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Abstract

Digital Subtraction Angiography (DSA) is the gold-standard imaging modality in acute cerebrovascular diagnosis. The role
of DSA has become increasingly prominent since the incorporation of endovascular therapy in standards of care for acute
ischemic stroke. It is used in the assessment of cerebral vessel patency; however, the therapeutic role of DSA from a prognos-
tic standpoint merits further investigation. The current paper provides an update on current practice on diagnostic, therapeutic
and prognostic use of DSA in acute cerebrovascular diseases and various indications and perspectives that may apply, or
limit its use, in ongoing surveillance or prognosis. Pre-clinical and clinical studies on the aspects, including but not limited
to the morphology of cerebrovasculature in acute ischaemic stroke, are required to delineate and inform its prognostic role.

Keywords Digital subtraction angiography (DSA) - Cerebrovascular angiography - Cerebrovascular disease - Acute
ischaemic stroke - Prognosis - Reperfusion - Interventional neurology

Introduction

Digital subtraction angiography (DSA) is the gold standard
for diagnostic cerebrovascular assessment and is routinely
used in the context of neurointerventional and vascular
neurology [1, 2]. Besides providing anatomical information
relevant for guiding endovascular therapies, DSA is used to
assess injury to cervical and intracranial arteries and veins. It
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provides diagnostic information regarding intracranial arte-
rial diseases, such as atherosclerosis, stenosis and occlusion,
vessel dissection, Moyamoya disease [3, 4] and vasculitis, as
well as aneurysms, arteriovenous malformations and blood
shunting [5]. Its subtypes, intravenous-DSA (IV-DSA)
and three-dimensional (3D)-DSA, are useful in assessing
intracranial aneurysms. The burden of these cerebrovascu-
lar diseases is well established. In 2019, the World Health
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Organisation (WHO) estimated that stroke was the second-
highest contributor to disability-adjusted life years (DALYs)
in populations over 50 [6]. Furthermore, although rupture
rates of cerebral aneurysms are low, aneurysmal complica-
tions are associated with high morbidity and mortality rates
[7].

While the diagnostic and therapeutic utility is gener-
ally undisputed, DSA is not routinely applied in evaluating
prognosis—despite growing evidence of its reliability and
potential prognostic role [1]. Given that the DSA requires
ionising radiation and is a relatively invasive procedure car-
rying procedural risks, it is suboptimal for routine vascular
assessment and surveillance [3]. The role of DSA in patient
selection, assessment of biomarkers such as collaterals and
its association with angiographic and/or clinical outcomes
are not well elucidated.

This article sought to explore the current and potential
diagnostic, therapeutic and prognostic applications of DSA,
and various technical considerations applicable to acute
cerebrovascular conditions. Furthermore, the comparative
clinical utility of DSA, computed tomography angiography
(CTA) and magnetic resonance angiography (MRA) is also
presented.

DSA as a diagnostic imaging modality

The diagnostic implications of DSA findings for cerebrovas-
cular diseases are summarised in Table 1. Post-processing
of DSA imaging involves the collection and subtraction of
mask images from fluoroscopic contrast-enhanced images
to remove the extravascular structures surrounding cerebral
blood vessels [8].

DSA in intra-vessel occlusion diagnosis

DSA is the gold standard for diagnosing cerebrovascular
occlusion in acute ischaemic stroke, regardless of loca-
tion; however, CTA is most commonly used as the first line.
Table 2 provides an overview of the applications of DSA in
occlusive disease. Despite its superior spatial and temporal
resolution, DSA is not considered a first-line imaging option
in suspected intra-vessel occlusions. DSA is more useful in
collateral assessment and delineating whether occlusion is
partial or complete. Once ischaemic stroke patients undergo
brain non-contrast computed tomography (NCCT) imaging
to rule out haemorrhage, the preferred first-line imaging can
presumably vary based on the location of intra-vessel occlu-
sions. These first-line options are summarised in Table 2.
The location of intra-vessel occlusions detected by DSA can
be useful in determining the aetiology of disease when com-
bined with clinical examination. For instance, isolated occlu-
sions without the progressive clinical disease can suggest

@ Springer

embolic causes. In incomplete vessel occlusions, slow ante-
grade flow distal to partial occlusions can be mistaken as
retrograde collateral flow [9]. Subsequent four-dimensional
(4D)-CTA assessment can be used to evaluate and quantify
retrograde flow as well as evaluate venous drainage pat-
terns [10]. Combined with DSA, this can reveal the severity
of stenosis and the contribution of collaterals to perfusing
ischaemic tissue [11].

DSA in acute ischaemic stroke: diagnosing stenosis

Imaging in acute ischaemic stroke (AIS) must be rapid and
accessible. NCCT rules out haemorrhage, while CTA is uti-
lised to evaluate intra- and extracranial vessels—being both
rapid and readily available [9]. CTA alone can detect stenotic
vessels in ischaemic stroke with a sensitivity of 96% and
specificity of 89% when compared to the gold standard, DSA
[12]. CT perfusion (CTP) imaging has also demonstrated
utility in evaluating perfusion status and guiding reperfusion
therapy [13], for patients arriving in a delayed fashion. In
some instances, both (multi-detector CT) NCCT and CTA
are bypassed, and patients presenting within 6 h of symptom
onset with a moderate to severe stroke severity, and patients
are taken directly to the angio-suite for a diagnostic workup/
therapeutic procedure using latest generation angiographic
system [14]. While transcranial Doppler (TCD) can rule out
intracranial stenosis, it is unable to accurately determine the
degree of vessel stenosis. Magnetic resonance angiography
(MRA), especially 3 T MRA, can give an accurate indication
of the degree of stenosis.

DSA provides comprehensive visualisation of large vessel
occlusions and is useful in diagnosing the extent of stenosis.
The North American Symptomatic Carotid Endarterectomy
Trial (NASCET) stenosis calculation is applied to DSA find-
ings to quantify stenosis of the internal carotid artery (ICA)
and other intracranial arteries [15].

DSA in acute ischaemic stroke: imaging collaterals

The presence and grade of baseline collateral status have
implications for clinical outcomes in AIS patients receiving
reperfusion therapy [9]. Multivessel DSA is the standard
criterion in assessment, structural and functional, of arterial
collaterals in AIS patients [16]. Besides morphology, DSA
can be used to determine the functional capacity of collat-
erals using parameters such as relative delay in filling time
[17] and assess the capillary index score (CIS) as a screening
tool for reperfusion [14]. The CIS is centred on the premise
that the appearance of capillary blush on pre-treatment DSA
indicates viable ischaemic tissue which could potentially
benefit from successful and timely revascularisation [14].
Conversely, the absence of capillary blush is indicative of
non-viable cerebral tissue bound to infarction irrespective
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Table 2 First-line imaging modalities for intra-vessel occlusions

Occlusion type Preferred first-line imag-  Gold standard
ing modality
T occlusion CTA DSA
Proximal MCA CTA DSA
Distal MCA CTA DSA
M2 CTA DSA
M3 CTA DSA
Tandem occlusion CTA? DSA
ACA CTA or MRAP DSA
Vertebrobasilar MRA or CTA® DSA

CTA computed tomography angiography, DSA digital subtraction
angiography, MRA magnetic resonance angiography

In some centres, transcranial Doppler (TCD) is also used for tandem
lesions; however, TCD is limited by operator training and limited
access in most institutions

PCTA is more widely available and considered first line in most insti-
tutions without rapid access to MRA. MRA is not routinely used in
acute stroke

of successful revascularization or time to endovascular
thrombectomy (EVT). Capillary blush can be appreciated
on DSA when all potential collaterals, venous phase images
included, are opacified [14]. Given the simplicity of this
score, future studies on its use in the selection of patients
with AIS who are likely to benefit from futile recanalization
are recommended.

However, owing to the time-critical nature of the rep-
erfusion therapy [18, 19], the use of multivessel DSA is
not practical and hence not commonly used in hyperacute
settings. This along with poor correlation of DSA-based
collateral flow with clinical outcome, CTA is considered
the first-line imaging technique for collateral assessment
given its easy availability, short acquisition time and low
cost, and its established standards of care use in delineat-
ing vessel occlusion. Besides, collateral flow assessment on
CTA and DSA are not interchangeable [20]. Furthermore,
the advent of multi-phase CTA has allowed the assessment
of the degree of collateral flow in a time-resolved manner
[21]. We believe that the pragmatic approach to collateral
assessment in hyperacute settings is more likely to involve
CTA, preferably multi-phase CTA, as an alternative to DSA
in routine clinical practice. Given the variations in collateral
grading/assessment and post-processing methods in hyper-
acute settings, standardisation of collateral grading across
centres is recommended [9].

During endovascular clot retrieval, pseudo-arterial-
venous shunting or early venous filling may suggest irre-
versibly infarcted tissue and can be utilised to prognosticate
during the procedure. Decisions on antiplatelet usage during
a procedure could be made in conjunction with pre-proce-
dural imaging.

DSA in Moyamoya disease

Moyamoya disease, a chronic progressive stenotic-occlu-
sive cerebrovascular disease of the terminal internal carotid
artery and its proximal branches, is estimated to have the
highest prevalence in East Asia, e.g. affecting 10.6 per
100,000 in Japan and 9.1 per 100,000 in Korea [22]. DSA is
the gold standard for the diagnosis and staging of Moyamoya
disease [4]. Clinically, a six-vessel analysis on DSA involv-
ing bilateral ICA, bilateral ECA to assess the quality and
size of the donor vessel for surgical planning, and bilateral
vertebral arteries is used to determine disease progression.
The latest guidelines from Japan regarding Moyamoya dis-
ease recommend DSA staging, achieved using Suzuki’s sys-
tem, as the gold standard, looking for forking, absence and
minimisation of the ICA [23]. Time of flight (TOF)-MRA
findings may also be used in the definitive staging of the
disease. The staging of Moyamoya disease using DSA find-
ings is defined in Supplementary Information (SI Table 1).
For MRA-identified Moyamoya disease, DSA should still be
considered, as it has increased diagnostic sensitivity com-
pared with MRA—including the ability to better differenti-
ate vasculitis—and offers information regarding transdural
collaterals, which is useful for pre-operative planning. The
extent of leptomeningeal, callosal and pial collaterals can
indicate the rate of progression of the disease [24]. Intrac-
ranial aneurysms can develop in Moyamoya vessels, with
an estimated 14% prevalence in patients with Moyamoya
disease. Such aneurysms are also diagnosed using DSA,
although MRA can also be used where DSA is unavailable
[25]. The Matsushima Grading Scale specifically grades
post-operative angiographic images to assess the post-oper-
ative middle cerebral artery (MCA) hemispheric perfusion
after bypass surgery for Moyamoya disease [26].

DSA in cerebral vasculitis

DSA’s role in diagnosing cerebral vasculitis varies on the
disease profile [27]. Alternating patterns of stenosis, occlu-
sion and dilatation of arteries are often described on DSA
of vasculitic vessels [5]. Importantly, it detects circumferen-
tial and eccentric vessel irregularities, which is essential in
differentiating atherosclerotic versus vasculitic vessel wall
changes [28]. In large vessel angiitis, such as Takayasu’s
arteritis, DSA is the gold standard for the demonstration of
vessel stenoses or aneurysms. It is also useful in medium-
vessel disease [28]. Whilst MRI with and without contrast
is the imaging technique of choice to evaluate and monitor
cerebral involvement; ultrasound Doppler (colour duplex),
CTA and MRI with MRA are commonly used as a screening
tool and/or in the diagnosis of clinically indicated vasculitis
[27]. Brain biopsy is the current gold standard for CNS vas-
culitis diagnosis; however, its diagnostic yield is limited by
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the segmental nature of CNS vasculitis [29]. This limitation,
coupled with DSA’s invasive nature, means that MR imag-
ing is the most commonly used modality for investigating
suspected cerebral vasculitis [28].

Besides, identification of vasculopathy such as posterior
reversible encephalopathy syndrome (PRES) and reversible
cerebral vasoconstriction syndrome (RCVS), especially in
young patients, poses a clinical challenge, given their over-
lapping presumed etiologies and predisposing factors [30].
Interpretation of DSA findings in PRES and RCVS is com-
plicated as the diagnostic validation depends on the resolu-
tion of angiographic findings within 8—12 weeks [31].

DSA in screening for vasospasm

Arterial vasospasm post-sub-arachnoid haemorrhage (SAH)
occurs in up to 70% of patients and is associated with poor
outcome despite otherwise successful ruptured intracranial
aneurysm treatment [32]. Vasospasm is associated with
higher rates of secondary cerebral infarction, neurological
deterioration and death [33]. Among other factors, arterial
vasospasm can predict the progression of the disease and
thus DSA is a useful screening tool. Vasospasm is visualised
as stenosis in the week following SAH, with DSA preferred
in patients where balloon angioplasty is being considered
[34]. TCD is also routinely used to monitor the progres-
sion, with obvious advantages of bedside accessibility and
the absence of repeated radiation exposure [35]. CTA (or
multi-slice/multi-detector CTA in particular [36]) and CTP
have demonstrated comparative accuracy to that of DSA
[37]. The sensitivity, specificity and accuracy of CTA in
detecting the absence of spasm or mild and moderate cer-
ebral vasospasm in proximal arterial locations is high [37].
However, mild and moderate spasm in distal locations is
less accurately detected on CTA. CTA can overestimate the
degree of cerebral vasospasm because it tends to underesti-
mate the diameter of large cerebral arteries. When compared
to DSA, CTA is less accurate in estimating the degree of
vasospasm and assessing distal artery vasospasm. TCD or
CTA and CTP can be used as a screening method for sus-
pected symptomatic vasospasm, thereby reducing the need
for DSA. However, DSA must be considered in clinically
indicated patients with negative TCD or CTA findings, espe-
cially that DSA will have, in addition to its diagnostic value,
therapeutic implications with intra-arterial pharmacological
therapy or balloon angioplasty.

In the early days after SAH, cerebral autoregulation is
compromised [38]. Several studies have indicated that
impairment of dynamic cerebral autoregulation is linked to
vasospasm and delayed cerebral ischaemia (DCI) after SAH
[39]. Therefore, monitoring of cerebral autoregulation, in
the early days after SAH, could aid to identify patients at
increased risk of developing secondary complications [38].

@ Springer

Further studies are warranted to validate the prognostic and
therapeutic use of cerebral autoregulation in managing SAH
patients.

Transcranial Doppler is commonly used to monitor the
progression over time of cerebral vasospasm after subarach-
noid haemorrhage but given its poor sensitivity to identify-
ing patients at high risk of clinical deterioration or infarc-
tion from DCI, its diagnostic or prognostic utility to DCI,
is debatable [40]. CTP has also shown value in predicting
DCI in SAH patients [41]. Early CTP [relative cerebral
blood flow (rCBF)] can aid in the prediction of DCI in SAH
patients. Late CTP [rCBF and mean transit time (MTT)] in
SAH patients is strongly predictive of angiographic vasos-
pasm and DCI. Whilst transcranial Doppler is potentially
useful in screening middle cerebral artery vasospasm, it is
relatively less effective in the evaluation of other intracranial
arteries. Indeed, CTA and ultrasound have value in screen-
ing; however, due to lower diagnostic sensitivity and speci-
ficity for cerebral vasospasm than DSA, their utility as a
surrogate or predictor of DCI remain suboptimal [34].

DSA in vessel anomalies: intracranial aneurysms

Although intracranial aneurysms can be diagnosed using
less invasive imaging, such as TOF-MRA, intra-arterial
DSA remains the gold standard for visualising unruptured
intracranial aneurysms (UIAs) and can be used to moni-
tor aneurysmal progression [42]. Morphology identified on
DSA, including the perpendicular height and size ratio of an
aneurysm, can increase rupture risks and is hence important
from diagnostic and prognostic standpoint [43, 44]. Vari-
ous geometrical parameters including the size ratio (SR)
(perpendicular height or largest diameter/neck diameter or
diameter of parent vessel), aspect ratio (AR) (the maximum
dimension of the dome/width of the neck of an aneurysm),
the non-sphericity index (NI), the undulation index (UI)
and the vessel aneurysm inclination angle (AA) may have
a role in risk prediction of aneurysm rupture [44]. The SR
can predict the risk of rupture of small (<5 mm) unrup-
tured intracranial aneurysms (UIAs) [45]. The neck-to-dome
ratio (dome width/neck width) is also an essential element
in making treatment decisions for aneurysms which may
include coiling, stenting, intravascular devices or combined
procedures [46]. DSA could also be useful in the evaluation
of precise sizing of the neck and maximum size for devices,
wall lobulations, daughter lobes or nipples, and relation-
ship to essential parent arteries emerging at the base or from
aneurysm.

MRA is favoured in non-acute settings while CTA with
high numbers of detector rows have also shown improving
sensitivity in detecting unruptured aneurysms [47]. Despite
this, traditional DSA continues to have a superior spatial
resolution. Furthermore, 3D-DSA has enhanced diagnostic
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power [48], detecting unruptured intracranial aneurysms
that were deemed false negatives by DSA; particularly
aneurysms <3 mm [49]. This rotational mode of DSA
holds potential for application in other cervicocranial dis-
eases where detailed anatomy is poignant for diagnosis and
management. Unruptured giant aneurysms are a particular
challenge, not only due to rupture risk, but also mass effect
[50]. The angiogram may show only a small portion fill, sug-
gesting thrombosis in the remaining giant aneurysm. This
information is crucial to develop the right strategic plan.

DSA in vessel anomalies: arterial dissections

Although conventional DSA remains the gold standard for
diagnosis of craniocervical dissections [51, 52], non-inva-
sive radiology, including ultrasound, CTA or MRA, is com-
monly used for diagnosis [52]. Diagnostic features on DSA
include the vessel wall irregularities, pseudoaneurysm for-
mation and ‘string and pearl’ sign—an angiographic trade-
mark of ICA dissections [53]. However, DSA may be sub-
optimal in delineating the ICA dissection imaging features
such as the arterial wall’s thickness and content [54]. DSA
also has a role in identifying fusiform dilatations caused by
subadventitial dissections [55]. Some acute-phase findings
such as double lumens and intimal flaps are better visualised
on MRA [56].

A shortfall of lone MRA use in arterial dissections is
its poor success in distinguishing intraluminal from intra-
mural thrombus [52]. The addition of T1-MRI and/or fat-
suppressed images can improve this differentiation and tis-
sue characterisation [57, 58]. Despite its diminishing role in
diagnosis, and in cases where MRA is the first-line imaging,
DSA can still be used to assess collaterals to assist treatment
planning.

DSA in vessel anomalies: pseudoaneurysms

Abnormal dilations of a cerebral artery caused by an out-
pouching of the adventitial layer are known as pseudoaneu-
rysms. DSA can differentiate pseudoaneurysms from their
true counterparts by delineating the absence of an aneurys-
mal neck in saccular enlargements, showing filling and emp-
tying delays and revealing minimal flow within outpouch-
ings [59]. Whilst there is little evidence to support the use
of CTA in detecting these lesions [60], it is often considered
the first line. It can be useful in the assessment of thick slab
maximum intensity projection (MIP) reconstructions.

DSA in vessel anomalies: AVMs
Arteriovenous malformations (AVMs) are vascular defects

in which feeding arteries connect directly to draining veins
with an interposed nidus, and where the usual capillary

systems separating the two are absent. This causes shunt-
ing of high-flow blood through the AVM nidus, resulting
in hyperplastic changes in draining veins [61]. CTA can be
performed to detect AVMs, however, owing to poor ana-
tomical delineation and low sensitivity for AVMs and small
aneurysms, its utility in AVMs is limited. DSA is the gold
standard for evaluating cerebral AVMs, with its high resolu-
tion and high frame rate providing a more accurate haemo-
dynamic evaluation of the lesions [62]. The 4D-DSA is a
promising technique that is increasingly proving crucial in
the pre-operative planning and staging of complex emboli-
zation sessions [63]. Furthermore, recent developments in
4D-DSA have allowed provision for data on both velocity
and geometry required for blood flow quantification.

Disease grading is performed using the Spetzler—Martin
AVM grading scale, which considers AVM size, location
and pattern of drainage (SI Table 2), and is calculated using
DSA findings [64]. As well as determining the grade, AVMs
can spontaneously haemorrhage, with their risk of the haem-
orrhagic presentation related to their radiologic features. The
features visible on DSA imaging are summarised in Table 3.
DSA could also be used in the assessment of the supply of
AVM, en passage vs direct supply to the nidus. En passage
supply may make embolization difficult or impossible.

As well as predicting haemorrhagic transformation, DSA
imaging can be used to establish aneurysms proximal to or
within the nidus of AVMs. MRA is limited in its ability
to delineate these lesions [65]. When combined with MRI,
especially the gradient echo or susceptibility-weighted MRI,
it can demonstrate the relationship between the AVM and
haemosiderin deposition around the brain [66]. The deposi-
tion of haemosiderin along the leptomeninges can lead to
superficial siderosis especially in patients with recurrent
occult or extensive subarachnoid haemorrhages [66]. Emerg-
ing 4D-MRA offers spatial resolution similar to DSA [62].

Haemodynamic information obtained through DSA is
important for detecting arteriovenous shunting, which is
visualised as opacification of draining veins during arterial
phase DSA [67]. This shunting is relevant in understanding
disease progression [68]. More recently the Modified Law-
ton Score (combined with the traditional Spetzler—-Martin
Score) has shed further light on risk stratification for AVMs
(especially Grade 3 AVMs) [69]. An AVM with a “compact”
nidus on an angiogram poses a more acceptable surgical risk
than a “diffuse” nidus AVM [69].

DSA in vessel anomalies: arteriovenous fistulas

Dural AVFs (dAVFs) occur when blood shunts from a
dural artery to a dural vein/sinus, while a carotid-cavern-
ous fistula (CCF) occurs when there is shunting from the
ICA or ECA to the cavernous sinus. Six-vessel DSA is
the gold standard in diagnosing dAVF, indicating arterial
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Table 3 Digital subtraction angiography findings related to the haemorrhagic presentation of cerebral arteriovenous malformations

Parameter Findings on increased risk of haemorrhage in brain AVMs
Location Intraventricular and periventricular, and infratentorial (cerebellar or brainstem) AVMs [61]
Depth Deep AVMs, e.g. in the basal ganglia, thalamus and insula [61]
Nidus There is some evidence to show that small (<3 cm) AVMs increase the risk of haemor-
rhagic presentation and larger niduses (>5 cm) increase the risk of subsequent haemor-
rhages [124]
Diffuse nidus morphology is also a risk factor for haemorrhage
Perinidal and intranidal aneurysms are high-risk features for recurrent haemorrhages
Flow physiology High feeding artery pressure
Drainage Exclusively deep venous drainage pathways and a single draining vein increased haemor-

rhagic transformation, while venous ectasia was associated with decreased rates [61]

Abbreviations: AVMs = arteriovenous malformations

feeders and patterns of venous drainage to exclude the
presence of a nidus [70]. Dural AVFs are graded based on
the venous drainage morphology using Merland—Cognard
and the Borden classification systems [71]. Cognard clas-
sification considers the location of the fistula, presence of
cortical venous drainage, presence of venous ectasia and
direction of blood flow through the fistula [72]. Unlike
the Cognard classification, Borden classification involves
the grouping of dAVF lesions into three types based on
the site of venous drainage and the presence or absence of
cortical venous drainage [73].

While CTA and MRA may be used to distinguish changes
in cortical veins and delineate pial vessels, their temporal
resolution is not comparable to DSA, making DSA superior
in imaging flow patterns [74]. dAVFs that occur along the
spinal cord, spinal dAVFs, require precise localisation and
grading for treatment. MRA and MRI can show swelling
at the level of the lesion, but do not provide the detailed
visualisations afforded by DSA. Thus, DSA is considered
the gold standard for spinal dAVF diagnosis.

CCFs are definitively diagnosed using DSA and the Bar-
row classification. Barrow classification is determined based
on feeding arteries and drainage patterns, with the flow rates
obtained on DSA also relevant for EVT planning [74].

DSA in diagnosing subclavian steal syndrome

Subclavian steal syndrome (SSS) describes the phenomenon
of retrograde flow in the vertebral artery to compensate for
increased demand for blood flow during activity. This is a
consequence of a stenosed or occluded subclavian artery and
can occur unilaterally or bilaterally. Although the retrograde
flow can be detected using duplex ultrasound, the anatomy
of the vertebral arteries and the underlying cause cannot
be distinguished [75]. CTA and MRA may also be used as
minimally invasive options for planning interventions when
DSA is contraindicated [76].

@ Springer

Therapeutic role of DSA

In conjunction with endovascular therapies in AlIS
patients

In conjunction with endovascular therapies in AIS
patients, DSA enables characterisation of the site and
accessibility of the occlusion in AIS patients in hyperacute
settings. DSA also provides a post-intervention evaluation
of the recanalisation status; expressed by Thrombolysis
in Cerebral Infarction (TICI) or modified TICI (mTICI)
scores [77]. Modified TICI is the gold standard for evalu-
ating cerebral recanalization pre- and post-mechanical
thrombectomy [78]. While recanalisation is an important
indicator of the success of endovascular therapy, there is
evidence to suggest that reperfusion is equally important
[79]. DSA perfusion imaging, although not routinely uti-
lised, demonstrates potential in assessing post-intervention
reperfusion rates, and thus predicting complications such
as haemorrhagic transformation [80].

Routinely used to guide ascending catheters with the
hydrophilic wire, DSA prevents iatrogenic vessel injury
and dissection during EVT [2]. DSA can also be used to
confirm clot retrieval and improve treatment efficacy in
stent retriever thrombectomy. Successful stent retrieval of
a clot requires adequate dwell time for the clot to inte-
grate with the stent before a pull is attempted [81]. Current
operator dwell times are based on a minutes-long standard
and do not assess the efficacy of clot integration [81]. A
case study of four patients noted that DSA-detected blood
flows through the stent immediately before a pull was asso-
ciated with failed pulls [82]. Furthermore, the addition of
radio-opaque indicators and wires to the stent retrievers
can allow for more accurate visualisation of stent location
during treatment [83].
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In aneurysm

DSA has demonstrated value in diagnosis and surveillance
of aneurysm, large-vessel cerebral vasospasm and DCI in
subarachnoid haemorrhage patients who survive ruptured
aneurysm bleed, in addition to guiding treatment such as
endovascular procedures including balloon angioplasty
for the symptomatic vasospasm treatment [84]. Although
ongoing neurological monitoring and imaging (using
transcranial ultrasound Doppler and CTA with or without
perfusion) are commonly used for detection and manage-
ment of DCI patients, DSA remains the reference stand-
ard [84]. Endovascular therapy such as coiling has better
outcomes than surgical clipping [85—-87]. The landmark
International Subarachnoid Aneurysm Trial (ISAT) dem-
onstrated, in patients with ruptured intracranial aneurysm,
a higher survival rate at 1 year with endovascular coiling
than neurosurgical clipping [85]. These findings were also
found to be consistent in the long-term follow-up studies
[86, 87]. However, long-term risks of further bleeding,
albeit low with either treatment, were more frequent with
endovascular coiling.

In EVT, DSA is routinely used to guide endovascular
treatment [88]. DSA is also considered the reference stand-
ard in the post-coiling follow-up assessment of aneurysms
for the first 12 months [89], irrespective of the endovascu-
lar device used (e.g. flow diversion devices, coils, stents or
flow restrictor devices), classifying progression through the
Raymond-Roy Occlusion Classification (RROC) scale [90].
An increasing number of operators are now using modified
RROC (MRRC) as this has better predictive accuracy with
aneurysm occlusion than RROC (MRRC IlIa vs IIIb) [91].
For follow-up of treated aneurysms, DSA is a reasonable
option as the most sensitive imaging (Class I1a; Level of
Evidence C) [92]. DSA can be used in assessing suspected
recurrence in cases where metallic artefact may make non-
invasive imaging less effective. Moreover, DSA is also use-
ful in the follow-up diagnosis and monitoring of vasospasm
and DCI [41]. Despite this, CTA or MRA are generally pre-
ferred for follow-up of the treated aneurysm due to their less
invasive nature; while when deciding on therapy, DSA is
deemed as necessary (Class IIa; Level of Evidence C) [90].
Besides, for UIAs, CTA and MRA are useful for detection
and follow-up (Class I; Level of Evidence B) [92].

In vasculitis

Although primary treatment of vasculitis involves corticos-
teroids, invasive treatment during non-acute phases is indi-
cated in some cases. Symptomatic steno-occlusive lesions
may be recanalised using DSA-guided endovascular angio-
plasty techniques, including ballooning [93].

Role of DSA in prognosis

DSA findings can have prognostic implications for a vari-
ety of intracranial vascular diseases. These findings are
summarised in Table 4. There is evidence to suggest that
DSA imaging may also be of prognostic value in AIS
patients. In ICA occlusive stroke patients, involvement
in distal cavernous and terminus portions of the vessel
increased the risk of poor 90-day modified Rankin Score
(mRS) [94]. A comparison of M1 versus more distal
strokes, defined as M2, M3, anterior cerebral artery (ACA)
and posterior cerebral artery (PCA) strokes, found that
alteplase-treated M1 strokes were associated with higher
median National Institutes of Health Stroke Scale (NIHSS)
scores and poorer long-term mRS [95]. Distal occlusions
were associated with significantly higher recanalisa-
tion rates and lower rates of haemorrhagic transforma-
tion in comparison to M1 occlusion strokes, treated with
alteplase. One smaller study of 80 patients, 39 of which
had experienced lacunar strokes, reported higher rates of
normal DSA in patients aged less than 50 [96]. Determin-
ing the prognostic implication of occlusion site based on
DSA findings is restricted; with most literature dichoto-
mising proximal versus distal occlusions, limiting the
ability to associate occlusion site with stroke outcomes.
The predominant majority of studies on occlusion site in
AIS use non-DSA imaging modalities, which reduces our
ability to quantify the effectiveness of DSA in assessing
prognosis.

The presence of collateral blood supply to ischaemic
regions is a prognostic measure with a larger volume of
supportive evidence [9]. Reperfusion using thrombolysis
with intravenous tissue-type plasminogen activator (IV-
tPA) and EVT has been shown to significantly improve
clinical outcome in several studies. Collateral circulation
is also believed to support favourable reperfusion out-
comes when vessel occlusion occurs. While recognised
as the gold standard for evaluating cerebral collaterals,
most of the research associating collaterals with clinical
and angiographic outcomes feature non-invasive imag-
ing markers. Jansen et al. found no significant association
between DSA collateral score and clinical outcomes [97].
This may, however, be a consequence of their limited DSA
imaging, with patients only undergoing EVT adjacent
single-vessel DSA—Iimiting collateral assessment to col-
lateral supply from the anterior circulation. There is some
evidence of collateral importance in posterior circulation
occlusions, with the ENDOSTROKE study revealing that
higher ASITN/SIR grades were associated with better
rates of recanalization [98]. The same ENDOSTROKE
study did not find a significant improvement in clinical
outcomes based on collateral grade. Recent research by
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Table 4 Prognostic value of DSA findings in cerebrovascular diseases

Disease Imaging parameters

Prognostic findings

Ischaemia (includ-
ing acute ischaemic
stroke)

Collaterals

Lenticulostriate arteries

Degree of carotid artery stenosis Significantly higher 90 day mRS in patients with carotid artery stenosis >50% [100]
Higher ASITN/SIR score is correlated with favourable clinical outcome® [125]

The odds of a good clinical outcome? is higher when lenticulostriate arteries are

identified on DSA (OR 27.3), as opposed to groups where they are not [99]

Occlusion site

Neurological severity and infarct volume increase with distal involvement of the ICA

(OR 10.0). Cavernous and terminus involvement was an independent predictor
for poor outcome®. Symptomatic intracranial haemorrhage is more prevalent and
embolic mechanisms are more frequent with distal ICA occlusions [94]

Proximal large vessel occlusions (M1) have been associated with poorer clinical
outcome and lower NIHSS scores [95]

Recanalization

Patients with TICI scores of 2C and 3 have a significantly higher rate of favourable

clinical outcome® [78]

Intracranial aneurysm  Size

In patients without a history of subarachnoid haemorrhage, aneurysms rupture rates

increase with size [126]
Predictors of adverse outcome include a larger unruptured intracranial aneurysm

Rupture risk increases in posterior circulation aneurysms when compared to anterior

circulation aneurysms (OR 13.8 for aneurysms in the basilar tip) [88]

There is a small amount of data that shows that increased bottleneck factor and

height-width ratio independently increase rate of rupture [127]

Suzuki staging (1-6): lower grades were correlated with higher perioperative compli-

cation rates and worse clinical outcomes® on follow-up [123]
In older studies, treatment planning that considered transdural collaterals found on
DSA reduced perioperative stroke complications by more than 40% [128]

Location

Shape
Moyamoya disease Collaterals
Vasculitis Lesions

In primary angiitis of the CNS, numerous bilateral lesions seen on DSA will often

have a poorer response to immunosuppression [28]
Limited prognostic value otherwise

mRS modified Rankin score, ASITN/SIR American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radi-
ology, DSA digital subtraction angiography, OR odds ratio, ICA internal carotid artery, NIHSS National Institute of Health Stroke Scale, TICI

Thrombolysis In Cerebral Infarction, CNS central nervous system
2Good clinical outcome is defined by 90 day mRS of 0-2
Poor clinical outcome is defined by 90 day mRS of 3-6

Liu et al. found that the presence of lenticulostriate arter-
ies on DSA in MCA strokes increased the odds of a good
clinical outcome [99]. Lenticulostriate arteries connect
the MCA and PCA through perforator collaterals and may
contribute to improved recovery of the ischaemic penum-
bra. Filling time delays of collaterals on both DSA and
4D-CTA are correlated with morphological appearance—
for example, greater reperfusion delays were observed in
patients with lower collateral scores [17]. Further research
into combined DSA and perfusion imaging is essential in
understanding the true reperfusion effect of the collater-
als identified on DSA. Furthermore, the lack of routinely
assessed long-term clinical outcomes limits our ability to
understand the effect of DSA-determined collaterals on
stroke recurrence and prognosis.

Assessment of recanalization on post-intervention DSA
may also be of prognostic value. Good angiographic reca-
nalization post-thrombectomy was significantly associated
with favourable clinical outcomes on adjustment for baseline
characteristics such as age, comorbidities, baseline stroke
severity and site of occlusion [78]. Finally, a sub-study of a
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large Dutch trial found that CTA-confirmed carotid artery
stenosis (CAS) of more than or equal to 50% in AIS patients
was associated with higher mortality and morbidity when
compared to non-stenosed participants [100]. There is a
lack of current research directly exploring the relationship
between CAS found on DSA and associated clinical out-
comes in AIS patients. However, it can be extrapolated that
CAS observed on DSA would provide similar prognostic
reliability, consistent with a high correlation between DSA
and CTA for CAS estimation [101].

Technical considerations in DSA

Considerations prior to DSA include a neurological exam to
establish the patient’s baseline, a peripheral artery exami-
nation and blood analysis to check for coagulopathies and
ensuring sufficient or normal kidney function (serum cre-
atinine, electrolytes and urea) [2]. Kidney function limits
the amount of contrast that can be safely injected during
imaging. Clinical history should also investigate any prior
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history of reactions to iodinated contrast. Relative contrain-
dications include renal insufficiency and hypersensitivity to
iodinated contrast media. For these situations, macrocyclic
gadolinium-based agents can be considered. Most guide-
lines suggest fasting 6 h prior to DSA; however, one study
indicated that this does not significantly affect peri-proce-
dure sensations such as nausea and vomiting [102]. Patients
undergoing cerebral DSA may be asked to pause antico-
agulants and diabetic medication prior to the procedure to
minimise bleeding risk; however, this needs to be considered
on a case-to-case basis depending on the institutional pro-
tocol as DSA is performed on anticoagulation at most cen-
tres [2]. Many stroke patients with large vessel occlusion on
novel oral anticoagulants (NOACSs) regimen, do not have the
option for reversal, are contraindicated for IV-tPA, and thus
only suited to EVT in this setting. Finally, although DSA
can be performed during pregnancy; however, in general,
any endovascular work is best avoided in pregnancy due
to radiation exposure; however, radiation can be minimised
in neuro-DSA by maximising ALARA (as low as reason-
ably achievable) techniques. Use of lead shielding should
be avoided as this could lead to increased internal scatter
and may potentially increase the radiation dose to the foetus.
Pre- and in-procedure IV hydration could be considered in
high-risk cases. Vascular access in DSA is obtained from the
femoral or radial artery, on delineating its location on the
femoral/radial head X-ray. The standard of practice for safe
common femoral artery direct puncture for all endovascular
work is puncture under direct visualisation using ultrasound
imaging [103]. This ensures that the exact anatomy is punc-
tured and pre-empties any underlying problems such as ana-
tomical variation or significant atherosclerotic disease which
may impact haemostasis post-procedure.

The transradial approach is becoming increasingly popu-
lar and adopted at some centres while performing neuroen-
dovascular procedures given the obvious limitations of
the femoral approach [104]. The transfemoral approach is
associated with an increased risk of vascular/bleeding com-
plications, pseudoaneurysms and femoral nerve injury in
comparison to the transradial cerebral interventions [105].
Moreover, the transfemoral approach has also been associ-
ated with increased complications in obese patients on anti-
platelet or anticoagulant regimen [106]. With transradial
approach, without the use of a closure device, neuroangi-
ography procedures can be performed with better haemo-
static control offering patients on anticoagulation therapy, or
those with coagulopathies, a safe alternative to transfemoral
access. In interventional cardiology, the demonstrated ben-
efits of transradial approach compared to transfemoral access
include lower rates of haematoma formation, bleeding and
vascular complications, decreased morbidity and mortality,
early ambulation, longer fluoroscopic time, less amount of
contrast used and lower costs with coronary interventions

including angiography and catheterization [105, 107]. How-
ever, overall access and fluoroscopy time were greater in
transradial than the transfemoral approach [107]. A meta-
analysis on comparison between right versus left radial
artery approach for coronary angiography and angioplasty
procedures demonstrated significantly lower fluoroscopic
time and contrast use favouring left radial in comparison to
right radial approach [108]. However, the reduced fluoro-
scopic time for access to coronaries is not applicable to cer-
ebral DSA and thus is of limited use. Further studies on the
efficacy and benefits of left radial access over right radial
approach, and that of transradial approach over femoral, in
performing neuroendovascular interventions are warranted.

Lidocaine used as a local anaesthetic may be risky in
obese patients where the femoral artery may be difficult
to locate and the risk of injection to the femoral nerve.
However, lidocaine is not necessarily risk in obese patients
for subcutaneous injection to reduce the pain of initial
access. Benzodiazepines should accompany anaesthetics
to allow minimal sedation so as not to mask potential neu-
rological deterioration caused by the procedure. During
the procedure, catheters ascending with the hydrophilic
wire, guided by initial angiography images, can prevent
iatrogenic vessel injury and dissection. Double flushing
with saline and anticoagulant should be performed once
the catheter separates from the wire to remove air bubbles
and clots from within the catheter [2]. In neuro-DSA, a
continuous saline drip via three-way tap can also be used
(this avoids clot formation and blood-stagnation). It also
aids embolisation by preventing coils from drying out
and being stuck in the delivery catheters. The amount of
contrast used varies based on the procedure, with patients
with normal kidney function generally able to withstand
400-800 mL of contrast without side effects. Contrast
can be injected by hand or machine after the patient is
instructed to stay still and not breathe or swallow. The
amount and rate of contrast injection vary depending on
the vessel being injected. Standard rate and volume set-
tings are provided in SI Table 3. While the aortic arch
may not directly be relevant in cerebrovascular disease,
aortograms may indicate a patient’s level of atheroscle-
rotic disease—which is a useful prognostic and diagnostic
indicator. Furthermore, this may also inform other barri-
ers to vascular access including extensive arteriosclerosis/
atherosclerosis changes, tortuosity, common vascular vari-
ants and local anatomy of the target vessel [109]. When
intracranial aneurysms require a 4-vessel angiography, it
should include bilateral ICA and vertebral arteries (VAs)
injections without definite need to visualise ECAs; while
Moyamoya diagnosis relies on a 6-vessel angiogram (bilat-
eral ICA, bilateral ECA and bilateral vertebral arteries)
[2]. Microcatheter and ECA injections may be utilised for
cases where malformations in specific sites or external
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vessels are suspected. For example, dural AVFs require
the assessment of the ECA and its branches, as well as the
pharyngeal and occipital arteries. Furthermore, microcath-
eter injections within feeding arteries may help define the
extent of AVFs in non-haemorrhagic settings [2]. How-
ever, with good-quality CTA and a definite source of SAH,
4-vessel angiography may not be always necessary.

X-ray images are typically taken at a rate of 2-5 frames
per second (fps); however, this can be increased to 8-20
fps for the analysis of high-flow lesions including AVMs
[1]. To minimise radiation exposure, the frame rate is often
varied through arterial and venous phases, with the latter
requiring a smaller number of fps. Assessment of the arte-
rial versus venous phase is essential in diagnosing AVMs,
wherein persistent abnormal opacification of veins during
the arterial phase indicates shunting. The latter phase is
useful in delineating the dominance of draining veins and
planning treatment for these lesions. The venous phase can
also reveal thromboembolism, which appears as persistent
opacification of arteries during the expected venous phase.
The total imaging sequence from the arterial-venous phase
can take between 10 and 12 s. Biplanar angiography is
the standard practice in DSA, as it enables the capture
of orthogonal views with a single injection. This reduces
radiation exposure and length of the procedure [2]. After
DSA is complete, closure of the puncture site to prevent
hematoma formation, through the use of, either, manual
compression or an endovascular closure system (though
relatively rare, leg elevation could be considered) and IV
fluids should be implemented until the patient can walk
[2].

The traditional method of closure or haemostasis has been
manual compression over the arterial puncture spot. Sys-
temic anticoagulation, advanced age, vascular disease and
the use of an indwelling sheath over a prolonged period are
all considered to increase the risk of complications [110].
While sufficient haemostasis is normally accomplished using
this procedure, the time required to maintain haemostasis
is comparatively long, requiring extended bed rest follow-
ing compression which leads to increased patient pain, pro-
longed hospital stays and increased healthcare costs [111].
Over the last years, various percutaneous vascular closure
devices (e.g. AngioSeal, VasoSeal and Perclose) have been
used to facilitate prompt closure of the arteriotomy site, irre-
spective of the coagulation status, and early ambulation and
discharge [112]. However, the evidence to support preferen-
tial use of closure devices over manual compression remains
controversial.

With regards to post-procedural care, immobilisation of
patient for 4-6 h, in supine position, is recommended. Possi-
bility of haematomas and femoral pseudoaneurysm at punc-
ture site, as a usual post-procedural complication, requires
frequent monitoring.
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Comparative role of DSA relative to CTA
and MRA

DSA provides superior spatial resolution, with a resolution
of 0.3 mm? reported in the literature [113]. The resolutions
achieved by MRA, and CTA are not comparable (Table 5),
justifying the standing of DSA as the gold standard of cer-
ebrovasculature visualisation. For the major intracranial
arteries, with luminal diameters ranging from 1.7 to 4.3 mm,
this introduces between 5 and 12% error [114]. The implica-
tion is that DSA provides higher diagnostic accuracy than
its non-invasive counterparts and can more clearly rule out
differential diagnoses. Diagnostically superior to common
imaging modes, DSA can be combined with high-resolution
CT maximum intensity projection (MIP) to provide detailed
and accurate angiographic findings.

DSA also remains superior to these modalities (CTA,
MRA or CTA-MIP) in temporal resolution. Time-resolved
imaging, referred to as 4D imaging, can increase the frames
captured by non-invasive imaging modalities. The frame rate
and length 4D-MRA means that each image is a collection
of information across multiple time-points, with some newer
sequences offering up to 2 fps without loss of spatial reso-
lution [115]. 4D-CTA is produced through computation of
timing variant CTA and has higher diagnostic power than
traditional CTA for several intracranial diseases including
collaterals and thrombus estimation [116]. However, it is
not standard practice given its limited availability and has
been associated with high radiation exposure. A shortfall
of current DSA technology is its inability to visualise or
appraise vessel wall characteristics, including thickening,
atherosclerotic plaque burden and inflammation; although
this is a limitation shared by other neuroradiological modali-
ties [1]. In AIS patients, atherosclerotic changes are highly
prevalent, with a study of 339 fatal stroke autopsies finding
that 62.2% of patients with fatal AIS had intracranial athero-
sclerotic plaques [117].

With both higher spatial and temporal resolution, DSA
remains diagnostically superior to CTA and MRA for the

Table 5 Comparative resolution of digital subtraction angiography
(DSA), computed tomography angiography (CTA) and magnetic res-
onance angiography (MRA)

Imaging Auvailable resolution

DSA 0.3 mmx0.3 mm [115]

MDCTA 0.7 mmx0.7 mmx0.7 mm [115]
0.5 mm X 0.5 mmXx0.5 mm [113]

MRA 1.5 mmx 1.5 mm [115]

DSA digital subtraction angiography, MDCTA multi-detector com-
puted tomography angiography, MRA magnetic resonance angiogra-
phy
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assessment of cerebrovascular structures. Its intra-arterial
nature also provides opportunities for endovascular thera-
pies [1]. Despite these advantages, DSA is not considered
first-line imaging due to several limitations. Higher train-
ing demands and consequently poorer accessibility limit
the implementation of DSA as standard practice [2]. It is
complicated pre-procedural preparation increases time to
imaging as well as time to procedure when it is combined
with therapeutics. The invasiveness and complications of the
procedure also limit DSA’s application. The greatest con-
traindication to DSA in patients is poor renal function. Con-
trast-induced nephropathy (CIN) features an acute decline
in renal function post-DSA. However, a recent study from
2002 comparing CIN in CTA and DSA across 80 patients
found both had similar risks of a transient decrease in kidney
function [118]. Moreover, use of newer contrasts, such as
second-generation low/iso-osmolar contrast media (LOCM),
intravenous administration route (relative to intra-arterial
administration which may be linked to higher CIN), intra-
venous hydration with normal saline or sodium bicarbonate,
and better pre-procedural preparation are renal protection
strategies, to reduce CIN, which may be considered in those
atrisk [119].

Contrast reactions as severe as anaphylaxis and respira-
tory distress may be predisposed in patients with a history
of allergy to contrast and other atopic conditions such as
asthma. Invasive vascular access introduces the potential for
severe complications. Complications of transfemoral access
vary from haematomas and vascular spasm to pseudoaneu-
rysm and retroperitoneal haemorrhage [104]. Older studies
report local complications with rates as high as 4% [120],
whereas recent studies, reported no cases of local infection
and groin haematoma in only 1.55% of participants [121].
Arterial damage is generally not severe, with a requirement
for intervention in approximately 0.2% cases [1]. Perhaps
one of the most concerning complications is the production
of catheter-associated emboli, which can induce cerebral
ischaemia and neurological adverse effects [122]. It is esti-
mated that DSA carries a rate of transient neurological com-
plications of 1.3-2.6% [115]. This rate stands at 0.1-0.5%
for permanent complications, and lower still in some studies
[121]. The rate of neurological adverse effects varies and
is a consequence of both patient- and operator-dependent
factors [121].

Discussion and conclusion

DSA remains the gold standard in the diagnosis of AIS as
well as other cerebrovascular conditions, such as intrac-
ranial aneurysms, Moyamoya disease, cerebral vasculitis
and diseases, featuring abnormal arteriovenous anatomy.
It provides detailed information regarding the location and

degree of stenosis and occlusion in arteries and is used in
conjunction with non-invasive modalities to investigate
differentials and diagnose cerebrovascular disease [115].
Although it is not commonly a first-line investigation, it
provides unmatched spatial resolution and anatomical
detail [115]. The superior spatial and temporal resolution
of DSA makes it the imaging of choice for guiding EVT
procedures [2]. In EVT, DSA not only guides but also
enhances the efficacy of treatment delivery by estimating
the success of clot retrievals [83].

Besides diagnostic and therapeutic applications, evidence
of DSA’s role in predicting clinical and angiographic out-
comes continues to grow. For other intracranial diseases,
imaging parameters can prove important in determin-
ing risks of aneurysm rupture, rates of complication and
responses to medication [28, 43, 123]. In AIS, assessing
occlusion site, collateral supply and revascularisation have
all shown promise in providing prognostic information.
Additional DSA findings including CAS may further inform
our understanding of patient outcomes [100]. Only a limited
number of studies exist on these areas of interest.

With a lack of adequate research regarding prognostic
utility, a large prospective study of imaging markers and
meta-analysis of the current uses of DSA in prognosis is
desirable. Furthermore, association with long-term out-
comes including recurrence rates should be investigated
in AIS patients undertaking DSA imaging to better predict
future adverse or ischaemic events.

In conclusion, DSA findings are not only diagnostically
and therapeutically valuable but may also provide prognos-
tic information in various cerebrovascular disease settings.
Despite limitations to its use, it remains the gold standard
in assessing cerebrovascular anatomy and guiding endovas-
cular treatment. Further research is required if there is to
be a routine application of this technique in surveillance or
gauging clinical outcomes.
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