
Continuous Neuromonitoring Using Transcranial Doppler 
Reflects Blood Flow during Carbon Dioxide Challenge in 
Primates with Global Cerebral Ischemia

Bawarjan Schatlo, M.D.,
Surgical Neurology Branch, National Institutes of Neurological Disorders and Stroke, National 
Institutes of Health, Bethesda, Maryland

Department of Experimental Neurology, Charité University Medicine, Berlin, Germany

Department of Neurosurgery, University Hospital Geneva, Geneva, Switzerland

Sven Gläsker, M.D.,
Surgical Neurology Branch, National Institutes of Neurological Disorders and Stroke, National 
Institutes of Health, Bethesda, Maryland

Alois Zauner, M.D.,
Department of Neurosurgery, Santa Barbara Cottage Hospital, Santa Barbara, California

B. Gregory Thompson, M.D.,
Department of Neurosurgery, University of Michigan, Ann Arbor, Michigan

Edward H. Oldfield, M.D., and
Department of Neurosurgery, University of Virginia, Charlottesville, Virginia

Ryszard M. Pluta, M.D., Ph.D.
Surgical Neurology Branch, National Institutes of Neurological Disorders and Stroke, National 
Institutes of Health, Bethesda, Maryland

Abstract

OBJECTIVE—At present, there is no consensus on the optimal monitoring method for cerebral 

blood flow (CBF) in neurointensive care patients. The aim of the present study was to investigate 

whether continuous transcranial Doppler (TCD) monitoring with modulation of partial pressure of 

CO2 reflects CBF changes. This hypothesis was tested in 2 pathological settings in which cerebral 

ischemia can be imminent: after an episode of cerebral ischemia and during vasospasm after 

subarachnoid hemorrhage.

METHODS—Sixteen cynomolgus monkeys were divided into 3 groups: 1) chemoregulation in 

control animals to assess the physiological range of CBF regulation, 2) chemoregulation during 
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vasospasm after subarachnoid hemorrhage, and 3) chemoregulation after transient cerebral 

ischemia. We surgically placed a thermal CBF probe over the cortex perfused by the right middle 

cerebral artery. Corresponding TCD values were acquired simultaneously while partial pressure of 

CO2 was changed within a range of 25 to 65 mm Hg (chemoregulation). A correlation coefficient 

of CBF with TCD values of greater than r equals 0.8 was considered clinically relevant.

RESULTS—CBF and CBF velocity correlated strongly after cerebral ischemia (r = 0.83, P < 

0.001). Correlations were poor in chemoregulation controls (r = 0.2) and in the vasospasm group 

(r = 0.55).

CONCLUSION—The present study provides experimental support that, in clearly defined 

conditions, continuous TCD monitoring combined with chemoregulation testing may provide an 

estimate of CBF in the early postischemic period.
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To date, there is no consensus on the optimal tool for cerebral blood flow (CBF) monitoring 

of neurointensive care patients at risk of developing cerebral ischemia. After it was first used 

in patients by Aaslid et al. (1), transcranial Doppler (TCD) was proposed as a noninvasive, 

inexpensive, and mobile method of measuring CBF. The rationale was a theoretical direct 

relationship of flow and flow velocity according to the following equation: Q = V × A, 

where Q is CBF, V is CBF velocity (CBF-V), and A is the surface of the vascular lumen. 

Dahl et al. (9) acknowledged that validation of the correlation between TCD and CBF 

ideally requires their simultaneous assessment. However, for technical reasons, most studies 

conducted CBF and TCD measurements either at different times in the same patient (2, 9) or 

evaluated the usefulness of TCD based on different patient populations (18) and found poor 

correlations between absolute CBF and CBF-V values (2). Factors attributed to such poor 

correlation included unknown vascular diameter, interobserver variation, and, foremost, 

dynamic changes in CBF that occur in healthy subjects. With this plethora of inaccuracies, 

TCD has long been rejected as the “universal” monitoring tool for CBF. However, it has 

been suggested that in some clearly defined pathological conditions, the regulatory 

mechanisms of CBF are abolished in a manner that would enable TCD to accurately reflect a 

decline in CBF (23). In the present study, we focus on chemoregulation as one “subtype” of 

cerebral vessel tone regulation.

Autoregulation is vasomotor activity in response to changes in perfusion pressure. Thus, 

dysautoregulation refers to a dysfunction of pressure-dependent vessel tone changes. This 

does not necessarily imply an impaired chemosensitivity.

The goal of this study was to assess whether TCD values reflect CBF during 

chemoregulation in two clinical situations particularly relevant to patients in the 

neurointensive care unit: delayed cerebral vasospasm after subarachnoid hemorrhage (SAH) 

and after global cerebral ischemia.
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MATERIALS AND METHODS

Experimental Groups

CBF and CBF-V were measured simultaneously in 3 groups with a total of 16 cynomolgus 

monkeys weighing 2.7 to 5.8 kg. The first group served to confirm the validity of the model 

by showing that chemoregulation is intact in healthy primates (group 1). Then, we tested the 

working hypothesis of this study to determine whether chemoregulation combined with 

continuous TCD recordings could reflect CBF during vasospasm (group 2) or ischemia 

(group 3).

The correlation of CBF and CBF-V was first assessed in healthy primates during continuous 

changes of partial pressure of CO2 (PCO2) in control animals (chemoregulation control 

group; n = 9). Groups 2 and 3 were dedicated to the investigation of chemoregulation during 

cerebral vasospasm (n = 4) and chemoregulation after global cerebral ischemia (n = 3).

The protocol was reviewed by the National Institute of Neurological Disorders and Stroke 

Animal Care and Use Committee and met the National Institutes of Health guidelines for 

animal care. The animal data were collected from a single study within a timeframe of 

approximately 2 years after approval of the National Institutes of Health Animal Care and 

Use Committee. The study was performed for the purpose of measuring cerebral 

hemodynamic parameters of primates.

CBF, CBF-V, and Mean Arterial Pressure

A thermal probe developed by Brawley (4) and modified by Carter et al. (6) was used to 

continuously assess CBF. The probe consists of a cold pad and a warm pad, which are 

positioned on the cortex. Local blood circulation underneath the 2 thermal probes dissipates 

the heat, producing a temperature difference. These changes in temperature between the 2 

probes are transformed into voltage (“Peltier stack”) and have been shown to reflect CBF 

(7). To measure CBF, all animals underwent a small right parietal craniectomy under 

general anesthesia. After opening the dura, a CBF probe (Saber thermomonitoring device; 

Flow tronics, Phoenix, AZ) was slipped between the dura and brain to lie over a region 

perfused by the right middle cerebral artery (MCA) as confirmed by cerebral arteriography. 

The position of the probe was confirmed by lateral skull radiography. After calibration of 

the instrument, regional CBF was measured continuously.

TCD measurements of flow velocities in the right MCA were obtained through an anterior 

temporal window at a depth of 25 to 35 mm. A 2-MHz pulsed bidirectional Doppler probe 

(Transpect TCD; MedaSonics, Mountain View, CA) was used to measure CBF-V in the 

right MCA by the same observer (RMP or BGT). Systolic CBF-V values were used in the 

analysis.

The right femoral and left brachial arteries were cannulated for cerebral arteriography and 

for continuous measurement of mean arterial pressure (MAP). Electrocardiography, end-

tidal CO2, and rectal temperature were monitored continuously.
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Anesthesia

The monkeys received intramuscular atropine sulfate (0.05 mg/kg), sodium thiopental (25 

mg/kg), and ketamine (10 mg/kg). They were intubated and ventilated with N2O:O2 (1:1); 

0.5% isoflurane was used as the anesthetic agent. In this study, PCO2 values are assumed to 

correlate with end-tidal PCO2. The mean difference of arterial to end-tidal PCO2 is variable 

around 2 to 5 mm Hg (26, 28). It is directly proportional to the ventilatory dead space. The 

cynomolgus monkeys in the present experiment have a small dead space compared with 

humans and no respiratory impairment. O2 saturation was kept constant at 100%.

Chemoregulation in Control Animals

PCO2 changes were evoked in 9 control animals. Hypercapnia was induced by 3 episodes of 

apnea, each lasting 75 seconds, until a maximum PCO2 of 65 mm Hg was achieved. 

Simultaneous recording of CBF and CBF-V was initiated during a graded stepwise decrease 

in PCO2 to 25 mm Hg via controlled ventilation, as described elsewhere (40).

Vasospasm after SAH

Four animals underwent right frontotemporal craniectomy with dissection of the arachnoid 

layer of the sylvian fissure, as described previously (30). In short, after the right MCA was 

exposed, a clot of arterial blood was placed around the artery. Surgery was performed 7 days 

before CBF and CBF-V monitoring. These animals underwent arteriography twice, once 2 

days before SAH and again on day 7 after surgery. To assess the degree of vasospasm, the 

proximal 14 mm of the right MCA were measured and compared on pre-and postoperative 

anteroposterior arteriography using a computerized image analysis system (National 

Institutes of Health Image J1.25). All 4 animals had moderate vasospasm, defined as a 

decrease of the anteroposterior MCA area by 38%–50% (31). After measuring CBF and 

CBF-V in steady state, the chemoregulation protocol described above was carried out.

Transient Global Ischemia Protocol

Global cerebral ischemia was produced in 3 animals by extreme hypotension induced by a 

continuous infusion of trimetaphan camsylate (500 mg/500 mL D5W; 3 mg/min; Arfonad ; 

Roche Laboratories, Basel, Switzerland) to lower CBF to the range of 20 mL/l00 g/min for 

20 minutes (3). Arfonad infusion was discontinued after 20 minutes of ischemia, and MAP 

was permitted to return to its normal level (dopamine or phenylephrine was used transiently 

when necessary). Measurements of CBF and CBF-V were performed 30 minutes after 

discontinuation of Arfonad using the chemoregulation protocol described above.

Statistical Analysis

Values are presented as mean ± standard deviation. StatView (SAS Institute, Inc., Cary, NC) 

was used for statistical analysis. Analysis of variance, correlation analysis, and paired t test 

were used for comparison of the data. Statistical significance was defined as a P value of 

less than 0.05. A strong correlation was defined as r greater than 0.8 (2). This value was 

chosen arbitrarily to ensure that more than two-thirds (r2 = 0.64) of the variance of CBF is 

associated with CBF-V (36).

Schatlo et al. Page 4

Neurosurgery. Author manuscript; available in PMC 2016 February 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RESULTS

Chemoregulation and MAP

MAP was recorded during changes in PCO2. There was a parallel and similar increase of 

MAP in response to hypercapnia in all groups (Fig. 1). Pearson’s correlation coefficient for 

MAP was r equals 0.96 between the control and vasospasm groups and r equals 0.76 

between controls and the ischemia group (P < 0.05 for both). MAP remained within the 

range of autoregulation during PCO2 changes in all groups.

Chemoregulation in Control Animals

In control animals, the highest CBF value was reached during hypercapnia, and the lowest 

value occurred during deep hypocapnia (Fig. 2A). CBF-V followed a similar pattern (Fig. 

2B). Under normocapnia (PCO2 = 38–42 mm Hg), the correlation between absolute values of 

CBF and CBF-V was weak (n = 153; r = 0.2; P < 0.05) (Fig. 2C) and did not improve 

significantly during either hyper-or hypocapnia.

Vasospasm after SAH

In 4 monkeys with vasospasm of the right MCA (the mean decrease of the anteroposterior 

area of the right MCA ranged from 38%–50% [mean, 40%]), baseline CBF was similar to 

controls (Fig. 2A). During hypocapnia, CBF decreased as in control animals. However, CBF 

did not change in response to hypercapnia. CBF-V in the physiological range of PCO2 (38–

42 mm Hg) was significantly higher than in control animals and exceeded 120 cm/s (P < 

0.001) (Fig. 2B). During hypocapnia, it dropped, but it did not change in hypercapnia (P = 

0.11). The correlation between CBF and CBF-V during normocapnia was 0.55 (n = 106; P < 

0.05) and did not achieve the threshold for strong correlation in either hypo-or hypercapnia 

(Fig. 2C).

Transient Global Ischemia

In normocapnia, baseline CBF was higher than in control animals (P < 0.05), despite 

significantly lower MAP (Fig. 2A). Paradoxically, CBF increased when hypocapnia was 

induced (P < 0.05), instead of decreasing as in control animals. In hypercapnia, CBF 

remained unchanged and did not differ significantly from controls. CBF-V was higher in 

postischemic animals than in controls during normocapnia and hypocapnia (Fig. 2B) (P < 

0.01), but did not differ from controls during hypercapnia. The correlation between CBF and 

CBF-V values after ischemia was strong throughout the range of PCO2 changes (n = 43; 0.83 

< r < 0.97; P < 0.001) (Fig. 2C).

DISCUSSION

The goal of this study to define the precise circumstances under which assessment of CBF 

using TCD is possible during CO2 challenge was achieved in animals that underwent global 

cerebral ischemia.

Conditions for Measurement of CBF Based on CBF-V Values

The following formula describes the relationship between velocity and flow (37):
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where CBF is regional CBF measured in mL/l00 g/min, α is the cosine of the insonation 

angle, K is a constant, A is the cross sectional area of the vessel in cm2, T is the territory of 

vessel supply in l00 g of brain tissue, and CBF-V represents CBF velocity in cm/s. 

Therefore, a linear relationship of CBF and CBF-V is expected when the vessel diameter 

remains constant, the artery’s supply territory remains constant, and the angle of insonation 

is less than 10 degrees (cosine = 0.985) (18). Under our experimental conditions, the MCA 

should have a constant diameter because autoregulation and chemoregulation affect the 

diameters of cerebral arterioles, but not conductive arteries (14). The supply territory is the 

“amount of brain tissue” supplied by the insonated vessel and is expressed in multiples of 

100 g. A change in the supply territory would imply that variations in CBF-V occur through 

collateral flow. Because variations in CBF-V occur mainly through diameter changes in 

resistance vessels (14), the territory supplied by the MCA remained stable throughout the 

experiment. Moreover, Newell et al. (25) demonstrated that the change in MCA diameter is 

so small during changes in blood pressure that it is unlikely to contribute significantly to 

cerebral autoregulation. TCD recordings were obtained by the same observer (BGT), and 

variations in the angle of insonation were minimized by using a stable experimental setup.

Chemoregulation in Control Animals

Chemoregulation is known as the vasomotor reaction of the resistance vessels to changes in 

PCO2. An increase in PCO2 is a potent stimulus for vasodilation, expressed by an increase in 

both CBF-V and CBF. As expected, we observed preserved chemoregulation in the control 

group of our study. CBF-V increased by 3.4% per 1-mm Hg increase in PCO2 in the 

physiological range of PCO2. This reflects the range of experimental and clinical reports of 

2.5% to 5.0% in CBF-V for every 1-mm Hg change in PCO2 (18, 21, 24, 32). CO2 challenge 

produced the physiological curve of rising CBF as a response to hypercapnia and CBF 

reached a plateau at maximal cerebral perfusion pressure. At high values of PCO2, CBF did 

not increase further.

Previous studies found that the percentage changes of CBF-V and CBF correlate (18, 21, 

29). However, the correlation between the absolute values remained poor. Our results 

confirmed that, even under experimental conditions, TCD values do not reflect absolute 

CBF during chemoregulation testing in control animals.

Vasospasm after SAH

A recent prospective series of TCD measurements in SAH patients revealed that a decline in 

CO2 vasoreactivity was a highly sensitive indicator of early vasospasm (13). In our study, 

CBF decreased during hypocapnia but did not rise in hypercapnia, suggesting that the 

moderate vasospasm in our model partially reduces CO2-mediated vasoreactivity. This 

phenomenon warrants further study, particularly because an abolished vasodilatory property 

may play a role in the pathogenesis of cerebral ischemia after SAH (e.g., when the 

hypercapnic stimulus cannot provoke a metabolically necessary increase in CBF). In 
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contrast to studies based on TCD alone, the described experimental setup allowed for a 

description of large-vessel behavior as reflected by TCD values and a description of local 

microcirculation resulting from the use of a cortical CBF probe. During vasospasm, we 

observed that hypercapnia induced a change in neither TCD nor cortical CBF. Thus, we 

concluded that neither large nor small vessels in our model respond to hypercapnic stimuli 

during delayed cerebral vasospasm. Voldby et al. (41) observed that PCO2 reactivity can be 

preserved in mild vasospasm but will gradually deteriorate with the degree of vasospasm. In 

a study of patients with mild vasospasm, the authors termed the phenomenon of maintained 

CO2 reactivity despite abolished autoregulation dissociated vasomotor paralysis (19). 

Development of cerebral ischemia caused by vasospasm with dissociative vasoparalysis may 

progress to complete vasoparalysis. In turn, complete vasoparalysis could lead to pressure-

passive CBF, which could be reflected by TCD measurement. However, TCD values need to 

be interpreted with particular care, because a decreased CBF-V may not necessarily indicate 

resolved vasospasm but could be secondary to reduced CBF. It seems that patients often 

have impaired autoregulation paralleling their clinical grade (17). Experimental data with 

simultaneous measurement of CBF and TCD in rabbits suggests a trend toward impaired 

autoregulation in SAH (24). CBF in these animals fell gradually as MAP dropped below 80 

mm Hg. Although pressure-passive CBF indicating vasoparalysis is believed to be one of 

the few situations where CBF-V is directly proportional to CBF, no strong correlation was 

found between CBF reactivity and TCD values in the study by Nelson et al. (24). Our 

findings enhance this concept, showing that even changes in PCO2 cannot positively 

influence the correlation between CBF and CBF-V after SAH. Supporting findings are 

reported in a small study of anesthetized patients with SAH (33). Other studies, however, 

find that many patients with delayed neurological deficits show no increase, and some even 

show a decrease in CBF-V. Clearly, this undermines the use of TCD velocities alone to 

predict outcome (20). The effort to achieve both a better early detection of clinical 

deterioration and of angiographic vasospasm has culminated in the recent development of 

the vasospasm probability index (15). This index combines clinical (Hunt and Hess grade) 

and imaging (Fisher grade) findings with CBF-V measurements (CBF-V and Lindegaard 

ratio) and shows promise as a clinical decision-making tool (15). Although TCD is useful 

for detecting vasospasm, it is unlikely that a single CBF-V measurement can help to assess 

the risk of clinical deterioration or even sufficiency of CBF during vasospasm (16, 35).

Transient Global Ischemia

In cerebral ischemic events, such as stroke or temporary cardiac arrest, TCD is used to 

screen large cerebral arteries for CBF-V changes caused by severe stenosis or occlusion. 

Although TCD is used to detect microemboli and large artery stenoses and to monitor 

recanalization (35), its role in assessing the adequacy of CBF after transient cerebral 

ischemia, such as after resuscitation, is less well defined (39). As cerebral ischemia 

develops, affected vessels dilate maximally to increase flow. After the onset of ischemia, 

autoregulatory and chemoregulatory mechanisms are impaired or absent. Decreased CO2 

reactivity was observed after a 12-minute transient ischemia episode in a resuscitation model 

in dogs (8), whereas longer lasting ischemia produced complete vasoparalysis in primates 

(10). Sundgreen et al. (39) found impaired cerebrovascular reactivity in 13 of 18 patients 

after cardiac arrest. Decreased CBF-V reflects a state of hypoperfusion, whereas an increase 
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may point toward a postischemic luxury perfusion syndrome, with significance for cerebral 

vasculature after ischemic insults. Hyperperfusion in areas of previously low perfusion can 

occur after resection of arteriovenous malformations (38) and carotid endarterectomy (34). 

In our study, postischemic CBF was elevated despite decreased MAP, suggesting global 

cerebral vasodilation (i.e., vasoparalysis). When PCO2 was decreased, we observed increased 

CBF. The correlation between CBF and CBF-V was consistently high, suggesting the 

absence of active blood flow regulation throughout the range of PCO2 changes. Although the 

question of CBF and CBF-V correlation was previously addressed in ischemic brains, the 

comparison was based on autoradiography. In a study comparing TCD and CBF in rabbit 

ischemia, the correlation was r = 0.94 (12). Unfortunately, the study only compared a single 

mean value of CBF with an averaged TCD value per animal. Here, we show that TCD 

measurements after ischemia can reflect CBF quantitatively throughout a wide range of CO2 

changes in primates with postischemic vasoparalysis.

Effect of Anesthesia

Because the present study is based on CO2 dependence of blood flow, an agent was needed 

that preserves cerebrovascular chemoregulation. Isoflurane is well characterized and widely 

used for studies of CBF (40). It decreases baseline CBF at low concentrations, as well as 

increasing blood flow and altering metabolic coupling at higher concentrations (5). 

Compared with other agents, however, isoflurane permits a relatively physiological vascular 

reactivity to CO2 (42). Simi larly, autoregulation response during low-to medium-level 

isoflurane anesthesia is preserved and is affected only with alveolar concentrations beyond 

the concentration used in the present study (27).

Confirming our approach, a pilot experiment with isoflurane anesthesia showed that the 

range of autoregulation and vasomotoricity are similar to those of healthy humans (see 

Figure, Supplemental Digital Content 1, http://links.lww.com/A818). In this figure, CBF 

(squares) and CBF-V (circles) are shown during changes in MAP in the autoregulation 

control group (n = 8) under isoflurane anesthesia. The lines represent third-order polynomes 

fitted to the data points. Note the plateau of CBF within the autoregulation range (40–140 

Torr of MAP). Only a weak correlation was found between CBF-V and CBF during changes 

in MAP within the autoregulation range (n = 215; r = 0.51; P < 0.001). However, this 

correlation increased significantly at MAP values less than 40 and greater than 140 Torr 

(MAP < 40 Torr: r = 0.81, P < 0.02; MAP > 140 Torr: r = 0.91, P < 0.001). Bars indicate 

means ± standard deviation.

As for propofol sedation, there is indirect TCD-based evidence that autoregulation is 

partially preserved (22). However, propofol can reduce CBF-V by approximately one-third, 

which in itself may have represented an obstacle to our experimental paradigm (11).

Clinical Value of the Presented Findings

Our ischemia model produced global cerebral ischemia most closely resembling syndromes 

with generalized cerebral hypoperfusion. By demonstrating a strong correlation of TCD with 

CBF in ischemia, our findings suggest the possibility of continuous or serial TCD to guide 

blood pressure management in these patients (i.e., triple-H therapy) to maintain optimal 
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cerebral perfusion in an intensive care setting. Using TCD probes attached to a head frame 

may facilitate continuous and reliable measurement over an extended period. Furthermore, 

after global ischemia, a patient has attenuated vasomotor responses, which will lead to an 

MAP-passive flow pattern on TCD reflecting CBF. MAP and CBF management could be 

performed, depending on mean flow velocities, until signs of vasomotor recovery occur 

(e.g., improved CO2 response, autoregulation index).

Experimental Considerations

Primates in the present study underwent neuromonitoring 30 minutes after global cerebral 

ischemia. During this timeframe, it appears that neuromonitoring using TCD reflects CBF. 

Because of animal care and use limitations, it was not possible to record measurements at 

multiple time points, and data from clinical studies are needed to test the validity of this 

monitoring paradigm in the days after ischemia.

CONCLUSION

Continuous TCD recordings during changes in PCO2 cannot provide an estimate of CBF 

when cerebrovascular regulatory mechanisms are present, such as in healthy primates. 

Chemoregulation appeared to be partly preserved in our primate model of vasospasm, 

comparable to the dissociative vasoparalysis described in humans. In consequence, 

correlations between continuous TCD measurements and CBF were poor, even during 

modifications in PCO2.

In cerebral ischemia, in which vessel reactivity is known to be abolished, modification of 

PCO2 during chemoregulation produced a strong correlation of TCD with CBF. Thus, the 

present study provides experimental support that, in clearly defined conditions, continuous 

TCD monitoring combined with chemoregulation testing may provide an estimate of CBF in 

the early postischemic period. An important limitation of this study was that we were unable 

to perform recordings in the days after ischemia. This limitation arose as a result of ethical 

issues, because the global ischemic insult in our model is likely to leave the primates 

moribund. We believe that clinical studies are now needed to decide whether TCD is useful 

and beneficial for follow-up neuromonitoring after ischemic insult.
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CBF cerebral blood flow
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CBF-V cerebral blood flow velocity

MAP mean arterial pressure

MCA middle cerebral artery

Pco2 partial pressure of CO2

SAH subarachnoid hemorrhage

TCD transcranial Doppler
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FIGURE 1. 
Graph showing mean arterial pressure (MAP) values during changes in partial pressure of 

carbon dioxide (PCO2). The ischemia group had a significantly lower MAP (P < 0.001). 

However, MAP remained within the autoregulation range in all groups, and the general 

pattern of MAP changes attributable to changes in PCO2 was similar. Bars indicate mean ± 

standard deviation (SD).
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FIGURE 2. 
Changes in cerebral blood flow (CBF), CBF velocity (CBF-V), and their correlation during 

chemoregulation. A, CBF during changes in PCO2 in control animals (n = 9, filled circles), 

animals with vasospasm (n = 4, open squares), and after ischemia (n = 3, open triangles). B, 

CBF-V during changes in PCO2. C, correlation between CBF and CBF-V during changes in 

PCO2. Correlations above 0.8 are considered strong (dashed line). Only postischemic 

animals maintained a strong correlation of CBF-V and CBF throughout the wide range of 
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PCO2 changes. Number of measurements: control animals, n = 153; vasospasm, n = 106; 

global ischemia, n = 43. Bars indicate mean ± SD.
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