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Cerebral Hemodynamics in Relation to Patterns
of Collateral Flow

M. Kluytmans, PhD; J. van der Grond, PhD; K.J. van Everdingen, MD, PhD; C.J.M. Klijn, MD;
L.J. Kappelle, MD, PhD; M.A.Viergever, DSc

Background and Purpose-We sought to investigate the relation between collateral flow via different pathways and
hemodynamic parameters measured by dynamic susceptibility contrast—enhanced MRI in patients with severe carotid
artery disease.

Methods—Dynamic susceptibility contrast—enhanced MRI was performed in 66 patients and 33 control subjects. Patients
had severe stenosis>{0%, n=12), unilateral occlusion (n=38), or bilateral occlusion16) of the internal carotid
artery (ICA). Cerebripetal flow and collateral flow via the circle of Willis were investigated with MR angiography.
Collateral flow via the ophthalmic artery was investigated with transcranial Doppler sonography.

Results—Patients with ICA stenosis had well-preserved cerebral perfusion and were in general not dependent on collatera
supply. Patients with unilateral ICA occlusion had impaired cerebral perfusion. However, appearance time, peak time,
and mean transit time in white matter were less increased in patients with than in patients without collateral flow via
the circle of Willis (P<0.05). Furthermore, patients with collateral flow via both anterior and posterior communicating
arteries had less increased regional cerebral blood volume than patients with collateral flow via the posterior
communicating artery onlyR<0.05). Patients with bilateral ICA occlusion had severely compromised hemodynamic
status despite recruitment of collateral supply.

Conclusions—In patients with unilateral ICA occlusion, the pattern of collateral supply has significant influence on
hemodynamic status. Collateral flow via the anterior communicating artery is a sign of well-preserved hemodynamic
status, whereas no collateral flow via the circle of Willis or flow via only the posterior communicating artery is a sign
of deteriorated cerebral perfusiofstroke. 1999;30:1432-1439.)
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S(:r\l/ere atherosclerosis of the internal carotid artery (ICA) considered secondary collateral pathwad/sts-16 Conflicting

ay lead to symptoms of transient retinal or cerebral results have been published on the importance of each of these
ischemia and an increased risk of strék&At present it is pathways, especially on the role of the anterior versus posterior
difficult to determine with certainty whether the cerebral or communicating arter{g17-2°Moreover, the recruitment of col-
retinal problems experienced by these patients are mainly of lateral pathways is also dependent on the distribution of cere-
hemodynamic or of thromboembolic origire Therefore, bripetal blood flow over the ICAs and the basilar artery.
knowledge of hemodynamic status may be important to eluci-  Impaired hemodynamics in patients with severe carotid artery
date the hemodynamic contribution to the symptoms. In the disease can be demonstrated by perfusion-weightedzMRI.
individual patient, cerebral perfusion is dependent not only on The clinically most frequently used method is dynamic suscep-
the degree of stenosis but also on the patency of collateraltibility contrast-enhanced (DSC) MRI, which is based on
pathways:8-14 Several collateral pathways may contribute to analysis of an intravenously injected bolus of contrast material.
cerebral perfusion in patients with severe carotid artery disease.Analysis of the time-concentration curves per pixel yields
Collateral flow via the circle of Willis is considered the primary hemodynamic parameter maps with relative values of regional
collateral pathway. These collaterals consist of cross-flow cerebral blood volume (rCBV), mean transit time (MTT), time
through the anterior communicating artery toward the hemi- of appearance (TA), and time to peak (TP).

sphere ipsilateral to the most severe ICA lesion, posterior to The aim of this study was to investigate the relation
anterior flow through the ipsilateral posterior communicating between the type of collateral supply and cerebral hemody-
artery, or both these systems:1516Reversed flow through the  namic parameters as measured with DSC MRI in patients
ophthalmic artery and blood flow via leptomeningeal vessels are with stenosis or occlusion of the ICA.
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Figure 1. Example of MR angiography images of the circle of Willis of a patient with a left-sided occlusion of the ICA. A, Maximum-
intensity projection of a 3-dimensional TOF investigation; B, 2-dimensional phase-contrast directional flow image with flow sensitivity in
the anterior-posterior direction (flow in the anterior direction is black, and flow in the posterior direction is white); C, 2-dimensional
phase-contrast directional flow image with flow sensitivity in the left-right direction (flow in the left direction is black, and flow in the
right direction is white). Collateral flow from the right to the left hemisphere via the anterior communication artery and collateral flow via
the left posterior communicating artery can be seen in this patient.

Subjects and Methods Additionally, 5 slices were imaged to match perfusion-weighted

. imaging. This additional imaging was used for region-of-interest defi-
Patients nition and consisted of inversion recovery turbo spin-echo imaging (TR,
Sixty-six patients (56 men, 10 women) with severe carotid artery 2200 ms; TE, 14 ms; inversion recovery delay, 300 ms; turbo spin-echo
disease and 33 control subjects were included in this study. Patientsfactor, 4; 90° flip angle; 5 slices of 8-mm thickness with a 2-mm
ranged in age from 35 to 92 years (mean aget Bl years). In the interslice gap; 230-mm FOV; and a 28856 matrix) and T2-weighted
6 months before investigation, 41 patients suffered from (minor) turbo spin-echo imaging (TR, 2000 ms; TE, 100 ms; turbo spin-echo
stroke, 12 patients experienced transient ischemic attacks, and 13factor, 6; 90° flip angle; 5 slices of 8-mm thickness with a 2-mm
patients had transient or chronic ischemia of the eye. In all patients, interslice gap; 230-mm FOV with 80% reduced field of view; reduced
the symptomatic hemisphere or eye corresponded to the side of mostacquisition 60% [60% of data points acquired]; and a2866 matrix).
severe carotid artery disease. Symptomatic side was left in 37 and The 5 slices were divided into 2 stacks: 4 slices were positioned with the
right in 29 patients. Patients were divided into 3 groups: 12 patients central slices through the centrum semiovale, and the fifth slice was
had ICA stenosis of>70% (mean, 76+=10%), with a less severe positioned through the cerebellum.
contralateral stenosis (mean,807%); 38 patients had unilateral
ICA occlusion, with mild contralateral ICA stenosis (mean,
31+35%); and 16 patients had bilateral ICA occlusion. Occlusion or
stenosis of the ICA was proven by intra-arterial digital subtraction
angiography. Percent stenosis was determined from angiography by
the use of North American Symptomatic Carotid Endarterectomy
Trial criteria® In none of the patients were abnormalities in the
posterior circulation found. DSC MRI and cerebripetal flow mea-
surements were performed at the same time in all patients.

Control subjects (20 men, 13 women) ranged in age from 40 to 81
years (mean age, 85l1 years) and were selected from an age-
matched group (r52) of patients who underwent MRI to exclude
the presence of an acoustic neurinoma. Subjects with a tumor or any
other abnormality at MRI of the cerebrum=19) were excluded.
The age composition of the patient groups and the control subjects

was not significantly different at the 0.05 level (Studenttest). ment was performed twice, once with phase encoding in the anterior-

_ Informed consent was obtained from all subjects before examina- ) rerior direction and once in the left-right direction (TR, 16 ms: TE,
tion. Study protocols were approved by the Human Research g1 ms: 7.5° fiip angle; 8 signals acquired; 13-mm slice thickness;

MR Angiography

Flow through the 2 ICAs and the basilar artery was measured with MR
angiography. For the collateral vessels, the diameter is too small to
reliably measure flow quantitatively. However, MR angiography can
visualize patency of collateral flow via the circle of Willis. Data on
collateral flow via the circle of Willis were available in 60 patients.

To visualize the circle of Willis, 50 slices were obtained with a
3-dimensional MR angiography time-of-flight (TOF) technique (TR,
31 ms; TE, 6.9 ms; 2 signals acquired; 20° flip angle; 1.2-mm slice
thickness with a 0.6-mm overlap; 100-mm FOV; and a %228
matrix). These images were reconstructed in the transverse oblique
plane with a maximum intensity projection algorithm (Figure 1A).

The direction of blood flow in the A1 segments of the anterior
communicating artery and in the posterior communicating arteries was
measured with a 2-dimensional phase-contrast method. This measure-

Committee of our hospital. 250-mm FOV; 256256 matrix; and velocity sensitivity of 40 cm/s).
L. Velocity sensitivity was chosen high enough such that no aliasing
MR Investigation effects influenced the flow directions measured. Two collateral path-

All MR investigations were performed on a whole body system ways were studied: (1) collateral flow through the anterior communi-
operating at 1.5 T (Gyroscan ACS-NT 15, Philips Medical Systems). cating artery with reversed flow in the A1 segment on the symptomatic

Overall imaging time was=35 minutes. side and (2) posterior-to-anterior flow through the ipsilateral posterior
) communicating artery (Figure 1B and 1C). The presence and direction
MR Imaging of flow through the collateral pathways were independently evaluated

Conventional anatomic imaging consisted of a sagittal T1-weighted by 2 of the authors (K.J. van E. and J. van der G.). Discrepancies
spin-echo sequence (repetition time [TR], 545 ms; echo time [TE], between the 2 readings were reevaluated in a consensus reading.

15 ms; 19 slices of 4-mm thickness with a 0.6-mm interslice gap;  Cerebripetal blood flow was investigated by nontriggered
225-mm field of view [FOV]; and a 256256 matrix) and a 2-dimensional phase-contrast flow measuremeérnksough the ICAs
transaxial double-echo T2-weighted spin-echo sequence (TR, 2000and basilar artery at the level of the base of the skull (TR, 16 ms; TE,
ms; TE, 20 and 100 ms; 19 slices of 7-mm thickness with a 1.5-mm 9 ms; 7.5° flip angle; 8 signals acquired; 5-mm slice thickness; 250-mm
interslice gap; 225-mm FOV; and a 28856 matrix). FOV; 256x256 matrix; and velocity sensitivity of 100 cm/s). Flow
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values were obtained by integrating across manually drawn regions of through both ICAs and dividing this sum by the flow through the

interest, which enclosed the vessel lumen as closely as possible. basilar artery. Pearson correlation was calculated between hemody-
) ] ) namic parameters and cerebripetal anterior/posterior flow ratio.
Perfusion-Weighted Imaging Because patients with bilateral occlusion differed significantly from

For perfusion-weighted imaging, 5 slices were imaged with a the other patients, correlation was calculated with these patients
T2-weighted gradient echo sequence with echo-planar imaging (TR, included and also with these patients excluded.

260 ms; TE, 30 ms; 9 echos per excitation; 30° flip angle; 230-mm  |n all statistical analyses a value &<0.05 was considered
FOV; 70% reduced FOV; 10-mm slice thickness; reduced acquisi- statistically significant.

tion 70%; 128<128 matrix; and 5 dummy scans and 50 dynamic

scans with a time resolution of 1.5 seconds). Four slices were Results

positioned in the centrum semiovale and the fifth through the - -
cerebellum, corresponding to anatomic, inversion recovery, and Table 1 shows hemodynamic parameters of the symptomatic

T2-weighted imaging. Nine seconds after the start of the acquisition, heémispheres for 3 groups of patients: patients with ICA stenosis,
a contrast bolus of 30 mL gadopentetate dimeglumine (Gd-BTPA  unilateral ICA occlusion, and bilateral ICA occlusion. Data are

Magnevist, Shering AG) was injected in 6 seconds by means of an shown for the symptomatic hemisphere and for gray and white
MR-compatible injection pump (5 mL/s) (Spectris MR Injector, — matter of the symptomatic hemisphere separately. Compared

Medrad). The infusion line was prefilled with contrast, and the ith trol subiect tients with ICA st is sh d
injection was immediately followed by a saline flush (10 mL saline: WIth control Subjects, palients with severe Stenosis showe

5 mL at 5 mL/s followed by 5 mL at 2 mL/s). Perfusion maps were Significantly increased TA and TP in the symptomatic hemi-
constructed offline on a clinical workstation. For each voxel in the sphere in both white matter and gray matter, reflecting a
dynamic data sets, time-intensity curves were converted into time- prolonged pathway of blood to reach the tissue, whereas rCBV
concentration curves, which were subsequently fitted by a gamma- 5 MTT were not increased. In patients with unilateral ICA
variate functior?” Curve fitting was performed by the downhill . . . .
simplex method in multidimensio®8 MTT, TA, and TP maps were OCC“_JS'O”' M_TT’ TA, an_d TP were increased in the symptomatic
expressed in time units (seconds), whereas rCBV was expressed inn€misphere in both white matter and gray matter. rCBV showed
arbitrary units. Regions of interest for both hemispheres, white a small increase, which was statistically significant only for
matter, and gray matter were defined by segmentation of inversion rCBV in white matter. Finally, in patients with bilateral occlu-

recovery images corresponding to the 5 perfusion-weighted imaging gjo - hemodynamic status was severely impaired: all hemody-
slices. Lesions were excluded on corresponding T2-weighted im- ' .

ages. Segmentation was performed on a UNIX workstation (HP Namic parameters were significantly increased in the symptom-
9000/750) with the use of an image analysis package (Analyze, atic hemisphere, in both white matter and gray matter, compared
Mayo Foundation)2® rCBV, MTT, TA, and TP data were averaged  with control subjects.
_O\f[er th;e_ retlevant reg_ions offinhteresgof the_4 cerebraltslicesd Tto allow | patients with an ICA stenosis, none of the hemodynamic
interpatient comparison of hemodynamic parameters, data were - : . :
normalized over the cerebellum; the hemodynamic parameters parameters in the as_ymptomatlc hemlsphere were _dlfferent from
(rCBV, MTT, TA, and TP) for the hemispheres were divided by the control values. In patients with unilateral ICA occlusion, TA was
corresponding values for the entire cerebellum. Throughout this increased in the asymptomatic hemisphere (0.99), white matter
report, even when not explicitly stated, normalized hemodynamic (1.04), and gray matter (0.98)P€0.01). In patients with
parameters are considered. bilateral occlusion, all perfusion parameters were significantly
. increased in the asymptomatic hemisphere compared with con-
Zgﬁ;g;ﬁa&ﬂ agﬂﬁéezi?hg?n?iiagngry can be detected by trol values in both hemispheres (rCBM.02, MTT=1.11,
transcranial Doppler sonography. The direction of blood flow was 1A=1.06, TP=1.06), white matter (rCB¥0.56, MTT=1.16,
determined in the ophthalmic artery on the symptomatic side, with TA=1.12, TP=1.11), and gray matter (rCB¥1.33,

reversed flow indicating collateral circulation. Transcranial Doppler MTT=1.09, TA=1.04, TR=1.05) (P<0.01).
sonography examination was performed with a Multidop-X device

(DWL) and a 4-MHz probe. Data on collateral flow via the

ophthalmic artery were available in 56 patients; if the flow direction Presence of Collateral Pathways
was uncertain or if the vessel was not found, it was considered a Severe ICA Stenosis

missing value and was not included in the statistical analysis. Table 2 shows that for the group of 12 patients with severe ICA
. stenosis, in 9 patients collateral flow of the circle of Willis could
Data Analysis be assessed. Of these, 2 showed primary collateral flow (1 via

Patients were divided into 3 groups on the basis of the severity of the anterior communicating artery and 1 via the posterior
obstruction of the ICAs: stenosis, unilateral occlusion, or bilateral

occlusion. Hemodynamic parameters of symptomatic and asymptomaticCOmMmunicating artery). The direction of ophthalmic artery flow
hemispheres were compared between control subjects and patientvas known in 10 patients with severe ICA stenosis. Of these,
groups. Hemodynamic parameters were studied for the whole hemi-only 1 showed reversed flow (the same patient who had

sphere and for white and gray matter separately. One-way ANOVA was cq||ateral flow via the anterior communicating artery).
performed to reveal differences between groups. If differences were

found, hemodynamic parameters were compared between groups byynilateral ICA Occlusion
St‘éde”tl'lststeSts with fD“rt‘_”'Stm‘:&ip'e Comparisl?” PrOCEd“rg- dary PTimary collateral flow data were available in 36 of the 38
or all 3 groups of patients, the presence of primary and secondary __.. . : : ) )
collateral pathways was investigated. Within the 3 groups, patients patients with unllateral ICA_OCCIUS'On, (Table 2): 30 patients
were divided into subgroups on the basis of recruitment of collateral had collateral flow via the circle of Willis, of whom 17 were
pathways. Between those subgroups, differences were investigated invia the anterior communicating artery only, 6 via the symp-
hemodynamic parameters of the symptomatic hemisphere with tomatic posterior communicating artery only, and 7 via both
Student'st tests with Dunn’s multiple comparison procedure. arteries. In the 6 patients in whom no primary collateral flow
Additionally, individual hemodynamic parameters for all patients . L .

were plotted against the pattern of division of total cerebripetal flow CcOUld be found, flow direction in the ophthalmic artery was
over the ICAs and the basilar artery to determine the anterior/ '€versed in 5 and unknown in 1. For the whole group, data on

posterior flow ratio. This ratio was calculated by summing the flow direction of ophthalmic artery flow were known in 30
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TABLE 1. Hemodynamic Parameters for Control Subjects and Patients
Patient Groups (Symptomatic Hemisphere)
DSC MRI Data Control Subjects
(Symptomatic (Both Hemispheres) Stenosis Unilateral Occlusion  Bilateral Occlusion
Hemisphere) (n=66) (n=12) (n=38) (n=16)
Hemisphere
rCBV 0.80+0.17 0.76+0.11 0.88+0.20 1.01+0.25
MTT 0.99+0.05 1.00+0.04 1.07+0.10t 1.12+0.111
TA 0.98+0.03 1.01+0.04t 1.04+0.05t 1.07+0.041
P 0.98+0.03 1.01+0.03t 1.04+0.05t 1.07+0.04t
Gray matter
rCBV 1.00+0.22 0.95+0.17 1.10+0.26 1.29+0.33t
MTT 0.99:-0.05 1.00+0.05 1.06+0.09t 1.11+0.11F
TA 0.96+0.02 1.00+0.05t 1.03+0.05t 1.06+0.041
P 0.97+0.03 1.01+0.04t 1.04+0.05t 1.06+0.041
White matter
rCBV 0.40:0.08 0.39:£0.05 0.50+0.16t 0.55+0.16t
MTT 1.00+0.07 0.99+0.09 1.13+0.15% 1.18+0.13t
TA 1.01+0.03 1.05+0.05t 1.10+0.061 1.13+0.05t
P 1.00+0.03 1.03+0.05* 1.09+0.07 1.11+0.041

Mean normalized hemodynamic parameters for control subjects (33 control subjects; hemispheres are pooled:
n=66) and symptomatic hemispheres of patients with severe ICA disease (n=66) are shown. Patients were divided
into 3 groups on the basis of severity of obstruction of the ICA: ICA stenosis, unilateral ICA occlusion, or bilateral ICA

occlusion.
*P<0.05, 1P<0.01, patients vs control subjects.

patients, of whom 23 had reversed flow. Patients with normal
flow direction in the ophthalmic artery all had collateral flow
via the circle of Willis.

Bilateral ICA Occlusion
Primary collateral flow data were available in 15 of the 16

patients with bilateral ICA occlusion (Table 2): 10 showed
primary collateral flow via the posterior communicating artery,
and 5 did not. Of the 5 patients without primary collateral flow,
4 had reversed ophthalmic artery flow, whereas 1 did not. For
the whole group, direction of ophthalmic artery flow was
reversed in 14 patients and was normal in 2.

TABLE 2. Presence of Primary and Secondary Collateral Flow

Patients With Flow Via Specific Pathway, %

Unilateral Bilateral
Stenosis Occlusion Occlusion
Circle of Willis (n=9) (n=36) (n=15)
No collateral flow 78 17 33
ACoA 11 47 0
PCoA 11 17 67
Both ACoA and PCoA 0 19 0
Ophthalmic artery (n=10) (n=30) (n=16)
Normal flow direction 90 23 13
Reversed flow direction 10 77 87

If data were not available, patients were excluded from the analysis (number
of patients included is indicated). Pathways studied were circle of Willis (no
primary collateral flow, via anterior communicating artery [ACoA], via posterior
communicating artery [PCoA], or via both ACoA and PCoA and ophthalmic
artery (normal or reversed flow direction).

Collateral Flow in Patients With ICA Stenosis

Hemodynamic Status in Relation to Collateral Flow
Because collateral flow was found in only 2 patients, no

useful statistical comparison could be made between patients
with and without collateral flow.

Collateral Flow in Patients With Unilateral
ICA Occlusion

Hemodynamic Status in Relation to the Circle of Willis
Table 3 shows hemodynamic parameters of the symptomatic

hemisphere of patients with unilateral ICA occlusion, subdi-
vided into those with and those without collateral flow via the
circle of Willis. Compared with control subjects (Table 1),
both patients with and without collateral flow via the circle of
Willis had increased MTT, TA, and TP in the symptomatic
hemisphere, white matter, and gray matter<0.01) and
increased rCBV in white matter (P<<0.01). Comparison of
hemodynamic data between the 2 subgroups showed that
patients without primary collateral flow overall had more
severely deteriorated hemodynamic parameters. This differ-
ence was statistically significant for TA and TP in the
symptomatic hemisphere, gray matter, and white matter
(P<0.05) and for MTT in white matteiR<<0.05).

Table 4 shows the hemodynamic parameters of patients with
collateral flow via the circle of Willis, further subdivided into
those with collateral flow via the anterior communicating artery,
posterior communicating artery, or both. Compared with control
subjects (Table 1), different hemodynamic changes were found
for the 3 subgroups. In patients with collateral flow via the
anterior communicating artery, MTT, TA, and TP were in-
creased in the symptomatic hemisphere, gray matter, and white
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TABLE 3. Unilateral ICA Occlusion: Hemodynamic Parameters
in Relation to Flow Via the Circle of Willis

TABLE 4. Unilateral ICA Occlusion: Hemodynamic Parameters
in Relation to Different Primary Collateral Pathways

Collateral Flow Via Circle of Willis

DSC MRI (Symptomatic

Hemisphere) No (n=6) Yes (n=30) P
Hemisphere
rCBV 0.90+0.16 0.87+0.21 NS
MTT 1.15+0.121 1.05+0.09t NS
TA 1.08+0.061 1.03+0.04t 0.015
P 1.09+0.061 1.03+0.04t 0.027
Gray matter
rCBV 1.12+0.20 1.08+0.27 NS
MTT 1.12+0.111 1.04+0.08t NS
TA 1.08+0.061 1.02+0.041 0.009
P 1.08+0.061 1.03+0.04t 0.018
White matter
rCBV 0.54+0.10t 0.48+0.16t NS
MTT 1.25+0.181 1.09+0.12F 0.024
TA 1.15+0.07 1.09+0.05t 0.030
P 1.14+0.081 1.07+0.05t 0.027

Mean normalized hemodynamic parameters for patients with unilateral
occlusion of the ICA are shown (38 patients, 2 incomplete collateral flow data;
n=36). Patients are divided into subgroups on the basis of whether there was
collateral flow via the circle of Willis (primary collateral pathways).

*+P<0.01, patients vs control subjects (control subject data in Table 1).
P values in table refer to primary collateral flow vs no primary collateral
flow.

matter (MTT: P<<0.05; TA and TP:P<0.01), whereas rCBV
was increased in white mattdP<0.05) only. In patients with
collateral flow via the posterior communicating artery, MTT,

Collateral Flow Via Circle of Willis
(Primary Pathway)

DSC MRI (Symptomatic ACoA Only PCoA Only ACoA and PCoA
Hemisphere) (n=17) (n=6) (n=7)
Hemisphere
rCBV 0.86+0.23 1.01+0.05%F 0.76+0.15%
MTT 1.03=0.10*  1.10+0.03t 1.05+0.10
TA 1.03=0.04t  1.05+0.02t 1.03+0.03t
TP 1.03+0.05t  1.05+0.01t 1.03+0.03t
Gray matter
rCBV 1.10+0.31 1.21+0.10% 0.93+0.18%
MTT 1.03=+0.09*  1.09+0.02F 1.04+0.09
TA 1.02=0.04t  1.04+0.02t 1.02+0.03t
TP 1.02=0.051  1.04+0.02t 1.02+0.041
White matter
rCBV 0.48+0.18*  0.57+0.081f 0.41+0.10%
MTT 1.07+0.13*  1.13+0.08t 1.08+0.13*
TA 1.08+0.051  1.12+0.03tf 1.08+0.05t
TP 1.06=0.06t  1.10+0.02t 1.07+0.05t

Mean normalized hemodynamic parameters of the symptomatic hemisphere
for patients with unilateral occlusion of the ICA are shown (38 patients, 2
incomplete collateral flow data; n=36). Patients are divided into subgroups
according to recruitment of primary collateral pathways: no collateral flow via
the circle of Willis, collateral flow via the anterior communicating artery (ACoA)
only (reversed flow in A1 segment indicating collateral flow from asymptomatic
toward symptomatic side), collateral flow via the posterior communicating
artery (PCoA) only (reversed flow PCoA on symptomatic side), or collateral flow
via both the ACoA and PCoA.

*P<0.05, 1P<0.01, patients vs control subjects (control subject data in

TA, and TP were increased in the symptomatic hemisphere, grayTaie 1).

matter, and white matteP0.01), while rCBV was increased
in the symptomatic hemispherB<0.05) and in white matter

$P<0.05, PCoA only vs both PCoA and ACoA. For ACoA only vs PCoA only,
P=NS. For ACoA vs both PCoA and ACoA, P=NS.

(P<0.01). In patients with collateral flow via both anterior and

posterior communicating arteries, only TA and TP were in-

creased in the symptomatic hemisphere, in gray matter, and inwere statistically significantly increased in patients with
white matter P<<0.01), and MTT was increased in white matter normal ophthalmic artery flowR<0.01), whereas TA, TP,
(P<0.05). No significant difference was found for rCBV. MTT, and rCBV in white matter were significantly increased
Comparison by ANOVA revealed significant differences be- in patients with collateral flow via the ophthalmic artery
tween the subgroups. Patients with collateral flow via the (P<<0.01). Although hemodynamic parameters tended to be
posterior communicating artery showed a trend of deteriorated more increased in patients with reversed flow in the ophthal-
hemodynamic parameters compared with patients with collateral mic artery, differences between the 2 subgroups were not
flow via the anterior communicating artery. Patients with collat- statistically significant.

eral flow via the anterior communicating artery showed a trend
toward Ies_s impaired hemodynamic paramete_rs compared yvithC ollateral Elow in Patients With Bilateral
patients with collateral flow via both the anterior and posterior ICA Occlusion

communicating arteries. In patients with collateral flow via the

posterior communicating artery, rCBV was significantly higher e modynamic Status in Relation to the Circle of Willis

than in patients with collateral flow via both anterior and Taple 6 shows hemodynamic parameters of the symptomatic
posterior communicating arterieB<0.05). hemisphere of patients with bilateral ICA occlusion with and
Hemodynamic Status in Relation to Collateral Flow Via without cc_)llatera_ll flow via th(_a circle of V\(illis_, which was in
the Ophthalmic Artery these patients via the posterior communicating artery only. In
Table 5 shows hemodynamic parameters of the symptomaticboth patients with and patients without primary collateral
hemisphere for patients with unilateral ICA occlusion with or flow, all hemodynamic parameters were significantly im-
without collateral flow via the ipsilateral ophthalmic artery. paired (P<<0.01). Direct comparison revealed no significant
Compared with control subjects (Table 1), only TA and TP differences between the 2 subgroups.
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TABLE 6. Bilateral ICA Occlusion: Hemodynamic Parameters
in Relation to Collateral Flow Via the Circle of Willis

Flow Direction Ophthalmic Artery

DSC MRI (Symptomatic Normal Reversed
Hemisphere) (n=7) (n=23) P
Hemisphere
rCBV 0.87+0.26 0.90+0.21 NS
MTT 1.03+0.08 1.10=0.11¢ NS
TA 1.02+0.03t 1.05+0.05t NS
TP 1.02+0.04t 1.05+0.06t NS
Gray matter
rCBV 1.14=0.36 1112025 NS
MTT 1.02+0.07 1.08+0.09t NS
TA 1.01=0.03t 1.04=0.05t NS
TP 1.01=0.04t 1.05+0.06t NS
White matter
rCBV 0.44+0.16 0.53+0.17t NS
MTT 1.060.10 1.17+0.16t NS
TA 1.08+0.05t 1.11=0.06t NS
TP 1.06=0.05t 1.11=0.07 NS

Mean normalized hemodynamic parameters of the symptomatic hemisphere
of patients with unilateral occlusion of the ICA are shown (n=38). Patients are
divided into subgroups on the basis of absence or presence of collateral flow
via the ophthalmic artery on the symptomatic side (normal or reversed flow,
respectively).

1P<0.01, patients vs control subjects (control subject data in Table 1). P
values in table refer to normal vs reversed flow.

Hemodynamic Status in Relation to Collateral Flow Via

the Ophthalmic Artery

Because all but 2 patients had collateral flow via the ophthal-
mic artery, no useful statistical comparison could be made
between patients with and without collateral flow.

Cerebripetal Anterior/Posterior Flow Ratio
Figure 2 shows hemodynamic parameters for the individual

Patients With Bilateral Occlusion

No Primary Primary
DSC MRI (Symptomatic Collateral Collateral Flow
Hemisphere) Flow (n=5) (Via PCoA) (n=10) P
Hemisphere
rCBV 1.01x0.261 1.07+0.26t NS
MTT 1.08+0.06t 1.15+0.13t NS
TA 1.06-0.041 1.07=0.03t NS
TP 1.060.02t 1.08=0.04t NS
Gray matter
rCBV 1.37+0.36t 1.27+0.34t NS
MTT 1.06+0.05t 1.14+0.12t NS
TA 1.04+0.03t 1.060.04t NS
TP 1.04=0.021 1.07=0.04t NS
White matter
rCBV 0.55+0.151 0.57+0.16t1 NS
MTT 1.14%0.05t 1.20+0.15t NS
TA 1.11+0.06t 1.12+0.04t NS
TP 1.09+0.03t 1.12+0.04t NS

Mean normalized hemodynamic parameters patients with bilateral occlusion
of the ICA are shown (16 patients, 1 incomplete collateral flow data; n=15).
Patients are divided into groups on the basis of whether there was collateral
flow via the circle of Willis (primary collateral pathways).

1P<0.01, patients vs control subjects (control subject data in Table 1). P
values in table refer to primary vs no primary collateral flow.

those without; (b) patients with collateral flow via the anterior
communicating artery have less impaired hemodynamic pa-
rameters than those with collateral flow via the posterior
communicating artery; (c) patients with collateral flow via
both anterior and posterior communicating arteries have less
impaired hemodynamic parameters than those with collateral
flow via the anterior communicating artery only; and (d) pa-
tients with reversed ophthalmic artery flow have more im-

patients, plotted against the cerebripetal anterior/posterior pajred hemodynamic parameters than those without. (3) Fi-

flow ratio. We found a negative correlation between the
distribution ratio and hemodynamic parameters (rCBV:
r=-—0.33 [P<0.05]; MTT: r=-0.49 [P<O0.01]; TA:
r=-0.59 [P<0.01]; TPr=-0.58 [P<0.01]). When patients
with bilateral ICA occlusion (with a cerebripetal anterior/
posterior flow ratio of zero) were excluded from the analysis,
for patients with subtotal ICA occlusion, correlation between
the cerebripetal anterior/posterior flow was not significant for
rCBV and MTT, whereas it was significant for TA and TP
(TA: r=—0.40 [P<0.05]; TP:r=-0.36 [P<0.05]).

Discussion
In this study we investigated the role of collateral pathways
on cerebral perfusion parameters in patients with ICA ob-

nally, for both patients with unilateral and patients with
bilateral ICA occlusions, hemodynamic parameters are sig-
nificantly different from those of control subjects when
collateral flow is via the posterior communicating artery.

We studied 4 hemodynamic parameters, each reflecting
different perfusion characteristics. Increased rCBV reflects
compensatory vasodilation, whereas increased MTT reflects
slower passage of blood, both corresponding to reduced
perfusion pressure. These parameters are directly related to
the perfusion of the tissue, and for ideal “instantaneous” bolus
passage, regional cerebral blood flow can be calculated by
rCBV over MTT. TA and TP reflect the pathways of the
blood to reach the tissue of interest rather than the perfusion
characteristics of the tissue itself. This is, for example,

structions. The most important results of this study are as reflected in the trend of more increased TA and TP in patients
follows: (1) With increasing severity of the carotid artery with collateral flow via the longer posterior communicating
lesion, cerebral hemodynamics deteriorate. (2) For patientsartery pathway than in patients with collateral flow via the
with unilateral ICA occlusion, we found that compared with anterior communicating pathway. In patients with large
controls (a) patients with collateral flow via the circle of contribution of collateral circulation to the blood supply, TA
Willis have less impaired hemodynamic parameters than and TP will be increased, whereas little or no increase in
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Figure 2. Scatterplot of the ratio of flow through both ICAs over the flow through the basilar artery with (A) rCBV, (B) MTT, (C) TA, and
(D) TP, averaged over the whole brain. Horizontal lines indicate means (large dashed lines) and 95% CI limits (small dashed lines) of
control subjects (for data of control subjects, see Table 1).

rCBV and MTT will be found. Only when collateral supply low-flow infarcts® Studies that investigated both primary
fails will rCBV and/or MTT increase significantly. This  pathways provided inconsistent results on the relative impor-
phenomenon is demonstrated in Figure 2. When the distribu- tance of each pathway. Contrary to a study that reported
tion of cerebripetal blood relies more on the basilar artery, no absence of flow through the posterior communicating artery
vasodilation and increased MTT occur unless the ICAs are as the only risk factor for watershed infarétsye found both
both occluded, whereas TA and TP do increase when a largerin patients with unilateral ICA occlusion and in patients with
part of the cerebripetal blood is supplied via the posterior bilateral ICA occlusion that the posterior communicating
communicating artery pathway. artery alone had little compensating capacity. Other studies
We found less impaired hemodynamics in patients with indicated a key role in preservation of hemodynamics for the
collateral flow via the circle of Willis than in those without.  anterior communicating arte¥¥32or best-preserved hemody-
In addition, we found differences based on which specific namics if both primary pathways were recruit€dyhich is
pathway was involved. Although several previous studies consistent with our results. Hemodynamic status tended to be
indicated that hemodynamic and metabolic changes wereworse in patients with reversed flow of the ophthalmic artery.
more severe in patients who lack the primary collateral This finding corresponds with the hypothesis that the oph-
pathways than in patients with well-functioning primary thalmic artery is a secondary collateral pathway, which is
collateralsit16.18 few studies investigated the role of both only recruited when the primary pathways fall shgrié.30.32
primary collateral pathways. In some studies only part of the  Despite large atherosclerotic lesions in the ICAs, we found
circle of Willis could be studied*-1430while other studies that all patients showed a normal or increased flow in the
restricted their inclusion criteria to either patients with a basilar artery, as reflected in a decreased anterior/posterior
well-functioning collateral pathway through the anterior com- ratio (Figure 2). This illustrates the dependency of these
municating artery! asymptomatic patiené$,or patients with patients on the posterior circulation.
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Prospective studies should show whether patients without 12.
primary collateral flow or with collateral flow via the poste-
rior communicating artery only have a higher risk for low- 3
flow infarcts than patients with collateral flow via the anterior
communicating artery. In addition, reversed flow in the 14
ophthalmic artery could prove an additional risk factor. If so,
collateral flow via the ophthalmic artery and/or absence of
primary collateral flow or collateral flow via the posterior
communicating artery only could be an indication for treat-
ment by bypass surgery or carotid endarterectomy of a
stenosed contralateral ICA.

In conclusion, we found that in patients with unilateral ICA 17-
occlusion, collateral pathways have a significant influence on
cerebral hemodynamic status. Collateral circulation via the
anterior communication artery or via both anterior and posterior 18.
communicating arteries is a sign of well-compensated hemody-
namic status. However, recruitment of the posterior communi- 19
cating artery as the only primary pathway or recruitment of the
ophthalmic artery can be regarded as an indication of impaired
perfusion status of the brain. 20

15.
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