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ORIGINAL

Cerebral CO, vasoreactivity evaluation
by transcranial Doppler ultrasound
technique: a standardized methodology

Abstract Objective: In normal sub-
jects cerebral CO, vasoreactivity is
measured during spontaneous hy-
perventilation, breathholding, or
adding CO, to inspiratory gases.
The correlation between CO, and
cerebral blood flow may, however,
be invalidated by the effects of a
modified respiratory pattern on ve-
nous return, sympathovagal bal-
ance, and cathecolamine release.
Moreover, the duration of the test,
usually not considered, may play an
important role. This may justify the
scattering of values found in litera-
ture. We evaluated a new standard-
ized method for overcoming these
confounding factors.

Design: Experimental.

Participants: Twenty-one healthy
volunteers.

Methods: Subjects were connected
through a mouthpiece to a mechani-
cal ventilator set in the intermittent
positive pressure ventilation mode.
The ventilator was fed by two 40-1
tanks, one of which contained 5 %
CO,. The inspiratory CO, concen-
tration was varied at fixed time in-
tervals from 0% to 5 % without
modifying ventilator settings. End-
tidal CO, was measured at the

Introduction

Cerebrovascular reactivity to CO, is commonly investi-
gated by measuring changes in mean blood velocity
(V,,) in middle cerebral artery by means of transcranial

mouthpiece. Mean blood velocity
(V,,) and pulsatility index (PI) in the
middle cerebral artery were mea-
sured by means of transcranial
Doppler ultrasound.

Results: The test was easily applica-
ble and well tolerated. No hemody-
namic alterations were observed
during the tests. The correlation
between CO, and V, was always
linear and highly significant

(R?*> 0.8, p <0.0001). A low inter-
subject variability was observed. No
difference was found between the
two hemispheres, nor between the
sexes.

Conclusions: The strict standardiza-
tion of the technique, avoiding
hemodynamic interference, may ex-
plain the low intersubject variability.
The value of this technique in venti-
lated neurosurgical patients is still
speculative, but it might allow the
collecting of valuable data together
with a reduction in exposure to CO,,
and hence cerebral blood flow mod-
ifications.

Key words Cerebral CO,
vasoreactivity - Transcranial
Doppler - Normal subjects

Doppler ultrasound (TCD). Hypocapnia is obtained by

voluntary hyperventilation, while hypercapnia is in-

duced adding CO, to inspiratory gases or by breath
holding. TCD values are obtained after a steady state is
reached. Surprisingly, no standardization of the method
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has been reported, and a number of possible misleading
factors should be considered. Interference with venous
return, stress-induced release of cathecolamines [1] and
sympathovagal dysregulation, due to modifications in
respiratory pattern [2], may affect cerebral hemody-
namics. Moreover, Ellingsen etal. [3] found after
10 min of sustained hypo or hypercapnia a progressive
correction in cerebral blood flow (CBF) toward pretest
levels. The CO,~V,, correlation may thus be altered,
and standardization of the duration of the test is needed.
All of these factors may explain why “normal” cerebral
CO, vasoreactivity varies from 2% to 5%/mmHg
pCO, between studies (Table 1).

In neurosurgical intensive care units, where patients
are generally intubated, cerebrovascular reactivity to
CO, is tested modifying ventilator settings, but still
hemodynamic interference and sympathovagal dysregu-
lation may be expected. We propose a technique that
avoids hemodynamic and respiratory interference, and
that can be used without substantial modifications in
ventilated critical patients. We tested it on healthy vol-
unteers to evaluate its feasibility and to obtain “normal”
reference values. Additionally, we evaluated whether
the Goslin pulsatility index [PI= (Volic—Vdiastolic)!
Viean)s Often neglected in the literature, better repre-
sents the dependent variable since it is closely corre-
lated, at least theoretically, to changes in microvascular
resistance.

Materials and methods

After obtaining informed consent, 21 healthy subjects (10 men, 11
women; mean age 32 =7 vs. 28 + 5 years) were connected, while
supine, to a ServoVentilator 900B (Siemens, Danvers, Mass.,
USA) through a mouthpiece, with a noseclip in place, and ventilat-
ed in the intermittent positive pressure ventilation mode. The ven-
tilator was fed by two 40-1 tanks, one containing 50 % O, in N, and
the other 50 % O,, 5% CO, in N,. Alternating the gas mixer from
“21%” to “100 % ” thus made it possible gradually to change the
inspiratory concentration of CO, (FiCO,) from 0% to 5% without
modifying ventilation or FiO,. Tidal volume was set at 15 ml/kg
and respiratory rate at 10-15 bpm. End-tidal CO, (ETCO,) was
measured with an infrared CO, analyzer (5250 RGM, Ombheda,
Louisville, Colo., USA). TCD of the middle cerebral artery
(TC2-64B, EME, Oberlingen, Germany) was continuously mea-
sured with the probe held in place by a rubber band. The side
with the better signal was chosen.

After a short period (1 min) of stabilization at FiCO, = 0%,
with an end-point for ETCO, at 30 mm Hg, FiCO, was increased
in steps of 1.25% every 2 min from 0% to 5%, without aiming at
a steady state for ETCO,. Mean blood velocity, PI, and ETCO,
were recorded every 10 s. The total duration of the test was ap-
proximately 10 min, during which 60 sets of data were recorded
for each subject. Pulse oximetry, noninvasive blood pressure, and
heart rate were measured every 1 min.

Linear regression analysis was performed between ETCO, and
V., or PL. From the resulting equation, cerebral CO, vasoreactivity
was calculated as the percentage change in V, (VMRV,,) or PI
(VMRPI) for mmHg change in ETCO,, assuming normal ET-

Table 1 Cerebral CO, vasoreactivity in healthy subjects: mean va-
lues (CBF: vasoreactivity evaluated by CBF measurement, TCD:
vasoreactivity evaluated by TCD)

Study year TCD/CBF Cerebrovascular
Reactivity to CO,
(%/mmHg")

Kety and Schmidt [4] 1948 CBF 1.95

Olesen et al. [5] 1971 CBF 2.86

Ackerman et al. [6] 1973 CBF 2.66

Markwalder et al. [7] 1984 TCD 32

Bishop et al. [8] 1986 CBF 31

Leopold et al. [9] 1987 TCD 2.8

Ringelstein et al. [10] 1988 TCD 5

Ogawa et al. [11] 1988 TCD 4

Hassler and Chioffi [12] 1989 TCD 2.1°

Hassler and Chioffi [12] 1989 TCD 4.7°

Seiler and Nirkko [13] 1990 TCD 32

Fortune et al. [14] 1992 TCD 23

Klingelhofer and Sander [15] 1992 TCD 3.7

Eng et al. [16] 1992 TCD 32

mean 32

2 values obtained during hypocapnia
b values obtained during hypercapnia

Table 2 Cerebral CO, vasoreactivity measured in 21 healthy sub-

jects
Subject  Age Sex VMRV, 2 VMRPI r
yrs (%/mmHg") (%/mmHg")
1 23 M 352 0.967 -3.98 0.841
2 30 M 258 0.921 -3.43 0.835
3 35 M 278 0.902 -3.79 0.854
4 25 M 330 0.948 -3.23 0.682
5 28 F 3.28 0.958 -3.44 0.606
6 35 M 3.04 0.935 -2.93 0.837
7 41 M 221 0.904 -2.65 0.838
8 31 F 3.99 0.959 -4.44 0.807
9 33 M 2.64 0.962 -2.89 0.878
10 35 M 274 0.931 -2.90 0.893
11 33 F 2.47 0.927 -2.00 0.532
12 22 F 3.81 0.845 -1.68 0.236
13 25 F 3.49 0.963 -3.83 0.716
14 21 F 3.30 0.924 -4.13 0.757
15 25 F 2.38 0.936 —-4.15 0.725
16 42 M 430 0.878 -3.79 0.766
17 29 M 353 0.935 -4.26 0.876
18 23 M 342 0.957 -5.95 0.733
19 25 F 3.19 0.881 -4.10 0.801
20 29 F 347 0913 -2.34 0.498
21 37 F 365 0.980 -7.56 0.840
mean+SD 3046  3.19+0.55 ~3.69+1.30

CO, =40 mmHg. Three subjects had CO, reactivity evaluated on
both hemispheres.

Data are presented as mean + SD. The coefficient of variation
was calculated to assess the variability in our set of measurements.
Student’s ¢ test for unpaired data was used to compare groups (men
vs. women).
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Table 3 Comparison of cere-

paple o) Comparison o ¢¢ Subject  Age VMRV, VMRV, VMRPI,, VMRPI_
hz;isphze;?slciri?hzelg sugj e‘:t(; Gyrs) (%/mm Hg') (%/mm He') (% /mm He') (% /mm Hg')
(dx: right hemisphere, sx: left 5 28 3.28 3.33 -3.44 —4.05
hemisphere) 7 41 221 2.62 -2.65 -2.35

9 33 2.64 2.61 -2.89 -3.23

Results

Baseline V,, and PI means were 60+ 9cm/s and
0.90 £ 0.11, respectively. ETCO, was increased by
15.3 £ 2.9 mmHg (range 11-21) from the initial value
of 30.0 + 2.1 mm Hg. The response of V,, and PI to CO,
changes was always linear. The correlation between
ETCO, and V,, was highly significant (p < 0.0001), with
R? always greater than 0.84 (Table 2). PI showed a lower
but still significant correlation (p <0.0001). VMRV,
was 3.19 = 0.55/mm Hg, with a low coefficient of varia-
tion (17.4). VMRPI showed a similar mean value
(-3.69 = 1.30/mm Hg) but a higher variability. VMRV
(3.10 £ 0.59 vs. 3.30 = 0.53 % /mm Hg. n.s.) and VMRPI
(-3.62 £ 0.93 vs. -3.77 + 1.66 % /mm Hg, n.s.) were simi-
lar in women and men. Table 3 presents data obtained
bilaterally in three subjects. Hemodynamic parameters
and pulse oximetry were stable throughout the tests.
Ventilation was reported as comfortable by all the sub-
jects.

Discussion

Ventilation, and hence CO,, is a potent means for ma-
nipulating cerebral perfusion. Hypocapnia decreases
and hypercapnia increases the diameter of cerebral arte-
rioles [17, 18]. The consequent change in vascular resist-
ance modulates CBF. This response is very rapid [19].
The measurement of cerebral reactivity to CO, is used
to assess the severity of brain damage and the outcome
[15], provide guidelines for hyperventilation therapy
[20], differentiate vasospasm from hyperemia [12], eval-
uate the possible beneficial effects of barbiturate and
osmotic therapy [21, 22], and assess the risk of cerebral
ischemia in patients with occlusive carotid artery dis-
ease [23, 24]. TCD is a widely accepted technique for
noninvasively evaluating cerebrovascular reactivity
since variations in V, measured in the middle cerebral
artery have been shown to be correlated with changes
CBF [8, 25].

When testing cerebral CO, vasoreactivity in healthy,
spontaneously breathing subjects, PaCO, is varied,
modifying the respiratory pattern or adding CO, to in-
spiratory gases to achieve a hypercapnic state. However,
changes in intrathoracic pressures may influence venous

return and cardiac output, while the stress of voluntary
hyperventilation may alter sympathetic discharge. It
has also been shown that changes in respiratory fre-
quency modify sympathovagal balance [2]. All these
factors produce hemodynamic effects which endanger
the validity of the ETCO,/TCD (or CBF) correlation.
Furthermore, a progressive normalization of CBF dur-
ing a sustained modification of PaCO, has been demon-
strated [3]. In ten normal subjects we found a
8.6 = 7.4 % increase in V, after 10 min of a sustained hy-
pocapnia (unpublished data). Assuring stable intratho-
racic pressure and respiratory rate, this test eliminates
many possible confounding factors. It is easily applica-
ble and reported by patients as being comfortable. A
very good linear correlation between V, and ETCO,
has been found, based upon findings reported by Kirk-
ham et al. [25] and Eng et al. [16] over a wide range of
CO, values (20-60 mm Hg).

VMRV, was comparable to averaged data reported
in the literature (Table 1). These data, however, range
from 2% to 5 %. It is reasonable to think that the differ-
ences in technique are responsible for this wide varia-
tion. The avoidance of hemodynamic interference may
explain the low variability that we observed. VMRPI
was comparable to VMRV, but showed greater vari-
ability. It has been demonstrated that the calculation of
this parameter may be altered by modifications in the
intensity of the signal [1] without changes in V,, read-
ings. PI did not seem to offer any advantage over V,, in
the description of CO, vasoreactivity, at least in normal
subjects. No difference was found between men and
women. The comparability between the two hemi-
spheres was noteworthy.

The value of this technique in ICU patients is still
speculative. However, it may offer many advantages:
since ventilator settings do not have to be modified dur-
ing the test, hemodynamic interference is avoided; com-
parison to “normal values” is not endangered by meth-
od-related artifacts; and the use of a “dynamic” test,
i.e., without aiming at a steady-state for CO,, allows a
reduction in the time during which the patient is ex-
posed to CO, modifications. This is essential in situa-
tions of severe brain damage, where any procedure
which may alter cerebral perfusion should be mini-
mized.



732

References

1

. Lindegaard KF (1992) Indices of pulsa-

tility. In: Newell DW, Aaslid R (ed)
Transcranial Doppler. New York, Ra-
ven, pp 67-82

. Pagani M, Lombardi F, Guzzetti S, Ri-

moldi O, Furlan R, Pizzinelli P, San-
drone G, Malfatto G, Dell’Orto S, Pic-
caluga E (1986) Power spectral analysis
of heart rate and arterial pressure vari-
abilities as a marker of sympathovagal
interaction in man and conscious dog.
Circ Res 59: 178-193

. Ellingsen I, Hauge A, Nicolaysen G,

Thoresen M, Walloe L (1987) Changes
in human cerebral blood flow due to
step changes in PAO, and PACO,.
Acta Physiol Scand 129: 157-163

. Kety SS, Schmidt CF (1948) The nitrous

oxide method for the quantitative de-
termination of cerebral blood flow in
man: theory, procedure, and normal
values. J Clin Invest 27: 476-490

.Olesen J, Paulson OB, Lassen NA

(1971) Regional cerebral blood flow in
man determined by the initial slope of
the clearance of intraarterially injected
133Xe. Stroke 2: 519-540

. Ackerman RH, Zilkha E, Bull JWD,

Du Boulay GH, Marshall J, Russel
RW, Symon L (1973) The relationship
of CO, reactivity of the cerebral vessels
to blood pressure and mean resting
blood flow. Neurology 23: 21

. Markwalder TM, Grolimund P, Seiler

RW, Roth F, Aaslid R (1984) Depen-
dency of the blood flow velocity in the
middle cerebral artery on end-tidal car-
bon dioxide partial pressure — a trans-
cranial Doppler study. J Cereb Blood
Flow Metab 4: 368-372

. Bishop CCR, Powell S, Rutt D, Browse

NL (1986) Transcranial Doppler mea-
surement of middle cerebral artery
blood flow velocity: a validation study.
Stroke 7: 913-915

10.

11.

12.

14.

15.

16.

. Leopold PW, Chang BB, Shandal AA,

Fitzgerald KM, Shah DM, Leather RP,
Corson JD, Karmody AM (1986) Trans-
cutaneous flow measurements in in situ
bypasses: an assessment of duplex scan-
ning. Angiology 37: 143

Ringelstein EB, Sievers C, Ecker S,
Schneider PA, Otis SM (1988) Non in-
vasive assessment of CO,-induced cere-
bral vasomotor response in normal indi-
viduals and patients with internal caro-
tid artery occlusion. Stroke 19: 963-969
Ogawa S, Handa N, Matsumoto M,
Etani H, Yoneda S, Kimura K, Kamada
T (1988) Carbon dioxide reactivity of
the blood flow in human basilar artery
estimated by the transcranial Doppler
method in normal men: a comparison
with that of the middle cerebral artery.
Ultrasound Med Biol 14: 479-483
Hassler W, Chioffi F (1989) CO, reac-
tivity of cerebral vasospasm after aneu-
rysmal subarachnoid haemorrhage.
Acta Neurochir (Wien) 98: 167-175

. Seiler RW, Nirkko AC (1990) Effect of

nimodipine on cerebrovascular re-
sponse to CO, in asymptomatic individ-
uals and patients with subarachnoid
hemorrhage: a transcranial Doppler ul-
trasound study. Neurosurgery 27:
247-251

Fortune JB, Bock D, Kupinski AM,
Stratton HH, Shah DM, Feustel PJ
(1992) Human cerebrovascular re-
sponse to oxygen and carbon dioxide as
determined by internal carotid artery
duplex scanning. J Trauma 32: 618-627
Klingelhofer J, Sander D (1992) Dop-
pler CO, test as an indicator of cerebral
vasoreactivity and prognosis in severe
intracranial hemorrhages. Stroke 23:
962-966

Eng C, Lam AM, Mayberg TS, Lee C,
Mathisen T (1992) The influence of
propofol with and without nitrous oxide
on cerebral blood flow velocity and CO,
reactivity in humans. Anesthesiology
77: 872-879

17.

18.

19.

20.

21.

22.

23.

24.

25.

Bradack GB, Simon RS, Heidsieck CH
(1976) Angiographically verified tran-
sient alteration of the intracranial arter-
ies and veins in dependence of different
CO, tensions. Neuroradiology 10:
257-262

Kontos HA, Raper AJ, Patterson JL JR
(1977) Analysis of vasoactivity of local
pH, PCO, and bicarbonate on pial ves-
sels. Stroke 8: 358-360

Yoshihara M, Bandoh K, Marmarou A
(1995) Cerebrovascular carbon dioxide
reactivity assessed by intracranial pres-
sure dynamics in severely head injured
patients. J Neurosurg 82: 386-393
Newell DW, Seiler RW, Aaslid R (1992)
Head injury and cerebral circulatory ar-
rest. In: Newell DW, Aaslid R (eds)
Transcranial Doppler. New York, Ra-
ven, pp 109-122

Muizelaar JP, Lutz HA, Becker DP
(1984) Effect of mannitol on ICP and
CBF and correlation with pressure au-
toregulation in severely head-injured
patients. J Neurosurg 61: 700-706
Nordstrom CH, Messeter K, Sundbarg
G, Schalen W, Werner M, Ryding E
(1988) Cerebral blood flow, vasoreac-
tivity and oxygen consumption during
barbiturate therapy in severe traumatic
brain lesions. J Neurosurg 68: 424-431
Kleiser B, Widder B (1992) Course of
the carotid artery occlusions with im-
paired  cerebrovascular  reactivity.
Stroke 23: 171-174

Yonas H, Smith HA, Durham SR,
Pentheny SL, Johnson DW (1993) In-
creased stroke risk predicted by com-
promised cerebral blood flow reactivity.
J Neurosurg 76: 483-489

Kirkham FJ, Padayachee TS, Parsons S,
Seargeant LS, House FR, Gosling RG
(1986) Transcranial measurement of
blood flow velocity in the basal cerebral
arteries using pulsed Doppler ultra-
sound: velocity as an index of flow. Ul-
trasound Med Biol 12: 15-21



