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issues. Among these symptoms, hemorrhage stands out as the

veins, posing a risk of intracranial bleeding and neurologic
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ABSTRACT

BACKGROUND AND PURPOSE: Rupture is the most life-threatening manifestation of cerebral AVMs. This study aimed to explore
the hemodynamic mechanism of AVM rupture. We introduced a new quantitative DSA parameter that can reflect the degree of
intranidal blood stasis, called the lesion-filling index.

MATERIALS AND METHODS: This study examined patients with AVMs who had undergone both DSA and MR imaging between
2013 and 2014. Clinical presentations, angioarchitecture, and hemodynamic parameters generated from quantitative DSA were analyzed
using univariate and multivariable logistic regression. The lesion-filling index was defined as the arterial diagnostic window divided by the
volume of the AVM. To assess the correlation between the lesion-filling index and rupture, we incorporated the lesion-filling index into
2 published prediction models widely recognized for predicting AVM rupture risk, R,eD and VALE. The DelLong test was used to examine
whether the addition of the lesion-filling index improved predictive efficacy.

RESULTS: A total of 180 patients with AVMs were included. The mean lesion-filling index values in the ruptured group were higher
compared with the unruptured group (390.27 [SD, 919.81] versus 49.40 [SD, 98.25]), P < .001). A higher lesion-filling index was signifi-
cantly correlated with AVM rupture in 3 different multivariable logistic models, adjusting for angioarchitecture factors (OR = 1.004,
P =.02); hemodynamic factors (OR= 1.005, P=.009), and combined factors (OR= 1.004, P =.03). Both R,eD (area under the curve,
0.601 versus 0.624; P=15) and VALE (area under the curve, 0.603 versus 0.706; P <.001) predictive models showed improved predictive
performance after incorporating the lesion-filling index and conducting 10-fold cross-validation.

CONCLUSIONS: The lesion-filling index showed a strong correlation with AVM rupture, suggesting that overperfusion is the hemo-
dynamic mechanism leading to AVM rupture.

ABBREVIATIONS: ADW = arterial diagnostic window; AUC = area under the curve; FWHM = full width at half maximum; LFI = lesion-filling index;
QDSA = quantitative DSA; TRV = transnidal relative velocity

erebral AVMs involve abnormal tangles of brain arteriesand ~ most life-threatening manifestation, remarkably affecting patients’
quality of life."* A comprehensive understanding of the mecha-

nism of AVM rupture is crucial. Previous research has revealed
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that hemodynamics could play a pivotal role as a risk factor for
rupture.” The most influential early research was conducted by
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of perfusion pressure on AVM rupture. Nevertheless, the intraproce-
dural puncture of feeding arteries, being an invasive procedure, entails
certain risks and operational complexities. Consequently, contem-
porary research in hemodynamics now places greater emphasis on
noninvasive investigative approaches.

Noninvasive hemodynamic measurement techniques such as
quantitative DSA (QDSA) have been proved to assist in assessing
rupture risk and planning treatments.”'® QDSA is a medical
imaging technique used to assess the structure and function of
blood vessels. It builds on conventional DSA by providing


https://orcid.org/0000-0003-3591-4286
https://orcid.org/0000-0003-2491-3974
https://orcid.org/0000-0003-0894-7867
https://orcid.org/0000-0002-3263-6797
mailto:zhaoyuanli@126.com
http://dx.doi.org/10.3174/ajnr.A8218

SUMMARY

PREVIOUS LITERATURE: Using quantitative digital subtraction angiography (QDSA) for the study of ruptured brain arteriovenous
malformations, early recognition was associated with the mean transit time as published by Chen et al, correlating with silent
intralesional microhemorrhages. Subsequent studies by Lin et al and Chen et al utilized QDSA-derived ROI curves, introducing a
series of hemodynamic parameters strongly linked to rupture. These parameters were successfully employed in predicting AVM
occlusion post-Gamma Knife treatment. While investigating the correlation between AVM rupture and hemodynamics, these studies
concurrently demonstrated the valuable utility of QDSA parameters in the diagnosis and treatment of AVM.

KEY FINDINGS: We have found a novel QDSA hemodynamic parameter, Lesion-Filling Index (LFl), strongly correlated with AVM rupture.

KNOWLEDGE ADVANCEMENT: We discovered a novel QDSA hemodynamic parameter, designated as LFI, exhibiting a strong

correlation with AVM rupture.

quantitative measurements of blood-flow dynamics. Previous
studies had proposed several hemodynamic parameters associ-
ated with AVM rupture, such as MTT, the Stasis Index, and
transnidal relative velocity (TRV), demonstrating the correlation
of QDSA with AVM rupture®™'" However, regrettably, these pa-
rameters did not consider the supply arteries, draining veins, and
the nidus as a unified entity in their hemodynamic analysis,
somewhat compromising the reliability of these parameters.

Therefore, in this study, we propose the lesion-filling index
(LFI), a new QDSA parameter that integrates the difference in
filling between supply arteries and draining veins along with the
nidus volume, embarking on a more holistic interpretation of he-
modynamic-related hemorrhage.

MATERIALS AND METHODS
Study Design and Participants
This retrospective study was approved by Beijing Tiantan hospital
institutional review board (KY 2020-003-01), adhering to Helsinki
Declaration guidelines and STrengthening the Reporting of
OBservational studies in Epidemiology (STROBE) reporting for
observational case-control studies.

Patient Selection

To explore the connection between AVM hemodynamics and
hemorrhagic presentation, we examined 384 consecutive brain
AVMs between January 2013 and January 2014 from a single-cen-
ter database registered in a nationwide multicenter registry. The
MATCH registry (https://clinicaltrials.gov/study/NCT04572568),
registered on ClinicalTrials.gov as NCT04572568, aimed to study
the natural history and optimal individualized management strat-
egy of AVMs in China. In this study, the inclusion criteria encom-
passed AVM diagnosis through DSA and/or MR imaging, with
available preoperative DSA DICOM data. Exclusions were heredi-
tary hemorrhagic telangiectasia, lack of preoperative DSA, and
insufficient baseline information.

Study Parameters

We collected baseline characteristics, conventional DSA angioarchi-
tecture, and QDSA parameters from all enrolled patients. All clinical
parameters were assessed by 2 neurosurgeons with at least 5 years of
clinical practice experience. All radiologic characteristics were inde-
pendently evaluated by 2 credentialed senior neurointerventional

radiologists. If inconsistency existed, the final determination would
be made by a professor of senior neurointerventional radiology
with >30years of clinical experience. Researchers who per-
formed angioarchitecture and hemodynamic assessments were
blinded to the clinical data.

Clinical baseline characteristics encompassed age on admis-
sion, sex, onset symptoms (hemorrhage, seizure, neurofunctional
deficits, and others), and the mRS score on admission.

Angioarchitecture characteristics comprised the localization
of AVMs, involvement of eloquent regions, and an array of features
that had been analyzed in prior QDSA studies.”'*”"* Building on
the angioarchitecture characteristics documented in prior literature,
we investigated the following features in our study: dilation of
feeding arteries, presence of single or multiple feeding arteries,
categorization of venous drainage as either superficial or deep,
identification of single or multiple venous drainage, assessment
of draining venous stenosis, evaluation of nidus diffuseness, and
identification of flow-related aneurysms. The definitions for these
angioarchitecture features were aligned with the guidelines estab-
lished by the American Society of Interventional and Therapeutic
Neuroradiology."* The definition of architecture characteristics is
listed in the Online Supplemental Data.

QDSA parameters mainly refer to the hemodynamic parame-
ters involved in previous QDSA-related studies and the quantita-
tive hemodynamic parameters that can be calculated according to
the fitted time-density curve, including the following: 1) TTP, 2)
MTT, 3) full width at half maximum (FWHM), 4) arterial diag-
nostic window (ADW), 5) TRV, 6) the Stasis Index, and 7) LFI,
and so forth."!

DSA Acquisition and Quantitative Hemodynamics

All cases underwent the same DSA procedures with the same
Axiom Artis angiosuite (Artis zee; Siemens) in our institution.
The DSA standardized acquisition protocol is described in the
Online Supplemental Data. For postprocessing of all QDSA data,
syngo iFlow software (Siemens) was used.

In this study, certain hemodynamic parameters were defined
with reference to previously published research.®>'® We chose
the lateral view of common carotid angiography images to draw
ROIs. For each patient, we investigated the following ROIs: 1)
cavernous sinus segment of the ICA; 2) distal segment of the
feeding artery; 3) AVM nidus; 4) proximal segment of the main
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FIG 1. The time-density curve and color-coded QDSA. A, Lateral view of the color-coded QDSA. Selected ROIs are the following: 1) cavernous
sinus segment of the ICA; 2) distal segment of the feeding artery; 3) AVM nidus; 4) proximal segment of the main draining vein; and 5) junction
area of the draining vein and the venous sinus. B, Quantitative parameters in the time-density curve from QDSA. TTP indicates the time required

T50%v
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T50%A

for the bolus to reach peak attenuation, ADW =

draining vein; and 5) junction area of the draining vein and ve-
nous sinus (Fig 1A)."” We used a standard circular ROI to delin-
eate the supplying artery and draining vein characterized by the
earliest contrast enhancement. For the AVM lesion, a polygo-
nal tool was used to outline the ROI. The coordinates of time-
density curves were measured by GetData Graph Digitizer
(Version 2.24; S. Fedorov), and a customized program (Matlab;
MathWorks) was used to fit the measured coordinate value (with
the 7y variable function, based on the least squares method) to get
the standardized time-density curve.'”

Gamma variable function : C(t)

=K(t— AT)" a x exp [—(t — AT)/B].

C(t) is the attenuation increment, t is the time after the start
of contrast medium injection, K is a constant scale factor, o and
B are fit coefficients, and AT (arrival time) is the time of arrival
of the contrast medium.

The calculation formulas involving the parameters above were
as follows (Fig 1B): TTP indicates the time required for the bolus
to reach peak attenuation; MTT, the duration between peak
attenuation of different ROIs; FWHM, the duration of the

time-density curve rising to 50% peak attenuation and falling
T50%v

[ A(t)dt calculated

T50%A
from the area under the curve (AUC) of the feeding arterial signal

to 50% peak attenuation; ADW =

from Time (50% maximal arterial signal) to Time (50% maximal
venous signal); TRV, maximum diameter (nidus)/FWHM,; Stasis
Index, inflow gradient/outflow gradient; LFI, ADW/volume (nidus).

Measurements of the Nidus

All enrolled patients underwent 1.5T or 3T MR imaging in our
center. The maximum diameter was the greatest distance between
2 points within the AVM nidus, using MR imaging in the plane
that most accurately depicted the largest cross-sectional area of

714 Li Jun2024 www.ajnr.org

the AVM. To calculate the volume of nidus, we used the ellipsoid
volume formula, which assumes that the AVM shape is approxi-
mately ellipsoidal in nature. The formula is

V =4/3 mrabc.

V is the volume of the nidus, and a, b, and ¢ are the lengths of
3 perpendicular axes (measurements) of the nidus.

Statistical Analysis

Statistical analysis was performed using SPSS software (Version
26.0; IBM) and MedCalc for Windows (Version 22.013; MedCalc
Software). For categoric variables, we presented frequencies and
percentages, using the Pearson )(2 test, Fisher exact test, and the
Kruskal-Wallis ANOVA test for comparisons. Continuous varia-
bles were evaluated on the basis of normality assessment, using
the independent Student ¢ test or Mann-Whitney U rank-sum
test as appropriate.

Univariate and multivariable logistic regression analyses were
performed to calculate ORs and 95% CIs to identify predictors of
hemorrhage in baseline characteristics, angioarchitecture, and
hemodynamic features. The DeLong test was used to assess the
statistically significant difference in the area under the receiver
operating characteristic curve among the compared models. We
selected 2 models, RyeD (https://www.ahajournals.org/doi/10.1161/
STROKEAHA.119.025054) and VALE (https://jamanetwork.com/
journals/jamanetworkopen/fullarticle/2801834), from previ-
ously published studies known for their high correlation with
AVM rupture.'®'? The RyeD system incorporates factors such as
AVM size, deep venous drainage, nidus location, race, and mono-
arterial feeding. Meanwhile, the VALE system considers ventricu-
lar system involvement, venous aneurysm, deep location, and
exclusively deep drainage. We further supplemented these 2
models by adding LFI to investigate its additive value associated
with rupture. Performance of these models was evaluated using
10-fold cross-validation.
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All P values were 2-sided, and statistical significance was con-
sidered at P < .05.

RESULTS

Baseline Characteristics

A total of 180 patients met the inclusion criteria and were
included in this study (Fig 2). No significant differences in age,
sex, and Spetzler-Martin grade distribution were observed
between the ruptured (n=103) and the unruptured (n=77)
groups. In comparison, ruptured AVMs often had higher mean
mRS scores on admission (1.2 [SD,1.3] versus 0.8 [SD, 0.6],
P=.002) and were less prone to patients experiencing concurrent
seizure symptoms (16.5% versus 41.6%, P < .001) (Table 1).

Differences in Hemodynamic and Angioarchitecture
Characteristics
To identify the risk factors associated with hemorrhage, we per-
formed a comparative analysis of angioarchitecture and hemody-
namic characteristics between cases of unruptured and ruptured
AVMs (Table 2). The mean nidus volume, a key indicator of
AVM size, was significantly larger in unruptured cases compared
with ruptured cases (40.2 [SD, 46.4]mL versus 13.6 [SD,
21.0] mL, P < .001).

In terms of angioarchitecture, several notable differences were
observed. The unruptured group had a higher prevalence of

384 consecutive
brain AVMs between January 2013
and January 2024

204 AVMs excluded

- 143 missing preoperative DSAs

- 52 patients' DSA data quality was
suboptimal

- 9 combined with cerebral
iproliferative angiopathy

180 AVMs with original DSA
images available for QDSA
analysis

ruptured AVMs
n=103

Unruptured AVMs
n=177

FIG 2. Flow diagram of the enrolled patients.

Table 1: Baseline characteristics

feeding artery dilation (74.0% versus 49.5%, P =.001), while the
ruptured group had a higher incidence of a single feeding artery
(34.0% versus 15.6%, P=.003). Other characteristics such as
deep venous drainage, single draining vein, drainage vein steno-
sis, diffuse nidus, and flow-related aneurysms were also com-
pared; however, no significant differences were found between
the 2 groups.

Regarding hemodynamics, we examined various parameters
for feeding arteries and drainage veins. While some differences
were observed, including the FWHM, these did not reach statis-
tical significance. Additionally, the study evaluated MTT (P =
.017) and TRV (P < .001), both of which were significantly dif-
ferent between the two groups. LFI also showed a substantial
difference (P < .001).

Association of LFI and Risk of AVM Rupture at
Presentation in Hemodynamic, Angioarchitecture, and
Combined AVM Models
To assess the statistical power and stability of the association
between LFI and AVM rupture, we conducted several logistic
regression analyses with LFI incorporated separately into the 3
models: hemodynamics, angioarchitecture, and a combined
model. In the univariable analysis, LFI exhibited a significant
association with AVM rupture risk (OR, 1.007; 95% CI, 1.003—
1.010; P=.001). Similarly, in the angioarchitecture model, LFI
remained significantly associated with rupture risk (OR, 1.004;
95% CI, 1.001-1.008; P=.02). The hemodynamic model also
showed a significant association between AVM rupture and
LFI (OR, 1.005; 95% CI, 1.001-1.009; P =.009). The combined
model, which incorporates both angioarchitecture and hemo-
dynamic factors, demonstrated a statistically significant associ-
ation between AVM rupture and LFI as well (OR, 1.004; 95%
CI, 1.000-1.007; P = .03) (Table 3). Notably, deep venous
drainage, diffuse nidus, and flow-related aneurysms had signif-
icant associations with AVM rupture risk in the angioarchitec-
ture model. All variables in the logistic regression had variance
inflation factor values below the threshold of 10, demonstrat-
ing the absence of significant multicollinearity concerns.
Overall, these findings underscore the importance of LFI as a
risk factor of AVM rupture, with consistent significance across
various models.

Additive Value Assessment of LFl in

the Previous Models

Characteristics All Cases Unruptured Ruptured P Value

No. of patients 180 77 103 LFI has been established as a stable and
Age (mean) (yr) 246 (SD,127)  252(SD,19)  24.2(SD,13.3) 60 robust risk factor of rupture in multi-
Sex (male) 110 (61.1%) 50 (64.9%) 60 (58.3%) 22 variate logistic regression analyses. To
Admission mRs score (mean) 1.0 (SD, 1.1) 0.8 (SD, 0.6) 1.2 (SD, 1.3) .002* further assess its effectiveness, we
Clinical presentation . .

Seizure 49 (27.2%) 32 (416%) 7 (65%  <oor  incorporated LFI as a parameter into

Headache (nonruptured) 25 (13.9%) 24 (312%) 1(1.0%) <.001 the previously published AVM rup-

Focal neurologic deficit 20 (11.1%) 12 (15.6%) 8 (7.8%) .08 ture-risk scoring systems, such as the
Spetzler-Martin grade .07

[ 30 (16.7%) 8 (10.4%)
I 61 (33.9%) 26 (33.8%)
i 53 (29.4%) 25 (32.5%)
\Y 28 (15.6%) 15 (19.5%)
v 8 (4.4%) 3 (3.9%)

R,eD and VALE score systems, and

22 (N4%) observed whether LFI enhances the pre-

35 (34.0%)

28 (27.2%)
13 (12.6%)
5 (4.9%)

dictive performance of the model."®"’
We adjusted variables with statisti-
cally significant differences identified in

* Statistical significance (P <.05).

the univariate analysis presented in
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Table 2. We aimed to explore the stable relationship between LFI
and rupture. Thus, 3 multivariable logistic regressions were per-
formed to adjust for angioarchitectural, hemodynamic, and both
factors. The selection of confounders was based on exploratory
analysis using logistic regression (Table 2). Due to the cross-sec-
tional nature of this study, there were inherent population differ-
ences, and some parameters in our study may differ from those
in models such as R,eD and VALE.

Table 2: Comparison of angioarchitecture and hemodynamics between the unruptured

and ruptured AVMs

In the initial analysis, the RyeD model exhibited an AUC of
0.755 (95% CI, 0.684-0.826), serving as the reference model.
After the inclusion of LFI, the AUC for the R,eD + LFI model
increased to 0.791 (95% CI, 0.725-0.857), indicating a statistically
significant improvement (P=.03) (Fig 3A). Additionally, LFI
itself demonstrated significance as an independent risk factor
(OR, 1.004; 95% CI, 1.000-1.008; P = .04).

Similarly, the VALE model, with an initial AUC of 0.760 (95%
CI, 0.689-0.831) served as another ref-
erence model. After the inclusion of
LFI, the VALE + LFI model showed a

Characteristics Unruptured

significant enhancement in discrimina-

No. of patients 77
Mean nidus volume (mean) (mL) 40.2 (SD, 46.4)
Angioarchitecture

Feeding artery dilation 57 (74.0%)

Single feeding artery

Deep venous drainage

Single draining vein

Drainage vein stenosis

Diffuse nidus

Flow-related aneurysm

Hemodynamics

Feeding artery
TTP (mean) (sec)
FWHM (mean) (sec)

Inflow gradient (mean)
Outflow gradient (mean)

Stasis index (mean)

Drainage vein

MTT (ICA-sinus) (mean) (sec)

TTP (mean) (sec)
FWHM (mean) (sec)

Inflow gradient (mean)
Outflow gradient (mean)

Stasis index (mean)

MTT (feeding-draining) (mean) (sec)
ADW (mean)
TRV (mean)
LFI (mean)

12 (15.6%)
17 (221%)
33 (42.9%)
1 (143%)
15 (19.5%)
14 (18.2%)

2.88 (SD, 0.80)
2.83 (SD, 1.02)
1265.61 (SD, 912.53)
636.89 (SD, 505.72)
2.42 (D, 0.99)

3.62 (SD, 1.07)
3.00 (SD, 0.75)
1854.28 (SD, 2794.89)
74199 (SD, 568.85)
2.38 (SD, 0.65)
148 (SD, 1.03)
0.73 (SD, 0.97)
695.02 (SD, 607.38)
22535 (SD, 211.26)
4940 (SD, 98.25)

Ruptured P Value
103 tory power, with an AUC of 0.823 (95%
13.6 (SD, 21.0) < 001 CI, 0.762-0.884) and a P value of .005
(Fig 3B). LFI, when added to the VALE
51(49.5%) '00]: model, was also found to be a signifi-
:; 828://3 8?; cant risk factor (OR, 1.005; 95% CI,
65 (631%) o7 1.002-1.009; P=.004) (Table 4).
27 (26.2%) .07 We conducted a 10-fold cross-vali-
38 (36.9%) o dation to prove the statistical power of
43 (41.7%) .001° adding LFI to the R,eD and VALE
models. Both models showed improve-
3.4 (SD, 1.01) 07 ment in terms of AUC, accuracy, speci-
3.33(SD, 1.29) .006° ficity, and other aspects (Table 5).
1317.85 (SD, 1018.43) 72 These results suggest that the addi-
600.35 (SD, 5T1.84) 63 tion of LFI to the previous models
263 (5D 104) 16 substantially enhances their predictive per-
3.76 (SD, 1.30) 4 formance in assessing outcomes related to
3.56 (SD, 129) <.00P° AVMs.
1289.84 (SD, 975.82) .06
610.58 (SD, 522.51) il
252 (SD, 0.97) .28a DISCUSSION
(:z; gg 13(3 23 In this QDSA-based investigation, we
74275 (SD, 720.42) 64 undertook a comprehensive examina-
15.93 (SD, 157.39)  <.00T* tion of hemodynamic characteristics
390.27 (SD, 919.81) <.001" associated with AVM rupture. Our

® Statistical significance (P <.05).

study unearthed a robust association

Table 3: Univariate and multivariate logistic regression analyses of LFl and 3 LFI-combined models of factors associated with rup-

ture in AVMs
Univariable Angioarchitecture Hemodynamic Combined
Analysis Model Model Model
OR P OR P OR P OR P
(95% Cl) Value (95% Cl) Value (95% Cl) Value (95% Cl) Value
LFI 1007 (1003-1010) .00° 1004 (.001-1.008)  .02*  1.005 (.001-1.009) .009° 1004 (.000-1.007) .03
Mean nidus volume 0.979 (0.964-0.994) .007% 0.959 (0.931-0.988) .005°
Angioarchitecture
Feeding artery dilation 1.047 (0.443-2.472) .92 1.028 (0.429-2.461) .95
Single feeding artery 0.783 (0.299-2.049) .62 1112 (0.768-1.608) .57
Deep venous drainage 2.315 (1.018-6.947) .05° 2.684 (1.132-6.361) .03°
Diffuse nidus 2.863 (1180-6.947)  .02° 2990 (1114-8.022)  .03°
Flow-related aneurysm 3417 (1521-7.678)  .003° 3.617 (1544-8.474) 003
Hemodynamic
Feeding artery
FWHM (sec) 1067 (0703-1619) 76  0.949 (0.590-1524) .83
Drainage vein
FWHM (sec) 1218 (0750-1978) 43 1171(0.695-1974) 55
MTT (ICA-sinus) 1084 (0.811-1448) 59 1297 (0.933-1803) 12
TRV 0.999 (0.997-1.001) .26 1.004 (0.999-1.009) .14

* Statistical significance (P <.05).
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FIG 3. Comparison of 2 AVM rupture-prediction models before and after the inclusion of the LFIl. A. Comparing R,ED and R,ED +LFl reveals that
the original R,ED AUC value is 0.755. After the inclusion of LFI, the AUC value increases to 0.791. Based on the DelLong' test, the significance level
is P=.03. B, Comparing VALE and VALE+LFI reveals that the original VALE AUC value is 0.760. After the inclusion of LFI, the AUC value increases

to 0.823. Based on Delong test, the significance level is P =.005.

Table 4: Performance of previous models after the addition of LFI

.. . . 9
draining veins. For example, Lin et al’,

Model AUC (95% CI) P Value LF1 (95% Cl) P Value established a correlation between the
R,eD 0.755 (0.684-0.826) Reference Reference Reference Stasis Index of the principal draining
R,eD + LFl 0.791(0.725-0.857) 03 1004 (1.000-1.008) 04° vein and AVM rupture, Spetzler et al’
VALE 0.760 (0.689-0.831) Reference Reference Reference . .

VALE + LFl 0823 (0.762-0.884) 005 1,005 (1.002-1.009) 004 associated elevated intravascular pres-

® Statistical significance (P <.05).

Table 5: 10-fold cross-validation of performance with 2 previous models after incorpo-

sure in feeding arteries with AVM rup-
ture, and Chen et al'' identified a
significant relationship between the
TTP ratio of feeding arteries and drain-

rating LFI — — — ing veins and AVM microbleeds.

Model AUC (95%Cl) P Value Accuracy Precision Sensitivity Specificity Nevertheless, the primary and most im-
R,eD 0.601(0.515-0.687) Reference  0.611 0.674 0.621 0.597 mediate site of AVM rupture is the
R,eD + 0.624 (0.541-0.707) 15 0.639 0.702 0.641 0.636 . .

LFl AVM lesion itself, the anomalous
VALE 0.603 (0.518-0.688) Reference  0.556 0.610 0.621 0.468 niduslike structure. This lesion stands
VALE + 0706 (0.629-0.783)  <.001 0.683 0717 0.738 0.610 as the pivotal and direct site for under-

LFI

standing the hemodynamic mechanisms

* Statistical significance (P <.05).

between the hemodynamic parameter LFI and the occurrence of
AVM rupture, signifying the extent of vascular filling within the
lesion. Furthermore, we integrated the LFI into existing AVM
rupture-prediction models, and this integration notably bolstered
the predictive performance of these models. This outcome recon-
firms the significant role of intravascular stasis and obstructive
congestion as potential mechanisms contributing to AVM rupture.
It also underscores the potential utility of incorporating hemody-
namic parameters in the construction of multimodal prediction
models, offering the prospect of improved accuracy in forecasting
future AVM ruptures.

Owing to the intricate architecture of AVM lesions, prior
investigations have often overlooked hemodynamic analysis of
AVM niduses, primarily focusing on the feeding arteries or

of AVM rupture. Regrettably, due to the

intricate vascular architecture inherent in
AVM lesions, techniques such as hemodynamic simulation, intravas-
cular pressure measurement, and transcranial Doppler ultrasound
are often not applicable for lesion analysis.

In a preceding study, Chen et al® pioneered an innovative
method rooted in QDSA to directly assess the hemodynamic
attributes of AVM lesions, proposing that TRV could signify the
degree of intravascular stasis within the lesion. However, this
study encountered several limitations, including measurement
errors attributable to the complex 3D structure of the lesion and
an ambiguous interpretation of the meaning of FWHM. In this
study, we introduce a novel parameter, the LFI, also founded on
QDSA. LFI is derived from the ADW, a metric that reflects blood
filling within the ROI and is subsequently normalized by volume.
The LFI constitutes the second hemodynamic parameter
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developed for the explicit characterization of intravascular stasis
within AVM lesions.

The LFI takes inspiration from pervious hemodynamic
research conducted in DSA and MR imaging.'®***! At present,
hemodynamic indices derived from QDSA focus more on the
analysis of ROI curves, because certain mathematic characteristics
within these curves could reflect the blood-flow condition.'*****
In contrast, there are notable gaps in research pertaining to the
AUC of ROIs. In QDSA, the AUC is typically regarded as the vol-
ume of contrast agent passing through the ROIs, serving as an
indirect measure of blood-flow volume. In our exploration of the
AUC, we drew inspiration from the concept of the ADW, as
defined by Raoult et al** and Kramer et al.”> In their research,
ADW is defined as a specified time window that theoretically rep-
resented good arterial filling with no significant venous contamina-
tion. We hypothesize that during the time window represented by
ADW, the AVM nidus undergoes maximal blood inflow through-
out the entire “inflow-outflow” process. This hypothesis suggests
that during this specific period, the perfusion pressure within the
nidus exceeds that of other time intervals. The numeric value of
the ADW, corresponding to the difference in AUC between arte-
rial and venous phases, is presumed to reflect the discrepancy in
blood flow between arteries and veins. A larger ADW indicates a
more substantial difference in blood flow between these 2 vascular
components. However, as shown in Table 2, there is no statistically
significant difference in the ADW between the ruptured and non-
ruptured groups. By examining the ROI as well as relevant factors
affecting AUC, we found that it is necessary to combine this hemo-
dynamic with some fundamental characteristics of AVM to enhance
its specificity in discriminating ruptured cases. In fact, nidus volume
is the most significant factor affecting the AUC, and ADW repre-
sents the maximum filling in the ROL Therefore, the maximum fill-
ing degree per unit volume of the lesion can be calculated by
dividing the ADW by the nidus volume—that is, the LFI (ADW/
volume [nidus]). In this context, we contend that LFI represents the
maximum prefusion pressure endured by the lesion within a unit
volume. A higher LFI suggests an elevated risk of rupture.

Volume is a key parameter in the LFI calculation process.
However, the question of whether AVM volume contributes to
the risk of rupture remains debated within the academic commu-
nity.'"®***" In this study, data revealed an association between
smaller lesions and rupture. To mitigate the impact of lesion vol-
ume on the results, we attempted to normalize the results
obtained from the ADW by dividing them by the lesion volume,
yielding a unit volume blood-filling index amenable to cross-case
comparison. This concept is reminiscent of the TRV, in which
lower TRV values were correlated with higher Stasis Indices, indi-
cating sluggish blood flow within AVM lesions. TRV is derived
by dividing the FWHM by the maximum diameter of the AVM.
Similar to our study, a trend of smaller lesion sizes in the rup-
tured group was observed, thereby leading us to postulate that
the LFI and TRV both reflect, to some extent, blood volume fill-
ing and stasis within the lesion.

Stasis of blood within AVM lesions may potentially lead to
rupture, with underlying mechanisms likely involving chronic
mechanical stress exerted on the vessel walls, triggering inflamma-
tory responses and subsequent endothelial damage, diminished
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deformability, and causing eventual rupture.''>*" Studies by Fry>*
demonstrated the impact of shear stress on flow-related changes
in venous endothelial cells, while Frosen et al’! established that
high wall shear stress conditions activate proinflammatory signal-
ing pathways within vascular endothelial cells, driving remodel-
ing in unruptured intracranial aneurysms.” Within our study, this
mechanism of rupture is reflected by an elevated LFI, signifying
greater unit volume of blood filling.

Univariate analysis indicated that the arterial Stasis Index,
TRV, and LFI all demonstrated statistical differences between the
2 groups; however, in multivariate analysis, only LFI remained
statistically significant. Consequently, we posit that all 3 parame-
ters mentioned above exert some influence on rupture, yet LFI is
the most sensitive indicator with the greatest discriminatory
capacity. We attribute this phenomenon to 2 parameters used in
the calculation of LFI. We have incorporated volume and the
ADW, both of which have been established in multiple studies as
having distinct differentiating significance for filling and rupture.
The synergy of these 2 parameters amplifies the credibility and
discriminative capability of LFI. In further research, our goal is to
substantiate the reliability and precision of LFI using more direct
measurement techniques, including computational fluid dynamics
modeling of the lesion or direct prefusion pressure measurement.

According to the definition of ADW, we believe it reflects the
degree of blood-flow filling within the AVM nidus during a speci-
fied time window. However, it lacks quantifiability and compara-
bility across cases. Therefore, we attempted to normalize the
ADW by dividing it by the volume of the AVM lesion, resulting
in a quantitative metric to assess the degree of blood filling within
the lesion. Due to the cross-sectional nature of this study, long-
term follow-up results for patients with nonruptured AVMs with
high LFI levels are unavailable. However, the results demonstrate
statistically significant differences in LFI levels among patients
with ruptured AVMs, aligning with our hypothesis of a correlation
between high perfusion within the lesion volume and rupture.
Therefore, we aim to conduct future prospective cohort studies to
confirm the predictive ability of LFI for rupture occurrence.

In this study, a comprehensive evaluation of baseline charac-
teristics, angioarchitecture, and hemodynamic features revealed
several key insights. Angioarchitecture characteristics differed
between the ruptured and unruptured groups, with factors such
as feeding artery dilation, single feeding artery, deep venous
drainage, single draining vein, drainage vein stenosis, diffuse
nidus, and flow-related aneurysms demonstrating significant
associations with rupture risk. Hemodynamic parameters, includ-
ing TTP, MTT, FWHM, ADW, TRYV, Stasis Index, and LFI, were
also evaluated. While some differences in these parameters were
observed, LFI stood out as a robust risk factor of AVM rupture.

Study Limitations

This study has certain limitations. First, the analysis for all en-
rolled patients was conducted postadmission, and ruptured
AVMs may exhibit temporal variations in vascular architecture
and hemodynamics. These changes could impact the reliability of
the conclusions. Therefore, future research will require a larger
sample of patients with prerupture imaging and long-term fol-
low-up observations. Second, QDSA is based on 2D imaging,



which may have limitations such as overlapping structures.
Further research using 3D and 4D imaging for hemodynamic
analysis may provide a more accurate reflection of pressure
within the lesion. Third, this study relied on cross-sectional data,
introducing the potential for selection bias to impact the findings.
Moreover, the emphasis of the study is on revealing the correla-
tion between LFI and AVM rupture, rather than establishing
predictive capabilities or causal relationships. This limitation
restricts the direct clinical applicability of the study's results.
To bolster the reliability and robustness of the findings, further
validation with a larger prospective cohort is imperative.

CONCLUSIONS

In this cross-sectional study, we discovered that a high-filling
state of AVM lesions, indicated by elevated LFI levels, is associ-
ated with rupture. This association could be a result of excessive
arterial perfusion, and it is necessary to evaluate QDSA hemody-
namic parameters in the assessment of AVM rupture risk.
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