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Objectives: Predicting the risk of rupture of small intracranial aneurysms remains

challenging. The irregular pulsation of aneurysms detected by four-dimensional CT

angiography (4D-CTA) could be an imaging marker of aneurysm vulnerability. We aimed

to investigate the association of irregular pulsation with small aneurysm rupture.

Materials and Methods: This was a prospective study on intracranial aneurysms

detected by 4D-CTA from October 2017 to January 2020. A total of 242 consecutive

patients with 316 aneurysms were enrolled. Irregular pulsation was defined as a

temporary focal protuberance on more than 3 consecutive frames of the 20 phases

in the RR interval. Small aneurysms were defined as those <7mm. Univariate and

multivariate analyses were performed to determine the independent predictors of small

aneurysm rupture.

Results: A total of 169 patients with 217 small intracranial aneurysms were included.

Fourteen (6.5%) of the aneurysms had ruptured, and 77 (35.5%) had irregular pulsation.

There were no significant differences in age, sex, hypertension, smoking, diabetes,

drinking, or hyperlipidemia between the ruptured and unruptured aneurysm groups. The

univariate analysis showed that smaller vessel size (p = 0.008), larger size ratio (p =

0.003), larger aspect ratio (p= 0.006), larger flow angle (p= 0.001), large vessel angle (p

= 0.004), middle cerebral artery aneurysms (p= 0.046), anterior cerebral artery/posterior

communicating artery/posterior circulation aneurysm (p = 0.006), irregular aneurysm

(p = 0.001), and t presence of irregular pulsation (p = 0.001) were associated with

small aneurysm rupture. The multivariate analysis showed that the presence of irregular

pulsation (p = 0.003), anterior cerebral artery/posterior communicating artery/posterior

circulation aneurysms (p = 0.014), and larger flow angle (p = 0.006) was independently

associated with aneurysm rupture. Multivariate analysis of predictors of the irregular

pulsation of small aneurysms showed that the aneurysm rupture (p = 0.022), irregular
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aneurysm (p < 0.001), and large size ratio (p = 0.005) were independently associated

with the presence of irregular pulsation.

Conclusions: The ruptured small aneurysms more often had irregular pulsation. The

irregular pulsation was independently associated with aneurysm rupture and may help

evaluate the risk of rupture of small intracranial aneurysms.

Keywords: intracranial aneurysm, small aneurysms, rupture, risk factor, 4D-CT angiography

INTRODUCTION

Unruptured intracranial aneurysms (UIAs) are increasingly
being detected as non-invasive imagingmodalities are commonly
used. Although a wealth of data is available for the natural
history of UIAs, this history remains poorly understood,
especially that of small (<7mm) aneurysms (1–3). Majority
of patients with small UIAs have low risk of rupture (1,
3, 4). However, small aneurysms have a high proportion
in patients with subarachnoid hemorrhage (SAH) (5, 6).
Therefore, there is a controversy regarding which small UIAs
can be left untreated, or which aneurysms are needed to
be treated (4, 7). Conventional morphological parameters,
such as aneurysm irregularity, aneurysm location, and size
ratio, are associated with aneurysm rupture (4, 6); however,
these parameters are confounding and controversial (8). Four-
dimensional CT angiography (4D-CTA) can acquire time-
resolved three-dimensional reconstructions to get geometric and
hemodynamic information on and quantification of aneurysm
volume changes during cardiac cycle (9–11). Recent studies have
reported that irregular pulsation observed by 4D-CTA could be a
novel imaging marker of aneurysm vulnerability (12–14).

In this study, we performed a prospective study on small
intracranial aneurysms detected by 4D-CTA.We investigated the
association of irregular pulsation of aneurysms with ruptured
aneurysms and investigated the relationships between irregular
pulsation and conventional risk factors.

MATERIALS AND METHODS

We conducted this study in accordance with the Declaration
of Helsinki. It was approved by the Institutional Review Board
of Renji Hospital, School of Medicine, Shanghai Jiao Tong
University. Written informed consent was obtained.

Study Design and Patients
This was a prospective study on 242 consecutive patients with
316 aneurysms who underwent 4D-CTA and were enrolled
from October 2017 to January 2020. 4D-CTA is a routine
examination for patients with intracranial aneurysms in our
hospital. Demographic and clinical information, including sex,
age, hypertension, smoking history, drinking, hyperlipidemia,
diabetes, clinical conditions, and radiological findings were
prospectively collected. Inclusion criteria are the following: (1)
patients between 18 and 85 years of age; (2) all intracranial
aneurysms were confirmed by digital subtraction angiography
(DSA); (3) patients or their families signed informed consent

forms. Exclusion criteria are the following: (1) women who
are pregnant or breastfeeding; (2) patients combined with
other refractory diseases such as tumors and hematologic
diseases; (3) patients with other severe systemic diseases such
as acute myocardial infarction, renal dysfunction, and malignant
tumors. In this study, small aneurysms were defined as those
<7mm in diameter. A ruptured aneurysm was defined as an
aneurysm that was responsible for subarachnoid hemorrhage.
If there were multiple aneurysms, a ruptured aneurysm was
considered according to the clinical condition and initial CT
scan. Cavernous carotid aneurysms, giant aneurysms, recurrent
aneurysms, aneurysms whose images cannot be reconstructed
because of poor quality, and aneurysms≥7mm in diameter were
further excluded for the final analysis.

4D-CTA Protocol and Irregular Pulsation
Definition
4D-CTA imaging was performed using a 320-detector row CT
scanner (Aquilion One; Toshiba Medical Systems Corporation,
Otawara, Japan) with an electrocardiographic (ECG)-gated scan
mode during a single cardiac cycle. The imaging protocol was
published previously elsewhere (14). Slice thickness 0.5mm,
120 kV/230mA, 275ms gantry rotation time, 16-cm long
field-of-view, and resolution of 0.31 × 0.31 × 0.5mm were
used as scanning parameters. Injection of a 60-ml iodinated
contrast medium at 3–4 ml/s (iomeprol 400 mg/ml; Iomeron;
Bracco, Milan, Italy) was performed as 4D-CTA acquisition.
The RR interval was divided into 20 phases at 5% intervals
for ECG-gated reconstruction, and irregular pulsation was
defined as a temporary focal protuberance on more than
3 consecutive frames of the 20 phases in the R-R interval
(14) (Figure 1). Irregular pulsation was prospectively evaluated
by two neuroradiologists who were blinded to the rupture
status of aneurysms. In case of disagreement between the two
reviewers, a third experienced neuroradiologist was consulted for
final interpretation.

Aneurysm Morphology and Measurement
A workstation (Version 4.4; GE Medical Systems) was used
to reconstruct 3D images and measure aneurysm morphology.
Aneurysm morphological parameters, namely, aneurysm height,
perpendicular height, aneurysm size, neck size, vessel size, aspect
ratio, size ratio, aneurysm angle, flow angle, and vessel angle were
described in detail in previous studies (15, 16). The aneurysm
size was the largest cross-sectional diameter of the aneurysm
dome. Aneurysm height was the greatest distance from the dome
to the center of aneurysm neck. Vessel size was the mean size
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FIGURE 1 | Aneurysm irregular pulsation detected by four-dimensional CT angiography reconstruction. A focal protuberance occurs at the dome of the aneurysm in

the 15–19th frames corresponding to the 20 phases in the R-R interval in a single cardiac cycle (white arrow). The protuberance disappears in the 20th frame (red

rectangle).

FIGURE 2 | Aneurysm morphology measurement. (A) Intracranial side wall aneurysm measurement. (B) Intracranial bifurcation aneurysm measurement.

of vessels surrounding an aneurysm. Aspect ratio was the ratio
of perpendicular height to neck size. Size ratio was the ratio
of aneurysm height to vessel size. Vessel angle was the angle
between the vector of blood flow and the plane of aneurysm

neck. Flow angle was the angle between the blood flow of
the parent artery and aneurysm height line. These aneurysm
parameters are measured, and the descriptions are shown in
Figure 2.
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FIGURE 3 | Study flow diagram.

Statistical Analysis
A statistical analysis was performed using IBM SPSS V.20.0
(IBM SPSS, Armonk, NY, United States). A p-value < 0.05 was
regarded as statistically significant. Categorical variables were
given as frequencies (percentages), and continuous variables were
given as means± standard deviations. Categorical variables were
analyzed by chi-squared test or Fisher’s exact test. Continuous

variables were analyzed by independent-sample t-test or Mann–
Whitney U-test. Univariate and multivariate logistic regression
analyses were performed to investigate risk factors for small
aneurysm rupture and determine relationships between irregular
pulsation and conventional risk factors. Variables with a p-value
< 0.05 were entered into the multivariable analysis using the
backward LR method, 95% confidence intervals (CIs) and odds
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TABLE 1 | Patient characteristics between the unruptured and ruptured aneurysm

groups in patients with small intracranial aneurysms.

Variables n = 169 Unruptured

(n = 155)

Ruptured

(n = 14)

p-value

Age 169 60.1 ± 10.9 58.7 ± 14.6 0.652

Sex (female/male) 169 53/102 6/8 0.515

Hypertension 83 77 (49.7%) 6 (42.9%) 0.625

Smoking 32 28 (18.1%) 4 (28.6%) 0.306

Diabetes 20 19 (12.3%) 1 (7.1%) 1

Drinking 22 19 (12.3%) 3 (21.4%) 0.398

Hyperlipidemia 34 32 (22.1%) 2 (15.4%) 0.736

TABLE 2 | Baseline characteristics between the unruptured and ruptured

aneurysm groups.

Variables Small intracranial aneurysms p-value

Unruptured

(n = 203)

Ruptured

(n = 14)

Aneurysm size (mm) 4.2 ± 1.3 4.5 ± 1.3 0.303

Neck size (mm) 3.3 ± 0.9 2.9 ± 0.9 0.095

Perpendicular height (mm) 2.7 ± 1.2 3.1 ± 0.9 0.225

Aneurysm height (mm) 3.0 ± 1.2 3.6 ± 1.2 0.066

Vessel size (mm) 3.3 ± 0.9 2.6 ± 1.0 0.017

Size ratio 1.0 ± 0.6 1.5 ± 0.6 0.001

Aspect ratio 0.8 ± 0.3 1.1 ± 0.4 0.004

Flow angle 94.7 ± 31.2 126.8 ± 34.9 <0.001

Vessel angle 17.1 ± 22.6 36.9 ± 27.5 0.002

Aneurysm angle 68.4 ± 19.5 67.9 ± 16.4 0.736

Aneurysm location <0.001

ICA 115 (56.7%) 1 (7.1%)

MCA 19 (9.4%) 2 (14.3%)

ACA/PCoA/PC 69 (34.0%) 11 (78.6%)

Aneurysm shape 0.001

Regular 169 (83.3%) 6 (42.9%)

Irregular 34 (16.7%) 8 (57.1%)

Presence of irregular pulsation 65 (32.0%) 12 (85.7%) <0.001

ICA, internal carotid artery; MCA, middle cerebral artery; ACA, anterior cerebral arteries

(including anterior cerebral artery and anterior communicating artery); PCoA, posterior

communicating artery; PC, posterior circulation.

ratios (ORs) were calculated. Area under the curve (AUC) was
calculated to test the predictive ability of the model.

RESULTS

Baseline Characteristics
A total of 169 patients with 217 small intracranial aneurysms
were included in this study (Figure 3). Mean age was 59.8 ±

10.9 years (27–85 years). Fourteen of the 217 (6.5%) intracranial
aneurysms had ruptured, and 77 (35.5%) had irregular pulsation
detected by 4D-CTA. Patient demographics of the ruptured
and unruptured aneurysm groups are presented in Table 1.
There were no significant differences in age, sex, hypertension,
smoking, diabetes, drinking, or hyperlipidemia between the

TABLE 3 | Baseline characteristics between aneurysms with irregular pulsation

and those without irregular pulsation.

Variables Irregular pulsation p-value

Absence (n = 140) Presence (n = 77)

Age 60.2 ± 9.9 59.1 ± 12.7 0.734

Sex (female/male) 98/42 48/29 0.25

Hypertension 62 (44.3%) 41 (53.2%) 0.206

Smoking 20 (14.3%) 19 (24.7%) 0.056

Diabetes 23 (16.4%) 7 (9.1%) 0.134

Drinking 15 (10.4%) 11 (14.1%) 0.448

Hyperlipidemia 23 (17.2%) 17 (23.9%) 0.244

Aneurysm size (mm) 3.9 ± 1.3 4.7 ± 1.1 <0.001

Neck size (mm) 3.2 ± 0.9 3.5 ± 1.0 0.046

Perpendicular height (mm) 2.5 ± 1.2 3.2 ± 1.0 <0.001

Aneurysm height (mm) 2.8 ± 1.2 3.6 ± 1.0 <0.001

Vessel size (mm) 3.4 ± 0.9 3.1 ± 0.9 0.005

Size ratio 0.9 ± 0.5 1.3 ± 0.6 <0.001

Aspect ratio 0.8 ± 0.3 1.0 ± 0.4 <0.001

Flow angle 93.2 ± 31.3 103.3 ± 33.4 0.027

Vessel angle 16.1 ± 22.8 22.5 ± 24.1 0.004

Aneurysm angle 69.6 ± 19.4 66.6 ± 18.5 0.203

Aneurysm location 0.007

ICA 85 (60.7%) 31 (40.3%)

MCA 9 (6.4%) 12 (15.6%)

ACA/PCoA/PC 46 (32.9%) 34 (44.2%)

Aneurysm rupture 2 (1.4%) 12 (15.6%) <0.001

Aneurysm shape <0.001

Regular 131 (93.6%) 44 (57.1%)

Irregular 9 (6.4%) 33 (42.9%)

ICA, internal carotid artery; MCA, middle cerebral artery; ACA, anterior cerebral arteries

(including anterior cerebral artery and anterior communicating artery); PCoA, posterior

communicating artery; PC, posterior circulation.

two groups. Aneurysm characteristics of the ruptured and
unruptured aneurysm groups are presented in Table 2. Ruptured
aneurysms more often had larger size ratio (p = 0.001), larger
aspect ratio (p= 0.004), irregular shape (p= 0.001), and irregular
pulsation (p < 0.001). Patient demographic and aneurysm
characteristics between aneurysms with irregular pulsation and
those without irregular pulsation are presented in Table 3.
Irregular pulsation more often occurred in larger aneurysms (p
< 0.001), aneurysms with larger size ratios (p < 0.001) and larger
aspect ratios (p < 0.001), non-carotid artery aneurysm (p =

0.007), irregular aneurysms (p< 0.001), and ruptured aneurysms
(p < 0.001).

Predictors of Small Aneurysm Rupture
The univariate and multivariate analyses for predictors of
small aneurysm rupture are presented in Table 4. In the
univariate analysis, smaller vessel size (p = 0.008), larger
size ratio (p = 0.003), larger aspect ratio (p = 0.006), larger
flow angle (p = 0.001), large vessel angle (p = 0.004), middle
cerebral artery aneurysm (p = 0.046), anterior cerebral
artery/posterior communicating artery/posterior circulation
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TABLE 4 | Univariate and multivariate analyses of predictors of small aneurysm rupture.

Variables Univariable Multivariable

OR (95% CI) p-value OR (95% CI) p-value

Vessel size 0.45 (0.25–0.81) 0.008

Size ratio 3.09 (1.46–6.54) 0.003

Aspect ratio 6.70 (1.71–26.32) 0.006

Flow angle 1.03 (1.01–1.05) 0.001 1.03 (1.01–1.04) 0.006

Vessel angle 1.03 (1.01–1.04) 0.004

Aneurysm location

MCA vs. ICA 12.11 (1.05–140.15) 0.046

ACA/PCoA/PC vs. ICA 18.33 (2.32–145.11) 0.006 14.59 (1.73–122.99) 0.014

Irregular aneurysm 6.63 (2.16–20.33) 0.001

Presence of irregular pulsation 12.74 (2.77–58.58) 0.001 11.05 (2.21–55.35) 0.003

MCA, middle cerebral artery; ACA, anterior cerebral arteries (including anterior cerebral artery and anterior communicating artery); PCoA, posterior communicating artery; PC,

posterior circulation.

aneurysm (p = 0.006), irregular aneurysm (p = 0.001), and
presence of irregular pulsation (p = 0.001) were associated
with small aneurysm rupture. In the multivariate analysis,
larger flow angle (p = 0.006), anterior cerebral artery/posterior
communicating artery/posterior circulation aneurysms (p
= 0.014), and presence of irregular pulsation (p = 0.003)
were independently associated with small aneurysm rupture.
The model including flow angle, non-internal carotid artery
aneurysm, and irregular pulsation showed good discrimination
in predicting small aneurysm rupture with an AUC of 0.919
(0.872–0.965), sensitivity of 100%, and specificity of 75.9%
(Figure 4).

Predictors of Irregular Pulsation of Small
Aneurysms
The univariate and multivariate analyses for predictors of
irregular pulsation of small aneurysms are shown in Table 5.
In the univariate analysis, larger aneurysm (p < 0.001), wider
aneurysm (p = 0.048), longer aneurysm (p < 0.001), smaller
vessel size (p = 0.008), larger size ratio (p < 0.001), larger
aspect ratio (p < 0.001), larger flow angle (p = 0.029), middle
cerebral artery aneurysm (p = 0.008), and anterior cerebral
artery/posterior communicating artery/posterior circulation
aneurysm (p = 0.022) were associated with irregular pulsation.
In the multivariate analysis, aneurysm rupture (OR 7.05,
95% CI 1.33–37.24, p = 0.022), irregular aneurysm (OR 6.44,
95% CI 2.69–15.4, p < 0.001), and large size ratio (OR 2.59, 95%
CI 1.34–4.99, p = 0.005) were independently associated with
presence of irregular pulsation. The model including aneurysm
rupture, aneurysm irregularity, and size ratio predicted irregular
pulsation with an AUC of 0.767 (0.701–0.833), sensitivity of
58.4%, and specificity of 85%.

DISCUSSION

This was a prospective study on small intracranial aneurysms
detected by 4D-CTA. We found that irregular pulsation,

non-carotid artery aneurysm, and larger flow angle were
independently associated with small aneurysm rupture.
Meanwhile, aneurysm rupture, irregular aneurysm, and larger
size ratio were independently associated with presence of
irregular pulsation. Our findings suggest that the irregular
pulsation detected by 4D-CTA could be used to potentially
evaluate the risk of small aneurysm rupture in a clinical setting.

4D-CTA provides dynamic information on aneurysm wall
and visualizes wall motion during cardiac cycle. Using 4D-CTA
images, we found that ruptured small aneurysms more often
showed irregular pulsation, and that irregular pulsation was
independently associated with aneurysm rupture. This finding is
similar those of some studies that reported irregular pulsation
was correlated with the status of aneurysm rupture (10, 17).
Our study focused on prediction of small aneurysm rupture
using a large sample size in a prospective design. Aneurysms
with irregular pulsation had varied thickness and absence of
the internal elastic lamina and tunica media (18). The irregular
pulsation was reported to be associated with a morphologic
change in shape at follow-up for identifying aneurysms with
a high rupture risk (19). Krings et al. (20) reported that the
presence of irregular pulsation was associated with aneurysm
growth. Recently, Ferrari et al. found that 5 of 9 aneurysms
with irregular pulsation had a significant correlation with dark-
reddish thinner wall (21). The point of irregular pulsation of
the aneurysm wall may indicate the potential rupture point (18).
Therefore, the irregular pulsation of aneurysms may suggest that
these aneurysms are unstable, indicating that irregular pulsation
more potentially leads to aneurysm growth and rupture of
small aneurysms.

Different from our previous study on associations of
irregular pulsation of asymptomatic UIAs with conventional
risk factors (14), this study showed that irregular pulsation
more often occurred in a ruptured aneurysm. The site of a
ruptured aneurysm may correspond to the area of irregular
pulsation (13, 17). We also found that conventional rupture-
related characteristics, such as aneurysm irregularity and size
ratio, were independent predictors of irregular pulsation.
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FIGURE 4 | Area under the curves (AUCs) of the predictive value of small aneurysm rupture according to independent predictors.

Larger size ratio increases areas of low aneurysmal wall
shear stress and causes more complex flow patterns within
an aneurysm, which may lead to aneurysm rupture (15).
Aneurysm irregularity also reflects the focal weakness of
the wall of the aneurysm, which is related to degeneration.
These changes may lead to a variety of aneurysm wall
remodeling, including smooth muscle cell migration, endothelial
damage, and inflammatory cell infiltration. Irregular pulsation
will more likely develop, but underlying mechanisms require
further studies.

Moreover, we found that non-internal carotid artery
aneurysms were independently associated with small aneurysm
rupture. This finding is similar to previous studies that have
shown that aneurysm location is a risk factor of aneurysm
rupture. The International Study of Unruptured Intracranial
Aneurysms (ISUIA) has shown that the rupture rate of
aneurysms varies depending on aneurysm location (1).
Aneurysms located in the anterior cerebral artery, posterior
communicating artery, and posterior circulation have a relatively
high risk of rupture regardless of small size (4, 13, 22). The flow
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TABLE 5 | Univariate and multivariate analyses of predictors of irregular pulsation of small intracranial aneurysms.

Variables Univariable Multivariable

OR (95% CI) p-value OR (95% CI) p-value

Aneurysm size 1.67 (1.32–2.13) <0.001

Neck size 1.36 (1.00–1.84) 0.048

Perpendicular height 1.67 (1.29–2.15) <0.001

Aneurysm height 1.8 (1.40–2.32) <0.001

Vessel size 0.66 (0.48–0.90) 0.008

Size ratio 4.66 (2.51–8.63) <0.001 2.59 (1.34–4.99) 0.005

Aspect ratio 4.18 (1.83–9.58) 0.001

Flow angle 1.01 (1.00–1.02) 0.029

Aneurysm location

MCA vs. ICA 3.66 (1.40–9.52) 0.008

ACA/PCoA/PC vs. ICA 2.03 (1.11–3.71) 0.022

Irregular aneurysm 10.92 (4.85–24.60) <0.001 6.44 (2.69–15.40) <0.001

Aneurysm rupture 12.74 (2.77–58.58) 0.001 7.05 (1.33–37.24) 0.022

MCA, middle cerebral artery; ACA, anterior cerebral arteries (including anterior cerebral artery and anterior communicating artery); PCoA, posterior communicating artery; PC,

posterior circulation.

angle indicating the spatial relationship between aneurysm dome
and parent vessel may increase the risk of rupture by influencing
intra-aneurysmal hemodynamics (23).

This study has several limitations. First, this was a single-
center study on intracranial aneurysms examined by 4D-
CTA. Although all the consecutive patients were prospectively
collected, selection bias exists. Most patients with unruptured
intracranial aneurysms are treated in our tertiary center, and the
sample of ruptured aneurysms was relatively small. Aneurysms
whose 4D-CTA images were of poor quality and not able to
identify aneurysm pulsation were excluded. Second, pulsating
changes may be a waving movement caused by motions or
other artifacts (24). Measurement of aneurysm pulsation and
volume changes in the aneurysms were not obtained in our
workstation. Focal protuberance was independently identified
using three consecutive frames by two neuroradiologists. Third,
morphological characteristics and aneurysm pulsation may
change before and after rupture. Our findings may represent
the status of aneurysm rupture. Prospective longitudinal studies
focusing on the relationship between irregular pulsation of
aneurysm and aneurysm growth and rupture are needed.
Nevertheless, we investigated the association of irregular
pulsation with aneurysm rupture and conventional risk factors
using prospective data.

Clinical characteristics and aneurysm characteristics were
prospectively collected to determine the predictors of small
aneurysm rupture. The irregular pulsation of aneurysms detected
by 4D-CTA was associated with small aneurysm rupture.
Ruptured aneurysm, irregular aneurysm, and larger size ratio
were independently associated with irregular pulsation. The
irregular pulsation of aneurysms may help evaluate the risk of
rupture of small intracranial aneurysms.
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