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Abstract
Background
In bypass surgery for moyamoya disease (MMD), the superficial temporal artery’s (STA) pressure needs to surpass that of the cortical M4 recipient of the middle cerebral artery (MCA), boosting cerebral blood flow into the MCA and enhancing cerebral circulation. This study investigates the STA-MCA arterial pressure parameters and gradients during bypass surgery, aiming to deepen our understanding of hemodynamic shifts pre- and post-operation.

Methods
DSA imaging data were prospectively collected from patients diagnosed with bilateral MMD who underwent STA-MCA bypass surgery between 2022 and 2023 and stratified according to the Suzuki stage. The mean arterial pressure (MAP) of the donor and recipient arteries was directly measured during the STA-MCA bypass procedure, and these data were statistically analyzed and evaluated.

Results
Among 48 MMD patients, Suzuki grading revealed that 43.8% were in early stages (II and III), while 56.2% were in advanced stages (IV, V, and VI). Predominantly, 77.1% presented with ischemic-type MMD and 22.9% with hemorrhagic type. Pre-bypass assessments showed that 62.5% exhibited antegrade blood flow direction, and 37.5% had retrograde. The mean recipient artery pressure was 35.0 ± 2.3 mmHg, with a mean donor-recipient pressure gradient (δP) of 46.4 ± 2.5 mmHg between donor and recipient arteries. Post-bypass, mean recipient artery pressure increased to 73.3 ± 1.6 mmHg. No significant correlation (r = 0.18, P = 0.21) was noted between δP and Suzuki staging.

Conclusion
Our study elucidated that cerebral blood pressure significantly decreases beyond the moyamoya network at the distal M4 segment. Furthermore, we observed bidirectional flow in MCA territories and a significant positive pressure gradient between the STA and M4 segments. The lack of correlation between Suzuki stages and M4 pressures indicates that angiographic severity may not reflect hemodynamic conditions before surgery, highlighting the need for customized surgical approaches.
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Background
Moyamoya disease (MMD) is a chronic cerebrovascular disorder characterized by progressive stenosis or occlusion of the terminal segment of the internal carotid artery (ICA) and its branches, manifesting as bilateral or unilateral vasculopathy [1, 2]. These pathophysiological changes significantly disrupt cerebral hemodynamics and can lead to severe consequences such as ischemic or hemorrhagic events [3, 4]. In MMD patients, the emergence of smoky-like vessels near the skull base is a compensatory mechanism triggered by ischemic hypoxia, representing collateral circulation at early stages [5, 6]. These moyamoya vessels are a physiological response to the altered cerebral hemodynamics [7], associated with changes in blood flow dynamics and pressure gradients within the cerebral vasculature.
As blood flow traverses through the moyamoya vessels, the increased surface contact area, heightened friction, and turbulence lead to significant energy loss, impacting the velocity and pressure of the blood flow [8], and the mean transit time through the distal M3–M4 network extends. These dynamics are aptly explained by the throttle principle in fluid mechanics, aligning with findings from CT perfusion studies in moyamoya patients [9]. Despite these insights, the precise pressure levels as blood traverses through the moyamoya vessel to reach the M4 segment remain unknown. Our study aims to measure the pressure within the distal M4 segment of the MCA to quantify this reduction in pressure and elucidate its implications for cerebral hemodynamics.
The STA-MCA bypass of moyamoya disease is considered to be a bypass that increases cerebral blood flow, that is, the pressure difference between STA and M4 is positive so that blood flow can pass from the external carotid artery system into the internal carotid artery system, providing more blood flow to the cortex. According to the Hagen-Poiseuille law, blood flow is directly proportional to the pressure difference, and the pressure difference is the only dynamic factor that drives blood flow into the cortex. Our previous studies have shown that a parallel bypass that aligns the blood flow of the donor vessel with the direction of the blood flow to the recipient vessel is more reasonable. However, we do not have actual data on the proportion of the inverse MCA pressure gradient and the specific M4 pressure.
Traditionally, it was assumed that hemodynamic stress in MMD correlated with the severity of its cerebral vasculopathy. The widely utilized Suzuki grading system classifies MMD angiographic severity into six stages [10, 11], ranging from evident stenosis at the distal internal carotid artery bifurcation in Stage I to complete loss of blood supply from both anterior and posterior cerebral circulation in Stage VI. Although some studies have explored the correlation between Suzuki grading and cerebral hemodynamics [12, 13], this grading system primarily offers a morphological description. It fails to capture the relationship between angiographic severity and clinical presentation due to complex anatomical and physiological variations [14–16].
Establishing a favorable pressure difference between the donor STA and the M4 MCA branch is vital for the success of the bypass procedure. Through our investigation, we seek to establish whether there is a significant correlation between the pressure difference created by the bypass and the Suzuki stages of MMD, which could provide insights into optimizing surgical approaches for enhancing cerebral perfusion in moyamoya patients.

Methods
Patient selection and stratification
Following approval from our hospital’s Institutional Review Board (IRB) and obtaining written, informed consent from each study patient, we prospectively enrolled 50 patients diagnosed with MMD who underwent bypass surgery at our institution between June 2022 and June 2023. A thorough preoperative assessment utilizing digital subtraction angiography (DSA) was conducted on all patients. Two MMD patients who exhibited aneurysms on DSA in the ipsilateral proximal segment of the MCA were excluded from the study [17] in order to mitigate potential pressure variations in cortical arteries due to these vascular anomalies [18]. Subsequently, the remaining cohort of 48 eligible MMD patients was stratified according to the Suzuki grading system [11] and revised by senior authors.
The Suzuki classification system, utilized for evaluating MMD severity, is predicated on angiographic observations and subdivided into six distinct stages. In Stage I, stenosis is present at the carotid bifurcation. Progressing to Stage II, the steno-occlusive changes at the carotid bifurcation become more pronounced, accompanied by the emergence of basal moyamoya vessels. Stage III is characterized by a significant proliferation of moyamoya vessels and leptomeningeal collateralization originating from the posterior cerebral arteries. Transitioning to Stage IV, there is a reduction in moyamoya vessels alongside continued occlusive changes in the basal arteries. Stage V is delineated by a complete occlusion of the internal carotid arteries and the proximal segments of the middle cerebral arteries, coupled with a marked development of collateral vasculature. Finally, Stage VI is defined by an exhaustive obstruction and cessation of blood supply via the internal carotid arteries, complemented by an extensive expansion of collateral vessels from the external carotid artery (ECA).
In some patients with bilateral MMD, both cerebral hemispheres might demonstrate different Suzuki stages. In this study, the Suzuki stage of each operated hemisphere was categorized separately [11] with the distribution as follows: 2 patients with stage II, 19 with stage III, 11 with stage IV, 10 with stage V, and 6 with stage VI. All individuals underwent unilateral STA-MCA bypass surgery. Fig. 1 shows the flow chart of the study methodology.[image: ]
Fig. 1Flowchart of the study methodology for moyamoya disease (MMD) enrolled in the study. DSA, digital subtraction angiography



Pressure measurement method
Vessel preparation for pressure measurement involved a systematic dissection of the donor artery and its accompanying side branch, followed by preparation of the donor STA branch for microscopic end-to-side anastomosis. After completing the anastomosis, Abbott’s wireless PressureWire™ X Guidewire (Plymouth, MN, USA) was inserted into a donor-side branch to facilitate measurements from various segments of both the donor and recipient arteries.
The methodology for pressure measurement was interwoven into the surgical procedure, employing a step-by-step approach represented by seven pressure parameters (P1 to P7), as depicted in Fig. 2. The procedure entails recording seven pressure metrics from both donor and recipient arteries post-anastomosis. Initially, the first mean arterial pressure (MAP) measurement (P1) is acquired from the recipient artery’s distal segment, with temporary clips on both the donor and the proximal segment of the recipient (Fig. 2 (1)). The second measurement is conducted with the recipient segments unclipped and only the donor artery proximally clipped (Fig. 2 (2)). The third measurement (P3) captures the MAP of the recipient’s proximal segment, while the donor and the recipient’s distal segment are clipped (Fig. 2 (3)). For the subsequent measurements, the temporary clip on the proximal donor is removed, maintaining the recipient’s clipping as per P3, to record the pressure at the junction of the donor and proximal recipient segment (P4) (Fig. 2 (4)). Removing the clip from the distal recipient allows for a pressure recording with all bypass pathways open (P5) (Fig. 2 (5)). The next step (P6) involves clipping the proximal segment of the recipient alone (Fig. 2 (6)). The final pressure metric is derived from the donor artery, post-occlusion distal to the side branch (Fig. 2 (7)). This ordering system minimizes the temporary occlusion time during the measurement.[image: ]
Fig. 2Schematic diagram showing the pressure parameters utilized during STA-MCA (P1–P7). P1–3 represented the pre-bypass cortical recipient artery (P2) and its segments (distal, P1 and proximal, P3) pressure, while the donor artery was clipped by a temporary clip; P4–6 represents the post-bypass cortical recipient artery (P5) and its segment (proximal, P4 and distal, P6) pressure. The methodology for obtaining the intraoperative donor artery pressure is depicted in P7


This deliberate approach allowed for accurately assessing the MAP and pressure gradients (δP) between the donor and the cortical recipient artery segments. While the anastomosis was performed and the main donor artery was clipped, all obtained pressure data was referred to as pre-bypass pressure (Fig. 2, P1–P3, P7). Conversely, when the main donor artery clip was removed (Fig. 2, P4–P6), the pressure was referred to as post-bypass pressure. A comprehensive elaboration of the entire measurement procedure is available in our recent publication [19]. The intraoperative MAP of the radial artery measured via the anesthesiologist’s monitoring system was recorded and compared with the MAP of the STA as a donor branch for further analysis.

Statistical analysis
Continuous variables adhering to a normal distribution were expressed as mean ± standard error of the mean (mean ± s.e.m). In contrast, the median and interquartile range (IQR) represented those deviating from normal distribution. Categorical data were summarized using counts and corresponding percentages.
Given the limited sample size of Stage II patients (n = 2), precluding the application of normality tests, nonparametric analyses including the Kruskal-Wallis test and Dunn’s multiple comparisons test were employed to assess disparities in arterial pressure alterations and other demographic or clinical parameters across Suzuki stages. The chi-square test (χ2) or Fisher’s exact test was applied appropriately for categorical variables. Pearson’s or Spearman’s correlation analysis was employed to investigate the associations among variables. The two-tailed paired t-test was employed to evaluate the differences between two paired continuous variables whose difference is normally distributed, such as pre-and post-bypass recipient artery pressure for Stages III–VI patients. In contrast, nonparametric Wilcoxon matched-pairs signed-ranks test was employed to evaluate the differences between two paired continuous variables for Stage II patients (n = 2).
Throughout the analysis, significance was determined at a threshold of P < 0.05. All computational and statistical procedures were executed using R software (version 3.6.3), Stata/SE (version 15.1), or GraphPad Prism (version 8.4.0).


Results
Patient demographics and clinical overview
Baseline demographics and clinical characteristics of the study participants are shown in Table 1. Among the 48 MMD patients, a relatively equal sex distribution was observed, with 52.1% male and 47.9% female. The average age was 47.5 ± 1.6. For Suzuki grading, 43.8% were categorized as early stage (II and III) and 56.2% as advanced stage (IV, V, and VI). Moreover, 77.1% of all patients presented with ischemic-type MMD, while 22.9% presented with hemorrhagic type. Right-sided STA-MCA bypass was performed on 52.1% of patients and left-sided bypass on 47.9%. Patients in stages V and VI had significantly higher mean ages (54 and 53 years, respectively) than those in stages II, III, and IV (40, 48, and 40 years, respectively). A statistically significant age distribution difference was noted between early and advanced Suzuki stages (P = 0.045). Table 2 shows the patients’ baseline demographic characteristics and clinical assessments stratified by the Suzuki stage.
Table 1Clinical characteristics of study patients


	Parameter
	Total (n = 48)
	Percentage (%)

	Age, years (mean ± s.e.m.)
	47.5 ± 1.6
	 
	Sex, no.

	 Male
	25
	52.1

	 Female
	23
	47.9

	Suzuki staging, no.

	 Early stage
	2
	4.2

	  II

	  III
	19
	39.6

	 Advanced stage
	 	 
	  IV
	11
	22.9

	  V
	10
	20.8

	  VI
	6
	12.5

	Clinical presentation, no.

	 Ischemic
	37
	77.1

	 Hemorrhagic
	11
	22.9

	Surgical site, no.

	 Right
	25
	52.1

	 Left
	23
	47.9

	Pre-bypass recipient flow direction, no.

	 Anterograde
	30
	62.5

	 Retrograde
	18
	37.5



Table 2Baseline demographic characteristics and clinical assessments of patients stratified by Suzuki stage (n = 48)


	Parameters
	Suzuki staging (II–VI)
	Total
	p-value

	II (n = 2)
	III (n = 19)
	IV (n = 11)
	V (n = 10)
	VI (n = 6)

	Age, years (mean ± s.e.m.)
	40.0 ± 5.0
	47.6 ± 2.2
	40.0 ± 3.8
	54.0 ± 2.8
	53.0 ± 4.0
	47.5 ± 1.6
	0.045*

	Clinical presentation, no.

	 Ischemic
	2
	14
	8
	7
	6
	37
	 
	 Hemorrhagic
	0
	5
	3
	3
	0
	11
	0.574

	Intraoperative radial artery pressure, mmHg (mean ± s.e.m.)

	 	80.0 ± 0.0
	84.4 ± 2.3
	83.1 ± 2.7
	84.8 ± 3.5
	94.7 ± 5.4
	85.3 ± 1.5
	0.382

	Donor artery pressure, mmHg (mean ± s.e.m.)

	 	77.0 ± 1.0
	78.3 ± 2.7
	82.2 ± 3.1
	82.8 ± 2.7
	92.3 ± 5.5
	81.8 ± 1.6
	0.191

	Pre-bypass recipient pressure, mmHg (mean ± s.e.m.)

	 Proximal segment
	34.5 ± 18.5
	37.3 ± 3.1
	25.4 ± 3.2
	38.1 ± 7.8
	40.7 ± 5.1
	35.0 ± 2.4
	0.179

	 Distal segment
	33.0 ± 7.0
	36.1 ± 3.6
	21.0 ± 3.0
	31.1 ± 5.5
	37.2 ± 5.0
	31.6 ± 2.2
	0.061

	 Entire recipient artery
	34.5 ± 15.5
	36.9 ± 3.0
	25.4 ± 3.1
	38.0 ± 7.7
	41.5 ± 5.0
	35.0 ± 2.3
	0.158

	Post-bypass recipient pressure, mmHg (mean ± s.e.m.)

	 Proximal segment
	60.0 ± 0.0
	73.3 ± 2.2
	74.5 ± 2.2
	71.6 ± 3.7
	86.3 ± 4.3
	74.3 ± 1.6
	0.029*

	 Distal segment
	56.5 ± 4.5
	74.4 ± 2.5
	75.5 ± 2.9
	73.7 ± 2.9
	88.3 ± 5.0
	75.5 ± 1.7
	0.038*

	 Entire recipient artery
	58.0 ± 3.0
	72.2 ± 2.4
	73.5 ± 2.7
	71.3 ± 3.6
	85.3 ± 3.4
	73.3 ± 1.6
	0.024*

	δP between donor and recipient in pre-bypass state, mmHg (mean ± s.e.m.)

	 	42.5 ± 14.5
	41.4 ± 3.6
	56.8 ± 4.0
	42.7 ± 6.7
	50.8 ± 7.0
	46.4 ± 2.5
	0.222


*P < 0.05




Blood flow direction and radial/donor pressure relationship
At pre-bypass, 62.5% of patients exhibited antegrade blood flow, while the remaining 37.5% displayed retrograde blood flow. Intraoperatively, the mean radial artery pressure was 85.3 ± 1.5 mmHg, while the mean donor artery pressure was 81.8 ± 1.6 mmHg, with a mean pressure difference of 3.4 ± 0.94 mmHg (Fig. 3).[image: ]
Fig. 3Intraoperative pressures of the donor and radial arteries prior to STA-MCA bypass. A The bar chart illustrates the intraoperative pressures of the donor and radial arteries, represented as the mean ± standard error of the mean (s.e.m.). Donor A., donor artery; radial A., radial artery; ***P < 0.001. B The scatter plot illustrates the strong positive correlation between the pressures of the donor and radial arteries (Pearson correlation coefficient r = 0.82, P < 0.0001)



Pre-bypass recipient pressure assessment
Pre-bypass arterial pressure readings from the cortical recipient segments were obtained and analyzed (Fig. 2, P1–P3). The recipient artery exhibited a mean pressure of 35.0 ± 2.3 mmHg. Upon further analysis, the proximal segment of the recipient artery displayed a mean pressure of 35.0 ± 2.4 mmHg. Conversely, the distal segment of the recipient artery had a mean pressure of 31.6 ± 2.2 mmHg. Notably, the mean pressure gradient (δP) between the donor and recipient artery was 46.4 ± 2.5 mmHg.

Post-bypass recipient pressure assessment
Upon release of the temporary clip on the proximal donor artery (Fig. 2, P4–P6), a substantial change was observed in the mean pressure of the recipient artery, registering at 73.3 ± 1.6 mmHg. Further examination of the proximal and distal segments revealed mean pressures of 74.3 ± 1.6 mmHg and 75.5 ± 1.7 mmHg, respectively. The corresponding pressure changes in the recipient artery pre- and post-bypass are depicted in Fig. 4A. The improvement of cortical recipient perfusion among Suzuki stages II, III, IV, V, and VI was 23.5 ± 18.5, 35.3 ± 3.2, 48.1 ± 2.6, 33.3 ± 5.9, and 43.8 ± 6.3 mmHg, respectively (Fig. 4B). However, no significant relationship (r = 0.17, P = 0.25) was identified between the improvement of cortical recipient perfusion and Suzuki staging.[image: ]
Fig. 4Mean arterial pressure (MAP) differences of recipient artery pre- and post-STA-MCA bypass for each Suzuki stage. A The bar chart shows the MAP differences of recipient artery pre- and post-STA-MCA bypass for each Suzuki stage (mean ± s.e.m.). ***P < 0.001; ****P < 0.0001; n.s., not significant, compared to the pre-bypass MAP, Wilcoxon matched-pairs signed-ranks test for Stage II, paired t-test for Stages III–VI. B The bar chart illustrates the improvement in cortical perfusion during bypass procedures, specifically the post-bypass increases in MAP in recipient arteries for each Suzuki stage (mean ± s.e.m.)



Relationship between donor-recipient pressure gradient and Suzuki stages
There was no significant relationship (r = 0.18, P = 0.22) between δP and Suzuki staging. The mean δP among Suzuki stages II, III, IV, V, and VI were 42.5 ± 14.5, 41.4 ± 3.6, 56.8 ± 4.0, 42.7 ± 6.7, and 50.8 ± 7.0 mmHg, respectively (Fig. 5).[image: ]
Fig. 5Mean pressure gradient (δP) between the donor and recipient arteries for each Suzuki stage. A The bar chart depicting the mean pressure gradient (δP) between the donor and recipient arteries for each Suzuki stage represents the mean ± s.e.m




Discussion
For the first time, our study quantitatively assesses the pressure parameters and gradient between the donor and recipient arteries during STA-MCA bypass surgery in MMD. This study highlights a vital, yet previously neglected, aspect of cerebral hemodynamics in MMD and its potential correlation with disease severity. By applying Poiseuille’s law, we underscore the pivotal role of pressure gradients on cerebral blood flow [20]. These findings emphasize the integration of comprehensive hemodynamic evaluations alongside traditional angiography in STA-MCA bypass decision-making processes.
Contrary to conventional expectations, our study found no significant correlation (p-value = 0.236) between the Suzuki stage and the pre-bypass pressure in the recipient cortical arteries. Interestingly, across Suzuki stages II to VI, we observed a range of mean pre-bypass recipient artery pressures, 34.5 ± 15.5 mmHg, 36.9 ± 3.0, 25.4 ± 3.1, 38.0 ± 7.7, 41.5 ± 5.0, and 35.0 ± 2.3, respectively. This challenges the traditional view that associates higher Suzuki stages with more severe clinical manifestations, primarily due to presumed lower perfusion levels [16, 21, 22], indicating that hypoperfusion concerns are not limited to advanced stages but are also present in early stages of MMD. Our data underscores the complexity of this disease beyond mere angiographic severity.
Post-bypass, a noteworthy improvement in recipient artery pressures across all stages was observed (II to VI: 58.0 ± 3.0 mmHg, 72.2 ± 2.4 mmHg, 73.5 ± 2.7 mmHg, 71.3 ± 3.6 mmHg, and 85.3 ± 3.4 mmHg, respectively), reinforcing the efficacy of direct bypass surgery in enhancing cortical perfusion, independent of the disease’s angiographic stage [23]. In all patients, the mean recipient artery pressure across all stages reached 73.3 ± 1.6 mmHg. This finding aligns with standard cerebral perfusion pressure values [24].
Remarkably, despite the absence of a statistically significant difference in the pressure gradient (δP) between donor and recipient arteries across various Suzuki stages (p-value = 0.222), with an average δP recorded at 46.4 ± 2.5 mmHg, variations in recipient artery pressure were discernible within the same Suzuki stage. Predominantly, the sites of anastomosis were located in the M4 branches at the posterior distal area of the Sylvian fissure. This observation can be attributed to the consistency in the variance of pre-bypass pressures between the recipient and donor arteries across the stages. It also highlights the STA-MCA bypass surgery’s capacity to immediately improve cerebral perfusion pressures across the spectrum of MMD, thereby offering immediate hemodynamic benefits [25, 26].
The study also revisits the arterial pressure dynamics between the donor STA and the systemic circulation. Consistent with the findings of Shulgina et al., we also observed that the mean arterial pressure in the donor STA was 3.4 mmHg marginally lower than the systemic blood pressure recorded via intraoperative radial artery monitoring [27]. This supports the feasibility of predicting mean donor artery pressure in STA-MCA bypass patients without the need for direct measurement. This finding prompts a reevaluation of the STA’s role as a “low-flow” donor, suggesting instead that with strategic selection of the anastomosis site—guided by a positive donor-recipient δP—optimal perfusion improvements can be achieved.
The complexity of blood flow dynamics in MMD was exemplified by the presence of both antegrade and retrograde flows in the cortical MCA. Among our cohort, 62.5% of patients exhibited antegrade cortical MCA flow at the pre-bypass setting, while 37.5% showed retrograde flow in cortical MCA. Notably, retrograde flow was observed across both early and advanced Suzuki stages, possibly due to reduced proximal pressure in early-stage and advanced-stage collateral development [28]. Subsequently, this underscores the importance of individualized surgical planning, which should be informed by preoperative analysis of flow direction in DSA images to choose the area with the lower pressure in cortical recipient (downstream area) [29, 30] to create a bypass with a positive δP which can be assessed by observing the progression of the contrast agent through the MCA [31, 32]. In antegrade flow, the contrast will move in the normal direction of blood flow, from the internal carotid artery branching into the MCA and onwards. In retrograde flow, the contrast agent appears to move in the opposite direction, indicating a reversal of flow due to obstruction or significant decrease in the proximal pressure [33, 34].
The study’s data reflect a broad range of patient ages, correlating older age with more advanced stages of MMD (p-value = 0.045), thereby underscoring the progressive nature of the disease [35, 36]. The mean age of study patients was 47.03 years, which aligns with research from China [37], Korea [38], and Japan [39]. The observed correlation between older age and advanced Suzuki stages in MMD highlights the need for focused research on age-specific intervention efficacy and its impact on disease progression.
Our findings advocate for a paradigm shift in the surgical management of MMD, emphasizing the need for a hemodynamic evaluation over purely angiographic assessments. Such a shift could significantly influence surgical planning and outcomes, underscoring the importance of personalized treatment strategies that consider the complex interplay of hemodynamic factors in MMD.
Finally, this study was limited in that it was conducted in a single center with a limited sample size with no follow-up data as the aim was to explore, for the first time, the cortical perfusion pressure alteration pre- and post-bypass. Further research with larger cohorts of patients using multi-assessment tools is required to fully comprehend the impact of different donor-recipient pressure gradient on the on long-term outcomes in MMD patients.

Conclusion
Our study elucidated that cerebral blood pressure significantly decreases beyond the moyamoya network at the distal M4 segment. Furthermore, we observed bidirectional flow in MCA territories, and maintaining a high-pressure gradient between donor and recipient arteries in STA-MCA bypass surgeries is achieved by selecting the downstream segment of the recipient artery for the anastomosis. The lack of correlation between Suzuki stages and M4 pressures indicates that angiographic severity may not reflect hemodynamic conditions before surgery. This highlights the need for a personalized hemodynamic evaluation and customized surgical approaches.
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