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Abstract 

Introduction: Small aneurysms are usually treated with a flow diverter alone, with-
out coils. However, some continue to exhibit incomplete occlusion after treatment, 
even after an extended period. This study aimed to investigate the effects of aneurysm 
morphology and location on the hemodynamic parameters related to poor outcomes.

Methods: Two patients with tandem aneurysms were enrolled. Flow diverter deploy-
ment was simulated, and preoperative and postoperative hemodynamics were 
analyzed using computational fluid dynamics. The preoperative and postoperative 
hemodynamics of the actual surgical plan were simulated using finite element analysis 
and computational fluid dynamics. The correlation between morphology, hemody-
namics, and incomplete occlusion was evaluated by calculating the hemodynam-
ics of aneurysm models with different heights and neck widths, adjusted according 
to the original geometry.

Results: Simulation of the actual surgical plan showed that the incompletely occluded 
aneurysm had a larger postoperative velocity at the sac and neck region (va and vneck) 
and residual flow volume than the occluded aneurysm in both cases. The inflow 
rate (Qinflow), inflow concentration index (ICI), va, and residual flow volume increased 
when the aneurysm neck width was expanded; with the increase in height, Qinflow 
and ICI increased up to a certain point, while va and residual flow volume showed 
a decreasing trend. Aneurysms located on the superior wall of the internal carotid 
artery ophthalmic segment had a larger vneck than those on the inferior wall.

Conclusion: Aneurysms located on the superior wall of the internal carotid artery 
ophthalmic segment or with a larger neck or height present a more severe hemody-
namic environment, requiring careful consideration when planning surgery. This study 
provides hemodynamic evidence demonstrating how morphology affects aneurysm 
progression.
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Introduction
Subarachnoid hemorrhage (SAH), a type of hemorrhagic stroke, is characterized by 
high mortality. Its incidence rate in 2021 was 37.09% higher than that in 1990 [1]. The 
rupture of intracranial aneurysms (IAs) is one of the primary causes of subarachnoid 
hemorrhage. IAs occur in approximately 3–5% of the general population, with an annual 
rupture rate of approximately 0.95% [2]. Therefore, timely and appropriate intervention 
measures are required. Endovascular treatment has been proven to be a safe and effec-
tive method for treating IAs [3, 4]. Flow diverters (FDs), among the most commonly 
used stents, are designed to redirect blood flow away from the aneurysm sac and pro-
mote parent artery reconstruction, demonstrating a considerable advantage in treating 
large or giant wide-neck, fusiform, or complex aneurysms [5]. FDs have also become a 
mainstream strategy in clinical practice for small or medium-sized aneurysms [6, 7]. The 
safety and effectiveness of Tubridge in treating small and medium aneurysms have been 
well-documented [7, 8].

Unlike immediate embolization achieved through coiling, FDs exert a gradual effect 
on blood flow. Most aneurysms (up to 90.4%) occlude completely within 12  months, 
according to a previous study that enrolled 146 patients treated with Pipeline [9]. It is 
important to determine the reasons for persistent incomplete occlusion in some aneu-
rysms even after 12 months of treatment. Several studies have identified key hemody-
namic parameters as essential predictors of poor prognosis in treated aneurysms, such 
as a large inflow rate  (Qinflow) [10, 11], inflow with more localized and intense jet char-
acteristics (large ICI) [12, 13], high velocity in the aneurysm sac [10, 14], and a large 
residual flow volume (RFV) [15, 16], prolonged residual time and low wall shear stress 
(WSS) [17]. Some morphological parameters may play important roles in the hemody-
namic changes of FD treatment, such as the curvature of the parent artery and the mor-
phology of the aneurysm neck [18–22]. Moreover, the outcomes of aneurysms of similar 
size but different locations vary significantly in clinical practice. The mechanism by 
which the morphological parameters of small aneurysms influence their hemodynamics 
after stenting remains unclear. Therefore, in this study, we selected patients with tandem 
aneurysms which had different prognoses after FD treatment to eliminate the effects of 
confounding factors. Virtual modifications were made to conduct controlled research 
into the relationship between aneurysm morphology and hemodynamics.

Results
Clinical performance and follow‑up outcomes

A total of 12 patients with tandem aneurysms were treated with Tubridge during this 
period in our hospital. Among these, four patients were excluded due to incomplete 
imaging data (one patient lacked 3D-digital subtraction angiography images, and three 
patients lacked follow-up images). Additionally, three patients had incorporated branch 
arteries, one of whom was treated with coils; one patient had a giant aneurysm; one 
patient had two completely occluded aneurysms; one patient had two tandem aneu-
rysms adhering to each other; and two patients had two small aneurysms with differ-
ent outcomes. To compare the differences between occluded and remnant aneurysms, 
two patients with small aneurysms presenting different outcomes were selected for 
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simulations. The coiled aneurysm in one of these patients was excluded from the analy-
sis when obtaining variations.

Detailed information on the two patients is presented in Table 1. Patient 1 had three 
aneurysms, but the coiled aneurysms were excluded from this study. Of the two left-
sided aneurysms, the aneurysm located on the superior wall (aneu2) was incompletely 
occluded after FD implantation for a year. As shown in Fig. 1, the remnant aneurysm 
appeared larger three months after treatment (B3 and B4) compared to its size before 
surgery (B1). Patient 2 also had an aneurysm located on the superior wall (aneu4) 
that persisted for approximately 3  years. Although this aneurysm decreased in size, it 
remained visible during the follow-up period, as illustrated in Fig. 2.

Hemodynamics of the practical plan
The clinical treatments applied to the two patients were simulated to identify differ-
ences between occluded and remnant aneurysms in hemodynamics. The postoperative 
results are depicted in Fig. 3, while the preoperative results are in Fig. S1 in Supplemen-
tary Material. Pre- and post-operative hemodynamic parameters, including Qinflow, ICI, 
velocity in the sac and neck regions (va and vneck), and RFV for velocities greater than 
0.05  m/s, 0.1  m/s, 0.15  m/s, and 0.2  m/s were calculated. The incompletely occluded 
aneurysm (aneu2) exhibited larger va (0.182 m/s vs. 0.089.

(m/s), vneck (0.200 m/s vs. 0.106 m/s), and relative RFV (v > 0.05 m/s: 72.47% vs. 55.31%; 
v > 0.1  m/s: 64.34% vs. 33.81%; v > 0.15  m/s: 53.63% vs. 11.34%; v > 0.2  m/s: 40.75% vs. 
0.00%) than the occluded aneurysm (aneu1) in Patient 1 after treatment. Addition-
ally, the two aneurysms of Patient 2 also showed differences in Qinflow and ICI (Qinflow: 
0.973  mL/s (aneu4) vs. 0.102  mL/s (aneu3); ICI: 0.501 (aneu4) vs. 0.053 (aneu3)). All 
results are listed in Table 2

Table 1 Basic information of selected two patients

FD flow diverter

Characteristics Patient 1 Patient 2

Clinical information

Gender Male Female

Age 73 65

Hypertension No Yes

Diabetes No Yes

Smoking Yes No

Drinking Yes No

FD size Tubridge-4.5-25 mm Tubridge-4.5-20 mm

Aneurysm information Aneu-1 Aneu-2 Aneu-3 Aneu-4

Neck width (mm) 4.7 3.9 4.1 4.9

Height (mm) 1.8 1.0 1.5 4.0

Location C6 C6 C6 C6

Relative location to parent artery Inferior Superior Inferior Superior

Follow-up at 3 months Remnant Remnant Occluded Remnant

Follow-up at 6 months – – Occluded Remnant

Follow-up at 12 months Occluded Remnant – –

Follow-up over 2 years – – Occluded Remnant



Page 4 of 13Wan et al. BioMedical Engineering OnLine           (2025) 24:42 

Hemodynamics of the variations
A total of 28 aneurysms, comprising four initial and 24 modified variants, were analyzed. 
Similarly, Qinflow, ICI, vneck, va, and RFV were calculated to study the effects of aneu-
rysm neck width and height on hemodynamics. The trend of hemodynamic parameters 
changing with width and height are presented in Figs. 4 and 5, respectively. The sets of 
incompletely occluded aneurysms are depicted by red lines marked with squares and 
inverted triangles. A1–A4 represent aneu1–aneu4 and their variants, respectively.

As neck width increased, Qinflow, ICI, va, and relative RFV also increased. For Qinflow 
and ICI, aneurysms located on the superior wall in Patient 2 (A4) were most sensitive 

Fig. 1 DSA imaging of patient 1. A1–A4 were 2D-DSA images of pre-, post-operation, and follow-up for 3 
and 12 months. B1–B4 were 3D volume-rendering models of pre-, post-operation, and follow-up for 3 and 
12 months. The small aneurysm at the superior wall of the internal carotid artery (red arrow) demonstrated 
progressive enlargement during follow-up, whereas the inferior wall aneurysm (green arrow) showed 
complete occlusion at both 3- and 12-month follow-up evaluations

Fig. 2 DSA imaging of patient 2. A1–A5 were 2D-DSA images of pre-, post-operation, and follow-up for 3, 6 
and 35 months. The small aneurysm at the superior wall of the internal carotid artery (red arrow) exhibited 
an occlusion tendency but demonstrated persistent filling, while the inferior wall aneurysm (green arrow) 
showed complete occlusion at the 3-month follow-up evaluation
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to changes in neck width, whereas other aneurysms (A1, A2, and A3) showed similar 
but slower growth. The velocity in the aneurysm sac increased with the neck width, 
and the two red lines (A2 and A4) showed steeper slopes than those of the two black 
lines (A1 and A3). The influence of neck width on vneck was different, as shown in 
Fig. 4. The lines for A1 and A3 remained nearly stable; the line for A4 first decreased 
and then flattened, whereas the line for A2 continued to increase, showing a more 

Fig. 3 Visualized results and aneurysm models of two patients. A/B (D/E) were volume of velocity greater 
than 0.1 m/s and the streamline of patient 1 (patient 2). C/F were initial aneurysm models and red arrows 
represented blood flowing into the aneurysm sac. The thickness of the arrows represented the impact 
strength of blood on the aneurysm. Blue and green arrows represented a small aneurysm at the superior and 
inferior wall of the internal carotid artery of patient 1. Black and yellow arrows represented a small aneurysm 
at the superior and inferior wall of the internal carotid artery of patient 2

Table 2 Hemodynamic results of actual treatment plan for two patients

Qinflow inflow rate at the neck, ICI inflow concentration index, va and vneck blood velocity of the sac and neck, RFV volume 
of velocity greater than 0.05 m/s, 0.1 m/s, 0.15 m/s and 0.2 m/s, respectively. Relative RFV: the ratio of RFV to volume of 
aneurysm.

Parameters Aneu‑1 Aneu‑2 Aneu‑3 Aneu‑4

Pre Post Pre Post Pre Post Pre Post

Qinflow (mL/s) 0.448 0.187 0.281 0.174 0.336 0.102 1.263 0.973

ICI 0.232 0.108 0.143 0.087 0.155 0.053 0.643 0.501

va (m/s) 0.223 0.089 0.270 0.182 0.181 0.078 0.325 0.174

vneck (m/s) 0.245 0.106 0.287 0.200 0.301 0.129 0.336 0.184

RFV
(mm [3])

v > 0.05 m/s 3.612 2.920 2.653 3.548 2.765 2.305 39.873 40.206

v > 0.1 m/s 3.439 1.785 2.632 3.150 2.322 1.349 39.598 36.895

v > 0.15 m/s 3.123 0.599 2.558 2.626 1.978 0.460 38.647 31.580

v > 0.2 m/s 2.517 0 2.377 1.995 1.638 0.009 36.929 17.319

Relative RFV v > 0.05 m/s 60.8% 55.3% 60.4% 72.5% 72.5% 62.1% 89.8% 90.5%

v > 0.1 m/s 57.9% 33.8% 59.9% 64.3% 60.9% 36.4% 89.2% 83.0%

v > 0.15 m/s 52.6% 11.3% 58.2% 53.6% 51.9% 12.4% 87.1% 71.1%

v > 0.2 m/s 42.4% 0 54.1% 40.8% 42.9% 0.25% 83.2% 39.0%
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pronounced rise. Interestingly, the two red lines consistently remained above the 
black lines.

Figure 5 shows the variations in hemodynamics resulting from changes in height with 
a constant neck width. As height increased, Qinflow and ICI exhibited trends similar to 
those observed with neck width; however, the lines leveled off when the height exceeded 
2 mm. Conversely, unlike the effect of neck width, va and relative RFV decreased with 
increasing height, except for the relative RFV of A4. The Vneck of A1 and A3 (black lines) 
was minimally affected by increases in height. However, similar to the trends shown 
in Fig. 4C, the red lines overtook the black lines, showing slight fluctuations around a 
height of 2 mm.

Discussion
Hemodynamics plays an important role in the poor prognosis of IAs (delayed occlusion, 
regrowth, or rupture). The design of FDs changes the treatment concept for aneurysms, 
shifting from rapid, dense embolization of the sac to slow, thrombosed occlusion by 
reconstructing the parent artery and inducing endothelial growth on the stent surface 
[23]. This study investigated changes in several hemodynamic parameters associated 
with poor outcomes, driven by increases in neck width or height, based on two cases 

Fig. 4 The influence of neck width to Qinflow, ICI, vneck, va, and RFV of velocity greater than 0.1 m/s

Fig. 5 The influence of height on Qinflow, ICI, vneck, va, and RFV of velocity greater than 0.1 m/s
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of tandem aneurysms with different outcomes. Aneurysms with larger neck width or 
height (volume) exhibited a larger flow rate, and the two incompletely occluded aneu-
rysms and their variants had a larger vneck compared with that of the other two groups.

One interesting finding of this study was that the velocity at the neck of aneurysms in 
A2 and A4 was greater than that in the other two sets, as shown in Figs. 4C and 5C. A2 
and A4 represent two sets of aneurysms derived from two remnant aneurysms located 
on the superior wall of the ophthalmic segment of the ICA. Because of the curvature of 
the ICA, aneurysms located on the superior wall are more prone to being impacted by 
blood flowing through the bend than those on the inferior wall (Fig. 3C and F). Conse-
quently, higher-velocity blood is more likely to flow toward the sac of superior aneu-
rysms, increasing the risk of rupture in untreated cases. Similar studies have explored 
the relationship between aneurysm orientation and blood flow direction [24–26]. For 
instance, Dhar et al. [24] and Duan et al. [25] identified aneurysm angle and flow angle 
as risk factors for rupture. Additionally, a review of the literature highlighted that the 
direction of the aneurysm dome is a risk factor for the rupture of anterior communicat-
ing artery aneurysms [26]. However, the relationship between delayed occlusion after FD 
treatment and aneurysm direction has not yet been reported. Considering the mecha-
nism of FD treatment, FDs promote endothelialization on the stent surface and facilitate 
thrombus formation to achieve aneurysm occlusion [27]. However, high-velocity flow 
with elevated wall shear stress (WSS) may inhibit neointimal growth [28]. The results of 
this study, which show incomplete occlusion and elevated vneck in superior aneurysms, 
provide evidence supporting this hypothesis. Thus, further studies with larger case num-
bers are needed to quantify the relationship between aneurysm orientation and blood 
flow dynamics, which may help explain delayed occlusion.

Neck size (width or diameter) and derived parameters, such as the aspect ratio (the 
ratio of height to neck width), have already been reported as risk factors for rupture [29–
31]. A significant difference in neck width between remnant and completely occluded 
aneurysms was reported in Yang’s study [32]. All these studies demonstrated that aneu-
rysms with large necks tend to have more complex flow patterns, often resulting in 
poor outcomes. However, it remains unclear which hemodynamic parameters are most 
affected by an enlarged neck and how they contribute to delayed occlusion. This study 
provides insights into these questions. With an increase in neck width, Qinflow, ICI, va, 
and RFV increased across all sets of variants. Large Qinflow and ICI values indicate that 
strong and locally impacting blood continues to flow into the aneurysm sac, even after 
FD implantation, adversely affecting the endothelial process. Moreover, occlusion of the 
aneurysm dome is strongly associated with slow-flow-induced thrombosis [33], and high 
velocity (va or RFV) can inhibit this process.

Aneurysm height is frequently measured and evaluated in aneurysm studies [25, 34, 
35]. Perpendicular height [34] and changes in height [35] have been identified as risk 
factors for rupture. The size ratio (the ratio of aneurysm height to parent artery diam-
eter), a predictive factor for the rupture of small aneurysms [25, 36], showed a similar 
effect on hemodynamics in this study because of the consistent parent artery geometry. 
However, the simulations and statistical analyses in these studies were conducted on dif-
ferent patient samples, and confounding factors could not be fully controlled. According 
to the results of this study, the growth of Qinflow and ICI was limited as height increased. 
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This implies that the effect of height on altering blood flow state is restricted when other 
factors remain constant. In clinical practice, we have observed that some aneurysms 
exhibit significant occlusion near the dome in the short term after treatment, yet com-
plete occlusion remains unachieved despite years of follow-up. One possible explanation 
is that the necks of these aneurysms were not fully treated during surgery. During the 
occlusion process, the thrombus formation at the aneurysm dome progressed smoothly 
with notable height reduction, while hemodynamic improvements in the neck region 
were limited, preventing complete occlusion. Therefore, aneurysm neck width may 
exert a more significant influence on postoperative thrombus formation than aneurysm 
height.

Our center prioritizes the use of FD combined with loose coiling for treating supe-
rior wall of ICA aneurysms, with coils primarily deployed in the inflow zone and aneu-
rysm neck. For such lesions, we recommend preoperative CFD evaluation. However, due 
to the limited sample size, further expansion of the sample size is required to explore 
hemodynamic parameter thresholds associated with superior wall aneurysm occlusion.

This study had several limitations. First, the analysis of 28 models derived from four 
aneurysms in two patients provides only trends in variation and lacks statistical signifi-
cance. Based on the trend obtained from this study, the patient screening criteria can be 
relaxed to explore statistical significance in a larger case set. Second, the variation range 
of independent variables was relatively small (neck width ranged from 1.7 to 5.1 mm; 
height ranged from 0.5 to 4.0 mm) because of the small size of the initial aneurysms. 
Finally, certain assumptions were adopted to simplify calculations in the CFD simula-
tions, such as inlets and outlets condition, and properties of the vessel wall and blood. 
Previous studies have discussed the impact of hypotheses on computational results 
[37–40]. The Newtonian fluid hypothesis may overestimate the flow velocity in high 
shear rate regions, while the rigid wall hypothesis may overestimate the flow velocity and 
pressure. The assumed inlet flow may weaken the individualized differences between 
patients. However, simplified analysis has improved the feasibility of conducting simula-
tion research and has been adopted by many teams.

Conclusion
Aneurysms located on the superior wall of the ICA ophthalmic segment exhibit higher 
neck velocities compared to those on the inferior wall. Additionally, aneurysms with 
large volumes (large neck or height) present a more severe hemodynamic environment, 
necessitating greater consideration during surgical planning. This study provides hemo-
dynamic evidence supporting the influence of morphology on aneurysm progression.

Methods
Study design

To investigate whether the volume and location of aneurysms affect hemodynamics and 
lead to different clinical outcomes, this study was conducted from two perspectives. 
First, we collected cases with tandem aneurysms which had different prognoses after FD 
treatment, simulated the preoperative and postoperative hemodynamics of the actual 
treatment plan, and evaluated the calculated results in conjunction with the clinical out-
comes. Tandem aneurysms were selected to exclude interference from other baseline 
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information and explore the relation between aneurysm morphology and hemodynam-
ics. Second, all selected tandem aneurysms were separated from each other to make 
a single aneurysm the research object. Variations in each aneurysm were obtained 
through idealized operations to study the influence of a single morphological parameter 
on hemodynamics.

Patient selection and simulation analysis
The study was approved by the Shanghai Jing’an District Central Hospital Medical Ethics 
Committee. Informed consent was exempted for retrospective study. Patients with inter-
nal carotid artery (ICA) aneurysms admitted to our hospital between August 2020 and 
December 2023 who underwent treatment with a Tubridge FD (MicroPort, China) were 
enrolled in this study. The inclusion criteria were as follows: (1) patients with small or 
medium tandem (< 10 mm) aneurysms treated with Tubridge alone; (2) complete imag-
ing data to reconstruct the complete vessel model; and (3) patients with multiple fol-
low-up imaging studies. The exclusion criteria were as follows: (1) fusiform or dissecting 
aneurysms; (2) aneurysms incorporated into a branch artery; and (3) tandem aneurysms 
adhering to each other.

Patient-specific aneurysm models were reconstructed based on preoperative 3D digi-
tal subtraction angiography images. Finite element simulations for FD stent deployment 
and computational fluid dynamics (CFD) computed fluid dynamics simulations were 
performed using AneuPlan (ArteryFlow Technology, China), adopting the methods of 
previous studies [41]. A population-based pulsatile inflow with an average of 4.6 mL/s 
was set as the inlet boundary condition and the boundary condition of outlets were 
based on Murray’s law with a cube exponent.

The calculated hemodynamic parameters include the inflow rate at the neck (Qinflow), 
ICI, the average velocity of the aneurysm sac (Va), and the relative RFV in the aneurysm 
sac. The relative RFV was the proportion of the area with a flow velocity greater than 0.1 
in the aneurysm lumen to the volume of the aneurysm. The calculation formula for ICI 
is

where Qv is the flow rate in the parent artery, Ain is the area of the inflow region, and Ao 
is the area of the ostium surface.

Variations and simulation analysis
To investigate the influence of volume and location on hemodynamics, some variations 
in aneurysms were obtained using Geomagic Wrap 2015 (Research Triangle Park, North 
Carolina, United States). Compared to volume, the neck width and height of the aneu-
rysm were more distinct and convenient to measure using the 3D volume-rendering 
model obtained from the angiography device before surgery. Therefore, the neck width 
and height of the aneurysm served as two independent variables representing the change 
in volume in this study.

Tandem aneurysms eliminate the influence of factors other than the aneurysm 
itself. However, in this section, we aim to study how aneurysm morphology affects the 

ICI =
Qinflow/Qv

Ain/A0
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hemodynamic parameters related to delayed occlusion after treatment with an FD. 
Therefore, selected tandem aneurysms were classified into different models. Each aneu-
rysm treated with an FD alone was a single object, whereas the other aneurysms were 
removed and replaced with a healthy vessel wall. Furthermore, the neck width and height 
were varied to determine the influence of a single factor on aneurysm hemodynamics. 
Operations focused on the neck width of the aneurysm were performed in 1 mm incre-
ments or decrements, and this process was repeated three times to obtain three inflated 
or deflated variations in the neck width. All operations were performed using the offset 
function in Geomagic Wrap 2015, which raised or lowered a selected set of polygons by 
a given distance in the normal direction and created additional triangles to maintain a 
complete overall surface. To obtain a set of aneurysms with the same height but differ-
ent neck widths, the bottom region of the aneurysm was selected. All these processes 
were repeated to obtain variations at different heights. For each aneurysm, there were 
seven models, including six variations (three variations in neck width and three varia-
tions in height) and one initial model. The samples are displayed in Fig. 6. All the afore-
mentioned aneurysm models were also subjected to finite element and CFD simulations.

Basic information.
Hypertension was defined as a confirmed office systolic BP of ≥ 140 mmHg or diastolic 
BP of ≥ 90 mmHg according to the 2024 Guidelines [42].

Criteria for the diagnosis of diabetes(type 2) in nonpregnant individuals [43]: haemo-
globin A1c(HbA1c) > 6.5% (48 mmol/mol), OR fasting plasma glucose(FPG) > 7.0 mmol/L 
(126 mg/dL), OR 2 h plasma glucose(2hPG) > 11.1 mmol/L (> 200 mg/dL).

The World Health Organization (WHO) defines a smoking history as smoking ≥ 1 cig-
arette per day for a duration exceeding 6 months.

Fig. 6 A sample of variations for an aneurysm. The top picture presents variations focused on the neck width, 
and the bottom picture presents variations focused on the height
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The WHO defines an alcohol consumption history as drinking alcohol ≥ 1 time per 
week, with a cumulative alcohol intake equivalent to ≥ 50 mL of pure alcohol per week, 
lasting for more than 6 months.
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