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Summary

To overcome the technical limitations which have precluded non-
invasive Doppler ultrasound in investigation of rapid cerebral hae-
modynamic responses in two cerebrovascular beds at the same time,
we have modified a commercial 2 MHz pulsed Doppler instrument
with online spectrum analysis. Two probes are activated intermit-
tently, recording eight averaged Doppler-shifted spectra from each
probe sequentially.

Concurrent recordings of blood velocity in both middle cerebral
arteries were performed during 25 selective iohexol carotid angi-
ography runs in 13 patients with near normal cerebral vasculature.
The technique permitted the differentiation between the specific re-
sponses confined to the recipient vascular bed, and the general re-
sponses occurring in remote brain areas as well. The specific response
to iohexol was biphasic; a significant decrease in blood velocity
occurred < 4s after the bolus entry, probably due to the high vis-
cocity of ichexol. Between 4 and 12 5, blood velocity was significantly
increased, reflecting the cerebrovascular response to hypertonic so-
lutions. The blood velocity on the opposite side increased from < 4s
through 45s after iohexol. This concurs with studies using electro-
magnetic flowmetry, and suggests that these general responses are
elicited by anxiety, discomfort and pain. Thus, no general responses
were seen during angiography under general anaesthesia.

Eight patients investigated during catheter flushing with normal
saline showed a biphasic specific response reciprocal to that due to
iohexol. A significant blood velocity peak occurred < 4s after the
bolus entry, followed by a decrease between 4 and 60s. The saline
injections produced no pain and evoked no significant general re-
sponse.

Keywords: Blood flow velocity; cerebral angiography; cerebral
arteries; iohexol; normal saline.

Introduction

Clinical investigations using electromagnetic flow-
meters have shown the importance of investigating the
blood flow in two cerebral arteries at the same time'®: 1.

* Acknowledgement.: Supported by The Norwegian Council on
Cardiovascular Diseases.

One such study demonstrated a transient increase in
the blood flow to both hemispheres during selective
carotid angiography'. However, the necessity for flow
probe implantation limits such studies to highly se-
lected patients.

Transcranial Doppler (TCD) allows noninvasive
measurements of the blood velocities in human basal
cerebral arteries. The insight obtained into individual
haemodynamic states may be further enhanced through
recording from two arterial channels® '° and from two
different levels of one inflow channel”* %12, With con-
ventional techniques the vessels of interest are inves-
tigated in series, which implies the assumption of stable
haemodynamic conditions. Such investigation during
acute circulatory changes therefore requires parallel
recordings from two vessels. Technical limitations have
previously precluded this.

We have modified a commercial TCD instrument
with online spectrum analysis to enable concurrent
measurements from two vessels. Two ultrasound
probes are addressed sequentially, and eight spectrum
analyses (about 0.1s) are obtained from two different
arteries intermittently. In the present study we have
used this technique to investigate cerebral haemodyn-
amics during clinical carotid angiography. Concurrent
recordings of the blood velocity in both middle cerebral
arterics (MCAs) during injections of iohexol and he-
parinized normal saline allowed a differentiation be-
tween the specific responses which are confined to the
recipient vascular system, and the general responses
which occur in remote brain areas as well. Blood ve-
locity measurements from the distal extracranial inter-
nal carotid artery (ICA) and the MCA of the recipient
hemisphere permitted comparisons of concurrent var-
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iations in blood velocity at two levels along one inflow
channel.

Material and Methods

Sixteen patients, aged from 8 to 46 years (median 27 years) were
investigated during selective carotid angiography under local an-
aesthesia. The indications for angiography, focal epilepsy considered
for surgical treatment (14 patients), and tumour of the upper neck
region (2 patients), seemed to permit the assumption of a near normal
cerebral vasculature.

We also investigated a child, aged seven years, with an extra-
cranial tumour, who underwent bilateral carotid angiography under
general anaesthesia. The findings from this patient are considered
separately.

Angiography and Saline Injections

Angiography was performed by the femoral route using Fr5
catheters. Trial injections were limited to a minimum and performed
never less than three minutes prior to the diagnostic injection. In
the epileptic patients, the catheter tip was in the ICA about three
cm above the common carotid bifurcation, and eight ml iohexol
(300 mg I/ml) were injected as quickly as possible by hand. In the
patients with neck tumour 10 ml iohexol were injected in the common
carotid artery, the iohexol doses to the brain probably being equiv-
alent in all patients. Catheter flushing with heparinized normal saline
was performed as described for iohexol.

Blood Velocity

We used a 2 MHz range-gated pulsed wave Doppler instrument
with online 64 point spectrum analysis (Trans-scan, made by EME,
Uberlingen, FRG). The blood velocity in the proximal MCAS (Vyca)
was recorded using self-retaining probes (FP-2, made by EME, Uber-
lingen, FRG) strapped to the patient’s head in the position providing
the best signals'’>. Handheld probes were used for recording ICA
blood velocity Vic,).

Concurrent recordings were achieved by computer software mod-
ifying the realtime for the instrument. Two probes were activated
intermittently, recording eight averaged Doppler spectra on each
side sequentially. Figure 1 shows recording from both MCAs during
left carotid angiography. The sampling time between each switching
was about 0.1s (Fig. 1 A-C). The information recorded during one
monitor sweep (about 3.2s) was transferred to hard disk and the
next sweep was initiated. No data were acquired during the 0.6s
hard-disk write period.

Injection of iohexol and saline produced abnormally high am-
plitude signals from the recipient vessel. These signals were clearly
different from the blood velocity signal, and were probably due to
bolus gas bubbles®. The onset of these signals was taken as heralding
the bolus entry and denoted T, (Fig. 1 B). A record spanning from
time T to time T + 3.2 seconds was coded as being T + 1.6s after
T,. The mean values of the outlines of the velocity spectra for each
record were computed. The abnormal signals precluded analysis of
the 1-3 s when the bolus passed the sampling area. When these ended
less than half way through a record, the mean for the remainder of
that record was calculated; otherwise such records were rejected.

Data Analysis

The average blood velocity from the 24-40s (6~10 records) im-
mediately preceding the injection was used as the baseline value for
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that run, with values obtained following the injections expressed as
percentages of the baseline. The data are presented as the means
and the 95% confidence intervals of the means, and ranges for the
periods < 4s, 4-8s, 8125, 12-20s, 20-30s, 30455, 45-60s, and
60-90s after T,. Analysis of differences was performed using the
Wilcoxon rank-sum test for independent samples.

Results

Concurrent bilateral V-, measurements were per-
formed during 25 injections (13 patients) with iohexol
and 16 injections (8 patients) with heparinized normal
saline. Concurrent recordings of the V¢4 and the Viyca
of the recipient hemisphere were carried out during
three injections with iohexol and three injections with
saline (3 patients). Thus, in the 16 patients having an-
giography under local anaesthesia, blood velocity
measurements were performed during a total of 47 runs.
Additionally, in a seven year old child investigated
under general anaesthesia, bilateral Vy;c, measure-
ments were carried out twice during the injection of
iohexol. These findings are treated separately.

There was no angiographic sign of precerebral or
intracerebral artery stenosis, aneurysms, or arteriove-
nous malformations, and there were no dislocations of
the major intracerebral arteries. The angiograms
showed no evidence of contrast flow into the opposite
MCA.

Concurrent Recordings of MCA Blood Velocity bilat-
erally

Tohexol: A transient decrease in the recipient MCA
blood velocity (Vighexor) Was seen in the < 4s period
(Fig. 1). However, to assess this decrease quantitatively
with the present technique, the bolus related abnor-
mally high amplitude signals had to end early within
a monitor sweep (Fig. 1 B). Therefore, the < 4s period
could only be assessed for 9 of the 25 runs (Fig. 2).
From 4 through 30s after Ty Vgpexor inCreased signif-
icantly. The highest mean value, 123%, occurred be-
tween 4 and 8 s (Fig. 2). In 20 runs the zenith occurred
between 4 and 12s, and between 12 and 30s in the
remaining five. The blood velocity in the opposite MCA
(Veontralateral) Was significantly increased from < 4 to
45 after Ty, reaching a mean value of 107% between
8 and 12 seconds.

Normal saline: The blood velocity in the recipient MCA
(Vaacy) increased significantly during the < 4s period
(mean value 111%). Then Vy,¢ decreased significantly
from 4 through 60 s after T, (Fig. 3); however, the mean
value was never below 92%. The V niaiatera ShOWed
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Fig. 1. Female, aged 38 years, focal epilepsy. Computer tracings of blood velocities recorded concurrently from the right (upper) and left
(lower) middle cerebral arteries (MCAs) during left carotid iohexol angiography. The left MCA blood velocity shows a biphasic response,
a marked decrease followed by a transient increase following the bolus entry (INJ). A-C Graphic representation of Doppler-shifted spectra
recorded before (A), during (B), and after (C) the bolus injection. Recordings were obtained intermittently from the right (white columns)
and the left (black columns( MCA concurrently. Each column represents eight averaged Doppler-shift spectra (about 0.1 s). The bolus passage
(INJ) briefly produced abnormally high amplitudes in the recording from the left MCA (B). The onset of these signals was taken as heralding
the bolus entry into the MCA and denoted T,. The biphasic response to iohexol is clearly seen (B and C). Blood velocities in cm s™!
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Fig. 2. Blood velocity in the recipient MCA (Viope,0) and in the opposite MCA (Vo raiaeral) during 25 selective carotid iohexol angiography
runs in 13 patients expressed as percentages against corresponding baseline values of 100%. The compiled data are shown as means, 95%
confidence interval of the means, and ranges for the periods: < 4 s, 4-8s, 8-12s, 12-20s, 20-30s, 30-45s, 45-60s and 60-90s after T, (see

Fig. 1). Vighexor increased significantly from 4 to 30s. Voonraaieral increased from < 4 to 45s after T,. Note logarithmic time scale. Numbers
indicate number of rung evaluated. *p < 0.05; ***p < 0.001; Wilcoxon’s rank test
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Fig. 3. Blood velocity in the recipient MCA (Vy,c,) and in the opposite MCA (Voqealaera) during flushing with heparinized normal saline.
Viec increased significantly during the < 4s period, then remained significantly decreased between 4 and 60. Vopataierat did not change
apart from a slight decrease between 20 and 30s. See Fig. 2 for symbols.
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Fig. 4. Blood velocities in contralateral
middle cerebral arteries (Veontrataterat) dUL-
ingiohexol angiography and flushing with
normal saline. Vi auera iNCreased
from < 4 to 45s after iohexol (black
squares), probably due to bolus related
discomfort and pain. After normal saline
(white squares) Ve qpirajaterat did not change
apart from a slight decrease between 20
| and 30s. No change in V gprratarera; Was ob-
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Fig. 5. The MCA blood velocity in the hemisphere tested (Vigpero aid Viyaey) Was divided by the MCA blood velocity on the opposite side
(Vcontratatera), and expressed as an index (Vigaive). The specific responses (see text), to iohexol (black squares) and to normal saline (white

squares) were biphasic and mutually inverse

no significant change except between 20 and 30 s (mean
value 98%).

Figure 4 compares Vg ialatera 2fter iohexol and nor-
mal saline. In awake patients, significant increases in
V contralateral Were observed following iohexol. We ob-
served no such increase in the child having angiography
under general anaesthesia; however, the V, o 10-
creased to 156% between 4 and 8§ s after T, resembling
Vionexol 1l awake patients.

To single out the specific responses which occurred
exclusively in the recipient vascular system, and to dif-
ferentiate these from the general responses which oc-
curred in the contralateral hemisphere as well, an index
(Vietative) Was calculated by dividing the MCA blood
velocity in the hemisphere tested (Vignexol OF Vivaci) by
the MCA blood velocity on the opposite side (Vouira.
taterar)- After iohexol this index (Vigaive) Was signifi-
cantly decreased in the < 4 s period (mean value 92%)
and significantly increased between 4 and 12 s (Fig. 5).
A small decrease was observed between 30 and 45s.
Following normal saline, V. .. Was significantly in-

creased < 4s after T, (mean value 111%) and de-
creased between 4 and 60s.

Concurrent Recording of MCA and ICA Blood Velocity

There was significant positive correlation between
the relative variations in ICA and MCA blood velocity
{Vica and Vyca) of the recipient hemisphere during
injection of iohexol (r=0.871) and normal saline
(r=0.824). The least square regression line for
Vmea on Vics was for iohexol Y = (8.946.0)
+(0.95£0.06) X (estimate £ standard error), n = 82,
and for normal saline Y = (7.34+:8.9)4-(0.93£0.09) X,
n = 48, For the combined data (n = 130) the regression
line was Y =(4.64+49)+(0.98+0.05) x, r=10.869.
Since the cerebral responses to iohexol and normal
saline persisted no longer than 60s, we analyzed sep-
arately the data obtained within the first 60s after
To(n=84). The resulting regression line was Y =
(—=2.0£5.2)+(1.05£0.05X, r = 0.908 (Fig. 6). The
regression lines had slopes not significantly different
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Fig. 6. Least square linear regression analysis of concurrent varia-
tions in ICA and MCA blood velocity (Vics and Vyea) of the
recipient hemisphere during iohexol angiography and normal saline
injection. The regression line can be described by the equation: Y
= (—2.0£52)+(1.05£0.05)X with the correlation coefficient r =
0.908. Broken lines indicate the 95% confidence interval. Broken
lines indicate the 95% confidence interval. The slope is not signifi-
cantly different from 1, and the Y-axis intercept (the estimated value
for Vyca given Vi, = 0) is not significantly different from 0

from 1, and Y-axis intercepts (the estimated for Vyca
given Vica = 0) not significantly different from 0.

Discussion

Awake patients undergoing arterial catheterization
and angiography are prone to anxiety and are certainly
in no resting state®>. We have therefore used the term
“baseline” to describe the situation which serves as the
point of departure in the present study. The exposure
of the brain to an injected substance triggers further
complex reactions. When discussing the haemodyn-
amic responses it therefore seemed helpful to distin-
giush between the specific respones in the recipient vas-
cular bed, and the general responses occurring in the
remote brain areas as well.

General Responses

There was no angiographic evidence of contrast flow
into the oppsite MCA. It therefore seems unlikely that
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Fig. 7. Male, 70 years, stenosis 90% left internal carotid artery,
sporadic transient ischaemic attacks. Concurrent blood velocity re-
cordings from the right (upper) and the left (lower) MCA during
two separate preoperative investigations of vaso-reactivity employ-
ing inhalation of 5% CO,. When switching to 5% CQO,, the recording
was compressed until a new steady state pCO, was reached after
about two minutes. The following increases in blood velocities were
recorded: Investigation A: Right MCA 19%, Left MCA 1%, In-
vestigation B: Right MCA 54%, left MCA 41%. Thus, there were
markedly different responses to this seemingly standardized stimu-
lation. Nevertheless, the response asymmetry persisted

iohexol per se caused the changes seen in Vi i aiateral-
The following explanation seems more plausible. The
passage of an angiographic bolus causes burning sen-
sation and pain!”>?. Anxiety and pain increase cercbral
blood flow™ %, Pain or discomfort probably elicited aug-
mentations in Vgpiaiaeral @85 Well as in Vi in the
awake patients. As the contrast related pain faded, the
bolus related general responses also waned. General
responses seemed to be absent during angiography un-
der general anaesthesia (Fig. 4.). Normal saline pro-
duced no discomfort or pain and hence, no bolus re-
lated general response (Figs. 3 and 4).
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Specific Responses

The specific responses to iohexol angiography and
normal saline injections were biphasic, reciprocal, and
with switching between phases about 5 s after injection
(Fig. 5). Thus, explanations involving cooling, mi-
croembolism, and transiently reduced contents of glu-
cose and oxygen can probably be rejected.

Morris et al. injected normal saline into renal ar-
teries in dogs, and observed a brief flow increase fol-
fowed by a decrease lasting from about 10 s to about
40s'>15. When the bolus viscocity was increased by
adding polyviny! pyrrolidone to normal saline, the in-
itial response was one of decreased flow, whereafter
some flow decrease persisted's. These experimental
findings parallel the present clinical observations. Io-
hexol has a viscocity of about twice that of whole
blood*. Thus, when iohexol temporarily and more or
less completely replaces blood in arterioles and capil-
laries, the vascular resistance increases due to a higher
viscous drag. The blood velocity drop observed < 4
seconds after iohexol probably reflects the resulting
transient flow drop. Conversely, diluting blood with
normal saline reduces viscous drag and increases flow
and flow velocity. This initial phase of the specific
responses seemed to last as long as the normal transit
time of contrast from arteries into veins. Therefore,
although the role of rapid vasomotor responses' are
difficult to delineate, the specific responses observed
within the first 4 s seem mainly to reflect the different
fluid mechanical behaviour of whole blood, iohexol,
and normal saline.

Intracarotid injections of hyperosmolar solutions in
animals induce transient osmolality dependent in-
creases in cerebral blood flow!*%, Thus, phase two of
the specific response to iohexol (Fig. 5) was probably
due to the high osmolality, about twice of whole blood”.
Experimental studies seem to confirm that this second
phase is less dependent on viscocity'®. Decreased blood
velocities between 4 and 60 seconds after normal saline
may reflect vasomotor regulation triggered by the in-
itial flow peak (Figs. 3 and 5). Normal saline is nev-
ertheless devoid of potassium, calcium, and other ions.
Such deviations in ion content could have vasoactive
effects of their own?,

Comparable Contrast Media Studies

Nornes recorded ICA blood flow bilaterally in
awake patients during cerebral angiography with meg-
lumine-Ca-metrizoate and observed increased blood
flow to both hemispheres'®. Tindall ez al. recorded ca-
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rotid blood flow in anaesthetized patients during se-
lective carotid angiography with sodium diatrizoate?,
The average flow increase was 40% and the flow zenith
occurred after 20s. Stoeter et al.*! measured blood ve-
locity in the common carotid artery while injecting
sodium ioxaglate into the ICA in awake patients. The
bolus was hence injected downstream to the recording
site; nevertheless, following the brief initial drop the
blood velocity increased for up to 20 seconds. The same
group also measured end-diastolic MCA blood velocity
in the recipient hemisphere during test injections with
iopamidol?*. After the brief initial drop, they observed
a MCA blood velocity increase of about 25%, and
usually lasting 7-8 heart cycles. In experimental iohexol
coronary angiography, after the initial drop, coronary
blood flow increased to above control levels, reaching
a zenith after about 10 seconds?. This pattern strongly
resembles the specific response to iohexol observed in
the present series (Fig. 5).

Do Artery Calibres Change During Cerebral
Angiography?

The MCA blood velocity responses to injections of
iohexol and normal saline correspond to observations
of blood flow in clinical and experimental angiography.
Nevertheless, one should not be blind to the possibility
that the MCA calibre may change in the settings pres-
ently investigated. However, least square linear re-
gression analysis of concurrent relative variations in
Vica and Vi, during iohexol and saline injections
revealed a regression line not significantly different
from the line of identity (Fig. 6). This implies no sig-
nificant change in the calibre of the MCA and the ICA,
or, alternatively, that any changes were strictly equiv-
alent. The latter possibility seems less probable. Huber
and Handa® used a magnification method to measure
the vessel diameters from angiograms. They found no
change for vessels > 2mm including the proximal
MCA and the extracranial ICA, during and 30 seconds
after contrast injections, and 30 seconds after injections
of normal saline. Moreover, in patients having under-
gone carotid surgery, a near linear relationship close
to unity was observed between the relative variations
in MCA blood velocity and ICA blood flow during
rapid fluctuations in ICA blood flow!'. However, to
finally determine if the calibre of the human basal cer-
ebral arteries change during angiography it may be
necessary to measure blood flow and velocity in these
vessels simultaneously, or, alternatively, to obtain very
high resolutions images of these vessels during the pe-
riod of interest.
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Clinical Aspects

The main advantage of the present method is to
permit noninvasive monitoring of the cerebral circu-
lation at two points of observation at the same time.
Thus, recording at two levels along one inflow channel
(ICA and MCA) during carotid injections, it allowed
analysis of possible site specific effects. However, the
main application may be investigations of two separate
vascular beds, such as both MCAs, at the same time.
In the present study we could separate the specific re-
sponses to stimuli with direct regional effects and the
general responses occurring in remote brain as well.
The responses in two vascular beds to one acute sys-
temic stimulus may also be assessed. Studies in prep-
aration suggest that, for reasons yet to be defined,
repeated seemingly standardized stimulation of the very
same vascular bed (breathing 5% CO,) does not nec-
essarily produce indentical responses. This is illustrated
by findings in a patient with severe unilateral ICA
stenosis (Fig. 7). The investigation of the haemodyn-
amic responses in two vascular beds at the same time
may thus facilitate the assessment of possible regional
differences.

The present study has demonstrated the importance
of investigating the behaviour of the blood flow in two
cerebral arteries at the same time. The concept of two
vessel monitoring seems promising for the investigation
of cerebral haemodynamics. Its widespread use will,
however, depend upon the commercial availability of
this option.
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