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Summary

Background: | Traumatic brain injury (TBI) is usually assessed with the Glasgow Coma Scale (GCS), CT and
EEG. TBI can result from either the primary mechanical impact or secondary (ischemic) brain
damage, in which calcium (Ca) plays a pivotal role. This study was undertaken to compare the
applicability of SPECT using ’Co as a Ca-tracer in patients with mild traumatic brain injury.

Material/Methods: | 8 patients with mild TBI (GCS 15) were clinically examined and studied with EEG, neuropsy-
chological testing (NPT) and SPECT within 2 days post-TBI. After iv-administration of 37
MBq (1 mCi) *Co (effective radiation dose 0.34 mSv-MBq™'; 1.24 rem'mCi'; physical half-life
270 days, biological half-life 37.6 h), single-headed SPECT (12 h pi) was performed, consecu-
tively followed by standard 925 MBq (25 mCi) Tc-99m HMPAO SPECT.
Results: In 6 of the 8 patients, baseline NPT and SPECT showed focal abnormalities in the affected
frontal and temporal brain regions, which were in good topographical accordance. CT and
EEG did not detect (structural) lesions in any of these cases.

Conclusions: Single-headed "Co-SPECT is able to show the site and extent of brain damage in patients
with mild TBI, even in the absence of structural lesions. It may confirm and localize NPT
findings. The predictive value of *’Co-SPECT should be assessed in larger patient series.
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BACKGROUND

Minor TBI is usually classified according to symptoms
and cause, while the contribution of brain imaging tech-
niques is limited. Some studies [1,2], though not all [3],
show that positron emission tomography (PET) and sin-
gle-photon emission computed tomography (SPECT)
may confirm apparent cortical dysfunction as assessed
with neuropsychological testing (NPT). Structural imag-
ing techniques such as computed tomography (CT) and
magnetic resonance imaging (MRI) usually do not show
lesions in mild TBI [4, detailed literature in 5].

Generally, in evaluating the TBI patient, scores on the
Glasgow Coma Scale (GCS) [6], and duration of Loss of
Consciousness (LOC) and estimates of severity of injury
based on Post Traumatic Amnesia (PTA) [7] are useful
measures of neuronal injury, and hence outcome.

Mild TBI is usually diagnosed on the basis of loss of con-
sciousness for less than 20-30 minutes, PTA not exceeding
24 hours, a GCS score of 13-15, and no hospitalisation or
a brief stay not exceeding 48 hours [8,9]. However, an
average mild TBI patient is described as having a brief or
no LOC, a GCS of 15 in the emergency room, and PTA of
less than one hour [10], or even less than 5 minutes.
Hence neither the duration of PTA nor the GCS are use-
ful measures of neuronal injury in mild TBI.

The acute condition in mild TBI is consistently described
as a triad of neuropsychological dysfunctions: attention
deficits, impaired verbal retrieval, and emotional distress
[8]. A majority of patients recover in the following days
without further complaints [11]. A subgroup of patients,
however, continue to experience disabling symptoms
beyond this period, interfering with return to work or
resumption of social activities [12]. The failure to predict
outcome in this mildly injured group of patients may be
related to the lack of a consistent (positive) definition of
mild TBI, the varying relative contribution of individual
psychological coping strategies after sustaining TBI, and
the complex nature of minor TBI.

The application of nuclear neuro-imaging modalities,
including positron emission tomography (PET) or single-
photon emission computed tomography (SPECT), may
increase the accuracy of predicting outcome in this catego-
ry of patients. Considering the logistical problems posed
by nuclear imaging of TBI patients (in the acute phase),
SPECT may be more useful in clinical routine than PET,
due to the physical half-life of the tracer and camera avail-
ability [13-15]. Early and delayed SPECT brain perfusion
imaging (flow SPECT) is a rapidly evolving diagnostic
technique in TBI [16,17]. However, an intrinsic problem
with radiopharmaceuticals for flow-SPECT is the require-
ment of intact neuronal cell metabolism for tracer fixation,
preventing back diffusion and subsequent washout
[18,19]. The very nature of minor TBI, however, invol-
ving subtle neural cell damage, may decrease or even in-
crease such perfusion tracer fixation, resulting in artefacts.

A different approach involves the use of cobalt (Co)
radionuclides as a Ca-analogue to monitor the Ca-medi-

ated damage in minor TBI. We previously studied five
patients with moderate TBI using cobalt-55 (**Co), PET
(Co-PET), non-enhanced CT, MRI, EEG and NPT [20],
showing that Co-PET is potentially useful for diagnostic
localization of both structural and functional abnormali-
ties in moderate traumatic brain injury. The following pilot
study, intended for proof of concept, describes a small
series of 8 mild TBI patients studied with cobalt-57 (*’Co)
SPECT, non-enhanced CT, EEG and NPT. The testing
of the clinical applicability of Co in a larger TBI patient
series may require low-threshold, easily accessible SPECT
facilities, available in almost any hospital. Since the chem-
ical and pharmacological properties of both radioisotopes
(**Co and ¥"Co) are essentially the same [21], the utiliza-
tion of ’Co-SPECT instead of Co-PET appears to be jus-
tified. Moreover, *’Co (unlike **Co) is commercially avail-
able as a radiopharmaceutical (Nycomed-Amersham,
UK) with a physical half-life of 270 days, which allows
transport, stocking, and permanent availability. Although
%Co-SPECT is not a routine method for the assessment
of minor TBI, its potential value in the understanding of
this brain disorder may justify the introduction of this
method into research in the field.

MATERIAL AND METHODS

This study was conducted in patients with mild TBI who
were consecutively admitted for overnight observation to
the Department of Neurology at the St Luke Hospital in
Brugge, Belgium, within 1-2 hours after a road traffic
accident, a fall, or a sports injury. The study was approved
by the ethics committee of the St Luke Hospital. All
patients gave their written informed consent prior to
inclusion in the study. The inclusion criteria included age
18 years or older and the mental capability to adhere to
the protocol. The exclusion criteria were potential preg-
nancy, a history of previous cranial trauma, epilepsy or
other neurological disorders, as well as mental retarda-
tion, psychiatric diseases or chronic drug or alcohol abuse.

Eight patients, seven men and one woman, aged 18 to
60 years (mean 40 years) were enrolled. Baseline infor-
mation collected at the time of admission (taken from
either the patients or their relatives) included past med-
ical history, premorbid intellectual functioning, and
cause of the injury. All patients had a neurological
examination. The influence of alcohol was assessed by
clinical judgement and alcohol dosage in blood.

All patients had brain CT and EEG on the day of admis-
sion, Cobalt- and flow-SPECT within 24 hours, and
NPT within 2 days post-TBI. Plain CT was performed
with a GE ProSpeed SX camera. Contiguous 10 mm-
thick slices were made parallel to the orbito-meatal line.
The total CT time did not exceed 10 minutes (Figure 1).
Awake 21-channel EEGs were performed according to
the International Ten-Twenty system for 30 minutes.
Hyperventilation for two minutes was used as a chal-
lenge. An experienced neurophysiologist read all EEGs,
and special attention was given to focal abnormalities.

%Co-SPECT of the brain was performed 24 hours after
the intravenous administration of 37 MBq (1 mCi)
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Figure 1. Transversal non-adjacent non-enhanced CT planes (A,B) in
the same brain region of patient C (mentioned in figure 1
demonstrating absence of haemorrhage, oedema or fracture
and otherwise normal findings. The CT scan was performed
within 24 hours post TBI.

%CoCI? (Nycomed-Amersham, UK), and flow-SPECT of
the brain was performed 15 minutes after intravenous
administration of 925 MBq (25 mCi) of Tc-99m HMPAO
(Nycomed-Amersham, UK), using a single-headed rotat-
ing gamma camera (Toshiba GCA-90B) equipped with a
low-energy high-resolution parallel hole collimator.
Although a single-headed camera was used in this pilot
study for logistical and technical reasons involving the
double-tracer (*’Co/**Tc) assessment, this was deemed
sufficient for the purposes of a proof of concept study.
Also, it was the purpose of this study, among other
things, to show the proof of concept with Nuclear Medi-
cine tools which belong to the minimum standard at any
location. As an example, please see Figure 2.

The patient was lying supine with eyes open in a quiet,
dimly lit room. Data were acquired in a 64x64 matrix size
with 60 projections (step-angle 6°) at 20 seconds (flow-
SPECT) or 40 seconds (*"Co-SPECT) per projection. The
radius of rotation did not exceed 22 cm and was as close
to the head as possible. No attenuation or scatter correc-
tion was applied. The projection data were reconstructed
using filtered back projection with a Butterworth filter
(order 8; cut-off frequency 0.24 cyc.cm™). The final data
were oriented in axial, coronal and transversal planes,
and were displayed on 2 pixels (5.3 mm pixel size) on a
10 graded colour scale adjusted for 100% maximum
uptake in the cerebellum. The *Co-SPECT was consecu-
tively followed by the flow-SPECT, and the total SPECT
acquisition time did not exceed 60 minutes.

Image analysis (*’Co- and cerebral blood flow-SPECT)
was performed blind to clinical or radiological informa-
tion. On flow-SPECT, any region in the cerebral cortex
and basal ganglia of less than 70% of the maximum
cerebellar uptake or 50% in the medial temporal lobe
was considered abnormal. On *Co-SPECT, the contri-
bution of Co-accumulation in the skull, cerebrospinal
fluid, meningeal veins and (transversal and sagittal)
sinuses surrounding the brain was discarded, after out-
lining the circumference of the brain using the flow-
SPECT as a ‘brain mask’. This flow-mediated brain out-
line was used to assess the site and size of any Co-accu-
mulation. Activity on *’Co-SPECT in the midline area
(ascending vessels) or in the choroid plexus was rejected
as non-lesion.

Figure 2. Transversal projections of flow-SPECT (A) and Co-SPECT
(B) of 21-year-old patient C, performed within 24 hours after
a mild TBI, disclosing evident focal hypoperfusion (A) and
Co accumulation (B) in the left fronto-temporal region
(‘coup’) at the site of the mechanical impact and normal per-
fusion (A) and extensive Co accumulation contra-laterally (B)
in the right parieto-occipital region (‘contrecoup’).

Neuropsychological testing (NPT) was performed with-
in 2 days post TBI. Raw NPT results were collected and
age-, gender-, educational level-, or occupational level -
corrected scores were calculated where appropriate. In
order to make inter-individual comparisons, the dis-
parate test scores were converted to a scale with identi-
cal units derived from a normal probability curve based
on standard deviation units (SD) [22]. Assessment of the
site of lesion with neuropsychological testing was based
on the rationale that a number of test score deviations
can form a pattern consistent with neuro-anatomically
probable behavior patterns [23]. In order to refer to a
neuro-anatomical localization, at least three different
measures forming a pattern had to be significantly
abnormal, meaning that they had to differ more than
two standard deviations from the mean in an appropri-
ate control group. Scores between 2 to 3 SD below the
mean were considered abnormal, and scores 3 or more
SD below the mean were considered abnormal at a high
level of confidence [22].

RESuLTS

Clinical and biographical data, flow- and %Co-SPECT
data and NPT results are summarized in Table 1.

Neurological examination was normal in all patients,
and the GCS score was 15 in all patients. Information
obtained from patients and witnesses revealed no evi-
dence of a PTA-period exceeding five minutes. No
patient or witness of the accident reported LOC. Non-
enhanced CT and EEG did not show structural lesions
in any of these cases. Overall, all subjects made ade-
quate efforts to perform their NPT examination as cor-
rectly and quickly (where appropriate) as possible.

We found Co deposition in 5 out of 7 patients. In 4 of
these 5 patients, at least partly corresponding neuropsy-
chological deficits were found. We found no *’Co depo-
sition in 2 patients, in whom no neuropsychological
deficits could be demonstrated, either. These results are
summarized in Table 2.
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Table 1. Clinical and biographical data, flow- and Co-SPECT data and neuropsychological test results.

Subjects
A B C D E F G H
Gender M M M M M F M M
Age (years) 33 59 21 27 60 57 16 55
Nature of accident Traffic Traffic Traffic Sport Fall Traffic Traffic Traffic
Site of impact L front L front - R front - - Occipit -
Flow SPECT localization Na Na R front R front Bi front Bi front Na Na
Cobalt SPECT localisation R par L front L front R front Bi front Np Na Na
occ R par R par
occ occ
Neuropsychological Tests
D2 Brickenkamp ltems’ 267 (2 Np 323 (1) 314 (1) Np Np 365 (1) 380 (1)
WAIS-R Digit Symbol Items % (1) 26 (2 52 (1) 30 (2 Np 4 (1) 5% 1) 73 ()
WMS Digit Span Forward 5 (2 5 (2 9 (1 4 (3 8 (1) 4 (4 5 (2 10 )
Backword 4 (2 4 (2 6 (1) 4 (2 5 (1) 5 (2 6 (1) 9
Trail Making Test Part A 48 (20 8 (3 49 (2 29 () 65 (1) 50 (1 33 (1) 4 )
Part B 143 (3) 193 (3) 67 (1) 75 (1) 300 4) 196 (2 65 (2 63 (1)
SCWT Cart 14 93 (4 76 (3 73 (3) 65 (2 81 (3 78 4 68 (2 53 (1
Cart lIPP 342 (4 278 (4 92 (2 88 (1) 158 (3) 132 (4 91 2 & (1
COWAT N, A K 27 (1) 3 (1) 27 (2 30 () 25 (1) 14 3) 29 (1) 47 (1)
Categ® 3 (1) 3 (1) 40 (H 32 (N 3 H 25 1 34 1) 4 )
AVLT Trial 1 5 (2 3 4 8 (1) 7 (1) 3 (1) 4 (3 7 5 (2
Trial 1-5 39 (3 35 4 5 (2 47 (4 30 (3 4 (@ 48 (1) 48 (1
CFT Copy 31 1) 2 4 3N B} 3B (1 26 (1) 30 @4 33 1) 3B M
Recall 13 (1) 9 @ 18 (1) 271 (1) 12 (1) 14 (1) 26 (1) 27 (1)
MRMT Mistakes 1 (1) 13 (3 0 1) 3 (1) Np 10 (3) 4 (1) 0 (1)

Na — no abnormality; Np — not performed; dash — no data available; r - right; | - left;

WAIS — Wechsler Adult Intelligence Scale; WMS — Wechsler Memory Scale; SCWT — Stroop Coloured Word Test; AVLT — Auditory Verbal Learning Test;
CFT — Complex Figure Test; MRMT — Money Road Map Test;

" Number of items is Seen items minus faults; 2TMT Part A — numbers card; *TMT Part B — numbers and letters card;

“Stroop Card Il - Colour Card; ° Stroop Card Il — Coloured Word Card; ® COWAT category — animals and occupations;

The codes between brackets must be interpreted as follows: (1) means within 1 standard deviation (SD) from the mean in an appropriate normal population;
(2) means within 2 SD; (3) means between 2 and 3 SD; (4) means more than 3 SD

Table 2. Description of site of impact, results of Flow SPECT and Co-SPECT, and neuropsychological test results.

Subject Site of impact Flow Cobalt NPT o NP e
A Left frontal Na Right Left frontal - - -
parigto-occipital
B Left frontal Na Left frontal Left frontal Partly - -
Right
parieto-occipital
C - Left frontal Left frontal Frontal Partly Partly Partly
Right (Par-occipit)
parieto-occipital
D Right frontal Right frontal Right frontal Frontal + Partly +
E - Bi-frontal Bi-frontal Left frontal + Partly +
F - Bi-frontal (L>R) Np Left frontal XXX + XXX
(Par-occipit)
G Occipital Na Na Na + + +
H - Na Na Na + + +

Na — no abnormality; np — not performed; dash — no data available

DiscussIoN severity of brain injury [25-27]. Unquestionably, the

best tracer for Ca would be Ca. However, due to their
Calcium is an important mediator in the pathophysiolo- radiation characteristics, no Ca isotopes are suitable for
gy of mild TBI [19,24], and visualization of Ca flux has in vivo imaging [21]. There is a wide variety of in vitro
been suggested to be an indicator of the amount and evidence that Co deposition actually reflects Ca accumu-
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lation, and hence may point to regional brain damage

[28].

The exact mechanism of Co deposition still needs to be
elucidated. The extra-vascular contribution to Co depo-
sition in vivo is relatively slow, essentially unidirectional
(without back diffusion or washout) and consists of gat-
ing through voltage-dependent or receptor-operated Ca
channels, accumulation of protein (albumin)-bound Co
via the disrupted blood-brain barrier (BBB), and infil-
tration of Co-labelled leukocytes [28]. The intra-vascular
contribution to Co deposition may also be considerable
(hemorrhage; luxury perfusion) [28]. Both types of con-
tribution are time-dependent, and different uptake
mechanisms may intermingle in the course of time.

As expected from clinical investigation, CT did not
detect any abnormalities in our patients. CT has proven
its clinical value, especially in the detection of subdural
or epidural hematoma, subarachnoidal hemorrhage
and cerebral swelling due to edema. Not all TBI
patients should undergo CT, however, because of radia-
tion exposure and financial costs [29]. Key indications
for CT are impaired consciousness, skull fracture, and
the presence of certain focal neurological signs.

Flow-SPECT has clinical value in TBI, especially as a
negative predictor, i.e. a normal acute flow-SPECT 1is
correlated with a clinical outcome without neurological
or neuropsychological sequelae [15,16,30,31]. This is
fully consistent with the presumed cellular retention
mechanism of both perfusion tracers. In our study,
%Co-SPECT revealed lesions in TBI which only partial-
ly correlate with findings on flow-SPECT (see Table 2).
This emphasizes both the high sensitivity of Co accumu-
lation in focal brain damage and the advantage of hot
spot-detection (Co) over cold spot-detection (flow). The
detection of small high-content ‘hot’ Co lesions is less
susceptible than the detection of ‘cold’ flow lesions to
differences in the observer’s detection threshold, such as
a non-linear scale display, non-uniform pixel-intensity
profile, and the shape and width of the lesion.

The actual nature of the impact during TBI partly
determines site and size of the brain damage and,
hence, the expected NPT deficits (the choice of the NPT
battery was based on previous reported test results in
mild TBI [23]). To begin with, damage to the brain can
appear as the result of the actual blow, called coup, or as
the result of contusion in an area opposite to the blow,
called contrecoup [32]. Most of these lesions are the result
of the force of impact in static injuries, in which a rela-
tively still victim receives a blow to the head. The impor-
tance of contrecoup lesions, even in less injured subjects,
cannot be underestimated, since it has been shown that
at least half of the victims experience focal injuries at
the contrecoup site [8,10]. Coup and contrecoup lesions
account for specific and localizable behavioral changes
accompanying closed-head TBI [23]. Considering the
nature of the accident, the data from imaging and NPT
pointed at defects in the frontal region in our subjects
A-E; it can be expected that these were coup localiza-
tions. In cases B-E these sites showed evident Co accu-

mulation. In subjects B and C possible contrecoup Co-
uptake (right parieto-occipital region) accompanied coup
Co-activity (Figure 2). Interestingly, flow SPECT never
indicated a lesion at the countercoup site. NPT demon-
strated abnormalities in the contrecoup region in subject
C, but not B. In subject A there was no evidence for Co-
activity in the predicted coup localization, but there was
clear Co-uptake at the contrecoup site.

Secondly, clearly distinguishable focal deficits are much
less likely to be seen when there is momentum during the
impact, as occurs in moving vehicle accidents. In such
cases damage tends to be widespread, without clear evi-
dence of lateralization, regardless of the site of impact. No
such TBI pattern was found in the patients in this study.

Thirdly, shear effects, in the form of microscopic lesions
resulting in damage to axons (diffuse axonal injury)

probably cannot be demonstrated by the Co-technique.

CONCLUSIONS

The results of this study suggest a role for °’Co as a trac-
er for mild traumatic brain injury. We found a good
association between *’Co deposit and neuropsychologi-
cal functioning deficits in a time frame shortly after the
injury. *Co appeared to be especially valuable in show-
ing contrecoup lesions, which is of considerable clinical
importance. The clinical significance impact of 5’Co-
SPECT thus may lie in estimating the organic aspect of
the impact of brain injury in patients. This is a matter of
some importance, since both organic and environmental
factors can be responsible for the neuropsychiatric
sequelae after mild TBI. The relative impact of these
separate factors is difficult to determine. Patients with
persistent symptoms have long been regarded as malin-
gerers, with vague complaints and minor NPT distur-
bances, resulting in considerable strain for both these
patients and their caregivers.
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Scientific literature database,
including abstracts, full text,
and journal ranking.
Instructions for authors
available from selected journals.

IC Conferences

Effective search tool for
worldwide medical conferences
and local meetings.
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Effective search tool for
collaborators worldwide.
Provides easy global
networking for scientists.
C.V.'s and dossiers on selected
scientists available. Increase
your professional visibility.

Provides information on patent
registration process, patent offices
and other legal issues. Provides
links to companies that may want
to license or purchase a patent.

IC Crant Awareness

Need grant assistance?
Step-by-step information on
how to apply for a grant. Provides
a list of grant institutions and
their requirements.

PATENTS

CLINICAL TRIALS

STRATECIC & FINANCIAL DECISIONS

IC Virtual Research Groups [VRG]

Web-based complete research
environment which enables researchers
to work on one project from distant

locations. VRG provides:

@ customizable and individually
self-tailored electronic research
protocols and data capture tools,

(@ statistical analysis and report
creation tools,

@ profiled information on literature,
publications, grants and patents
related to the research project,

@ administration tools.

IC Lab & Clinical Trial Register

Provides list of on-going laboratory
or clinical trials, including

research summaries and calls for
co-investigators.



