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Background and objective: Stent-assisted coil (SAC) embolization is a commonly 
used endovascular treatment for unruptured intracranial aneurysms (UIAs) but 
can be associated with symptomatic delayed intracerebral hemorrhage (DICH). 
Our study aimed to investigate the hemodynamic risk factors contributing to 
DICH following SAC embolization and to establish a classification for DICH 
predicated on hemodynamic profiles.

Methods: This retrospective study included patients with UIAs located in the 
internal carotid artery (ICA) treated with SAC embolization at our institution from 
January 2021 to January 2022. We focused on eight patients who developed 
postoperative DICH and matched them with sixteen control patients without 
DICH. Using computational fluid dynamics, we  evaluated the hemodynamic 
changes in distal arteries [terminal ICA, the anterior cerebral artery (ACA), and 
middle cerebral artery (MCA)] pre-and post-embolization. We  distinguished 
DICH-related arteries from unrelated ones (ACA or MCA) and compared their 
hemodynamic alterations. An imbalance index, quantifying the differential in 
flow velocity changes between ACA and MCA post-embolization, was employed 
to gauge the flow distribution in distal arteries was used to assess distal arterial 
flow distribution.

Results: We identified two types of DICH based on postoperative flow alterations. 
In type 1, there was a significant lower in the mean velocity increase rate of 
the DICH-related artery compared to the unrelated artery (−47.25  ±  3.88% 
vs. 42.85  ±  3.03%; p  <  0.001), whereas, in type 2, there was a notable higher 
(110.58  ±  9.42% vs. 17.60  ±  4.69%; p  <  0.001). Both DICH types demonstrated 
a higher imbalance index than the control group, suggesting an association 
between altered distal arterial blood flow distribution and DICH occurrence.

Conclusion: DICH in SAC-treated UIAs can manifest as either a lower (type 1) or 
higher (type 2) in the rate of velocity in DICH-related arteries. An imbalance in 
distal arterial blood flow distribution appears to be a significant factor in DICH 
development.
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Introduction

Symptomatic delayed intracerebral hemorrhage (DICH) 
emerges as a grave postoperative complication following flow 
diverter (FD) interventions for intracranial aneurysms, 
characteristically manifesting hours to days subsequent to the 
procedure, with intracerebral hemorrhage (ICH) occurring in the 
distal area of the parent artery, precipitating gradual neurological 
decline (1, 2). However, our study found that DICH can also afflict 
patients with unruptured UIAs undergoing stent-assisted coil 
(SAC) embolization. Presently, the causes and pathogenesis of this 
life-threatening complication remain elusive, with prediction yet 
unattainable (3–5). Various pathophysiological conjectures have 
been posited for DICH, with dual antiplatelet therapy (DATP) being 
a predominant factor (2, 24, 25), alongside hemorrhagic 
transformation of cerebral infarctions (2, 6, 7), occlusive embolic 
events (22), and hemodynamic shifts (1, 4, 5, 22–23). Specifically, 
the hemorrhagic risk associated with SAC for UIAs under DATP is 
documented between 2.2% and 2.6% (28, 26), and the hyper-
responsiveness of clopidogrel for antiplatelet effects significantly 
increases the risk of bleeding in endovascular procedures (10, 8). 
Hemodynamic modifications in the distal parent artery post-FD are 
also implicated in DICH pathogenesis (1, 5, 12–14), yet their 
occurrence post-SAC remains unstudied. Employing computational 
fluid dynamics (CFD), our study probes the hemodynamic 
alterations in DICH-related artery of the distal branch post-SAC 
treatment, seeking insights into the underlying mechanism. Novel 
to our research is the classification of DICH based on hemodynamic 
changes and blood flow distribution discrepancies in SAC-treated 
distal arteries. Our findings aim to bolster preventative strategies 
against potentially fatal complications in UIAs managed with 
SAC treatment.

Materials and methods

Patients

This study received approval from the institutional medical ethics 
committee of Tongji Hospital, which is associated with Tongji Medical 
College of Huazhong University of Science and Technology. A 
retrospective analysis of the medical records database was conducted 
for patients diagnosed with UIAs and treated with SAC embolism at 
our institution between January 2021 and January 2022.

Patients selection adhered to these criteria

(1) UIAs situated within the internal carotid artery (ICA); (2) 
Post-SAC DICH confirmation via computed tomography (CT); (3) 
Technical success of each operative procedure; (4) High-resolution 

three-dimensional digital subtraction angiography (3D-DSA) suitable 
for CFD simulation.

Cases where DICH was a consequence of interventional 
maneuvers, such as microwire perforation or stent displacement, were 
omitted. Exclusions also included patients with DICH not definitively 
attributable to the ACA or MCA territories.

From a total of 619 patients with 661 UIAs undergoing SCA 
treatment, nine patients (1.5%) experienced unanticipated DICH 
complications. One case, involving an MCA bifurcation aneurysm, 
was omitted. The resultant eight patients with ICA aneurysms 
constituted the DICH study group. These individuals underwent SAC 
embolism, with six using Enterprise 2 (EP  2) stent (Codman 
Neurovascular, Raynham, Massachusetts, United States) and two the 
Neuroform EZ stent (Stryker Neurovascular, Fremont, California, 
United States).

For each DICH case, we identified two control patients lacking 
DICH manifestations. These controls, observed over six months, 
exhibited no angiographic or radiographic signs of DICH. Matching 
prioritized aneurysm location, size, and stent type (either EP 2 stent 
or Neuroform EZ stent with coils), while secondary factors included 
age and gender. Ultimately, sixteen control patients were 
perfectly matched.

We compiled demographic and clinical data, encompassing 
gender, age, hypertension history, perioperative blood pressure, and 
platelet inhibition. Additional data covered aneurysm dimensions, 
neck width, and stent variety. We documented initial angiographic 
outcomes, the timing and location of hemorrhagic events, and detailed 
treatment interventions, including any craniotomy performed.

The modified Roy-Raymond classification (MRRC) assessed 
angiographic outcomes, categorizing them as (15): Class I (complete 
obliteration), Class II (residual neck), and Class III (partial occlusion).

Computational modeling and 
hemodynamic simulations

Patient-specific aneurysm reconstructions was derived from 3D 
original sectional images, utilizing Geomagic Studio version 12.0 
software (Geomagic, Research Triangle Park, North Carolina, Unites 
States) for segmentation and model refinement. The method of virtual 
implantation for stent and coil established in the previous research was 
adopted in this study (16). All stents including Enterprise 2 and 
Neuroform EZ were modeled using NX 12.0 (Siemens PLM Software, 
Plano, Texas, United States), and imported into ABAQUS version 6.14 
(SIMULIA, Providence, Rhode Island, United States) to simulate the 
clinical implantation. Generation of coils was performed in MATLAB 
(MathWorks, Natwick, Massachusetts, United  States). The 
implantation of stents and coils was carried out in stages following the 
actual order in clinical practice. Prepared models were then processed 
for hemodynamic analysis. The aneurysm model, stent, and coils were 
all imported into ANSYS ICEM CFD version 16.2 (ANSYS Inc., 
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Canonsburg, Pennsylvania, United States) to mesh in a global mesh 
size of 0.16 mm. The surface mesh size of the stent (Enterprise 2 and 
Neuroform EZ) was set to 0.03 mm, and the mesh size of the coils was 
set to 0.1 mm (17). ANSYS CFX version 2019 (ANSYS Inc., 
Canonsburg, Pennsylvania, United States) was used to perform the 
CFD simulation on the basis of the Navier–Stokes equations. Blood 
flow was modeled as a laminar, incompressible, Newtonian fluid, 
whose viscosity and density were specified as 0.0035 kg/m·s and 
1,056 kg/m3, respectively. The vascular wall was assumed as a rigid 
and no-slip boundary condition. The inlet flow rate was set to 
4.6 mL/s, and the outlet pressure at every outlet branch was set to 0 (1, 
18). In consideration of numeric stability, two cardiac cycle 
simulations were performed, and the final analysis results were 
obtained from the second cardiac cycle in this study.

Hemodynamic measurements and 
analysis of distal intracranial arteries

Location of distal vessel measurement

For both DICH and non-DICH patients, three interest regions within 
the distal arteries in the aneurysm were selected for hemodynamic 
measurements and analysis. These areas included the terminal segment 
of the ICA, as well as the origins of the ACA and MCA (1), as depicted in 
Figure 1. The detection plane for the ICA was defined as a point 3 mm 
proximal to its end. Similarly, the measurement sections for both the ACA 
and MCA were located 3 mm the point where they branch off from the 
ICA, aligned parallel to this bifurcation plane.

In patients with DICH, the responsible artery-either the ACA or 
the MCA-was identified using CT imaging (19). If DICH was located 
within the ACA’s territory, the ACA was designated as the DICH-
related artery, and conversely, the MCA was considered unrelated. In 
cases where DICH manifested in the MCA’s region, the roles were 
reversed, with the MCA being the DICH-related artery and the ACA, 
the unrelated artery. Control group patients, without any incidents of 
DICH, were not subject to this classification. All angiographic 
evaluations and results were independently reviewed through a 
blinded process by two neuroradiologists, each with five years of 

experience in neurovascular imaging. A third neuroradiologist, with 
over eight years of clinical experience, adjudicated any discrepancies.

The calculation and analysis of 
hemodynamic parameters

Initially, we quantified the maximum, mean, and minimum blood 
flow velocities within the ICA test section during peak systolic phase, 
both pre-and post-endovascular treatment, in the symptomatic DICH 
and control cohorts using ANSYS CFX version 2019. Furthermore, 
we  assessed the rate of increase in blood flow velocity across all 
evaluated planes (ICA, ACA, and MCA) during peak systolic phase 
following SAC embolism, applying the formula: (post-procedure 
parameter-pre-procedure parameter)/pre-procedure parameter (1). 
This analysis aimed to ascertain if there were distinctive hemodynamic 
variations between the DICH-unrelated and related-arteries post-SAC 
embolism. For patients without DICH, we lacked comparable artery 
classifications, necessitating an analysis of hemodynamic shifts 
between between ACA and MCA. We  employed the “imbalance 
index,” as delineated by Li et  al. (1), to quantitatively gauge the 
disparity in flow alterations between the ACA and MCA post-
treatment. This index represents the absolute difference in velocity 
change rates between the ACA and MCA, calculated as:

| V V V

V V V

POST MCA PRE MCA PRE MCA

POST ACA PRE ACA PRE A

− − −

− − −

−( )
− −( )

/

/ CCA |

A higher imbalance index value indicated a more pronounced 
asymmetry in flow distribution between the ACA and MCA following 
SAC, signifying a marked difference in flow velocity changes within 
these distal arteries. Here, “||” symbolizes the absolute value, with 
“VPre-ACA,” “VPost-ACA,” “VPre-MCA” and “VPost-MCA” denoting the respective 
velocities measured at the ACA and MCA before and after embolism.

Statistical analysis

Propensity score matching (PSM) was employed to align patient 
cohorts with and without DICH. We meticulously analyzed clinical, 
demographic, and hemodynamic variables using the t-test, Mann–
Whitney U-test, or chi-square test to address continuous data (both 
normally and non-normally distributed), and categorical data, 
respectively, for both groups. To assess hemodynamic discrepancies 
between DICH-unrelated and related arteries in DICH patients, 
Wilcoxon’s matched pairs signed-rank test was utilized. A p-value 
threshold of less than 0.05 was set to define statistical significance. All 
statistical evaluations was conducted using SPSS 22.0 software (SPSS 
Inc., Chicago, Illinois, United States).

Results

Aneurysmal and clinical characteristics in 
DICH group

In the DICH cohort of eight individuals, the gender distribution 
was three males and five females, with an average age of 

FIGURE 1

View of the measurement plane in the patient’s aneurysm and 
vascular model: the measurement planes were the test section of 
ICA (blue), the ACA (brown), and the MCA (green).
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57.38 ± 4.94 years, as detailed in Table 1. Each patient presented with 
unruptured aneurysms smaller than 10 mm. Six of these aneurysms 
were discovered during physical examination, while the remaining 
two patients reported headache symptoms. The onset of DICH varied: 
five patients experienced it more than 3 days post-procedure, two 
encountered this complication 2 days post-operation, and one patient 
manifested symptoms 24 h following treatment. The hematoma of four 
patients was located in the area supplied by ACA (ACA was the DICH 
related artery), and four patients were located in the area supplied by 
MCA (MCA was the DICH related artery). Post-DICH, two patients 
underwent craniotomy after DICH. Tragically, one patient died 3 days 
after the procedure, which included hematoma evacuation and bone 
flap decompression. The other patient entered a vegetative state 
subsequent to the same surgical intervention. For the remaining six 
patients, dual antiplatelet therapy was ceased upon DICH onset. They 
were then administered aspirin monotherapy starting one week after 
symptom emergence, continuing for six months. At the one-year 
follow-up, these patients showed near-complete resolution of DICH-
related symptoms.

Hemodynamic alteration of distal arteries 
in DICH group

DICH can be bifurcated into two distinct subtypes based on 
hemodynamics shifts in the DICH-related artery 
post-SAC embolism.

In type 1 DICH, a marked reduction in the postoperative 
minimum, mean and maximum rate of increase in velocity was 
observed in the DICH-related artery, in stark contrast to the DICH-
unrelated artery, which were (−37.03 ± 2.62% vs. 29.10 ± 3.24%; 
p < 0.001), (−47.25 ± 3.88% vs. 42.85 ± 3.03%; p < 0.001), and 
(−39.08 ± 4.52% vs. 39.00 ± 2.64%; p < 0.001), respectively (Figure 2). 
Conversely, in type 2 DICH patients, notable increased were observed 
post-treatments, which were (60.15 ± 2.94% vs. 21.08 ± 7.27%; 
p = 0.002), (110.58 ± 9.42% vs. 17.60 ± 4.69%; p < 0.001), and 
(87.70 ± 7.22% vs. 17.25 ± 2.39%; p < 0.001), respectively (Figure 2). For 
DICH patients, SAC treatment notably accelerated blood flow velocity 
in the terminal segment of the ICA, as indicated in Table 2.

Distribution of distal arterial blood flow 
after SAC treatment in DICH group and 
control group

The baseline characteristics, encompassing clinical and 
aneurysmal profiles (Table 1) as well as pre-treatment hemodynamic 
(Table  3), were comparably matched between the two groups, 
exhibiting no significant statistical discrepancies. We  assessed the 
blood flow distribution in distal arteries (ACA and MCA) before and 
after the procedure, as detailed in Tables 3, 4. Additionally, 
we calculated the imbalance indexes for distal artery flow in patients 
with and without DICH. Our findings revealed that type 1 DICH 
patients exhibited markedly higher imbalance index in minimum, 

TABLE 1 Aneurysm characteristics and baseline clinical data in the DICH and control groups.

DICH group (n =  8) Control group (n =  16) p value

Age, y 57.38 ± 4.94 53.63 ± 2.52 0.110

Female sex, n (%) 5 (62.5) 9 (56.25) 0.770

Hypertension, n (%) 6 (75) 13 (81.25) 0.883

Aneurysm size 5.66 ± 0.19 5.72 ± 0.15 0.690

Aneurysm neck 5.30 ± 0.17 5.58 ± 0.15 0.269

Dome-neck-ratio 1.05 ± 0.04 1.00 ± 0.02 0.726

Procedure duration, h 2.02 ± 0.05 1.963 ± 0.05 0.459

Iodinated contrast dosage, ml 92.96 ± 2.58 91.01 ± 1.61 0.510

Systolic pressure, mmHg 133.39 ± 1.76 131.94 ± 1.36 0.538

Diastolic pressure, mmHg 79.13 ± 0.90 77.06 ± 0.87 0.151

AA% inhibition 97.72 ± 1.22 94.66 ± 1.37 0.100

ADP% inhibition 61.45 ± 3.66 58.07 ± 2.27 0.421

Packing density 35.38 ± 0.68 34.73 ± 0.53 0.475

Kind of stent 0.681

Enterprise 2, n (%) 6 (75) 12 (75)

Neuroform EZ, n (%) 2 (25) 4 (25)

Stent diameter, mm 4.19 ± 0.10 4.13 ± 0.06 0.560

Stent length, mm 27.38 ± 1.28 25.25 ± 0.98 0.208

Angiographic result 0.723

Raymond grade 1, n (%) 7 (87.5) 14 (87.5)

Raymond grade 2, n (%) 1 (12.5) 2 (12.5)

Raymond grade 3, n (%) 0 (0) 0 (0)
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mean and maximum flow velocities compared to those without DICH: 
66.11 ± 4.77% vs. 25.19 ± 4.29% (p < 0.001), 90.08 ± 5.96% vs. 
35.24 ± 4.39% (p < 0.001), and 78.07 ± 6.82% vs. 26.92 ± 4.91% 
(p < 0.001), respectively, as illustrated in Figure 3A. Similar trends were 
observed in the type 2 DICH group, with imbalance indexes of 
39.09 ± 5.22% vs. 25.19 ± 4.29% (p = 0.143), 93.00 ± 5.10% vs. 
35.24 ± 4.39% (p < 0.001), and 70.42 ± 7.55% vs. 26.92 ± 4.91% 
(p < 0.001), respectively, shown in Figure 3B. Notably, there was no 
significant difference in the imbalance index of mean and maximum 
flow velocities between type 1 and type 2 DICH patients: 90.08 ± 5.96% 
vs. 93.00 ± 5.10% (p = 0.722) and 78.07 ± 6.82% vs. 70.42 ± 7.55% 
(p = 0.480), respectively, as depicted in Figure 3C.

The flow velocity in the DICH-related artery (ACA) was 
significantly lower (as shown in Figures 4G,H), while the velocity in 
the DICH-unrelated artery (MCA) was higher (Figures  4I,J). 
Furthermore, remarkable infarcted areas were observed around the 
ipsilateral frontal lobe DICH on CT scans (Figure 4D), which were 
accompanied by a lower velocity in the DICH-related artery. 
Conversely, in type 2 DICH patients, the rate of velocity was notably 
higher in the DICH-related artery (MCA) (Figures 5I,J) compared to 
the DICH-unrelated artery (ACA) (Figures 5G,H). Additionally, flow 
velocity in all distal arteries (ACA and DICH unrelated MCA) was 
well-balanced and higher after SAC embolization in a patient from the 
control group (Figure 6).

Discussion

DICH following endovascular treatment of intracranial 
aneurysms (IAs) is a critical yet unpredictable complication. While 

existing research primarily focuses on DICH post-FD treatment for 
IAs (4–25, 22, 20–23), the risk factors associated with DICH, 
particularly after SAC treatment for UIAs, remain under-explored. 
Our study highlights 1.5% incidence rate of DICH, typically 
manifesting 3.5 days post-procedure. Hemodynamic alterations allow 
us to categorize DICH into two distinct types. Type 1 DICH patients 
exhibited a significant lower in the postoperative velocity rate of the 
DICH-related artery compared to DICH-unrelated artery, whereas 
type 2 patients showed a notable higher.

Moreover, the imbalance index value serves as an indicator of the 
flow distribution variance in distal blood vessel. Our findings revealed 
that both type 1 and type 2 DICH patients had significantly higher 
imbalance index values compared to the control group. These data 
indicated that changes in velocity in the DICH-associated artery, 
leading to an augmented disparity in distal blood flow, could be a 
pivotal hemodynamic risk factor for DICH following SAC embolism.

Son et al. (2) reported that DICH in patients UIAs undergoing 
SAC embolization was linked to DATP, with an incidence rate 
mirroring our study’s findings at 1.5%. Hemorrhagic transformation 
of ischemic lesions has also been posited as a potential DICH cause 
(22, 26, 27). Nakae et  al. (28) identified the average number of 
ischemic lesions post-pipeline embolization device (PED) placement 
as a bleeding predictor, noting a positive correlation with hemorrhagic 
transformations. The ischemic lesions might act as an initiating factor 
for DICH post-endovascular therapy, with DAPT potentially 
accelerating this process (2). Thus, we cautiously hypothesize that 
ischemic lesion hemorrhagic transformation significantly contributes 
to DICH in both FD and SAC embolism treatments.

Studies examining hemodynamics in DICH patients post-FD 
therapy suggest higher distal artery flow velocity post-flow diversion 

FIGURE 2

Comparison of the increase rate of velocity between DICH related and unrelated artery in both type 1 and type 2 DICH patients.

TABLE 2 Comparison of flow velocity at the test plane of ICA between pre-and post-procedure in patients with and without DICH.

Min 
velocity

Mean 
velocity

Max 
velocity

Group Pre (m/s) Post (m/s) p value Pre (m/s) Post (m/s) p value Pre (m/s) Post (m/s) p value

DICH

Type 1 0.073 ± 0.003 0.086 ± 0.003 0.025 0.383 ± 0.026 0.568 ± 0.020 0.001 0.475 ± 0.026 0.687 ± 0.016 <0.001

Type 2 0.077 ± 0.004 0.090 ± 0.006 0.135 0.386 ± 0.019 0.584 ± 0.036 0.003 0.472 ± 0.024 0.799 ± 0.040 <0.001

Control 0.076 ± 0.002 0.089 ± 0.002 <0.001 0.392 ± 0.008 0.589 ± 0.010 <0.001 0.478 ± 0.013 0.754 ± 0.004 <0.001

ICA: internal carotid artery.
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as a critical risk factor. Velat et  al. (26) observed a case of DICH 
following complex intracranial aneurysm treatment with PED, 
attributing cerebral parenchymal hemorrhage to the redirection of 
blood flow by PED. Cruz et al. (22) reported DICH cases in anterior 
circulation aneurysms treated with PED, hypothesizing that PED 
implantation reduces aneurysmal segment compliance, alters the 
“Windkessel effect” (29, 30), and intensifies the blood pressure 
waveform in distal cerebral vessels, culminating in DICH. However, 
these theories lack robust clinical evidence. Brunozzi Denise et al. (5) 
used transcranial Doppler to track MCA flow changes post-PED, 
finding a more pronounced mean blood flow velocity in ipsilateral 
MCA in DICH patients. Studies indicated faster intracranial contrast 
transit times post-PED (14), with DICH patients showing greater 
reduction in MCA/ICA transit time ratio. These studies suggest that 
the altered hemodynamics of the intracranial distal vessels after PED 
treatment may play an important role in DICH. Li et al. (1) explored 
hemodynamic changes using computational fluid dynamics, 
proposing a link between DICH and imbalanced distal blood flow. 
This research differentiated between DICH-related and unrelated 
arteries, observing higher flow rate increases in DICH--related arteries 
post-treatment. Although these hemodynamic studies primarily 
focused on FD, we  theorize similar changes in DICH post-SAC 
embolism. Our study indicates that the rate of increase in arterial 
velocity associated with DICH was higher in type 2 DICH patients 
than in controls. Additionally, the DICH group exhibited a 

significantly higher imbalance index. These hemodynamic shifts 
exacerbated the load on DICH-related arteries, disrupt the cerebral 
autoregulation (26, 31), and potentially lead to DICH.

Our research identified a distinct subtype of DICH, characterized 
by a significantly reduction in the velocity of the DICH-associated 
artery post-procedure. In this subtype, the imbalance index notably 
exceeded that of the control group. Hadad Sara’s research highlighted 
that FD implantation can reverse distal collateral blood flow (24), 
potentially leading to endothelial dysfunction and adversely affecting 
vascular wall integrity (32–34), thereby increasing the risk of 
DICH. Research has linked blood flow reversal to the activation of 
proinflammatory signals in endothelial cells (33, 35–37), predisposing 
the collateral vessels to hemorrhage. We hypothesize that in Type 1 
DICH, flow reversal in the distal collateral arteries might trigger an 
inflammatory response, compromising vascular integrity. Additionally, 
the pronounced decrease in flow velocity of DICH-related arteries and 
heightened imbalance distal blood flow may induce cerebral 
parenchymal ischemia, culminating in hemorrhagic transformation, 
particularly under DAPT. In our study, CT imaging of a patient 
revealed a substantial infarct area adjacent to the ipsilateral frontal 
DICH (Figure 4D), alongside significant velocity reduction of in the 
DICH-associated artery. Collectively, these findings suggest that type 
1 DICH may result from a confluence of multiple mechanisms.

This study is subject to several constraints. First of all, the inherent 
limitations of a non-randomized, retrospective design could influence 

TABLE 3 Comparison of the velocity before SAC treatment in patients with and without DICH using Wilcoxon signed-rank test.

ICA ACA MCA

DICH 
group type 

1

Control 
group

p value DICH 
group type 

1

Control 
group

p value DICH 
group 
type 1

Control 
group

p value

Min 

velocity 

(m/s)

0.073 ± 0.003 0.076 ± 0.002 0.493 0.060 ± 0.004 0.063 ± 0.002 0.502 0.055 ± 0.003 0.058 ± 0.002 0.490

Mean 

velocity 

(m/s)

0.383 ± 0.026 0.392 ± 0.008 0.669 0.455 ± 0.020 0.468 ± 0.008 0.491 0.332 ± 0.021 0.346 ± 0.007 0.447

Max 

velocity 

(m/s)

0.475 ± 0.026 0.478 ± 0.013 0.813 0.559 ± 0.020 0.549 ± 0.009 0.670 0.438 ± 0.026 0.455 ± 0.011 0.219

DICH 
group 
type 2

Control 
group

p value DICH 
group 
type 2

Control 
group

p value DICH 
group 
type 2

Control 
group

p value

Min 

velocity 

(m/s)

0.077 ± 0.004 0.076 ± 0.002 0.721 0.061 ± 0.003 0.063 ± 0.002 0.602 0.056 ± 0.004 0.058 ± 0.002 0.678

Mean 

velocity 

(m/s)

0.386 ± 0.019 0.392 ± 0.008 0.850 0.458 ± 0.015 0.468 ± 0.008 0.559 0.339 ± 0.009 0.346 ± 0.007 0.681

Max 

velocity 

(m/s)

0.472 ± 0.024 0.478 ± 0.013 0.478 0.551 ± 0.028 0.549 ± 0.009 0.539 0.449 ± 0.020 0.455 ± 0.011 0.741

ACA: anterior cerebral artery; ICA: internal carotid artery; MCA: middle cerebral artery.
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TABLE 4 Comparison of the increase rate of velocity in patients with and without DICH using Wilcoxon signed-rank test.

ICA ACA MCA

DICH 
group 
type 1

Control 
group

p value DICH 
group type 

1

Control 
group

p value DICH 
group 
type 1

Control 
group

p value

Min 

velocity 

(%)

17.93 ± 4.76 17.17 ± 1.87 0.865 −37.03 ± 2.62 15.48 ± 3.04 <0.001 29.10 ± 3.24 40.18 ± 3.37 0.089

Mean 

velocity 

(%)

49.85 ± 8.66 51.63 ± 4.39 0.858 −47.25 ± 3.88 15.96 ± 2.34 <0.001 42.85 ± 3.03 51.19 ± 3.73 0.295

Max 

velocity 

(%)

45.38 ± 5.46 59.26 ± 3.85 0.053 −39.08 ± 4.52 16.65 ± 1.40 <0.001 39.00 ± 2.64 43.57 ± 4.34 0.850

DICH 
group 
type 2

Control 
group

p value DICH 
group 
type 2

Control 
group

p value DICH 
group type 

2

Control 
group

p value

Min 

velocity 

(%)

16.43 ± 5.48 17.17 ± 1.87 0.872 21.08 ± 7.27 15.48 ± 3.04 0.436 60.15 ± 2.94 40.18 ± 3.37 0.009

Mean 

velocity 

(%)

51.05 ± 2.11 51.63 ± 4.39 0.949 17.60 ± 4.69 15.96 ± 2.34 0.758 110.60 ± 9.42 51.19 ± 3.73 <0.001

Max 

velocity 

(%)

69.98 ± 7.60 59.26 ± 3.85 0.228 17.25 ± 2.39 16.65 ± 1.40 0.846 87.70 ± 7.22 43.57 ± 4.34 0.007

ACA: anterior cerebral artery; ICA: internal carotid artery; MCA: middle cerebral artery.

FIGURE 3

Comparison of the imbalance index of distal arteries in flow velocity between DICH group (both type 1 and type 2) and control group (A,B) and 
between type 1 and type 2 DICH patients (C).
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FIGURE 4

A posterior communicating segment aneurysm of left ICA in DICH 
of type 1 was treated with EP2 stent assisted coiling. 
(A) Preprocedural angiography of the aneurysm and 
(B) postprocedural immediate angiography revealed Raymond 
grade 2. (C) The coiled aneurysm was showed by CT scan at 24 h 
later after the treatment. (D) CT scan obtained 4 days post-
procedure, revealing ipsilateral frontal lobe DICH with 
surrounding infarcted area (asterisk). A significant increase in 
velocity was observed on the terminal section of the ICA 
(F) compared to the preoperative results (E) by computer 
hemodynamic detection (Increase rate was 44.9%). The velocity 
of DICH related artery (ACA) decreased significantly after 
embolization with increase rate of-35.9% (G,H), while the flow 
velocity of DICH unrelated artery (MCA) increased with increase 
rate of 35.7% (I,J). The imbalance index of this patient was 71.6%.

FIGURE 5

An ophthalmic segment aneurysm of the left ICA in DICH of type 2 
was treated with EP2 stent assisted coiling. (A) Preprocedural 
angiography of the aneurysm and (B) postprocedural immediate 
angiography revealed Raymond grade 1. (C) The coiled aneurysm 
was showed by CT scan at 24  h later after the treatment. (D) CT scan 
obtained 3  days post-procedure, revealing ipsilateral temporal lobe 
DICH (arrow). A significant increase in velocity was observed on the 
terminal section of the ICA (F) compared to the preoperative results 
(E) by computer hemodynamic detection (Increase rate was 47.4%). 
The velocity of DICH related artery (MCA) increased significantly after 
embolization with an increase rate of 77.0% (I,J), while the flow 
velocity of DICH unrelated artery (ACA) increased with increase rate 
of 20.7% (G,H). The imbalance index of this patient was 56.3%.
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the results. Secondly, the small sample size, attributable to the rarity 
of DICH post-SAC treatment, may affect the study’s findings. Future 
large-scale, multicenter, prospective studies are necessary to validate 
our hypotheses. Thirdly, multiple mechanisms, especially 
inflammatory responses, are likely involved in type 1 DICH., 
necessitating further investigation into the role of inflammatory 
factors in DICH. Finally, CFD hemodynamic analysis employed here 
has inherent limitations. Additional studies are required to evaluate 

the impact of assumptions such as Newtonian blood properties, 
laminar flow, boundary conditions, and elastic vessel walls on the 
hemodynamic outcomes.

Conclusion

DICH following SCA treatment could be  associated with 
hemodynamic alterations in the distal intracranial artery. Notably, the 
increase rate of velocity of DICH-related artery might either lower (as 
in type 1 DICH) or higher (as in type 2 DICH). The disproportionate 
flow distribution between ACA and MCA might serve as a potential 
predictive marker for these complications. Further research is required 
to substantiate these initial findings.
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FIGURE 6

(A,B) An ophthalmic segment aneurysm in a left ICA without DICH in 
the control group was treated with EP2 stent assisted coiling, and a 
postprocedural immediate angiography revealed Raymond grade 1. 
A significant increase in velocity was observed on the terminal 
section of the ICA (D) compared to the preoperative results (C) by 
computer hemodynamic detection (Increase rate was 47.2%). The 
flow velocity of ACA (E,F) and MCA (G,H) increased significantly after 
embolization with increase rate of 22.5% and 41.3%, respectively. The 
imbalance index of this patient was 18.8%.

https://doi.org/10.3389/fneur.2024.1268433
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Wu et al. 10.3389/fneur.2024.1268433

Frontiers in Neurology 10 frontiersin.org

Conflict of interest

L-PG and J-PX were employed by ArteryFlow Technology  
Corporation.

The remaining authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Li W, Zhu W, Liu J, Yang X. Imbalanced flow changes of distal arteries: an important 

factor in process of delayed ipsilateral parenchymal hemorrhage after flow diversion in 
patients with cerebral aneurysms. Interv Neuroradiol. (2021) 27:788–97. doi: 
10.1177/15910199211009120

 2. Son W, Kang DH. Risk factor analysis of delayed intracerebral hemorrhage after 
coil embolization of Unruptured cerebral aneurysms. Front Neurol. (2020) 11:584596. 
doi: 10.3389/fneur.2020.584596

 3. Brinjikji W, Cloft HJ, Fiorella D, Lanzino G, Kallmes DF. Estimating the proportion of 
intracranial aneurysms likely to be amenable to treatment with the pipeline embolization 
device. J Neurointerv Surg. (2013) 5:45–8. doi: 10.1136/neurintsurg-2011-010165

 4. Brinjikji W, Lanzino G, Cloft HJ, Siddiqui AH, Kallmes DF. Risk factors for hemorrhagic 
complications following pipeline embolization device treatment of intracranial aneurysms: 
results from the international retrospective study of the pipeline embolization device. AJNR 
Am J Neuroradiol. (2015) 36:2308–13. doi: 10.3174/ajnr.A4443

 5. Brunozzi D, Shakur SF, Hussein AE, Charbel FT, Alaraj A. Middle cerebral artery flow 
velocity increases more in patients with delayed intraparenchymal hemorrhage after 
pipeline. J Neurointerv Surg. (2018) 10:249–51. doi: 10.1136/neurintsurg-2017-013042

 6. Delgado Almandoz JE, Crandall BM, Scholz JM, Fease JL, Anderson RE, 
Kadkhodayan Y, et al. Last-recorded P2Y12 reaction units value is strongly associated 
with thromboembolic and hemorrhagic complications occurring up to 6 months after 
treatment in patients with cerebral aneurysms treated with the pipeline embolization 
device. AJNR Am J Neuroradiol. (2014) 35:128–35. doi: 10.3174/ajnr.A3621

 7. Zhang XD, Wu HT, Zhu J, He ZH, Chai WN, Sun XC. Delayed intracranial hemorrhage 
associated with antiplatelet therapy in stent-assisted coil embolized cerebral aneurysms. Acta 
Neurochir Suppl. (2011) 110:133–9. doi: 10.1007/978-3-7091-0356-2_24

 8. King B, Vaziri S, Singla A, Fargen KM, Mocco J. Clinical and angiographic 
outcomes after stent-assisted coiling of cerebral aneurysms with Enterprise and 
Neuroform stents: a comparative analysis of the literature. J Neurointerv Surg. (2015) 
7:905–9. doi: 10.1136/neurintsurg-2014-011457

 9. Shapiro M, Becske T, Sahlein D, Babb J, Nelson PK. Stent-supported aneurysm 
coiling: a literature survey of treatment and follow-up. AJNR Am J Neuroradiol. (2012) 
33:159–63. doi: 10.3174/ajnr.A2719

 10. Deng Q, Zhang S, Li M, Zhang G, Feng W. Effects of two different glycoprotein 
platelet IIb/IIIa inhibitors and the clinical endpoints in patients with intracranial 
pipeline flow diverter implant. J Interv Med. (2020) 3:174–9. doi: 10.1016/j.
jimed.2020.08.005

 11. Goh C, Churilov L, Mitchell P, Dowling R, Yan B. Clopidogrel hyper-response and 
bleeding risk in neurointerventional procedures. AJNR Am  J Neuroradiol. (2013) 
34:721–6. doi: 10.3174/ajnr.A3418

 12. Chen CW, Wong HF, Ye YL, Chen YL, Chen WL, Ou CH, et al. Quantitative flow 
measurement after placing a flow diverter for a distal internal carotid artery aneurysm. 
J Neurointerv Surg. (2017) 9:1238–42. doi: 10.1136/neurintsurg-2016-012730

 13. Li W, Tian Z, Zhu W, Zhang YS, Wang K, Zhang Y, et al. Hemodynamic analysis 
of postoperative rupture of Unruptured intracranial aneurysms after placement of flow-
diverting stents: a matched case-control study. AJNR Am  J Neuroradiol. (2019) 
40:1916–23. doi: 10.3174/ajnr.A6256

 14. Brunozzi D, Shakur SF, Charbel FT, Alaraj A. Intracranial contrast transit times on 
digital subtraction angiography decrease more in patients with delayed intraparenchymal 
hemorrhage after pipeline. Interv Neuroradiol. (2018) 24:140–5. doi: 
10.1177/1591019917747248

 15. Liang XD, Wang ZL, Li TX, He YK, Bai WX, Wang YY, et al. Safety and efficacy of 
a new prophylactic tirofiban protocol without oral intraoperative antiplatelet therapy for 
endovascular treatment of ruptured intracranial aneurysms. J Neurointerv Surg. (2016) 
8:1148–53. doi: 10.1136/neurintsurg-2015-012055

 16. Leng X, Wang Y, Xu J, Jiang Y, Zhang X, Xiang J. Numerical simulation of patient-
specific endovascular stenting and coiling for intracranial aneurysm surgical planning. 
J Transl Med. (2018) 16:208. doi: 10.1186/s12967-018-1573-9

 17. Jiang Y, Lu G, Ge L, Zou R, Li G, Wan H, et al. Hemodynamic comparison of 
treatment strategies for intracranial vertebral artery fusiform aneurysms. Front Neurol. 
(2022) 13:927135. doi: 10.3389/fneur.2022.927135

 18. Xiang J, Natarajan SK, Tremmel M, Ma D, Mocco J, Hopkins LN, et al. 
Hemodynamic-morphologic discriminants for intracranial aneurysm rupture. Stroke. 
(2011) 42:144–52. doi: 10.1161/STROKEAHA.110.592923

 19. Savoiardo M. The vascular territories of the carotid and vertebrobasilar systems. 
Diagrams based on CT studies of infarcts. Ital J Neurol Sci. (1986) 7:405–9. doi: 10.1007/
BF02283018

 20. Shakur SF, Aletich VA, Amin-Hanjani S, Hussein AE, Charbel FT, Alaraj A. Quantitative 
assessment of parent vessel and distal intracranial hemodynamics following pipeline flow 
diversion. Interv Neuroradiol. (2017) 23:34–40. doi: 10.1177/1591019916668842

 21. Chiu AH, Wenderoth J. Cerebral hyperperfusion after flow diversion of large 
intracranial aneurysms. BMJ Case Rep. (2012) 2012:bcr2012010479. doi: 10.1136/
bcr-2012-010479

 22. Cruz JP, Chow M, O’Kelly C, Marotta B, Spears J, Montanera W, et al. Delayed 
ipsilateral parenchymal hemorrhage following flow diversion for the treatment of 
anterior circulation aneurysms. AJNR Am J Neuroradiol. (2012) 33:603–8. doi: 10.3174/
ajnr.A3065

 23. Hu YC, Deshmukh VR, Albuquerque FC, Fiorella D, Nixon RR, Heck DV, et al. 
Histopathological assessment of fatal ipsilateral intraparenchymal hemorrhages after the 
treatment of supraclinoid aneurysms with the pipeline embolization device. J Neurosurg. 
(2014) 120:365–74. doi: 10.3171/2013.11.JNS131599

 24. Hadad S, Pradhan A, Kadirvel R, Kallmes D, Cebral JR, Mut F. Flow reversal in 
distal collaterals as a possible mechanism of delayed intraparenchymal hemorrhage after 
flow diversion treatment of cerebral aneurysms. Front Physiol. (2022) 13:881627. doi: 
10.3389/fphys.2022.881627

 25. Deng Q, Feng W, Hai H, Liu J. Evaluation of the safety and efficacy of a pipeline 
flex embolization device for treatment of large, wide-necked intracranial aneurysms. J 
Interv Med. (2018) 1:229–33. doi: 10.19779/j.cnki.2096-3602.2018.04.06

 26. Velat GJ, Fargen KM, Lawson MF, Hoh BL, Fiorella D, Mocco J. Delayed 
intraparenchymal hemorrhage following pipeline embolization device treatment for a 
giant recanalized ophthalmic aneurysm. J Neurointerv Surg. (2012) 4:e24. doi: 10.1136/
neurintsurg-2011-010129

 27. Fischer S, Vajda Z, Aguilar Perez M, Schmid E, Hopf N, Bazner H, et al. Pipeline 
embolization device (PED) for neurovascular reconstruction: initial experience in the 
treatment of 101 intracranial aneurysms and dissections. Neuroradiology. (2012) 
54:369–82. doi: 10.1007/s00234-011-0948-x

 28. Nakae R, Nagaishi M, Kawamura Y, Tanaka Y, Hyodo A, Suzuki K. 
Microhemorrhagic transformation of ischemic lesions on T2*-weighted magnetic 
resonance imaging after pipeline embolization device treatment. J Neurosurg. (2018):1–8. 
doi: 10.3171/2017.12.JNS172480

 29. Safar ME, Blacher J, Mourad JJ, London GM. Stiffness of carotid artery wall 
material and blood pressure in humans: application to antihypertensive therapy and 
stroke prevention. Stroke. (2000) 31:782–90. doi: 10.1161/01.STR.31.3.782

 30. Dobson G, Flewitt J, Tyberg JV, Moore R, Karamanoglu M. Endografting of the 
descending thoracic aorta increases ascending aortic input impedance and attenuates 
pressure transmission in dogs. Eur J Vasc Endovasc Surg. (2006) 32:129–35. doi: 
10.1016/j.ejvs.2006.01.020

 31. Chiu AH, Wenderoth J. Cerebral hyperperfusion after flow diversion of large intracranial 
aneurysms. J Neurointerv Surg. (2013) 5:e48. doi: 10.1136/neurintsurg-2012-010479.rep

 32. Hillsley MV, Tarbell JM. Oscillatory shear alters endothelial hydraulic conductivity 
and nitric oxide levels. Biochem Biophys Res Commun. (2002) 293:1466–71. doi: 10.1016/
S0006-291X(02)00410-2

 33. Wang C, Baker BM, Chen CS, Schwartz MA. Endothelial cell sensing of flow direction. 
Arterioscler Thromb Vasc Biol. (2013) 33:2130–6. doi: 10.1161/ATVBAHA.113.301826

 34. Buschmann I, Schaper W. The pathophysiology of the collateral circulation 
(arteriogenesis). J Pathol. (2000) 190:338–42. doi: 10.1002/(SICI)1096-9896(200002)190
:3<338::AID-PATH594>3.0.CO;2-7

 35. Amaya R, Cancel LM, Tarbell JM. Interaction between the stress phase angle (SPA) 
and the oscillatory shear index (OSI) affects endothelial cell gene expression. PLoS One. 
(2016) 11:e0166569. doi: 10.1371/journal.pone.0166569

 36. Dabagh M, Jalali P, Butler PJ, Randles A, Tarbell JM. Mechanotransmission in 
endothelial cells subjected to oscillatory and multi-directional shear flow. J R Soc 
Interface. (2017) 14:20170185. doi: 10.1098/rsif.2017.0185

 37. Dessalles CA, Leclech C, Castagnino A, Barakat AI. Integration of substrate-and 
flow-derived stresses in endothelial cell mechanobiology. Commun Biol. (2021) 4:764. 
doi: 10.1038/s42003-021-02285-w

https://doi.org/10.3389/fneur.2024.1268433
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1177/15910199211009120
https://doi.org/10.3389/fneur.2020.584596
https://doi.org/10.1136/neurintsurg-2011-010165
https://doi.org/10.3174/ajnr.A4443
https://doi.org/10.1136/neurintsurg-2017-013042
https://doi.org/10.3174/ajnr.A3621
https://doi.org/10.1007/978-3-7091-0356-2_24
https://doi.org/10.1136/neurintsurg-2014-011457
https://doi.org/10.3174/ajnr.A2719
https://doi.org/10.1016/j.jimed.2020.08.005
https://doi.org/10.1016/j.jimed.2020.08.005
https://doi.org/10.3174/ajnr.A3418
https://doi.org/10.1136/neurintsurg-2016-012730
https://doi.org/10.3174/ajnr.A6256
https://doi.org/10.1177/1591019917747248
https://doi.org/10.1136/neurintsurg-2015-012055
https://doi.org/10.1186/s12967-018-1573-9
https://doi.org/10.3389/fneur.2022.927135
https://doi.org/10.1161/STROKEAHA.110.592923
https://doi.org/10.1007/BF02283018
https://doi.org/10.1007/BF02283018
https://doi.org/10.1177/1591019916668842
https://doi.org/10.1136/bcr-2012-010479
https://doi.org/10.1136/bcr-2012-010479
https://doi.org/10.3174/ajnr.A3065
https://doi.org/10.3174/ajnr.A3065
https://doi.org/10.3171/2013.11.JNS131599
https://doi.org/10.3389/fphys.2022.881627
https://doi.org/10.19779/j.cnki.2096-3602.2018.04.06
https://doi.org/10.1136/neurintsurg-2011-010129
https://doi.org/10.1136/neurintsurg-2011-010129
https://doi.org/10.1007/s00234-011-0948-x
https://doi.org/10.3171/2017.12.JNS172480
https://doi.org/10.1161/01.STR.31.3.782
https://doi.org/10.1016/j.ejvs.2006.01.020
https://doi.org/10.1136/neurintsurg-2012-010479.rep
https://doi.org/10.1016/S0006-291X(02)00410-2
https://doi.org/10.1016/S0006-291X(02)00410-2
https://doi.org/10.1161/ATVBAHA.113.301826
https://doi.org/10.1002/(SICI)1096-9896(200002)190:3<338::AID-PATH594>3.0.CO;2-7
https://doi.org/10.1002/(SICI)1096-9896(200002)190:3<338::AID-PATH594>3.0.CO;2-7
https://doi.org/10.1371/journal.pone.0166569
https://doi.org/10.1098/rsif.2017.0185
https://doi.org/10.1038/s42003-021-02285-w

	Classification and hemodynamic characteristics of delayed intracerebral hemorrhage following stent-assisted coil embolism in unruptured intracranial aneurysms
	Introduction
	Materials and methods
	Patients
	Patients selection adhered to these criteria
	Computational modeling and hemodynamic simulations

	Hemodynamic measurements and analysis of distal intracranial arteries
	Location of distal vessel measurement
	The calculation and analysis of hemodynamic parameters
	Statistical analysis

	Results
	Aneurysmal and clinical characteristics in DICH group
	Hemodynamic alteration of distal arteries in DICH group
	Distribution of distal arterial blood flow after SAC treatment in DICH group and control group

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References



