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Purpose: In acute middle cerebral artery (MCA) occlusion, collateral vessels provide retrograde
supply to the occluded territory. We hypothesized that such collateral flow reduces perfusion of
the non-occluded donor region (steal effect).

Materials and Methods: Patients with an MCA occlusion with opacification of both ipsi- and
contralateral anterior cerebral arteries (ACA) on angiography prior to endovascular treatment
were selected. Arteriovenous transit time (AVTT) for both ACA territories was compared for
different grades of collateral supply to the MCA territory. In addition, the influence of diabetes
and hypertension was analyzed. After successful revascularization, AVTT was re-assessed to
determine reversibility.

Results: Forty-one patients were analyzed. An AVTT of 8.6 seconds (standard deviation [SD]
24 seconds) was seen in the ACA territory of the affected hemisphere in comparison to 6.6
seconds (SD 2.1 seconds) for the contralateral side (P<0.001). A more prolonged (but not signif-
icant) AVTT was seen in cases with a higher collateral grade. No difference in AVTT was seen in
patients with diabetes or hypertension. After successful MCA revascularization, AVTT delay was
74 seconds (SD 2.1 seconds).

Conclusion: A cerebral steal effect occurs in patients with an acute MCA occlusion, probably
related to augmented flow to the penumbra area.

Key Words: Acute stroke; Arterial occlusive diseases; Collateral circulation; Cerebrovascular cir-
culation; Cerebral angiography

INTRODUCTION of the exact MCA occlusion.' In addi-
tion, the temporal resolution of DSA
enables depiction of the collateral flow

from the anterior and posterior cerebral

With the recent positive trials on en-
dovascular treatment (EVT) to re-open
middle cerebral artery (MCA) occlusions,
digital subtraction angiography (DSA)
is now used in the acute setting for in-

arteries, through the leptomeningeal
anastomosis at the watershed areas to-
wards the occluded MCA territory.” The

terventional guidance and localization presence of collateral arteries supplying
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the occluded MCA territory is associated with an improved
clinical outcome** The exact mechanism of opening of the
leptomeningeal arteries during acute large vessel occlusion
and its place in neurovascular regulation mechanisms is up
to now unclear. Transcranial Doppler studies on dynamic ce-
rebral autoregulation have been performed in patients with
large MCA territory infarcts and have shown unilateral and
bilateral impairment of cerebral autoregulation.”® The high
temporal resolution of DSA allows a better depiction of the
supply to the collateral network from the anterior cerebral
artery (ACA) territory or the posterior cerebral artery territory.
DSA also allows estimation of perfusion of the non-occluded
donor region, based on estimation of arteriovenous contrast
transit time from arterial inflow in the ACA to venous drainage.

In this study we determined the changes in perfusion in
the ACA territory in the affected versus unaffected hemi-
sphere in acute MCA occlusion. Furthermore, we related
these changes to collateral flow to the occluded MCA territo-
ry from the ACA territory.

MATERIALS AND METHODS

A retrospective analysis was performed on a large single
center prospective cohort of 364 patients (starting May
2011 and ended at June 1st 2017), presenting with an acute
hemispheric stroke, due to a proximal MCA occlusion proven
on computed tomography (CT) angiography, which was
suitable for EVT according to the original Multicenter Ran-
domized Clinical Trial of Endovascular Treatment for Acute
Ischemic Stroke in the Netherlands (MR CLEAN) inclusion
criteria.” From this cohort, only those patients who showed
contrast filling of both the ipsi- and contralateral ACA on
DSA were included. During EVT, single catheterization is
performed of the internal carotid artery (ICA) supplying the
affected hemisphere. To assess the flow in both ACA territo-
ries, the anatomical prerequisite is a patent anterior commu-
nicating artery (ACOM), allowing contrast passage from the
catheterized ICA through the first segment of the ACA to the
contralateral distal segments of the ACA.

Patients were selected from the local MR CLEAN and the
MR CLEAN Registry database for this post-hoc analysis. A
central medical ethics committee granted permission to
carry out the original study and additional post-hoc analyses,
therefore no additional local approval was required to carry
out this study.
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Imaging assessment

All patients were studied on biplane digital subtraction an-
giographic equipment (Philips Allura Xper FD20/20 biplane
neuro X-ray system; Philips Healthcare, Best, The Nether-
lands). Contrast material (lodixanol 320) was administered
with hand injections through the ICA with postero-anterior
and lateral acquired images from the early arterial to the
late venous phase. A standard triple phase protocol was
used with a frame rate of three per second for the first four
seconds, one frame per second for six seconds, and finally
one frame per two seconds for the final (venous) phase
until opacification of the jugular vein is seen. This allowed
reliable temporal analysis of the arterial and venous phase
and assessment of the leptomeningeal collateral circulation.
Collateral circulation was graded using standard anatomical
landmarks in which the MCA is subdivided in four segments,
the horizontal M1 segment, the ascending insular M2, the
descending opercular M3 segment, and the cortical M4 seg-
ment. The AVTT was defined as the time interval between
the first opacification of the distal ICA and the earliest opaci-
fication of the draining veins of the local ACA territory. AVTT
was measured for both the affected (side of MCA occlusion)
and unaffected hemisphere (Fig. 1). Additional subgroup
analysis was performed for the different collateral grades.
Immediately after successful revascularization of the MCA a
control DSA was performed allowing repeat measurement
of the AVTT to record possible changes. Revascularization
was graded, using the modified Thrombolysis in Cerebral In-
farction (TICI) score, which ranges from 0 (no reperfusion) to
3 (complete reperfusion).8 Presence of a residual stenosis of
the MCA after successful revascularization was determined in
patients with successful revascularization. Age, hypertension,
diabetes mellitus, and presence of a significant carotid steno-
sis were extracted for additional subgroup analysis.

Statistical analysis

Statistical analysis was performed using SPSS 234 (IBM Co,,
Armonk, NY, USA). First, data was checked for a normal dis-
tribution of AVTT using the Shapiro-Wilk test (>0.9 is consid-
ered as normally distributed). Since the distribution of AVTT
of the unaffected side was not normally distributed, the
Wilcoxon signed rank test (as both measurements were from
the same DSA from the same patient) was used to test for
significant differences in AVTT between the affected and un-
affected hemisphere. Since the difference in AVTT between
the affected and unaffected side was normally distributed,
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Fig. 1. Digital subtraction angiography in frontal projection (A-D) and lateral projection (E) after contrast injection in the left internal carotid artery
showing the 4 seconds increase in arterio-venous transit time (AVTT) of the left anterior circulation compared to the right side. (A) The M1 segment
of the middle cerebral artery (MCA) is occluded, both anterior cerebral arteries (ACA) are opacified at t=6 seconds. (B) The first cortical vein of the
right ACA territory is visible at t=11 seconds (arrow), with early contrast in the superior sagittal sinus (arrowhead). (C) The first cortical vein of the left
ACA territory (arrow) is visible at t=15 seconds. (D, E) At the late arterial phase (t=21 seconds), good collateral flow enables retrograde filling of the M4,

M3 and M2 segments of the MCA.

we used ANOVA to compare per collateral grade the AVTT
difference for the affected and unaffected hemisphere. Fur-
thermore, the AVTT differences were tested for difference in
age using a cut-off point of 75 years and two clinical param-
eters hypertension and diabetes mellitus using the indepen-
dent samples t-test. Finally, the pre and post revascularization
AVTT was measured to determine whether the delay was
(partially) reversible with the paired t-test (both AVTT pre-
and post revascularization were normally distributed).

RESULTS

A total of 364 patients subject to EVT were registered in
our local 'stroke’ database and underwent EVT. Only 41 of
364 LVO patients showed sufficient contrast flow across the
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ACOM to allow AVTT determination on the contralateral side.
Mean age for the selected patients was 67.8 years (range
38-88 years), 21 patients were female (51.2%). AVTT for the
affected side was 8.6 (standard deviation [SD] 2.4 seconds)
and for the unaffected side 6.7 seconds (SD 2.1 seconds), rep-
resenting a mean difference of 1.9 seconds (SD 1.6 seconds)
with a range from 0 to 6 seconds. This difference was statis-
tically significant (P<0.001). A more than four second delay
in AVTT between affected and unaffected side was seen in
six patients. In nine patients, no difference in AVTT between
affected and unaffected side was observed (Supplementary
Table 1). When subdividing AVTT per collateral grade, only
a trend towards a prolonged AVTT comparing the affected
and unaffected side (Table 1) was observed with improved
retrograde collateral circulation but no significance was
reached.
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Table 1. Univariate analysis AVTT versus collateral grade

95% Confidence interval

Collaterals Meanzstandard
deviation Lower Upper
bound bound
M2 segment (s) 19416 1.3 26
M3 segment (s) 1.7£1.1 0.9 2.5
M4 segment () 14+15 04 23

Dependent variable: affected AVTT ipsilateral minus contralateral
side.
AVTT, Arterio Venous Transit Time.

Patients over 75 years of age showed a significant small-
er delay in AVTT between affected and unaffected side
(P=0.025) as compared to the younger age group. A trend
towards an increase in delay in AVTT between affected and
unaffected side (P=0.23) was seen in six patients with dia-
betes mellitus from 1.7 to 2.8 seconds (range 0-5 seconds).
Contrary a trend towards a decrease in delay in AVTT be-
tween affected and unaffected side was seen in 21 hyper-
tensive patients (P=0.23) from 2.1 to 1.7 seconds. None of the
patients in this selected cohort had an internal carotid artery
stenosis.

In 30 patients (73%) TICl 2b-3 revascularization of the MCA
was obtained allowing assessment of the AVTT in the affect-
ed hemisphere after treatment and subsequent comparison
with the AVTT of the affected hemisphere before treatment.
All control DSA's were performed within 10 minutes after
revascularization. The mean post treatment AVTT on the
affected side was 74 seconds (SD 2.1 seconds), which was
significantly faster than the AVTT of 8.6 seconds as seen
before treatment (P=0.005). No signs of an underlying (ath-
erosclerotic) stenosis were seen on the post revascularization
DSA. Because of (partially) restored flow to the MCA territory
after revascularization, crossflow through the ACOM to the
contralateral hemisphere could not be reliably assessed.

DISCUSSION

In this study, significant reductions in perfusion AVTT were
found during acute MCA occlusion in the ACA territory of the
affected hemisphere compared to the contralateral non-af-
fected side. After successful reopening of the occluded MCA,
this reduction rapidly although partially reversed. We inter-
pret these findings as a neurovascular ‘steal effect’, where
collateral flow from the ACA to the MCA territory reduces the
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pressure head for ACA territory perfusion.

We postulate a novel concept in which a simple vascular
network analysis (see Appendix 1) provides an explanation
of the current findings. There are three crucial elements:
first, better collateral connections between the anterior and
medial perfusion area will support the area at risk, but at the
same time steal more blood from the anterior circulation.
While this is generally well understood, a second element
is the resistance in the larger anterior arteries, proximal to
the collaterals. After stroke onset, flow through these vessels
increases strongly due to vasodilatation of leptomeningeal
collaterals to the occluded MCA territory. This causes the per-
fusion pressure of the anterior circulation to drop. The effect
on anterior flow depends on a third element; the auto-regu-
latory range of the anterior circulation. If flow reserve remains
available, flow is maintained by microvascular vasodilation. If
anterior perfusion pressure falls more strongly, flow reserve
is exhausted and the anterior area becomes under-perfused,
as reflected by the observed increase in AVTT in the affect-
ed hemisphere. Whether or not this occurs in individual
patients, depends on the balance of these three elements.
The appendix provides a straightforward equation for this
balance. While the presented model may be oversimplifying,
it should be pointed out that apart from autoregulation in
the anterior circulation, no other vasoactive responses to the
acute stroke event are needed to explain the current find-
ings. The observed trend of an increase in delay of the AVTT
in the affected ACA territory in relation to a better collateral
grade supports the steal effect phenomenon. Statistical
significance for this relation was not reached but is probably
due to the relative small number of patients in each sub-
group.

A quantitative comparison of the AVTT in this study with
CT or MR perfusion data is complicated, as AVTT measures
the transit of arterially injected contrast from the first opaci-
fication of the distal ICA to the first venous opacification. In
perfusion imaging, the mean transit time (MTT) measures
the time between arterial inflow and venous outflow but
then on a parenchymal level. The limitation of MTT is that
it is derived from the ratio of the area under the impulse re-
sponse curve to its peak amplitude’ Accurate calculation of
this area requires that the signal intensity returns to baseline
values during the scan acquisition, however in acute stroke
patients with delayed transit times, this does not always
occur. The most accurate estimation of a MTT penumbral
threshold was calculated to be 5.3 seconds with a sensitivity
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of 88% and a specificity of 78%.'° The 1.7 second delay in
AVTT of the anterior circulation due to steal is therefore not
expected to cause large neurological damage in this area.
Yet, these data do show that such steal is strong enough to
cause exhaustion of autoregulation in this area. In diabetic
patients, who have impaired autoregulation, the maximum
delay in AVTT of five seconds as seen in this study is just be-
low this penumbral threshold." Diabetic patients might be
especially vulnerable for such hypoperfusion, with possible
ischemic changes in the anterior circulation.” In the present
study the influence of hypertension on AVTT was equivo-
cal. This might be explained by the fact that most of these
patients received antihypertensive medication, which can
restore autoregulation.”

The main limitation of this study is the dependence on a
patent ACOM to visualize the contralateral circulation. A little
more than 10 percent of patients showed enough ACOM
cross flow to allow reliable AVTT measurements of the con-
tralateral side. This might be attributed to a dominance of
the contra-lateral Al, preventing overflow even when the
ACOM is present and patent. With the advent of CT perfu-
sion technigues it might be possible to measure the AVTT
times per specific region of interest, including the contralat-
eral ACA and MCA territory of the unaffected hemisphere.
This might produce more robust data and conclusions. An-
other potential limitation might be the size of the ACOM that
might influence crossflow to the contralateral side. However,
even with a possible arterial inflow delay through the ACOM
to the unaffected ACA, a more rapid passage of contrast was
seen through the parenchyma into the draining veins.

CONCLUSION

An arterial steal phenomenon is present in stroke patients
with proximal large vessel occlusion to augment collateral
circulation to the MCA penumbral area. The presence of lep-
tomeningeal collaterals is individually determined, and this
should be taken in consideration when searching for means
to improve cerebral blood flow during acute ischemic stroke
due to large vessel occlusion.

SUPPLEMENTARY MATERIALS

Supplementary materials related to this article can be found
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Appendix 1. Network analysis of steal from the anterior circulation

PSYST

Pa

RAM

RAP

Fig. A1 provides the relevant resistances in the anterior and middle circulation after stroke. Opening of the switch S indicates the onset of stroke in
the proximal MCA. The local pressures and flows before onset of stroke depend on the systemic pressure and venous back pressure (respectively
Psysr and Py), resistance in large anterior and MCA branches, proximal to the collaterals (respectively R, and Ryp), the collateral resistance Re,, and
the microvascular resistances in both the anterior and MCA perfusion areas (respectively R, and Ry). After onset of stroke, Ry, becomes irrelevant
but all other resistances together determine the driving pressure (P,) for flow through the anterior microcirculation (F,). lgnoring a possible small col-
lateral flow before the onset of stroke, and taking P, =0, anterior microvascular flow (F,) before and after onset of stroke equals:

Before stroke onset:
1

Fy=Pyysr 55—
Ryp + Ram
After stroke onset:

R Rym + Reor
AT (Rym + Reow + Ram)  Rap + (Rum + Reor) * Ram

The anterior microvascular resistance is subject to autoregulation. It is well known that a reduction of systemic pressure causes vasodilation in order
to maintain perfusion. Likewise, in this setting, a sudden drop in anterior driving pressure (P,) at onset of stroke will be compensated by a reduction
of Ry Whether this is sufficient to maintain anterior perfusion at the autoregulatory level depends on the balance of resistances and the reserve in
the anterior circulation. The anterior microvascular vasodilator reserve (MVR) can be defined as

Red dil

MVR & AM Rdil = "AM G-reg
AM AM
Where R4 is the minimal anterior microvascular resistance, under full vasodilation, and Rj¢ the resistance under normal autoregulation, prior to
stroke onset. Conductance G is the reciprocal of resistance.

Anterior flow then will be maintained within the autoregulatory range if

Rap

MVR>1+—"—77—
Rym + Reor

A few numerical cases illustrate this: If the resistance in the large anterior arteries, R4y, is negligible, no vasodilator reserve is needed to maintain ante-
rior perfusion at the autoregulary level (MVR=1). In this case, P, equals Psysrand the collateral flow is not imposing a load on the anterior circulation at
all. Also in the absence of collaterals, MVR=1 is sufficient but in this case obviously the anterior and medial circulation are fully separated and there is
no collateral flow. If R4» equals the resistance of the collaterals and medial microcirculation (Rep;+Ryu), MVR needs to be at least 2 in order to maintain
anterior flow at the autoregulatory level during middle cerebral artery occlusion.
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