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Abstract

Purpose Patients with CO intoxication were demonstrated to exhibit white matter (WM) injuries, changes in substantia nigra,

dopamine transporter dysfunctions of striatum and Parkinsonism symptoms. We aimed to investigate the relationship between

WM injuries of dopaminergic pathways and dopamine transporter dysfunctions of the striatum in patients with acute CO

intoxication using both diffusion kurtosis imaging (DKI) and single photon-emission computed tomography (SPECT).

Materials and methods Seventeen patients with acute CO intoxication and 19 age- and gender-matched healthy subjects were

enrolled. DKI data were acquired from all participants and Tc-99m-TRODAT-1 SPECT scan was performed on each patient. DKI

datasets were fitted to obtain axial, radial and mean diffusivity, fractional anisotropy, axial, radial and mean kurtosis for voxel-

based comparison. In addition, the TRODAT-1 binding ratio of the striatum was calculated using the occipital cortices as a

reference. In significant regions, correlational analysis was performed to understand the relationship between DKI indices and

TRODAT-1 binding ratio.

Results The results showed that DKI indices were significantly altered in multiple WM regions broadly involving the basal ganglia-

thalamocortical circuit and nigrostriatal pathway. The correlation analysis further revealed significant correlations between DKI

indices and the TRODAT-1 binding ratio in the nigrostriatal pathway (absolute correlation coefficients ranged from 0.5992 to

0.6950, p<0.05), suggesting that CO-induced early WM injuries were associated with dopamine transporter dysfunctions of striatum.

Conclusion We concluded that DKI and Tc-99m-TRODAT-1 SPECT scans were helpful in early detection of global WM injuries

associated with dysfunctions of dopamine transporter in patients with acute CO intoxication.

Key Points

* Voxel-based diffusion kurtosis imaging analysis was helpful in globally detecting early white matter injuries in patients with
acute CO intoxication.

» CO-induced early white matter injuries were broadly located in basal ganglia-thalamocortical circuit and nigrostriatal
pathway.

* Early white matter injuries in dopaminergic pathways were significantly correlated with dopamine transporter dysfunctions of
the striatum.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00330-018-5673-y) contains supplementary
material, which is available to authorized users.

P4 Jie-Yuan Li 4 Department of Radiology, Kaohsiung Veterans General Hospital,
jeftli2035 @gmail.com Kaohsiung, Taiwan

) ) o ) Faculty of Medicine, School of Medicine, National Yang-Ming
Department of Medical Imaging and Radiological Sciences, University, Taipei, Taiwan

Kaohsiung Medical University, Kaohsiung, Taiwan p

Department of Neurology, E-Da Hospital, No. 1, E-Da Road, Jiao-Su
2 Department of Healthcare Administration and Medical Informatics, Village, Yan-Chao District, Kaohsiung City 824, Taiwan

Kaohsiung Medical University, Kaohsiung, Taiwan 7 School of Medicine, I-Shou University, Kaohsiung, Taiwan

Department of Medical Research, Kaohsiung Medical University Department of Nursing, Yuh-Ing Junior College of Health Care and
Hospital, Kaohsiung, Taiwan Management, Kaohsiung, Taiwan

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00330-018-5673-y&domain=pdf
https://doi.org/10.1007/s00330-018-5673-y
mailto:jeffli2035@gmail.com

1376

Eur Radiol (2019) 29:1375-1383

Keywords Diffusion magnetic resonance imaging - Carbon monoxide - Dopamine transporter

Abbreviations

ACR Anterior corona radiata

AD Axial diffusivity

AK Axial kurtosis

BET Brain extraction tool

CO Carbon monoxide

COHb% Carboxyhaemoglobin

CP Cerebral peduncle;

DKE Diffusion kurtosis estimator
DKI Diffusion kurtosis imaging
DTI Diffusion tensor imaging

FA Fractional anisotropy

FSL FMRIB software library
GCC Genu of corpus callosum

GP Globus pallidus

HBOT Hyperbaric oxygen therapy
IC Internal capsule

ILF Inferior longitudinal fasciculus
MCP Middle cerebellar peduncle
MD Mean diffusivity

MK Mean kurtosis

PCR Posterior corona radiata
PLIC Posterior limb of internal capsule
RD Radial diffusivity

RK Radial kurtosis

SCC Splenium of corpus callosum
SCR Superior corona radiata

SLF Superior longitudinal fasciculus

SPECT  Single photon emission computed tomography
SPM 8§ Statistical Parametric Mapping version 8

SS Sagittal stratum

Teoma Duration of coma
Tonset Time after onset
WM White matter
Introduction

Carbon monoxide (CO) intoxication represents an important
issue in modern society. The inhalation of CO >100 ppm can
gradually lead to unconsciousness and death. Patients who
survive from CO intoxication usually exhibit neurological
and psychological problems [1, 2]. Hyperbaric oxygen thera-
py (HBOT) was the mainstay approach to reduce neurological
and psychological symptoms in unconscious CO intoxication
patients [3], although the efficacy of HBOT remained contro-
versial [4].

CO patients commonly showed white matter (WM) inju-
ries, which led to neurological or psychological problems. In
recent studies diffusion tensor imaging (DTI) was used to
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detect and characterize WM alterations in CO patients using
axial (AD), radial (RD), mean diffusivity (MD) and fractional
anisotropy (FA). Among them, AD and RD are the diffusiv-
ities measured in directions parallel and perpendicular to
axons, respectively. MD is the averaged diffusivity of a diffu-
sion tensor and FA is an indicator of tissue integrity [5]. It has
been observed that the DTI indices were significantly altered
in WM tissues and were associated with cognitive functions
[6-9] and neuropsychological scores [6, 7, 9]. Moreover, dif-
fusion kurtosis imaging (DKI) was demonstrated to be capa-
ble of estimating non-Gaussian water diffusion and can be-
come an early biomarker of neurodegenerative process [10].
In DKI, axial (AK) and radial kurtosis (RK) are the measures
of non-Gaussianity of water diffusion in directions parallel
and perpendicular to axons, respectively, and mean kurtosis
(MK) is the averaged diffusion kurtosis of a diffusion kurtosis
tensor. A recent study performed tract-based DKI analysis in
CO patients (within 8 days of intoxication) [11]. Results of
this study demonstrated that DKI-related indices were more
sensitive than DTI-related indices for the early detection of
WM alterations caused by CO intoxication.

In addition, patients with CO intoxication frequently had
globus pallidus (GP) lesions [6, 12, 13]. With the use of DTI
and Tc-99m-TRODAT-1 single photon emission computed
tomography (SPECT) scan, a previous study demonstrated
that CO patients with Parkinsonian symptoms had significant-
ly lower FA in WM tissues and a lower TRODAT-1 binding
ratio in the striatum as compared to control subjects [6].
Results of this study suggested that pallidoreticular lesions
were associated with poor cognitive functions, while dysfunc-
tions of the globus pallidus (GP) and of the presynaptic dopa-
mine transporter were related to Parkinsonian features. In ad-
dition, a previous study further demonstrated that substantia
nigra was vulnerable to CO intoxication and changes in the
substantia nigra were associated with CO-induced
Parkinsonism [14]. As nigrostriatal pathway connects the
substantia nigra and dorsal striatum, the WM alterations in
the dopaminergic pathway may cause dysfunctions of dopa-
mine transporter in striatum. Therefore, it is important to un-
derstand whether or not the early WM injuries are associated
with the TRODAT-1 binding ratio, in order to institute early
management of patients with acute CO intoxication.

In the present study we hypothesised that in patients with
acute CO intoxication, WM injuries of dopaminergic path-
ways are associated with dysfunctions of dopamine transport-
er in the striatum. The purpose of this study was to investigate
the relationship between WM alterations and dopamine trans-
porter dysfunctions of the striatum in patients with acute CO
intoxication using voxel-wise DKI analysis and Tc-99m-
TRODAT-1 SPECT scan.
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Methods
MRI data acquisition

The local institutional review board approved this study.
Informed consent was obtained from each participant.
Seventeen patients with acute CO intoxication and 19 age-
and gender-matched healthy individuals with no history of
neurological disease were enrolled in the study. The exclusion
criteria were a history of major neurological and psychiatric
disorders, pregnancy, metal implant and claustrophobia.
Demographic characteristics of the subjects are shown in
Table 1. Image acquisition was performed on a 1.5 T MR
scanner (GE Healthcare, Milwaukee, WI, USA) using an 8-
channel head coil. After a conventional T1-weighted (TR/
TE=500/15 ms), T2-weighted (TR/TE=4200/96.7 ms) and
FLAIR-weighted (TR/TE/TI=9000/128/2200 ms) images
were acquired, whole-brain DKI data were acquired using a
twice-refocused spin-echo diffusion-weighted pulse sequence
characterised by the following parameters: TR/TE=10000/91
ms, b-values=1,000, 2,000 and 3,000 s/mm?, number of b0
image=4, array coil spatial sensitivity encoding technique fac-
tor=2, number of diffusion directions=30, matrix size=80 X
80, field-of-view=240 x 240 mm, slice thickness=3 mm (iso-
tropic), and number of excitation=1. The scan time for DKI
acquisition was about 15 min.

Tc-99m-TRODAT-1 SPECT scan

In this study, SPECT scan was performed within 1 week prior to
or following MRI examination. Before the SPECT scan, all pa-
tients were injected intravenously with 24 mCi Tc-99m-
TRODAT-1 of contrast agent and followed by an uptake waiting
period of 4 h. The TRODAT scan was performed on a SPECT/
CT scanner (Symbia-T, Siemens) equipped with low-energy,
high-resolution collimators and dual-slice spiral CT. First, spiral
CT images were acquired using the following parameters:

Table1 The demographic characteristics of enrolled carbon monoxide-
intoxicated (CO) patients and healthy controls

CO patients Healthy controls
Gender (M/F) 8/9 10/9
Age (y/o) 41.5+14.0 39.7+11.6
Time after onset (days) 19.2+11.0 N/A
Duration of coma (h) 25.6 £44.0 N/A
COHb% 25.0+17.0 N/A
HBOT sessions 8.6+5.0 N/A

Parkinsonian symptoms (M/F) 6/6 -
TRODAT-1 binding ratio 1.84+0.31 -

CO carbon monoxide, COHb carboxyhemoglobin, HBOT hyperbaric
oxygen therapy

kVp=130 kV, current time product=17 mAs, slice thickness=5
mm. The images were reconstructed using an iterative filtered
back-projection algorithm with a medium-smooth kernel.
Second, the SPECT scan was performed using the following
acquisition parameters:128 x 128 matrix size with 60 frames.
The images were attenuation-corrected based on the CT images.
The TRODAT-1 binding ratio of the striatum was obtained by
calculating the ratio of the uptake in the striatum and occipital
cortices using a previously published procedure [15]. The
TRODAT-1 binding ratios of all CO patients are listed in Table 1.

Data processing

All DKI data were transferred to a stand-alone workstation
and pre-processed offline using: FSL (FMRIB Software
Library, Oxford University, Oxford, UK), DKE (Diffusion
kurtosis estimator tool, NITRC), and SPM 8 (Statistical
Parametric Mapping version 8, Wellcome Department of
Cognitive Neurology, University College London, UK).
First, the eddy-current distortions were corrected using a 12-
parameter affine registration [16]. A brain mask obtained by
BET (Brain Extraction Tool, FSL) was utilised to remove both
scalp signal and background noise [17]. The DKI model was
fitted on a voxel-by-voxel basis using DKE tool.
Subsequently DTI-related indices, including AD, RD, MD
and FA, and DKI-related indices, including AK, RK and
MK, were obtained for comparisons. For voxel-based analy-
sis, whole-brain FA maps were spatially normalised to an
international consortium for brain mapping-FA template [18]
using both linear affine and non-linear diffeomorphic demon
registrations, respectively [19]. The displacement maps gen-
erated from the previous steps were utilised to spatially nor-
malize the corresponding DKI maps.

The voxel-based analysis was performed using SPMS to
statistically compare all DKI indices between CO patients and
healthy controls using a two-sample t test. The difference was
considered significant with cluster-level corrected p value <
0.05 (uncorrected p<0.01 and cluster>100 voxels). The areas
with significant difference were displayed as red-yellow col-
ours superimposed on the averaged DKI maps. In CO patients,
the correlation between DKI indices and time after onset
(Tonser) may help to understand whether or not the WM inju-
ries were progressed with time at early stage, and the correla-
tion between DKI indices and duration of coma (T.oma) may
help to understand the relationship between the severity of
WM injuries and the severity of coma. Therefore, in signifi-
cant regions, Pearson’s correlation analysis was performed to
reveal the associations between: DKI indices, Topeet, Toomas
carboxyhaemoglobin (COHb%) and TRODAT-1 binding ra-
tio. The correlation was considered significant with a p value
<0.05 and the correlation was considered moderate, strong
and very strong if correlation coefficients ranged from 0.50—
0.69, 0.70-0.89 and 0.90-1.0, respectively.
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Results

In CO patients, AD was significantly higher than in control
subjects, both in the bilateral fornix and in the right tapetum,
as shown in Fig. 1. The MNI coordinates of regions with
significantly different AD between the two groups are shown
in Table S1. A significantly strong positive correlation was
observed between AD and COHb% in the right tapetum
(r=0.7274). However, no significant correlation was noted be-
tween AD, Tonsets Teoma and TRODAT-1 binding ratio in CO
patients (see Online Supplementary Table S1).

A significant increase in RD was found in multiple WM
areas in CO patients, including: bilateral Fminor, bilateral an-
terior corona radiata (ACR), bilateral sagittal stratum (SS),
bilateral inferior longitudinal fasciculus (ILF), right thalamus,

Fig. 1 Voxel-wise statistical
comparisons of diffusion tensor-
related indices between carbon
monoxide-intoxicated patients
and healthy controls. The regions
with significantly increased axial
diffusivity (top row; a, b, ¢),
radial diffusivity (second row; d,
e, ), mean diffusivity (third row;
g, h, i) and significantly
decreased fractional anisotropy
(bottom row: j, k, 1) are displayed
in yellow-red colours
superimposed on the
corresponding averaged images
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right GP, right superior longitudinal fasciculus (SLF) and genu
of corpus callosum (GCC) (Fig. 1). The MNI coordinates of
regions with significantly different RD between the two
groups are shown in Online Supplementary Table S2. The
correlation analysis revealed a moderate to strong positive
correlation between RD and T, in the bilateral Fminor, left
ACR, left SS and left ILF, and GCC (Table 2). On the con-
trary, a moderate negative correlation was observed between
RD and TRODAT-1 binding ratio in the left SS (Table 3).
However, no significant correlation was found between RD,
Teoma and COHb% (Online Supplementary Table S2).

In CO patients, significantly increased MD was identified
in multiple WM regions, including: bilateral Fminor, bilateral
ACR, bilateral SS, bilateral ILF, right SLF and right GP (Fig.
1). The MNI coordinates of regions with significantly




Eur Radiol (2019) 29:1375-1383

1379

Table 2 Montreal Neurological Institute (MNI) coordinates of regions
with significant correlation between the diffusion kurtosis imaging-
derived indices and time after onset (Typse)

Table 3  Montreal Neurological Institute (MNI) coordinates of regions
with significant correlation between the diffusion kurtosis imaging-
derived indices and TRODAT-1 binding ratio

Brain region MNI coordinate (mm) Correlation Brain regions MNI coordinate (mm) Correlation
coefficient coefficient
X Y Z X Y Z
(RD and Tgpeo) (RD and TRODAT-1)
Rt. Fminor 17 35 -9 0.7270 Lt. SS -36 -45 0 -0.6625
Lt. Fminor -16 35 -9 0.7435 (MD and TRODAT-1)
Lt. ACR -24 33 2 0.8051 Rt. GP 16 3 -2 -0.6109
Lt. SS -36 -45 0.6670 (FA and TRODAT-1)
GCC 7 26 4 0.7857 Rt. IC 13 -2 0 0.5992
Lt. ILF -36 -46 2 0.7049 (RK and TRODAT-1)
(MD and Typeer) Lt. PLIC 24 27 12 0.6882
Lt. Fminor -16 35 -9 0.6829 (MK and TRODAT-1)
Lt. ACR -24 33 2 0.5883 Lt. PLIC -24 -27 12 0.6950
(FA and T peer) - . ] -
A 23 4 s MRATD e Gy 7 ol ain
Lt. ACR -22 33 4 -0.6650 pallidus, /C internal capsule, PLIC posterior limb of internal capsule
GCC -1 25 4 -0.6397
scc 0 -30 19 -0.6151 a moderate negative correlation with T, in: GCC, SCC, bi-
Rt. CP 15 220 4 -0.5864 lateral ACR, right CP and right SS (Table 2). FA had a moderate
Rt. SS 37 53 10 -0.6166 to strong negative correlation with T, in: bilateral IC, right
Lt. SS 39 46 8 -0.6517 ACR, right SCR, and right CP (Table 4). Additionally, the cor-
(RK and Type) relation analysis also revealed a moderate positive correlation
Rt. Thalamus 10 6 3 206177 between FA and TRODAT-1 binding ratio in right IC (Table 3);
Nee 10 36 22 -0.5694 however, no significant correlation was observed between FA
Rt. PLIC 31 27 16 -0.5940 and COHb% in CO patients (Online Supplementary Table S4).
(MK and Tonser)
Lt. Thalamus 9 12 6 20.6181 Table 4 Montreal Neurological Institute (MNI) coordinates of regions

RD radial diffusivity, MD mean diffusivity, FA fractional anisotropy, RK
radial kurtosis, MK mean kurtosis, ACR anterior corona radiata, SS sag-
ittal stratum, GCC genu of corpus callosum, SCC splenium of corpus
callosum, /LF inferior longitudinal fasciculus, CP cerebral peduncle,
PLIC posterior limb of internal capsule

different MD between the two groups are shown in Online
Supplementary Table S3. Following a correlation analysis, a
moderate positive correlation between MD and T, Was re-
vealed in the right Fminor and right ACR (Table 2), while a
moderate negative correlation between MD and TRODAT-1
binding ratio was observed in the right GP (Table 3).
However, no significant correlation was found between MD,
Teomas and COHb% (Online Supplementary Table S3).

FA was significantly decreased in several diffuse WM re-
gions in CO patients. Major FA differences were found in the:
GCC, splenium of corpus callosum (SCC), bilateral ACR, bi-
lateral internal capsule (IC), bilateral SS, bilateral posterior co-
rona radiata (PCR), right cerebral peduncle (CP) and right su-
perior corona radiata (SCR) (Fig. 1). The MNI coordinates of
regions with significantly different FA between the two groups
are shown in Table S4. Following a correlation analysis, FA had

with significant correlation between the diffusion kurtosis imaging-
derived indices and duration of coma (T, o)

Brain regions MNI Coordinate (mm) Correlation
Coefficient
X Y V4
(FA and T,oma)
Rt. ACR 22 33 4 -0.6220
Lt. IC -13 -6 8 -0.7828
Rt. IC 13 2 0 -0.5786
Rt. SCR 21 -25 41 -0.6680
Rt. CP 15 -20 -4 -0.6737
(RK and Teoma)
Rt. CP 13 -23 -4 -0.8333
Lt. CP -18 -23 -4 -0.7284
Lt. PLIC -24 -27 12 -0.6920
Rt. MCP 19 -46 -30 -0.5971
(MK and Teoma)
Rt. CP 18 -23 -4 -0.6547

FA fractional anisotropy, RK radial kurtosis, MK mean kurtosis, ACR
anterior corona radiata, /C internal capsule, SCR superior corona radiata,
CP cerebral peduncle, PLIC posterior limb of internal capsule, MCP
middle cerebellar peduncle
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AK was significantly lower in CO patients than in control
subjects for the left fornix, as shown in Fig. 2. The MNI
coordinates of regions with significantly different AK be-
tween the two groups are shown in Online Supplementary
Table S5. No significant correlation was observed between
AK, Tonsets Teomas COHb% and TRODAT-1 binding ratio in
CO patients (Online Supplementary Table S5).

In CO patients RK was significantly decreased in both supra-
and infra-tentorial WM areas, including: bilateral ACR, bilateral
CP, bilateral posterior limb of internal capsule (PLIC), right thal-
amus, right middle cerebellar peduncle (MCP) and SCC (Fig. 2).
The MNI coordinates of regions with significantly different RK
between the two groups are shown in Online Supplementary
Table S6. Following a correlation analysis, a moderately nega-
tive correlation between RK and T,s; Was observed in the right
thalamus, right PLIC and SCC (Table 2). While a moderate
positive correlation between RK and TRODAT-1 binding ratio
was detected in left PLIC (Table 3). Moreover, a moderate-to-
strong negative correlation between RK and T, was revealed
in bilateral CP, left PLIC and right MCP (Table 4). However, no
significant correlation was found between RK and COHb% in
CO patients (Online Supplementary Table S6).

Significant increases in MK were also found in both supra-
and infra-tentorial WM regions, including: bilateral CP,

Fig. 2 Voxel-wise statistical
comparisons of diffusion
kurtosis-related indices between
CO patients and healthy controls.
The regions with significantly
decreased axial kurtosis (top row;
a, b, ¢), radial kurtosis (middle
row; d, e, f) and mean kurtosis
(bottom row; g, h, i) are displayed
in yellow-red colours
superimposed on the
corresponding averaged images

@ Springer

bilateral thalamus, bilateral PLIC, bilateral MCP and left
ACR (Fig. 2). The MNI coordinates of regions with significant-
ly different MK between the two groups are shown in Online
Supplementary Table S7. The correlation analysis revealed a
moderate negative correlation between MK and T, ¢ in the left
thalamus (Table 2), and a moderate positive correlation between
MK and TRODAT-1 binding ratio in the left PLIC (Table 3).
Furthermore, a moderate negative correlation between MK and
Teoma Was also observed in the right CP (Table 4). However, no
significant correlation was found between MK and COHb% in
the patients (Online Supplementary Table S7).

Discussion

In this study, voxel-wise DKI analysis was performed in patients
with acute CO intoxication with the aim of detecting global
WM injuries. In CO patients, AD, RD and MD increased sig-
nificantly, whereas FA, AK, RK and MK decreased significant-
ly in multiple WM areas. Significant increases in AD, RD and
MD and significant decreases in FA were observed in supra-
tentorial WM. Our results are generally consistent with previous
DTI findings [6-9, 11, 20-22]; however, in this study, decreases
in RK and MK were also observed in both supra- and infra-
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tentorial WMs. A recent study performing tract-based DKI anal-
ysis on patients within 8 days post-CO intoxication found sig-
nificantly decreased RK and MK in GCC, cingulum,
corticospinal and corticobulbar tracts [11]. These observations
were generally consistent with our results in supra-tentorial re-
gions. This study further observed significantly decreased RK
and MK in thalamus, CP, and MCP. Such results have not been
mentioned in previous studies. Because RK and MK are the
measures of non-Gaussian water diffusion and can reflect mi-
crostructural complexity of neuronal tissues [10], the results
suggest that CO intoxication led to subtle changes in microstruc-
tural complexity at an acute stage that could be detected by DKI.
In CO patients, the right GP was found to exhibit significant-
ly increased RD. Because GP plays an important role in the basal
ganglia-thalamocortical circuit, the defective GP might be asso-
ciated with Parkinsonism in the patients. A previous study dem-
onstrated that CO patients with a GP lesion had a significantly
lower TRODAT-1 binding ratio than those without a GP lesion
at an average of 18 months post-CO intoxication [6]. In this
study, similar findings were observed. Specifically, CO patients
with a GP lesion had a lower Tc-99m TRODAT-1 binding ratio
than those without a GP lesion (1.67 +0.35 vs. 1.92 +£0.27), but
the difference was not significant between them. In addition, the
voxel-wise analysis also found that WM injuries were located
near the: bilateral substantia nigra, bilateral thalamus, bilateral IC
and bilateral corona radiata. These results suggest that CO in-
toxication partly damaged the basal ganglia-thalamocortical cir-
cuits and nigrostriatal systems and led to the symptom of
Parkinsonism observed in CO patients at early stage.
Following a correlation analysis, this study showed that in
critical regions, DKI indices were significantly correlated with
Tonsets Teomas COHb% and TRODAT-1 binding ratios to differ-
ent extents. The injured WM regions had the most significant
correlations between DKI indices and T, suggestive of pro-
gressive WM alterations with time at acute stage. Hence, for
those patients who exhibited no clinical symptom but early
WM injuries, a series of HBOT may be considered to mitigate
the progression of WM injuries and improve their prognosis.
The DKI indices were significantly correlated with T, main-
ly in CP next to the substantia nigra, IC and MCP. It is known
that consciousness is related to a brain arousal system the ori-
gin of which is the brainstem [23]. WM injuries of IC, CP and
MCP were likely responsible for the duration of coma after CO
exposure. These results suggested that for those comatose pa-
tients with more severe WM injuries, a series of more intensive
HBOT may be considered to reduce WM injuries and the risk
of cognitive sequelac. However, the level of COHb% in the
blood was not significantly correlated with most WM injuries.
This might be attributed to timing discrepancies between blood
tests and MRI examinations (> 7 days) and HBOT treatment
that has the effect of reducing the COHb% levels before the
MRI scan. Interestingly, the DKI indices were significantly
correlated with the TRODAT-1 binding ratio in GP, IC, PLIC

and SS that broadly involved the nigrostriatal systems.
Because the Tc-99m TRODAT-1 binding ratio is an indicator
of dopamine transporter dysfunction, the WM injuries in those
regions might be associated with the Parkinsonism observed in
12 CO patients. Therefore, for those patients who exhibited
early WM injuries in dopaminergic pathways, care must be
taken to monitor the signs and symptoms of Parkinsonism so
as to implement early management of the symptoms and im-
prove motor function and activities of daily living.

The pathophysiology of CO-induced early WM injuries asso-
ciated with Parkinsonism remains unclear. In this study, WM
injuries were detected mostly with increased RD and unchanged
AD, suggestive of early WM demyelination at an acute stage
[24]; however, caution must be exercised when interpreting
changes to axial and radial diffusivities in regions with less
organised WM bundles [25]. This study also shows significantly
decreased FA indicating loss of WM integrity in CO intoxicated
patients. In addition, diffusion kurtosis values that are a measure
of non-Gaussianity of water diffusion can reflect microstructural
complexity of brain tissue [10]. Our results demonstrate signifi-
cant decreases in AK, RK and MK, suggesting an increased
microstructural complexity in WM tissues caused by lipid
peroxygenation [26] and production of reactive oxygen species
[27], leading to reversible demyelinisation and neuronal necrosis
after CO intoxication, respectively. Moreover, the early WM
injuries were broadly located in the basal ganglia-
thalamocortical circuit and nigrostriatal pathway with significant
correlation of TRODAT-1 binding ratio. In this study, 12 CO
patients exhibited symptoms of Parkinsonism. These results fur-
ther indicate that CO-induced early WM injuries in dopaminergic
pathways led to dopamine transporter dysfunction of the striatum
and symptoms of Parkinsonism observed in CO patients.

This study has some limitations that are worth noting. First,
the patient number was small, so further study on a larger pop-
ulation is warranted. Second, the DKI data were acquired with
only three high b-values. A higher number of b-values would
help minimize fitting errors in the DKI estimation [28, 29].
However, in these conditions the concomitant lengthening of
scan time may increase the number of motion artefacts in the
dataset [30]. Third, the TRODAT-1 SPECT scan was not per-
formed in the control group, so whether or not the TRODAT-1
binding ratios were significantly lower in CO patients in com-
parison with healthy controls cannot be deduced from this study.
Finally, the Tc-99m-TRODAT-1 SPECT scan and DKI acquisi-
tion were not performed on the same day. Although the time
difference between the two scans was <1 week, the correlation
analysis may have been affected due to this timing discrepancy.

Conclusions

In the present study we performed both DKI and Tc-99m-
TRODAT-1 SPECT to reveal, respectively, WM injuries and
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dysfunction of dopamine transporter in patients with acute CO
intoxication. The voxel-wise analysis showed that patients
with acute CO intoxication exhibited widespread WM alter-
ations in both supra- and infra-tentorial regions. The correla-
tion analysis demonstrated significant correlations between
DKI indices and Typgets Teomas COHb% and TRODAT-1 bind-
ing ratios in multiple injured WM regions. Therefore, we con-
clude that DKI and Tc-99m TRODAT-1 SPECT were helpful
in investigating global WM injuries associated with dopamine
transporter dysfunctions of the striatum in patients with acute
CO intoxication.
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