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Abstract
To show a relationship between degree of
carotid arterial stenosis and cerebral
blood flow reactivity (RES%) to induced
hypercapnia, fluorine-18-fluoromethane
and positron emission tomography
(PET) was used to study 18 patients with
carotid distribution transient ischaemic
attacks (TIA), all free of stroke, who had
angiographic-proven unilateral arterial
disease. Non-involved carotid arteries
were either normal or had non-stenotic
plaque. Either normal arteries or non-

stenotic ulcerations in the symptomatic
carotid arteries were present in five of 18
(28%), ipsilateral carotid stenosis from
50-99% was present in eight of 18 (44%),
and ipsilateral internal carotid occlusion
was present in five of 18 (28%) patients. In
comparison with 14 normal controls, all
patients with symptomatic middle
cerebral artery (MCA) flow territories
had significantly lower mean (SEM)
RES% [5-0 (02) vs 40 (0 9), p < 004].
Symptomatic anterior borderzone
(ABZ) RES% was also significantly lower
[4-6 (0 4) vs 3-3 (09), p < 004], than
controls. In patient subgroup compari-
sons, the 50-99% stenosis subgroup
clearly had the lowest MCA RES% [3-4
(02)] as well as the lowest ABZ RES%
[2-8 (04)] on their symptomatic sides.
Age, expired pCO2, mean arterial blood
pressure, serum glucose, serum

haematocrit and number, type and
estimated duration of TIAs were not sig-
nificantly different between subgroups.
Linear regression showed a significant
relationship between RES% and both
measured percentage-stenosis (p = 004)
and residual luminal diameter (p = 0 05)
in symptomatic MCA territories. This
approached significance in symptomatic
ABZ regions. This preliminary data set
suggests that unilateral carotid stenosis
can and does result in impaired CO2
reactivity following hypercapnia. The
relative normality of CO2 reactivity in
those with carotid occlusion is discussed.

Stroke occurs as a phenomenon related to
variable degrees of extracranial vascular
occlusive disease but is dependent on several
unpredictable factors such as dislodgement of
arterial thrombi from an atherosclerotic
plaque, cerebral blood flow (CBF) restriction
secondary to haemodynamic changes
associated with flow through a "critical"

stenosis, thromboembolism precipitated by
"subcritical" stenosis or secondary to
haemodynamic changes associated with
arterial lesions and the overall effectiveness of
collateral blood flow. The assessment of these
haemodynamic changes is paramount in
further understanding the pathogenesis of
occlusive vascular disease.'

In patients with transient ischaemic attacks
(TIAs) and angiographically identified
atherosclerotic lesions, Grotta et al found that
carotid stenosis greater than 50% was statis-
tically related to a higher incidence of
ipsilateral stroke compared with those with
carotid stenosis less than 50%.2 Clinico-
pathological findings suggest that a stenotic
atherosclerotic lesion may progress to a more

stenotic lesion or vessel occlusion,2' which
may result in stroke or TIA. The
"subcritical" nature of carotid artery stenosis
is believed to be reached when vessel diameter
is reduced by 60-65%, producing a residual
luminal diameter of 1-2 mm.'56 Significant
pressure drops do not occur distal to a stenosis
of less than 72% luminal area reduction;
pressure decreases do occur if cross-sectional
luminal area is less than 2 mm2 or with
stenosis greater than 87% luminal area.47 The
effects of percentage reductions between these
values is unclear.
We have studied 18 patients who have

strictly unilateral extracranial carotid arterial
disease using positron emission tomography
(PET), fluoromethane ('8FCH3) and CBF
reactivity to induced hypercapnia. In this
preliminary study we aimed to non-invasively
study the physiological effect of varying
degrees of arterial stenosis on the cerebral
circulation.

Patients
Among 53 consecutive TIA patients studied
at the University of Wisconsin Clinical PET
Center between 1983-87, 18 patients with
unilaterality of both symptoms and carotid
disease and no evidence of previous infarction
were identified. All patients were examined by
the Stroke Consultation Service (RLL, JAD)
at the William S Middleton Memorial
Veterans Hospital or at the University of
Wisconsin Hospital and Clinics. Data were
collected prospectively.

All patients were examined neurologically
and had CT, angiographic and PET studies
between one and nine days of the last TIA.
No patient had PET during or within 24
hours of TIA. By entrance criteria to this
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particular study, all plain CTs were normal.
All selective angiograms were inspected (RLL
or JAD) for arterial occlusive disease in the
extracranial circulation. Patients were free of
intracranial and contralateral disease other
than non-stenotic plaque.
Examiners were blind to both clinical and

PET information when they graded ipsilateral
internal carotid artery (ICA) lesions. We used
the methodology of Powers et all and
measured the diameter of the ipsilateral ICA
at its origin, the level of the first cervical
vertebra (CI), and the siphon. Measurements
were taken on both lateral and anteroposterior
projections, and the mean value was deter-
mined as the luminal diameter at that site.
The percentage stenosis for each patient was

calculated from the luminal diameter at the
site of stenosis and the diameter at CI. As
necessary, measurements were corrected for
magnification. Patients were separated into
those with either normal or non-stenotic ICAs
(n=5, Group A), those with 50-99% luminal
stenosis (n= 8, Group B), and those with ICA
occlusion (n =5, Group C). When an ICA
occlusion was present, the source of collateral
supply was noted. Groups B and C were dealt
with as separate groups because potential sur-
gical interventional therapy would be dif-
ferent for each group. We did not calculate
residual luminal area at this time,7 but do
intend to add this measurement when our data
set is expanded into a larger number of
subjects. At this point, we used the same
measurements as Powers et al l to enable us to
compare results more directly.

Detailed accounts of the TIA number, type
and duration were taken. One patient in each
of Groups B and C had apparent haemo-
dynamic induction of their TIAs. Thus we
did not attempt to separate this preliminary
data set into haemodynamic and non-haemo-
dynamic subgroups as has been previously
reported.8 Risk factor analysis was performed
as obtained from patient history, chart review,
or discussion with their primary care givers.
Patients were not on central-acting sedatives
or stimulants, anti-platelet agents other than
aspirin, nor any of the drugs clearly recog-
nised to alter CBF.

Methods
All dynamic PET data sets were collected and
analysed blindly according to previously
defined guidelines.89 Spatial resolution for the
PET images was 16 mm in the plane of section;
slice thickness was 18 mm. All patients were
studied at a single plane of study 5-6 cm above
and parallel to the orbito-meatal line.
Measured attenuation images were generated
using a germanium-68 source at the plane of
study. A dynamic sequence of 12 one minute
scans was initiated at inhalation of 25-40 mCi
'8FCH,, which, with the measured expired-
breath activity curve, constituted input data for
the derivation of best-fit CBF and blood-brain
partition coefficients. The rapid biological
clearance of the non-metabolised `8FCH3 al-
lowed serial normocapnic and hypercapnic
examinations at 20 minute intervals with less
than 5% of the activity administered persisting
at that time. Induced hypercapnia consisted of
inhalation of5% CO2 and 95% 02.

Expired carbon dioxide (PeCO2), mean

arterial blood pressure (MABP), serum
haematocrit and serum glucose values were
measured during scanning sequences. All PET
studies were performed after informed consent
and were initiated after the subject had been
quietly lying supine for at least 30 minutes. A
concurrently seen group of neurologically
normal, paid volunteers (n =14) was chosen
from our PET data bank for comparisons.
We defined middle cerebral artery (MCA),

anterior borderzone (ABZ), and posterior
borderzone (PBZ) flow territories for each
determined RES%, defined as the percentage
change in CBF over baseline per mm PeCO2,
and RES% symmetry ratios, defined as

symptomatic RES% divided by asymptomatic
RES%, were recorded according to previous
guidelines.o'0 Values were generated for both
symptomatic and asymptomatic sides in a
fashion modelled on the work of von
Schulthees et al" and Leblanc et al.12 The
patient data chosen for this report represents a
subset ofpreviously published CBF data,89 but
were selected to evaluate only those subjects
with unilateral carotid disease.
Means and standard error of each

measurement (SEM) as t approximated the

Table 1 Epidemiological and clinicalfeatures

Group A Group B Group C

Number of subjects 5 8 5
Age range, years 60-76 48-76 49-76
Mean age (SEM) 65w8 (5-5) 59w6 (5-7) 64-0 (867)
Number risk factors 2w0 (1-2) 2w4 (0-8) 2w0 (120)
Number of TIAs
Mean(SEM) 4w2 (5w3) 5-6 (3w5) 5-44(560)
Median 2 2 3
Range 1-15 1-20 1-20

Duration (min)
Median 10 15 18
Range 5-30 1-600 5-180

Symptoms
Amaurosis fugax 20% 30% 28%
Motor loss 60% 40% 43%
Sensorylloss 60% 40% 43%
Speech dysfunction 20% 10% 14%

Group A, non-stenotic ICA.
Group B, 50-99% ICA stenosis.
Group C, ICA occlusion.
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Table 2 Bloodflow detail*

Group A Group B Group C

RES%-MCAt
Symptomatic side 4 7 (0 5) 3-4(0 2) 4-5 (1 0)
Asymptomatic side 4 7 (0 6) 3-5 (0 2) 5-2 (0 8)
Ratio 1 0 (0 10) 0 99 (0 08) 0-86 (0-16)

RES%-ABZt
Symptomatic side 4-0 (0-8) 2-8 (0 4) 3-3 (0-8)
Asymptomatic side 4-6 (0-8) 3-8 (0 4) 4-1 (1 0)
Ratio 0-85 (0-08) 0 75 (0 12) 0-81 (0-08)

RES%-PBZ
Symptomatic side 4-4 (1-0) 3-4 (0 2) 4-4 (1 4)
Asymptomatic side 4-6 (1 0) 3-6 (0 4) 4-4 (1 0)
Ratio 0-96 (0-08) 0 94 (0 06) 0 99 (0-14)

PeCO2 difference 11-8 (2 2) 11-7 (2 6) 13-2 (4 9)
MABP 103 8 (7-3) 103-1 (6 6) 100 2 (3 6)
Serum haematocrit 44-2 (4-2) 44-7 (2 0) 45-6 (2 7)
Serum glucose 137-4 (26 9) 127-6 (21-8) 124-0 (21-8)
Number days between TIA and PET 4-4 (2 7) 3-6 (1-5) 3-4 (2-0)

*Expressed as mean (SEM) as t approximates 95% limit.
tGroup B values were significantly lower than other patient groups (p < 0-04).
$Group B values were significantly the lowest (p < 0 04) and all patient side to side ratios
significantly lower than controls (p < 0 04).

95°% significance level were calculated. Non-
parametric Kruskal-Wallis analysis of variance
was used for between group comparisons. All
patient RES% values were first compared with
normative data and then comparisons were
made between patient groups. The Wilcoxon
signed rank test was used to compare
symptomatic versus asymptomatic measures
for each group. We studied both RES% and
RES% symmetry ratios. When multiple com-
parisons were made, Bonferroni's method of
correction was employed. Linear regression
was used to compare RES% to both percentage
ICA stenosis and residual ICA lumen.

Results
Epidemiological and clinical features (table 1)
Although not strictly matched for age, the
control and patient groups were comparable in
terms ofmean age, age range and both number
and type of cerebrovascular risk factors.
Subjects were free of diabetes mellitus, reno-
vascular hypertension and difficult to control
hypertension. We did not measure chronicity
of hypertension per se. Although not statis-
tically different, Group B had more TIAs per
patient while Group C had slightly longer TIA
duration as reported subjectively. Symptom

Figure 1 Individual
MCA reactivity values for
each subject along with
group means (SEM).
Symptomatic (*) and
asymptomatic MCA
values are depicted.
Between patient group
comparisons show all
Group B values to be
significantly lowered (p <
004).
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Table 3 Normative data*

Control population

Number of subjects 14
Age range, years 23-78
Mean age (SEM) 57 8 (10-2)
CBF valuest
Mean MCA RES% 5-0 (0-2)
95% confidence interval 3-8 (6-2)
L/R ratio 1-01 (0 04)

Mean ABZ RES% 4-6 (0 4)
95% confidence interval 2 5 (6 7)
L/R ratio 1 02 (0 04)

Mean PBZ RES% 4-1 (0-27)
PeCO, difference 11-5 (1-6)

*Expressed as mean (SEM) as t approximates the 95% limit.
tMean value is mean of left plus right side.

breakdown was also comparable between
groups.
Bloodflow detail-MCA (table 2) Graphically
(fig 1) and statistically, the MCA RES% of
Group B was clearly the lowest in comparisons
made between patient groups (p < 0.04). Con-
trol normative data (table 3) were generated
and used in graphic comparisons. PeCO2 dif-
ferences were comparable between controls
and patient groups. In addition, MABP, serum
haematocrit and serum glucose values on the
day of CBF study were comparable between
patient groups. Side to side ratios were not
significantly different for either controls versus
patients (fig 2) or between patient groups.
Symptomatic versus asymptomatic RES%
values were surprisingly not significantly dif-
ferent within each respective group, but the
difference between symptomatic and asymp-
tomatic Group C regions does approach sig-
nificance. Of importance, is the fact that four
out of five Group C patients stopped having
TIAs by the time CBF studies were completed.
The fifth patient, with a symptomatic MCA
RES% of 2-6, appeared to have both
haemodynamic induction of TIAs and con-
tinued events.
Bloodflow detail-ABZ (table 2) Graphically
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* * Figure 2 IndividualMCA ratiosfor each subject with
I I I group means (SEM). Ratios are not significantly different

Group B Group C between groups.
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Figure 3 Individual
ABZ reactivity valuesfor
each subject along with
group means (SEM).
Between patient group
comparisons show that
Group B symptomatic
values (*) are significantly
lowered (p < 0-04).
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(fig 3) and statistically the ABZ RES% of
Group B was once again the lowest in compar-
isons made between patient groups (p < 0 04).
Side to side ratios for all patient groups (fig 4)
were significantly lower than controls
(p < 0 04) but were not significantly different
using between group comparisons. Symp-
tomatic versus asymptomatic RES% values
were not significantly different within each res-
pective group.
Bloodflow detail-PBZ (table 2) While there
were no statistically significant differences
amongPBZ values, RES% ofGroup B patients
were clearly the lowest [mean (SEM) 3-4
(0-2) 1, symptomatic side) PBZ values and the
most asymmetric. The Group B PBZ RES%
values approach significance (0 25 < p < 0-10)
using between group comparisons.
Arterial status (figs 5, 6) Linear regression
showed significant relationships between
symptomatic MCA RES% of Group B and
both percentage ICA stenosis (p = 0-04) and
residual luminal diameter (p = 0-05). In spite
of having the lowest mean (SEM) RES%, 2-8
(0-4), of all measurements, relationships be-
tween symptomatic ABZ RES% of Group B

Figure 5 Linear regression of symptomatic MCA
RES% versus percentage ICA stenosis. Group B (open
circle) data is expressed by the equation
Y=6S- (0-04)X (p= 0-04, R = 054) with Group A
(open triangle) and Group C (filled circle) data depicted
for comparison.

and both percentage ICA stenosis (p = 0 5)
and residual luminal diameter (p = 0-3) only
approached significance. No other significant
relationships were evident.
Collateral patterns (table 4) Collateral pat-
terns were not evident in Group A or B
angiograms. The lowest MCA RES% value in
Group C corresponded to an ophthalmic-
reversal collateral pattern. The lowest ABZ
RES% value in Group C corresponded to a
mixed ophthalmic/anterior Willisi collateral
pattern. These were also the most asymmetric
values.

Discussion
Between patient group comparisons most
clearly delineated significant relationships be-
tween those patients with 50-99% unilateral
ICarotid stenosis and CBF reactivity to induced
hypercapnia. In this preliminary analysis, we

Figure 4 Individual
ABZ ratiosfor each
subject with group means
(SEM). Between patient
group comparisons were
unrevealing.
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Table 4 Collateral patterns and reactivity*

Symptomatic Collateral pattern

MCA RES% ABZ RES% Ophthalmic Anterior Posterior
26t 27 + - -
38 23t + +
5 1 33 - + +
52 43 - - +
56 41 - + +

*Group C, ICA occlusion patients only.
tOutside lower 95% confidence interval of normal subjects.

showed evidence of an inverse relationship
between reactivity and residual luminal
diameter. As our data set is expanded, we
would expect to show a hyperbolic inverse
relationship between absolute luminal cross-
sectional reductions and both CBF and RES%.
In addition, the bilateral reduction of reactivity
in Group B patients suggests either a state of
compensatory vasodilation of intracerebral
arterioles or interhemispheric shunting of
blood.

Normally, the addition of CO2 to the inhaled
'5FCH3 mixture is followed by intense cerebral
vasodilation and increased CBF. The results of
this study suggest that cerebral vasodilatory
responses are significantly lowered in propor-
tion to graded-arterial stenoses. We will,
however, remain cautious in our conclusions
regarding unilateral ICA stenosis and impaired
cerebral vasocapacitance. We realise that our
sample size is small and that alterations of
vessel calibre are influenced by additional fac-
tors such as cerebrovascular resistance, tur-
bulence of CBF, effects of endothelial damage
and its contribution to thrombus formation.4
Although reduced CO2 responsivity can be a

nonspecific finding,'1-5 we report specific pat-
terns of abnormal RES% in patients with
unilateral carotid disease, especially those with
50-99% stenosis, where age, PeCO2, MABP,
serum haematocrit and serum glucose values
do not differ between groups. The relatively
preserved CO2 responsivity in three offive ICA
occlusion patients suggests that sufficient time
may have elapsed to allow dilation of collateral
pathways or that collateral anatomic pathways
are present.' If the collateral circulation is
marginal, areas of potential ischaemia become
maximally vasodilated and are thus unable to
respond to the intense vasodilation promoted
by induced hypercapnia.8 Our Group C patient
with the lowest RES% value had ophthalmic
collaterisation, a pattern typically felt to carry a
poor prognosis"17 and both continued and
haemodynamically-induced symptomatology.
With respect to the reactivity of CBF to

changes in CO2, Tsuda et al, using intra-
arterial Xenon, found reactivity preserved in
both TIAs due to ICA occlusion and ICA mild
stenosis.'8 They did not, however, study
patients in the 50-99% stenosis group.
Thompson, using an intravenous tracer
clearance technique, found preserved CO2
reactivity in six TIA patients but did not relate
CBF measurements to angiographic detail."9 In
a study of patients with severe unilateral ICA
stenosis (75%) or occlusion, Keyeux et al,

using Xenon inhalation, found that CO2 reac-
tivity was substantially reduced in both hemi-
spheres of all stenotic and occluded patients.20
They found that symptomatic hemispheres of
ICA occlusion patients had the most abnormal
RES% of any group. Brown et al, using
intravenous Xenon techniques, found that
hemispheric CO2 reactivity was well-preserved
in the majority of patients with unilateral
carotid occlusion, but was significantly lower on
the side of occlusion.2' They also found a close
association between impaired CO2 reactivity
and continuing TIAs. We have reported this
previously.8

In a study of patients with unilateral
haemodynamically significant carotid artery
disease (>66% diameter reduction), Powers
et al, using oxygen-15 radiotracers, found
a significant relationship between PET
measurements and patterns of collateral cir-
culation but not to measured reductions in
luminal diameter.' Our results, although
obtained on a small sample size and with a low-
resolution PET system, agree with those of
Brown et al in the finding of a relationship of
graduated reduction in reactivity with increas-
ing severity of carotid artery disease.2' Final
conclusions regarding our methodology and
ICA occlusion awaits a larger study.
Our results would be even more compelling

ifmatched cerebral blood volume (CBV)/CBF/
metabolic measurements could be done on
those subjects who manifest abnormal CO2
reactivity, although Powers et al reported that
there was no correlation between abnormal
cerebral haemodynamic and stroke risk.22 We
would be especially interested in measure-
ments of CBV in our patients, so that we could
compare CO2 reactivity with CBF/CBV ratios.
Gibbs et al, using oxygen-15 and PET, repor-
ted that the CBF/CBV ratios rose after
extracranial-intracranial bypass surgery in
each of 12 patients studied,23 while Halsley et al
found that the most striking change after
bypass surgery was a return towards normal

24CO2 activity.
The predilection for the symptomatic ABZ

territory in our patients, especially those with
50-99% stenosis, to have lowered CO2 reac-
tivity parallels previous literature reports.'2 20 25
In a study of patients with predominantly
unilateral severe (>80%) carotid stenosis,
Leblanc et al, using oxygen- 15 and PET, found
the ABZ to be selectively vulnerable.'2 They
demonstrated that cerebral haemodynamic
function was abnormal in the ABZ ipsilateral to
severe carotid stenosis, even when it was nor-
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mal in the MCA territory. Samson et al also
observed diminished cerebral haemodynamics
in MCA, ABZ, and PBZ territories in patients
with either ICA or MCA occlusion.25 While
ABZ values were clearly the more asymmetric,
symptomatic MCA values were the only
territorial values that were significantly related
to graded-arterial disease. Expansion of our
data set should help clarify this relationship.
Our finding of a symmetrical reduction of
RES% in both MCA territories, however, is
difficult to understand because we also found a
pronounced ABZ asymmetry.
We conclude that we can accurately and non-

invasively evaluate the physiological effects of
carotid artery disease on the ability of the
cerebral circulation to respond to induced
hypercapnia. Studies of CO2 reactivity illus-
trate both the efficiency of collateral circulatory
patterns and, in a preliminary fashion, that
moderate to severe, unilateral, symptomatic
carotid arterial lesions impair cerebral
vasocapacitance. Our findings need confirma-
tion, however, relative to both newer genera-
tion, higher resolution PET systems currently
available and longitudinal clinical follow up.22

The authors are indebted toMs Sue Melvin and Ms Barb Rogers
for preparing the manuscript, Ms Joan Hanson and Mr Bruce
Rowe for their technical support and the Departments of
Radiology and Nuclear Medicine for supporting this work.
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