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4D-DSA for Spinal Cord Vascular Malformations Exploration: Preliminary Experience

Abstract Background

The precise understanding of the spinal vascular malformations (SVMs)' angioarchitecture is often difficult to reach with conventional digital subtraction angiography (DSA). The purpose of our study was to evaluate the potential of 4D-DSA (Siemens Healthcare) in spinal vascular malformations' exploration.

Methods

We retrospectively studied all patients who underwent a spinal DSA, including a 4D-DSA acquisition, from July 2018 to June 2019 at a single Institution. All the spinal DSA acquisitions were performed under general anesthesia. 4D-DSA acquisitions were acquired with the protocol: "12sDSA Dyna4D Neuro". 12 ml of Iodixanol 320 mg of I/ml were injected via a 5F catheter (1 ml/s during the 12s 4D-DSA acquisition). Interrater (3 independent reviewers) and intermodality agreements were assessed.

Results

Nine consecutive patients (6 males, 3 females, mean age: 55.3±19.8 y) with 10 SVMs (spinal dural arteriovenous fistulas: n =3, spinal epidural arteriovenous fistulas: n = 2, spinal pial arteriovenous fistulas: n = 2 and spinal arteriovenous malformations: n = 2; one patient having 2 synchronous pial fistulas) had a spinal DSA including a 4D-DSA acquisition. Interrater agreement was good and moderate for the venous drainage pattern and the SVM subtype, respectively. In 9/10 cases, the quality of the acquisition was graded good. Satisfactory concordance between 4D-DSA and the selective microcatheterization was observed in 90% of the cases for the location of the shunt point. Conclusion 4D-DSA acquisition may be helpful for a better understanding of SVMs' angioarchitecture. Larger series are warranted to confirm these preliminary results. Key words: spinal vascular malformation, fistula, 4D-DSA, angio-architecture Abbreviations and acronyms: 4D-DSA: four dimensional digital subtraction angiography; ASA: anterior spinal artery; IQR: interquartile range; MIP: maximum intensity projection; PSA: posterior spinal artery, sAVM: spinal arteriovenous malformation; sDAVF:

Introduction:

Spinal vascular malformations (SVMs) are rare diseases consisting in an arteriovenous shunt occurring into the spinal cord, the pia matter, the epidural space, or the dura matter. They comprise mainly spinal dural arteriovenous fistulas (sDAVFs), spinal epidural arteriovenous fistulas (sEAVFs), spinal pial arteriovenous fistulas (sPAVFs) and spinal arteriovenous malformations (sAVMs). [START_REF] Lenck | Spinal and Paraspinal Arteriovenous Lesions[END_REF] They may be clinically revealed by progressive neurological deficit due to spinal cord venous engorgement [START_REF] Yen | Spinal dural arteriovenous fistula: correlation between radiological and clinical findings[END_REF] or by acute neurological deficit, related to a hemorrhagic complication. [START_REF] Lee | Clinical features and outcomes of spinal cord arteriovenous malformations: comparison between nidus and fistulous types[END_REF] SVMs are difficult lesions to treat, either by endovascular or surgical means. The treatments expose to a significant risk of spinal cord ischemia, especially in SVMs fed by radiculomedullary artery(ies). [START_REF] Kim | Incidental occlusion of anterior spinal artery due to Onyx reflux in embolization of spinal type II arteriovenous malformation[END_REF] The rate of endovascular treatment failure is also significant due to the difficulties to reach the shunting point and the draining vein of the lesion while avoiding reflux in the eloquent spinal arteries. [START_REF] Goyal | Outcomes following surgical versus endovascular treatment of spinal dural arteriovenous fistula: a systematic review and meta-analysis[END_REF] The understanding of the SVMs' angioarchitecture is of tremendous importance to distinguish SVMs' subtype and to plan their treatment in order to both increase the chances of AV shunt occlusion and to reduce the complication risks. Numerous studies have shown the potential of 4D-DSA to enhance the understanding of intracranial vascular malformations such as brain AVMs and intracranial AV fistulas. [START_REF] Davis | 4D digital subtraction angiography: implementation and demonstration of feasibility[END_REF][START_REF] Lescher | Time-resolved 3D rotational angiography: display of detailed neurovascular anatomy in patients with intracranial vascular malformations[END_REF][START_REF] Ognard | A new time-resolved 3D angiographic technique (4D DSA): Description, and assessment of its reliability in Spetzler-Martin grading of cerebral arteriovenous malformations[END_REF][START_REF] Lang | 4D DSA for Dynamic Visualization of Cerebral Vasculature: A Single-Center Experience in 26 Cases[END_REF] The purpose of our study was to investigate the performance of 4D-DSA in evaluating SVMs' angio-architecture.

Materials and Methods:

Patient selection

We included in this study all patients who underwent a DSA for the exploration of a SVM scheduled for an exclusion treatment from July 2018 to June 2019 at our Institution.

Inclusion criteria were as follows: patients ≥ 18 years of age, presenting a DSA proven spinal cord vascular malformation and for whom an exclusion treatment was considered.

Exclusion criteria were as follows: pregnant women, known allergy to contrast material, patient in poor condition with a short life expectancy.

All clinical data were collected retrospectively by reviewing the patient medical charts. Sex, age, clinical revealing symptoms, comorbidities as well as duration of the symptoms until the positive diagnosis of SVM were retrieved. Symptoms' severity was assessed on the Aminoff-Logue scale. [START_REF] Aminoff | Clinical features of spinal vascular malformations[END_REF] 

Acquisition protocol

All the 4D-DSA acquisitions were performed on a commercial biplane angiography system (Siemens Artis Q biplane, Siemens Healthcare, Forchheim, Germany) with the patient under general anesthesia, in prone position. A 5F diagnostic catheter was positioned at the ostium of the inter-segmental artery feeding the SVM, via a 5F femoral access. 4D-DSA acquisitions were acquired with the protocol: "12sDSA Dyna4D Neuro" with a field of view of 48 cm. The acquisition consists in 2 C-arm rotations: one without contrast media injection; then a second one with intraarterial pure contrast material injection. Twelve ml of Iodixanol 320 mg of I/ml were injected via a 5F catheter at 1 ml/s, using a power injector, during the 12s of the 4D-DSA acquisition, with no delay between the injection and the imaging acquisition. Technical parameters of the 4D-DSA are summarized in Table 1.

All datasets were transferred to a dedicated workstation (Syngo X-WP, Siemens). Automated 4D-DSA reconstructions were performed for all these datasets. Then, regular full spinal DSA was performed with acquisitions at 2 f/s in anteroposterior (AP) projection with hand injection under breathing arrest. At the level of the fistula, lateral projection acquisitions were also performed. Since endovascular management is the first line treatment in our Institution for SVMs, all the patients included in this study underwent microcatheterization of the feeder(s) to the SVM during the endovascular treatment procedure and subsequent ultraselective DSA in AP and lateral projections.

Imaging reviewing

4D-DSA acquisitions were independently reviewed by 2 interventional neuroradiologists (INRs) (FC and SL) with an experience of 12 and 7 years in interventional neuroradiology, respectively. 4D-DSA acquisitions were also independently reviewed by a neurosurgeons with 3 years' experience in vascular neurosurgery (EL). All 4D-DSA were reviewed on a dedicated workstation (Syngo X-WP, Siemens) in volume rendering reconstruction by scrolling the contrast material progression in the vascular tree and rotating the 3D volume.

The reviewers evaluated the following criteria: overall quality of the 4D-DSA acquisition (poor, fair, good), SVM subtype (sDAVF, sEAVF, sPAVF and sAVM), number of arterial feeders (1, 2 or ≥ 3), concordance for the location of the shunt point with the supraselective DSA, and venous drainage pattern (ascending, descending or both). Discrepancies between the raters were resolved in consensus by reviewing the spinal DSA, including the supra-selective acquisitions.

The presence of a radiculomedullary artery(ies) feeding the anterior spinal artery (ASA) and/or the posterior spinal artery (PSA) at the same level as the feeder(s) to the SVM was systematically assessed on 4D-DSA and then compared to maximum intensity projection (MIP) reconstructions of the 3D volume Dyna-CT extracted from the 4D-DSA, and finally to supra-selective DSA.

Statistical analysis

Data were reported as mean ± standard deviation (SD) for continuous variables and median with interquartile range (IQR) for non-continuous variables.

Interrater agreement was performed by means of a k test. K index ≤ 0.40 was considered as poor agreement; between 0.41-0.60 as moderate agreement; between 0.61-0.80 as good agreement; and from 0.81-1 as excellent agreement. [START_REF] Landis | The measurement of observer agreement for categorical data[END_REF] All tests were calculated using Stata software (Stata/IC 13.1 for Mac; StataCorp LP,); p values less than 0.05 were considered statistically significant.

Ethical statement

The study protocol was approved by our local Institutional Review Board (IRB) (CPP Ile de France VI; HH 27_01_20). The need for patients' informed consent for retrospective analyses of records and imaging data was waived by the local IRB. This work adheres to the World Medical Association Declaration of Helsinki.

Results:

Patients' demographics are summarized in Table 2.

Nine consecutive patients (6 males, 3 females, mean age: 55.3±19.8 years), with 10 SVMs were included. Three patients (33%) had a sEAVF (Fig. 1 and Video 1); 3 patients a sDAVF (33%) (Fig. 2, Videos 2, 3 and 4), 2 patients (22%) a sAVM and 1 patient (11%) had 2 concomitant sPAVFs (Patient # 3).

Clinical revealing symptoms were lower limbs sensitive disorder in 88% of the cases (8/9), motor deficit (paraparesis/paraplegia) in 44% of the cases (4/9), gait disturbance in 78% of the cases (7/9) and sphincterian disturbance in 67% of the cases (6/9).

Average time interval between the symptoms' onset and the diagnosis of the SVM was 48.4±60.9 months. Median Aminoff-Logue score was 4 (IQR: 2-5).

In 90% of the cases (9/10), the quality of the 4D-DSA acquisition was graded as good. In only one case of spinal cord AVM, the quality of the 4D-DSA acquisition was judged poor by both INRs raters (Table 3). InterINRs agreement for venous drainage pattern was good (k = 0.72); interINRs agreements for SVM subtype and number of feeders to the SVM were moderate (k = 0.59) and poor (k = 0.03), respectively. Interrater agreements between INR and neurosurgeon were excellent for SVM subtype (k = 1), good for the number of feeders (k = 0.70), and moderate for venous drainage pattern (k = 0.43) and imaging quality assessment (k = 0.47), respectively. Intermodality (4D-DSA vs. ultraselective angiograms) agreement was excellent for the SVM subtype (k = 1), good for the venous drainage pattern (k = 0.86) and for the number of arterial feeders (k = 0.7).

A satisfactory concordance of the 4D-DSA with the supraselective angiograms for the shunt point was observed in 90% of the cases.

In one case, a radiculomedullary artery feeding the PSA was fed by the same inter-segmental artery as the one supplying the SVM, which was missed on the 4D-DSA analysis. 

Discussion:

4D-DSA is a major leap forward to enhance the understanding of brain AVMs and intracranial dural AV fistulas' angioarchitecture. This imaging technique consists in a 4D acquisition that allows a 3D volume reconstruction at different temporal phases of the acquisition. Thus, temporal information is added to the 3D volume; the operator can scroll the 3D volume in a projection at different time points. This acquisition generates about 30 time-resolved 3D-DSA volumes per second.

The voxel size of 4D-DSA acquisition is 0.37 x 0.37 x 0.37 mm for a field of view of 48 cm. Thus, in theory, the voxel volume and temporal resolution are approximately 10 times that of CTA and MRA. [START_REF] Davis | 4D digital subtraction angiography: implementation and demonstration of feasibility[END_REF] With the 12s acquisition protocol, 304 projections are acquired over a 260 degree rotation during 12 seconds. [START_REF] Sandoval-Garcia | Comparison of the Diagnostic Utility of 4D-DSA with Conventional 2D-and 3D-DSA in the Diagnosis of Cerebrovascular Abnormalities[END_REF] This algorithm allows for the analysis of the vasculature in a dynamic fashion, at different angles for all time points. This algorithm may help to overcome the problem of vessels overlap and thus may improve the capacity to distinguish arterial feeder(s) from draining vein(s) or nidal compartment in complex vascular malformations such as intracranial vascular malformations. [START_REF] Davis | 4D digital subtraction angiography: implementation and demonstration of feasibility[END_REF] Specifically, it may help in depicting more precisely intranidal or pedicular aneurysms in bAVMs. [START_REF] Sandoval-Garcia | Comparison of the Diagnostic Utility of 4D-DSA with Conventional 2D-and 3D-DSA in the Diagnosis of Cerebrovascular Abnormalities[END_REF] It may also help to depict more precisely the shunt point in intracranial DAVF. [START_REF] Lescher | Time-resolved 3D rotational angiography: display of detailed neurovascular anatomy in patients with intracranial vascular malformations[END_REF] To the best of our knowledge, we present herein the first study describing the potential of 4D-DSA in spinal vascular malformations.

Our study showed the feasibility of the 4D-DSA acquisition for the exploration of SVM. Indeed, the quality of the 4D-DSA was judged good in 90% of the cases. In one case of sAVM, the 4D-DSA's quality was considered as poor. This may be explained by the fact that the sAVM was located at T1 level; superimposition with shoulders may have hampered the quality of the 4D-DSA acquisition.

Interrater agreement for 4D-DSA was satisfactory, except for the number of feeders. Interspecialties (INR vs. neurosurgeon) agreement was also satisfactory for the analysis of the SVMs' angiographic features on 4D-DSA. Intermodality (4D-DSA vs supraselective angiogram) agreement was good for the evaluation of the SVMs' angio-architecture; concordance between 4D-DSA and supraselective angiogram was good for the shunt point location as well.

According to our results, this imaging modality may be valuable in enhancing the understanding of the SVMs' angio-architecture by providing 3D manipulable volumes at different time points. This algorithm may help to depict more precisely the shunt point location, which is the target of the exclusion treatment.

Interestingly, in one case of sDAVF, a radiculomedullary artery feeding the PSA at the same level was missed by the 4D-DSA. However, the 3D reconstruction extracted from the 4D-DSA, displayed in MIP reconstructions, clearly demonstrated this radiculomedullary artery. This example underlines the fact that a 3D volume with a satisfactory quality can be extracted from the 4D-DSA data set. The patient finally underwent open surgery for the treatment of his sDAVF since embolization was judged too risky. 4D-DSA may also be valuable for the neurosurgeons to plan open surgery of SVMs; it may help them to precisely visualize the shunt point. Additionally, the analysis of the Dyna-CT 3D volume that can be extracted from the 4D-DSA may be helpful for the neurosurgeons to analyze the relationships between the shunt point and the spine bone landmarks. [START_REF] Li | Using DynaCT rotational angiography for angioarchitecture evaluation and complication detection in spinal vascular diseases[END_REF] Other time resolved imaging techniques have been proposed for the exploration of SVMs such as 4D CT angiography (CTA) 15 or time-resolved MR angiography (MRA). 16 17 These techniques are non-invasive; their goal is mostly to confirm the presence of a SVM and to locate approximately the shunt point. They may be useful, especially to target the inter-segmental arteries to catheterize during the spinal DSA in elderly patients with tortuous aorta and inter-segmental arteries difficult to catheterize. [START_REF] Saindane | Contrast-enhanced time-resolved MRA for pre-angiographic evaluation of suspected spinal dural arterial venous fistulas[END_REF] However, the relatively low spatial and temporal resolutions of these time-resolved imaging modalities usually do not provide sufficient anatomical information to precisely evaluate the angio-architecture of the SVM (arterial feeders, shunt point location, venous drainage pattern).

Several technical considerations should be taken into account when performing 4D-DSA acquisition for spinal cord vascular malformations. First, the patients' arms should not be in the acquisition's field of view. For lumbar SVMs, arms should be fixed on the patient's chest, in the so-called "pharaoh" position. For thoracic SVMs, patients' arm should be placed above the head, in the so-called "sun bathing" position. Additionally, apnea should be performed by the anesthesiologist during the 4D-DSA acquisition, to reduce motion artifacts.

Study limitations

Our study suffers some limitations. First, the population volume involved in this study was relatively low. However, this fact may be explained by the rarity of spinal vascular malformations (sDAVF prevalence in the general population: 5-10 cases per million [START_REF] Koch | Spinal dural arteriovenous fistula[END_REF] ). Second, in our study, no comparison with time-resolved MRA or 4D CTA was performed. However, since all the patients underwent an endovascular treatment, 4D-DSA acquisitions were systematically compared to the ultraselective angiograms from the arterial feeders, which were considered as the criterion standard. Finally, the acquisition protocol used in this study being only available on recent Siemens angiosuites, our study lacks generalizability. 
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 11 Figure 1. Patient presenting with gait disturbance and sudden onsets of inferior limbs drop attack. A-C: 4D-DSA performed by contrast material injection through the right L3 artery. A. Early phase of the 4D-DSA showing 3 arterial feeders (white arrows) shunting with the anterior epidural plexus (arrow head). B. 4D-DSA at intermediate phase showing the full opacification of the anterior epidural plexus (arrow head). C. 4D-DSA at a later phase. Opacification of the left L3 radicular vein, contralateral to the shunt point, with an ascending drainage (yellow arrows). D. Ultraselective DSA via one of the arterial feeders in AP projection, confirming the drainage pattern of the epidural AV fistula (white arrows: arterial feeders; white arrow head: anterior epidural plexus; yellow arrows: left L3 radicular vein). Video 1: Dynamic visualization of the 4D-DSA acquisition performed in the patient presented in Fig. 1 (frontal view).Figure 2. Patient presenting with left buttock pain, inferior limbs paresthesia and bladder disturbance. A-C. 4D-DSA acquired via right T6 contrast media injection; frontal view at different time-points. A. 4D-DSA early phase showing the dural arterial feeder (white arrow) and the shunt point (*). B. 4D-DSA intermediate phase displaying the shunt point (*) and the early venous drainage. C. 4D-DSA at latter phase showing the shunt point (*) as well as the ascending and descending venous drainage (yellow arrows). D. Regular spinal DSA in AP projection showing the shunt point bellow the T6 right's pedicle (*). Note the ascending and descending venous drainage of the fistula (yellow arrows). E. Ultraselective DSA via the arterial feeder during the embolization procedure; AP projection, confirming the results of the 4D-DSA (white arrow: arterial feeder; *: shunt point; yellow arrows: venous drainage). Video 2: Dynamic visualization of the 4D-DSA acquisition performed performed in the patient presented in Fig. 2 (frontal view; volume rendering reconstruction). Video 3: Analysis of the 4D-DSA at early phase in volume rendering reconstruction by rotating the 3D volume at different angles performed in the patient presented in Fig. 2. Video 4: Analysis of the 4D-DSA at later phase in volume rendering reconstruction by rotating the 3D volume at different angles performed in the patient presented in Fig. 2.
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 22324 Figure 1. Patient presenting with gait disturbance and sudden onsets of inferior limbs drop attack. A-C: 4D-DSA performed by contrast material injection through the right L3 artery. A. Early phase of the 4D-DSA showing 3 arterial feeders (white arrows) shunting with the anterior epidural plexus (arrow head). B. 4D-DSA at intermediate phase showing the full opacification of the anterior epidural plexus (arrow head). C. 4D-DSA at a later phase. Opacification of the left L3 radicular vein, contralateral to the shunt point, with an ascending drainage (yellow arrows). D. Ultraselective DSA via one of the arterial feeders in AP projection, confirming the drainage pattern of the epidural AV fistula (white arrows: arterial feeders; white arrow head: anterior epidural plexus; yellow arrows: left L3 radicular vein). Video 1: Dynamic visualization of the 4D-DSA acquisition performed in the patient presented in Fig. 1 (frontal view).Figure 2. Patient presenting with left buttock pain, inferior limbs paresthesia and bladder disturbance. A-C. 4D-DSA acquired via right T6 contrast media injection; frontal view at different time-points. A. 4D-DSA early phase showing the dural arterial feeder (white arrow) and the shunt point (*). B. 4D-DSA intermediate phase displaying the shunt point (*) and the early venous drainage. C. 4D-DSA at latter phase showing the shunt point (*) as well as the ascending and descending venous drainage (yellow arrows). D. Regular spinal DSA in AP projection showing the shunt point bellow the T6 right's pedicle (*). Note the ascending and descending venous drainage of the fistula (yellow arrows). E. Ultraselective DSA via the arterial feeder during the embolization procedure; AP projection, confirming the results of the 4D-DSA (white arrow: arterial feeder; *: shunt point; yellow arrows: venous drainage). Video 2: Dynamic visualization of the 4D-DSA acquisition performed performed in the patient presented in Fig. 2 (frontal view; volume rendering reconstruction). Video 3: Analysis of the 4D-DSA at early phase in volume rendering reconstruction by rotating the 3D volume at different angles performed in the patient presented in Fig. 2. Video 4: Analysis of the 4D-DSA at later phase in volume rendering reconstruction by rotating the 3D volume at different angles performed in the patient presented in Fig. 2.
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	Patient nb	SVM subtype	Time interval symptoms/diagnosis (mo)	Symptoms	Aminoff-Logue scale 10
	1	Epidural AVF	4	Drop attacks, LL paresthesia, bladder disturbance	4
	2	Dural AVF	6	LL paresthesia, constipation and bladder disturbance	2
	3	Pial AVF	180	Distal deficit of the right leg, motor exclusively	2
	3	Pial AVF	-	-	-
	4	Spinal AVM	120	Brown-Sequard syndrome	5
	5	Dural AVF	18	Severe paraparesis, sphincterian dysfunction, LL proprioceptive	8
	6	Spinal AVM	12	R LL protopathic hypoesthesia, neuropathic pain LLs (R > L)	1
	7	Epidural AVF	48	LL dysesthesia, bladder disturbance, constipation	5
	8	Epidural AVF	24	Paraplegia, severe LL hypoesthesia, urinary retention	8
	9	Dural AVF	24	L buttock pain, LL paresthesia, bladder disturbance	3
	Nb indicates number, SVM: spinal vascular malformation, AVF: arteriovenous fistula, mo: months, AVM: arteriovenous malformation,
	LL: lower limbs, R: right, L: left		
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Conclusion:

4D-DSA acquisition is feasible for the exploration of spinal cord vascular malformations. It is strongly correlated with the supra-selective microcatheterization. This acquisition may help in providing a better understanding of spinal vascular malformations' angio-architecture and, consequently, probably to increase the safety and effectiveness of their treatment.
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