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Abstract
Purpose

To identify the independent risk factors for major blood loss during resection of cerebral arteriovenous
malformations (AVMs).

Methods

This study included 250 patients with brain AVMs who underwent microsurgical resection between
January 2018 and December 2021. Patients were divided into a major intraoperative blood loss (MIBL)
group (= 500 mL) and a non-major intraoperative blood loss (N-MIBL) group (< 500 mL). Clinical,
anatomical, angioarchitectural, and quantitative digital subtraction angiography (QDSA)-derived
hemodynamic parameters were collected. Univariate and multivariate logistic regression analyses were
performed to identify independent factors associated with MIBL, and ROC curve analysis was used to
assess the factor performance.

Results

Multivariate analysis showed that larger maximum diameter (OR =1.03,95% Cl: 1.01-1.05, P = 0.024),
presence of deep perforating artery (OR=2.12,95% Cl: 1.12-4.02, P =0.021), and higher D TRV (OR =
1.23,95% Cl: 1.07-1.42, P = 0.004) were independent risk factors for MIBL. In contrast, the presence of a
single draining vein showed a trend to be protective (OR =0.57,95% CIl: 0.32-1.01, P = 0.055). The
optimism-corrected AUC of the multivariate model incorporating these three variables was 0.68 (95%CI:
0.64-0.71) for predicting MIBL. The optimal cutoff value for maximum diameter was 2.6 cm (sensitivity:
0.62, specificity: 0.64), and the optimal cutoff value for D TRV was 1.93 (sensitivity:0.66, specificity:
0.55).

Conclusion

Higher D TRV, along with deep perforating artery and larger maximum diameter, were associated with
increased intraoperative blood loss.

Clinical Trial Registration

This study was a retrospective study using prospective national multicenter registry data from the
Registry of Multimodality Treatment for Brain Arteriovenous Malformation in Mainland China (the
MATCH registry, ClinicalTrials.gov register, NCT 04572568).
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Introduction

Brain arteriovenous malformations (AVMs) are rare arteriovenous shunt lesions characterized by
abnormal connections between cerebral arteries and veins, forming a central nidus that creates a low-
resistance, high-flow structure [11]. Microsurgery is the primary treatment modality for this condition,
offering advantages such as high rates of complete obliteration, immediate elimination of hemorrhagic
risk, and long-term durability [14]. However, due to its highly invasive nature, microsurgery is associated
with non-negligible risks. Generally, the amount of intraoperative blood loss not only reflects the surgical
difficulty but also is significantly correlated with patient prognosis [33].

Factors influencing intraoperative blood loss during AVM resection remain insufficiently elucidated.
Beyond the surgical technique of the operator, nidus size and Spetzler-Martin (SM) grading were
considered to be potentially associated with the volume of intraoperative hemorrhage in AVM resection
[16]. Nevertheless, such morphological assessments are inadequate to provide an in-depth
understanding of this critical intraoperative parameter. As is well known, normal perfusion pressure
breakthrough (NPPB) resulting from increased cerebral blood flow and impaired cerebral autoregulation
in the perilesional brain tissue following AVM obliteration is recognized as the leading cause of
postoperative hemorrhage [7, 27, 32, 24]. Therefore, the characteristic hemodynamic profile may serve
as a decisive determinant of intraoperative blood loss during AVM resection. Notably, a wealth of prior
studies has demonstrated that hemodynamics exerts a profound impact on AVM rupture and
therapeutic prognosis [12, 23].

To address this deficiency, we incorporated the hemodynamic parameters derived from quantitative
digital subtraction angiography (QDSA) into this study, including mean transit time (MTT), the Stasis
Index, and transnidal relative velocity (TRV) [12, 25, 22], to provide novel insights into intraoperative blood
loss during AVM resection from a hemodynamic perspective.

Methods
Study Design and Participants

This study was a retrospective study using prospective national multicenter registry data from the
Registry of Multimodality Treatment for Brain Arteriovenous Malformation in Mainland China (the
MATCH registry, ClinicalTrials.gov register, NCT 04572568) to investigate the quantitative
hemodynamics and vascular architectural characteristics affecting the amount of blood loss during AVM
resection. The MATCH registry is a nationwide multicenter prospective registry to study the natural
history of AVMs in Asian population and to explore the optimal individualized treatment strategy for
AVMs. Previous studies have demonstrated the database’s validity and quality for research [13, 19]. The
study protocol was approved by the Institutional Review Board of Beijing Tiantan Hospital (KY 2020-003
- 01). Written informed consent was obtained from all participants or their guardians at admission. This
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study adhered to Helsinki Declaration guidelines and Strengthening the Reporting of Observational
studies in Epidemiology (STROBE) reporting for observational case-control studies.

Patient Selection

Consecutive AVMs who underwent standalone microsurgery as initial treatment were examined between
January 2018 and December 2021 from the MATCH registry. The inclusion criteria were as follows: 1)
patients with AVMs received standalone microsurgery; 2) patients with preoperative original DSA images
available for QDSA analysis. Exclusion criteria were as follows: 1) patients missing critical DSA images;
2) DSA data quality was suboptimal; 3) patients missing critical clinical data.

Study Parameter

We collected clinical features, anatomical structure, conventional DSA angioarchitecture, and QDSA
parameters from all enrolled patients.

Clinical features included age at admission, gender, surgery type, and SM grade. Estimated blood loss
was extracted from the anesthesia records. Patients with intraoperative blood loss = 500 ml were defined
as the major intraoperative blood loss group (MIBL). Patients with intraoperative blood loss < 500 ml
were defined as the non-major intraoperative blood loss group (N-MIBL).

Anatomical structures were derived from 3T MRI, including AVM location and maximum diameter. The
maximum diameter was defined as the greatest distance between two points within the nidus on the
MRI plane best depicting the largest cross-sectional area.

Angioarchitectural features evaluated included feeding artery dilation, single or multiple feeding arteries,
flow-related aneurysms, venous drainage type (superficial or deep), single or multiple draining veins,
draining vein stenosis, venous aneurysm, and watershed AVM. The definitions for these
angioarchitecture features were aligned with the guidelines established by the American Society of
Interventional and Therapeutic Neuroradiology [3].

In the quantitative hemodynamic assessment, the coordinates of the time-density curve were measured
using a customized program (Anythink iFlow-PLUS, Version 4.2, CREALIFE, China) for fitting (with the
gamma variable function, based on the least squares method to obtain standardized time-density
curves) [24]. Subsequently, 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 internal
carotid (ICA); 2) distal segment of the main feeding artery; 3) AVM nidus; 4) proximal segment of the
main draining vein; and 5) junction area of the draining vein and venous sinus (Fig. 1).
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The calculation formulas involving the parameters were as follows: time to peak (TTP). the time
required for the bolus to reach peak attenuation; mean transit time (MTT); full width at half maximum

(FWHM), the duration of the time-density curve rising to 50% peak attenuation and falling to 50% peak

T30%w

attenuation; ADW= TS0%A

A(t)dt, calculated from the area under the curve (AUC) of the feeding

arterial signal from Time (50% maximal arterial signal) to Time (50% maximal venous signal);
transnidal relative velocity (TRV, nidus), maximum diameter (nidus)/FWHM ; transvessel relative
velocity (TRV, vessel), diameter (ROI)FWHM; Stasis Index, inflow gradient/outflow gradient.

DSA Acquisition

All DSA procedures were performed with the AXIOM Artis biplane angiosuite (Artis zee, Siemens
Healthineers), and a standard angiographic protocol (transfemoral route) was applied in all AVM
patients. Image acquisition was performed through a 5-Fr catheter, with the tip placed at the beginning
of the internal carotid artery (ICA), about 2 cm from the bifurcation of the common carotid artery. A
power injector automatically injected 5 ml iodine contrast medium at a flow rate of 3 ml/sec for 1.67
seconds, and the image acquisition was achieved at a rate of 4 frames per second. The entire DSA
acquisition lasted for 12 seconds, but the duration could be extended manually if necessary.

Statistical Analysis

Continuous variables were assessed for normality, and comparisons were made using the independent
Student t test or Wilcoxon rank-sum test as appropriate, while categorical variables were compared
using the chi-square test. Variables with a P value < .05 between two groups were selected into
univariate logistic regression. Variables with a P for overall < .1 in univariate logistic regression were
considered candidates for inclusion in the multivariate logistic regression model, which was constructed
using stepwise regression with bidirectional elimination to identify independent factors associated with
MIBL.

The predictive performance of the final multivariate model was evaluated by receiver operating
characteristic (ROC) curve analysis based on the predicted probabilities. To account for overfitting, an
optimism-corrected AUC was derived using the Efron—Gong bootstrap (200 resamples), and its 95% Cl
was obtained via the asymmetric bootstrap confidence limits for optimism-corrected measures
(ABCLOC) method proposed by Frank Harrell. Additionally, ROC curve analysis was performed for
individual variables to determine optimal cut-off values using the Youden index. All P values were two-
sided, and statistical significance was set at P<.05.

Statistical analyses were performed using R software (version 4.5.2).

Results
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Patient Selection

A total of 250 patients were included in this study, comprising 129 patients in the non-MIBL group and
121 patients in the MIBL group. Figure 2 shows the enrollment process. Baseline clinical, anatomical,
angioarchitectural, and hemodynamic characteristics were compared between the two groups.

Clinical Characteristics

Patients in the MIBL group were significantly older than those in the non-MIBL group (median age: 30.44
vs. 26.20 years, P = 0.047). Ruptured AVMs was significantly fewer in the MIBL group (43.80% vs.
58.14%, P = 0.023). Notably, the MIBL group had a higher proportion of grade Ill (32.23% vs. 14.73%) and
grade IV-V (8.26% vs. 4.65%) lesions. No significant differences were observed in gender or surgical
modality (P > 0.05 for both) (Table 1).
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Table 1

Clinical features between two groups

Baseline characteristics
Clinical features

Age, M (01, Q3)

Female, n (%)

Ruptured, n (%)

Standalone microsurgery, n (%)

With intraoperative angiography

SM grade, n (%)

I-11

1

V-V

Anatomical structure
Maximum diameter, M (Q,, Q)
Ventricular involved, n (%)
Deep location, n (%)
Infratentorial, n (%)
Angioarchitecture

Deep venous drainage, n (%)
Single draining vein, n (%)
Drainage vein stenosis, n (%)
Venous aneurysm, n (%)
Feeding artery dilation, n (%)
Single feeding artery, n (%)
Deep perforating artery, n (%)
Flow-related aneurysm, n (%)

Watershed AVM, n (%)

Non-MIBL (n = 129)

26.20 (14.70, 37.96)

53 (41.09)
75 (58.14)

81 (62.79)

104 (80.62)
19 (14.73)
6 (4.65)

2.4(1.8,3.3)
31 (24.03)
29 (22.48)
15 (11.63)

21 (16.28)
88 (68.22)
24 (18.60)
16 (12.40)
59 (45.74)
46 (35.66)
22 (17.05)
25 (19.38)
21 (16.28)

Abbreviations: SM grade, Spetzler-Martin grade

MIBL (n = 121)

30.44 (18.77, 41.81)

45 (37.19)
53 (43.80)

82 (67.77)

72 (59.50)

39 (32.23)
10 (8.26)

3.0 (2.2, 4.3)

40 (33.06)
22 (18.18)
10 (8.26)

34 (28.10)
56 (46.28)
16 (13.22)
24 (19.83)
69 (57.02)
39 (32.23)
39 (32.23)
23 (19.01)
38 (31.40)

P value

0.047

0.528
0.023
0.409

0.001

<.001
0.114
0.399
0.376

0.024
<.001
0.246
0.109
0.074
0.568
0.005
0.941
0.005
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Anatomical Characteristics

The MIBL group had a significantly larger maximum diameter (median: 3.0 vs. 2.4 cm, P<0.001). There
were no significant between-group differences in ventricular involvement, deep location, or infratentorial
location (all P >0.05).

Angioarchitectural Characteristics

Several angioarchitectural features differed significantly between the two groups. The MIBL group
exhibited a higher prevalence of deep venous drainage (28.10% vs. 16.28%, P = 0.024) and deep
perforating artery feeders (32.23% vs. 17.05%, P = 0.005). Conversely, single draining vein was more
frequently observed in the non-MIBL group (68.22% vs. 46.28%, P < 0.001). Additionally, watershed AVMs
were more common in the MIBL group (31.40% vs. 16.28%, P = 0.005). No significant differences were
found for other angioarchitectural features, including drainage vein stenosis, venous aneurysm, feeding
artery dilation, single feeding artery, or flow-related aneurysms (all P > 0.05) (Table 1).

Hemodynamic Characteristics

Hemodynamic analysis revealed that the MIBL group exhibited a faster flow pattern, characterized by
higher TRV (I TRV, D TRV, N TRV; all P < 0.05) and shorter transit times (N MTT, S TTP; both P < 0.05),
along with reduced stasis (N Stasis Index, D Stasis Index; both P < 0.05). No significant differences were
observed for the remaining hemodynamic parameters (all P > 0.05) (Table 2).
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Table 2
Hemodynamics between two groups

Hemodynamics Non-MIBL (n = 129) MIBL (n=121) P value
| TTP M (Q,, Qs) 1.07 (0.83, 1.50) 1.07 (1.00, 1.33) 0.719
| MTT, M (Q,, Q,) 1.52 (1.13, 2.29) 1.48 (1.13,2.04) 0.315
| Stasis Index, M (Q,, Q) 1.78 (1.44, 2.42) 1.74 (1.35, 2.40) 0.340
| TRV, M (Qs, Qs) 5.50 (3.49, 11.04) 8.06 (4.45,12.31) 0.017
FTTP, M (Q,, Q) 1.60 (1.25, 2.00) 1.50 (1.33, 1.87) 0.504
FMTT, M (Q,, Qs) 2.73 (2.30, 3.33) 2.74 (2.33,3.14) 0.265
F Stasis Index, M (Q,, Q,) 2.35(1.82, 3.06) 2.27 (1.74, 3.14) 0.734
F TRV, M (Q,, Qs) 1.87 (1.00, 3.25) 2.35(1.14, 3.89) 0.110
NTTP, M (Q,, Qs) 2.25 (1.87, 2.75) 2.13 (1.83, 2.50) 0.101
N MTT, M (Q,, Q) 3.33 (2.67, 4.03) 3.09 (2.71, 3.56) 0.049
N Stasis Index, M (Q,, Q,) 2.78 (2.23, 3.49) 2.34(1.92,3.27) 0.009
N TRV, M (Q,, Q,) 68.15(31.92,130.10)  137.10(78.52,217.64)  <.001
DTTP M (Q,, Q) 2.75 (2.25, 3.75) 2.67 (2.25,3.17) 0.116
D MTT, M (Q,, Q) 3.73 (3.03, 4.48) 3.54 (2.96, 4.15) 0.143
D Stasis Index, M (Q,, Q,) 2.21(1.71,2.92) 2.04 (1.51,2.72) 0.041
D TRV, M (Q,, Q) 1.76 (0.91, 3.10) 2.57 (1.48, 4.70) <.001
STTP M (Q,, Q,) 3.75 (2.93, 5.50) 3.33 (2.67, 4.53) 0.030
SMTT, M (Q,, Q,) 4.53 (3.67, 5.50) 4.12 (3.60, 5.27) 0.090
S Stasis Index, M (Q,, Q,) 2.28 (1.79, 3.36) 2.24(1.72,3.17) 0.504
STRV, M (Q,, Q,) 2.85 (1.72, 4.80) 3.41 (1.84, 5.09) 0.145

Abbreviations: |, internal carotid artery; F, feeding artery; N, nidus; D, draining vein; S, junction area of

the draining vein and venous sinus; TTP, time to peak; MTT, mean transit time; TRV, transnidal

(vessel) relative velocity

Multivariable Logistic Regression Analysis

In univariate analysis, factors with a P for overall < 0.1, including maximum diameter, single draining vein,
deep perforating artery, watershed AVM, deep venous drainage, ruptured presentation, SM grade, and
hemodynamic parameters (I TRV, N MTT, N TRV, D TRV, S TTP), were entered into the multivariable
logistic regression model (Table 3).

Page 10/23



Table 3
Results of univariate logistic regression

Characteristics type OR (95%Cl) P value P for overall
| TRV 1.03 (1.00-1.06) 0.081 0.057
NMTT 0.76 (0.59-0.98) 0.032 0.024
N Stasis Index 1.01 (0.98-1.04) 0.509 0.298
N TRV 1.005 (1.002-1.01) <.001 <.001
D TRV 1.30 (1.13-1.48) <.001 <.001
D Stasis Index 0.99 (0.95-1.03) 0.481 0.403
STTP 0.90 (0.80-1.01) 0.064 0.058
Maximum diameter 1.04 (1.02-1.06) <.001 <.001
Single draining vein 0.40 (0.24-0.67) <.001 <.001
Deep perforating artery 2.31(1.27-4.20) 0.006 0.005
Watershed AVM 2.35(1.29-4.31) 0.006 0.005
Deep venous drainage 2.01 (1.09-3.71) 0.026 0.024
Age 1.01 (0.997-1.03) 0.120 0.118
Ruptured 0.56 (0.34-0.93) 0.024 0.023
SM grade 0.001
I-11 Reference -

[ 2.96 (1.59-5.54) <.001

IV-V 2.41 (0.84-6.92) 0.103

Abbreviations: |, internal carotid artery; D, draining vein; S, junction area of the draining vein and
venous sinus; TTP, time to peak; MTT, mean transit time; TRV, transnidal (vessel) relative velocity; LF],
lesion-filling index; SM grade, Spetzler-Martin grade

Multivariable analysis identified three independent risk factors for MIBL: larger maximum diameter (OR =
1.03,95% CI: 1.01-1.05, P = 0.024), presence of deep perforating artery (OR=2.12,95% Cl: 1.12-4.02, P
=0.021), and higher D TRV (OR =1.23,95% Cl: 1.07-1.42, P = 0.004) (Table 4). In contrast, the presence
of a single draining vein showed a trend to be protective, with borderline statistical significance (OR =
0.57,95% Cl: 0.32-1.01, P =0.055).
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Table 4
Results of multivariate logistic regression

Characteristics type OR (95%Cl) P value
D TRV 1.23(1.07-1.42) 0.004
Deep perforating artery 2.12 (1.12-4.02) 0.021
Maximum diameter 1.03 (1.01-1.05) 0.024
Single draining vein 0.57 (0.32-1.01) 0.055
Abbreviations: D, draining vein; TRV, transvessel relative velocity

Performance of the Independent Factors

Receiver operating characteristic (ROC) curve analysis was performed to evaluate the performance of
the multivariable logistic regression model. After optimism correction using the Efron—Gong bootstrap
method (200 resamples), the optimism-corrected area under the curve (AUC) for intraoperative blood
loss was 0.68 (95% Cl: 0.64-0.71) based on the model incorporating the three independent factors
(maximum diameter, deep perforating artery, D TRV) (Fig. 3).

Maximum diameter and D TRV were continuous variable. For maixmum diameter (Fig. 4), the AUC was
0.65 (95% Cl: 0.59-0.72). The optimal cut-off value was 2.6 cm, yielding a sensitivity of 0.62, a specificity
of 0.64, and a Youden index of 0.26. For D TRV (Fig. 5), the AUC was 0.63 (95% CI: 0.57-0.70). The
optimal cut-off value was 1.93, providing a sensitivity of 0.66, a specificity of 0.55, and a Youden index of
0.21.

Discussion

In this QDSA-based study, we identified larger maximum diameter, deep perforating artery feeders, and
higher D TRV as independent risk factors for MIBL. D TRV showed an optimal cutoff of 1.93 (sensitivity
0.66, specificity 0.55), and maximum diameter showed an optimal cutoff of 2.6 cm (sensitivity 0.62,
specificity 0.64). In the exploratory analysis, a multivariable model incorporating these three predictors
demonstrated modest discriminative ability for intraoperative blood loss, with optimism-corrected AUC
of 0.68 (95%Cl: 0.64-0.71). This study provided clinically relevant evidence for the risk assessment of
major intraoperative blood loss during brain arteriovenous malformation resection, thereby facilitating
preoperative risk identification.

Massive intraoperative hemorrhage in AVM resection obscures the surgical field, prolongs operation
time, induces complications, and is a key factor leading to postoperative neurological deficits, increased
disability and mortality. Therefore, accurate preoperative prediction of intraoperative blood loss is
clinically valuable, as it provides a basis for individualized strategies (preoperative embolization,
intraoperative hemodynamic regulation, blood preparation) to reduce perioperative risks. Previous
studies have confirmed that Spetzler-Martin grade, nidus size, deep venous drainage, numbers of
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draining veins and high-flow are key predictors of intraoperative hemorrhage in AVM [16, 30, 10, 20].
However, current research has limitations: most focus on static angioarchitectural indicators, ignoring
hemodynamic factors; and there is no precise prediction system integrating imaging, hemodynamics
and clinical data to meet individualized surgical needs.

In the surgical management of AVMs, we first control and clip the lesion’s feeding arteries, then dissect
the surrounding brain tissue away from the malformed vascular nidus along its margins. In this step,
collaborating centers of the MATCH study commonly employ a “dirty coagulation” technique for
hemostasis; prior studies have demonstrated that this approach is highly effective for electrocoagulative
control of perforating (penetrating) vessels around the nidus [21]. Substantial hemorrhage typically
occurs during this section. In our study, large maximum diameter, higher D TRV, and deep perforating
arterial supply were identified as independent predictors of MIBL. A large nidus not only implies greater
surgical complexity but also greater blood volume and flow, and elevated D TRV reflects faster flow
within the draining veins. A high-flow draining vein can be visualized as a tube that continuously siphons
blood—the higher the flow velocity, the stronger the steal effect. Collectively, these two factors
correspond to a stronger siphon (steal) effect and more pronounced blood diversion [2, 26].

The “steal” phenomenon is a characteristic feature of AVMs and can cause chronic hypoperfusion of the
surrounding parenchyma, which impairs the autoregulatory capacity of perinidal vessels [4, 28].
Consequently, these vessels lose their vasodilatory responsiveness upon sudden restoration of blood
flow [18]. Intraoperative interruption of the nidus redirects blood flow to the perinidal parenchyma, with
several studies directly confirming increased regional perfusion during resection [5, 29, 15, 34, 9]. After
shunt interruption, perinidal vessel networks are subjected to hyperperfusion, increasing intraoperative
bleeding risk [31]. In addition, the proliferation of peripheral capillaries is also a typical secondary
reaction caused by blood theft [4, 28]. These abnormally proliferating blood vessels are often fragile and
prone to bleeding, lacking an intermediate smooth muscle layer and thus difficult to be occluded through
electrocoagulation. The large maximum diameter, and the strong blood theft phenomenon indicated by
high D TRV discovered in this study can provide important support for the above theory.

In addition to the above-mentioned hemodynamic mechanisms, anatomic characteristics of the AVM
also substantially influence intraoperative blood loss. Deep perforating artery is closely associated with
intraoperative hemorrhage because it is thin-walled, fragile, responds poorly to bipolar coagulation, and,
when located in deep surgical fields, tends to retract into white matter after transection, complicating
hemostasis [8, 17, 1, 6]. Besides, larger maximum diameter increases surgical complexity and the area of
resection.

Accordingly, we propose that the fundamental mechanism underlying intraoperative high bleeding
involves dual pathological alterations in perinidal brain tissue resulting from chronic steal, namely fragile
microvasculature and impaired autoregulation. After intraoperative interruption of the nidus, abrupt flow
redistribution to this vulnerable tissue, compounded by surgical trauma, triggers an NPPB-like effect.
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This, together with the anatomical and technical challenges of deep perforating artery, leads to diffuse
oozing and uncontrollable hemorrhage.

Limitation

This study has several limitations. First, AVM resections were performed by different attending surgeons,
which may serve as an additional confounding factor affecting intraoperative blood loss. Second,
quantitative digital subtraction angiography is based on two-dimensional imaging and is limited by
issues such as vasculature overlap. Future hemodynamic analyses employing three- and four-
dimensional imaging techniques may enable a more precise assessment of intralesional
hemodynamics. Furthermore, the primary objective of this study was to explore the association between
cerebral arteriovenous malformation characteristics and intraoperative blood loss, rather than to validate
the predictive performance of these indicators. This limits the direct clinical applicability of our findings.
To enhance the reliability and robustness of the results, a larger-sample prospective cohort study is
needed to validate the conclusions of this investigation.

Conclusion

The study revealed that higher D TRV, along with deep perforating artery and larger maximum diameter,
were associated with increased intraoperative blood loss.
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Figure 1

Legend not included with this version.
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Figure 2

Legend not included with this version.
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Figure 3

Legend not included with this version.
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Figure 4

Legend not included with this version.
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Legend not included with this version.
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