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Abstract
Background—Prolonged disruption of sleep in animal studies is associated with decreased
neurogenesis in the dentate gyrus. Our objective was to determine if insomnia severity in a sample
of PTSD and controls was associated with decreased volume in the CA3/dentate hippocampal
subfield.

Methods—Volumes of hippocampal subfields in seventeen veteran males positive for PTSD (41
±12 years) and nineteen age-matched male veterans negative for PTSD were measured using 4
Tesla MRI. Subjective sleep quality was measured by the Insomnia Severity Index (ISI) and the
Pittsburgh Sleep Quality Index (PSQI).

Results—Higher scores on the ISI, indicating worse insomnia, were associated with smaller
volumes of the CA3/dentate subfields (r= −.48, p < 0.01) in the combined sample. Adding the ISI
score as a predictor for CA3/dentate volume to a hierarchical linear regression model after first
controlling for age and PTSD symptoms accounted for a 13 % increase in incremental variance (t=
−2.47, p= 0.02).

Conclusions—The findings indicate for the first time in humans that insomnia severity is
associated with volume loss of the CA3/dentate subfields. This is consistent with animal studies
showing that chronic sleep disruption is associated with decreased neurogenesis and dendritic
branching in these structures.
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Introduction
One of the most exciting discoveries in neurosciences is that the adult mammalian brain has
the capacity for neurogenesis, or growth of new neurons (1). Multiple studies have
suggested that neurogenesis is restricted to a few areas in the brain including the
hippocampal dentate gyrus (DG) and the subventricular zone of the lateral ventricles (For
review see (2)). The hippocampus has been implicated also in PTSD, showing smaller
volumes on MRI. (For review see (3)). Recently, our group has found with 4 Tesla MRI that
hippocampal volume loss in PTSD is specific to CA3/dentate subfields using high field
strength MRI (4 Tesla) (4).

A growing number of studies have shown that prolonged disruption of sleep in rats results in
a decrease in neurogenesis and hippocampal cell survival (5–8) (For review see (9)).
Although the pathophysiologic link between chronic sleep disturbance and diminished
neurogenesis is not known, it does appear to be related to sleep per se and not to other
variables such as elevated glucocorticoids (8). This linkage fits with the theory that sleep has
trophic effects on neurons and is vitally important for healthy brain function. Interestingly, a
recent study showed that subjects with primary insomnia have reduced hippocampal volume
(10), similar in magnitude to findings published in PTSD patients. This suggests that sleep is
critical for the hippocampus and perhaps more specifically, to hippocampal subfields
associated with neurogenesis. We developed a reliable measure of hippocampal subfields in
humans using high field strength MRI (11,12). Our primary objective in this study was to
examine the relationship of insomnia severity to the CA3/dentate subfield.

Methods and Materials
The details of the recruitment and characteristics of the PTSD and control sample is
described in detail in (4). To summarize, the sample included healthy veteran subjects with
PTSD (N=17, mean age 41± 12 SD) and veteran controls (N= 19, mean age 38± 15) with no
history of traumatic brain injury, history of psychotic or bipolar disorders, alcohol abuse or
dependence within the previous 12 months, and drug abuse or dependence within the
previous six months. The PTSD group had a mean score of 61 (SD= 14) on the Clinician
Administered PTSD Scale (CAPS) (13) compared to a mean of 8 (SD= 7) in the controls.
Six subjects in the PTSD group and 3 subjects in the control group had a past history of
alcohol abuse or dependence. Two subjects in the PTSD group and 3 subjects in the control
group had a past history of drug abuse or dependence. Insomnia severity was measured with
the Insomnia Severity Index (ISI) (14) and global subjective sleep quality was measured by
the Pittsburgh Sleep Quality Index (PSQI) (15). In addition, we examined the 3 factor
structure of the PSQI (16) which correspond to measures of sleep efficiency, perceived sleep
quality, and daily disturbances.

The MRI acquisition and data processing are described in detail in (4). To summarize, the
hippocampal subfields, entorhinal cortex (ERC), subiculum, CA1, CA1&CA2 transition
zone (CA1&CA2), CA3 & dentate gyrus (CA3&DG), were marked on 5 consecutive slices
using a standardized marking scheme based on a hypointense line representing myelinated
fibers in the stratum moleculare/lacunosum (17) which can be reliably visualized on these
high resolution images. The volumes of the subfields were determined by multiplying the
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number of pixels within the markings by pixel size and slice thickness and then by adding
the volumes on all marked slices. The intracranial volume was determined from the 3D T2
weighted image using the BET program (FMRIB Image Analysis) for skull stripping.

Statistical Analysis
Pearson correlation coefficients were calculated between ISI and PSQI scores with ICV-
corrected total hippocampal volume and the following hippocampal subfields: CA3/dentate.
CA1, CA2, subiculum, and entorhinal cortex (ERC). A hierarchical linear regression was
conducted to predict CA3/dentate volume, with Age entered in the first step, PTSD
symptoms (CAPS score) entered in the second step, and insomnia severity (ISI score)
entered in the third step.

Results
There was considerable overlap in sleep quality in the two groups: 5 PTSD subjects had
sleep quality scores within the range of the comparison group. There was a strong inverse
correlation between the mean volumes of the CA3/dentate subfields and the ISI score (r= −.
48, p < 0.01) in the combined sample. See Figure. There was a smaller, but significant
correlation of the ISI score with total hippocampal volume (r= −.36, p= .02) and a trend for
the CA1 subfield (r= −.29, p= .09). There were no significant correlations between
subjective sleep quality and CA2, ERC, or subiculum. A hierarchical linear regression
model for the CA3/dentate subfield showed that after controlling for age and PTSD
symptoms the ISI score accounted for a 13 % increase in incremental variance (t= −2.47, p=
0.02). See Table. Despite the high correlation between PTSD symptoms and the ISI score
(r= .81, p< .001), insomnia severity was the best predictor of the CA3/dentate volume and
accounted for unique variance beyond PTSD. Past history of drug or alcohol use was not
significantly related to the hippocampal subfields and had no effect on the relationship
between the ISI score and the CA3/dentate volume.

The PSQI produced nearly identical results. The global PSQI score was significantly
correlated with the CA3/dentate volume (r= −.45, p < .01). Further, we examined the 3
factor structure of the PSQI (16) and found that the CA3/dentate gyrus volume was
correlated with sleep efficiency (r= −.40, p= .01), perceived sleep quality r= −.47, p < .01),
and daily disturbances (r= −.27, p= .10).

Discussion
The findings indicate for the first time in humans that subjective insomnia severity is
associated with volume loss of the CA3/dentate subfields. The strong association of
insomnia to the CA3/dentate subfield volume is consistent with animal models which have
shown that chronic sleep disruption is associated with decreased neurogenesis and dendritic
branching in these structures. New neurons in the dentate send axonal projections along the
mossy fiber track to the CA3 region (Reviewed in (2)) and then onward through the Schaffer
collaterals to CA1 and subiculum, and then to the ERC (18). Biological factors which have
relatively large effects on neurogenesis in the dentate could produce both local volumetric
changes in the CA3/dentate region as well as downstream effects to other subfields which
could potentially influence total hippocampal volume. However, it is still not known in
humans if the growth of new granule cells in the dentate gyrus account for the increase in
hippocampal volume that have been described in some treatment studies (19,20).

Overall our results show that insomnia has a stronger relationship to the hippocampal
subfields than PTSD symptom severity. These findings will need to be replicated in larger
samples. Longitudinal studies with nonpharmacologic treatment of insomnia would help to
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build a stronger causal connection between disrupted sleep and reduced hippocampal
volume. For example, if effective and specific insomnia treatment produces a measurable
increase in the volume of the CA3/dentate hippocampal subfield volume, than this would
strengthen the inference that sleep has role in neurogenesis and that insomnia may account
for volume differences across groups. Cognitive behavior treatment for insomnia would be a
particularly attractive choice because if would avoid the potential confound that medication
may have on the hippocampus.
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Figure.
Scatterplot of CA3/Dentate Gyrus volume (mm3) and subjective sleep quality. Higher values
on the ISI correspond to worse sleep. PTSD cases are depicted with red dots. Control
subjects are depicted with blue dots.
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