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Study Objectives: The objective of this study was to investigate if combined measures of activation in the thalamus and working memory capacity
could guide the diagnosis of Kleine-Levin Syndrome (KLS). A second objective was to obtain more insight into the neurobiological causes of KLS.
Design: Matched group and consecutive recruitment.

Setting: University hospital neurology department and imaging center.

Patients or Participants: Eighteen patients with KLS diagnosed according to the International Classification of Sleep Disorders and 26 healthy
controls were included.

Interventions: N/A.

Measurements and Results: Working memory capacity was assessed by the listening span task. A version of this task (reading span) was
presented to the participants during functional magnetic resonance imaging (fMRI). Activation in the thalamus was measured in a region of interest
analysis. A combination of the working memory capacity and the thalamic activation measures resulted in 80% prediction accuracy, 81% sensitivity,
and 78% specificity regarding the ability to separate KLS patients from healthy controls. The controls had an inverse relation between working
memory capacity and thalamic activation; higher performing participants had lower thalamic activation (r=-0.41). KLS patients showed the opposite
relationship; higher performing participants had a tendency to higher thalamic activation (r = -0.35).

Conclusions: This study shows that functional neuroimaging of the thalamus combined with neuropsychological assessment of working memory
function provides a means to guide diagnosis of Kleine-Levin Syndrome. Results in this study also indicate that imaging of brain function and

evaluation of cognitive capacity can give insights into the neurobiological mechanisms of Kleine-Levin Syndrome.
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INTRODUCTION

Diagnosis of the sleep disorder Kleine-Levin Syndrome
(KLS) remains a challenge. This is so because the typical
symptoms of hypersomnia and additional cognitive, behav-
ioral, and perceptual disturbances also occur in other disor-
ders."? The diagnostic difficulties are reinforced by the long
interval (sometimes several months) between the character-
istic sleep episodes. Early diagnosis of KLS is crucial since
KLS commonly debuts in the early teens, and the symptoms
have severe impact on development, school performance, and
socialization.

To date KLS diagnostics is symptom-based, and no objec-
tive diagnostic criteria have been defined as of yet. Quite a
large number of reported cases indicate absence of structural
brain abnormalities in patients with KLS.> Nor have there
been any clear signs of aberrations in electroencephalogram
(EEG) activity, except for a nonspecific slowing of background
EEG activity during sleep episodes. In addition, hormone and
orexin levels are usually normal."? Between the typical sleep
episodes most patients function normally. Nevertheless, we
have observed persistent working memory difficulties that also
are manifested after relapse.*?
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As stated above, conventional sfructural neuroimaging
does not provide means for KLS diagnosis. However, several
functional neuroimaging studies during the last decade have
suggested possible diagnostic measures. Our group was early
to report frontotemporal hypoperfusion in KLS,® a finding
that has been replicated in subsequent single photon emission
computed tomography (SPECT) studies.”® Hypoperfusion of
the thalamus during sleep episodes has also been reported.™
The cardinal finding from our group was inter-ictal hyperac-
tivation in the left thalamus assessed by functional magnetic
resonance imaging (fMRI) during a working memory task.’
This finding was later reproduced in a larger group of patients
and also in patients who returned for a second fMRIL.'® Even
though the finding of fMRI hyperactivation in the left thalamus
during working memory has been stable and reproducible on
the group level, we found sparse evidence of thalamic hyperac-
tivation on individual fMRI.

Based on previous findings, working memory dysfunction
and thalamic hyperactivation are key features of KLS that
persist between sleep episodes. Therefore we investigated
the relation between individual working memory capacity
and measures of individual activation levels in the thalamus
during an fMRI working memory task. The primary aim was
to explore if these measures could separate KLS patients from
healthy controls and thus investigate the possibilities to use
these measures to guide KLS diagnosis. A second aim was to
obtain more insight into the neurobiological causes of KLS.
We hypothesized that if the thalamic hyperactivation in KLS
is a result of neural inefficiency, we would observe an increas-
ingly higher activity in those subjects who perform worse on
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Table 1—Descriptive statistics of KLS patients regarding age at onset, sleep episodes, and education
Duration Duration Duration Symptom

Age at Episodes Prev.  Total # of Episodes Episodes Episodes Frequency,  Education,

Onset 2 Years Episodes Median Min Max Days Years
Mean 14.4 7.5 23 12.3 6.7 275 72.2 1.3
SD 2.1 5.6 17.2 7.7 41 28.3 51.5 22
Median 15 7 19 9 7 17.5 51.8 12
Max 18 17 57 30 14 104 204.0 16
Min 9 0 4 3 2 7 19.0 8
Range 9 17 53 27 12 97 185.0 8

the working memory task. On the other hand, if this hyper-
activation is a result of a compensatory mechanism, high-
performing KLS patients would have higher thalamic activity
than low-performing KLS patients.

METHODS

Subjects

Eighteen patients with KLS diagnosed according to the Inter-
national Classification of Sleep Disorders (American Academy
of Sleep Medicine, 2005) were included. The mean age was
25.9 years (SD = 11.4). Ten patients were females; 8 were
males. All patients were examined during an asymptomatic
state. At the time of examination, 11 patients had active disease,
4 patients had their last episode 3-6 months prior to fMRI, and
3 patients had relapsed. Statistical data regarding age at onset,
and duration and frequency of sleep episodes are presented in
Table 1. One patient was treated with serotonin reuptake inhib-
itor. The remaining 17 patients had no pharmacological treat-
ment for KLS at the time of examination.

Functional MRI and working memory results for 8 of these
patients were reported in our previous paper.’ In addition,
all 18 KLS patients were included in a comprehensive brain
activity and connectivity study aiming to investigate the relation
between brain and effort in health and disease.! Six patients
performed the examination twice. It was 2-4 years between the
first and the second examination.

In addition, 26 healthy controls (mean age = 24.1, SD = 5.3,
females/males = 14/12) were recruited to participate in the
study. The controls had no signs of sleep disorder or other
neurological, psychiatric, or cognitive deficits that could inter-
fere with the study results, as assessed by a clinical interview
before inclusion.

Behavioral Working Memory Assessment

Approximately 1 h before fMRI scanning, the subjects
performed the listening span working memory task.'? During
the listening span task, the subjects listened to sentences read
out loud one at a time by the investigator and were asked to tell
if the sentences were semantically correct or not. The working
memory task was to remember the last word of each sentence.
After 1 to 5 sequentially presented sentences, the subjects were
asked to repeat each target word in correct order. Details of the
listening span task are described in more detail in Engstrom et
al.> On the same occasion, the subjects were familiarized with a
computerized version of the task (the reading span task), which
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was to be performed during the fMRI session. In addition, the
subjects were administered other neuropsychiatric tasks that
will be reported elsewhere.

fMRI Data Acquisition

Image data were acquired on a Philips Achieva (Best, the
Netherlands) 1.5 T clinical scanner using the standard head
coil. For fMRI, a blood oxygen level dependent (BOLD) sensi-
tive sequence with following scanning parameters was used:
echo time, TE = 40 ms, repetition time TR = 2700 ms, flip
angle = 90°. Thirty-two transversal slices were acquired in
interleaved fashion. The voxel sizes were 3 x 3 x 3 mm?®. The
number of dynamics for the working memory task was 302.

Working Memory Task during fMRI

The reading span working memory task that was adminis-
tered during fMRI scanning was an fMRI-adapted version of
the listening span task described in the section on Behavioral
Working Memory Assessment. During fMRI, the sentences
were presented visually for 5 s each. After each set of sentences,
5 words were presented for 5 s each, and the subjects were
asked to indicate if these words were target words or new
words (lures). This procedure was repeated for 1-4 sentences
in the same sequential order for all subjects. The subjects were
instructed to answer as quickly and accurately as they could.
Task duration was approximately 14 minutes. The working
memory task administered during fMRI is described in more
detail in our previous study.’

The working memory task was presented using MR compat-
ible video goggles (Resonance Technology Inc, Northridge,
CA, USA) and Superlab software (Cedrus Corporation, San
Pedro, CA, USA). The subjects made their responses using
the Lumi Touch (Photon Control Inc. Burnaby, BC, Canada)
button box.

fMRI Image Analysis

Image analysis was performed using SPMS5 software
(Wellcome Department of Imaging Neuroscience, Univer-
sity College, London, UK). Images in each fMRI scan were
realigned to correct for movement during scanning and normal-
ized to Montreal Neurological Institute (MNI) template using
nonlinear affine registration. The normalized images were
resliced to 2 x 2 x 2 mm? to fit to the coordinates of the standard
template, and thereafter the images were smoothed with 8 mm
full width half maximum (FWHM) Gaussian kernel for noise
reduction and to ameliorate differences in intersubject anatomy.
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The image analysis was performed using the general linear
model (GLM). Contrast images containing information of the
standard task difficulty contrast were calculated for all subjects.
That is to say, a contrast vector of [0, -3, -1, 1, 3] was used in order
to investigate brain activation of increasing difficulty of the task.
The first regressor represented the periods when the sentences
were presented and the remaining regressors represented word
recognition after 1, 2, 3, and 4 consecutive sentences assuming a
linear BOLD response to increasing task difficulty.

At the second level analysis, the contrast images of each
subject were entered into a 2-sample t-test to obtain the differ-
ences in thalamic activation between KLS and controls. The
brain activation in the KLS group was exclusively masked by
the activation of the control group. A generous mask with uncor-
rected P = 0.05 threshold was used in order to obtain clusters in
the thalamus that was exclusively activated by KLS patients and
not by controls. To separate activation in the thalamus from the
whole-brain working memory activation, we applied an image
mask of the bilateral thalamus, which was created using the
Wake Forrest University (WFU) PickAtlas tool."* The resulting
images were preliminary thresholded at P = 0.001. Results are
presented as significant if the p-values of the activation cluster
or peak were < 0.05, Family Wise Error (FWE) corrected for
multiple comparisons.

To obtain an estimate of the BOLD response in the left thal-
amus during the most difficult level of the working memory
task, i.e., word recognition after 4 sentences, we calculated
the mean contrast values in a region of interest. These contrast
values represent the P coefficients in the regression model
(GLM) and are approximations of the magnitudes of the BOLD
response. Unthresholded images (threshold T-value = 1) were
used to calculate the contrast estimates. The region of interest
was a sphere of radius 5 mm centered at the activation peak [-6,
-6, 6; MNI coordinates] obtained in the left thalamus of KLS
patients in our previous study.’ The contrast estimates were
normalized between 0 (the lowest value of both groups) and
100 (the highest value of both groups).

Statistics

Statistics were calculated using the IBM SPSS Statistics v
20 software (IBM, Armonk, NY, USA) and GraphPad Prism v.
5.0d (GraphPad Software Inc., La Jolla, CA, USA).

Behavioral results from the 4 different levels of the working
memory task administered during fMRI were analyzed with
nonparametric Mann Whitney test, since the results were not
normally distributed according to the D’ Agostino and Pearson
omnibus normality test. As the purpose was to investigate if
previous findings could be replicated, we used one-tailed t-tests
to compare KLS patients and healthy controls.

Correlation between working memory performance scores
from the test administered before fMRI and working memory
performance scores during the most difficult level of the fMRI-
task (Level 4) was calculated with the Spearman test. Correla-
tion between pre-fMRI measures of working memory capacity
and the contrast estimates representing thalamic activation was
calculated with the Pearson correlation coefficient, since these
values were normally distributed.

Receiver operating characteristics (ROC) was calculated for
working memory performance scores and thalamic activation
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separately. In addition, conjoint ROC was calculated from a
combination of the 2 measures, calculated as index values (/):

_Th—WM O
Th+ WM

where 7h is the normalized contrast estimate from the thalamus
and WM is the normalized working memory score. To estimate
prediction accuracy, sensitivity, and specificity of thalamic acti-
vation and working memory capacity as diagnostic measures
we made a binary logistic regression using 3 models: working
memory capacity and thalamic activation modeled separately,
and a model that combined the two measures. Sensitivity (Se)
was calculated according to:
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where N,, denotes the number of true positives and N, denotes
the number of false negatives. Specificity (Sp) was calculated
according to:

3)

where N, denotes the number of true negatives and N, denotes
the number of false positives.

RESULTS

Behavioral Results

Confirming our previous results, KLS patients performed
worse than controls during the working memory task admin-
istered before fMRI (P = 0.0003). The mean values were 15.2
(SD =4.9) and 20.4 (SD = 3.7) for KLS patients and controls,
respectively. In order to investigate the distribution of the working
memory performance scores, we plotted the scores of each indi-
vidual in each group (KLS and controls, respectively) around the
mean value of the KLS patients, which was considered as a refer-
ence value. As shown in Figure 1A, the majority of the healthy
subjects (88%) scored higher than the reference value. However,
also 50% of the KLS patients scored higher than this value.

The fMRI working memory task was designed so that all
subjects should perform better than chance (> 50% correct
answers) also at the most difficult level (Level 4 = word
recognition after 4 presented sentences). In the present study,
all subjects performed better than 70% at Level 4. There was,
however, a significant difference in performance between KLS
patients and controls at Level 4 of the scanner version of the
working memory task (P = 0.0007). A graph showing working
memory performance during fMRI is available in supplemental
Figure S1. Performance on the working memory task, which was
administered before fMRI, and Level 4 of the adapted working
memory task, which was administered during fMRI, correlated
significantly (Spearman » = 0.47, two-tailed P-value = 0.002).

Brain Imaging Results

As shown in Figure 2, KLS patients had similar brain acti-
vation as healthy controls in most cortical areas. However,
as reported previously, KLS patients had reduced activation
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Figure 1—(A) The number of correct responses during the pre-fMRI working memory task. The dashed line indicates the reference value (KLS mean
value) = 15.2. (B) Thalamic activation during the most difficult level of the working memory task (Level 4). The dashed line represents the reference value
(KLS mean value) = 50.9. (C) Working memory scores plotted against thalamic activation.
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Figure 2—Brain activation during the working memory task in healthy controls (A) and KLS patients (B). The sagittal images show the levels of the displayed
axial images in inferior-superior direction. The numbers above each axial slice represents the z coordinate in Montreal Neurological Institute (MNI) space.

in the medial frontal and anterior cingulate cortices (cluster
P < 0.001) and larger activation clusters in the left dorsolat-
eral prefrontal cortex (P = 0.005) and the left inferior frontal
cortex (P =0.017) as compared to the healthy controls. In this
study the KLS patients also had increased activation in the left
precuneus (P < 0.001), the left cuneus (P =0.001), and the right
superior parietal cortex (P = 0.022). The KLS patients also had
significantly more activation in the right putamen (P = 0.007).
In Figure 2, it is clearly visible that the KLS patients had
hyperactivation in the left thalamus, which confirms our
previous results from a smaller material.’ The difference in
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thalamic activation between KLS and controls was highly
significant: peak P = 0.008, Family Wise Error corrected for
multiple comparisons at the region of interest analysis and
cluster P < 0.001 at the whole-brain level of analysis. The peak
activation for the KLS group was found in [-10 -4 6], which
represents the ventral anterior nucleus of the thalamus. This
activation peak was very close the peak observed in the previous
study [-6 -6 6]. However, the center of the activated cluster was
located in medial thalamus (Figure 3A), whereas the peak acti-
vation in the current and previous studies was located in the
anterior thalamus (Figure 3B).
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Figure 3—(A) Brain activation in the left thalamus region of interest present in KLS patients but not in the controls. (B) The image shows the area from which
the thalamic activation was calculated. The region included the peak activation of the present results.

Figure 4—Brain activation during the working memory task in KLS patients at the first (yellow) and second (blue) examination. Coinciding activation clusters
are displayed in green. The sagittal image shows the levels of the displayed axial images in inferior-superior direction. The numbers above each axial
slice represents the z coordinate in Montreal Neurological Institute (MNI) space. L = left hemisphere. For visualization purpose the activation images are

thresholded at P = 0.005.

To compare the magnitude of thalamic activation between
KLS and controls during working memory performance, we
calculated the mean values of the contrast estimates in a region
of interest based on previous results.” There was a statistically
significant difference (P = 0.01) in the magnitude of thalamic
activation between KLS (normalized mean value = 50.9) and
controls (normalized mean value = 34.2). In keeping with the
analysis of working memory performance scores (see Behav-
ioral Results Section), the mean value of the KLS patients was
chosen as reference value. In Figure 1B the individual measures
of activation in the left thalamus are visualized for KLS and
controls, respectively. It is shown that most healthy controls
(81%) had lower thalamic activation than the reference value,
and 5 controls (19%) had higher activation. The individual
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measures of thalamic activation in KLS patients were evenly
distributed around the mean value.

Changes over Time

Six KLS patients performed fMRI twice. Figure 4 shows that
the brain activation was more extended at the first examination.
The statistical analysis showed that there were larger activa-
tion clusters in the anterior cingulate cortex (cluster P < 0.001),
the left anterior insular cortex (P = 0.006), the left precuneus
(P=0.012), and the left occipital cortex (P = 0.018) during the
first examination compared to the second. The region of interest
analysis also showed that there was more extended activation in
the left (MNI coordinates = [-14 -12 4], peak P =0.010) and the
right (MNI coordinates = [24 -30 4], peak P = 0.025) thalamus
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Table 2—Evaluation of working memory capacity and thalamic activation as diagnostic measures for KLS

Prediction accuracy (%) Sensitivity (%) Specificity (%) Area under ROC curve
Working memory 65.9 68.4 64.0 0.80
Thalamic activation 61.4 63.2 60.0 0.69
Combined model 79.5 81.0 78.3 0.822

3Calculated from the index value. The table shows prediction accuracy, sensitivity, specificity, and area under the receiver operating characteristics (ROC)
curve for models including working memory performance scores or thalamic activation separately, and for a model including both measures (combined model).

at the first examination. In Figure 4 it is seen that there was
coinciding activation in the anterior thalamus as well as in the
left dorsolateral prefrontal, the medial frontal, and the parietal
cortices at both examinations.

Capacity-Activity Correlation

When we plotted the measures of brain activation in the left
thalamus against performance scores of the working memory
task administered before fMRI, we observed 2 different patterns
(Figure 1C). Healthy controls who scored low on the working
memory task had relatively high thalamic activation, whereas
healthy controls who scored high had relatively low thalamic
activation. The correlation between the contrast estimates in
the thalamus and the working memory performance scores was
significant in the control group (» = -0.41, P =0.04). This result
shows an inverse linear relationship between thalamic activa-
tion and working memory capacity in healthy controls. On the
other hand, the relation between thalamic activity and working
memory capacity was the opposite in the KLS group. High-
performing KLS patients had high thalamic activity whereas
low-performing patients had low activity (» = 0.35). This rela-
tion is clearly visible in Figure 1C; however, the correlation
was not statistically significant (P = 0.15).

In the lower right quadrant of Figure 1C it can be seen that the
majority (84%) of subjects with high working memory scores
and low thalamic activation were healthy controls. Only KLS
patients were found in the lower left quadrant that shows results
for low working memory capacity and low thalamic activity.

Diagnostic Measures

Both working memory capacity assessment and measures
of thalamic activation performed better than random as diag-
nostic measures for KLS. The area under the ROC curve was
larger for working memory capacity than for thalamic acti-
vation (Table 2, supplemental Figure S2). Combining both
measures (the index value) increased the area under the ROC
curve somewhat, indicating better diagnostic predictability
of the combined measure. This indication was confirmed by
the logistic regression analysis. The prediction accuracy for
the combined model was 80% compared to 66% and 61% for
working memory capacity and thalamic activation, respec-
tively. The same trend was observed for the measures of sensi-
tivity and specificity (Table 2).

DISCUSSION

This study highlights that combined measures of working
memory capacity and working memory-induced activation in
the thalamus should be further investigated for their ability
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to guide KLS diagnosis. Findings in this study indicate that
the thalamic hyperactivity observed during working memory
performance in KLS might be a compensatory mechanism in
those subjects with high working memory capacity.

Working Memory and KLS

In this study on a larger group of KLS patients, we could
reproduce the results obtained in a subset of these patients
in a previous study. That is to say, we could reproduce find-
ings of thalamic hyperactivity during working memory as
well as reduced activation in medial frontal and anterior
cingulate cortices and increased activation in the left infe-
rior frontal and dorsolateral prefrontal cortices. This result
is consistent with the current view where dysfunction of
complex thalamo-cortical circuits is hypothesized to be
involved in KLS pathophysiology. Thalamic dysfunction is
probably related to hypersomnia symptoms—a conclusion
supported by observed hypoperfusion of the thalamus during
sleep episodes (see Arnulf et al."* for a review). In this study,
the KLS patients were examined between sleep episodes
and after remission. We observed abnormal function in the
thalamus and the frontal cortex, as well as impaired working
memory capacity. This implies that the patients do not fully
recover between periods.

A subset of 6 KLS patients was examined twice, with two
to four years between the first and second examination. The
fMRI results show that there was more extended activation
in the anterior cingulate cortex and the left insular cortex, the
precuneus, and the occipital lobe, during the first examination
as compared to the second examination. In addition, the acti-
vation was spread over larger areas in the thalamus at the first
examination. These differences could be caused by changes
in brain activation over time due to the disease course, inter-
session changes due to learning, and/or MR scanner related
variability. Changes due to the disease course are plausible due
to the long time interval between scanning sessions. If this is
the case, reduction in thalamic activation points to brain activa-
tion normalization. On the other hand, a long interval between
scanning sessions increases the risk of scanner related vari-
ability. In addition, a small learning effect cannot be neglected,
since practice has been shown to reduce brain activation.'s
Nevertheless, it is generally agreed that fMRI group data is
highly reproducible across scanning sessions. Recent data also
indicate good reliability for repeated measurements on single
subjects using working memory tasks.'®!” In conclusion, since
the group of KLS patients examined twice is small, it is diffi-
cult to make strong conclusions about the observed differences
between the first and second fMRI session.
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KLS Diagnostic Measures

Of the two factors investigated in the present study, assess-
ment of working memory capacity seemed to have somewhat
higher prediction accuracy, sensitivity, and specificity than
thalamic activation (Table 2). The area under the ROC curve
was also higher for working memory capacity assessment.
However, as a complementary diagnostic measure, working
memory assessments cannot exclusively predict KLS, since
several other disorders with similar symptoms as KLS, such as
schizoaffective disorder,'® bipolar disorder,' and narcolepsy®’
also manifest working memory dysfunction: that is to say,
working memory dysfunction is not selective for KLS, but is
a concomitant feature of many disorders of the brain. Hyperac-
tivation of the thalamus during working memory performance
has also been reported in bipolar disorder,** and thalamic
dysfunction of other kind has been reported in bipolar disorder
and schizophrenia.?**

Prediction accuracy, sensitivity, and specificity were substan-
tially increased (> 10%) when combining working memory
performance scores and thalamic activation. This finding indi-
cates that these two measures provide complementary infor-
mation with respect to KLS diagnostics. As seen in Figure 1C,
there is no simple relationship between working memory perfor-
mance scores and thalamic activation that could be applied for
both KLS patients and healthy controls. In fact, the two groups
showed opposite capacity-to-activation relations. The healthy
subjects showed an inverse relationship between working
memory capacity and activation in the thalamus. Thus, healthy
subjects with low working memory capacity had comparable
higher thalamic activation than healthy subjects with high
working memory capacity. This finding is in concordance with
other studies that have observed higher activation levels in
regions involved in executive function in subjects with lower
cognitive capacity.”?’ Because subjects with higher cogni-
tive capacity in general have lower levels of brain activation
in areas that are involved with executive function, this neuro-
cognitive behavior is often referred to as neural efficiency.?®
Contrary to the findings in healthy subjects, KLS patients with
high working memory capacity had comparable high thalamic
activation. This might indicate that increased activation in the
thalamus in KLS patients is a result of a compensatory mecha-
nism, an issue that will be further discussed below. These find-
ings of opposite capacity-to-activation relations in healthy
subjects and KLS patients explain the better diagnostic predict-
ability of combined measures of working memory capacity and
activation in the thalamus.

Neurobiological Causes of KLS

Hyperactivation of the thalamus during working memory
performance in KLS patients has been the most characteristic
fMRI finding since our first study on eight KLS patients,’ whose
results were recently replicated in a larger patient group and in
patients who returned for a second fMRI'; their results were
also replicated in the present study. This finding of thalamic
abnormality is supported by the observations of thalamic hypo-
perfusion in KLS patients during sleep episodes.” These obser-
vations point to the possibility that abnormal function of the
thalamus is a key to the neuropathology of KLS. In a previous
study,'® we showed that the concentration of N-acetylaspartate
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(NAA) in the thalamus of KLS patients was inversely propor-
tional to the thalamic activation level during working memory
performance. Thus, KLS patients with high thalamic activa-
tion had low concentration of NAA, which is a biomarker of
neuronal loss or neuronal malfunction. On the other hand, we
did not find any significant difference in NAA concentration
between the group of KLS patients and the group of healthy
controls. This means that there were no obvious signs of NAA-
related neuronal malfunction characteristic for all investigated
KLS patients, but only in those patients with high thalamic acti-
vation during working memory performance.

Since previous studies™'? showed that KLS patients on a group
level have lower working memory capacity and higher thalamic
activation between sleep episodes, our primary hypothesis was
that we would observe an inverse relation between these two
measures as a sign of neural inefficiency in KLS. However,
this hypothesis had to be rejected since there were signs of the
opposite relationship, as high-performing KLS patients also
had high thalamic activation. This finding favors the alterna-
tive hypothesis that the thalamic hyperactivation in KLS is a
compensatory mechanism.

The results in the present study suggest that the key neuro-
pathological site of KLS might not be found in the thalamus
itself but in other nodes of the ascending arousal system that
regulates sleep and wakefulness. Nevertheless, the signifi-
cantly abnormal activation pattern in the thalamus of KLS
patients is still valid as a possible surrogate biomarker for
diagnosis of KLS.

Limitations and Future Directions

This study has some limitations, which we plan to consider
in future studies. One limitation is that we did not adjust for the
time when the patients had their last episode in the data analysis.
Some patients were newly diagnosed with KLS and other patients
had experienced their last episode before the fMRI examination.
Additionally, some patients were examined just after and some
patients just before a sleep episode. These circumstances may
have influenced the results of individual patients.

In this study, working memory capacity and brain activa-
tion in KLS patients were compared with healthy subjects. We
could show that measures of working memory function could
discriminate between KLS patients and healthy controls.
Future studies will address if KLS patients also could be
discriminated from patients with other hypersomnic disor-
ders, such as narcolepsy. Results from such studies will hope-
fully provide a proof of concept of image-guided diagnosis of
hypersomnic disorders.

CONCLUSIONS

This study shows that functional neuroimaging of the thal-
amus in combination with neuropsychological assessment of
working memory function provide means to guide diagnosis of
KLS. Results in this study also indicate that imaging of brain
function and evaluation of cognitive capacity can give insights
into the neurobiological mechanisms of KLS.
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SUPPLEMENTAL MATERIAL
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Figure S1—Working memory assessment during fMRI. The graph shows
the mean values (proportion of correct answers) and standard errors of
mean (SEM) of the 4 different levels from the fMRI working memory task
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Figure S2—Receiver operating characteristics (ROC) curves representing pre-fMRI working memory performance scores, P = 0.0009 (A), thalamic activation
during the most difficult level of the working memory task (Level 4), P = 0.03 (B), and a combined measure (index) of working memory capacity and thalamic
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