter device tip. Figures 7–9 show the
analysis results about the displacement-time curve,

temperature-time curve, and temperature contour map of
each model. Figures 10(a)–10(c) show the simulated
results of peak-to-peak displacements in each direction
(Dx, Dy, and Dz). The results show that the expected
vibration modes are excited in each model. Figure 10(d)
summarizes the analysis results of the maximum tempera-
ture of the target rubber. The displacement results were
suggested to be valid because the displacement in each
direction increased with the speed of the input displace-
ment, and the Y-direction displacement of Model 3 has
the opposite direction vibration in each branch. The tem-
perature results were suggested to be valid because the
heat generation starting time has become faster depending
on the speed of the input displacement, and the tempera-
ture also increased with the speed. In Figure 10(a), the
input velocity has a big influence on the output
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Figure 9: Analysis results of ultrasonic catheter device Model 3 (scissor). (a–c) Displacement-time curve of input condition U0:1. (d–f)
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displacement of the X-direction in Model 3 (scissor). It is
considered that the bending vibration of the Y- and Z-
directions can be affected by the amplitude of the X-direc-
tion. The dashed line of Figure 10(d) is drawn at the ini-
tial temperature of 22°C; the result of the temperature
corresponds well to the result of the displacement in the
Y-direction in Figure 10(b).

Moreover, the result of Model 3 (scissor) suggested that
the Y-direction displacement has a large effect on the heat
generation because the results are better under the input con-
ditions of U0:3 and U0:4, even though the X-direction dis-
placement is smaller than the other models. From these
results, the amplitude increases in a direction parallel (Y- or
Z-direction) to the surface of the target are conjectured to
improve the heat generated performance. These results were
explained in terms of the heating phenomenon by friction;
the validity of the analytical model is considered to have been
evaluated. This fact indicates that the scissor-type vibration
mode contributes to the improvement of the heat generation

performance because this mode vibrates parallel to the sur-
face while pressing the target.

4. Conclusions

In this paper, the ultrasound catheter device was designed to
generate a composite vibration like a scissor, and then the
structural-heat interaction analysis was conducted by a series
of finite element models to evaluate the heat generating per-
formance. In the simulation, the results of improving the heat
generation performance with our developed scissor-type
ultrasonic catheter device were obtained. This fact indicates
that the scissor-type vibration mode contributes to the
improvement of the heat generation performance because
this mode vibrates parallel to the surface while pressing the
target. This indicates that the heating generation of our
developed ultrasonic catheter device has higher friction heat
performance than the other models. We plan in the near
future to study the coagulation experiment of blood vessels
using a scissor-type ultrasound catheter device.
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Background. The prevalence of coronary artery anomalies (CAAs) is rare and varies among different countries or areas. More
importantly, the symptoms exhibited by some CAAs make the diagnosis of coronary artery disease (CAD) difficult and hamper
the physician from making the right intervention for CAD patients. Objective. To investigate the prevalence of CAAs in 11,267
patients from three hospitals in Southwest China. Methods. 11,267 patients who have undergone coronary angiography from
three Southwest China hospitals were investigated retrospectively. Dominance patterns, prevalence, and the location of each
CAA were recorded and analyzed. Results. The presence of a dominant right coronary artery (RCA) was found in 60.58% of
patients. CAAs were found in 11.12% (1258) patients, and 87.66% anomalies were located in the left anterior descending (LAD)
artery and its branches. Most of CAAs were found to be myocardial bridges (MBs, 1060 cases, 9.41%). Other CAAs included
anomalous coronary origin (43 cases, 0.38%), coronary artery fistulas (CAFs, 36 cases, 0.32%), and coronary artery aneurysm or
ectasia (119 cases, 1.06%). It also noted that most anomalies were found with RCA originating from the left coronary sinus
(79.07%), most CAFs were located in the LAD and its branches (58.33%), and most coronary artery ectasias were located in the
RCA (43.25%). Conclusions. CAAs in patients from Southwest China were unique compared to other studies. Recognition of
these CAAs is important for accurate diagnosis and treatment choice of patients with chest pain.

1. Introduction

Coronary angiography (CAG) [1] has traditionally been uti-
lized to detail the coronary vasculature before intervention
and surgery and remains the reference standard of imaging
modality. Although it has some inherent disadvantages, the
high accuracy and lower risk of CAG have made it a useful
tool for the diagnosis of coronary artery disease (CAD). With
the benefit of CAG, the number of patients who receive per-
cutaneous coronary intervention (PCI) is increasing fast. In
China, for example, the number of PCIs performed in
2011was 341,069 which increased to 454,505 in 2013 [2].

This showed an increase of 113,436 patients in 2 years.
Therefore, it is important to distinguish a normal image from
that of an anomaly of the coronary artery for accurate refer-
ence in physician clinics.

Traditionally, coronary arteries are anatomically catego-
rized into 3 groups based on their anatomical features [3],
i.e., normal coronary anatomy, anatomical variations of the
coronary artery, and coronary artery anomaly (CAA). The
frequency of coronary anomalies varied in different countries
or regions. For example, the absence of the left main coro-
nary artery was about 0.4%–8% of the total population in
Turkey and Singapore [4, 5]; the frequency of coronary artery
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anomaly was 2.34% in native Chinese Hans and 3.93% in
native Chinese Uighurs [6].

It is known that, besides coronary stenosis, many diseases
could lead to chest pain. The anomaly of the coronary artery
is a major one, which includes severely compressed myocar-
dial bridges, coronary fistulas, coronary aneurysm, and con-
genital absence of the main coronary artery. Although the
prevalence of these anomalies is rare, CAAs could lead to
severe complications, make the diagnosis of CAD difficult,
and hamper the ability of the physician to perform the cor-
rect intervention for patients with CAD [7, 8]. As a represen-
tative city in Southwestern China, Chongqing is famous for
its mountainous geography, diverse ethnic groups, and mas-
sive immigration from other areas of China. However, the
prevalence of CAAs in Southwest China is not known. In this
present study, we investigated these characteristics, including
coronary dominance pattern and prevalence of CAAs, in
patients from 3 hospitals in the southwestern region of
China, who had undergone CAG, and compared our results
with the reported data from different races or regions.

2. Methods

2.1. Patients. As we reported previously [9], 11,267 patients
(4830 females, 6437 males) from Southwest China partici-
pated in this research, which lasted from January 2010 to
November 2014. They were patients ranging in age from 22
to 92 years (63:4 ± 13:8 years), who were admitted to the 3
southwestern hospitals to undergo CAG. These patients
exhibited chest pains, shortness of breath, palpitations, and
arrhythmias and were suspected to have CAD. The baseline
clinical characteristics of all these patients are shown in
Table 1 [9]. The study protocol conforms to the ethical guide-
lines of the 1975 Declaration of Helsinki as reflected in an a
priori approval by the institution’s human research commit-
tee. Also, all patients have given their informed consent prior
to their inclusion in the study.

2.2. Procedure of Selective Coronary Angiography. As shown
in the literature [9, 10], standard transradial techniques were
used for angiography. Lidocaine was used as the local anes-
thesia. The right radial artery was cannulated using a 21-
gauge needle and a transradial kit with a 30-centimeter-
(cm) long, 6-French (F) introducer (Terumo, Tokyo, Japan).
With the introducer in place, 200μg nitroglycerin and
2000 IU heparin were introduced into the side port of the
sheath. If the operation lasted for more than 1 hour, another
dose of heparin (1000 IU/h) was administered intravenously.
A 5F multipurpose catheter (Terumo, Tokyo, Japan) 130 cm
long was alternatively used for selective angiography using
standard techniques. Briefly, the catheter tip was placed on
the orifice of the target artery (the left or the right coronary
artery) and introduced with a 0.035″hydrophilic guide wire
(Terumo, Tokyo, Japan). We used iopromide 370 (Bayer,
Bayer Schering Pharma, Germany) to take magnified angiog-
raphy images at different angles. If the angiography failed
when using the 5 F multipurpose catheter, the 6 F Judkins
catheters (J6F, Cordis Corporation, USA) or 6 F pig catheters
(Cordis Corporation, USA) would be used instead. If the

radial artery was too small or too circuitous for catheters to
manipulate, the femoral artery would be used instead.

2.3. The Classification and Definition for Coronary
Dominance and Coronary Artery Anomaly. Coronary domi-
nance is defined as the artery whose branches supply the
blood of the posterior ventricular wall. Traditionally, the
classification of CAAs was based according to Angelini
et al.’s methods [11], namely, (a) anomalous pulmonary ori-
gins of the coronary arteries, (b) anomalous aortic origins of
the coronary arteries, (c) congenital atresia of coronary arter-
ies, (d) myocardial bridging, (e) CAFs, (f) coronary artery
aneurysms, and (g) coronary stenosis.

Myocardial bridge (MB) [12] refers to a small segment of
the coronary artery tunneling under the myocardium rather
than resting on top of it, which presents stenosis compressed
by the myocardium during the systole period and presents a
normal beat during the diastole period. In the present study,
the compressed stenosis of the MB segment was divided into
3 levels: mild (<50%), middle (50-75%), and severe (≥75%).
CAFs refer to the abnormal connection between the coronary
artery and other structures, including the coronary vein,
heart chamber, or pulmonary artery. According to Altin
et al. [4], coronary artery ectasia is an abnormal dilatation
of the coronary artery segment with the dilated segment 1.5
to 2 times of the adjacent segment, while coronary aneurysm

Table 1: Demographic characteristics and clinical features among
patients.

Clinic characteristics No. of patients (%)

Male/female 6437/4830

Age(years) 22-92 (63:4 ± 13:8)
Clinical presentations

Typical angina 6138 (54.47)

Atypical chest pain∗ 2094 (18.58)

Acute coronary syndrome 819 (7.27)

Syncope 372 (3.31)

Arrhythmia or palpitation 725 (6.43)

Recheck the stent 1523 (13.52)

Risk factors for CAD

Hypertension 4893 (43.43)

Diabetes mellitus 4027 (35.74)

Smoking 3628 (32.2)

Hyperlipidemia 2937 (26.07)

Family history of CAD 4288 (38.06)
∗Atypical chest pain: chest pain not caused by myocardial ischemia. CAD:
coronary artery disease.

Table 2: Distribution of coronary dominance.

Coronary dominance No. of patients (%)

RCA dominance 6825 (60.58)

Balanced type 3100 (27.51)

LCA dominance 1342 (11.91)
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refers to the dilated segment that is more than 2 times of the
adjacent segment.

2.4. Statistical Analysis. The angiography images of these
patients were analyzed by 2 independent investigators. It is
noted that those patients with CAAs that occur as a part of
complex congenital heart diseases were excluded from this
study.

Data and categorical variables were presented as counts
or percentages. Statistical analysis was performed by using
the two-tailed paired Student t-test and chi-square test. A P
value < 0.05 was considered significant. Statistical analyses
were performed using SPSS version 18.0 (SPSS Inc., USA).

3. Results

3.1. Distribution of Coronary Dominance. As shown in
Table 1 [9], 11,267 (6437 males, 4830 females) patients were
subjected to diagnostic coronary angiography with mean age
of 63:4 ± 13:8 years. Most patients presented with RCA dom-
inance (60.58%, P < 0:001), with about 27.51% patients being

of the balanced type and only 11.91% patients were LCA
dominant (Table 2).

3.2. Profile of Coronary Artery Anomalies. As shown in
Table 3, the total prevalence of CAAs was 11.22% (1258
cases); MB took the majority of CAAs in Southwest Chinese
patients (1060 cases, 9.41%). According to the modified clas-
sification [13], the prevalence of CAAs was 0.7% (79/11267)
when MB and coronary artery aneurysms/ectasias were
excluded. As to artery location, most CAAs were located in
LAD and its branches (1108 cases, 88.07%). According to
the modified classification with MBs and coronary artery
aneurysms/ectasias excluded, the CAAs in the RCA were
the main prevalence (50 cases), and the majority of CAAs
were of coronary origin anomaly (43 cases, 0.38%).

3.3. The Distribution of Myocardial Bridges. There were 1060
patients (9.41%) with MB segments, each patient having 1
MB, except for 2 patients who had 2 MB segments in LAD.
The distribution of MBs is shown in Table 4. Most MBs were
located in LAD (1043 segments, 98.21%), the left circumflex
artery (LCX) had about 1.23% (13 segments), the branch of

Table 3: Profile of CAAs among 11267 patients.

Coronary artery anomaly LMCA LAD and branches LCX and branches RCA and branches Total case no. (no/11267 ∗ 100%)
MBs 1045 13 2 1060 (9.41)∗∗

Origin anomaly 3 2 38 43 (0.38)

CAFs 21 3 12 36 (0.32)

Aneurysms or ectasias 42 27 50 119 (1.06)

Total case no (no/1258 ∗ 100%) 3 (0.24) 1108 (88.07)## 45 (3.58) 102 (8.11) 1258
∗∗P < 0:001 compared with other CAA groups; ##P < 0:001 compared with other arteries. Total prevalence of CAAs was 11.22% (1258 cases) and MB took the
majority (1060 cases, 9.41%). According to the modified classification [13], the prevalence of CAAs was 0.7% (79/11267) when myocardial bridges (MBs) and
coronary artery aneurysms/ectasias were excluded. CAAs: coronary artery anomalies; MBs: myocardial bridges; CAFs: coronary artery fistulas; LMCA: left main
coronary artery; LAD: left anterior descending; LCA: left coronary artery; LCX: left circumflex artery; RCA: right coronary artery.

Table 4: Distribution of myocardial bridges.

MB segment LAD LCX RCA Branch of LAD Total no. (%)

Mild compressed (<50%) 772 13 1 1 787 (74.1)∗∗

Middle compressed (50~75%) 185 0 1 1 187 (17.61)

Severely compressed (≥75%) 86 0 0 2 88 (8.29)

Total 1043 (98.21)## 13 (1.23) 2 (0.19) 4 (0.38) 1062

Table 5: Details of coronary origin anomaly.

No. of cases Prevalence of origin anomaly (%)

RCA originated from left coronary sinus 34 79.07∗

RCA originated from ascending aorta 3 6.98

Right conus branch originated directly from right coronary sinus 1 2.32

LMCA absence 2 4.65

LMCA originated from right coronary sinus 1 2.32

LCX absence 1 2.32

LCX originated directly from left coronary sinus 1 2.32

Total 43 100
∗P < 0:01 vs. other abnormal origins. RCA: right coronary artery; LMCA: left main coronary artery; LCX: left circumflex artery.
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LAD had about 0.38% (4 segments), and RCA had about
0.19% (2 segments). It was noted that most MB segments
were mildly compressed (787 segments, 74.1%), middle com-
pression was intermediate (187 segments, 17.61%), and
severe compression (88 segments, 8.29%) was the least.

##P < 0:001 compared with other arteries; ∗∗P < 0:001
compared with other compressed levels. MBs: myocardial
bridges; LMCA: left main coronary artery; LAD: left anterior
descending; LCX: left circumflex artery; RCA: right coronary
artery.

3.4. The Distribution of Coronary Origin Anomaly. Forty-
three cases (0.38%) of abnormal coronary origin were found
in this study. As shown in Table 5, the most original anomaly
is RCA, originating from the left coronary sinus (34 cases,
79.07%), while other original anomalies were RCA originat-
ing from the ascending aorta (3 cases, 6.98%) and absent left
main coronary artery (LMCA) (2 cases, 4.65%). Only 1 case
was found with the right conus branch originating directly
from the right coronary sinus with an absent LCX. The
LMCA originated from the right coronary sinus, with the
LCX originating directly from the left coronary sinus.

3.5. The Distribution of Coronary Artery Fistulas. There were
36 patients (0.32%) with CAFs. As shown in Table 6, CAFs
mainly occurred in 4 coronary arteries: LAD (12 cases,
33.33%), LCX (3 cases, 8.33%), RCA (12 cases, 33.33%),
and the diagonal branch of LAD (9 cases, 25%). LAD and
its branches were the major artery found with CAFs (21cases,
58.33%). The CAFs entered on the left atrium (12 cases,
33.33%), right ventricle (7 cases, 19.44%), cardiac veins (7
cases, 19.44%), right atrium (4 cases, 11.11%), pulmonary
artery (3 cases, 8.33%), left ventricle (2 cases, 5.55%), or aorta
(1 case, 0.28%).

3.6. The Distribution of Coronary Artery Aneurysms or
Ectasias. There were 113 patients (1.00%) suffering from cor-
onary artery ectasias, and only 6 patients (0.05%) were pre-
sented with coronary aneurysms. The coronary aneurysms
were found in the LAD (4 cases) and the LCX (2 cases). As
shown in Table 7, the coronary artery ectasias (CAEs) mainly
affected 4 coronary arteries: RCA (50 cases, 43.25%), LAD
(34cases, 33.33%), LCX (25 cases, 22.12%), and the diagonal
branch of LAD (4 cases, 3.54%).

4. Discussion

In the present study, we investigated the CAAs in patients
from Southwest China and found that the prevalence was
11.12%. According to the modified classification [13], after
exclusion of MBs and coronary artery aneurysms/ectasias,
the prevalence was reduced to 0.7% (79/11267). Among
CAAs, the myocardial bridge was the most common, which
is consistent with Cademartiri et al.’s report [14]. It is noted
that our findings are not completely consistent with other
reports (As shown in Table 8). For example, 60.58% of
patients in our study had RCA dominance, while other
reported studies indicated the prevalence at more than 80%
[14]. After exclusion of MB and coronary ectasias according
to the modified classification [13], the prevalence of CAAs
was only 0.7%, which is lower than what was reported in
Pan et al.’s study [6], which also showed that CAA frequency
was 2.34% for the Chinese Han and 3.93% for the Chinese
Uyghur people [6]. The reported prevalence of CAAs varied
from 0.4% to 8.47% in different countries or areas [11, 14–
19]. Moreover, the abnormal origination of the coronary
artery varies among different populations. In our study and
those from India, the most abnormal origin is from the
RCA [19, 20], while in Turkey and the Netherlands, the most
common is from the left main artery (LMA) [11, 14–16],
from the LCX for Turkey [17], and from the LAD for Hun-
gary [18].

The myocardial bridge was the major anomaly in our
present study as well as in others [14]. We found that most
MB segments are located in the LAD, with only a few located
in the LCX, branch of the LAD and RCA. These results were
similar to the other studies (0.83~11.9%) using coronary
angiography [14, 21–24]. In Beijing, Ma et al. found that

Table 7: Distribution of coronary artery ectasias.

No. of
patients

Prevalence of coronary
ectasias (%)

RCA 50 44.25

LAD 34 30.09

LCX 25 22.12

Diagonal branch of
LAD

4 3.54

Total 113 100

Table 6: Distribution of coronary artery fistulas.

Fistulas LAD- LCX- RCA- Diagonal of LAD- Total

Left atrium 8 (22.22) 4 (11.11) 12 (33.33)

Left ventricle 2 (5.55) 2 (5.55)

Right atrium 4 (11.11) 4 (11.11)

Right ventricle 1 (0.28) 6 (16.67) 7 (19.44)

Cardiac vein 1 (0.28) 2 (5.55) 2 (5.55) 2 (5.55) 7 (19.44)

Pulmonary artery 2 (5.55) 1 (0.28) 3 (8.33)

Aorta 1 (0.28) 1 (0.28)

Total 12 (33.33) 3 (8.33) 12 (33.33) 9 (25) 36 (100)

LAD: left anterior descending; LCX: left circumflex artery; RCA: right coronary artery.
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the prevalence of MBs was 13.6% (336/2462) from the China-
Japan Friendship Hospital [25]. In Northeast China, it was
reported to be 10.53% (10/95) from Heilongjiang Province
[26] and 24.14% (140/580) from Liaoning Province [27].
Our study showed that the frequency of Southwest China
was lower as compared with Heilongjiang Province and Liao-
ning Province in Northeast China. It is known that there are
different methods used to diagnose the presence of a myocar-
dial bridge. Other than coronary angiography, coronary
computed tomographic angiography is widely used due to
its noninvasive characteristics. Of course, autopsy of the
heart is the ultimate method for the diagnosis of CAAs. How-
ever, the prevalence of CAAs using these methods shows a
big difference. For example, coronary computed tomo-
graphic angiography shows the frequency of MBs at 22.5%
(39/350) in patients from Saudi Arabia [22], 10.86%
(39/350) from the Netherlands [14], 44% (108/245) from
New York [23], and 26% (39/350) from Israel [24]. Heart
autopsy shows the frequency at 34.5% (69/200) in patients
from Warsaw [28]. Although the reasons leading to the dif-
ference are complicated, the sensitivity of the method used
and the different populations are the major ones. Due to
its noninvasive nature, more and more people would prefer
coronary CT angiography (CTA) examination, even in
some patients without any obvious symptoms. In some
areas, CTA is taken as a routine procedure during physical
examination, although abuse of CTA has escalated in the
past few years.

The abnormal origin of the coronary artery is another
commonly observed CAA. Similar to the myocardial bridge,
the results are different among countries or areas. In China
and India [19, 20], the major abnormal origin of the coronary
artery is the RCA, whose prevalence varies from 0.38% to
1.3%. In Europe and other countries, the major abnormal
coronary artery origin is the left coronary artery (including
the left main artery [11, 14–16], LCX [17], and LAD [18])
with a frequency of 0.4~3.3%. Abnormal origin of the coro-
nary artery might elicit some symptoms, with the anomaly

of the LMA or LAD showing more clinical symptoms than
that of the LCX [22]. Although other abnormal origins of
the coronary artery are rare, the consequences are serious,
even leading to death during infancy [29–31]. For example,
coronary artery originating from the pulmonary artery leads
to almost 90% of patients dying during infancy. LMA is the
most common, with the LAD and RCA being less common.
For those who survive, this anomaly may eventually cause
angina, myocardial infarction, and heart failure because of
the retrograde blood flow and a left to right shunt, thus
requiring the immediate need to be repaired by surgery
[29]. In our present study, we did not find any severe abnor-
mal origin of the coronary artery, which might be ascribed to
the fact that most patients in our study were adults.

CAF is a fault in the connection between the coronary
artery and another vessel or chamber, and the frequency of
CAFs is 1/50,000 at birth and 1/500 after cardiac catheteriza-
tion [13, 17]. Previous studies reported that more than half of
the CAFs involved the RCA [13, 17]. However, in the present
study, we found the most CAFs involved the LAD and its
branches. Moreover, inconsistent with previous reports
showing that most of CAFs shunt into the right ventricle
and right atrium [15], our present study showed a scattering
of the CAF shunt into the left atrium (13 cases, 33.33%), right
ventricle (7 cases, 19.44%), cardiac veins (7 cases, 19.44%),
right atrium (4 cases, 11.11%), pulmonary artery (3 cases,
8.33%), left ventricle (2 cases, 5.55%), and aorta (1 case,
0.28%). Although the CAF in our study is small and asymp-
tomatic, some reported CAFs are large and may result in pul-
monary hypertension, congestive heart failure, bacterial
endocarditis, rupture, or myocardial ischemia [17].

Coronary artery ectasia and aneurysm are another rare
form of anomaly. They may be associated with inflammatory,
connective tissue and some other congenital diseases [11, 32–
34]. They were usually considered to be variants of coronary
atherosclerosis [15]. In the present study, the frequency of
coronary ectasia was 1.00% and coronary aneurysm was
0.05%, which are lower than those found in other studies

Table 8: Prevalence distribution of coronary major artery anomalies in different countries.

Literature Country Sample size
Major artery
(percentage)

Prevalence of CAAs
except MB and
ectasias, no. (%)

Major CAA
(no. %, artery)

Present study Southwest China 11,267 RCA (60.58) 79 (0.7)
MB (1,060, 9.41, LAD)
Origin (43, 0.38, RCA)∗

Pan et al. [6]
Xinjiang, Chinese Han,

Chinese Uyghur
4746
1934

111 (2.34)
76 (3.93)

Origin (23, 0.48, RCA)
Origin (19, 0.98, RCA)

Altin et al. [4] Turkey 5548 RCA (81.6) 78 (1.4) Origin (68, 1.2, LMA)

Cademartiri et al. [14] Netherlands 543 RCA (86.6) 46 (8.47)
MB (59, 10.86, LAD)
Origin (18, 3.3, LMA)∗

Aydinlar et al. [15] West Turkey 12,059 100 (0.8) Origin (48, 0.40, LMA)

Safak et al. [16] Izmir, Turkey 16,768 120 (0.7) Origin (86, 0.51, LMA)

Göl et al. [17] Turkey 58,023 257 (0.4) Origin (203, 0.35, LCX)

Kardos et al. [18] Hungary 7694 103 (1.3) Origin (98, 1.27, LAD)

Garg et al. [19] India 4100 39 (1.0) Origin (35, 0.85, RCA)

Zheng et al. [20] Nanjing, China 1879 Origin (24, 1.3, RCA)
∗According to the modified classification [13], myocardial bridge and coronary ectasias were excluded.
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[11, 32]. Because of the similar prognosis as with atheroscle-
rosis, it was recommended to treat these patients as those
with CAD [11, 32–34].

5. Conclusion

This study is the first to investigate a relatively large scale of
patients in Southwest China and thus shows valuable infor-
mation. The prevalence of the four CAAs is as follows: MB
(9.41, 1060 cases), origin anomaly (0.38, 43 cases), CAFs
(0.32, 36 cases), and aneurysms or ectasias (1.06, 119 cases),
and most CAA anomalies were located in the LAD artery
and its branches. The limitation of this work is that only three
hospitals in Southwest China were involved; more hospitals
with a larger scale of patients are needed to affirm the finding
of this investigation in the future.
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Backgrounds. Intra-aortic balloon counterpulsation is increasingly used in acute myocardial infarction complicated by cardiogenic
shock. The aim of this study was to explore the preference, effect, and prognosis of intra-aortic balloon counterpulsation in acute
myocardial infarction complicated by cardiogenic shock patients. Methods. Data of acute myocardial infarction complicated by
cardiogenic shock patients at the Fourth Medical Center of PLA General Hospital were collected retrospectively. A propensity
score was calculated with a logistic regression which contained clinically meaningful variables and variables selected by Lasso
and then used to match the control group. The cumulative incidence curve and Gray’s test were employed to analyse the effect
and prognosis of intra-aortic balloon counterpulsation on mortality. Results. A total of 1962 acute myocardial infarction cases
admitted between May 2015 and November 2018 were identified, and 223 cases with acute myocardial infarction complicated
by cardiogenic shock were included as the study cohort, which contained 34 cases that received IABP and 189 cases that did not
receive IABP. Patients with higher alanine aminotransferase (OR = 1:93, 95% CI 1.29-2.98), higher triglyceride (OR = 3:71, 95%
CI 1.87-7.95), and higher blood glucose (OR = 1:08, 95% CI 0.99-1.18) had a higher probability of receiving intra-aortic balloon
counterpulsation. In the propensity score matching analysis, 34 cases received intra-aortic balloon counterpulsation and 102
matched controls were included in the comparison. By comparing the cumulative incidence of in-hospital mortality, there was
no statistically significant difference between the intra-aortic balloon counterpulsation group and matched control group
(P = 0:454). Conclusion. The use of intra-aortic balloon counterpulsation may not improve the prognosis of the acute
myocardial infarction complicated by cardiogenic shock patients.

1. Introduction

At present, despite marked advances in medical treatment
and revascularization techniques, acute myocardial infarc-
tion complicated by cardiogenic shock (AMI-cardiogenic
shock) has still higher mortality [1–4]. In this urgent clinical
treatment situation, one therapeutic selection is intra-aortic
balloon pump counterpulsation (IABP), which is the most
commonly used intervention for AMI-cardiogenic shock [2,

5–8]. From a pathophysiological point of view, the contribu-
tions of IABP treatment include increasing diastolic coronary
perfusion and decreasing left ventricular aortic systolic pres-
sure (afterload) and myocardial oxygen consumption [8–15].
Therefore, by reducing the cardiac workload, improving
blood flow and cardiac output, IABP is considered a clinical
treatment of AMI-cardiogenic shock patients [11]. Some
observational studies indicated that the prognosis of patients
receiving IABP was better than that of patients not receiving
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it. The American College of Cardiology and American Heart
Association (ACC/AHA) and also the European Society of
Cardiology (ESC) strongly recommend the use of IABP in
patients with AMI-cardiogenic shock. However, some
observational studies and new randomized controlled trials
(RCTs) revealed that the use of IABP was not found to
improve mortality among AMI patients with cardiogenic
shock [5, 12, 14, 16, 17].

Therefore, the use of IABP supports hemodynamics, but
evidence on improving the prognosis of AMI-cardiogenic
shock patients was still controversial. We established a retro-
spective cohort study from a single center, to explore the
impact of IABP on the mortality of patients with AMI-
cardiogenic shock. By matching patients who have received
IABP and patients who have not received IABP, we explored
the mortality of patients with AMI-cardiogenic shock in the
hospital. In addition, we explored the prognostic factors for
mortality in AMI-cardiogenic shock patients receiving IABP.
Recommendations are given clinically in order to better assist
the treatment of AMI-cardiogenic shock and improve the
survival rate of patients.

2. Methods

2.1. Data. A retrospective cohort was established to investi-
gate mortality associated with IABP for acute myocardial
infarction complicated by cardiogenic shock. Patients admit-

ted in the Fourth Medical Center of PLA General Hospital
between May 2015 and November 2018 with a diagnosis of
acute myocardial infarction were identified from the elec-
tronic medical records. The exclusion criterion was acute
myocardial infarction not complicated by cardiogenic shock.

Demographic, clinical, laboratory, and clinical outcome
data were obtained from the hospital’s electronic clinical
medical records. At the first clinical consultation, demo-
graphic, clinical, and laboratory data were collected within
24 hours after admission. The outcome of interest was in-
hospital death, with discharge as the competing risk event,
and event time was defined as the time from admission to
either event whichever came first.

2.2. Statistical Analysis. Continuous variables were presented
as median and interquartile range (IQR), and categorical
variables were presented as number and its corresponding
percentage. Variables with a right-skewed distribution were
log-transformed before being included in the analysis. Miss-
ing values were imputed with single imputation. Univariate
logistic regression was used to explore the risk factors of
receiving IABP in AMI-cardiogenic shock patients, and a
cause-specific Cox model was used to explore the prognostic
factors of mortality in AMI-cardiogenic shock patients
receiving IABP.

To ensure the assumption of positivity (i.e., each patient
has a nonzero probability of being assigned to either

1962 cases with acute myocardial
infarction

223 cases with acute myocardial infarction
complicated by cardiogenic shock

1739 cases with acute myocardial infarction,
but not complicated by cardiogenic shock,

were excluded

34 cases received IABP189 cases did not
receive IABP

Matching
criteria: age, sex, log_alanine aminotransferase,

log_triglyceride, blood glucose

Matched pairs
did not receive IABP vs. received IABP

102 vs. 34 cases

Figure 1: Flowchart of patient inclusion and the matching procedure. From a total of 1962 acute myocardial infarction cases in the Fourth
Medical Center of PLA General Hospital, 223 cases met the acute myocardial infarction complicated by cardiogenic shock inclusion and
exclusion criteria. Thirty-four cases received IABP, and 102 cases of matched pairs did not receive IABP.
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treatment group) is met in the propensity score analysis, we
used a two-step approach in exploring the predictors of
receiving IABP and matching IABP patients with controls.

In the first step, variables that led to (quasi-) complete
separation were automatically identified as predictors (with
an OR being infinite), and a deterministic matching based
on these variables was performed (i.e., patients in the group
with zero probability of receiving IABP were excluded from
further analyses). In step two, we used Lasso for variable
selection to determine other predictors of receiving IABP,
after excluding those predictors already identified in step
one. The selected variables were used as matching variables
(in addition to age and sex) in the propensity score matching
analysis (with a ratio of 3 : 1). The number of variables
selected by Lasso was determined with the 1-in-10 rule of
thumb: number of selected variables = max ð1, number of
cases/10Þ. The cumulative incidence curve and Gray’s test
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Figure 2: Univariate analysis of factors for receiving IABP in the AMI-cardiogenic shock patients. ∗The P value is between 0.05 and 0.001. ∗∗

The P value is <0.001. #Standardized OR, OR per SD increase for continuous variables, and OR compared to the reference group for
categorical variables. NA: (quasi-) complete separation variables, where OR is not applicable.

Table 1: Multivariate logistic regression for receiving IABP in the
AMI-cardiogenic shock patients.

Variable OR (95% CI) P

Log (alanine aminotransferase) 1.93 (1.29, 2.98) <0.001∗∗

Log (triglyceride) 3.71 (1.87, 7.95) 0.001∗

Blood glucose 1.08 (0.99, 1.18) 0.085
∗The P value is between 0.05 and 0.001. ∗∗The P value is <0.001.
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were used to compare the in-hospital mortality of patients
receiving IABP and matched controls. Statistical analyses
were conducted using R software (version 3.6.1) and pack-
ages dplyr, mice, glmnet, Hmisc, AUC, survival, cmprsk,
descry, and forestplot.

3. Results

3.1. Patients. A total of 1962 acute myocardial infarction
cases admitted between May 2015 and November 2018 were
identified. After excluding 1739 cases not complicated by car-
diogenic shock, 223 cases with AMI-cardiogenic shock were
included as the study cohort, which contained 34 (15.25%)
cases that received IABP and 189 cases that did not receive
IABP (Figure 1).

3.2. Factors Associated with Receiving IABP. Univariate logis-
tic regression revealed that patients with higher drinking his-

tory, heart rate, hyperlipidemia, ischemic cardiomyopathy,
diabetes, alanine aminotransferase, aspartate aminotransferase,
cholesterol, triglyceride, glycosylated hemoglobin, and blood
glucose and younger age had a higher probability of receiving
IABP (Figure 2). All IABP patients were from cardiac insuffi-
ciency and nonhepatic insufficiency groups; thus, these two fac-
tors were considered predictive variables for receiving IABP.
Next, based on the rule of thumb, three most important vari-
ables (34/10) were selected by Lasso: alanine aminotransferase,
triglyceride, and blood glucose, and the effect sizes were esti-
mated with a multivariable logistic regression model. Patients
with higher alanine aminotransferase (OR = 1:93, 95% CI
1.29-2.98), higher triglyceride (OR = 3:71, 95% CI 1.87-7.95),
and higher blood glucose (OR = 1:08, 95% CI 0.99-1.18) had
a higher probability of receiving IABP (Table 1).

3.3. Effect of IABP. After excluding non-IABP patients in car-
diac insufficiency and nonhepatic insufficiency groups, each

Table 2: Clinical characteristics of the matched patients (the IABP group and the matched control group) in the Fourth Medical Center of
PLA General Hospital.

Variable# IABP group (N = 34) Matched control group (N = 102)
Age 66.00 (62.00, 82.25) 77.00 (67.75, 81.00)

Sex (male) 19 (55.90%) 57 (55.90%)

Log (alanine aminotransferase) 3.71 (2.69, 4.24) 3.18 (2.76, 3.91)

Log (triglyceride) 0.47 (0.02, 0.91) 0.16 (-0.07, 0.37)

Blood glucose 8.78 (5.96, 15.55) 7.41 (5.32, 9.96)
#Continuous variable (median, IQR); categorical variable (N , percent).
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Figure 3: Cumulative incidence curves for in-hospital mortality stratified by IABP. The cumulative incidence was used to assess the primary
end point of mortality for the IABP group (red line) and the matched control group (blue line).
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IABP patient was matched with three controls by the propen-
sity score calculated based on age, sex, alanine aminotrans-
ferase, triglyceride, and blood glucose. Finally, 102 patients
not receiving IABP were selected as the control group
(Figure 1). The distributions of these matching variables were
comparable between IABP and matched non-IABP groups
(Table 2). The model performance of the propensity score
model was good with a C-index of 0.80. Therefore, the model
including age, sex, alanine aminotransferase, triglyceride, and
blood glucose can provide a reliable prediction on the
probability of getting treated with IABP.

When comparing the cumulative incidence of in-hospital
mortality, there was no statistically significant difference
between the IABP group and the matched control group

(P = 0:454; Figure 3). The cumulative incidence of mortality
at days 7 and 14 was 0.06 (0.00, 0.14) and 0.32 (0.17, 0.24)
in patients with IABP, respectively.

3.4. Factors Associated with the Mortality in AMI-
Cardiogenic Shock Patients Receiving IABP. Univariate Cox
regression revealed that patients receiving IABP with a
higher heart rate and serum potassium had a higher
probability of death (Figure 4).

4. Discussion

This retrospective cohort study revealed that the use of IABP
cannot improve the mortality of AMI-cardiogenic shock
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Figure 4: Univariate analysis of factors for mortality in the AMI-cardiogenic shock patients receiving IABP. ∗The P value is between 0.05 and
0.001. ∗∗The P value is <0.001; #Standardized HR, HR per SD increase for continuous variables, and HR compared to the reference group for
categorical variables. NA: (quasi-) complete separation variables, where HR is not applicable.
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patients. Despite the fact that there are still great controver-
sies about the use of IABP that can improve the prognosis
of AMI-cardiogenic shock patients and some observational
studies revealed a trend toward lower mortality for patients
if they received IABP, these findings may result from the
clear inequality of baseline risk factors [18, 19]. In our study,
we used Lasso regression to identify the most important fac-
tors of receiving IABP and used them as the matching
parameters (in addition to age and sex) to balance the base-
line risk factors. From the cumulative incidence curve of
AMI-cardiogenic shock mortality stratified by IABP use,
there was no statistically significant difference in 14-day mor-
tality between the IABP group and matched control group.
Our study result is consistent with the conclusions of some
observational and RCT studies [12, 13, 20–23]. Therefore,
IABP may not improve the prognosis of AMI-cardiogenic
shock patients.

From a pathophysiological point of view, the main fea-
ture of death in AMI-cardiogenic shock is unstable hemo-
dynamics with reduced systolic and mean arterial
pressures that lead to reduced oxygen supply to vital
organs [9], while the IABP can give hemodynamic support
to these hemodynamically unstable patients by increasing
blood flow to the heart and decreasing the cardiac work-
load [2]. However, the reason why the mortality of AMI-
cardiogenic shock patients was not sufficiently reduced
may be because the effects on cardiac output are modest
[24]. Therefore, we speculate that the therapeutic effects
seem to be limited in improving hemodynamics, which
apparently could not be converted into an improved
prognosis of AMI-cardiogenic shock patients.

Our results revealed that higher heart rate and serum
potassium may lead to higher mortality in AMI-cardiogenic
shock patients receiving IABP. A previous study revealed that
serum potassium and heart rate can increase the risk of mor-
tality of patients with AMI [25]. Therefore, heart rate and
serum potassium need to be closely monitored for AMI-
cardiogenic shock patients receiving IABP.

Our study has several limitations. First, the sample size of
our study is not large enough. Therefore, the research may
not have good statistical power, which may be one of the rea-
sons why statistically significant result was not observed.
Therefore, a larger cohort is needed to further study the effect
of IABP on the mortality of patients with acute myocardial
infarction complicated by cardiogenic shock. Second, this is
a retrospective single-center study, and some laboratory tests
were not taken within the first day after admission. We used
an imputation method to deal with these missing values;
however, a single imputation may lead to uncertainty in
results. A prospective cohort will provide stronger evidence.

In conclusion, the use of intra-aortic balloon counterpul-
sation may not improve the prognosis of the acute myocar-
dial infarction complicated by cardiogenic shock patients.
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3D printing technology is widely used in the field of implantable medical device in recent decades because of its advantages in high
precision, complex structure, and high material utilization. Based on the characteristics of 3D printing technology, this paper
reviews the manufacturing process, materials, and some typical products of 3D printing implantable medical devices and
analyzes and summarizes the development trend of 3D printed implantable medical devices.

1. Introduction

With the continuous improvement of people’s health aware-
ness, implantable medical devices to improve patients’ life
quality have also been widely used [1]. When the shape of
the implantable medical devices is complex, it is often diffi-
cult to process and even unable to process. 3D printing tech-
nology can produce implantable medical devices with any
complex shape, without having to consider processing prob-
lems, and solve the design and manufacturing problems of
complex implantable medical devices. 3D printing technol-
ogy plays an increasingly important role in implantable
medical devices by virtue of its ability to print and shape most
materials [2], its precision, personalized and other custom-
ized requirements [3], and its high material utilization rate
in the printing process. This article briefly describes the
application of 3D printing in implantable medical devices.

2. 3D Printing Manufacturing Process

3D printing is also known as additive manufacturing; it is
done through layer-by-layer stacking techniques, and accord-
ing to the designed 3D model, complex and diverse physical
entities can be manufactured [4]. Common manufacturing
processes for 3D printing include Stereo Lithography Appara-
tus (SLA) [5], Laminated Object Manufacturing (LOM) [6],

Selective laser Sintering (SLS) [7], Fused Deposition Modeling
(FDM) [8], and Three-Dimensional Printing (3DP) [9].

2.1. Stereo Lithography Apparatus. Stereo Lithography Appa-
ratus is the earliest practical rapid prototyping technology in
3D printing technology. As early as 1984, it was proposed by
CharlesW. Hull in the United States and patented in 1986. In
1986, Charles W. Hull established 3D systems in and released
the world’s first commercial 3D printer SLA-250 in 1988. The
working principle of Stereo Lithography Apparatus
(Figure 1): a layer of powder material is laid flat on the upper
surface of the formed part, then heated to a temperature
exactly below the unsintered point of the powder. The con-
trol system controls the laser beam scanning on the powder
layer in order the cross-section outline of the layer, making
the powder temperature rise to the melting point, sintering
and bonding with the formed part below. After the first layer
is completed, the workbench lowers the thickness of one
layer, spreads a layer of uniform and dense powder on it,
and sinters the section of the new layer until the entire model
is completed. Its basic composition is shown in Figure 1,
including ultraviolet laser, lifting platform, scraper, liquid
horizon, and photosensitive resin. This technology is widely
used in orthopedic repair and tissue engineering and can be
used to print skull and hip bones.

Stereo Lithography Apparatus has high molding effi-
ciency and stable operation; the printed parts have high
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precision and high finish. But the equipment is relatively
large, and there are still problems in the size of optical pixels,
which limits the microstructure in the plane [10].

Due to the low penetration depth of ultraviolet light, the
application of SLA technology exited by ultraviolet light
sources is limited. So, a novel and cost-effective 3D printing
technology has emerged: NaYF4:Yb3+/Tm3+ up-conversion
microcrystals to produce internal deep ultraviolet (UV) light
centers as a light curing source in the polymer matrix by
near infrared light excitation. Excellent up-conversion
emission from NaYF4:Yb3+/Tm3+ microcrystals is demon-
strated by using microcrystals as gain medium to realize
up-conversion lasing emission centered at 291,346 and
364nm. This 3D printing technique, in which a low cost
semiconductor laser is used, is potential to print large
structures at high printing efficiency.

2.2. Laminated Object Manufacturing. Laminated Object
Manufacturing was first developed by the Helisys Company
in 1986 and has been developed rapidly since it came out in
1991. Laminated Object Manufacturing is one of the most
mature 3D printing technologies. The working principle of
Laminated Object Manufacturing (Figure 2): Laminated
Object Manufacturing (LOM) uses thin materials such as
paper and plastic film. The surface of the sheet is coated with
a layer of hot melt adhesive in advance. In the process of
machining parts, the sheet is hot-pressed and radiated to bond
it with the formed workpiece below is the first step, with CO2
laser on the new layer of adhesive cut out parts of section con-
tour and the workpiece frame, and the cross section profile
between the frame and the excess of aligned to carve up and
down in the area of the grid; after the laser cutting is com-
pleted, the worktable drives the formed workpiece down and
separates from the strip-shaped sheet (material belt); then,
the feeding mechanism rotates the receiving shaft and the
feeding shaft, to drive the material belt to move the new layer
to the processing area, and the worktable rises to the process-
ing plane; finally, the hot-pressing rod is used for hot-pressing;
the number of layers of the workpiece is increased by one
layer, so the height of the workpiece is increased by one layer,
and then, the cross-section profile is cut on the new layer. This
is repeated until all the cross-sections of the part are bonded

and cut, and a layered manufacturing solid part is obtained.
The general process of layered solidmanufacturing technology
molding is roughly graphics processing, substrate production,
prototype production, residual material removal, and postpro-
cessing. LOM including laser, heated roller, material supply
roll, layered part and support material, platform, waste take-
up roll, and part layer outline and crosshatch. The technique
can be applied to orthopedics such as temporal bone, dental
jaw, and mandible.

Since the materials processed by the layered solid molding
process are easy to obtain, the raw material cost of the process
is low, and the precision of the manufactured workpieces is
relatively ideal, which is suitable for the molding of large-
sized workpieces. However, the mechanical properties of the
workpiece produced by this technology are relatively low,
and compared with other printing technologies, the efficiency
of the layered solid molding process is poor [11].

2.3. Selective Laser Sintering. The selective laser sintering pro-
cess was first developed by DTM in 1987 and was patented in
1988 by C.R. Dechard of the University of Texas at Austin. In
1992, C.R. Dechard released sinter station, a commercial 3D
printer based on selective laser sintering technology in the
DTM Company, which was founded by C.R. Dechard. The
selective laser sintering usual laser utilized is CO2 due to
the absorption by the polymers being much more efficient
at this wavelength. Working principle of selective laser sin-
tering process (Figure 3): in a closed molding chamber install
two cylinder piston mechanism, one of the cylinders for pow-
der, the other for molding. Before the forming process begins,
the powder material is heated to a temperature just below the
sintering point using an infrared plate. At the beginning of
forming, the piston in the powder-feeding cylinder moves
up for a certain amount, the powder laying drum evenly
spreads the powder on the processing surface of the forming
cylinder, and the laser beam scans the first layer of informa-
tion at a given speed and energy under the control of the
computer. Where the laser beam sweeps the powder is sin-
tered and solidified into a sheet of a given thickness. The
unsintered powder is used as a support so that the first layer
of the part is made. At this time, as soon as the molding cyl-
inder piston moves down, the feed rainbow piston moves up,
and the powder is laid and rolled again; then, the laser beam
is scanned according to the second layer of information, and
the second layer formed is also sintered and solidified on the
first layer. In this way, a 3D solid part is produced by stacking
layer by layer [12]. This process is basically the same as the
Stereo Lithography Apparatus (SLA), except the SLA’s liquid
resin is replaced with a powder material that can be sintered
under laser light; the roller is optimized by a temperature
control unit to smooth the material to ensure the fluidity of
the powder, and the heat of the working chamber is con-
trolled to make the powder bond firmly. By melting the poly-
mer in the powder, the metal powder with high melting point
is bonded together. After forming, the binder is removed by
degreasing process, leaving a large number of honeycomb
holes in the material, which is extremely conducive to the
preparation of porous materials. This technology can be used
to make scaffolds to promote bone regeneration.

Ultraviolet laser
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Figure 1: The working principle of Stereo Lithography Apparatus
[10].
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The most prominent advantages of selective laser sinter-
ing are the variety of materials that can be processed and the
short production cycle. The disadvantages of this technology
are the low strength and poor surface quality of manufac-
tured parts [13].

2.4. Fused Deposition Modeling. Fused deposition
manufacturing was first invented by Scott Crump in 1988.
In 1992, Stratasys was granted a 3D printing technology pat-
ent for fused deposition manufacturing technology. In the
same year, Stratasys launched the world’s first 3D printer
based on fused deposition manufacturing technology—“3D
Modeler.” Fused deposition manufacturing is mainly used
to mold thermoplastic polymer materials. The main principle
(Figure 4) is the thermoplastic polymer wire is transported to
a heating extruder via a feed unit, under the action of the
heater above the nozzle based on the set process temperature,
after heating to molten state, uniform extrusion, layer by
layer on the forming platform and cooling solidification.
When one layer of cross-section is completed, the worktable
descends a certain height, and then, another layer is
machined on the formed section, so as to repeat until the
workpiece is manufactured [14], particularly widely used in
bone engineering.

All of the fused deposition manufacturing technology can
be widely used; the first of reasons is the fused deposition

manufacturing technology does not use a laser, so compared
with the laser-containingmolding technology, its manufactur-
ing cost is low. It can be machined with a variety of materials,
high material utilization, to a large extent to reduce the cost of
forming. However, the forming rate of this technology is low,
and the surface of the workpiece has stripe sense, and the
manufacturing precision is low [15].

2.5. Three-Dimensional Printing. In 1989, Emanuel M. Sach
and John S. Haggerty of MIT applied for patents for 3D print-
ing technology in the United States. After that, Emanuel M.
Sachs and John S. Haggerty perfected the technology many
times and eventually form a 3D printing process. The working
principle of Three-Dimensional Printing (Figure 5): the pow-
der material is laid flat in the working groove. Under the con-
trol of the computer, the nozzle sprays selectively based on the
information of the cut workpiece, so that part of the powder is
bonded and gradually forms a cross section. After the section
is printed, the workbench drops a certain height, and then, the
next layer is bonded until the workpiece is completely formed.
The prototype bonded with a binder is of low strength and
should be placed in a heating furnace for further curing or
sintering. Cheekbones, mandibles, and skulls can all be printed
by this technology.

The Three-Dimensional Printing process can process a
wide variety of materials and has a fast forming speed, which
can be used to print workpieces with complex structures.
However, because it is only bonded by adhesive, the precision
and surface quality of the printed workpiece are poor, and the
strength of the prototype part is low, which requires subse-
quent treatment [16–18]. Due to its low cost, small size, fast
molding speed, color printing can be realized and other
advantages, this technology is getting more and more
attention [19, 20].

In the 3D printing process, it is not easy to achieve both
the large size and high precision of the formed part. At pres-
ent, the working platform of powder spreading equipment on
the market is generally not large. The main reason is that
after the beam passes through the galvanometer, it can only
precisely control the spot with uniform distribution of energy
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density in a certain area. So, how to improve the accuracy of
optical components or realize multiple beams synchronous
control is a development direction. In addition, 3D printing
manufacturing is different from the general coating technol-
ogy. It is coating on top of coating, which can be called “re-
coating technology.” The thickness, flatness of each layer,
and the degree of layer-to-layer bonding directly affect the
stability and accuracy of the formed part, which need to be
improved by adjusting equipment and process parameters.

The above manufacturing processes are all printed layer
by layer; free-style 3D printing technology not only over-
comes the structural design limitations of traditional layer-
by-layer printing but also helps to achieve 3D printing of
low-viscosity or slow-curing materials. As an emerging print-
ing method, development free-style 3D printing system rep-
resents a major advance in biomedical engineering, because
most of the materials used in the biomedical field involve soft
substances, such as biomaterials, living cells, biopolymers,
and silicones; these materials were previously printed using
traditional AM systems. The free-style 3D printing system
enables researchers to print these low viscosity materials
and explore a wider range of soft materials for various appli-
cations. With the growing popularity of free-style 3D print-
ing systems, a growing number of publications in the field
of tissue engineering, vascularization, microaids, 4D printing,
and manufacturing of elastomer. As an emerging printing
method, free-style 3D printing system has been developed
and solves many biomedical applications unmet need for
producing, in particular, of low-viscosity material or slow-
curing requirements.

3. 3D Printing Materials for Implantable
Medical Devices

The development of 3D printing implantable medical devices
is closely related to the development of medical level and
material science, especially the development of biomaterials.
Biological materials are substances that can be used to diag-
nose, treat, repair, or replace tissues and organs in the body
or enhance their functions. They can be natural, artificial,
or a combination of both.

Biomaterials used in 3D printing implantable medical
devices can be divided into biomedical polymer materials,
biomedical metal materials, biomedical ceramic materials,
biomedical composite materials, and derived materials
according to their properties.

3.1. Biomedical Polymer Materials. Biomedical polymer
materials are the earliest and most widely used materials in
the field of biobiomedicine, and they have applications in
all fields of medicine. Biomedical polymer materials can be
divided into two categories: nondegradable and degradable
on the basis of their properties. Nondegradable polymer
materials include polyethylene, polypropylene [21], and
polyformaldehyde. This type of material has good physical
and mechanical properties, also can remain stable for a
long time in a biological environment. Degradable biolog-
ical materials include collagen [22, 23], cellulose [24], and
chitin. The material is degraded under the action of the
biological environment, and part of the degraded product
is absorbed and partly eliminated with the normal metab-
olism of the human body. Biomedical polymer materials
are widely used in the repair of cardiovascular stents, soft
tissues, and hard tissues.

3.2. Biomedical Metal Materials. Biomedical metal materials
refer to metals or alloys used in biomaterials, also known as
metal materials for surgical implants. The clinically used
biomedical metal materials mainly include stainless steel
[25], titanium and titanium alloys [26, 27], cobalt-
chromium-molybdenum alloys [28], and medical precious
metals [29]. This type of material has high fatigue resistance
and mechanical strength, good mechanical properties, cor-
rosion resistance, and biocompatibility. It is widely used in
bone and joint substitutes, spinal implants, cardiovascular
implants, etc.

3.3. Biomedical Ceramic Materials. Biomedical ceramics have
also become biomedical inorganic nonmetallic materials.
They began as biomedical materials in the early eighteenth
century and were clinically applied in China in the 1970s.
Biomedical ceramics are divided into biologically inert
ceramics, biologically active ceramics, and biodegradable
ceramics. Bioinert ceramics include alumina, zirconia, and
carbon. These materials have stable structure and high
strength, good abrasion resistance, and stable chemical prop-
erties. Bioactive ceramics include bioglass [30, 31] and trical-
cium phosphate [32, 33], which form strong chemical bonds
with tissues through chemical reactions in the body. Biode-
gradable bioceramics can induce the growth of new bone

Silk material
Z

Y

X

Nozzle

�e prototype

�e workbench

Silk material supply

Figure 4: The working principle of fused deposition manufacturing
[14].
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since they can be absorbed in the living body, such as β-tri-
calcium phosphate bioceramics. Biomedical ceramics can
be used to make artificial hip joints, artificial bones, valves,
etc. The main problem of biomedical ceramics in clinical
applications is poor strength and toughness.

3.4. Biomedical Composite Materials. Biomedical composite
materials are composed of two or more different materials
[34, 35]. Composite materials improve the performance of a
certain material to a large extent, because it is a composite
of different materials; the composite material will have new
and unique properties that are different from the constituent
materials. This new material property may be beneficial to
the human body, or it may not be beneficial to the human
body. Therefore, the composite material must not only have
the expected physical and chemical properties but also must
meet the requirements of biomechanical properties and bio-
compatibility. Biomedical composite materials include bone
cement, coating materials, and nano-phosphoric lime. The
biomedical composite material is widely used in repairing
or replacing human tissues and organs or enhancing their
functions and the manufacturing of artificial organs [36–38].

3.5. Derived Materials. Bioderived materials are also called
biorenewable materials, which are formed from natural bio-
logical tissues through special processing. Since biological tis-
sues have lost their vitality after special treatment,
biologically derived materials are inanimate materials. Bio-
derived materials have similar configurations and functions
to natural tissues, or because they have a composition similar
to natural tissues, bioderived materials play a major role in
the maintenance and replacement of human dynamic pro-
cesses [39]. The biological material is widely used in artificial
heart valves, skin masks, bone restorations, vascular restora-
tions, etc.

For the moment, research on biomedical 3D printing
technology is springing up. Many achievements have been
made in medical 3D printing materials, especially in tissue
engineering scaffold materials. However, biomedical 3D

printing technology and its materials are still an emerging
field, and various researches are still in the initial stage. To
truly realize the clinical application of a long distance, there
are still great challenges. Mechanical metamaterials such as
superhard materials, auxiliary materials, hyperelastic mate-
rials, and self-assembled and programmable materials can
be used in cartilage tissue engineering, bone tissue engineer-
ing, skin tissue engineering, vascularized tissue engineering,
etc. Metamaterials begin with porous implants; these include
biomimetic materials created from naturally derived build-
ings. Mechanical metamaterials also provide radical designs
for functional tissue scaffolds; it has shown promising poten-
tial in bone tissue regeneration and orthopedic implants,
with extreme rigid weight ratio, tunable hydraulic penetra-
tion, and even higher surface volume ratios; intelligent
materials are a class of outstanding engineering materials
due to their shape memory effect, Shape Memorty Materials
(SMM) generally classified as Shape-Memory Polymers
(SMP), Shape-Memory Ceramics (SMC), Shape Memory
Alloys (SMA), and Shape-Memory Hydrogels (SMHs); out
of which, SMP became a more notable and researchable class,
intelligent materials to further open up the possibility more
bone regeneration.

4. Typical 3D Printed Implantable
Medical Devices

3D printed implantable medical devices are applied to vari-
ous parts of the human body. Typical products include vas-
cular stents, heart valve prostheses, orthopedic implants,
and artificial joint prostheses.

4.1. Vascular Stents. Cardiovascular disease (CAD) is a dis-
ease that affects the myocardium, heart valves, or blood ves-
sels, and its morbidity and mortality are gradually increasing.
Around the world, cardiovascular disease kills a large num-
ber of people every year, and it is called the number one killer
of health [40]. The treatment of cardiovascular disease has
become the focus of research by relevant scholars in various
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Figure 5: Three-Dimensional Printing.
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countries. The methods of treating cardiovascular diseases
include drug treatment, external surgical treatment, and vas-
cular stent interventional treatment [41–43]. The effect of
drug treatment is not obvious, the recovery period after
external surgery is long, and both of them may cause the
patient to suffer secondary injury. As a minimally invasive
surgery, vascular stents cause less pain, short operation time,
less trauma, and quicker recovery after surgery. Therefore,
vascular stent interventional therapy has become the main
method for the treatment of cardiovascular diseases.
Figure 6 is the process of preparing blood vessel stent by
3D printing technology.

Flege et al. [44] made use of selective laser melting (SLM)
3D printing technology to prepare the biodegradable vascu-
lar scaffolds for PLLA and PCL powder particles and then
made the surface of the stent smooth by dip coating and
spray treatment. The biodegradable stent is shown in
Figure 7. The experimental results show that the method
and the bioabsorbable scaffold prepared by the materials
have good biocompatibility. Figure 7 is the vascular stent
printed by SLM technology.

Kaesemeyer et al. [45] indicated the biodegradable vascu-
lar stent fabrication by the rapid vascular stent fabrication
(RSF) system shown in Figure 8. The vascular stent is pre-
pared from a copolymer of lactide, glycolide, ε-caprolactone,
and lovastatin. The vascular stent not only has a supporting
function but also releases drugs in the body that can be used
to treat damaged endothelium and prevent thrombosis in the
stent. Figure 8 shows the biodegradable stent prepared by
RSF system.

Park et al. [46] prepared a spiral bioabsorbable PCL vas-
cular stent (Figure 9). The drug coating of PLGA and PEG
mixed with sirolimus was prepared by ultrasonic atomization
and then implanted in the body for experiments. The release
kinetics of Rolimus in the stent is a continuous curve, and the
vascular intimal hyperplasia is reduced.

Van Lith et al. [47] used the 3D printing technology of
microcontinuous liquid interface production to print a kind
of curable biomaterial based on bioabsorbable citrate and
prepared a bioabsorbable vascular stent with rapid, high-res-
olution, and customized design. Misra et al. used 3D printing
technology to print the composite material doped with bio-
degradable polymer PCL and graphene nanoflakes, then pre-
pared a vascular scaffold which can realize dual drug release.

From the domestic and foreign research status, 3D print-
ing has a bright future in the application of vascular stent.
However, the application of 3D printing technology in vascu-
lar stents is still in its initial state, and its application is still
immature. At present, there are some problems in the appli-
cation of 3D printing technology in vascular stents, such as
vascular scaffolds made of biodegradable polymeric materials
are deficient in mechanical properties due to the influence of
material properties, and the positioning accuracy of vascular
scaffolds is poor due to their expansion, which will affect the
subsequent treatment.

4.2. Prosthetic Valve. The function of heart valves is to ensure
that the blood in the heart flows in the correct direction.
Heart valve disease will endanger human health and affect

the normal quality of life of humans. Myocardial infarction
and senile valve disease due to aging are common in the
elderly [48]. Hyperlipidemia, hypertension, and chronic kid-
ney disease are common in modern adults, which can cause
heart valve damage. Heart valve disease is a common heart
disease in modern medicine. Valve lesions can hinder the
normal flow of the blood and increase the burden of the
heart, thus causing damage to heart function and leading to
heart failure. There are three methods to treat heart valve dis-
ease: drug treatment, external surgical treatment, and inter-
ventional treatment. External surgical treatment refers to
the use of artificial heart valve replacement or valvuloplasty
for treatment, which is an effective treatment for high-risk
patients, and it is also a radical cure for heart valve disease.
The 3D printed heart valve can be customized based on dif-
ferent patients, so as to improve the accuracy and stability,
reduce the rejection reaction of the patient’s body, and
improve the success rate of heart valve replacement [49].
Biological heart valve replacement and mechanical valve
replacement are shown in Figures 10 and 11.

The development of artificial heart valves has gone
through the stages of mechanical valves, biological valves,
interventional valves, and tissue-engineered valves [51, 52].
Tissue valve is an active heart valve constructed by 3D
printing technology.

In the 1960s, China began to study artificial heart valves.
Professor Yongzhi Cai successfully performed mitral valve
replacement with domestic cage valve [53]; the biomaterial
artificial heart valve developed by the Beijing Fuwai Hospital
has been successfully used in aortic valve replacement sur-
gery; Kapetanovic et al. [54] used hyaluronic acid and meth-
acrylate composite hydrogel to load human aortic valve
interstitial cells, then increased the viscosity of the hydrogel
by increasing the concentration of methacrylate, thereby
promoting the transmission of information between cells
and maintaining human fiber cell phenotype (Figure 12)
and aortic valve model and printed entity.
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Patient-specific stent design

On-the-spot fabrication
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bioresorbable stent

Stent

UV Light

V

Figure 6: Process of preparing blood vessel stent by 3D printing
technology [42].
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There are still some deficiencies in the preparation of aor-
tic valve in the world. There are some differences between the
designed aortic valve and the natural aortic valve, and the
non-Newtonian characteristics of the hydrogel are ignored
in the printing process of the aortic valve. The phenomenon
of swell will appear from the microneedle extrusion, which
will affect the surface accuracy and dimensional accuracy of
the aortic valve.

4.3. Orthopedic Implants. Bone tissue is an important part of
the human body, as well as an important part of the bones. It

plays an irreplaceable role in the human body. Bone tissue
has a strong ability to regenerate bone and can repair and
heal itself. However, when the bone defect reaches a certain
degree, the bone tissue corresponding to the bone defect will
not be able to repair itself [55, 56], and there will be some
images in the defect site nonbone tissues like fibers grow;
clinically, there are more and more bone defects caused by
trauma, tumor resection, accidents, etc., so the demand for
bone implants is increasing.

Methods for repairing bone defects include autografts,
allografts [57, 58], and artificial bone substitute materials
such as metal and polymer materials. Autologous bone trans-
plantation requires two operations. The patient suffers a lot
of pain, and the human body has a limited amount of autol-
ogous bone, which cannot provide unlimited bone sources
[59]. The operations are not all successful [60]. However,
due to different constitutions, allograft may cause immune
rejection and carry the risk of infectious diseases from the
donor [61]. Therefore, the research of artificial bone repair
has become the focus of many related scholars [62].

Artificial bone scaffolds prepared by traditional methods
such as gas foaming [63, 64], fiber bonding, freeze-drying,
phase separation [65], and particle leaching cannot precisely
control the cell pore shape and pore size of the artificial bone
scaffold, which makes the artificial bone scaffold prepared
biologically the performance does not meet the demand well.
In recent years, 3D printing technology to manufacture arti-
ficial bone scaffold has become a preferred scheme, which has
great potential in drilling.

In March 2014, the First Affiliated Hospital of the Fourth
Military Medical University of Chinese PLA (Xijing Hospi-
tal) implemented 3D printing titanium alloy shoulder blade
prosthesis, clavicular prosthesis, and pelvic prosthesis for
three patients with bone tumors. The first two cases were
the first in the world, and the last one was the first in Asia,
which made a significant step in the application of 3D print-
ing technology in bone tissue engineering [66]. Saijo et al.
used 3D printing technology to prepare tricalcium phosphate
powder into a personalized prosthesis and achieved satisfac-
tory results in clinical applications; Dai Kerong and others
used 3D printing technology to prepare metal materials into

2mm

(a) PLC stents manufacturing (b) PLLA PLC stents manufacturing

Figure 7: Vascular stent printed by SLM technology [44].

Figure 8: Biodegradable vascular stents prepared by RSF system
[45].
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Figure 9: PCL spiral vascular stent [46].
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artificial pelvis, then successfully completed the replacement
of the artificial pelvis and achieved satisfactory results in clin-
ical practice. The titanium alloy clavicle and scapula prepared
by Pei Yanjun and others using 3D printing technology were
successfully implanted into the body of bone tumor patients,
and the clinical effect was good.

With the development of society, 3D printing will be
more and more widely used in orthopedics. However, the
application of 3D printing technology in orthopedics is at
the initial stage, and the technical materials are immature;
there are still some problems: the 3D printed bone implant
lacks large sample data and follow-up data; due to the high
clinical requirements for implant materials, there are still
some problems in material selection; the structure of human
tissues and organs is complex, and the accuracy of printing
still needs to be improved.

4.4. Artificial Joint Prostheses. Osteoarthritis (OA) is also
known as degenerative arthritis. The disease damages articu-
lar cartilage and eventually leads to degenerative joint disease
of the whole joint, which can lead to loss of normal joint
movement and joint dysfunction. Joint replacement surgery,
as a more difficult operation in the field of orthopedics, is
used in clinical treatment of joint dysfunction, thereby
restoring the shape and function of the joint.

Total hip arthroplasty (THA) is an operation in which
artificial hip prosthesis is used to replace the dysfunctional
hip joint [67, 68]. Hip joint prosthesis is suitable for the
elderly with fresh or old femoral neck fractures and non-
union; middle-aged and elderly patients with severe degener-
ative osteoarthritis and avascular necrosis of the femoral
head. Clinically, Cheng Wenjun and others performed artifi-
cial total hip replacement surgery for patients with femoral
neck fractures, primary hip joints, and secondary osteoar-
thritis, which used traditional prostheses and 3D printed tita-
nium alloy bones. There are two methods of trabecular metal
cups. After the operation, it was found that the hip joint
movement function of the two groups was greatly improved.
However, the initial stability of the prosthesis of the 3D
printed titanium alloy trabecular metal cups was better, and
the initial stability of the bone in growth is better.

Total knee arthroplasty (TKA) is the most effective sur-
gery for treating moderate to severe knee arthritis [69]. Knee
joint prostheses refer to surgical implants used to replace the
articular surfaces of the femur and tibia on both sides of the
knee. The X-ray films of total knee arthroplasty were as
shown in Figure 13.

Finger joint trauma is a common orthopedic disease in
clinic. The important methods for the treatment of finger
joint dysfunction are joint transplantation, arthroplasty, joint
fusion, and artificial joint replacement. Artificial joint
replacement is widely accepted for its advantages of finger
function reconstruction and hand knuckle stability restora-
tion. In 1940, Burman [71] carried out the alloy metacarpal
head hemi-joint replacement technique, which is regarded
as the prototype of the hand facet joint replacement tech-
nique. In 1959, the clinical application of total joint replace-
ment prosthesis designed by Brannon and Klein [72] led to
the widespread development of artificial joint replacement.
In 1962, Swanson and Peltier [73] proposed a new concept
of artificial finger joint prosthesis. In 1969, Niebauer et al.
[74] and ChiaRi and Trieb [75] made improvements on the
basis of Swanson. In the 1970s, the design of the prosthesis
was more in line with the biomechanics and the application
of the prosthesis that was close to the normal joint anatomy.

Figure 10: Biological heart valve replacement [50].

Figure 11: Mechanical heart valve replacement [50].
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At present, there are many types of human manual articular
surface replacement prostheses used in clinical practice,
including Linscheid et al. [76].

At present, 3D printing technology has been widely used
in joint replacement surgery, but the innovation of the mate-
rial and process of the prosthesis still needs to be enhanced
to improve the stability and effectiveness of the prosthesis
in the body.

4.5. Human Organs. 3D printing technology has a wide
range of applications in the construction of functional tis-
sue, including kidney, liver, multilayer skin [77], and other
tissues or organs that can replace damaged or diseased tis-
sues or organs.

Organ transplantation is the best treatment for end-stage
renal disease (ESRD). However, the number of existing kid-
ney donors is far less than the number of kidneys needed.
For this reason, the use of 3D printing technology to print
artificial kidneys has emerged to satisfy the donors required
for surgery. Organovo used 3D printing technology to pre-
pare the first whole-cell kidney tissue. King et al. [78] used
3D printing technology to prepare an in vitro model of
three-dimensional proximal tubule tissue, which ushered in
the dawn of organ transplantation and kidney regeneration.
In 2011, Anthony Atala [79] of the Wake Forest University
showed people 3D printing kidney technology; so far, 3D
printing artificial organ technology has made great progress.
The 3D printing technology of kidney organs is aimed at
printing organs and tissues with organ functions. With the
development of 3D printing technology and the continuous

progress in the field of material science, it is expected that
3D printing artificial kidney can meet the needs of human
body, improve the situation of kidney shortage, reduce peo-
ple’s pain, and improve people’s life.

As one of the indispensable organs of human body, the
structure of liver is complex. Compared with other organs,
the liver has strong regeneration ability. But due to the small
number of donors and the long regeneration cycle of its own
liver, 3D printing of liver organs has become the core solu-
tion to solve the problem. In 2013, ZenI et al. [80] printed a
translucent human liver model. Alkhouri and Zein [81]
explored the use of 3D bioprinting technology to create min-
iature liver, which could be used to replace the pathological
liver of end-stage liver failure. In 2013, Organovo printed a
miniature liver with most functions of natural liver.

Skin transplantation is necessary for facial burns. If the
burn area is too large, the amount of skin grafts required will
increase, so that the supply exceeds demand. Using 3D print-
ing technology to create artificial skin can not only meet the
needs of skin transplantation but also reduce the pain of
patients. Koch et al. [82] used 3D printing technology to
print collagen, keratinocytes, and fibroblasts to prepare skin
analogues. In 2013, Koch et al. [83] used 3D printing technol-
ogy to print biological materials and prepared human skin
tissues, which provided a reliable source for skin transplanta-
tion. Lee et al. [84] used 3D printing technology to print col-
lagen, keratinocytes, and fibroblasts, respectively, to prepare
skin tissue structure.

The emergence of 3D printing technology has given a
solution to the problems faced by organ transplantation.
But at present, 3D printing still needs to improve the resolu-
tion of 3D printing technology and the flexibility of biomate-
rials in the aspect of printing organs, so as to realize more
complex and composite tissue or organ structures for clinical
applications.

In general, with the development of materials science,
technology, and imaging, 3D printing technology will be more
and more widely used in cardiovascular and orthopedic fields.
New 3D printing technologies such as in vivo direct printing,
personalized generated heart implant device, and orthopedic
implants will also greatly enrich the connotation of 3D print-
ing technology and better benefit the cardiovascular patients
and bone defect patients. But at present, the problems and
challenges of 3D printing technology are also prominent.
The first is the accuracy of printing, which involves imaging

Figure 12: Aortic valve model and printed product [54].

Figure 13: Total knee replacement X-ray [70].
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mode and printing mode. The second is the material problem;
it is a long-term task to find materials that meet the functional
requirements, biological requirements, economic require-
ments, and technological requirements. The third problem is
vascularization, the ability of 3D-printed tissues and organs
to survive and function in the long term only based on stable
vascularization. It is believed that 3D printing technology in
cardiovascular and orthopedic applications will shine.

5. Conclusions

As a new type of digital printing technology, 3D printing has
many advantages and huge applications in medicine, which
makes every country invest more energy in the research
and development of it. 3D printing technology has been
applied in various fields of clinical medicine, especially in
the application of implantable medical devices, which has
been paid more attention by relevant scholars in various
countries. Although 3D printing technology is currently in
full swing, its technology still faces many challenges. For
example, one of its challenges is how to develop various 3D
printing raw materials. The second challenge is that 3D
printing lacks industry standards for implantable medical
devices. The third challenge is that the product technology
chain has not yet been fully formed. As for the progress
and development of 3D printing technology, the research
on materials is the key. The biomaterials in the future should
have the best mechanical properties, diffusion coefficient and
biocompatibility, which are the basis and direction for 3D
printing technology to advance in the future medical field.
In addition, if the combination of biomaterials and printing
technology can solve the problem of combining different
types and functions of cells into a three-dimensional struc-
ture with complex functions and realize their basic functions.
This technology will usher in a revolutionary change in 3D
printing technology and biological tissue engineering, and
the repair of human tissues and the transplantation of tissues
and organs will be completely met by biological printing tech-
nology. In the future, independent 3D printing manufacturing
centers for human organs can be built. This center can make
corresponding implants in time according to the needs of
the disease, so that the complex diseases encountered in clini-
cal practice can be quickly solved, and patients’ pain can be
timely and effectively controlled.

The in situ 3D printing proposed for 3D printing is the
implantation of original tissues in original body parts, avoid-
ing foreign graft rejection and infection, for better recovery of
the patient’s body, and compared to bioprinted implants, in
situ 3D printing is more accurate in size and shape, and it
also overcomes the shortcomings of difficult implantation.
One of the remaining challenges at the core of the further
development of 3D printing in situ is the optimization and
crosslinking of inks used in the process, Agostinacchio et al.
[85] proposed the use of silk fibroin as an ink printing for-
mula; different formulations of silk-based inks should be
studied, characterized, and standardized, get shape fidelity,
and at the same time, avoid the possible in vivo cytotoxic
effects of photoinitiators during photopolymerization and
expand the scale of manufacturing to be used in clinical prac-

tice. The emergence of smart materials or programmable
materials, which can be converted by external stimuli, pro-
vides exciting new opportunities for 3D printing technology.
This combination has led to a new field called 4D printing;
the scale of 4D bioprinting to print bones has fascinating
prospects. Compared with 3D printing, 5D printing saves
25% of materials in the printing process. 5D printing is a
new branch of additive manufacturing. In this technology,
the print head and the printable object have five degrees of
freedom. Instead of the flat layer, it produces curved layers.
In this process, the print part moves while the printer head
is printing. So, printing undertakes the curve path of the part
being printed rather than moving through a straight layer as
in the case of 3D printers. The main advantage of this tech-
nology is to create a part with a curved layer with improved
strength. A 5D printed model provides potential to fabricate
artificial bone for surgery. Because human bones are not flat
and having a curved surface, there is a requirement to man-
ufacture artificial bones with 5D printing to provide excellent
strength to these bone implants. This technology has great
potential to fulfill this primary requirement. As the future
of medical industry, 3D printing will become an important
means of precision medicine and personalized medicine in
the future. In the future, multidimensional printing will
become a bright spot and vane in the medical field in the
future and will promote the development of medical biology
research in a country.
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Objectives. The optimal treatment choice of chronic carotid artery occlusion (CAO) remains inconclusive. This study was aimed at
exploring the safety and effectiveness of hybrid surgery in the treatment of CAO and at determining predictors for successful
recanalization. Methods. In this study, we enrolled 37 patients with CAO who underwent hybrid surgical treatment during the
period 2016–2018. We extracted and analyzed patients’ demographic data, disease characteristics, surgical success rates,
perioperative complications, and prognosis. Results. A total of 37 patients with symptomatic CAO underwent hybrid surgical
treatment. Thirty cases (81.1%) were successfully recanalized, while seven were not. Blood reflux after carotid endarterectomy
occurred in 18 patients (60%) of the success group and 1 (14.3%) of the failure group (OR, 9.0; 95% CI, 0.95-54.5; P = 0:042).
The rate of distal ICA reconstruction below the clinoid segment was 20 (66.7%) in the success group and 1 (14.3%) in the
failure group (OR, 12.0; 95% CI, 1.3-113.7; P = 0:029). In patients with successful recanalization, no ischemic events occurred
after surgery and during follow-up, but restenosis of >50% was found in one case. In the failure group, two patients experienced
recurrent ischemic events during follow-up. Perfusion imaging in successful recanalization cases is significantly improved,
preoperative I/C ratio was 1.44 (IQR 1.27-1.55), and postoperative 1.12 (IQR 1.05-1.23). National Institutes of Health Stroke
Scale (NIHSS) score of successful recanalization cases was 5.35 (2.26) before surgery and 2.03 (1.40) at 6 months (P < 0:01).
Conclusion. Hybrid surgery might be a safe and effective way to treat CAO. Distal internal carotid artery reconstruction to below
the clinoid segment and blood reflux after carotid endarterectomy are predictors of successful recanalization.

1. Introduction

Chronic carotid artery occlusion (CAO) is an uncommon but
important cause of ischemic stroke. The natural course of
CAO varies greatly, and it can manifest as stroke, transient
ischemic attack (TIA), or no symptoms at all. Territories of
which blood supply is occluded rely on compensating collat-
eral flow, but for some patients, these are not sufficient.
Among patients with hemodynamic disorders, those with
CAO have significantly higher rates of recurrent stroke and
mortality [1]. Treatment of CAO is still controversial. Alterna-
tive treatments are as follows: conservative treatment includ-

ing antiplatelets and anticoagulants, extracranial-intracranial
(EC-IC) bypass, carotid endarterectomy (CEA), and endovas-
cular recanalization.

Hybrid surgery refers to the combination of endovascular
recanalization and CEA. Reaching the distal true lumen
through the occluded segment is the key to successful recan-
alization in CAO. Hybrid surgery combines their advantages
and overcomes their respective difficulties. CEA removes pla-
que, allowing the microcatheter and microguidewire to easily
pass through to the distal true lumen. Some studies have
reported the application of hybrid surgery in CAO [2–4],
but the predictors of successful recanalization have not been
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fully discussed. The purposes of the study are to explore the
effectiveness and safety of hybrid surgery for CAO and the
predictors of successful recanalization.

2. Materials and Methods

2.1. Patient Selection. This retrospective study was approved
by the local institutional review board.We included symptom-
atic CAO patients who were hospitalized in the Department
of Neurosurgery of the First Hospital of Jilin University
(Changchun, China) from January 2016 to December 2018.
CAO was defined as a duration of ≥4 weeks between diagnosis
and treatment. Inclusion criteria were as follows: (1) 18–80
years old, (2) complete carotid artery occlusion as confirmed
by digital-subtraction angiography (DSA), (3) TIA or stroke
occurring in the occluded blood vessel supply area over the
past 12 months, (4) computed tomography (CT) or magnetic
resonance (MR) perfusion imaging confirming hypoperfusion
on the occluded side, (5) CT or MR excluding extensive cere-
bral infarction, and (6) cases with complete clinical and imag-
ing data to permit follow-up. Exclusion criteria were as
follows: (1) severe diseases of the heart, liver, kidney, lung, or
other vital organ, with estimated survival time < 3months;
(2) inability to tolerate general anesthesia for surgery; (3)
allergy to contrast agents; (4) contraindication of, or resis-
tance to, aspirin and/or clopidogrel; (5) other cerebrovascu-
lar diseases (intracranial aneurysms and cerebrovascular
malformations) causing stroke; and (6) severe neurological
dysfunction and impaired consciousness.

2.2. Data Collection. Baseline information included sex, age,
diabetes, hypertension, smoking, drinking, and hyperlipid-
emia. NIHSS score on admission and duration from the last
neurologic event to surgery was also collected. All imaging
data are assessed individually by two neurosurgeons. All
patients underwent CT perfusion imaging or MR perfusion
imaging before and one week after surgery. Mean transit

times (MTTs) of ipsilateral- (side of the occluded ICA-) to-
contralateral (I/C) were calculated. The morphological
description included the following: stump morphology: (1)
blunt stump or no stump and (2) tapered stump (Figure 1).
Compensatory vessels included the following: anterior com-
municating artery, posterior communicating artery, ipsilat-
eral ophthalmic artery, and branches of other arteries. Reflux
sites were categorized as follows: (1) below the clinoid segment
(cavernous segment, petrous segment, and below) and (2)
clinoid segment and above (clinoid segment, ophthalmic seg-
ment, or communicating segment). Surgical complications
included hyperperfusion, ischemic events, hemorrhage events,
carotid cavernous fistula, dissection, and so on.

2.3. Hybrid Surgical Procedure. After general anesthesia,
patients were placed in the supine position with their heads
tilted to the opposite side from the lesion. A straight incision
was made at the front edge of the sternocleidomastoid muscle
on the affected side to cut through the skin and platysma
muscle after routine disinfection. We separated the skin
and muscle along the front edge of the sternocleidomastoid
muscle to the ICA sheath so that we could expose and cut
the fascia of the ICA in order to lift that artery. The superior
thyroid artery, external carotid artery, and distal end of the
ICA were clamped in turn. Afterwards, we cut the common
carotid artery (CCA) along the long axis to the distal end of
the ICA. After stripping off the intima of the ICA containing
the plaque and thrombus and then flushing and thoroughly
stripping the lumen, we observed the distal end for blood
reflux. After stitching up the vessel wall, an 8F catheter sheath
was inserted into the right femoral artery to support the cath-
eter to the bifurcation of the CCA. Via angiography, we
observed the recanalization status of the distal blood vessels.
If it remained occluded, we passed a microcatheter and
microguidewire through to the occluded lumen in order to
determine stenotic and occluded sites. Then, balloon-
angioplasty was used to expand the blood vessel at the site

(a) (b) (c)

Figure 1: Stump condition: (a) no stump; (b) blunt stump; (c) tapered stump.
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of occlusion and stenosis, followed by insertion and release of
the appropriate stent. A postsurgery blood flow reaching
Thrombolysis in Cerebral Infarction (TICI) grade IIb or
higher is defined as successful recanalizaiton (Figure 2).

2.4. Follow-Up. All patients were recommended for follow-
up. Clinical follow-up content is as follows: all cases are rec-
ommended for outpatient or telephone follow-up and we
record the patients’ NIHSS score and record hemorrhage
and ischemic events. Image follow-up content is as follows:
color Doppler ultrasound at 1 month, CTA at 3 months,
and DSA at 6 months to record whether the recanalized
blood vessel is unobstructed, whether there is reocclusion
or restenosis, and whether there are other vascular injuries,
such as carotid artery dissection and pseudo aneurysm, and
carotid cavernous fistula.

2.5. Statistical Analysis. We performed statistical analysis
using SPSS software version 20.0 (IBM Corp., Armonk,
New York, US). Normal distribution measurement data were
expressed as means and standard deviations (SD), while skew
distribution data were expressed as the median and inter-
quartile range (IQR). Counting data were expressed in fre-
quencies and percentages. We compared data between each
group using Student’s t test (normal distribution) or the
Mann-Whitney U test (skewed distribution), the chi-square
test, or Fisher’s exact test according to the situation. P <
0:05 was considered a statistically significant difference.

3. Results and Discussion

3.1. Results. Of the 59 patients with symptomatic CAO who
were admitted during the study period, a total of 37 patients
were included in the study (Figure 3). Thirty cases (81.1%)
were successfully recanalized and seven were not. Age, male
sex, hypertension, diabetes, hyperlipidemia, smoking, and

drinking did not differ significantly between the success and
failure groups (P > 0:05). Male patients accounted for
89.1% of total cases, a significantly higher proportion than
that of female patients. The majority of patients smoked
(70.3%). Duration from last onset to surgery was 15.0 (IQR
14.0-33.75) days in cases of the success group and 60.0
(IQR 30.0-120.0) in those of the failure group (P = 0:007);
therefore, disease last onset was longer in the failure group
than in the success group (Table 1).

The lesion was on the left side in 18 cases and on the right
side in 19. The occlusion was located in the CCA in 4 cases
(10.8%), in the beginning of ICA in 27 cases (73.0%), and
in other sites in 6 cases (16.2%). Most of the occlusions were
located at the beginning of the ICA. Twenty cases had a
tapered stump, and the other 17 cases had a blunt or no
stump at all. After CEA, 19 cases showed blood reflux, with
18 successful recanalizations and 1 failure. The other 18 cases
showed no blood reflux, with 12 successful recanalizations and
6 failures. (P = 0:042). In 16 cases of distal ICA reconstruction
at the clinoid segment and above, 10 cases were successfully
recanalized and 6 cases were not recanalized; 21 cases below
the clinoid segment were successfully recanalized in 20 cases
and 1 case was not recanalized (P = 0:029) (Table 2).

There were 2 cases of intracranial hemorrhage, 1 case
died of sudden breathing, cardiac arrest, and cerebral hemor-
rhage on the second day after operation; 1 case died of intra-
cranial hemorrhage caused by rupture of the blood vessel
during operation. Two cases showed hyperperfusion, which
was relieved after medication. There were no ischemic events
in the success group after surgery or during follow-up, but
restenosis of >50% was found in one case. Of the seven
patients with failed recanalization, two had recurrent ische-
mic events during follow-up (Table 3).

Preoperative I/C ratio in success group cases was 1.44
(IQR 1.27-1.55); 1 week after surgery, the I/C ratio in these
cases was 1.12 (IQR 1.05-1.23), P < 0:01. Cerebral perfusion

(a) (b) (c)

Figure 2: (a) Preoperative chronic carotid artery occlusion. (b) Remove carotid plaque. (c) Carotid artery recanalization after hybrid surgery.
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in success group cases was significantly improved. Preopera-
tive NIHSS score in success group cases was 5.35 (2.26); at 6-
month follow-up, NIHSS score in these cases was 2.03 (1.40),
P < 0:01. Neurological function was significantly improved in
postoperative patients (Table 4).

3.2. Discussion. Even with intensive drug treatment, the CAO
annual stroke recurrence rate is 6% to 20% [1, 5]. It is neces-
sary to establish an alternative treatment with an acceptable
safety and efficacy profile. In this study, the recanalization
rate of hybrid surgery was 81.1%, with a relatively low risk
of complications. We found that distal ICA reconstruction
to below the clinoid segment and blood reflux after carotid
endarterectomy are predictors of successful recanalization.

Various treatment methods for CAO have developed
gradually since the 1960s, including bypass surgery, CEA,
and intravascular recanalization under interventional radiol-
ogy. EC-IC bypass is not recommended duo to failing to
reduce the risk of recurrent ipsilateral ischemic stroke within
2 years compared with medical therapy [6]. CEA, due to ana-
tomical limitations, is applicable only for occlusion at the ori-

gin of the internal carotid artery (ICA). For long-segment
occlusions that extend to the intracranial segment, pure
CEA presents challenges to successful recanalization [7].
With the development of neurointerventional technology
and materials, endovascular recanalization has been more
frequently explored, and more studies have reported the
improved possibility of successful endovascular recanaliza-
tion [8–10]. In one study enrolling 138 patients who under-
went endovascular recanalization surgeries, 85 of them
(61.6%) were technically successful [11]. However, 6 patients
experienced recurrent stroke, death, or intracranial hemor-
rhage, and 11 (8.0%) had intracranial carotid cavernous fistu-
lae. Thus, the recanalization success rate is still unsatisfactory
and the complication rate still high [12].

CEA for the treatment of CAO is limited to occlusion
location at places that can be exposed during operation while
no long-segment thrombosis exists in the distal blood vessels,
which restrict its scope of application. As to endovascular
treatment, it was first reported in 2013 for CAO patients
[2]; all three patients were successfully recanalized. The
cerebral-perfusion imaging showed significant improvement,

Excluded

Excluded

Patients with symptomatic chronic carotid artery
occlusion from January 2016 to December 2018

(n = 59)

Patients finally included
(n = 37)

Patients with severe neurological dysfunction (n = 5)
Patients with intracranical aneurysm (n = 2)

Patients with allergy to contrast agents (n = 2)

Endovascular recanalization (n = 8)
Refused surgery (n = 5)

Eligible patients
(n = 50)

Figure 3: Selection of patients.

Table 1: Baseline characteristics of patients.

Total (n = 37) Success group (n = 30) Failure group (n = 7) P value

Age, mean (SD) 62.1 (6.4) 62.9 (6.4) 58.9 (6.1) 0.140

Male, n (%) 33 (89.1%) 27 (90.0%) 6 (85.7%) 1.000

Hypertension, n (%) 24 (64.9%) 21 (70.0%) 3 (42.9%) 0.213

Diabetes, n (%) 20 (54.1%) 16 (53.3%) 4 (57.1%) 1.000

Hyperlipidemia, n (%) 19 (51.4%) 15 (50.0%) 4 (57.1%) 1.000

Smoking, n (%) 26 (70.3%) 21 (70.0%) 5 (71.4%) 1.000

Drinking, n (%) 16 (43.2%) 14 (46.7%) 2 (28.6%) 0.674

Duration from last onset to surgery, median (IQR) 30.0 (14.5-47.5) 15.0 (14.0-33.75) 60.0 (30.0-120.0) 0.007
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and no ischemic events occurred during the 6 months of
follow-up. For the past few years, hybrid surgery, combining
the CEA and endovascular treatment, has gradually devel-
oped to treat CAO. The occlusion site is more likely to locate
at the beginning of the ICA for CAO. CEA removes the pla-
que at the origin ICA, allowing the microcatheter and micro-
guidewire to easily pass through to the distal true lumen. This
paves the way for endovascular interventional recanalization,
which in turn treats the distal carotid artery lesion using bal-
loons and stents. Theoretically, combing the advantages of
the two surgical modalities may improve the success rate.
Liu et al. reported [13] that of 21 patients who received
hybrid surgical treatment, 15 (71.4%) were successfully reca-
nalized without causing carotid dissections, intracranial
hemorrhages, or new neurological deficits. In the current
study, we enrolled a total of 37 patients and 30 (81.1%) were
successfully recanalized. Therefore, it showed that hybrid
surgery may be an effective surgical method for CAO.

Many studies reported the successful recanalization of
CAO with hybrid surgery [2–4, 13], but few reported the pre-
dictors for successful recanalization. In this study, distal ICA

reconstruction to below the clinoid segment and blood reflux
after carotid CEA are predictors of successful recanalization.
Both of these predictors indicate a shorter occlusion
length. Hybrid surgery makes it possible to reach the distal
true lumen through the occluded segment. The occlusion
length may be another key factor of successful recanaliza-
tion. We need more cases and more advanced inspection
methods such as high resolution magnetic resonance
imaging to verify.

The goal of treatment is to restore blood supply, improve
hypoperfusion, and reduce the incidence of recurrent stroke.
Studies have shown that hemodynamic damage in patients
with CAO is significantly correlated with the incidence of
stroke [14, 15]. CT/MR perfusion imaging has in fact been
widely used in clinical practice for pre-and postevaluation
of CAO cases. A study comparing CT perfusion imaging
with positron emission tomography (PET) perfusion imag-
ing in CAO patients showed that MTT parameters of CT
perfusion imaging were significantly correlated with oxygen
extraction fraction (OEF) as measured by PET [16]. Mukher-
jee et al. reported [17] that MR perfusion imaging in patients
with CAO was linearly correlated with cerebral blood flow
(CBF) as measured by PET. Due to the large differences in
absolute-value measurement between different modalities,
semiquantitative comparisons with the ipsilateral side of the
lesion are mostly used at present, and their accuracy has been
recognized [18]. All patients in this study underwent CT or
MR perfusion before surgery and again 1 week after surgery.
Successful cases had a preoperative I/C ratio of 1.44 (IQR 1.27-
1.55) and a postoperative ratio I/C of 1.12 (IQR 1.05-1.23),
which showed that perfusion was significantly improved
before and after surgery.

There were some limitations to this study. First, it was a
retrospective study and it is inevitable that the collection of
relevant data will be biased; second, the number of cases in
this study was small and could not be stratified in more
detail based on the level of distal ICA reconstitution. Due
to the small sample size, statistical methods used in this
study were Student’s t test (normal distribution) or Mann-
Whitney U test (skewed distribution), the chi-square test,

Table 2: Lesion characteristics of patients.

Success group (n = 30) Failure group (n = 7) OR (95% CI) P value

Left sided, n (%) 16 (53.3%) 2 (28.6%) 2.9 (0.5-17.1) 0.405

Occlusion site — 0.085

CCA, n (%) 4 (13.3%) 0 (0.0%)

Beginning of ICA, n (%) 23 (76.7%) 4 (57.1%)

Other sites, n (%) 3 (10.0%) 3 (42.9%)

Stump condition 0.9 (0.2-4.5) 1.000

Tapered, n (%) 16 (53.3%) 4 (57.1%)

Blunt or no stump, n (%) 14 (46.7%) 3 (42.9%)

Blood reflux after CEA, n (%) 18 (60.0%) 1 (14.3%) 9.0 (0.95-54.5) 0.042

Level of distal ICA reconstruction 12.0 (1.3-113.7) 0.029

Clinoid segment and beyond, n (%) 10 (33.3%) 6 (85.7%)

Below clinoid segment, n (%) 20 (66.7%) 1 (14.3%)

CCA: common carotid artery; ICA: internal carotid artery; CEA: carotid endarterectomy.

Table 3: Postoperative complications and follow up.

Success group
(n = 30)

Failure group
(n = 7)

Hyperperfusion, n (%) 2 (6.7%) 0 (0.0%)

Ischemic stroke, n (%) 0 (0.0%) 2 (28.6%)

Hemorrhage, n (%) 1 (3.3%) 1 (14.3%)

Death, n (%) 1 (3.3%) 1 (14.3%)

Table 4: Imaging improvement and functional improvement.

Success group
P

Preoperative Postoperative

I/C, median (IQR) 1.44 (1.27-1.55) 1.12 (1.05-1.23) <0.01
NIHSS, mean (SD) 5.35 (2.26) 2.03 (1.40) <0.01
I/C: mean transit times ipsilateral-to-contralateral; NIHSS: National
Institutes of Health Stroke Scale.
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or Fisher’s exact test; univariate and multivariate analyses
could not be performed.

4. Conclusions

Hybrid surgery may be a safe and effective method of treating
CAO, with a higher success rate and fewer complications
than traditional methods. Distal ICA reconstruction to below
the clinoid segment and blood reflux after carotid endarterec-
tomy are predictors of successful recanalization.
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