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Effects of Subanesthetic Doses of Ketamine on Regional
Cerebral Blood Flow, Oxygen Consumption, and Blood
Volume in Humans
Jaakko W. Långsjö, M.D.,* Kaike K. Kaisti, M.D.,† Sargo Aalto, M.Sc.,* Susanna Hinkka, Ph.Lic.,‡ Riku Aantaa, M.D.,§
Vesa Oikonen, M.Sc.,� Hannu Sipilä, M.Sc.,# Timo Kurki, M.D.,** Martti Silvanto, M.D.,†† Harry Scheinin, M.D.‡‡

Background: Animal experiments have demonstrated neuro-
protection by ketamine. However, because of its propensity to
increase cerebral blood flow, metabolism, and intracranial
pressure, its use in neurosurgery or trauma patients has been
questioned.

Methods: 15O-labeled water, oxygen, and carbon monoxide
were used as positron emission tomography tracers to deter-
mine quantitative regional cerebral blood flow (rCBF), meta-
bolic rate of oxygen (rCMRO2), and blood volume (rCBV), re-
spectively, on selected regions of interest of nine healthy male
volunteers at baseline and during three escalating concentra-
tions of ketamine (targeted to 30, 100, and 300 ng/ml). In
addition, voxel-based analysis for relative changes in rCBF and
rCMRO2 was performed using statistical parametric mapping.

Results: The mean � SD measured ketamine serum concen-
trations were 37 � 8, 132 � 19, and 411 � 71 ng/ml. Mean
arterial pressure was slightly elevated (maximally by 15.3%,
P < 0.001) during ketamine infusion. Ketamine increased rCBF
in a concentration-dependent manner. In the region-of-interest
analysis, the greatest absolute changes were detected at the
highest ketamine concentration level in the anterior cingulate
(38.2% increase from baseline, P < 0.001), thalamus (28.5%,
P < 0.001), putamen (26.8%, P < 0.001), and frontal cortex
(25.4%, P < 0.001). Voxel-based analysis revealed marked rela-
tive rCBF increases in the anterior cingulate, frontal cortex, and
insula. Although absolute rCMRO2 was not changed in the re-
gion-of-interest analysis, subtle relative increases in the frontal,
parietal, and occipital cortices and decreases predominantly in

the cerebellum were detected in the voxel-based analysis. rCBV
increased only in the frontal cortex (4%, P � 0.022).

Conclusions: Subanesthetic doses of ketamine induced a
global increase in rCBF but no changes in rCMRO2. Conse-
quently, the regional oxygen extraction fraction was decreased.
Disturbed coupling of cerebral blood flow and metabolism is,
however, considered unlikely because ketamine has been pre-
viously shown to increase cerebral glucose metabolism. Only a
minor increase in rCBV was detected. Interestingly, the most
profound changes in rCBF were observed in structures related
to pain processing.

THE phencyclidine derivative ketamine is a unique an-
esthetic. It is considered to be hemodynamically sup-
portive, and it has moderate analgesic effects. Ketamine
has been deemed the drug of choice for induction and
maintenance of anesthesia in selected groups of severely
ill patients.1 Because ketamine-sedated patients maintain
many of the protective reflexes, such as coughing and
swallowing, and remain spontaneously breathing, ket-
amine has also been considered particularly suitable for
sedation and analgesia outside the operating room.1,2

Animal experiments have demonstrated neuroprotec-
tive effects of ketamine in cerebral ischemia and head
injury.3,4 Ketamine-induced neuroprotection has been
attributed to N-methyl-D-aspartate receptor antago-
nism.3,4 However, because ketamine seems to increase
cerebral blood flow (CBF) and metabolism,5,6 its use is
not recommended in patients with elevated intracranial
pressure (ICP) or decreased intracranial compliance.1,7

Consequently, the use of even sedative or analgesic
doses of ketamine is questioned in the treatment of
trauma patients. Experimental and clinical data are, how-
ever, partly contradictory,8 and there is some implica-
tion that although ketamine increases CBF5,6,9 and glu-
cose metabolism,6,10 it might not have significant effects
on cerebral metabolic rate of oxygen (CMRO2).11 Fur-
thermore, the dose dependency of these effects has not
previously been properly studied in humans.

Our aim was to quantify the effects of subanesthetic
doses of ketamine on regional CBF (rCBF), regional
CMRO2 (rCMRO2), and regional cerebral blood volume
(rCBV) in the living human brain using repetitive admin-
istration of 15O-tracers and positron emission tomogra-
phy (PET). Because of possible neuroanesthesiologic im-
plications, we were particularly interested in the
absolute changes of these variables. We hypothesized
that ketamine would increase both rCBF and rCMRO2.

Additional material related to this article can be found on the
ANESTHESIOLOGY Web site. Go to the following address, click on
Enhancements Index, and then scroll down to find the appro-
priate article and link. http://www.anesthesiology.org. Sup-
plementary material can also be accessed on the Web by
clicking on the “ArticlePlus” link either in the Table of Con-
tents or at the top of the Abstract or HTML version of the
article.
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Materials and Methods

Subjects and Study Design
The study protocol was approved by the local ethics

committee (Turku, Finland). After giving written in-
formed consent, 10 healthy (American Society of Anes-
thesiologists physical status class I), nonsmoking, right-
handed male volunteers aged 25–27 yr with body mass
index of 24.7 � 2.1 (mean � SD, hereinafter presented
similarly) were recruited in this open, nonrandomized,
dose-escalation study with four periods. One subject had
to be excluded from the study because of technical
malfunction of the cyclotron, and thus, the results pre-
sented are based on nine subjects. All subjects under-
went a detailed prestudy examination, including labora-
tory data collection and 12-lead electrocardiography, and
confirmed having no history of drug allergies or ongoing
medications. They restrained from using alcohol or any
medication for 48 h and fasted overnight before the
beginning of the study.

15O-labeled water, oxygen, and carbon monoxide
were used as PET tracers to assess rCBF, rCMRO2, and
rCBV, respectively, at baseline (no drug) and during
three pseudo–steady state concentrations (30, 100, and
300 ng/ml) of ketamine.

Administration of the Study Treatment and
Monitoring
The left radial artery and two large veins in the right

forearm were cannulated for blood sampling and for
the administration of Ringer’s and NaCl 0.9% solutions
(50 ml/h), ketamine, and 15O-labeled water. After the
cannulations, the subjects were connected to a monitor
(Datex AS/3; Datex-Ohmeda Division, Instrumentarium
Corp, Helsinki, Finland) recording the electrocardio-
gram, noninvasive blood pressure, heart rate, respiratory
rate, peripheral oxygen saturation (SaO2), and end-tidal
carbon dioxide (ETCO2). The vital signs and individual
values for ETCO2 were manually recorded every 5–10 min
throughout the study. Arterial blood gas analysis and
acid–base status were determined before each rCMRO2

measurement at baseline and during each concentration
level of ketamine. Oral breathing instructions were given
between the scans to keep subjects’ ETCO2 strictly at
baseline level.

After the baseline PET scans, continuous intravenous
target-controlled ketamine infusion was initiated using a
Harvard 22 syringe pump (Harvard Apparatus, South
Natick, MA) connected to a portable computer running the
Stanpump software.12,13 Three target pseudo–steady state
serum concentration levels of ketamine were used starting
at 30 ng/ml followed by 100 ng/ml and 300 ng/ml at 50-min
intervals. After commencing the infusion and each time the
targeted level was increased, a 15-min stabilization period
was allowed to pass before the PET scans were initiated. At
the end of each concentration level, 5-ml arterial blood

samples were collected for determination of serum ket-
amine concentrations. Serum was immediately separated
and kept frozen at �70°C until analyzed with high-perfor-
mance liquid chromatography (Yhtyneet laboratoriot, Hel-
sinki, Finland).14

PET Assessments
15O-labeled water was used to assess rCBF, 15O-labeled

oxygen was used to assess rCMRO2, and 15O-labeled
carbon monoxide was used to assess rCBV. Assessments
were performed at baseline and during each ketamine
target concentration level. Thus, altogether 12 (4 � 3)
scans were conducted on each subject. Each series of
scans (H2

15O, 15O2, C15O) lasted for approximately 35
min. The gaseous PET tracers (15O2 and C15O) were
administered via tightly fitting rubber mask during vol-
untary respiration. Descriptions of tracer production,
image processing, and the PET scanner are given in our
accompanying article (Kaisti et al.15 in this issue). Indi-
vidual magnetic resonance images were acquired for
anatomic reference with a 1.5-T scanner (Siemens Mag-
netom SP63, Erlangen, Germany) on a separate session.

Profile of Mood States
After the baseline PET assessments and at the end of

each concentration level, volunteers’ subjective feelings
were rated using a modified Profile of Mood States
scale.16 The questionnaire included seven questions: (1)
vigilance (�5 for extreme fatigue, 5 for extreme vivaci-
ty); (2) pleasantness (�5 for extreme unpleasantness, 5
for extreme pleasantness); (3) mood (�5 for extremely
bad mood, 5 for extremely good mood); (4) depression
(0 for no depression, 5 for extreme depression); (5)
anxiety (0 for no anxiety, 5 for extreme anxiety); (6)
cheerfulness (0 for no cheerfulness, 5 for extreme cheer-
fulness); and (7) anger (0 for no anger, 5 for extreme
anger).

Data Analysis
The subject’s tissue tracer activity images were com-

puted into quantitative parametric rCBF, rCMRO2, and
rCBV images as described in our previous article17 and
the accompanying article (Kaisti et al.15 in this issue).

Quantitative ROI Analysis. For the correction of the
subject movement between the consecutive scans, the
parametric images were realigned using Statistical Para-
metric Mapping (SPM) software18 (see Relative Voxel-
based SPM Analysis). Individual magnetic resonance im-
ages were then coregistered and resliced according to
the baseline rCBF assessment to achieve matching image
planes. As all assessments were performed in one ses-
sion, the difference of head position between the re-
aligned image series was minimal. Therefore, the same
coregistered magnetic resonance image could be used
for the region of interest (ROI) analysis of all the para-
metric images of the subject.
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Individual ROIs were drawn bilaterally to outline the
frontal (on seven to nine image planes), parietal (five
planes), temporal (nine planes), and occipital (four
planes) gray matter; the anterior (eight planes) and pos-
terior (two to four planes) cingulate; the thalamus (three
planes); the caudate (three planes); the putamen (three
planes); and the cerebellum (three planes). ROIs were
transferred to the parametric PET images to obtain indi-
vidual values for each structure.

Regional oxygen extraction fraction (rOEF) was deter-
mined for each ROI as described in our accompanying
article (Kaisti et al.15 in this issue).

Statistical Analysis of ROI and Monitoring Data.
Quantitative rCBF, rCMRO2, rOEF, rCBV, and physio-
logic variables were analyzed with repeated-measures
analysis of variance having the drug concentration (0,
30, 100, and 300 ng/ml) as a within factor. When a
significant drug concentration effect was detected, the
analysis was continued with paired comparisons using
linear contrasts of the same model. To overcome multi-
plicity, the Dunnett-Hsu method was used to analyze all
differences with a baseline level. In addition, to exclude
significant differences between the hemispheres in the
rCBF changes induced by ketamine, repeated-measures
analysis of variance was used with two within factors:
side (left, right) and drug concentration. Profile of mood
states scores were first rank-transformed and then ana-
lyzed with Cochran-Mantel-Haenszel correlation test sta-
tistics based on rank scores and controlling for subjects.
A linear regression model was used to evaluate the rela-
tion between rCBF and rCMRO2 within each concentra-
tion level. Statistical analyses were conducted with SAS
(version 8.2; SAS Institute Inc., Cary, NC). A two-sided P
value of less than 0.05 was considered statistically signif-
icant. Data are presented as mean � SD if not otherwise
stated. Results of the ROI analysis are given as the mean
of the left and right hemispheres.

Relative Voxel-based SPM Analysis. Statistical Para-
metric Mapping software (SPM99; Wellcome Depart-
ment of Cognitive Neurology, University College Lon-
don, United Kingdom)18 running under MATLAB
(MATLAB 5.3; The MathWorks Inc., Natick, MA) was
used for relative analysis of the changes in rCBF and
rCMRO2. Quantitative parametric rCBF and rCMRO2 im-
ages were used in the analysis. The SPM preprocessing
was performed as described in our accompanying article
(Kaisti et al.15 in this issue). The images were smoothed
using an isotropic Gaussian filter of 12 mm, full width at
half maximum. Relativity was achieved by scaling the
changes in rCBF and rCMRO2 proportionally to global
mean (global normalization with proportional scaling).

Subtraction analysis with T contrasts was used to test
ketamine-induced relative changes between the concen-

tration levels. The changes were considered significant
at P � 0.05 (corrected for multiple comparisons). Two
levels of inference were used for the relative results. In
the areas of marked effect, the significant change oc-
curred in every voxel (voxel-level inference). In contrast,
more subtle changes (having lower height threshold)
became significant only if present in sufficiently large
cluster of contiguous voxels (cluster-level inference).19

For visualization of the voxel-level rCBF changes, the
height threshold was set to P � 0.05 (corrected for
multiple comparisons). For cluster-level effects, P � 0.05
was achieved by adjusting both the height threshold and
the minimum cluster size. For cluster-level rCBF
changes, the height threshold was set to T � 3.47, and
the minimum cluster size was set to 300 voxels. For
cluster-level changes in rCMRO2, the height threshold
was set to T � 1.71, and the minimum cluster size was
set to 1,000 voxels. It must be emphasized that during a
global absolute increase (like the rCBF increase in this
study) the relative decreases may actually represent the
areas of the smallest increase. Biologic implication of the
smallest flow increase could be considered questionable
and to avoid confusion the areas of relative rCBF de-
crease are not visualized.

The MNI (Montreal Neurologic Institute) coordinates
received from the SPM analysis were converted to Ta-
lairach coordinates20 using “mni2tal” conversion soft-
ware.§§ For identification of the corresponding struc-
tures, Talairach Daemon Software21 was used.

Results

The mean ketamine serum concentrations at target
levels of 30, 100, and 300 ng/ml were 37 � 8, 132 � 19,
and 411 � 71 ng/ml, respectively. Although most sub-
jects stated that during increasing ketamine doses, the
execution of given instructions became more difficult,
cooperation was satisfactory. One subject received anti-
emetic treatment for nausea after the PET scans.

The baseline arterial partial pressure of carbon dioxide
(PaCO2) varied between 36.0 and 46.5 mmHg, and ETCO2

varied between 38.6 and 46.3 mmHg. Almost all subjects
needed breathing instructions to maintain ETCO2 at base-
line level during the ketamine infusion. No statistically
significant changes were detected in either variable
during the study. The mean coefficient of variation
(SD · mean�1 · 100%) was 2.3% for ETCO2 and 5.7% for
PaCO2. There were no significant changes in peripheral
SaO2. Mean arterial pressure (MAP) and heart rate were
elevated (maximally by 15.3% and 16.5%, respectively,
P � 0.001 for both) during the highest ketamine target
concentration level (table 1).

Ketamine-induced subjective effects were concentra-
tion-dependent, but none of the subjects had effects at
the lowest ketamine target concentration level. The sub-

§§ Brett 2001. Available at: http://www.mrc-cbu.cam.ac.uk/Imaging/mnis-
pace.html. Accessed July 7, 2003.
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jects reported altered body image (seven of nine) and
visual hallucinations, such as tunnel-like vision (three of
nine) with sharp center and blurred surroundings, color
experiences (two of nine), and geometric figures (two of
nine). The profile of mood states scores are presented in
table 2. Vigilance score was significantly decreased com-
pared to baseline during the first two ketamine concen-
tration levels but not during the highest level. The score
for pleasantness was increased above baseline during the
highest concentration level. The anxiety score was de-
creased during the two highest ketamine concentration
levels. In spite of the significant overall statistics, the
score for anger did not change in any level compared to
baseline.

rCBF, rCMRO2, rOEF, and rCBV
The mean baseline rCBF was 34–48 ml · 100 g�1 ·

min�1 in the studied regions. Ketamine increased abso-
lute rCBF in a concentration-dependent manner in all
brain regions studied. The greatest increases were de-
tected at the highest concentration level in the anterior
cingulate (38.2% from baseline, P � 0.001), thalamus
(28.5%, P � 0.001), putamen (26.8%, P � 0.001), and
frontal cortex (25.4%, P � 0.001). In paired compari-
sons, the two highest ketamine concentration levels dif-
fered significantly from the baseline in these areas (table
3 and fig. 1). The absolute rCBF did not decrease in any
of the regions studied. The smallest increases during the
highest ketamine target concentration level were local-
ized in the posterior cingulate (12.2%, P � 0.028), tem-

poral cortex (13.9%, P � 0.008), and cerebellum (14.6%,
P � 0.002). In the voxel-based analysis, marked relative
rCBF increases were detected in the anterior cingulate,
frontal cortex, and insula, whereas more widespread
subtle increases were present in the frontal cortex, an-
terior cingulate, and red nucleus of the midbrain during
the highest ketamine concentration level (fig. 2, A).
Marked relative rCBF decreases were detected in the
cerebellum, precuneus, and temporal cortex during the
highest ketamine target concentration level. The stereo-
tactic coordinates for the changes in rCBF are presented
on the ANESTHESIOLOGY Web site.

The mean baseline rCMRO2 was 3.5–4.6 ml · 100 g�1 ·
min�1 in the studied regions. There were no statistically
significant absolute changes in rCMRO2 in any brain region
studied (table 4). The voxel-based analysis revealed subtle
relative increases in the insula and the frontal, occipital,
parietal, and anterior cingulate cortices (fig. 2, B) and sub-
tle relative decreases predominantly in the cerebellum (fig.
2, B) during the highest ketamine target concentration
level. The stereotactic coordinates for the changes in rC-
MRO2 are presented on the ANESTHESIOLOGY Web site.

The mean baseline rOEF was 0.40–0.52 in the studied
regions. rOEF was decreased in a concentration-depen-
dent manner in many regions studied. The greatest de-
creases from the baseline were detected at the highest
ketamine target concentration level in the anterior cin-
gulate (31.9%, P � 0.001), putamen (22.7%, P � 0.001),
and thalamus (19.6%, P � 0.001). Decreases in these
areas were significant at the two highest ketamine target

Table 1. Summary of Hemodynamic and Respiratory Values during Each Ketamine Target Concentration Level

Parameter No Drug 30 ng/ml 100 ng/ml 300 ng/ml
P Value, Overall

ANOVA

Ketamine concentration, ng/ml — 37.2 � 8.3 132.6 � 18.8 411.0 � 71.3 NA
Mean arterial pressure, mmHg 92.8 � 5.4 94.7 � 6.3 99.1 � 7.2* 107.0 � 9.6† � 0.001
Heart rate, beats/min 61.1 � 12.5 61.4 � 12.1 63.7 � 12.4 70.9 � 13.2† � 0.001
Respiratory rate, breaths/min 13.0 � 1.9 12.8 � 2.3 12.8 � 3.3 12.6 � 3.0 NS
Peripheral oxygen saturation, % 97.2 � 0.8 97.6 � 1.0 97.4 � 0.9 97.7 � 1.4 NS
End-tidal CO2, mmHg 42.2 � 2.3 41.7 � 1.8 41.7 � 2.2 41.9 � 2.6 NS
Arterial PCO2, mmHg 41.8 � 3.8 42.3 � 4.5 42.5 � 3.2 42.3 � 3.5 NS

Statistically significant differences between the ketamine target concentration levels and baseline are shown (* P � 0.01, † P � 0.001). Values are given as group
mean � SD.

ANOVA � analysis of variance; CO2 � carbon dioxide; NA � not applicable; NS � not significant; PCO2 � partial pressure of carbon dioxide.

Table 2. Profile of Mood States Scores during Each Ketamine Target Concentration Level

Question Scale No Drug 30 ng/ml 100 ng/ml 300 ng/ml
P Value, Overall

CMH

Vigilance �5 to 5 0.33 � 1.66 �0.61 � 1.90* �0.89 � 1.69* �0.44 � 2.60 0.046
Pleasantness �5 to 5 0.17 � 1.73 0 � 1.64 0.72 � 1.35 1.61 � 2.06* 0.021
Mood �5 to 5 1.00 � 0.83 0.56 � 1.13 1.28 � 0.97 2.00 � 1.50 NS
Depression 0 to 5 0.22 � 0.44 0.22 � 0.36 0.21 � 0.36 0.28 � 0.67 NS
Anxiety 0 to 5 0.93 � 0.79 0.80 � 1.13 0.48 � 0.69* 0.47 � 0.71* 0.012
Cheerfulness 0 to 5 1.68 � 1.09 1.13 � 0.90 2.06 � 0.92 2.41 � 1.50 NS
Anger 0 to 5 0.32 � 0.48 0.49 � 0.83 0.13 � 0.38 0.13 � 0.33 0.039

Statistically significant differences between the ketamine target concentration levels and baseline are shown (* P � 0.05). Values are given as mean � SD.

CMH � Cochran-Mantel-Haenszel correlation test; NS � not significant.
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concentration levels (table 5). Furthermore, a concentra-
tion dependent weakening of the correlation between
rCBF and rCMRO2 was observed (fig. 3).

The mean baseline rCBV was 2.5–5.5% in the studied
regions. rCBV increased significantly from the baseline
(by 4%, P � 0.022) at the highest ketamine target con-
centration level in the frontal cortex (table 6).

Discussion

Ketamine induced a global, concentration-dependent
increase in rCBF. The greatest increases were seen in the
anterior cingulate, thalamus, putamen, and frontal cor-
tex. The smallest increases during the highest ketamine
target concentration level were localized in the posterior
cingulate, temporal cortex, and cerebellum. We de-
tected no decreases in the absolute rCBF. Interestingly,
ketamine had no distinct effects on rCMRO2 resulting in
a global reduction of rOEF and a concentration-depen-
dent weakening of the correlation between rCBF and
rCMRO2. rCBV was slightly increased only in the frontal
cortex. All nine subjects remained awake, responsive,

and cooperative throughout the study, and thus, the
original goal to confine this study on subanesthetic doses
of ketamine was achieved despite the fact that the tar-
geted serum concentration levels of ketamine were ex-
ceeded by 24–37%.

In animal studies, low doses (� 2 mg/kg) of ketamine
have been reported to increase5,22 but also not to affect
CBF.23,24 Studies with higher (5–100 mg/kg) doses sug-
gest either increased6 or decreased8,24 CBF. Similarly, in
man, both increased9,25 and decreased26,27 CBF and ce-
rebral blood flow velocity have been reported after ket-
amine administration. However, these findings are partly
confounded by the use of concomitant anesthetics. In-
deed, studies with Doppler ultrasound indicate that the
effects of ketamine on cerebral blood flow velocity are
attenuated by other anesthetics, such as propofol28 and
midazolam.25 In general, a global increase in CBF seen
here is in agreement with most earlier human studies
assessing the cerebral effects of ketamine as the sole
anesthetic.9,11 Effects of ketamine on CBF clearly distin-
guish it from other anesthetics as we have previously
shown that both propofol and sevoflurane induce a
global reduction in rCBF in healthy human brain.17 How-
ever, the doses used in that study were anesthetic, i.e., in
the range of 1–2 minimum alveolar concentration (MAC)
or an equivalent propofol dose. The effects of anesthetic
doses of ketamine as a sole anesthetic remain to be
investigated.

In addition to the traditional quantitative ROI analysis
for absolute changes, the voxel-based analysis for relative
changes (normalized for global change) has become a
valuable tool for neurofunctional deduction as the voxel-
based analysis is not restricted to manually defined re-
gions. In a recent human PET study, ketamine induced
the most profound relative rCBF increases in the ante-
rior cingulate, medial frontal, and inferior frontal corti-
ces, whereas a relative decrease was present in the
cerebellum,9 thus corroborating the relative results pre-

Table 3. Absolute Regional Cerebral Blood Flow (ml � 100 g�1 � min�1) Values of Region-of-interest–defined Structures during
Each Ketamine Target Concentration Level

Region No Drug 30 ng/ml 100 ng/ml 300 ng/ml
P Value, Overall

ANOVA

Anterior cingulate 44.25 � 3.99 47.75 � 6.06 52.51 � 8.03† 61.43 � 10.31‡ � 0.001
Posterior cingulate 47.51 � 4.43 50.28 � 5.60 52.12 � 6.94 53.41 � 8.14* 0.028
Frontal cortex 41.42 � 2.89 43.91 � 5.32 47.15 � 6.70† 52.13 � 8.92‡ � 0.001
Occipital cortex 34.15 � 2.89 37.06 � 4.03 37.05 � 4.22 40.09 � 5.51‡ 0.004
Parietal cortex 38.92 � 3.86 40.72 � 6.13 42.57 � 6.17* 45.58 � 7.89‡ � 0.001
Temporal cortex 39.79 � 3.02 41.56 � 4.76 42.90 � 5.47 45.38 � 6.05† 0.008
Caudate 39.06 � 3.60 41.97 � 5.18 43.74 � 3.89† 47.82 � 4.31‡ � 0.001
Putamen 48.15 � 5.47 51.33 � 7.16 55.79 � 9.78† 61.06 � 9.87‡ � 0.001
Thalamus 48.26 � 5.58 50.44 � 7.69 55.37 � 9.09† 62.14 � 11.09‡ � 0.001
Cerebellum 40.16 � 4.22 42.14 � 6.57 43.13 � 6.76 46.14 � 7.74‡ 0.002

Statistically significant differences between the ketamine target concentration levels and baseline are shown (* P � 0.05, † P � 0.01, ‡ P � 0.001). Values are
given as group mean � SD.

ANOVA � analysis of variance.

Fig. 1. Absolute values of regional cerebral blood flow (ml · 100
g�1 · min�1) of the region-of-interest–defined structures at base-
line and during the three ketamine target concentration levels
shown as group mean � SD. Individual means of left and right
hemispheres were used in the calculations because there were
no significant interactions between the side and drug concen-
tration in any brain region. Ant. � anterior; Pos. � posterior.
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sented in this study. However, as we have now demon-
strated that ketamine increases absolute rCBF also in the
cerebellum, the relevance of the relative cerebellar rCBF
decrease has to be questioned, as a relative flow reduc-
tion during a global absolute rCBF increase may not, in
fact, be a true decrease. The relative decrease in the
cerebellum signifies simply that rCBF increased less than
in the other regions. In fact, the areas of decreased
relative flow could represent regions more resistant to
ketamine-induced CBF effects.

Cerebral blood flow is believed to remain constant within
the physiologic levels of MAP in healthy, nonanesthetized
brain (cerebral autoregulation). Although, a depressed re-
sponse to changes in MAP (disturbed autoregulation) has
been observed with isoflurane29 and desflurane,30 autoreg-
ulation does not appear to be affected by S-ketamine.2,31 In
the current study, MAP remained between the normal
autoregulatory limits of 50–150 mmHg (table 1). CBF is
also affected by the changes in ETCO2, which was success-
fully maintained at baseline level throughout our study.

Results of the previous studies assessing ketamine-

induced changes in CMRO2 are also partly contradictory.
Ketamine has been shown to induce both increases5,24

and decreases23 in CMRO2 in laboratory animals but has
been suggested not to affect human CMRO2 when as-
sessed using the Kety-Schmidt method and arterio-
venous difference of oxygen content.11 The fact that
ketamine induced a concentration-dependent increase
in rCBF without concomitant changes in rCMRO2 must
still be considered somewhat unexpected because CBF
and metabolism should, by definition, be coupled. Be-
cause neuronal activity is considered to be completely
oxygen dependent, the reduction in rOEF should be
indicative of disturbed coupling of CBF and metabolism.
However, significantly greater increases in rCBF com-
pared to rCMRO2 have been reported previously not
only with ketamine5 but also in studies assessing the
effects of focal neuronal stimulation.32,33 Indeed, there
are implications that rCBF follows more closely the
changes of regional glucose metabolic rate (rGMR) than
rCMRO2, suggesting that CBF could be regulated also for
purposes other than oxygen delivery for oxidative me-

Fig. 2. Regions of statistically significant (P < 0.05, corrected for multiple comparisons) relative increases in regional cerebral blood
flow (rCBF, A) and relative changes in regional cerebral metabolic rate of oxygen (rCMRO2, B) during the 300-ng/ml ketamine target
concentration level versus baseline. Marked (voxel-level inference) increases are presented in yellow, subtle (cluster-level inference)
increases in red, and subtle decreases in blue. The most profound rCBF increases were present in the anterior cingulate, frontal lobe,
and insula. The most profound rCMRO2 increases were detected in the insula, frontal lobe, precuneus, parietal lobe, and anterior
cingulate, and the most profound decreases were found in the cerebellum, uncus, pons, and temporal lobe. For details, see Materials
and Methods, Relative Voxel-based Analysis. The stereotactic coordinates are presented on the ANESTHESIOLOGY Web site.

Table 4. Absolute Regional Cerebral Metabolic Rate of Oxygen (ml � 100 g�1 � min�1) Values of Region-of-interest–defined
Structures during Each Ketamine Target Concentration Level

Region No Drug 30 ng/ml 100 ng/ml 300 ng/ml

Anterior cingulate 3.69 � 0.66 3.50 � 0.44 3.65 � 0.70 3.41 � 0.69
Posterior cingulate 4.60 � 0.56 4.35 � 0.60 4.29 � 0.57 4.40 � 0.85
Frontal cortex 3.60 � 0.44 3.52 � 0.25 3.55 � 0.30 3.59 � 0.55
Occipital cortex 3.74 � 0.37 3.65 � 0.21 3.76 � 0.27 3.90 � 0.33
Parietal cortex 3.78 � 0.52 3.66 � 0.38 3.69 � 0.45 3.85 � 0.32
Temporal cortex 3.75 � 0.39 3.64 � 0.21 3.66 � 0.23 3.67 � 0.45
Caudate 3.54 � 0.45 3.45 � 0.53 3.52 � 0.56 3.62 � 0.84
Putamen 4.51 � 0.62 4.27 � 0.34 4.23 � 0.50 4.33 � 0.29
Thalamus 4.56 � 0.55 4.37 � 0.36 4.50 � 0.35 4.60 � 0.53
Cerebellum 3.92 � 0.66 3.56 � 0.47 3.40 � 0.53 3.58 � 0.43

No significant differences in overall statistics between the ketamine target concentration levels. Values are given as group mean � SD.
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tabolism.33 Support to this conclusion is presented in a
previous commendable PET study in which subanes-
thetic doses of ketamine induced a 24.5% increase in
whole brain glucose consumption in humans.10 At only
slightly higher ketamine concentrations (557 � 254
ng/ml compared to 411 � 71 ng/ml in this study), the
magnitude and brain regions of the rGMR increases10

were quite consistent with the rCBF increases in our
study. The greatest increases (up to 34%) were observed
in the anterior cingulate and frontal cortex, whereas
lesser increases were detected in the insula (19–23%),
parietal (18–25%), somatosensory (19–25%), motor (15–
18%), and temporal (16–19%) cortices. No decreases in
rGMR were detected in any of the brain regions studied.

Thus, it seems probable that during ketamine adminis-
tration, rCBF is probably increased to ensure sufficient
glucose delivery. This would suggest against ketamine-
induced disturbance in coupling of CBF and metabolism.
Thus, decreased rOEF alone cannot be considered as
evidence for disturbed coupling of flow and metabolism.
Indeed, several recent investigations have suggested an-
aerobic glucolysis to explain this inconsistency of me-
tabolism and CBF.34–36

In this study, we hoped that CBV assessment would
have helped to explain the changes in CBF. Thus, it is
somewhat surprising that in spite of the substantial in-
crease in rCBF, there was only a slight increase in frontal
rCBV (25.4% vs. 4%). According to the laws of Ohm and

Fig. 3. Scattergrams of regional cerebral
metabolic rate of oxygen (rCMRO2) ver-
sus blood flow (rCBF) at baseline and
during the three ketamine target concen-
tration levels. Data from all 10 regions of
interest are included. Only as a descrip-
tive measure (several samples from each
subject), the regression lines are also
given. N � number of regions of interest
(9 subjects � 10 regions of interest); P �
probability; R � correlation coefficient.

Table 5. Absolute Regional Oxygen Extraction Fraction (%) Values of Region-of-interest–defined Structures during Each Ketamine
Target Concentration Level

Region No Drug 30 ng/ml 100 ng/ml 300 ng/ml
P Value, Overall

ANOVA

Anterior cingulate 39.81 � 6.94 35.73 � 6.52 34.00 � 8.74* 27.06 � 7.94‡ � 0.001
Posterior cingulate 46.42 � 6.21 42.18 � 8.51 40.19 � 9.04 40.06 � 11.05 NS
Frontal cortex 41.39 � 3.29 38.92 � 5.27 36.69 � 6.57 33.53 � 8.33† 0.010
Occipital cortex 52.37 � 5.05 48.03 � 7.66 49.28 � 8.46 46.93 � 8.69 NS
Parietal cortex 46.27 � 3.56 43.79 � 6.18 41.88 � 6.02 40.77 � 7.10 NS
Temporal cortex 44.99 � 3.42 42.65 � 6.12 41.48 � 6.76 39.09 � 8.54 NS
Caudate 43.31 � 5.19 39.71 � 5.96 38.85 � 7.71 36.21 � 10.00 NS
Putamen 44.91 � 5.71 40.76 � 7.50 37.34 � 7.83* 34.65 � 8.36† 0.003
Thalamus 45.15 � 3.96 42.46 � 7.15 39.78 � 7.07* 36.34 � 9.37‡ 0.002
Cerebellum 46.35 � 4.37 40.97 � 5.10 38.25 � 7.01* 37.62 � 8.39† 0.011

Statistically significant differences between the ketamine target concentration levels and baseline are shown (* P � 0.05, † P � 0.01, ‡ P � 0.001). Values are
given as group mean � SD.

ANOVA � analysis of variance; NS � not significant.

620 LÅNGSJÖ ET AL.

Anesthesiology, V 99, No 3, Sep 2003

D
ow

nloaded from
 http://pubs.asahq.org/anesthesiology/article-pdf/99/3/614/653773/0000542-200309000-00016.pdf by guest on 19 M

ay 2023



Poiseuille and the fact that CBV is directly proportional
to the square of the vessel radius,37 rCBF is proportional
to the square of rCBV. This means that a minor increase
in blood volume would cause a major increase in CBF.
Thus, rCBV appears to be a relatively insensitive measure
of cerebral vascular tone, as discussed also in our accom-
panying article (Kaisti et al.15 in this issue). In general, it
would seem that ketamine-induced increase in glucose
consumption10 creates a need for enhanced glucose de-
livery, observed as increased CBF in the current study. As
MAP is elevated during ketamine administration, only a
slight additional vasodilation is needed for sufficient in-
crease in CBF. However, it is possible that the changes in
CBF are influenced also by ketamine-induced release of
vasoactive neurotransmitters, e.g., acetylcholine38–40

and norepinephrine.41,42

The effect of ketamine on ICP is a major clinical di-
lemma. An increase in rCBV is considered to be associ-
ated with increased ICP.37 According to the current
results, subanesthetic doses of ketamine produce only a
diminutive increase in rCBV in healthy human brain, and
thus, only a minor increase in ICP would be expected. In
a compromised brain with increased ICP, even a mar-
ginal increase in the intracranial volume could, however,
have harmful effects because increased intracranial vol-
ume causes an exponential increase in ICP.37 It should
be emphasized that this study presents effects of sub-
anesthetic ketamine on healthy brain, and further studies
are required to assess the effects of ketamine in patients
with cerebral damage. Only few previous investigations
have examined the effects of ketamine on compromised
brain during anesthesia,26,43 and studies with ketamine
as a sole anesthetic are inconclusive.44 Based on the
current understanding about the effects of ketamine on
brain homeostasis, such studies would probably be con-
sidered unethical.

The changes in rCBF are commonly considered indic-
ative of changes in neuronal activity. However, it may
reflect neuronal activity inaccurately in situations in

which disturbed coupling of CBF and metabolism occur.
Thus, concomitant assessment of metabolism should be
performed in studies assessing the central nervous sys-
tem effects of general anesthetics (for further discussion,
see our accompanying article by Kaisti et al.15). On the
other hand, the use of rCMRO2 may be problematic
because the changes in both rCBF and rGMR seem to
exceed that of oxygen consumption during focal neuro-
nal activation33 and during ketamine administration (cur-
rent study and Vollenweider et al.10). Therefore, studies
on cerebral effects of anesthetics should ideally also
include rGMR assessment using 18F-fluorodeoxyglucose
and PET. However, this would necessitate separate study
sessions because of the longer half-life of 18F.

Although we were unable to definitively establish the
state of coupling between CBF and metabolism, the
distribution of the regional findings is intriguing. Be-
cause noxious stimulation has been reported to increase
rCBF in the anterior cingulate (Brodmann areas 24 and
32)45–47 and the insula,47,48 it seems that these brain
structures play an important role in pain processing.
Increased cerebral flow in the anterior cingulate has also
been observed during administration of opioids45,49,50

and another N-methyl-D-aspartate antagonist, nitrous ox-
ide.51,52 These observations, previous PET studies with
ketamine9,10 and our current results indicate that the
anterior cingulate may act as a common site of action for
opioid- and ketamine-induced analgesia and active mod-
ulation of the pain sensation. Furthermore, some of the
observed subjective effects of ketamine (table 2) could
be attributed to the anterior cingulate because its acti-
vation has been associated with, for example, impair-
ment of consciousness, altered affective state, aberrant
social behavior, and changes in skeletomotor and auto-
nomic activity.53 On the other hand, because the activa-
tion of the insula has been related to changes in blood
pressure, heart rate, respiration, and epinephrine secre-
tion in both laboratory animals and humans,54 the ob-

Table 6. Absolute Regional Cerebral Blood Volume (%) Values of Region-of-interest–defined Structures during Each Ketamine
Target Concentration Level

Region No Drug 30 ng/ml 100 ng/ml 300 ng/ml
P Value, Overall

ANOVA

Anterior cingulate 4.78 � 0.80 4.78 � 0.65 4.84 � 0.60 5.09 � 0.99 NS
Posterior cingulate 5.48 � 0.66 5.73 � 0.80 5.63 � 0.92 5.51 � 0.78 NS
Frontal cortex 3.97 � 0.40 3.93 � 0.39 4.04 � 0.34 4.13 � 0.44* 0.008
Occipital cortex 3.76 � 0.32 3.77 � 0.32 3.76 � 0.30 3.74 � 0.37 NS
Parietal cortex 4.10 � 0.63 4.07 � 0.68 4.10 � 0.62 4.17 � 0.70 NS
Temporal cortex 4.39 � 0.47 4.38 � 0.40 4.35 � 0.35 4.39 � 0.49 NS
Caudate 2.50 � 0.22 2.55 � 0.29 2.57 � 0.33 2.78 � 0.51 NS
Putamen 2.82 � 0.60 2.85 � 0.39 2.94 � 0.39 2.95 � 0.57 NS
Thalamus 4.42 � 0.43 4.46 � 0.51 4.41 � 0.47 4.44 � 0.41 NS
Cerebellum 4.44 � 0.54 4.28 � 0.62 4.36 � 0.57 4.47 � 0.72 NS

Statistically significant differences between the ketamine target concentration levels and baseline are shown (* P � 0.05). Values are given as group mean � SD.

ANOVA � analysis of variance; NS � not significant.
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served rCBF changes may also be associated with these
secondary effects of ketamine.

In conclusion, subanesthetic doses of ketamine pro-
duced a global, concentration-dependent increase in
rCBF. The most profound increases were seen in the
anterior cingulate, frontal cortex, and insula, i.e., in brain
structures related to pain processing. Ketamine had no
distinct effects on rCMRO2 resulting in a global reduc-
tion of rOEF and a concentration dependent weakening
of the correlation between rCBF and rCMRO2. However,
because previous studies have suggested increased
rGMR by ketamine, disturbed coupling of CBF and me-
tabolism seems unlikely.

The authors thank Steven L. Shafer, M.D. (Department of Anesthesia, Stanford
University, Stanford, California), for the free use of his STANPUMP computer
program.
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