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USEFULLNESS OF FUNCTIONAL MRI ASSOCIATED WITH PET CGAN AND
EVOKED POTENTIALS IN THE EVALUATION OF BRAIN FUNCTONS AFTER

SEVERE BRAIN INJURY : preliminary results.

INTERET DE L'IRM FONCTIONNELLE ASSOCIEE AU PET SCANET AUX
POTENTIELS EVOQUES POUR L’EVALUATION DES FONCTIONEEREBRALES

DANS LES ATTEINTES CEREBRALES GRAVES : résultats préliminaire
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ABSTRACT

Objective : to evaluate the feasability and the potentidulmsess of functional MRI (fMRI)

for the evaluation of brain functions after severe brain injury, when cothaeemultimodal
approach (evoked potentials (EP) and Positron Emission Tomography (PET) examinations)
Material and Methods : 7 patients (mean age: 49 years (23-73), 3 mapwldd) presenting
with coma after acute severe brain injuries underwent functidtil (auditive, visual,

somesthesic)®F-FDG PET and EP (auditive, visual, somesthesic) withinday3period of



time in a mean of 120 days after initial brain injury. fMRiiations in somesthesic, visual

and auditive cortical areas were compared to EP (28 possibigarisons) and to the
metabolic activity on PET examination in the same anatom@mehs (21 possible
comparisons).

Results : In case of availability, results were concordanvdset fMRI and PET in 10
comparisons but not in 1, and between fMRI andrEPL comparisons but not in 4.

Conclusions: In many patients, there is a good concordance between fMRI and brain functions
suggested by EP and metabolic activity demonstrated with PE€w others, fMRI can be
integrated in the early evaluation of brain functions to furénggment our capacity for a

proper evaluation of brain functions in critically ill patients.



INTRODUCTION :

The prevalence, complexity and multiple medical and socio-economic censegf severe
alterations of brain functions after severe central nervousmyigjuries, make them a major
health challenge. With few exceptions, the pathophysiology and theutaldasis of both
acute brain injuries and recovery have yet to be defined, i ¢tedpromote proper and
efficient treatments. Before that step, the clinical chgkewill be to best evaluate injuries
because both clinical examination and available tools laak-@cyg not only for the diagnosis
of damage but also for its prognosis. This is especially truepdtients with coma of
intermediate severity.

Minimally conscious state (MCS) and vegetative state @r8)clinically defined as chronic
disorders of consciousness. In the vegetative state, patients det®ngreserved
hypothalamic and autonomic functions but are unaware of themselvesofarigeir
environment, and are incapable of interaction with others, whereasnmirtimeally conscious
state, patients have limited but discernible evidence of asseof themselves and of their
environment (1).

Different clinical evaluation scales of disorders of consciosshese been developed and
help nosological distinction between these entities (2-6). ieless, it remains difficult to
evaluate clinically brain functions in many patients (7)avéilable such information could
be of particular clinical interest, as it has been hypothedizat the presence of preserved
brain functions could have a prognostic value (8, 9). The knowledge ofryadskrain
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functions could lead to more efficient rehabilitation planningtmia better adaptation of
stimulation treatment (10, 11).

Electrophysiological techniques, especially evoked potentials (@E®)al, auditory and
somatosensory) are widely used in this indication (12). Indeledre used in severely brain
injured patients to predict clinical outcome, as the absehoesmlual brain potentials could
identify those patients unlikely to recover (8, 13). The advantaggedechnique is that it is
easy to perform at bedside, but its major drawbacks areetyeeint presence of environment
-related artefacts and a gross localisation information.

Positron Emission Tomography (PET) allows evaluation of cerefitalose metabolism
whereas Single Photon Emission Computed Tomography (SPECT) atlalsation of
cerebral perfusion : They can demonstrate a decrease of gkredral metabolism and
perfusion in persistent vegetative patients. This decreasm®rg marked in arterial border
zones in post-anoxic patients (14-18), and there is a correlatioiedoe areas of relatively
preserved brain metabolism and residual brain function (18).ekenyvthese techniques are
not available at bedside everywhere and require either patiensportation or that
specialized centers be located close to critical care departments.

More recently functional neuroimaging techniques*{HPET and functional MRI (fMRI))
have been used in clinical research studies to evaluatefbraitions in patients presenting
chronic disorders of consciousness (1, 19-21).

Performed late after the initial injury in comatose pasietiiese studies have shown that
auditory, nociceptive and visual passive stimulations lead tea#icins of primary cortices
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but also in some cases of secondary associative cortex. Tden@eeof activation in higher
order association areas suggests the persistence of integrattesses and may herald better
prognosis (10, 20, 22-25).

Magnetic Resonance Imaging (MRI) provides information about cereboaphological
lesions as well as information about cerebral functions. MorphologiBalis widely used in
patients with chronic disorders of consciousness to evaluateibjaiies. fMRI is based on
the measurement of signal modifications induced by the variatiodeokyhemoglobin
concentration in the cerebral vasculature (BOLD effect) subsétmeortical activation (26).
It can be performed concomitantly with morphological MRI, witlinreasonable time
duration. This non-invasive technique does not require any contrastiagetion and it
provides localization information. Finally, MR scanners are nowvlabla in more and more
settings. Although there are technical and ethical limitationshe use of fMRI in the
evaluation of patients with chronic disorders of consciousness (23t 26)d be interesting
to evaluate its contribution to the management of patients adtite severe disorders of

consciousness.

The aim of this preliminary work was to evaluate the fedisaand the potential usefulness

of a fMRI approach, when compared to a multimodal approach (EPEEhéXminations) in

critical care patients.

MATERIAL AND METHODS :



PATIENTS :

After ethical committee approval (Comité de Protection desoRees, Est-1V, Strasbourg), 7
patients (mean age : 49 years (23-73), 3 males, 4 fenpaiesgnting with chronic disorders
of consciousness in relation with severe brain injuries (prolomgedia following out-of-
hospital cardiac arrest : 5 patients, severe head trammatid patient, intracerebral
hemorrhage : 1 patient) were included after informed consent obtained from next of kin.
Patients consciousness was evaluated thehWWessex Head Injury Matrix (WHIM) (4, 25)
and the presence of susceptibility effects in relation ¢alforain haemorrhage was evaluated
on T2 GE images in the areas elected for multimodal invéstiga(parietal, temporal and

occipital lobes) (see table 1). Patients were free of centrally atrirg.

METHODS :

The different tests (fMRI, PET and EP) were performed ih @atient within a 3-day period
of time in a range of 120 (12-554)ays after initial brain injury.

MRI :

MRI examination was performed on a 1.5 Tesla imager (AvaBtemens, Erlangen,

Germany) with an ®€hannel head coil. Stimuli were presented using a systematiedlito
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fMRI (IFIS-SA, Invivo, Orlando, USA). Patients were equipped witadphones for auditory
stimuli delivery while protecting from the scanner’s noise. A LCD scress positioned over
the head coil in front of the eyes for visual stimuli presemati In order to limit patients’
movements during the examination, their head was fixed using sosllons. Anatomical
iImages were first acquired using an axial T1 weighted 3DifG&ging (TR =11ms, TE

=4.94ms, Flip angle =15°, 1 ninsotropic spatial resolution).

Three fMRI runs were acquired using a classical T2*-weighteld@&E sequence (TR : 4000
ms, TE : 50 ms, Flip angle : 90°, slice thickness : 4 m@V F 256 mm, matrix : 64x64, 120
volume acquisitions/run) with a whole cortex coverage. For eanttibnal run a different
perceptual system (somesthesic, auditive and, when possible, wasgbassively stimulated
following a block paradigm design. Block paradigms consisted lténations of 10

volumes either with or without stimulation.

Somesthesic stimulation consisted in passive tactile mechanishlifig of alternatively right
and left legs. Auditive stimulation was performed by the binauraletglof an 2000 Hz pure
tone pulsed at 1Hz through the headphones. When patients had spontaneously their eyes open
(4 subjects), visual stimulation was performed through presemtati a 8 Hz reversing
checkerboard on the LCD screen. Stimuli presentation wasraaegomly ordered among

patients.



Functional images were individually processed using SPM2 se&ft(Mdellcome Department
of Cognitive Neurology, Queen’s College, Londdnttp://www.fil.ion.ucl.ac.uk/spn)/ The
pre processing included a rigid body motion correction, a co ratist on the anatomical
image using mutual information method, and smoothing by a 8mm isotapissian kernel.
Examinations with more than 2 mm translation or 6 ° rotatrmvements were excluded
from further analysis. Individual statistical analyses wendopmed by solving the linear
generalized model in which regressors of interest were neaddly a boxcar function
representing the time-course of the stimuli delivery convolveith wihe canonical
hemodynamic response function provided by SPM. Motion parameteesineduded in the
model as regressors of no interest. A high pass filter alldaretthe removal of slow drifts in
the baseline. Student t-test were computed voxelwise for danhls of interest and
thresholded at p<0.005 providing a stimulus related activation ma@in@t cortical
activation maps were then fused with each patient volumetric T1 anatomacgd.im

Cortical activation areas of somesthesic, auditive andhssinaulations are well established
(27-29). In healthy subjects, somesthesic stimulation of thentiuces activation of primary
sensitive cortex situated in the medial part of coneadhtpostcentral gyrus (Broadman area
(BA) : 1, 2 and 3 ). Bilateral auditive stimulation induasgivation of bilateral primary
auditive cortex situated in Heshl gyrus (BA 41, 42) and secoraladifive cortex situated
around of it (BA 22). Bilateral visual stimulation induces actvaif bilateral primary visual
cortex situated along the calcarine sulcus and in the infecapital gyrus (BA 17, 18 and

19).



When an activated cluster was identified in one of these egaotas, mean time course and
percentage of signal change were further derived in regionseoést (ROIs) located in these
areas (defined using boxes of 12mm width) and visually inspezteither confirm or infirm

the activation.

Results of fMRI were considered as normal (1) in case oicabectivation in the expected
cortical area with time course of signal modification at@dance with variation of BOLD
signal, normal with limitation (1*) in case of cortical aetiion in the expected cortical area
but without time course of signal modification in accordance wvatiation of BOLD signal,

absent (0), and not interpretable in case of movement artefacts (NI).

PET :

PET measurement was performed on a PET/CT system (Digc8VerGEMS, Milwaukee,
USA) using the most sensitive 3D mode with in-plane and esegallutions of 3.27 mm. The
CT scanner portion of the Discovery ST consists of a 8-detebtdisal CT. Imaging
parameters were as follows: 140 kVp, 0 mA, 0.8 s per CT ootapitch of 1.675 : 1 mm/s
table speed.

Patients were injected intravenously 150 MB&FDG at a resting state in a dimly lighted

room with minimal background noise. Data acquisition was sté@emin after injection.



Scan duration was 15 min. PET images were reconstructed @I for attenuation
correction with the OSEM algorithm.

PET images were analysed by two readers (CNO, IIN)@&tegistration of PET color maps
with the 3DT1 (3D Siemens software), in the different floral areas (temporal, occipital

and parietal) and cortical fixation was classified as mbr{h), hypofixation (0), in case of

diminished fixatiopor not interpretable (NI) in case of movement artefacts.

EVOKED POTENTIALS :

Patients were tested for 3-modality exogenous evoked potentiBl), (Ecluding visual
(VEP), somatosensory EPs (SEP) and event related poteri@Bs) during a classic
auditory oddball paradigm. EPs were recorded with a Nihon Kohdaropieck8 apparatus
(Japan), using standard techniques. All recordings were perfdmeslto check waveform
reproducibility.

SEPs were obtained after average of the response to 200 mediarelectrical stimulations
at the wrist with recording sites at Erb’s point (to ensumgpperal passage) and above
controlateral parietal region. Waves analysis was expressed indepmesence, deterioration

or absence of primary cortical response N20.

VEPs were generated by averaging the responses to 100 revérgaldight emitting diodes

(goggles) presented separately to each eye at a 0.9 Hz frequencyrexotdeng site located
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at the median occipital electrode Oz (reference Cz). Wiaalysis was expressed in terms of

presence, deterioration or absence of occipital primary response.

ERPs were recorded using an auditory oddball paradigm in passivéaonddeviant (2000
Hz tones; probability of occurrence=0.20) and standard stimuli (1@a0rés; probability of
occurrence=0.80) were presented binaurally at random with a ¢&¢v@0 dB. About 50
deviant stimuli were required for each sequence. Responses were recordettldiétfnontal
Fz-, central Cz- and parietal Pz- electrodes referred todiakdobes on a 1 sec-base duration
of time. Ocular movements or blinking during the session requirediaiig holding of the
eyes to decrease artefacts. Wave analysis focused on tleagarethe deterioration or the
absence of auditory cortical response N100 which corresponds toysetamndary auditory
cortex, as well as of P300 which corresponds to the involvemambiaf cognitive functions
(positive peak occurring in a latency range of 250-600msec in respomsyiant stimuli).
Evoked potentials were analysed as normal (1), alterednTgse of deterioration of waves,

absent (0) or not interpretable in case of movement artefacts (NI).

EVALUATION OF CONCORDANCE BETWEEN fMRI RESULTS, PETAND EP

RESULTS:

The results of fMRI activations in somesthesic, visual anditive cortical areas were
compared to the results of EP and to the presence/absencmwha metabolic activity on
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PET examination in the same anatomical areas. They wesdered as concordant in case
of similar results in the same cortical area between IfldiRd another examination, non
concordant in case of discrepancies between fMRI and anothireation or not possible if
a result was missing. Because EP have no localizing valuen{dwgity of one cortical area
gives a normal result), we considered as concordant unilatebglataral cortical activation
observed on fMRI. It was also difficult to distinguish primaryd secondary auditive cortex
on PET metabolic maps because of poor spatial resolution. Thikyisve considered as
normal the presence of any cortical activation in the auditoriex (primary or secondary)

and compared it to the global metabolic activity in the temporal area.

RESULTS:
Results are presented in Table 2 for our seven patients. @ances / discordances are

recorded as colored boxes in the legend of table 2.

FUNCTIONAL MRI :

fMRI was not interpretable in 4 data-points (patient 6) becatis@portant motion- related
artefacts. fMRI was not available in 3 data-points (patiémbsand 7), because the patient
closed spontaneously their eyes during the examination and this dallowtfor visual
stimulation.
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In 5 data-points, the interpretation was limited because titabactivation in the expected
cortical area but without time course of signal modificationceoedance with a variation of

the BOLD signal.

In seven regions of multimodal analysis (patients 2, 6 and 7§ tvere susceptibility

artefacts observed in relation to cerebral hemorrhage. Ath@sg regions, 4 did not present

fMRI activations.

EVOKED POTENTIALS :

EP were not available in one data-point (patient 5 : SEP) anthteopretable in 5 data-

points.

PET :

PET was not interpretable in 3 data-points (patient 4) becausthasia became mandatory

during the examination.

CONCORDANCE BETWEEN FMRI AND OTHER EXAMINATIONS :
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Concordance between fMRI and PET:

PET results were not interpretable in patient 4, and fMBRlIte were not either available or
interpretable in 7 data-points. This did not allow for comparEoiMRI and PET results in
these 11 data-points.

Results were concordant between fMRI and PET in 10 data-podtgliscordant in 1 data-

point.

Concordance between fMRI and evoked potentials:

EP were not either available in one data-point (patient 5 : S8ERjterpretable in 5 data-

points, and fMRI results were not available or not interpretabledata-points. This did not

allow comparison of fMRI and EP results in 13 cases.
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Results were concordant between fMRI and EP in 11 data-points and discordant in 4.
Figure 1 displays a concordant pattern of responses (patient #1, uppencwa discordant

pattern of responses (patient #3, lower row).

DISCUSSION

Our results show in many patients a concordance between fM&Ibeain functions
suggested by EP and resting metabolic activity demonstratedP®il. Moreover, this study
demonstrates the feasibility of fMRI in critical care pats, as the number of examinations
that are not interpretable is not higher with fMRI (6 data-points), than with eiie(3data-
points) or EP (6 data-points).

The usefulness of EP and PET scan in the evaluation of Bwactions and cerebral
metabolism in chronic disorders of consciousness and their poterdgostic value have
already been proposed in the literature (20, 21, 30-32). But, althmwgber of recently
published studies have evaluated fMRI in this indication, using nociceptive, auditived, ofis
more elaborated stimulations (7, 10, 20, 30, 31, 33-40), its usefuleesslinically “easy to
perform” examination combining multiple stimulations in assommto these gold standards
has never been done before in the setting of severe brairesjiMoreover, our study was
prospective, in consecutive non-selected patients, conditions tha&tis@® lead to the
conclusion that a newly available technique should be resltrictespecific patients. We
report that even in variable and sometimes short period ef tietween cerebral injury and
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testing, fMRI evaluation can afford to bring information omaéning brain functioning that
is not accessible to clinical evaluation. Although we did notoperfall the fMRI in the same
range of time after initial damage, this must not be consideseal pitfall of the study, but
should rather indicate that this examination has not necgssaribe done as late as in
previous studies (31, 34, 38, 40)

Discordances between fMRI and EP or PET, particularly thenglesof fMRI activation in
case of normal metabolic cortical activity or normal EP couldrddated to a different
hemodynamic response in comatose patients, when compared to sabjeaits, or to the
presence of cortical susceptibility effects induced by the presence of hegeorrha

Our fMRI results can be separated into 3 types : normalcabuictivation as compared to
those of healthy volunteers, absence of cortical activationa gndup of intermediate results
with difficult interpretation because of cortical activationthe expected cortical area but
without time course of signal modification in accordance withatian of BOLD signal. In
such cases, results need comparison to clinical data, bubd$® and cortical metabolism as
evaluated with PET. The discordances between the obseor&dak activations and the
absence of signal time course modification in relation ¢ovériation of BOLD signal point
out one of the main limit of fMRI technique in chronic disordersafsciousness. Indeed the
BOLD response is supposed to be based on a normal neurovasculangdgiliveen
neuronal activation and local hemodynamics (41). Vegetative gatents’ cortical
hemodynamic response could be different, when compared to normattsulajed could

induce aberrant cortical activations (23, 26). The other limitatiofunctional MRI is the
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presence of cortical susceptibility effects, in relatiorihte presence of cerebral hemorrhage,
which could dramatically alter BOLD images. In seven aegi of multimodal analysis
(patients 2, 6 and 7) there were susceptibility artefabiserved in relation to cerebral
hemorrhage. Among these regions, 4 did not present fMRI activations.

The realisation and interpretation of fMRI requires a gurimmobility of the patients
(patient 6), but also the absence of centrally acting drugs. This ithalsase for PET and EP
which are not always easy to perform or to interpret ineptdiwith chronic disorders of
consciousness, particularly when anesthesia or analgesiagaieed (patient 4) for PET or
when motion artefacts or electrical interferences occumduttie performance of evoked
potentials at bedside.

Our data suggest that the evaluation of brain functions afteresbraan injury would benefit
of fMRI because this technique can sometimes compensate fopitfals of evoked
potentials or PET as indicated in patient 1, in whom auditige somesthesic EP were not
interpretable. Moreover the discordant comparisons between fdRIP&ET or fMRI and
evoked potentials, are also associated to discordant restitselpePET and EP (patient 3:
vision and auditive). This illustrates the difficulties of exaion of brain functions in some
brain injured patients only with EP and PET: a multimodal appraasociating PET, evoked
potential and fMRI could therefore be of interest for physicipasients and even families
who desperately expect even tiny information on prognosis .

However, MRI is easy to realise, non invasive and supplighansame time information
about morphological brain lesions induced by a trauma or anoxia; morebusings
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information about brain functions like cortical integration of visiof,audition and of
sensitivity. As compared to EP, functional MRI gives a dirésualisation of cortical
activation, with good anatomical localisation in both cerebral hemispheres.

This information has very important clinical implications since preserved fuactions have
a prognostic value (8-10). Indeed knowledge of preserved brain funcdeuid lead to
different rehabilitation planning with a better adaptationtiofigation treatment (11, 12). For
example, patient 1 had no visual response but some auditory integedonse; therefore
clinical rehabilitation was axed on auditory stimulation. Séhelata are important for the
medical staff in charge of the patients.

In conclusion, fMRI increases the accuracy of neurologicaluatiah in our series of
critically ill patients with acute brain injury, provided tithe BOLD signal can be properly
interpreted. It turns out, to be an additional tool of interesiotoplete evaluation in those
patients where EP and PET examinations are discordant. In adtdimay help physicians to
evaluate with more certainty severe residual neurologicaliifmpat and progress in ethical

choices if a real prognostic value can be observed among large cohorts of patients.
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FIGURE LEGEND
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Figure 1 : Patient 1 : Figure la (Auditive Functional MRI), 1%-FDG PET scan), 1c
(coregistration of PET color maps with the 3DT1): concordant tseswith bilateral
activation of primary (star) and secondary auditory areaswanead) on functional MRI and
bilateral normal temporal metabolism on PET scan (arrovijerRe3 : Figure 1d (Auditive
Functional MRI), 1le F-FDG PET scan), 1f (coregistration of PET color maps with th
3DT1) : discordant results, with limited activation of prisngstar) and secondary auditory
cortex (arrow head) on the right side and no activation orethsitle, and normal temporal

metabolism on the left side, but hypometabolism on the right side on PET scan (arrow).
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TABLES :

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7
Age (years) 35 63 67 33 73 52 23
Etiology CA CA CA CA CA HT IH
Clinical VS
evaluation of
consciousness VS MCS MCS MCS VS VS
WHIM 0 27 21 22 0 7 2
Time (days) 12 32 143 14 20 554 68
Yes : right and Yes : right
left occipital Yes : left temporal and
Cerebral lobe, left temporal and occipital lobe
hemorrhage no parietal lobe no no no parietal lobe

Table 1 : Patients clinical and radiological characteristics.

CA : Cardiac Arrest, HT : Head Traumatism, IH : Ingeebral Hemorrhage, MCS :

Minimally Conscious State, VS : Vegetative State, Time: Timen acute injury to

test performance (in days), cerebral hemorrhage : presescsadptibility effects in

relation to intracerebral hemorrhage on T2 GE sequence.
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1 2 3 4 5 6 7
Patients
Somatosensor PET (R/L) | 0/0 1/0 0/0 NI 0/0 1/1 0/1
y
SEP NI 1 NI 1 NA 1 1
fMRI (R/L) | 0/0 1/0 0/0 0/0 0/0 NI 0/1
Visual PET (R/L) 0/0 1/0 0/0 NI 1/1 1/0 0/1
VEP 1* 1* 1 1* 0 1* 1*
fMRI (R/L) | NA 1/0 0/0 1*/1* NA NI NA
Auditive PET (R/L) 1/1 1/0 0/1 NI 0/0 1/0 0/1
N100 NI 1 1 1 0 1 1
fMRI | 11 11 1*%/0 0/0 0/0 NI 11
(R
P300 NI NI 0 0 0 1 1
fMRI I 11 1/1* 1*/0 0/0 0/0 NI 1/1
(RIL)

Table 2 : Synthesis of results :

NA : not available. PET : O=hypofixation, 1=normal, NI= not inteiqiott. Evoked
potentials : SEP : somatosensory evoked potentials, VEP : visual devoéientials,
1=normal, 1*=altered, O=absent, NI : not interpretable. fMRI cfiomal MRI, fMRI I :
primary auditive area, fMRI Il : secondary auditive area, 1madr O=Absent, 1*= normal

with limitation.
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Green boxes correspond to concordant results, the light red onesdaddint and blue boxes

mean that no comparison was possible because of missing results.
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