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In vivo imaging of structural changes in the brain of patients with encephali-
tis has become an important aid in diagnostic and therapeutic procedures.
Diffusion-weighted magnetic resonance imaging (DWI) was employed to quan-
titate regional and whole-brain diffusion-weighted MRI changes in a hamster
model for acute flavivirus encephalitis. The regional apparent diffusion co-
efficient (ADC) was determined in hyperintense regions seen on T2-weighted
images (i.e., the thalamic area and the temporal lobe), but anatomical vari-
ation and structural heterogeneity of encephalitic lesions severely impeded
the placement of regions of interest (ROI). Therefore, quantitative whole-brain
diffusion-weighted imaging was carried out and revealed a significantly re-
duced ADC (P = .02) in the brain of hamsters with acute encephalitis (n = 7) as
compared to that of healthy, uninfected controls (n = 3). Furthermore, the ADC
histogram demonstrated a reduced peak height and center of gravity during
the acute encephalitis. Our findings could further support the use of diffusion-
weighted imaging for in vivo monitoring of acute flavivirus encephalitis and
for the study of therapeutic approaches. Journal of NeuroVirology (2004) 10,
255-259.
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Worldwide, flaviviruses are a major cause of se-
vere encephalitis in man, and the disease frequently
progresses into coma and death (Campbell et al,
2002). Flaviviruses are mainly transmitted by the
bite of an arthropod vector, especially mosquitoes.
Prominent members of these enveloped, positive
single-stranded RNA viruses belong to the Japanese
encephalitis complex, such as the West Nile virus
(WNV), Japanese encephalitis virus (JEV), Saint Louis
encephalitis virus (SLEV), and Murray Valley en-
cephalitis virus (MVEV) (Billoir et al, 2000; Kuno
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et al, 1998). The dramatic appearance of WNV en-
cephalitis in the New York City Metropolitan area
in late 1999 demonstrated that epidemics are not
only restricted to rural areas of Africa and the Mid-
dle East. During the New York epidemic, 63% of the
patients had clinical signs of encephalitis and 12%
died (Nash et al, 2001). The subsequent appearance
of WNV throughout the eastern states of the USA em-
phasizes quick spread by its natural host, primarily
viremic birds, and its vector, the mosquito. Despite
the clinical impact of flavivirus infections, there is as
yet no effective therapy (Whitley and Gnann, 2002).
Preventive measures include vector avoidance and
mosquito control programs.

Recently, a convenient animal model for the study
of flavivirus encephalitis in small laboratory rodents
employing a flavivirus with low pathogenicity for
man, i.e., the Modoc virus (MODV) (Leyssen et al,
2001), was introduced. The MODV has initially been
isolated from a white-footed deer mouse in Modoc
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county, California, 1958, and seroconversion in rural
inhabitants indicates natural infection without dis-
ease (Johnson, 1967; Zarnke and Yuill, 1985). How-
ever, intranasal as well as intraperitoneal inoculation
of immunocompetent hamsters with MODYV results
in severe encephalitis mimicking the clinical symp-
toms and neuroradiological features as observed in
patients with severe flavivirus encephalitis (Leyssen
et al, 2003).

Magnetic resonance imaging (MRI) has become an
important aid for the in vivo diagnosis of pathological
brain conditions. Recently, cranial MRI has proven
to be a highly sensitive tool for the in vivo monitor-
ing of acute experimental encephalitis, such as that
induced by herpes simplex virus, and the images ob-
tained correlated well with the observed histopathol-
ogy (Meyding-Lamadé et al, 1998; Thomas et al,
2001). In particular diffusion-weighted magnetic res-
onance imaging (DWI), which is anovel imaging tech-
nique based on the random translational movement
of water in biological tissues, provides the opportu-
nity to assess in vivo neuropathological changes at
the molecular level (Cercignani and Horsfield, 2001).
The initial clinical application of DWI has been in the
diagnosis and prognosis of acute brain infarction. Re-
cently, DWI was also shown to be more sensitive for
the detection of changes due to cerebral infections as
compared to conventional MRI (Teixeira et al, 2001).

We conducted this study to assess the usefulness of
this upcoming imaging technique for the study of the
pathogenesis and, whenever available in the future,
the study of options for the treatment of flavivirus en-
cephalitis. We determined whether the neuropatho-
logical changes induced by experimental flavivirus
encephalitis can be differentiated employing DWI.
To this end, the apparent diffusion coefficient (ADC)
was calculated in regions of interest (ROIs) that we
defined on conventional transverse relaxation time
(T2)-weighted images. Unlike experimental brain in-
farction, encephalitic processes vary considerably
intra- and interindividually in localization and ex-
tent. We therefore also determined the quantitative
whole-brain ADCs and calculated pixel histograms
obtained from the diffusion-weighted images.

Eight- to 12-week-old Gold hamsters (Mesocrice-
tus auratus; breeder: Rega Institute, Belgium) were
used throughout the experiments. The hamsters
were maintained under artificial diurnal lighting
conditions with free access to food and water. The
principles of good laboratory animal care were fol-
lowed. All experiments were approved by the ethical
committee on vertebral animal experiments of the
Katholieke Universiteit, Leuven. The detailed proce-
dures on virus propagation, inoculation, and clinical
observations were described recently (Leyssen et al,
2001). Briefly, seven hamsters were inoculated via
the intranasal route with 10* PFU (plaque forming
units) of MODV following a brief anesthesia. Neg-
ative controls (n = 3) received phosphate-buffered

saline (PBS) instead. The animals received daily a
single dose of 16 mg/kg of oxytetracycline by sub-
cutaneous (s.c.) injection to suppress concomitant
bacterial infection in the gut.

At day 13 post inoculation, the animals were
anesthesized by intramuscular injection with a
volume (2 ul/g) of a 1:2:2 mixture of atropine
(0.5 mg/ml, 0.2 mg/kg; Sterop, Brussels, Belgium),
ketamine (50 mg/ml, 40 mg/kg, Ketalar; Parke-Davis,
Zaventem, Belgium), and xylazine (20 mg/ml, 16
mg/kg, XYL-M 2%; VMD, Arendonk, Belgium). The
MRI scans were generated with a 2.35-tesla scan-
ner (Bruker Medizintechnik, Ettlingen, Germany). An
MRI protocol was used consisting of a diffusion-
weighted spin-echo echo-planar imaging (SE-EPI) se-
quence (repetition time = 3 s; echo-time 63 ms;
number of averages = 4; diffusion gradient du-
ration () = 5 ms; diffusion time (A) = 45 ms;
b-values = 200, 300, 400, 500, 600, 700 s/mm?; field
of view = 4 cm x 4 cm; matrix = 128 x 64; number
of slices = 6; slice thickness= 2 mm) and a multi-
spin-echo sequence (repetition time = 3 s; 12 echoes
with echo times of 8, 16, 24, ..., 96 ms; number
of averages = 1; field of view = 4 cm x 4 cm; ma-
trix = 256 x 128; number of slices = 6; slice thick-
ness 2 mm). Image data were transferred to a SUN-
Sparcstation 10 (Sun Microsystems, USA) for further
offline processing.

On the T2-weighted images, hyperintensities were
indicative for acute inflammation, i.e., the thalamic
area and temporal lobe. Subsequently, we calculated
the ADCs in the corresponding regions on diffusion-
weighted images (Figure 1). The ADCs were de-
rived from the diffusion-weighted data set by linear

Figure 1 Coronal diffusion-weighted image of the brain of a ham-
ster with severe, acute MODV encephalitis. Regions of interest
(ROI) used for postprocessing are marked with circles. Thalamic
and temporal lobe ROIs correspond to hyperintensities on T2-
weighted images. The ROI in the parietal lobe was used as internal
reference in terms of normal appearing white matter in absence of
virus copies.



regression of In(S(b)), considering the relationship
S(b) — So*efb*ADC

with Sy the signal intensity without diffusion weight-
ing and S(b) is the signal intensity at a b-value. Fur-
thermore, also the T2 time was calculated from the
multiecho data set by linear regression of In(S(TE)),
considering the relationship

S(TE) = Sp*e™ /1

where S is the signal intensity and TE is the echo
time.

In a second step the brain was manually segmented
on all slices. Entire ADC maps were obtained on a
pixel-by-pixel basis. From these ADC maps, a fre-
quency histogram was created showing the number
of pixels with ADC in certain ranges. The ADC his-
togram was determined in steps of 50 x 107® mm?/s.
For statistical testing, the Student’s t test with P < .05
was considered to be significant.

All of the intranasally infected hamsters that were
used in this study developed observable clinical
symptoms, such as paralysis and tremor, suggestive of
moderate to severe meningoencephalitis. The brain
of these hamsters showed lesions with a specific and
recurrent topographic distribution pattern on the T2-
weighted images and were predominantly located
in morphological areas belonging to the olfactory-
limbic system, such as the olfactory bulbs, tha-
lamic area, temporal lobes, amygdaloid area, and
the hippocampus. All animals survived the MRI
imaging procedure and were euthanized afterwards.
Histopathological examination of the brains in the af-
fected regions revealed fulminant infiltration by in-
flammatory cells and massive tissue destruction.

First, we selected sites with high signal intensity on
T2-weighted images that also showed signs of exten-
sive neuropathology upon histological examination.
The selected areas were located in the temporal lobe
and the thalamic area (Figure 1). As an internal refer-
ence of normal appearing white matter, we examined
the parietal lobe due to the absence of histopatholog-
ical abnormalities and virus copies. There were no
significant differences on statistical tests in the ADCs
when comparing the data from the two hemispheres.
The data for the regional ADC-values are shown in
Table 1. All regions assessed in the animals with
acute MODV encephalitis showed reduced ADCs as
compared to healthy, uninfected controls. However,
for none of the selected regions a statistically signifi-
cant ADC reduction was observed (P > .05).

In a second step, we calculated the mean ADC us-
ing data derived from whole-brain measurements.
The mean whole-brain ADC in animals with acute
MODV encephalitis was calculated to be (693.1 £
90.0) x 10~% mm?/s, which is significantly lower as
compared to those observed in healthy, uninfected
controls, i.e., with (775.5 &+ 35.5) x 107 mm?/s (P =
.02). We constructed an ADC/pixel histogram derived
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Table 1 Regional DWIin healthy, uninfected controls (n = 3) and
in hamsters with acute MODV encephalitis (n = 7)

Parietal cortex Temporal lobe Thalamic area

Healthy controls 659.1 +22.5 631.1 +13.1 674.5 £ 26.8
Acute encephalitis 611.4 +£67.2 610.7 +£98.3 672.9+119.6
t test P=.14 P = .37 P = .49

Mean ADC values =+ standard deviation (SD) in regions of interest
are given. Values are shown as x107® mm?/s.

from the whole-brain images of both groups (Figure
2). Here, animals with acute MODV encephalitis pre-
sented a decreased peak height as well as a shift of
the curve to lower ADC values. The center of gravity
of the curve was shifted from 662.61 x 10 mm?/s in
healthy, uninfected controls to 628.74 x 10~ mm?/s
for hamsters with acute encephalitis (Table 2).

In the present study, we investigated the useful-
ness of DWI for the study of neuronal tissue abnor-
malities in an experimental in vivo model for acute
flavivirus encephalitis. To our knowledge, this study
represents the first in which regional ADC levels and
whole-brain quantitative ADC maps are used for this
purpose.

The general clinical hallmark of acute viral en-
cephalitis is a triad of fever, headache, and altered
consciousness. Other symptoms can be behavioral
and speech disturbances, focal and diffuse neurolog-
ical signs, such as hemiparesis or seizures (Whitley
and Gnann, 2002). Therapy of viral encephalitis,
with exception of herpesvirus-induced encephalitis,
is mainly limited to intensive supportive care.
Therefore, the development of improved monitoring
tools, as well as novel therapies are essential. DWI
is a promising technique to study abnormalities
at the cellular and subcellular level in living sub-
jects, because its principle is based on the random
translational motion (diffusion) of water molecules

ADC-histogram
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Figure 2 ADC histogram derived from the whole-brain diffusion-
weighted MR images (DWI) in case of healthy, uninfected controls
(n = 3) and hamsters with acute MODV encephalitis (n = 7). A
two-tailed, gaussian distribution is observed in both groups with a
decreased maximum and an apparent shift to the left of the curve
derived for hamsters with acute MODV encephalitis as compared
to that of the healthy, uninfected controls.
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Table 2 Quantitative whole-brain DWI in healthy, uninfected
controls (n = 3) and in hamsters with acute MODV encephalitis
m=7)

Peak Mean Center
height ADC of gravity
Healthy controls 163.17 +40.97 775.5+35.5 662.61
Acute encephalitis  126.14 + 20.28  693.1 &+ 90.0 628.74
t test P =.02

Peak height + SD, mean ADC =+ SD, and center of gravity of the
ADC histogram (see also Figure 2) are given. Values are shown as
x107% mm?/s.

in tissues. Quantitation is possible by applying
different magnetic field gradients of diffusion sensa-
tion, allowing the calculation of the ADC (Le Bihan,
1991). DWI has proven to be a highly sensitive tool
for the diagnosis of structural damage in central
nervous system disorders. The ability to obtain early
and highly specific information has made DWI an
important tool in clinical assessment of hyperacute
cerebral ischemia (Schellinger et al, 2001). Advanced
knowledge of infarct pathogenesis following exam-
ination with DWT allows us to assess the outcome
of therapy, such as fibrinolysis, in treated patients
(Lovblad et al, 1997; Rother et al, 2002). So far,
little is known about the usefulness of DWI in the
diagnosis and prognosis of acute viral encephalitis.
However, hands-on diagnosis and early initiation
of adequate therapy is vital to improve the outcome
of the disease. Most viruses have predilection sites,
but evolution of the lesions and correlation with
symptoms differ widely (Whitley and Gnann, 2002).
Furthermore, as has been observed for WNV, some
viruses may have a fatal outcome, although, as shown
by the autopsy of New York epidemic cases, only
minimal cerebral inflammation was present (Shieh
et al, 2000). Quantitative whole-brain measurement
of the changes induced by the disease could provide
an approach towards better in vivo monitoring of the
course of acute encephalitis in patients.

Our results indicate that distinct water diffusion
changes occur in acute encephalitis and reflect the
ongoing pathophysiology. As in our study, decreased
ADC values were reported in diseased brain regions
of patients with viral encephalitis (i.e., induced by
herpes simplex virus) (Sener, 2001, 2002). Although a
reduced ADC was observed in diseased brain regions,
anatomical variation and the structural heterogeneity
of encephalitic lesions severely impeded the place-
ment of ROI. Despite lower ADC values in diseased
areas such as the thalamic region and the temporal
lobe, the water diffusion changes were not signifi-
cant. Even within the internal reference, the parietal
lobe, where no viruses were detected on histopatho-
logical examination, lower and highly variable values
were noticed. This observation may reflect secondary,
virus-independent mechanisms leading to tissue ab-
normalities but also difficulties in defining the area
of interest. Therefore, to assess the overall burden of

cerebral lesions, we pursued a more global approach
by calculating whole-brain ADCs, and comparing
ADC histograms by shape and center of gravity. The
ADC histograms of healthy control animals were
characterized by a gaussian distribution, with most
of the ADC values measured in the cerebral volume
concentrated within a small range (Figure 2). Also in
case of animals with acute MODV encephalitis, ADC
histograms were characterized by a gaussian distri-
bution; however, (i) the peak height was significantly
reduced (from 163.17 + 40.97 to 126.14 + 20.28 pix-
els), (ii) the mean quantitative whole-brain ADC was
significantly (P < .02) reduced, and (iii) and the cen-
ter of gravity was shifted significantly to lower val-
ues (from 662.61 to 628.74 x 10~ mm?/s). Taken
together, the changes put forward by these data in-
dicate that in the brain of animals with acute en-
cephalitis, diffusion is markedly reduced in most
of the pixels measured. The underlying pathologi-
cal mechanisms that yield reduced ADCs in DWI
are still under discussion. In case of acute viral en-
cephalitis, as is presented in this study, cytotoxic
edema may explain the observed changes. The drop
of ADCs could be governed by the proinflammatory
interleukin-1b, which was proven to be neurotoxic
(Blamire et al, 2000). In inflammatory lesions, toxic
inflammatory changes (induced/caused by cytokines,
oxidative products, proteolytic enzymes) may induce
mitochondrial dysfunction and lead to metabolic fail-
ure, thus causing a reduction of the ADC (Heales et al,
1999). In experimental models of epilepsy, metabolic
changes leading to (i) an influx of water into cells,
(ii) an excitatory over-activation, and (iii) increased
glucose utilization stimulating anaerobic glycoly-
sis are suggested to cause a reduction of the ADC
(Blennow et al, 1985; Hoshi and Tamura, 1992).

The results reported in this study provide new in-
sights in the in vivo pathophysiology of viral en-
cephalitis, in particular that caused by flaviviruses.
As demonstrated by Teixeira et al (2001), the appli-
cation of DWI for the diagnosis and study of herpes
simplex virus encephalitis provided a technique that
allows earlier and more sensitive detection of lesions,
as well as a better understanding of the nature of
the lesions than is possible based on T2-weighted
images alone. For this reason, longitudinal studies
with DWI combining regional and whole brain quan-
titative DWI could provide further information. Fur-
thermore, microstructural alterations can progress
after encephalitis despite clinical recovery, as seen
in herpes encephalitis (Meyding-Lamadé et al, 1999;
Mitsufuji and Ikuta, 2002). This should also be taken
in account for monitoring acute encephalitis at later
stages of disease and for the distinction of possible
relapses.

In conclusion, the present study demonstrates that
acute experimental flavivirus (MODV) encephalitis
is associated with water diffusion changes in the
brain as detected by DWI, an advanced technique
that allows in vivo monitoring of the disease and in



particular to examine the nature of the brain lesions.
Currently, there still does not exist an effective strat-
egy for the treatment of flavivirus-induced encephali-
tis, either by inhibiting viral replication in the brain
or by relieving severe clinical symptoms (Campbell
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