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Abstract

Purpose Cerebral DSA is a routine procedure with few
complications. However, it is associated with presumably
clinically inapparent lesions detectable on diffusion-
weighted MRI imaging (DWI lesions). However, there are
insufficient data regarding incidence, etiology, clinical
relevance, and longitudinal development of these lesions.
This study prospectively evaluated subjects undergoing
elective diagnostic cerebral DSA for the occurrence of
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DWI lesions, potentially associated clinical symptoms and
risk factors, and longitudinally monitored the lesions using
state-of-the-art MRI.

Materials and Methods Eighty-two subjects were exam-
ined by high-resolution MRI within 24 h after elective
diagnostic DSA and lesion occurrence was qualitatively
and quantitatively evaluated. Subjects’ neurological status
was assessed before and after DSA by clinical neurological
examination and a perceived deficit questionnaire. Patient-
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related risk factors and procedural DSA data were docu-
mented. Subjects with lesions received a follow-up MRI
and were questioned for neurological deficits after a med-
ian of 5.1 months.

Results After DSA, 23(28%) subjects had a total of 54
DWI lesions. Significantly associated risk factors were
number of vessels probed, intervention time, age, arterial
hypertension, visible calcified plaques, and less examiner
experience. Twenty percent of baseline lesions converted
to persistent FLAIR lesions at follow-up. After DSA, none
of the subjects had a clinically apparent neurological def-
icit. Self-perceived deficits were nonsignificantly higher at
follow-up.

Conclusion Cerebral DSA 1is associated with a consider-
able number of postinterventional lesions, some persisting
as scars in brain tissue. Presumably because of the small
lesion size and inconsistent location, no clinically apparent
neurological deficits have been observed. However, subtle
self-perceived changes may occur. Therefore, special
attention is needed to minimize avoidable risk factors.

Keywords Silent ischemia - Ischemia - Stroke -
Neuroangiography

Introduction

Endovascular cerebral digital subtraction catheter angiog-
raphy (DSA) is a widely used procedure to evaluate a
variety of intracranial vascular pathologies like aneurysms,
vascular malformations, or tumors. It remains the diag-
nostic gold standard to diagnose vascular disease and
provides the option for direct subsequent physical inter-
vention. As an invasive catheter procedure, it is associated
with complications such as groin hematoma, contrast-in-
duced nephropathy, and, in rare cases, embolic events that
can lead to neurological deficits or even death [1]. Neu-
rological complications have been reported to be around
0.5-3.2%, whereby only a small fraction of these resulted
in permanent neurological impairments [1—4].

However, studies have shown the presence of embolic
ischemia-like lesions on diffusion-weighted MRI (DWI)
after catheter procedures. These lesions were found more
frequently than expected compared with the low amount of
clinically reported postprocedural complications [5-11].
Studies using Doppler sonography during the catheteriza-
tion have shown embolic-like signals in up to 29% of DSA
culminating at the time of injection [5-11]. In clinical
routine, these lesions are rarely reported or stay undiag-
nosed. Consequently, their impact on the patient’s health
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remains unclear and the lesions are referred to as ‘clinically
silent’ [12, 13]. Subtle neurological impairments may not
immediately be reported after DSA or could occur with
delay [3, 14]. No causality for cerebral microemboli and
cognitive impairment has been found, nor has it been ruled
out [15].

To further characterize the risk profile of DSA, we
performed a prospective analysis investigating the inci-
dence of DWI lesions using high-resolution MRI in sub-
jects undergoing elective cerebral diagnostic DSA at our
institution. Subjects presenting with a DWI lesion at
baseline were scheduled for a follow-up MRI scan to
investigate longitudinal signal development. Neurological
status was examined and subjective well-being was eval-
uated by a questionnaire immediately before DSA, after
DSA, and at follow-up.

We hypothesize that (1) lesion incidence is higher with
the use of high-resolution isotropic DWI sequences than in
previous studies; (2) lesion occurrence is associated with
DSA or examiner-related risk factors; and (3) lesions per-
sist and may be associated with measurable clinical
impairment or self-perceived neurological deficits.

Materials and Methods
Study Cohort

Subjects scheduled for diagnostic cerebral DSA between
June 2015-2020 were asked to voluntarily participate in
this study receiving additional MR imaging free of charge
at our institution. Participants received an MRI scan within
24 h after DSA. Study participants presenting with lesions
in the baseline MRI exam were offered another voluntary
MRI scan free of charge a minimum of 2 months after the
baseline scan.

Clinical DSA indications included examination of sus-
pected or known aneurysm or vascular malformation.
Subjects with a history of recent head trauma, acute stroke,
bleeding, or tumor were excluded to account for potentially
confounding lesions. Further exclusion criteria were MRI
contraindications according to our institutional and
national regulations. Subjects were free to end participation
at any time during the study.

This study was approved by the local ethics committee
following the guidelines of the declaration of Helsinki. A
total of 82 subjects undergoing DSA could be included and
signed informed consent.

DSA and MR Imaging Data

DSA procedures were clinically indicated independent of
this study and carried out according to our institutional
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standards using manual iodine contrast injection (Imeron®
300; Bracco Imaging Deutschland GmbH, Konstanz) and
heparinized saline drip (1400 LE. per liter). Contrast syr-
inges were manually filled from a small bowl of contrast
medium and no air filters were used. As part of the study
analysis, the number of cerebral vessels examined, fluo-
roscopy duration, amount of contrast agent, and type of
catheters used were documented. DSA was performed by a
total of eight senior neuroangiographers, five experienced
neuroangiographers, and five novice neuroangiographers.

After DSA, all participating subjects received MRI
within 24 h. MRI data were obtained using a Philips
Achieva 3 Tesla and Philips Ingenia 3 Tesla system.

For DWI, a B value of 1000 s/mmAz, a TR of 7,637 ms,
and a TE of 55 ms were used with a resulting isotropic
resolution of 2 mm allowing for the detection of small
DWI lesions. In addition, coronary DWI was performed to
validate potential lesions with a B value of 1000 s/mm"?, a
TR of 2432 ms, and a TE of 75 ms at a slice thickness of
3 mm. For 3D-FLAIR images, a TR of 4800 ms, TE of
300 ms, and an echo train length of 170 were used,
acquired in isotropic 1 mm voxels. Follow-up MRI scans
included additional susceptibility-weighted imaging (SWI)
to account for potential microbleeding with a TR of 51 ms,
TE of 30 ms, and a slice thickness of 1.5 mm.

Image readings were carried out in consensus by two
neuroradiologists with 8 years and 3 years of clinical
experience, blinded for DSA procedure data, clinical his-
tory, and comorbidities. If a lesion presented, the subject
was scheduled for a follow-up head MRI within
2-24 months after DSA. Lesion size was measured with
the ABC/2 Method by multiplication of maximal lesion
diameter and maximal orthogonal diameter times the
number of slices with visible lesion hyperintensity and
slice thickness.

Neurological Assessment

Before and after cerebral DSA, a medical interview and
neurological examination were performed by the admitting
physician. To examine subtle self-perceived changes by the
enrolled subjects, we conducted an additional investigator-
guided normative questionnaire, the perceived deficits
questionnaire (PDQ) [16]. The questionnaire was per-
formed by a specifically trained medical student before the
DSA and after DSA before dismissal from the institution,
as well as at the follow-up appointment. The PDQ offers
the examination of four major traits: attention/concentra-
tion, retrospective memory, prospective memory, and
planning/organization. It was primarily developed for
people suffering from lesions associated with multiple
sclerosis, detecting subtle neurological impairments per-
ceived by the patient [16]. The lower the score the fewer

deficits are being perceived by the patient with a minimum
of 0 and a maximum score of 80 points. The standardized
questionnaire is provided in the supplement.

Data Analysis

To test for group differences between subjects with and
without lesions, a two-sample Student’s t test was used.
Statistical significance threshold was set at p < 0.05. To
test for correlation of DWI lesion count and examiner
experience, we used a Spearman correlation analysis.

Results
Sample Characteristics

Demographical subject characteristics along with clinically
reported cardiovascular risk factors and DSA-related data
are presented in Table 1. A total of 82 subjects received
MRI imaging after elective DSA. The mean age was
58.3 £ 14.7 years with 56 female and 26 male subjects.
The most important comorbidities included a history of
smoking in 28 subjects (34.1%) and arterial hypertension in
41 patients (50%).

Incidence of DWI Lesions After DSA
and Longitudinal Signal Characteristics

Among the 82 subjects studied, 23 subjects (28.0%)
showed a total number of 54 diffusion-restricted lesions
following DSA when using high-resolution diffusion-
weighted MRI (Table 1). Mean lesion size was
120.6 + 159.5mm°>. All lesions occurred with respect to
the probed vessels” vascular territories. The typical embolic
like dot-shaped lesion appearance is demonstrated in
Fig. 1. Figure 2 shows a case with a less common but
larger ischemic lesion in the cerebellum. Despite the larger
ischemic lesion volume, the subject showed no subjective
symptoms or measurable deficits. Figure 2 also depicts an
example of a subject with a lesion showing high suscep-
tibility on SWI imaging which must have occurred during
the procedure, as this subject had a previous MR scan
immediately prior to the DSA showing no lesion.

A total of 12 subjects out of all 23 subjects presenting
with lesions at baseline, received follow-up MRI exami-
nations to track total of 25 lesions (Table 2). Due to non-
participation and one case of unrelated death, 11 subjects
were lost to follow-up. Follow-up scans were performed a
median of 5.1 months after the intervention. Five of these
25 lesions (20%) remained visible on FLAIR imaging as
hyperintense lesions at follow-up (Table 2). Figure 3
illustrates cases with persisting high FLAIR-signal at
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Table 1 Demographical,

clinical, and interventional data

Study size (n = 82) Mean SD Range n
Sex (male/female) 26/56
Age (years) 58.3 + 14.7 17.3-90.3

History of smoking 28
Arterial hypertension 41
Arteriosclerosis/Plaques 33
DWTI lesions 0.7 + 1.9 0-14 54
Lesion volume in mm® 120.6 + 159.5 11.8-596.2

Fluoroscopy duration (min)* 4.98 0.5-41.5

No. of series 7.5 + 3.3 2-15

No. of vessels probed 2.7 + 1.1 1-5

Contrast used (ml) 554 + 24.0 14-115

Examiner experience 2.1 + 0.9 1-3

*median of n = 45

DWI diffusion-weighted imaging; SD standard deviation

Fig. 1 Typical appearance of microembolic brain lesions. a Diffu-
sion-weighted imaging (DWI) of subject No. 2. A typical bright
round-shaped diffusion-restricted lesion in the left cuneus. b DWI of
subject No. 77. Three lesions of typical round-shape and different
sizes in close proximity in the left cerebellar lobe

follow-up. Two subjects each showed one lesion with
visibly increased susceptibility on SWI (8%).

Group Comparison of Subjects with and Without
Lesions

Group comparisons of subjects with visible lesions on
postinterventional MRI compared to subjects without
lesions are shown in Table 3. Subjects with lesions were
significantly older (64.3 vs. 55.9, p = 0.021) compared to
subjects without lesions, had more vessels probed (3.0 vs.
2.5, p = 0.035), received more fluoroscopy series (8.8 vs.
7.0, p = 0.026) and showed nonsignificantly longer fluo-
roscopy time (8.85 vs. 4.46 min, p = 0.252). Although
more contrast medium was used in subjects with lesions,
this difference was not statistically significant (62.9 vs.
525 ml, p=0.079). A clinical history of arterial
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hypertension and visible plaques both resulted in signifi-
cantly more DWI lesions on postinterventional MRI (0.8
vs. 0.4, p < 0.001 and 0.7 vs. 0.3, p = 0.004, respectively).
A history of smoking was not significantly associated with
more DWI lesions on postinterventional MRI (0.4 vs. 0.3,
p = 0.558).

Using a Spearman correlation analysis between exam-
iner experience and lesion presence revealed a significant
negative correlation (r = — 0.407, p < 0.001, Fig. 4).

Neurological Complications and Perceived Deficits

No deficits were shown before or after DSA as documented
by a clinical neurological assessment. There was no sig-
nificant difference in the investigator-guided standardized
PDQ questionnaire mean score before angiography
(13.3 £ 11.2) and after angiography (13.4 £ 11.8;
p = 0.8). There was a nonsignificant increase of perceived
deficits at the follow-up (17.8 % 4.4.) compared to baseline
(p = 0.09, Table 4).

Discussion

This study showed that silent ischemic lesions after cere-
bral DSA occur in 28% of subjects as depicted by high-
resolution isotropic DWI. This is consistent with previous
studies that reported DWI lesions in up to 40% of patients
after DSA [5-11, 17]. Nevertheless, the current rate of 28%
is relatively high considering that heparinized saline drips
were used and that only diagnostic DSA procedures short
in duration were part of the study. This relatively high
incidence of lesions could be partly explained by the
methodological differences between our study and previous
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Fig. 2 Atypical appearance of intracranial lesions following diag-
nostic DSA. a Subject No. 4. Upper row shows DWI (left) and FLAIR
(right) immediately after DSA. Bottom row shows SWI (left) and
FLAIR (right) at follow-up appointment. A lesion of central low DWI
signal and a bright posterior rim with corresponding low signal in
FLAIR can be seen after DSA. Follow-up shows high susceptibility
with blooming in SWI and predominantly unchanged characteristics
in FLAIR 7.7 months after DSA. b Subject No. 76. Axial DWI (left)
and coronary DWI (right) after DSA show a roundish and unusually
large DWI bright diffusion-restricted lesion in the right upper
cerebellar lobe. Subject was lost to follow-up. FLAIR, Fluid
attenuated inversion recovery. DSA, Digital subtraction analysis.
DWI, Diffusion-weighted imaging. No, Number. SWI, Susceptibility-
weighted imaging

ones. We used a high-quality modern 3 Tesla MRI scanner
with DWI sequences 2 mm isotropic resolution acquired in
two axes (axial and coronal slices). This is a great
improvement over previous studies that only had 1.5 Tesla

Table 2 Follow-up data

Study size (n = 12) Mean SD Range
FLAIR lesions (n = 5) 0.3 =+ 0.65 0-2
SWI lesions (n = 2) 0.4 + 0.5 0-1
Weeks after angiography 31.7 + 34.1 4-133
Fluoroscopy duration (min) 8.3% 0.5-41.5
No. of series 7.6 + 32 2-15
No. of vessels probed 2.7 + 1.1 1-6
Contrast used (ml) 55.9 + 24.0 14-115

FLAIR fluid attenuated inversion recovery, SD standard deviation,
SWI susceptibility-weighted imaging

“median

MRI scanners with low-resolution DWI sequences with
slice thicknesses of 5—6 mm, if MRI-related data were
presented in the manuscript at all. Furthermore, our study
was conducted prospectively, thus excluding confounding
factors typically associated with retrospective studies.
Despite the small size of the DWI lesions, they were still
visible in 25% of subjects after a mean of 8 months.

Significant risk factors for lesion occurrence in our study
were both examiner-independent and -dependent. Subject
age and vascular risk factors, such as arterial hypertension
or visible plaques on CT, were associated with DWI
lesions, supporting the assumption of an association of
vascular risk factors with silent DWI lesions [13]. Inter-
estingly, in our study, the amount of contrast agent used
was not significantly correlated with lesion occurrence,
although previous Doppler sonographic studies showed a
particularly high number of embolic signals during contrast
injection [12, 18]. This indicates that complications during
contrast injection, such as air bubbles or microparticles
contained in the agent, presumably play an inferior role
compared to vascular disease or intravascular microclot
formation. Mechanical vessel wall stress may play a more
important role in lesion development. This is further
strengthened by recent findings that DWI lesions are more
frequent when a transradial versus a transfemoral approach
is used [19].

Furthermore, examiner experience inversely correlated
with the number of DWI lesions, i.e., DSA performed by
less experienced examiners resulted in more DWI lesions,
and the number of probed vessels was significantly higher
in patients with DWI lesions. This indicates that increased
friction and longer duration of catheterization may cause
microclots or loosen vessel adherent embolic material that
forms as part of arteriosclerosis.

@ Springer
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Fig. 3 Persistent high-signal lesions at follow-up. a Subject No. 24.
Upper row shows DWI (left) and slightly zoomed-in FLAIR (right)
after DSA. Bottom row shows zoomed-in FLAIR (right) and even
more zoomed-in SWI (left) at follow-up. DWI after DSA shows high
signal corresponding to diffusion restriction in left superior parietal
lobule. Diffusion-restricted area shows slight FLAIR hyperintensity
following DSA and at follow-up with punctate low-signal in SWL
b Subject No. 45. Upper row shows DWI at different heights after
DSA with a high-signal diffusion-restricted cortical lesion of the right
cerebellar lobe. Bottom row shows FLAIR after DSA (left) and at
follow-up (right) with well visible persistent FLAIR hyperintensity at
both time appointments. Abbreviations: FLAIR, fluid attenuated
inversion recovery; DSA, digital subtraction analysis; DWI, diffu-
sion-weighted imaging; No, number; SWI, susceptibility-weighted
imaging

@ Springer

Clinical Implication of DWI Lesion Occurrence

Relevant neurological complications after DSA are rare,
[1-4, 14, 20, 21] and indeed no measurable neurological
complications were observed in our study. It is not con-
clusively understood why the number of DWI lesions
greatly exceeds the apparent neurological complications. It
may be a combination of localization in a non-eloquent
area, small infarct volume, and limited neurological-psy-
chiatric systematic follow-up [5, 13]. Nevertheless, it is
known that covert strokes increase the long-term risk of
cognitive decline, subtle visual field defects, or depressive
symptoms, which are not routinely assessed in detail after
DSA in clinical practice [4, 6, 11, 13, 14]. In this study, we
used a structured questionnaire to detect subtle changes
subjectively perceived by the patient before, immediately
after, and several months after DSA. There was no change
in the mean score after DSA, and a nonsignificant increase
at the follow-up visit.

Although a significant benefit in DWI lesion occurrence
from patient-specific simulation training the day before
DSA has not been demonstrated in a one-time experiment,
efforts must be made to optimize training including
angiography simulators within a structured curriculum to
reduce the modifiable risk of the examiner’s skill level
[22]. In addition, there is evidence of a reduction in DWI
lesion load by embolic protection devices such as air filters,
but their functional benefit has not been demonstrated to
date [13, 23]. Randomized trials or even expert consensus
have been lacking, resulting in nonuniformly performed
DSA [13]. High-resolution DWI with a structured
prospective longitudinal assessment, as in our study, could
serve as a tool to compare and evaluate different angiog-
raphy techniques or devices.

Limitations

The results of this study are relevant because it is based on
a healthy cohort and diagnostic DSA. More complex DSA
interventions such as neurointerventional procedures were
not part of this study and may potentially be associated
with a higher lesion occurrence. Furthermore, the results
should be interpreted with caution as the sample size of the
follow-up cohort is comparatively small, the PDQ is pri-
marily validated for patients with multiple sclerosis, and
the self-perceived increase in deficits was not significant.
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Table 3 Group comparison of
subjects with and without
lesions

Study size (n = 82) No lesion (n = 59)

Lesion(s) (n = 23)

Significance (p)

Age (years) 559 £+ 147 64.3 £ 13.0 0.021
Fluoroscopy duration (min) 4.46% 8.85° 0.252
No. of series 7.0 £32 8.8 £3.0 0.026
No. of vessels probed 25+ 1.1 30+0.8 0.035
Contrast used (ml) 52.5 £ 245 62.9 £+ 21.5 0.079
Arterial hypertension 04 +05 0.8 +£ 04 < 0.001
Arteriosclerosis/plaques 03 +05 0.7 £ 0.5 0.004
History of smoking 03 £05 04 £0.5 0.558

Group-level analysis for subjects with visible diffusion-restricted lesions on postinterventional MRI
compared to subjects without lesions. Bold letters indicate statistical significance defined as p < 0.05.
Standard deviation is given for each value indicated by £

No number
“median of n = 38

"median of n = 7

=-0.407
p<0.001

Lesions on DWI [n]
©

100 125 150 175 200 225 250 275 300
Examiner Experience

Fig. 4 Relationship between the examiner’s degree of experience and
microembolic lesions. Association between the examiner’s degree of
experience—divided into three levels for assistant physician, special-
ist, and senior physician—and amount of microembolic lesions on
DWI after DSA is shown as scatter plot. Examiner’s degree of
experience is plotted on the x-axes and DWI lesions are plotted on the
y-axes. Linear regression line, p value, and Spearman rho (r,) were
added. Abbreviations: DSA, digital subtraction analysis; DWI,
diffusion-weighted imaging

Conclusion

Diagnostic cerebral DSA is associated with a considerable
number of partially persistent DWI lesions when prospec-
tively examined by high-resolution modern MRI. Although
no measurable, significant clinical, or self-perceived com-
plications have been observed in this cohort, further efforts
should be made to better understand the impact of these
lesions and improve the examiner’s skill level, especially
in patients with vascular disease.

Table 4 Perceived deficits questionnaire (PDQ)

Study size (n = 46) Mean SD Range
Before intervention 13.3 + 11.2 0-47
Post intervention 13.4 + 11.8 0-47
At follow-up* 17.8 +44 11-23

Subjects received an investigator-guided normative questionnaire
prior to diagnostic digital subtraction analysis (DSA), after DSA, and
at the follow-up appointment. Deficits are evaluated with a minimum
score of 0 and a maximum score of 80 points with lower values
indicating fewer deficits

SD standard deviation

*n==6
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