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Xenon-Induced Flow Activation in Patients with
Cerebral Insult Who Undergo Xenon-Enhanced CT

Blood Flow Studies

Peter Horn, Peter Vajkoczy, Claudius Thomé, Elke Muench, Lothar Schilling, and Peter Schmiedek

BACKGROUND AND PURPOSE: Stable xenon–enhanced CT (sXe/CT) has gained wide ac-
ceptance in the assessment of regional cerebral blood flow (rCBF) in patients with intracranial
abnormalities. The aim of this study was to test whether the contrast medium (ie, sXe) itself
directly induces relevant changes in rCBF, thereby distorting any valid determination of ce-
rebral perfusion by using sXe/CT.

METHODS: To characterize the degree and temporal dynamics of sXe-induced flow acti-
vation, a thermal diffusion (TD)-based microprobe was placed subcortically into the frontal
lobe on either hemisphere to assess rCBF (TD-rCBF) continuously in 23 patients (mean age,
55 6 18 years) with severe intracranial insult who were undergoing sXe/CT.

RESULTS: In 35, the sXe/CT studies TD-rCBF rose from 25 6 17 mL/100 g per minute
(range, 5–42 mL/100 g per minute) before sXe administration to 28 6 21 mL/100 g per minute
(range, 6–46 mL/100 g per minute) after arterial sXe saturation was reached. Analysis of the
flow activation curve showed a logarithmic shape with an increase in TD-rCBF between 3%
and 7% within the first 76 seconds of sXe wash-in (12% after 190 seconds) and showed no
further augmentation until the end of the blood flow study.

CONCLUSION: The observed sXe-induced rCBF activation, which showed significant inter-
and intraindividual variability, might lead to overestimation of rCBF in patients with severe
intracranial insult. The obtained flow activation curve provides essential information that may
allow subsequent refinement of the methodology, aiming to further minimize the influence of
sXe-induced rCBF activation on rCBF calculations when using sXe/CT technology.

Since its introduction into clinical practice in the
early 1980s, stable xenon–enhanced CT (sXe/CT)
has been well validated for the determination of
regional cerebral blood flow (rCBF) in absolute
values for various indications (1). The apparent ad-
vantages of the method include quantitative assess-
ment of rCBF with anatomic referencing, short in-
vestigation time, and high accuracy, even in
low-flow states. However, there has been some con-
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cern related to the biological properties of the xe-
non tracer. Stable xenon (sXe) is a chemically inert,
freely diffusible, and highly lipophilic gas with an
atomic weight of 131. Its biological and chemical
behavior is equal to that of other xenon isotopes,
such as xenon-133 and xenon-127. In accordance,
sXe should be ideal for rCBF measurements; its
narcotic potency, however, suggests that it cannot
be physiologically inert (2–4). Therefore, sXe
might induce an uncoupling of brain function and
metabolism (5), resulting in an increase in rCBF.
Various studies using either transcranial Doppler
sonography (TCD) (6, 7) or an intravenous xenon-
133 clearance technique (8–10) in healthy subjects
have shown an increase ranging from 5% to 40%
in rCBF due to sXe inhalation. On the basis of these
results, the mathematical model underlying sXe-
based rCBF determination was remodeled to enable
reliable calculation of rCBF values (11). All stud-
ies, however, were performed in healthy volunteers
or awake patients with occlusive cerebrovascular
disease. Whether the results of these studies can be
transferred to patients with severe intracranial in-
sult, who often undergo sXe/CT studies in the clin-
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ical setting, is unknown. Intubated and artificially
ventilated patients with cerebral insult often exhibit
severely disturbed metabolic and vascular cerebral
regulatory mechanisms, presumably affecting the
degree and time course of sXe-induced flow acti-
vation. Therefore, knowledge of the degree and
real-time course of sXe-induced flow activation is
crucial for the reliable assessment of rCBF using
sXe/CT if we are to guarantee trustworthy, quan-
titative rCBF values for clinical decision-making in
patients with severe intracranial insult.

Recently, a minimally invasive thermal diffusion
(TD)-based flowmetry probe was introduced into
clinical practice; it allows online assessment of ab-
solute blood flow in parenchymal organs, such as
liver (12), or in brain (13, 14). This microprobe,
which has recently been tested under both experi-
mental and clinical conditions (13), permits us to
elucidate the effects of sXe on rCBF under clinical
conditions in patients with severe cerebral insults
who undergo xenon-enhanced CT. The aim of the
present study was to investigate the degree of sXe-
induced flow activation in patients with severe ce-
rebral insult and to characterize the real-time course
in flow activation by means of simultaneously per-
formed TD flowmetry (15).

Methods

Patient Characteristics

The study protocol was approved by the local ethics com-
mittee. Twenty-three patients (11 men and 12 women; mean
age, 55 6 18 years) who had sustained a severe traumatic brain
injury (n 5 4) or subarachnoid hemorrhage (SAH, n 5 19)
and had a Glasgow Coma Scale score of less than 8 (16) were
included in the study. After admission, all patients underwent
a ventriculostomy or had an intraparenchymal sensor placed to
monitor intracranial pressure (ICP) and an arterial line placed
to monitor blood pressure. Patients were intubated and artifi-
cially ventilated. Analgesia and sedation were achieved with
fentanyl citrate (4–8 g/kg body weight per hour) and mida-
zolam (0.2–0.3 mg/kg body weight per hour). Skeletal muscle
relaxation was obtained with pancuronium bromide (0.1 mg/
kg body weight per hour).

TD Flowmetry

At the time of placement of the ICP monitoring system, a
one-way bolt was inserted through a coronar burr hole over
either hemisphere. The TD microprobe (Thermal Technologies
Inc., Cambridge, MA) was inserted through the bolt and placed
subcortically at a depth of 2 cm in a standardized fashion. The
sample volume of the probe approximates 27 mm3 and allows
continuous recording of rCBF in absolute flow values (TD-
rCBF, mL/100 g per minute) with a sampling rate of one value
per second (1 Hz). Since the probe was placed subcortically,
the obtained TD-rCBF values represent white as well as gray
matter flow, assuming a higher white matter content within the
compartment measured. The accuracy of the probe placement
was confirmed radiographically as well as by determining the
initial conductivity and temperature values of the probe.

Stable Xenon–Enhanced CT

A 4.5-minute wash-in protocol was used to determine rCBF
using sXe/CT technology (DDP Inc., Houston, TX). Blood
flow studies were conducted with a GE CT Pace (General Elec-

tric Medical Systems, Milwaukee, WI) using parameters of 120
kVp, 100 mA, 3-second rotation time, and 10-mm slice thick-
ness, resulting in a cumulative radiation dose of approximately
240 mSv per slice and study. Patients received a mixture of
medical-grade 30% sXe, 60% oxygen, and 10% air, and a
three-level investigation was performed. The end-tidal carbon
dioxide (CO2) level was adjusted to approximately 35 mm Hg
throughout the study. The rCBF study consisted of a baseline
period with a duration of 42 seconds, followed by a 270-sec-
ond sXe wash-in period, in which the gas mixture was deliv-
ered to the patient. During the wash-in period, the correspond-
ing xenon build-up curve was obtained, showing a steady state
of tidal and end-tidal sXe concentration after about 90 seconds,
indicating saturation of the arterial blood with sXe. At the end
of the study, data analysis was performed with a standardized
data review and correction protocol to gain rCBF values in
distinct regions of interest.

Study Protocol

After adequate positioning in the CT scanner, the patient was
connected to the sXe inhalation unit. As soon as mean arterial
blood pressure (MABP), end-tidal CO2, and ICP were con-
stant, an initial determination of conductivity and temperature
values of the TD probe were performed to ensure correct po-
sitioning and functioning. A conventional CT study was exe-
cuted. The three sections for measurement of rCBF with sXe/
CT were determined, and one section was centered on the
position of the tip of the TD microprobe (Fig 1).

The TD-rCBF measurement was then initiated again and the
sXe/CT blood flow study started after the TD-rCBF readings
were stable. Values were recorded during the complete blood
flow study and stored for off-line analysis. ICP, MABP, and
end-tidal CO2 were recorded during the baseline period and at
the end of the wash-in period.

Data Analysis and Statistics

The obtained TD-rCBF values were processed in two dif-
ferent ways. In the first approach, the values recorded during
baseline and during the steady-state condition of sXe inhalation
were averaged. Steady state was assumed when tidal and end-
tidal sXe concentrations were equal during the sXe wash-in.
The second approach aimed to assess the temporal changes in
TD-rCBF due to sXe inhalation. The wash-in period was di-
vided into seven periods of 38 seconds each. For that purpose,
the mean relative changes in relation to baseline were com-
puted (and termed wash-ins, 1–7). This time frame was chosen
because it provides periods of almost the same duration as
baseline (42 seconds). Under these conditions, the number of
data points making up the average values for each period are
quite comparable. Statistical comparisons for all parameters
were executed by using paired t tests after normal distribution
was achieved with Fisher’s z transformation.

Results
A total of 35 simultaneous sXe-CT and TD-rCBF

measurements were performed in 23 patients. The
number of investigations performed ranged from
one to four per patient.

Systemic Parameters and ICP
The MABP was 112 6 19 mm Hg before and

113 6 20 mm Hg at the end of the sXe/CT study.
Furthermore, ICP increased slightly, from 15 6 5
mm Hg to 18 6 5 mm Hg (not significant) during
the sXe wash-in period. Accordingly, the calculated
cerebral perfusion pressure ([CPP]; CPP 5 MABP
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FIG 1. sXe-enhanced CT blood flow study
in a patient with severe head injury. Left,
anatomic reference section (arrow indi-
cates tip of TD-rCBF probe); right, corre-
sponding rCBF (mL/100 g per minute) im-
age shows severe right hemispheric
hypoperfusion.

FIG 2. Graph shows an original TD-rCBF recording obtained
during a 30% sXe/CT blood flow study in a patient with head
injury. Baseline (BAS): preinhalation TD-rCBF recording (dura-
tion, 42 seconds); wash-in (WI): TD-rCBF during sXe inhalation
(duration, 270 seconds). FIG 3. Relative changes (in %) in baseline values in TD-rCBF

due to sXe inhalation as seen in 35 blood flow studies. Solid
circles represent individual changes in TD-rCBF at various time
periods; open circles depict mean changes in TD-rCBF as com-
pared with baseline. BAS indicates baseline; WI % represents
seven periods, each of 38 seconds’ duration, of sXe inhalation.

2 ICP) remained almost unchanged, amounting to
95 6 20 mm Hg before versus 95 6 19 mm Hg
at the end of the wash-in period. End-tidal CO2
remained nearly constant throughout the performed
investigations (35 6 3 mm Hg versus 36 6 4 mm
Hg; not significant).

Changes in rCBF during sXe Inhalation
In 15 patients studied, administration of sXe re-

sulted in an increase in TD-rCBF, as exemplified in
Figure 2, which depicts an original registration that
was obtained in a patient with severe traumatic
brain injury.

The mean TD-rCBF for baseline condition was
25 6 17 mL/100 g per minute (n 5 35; range,
5–42 mL/100 g per minute). The inhalation of 30%
xenon during the 4.5-minute wash-in protocol re-
sulted in an increase of TD-rCBF to 28 6 21 mL/
100 g per minute (n 5 35; P 5 .012 versus base-
line; range, 6–46 mL/100 g per minute) under
steady-state conditions. This increase corresponds
to a 12% rCBF activation due to sXe inhalation.

The TD-rCBF increased in 20 investigations and
remained almost unchanged in 11 studies (alter-
ations in TD-rCBF , 1 mL/100 g per minute). In
four cases, TD-rCBF decreased as a result of sXe
inhalation. In these studies, the decrease in TD-

rCBF was accompanied by a concomitant increase
in ICP, to 23 6 4 mm Hg versus 18 6 5 mm Hg
before sXe inhalation. In these patients, the de-
crease occurred in calculated CPP from 91 6 10
to 85 6 11 mm Hg (not significant). Therefore, a
uniform pattern of rCBF changes during sXe in-
halation could not be detected. When correlating
baseline with the mean difference between baseline
and steady state (DTD-rCBF), applying linear re-
gression, no significant correlation (n 5 35, r 5
.507, y 5 0.2x 2 1.68) was obtained.

A total of 16 repeated measurements was re-
corded in six patients. In all except one patient, in
whom TD-rCBF increased in all four investiga-
tions, TD-rCBF showed variable reactivity to sXe
application. Each of these patients had no signifi-
cant increase in TD-rCBF during sXe inhalation at
least once. These observations did not correlate
with the clinical condition or with the intracranial
insult of the patients.

The analysis of the 38-second epochs (wash-ins
1–7) during the sXe wash-in showed a dynamic
flow activation curve due to xenon inhalation (Fig
3). Within the first 38 seconds of xenon wash-in,
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FIG 4. Time course of arterial sXe concentration (open circles)
and sXe-induced flow activation (solid circles). The x-axis dis-
plays relative values of end-tidal sXe concentration and TD-rCBF,
respectively, with each parameter expressed in percentage of
maximum response observed.

the increase in TD-rCBF approached 3%, reached
7% after 76 seconds, and rose further to 11% after
152 seconds. Peak values were reached during
wash-in 5 (190 seconds) and remained almost un-
changed thereafter until the end of the wash-in pro-
cedure (Fig 3).

The time course of the sXe-induced rCBF acti-
vation was associated with the arterial saturation of
sXe during the wash-in procedure in a delayed fash-
ion. While 50% of the maximum end-tidal sXe was
reached after approximately 23 seconds’ inhalation
time, the corresponding 50% of the maximum of
the sXe-induced flow activation was approached af-
ter nearly 76 seconds. This difference was even
more pronounced for the maximum values. The
sXe build-up was accomplished about 90 seconds
after the beginning of sXe wash-in. However, the
maximum sXe-induced flow activation was ob-
served after 190 seconds, leading to a time differ-
ence of nearly 100 seconds between maximum sXe-
induced flow activation and maximal arterial sXe
concentration (Fig 4).

Discussion
The main findings of the present study are that

inhalation of sXe results in rCBF activation in pa-
tients with severe intracranial insult who have been
sedated with analgesics and artificially ventilated;
that the time course of flow activation is nonlinear
and delayed in relation to end-tidal sXe concentra-
tion; and that patients undergoing sXe/CT blood
flow studies show a considerable intra- and inter-
individual variation in sXe-induced flow activation.

Xenon-Induced Activation of rCBF
In previous animal studies of rCBF alteration

due to sXe inhalation, most of the investigations
described activation in rCBF with varying magni-
tude and time course. Gur and coworkers (17) dem-

onstrated a 17% alteration in rCBF in baboons
breathing 34% sXe by using microspheres for quan-
titative rCBF measurement. Similarly, flow activa-
tion of 22% and 81%, respectively, were found dur-
ing 35% and 40% sXe inhalation, applying
intravenous xenon-133 clearance and autoradiog-
raphy (18, 19). In general, flow activation appeared
to be most pronounced within the second minute
after starting sXe inhalation (17, 19). However, dis-
crepant results were obtained in monkeys by Love
et al (20), who did not find a significant alteration
of brain perfusion during the inhalation of 34% sXe
using TCD.

In healthy volunteers, inhalation of various sXe
concentrations, ranging from 26% to 33%, resulted
in a 13% to 29% increase of CBF as measured by
a xenon-133 injection technique (7–10). Use of
TCD technology to monitor changes in brain per-
fusion revealed a 20% to 40% increase in blood
flow velocity (BFV) in healthy subjects (6, 21, 22).
A comparable degree of flow activation was found
in patients with cerebrovascular insult in whom
Witt et al (23) and Holl et al (24) found an 18%
increase in BFV during sXe inhalation. The corre-
sponding increase in BFV in healthy volunteers
ranged from 20% to 40% (6, 21, 22).

The present study describes the effect of sXe in-
halation on rCBF measured in absolute values in
patients with severe cerebral insult. Using a TD
intraparenchymal microprobe with high temporal
resolution, we were able to characterize the real-
time course of sXe-induced flow activation. These
measurements revealed a mean increase of TD-
rCBF amounting to 12% collated to baseline during
30% sXe wash-in. Although this increase of blood
flow was measured regionally, the changes may
nevertheless be fully comparable. Compared with
studies using the xenon-133 injection technique (7–
10) in healthy volunteers, our results suggest a low-
er degree of sXe-induced flow activation. The TD-
based microprobe was placed subcortically, and
thus one may assume mainly blood flow in the
white matter being measured. This localization may
be explained, at least in part, by the low level of
rCBF found in most patients, and may therefore be
considered largely comparable to the low-flow
compartment measured by xenon-133 clearance
techniques. However, changes in blood flow mea-
sured by the TD-based microprobe should be well
comparable to other changes found in the high-flow
compartment using xenon-133 clearance tech-
niques, since there is good evidence in favor of
similar reactivity of rCBF measured in gray and
white matter both experimentally (25, 26) and clin-
ically (27, 28). In addition, we have recently shown
good agreement between TD-rCBF values and sXe/
CT measurements obtained from the same brain re-
gion (13).

In all patients in the present study, end-tidal
CO2, MABP, and CPP did not change significantly
during the blood flow studies, excluding hypercap-
nia or changes in CPP causing the observed chang-
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es in TD-rCBF. However, alterations in cerebral va-
soreactivity, including autoregulation, CO2
reactivity, and chemical regulation of rCBF, are
well-known phenomena in patients with severe
traumatic brain injury and SAH (29–33). Further-
more, our patients were sedated with analgesics,
which may also affect cerebral vasoreactivity.
These factors may therefore explain the wide range
of individual rCBF changes observed during sXe
inhalation (229% to 144% relative to baseline),
whereas, in healthy volunteers, xenon-induced
rCBF activation ranged from 24% to 144% of the
preinhalation value (10). Alterations in cerebrovas-
cular reactivity appeared most obvious in the four
patients who exhibited a decrease in TD-rCBF dur-
ing 30% sXe wash-in. This decrease in brain per-
fusion along with a marked increase in ICP may be
explained by initial vasodilatation and accompa-
nying increase of cerebral blood volume. With the
cerebral compliance exhausted, this increase of ce-
rebral blood volume may result in an impairment
of cerebral microcirculation. However, continuous
multimodal neuromonitoring during sXe inhalation
would be necessary for clarification.

Although a decrease of cerebral compliance may
be manageable in the intensive care setting (ie, un-
der stable conditions), it may exacerbate when the
patient is transferred to the CT scanner. Consider-
ing that a decrease in TD-rCBF up to 29% occurred
in four of 35 sXe/CT investigations, the possibility
of a significant decrease in rCBF for at least 3 min-
utes during sXe application should be kept in mind
when studying patients with severe cerebral insult.

However, the potential overestimation of rCBF
due to sXe-induced rCBF activation in critically ill
patients undergoing sXe/CT blood flow studies
might become clinically important, too. This is
most evident in diagnostic blood flow studies aim-
ing to detect a critical decrease in rCBF, in which
advanced patient care relies on the recognition of
threshold values for rCBF (eg, the identification of
potentially salvageable brain tissue in acute stroke
and the detection of cerebrovascular vasospasm af-
ter SAH). Moreover, sXe-induced flow activation
possibly limits the capability of the methodology
to study physiological activation processes, such as
cognitive and motor activation tasks. For these, the
degree of task-related rCBF activation is known to
be lower than the observed augmentation in rCBF
caused by the contrast medium sXe itself (34, 35).

The exact mechanism by which sXe leads to an
increase in rCBF remains unclear. Volatile anes-
thetics, such as halothane and isoflurane, have been
shown to cause direct vasodilatation in vitro (36–
38) and in vivo (39, 40). The proposed mechanisms
include nitric oxide–related effects, alteration in
calcium homeostasis, and release of excitatory ami-
no acids and free radicals (41, 42). Whether any of
these explanations also applies to sXe-induced flow
activation remains to be established.

Temporal Course of Xenon-Induced Flow
Activation

So far, techniques available for the measurement
of rCBF in patients allow discontinuous recording
only. However, application of the TD-based micro-
probe, as used in the present study, enables quan-
titative measurement of rCBF in absolute values
and its changes during sXe inhalation with high
temporal resolution. Continuous recording of the
cerebrovascular effects induced by sXe inhalation
have thus far been limited to studies using TCD
technology. At best, however, this approach yields
changes in BFV only as indirect conditions pro-
duced by changes in rCBF.

In healthy volunteers breathing 33% sXe for 4.5
minutes, Obrist et al (8) obtained a linear increase
in BFV within the first 180 seconds, which then
approached a plateau of 35% over baseline at the
end of the inhalation period. A flat and almost lin-
ear increase in BFV up to 18% relative to baseline
values was obtained in patients with cerebrovas-
cular disease (24). In this study, a steady increase
in BFV was perceived throughout the complete sXe
inhalation time, whereas other investigations dem-
onstrated only an insignificant increase in BFV
within the first 90 seconds of 30% sXe inhalation,
followed by a gradual rise in BFV that peaked at
about 300 seconds of inhalation and reached ap-
proximately 135% of the preinhalation BFV values
(6, 23).

The results obtained in the present study re-
vealed a gradual increase in TD-rCBF during sXe
wash-in, starting within the first 38 seconds and
reaching a plateau about 190 seconds after the start
of sXe inhalation, which was stable until the end
of the wash-in period. Thus, flow activation, re-
flected by the maximal increase in TD-rCBF, was
attained about 100 seconds after the sXe arterial
equilibrium was established.

Although changes in both BFV, measured by
TCD, and rCBF, measured by TD-based micro-
probe, allow dynamic changes to be assessed with
high temporal resolution, a direct comparison of the
results may not be valid. To investigate the rela-
tionship between BFV and rCBF both in healthy
subjects and patients, parallel real-time assessment
of both parameters are necessary.

In the present study, we were not able to estab-
lish continuous TCD monitoring during the sXe/CT
blood flow studies, because the head frame and
TCD probe we used caused too much noise for a
reliable determination of sXe/CT rCBF in distinct
regions of interest, which would have led to loss
of essential information for rCBF-based clinical
management procedures. Therefore, no definite
conclusion can be drawn as to whether the ob-
served time course of sXe-induced flow activation
is unique for patients with cerebral insult or rep-
resents the normal human response to sXe inhala-
tion. This uncertainty also refers to the great inter-
individual differences with respect to degree and
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temporal dynamics of xenon-induced flow activa-
tion we observed. However, no relationship be-
tween intracranial morphology, actual clinical con-
dition (ie, ICP and CPP at baseline), and degree of
TD-rCBF changes was obtained when reviewing
patient data.

The quantitative and time-related differences in
TD-rCBF obtained in patients and TCD-measured
BFV observed in healthy volunteers may be of
functional importance, since TCD-based data have
widely been used to refine the algorithm underlying
analysis of sXe/CT data. However, the results ob-
tained with the TD-based microprobe may provide
the basis for further systematic investigations aim-
ing to characterize the time course and degree of
sXe-induced flow activation in humans.

Conclusion
The present study directly depicts the activation

of rCBF due to sXe inhalation in patients with in-
tracranial insult who are undergoing sXe/CT studies
of cerebral perfusion. Xenon-induced flow activa-
tion, as observed here, might cause an overesti-
mation of actual cerebral perfusion, limiting the ap-
plication of the methodology to certain indications,
such as head trauma, SAH, and other cerebrovas-
cular abnormalities. Inhalation of 30% sXe, as per-
formed in the present study, leads to a nonlinear
increase in TD-rCBF, exhibiting a logarithmic
rCBF activation curve in patients. Since the knowl-
edge of the degree and real-time course of sXe-
induced flow activation is crucial for the reliable
assessment of rCBF using sXe/CT technology, fur-
ther systematic investigations using TD flowmetry
will provide evidence for subsequent refinement of
the sXe/CT methodology.
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