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Abstract

Hypoxia damages multiple organ systems especially those with high oxygen utilization such as the central nervous
system. The purpose of this study was to compare the neuropathological and neuropsychological effects of hypoxia
in patients with either carbon monoxide poisoning or obstructive sleep apnea. Neuroimaging revealed evidence
of hippocampal atrophy in both groups although a linear relationship between hippocampal volume and memory
performance was found only for selected tests and only in the sleep apnea group. There were significant correlations
between hippocampal volume and performance on measures related to nonverbal0 information processing.
Generalized brain atrophy, as measured by the ventricle-to-brain ratio, was more common in the carbon monoxide
poisoning group compared to the obstructive sleep apnea group. Performance on tests of executive function
improved following treatment with nasal continuous positive airway pressure treatment in the obstructive sleep
apnea group but there was no associated improvement in general intellectual function. We found that hypoxia
due to obstructive sleep apnea and CO poisoning resulted in neuropathological changes and neuropsychological
impairments. The observed group differences provide insight into the relationship between etiology of injury,
neuropathological changes, and clinical presentation. (JINS, 2004,10, 60–71.)
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INTRODUCTION

Current thought in neuropsychology is that the etiology of a
particular neurological injury will determine the neuropath-
ological changes and neuropsychological profiles that occur
following the injury.However,direct comparisonof theneuro-
pathologic (i.e., morphometric) and neuropsychological ef-
fects following cerebral hypoxia, due to different etiologic
mechanisms has rarely been carried out.In vivoneuroimag-
ing techniquesprovideuniquemethods to investigate thepath-
ologic effects that occur following hypoxia in patients with
obstructive sleep apnea (OSA) or carbon monoxide (CO) poi-
soning. Comparison of morphometric neuroimaging analy-
ses and neuropsychological outcomes permits evaluation of
the similarities and differences between the two disorders.

Exposure to CO may damage multiple organ systems,
especially those with high oxygen utilization, including the
cardiovascular and central nervous system (for general over-
view, see Raub et al., 2000). The mechanisms by which CO
causes cellular damage are complex and multifactorial. Al-
though the neuropathologic changes associated with CO
poisoning are related to CO-induced hypoxia (CO binds to
hemoglobin) (Okeda et al., 1981), other biochemical mech-
anisms appear to be involved in cellular damage. Other
mechanisms include binding of CO to various intracellular
proteins (Piantadosi, 1987), neuro-excitotoxicity (Jarrard
& Meldrum, 1993), ischemia0reperfusion injury (Thom,
1990), and apoptosis (Piantadosi et al., 1995). Previous stud-
ies using quantitative magnetic resonance imaging (QMRI)
have shown hippocampal and fornix atrophy, and general-
ized ventricular enlargement; a sign of whole brain atrophy
following CO exposure (Gale et al., 1999; Hopkins et al.,
1993; Kesler et al., 2001; Reynolds et al., 1999). These
structural changes likely reflect selective sensitivity of spe-
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cific cerebral structures to hypoxia (for review, see Caine &
Watson, 2000). Neuropsychological impairments are fre-
quently reported following CO poisoning, including im-
paired memory, attention, visuospatial skills, executive
function, and constructional praxis (Hopkins et al., 1993;
Thom et al., 1995; Weaver et al., 2002).

The effects of acute and chronic hypoxia are well known,
whereas less is known regarding the effects of intermittent
hypoxia. Obstructive sleep apnea (OSA) is a sleep disorder
that results in the absence (apnea) or reduction (hypopnea)
of airflow lasting at least 10 s despite normal respiratory
exertion (Guilleminault et al., 1978; Kelly et al., 1990). The
apnea and hypopnea result in decreased oxygen saturation
levels in the blood (hypoxemia) and disruption or fragmen-
tation of the sleep cycle. OSA affects an estimated 2 to 4%
of the middle-aged population and the prevalence increases
with age (Bliwise et al., 1994; Young et al., 1993). Com-
mon symptoms include excessive daytime sleepiness (EDS),
snoring, gasping or choking during sleep, headaches (espe-
cially upon waking), irritability and mood disturbance, per-
sonality change, motor restlessness, and cognitive
impairments (Agency for Health Care Policy and Research,
1998; Guilleminault et al., 1978;). The cognitive and be-
havioral manifestations associated with OSA are related to
both intermittent hypoxia and sleep fragmentation (Barth
et al., 1993; Bédard et al., 1991, 1993; Berry et al., 1986;
Findley et al., 1986; Valencia-Flores et al., 1996). Patients
with OSA may exhibit impairments in vigilance, attention,
short-term memory, general intellectual functioning, exec-
utive dysfunction, visuospatial function, and psychomotor
speed (Bédard et al., 1991; Findley et al., 1986; see also
Rourke & Adams, 1996). Thus, the neuropsychological im-
pairments in OSA patients with intermittent hypoxia are
similar to those observed following CO poisoning and as-
sociated acute hypoxia.

Previously we reported hippocampal atrophy following
CO poisoning (Gale et al., 1999; Hopkins et al., 1995a) and
OSA (Gale et al., 2000; Walker et al., 1999). Although the
two disorders have different etiologies, both disorders may
result in neuropathologic changes secondary to hypoxia0
hypoxemia. The purpose of this study was to compare the
QMRI and neuropsychological outcome between patients
with a history of CO poisoning and patients with a recent
diagnosis of OSA. We were also interested in the effects of
treatment for the patients with OSA; as such both pre and
post treatment neuropsychological profiles were compared
to the CO group.

METHODS

Research Participants

Twenty patients (11 males, 9 females), with moderate to
severe accidental CO poisoning were compared to 14 se-
vere OSA patients with normal daytime blood gases (12
males, 2 females). There were no differences in ethnic or
racial characteristics between the two groups. The study

had LDS Hospital IRB approval, conformed to institutional
and federal guidelines for the protection of human subjects,
and written informed consent was obtained. All CO pa-
tients were treated with 100% normobaric oxygen or hyper-
baric oxygen following the poisoning (4 patients were
intubated). The CO patients’ mean age was 396 7.0 years
(range5 27–52 years;MDN 5 38.0 years) and mean edu-
cational level of 156 3.0 years (range5 8–20 years;MDN5
15.0 years). The mean COHb level was 26.0 and 40% of
patients lost consciousness. A physician independently con-
firmed diagnosis of CO poisoning and all patients were
referred for brain imaging and comprehensive neuropsycho-
logical evaluation. The mean time from CO exposure to
MRI and neuropsychological testing was 22.4613.8 months
(range5 4–45 months;MDN 17.8 months). A detailed de-
scription of this group has been reported elsewhere (Gale
et al., 1999).

The OSA patients were recruited as part of a prior treat-
ment study and initial findings and patient characteristics
are described elsewhere (Walker et al., 1999). Patients with
evidence of daytime hypoxemia were excluded from the
study. The OSA patients mean age was 526 11 years
(range5 33–68 years;MDN 5 51.0 years) and mean edu-
cational level was 146 1.8 years (range5 12–18 years;
MDN 5 14.0 years). The mean baseline oxygen saturation
was measured by a pulse oximetry (SaO2) of 90.26 5.0
(MDN 5 92), which is within the normal range. Results
from polysomnography showed a mean respiratory distress
index (RDI) of 83.66 18.1 (MDN 5 84.5) and mean per-
cent sleep time below a SaO2 of 90% was 65%6 33.6
(MDN5 82%). The mean minimum SaO2 during polysom-
nography was 53.96 17.5 (MDN 5 53.0). No data was
available regarding duration of OSA. All OSA patients un-
derwent neuropsychological evaluation and neuroimaging
within several days of polysomnography. Neuroimaging oc-
curred prior to treatment with nasal continuous positive air-
way pressure (nCPAP) and did not delay treatment.
Neuropsychologic testing, but not neuroimaging, was re-
peated in the OSA patients after 6 months of nCPAP
treatment.

Procedures

Neuroimaging

MR images were acquired at 1.5 Tesla with a quadriture
head coil using standard clinical protocols. Parameters were
as follows: (1) sagittal T1-weighted (50001102; TR0TE0
excitations); (2) axial intermediate and T2 weighted (30000
31; 9001) spin echo images; and (3) coronal intermediate
and T2-weighted (3800021, 10502) fast spin echo. The sag-
ittal and axial images had a slice thickness of 5 mm with a
2 mm interslice gap acquired on a 2563 192 matrix with a
field of view of 22 cm and 24 cm in the axial and sagittal
planes, respectively. The coronal images were 3 mm thick
interleaved sections with a field of view of 22 cm on a
5123 256 matrix. Imaging parameters as well as our nor-
mative QMRI database have been reported in detail else-
where (Bigler et al., 1997; Blatter et al., 1995).
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Volumetric analysis

Images were quantified as described by Blatter et al. (1995)
using the software ANALYZE (Biomedical Imaging Re-
source, 1993). Quantitative (volumetric) analyses of cere-
bral structures obtained from MRI were performed per the
methods described previously (Bigler et al., 1997; Blatter
et al., 1995; Gale et al., 1995; Hopkins et al., 1995a). Hip-
pocampal reliability was .92 and$ .98 and additional in-
formation on inter- and intra-rater reliability are described
elsewhere (Bigler et al., 1997; Blatter et al., 1995; Hopkins
et al., 1995a). The rater (SDG) for image analysis was blind
to diagnosis, sex, age, and neuropsychological test scores.

Two QMRI measures, ventricle-to-brain ratio (VBR) and
hippocampal volume are the focus of this study. A detailed
description of the QMRI methods is beyond the scope of
this paper. Briefly, regions of white matter, gray matter, and
cerebrospinal fluid were identified and plotted to represent
pixel signal intensity. Utilizing dual-echo images (intermedi-
ate and T2-weighted) enhanced accurate signal identifica-
tion. A multispectral segmentation was performed on the
two spatially registered images from the foramen magnum
to the vertex (see Blatter et al., 1995). Thus, this type of
QMRI analysis results in volumetric rather than planimet-
ric (i.e., area) measures. VBR was calculated by dividing
total ventricular volume (e.g., lateral ventricles and third
and fourth ventricles) by total brain volume and multiply-
ing by 100 (Blatter et al., 1995). Since VBR takes into
account total brain volume there is no need to adjust for
brain size. VBR has been shown to be a measure of gener-
alized atrophy (i.e., whole brain volume loss; Barker et al.,
1999; Bigler et al., 2000; Blatter et al., 1997; Gale et al.,
1995). VBR was defined as abnormal if it was at least 1.5
standard deviations above the mean compared to age and
sex stratified normative data.

Hippocampal volumes were measured in the coronal slices
(see Bigler et al., 1997). Hippocampal atrophy is defined as
a hippocampal volume of 1.5 standard deviations below the
mean of the normative sample (see below). Each subject’s
QMRI volumes were converted toz scores using data from
our normative data (Bigler et al., 1997; Blatter et al., 1995).
Total hippocampal measures are reported as volumes (cm3)
and age and sex adjustedz scores. VBR measures are re-
ported as ratios and age and sex adjustedz scores.

Neuropsychological assessment

The two groups differed in some of the neuropsychological
tests administered: the CO group was seen for clinical rea-
sons (data is archival), while the OSA patients were part of
a prospective study. Therefore, only the neuropsychologi-
cal tests administered to both groups will be reported. The
neuropsychological tests included the Wechsler Adult Intel-
ligence Scale–Revised (WAIS–R; Wechsler, 1981), Wech-
sler Memory Scale–Revised (WMS–R; Wechsler, 1987),
Rey Auditory Verbal Learning Test (RAVL; Rey, 1964),
Rey-Osterrieth Complex Figure (ROCFD; Rey, 1941), Trail
Making Test Parts A and B (Reitan & Wolfson, 1985), SCL–
90–R (Derogatis, 1994), Beck Depression Inventory (BDI;

Beck, 1987), and Beck Anxiety Inventory (BAI; Beck &
Steer, 1993). Since previous studies suggest generalized in-
tellectual decline occur in both groups, the Oklahoma pre-
morbid intelligence estimation method (OPIE; Scott et al.,
1997) was used to assess change in intellectual function.
Difference scores were obtained by subtracting FSIQ score
from the OPIE score.

Raw test scores were converted tozscores (M50;SD51)
based on available normative data. When possible thez
score took into account age, education, and sex. The nor-
mative data from Heaton et al. (1991) were used to convert
the data from the WAIS–R subtests (e.g., Block Design,
Digit Symbol and Vocabulary), Trail Making Test (Parts A
and B), and finger oscillation test. Trials 1 and 6 of the
RAVL were converted toz scores using norms stratified by
age and sex (Geffen et al., 1990). Delayed recall raw scores
from the ROCFD were converted toz scores using norma-
tive data reported by Meyers and Meyers (1995). Verbal
fluency (total number of words on the FAS)z scores were
calculated using normative data described by Tombaugh
et al. (1999). The subtests from the WMS–R (Logical Mem-
ory and Visual Reproduction) were converted toz scores
using data provided in the manual (Wechsler, 1987). Since
the normative data in the WMS–R manual are interpolated
for ages 25–34, norms reported by Mittenberg et al. (1992)
were used.After transforming neuropsychological test scores
to z scores, composite function indices were created by av-
eraging these scores within each cognitive domain. Descrip-
tion and calculation of the cognitive domains are presented
in Table 1.

Psychological function

Emotional function, depression and anxiety were assessed.
The presence of depression was defined as a raw score of
14 or greater on the BDI and0or a T-score of 63 or greater
on the Depression scale of the SCL–90–R. Anxiety was
defined as a raw score of 10 or more on the BAI and0or a
T-score of 63 or more on the Anxiety Index scale of the
SCL–90–R. To evaluate the effect of treatment with nCPAP
on emotional function in the OSA patients, improvement in
depression or anxiety were defined as scores in the normal
range on both the Beck and SCL–90–R scales for scores
that were initially elevated.

Statistical analysis

Independentt tests were used to compare demographic vari-
ables between the CO and OSA groups. Non-continuous
data comparisons between groups (e.g., percent of patients
with hippocampal atrophy) were analyzed using Fisher’s
Exact Test. Correlations between imaging variables and med-
ical and neuropsychological data were performed using Pear-
son correlations.

To reduce Type I error, tests that were thought to assess
similar cognitive functions were grouped together to create
a single score. Eight domain scores were calculated; each
one representing a dependent variable of interest. Separate
verbal and visual memory domain scores were created to
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investigate associations with left and right hippocampal vol-
umes. A profile analysis was used to analyze differences in
the pattern of neuropsychological performance between the
CO and pre-treatment OSA groups. A profile analysis is
essentially a repeated measures multivariate analysis of vari-
ance (MANOVA) designed to compare two or more groups
on a series of test scores (Johnson & Wichern, 2002; Ste-
vens, 1996). First, the profiles are tested for parallelism.
Parallel profiles would suggest that one group scored uni-
formly higher than the other group while non-parallel pro-
files would suggest a group by variable interaction. Second,
if the profiles are found to be parallel then they are tested to
determine if they are coincident. Profiles are considered to
be coincident if the groups scored the same across all vari-
ables, that is, performance on the first variable (or domain)
were equal to performance on the second variable and so
forth. Finally, if the profiles are found to be coincident they
are then tested to determine if they are level; if there are
equal scale means. Since a profile analysis requires that
scores be equally scaled, test scores were transformed toz
scores (described above). In addition to the profile analysis
a repeated-measures MANOVA was carried out to compare
pre-nCPAP performanceversuspost-nCPAP in the OSA
group.

RESULTS

Group Differences

Demographics

Demographic variables are presented in Table 2. There was
a significant age difference between the OSA and CO groups
[ t(32) 5 24.48, p , .001]. However, the groups did not

differ on level of education [t(32)5 1.49,p . .05], FSIQ
[ t(32)520.72,p. .05], or estimated FSIQ (OPIE) [t(32)5
20.27,p . 0.05]. Although estimated premorbid levels of
intellectual function using the OPIE did not differ between
the groups, within groups comparisons showed that the mea-
sured FSIQ (WAIS–R) was significantly lower than the es-
timated premorbid IQ (p , .001).

Neuroimaging findings

Hippocampal atrophy occurred in 30% of CO patients and
36% of OSA patients. The Fisher’s Exact Test (two-tailed)
showed the percent of patients with hippocampal atrophy
did not differ between the groups (p . .70). While 35% of
CO patients had generalized brain atrophy, as measured by
enlarged VBR, none of the OSApatients had increased VBRs
( p , .05).Z scores for hippocampal volume are presented
in Table 2. Direct comparison of hippocampus and VBR
between the groups was problematic due to the large vari-
ability. For this reason natural log (LN) transformations of
the morphometric measures were carried out to reduce the
effects of outliers and differences in variance between groups
(see Altman, 1991). Since natural log transformations can-
not be carried out on negative numbers, thez scores were
converted to T-scores. The VBR LN transformation scores
were 4.16 (.55) and 3.86 (.18) for the CO and OSA groups,
respectively (p 5 .058). Hippocampal LN transformation
scores were 3.68 (.47) and 3.67 (.26) for the CO and OSA
groups, respectively (p 5 .957).

Hippocampal volumes correlated with PaO2, a direct mea-
sure of oxygen saturation, to examine the relationship be-
tween oxygen saturation and cerebral morphology in OSA
patients. There was a significant correlation between oxy-
gen saturation and total hippocampal volume (r 5 .621;

Table 1. Neuropsychological tests and cognitive domains

Cognitive domain Neuropsychological tests Calculation of index

Verbal WAIS–R Vocabulary Heaton Norms
Spatial WAIS–R Block Design Heaton Norms
Motor Finger Oscillation Speed (Dominant1 Non-Dominant)02
Processing speed WAIS–R Digit Symbol

Trail Making Test A
(Digit Symbol1 Trails A)02

Executive Trail Making Test B
FAS

(Trails B1 FAS Total)02

Attention WMS–R Attention0Concentration Index Standard
Verbal memory WMS–R Logical Memory I & II

RAVL
Trial 1
Trial 6
Total of Trials 1 through 5

(LMI 1 LMII 1 RAVL1 1 RAVL 6 1 RAVL Total)05

Visual memory WMS–R Visual Reproduction I & II
Rey-Osterrieth Complex Figure–Delay

(VRI 1 VRII 1 ROCFD)03

Note.All scores were transformed toz scores prior to averaging for domain scores.
The abbreviations are as follows: WAIS–R5 Wechsler Adult Intelligence Scale–Revised; WMS–R5 Wechsler Memory Scale–Revised;
RAVL 5 Rey Auditory Verbal Learning Test; RAVL15 Rey Auditory Verbal Learning Test first trial; RAVL65 Rey Auditory Verbal
Learning Test recall trial; LMI5 Logical Memory I; LMII 5 Logical Memory II; VRI 5 Visual Reproduction I; VRII5 Visual
Reproduction II; and ROCFD5 Rey-Osterrieth Complex Figure Test.
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R2 5 .385,p , .01) [Figure 1]. The correlations between
oxygen saturation and left or right hippocampal volumes
were significant;r 5 .581 and .630, respectively.

Neuropsychological outcome

The neuropsychological test results are presented in Tables 3
and 4. Results from the profile analysis indicated that the
profiles were parallel [F(7,26)5 2.19,p . .05] (Figures 2

and 3) indicating that there was no Group3 Cognitive Do-
main interaction. The OSA group performance was better
for all domains. The average profile score across all cogni-
tive domains was2.49 (.62) and2.06 (.47) for the CO and
OSA groups, respectively. The profiles were not coinci-
dent; equality of profiles was not supported [F(1,32) 5
4.87,p , .05] indicating that the performance was variable
across the domains. Finally, the profiles were not level
[F(7,26)5 5.15,p , .05] indicating the means were un-

Table 2. Demographic variables by diagnostic group

CO OSA

Variable M SD M SD

Age 38.45* 6.61 52.21 11.27
Education 15.05 2.96 13.71 1.82
FSIQ 100.60 14.66 103.93 11.08
OPIE 110.10 8.39 110.86 7.72
FSIQ–OPIE difference1 29.5 26.9 6.16
Total hippocampal volume (z score) 20.74 1.30 20.95 0.95
Hippocampal LN transformation 3.68 .47 3.67 .26
Ventricle-to-brain ratio (z score) 2.79 7.33 20.21 0.84
Ventricle-to-brain ratio LN transformation 4.16 .55 3.86 .18

*Significant difference between CO and OSA1 (p , .01).
1Within-group comparisons (p , .01).
Note.The abbreviations are as follows: FSIQ5 Full Scale Intelligence Quotient; OPIE5 Oklahoma Premorbid Intelligence Estima-
tion; and LN5 Natural Log Transformation.

Fig. 1. Correlation between total hippocampal volume (z score) and PaO2 in OSA patients.
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equal. Significant domain differences were found for atten-
tion [F(1,32)5 4.53,p , .05], verbal memory [F(1,32)5
8.03,p , .05] and visual memory [F(1,32)5 8.23,p , .05].

Psychological function

Measures of depression and anxiety were generally normal
in the OSA group but mild to moderately elevated in the
CO group. Table 5 consists of the descriptive statistics from
the BDI, BAI, and SCL–90–R.

Relationships Between Neuroimaging and
Cognitive Domains

Correlations between hippocampal volume and
cognitive domains

One-tailed Pearson correlation coefficients for hippocam-
pal volume and cognitive domain scores are presented in

Table 6. Positive correlations were found for hippocampal
volumes and selected cognitive domain scores. There were
no significant correlations between hippocampal volume
and memory domain scores. However, for the OSA group,
some memory test scores (included in the memory domain
scores) significantly correlated with hippocampal volume.
For example, delayed recall of the ROCFD correlated with
right (r 5.672,p , .01) and left (r 5 .439,p . .05) hip-
pocampal volumes, and Trial 6 of the RAVL correlated with
right (r 5 .715, p , .01) and left (r 5 .702, p , .01)
hippocampal volumes in the OSA group.

All of the cognitive domain scores were collapsed to form
a composite score, Total Profile, which correlated with hip-
pocampal volume (see Table 6). Finally, two additional com-
posite scores were calculated to evaluate the association
between morphology and memoryversusnon-memory per-
formance. Results in Table 6 indicate the non-memory com-
posite score correlated with hippocampal volume for both

Table 3. Neuropsychological variables (T-scores or standard Index scores) by diagnostic group

CO OSA-pre OSA-post

Variable M SD M SD M SD

FSIQ 100.60 14.66 103.93 11.08 106.21 12.27
VIQ 100.57 11.29 103.36 10.04 104.43 8.66
PIQ 100.95 16.54 104.07 13.36 107.71 16.91
Digit Symbol 46.52 9.39 45.29 6.03 47.86 8.63
Block Design 46.62 10.79 48.29 11.61 51.14 9.53
Digit Span 42.71 9.67 47.43 4.73 47.71 6.37
WMS–R Verbal 90.95 15.43 101.00 13.21 110.43 12.82
WMS–R Visual 101.85 20.12 113.50 16.99 117.14 13.98
WMS–R GMI 92.70 17.94 105.00 14.70 114.07 12.49
WMS–R Attention 91.95 14.98 102.71 11.38 101.50 13.42
WMS–R DRI 87.85 17.14 109.07 17.84 109.43 17.76
ROCFD Delayed Recall 34.30 12.12 45.14 10.95 53.36 14.03
RAVL Trial 1 43.15 10.85 48.29 12.94 54.07 13.88
RAVL Trial 6 41.60 14.47 54.50 7.39 52.79 11.79
RAVL Total 41.53 11.70 53.13 8.32 54.05 10.13
Trail Making Test A 44.67 10.40 46.14 12.06 48.00 9.41
Trail Making Test B 41.10 10.04 45.14 7.64 48.43 7.73
FAS Total 36.74 11.48 32.93 7.79 38.29 12.54

Note.The OSA-pre group is pre-treatment with nasal nCPAP and the OSA-post is post nCPAP.
The abbreviations are as follows: FSIQ5 Full Scale Intelligence Quotient; VIQ5 Verbal Intelligence Quotient; PIQ5 Performance
Intelligence Quotient; WMS–R5 Wechsler Memory Scale–Revised; GMI5 General Memory Index; DRI5 Delayed Recall Index;
ROCFD5 Rey-Osterrieth Complex Figure Design; RAVL5 Rey Auditory Verbal Learning Test; and FAS5 Verbal Fluency.

Table 4. Cognitive domainz scores by diagnostic group

Diagnostic
group Verbal Spatial Motor

Processing
speed Executive Attention

Verbal
memory

Visual
memory

CO
M 2.14 2.24 2.10 2.45 2.68 2.54 2.79 21.01
SD .95 .99 .77 .96 .76 1.00 1.00 1.19

OSA
M .09 2.17 .11 2.43 2.67 .18 .18 .24
SD .77 1.16 .72 .85 .57 .76 .69 1.11
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Fig. 2. Profiles of performance across cognitive domains by group.

Fig. 3. Index scores from the SCL–90–R by group. T-scores from the SCL–90–R have aM of 50 and aSDof 10. A
T-score$ 63 is considered to be abnormal.
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groups, but there were no significant correlations with the
memory composite score.

Correlations between VBR and cognitive
domains

In contrast to the correlations between hippocampal vol-
ume and cognitive domains in the OSA group, there were
no significant correlations between cognitive domain scores
and VBR. Similarly, VBR did not correlate with SaO2 in

the OSA group. These findings were not unexpected since
the OSA patients had normal VBRs. For the CO group,
only the Attention domain significantly correlated with VBR
(r 5 2.296,p 5 .045).

Neuropsychological and emotional outcome
following nCPAP

A repeated measures (within subjects) MANOVA showed
significant improvement in the cognitive domain profile in
the OSA group after 6 months of treatment with nCPAP
[F(7,7)5 6.52,p , .05]. The Executive functionz score
increased an average of .43 (.55), with a median increase
of 0.47. Sleep parameters were improved at 6 month
follow-up with the RDI decreasing from 83.66 18.1 to
19.2 6 13.1 and minimum SaO2 increased from 53.96
17.5 to 70.06 17.7.

Psychological function for the OSA group was in normal
range prior to nCPAP (Table 5 and Figure 3) but there was
evidence of a general decrease in the number of symptoms
reported following treatment. Forty percent of the OSA
patients had elevated Distress indices on the SCL–90–R
that were in the normal range following nCPAP. Depression
scores (SCL–90–R Depression Index and0or BDI) were
elevated in 50% of the OSA patients prior to treatment;
14% were still reporting depressive symptoms following
nCPAP. Similarly, anxiety scores were elevated in 50% of
the OSA patients prior to treatment and only 21% had ele-
vated anxiety scores at follow-up.

DISCUSSION

This is one of the first studies to utilize QMRI to compare
the neuropathological and neuropsychological effects of
hypoxia-related injury between two etiologic groups. Con-
sistent with previous research demonstrating hippocampal
atrophy following hypoxia in humans (Manns et al., 2003),

Table 5. Descriptive statistics by group on measures of affect

CO OSA

Measure M SD M SD

SCL–90–R Scales
SOM 58.10 10.43 61.71 8.91
OC 71.61 9.44 61.86 11.67
IS 62.94 9.90 55.57 11.73
DEP 65.90 10.56 60.36 8.63
ANX 64.94 12.50 52.36 11.39
HOS 63.44 10.77 53.29 10.63
PHOB 59.83 12.63 52.29 8.21
PAR 58.00 12.48 50.07 10.67
PSY 65.67 9.63 53.14 9.72
GSI 67.06 10.26 58.64 11.41
PST 61.50 10.19 55.14 9.46
PSDI 64.22 8.04 56.43 10.52

Beck scales
BDI 14.70 8.12 9.43 6.65
BAI 13.55 7.27 8.79 5.73

Note.Abbreviations are as follows: SOM5 Somatization; OC5 Obsessive-
Compulsive; IS5 Interpersonal Sensitivity; DEP5 Depression; ANX5
Anxiety; HOS5 Hostility; PHOB 5 Phobic Anxiety; PAR5 Paranoid
Ideation; PSY5 Psychoticism; GSI5 Global Severity Index; PST5 Pos-
itive Symptom Total; PSDI5 Positive Symptom Distress Index; BDI5
Beck Depression Inventory; and BAI5 Beck Anxiety Inventory.

Table 6. Correlations between hippocampal volume and neuropsychological domains and composites

CO OSA

Measures Left Right Total Left Right Total

Domains
Verbal .088 .076 .083 .523* .604* .579*
Visuospatial .210 .395* .305 .810** .736** .792**
Motor .532** .332 .449* .019 2.056 2.056
Processing .444* .490* .481* .431 .384 .384
Executive .494* .555** .539** .340 .470* .415
Attention .183 .444* .314 .225 .243 .243
Verbal memory .042 .208 .122 .234 .301 .301
Visual memory .112 .252 .182 .291 .346 .346

Composites
Total profile .374 .516* .453* .681** .692** .705**
Memory .086 .249 .166 .311 .431 .380
Nonmemory .483* .589** .548** .769** .715** .763**

*p , .05.
** p , .01.
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rats (Davis et al., 1986), and monkeys (Zola-Morgan et al.,
1992), there was evidence of the neuropathological effects
of hypoxic brain injury. QMRI findings showed that a sim-
ilar percentage of patients in both groups had hippocampal
atrophy. In contrast, generalized atrophic changes (i.e., en-
larged VBR) were found only in the CO patients. Group
differences were not due to age or sex, as the QMRIz
scores were derived using normative data stratified by age
and sex.

The dissimilarity of the VBR findings between the hyp-
oxic groups in this study was unexpected and raises the
question of why the differences occur. There are several
possible reasons for the differences between the groups.
First, the groups may differ in terms of severity of the hyp-
oxia. In the CO group, the CO exposure was moderate to
severe as indicated by their elevated COHb levels and loss
of consciousness. Thus, the patients in the CO group may
have had a more severe hypoxic episode compared to the
OSA group resulting in additional neuronal injury and con-
comitant atrophy.

Second, the groups may differ due to moderation of tis-
sue damage from brief intermittent hypoxia instead of a
single episode of longer duration. Therefore, the duration
of hypoxia may account for the more severe generalized
brain atrophy observed in the CO patients. Alternatively, it
has been suggested that the long-term effects of chronic
intermittent hypoxia, such as occurs in OSA, can result in
cerebral vascular problems, neurodegeneration, and neuro-
cognitive deficits due to the cumulative effects of the hyp-
oxia (Neubauer, 2001).

Third, the groups may differ due to neuronal damage
related to the direct and0or indirect cytotoxic effects of CO.
Differences in VBR between the groups in our study may
be due to the CO-induced cytotoxic effects independent of
tissue oxygenation (Piantadosi et al., 1997b). For example,
Choi (1983) described a delayed neurological syndrome
following CO poisoning that presents weeks after CO is
removed from body tissues, suggesting mechanisms that
may be independent of hypoxia. Animal research has shown
neuronal apoptosis and necrosis following CO-induced hyp-
oxia (Piantadosi et al., 1997a). A study by Piantadosi et al.
found minimal damage to the hippocampus while damage
to the frontoparietal cortex was extensive. A case report of
fatal CO poisoning in a 41-year-old man, including a de-
tailed histological examination of the brain, suggested that
the necrotic and apoptotic lesions were not explained by
hypoxia alone (Uemura et al., 2001). Finally, the combina-
tion of all of the above might contribute to the observed
differences in VBR between the CO and OSA groups.

Previous research has suggested that the hippocampus
may be more vulnerable to hypoxic injury than adjacent
cerebral structures such as the parahippocampal gyrus or
temporal lobes (Hopkins et al., 1995b; Kesner & Hopkins,
2001; Manns et al., 2003). However, a review of the human
anoxia literature, excluding CO poisoning and OSA, by
Caine and Watson (2000) suggested that neuropathological
changes in the watershed cerebral cortex and basal ganglia
areas occur more frequently than hippocampal damage. Fur-

thermore, Beebe and Gozal (2002) suggested injury to the
prefrontal cortex, rather than medial temporal lobe struc-
tures, is responsible for the neurocognitive and neurobehav-
ioral dysfunction associated with OSA (Beebe & Gozal,
2002). Consistent with this finding, our study found that
executive dysfunction was the most common cognitive im-
pairment in our OSA group. In contrast, the CO patients
had deficits in executive function and attention and memory.

We did not find strong correlations between measures of
memory and hippocampal volume. The lack of association
may be due to the limited number of patients with hippo-
campal atrophy (approximately 30%), comparison with
memory domain score (several measures of memory) rather
than individual memory test scores, or that hippocampal
atrophy may be a nonspecific indicator of cerebral injury.
Consistent with the latter possibility, nonverbal tasks and
measures of hypoxemia were related to hippocampal vol-
ume. Similar findings were reported by Cheshire et al. (1992)
who found Block Design, Digit Symbol, and lower IQ were
associated with breathing abnormalities in OSA patients.
Greenberg et al. (1987) reported impaired perceptual–
organizational skills in OSA patients. Bédard et al. (1991)
found that OSA patients with severe hypoxemia were more
impaired on visuospatial tasks compared to individuals with
moderate hypoxemia. In addition, studies indicate that the
neuropsychological impairments in OSA are similar to those
found in other hypoxic0anoxic conditions which include
both memory and non-memory dependent functions (Kelly
et al., 1990; Roehrs et al., 1995). Thus, hippocampal atro-
phy may represent the severity of brain injury and is asso-
ciated with diffuse cerebral impairment.

Both groups in our study had evidence of decreased in-
tellectual function compared with estimated premorbid in-
telligence levels. Nonetheless, IQ scores were in the average
range. Bédard et al. (1991) found individuals with severe
OSA had lower FSIQ and executive dysfunction (Trails B)
compared to individuals with moderate OSA, which were
related to severity of hypoxemia and not vigilance or sleep-
iness. These findings are consistent with those of the cur-
rent study. Bédard et al. (1993) tested OSA patients prior to
and 6 months post treatment with nCPAP and found im-
provements in FSIQ, but not Trail Making Test Part B or
Verbal Fluency. In contrast, patients in our study improved
on Trail Making Test B and Verbal Fluency but no improve-
ment in FSIQ was observed. Our patients were similar in
age, level of hypoxemia, and baseline FSIQ to those in the
Bedard et al. 1993 study but had a higher education level
(13.7 6 1.8 vs. 11.7 6 2.6) which may suggest a more
significant reduction in FSIQ and therefore no post-treatment
increase in FSIQ. Previous research has reported improve-
ment (Bédard et al., 1991, 1993; Engleman et al., 1997;
Valencia-Flores et al., 1996) and no change in cognitive
function following nCPAP (Barbe et al., 2001).

Both the CO and OSA groups reported mild symptoms
of depression and anxiety. The OSA group reported fewer
emotional symptoms following nCPAP, with the scores on
all measures within the normal range. Affective changes
have been reported following CO poisoning (Gale et al.,
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1999) and OSA (Barth et al., 1993; Guilleminault et al.,
1978). However, given that the reported symptoms of de-
pression and anxiety in the current study were in the mild
range for both groups, it is unlikely that they contributed to
the observed cognitive impairments.

There are several limitations of our study including lack
of a control group or a placebo group for the nCPAP treat-
ment in the OSA group. Given the small sample size in our
study may have been under powered to detect relationships
between hippocampal atrophy and memory. The strengths
of our study include comparisons of neuropsychological
and neuroimaging findings in two disorders associated with
hypoxia.

In conclusion, our study found hippocampal and gener-
alized atrophy and neuropsychological impairments in CO
poisoning and OSA. Hippocampal atrophy occurred in both
groups; however increased VBR due to generalized cere-
bral atrophy (i.e., whole brain volume loss) was greater in
the CO group. The CO group consistently performed worse
on most cognitive measures while the OSA group had more
selective cognitive impairments. Improvement in cognitive
function in OSA patients following 6 months of nCPAP
treatment was limited to executive function. Differences in
test performance between the CO and OSA groups were
more pronounced after the OSAgroup had received 6 months
of nCPAP treatment.

This research supports emerging evidence that hypoxia
contributes to hippocampal atrophy, and in some cases gen-
eralized brain atrophy (e.g., increased VBR). It is possible
that either the severity of the hypoxia in the CO patients
was greater than in the OSA patients, or that other neuro-
pathologic factors, such as those specific to CO poisoning,
may contribute to differences in hypoxia-related brain in-
jury. Additional research is needed that compares neuro-
pathologic and neuropsychological changes in other disorders
associated with hypoxia, such as acute respiratory distress
syndrome, asthma, and chronic obstructive pulmonary
disease.
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