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Abstract 

Background:  We have earlier reported that inhaled xenon combined with hypothermia attenuates brain white 
matter injury in comatose survivors of out-of-hospital cardiac arrest (OHCA). A predefined secondary objective was to 
assess the effect of inhaled xenon on the structural changes in gray matter in comatose survivors after OHCA.

Methods:  Patients were randomly assigned to receive either inhaled xenon combined with target temperature 
management (33 °C) for 24 h (n = 55, xenon group) or target temperature management alone (n = 55, control group). 
A change of brain gray matter volume was assessed with a voxel-based morphometry evaluation of high-resolution 
structural brain magnetic resonance imaging (MRI) data with Statistical Parametric Mapping. Patients were scheduled 
to undergo the first MRI between 36 and 52 h and a second MRI 10 days after OHCA.

Results:  Of the 110 randomly assigned patients in the Xe-Hypotheca trial, 66 patients completed both MRI scans. 
After all imaging-based exclusions, 21 patients in the control group and 24 patients in the xenon group had both scan 
1 and scan 2 available for analyses with scans that fulfilled the quality criteria. Compared with the xenon group, the 
control group had a significant decrease in brain gray matter volume in several clusters in the second scan compared 
with the first. In a between-group analysis, significant reductions were found in the right amygdala/entorhinal cortex 
(p = 0.025), left amygdala (p = 0.043), left middle temporal gyrus (p = 0.042), left inferior temporal gyrus (p = 0.008), left 
parahippocampal gyrus (p = 0.042), left temporal pole (p = 0.042), and left cerebellar cortex (p = 0.005). In the remain-
ing gray matter areas, there were no significant changes between the groups.

Conclusions:  In comatose survivors of OHCA, inhaled xenon combined with targeted temperature management 
preserved gray matter better than hypothermia alone.
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Introduction
The mortality of successfully resuscitated patients with 
out-of-hospital cardiac arrest (OHCA) remains slightly 
under 80% [1, 2]. Earlier international guidelines pro-
posed the implementation of a target temperature man-
agement (TTM) of 33  °C for comatose survivors of 
OHCA [3, 4]. Current guidelines recommend avoiding 
fever (< 37.7 °C) for at least 72 h after the return of spon-
taneous circulation (ROSC) [5]. Guidelines are based on 
recent large-scale studies, which revealed that the pre-
vention of fever (≥ 37.7 °C) through TTM was as neuro-
protective as a TTM between 33 and 36 °C, regardless of 
the initial rhythm at the time of the OHCA [6, 7].

The leading cause of morbidity and mortality after 
OHCA is a hypoxic-ischemic brain injury, with survivors 
at risk of a diverse combination of severe white and gray 
matter damage [8]. Numerous earlier preclinical studies 
have confirmed xenon’s neuroprotective effect [9–17]. 
Subsequently, we reported that xenon combined with a 
TTM of 33 °C conferred neuroprotection by attenuating 
the injury to brain white matter in comatose survivors of 
OHCA more effectively than achieving a TTM of 33  °C 
alone [18]. However, xenon’s possible neuroprotective 
effect on brain gray matter has not been demonstrated 
in humans. One characteristic of the ischemic damage 
occurring in humans is that the vulnerability of gray mat-
ter varies depending on a metabolic level, with the most 
susceptible areas being the pyramidal neurons in the 
CA1 hippocampal region and cerebellar Purkinje cells 
[3, 19–21]; these areas have important roles in forming 
memories and coordinating motor activity, respectively 
[22, 23]. In addition, several investigators have detected a 
reduction of gray matter volume after the global ischemia 
[24–26].

The purpose of this study was to investigate xenon’s 
effect on the volumetric changes in brain gray matter in 
comatose survivors of OHCA at two different time points 
by applying a voxel-based morphometry technique to 
evaluate high-resolution structural magnetic resonance 
imaging (MRI) data.

Methods
Study Design
The Xe-Hypotheca trial was a randomized two-group 
single-blinded phase II clinical drug trial performed in 
two multipurpose intensive care units in Finland; the trial 
was performed at Turku University Hospital between 

August 2009 and September 2014 and at Helsinki Uni-
versity Hospital between October 2012 and September 
2014. The trial was primarily designed as a proof-of-con-
cept study to investigate whether xenon exerted a neuro-
protective effect on human brain white matter after the 
global ischemia due to OHCA.

The study was approved by the ethics committee of 
the Hospital District of Southwest Finland on March 
17, 2009 (approval number 10/2009/§65) and the insti-
tutional review boards of Helsinki University Hospital 
and the Finnish Medicines Agency. All patients’ next of 
kin or legal representatives gave written informed assent 
within 4 h after hospital arrival. The patient’s family was 
informed about the right to withdraw from the study at 
any point but that the data collected until possible with-
drawal could be used in the analyses as predefined in the 
trial protocol [18]. Informed consent was obtained from 
all individual participants included in the study if they 
regained consciousness. Clinical investigators performed 
the patient enrollment, randomization, and intervention 
assignment. A brain computed tomography scan was per-
formed for all patients before initiation of any treatments 
to exclude a possible cerebral origin of the cardiac arrest. 
An independent data and a safety monitoring commit-
tee reviewed the data after the enrollment of every four 
patients and after an interval of 6 months. The study was 
conducted according to good clinical practice and the lat-
est revision of the Declaration of Helsinki guiding clinical 
drug research in human study participants.

Patients were allocated in 1:1 ratio with random 
block sizes of four, six, and eight to receive either TTM 
(33  °C) alone for 24  h or inhaled xenon (LENOXe; Air 
Liquide Medical GmbH, Dusseldorf, Germany) with a 
subanesthetic target concentration of 40% in oxygen/
air combined with TTM (33 °C) for 24 h. The treatment 
assignment was randomly generated by a computer. 
Sequentially numbered sealed envelopes were used sep-
arately in the two centers for randomization, which was 
performed after the assent was granted.

Treatment Protocol
There was adherence to the detailed treatment proto-
col regarding cooling treatment and xenon intervention 
[18]. Hypothermia was induced and maintained with an 
invasive catheter-based cooling device. Inhaled xenon 
was initiated immediately after randomization through 
a closed-system ventilator (PhysioFlex, Dräger); this 
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had to be initiated within 4 h after hospital admission. 
Oxygen and air were delivered to achieve an end-tidal 
xenon concentration of at least 40% (measured contin-
uously by the thermoconductive monitor on the venti-
lator). The protocol has been published earlier [18].

Patients
In the Xe-Hypotheca trial, consecutive comatose survi-
vors of OHCA were screened for the following inclusion 
criteria: (1) witnessed cardiac arrest, (2) ventricular 
fibrillation, (3) nonperfusing ventricular tachycardia, 
(4) presumed cardiac origin, (5) age 18–80  years, (6) 
start of resuscitation by emergency medical personnel 
within 15 min, (7) ROSC within 45 min, (8) decision for 
therapeutic hypothermia treatment by attending physi-
cian. Patients were excluded according to the following 
criteria: (1) hypothermia (core temperature < 30  °C), 
(2) unconsciousness before collapse (cerebral trauma, 
intoxication, etc.), (3) computer tomography scan indi-
cating cerebral pathological reason for cardiac arrest, 
(4) responding to verbal commands after ROSC, (5) 
pregnancy, (6) coagulopathy, (7) systolic arterial pres-
sure less than 80 mm Hg lasting > 30 min after ROSC, 
(8) mean arterial pressure less than 60  mm Hg last-
ing < 30  min after ROSC, (9) hypoxemia (arterial oxy-
gen saturation < 85%) lasting > 15 min after ROSC, (10) 
factors making participation in follow-up implausible, 
and (11) enrollment in another interventional trial. In 
addition in the current study, patients who underwent 
each of two MRI scans were considered as being eligi-
ble for inclusion. A local neurological prognostication 
consensus was used in decisions to withdraw life-sus-
taining treatment, as described in detail in the Supple-
mentary material and in the published protocol [18].

End Points
As a secondary end point in the original protocol the 
aim of this study was to investigate xenon’s effect on 
the volumetric changes in gray matter after OHCA 
[18]. The study was not powered to detect statistical 
differences in clinical efficacy. The following variables 
were collected at 6  months as exploratory secondary 
end points of neurological outcome: the Cerebral Per-
formance Category (CPC) score and modified Rankin 
scale (mRS). The personnel involved in the treatment 
of the patient could not be masked because of practi-
cal and safety considerations, but the neurological end 
point evaluator and patients were blinded to the treat-
ment. The volumetric analysis of the structural MRI 
scans was performed by automated operator-independ-
ent software.

Imaging Procedure
The first brain MRI scan was scheduled 36–52  h and 
the second scan took place on average at 10  days after 
the OHCA. Patients were kept intubated and sedated 
until the first brain scan was performed.  In both cent-
ers, the structural T1-weighted MRI data were acquired 
by a 3.0 T Magnetom Verio system (Siemens Healthcare, 
Erlangen, Germany) equipped with a 12-channel head 
coil.

A three-dimensional magnetization-prepared rapid 
gradient-echo sequence was used with a 1900-ms repeti-
tion time, 2.2-ms echo time, 900-ms inversion time, 9° flip 
angle, 200 Hz/Px bandwidth, 250 × 250 × 176 mm3 field-
of-view, and 1.0 × 1.0 × 1.0 mm3 resolution. Zero-inter-
polation filling was applied during image reconstruction 
so that images had 0.5 × 0.5 × 1.0 mm3 resolution.

The Quality Control and Image Processing
The image processing and quality control (Fig.  1) was 
performed with the Computational Anatomy Toolbox 
(CAT12.8.1, Gaser and Dahnke, 2016) of the Statisti-
cal Parametric Mapping (SPM12, Version 7771; Well-
come Department of Cognitive Neurology, London, UK; 
http://​www.​fil.​ion.​ucl.​ac.​uk/​spm) running under Matlab 
(R2015a, Mathworks). Structural images of the patients 
were first inspected visually by two neuroradiologists 
(RT, CH) to verify their quality and absence of gross ana-
tomical irregularities and head motion artifacts prior to 
image processing (Figs. 1 and 2).

The MRI data were resliced to a 1-mm3 cubic voxel 
size and processed according to a variant of the longi-
tudinal pipeline in the CAT12 software (Fig.  1). Thus, 
for each patient, to be able to correct for differences 
in between-scan head positions, images from two 
sequential scans were rigidly registered to a calculated 
midpoint image using inverse-consistent (symmetric) 
registration [27]. Therefore, the order of the scans did 
not influence the number of transformations applied to 
each image. Images were corrected for bias field inho-
mogeneity and segmented into the gray matter, white 
matter, and cerebrospinal fluid tissue classes using 
average segments as tissue probability maps. The tissue 
classes were corrected for any partial volume effects. 
The segmented brain volumes were nonlinearly spa-
tially registered to the brain template in the MNI152 
(Montreal Neurological Institute) space using a geo-
desic shooting algorithm [28]. The deformation param-
eters calculated at this step for each scan were averaged 
and the resulting mean deformation was applied to 
the gray matter images of both scans, thus making the 
processing pipeline optimized for capturing smaller 
gray matter changes over short time. The spatially 
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transformed gray matter images were modulated by the 
Jacobian determinant of the resulting warp to preserve 
the amount (local volume) of the gray matter signal in 
the voxels.

The resulting gray matter volume images with 1.5-mm 
isotropic resolution were smoothed with the 6-mm iso-
tropic Gaussian kernel. All the gray matter images sat-
isfied the weighted overall quality criterion combining 
mean correlation, bias, and noise, according to the sam-
ple homogeneity check function in the CAT12 toolbox.

Statistical Analysis
The sample size of 110 patients was based on a power 
analysis of the fractional anisotropy values from brain 
MRI, that is, the primary end point of the Xe-Hypotheca 
trial [18]. In this study, a between-group difference of 
gray matter volume changes between the first and sec-
ond scan was calculated. After image processing (Fig. 1), 
the gray matter image of the second scan was subtracted 
from the gray matter image of the first scan, resulting in 
a difference gray matter image for every patient. These 

Fig. 1  Image preprocessing. Flowchart of the processing of individual structural magnetic resonance imaging longitudinal data optimized for the 
detection of small interscan changes in gray matter (GM) volume (GMV). The motion correction, segmentation, and spatial normalization to the 
standard Montreal Neurological Institute (MNI) brain template are performed by excluding any influence of scan order on the final result



difference images were entered into a group statistical 
model with two groups (control and xenon) and con-
founding covariates of age, gender, and site. The total 

intracranial volume of gray matter, white matter, and 
cerebrospinal fluid was measured for each scan and was 
included in the model to correct for differences in the 

Fig. 2  Flow of the participants. CRT-D, cardiac resynchronization therapy with a defibrillator, ICD, implantable cardioverter-defibrillator, MRI, mag-
netic resonance imaging, TTM, target temperature management, VBM, voxel-based morphometry



estimated brain size between the scans and to enable the 
detection of relative, rather than absolute gray matter 
volume changes. The statistical model was built and esti-
mated with the SPM12 software.

All analyses were spatially constrained by a gray matter 
mask created by thresholding the 6-mm smoothed aver-
age gray matter image with the value of 0.3. The observed 
effects were assessed with the nonparametric threshold-
free cluster enhancement method, which was based on a 
combination of voxel-level and cluster-level estimations 
while using 5000 permutations to compute the null dis-
tribution [29]. The significance threshold was set at the 
p < 0.05 level after correction for familywise error rate. 
The statistical map of each of two opposite contrasts 
between the control and xenon groups after threshold-
ing for significance was masked with a corresponding 
within-group contrast used as a minuend in the between-
group comparison. For example, a map of the difference 
between the control group and the xenon group was 
masked with the positive difference between the first 
and second scan of the control group. The mask was a 
binarized result of the parametric t-test with a threshold 
at the uncorrected voxel-wise of p < 0.05. The localiza-
tion of significant effects was performed with the brain 
atlas (http://​neuro​morph​ometr​ics.​com) included in the 
CAT12 software package (Fig. 1).

The differences between xenon and control groups in 
terms of demographic characteristics, background mor-
bidity, resuscitation details and clinical outcome were 
tested with two-sample t-test, Mann–Whitney U-test, 
χ2 test or Fisher’s exact test. p < 0.05 was considered sta-
tistically significant. Statistical analyses were performed 

using SAS System for Windows (Version 9.4; SAS Insti-
tute Inc, Cary, NC).

Results
Of the 66 patients who underwent the first and second 
scan after the OHCA, 21 patients in the control group 
and 24 patients in the xenon group had both scans that 
fulfilled the quality criteria and were included in the cur-
rent final gray matter volume analysis (Fig.  2). The first 
and second scans were conducted at a median of 51  h 
(interquartile range [IQR] 46–56 h) and in a median of 10 
(IQR 9–11) days, respectively. The mean end-tidal xenon 
concentration was 48.6% (standard deviation 3.5%) and 
the range was 43.7% to 56.8%. No differences between 
treatment groups were detected in demographical data 
or resuscitation details (Table 1).

The groups were not balanced in respect of neurological 
outcome (Table  2) after exclusions because of the strict 
quality reasons (Figs. 1 and 2). In the control group, two 
patients were initially able to go through the second scan 
before death, but none of them had an acceptable image 
quality and were excluded from the current gray matter 
volume analysis. In the xenon group, seven patients were 
initially able to undergo the second scan before death and 
in four of them, the scanned images were of an accept-
able quality, and thus they were included in the final gray 
matter volume analysis. This resulted in significantly 
different neurological outcome between the groups as 
assessed with the mRS (median score of 0.5 [IQR 0–2] for 
the xenon group and 0 [IQR 0–0] for the control group; 
p = 0.04) and CPC (median score of 1.0 [IQR 1–2] for the 
xenon group and 1.0 [IQR 1–1] for the control group; 

Table 1  Demographic data and clinical characteristics of the patients

EMS: emergency medical service, IQR, interquartile range, ROSC, return of spontaneous circulation, SD, standard deviation

Control group (n = 21) Xenon group (n = 24) p value

Baseline characteristics

 Age, years, median (IQR) 56 (53–61) 60 (45–67) 0.46

 Male sex, n (%) 16 (76) 14 (58) 0.20

Site (Turku/Helsinki) 17/4 17/7 0.50

 Coronary artery disease, n (%) 4 (19) 7 (29) 0.43

 Hypertension, n (%) 6 (29) 9 (38) 0.53

 Congestive heart failure, n (%) 0 (0) 3 (13) 0.24

 Diabetes, n (%) 0 (0) 1 (14) 1.00

 Asthma or obstructive pulmonary disease, n (%) 1 (5) 4 (17) 0.35

 Dyslipidemia, n (%) 7 (33) 4 (17) 0.19

Resuscitation details

 Bystander resuscitation, n (%) 13 (62) 16 (67) 0.74

 Delay in EMS, minutes, mean (SD) 8.3 (2.2) 7.9 (2.6) 0.58

 ROSC, minutes, mean (SD) 22.2 (7.8) 19.0 (6.3) 0.13

 No flow, minutes, median (IQR) 2.90 (0–6) 2.70 (0–7) 0.76

http://neuromorphometrics.com


p = 0.04) (Table  2). All patients were sedated and intu-
bated during the first scan. Six patients (five in the xenon 
group and one in the control group), including the four 
nonsurvivors, were comatose and intubated during the 
second scan. All other patients were conscious during the 
second scan.

In the voxel-based morphometry data, a comparison 
between the xenon and control group revealed several 
clusters where the reduction in the local gray matter 
volume was significantly (familywise error rate cor-
rected p < 0.05, threshold-free cluster enhancement 
statistics) greater from the first to second scan in the 
control group as compared with the xenon group. 
The main peak of the largest cluster was found in the 
left cerebellum. The affected left posterior temporal 
cortex included the inferior temporal and parahip-
pocampal gyri. The amygdalar nuclei demonstrated 
bilateral effect with additional involvement of the 
right entorhinal cortex. Two small clusters were found 
in middle temporal and polar parts of the left hemi-
sphere. The volumes, peak locations in the standard 
brain space, and statistical values of the clusters are 
listed in Table 3. The exact position and extent of the 
clusters are shown in Fig.  3 as a series of axial brain 
slices crossing the cluster peaks. The opposite group 
comparison revealed no significantly greater gray mat-
ter volume reduction in the xenon group as compared 
with the control group.

Discussion
The main finding was that in comatose survivors of 
cardiac arrest, xenon in combination with TTM pre-
served gray matter volume better than TTM alone when 
assessed at a 1-week time interval. This was reflected by 
significant volumetric reductions evident from the first 
to second scan in bilateral amygdala and right entorhi-
nal cortex, left inferior and middle temporal gyrus, left 
temporal pole, left parahippocampal gyrus, and left cer-
ebellar cortex in the control group as compared with 
the xenon group when we conducted a between-group 
analysis. There were no significant changes between the 
groups in the remaining gray matter areas.

In animal studies, the neuroprotective effect of inhala-
tion of the noble gas, xenon, has been confirmed; there 
are several preclinical studies demonstrating that xenon 
targets multiple pathophysiologic processes, which are 
also involved in the development of postresuscitation 
brain injuries, such as glutamate excitotoxicity, oxidative 
injury, and neuroapoptosis [9–13]. In addition, neuropro-
tection has been demonstrated in various injury models 
involving mice, rats, and pigs, for example, as a reduced 
infarct volume after a focal ischemia, attenuated neuro-
logic and neurocognitive dysfunction, and a reduction in 
the extent of the histopathological damage [14–17].

A delayed cell death over a period of hours to days has 
been demonstrated in selectively vulnerable neuron sub-
populations of hippocampus, cortex, amygdala, striatum, 

Table 2  Neurological outcome

Data are expressed as No. (%). The Cerebral Performance Category and modified Rankin Score differed significantly between the xenon group and the control group 
(p = 0.04 for both). See more details in the Results section

Control group 
(n = 21)

Xenon 
group 
(n = 24)

Cerebral Performance Category score

 1 Good cerebral performance: conscious, alert, able to work, might have mild cognitive deficit 19 (90.5) 16 (66.7)

 2 Moderate cerebral disability: conscious, sufficient cerebral function for independent daily life 2 (9.5) 4 (16.7)

 3 Severe cerebral disability: conscious, dependent on others for daily support; ranges from ambulatory state to 
severe dementia

0 0

 4 Coma or vegetative state 0 0

 5 Death 0 4 (16.7)

Modified Rankin Scale score

 0 No symptoms 16 (76.2) 12 (50.0)

 1 No significant disability: able to carry out all usual activities, despite some symptoms 3 (14.3) 3 (12.5)

 2 Slight disability: able to look after own affairs without assistance, but unable to carry out all previous activities 1 (4.8) 4 (16.7)

 3 Moderate disability: requires some help, but able to walk unassisted 1 (4.8) 1 (4.2)

 4 Moderately severe disability: unable to attend to own bodily needs without assistance 0 0

 5 Severe disability: requires constant nursing care and attention 0 0

 6 Death 0 4 (16.7)



Table 3  Significant clusters with  a greater gray matter volume loss in  the control group in  comparison to  the xenon 
group

The familywise error rate corrected p values are based on the threshold-free cluster enhancement statistics making the p value depending both on voxel value and 
on cluster volume. Each voxel in a cluster represents a significant group difference, which maximizes locally forming the highest peak (voxel with maximal effect) 
and smaller peaks within the cluster. Voxel locations for the main peak (bold font) and for some prominent secondary peaks (regular font) are listed to characterize a 
cluster extent in terms of brain structure names and Montreal Neurological Institute coordinates (x, y, z). Figure 3 shows a series of axial planes cutting the clusters at 
the z-coordinates listed here for the main and secondary peaks

Brain structure cluster size (voxels) P corr TFCE value x y z

Left cerebellum exterior 441 0.005 1354.1 − 38 − 39 − 32
Left inferior temporal gyrus 0.008 1268.62 − 45 − 41 − 27

Left parahippocampal gyrus 0.042 854.16 − 27 − 26 − 26

Right amygdala / entorhinal area 223 0.025 979.35 27 0 − 18
Right entorhinal area 0.046 831.3 18 2 − 29

Left middle temporal gyrus 77 0.042 854.93 − 68 − 38 − 3
Left middle temporal gyrus 0.042 854.75 − 65 − 47 − 8
Left middle temporal gyrus 0.046 830.39 − 65 − 53 − 2
Left temporal pole 56 0.042 852.8 − 26 2 − 44
Left temporal pole 0.046 829.99 − 30 9 − 47

Left amygdala 34 0.043 844.43 − 26 − 2 − 21

Fig. 3  Clusters where there are significantly (familywise error rate corrected p < 0.05, threshold-free cluster enhancement statistics) greater reduc-
tions in the local gray matter volume from the first to second scan in in the control group in comparison with the xenon group. The clusters shown 
are overlaid on brain template axial planes. The numbers denote z-coordinates of the planes in the Montreal Neurological Institute brain space in 
mm over (positive values) or below (negative values) the intercommissural plane. They correspond to z-coordinates of cluster peaks listed in the 
Table 3. The right side of the image is the right side of the brain. The main peaks of the significant clusters were located bilaterally in the amygdala, 
in the right entorhinal cortex, in the left cerebellar cortex, as well as in the middle and inferior temporal gyrus, parahippocampal gyrus, and polar 
areas of the left temporal cortex. None of the brain areas revealed signs of a significantly greater volume reduction in the xenon group



and cerebellum to global ischemia with apoptosis as a 
major mode of death [3, 20, 30–34]. This phenomenon 
may have provided a therapeutic window for xenon and 
partly explain the drug effect in the observed areas given 
also xenon’s putative ability to attenuate apoptotic cell 
death [17, 35]. On the other hand, hippocampus is well 
established to have the highest sensitivity for ischemia-
induced brain injury and is the first to show a cellular 
decline after perfusion deficits and during reperfusion. 
This is further supported by findings that hippocampal 
CA1 pyramidal cells and cerebellar granule cells have 
strong intrinsic glutamatergic and oxidative signaling 
along with a high demand for energy combined with 
a low buffering capacity against oxidative stress; these 
characteristics makes these regions especially vulner-
able to excitotoxic cell damage [19–21]. The excitotoxic-
ity is mediated by N-methyl-D-aspartate (NMDA) and 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) type glutamate receptors, and glycine is essential 
for the activation of NMDA receptors [36]. This should 
be considered with respect to xenon’s central mechanism 
behind its neuroprotective effect; the gas is thought to 
exert an antagonistic effect on NMDA, AMPA, and kain-
ate glutamate receptors along with competitive inhibition 
at glycine binding site on the NMDA receptor [9–13].

Xenon’s beneficial drug effect was observed on several 
gray matter areas, including mainly medial temporal lobe 
memory system [23], in which amygdala directly medi-
ates emotional learning and memory operations. Accord-
ing to earlier trials, approximately 20–50% of patients 
with OHCA with a good clinical outcome have experi-
enced a mild-to-moderate impairment in cognitive func-
tion as assessed with adequately sensitive and accurate 
tests [37–40]. In addition, earlier studies by Orbo and 
Stamenova have revealed an association between reduc-
tions in the hippocampal volumes and impairment in 
recollection and recognition in patients with a good clini-
cal outcome after OHCA [24, 25]. Congruently, current 
findings included volume reductions in the temporome-
dial area. However, we did not assess higher cognitive 
function, and therefore it remains unestablished whether 
xenon exerted any beneficial effect on memory in the 
current population.

Among nonsurvivors, only seven patients in the xenon 
group and two patients in the control group were able to 
undergo the second scan before death. Other succumbing 
patients in both groups were in a dismal clinical condi-
tion already after the OHCA and died prior to the sched-
uled second scan. In fact, the death rate between the 
scans was nearly two times higher in the control group. 
Finally, four patients in the xenon group but none in the 
control group of those dying after the second scan had 
an acceptable image quality. This resulted in somewhat 

biased imbalance between the groups with respect to the 
neurological outcome, in which there were nonsurvivors 
only in the xenon group. Consequently, the mRS and 
CPC scores were significantly higher in the xenon group 
than in the control group. It is also important to note 
that neither the mRS nor CPC scores differed between 
the groups in the intention-to-treat population of 110 
patients [18]. However, even allowing for our inclusion 
of nonsurvivors in the xenon group, significantly greater 
reductions in the gray matter were locally observed in the 
control group as compared with the xenon group.

This study had several limitations. First, the sample 
size was small, mainly because of the deaths of patients 
between the scans but also because of quality-related 
reasons. Second, to avoid systematic errors in the com-
putational image preprocessing only imaging data with 
a good image quality were accepted, but this can also be 
considered as a strength. Nevertheless, for these reasons 
xenon’s neuroprotective effect was studied in patients 
with mainly a good neurological outcome, which proba-
bly minimized the differences in gray matter loss between 
the groups. This was also a likely reason for the relatively 
small overall brain area of the drug effect and that xenon’s 
benefit was mostly observed in the most vulnerable brain 
regions. Therefore, current trial may have underesti-
mated the potential treatment effect. Third, this study 
was not powered to reveal a clinical benefit and did not 
include neurocognitive tests capable of measuring subtle 
degrees of functional decline.

Conclusions
Among comatose survivors of OHCA, inhalation of the 
noble gas, xenon, in combination with TTM preserved 
gray matter volume better than TTM alone, as measured 
with a voxel-based morphometric evaluation of high-
resolution structural MRI data. The impact of global 
ischemia on the structural changes occurring in gray 
matter was demonstrated within 10 days after OHCA in 
the most vulnerable brain regions. However, no clinical 
outcome benefit was observed at 6 months, and therefore 
further studies are warranted in an adequately powered 
trial designed to evaluate the benefits and risks of xenon 
administration on neurological outcome and mortality.
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