
Abstract. Aim: To assess the acute effect of 1,2-
dichloroethane (1,2-DCE) on rat brain using diffusion
magnetic resonance imaging (dMRI). Materials and
Methods: We performed dMRI on 30 male Sprague-Dawley
rats, microstructural alterations were investigated by
calculating the mean fractional anisotropy (FA) and
apparent diffusion coefficient (ADC) changes in eight
selected brain regions of interest. For the whole brain,
clusters of 20+ voxels that differed significantly in FA and
ADC between groups were marked. Hematoxylin-eosin
staining was performed to confirm pathological changes.
Results: Brain images showed lesions with brain edema in
the white matter in both hemispheres in all groups exposed
to 1,2-DCE. Diffusivity values were significantly different
after 1,2-DCE inhalation (p<0.05). Conclusion: Primarily
cytotoxic edema occurred in acute 1,2-DCE-induced brain
edema in rats. dMRI could be used for the early non-
invasive detection of acute 1,2-DCE-induced toxic
encephalopathy.

1,2-Dichloroethane (1,2-DCE) is a toxic chemical widely
used in the production of vinyl chloride. In a 1982 National
Occupational Exposure Survey conducted by the United
States National Institute for Occupational Safety and Health,
28% of employees working with adhesives and solvents were
found to be exposed to 1,2-DCE (1). 

Toxic encephalopathy with intracranial hypertension and
cerebral edema is a characteristic feature of acute and
subacute 1,2-DCE intoxication (2-5). Once toxic
encephalopathy is suspected, expedited non-invasive
diagnosis could ensure effective treatment.

Diffusion magnetic resonance imaging (dMRI) allows for
the early non-invasive characterization of biological tissues
based on their water diffusion characteristics (6). Measuring
changes in diffusivity as determined by dMRI is a promising
method for characterizing microstructural changes or
differences in neuropathology, including edema (7). 

In disease studies, a decrease in fractional anisotropy (FA)
value is often interpreted as a loss of microstructural
integrity. The apparent diffusion coefficient (ADC) is a
measure of the rate of water diffusion. Measurements of the
mean ADC value have been used to detect edema (8). A
decreased mean ADC value can result from restricted
diffusion by intracellular water accumulation (e.g. cytotoxic
edema). In contrast, an increased mean ADC value may
result from free diffusion by increased extracellular space
(e.g. vasogenic edema) (9).

A detailed dMRI study on the effect of 1,2-DCE on rat
brain would greatly increase the understanding of the
possible negative effects of 1,2-DCE exposure and provide
significant information on the use of dMRI for the early
noninvasive detection of 1,2-DCE-induced toxic
encephalopathy.

Materials and Methods
Animal model. Experiments involving animals adhered to the
Guiding Principles in the Care and Use of Animals approved by the
Council of the American Physiological Society (10). All
experimental protocols were approved by the Animal Ethics
Committee of Central South University, Changsha, China
(SYXK2011-0001). The animals were treated humanely at all times,
and all possible steps were taken to avoid animal suffering at each
stage of the experiment. 
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Thirty male Sprague-Dawley rats (190-230 g) were randomly
assigned to five groups (six rats per group) exposed to different
amounts of 1,2-DCE in a HOPE-MED8050 automatic dynamic
inhalation chamber (Tianjin Hope Industry&Trade Co.Ltd, China)
(11). Group 1 was exposed to 4 g/m3 for 1.5 h, group 2 to 4 g/m3 for
4 h, group 3 to 12 g/m3 for 1.5 h, and group 4 to 12 g/m3 for 4 h. The
control group was placed in a chamber for 4 hours but not exposed
to 1,2-DCE. 

The 1,2-DCE solution (high performance liquid chromatography-
grade; Bellancom Chemistry Co.Ltd, Beijing, China) was weighed
according to the administered concentration. A feedback system
measuring 1,2-DCE concentrations in air samples taken constantly
from the chamber adjusted the air valve and pump in order to
maintain the desired ratio of 1,2-DCE to air. The actual exposure
was: 3.95±0.33 g/m3, 3.97±0.25 g/m3, 11.25±0.33 g/m3 and
11.75±0.20 g/m3 1,2-DCE in groups 1-4 respectively. The chamber
was also controlled for oxygen content, air pressure, humidity and
temperature, which was maintained at 22±2˚C. 

We recorded the animals’ behavior when they were exposed to
1,2-DCE, and we performed MRI and dMRI on the third day after
the rats were taken out of the exposure chamber. 

Imaging protocol. Scans were acquired on a Bruker Biospec 7.0T
MRI scanner using a whole-body gradient coil with a maximum
gradient strength of 440 mT/m. Animals were anesthetized with 3%
chloral hydrate (0.8 ml/kg, injected intraperitoneally) and anchored
with ear bars in a prone position on the scanning bed. Scans were
acquired using a custom-built rat head coil with the following
protocols: i) Rapid acquisition with relaxation enhancement-
inversion recovery sequence (RARE-IR-T1): Axial slices with field
of view (FOV) of 3.5×3.5 cm, matrix size of 128×128 and a
thickness of 1 mm without gap were acquired covering the whole
brain. The flip angle was 180˚. Timing parameters were repetition
time (TR)=3000 ms, echo time (TE)=10 ms and inversion time
(TI)=900 ms. The total acquisition time of the T1-weighted scan
was 19m12s. ii) Turbo-RARE T2-weighted scan: The geometry and
placement of slices were as for the T1-weighted scan described in
(i). The timing parameters were TR=2500 ms, TE=33 ms and a total
acquisition time of 1 min 20 s. iii) dMRI with echo-planar imaging
(EPI) readout: The geometry and placement of slices were is for the
T1-weighted scan described in (i). The timing parameters were
TR=5500 ms, TE=26 ms, diffusion time Δ=14 ms, diffusion pulse
duration δ=3 ms, b-value b=1, 800 s/mm2. The diffusion gradients
were applied in 30 non-colinear directions.

Data analysis. We used the statistical parametric mapping (SPM)–
compatible diffusion tensor imaging (DTI) toolbox that incorporates
intensive multi-contrast image registration to prospectively
determine FA alterations.

The diffusion-weighted images were linearly registered to the
volume taken without diffusion weighting using DTIStudio (12) to
compensate for motion. DTIStudio was then used to calculate FA
and ADC values. All the normalized FA and ADC images were
resliced to 1.0×1.0×1.5 mm3 voxels (after zooming). The resliced
images were smoothed with a Gaussian kernel of 2.0×2.0×4.0 mm3
voxels (after zooming). 

Eight regions of interest (ROIs) were selected from the atlas in
Paxinos and Watson space (13): the internal capsule, midbrain-
periaqueductal gray matter (GM), hypothalamus, cerebellum-
cerebellar nucleus, cingulate gyrus, hippocampus, sensory cortex

and motor cortex. The mean FA and ADC of each ROI were
extracted from the smoothed individual images. Results are
presented as the mean±standard deviation (SD), and analysis was
performed with Stata 20 (StataCorp, College Station, TX, USA).
The results were evaluated by analysis of variance (ANOVA). A
level of p<0.05 was considered significant.

For the whole brain, clusters of 20+ voxels that significant differed
in FA and ADC (p<0.005) between groups were marked. Statistical
analysis was performed with SPM8 (Wellcome Department of
Cognitive Neurology, London, UK) and the toolbox spmratIHEP (13).
The data were first spatially normalized to allow voxel-wise
comparison between animals. Two-sample t-tests were performed
between groups. The critical t-value was 3.169 [t (10)=3.169,
p=0.005].

For fiber tractography, three ROIs were selected from the original
FA images of each rat. The ROIs covered the cerebellum-cerebellar
nucleus, the internal capsule and the midbrain-periaqueductal GM.
Fibers were tracked using MedINRIA (14) and all tracts running
through these ROIs of each individual were used for statistical
evaluation. Stata 20 was used to calculate the mean number of fibers
and the SD of each group. Group comparison was again performed
using two-sample t-test between the groups.

After MRI scanning, the rats were sacrificed under deep
anesthetization (3% chloral hydrate, 1.2 ml/kg, injected intraperito-
neally) and brain tissue was collected. Tissue blocks that
corresponded to selected layers from ROIs in MRI were cut at 5 μm
thickness for hematoxylin-eosin (HE) staining in order to confirm
pathological changes.

Results
The rats were sedated during the first 24 h following
exposure and slowly returned to normal activity from the
second day. The control group exhibited a normal level of
activity throughout the experiment.

All the T1-weighted images (T1WI), T2-weighted images
(T2WI), and HE staining showed lesions in the white matter
(WM) in the rats exposed to 1,2-DCE. Figure 1 shows the
T1WI and T2WI in different regions of the control group
(Figure 1a and c) and the rats exposed to 1,2-DCE (Figure
1b and d). The T1WI and T2WI of rats exposed to 1, 2-DCE
revealed lesions with brain edema in the WM in both
hemispheres, which were not observed in the control group.
The strongest affected regions were the lateral ventricle and
dentate nuclei. Pathological confirmation was performed
with HE staining, which also showed obvious brain edema
in the rats exposed to 1,2-DCE (Figure 2).

For the eight designated ROIs, mean FA and ADC values
differed between different ROIs. The mean ADCs for the
internal capsule, midbrain-periaqueductal GM and
cerebellum-cerebellar nucleus were lowest in group 2. ADCs
in the hypothalamus, cingulate gyrus, hippocampus, sensory
cortex and motor cortex were lowest in group 3 (p<0.05)
(Table I).

FA values in the experimental groups were lower than
those of the control group. The FA value for the internal
capsule was lowest in group 4 (p<0.05). The FA values
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decreased with time in the hypothalamus, cingulate gyrus
and sensory cortex; there was a dose-dependent effect in all
ROIs except for the hippocampus (p<0.05) (Table II).

For the voxel-based changes in the whole brain, many
regions in the brains of rats of groups exposed to 1,2-DCE
were observed to have FA and ADC values lower than those
in the control group, while groups 3 and 4 (12 g/m3 1,2-
DCE) had more regions with higher ADC values than did
groups 1 and 2 (4 g/m3 groups). The upper panel of Figure
3a and b show maximum intensity projections (MIP) of the
statistical results of the comparison of the control group and
group 1 (height threshold T=3.17, extent threshold k=20
voxels) acquired with spmratIHEP projected on a sagittal,
coronal and axial slice of a transparent rendering of the rat
brain. The colored regions in the lower panel of Figure 3a
show the areas with significantly lower ADC values in group
1 compared to the control group; the colored regions in the
lower panel of Figure 3b show the areas with significantly
lower FA values in group 1.

The most striking result was the greater number of fiber
tracts in the control group compared to the groups exposed to
1,2-DCE (Figure 4a). Some subtle differences in the fiber

tracking data were observed for the other groups with a
general trend for a decrease in the number of fiber tracts with
increasing 1,2-DCE exposure. The streamline diffusion tensor
tractography of the control group is shown in Figure 4b.

Discussion

In order to establish an animal model of 1,2-DCE-induced
toxic encephalopathy, we used the dynamic inhalation
chamber setup, which provides enough fresh air to prevent
acute hypoxia. Another advantage of this chamber is that
exposure takes place during inhalation, which is the most
common way humans are exposed (15).

The median lethal dose for an 8-h exposure to 1,2-DCE in
rats was determined to be 1,000 ppm (4 g/m3). A single 7-h
exposure at 3,000 ppm (12 g/m3) 1,2-DCE caused death in
rats. Exposure to lower concentrations of 1,2-DCE for longer
periods did not appear to produce neurological effects (15).
We chose higher doses for the exposures to create this
animal model of 1,2-DCE-induced toxic encephalopathy.

Breathing 1,2-DCE induced central nervous system
depression. This depression on some rats was reversible after
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Figure 1. Brain Images T1-weighted (a, b) and T2-weighted (c, d) images of a single rat from the control group (a, c) and the 1,2-dichloroethane-
treated group (b, d). There are lesions with diffuse brain edema in the white matter in both hemispheres. The lateral ventricle and dentate nuclei
are the most affected areas (arrows).



exposure. Our results were similar to those observed in adult
Fischer rats (16). 

Clinical articles have reported extensive edematic lesions
in cerebellar, bilateral WM, basal ganglia and thalami (2, 3).

The hypothalamus responds to toxic exposure by initiating a
certain firing pattern (17). The cerebral cortex, midbrain,
cingulate gyrus and hippocampus have been reported to be
involved in toxic encephalopathies (18-20). 
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Figure 2. Compared to the control rat (a, b), the hematoxylin-eosin staining of brain tissues from 1,2-dichloroethane-treated rats in group 4 (c, d)
showed severe brain edema (arrows). Parts a and c were located at the posterior-lateral area of the lateral ventricles, and parts b and d were from
the anteromedial area of the lateral ventricles. Original magnification ×100.

Table I. Analysis of variance of mean apparent diffusion coefficient (ADC) values for different regions of interest (ROI). F and p-values are provided
where there was a significant difference in the ROI (p<0.05).

                                                                                          Mean ADC±SD                                        Duration effect       Dose effect             Duration × 
                                                                                                                                                                                                                            dose-effect
ROI                                          Control group     Group 1       Group 2       Group 3      Group 4     F-Value  p-Value  F-Value  p-Value   F-Value  p-Value

Internal capsule                         2.55E-04±      2.50E-04±   2.33E-04±   2.58E-04±   2.59E-04±
                                                    2.48E-06        1.82E-06     4.24E-05      4.05E-06     5.01E-06                                                                                     
Midbrain-periaqueductal          2.96E-04±      2.87E-04±   2.73E-04±   2.99E-04±   3.06E-04±
GM                                             1.06E-05        1.98E-05     6.71E-05      1.57E-05     1.36E-05                                                                                     

Hypothalamus                            3.48E-04±      2.71E-04±   2.68E-04±   2.61E-04±   2.76E-04±
                                                    9.00E-06        7.49E-06     3.53E-06      5.42E-06     8.66E-06       4.36      0.0470   226.95   0.0000     10.03     0.0040
Cerebellum-cerebellar              3.45E-04±      3.45E-04±   3.03E-04±   3.50E-04±   3.55E-04±
nucleus                                       3.59E-06        3.95E-05     3.85E-05      3.95E-06     1.45E-05                                    4.37     0.0236      4.80      0.0368

Cingulate gyrus                         2.66E-04±      2.52E-04±   2.48E-04±   2.40E-04±   2.68E-04±
                                                    3.46E-06        7.92E-06     7.73E-06      7.53E-06     1.56E-05       9.61      0.0047                                  17.05     0.0004
Hippocampus                             2.91E-04±      2.75E-04±   2.69E-04±   2.62E-04±   2.77E-04±
                                                    2.21E-06        9.95E-06     4.09E-06      1.97E-06     1.10E-05                                   12.64    0.0002     12.91     0.0014
Sensory cortex                           2.65E-04±      2.53E-04±   2.52E-04±   2.48E-04±   2.53E-04±
                                                    5.94E-06        7.25E-06     1.08E-05      5.65E-06     9.15E-06                                    4.92     0.0158                         
Motor cortex                              2.60E-04±      2.62E-04±   2.70E-04±   2.57E-04±   2.64E-04±
                                                    4.27E-06        1.21E-05     4.59E-06      4.23E-06     2.35E-05                                                                                     

GM: Gray matter.
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Figure 3. The SPMratIHEP results of the comparison between brain of a rat in the control group and in group 1. The upper panel shows apparent
diffusion coefficient (ADC) (a), and the fractional anisotropy (FA) (b) results displaying the maximum intensity projections on the transparent brain
in three orthogonal planes. The lower panel lower shows areas with significantly decreased ADC (a) and FA (b) values in regions of interest in
group 1 compared to the control group. The color scale represents the T-value.

Figure 4. a: Fiber tracking in regions of interest (ROI). The total number of fiber tracts that were tracked in different regions of interest for the
same tracking parameters. The number of fiber tracts in the control group was much larger than that in the groups exposed to 1,2-dichloroethane
(1,2-DCE). During exposure to 1,2-DCE, there was no significant difference in midbrain between the groups. b: The streamline diffusion tensor
tractography of the regions of interest in the control group. *Significantly different compared to the previous group.



In the hypothalamus, the FA and ADC showed both a
time-and dose-dependent effect of 1,2-DCE. This is in
accordance with the literature in which it is reported that
there would be an immune response in the hypothalamus in
the case of toxic exposure (17).

FA and ADC have been used as biomarkers of tissue
integrity in WM and GM, and changes in FA have been
attributed to pathological changes in the WM (21). The mean
ADC is typically used to assess the microstructural integrity
of GM. The integrity of WM is typically assessed with both
mean FA and ADC owing to anisotropic diffusion (7).

Compared to the control group, FA and ADC values were
mostly decreased in groups exposed to 1,2-DCE. These
changes may reflect axonal damage in the experimental
groups (22). ADC represents water movement within tissue,
and an acute reduction in ADC in experimental groups likely
reflects trauma-induced cytotoxic edema and inflammation.

Compared to group 3, an elevated ADC and decreased FA
value in group 4 are thought to reflect progressive loss of
barriers restricting the motion of water molecules in tissue
compartments associated with neuronal loss and disruption
of myelin sheaths (9). This may indicate the formation of
vasogenic edema in WM and axonal injury (22). 

We found that 1,2-DCE exposure had a strong effect on
the number of observed fiber tracts. The decrease in FA
might be one of the reasons for the lower number of fiber
tracts observed in the experimental groups. This decrease in
the total number of fiber tracts was even observed for the

group with the lowest 1,2-DCE exposure, suggesting that
1,2-DCE can cause acute effects on rat brain with as title as
only 1.5 h of exposure at a concentration of 4 g/m3.

Our results are consistent with the dynamic changes
provided by Zhan et al. (3). These results indicate that
primarily cytotoxic edema occurred as a result of 1,2-DCE
exposure (4, 23). A disturbance of energy metabolism can
contribute to the reduction of the ADC via cell swelling
(23). Cerebral edemas likely formed in the presence of an
intact blood–brain barrier (BBB) while transendothelial
secretion of Na+, Cl− and water into the brain was greatly
increased (24).

Vasogenic edema occurs when there is a breakdown of the
tight endothelial junctions of the BBB. In cytotoxic edema,
the BBB remains intact and there is swelling of astrocytes
with corresponding reduction in extracellular space (25). We
predict that with greater 1,2-DCE exposure, damage to the
BBB would be more severe.  

In summary, we have successfully created a dynamic rat
model of 1,2-DCE poisoning. Our results show that 1,2-DCE
exposure leads to changes in FA, ADC and the number of
fiber tracts. Primarily cytotoxic edema occurred as a result
of 1,2-DCE exposure. dMRI could be used for early
noninvasive detection of 1,2-DCE-induced encephalopathy.
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Table II. Analysis of variance results of mean fractional anisotropy (FA) values for different regions of interest (ROI). F and p-values are provided
where there was a significant difference in the ROI (p<0.05).

                                                                                            Mean FA±SD                                          Duration effect       Dose effect             Duration × 
                                                                                                                                                                                                                            dose-effect
ROI                                          Control group     Group 1       Group 2       Group 3      Group 4     F-Value  p-Value  F-Value  p-Value   F-Value  p-Value

Internal capsule                             0.34±              0.32±           0.32±           0.32±           0.31±                                       9.20     0.0010                         
                                                    2.67E-03        1.52E-02     2.14E-02      4.34E-03     9.26E-03
Midbrain–periaqueductal             0.29±              0.28±           0.27±           0.26±           0.26±                                       4.35     0.0240                         
GM                                             2.84E-03        2.75E-02     1.23E-02      6.20E-03     8.77E-03

Hypothalamus                                0.31±              0.27±           0.25±           0.25±           0.25±          6.61      0.0165    14.40    0.0001                         
                                                    9.50E-05        9.98E-03     8.98E-03      9.79E-03     7.61E-03
Cerebellum-                                  0.29±              0.27±           0.25±           0.24±           0.24±                                       5.47     0.0107                         
cerebellar nucleus                      6.20E-03        2.46E-02     1.21E-02      3.92E-03     9.24E-03

Cingulate gyrus                             0.28±              0.24±           0.21±           0.22±           0.21±         12.00     0.0019    34.97    0.0000                         
                                                    4.88E-03        1.99E-02     1.12E-02      3.51E-03     2.35E-02
Hippocampus                                 0.23±              0.20±           0.20±           0.19±           0.19±
                                                    1.01E-02        2.04E-02     2.59E-02      3.38E-02     1.40E-02                                                                                     
Sensory cortex                               0.26±              0.22±           0.19±           0.19±           0.19±          5.03      0.0341     3.70     0.0391                         
                                                    2.15E-04        1.08E-02     5.62E-03      4.12E-03     8.36E-03
Motor cortex                                  0.28±              0.25±           0.23±           0.23±           0.23±                                      15.10    0.0001                         
                                                    5.95E-04        1.86E-02     1.23E-02      6.07E-03     8.76E-03

GM: Gray matter.
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