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Abstract

Background

Elucidating the neurobiological effects of sleep and waking remains an important goal of the

neurosciences. Recently, animal studies indicated that sleep is important for cell membrane

and myelin maintenance in the brain and that these structures are particularly susceptible to

insufficient sleep. Here, we tested the hypothesis that a day of waking and sleep deprivation

would be associated with changes in diffusion tensor imaging (DTI) indices of white matter

microstructure sensitive to axonal membrane and myelin alterations.

Methods

Twenty-one healthy adult males underwent DTI in the morning [7:30AM; time point (TP)1],

after 14 hours of waking (TP2), and then after another 9 hours of waking (TP3). Whole brain

voxel-wise analysis was performed with tract based spatial statistics.

Results

A day of waking was associated with widespread increases in white matter fractional anisot-

ropy, which were mainly driven by radial diffusivity reductions, and sleep deprivation was

associated with widespread fractional anisotropy decreases, which were mainly explained

by reductions in axial diffusivity. In addition, larger decreases in axial diffusivity after sleep

deprivation were associated with greater sleepiness. All DTI changes remained significant

after adjusting for hydration measures.
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Conclusions

This is the first DTI study of sleep deprivation in humans. Although previous studies have

observed localized changes in DTI indices of cerebral microstructure over the course of a

few hours, further studies are needed to confirm widespread DTI changes within hours of

waking and to clarify whether such changes in white matter microstructure serve as neurobi-

ological substrates of sleepiness.

Introduction
Sleep is an enigmatic, evolutionarily conserved process required for human health and func-
tioning [1–3]. Lack of sleep causes substantial impairments across cognitive domains in healthy
subjects [4, 5] and disturbances in the sleep-wake cycle are frequently observed in individuals
with neuropsychiatric disorders [6, 7]. In addition, sleep deprivation can have rapid antidepres-
sive effects in mood disorders [8, 9]. Therefore, elucidating the neurobiological effects of sleep
and waking remains an important goal of the basic and clinical neurosciences.

A longstanding and widely held belief is that sleep is restorative [10, 11]. In support of this
hypothesis, increased brain expression of genes regulating macromolecule biosynthesis has
consistently been found in flies, rodents, and birds during sleep [12–15]. In particular, accumu-
lating evidence indicates that sleep is associated with elevated transcription of genes involved
in synthesis and maintenance of cell membrane lipids and myelin in the brain [14, 16, 17].
Consistent with a role for sleep in membrane lipid homeostasis, sleep deprivation caused a
marked increase in breakdown of membrane phospholipids of neurons in vitro and in vivo
[18]. Together, these findings indicate that sleep is important for cell membrane and myelin
maintenance in the brain and that these structures might be particularly susceptible to insuffi-
cient sleep [17, 18].

Diffusion tensor imaging (DTI) is a magnetic resonance imaging (MRI) technique that is
sensitive to water diffusion in biological tissues and to axonal membrane and myelin alterations
in the brain [19, 20]. Because water diffusion is higher parallel than perpendicular to white
matter (WM) axons, causing directional or anisotropic diffusion, DTI enables indirect investi-
gation of WMmicrostructure [20, 21]. The indices of WMmicrostructure obtained from DTI
include fractional anisotropy (FA), which reflects the degree of anisotropic diffusion, and axial
diffusivity (AD) and radial diffusivity (RD), i.e., measures of diffusion along and across WM
tracts, respectively [19]. Despite widespread and increasing use of DTI in the neurosciences, it
is unknown whether DTI indices of cerebral WMmicrostructure show sensitivity to lack
of sleep.

Although there is a scarcity of human studies assessing the effects of sleep deprivation on
WMmicrostructure, a recent study examined whether a day of waking was associated with
changes in brain DTI parameters of healthy volunteers [22]. Here, Jiang et al. found widespread
decreases in WM RD, AD, and MD from morning to evening, thus indicating that brain DTI
changes can take place within hours of waking. Changes in WM functioning after a day of wak-
ing and sleep deprivation have also been suggested by recent functional connectivity MRI stud-
ies [23–25]. Shannon et al. observed diurnal changes in connectivity between medial temporal
lobe regions and the cortex [23], whereas De Havas et al. [24] and Sämann et al. [25] found
that default-mode network integrity was reduced after sleep deprivation.
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In the present study of healthy humans, we tested the hypotheses that a day of waking fol-
lowed by a night of sleep deprivation would be associated with changes in cerebral WMDTI
parameters, possibly reflecting axonal membrane and myelin alterations, and that larger DTI
changes after sleep deprivation would be associated with greater sleepiness.

Methods and Materials

Ethics Statement
This study was approved by the Regional Ethical Committee of South-Eastern Norway (REK
Sør-Øst) and was conducted according to the principles expressed in the Declaration of Hel-
sinki. All subjects provided written informed consent to participate.

Participants
Twenty-one healthy adult males (mean [SD] age, 22.1 [2.1] years) were recruited through local
advertising. Sixteen participants were right-handed (76.2%) and 18 (85.7%) were university
students. Exclusion criteria were: history of sleep disorder, neurological or other chronic so-
matic disorder, psychiatric illness, alcohol or drug use disorder, previous head injury with loss
of consciousness for more than one minute, and metallic implants. All subjects had a regular
sleep-wake cycle and reported an average of 7.3 ± 1.2 hours of sleep per night the week before
the study and 6.3 ± 1.1 hours of sleep the night before participating in the study.

Study Protocol
The participants underwent MRI in the morning [7:30AM; time point (TP)1] after a night of
normal sleep in their own homes, after 14 hours of waking (TP2), and then after another 9
hours of waking (TP3; Fig 1A). No intake of caffeine, nicotine, or alcohol was allowed from the
night before the study day until study completion and no intake of food or energy-containing
fluids was allowed the 3 hours before each MRI session. Otherwise, no restrictions were placed
on fluid intake before or during study participation. Participants were free to leave the hospital
after the first MRI session, were instructed not to sleep and to refrain from physical activity,
and returned at 9PM the same evening for the second MRI session. After the evening examina-
tion, the subjects stayed overnight at the hospital and were monitored by a research assistant to
ensure that none fell asleep. Subjects were allowed to listen to music or a radio channel of their
choosing during the MRI sessions. To prevent the subjects from falling asleep during the MRI,
the participants completed a subtraction task that required them to press a button at an interval
of a few seconds while in the MRI scanner. Each time the button was pressed, a signal was sent
to the research assistant, which thereby monitored that the participants were awake. One sub-
ject fell asleep during the last two minutes of the DTI sequence at TP3.

Averaged DTI values at TP1 and TP2 across significant voxels are shown for each partici-
pant using individual colors in the right panels of (B)–(D). Values from the same participant
are connected with a line. The left side of the brain images represents the right hemisphere.

Assessment of Hydration State
No gold standard exists for the assessment of hydration state; however, information from two
or more hydration indices is recommended for the evaluation of body hydration [26]. In the
present study, body weight was measured immediately before imaging and blood samples were
drawn immediately after each MRI session for the analysis of plasma osmolality and hemato-
crit. These indices of hydration were adjusted for in the analyses of changes in DTI parameters
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after waking. Hematocrit data was missing for one subject at TP1 and for another subject at
TP3.

Assessment of Head Motion
Head motion during DTI can affect anisotropy and diffusivity measurements [27, 28]. Here, we
quantified four head motion measures for each scan, as described by Yendiki et al. [27]. First, we
estimated average volume-by-volume translation using the translation component of the affine
registration from each volume to the first volume. We computed the translation vector between
each pair of consecutive volumes and averaged the magnitude of these translation vectors over all
volumes in the scan. Second, we estimated average volume-by-volume rotation using the rotation
component of the affine registration from each volume to the first volume.We computed the ro-
tation angles between each pair of consecutive volumes and averaged the sum of the absolute val-
ues of these rotation angles over all volumes in the scan. Third, we estimated the percentage of
slices with signal drop-out by computing the signal drop-out score proposed in Benner et al. for
each slice in each volume, where slices with a score greater than 1 are considered to have suspect
signal drop-out [28]. The percentage of slices in the entire scan that had a score greater than 1
were computed. Fourth, we estimated signal drop-out severity by computing the average signal
drop-out score over all slices in the scan that had a score greater than 1. The head motion mea-
sures can be found in the S1 Dataset. Sixty-two out of the 63 scans had zero percentage of slices
with signal drop-out. Thus, we adjusted the analyses of changes in DTI parameters after waking
for average volume-by-volume translation and rotation.

Fig 1. Changes in diffusion tensor imaging (DTI) indices of white matter microstructure after waking.
(A) The participants underwent magnetic resonance imaging in the morning [7:30AM; time point (TP)1] after a
night of normal sleep in their own homes, after a day of waking (TP2), and then after another 9 hours of
waking (TP3). (B) Significant increases in fractional anisotropy (FA) after a day of waking (red-yellow color;
left panel). (C) Significant decreases in radial diffusivity (RD) after a day of waking (blue colors; left panel). (D)
Significant decreases in mean diffusivity (MD) after a day of waking (blue colors; left panel).

doi:10.1371/journal.pone.0127351.g001
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Assessment of Sleepiness
Sleepiness was assessed at TP3 using the Stanford Sleepiness Scale (SSS), i.e., a seven-point rat-
ing scale of subjective sleepiness sensitive to sleep deprivation where larger score indicates
greater sleepiness [29]. Participants were allowed to report sleepiness using 0.5-scores.

MRI Acquisition
Imaging was performed on a 3T Philips Achieva scanner (Philips Healthcare, Best, the
Netherlands) using an 8-channel SENSE head coil (InVivo, Gainsville, Florida). For DTI, a fat-
suppressed single-shot spin-echo echo-planar-imaging pulse sequence with 32 spatially inde-
pendent diffusion-sensitized gradient directions was used with the following parameters: repe-
tition time/echo time = 10439 ms/54 ms, b-value = 1000 s/mm2, FOV = 224 x 224 mm2,
matrix = 112, reconstructed voxel size = 2 × 2 × 2 mm3, SENSE factor 2, 60 axial slices. The ac-
quisition time was 7 min 40 s. A high-resolution 3D inversion recovery image set was also ac-
quired for visualization purposes.

MRI Analysis
All datasets were processed and analyzed at the multimodal imaging analysis lab at the Norwe-
gian Centre for Mental Disorders Research (NORMENT), Oslo University Hospital. The
image analysis was performed using the Functional Magnetic Resonance Imaging of the Brain
(FMRIB) Software Library (FSL) [30]. Each DTI volume was affine registered to the b = 0 vol-
ume using the FMRIB's Linear Image Registration Tool (FLIRT) [31], correcting for intra-scan
subject motion and eddy-current distortions. After removing non-brain tissue [32], voxel-wise
eigenvalues and eigenvectors were extracted from the estimated diffusion tensor and FA was
calculated. Mean diffusivity (MD) was defined as the mean of all three eigenvalues [(λ1 + λ2 +
λ3)/3], AD as equal to the principal eigenvalue λ1, and RD as the mean of the second and third
eigenvalues [(λ2 + λ3)/2]. Next, all individuals’ FA volumes were brought into standard space
and skeletonized as performed by tract-based spatial statistics (TBSS) [33]. Briefly, all volumes
were warped to the FMRIB58_FA template using local deformation procedures performed by
FMRIB's Non-linear Image Registration Tool (FNIRT). A mean FA volume for all subjects was
generated in standard space and thinned to create a mean FA skeleton. We thresholded and
binarized the mean skeleton at FA> 0.2 to reduce the likelihood of partial volume effects,
yielding a mask of 123.292 voxels. Each individuals’ FA maps were warped onto this skeleton
mask by searching perpendicular from the skeleton for maximum values. Using maximum FA
from the centers of the tracts further minimizes partial volume effects [33]. The resulting skele-
tons for each participant were fed into permutation-based cross-subject statistics. Similar warp-
ing and analyses were performed on the eigenvalue data.

Statistical Analyses
Voxel wise analyses were performed using non-parametric permutation-based statistics [34] as
implemented in the Randomise tool in FSL. First, individual difference skeleton maps were
computed by subtracting the map obtained at one time point from the map obtained at another
time point, thereby producing maps representing the difference in the various DTI parameter
between TP1 and TP2, between TP2 and TP3, and between TP1 and TP3, respectively. Next,
voxel-wise one-sample t-tests were performed testing for each voxel whether mean difference
across subjects differed from zero. Threshold-free cluster enhancement [35] was used for infer-
ence and 5000 permutations were performed for each contrast. Statistical maps were thre-
sholded at P< 0.05, fully corrected for multiple comparisons across space.
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Averaged values of DTI measures in clusters showing significant changes after a day of wak-
ing (TP1 compared with TP2), after sleep deprivation (TP2 compared with TP3), and after 23
hours of waking (TP1 compared with TP3) were computed. These values were further exam-
ined in SPSS, version 18.0 for Windows (SPSS, Chicago, Illinois) and a two-tailed P value
of< 0.05 was considered statistically significant. The relationship between significant changes
in DTI measures after sleep deprivation (TP2 compared with TP3) and SSS scores at TP3 was
examined using Pearson correlation tests. Furthermore, linear mixed models for repeated mea-
surements were employed to adjust for potential effects of hydration indices and head motion
measures on changes in the DTI parameters after waking. The analyses were rerun without the
subject that fell asleep during the last two minutes of the DTI sequence at TP3; all findings re-
mained significant after excluding this subject.

Results

DTI Changes After a Day of Waking
A day of waking (TP1 compared with TP2) was associated with widespread FA increases main-
ly involving right frontotemporal, right parieto-occipital, left frontal, and left parieto-occipital
WM, the corpus callosum, the thalamus, and the brain stem (Fig 1B and Table 1). Nineteen of
the 21 participants showed increased FA in these clusters after waking (2.7% mean increase
across significant clusters). There were no areas with decreased FA. FA increases were mainly
driven by anatomically overlapping decreases in RD (2.8% mean decrease; Fig 1C). Twenty of
the subjects exhibited reduced RD in these voxels. Decreases in MD were also found, mainly in
right parieto-occipital WM (Fig 1D). Nineteen of the subjects showed reduced MD in these
clusters after waking (2.1% mean decrease across significant clusters). No significant changes
in AD were observed. All DTI changes after a day of waking remained significant after adjust-
ing for hydration (linear mixed models; P< 0.0001, P< 0.001, and P< 0.001 for FA, RD, and
MD, respectively), average volume-by-volume translation (linear mixed models; P< 0.00001,
P< 0.00001, and P< 0.00001 for FA, RD, and MD) and rotation (linear mixed models;
P = 0.000001, P< 0.0000001, and P< 0.00001 for FA, RD, and MD).

DTI Changes After Sleep Deprivation
Sleep deprivation (TP2 compared with TP3) was associated with widespread FA decreases,
mainly including bilateral frontotemporal and parieto-occipital WM, the corpus callosum, the
thalamus, and the brain stem (Fig 2A and Table 2). All subjects showed decreased FA across
these clusters after sleep deprivation (2.2% mean decrease across significant clusters). There
were no areas with increased FA. Notably, reductions in FA were mainly driven by overlapping
decreases in AD (Fig 2B). AD decreases across these clusters were found in all subjects (2.5%
mean decrease). No significant RD or MD changes were observed after sleep deprivation.
Changes in DTI indices after sleep deprivation remained significant after correcting for hydra-
tion (linear mixed models; P< 0.00001 and P< 0.000001 for FA and AD, respectively), aver-
age volume-by-volume translation (linear mixed models; P< 0.0000001 and P< 0.0000001
for FA and AD) and rotation (linear mixed models; P< 0.0000001 and P< 0.0000001 for FA
and AD).

Relationship between DTI Changes and Sleepiness After Sleep
Deprivation
We then examined whether larger decreases in FA and AD after sleep deprivation (TP2
compared with TP3) were related to greater sleepiness at TP3, as measured by the SSS. No
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significant relationship was observed between the decrease in FA in the clusters shown in Fig
2A and SSS at TP3 (R = −0.33, P = 0.14; Fig 2C). Because the FA decreases were mainly driven
by AD reductions, we examined whether reductions in averaged AD within the same clusters
correlated with sleepiness. This analysis revealed a significant negative association (R = −0.63,
P = 0.002; Fig 2D), indicating greater sleepiness in subjects with larger AD reductions after
sleep deprivation. However, no significant relationship was found between mean AD reduction
across the clusters shown in Fig 2B and sleepiness (R = −0.26, P = 0.265; Fig 2E). We therefore
further explored the AD changes after sleep deprivation and found that AD averaged across all
voxels of the WM skeleton decreased significantly from TP2 to TP3 (P = 0.017, P = 0.002,
P = 0.017, and P = 0.019 before and after adjusting for the hydration indices, average volume-
by-volume translation, and average volume-by-volume rotation using linear mixed models, re-
spectively; Fig 2F). The decrease in AD across all skeleton voxels was significantly associated
with sleepiness (R = −0.65, P = 0.001; Fig 2G).

DTI Changes After 23 Hours of Waking
Significant reductions in AD, RD, and MD were also found when TP1 and TP3 were compared
(S1 Fig and S1 Table). AD was mainly decreased in right frontotemporal and right parieto-oc-
cipital WM, the corpus callosum, and the brain stem. All subjects showed decreased AD across
these clusters after 23 hours of waking (2.2% mean decrease across significant clusters). RD
was decreased in clusters involving right parieto-occipital WM and twenty of the subjects ex-
hibited reduced RD in these voxels (2.8% mean decrease across significant clusters). MD was
reduced in clusters mainly involving right frontotemporal and right parieto-occipital WM and
the brain stem. All subjects showed decreased MD across these clusters after 23 hours of wak-
ing (2.3% mean decrease across significant clusters). No significant FA change was observed
when TP1 and TP3 were compared. The DTI changes after 23 hours of waking remained

Table 1. Clusters with significant changes in DTI indices of white matter microstructure after a day of waking (TP1 compared with TP2).

DTI
parameter

No. of voxels in
cluster

Change after a day of
waking

MNI (x, y, z)
maxima

Anatomical region of the peak
voxela

Peak voxel P-
value

FA 21062 " 39, −8, 27 R SLF 0.006

9273 " −23, 31, 19 L ATR, IFOF, UF 0.024

175 " −8, −37, 56 L Cingulum 0.047

64 " −18, 11, −25 L Orbitofrontal* 0.046

11 " −15, −39, 63 L CST 0.049

2 " −18, −36, 62 L CST 0.049

RD 30466 # 34, −29, 37 R SLF <0.001

MD 9516 # 28, −57, 19 R IFOF, ILF, Fmaj 0.005

62 # −19, −37, 37 L Cingulum 0.048

42 # −19, −54, 43 L Precuneus* 0.048

10 # 45, −18, 45 R Postcentral gyrus* 0.048

2 # 33, −47, 29 R SLF, ILF 0.049

1 # 34, −48, 26 R SLF, ILF 0.049

DTI; diffusion tensor imaging. TP; time point. MNI; Montreal Neurological Institute. R; right. L; left. SLF; superior longitudinal fasciculus. ATR; anterior

thalamic radiation. IFOF; inferior fronto-occipital fasciculus. UF; uncinate fasciculus. CST; cortico-spinal tract. Fmaj; forceps major. ILF; inferior

longitudinal fasciculus.
aAnatomical region based on Johns Hopkins University (JHU) white matter tractography atlas and the ICBM-DTI-81 white matter labels atlas [36–38].

*Not within the white matter atlases; gross anatomical description.

doi:10.1371/journal.pone.0127351.t001
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significant after adjusting for hydration (linear mixed models; P< 0.000001, P< 0.000001,
and P< 0.000001 for AD, RD, and MD, respectively), average volume-by-volume translation
(linear mixed models; P< 0.0000001, P< 0.0000001, and P< 0.0000001 for AD, RD, and
MD) and rotation (linear mixed models; P = 0.0000001, P< 0.0000001, and P< 0.0000001 for
AD, RD, and MD).

Discussion
This is, to our knowledge, the first study to examine the effects of sleep deprivation on DTI in-
dices of WMmicrostructure. We found that a day of waking followed by sleep deprivation was
associated with a sequential pattern of widespread changes in DTI indices of cerebral WM

Fig 2. Changes in diffusion tensor imaging (DTI) indices of white matter microstructure after sleep
deprivation and associations with sleepiness. (A) Significant decreases in fractional anisotropy (FA) after
sleep deprivation (blue colors; left panel). (B) Significant decreases in axial diffusivity (AD) after sleep
deprivation (blue colors; left panel). Averaged DTI values at time point (TP)2 and TP3 across significant
voxels are shown for each participant using individual colors in the right panels of (A) and (B). Values from
the same participant are connected with a line. (C) No significant relationship was observed between the
decrease in FA in the voxels shown in (A) and Stanford Sleepiness Scale (SSS) score at TP3 (R = −0.33,
P = 0.14). (D) Because the FA decreases in the significant voxels of (A) were mainly driven by AD reductions,
we examined whether reductions in averaged AD within these clusters correlated with SSS score and found a
significant negative association (R = −0.63, P = 0.002), indicating greater sleepiness in subjects with larger
AD reductions after sleep deprivation. (E) No significant relationship was found between AD reductions
across the voxels shown in (B) and SSS score (R = −0.26, P = 0.265). (F,G) Averaged AD across all voxels of
the white matter skeleton decreased significantly from TP2 to TP3; this decrease was significantly correlated
with sleepiness at TP3 (R = −0.65, P = 0.001). The left side of the brain images represents the
right hemisphere.

doi:10.1371/journal.pone.0127351.g002
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microstructure. Specifically, we observed widespread FA increases after a day of waking, which
were mainly driven by RD reductions, and widespread FA decreases after sleep deprivation,
which were mainly explained by reductions in AD. In addition, larger decreases in AD were
found in subjects with greater sleepiness after sleep deprivation. Together, these findings indi-
cate that human brain WM exhibits circadian plasticity and susceptibility to insufficient sleep.

Although the waking-related DTI changes were highly consistent across participants, repli-
cation of widespread WM alterations within hours of waking is needed. In addition, the present
findings must be interpreted in light of several important limitations. First, the biological sub-
strate for the DTI changes observed after waking remains unknown. Histological studies are
needed to clarify the microanatomical substrate for waking-related changes in DTI parameters.
Second, we did not examine whether waking-related alterations in WMmicrostructure reverse
after subsequent sleep. Third, we did not control for chronotype and the participants might
have been in different circadian phases at the time of measurements. Fourth, the amount of
microsleep among the participants was not assessed. Furthermore, we cannot rule out the pos-
sibility that subjects slept between the first and second MRI session; however, this would, at
least in theory, attenuate the waking-related DTI changes, rather than inflate them. Neverthe-
less, future studies may adapt a design with more rigorous control over the subjects’ sleep-wake
cycle, e.g., by housing subjects in a sleep laboratory and by continuously recording the electro-
encephalogram (EEG). Finally, future studies should examine the relationship between wak-
ing-related alterations in DTI indices and EEG changes, such as delta and theta power
increases, and functional measures, including objective estimates of sleepiness and neuropsy-
chological functioning.

The waking-related DTI changes were widespread, involved most of the major WM tracts,
and included regions within the brain stem. The latter finding is noteworthy, given the impor-
tance of brain stem nuclei for wakefulness [11, 39]. Specifically, the ascending arousal system,
which is crucial for cortical and thalamic activation during waking, involves several cell groups
in the upper brain stem, including pedunculopontine, laterodorsal tegmental, and monoamin-
ergic nuclei [11, 39]. Thus, it can be hypothesized that altered WMmicrostructure, particularly
within the ascending arousal system, is a neurobiological substrate for sleepiness. Interestingly,
and in support of this hypothesis, we found that subjects exhibiting larger reductions in AD
had greater subjective sleepiness after sleep deprivation. A link between vulnerability to insuffi-
cient sleep and WMmicrostructure is also supported by two previous cross-sectional DTI

Table 2. Clusters with significant changes in DTI indices of white matter microstructure after sleep deprivation (TP2 compared with TP3).

DTI
parameter

No. of voxels in
cluster

Change after sleep
deprivation

MNI (x, y, z)
maxima

Anatomical region of the peak
voxela

Peak voxel P-
value

FA 30337 # 21, −41, 27 R Splenium* 0.003

AD 7680 # 17, −4, 5 R PLIC 0.021

2676 # −1, 29, 8 Fmin 0.029

551 # −20, 11, −23 L Orbitofrontal* 0.043

12 # 10, −22, 7 R ATR 0.049

7 # −17, 36, 18 L Cingulum, Fmin 0.049

4 # 19, 28, 35 R Superior frontal gyrus* 0.049

DTI; diffusion tensor imaging. TP; time point. MNI; Montreal Neurological Institute. R; right. L; left. PLIC; posterior limb of internal capsule. Fmin; forceps

minor. ATR; anterior thalamic radiation.
aAnatomical region based on Johns Hopkins University (JHU) white matter tractography atlas and the ICBM-DTI-81 white matter labels atlas [36–38].

*Not within the white matter atlases; gross anatomical description.

doi:10.1371/journal.pone.0127351.t002
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studies [40, 41]. Rocklage et al. reported that individuals susceptible to sleep deprivation had
lower FA values than less susceptible subjects in multiple brain WM regions [40]. In support of
these findings, Cui et al. observed that higher FA in left frontoparietal WM connections pre-
dicted better resistance to sleep deprivation [41].

Among the other regions that exhibited alterations in DTI parameters after a day of waking
and sleep deprivation were areas within the frontal lobes. These findings are consistent with
previous studies indicating that the frontal lobes are susceptible to lack of sleep. For example,
several research groups have reported reduced metabolism in frontal regions after sleep depri-
vation [42, 43]. In addition, neuropsychological [44, 45] and electrophysiological [46–49] stud-
ies indicate that, in humans, changes in the sleep-wake cycle may be more prominent in the
prefrontal cortices than in other cortical areas. Furthermore, the best established markers of in-
creased sleep pressure are increased frontal theta band power in the waking EEG and increased
frontal delta band power in the sleep EEG [46–49].

There were significant reductions in AD, RD, and MD, but not in FA, when the two morn-
ing examinations were compared. FA is a function of the ratio between AD and RD [19, 20].
Thus, a simultaneous reduction in both AD and RD may result in no change in FA, as shown
previously [50]. The fact that both AD and RD were reduced likely explains why no significant
changes in FA were found between the two morning examinations. We also found less exten-
sive changes in the other DTI parameters when the two morning examinations were compared.
This suggests that the circadian rhythm, in addition to the cumulative effects of waking, might
influence DTI indices of WMmicrostructure. Although there is a scarcity of longitudinal brain
DTI studies during the sleep-wake cycle, a recent study provided evidence for a link between
WMmicrostructure and circadian regulation. Here, Rosenberg et al. reported that individuals
with an early chronotype, i.e., subjects which tend to wake up early in the morning and prefer
to go to bed early in the evening, had higher FA and lower MD than subjects with a late chron-
otype, mainly in left frontal lobe WM [51].

We observed widespread RD decreases, but no AD changes after a day of waking, whereas
sleep deprivation was associated with AD reductions and no RD alterations. These findings
raise the possibility that physiological waking length and sleep deprivation are associated with
qualitatively distinct changes in WMmicrostructure. However, DTI parameters are influenced
by a number of tissue properties, including myelin structure, axonal membrane permeability,
axonal diameter, astrocytic cell processes, and tissue perfusion [19, 52]. Consequently, neurobi-
ological interpretations of the waking-related DTI changes observed in the present study
should be made with caution. Notwithstanding this limitation, it has been shown that RD is
sensitive to myelin alterations and that AD can reflect axonal integrity [19, 53, 54]. Moreover,
recent research indicates that sleep is important for myelin and cell membrane maintenance in
the brain and that these structures might be particularly susceptible to insufficient sleep [17,
18]. Thus, although speculative, the DTI changes observed in the present study might be relat-
ed to waking-related structural alterations in WMmyelin and axonal membranes.

Another mechanism that could explain the present findings is reduced interstitial space vol-
ume and increased resistance to water flux in the brain after waking than during sleep, as re-
cently observed in mice [55]. Changes in body hydration could also lead to alterations in DTI
parameters. However, the waking-related DTI changes remained highly significant after adjust-
ing for the hydration indices. Thus, it is unlikely that changes in body hydration underlie the
findings of the present study.

The findings of the present study are consistent with the emerging view that structural
changes can be observed in the adult brain over hours to days. Hofstetter et al. demonstrated
significant MD and AD decreases in the fornix of adult humans and rats after 2 hours and a
day of spatial learning, respectively [56]. In addition, the researchers found significant
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reductions in hippocampal MD after spatial learning and that the DTI changes in the fornix
and the hippocampus were highly correlated in both species [56, 57]. This suggests that rapid
alterations in WMmicrostructure can be accompanied by changes in corresponding gray mat-
ter (GM). Supporting the notion that structural GM changes can occur within brief periods of
time, Draganski et al. showed in a seminal study that learning a cascade juggling task over a
three-month period was associated with increased GM density in the occipito-temporal cortex
[58]. Importantly, they later replicated this finding and demonstrated GM increases after 7
days of juggling training [59]. More recently, Tost et al. observed a volumetric decrease in the
ventral putamen of healthy volunteers 1–2 hours after haloperidol infusion; this was partially
reversed approximately 24 hours after drug administration [60]. Taken together, these studies
indicate that alterations in both white and gray matter structure can occur within hours in the
adult brain. Whether waking-related structural alterations are specific for WM or also occur in
GM should be examined in further studies.

The prospect of circadian WM plasticity is intriguing and has, if confirmed by other studies,
implications for future research. First, histological studies should be conducted to elucidate the
microanatomical substrate for waking-related changes in DTI parameters. Clarifying the bio-
logical underpinnings of these alterations could significantly advance our understanding of the
neurobiological effects of waking and sleep. Second, future studies could examine whether wak-
ing-related DTI changes are experience-dependent or merely reflect nonspecific effects of cu-
mulative wakefulness. Third, sleep deprivation results in rapid antidepressive response within
24 hours in approximately 60% of subjects with unipolar and bipolar depression, yet the mech-
anisms underlying this effect remain incompletely understood [8, 9]. In addition, WM alter-
ations have been consistently identified in bipolar disorders [61, 62] and in several [63, 64], but
not all [65] studies of unipolar depression using DTI. Therefore, future studies could test the
hypothesis that waking-related changes in WMmicrostructure contribute to antidepressive ef-
fects of sleep deprivation. The potential link between sleep deprivation-related antidepressive
response andWMmicrostructure is supported by the findings of Bollettini et al. [66]. They ex-
amined brain DTI indices in depressed individuals with bipolar disorder before repeated sleep
deprivation and morning light therapy and found that higher RD and MD in right hemisphere
WM tracts were associated with reduced antidepressive response. Fourth, it has been shown
that circadian rhythm and sensitivity to sleep deprivation are influenced by variants in circadi-
an clock genes [3, 67]. Whether circadian clock genes modify waking-related changes in DTI
parameters is therefore another potential research avenue. Finally, the present study and previ-
ous findings indicate that widespread changes in WMDTI indices can occur within hours of
waking [22]. Future studies should therefore consider the possibility that time of the day might
confound group analyses of DTI parameters.

Taken together, our results indicate that human brain WM exhibits circadian plasticity and
susceptibility to insufficient sleep. The waking-related DTI changes may be related to alter-
ations in WMmyelin and axonal membranes, yet histological studies are required to elucidate
the precise underlying microanatomical substrate. In addition, further studies are needed to
clarify whether changes in WMmicrostructure serve as neurobiological substrates
of sleepiness.

Supporting Information
S1 Dataset. Data underlying the findings of the study.
(SAV)

S1 Fig. Changes in diffusion tensor imaging indices of white matter microstructure after
23 hours of waking. (A) Significant decreases in axial diffusivity after 23 hours of waking (blue
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colors; left panel). (B) Significant decreases in radial diffusivity after 23 hours of waking (blue
colors; left panel). (C) Significant decreases in mean diffusivity after 23 hours of waking (blue
colors; left panel). Averaged DTI values at time point (TP)1 and TP3 across significant voxels
are shown for each participant using individual colors in the right panels of (A)–(C). Values
from the same participant are connected with a line. The left side of the brain images represents
the right hemisphere.
(TIF)

S1 Table. Clusters with significant changes in diffusion tensor imaging indices of white
matter microstructure after 23 hours of waking.
(DOC)
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