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White Matter Damage in Carbon Monoxide
Intoxication Assessed in Vivo Using Diffusion
Tensor MR Imaging
BACKGROUND AND PURPOSE: White matter (WM) injury in carbon monoxide (CO) intoxication is

thought to be related to delayed cognitive sequelae. To determine if microstructural changes in WM
are responsible for the delayed onset of cognitive symptoms, we performed diffusion tensor imaging
(DTI) in patients with CO intoxication.
MATERIALS AND METHODS: DTI was performed in 14 patients with delayed sequelae after CO intoxication and in 16 sex- and age-matched healthy volunteers. The fractional anisotropy (FA) and apparent
diffusion coefficient (ADC) of several WM regions were measured. We also determined the correlation
between FA of the selected WM and neuropsychological rating scores for the CO intoxication group.
RESULTS: FA of patients with CO intoxication decreased in the corpus callosum, orbitofrontal WM,
high frontal WM, parietal WM, and temporal lobes in comparison with the corresponding regions of
healthy controls. FA of the WM in the occipital lobe and internal capsule of patients was not significantly
different from that in controls. ADCs of all measured WM increased significantly in patients exposed to CO.
High correlations were found between the FA of all selected WM and the Mini-Mental State Examination score (␥ ⫽ 0.631, P ⫽ .016) and the digit span backward task (␥ ⫽ 0.759, P ⫽ .001).
CONCLUSIONS: CO intoxication may cause FA decline in associated cortical areas. This observation
indicates microstructural WM pathology in CO intoxication, which is related to delayed cognitive
encephalopathy.

M

any individuals with acute carbon monoxide (CO) intoxication die or survive with permanent neurologic sequelae despite adequate treatment. One third of the patients
are lucid for 2– 40 days and then develop encephalopathy
gradually.1,2 Clinical manifestations include cognitive impairment, akinetic mutism, sphincteric incontinence, gait ataxia,
and extrapyramidal syndrome (eg, chorea, dystonia, and parkinsonism).2 Cognitive sequelae include impairments in memory, executive function, attention, visual spatial skills, mental
processing speed, and apraxia and dementia.3 Formal neuropsychological tests have confirmed these impairments.3,4
After acute CO intoxication, patients may develop progressive white matter (WM) demyelination.5 This damage is variable and ranges from discrete perivascular foci in the corpus
callosum to extensive periventricular demyelination and axonal destruction.6 The damage can disconnect the cortex and
lead to functional disintegration of neurocognitive networks,7
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a process very likely related to delayed CO encephalopathy.8,9
With conventional MR imaging, WM lesions are identified in
12%–37% of patients, but the findings are not related to the
severity of intoxication.10,11 Imaging appears to be relatively
insensitive for assessing the clinical consequences of neurotoxicity in these patients.
It has been proposed that new advanced MR imaging techniques improve diagnostic accuracy and deepen our understanding of the pathophysiology of CO intoxication.8,12-15 Among
these techniques, diffusion tensor imaging (DTI) is a quantitative
and noninvasive method that permits clinicians to delineate the
anatomy of WM pathways by measuring molecular diffusiondriven displacement in restricted organized tissues. The directionality of water diffusivity can be quantified by measuring fractional anisotropy (FA), whereas the apparent diffusion coefficient
(ADC) indicates the degree of molecular mean diffusivity.16
These indices have been applied in many WM diseases such as
neural degeneration disease, demyelination, and loss of neural
packing attenuation.17,18 Decreased FA among older individuals
shows a high correlation with the decline of cognitive abilities
such as working memory and verbal fluency.19,20
Accordingly, we performed DTI in 14 patients with delayed
encephalopathy after CO intoxication and 16 healthy adults.
Our goal was to investigate possible microstructural changes
in WM following CO intoxication. Correlations between DTI
indices and neuropsychological results were also analyzed for
associations between WM lesions and cognitive impairment.
Materials and Methods
Patients
Fourteen patients with delayed sequelae after CO intoxication (8
men; mean age, 41.6 ⫾ 11.7 years; range, 24 – 62 years) and 16 age-,
sex-, and education-matched healthy subjects (8 men; mean age,

40.2 ⫾ 10.8 years; range, 26 –59 years) were recruited and underwent
MR imaging examinations. All these patients and controls were righthanded. Patients were eligible if they had CO intoxication caused by
burning of charcoal or gas intoxication in an enclosed space and/or if
they had a carboxyhemoglobin level ⱖ10%. Delayed encephalopathy
was defined as a combination of the following events: an initial change
in consciousness due to CO exposure, recovery from the acute stage,
a lack of symptoms for days to weeks, and then exacerbation associated with neurologic and/or psychiatric symptoms.1
This study was approved by the ethics committee of Chang Gung
Memorial Hospital. All subjects provided written informed consent
before MR imaging, and all underwent detailed clinical and neurologic examinations. No subject had a history of neurologic or psychiatric illness, none were using medications for unrelated conditions,
and none had head injury.

MR Imaging Acquisition

All neuropsychological tests were performed by a clinical psychologist
who was blinded to the patient’s CO exposure status. The MR imaging results were interpreted by an experienced neurologist who was
also blinded. The Mini-Mental State Examination (MMSE) was used
as a screen.21 Executive functions were evaluated by using digit span
forward and backward studies to reflect the attention (immediate
registration) and the working memory (ie, the ability to hold information in short-term memory while simultaneously manipulating
the information). Raw scores were used for further statistical analysis.22 To evaluate verbal fluency, subjects were asked to name as
many items as possible from semantic categories (animals and
vegetables).23

DTI Data Analysis
Regions of interest, 50 –100 mm2 depending on the anatomic region,
were measured by 1 radiologist and confirmed by another radiologist
to avoid malpositioning (Fig 1). These measurements were performed according to the method described by Bozzali et al.24 Regions
of interest were placed on the genu and the splenium of the corpus
callosum, the anterior and the posterior limbs of the internal capsule,
and the WM of the subcortico-orbitofrontal, high frontal, parietal,
occipital, and temporal regions. For temporal lobe WM, we sampled

Two separate statistical analyses were performed. FA and ADC values
for the patients with CO intoxication and the control group were
logarithmically transformed to improve normality, and comparisons
between the 2 groups were made by using the Student t test. Because
both the FA of the measured WM and the mean scores for neuropsychological findings were not normally distributed, Spearman rank
correlation analysis rather than the Pearson correlation was used to
explore the relationship between the 2 for the CO-intoxication group.
P ⬍ .05 was deemed as showing statistical significance. Statistical
analyses were performed by using the Statistical Package for the Social
Sciences software, Version 10.0 (SPSS, Chicago, Ill).

Results
Patients
Table 1 shows the patients’ demographic data. Patients 6, 9, 11,
12, and 13 had elevated carboxyhemoglobin levels of 25%,
24.5%, 23.6%, 26.9%, and 25.6%, respectively, in the emergency department. Nine patients with a history of CO intoxication were recruited due to delayed sequelae, whereas their
initial carboxyhemoglobin levels were not available. Causes
were gas intoxication in patient 6 and charcoal burning in the
other 13 patients. All patients were initially comatose or had
disturbed consciousness and regained full consciousness
within hours to days after their acute exposure. Ten patients
accepted hyperbaric oxygen treatment within days, whereas
patients 2, 3, 8, and 11 were treated with normobaric oxygenation by face mask. The mean lucid interval from intoxication
to the onset of delayed sequelae was 16.9 days (range, 6 – 42
days). Eleven patients had MR imaging and neuropsychological testing in the subacute phase; 3 patients were in the
chronic phase (⬎1 year). MR imaging was performed between
3 and 442 days (median, 43 days; mean, 123.1 days) after the
onset of delayed encephalopathy, and neuropsychological
testing was performed between 2 and 423 days (median, 23
days; mean, 113.1 days).
AJNR Am J Neuroradiol 30:1248 –55 兩 Jun-Jul 2009 兩 www.ajnr.org
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Neuropsychological Testing

Statistical Analysis

BRAIN

MR imaging was performed by using a 3T unit (Signa Excite HD; GE
Healthcare, Milwaukee, Wis). All sections were acquired along the
anterior commissure–posterior commissure plane, which was ensured by a multiplanar T1-weighted localizer image before each study.
Both axial T1-weighted images (TR/TE ⫽ 500 ms/minimum, matrix ⫽ 224 ⫻ 224, section thickness ⫽ 5 mm, intersection gap ⫽ 2
mm, FOV ⫽ 24 ⫻ 24 cm) and axial T2-weighted images (TR/TE ⫽
4200/102 ms, matrix ⫽ 224 ⫻ 224, section thickness ⫽ 5 mm, intersection gap ⫽ 2 mm, FOV ⫽ 24 ⫻ 24 cm) were obtained.
DTI datasets were acquired by using single-shot diffusion spinecho echo-planar imaging with a TR/TE of 7000/72 ms, a section
thickness of 5 mm, a matrix of 128 ⫻ 128, and an FOV of 24 ⫻ 24 cm,
yielding an in-plane resolution of 1.875 mm. DTI encoding entailed
25 noncollinear directions with b ⫽ 1000 s/mm2 and a nondiffusion
T2-weighted image.
Twenty-eight contiguous sections (n ⫽ 28) were obtained without
an intersection gap to achieve total cerebral coverage. Images were
transferred to an off-line workstation equipped with FuncTool DTI
(GE Healthcare) to obtain FA and ADC maps.

2 contiguous sections. Regions of interest were placed lateral to the
temporal horn of the lateral ventricle (Fig 1A). The anterior internal
capsule (bounded by the head of the caudate nucleus and the globus
pallidus) and the posterior internal capsules (defined by the globus
pallidus and the thalamus) were measured on 2 contiguous sections.
In the orbitofrontal WM, regions of interest were bilaterally placed on
the most caudal section of the lateral ventricles. Occipital lobe regions
of interest were placed in the optic radiations of 2 contiguous sections,
starting from the most caudal section on which the occipital horn of
the lateral ventricle was imaged (Fig 1B). Regions of interest at the
genu and splenium of the corpus callosum were placed on 3 consecutive sections on which they were fully volumed (Fig 1C). Regions of
interest at the high frontal and parietal lobes were positioned in the
WM, anterior and posterior to the central sulcus on the most caudal
section on which they were visible and on the subsequent cranial
section (Fig 1D).
Cerebral structures were carefully identified on T1- and T2weighted images to avoid partial volume averaging due to CSF. Regions of interest were drawn on a null image of DTI and were automatically transferred onto FA and ADC maps for each subject.
Average FA and ADC of 16 regions of interest were calculated. The
raters were blinded to the subject’s details.

Fig 1. Location of the WM regions of interest in a patient with CO intoxication. A, WM of temporal lobes. B, WM of orbitofrontal, occipital, anterior, and posterior limbs of the internal
capsule. C, Genu and splenium of the corpus callosum. D, WM of the frontal and parietal lobes.

FA and ADC Values of DTI
Among the patients with CO exposure, FA was significantly
reduced relative to that in controls in the genu and the
splenium of the corpus callosum and in the bilateral orbitofrontal, high frontal, parietal, and temporal WM (Fig 2). FA
of the entire measured WM was significantly decreased as
well (Table 2). In patients with CO exposure, FA was also
reduced in regions with abundant WM, such as the anterior
and the posterior limbs of the internal capsule and in the
occipital WM, though differences were not significant.
ADC increased significantly in patients in all measured WM
(Table 3).
Patients 1, 6, 7, and 11 (mean age, 52.0 ⫾ 9.3 years) had MR
imaging studies performed immediately after the appearance
of sequelae. The average FA and ADC of the overall selected
WM in these 4 patients were 415.0 ⫾ 26.1 (⫻10⫺3) and
942.2 ⫾ 23.8 (mm2s⫺1 ⫻ 10⫺12), respectively. The other 10
patients (mean age, 36.0 ⫾ 6.8 years) had MR imaging studies
performed an average (mean) of 170 days after the appearance
of delayed sequelae. The average FA and ADC of the entire
selected WM in these 10 patients were 472.7 ⫾ 31.6 (⫻10⫺3)
and 856.2 ⫾ 28.0 (mm2s⫺1 ⫻ 10⫺12), respectively.
Neuropsychological Results in Relation to FA Values
Among the 14 subjects, 10 patients completed their neuropsychological tests either before or within 2 weeks after the MR
imaging studies, whereas the other 4 patients completed their
1250
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tests anywhere between 2 and 8 weeks before or after the MR
imaging studies. Table 4 summarizes the correlations between
FA and the neuropsychological results. Decreased FA in the
left (␥ ⫽ 0.755, P ⫽ .002) and right (␥ ⫽ 0.683, P ⫽ .007)
orbitofrontal WM was associated with decreased MMSE
scores. Decreased digit span backward was associated with FA
decreases in the splenium of the corpus callosum (␥ ⫽ 0.577,
P ⫽ .031), in the left (␥ ⫽ 0.669, P ⫽ .009) and right (␥ ⫽
0.675, P ⫽ .008) orbitofrontal WM, in the left (␥ ⫽ 0.697, P ⫽
.006) and right (␥ ⫽ 0.588, P ⫽ .027) parietal WM, and in the
left (␥ ⫽ 0.543, P ⫽ .045) and right (␥ ⫽ 0.598, P ⫽ .024)
temporal WM. Digit forward span and verbal fluency (ability
to name animals or vegetables) were not significantly correlated with FA in any region. High correlations were also found
between the average FA of the overall measured WM and the
MMSE score (Fig 3A; ␥ ⫽ 0.631, P ⫽ .016) and the digit span
backward (Fig 3B; ␥ ⫽ 0.759, P ⫽ .001).
Discussion
White matter abnormalities are the principal neuropathologic
feature of the delayed encephalopathy that follows CO intoxication. However, this feature is not pathognomonic, and images are variable on conventional MR imaging after CO poisoning.25,26 The relationship between delayed sequelae and
imaging findings was ambiguous. In previous studies, researchers focused only on changes in signal intensity or water
diffusivity in lesions or in the periventricular WM.3,4,8,10

Table 1: Demographic data of patients with delayed encephalopathy after CO intoxication
Patient/Age
(yr)/Sex
1/57/M

2/44/M
3/26/F

4/35/M
5/34/M
6/62/M

7/41/F
8/24/F
9/41/F

10/43/M
11/48/M
12/36/F
13/37/F
14/41/M

Neurologic Features
Acute: coma, conscious in 2 days; delayed:
impaired memory, personality change,
parkinsonism, general weakness
Acute: coma, conscious in ⱕ1 day; delayed:
impaired cognition and memory
Acute: coma, conscious in a few days; delayed:
impaired memory, parkinsonism, amnesia, bad
temper
Acute: coma; delayed: impaired memory,
inattention, personality change, amnesia
Acute: coma, conscious in 1 week; delayed: ataxia,
impaired memory, ideomotor apraxia
Acute: coma, conscious in ⱕ1 day; delayed:
confusion, impaired cognition, apraxia, amnesia,
parkinsonism
Acute: coma; delayed: parkinsonism, dysmetria,
dyssynergia, urine retention, difficulty defecating
Acute: coma; delayed: ataxia, impaired cognition
Acute: coma; delayed: disorientation, incoherent
speech, dysexecution, behavioral changes, acute
dystonia
Acute: coma, conscious in ⱕ1 day; delayed:
impaired memory and cognition, parkinsonism
Acute: disturbed consciousness in 1 day; delayed:
depression, parkinsonism
Acute: disturbed consciousness in 1 day; delayed:
amnesia, apraxia
Acute: coma; delayed: impaired memory and
cognition
Acute: coma; delayed: ataxia, disorientation,
urinary incontinence

WM Involved in Delayed
Encephalopathy on MRI
Globus pallidus, frontal, parietal, temporal,
occipital

Time (days)
Lucid
12

To MRI
12

To Testing
22

Globus pallidus, frontal, parietal

42

83

44

Frontal, parietal

13

120

115

Parietal, occipital

20

31

24

7

393

383

25

4

3

Globus pallidus, frontal, parietal

7

4

15

Globus pallidus, frontal, parietal
Globus pallidus, frontal, parietal

20
19

107
26

106
8

Globus pallidus, frontal, parietal

17

30

18

Globus pallidus

10

3

2

Globus pallidus, parietal, occipital

23

414

414

6

55

7

15

442

423

Globus pallidus, frontal, parietal
Globus pallidus, frontal, parietal, occipital

Frontal, parietal, occipital
No obvious lesion

Note:—MRI indicates MR imaging.

Without extensive investigation, less apparent or microstructural changes in WM may be overlooked. Because different
cognitive functions are related to different subanatomies, the
lobar WM, the corpus callosum, and the internal capsule were
separately studied to explore the causal relationship between
DTI indices and clinical presentations. WM integrity was
quantified by measuring the degree of molecular diffusivity
and directionality. Although WM hyperintensities were also
variable in our patients, DTI was more sensitive in the detection of WM changes than conventional MR imaging. Our results, which showed an extensive increase in ADC values, suggested global brain injury after CO intoxication (Table 3). The
selective reduction in FA, which has been thought to originate
from architectural changes in the WM, was well correlated
with subsequent cognitive impairment. This finding suggests
that mapping WM changes after CO intoxication in vivo with
DTI is feasible.
Mechanisms of brain injury after CO intoxication include
hypoxia and reduced cellular oxygen metabolism in the acute
stage and lipid peroxidation leading to oxidative injury, excitotoxicity, and, later, apoptosis.10 All of these may result in
WM damage. Diffusion-weighted imaging and 1H-MR spectroscopy confirmed that tissue injury was associated with the
onset of delayed sequelae.8 Reduced ADC has been observed
both in the acute and delayed relapse phases in patients with
CO intoxication and indicates cytotoxic edema.12,15 1H-MR
spectroscopy has also shown high levels of choline-containing

compounds and depletion of N-acetylaspartate in the delayed
phase.8 These findings are thought to reflect WM demyelination and neuronal necrosis. Our FA values indicated a reduction in microstructural integrity of the WM. In addition, high
ADC indicated a decrease in diffusion restriction.17 Hence,
our findings may result from decreased cellular attenuation
and fiber coherence in the WM of patients with CO intoxication. Ultrastructural damage indeed occurs in the brain tissue
of patients with CO intoxication during the delayed neuropsychiatric phase.
Changes in WM may reflect different underlying mechanisms. First, WM changes may indicate anterograde wallerian
degeneration, especially in regions near cortical areas with the
greatest pathologic burden.24 Second, WM rarefaction may be
present with axonal damage and gliosis.27 This change is diffuse, it does not follow the regional extension of pathologically
involved gray matter, and it may be vascular or ischemic in
origin. Third, breakdown of myelin may be an important
component of the disease process.28 DTI has the ability to
reveal these changes in WM— degeneration, axonal damage,
demyelination, and neuronal necrosis— but still cannot reveal
the underlying neuropathologic basis for loss of WM integrity.
Wallerian degeneration secondary to neuronal injury has been
proposed as a cause for diffuse WM injury after global brain
anoxia or ischemia.29 It occurs only after the neuronal
perikarya are destroyed.30 Nevertheless, some experimental
evidence suggests that the severe damage to nerve fibers that
AJNR Am J Neuroradiol 30:1248 –55 兩 Jun-Jul 2009 兩 www.ajnr.org
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Fig 2. A 57-year-old man with delayed neuropsychiatric syndrome after CO intoxication (upper) and a healthy control (lower). A and B, Axial T2-weighted images (A) and FLAIR MR images
(B) show symmetric necrosis of the bilateral globus pallidus and extensive hyperintensity of the subcortical WM. C, ADC map. D, The FA map of DTI reveals clearly reduced fiber integrity
of the corresponding WM. The color bar represents the FA values.
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Table 2: Mean FA values of the selected WM areas from CO
intoxication in patients and controls
Mean ⫾ SD, ⫻ 10⫺3
Region
Corpus callosum, genu
Corpus callosum, splenium
Anterior limb internal capsule, L
Anterior limb internal capsule, R
Posterior limb internal capsule, L
Posterior limb internal capsule, R
Orbitofrontal, L
Orbitofrontal, R
High frontal, L
High frontal, R
Parietal, L
Parietal, R
Occipital, L
Occipital, R
Temporal, L
Temporal, R
All WM areas

Patients
Control Subjects
(n ⫽ 14)
(n ⫽ 16)
614.3 ⫾ 97.5
750.6 ⫾ 40.2
725.7 ⫾ 10.8
791.3 ⫾ 58.0
536.4 ⫾ 12.6
563.8 ⫾ 54.8
530.7 ⫾ 82.5
573.8 ⫾ 32.6
627.9 ⫾ 46.4
655.0 ⫾ 59.9
621.4 ⫾ 46.9
651.3 ⫾ 41.8
343.6 ⫾ 71.3
438.1 ⫾ 43.1
357.9 ⫾ 75.2
435.6 ⫾ 36.7
322.8 ⫾ 60.0
411.3 ⫾ 38.8
312.2 ⫾ 46.5
408.1 ⫾ 22.2
380.9 ⫾ 80.8
456.9 ⫾ 46.4
361.2 ⫾ 66.8
465.0 ⫾ 38.1
406.4 ⫾ 66.6
442.5 ⫾ 42.7
409.3 ⫾ 63.3
446.9 ⫾ 61.3
383.6 ⫾ 63.6
432.5 ⫾ 52.1
346.4 ⫾ 67.1
431.3 ⫾ 44.4
456.2 ⫾ 39.7
522.1 ⫾ 17.8

P*
⬍.001*
.044*
.461
.085
.181
.086
⬍.001*
.002*
⬍.001*
⬍.001*
⬍.001*
⬍.001*
.063
.110
.028*
⬍.001*
⬍.001*

Note:—L indicates left; R, right; FA, fractional anisotropy; WM, white matter; CO, carbon
monoxide.
* ⬍.05 indicates significance.

Table 3: Mean ADC values of the selected WM areas from CO
intoxication in patients and controls
Mean ⫾ SD, mm2s⫺1 ⫻ 10⫺12
Region
Corpus callosum, genu
Corpus callosum, splenium
Anterior limb internal capsule, L
Anterior limb internal capsule, R
Posterior limb internal capsule, L
Posterior limb internal capsule, R
Orbitofrontal, L
Orbitofrontal, R
High frontal, L
High frontal, R
Parietal, L
Parietal, R
Occipital, L
Occipital, R
Temporal, L
Temporal, R
All WM areas

Patients
Control Subjects
(n ⫽ 14)
(n ⫽ 16)
1006.0 ⫾ 117.1 851.3 ⫾ 59.9
1336.0 ⫾ 186.2 784.1 ⫾ 79.3
837.7 ⫾ 73.1
750.4 ⫾ 47.9
839.4 ⫾ 77.7
731.1 ⫾ 46.6
771.9 ⫾ 72.6
686.3 ⫾ 60.3
750.4 ⫾ 33.6
687.3 ⫾ 50.2
942.1 ⫾ 75.4
838.9 ⫾ 77.8
949.3 ⫾ 72.7
878.8 ⫾ 52.8
852.1 ⫾ 95.4
731.3 ⫾ 63.9
848.1 ⫾ 105.0 745.6 ⫾ 53.8
765.7 ⫾ 72.2
707.8 ⫾ 54.3
796.4 ⫾ 74.2
708.4 ⫾ 55.3
825.2 ⫾ 50.6
750.4 ⫾ 51.0
818.1 ⫾ 57.9
748.6 ⫾ 70.7
859.1 ⫾ 80.1
788.7 ⫾ 49.1
895.0 ⫾ 44.8
792.1 ⫾ 59.2
880.8 ⫾ 123.3 761.3 ⫾ 38.6

P*
⬍.001*
.023*
.001*
⬍.001*
.001*
⬍.001*
.001*
.005*
⬍.001*
.005*
.018*
⬍.001*
⬍.001*
.007*
.006*
⬍.001*
.001*

Note:—ADC indicates apparent diffusion coefficient.
* ⬍.05 indicates significance.

occurs in the WM is the direct effect of hypoxic-ischemic injury and is probably independent of the injury to the neuronal
perikarya.29 The variable clinical course noted in our study
and references suggests different individual vulnerabilities to
CO intoxication, directly or indirectly. It is difficult to conclude which process or which mixed etiologies caused the
changes in DTI indices in our study. Our hypothesis was that
early cytotoxic edema after CO intoxication launches demyelination and progresses to neuronal necrosis.
Serial diffusion imaging findings in the delayed encephalopathy of CO poisoning have been reported.8,15 The ADC
value decreased progressively and persisted much longer than
the few days after acute cerebral infarction. The values then

slowly increased and were higher 6 months after exposure than
at the moment after the appearance of sequelae. The DTI findings in our patients (mean, 123.1 days after the onset of delayed encephalopathy) were consistent with earlier reports.
Although parameters of a diffusion image are sensitive, revealing cell status or WM integrity, the interpretation of the clinical evolution from 1 time point imaging study is complex. We
noted that patients 1, 6, 7, and 11 (mean age, 52.0 ⫾ 9.3 years)
underwent MR imaging studies immediately after the appearance of sequelae and had lower FA and higher ADC than the
other 10 patients (mean age, 36.0 ⫾ 6.8 years), whose MR
imaging studies were performed with a mean time of 170 days
after delayed sequelae. The latter had better WM integrity than
the former, which suggests the possibility of remyelination in
WM after the delayed encephalopathy following CO intoxication. However, the higher mean age of the former patients,
with possible atherosclerotic chronic-ischemic changes due to
aging, may have predisposed them to more severe WM injury
than the younger patients. The severity in CO intoxication
varied among individuals and could lead to different chronologic changes in FA and ADC values.15 Prospective sequential
DTI studies are necessary to explore the underlying
mechanisms.
In our study, the decrease in FA associated with CO intoxication was not homogeneously distributed (Table 2). Rather,
it involved select regions of brain WM, including the corpus
callosum and the frontal, parietal, and temporal lobes. It
somewhat spared the internal capsule (which subserves motor
functions) or the optic radiations (which subserve visual functions). Nevertheless, lower FA values in these regions were also
found in the patient group. The section thickness was 5 mm,
and the lack of statistically significant results for the internal
capsule may be attributable to intravoxel heterogeneity. We
have tried to lessen the effect of partial volume effects on FA
values by using a region of interest of adequate size. However,
bias may still arise, due to anatomic limitations. Chu et al12
confirmed that damage in WM is more severe in the frontal
areas than in the parieto-occipital areas by using diffusionweighted MR imaging. Single-photon emission CT scans also
revealed increased hypoperfusion in the frontal lobes.12
Compared with early-myelinating regions (primary cortical regions), late-myelinating regions (cortical association areas) have relatively few oligodendrocytes to maintain heightened numbers of axons.28 In cortical association areas,
oxidative stress during the ischemic and reperfusion phases of
CO intoxication may amplify pathologic processes due to the
high metabolic demands of oligodendrocytes. Our result of a
decrease in WM integrity in late-myelinating regions supports
this hypothesis.
Cognitive sequelae of CO poisoning are evident.1-4,8-15
They include hindered executive function and slowed mental
processing speed, which are often observed after frontal lobe
damage, and altered visuospatial abilities, which are commonly observed after parietal lobe injury.10 Central executive
function involves corticocortical connectivity,31 which depends mainly on complex WM networks.32 In our study, the
high correlation between the MMSE score and the digit span
backward with the FA of multiple WM regions supports the
hypothesis that WM microstructural changes of CO intoxication may contribute to the decline in cognitive functions. AlAJNR Am J Neuroradiol 30:1248 –55 兩 Jun-Jul 2009 兩 www.ajnr.org
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Table 4: Spearman rank correlation coefficients for neuropsychological results and FA values
Digit Span
Region
Corpus callosum, genu
Corpus callosum, splenium
Anterior limb internal capsule, L
Anterior limb internal capsule, R
Posterior limb internal capsule, L
Posterior limb internal capsule, R
Orbitofrontal, L
Orbitofrontal, R
High frontal, L
High frontal, R
Parietal, L
Parietal, R
Occipital, L
Occipital, R
Temporal, L
Temporal, R
All WM areas

MMSE Score
0.462
0.291
0.482
0.501
0.407
0.532
0.755*
0.683*
⫺0.035
⫺0.077
0.470
0.402
0.257
0.448
0.393
0.172
0.631*

Forward
⫺0.192
⫺0.136
⫺0.199
0.031
⫺0.343
⫺0.269
⫺0.009
⫺0.027
⫺0.410
⫺0.476
⫺0.058
⫺0.175
0.120
0.040
⫺0.289
⫺0.335
⫺0.179

Verbal Fluency
Backward
0.272
0.577*
0.250
0.384
0.046
0.295
0.669*
0.675*
0.265
0.198
0.697*
0.588*
0.480
0.484
0.543*
0.598*
0.795*

Animals
⫺0.099
⫺0.164
⫺0.044
⫺0.011
⫺0.060
0.135
⫺0.186
⫺0.156
0.102
0.082
⫺0.033
⫺0.153
⫺0.185
⫺0.022
⫺0.229
⫺0.290
⫺0.079

Vegetables
0.327
0.112
0.234
0.223
0.348
0.201
0.410
0.323
0.147
0.235
0.211
0.273
0.069
0.301
⫺0.009
⫺0.022
0.453

Note:—MMSE indicates Mini-Mental State Examination.
* ⬍.05 indicates significance.

Fig 3. Scatterplots show the FA value of average overall WM versus MMSE (A) and digit span backward results (B) in patients with CO intoxication.

though not all patients agreed to MR imaging and neuropsychological tests immediately after the onset of delayed
sequelae, high correlations of neuropsychological tests to
quantitative FA values showed that DTI is very practical in
the evaluation of WM integrity and neuropsychological
performance.
In this study, the digit span backward test was correlated
with FA in various foci in the frontal, parietal, and temporal
WM. Relative to the forward test and the verbal fluency test,
digit span backward is a more complex task requiring more
sophisticated planning, rehearsal, and recall strategies involving executive function that may increase cognitive load.33 We
also found that digit span backward has a higher correlation
with WM damage than the MMSE did. It may be due to the
fact that the MMSE is biased in evaluating cognitive functions
associated with cortical lesions (eg, memory, language) but
less sensitive in evaluating executive dysfunction associated
with subcortical lesions.
There are several limitations in this study. This is an anecdotal case series. Both the duration and intensity of CO exposure may have affected the clinical presentation of patients
with neuropsychiatric disorders and their DTI findings. We
selected patients because of prominent leukoencephalopathy
after insult and, therefore, did not enroll patients with subclinical CO intoxication. The findings of DTI may not generalize
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to all patients with CO intoxication. In addition, early DTI
values were not available. Although DTI is very useful in revealing WM integrity, a causal relationship between an acute
cytotoxic effect and subsequent WM change cannot be determined. Moreover, the neuropsychological tests and MR imaging were not performed simultaneously, which could have biased our study. Only limited neuropsychological tests were
performed, possibly underestimating the cognitive sequelae.
Nevertheless, further careful study of these effects is needed.
Despite these limitations, we showed that WM injury and its
correlations to neuropsychological scores can be evaluated by
using DTI. This issue should be examined in a prospective
study of a wide variety of patients with CO intoxication.
In conclusion, DTI appears to be a sensitive tool for identifying neuropathologic and neuropsychological changes associated with CO intoxication. Our study supplements previous MR imaging studies by adding a level of anatomic detail to
the relationship between WM damage and cognitive dysfunction. We also demonstrated that WM injury is globally involved in the delayed phase of CO intoxication. Although our
results are based on a relatively small cohort, the strength of
the clinical MR imaging correlations underpin the importance
of WM pathology in CO intoxication and suggest that quantifying tissue damage of WM may improve our ability to monitor the development of CO intoxication.
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