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Abstract

Introduction: Progressive supranuclear palsy (PSP) and corticobasal degenera-

tion (CBD), are the most common four-repeat tauopathies (4RT), and both

frequently occur with varying degree of Alzheimer’s disease (AD) copathology.

Intriguingly, patients with 4RT and patients with AD are at opposite ends of

the wakefulness spectrum—AD showing reduced wakefulness and excessive

sleepiness whereas 4RT showing decreased homeostatic sleep. The neural mech-

anisms underlying these distinct phenotypes in the comorbid condition of 4RT

and AD are unknown. The objective of the current study was to define the

alpha oscillatory spectrum, which is prominent in the awake resting-state in the

human brain, in patients with primary 4RT, and how it is modified in comor-

bid AD-pathology. Method: In an autopsy-confirmed case series of 4R-

tauopathy patients (n = 10), whose primary neuropathological diagnosis was

either PSP (n = 7) or CBD (n = 3), using high spatiotemporal resolution mag-

netoencephalography (MEG), we quantified the spectral power density within

alpha-band (8–12 Hz) and examined how this pattern was modified in increas-

ing AD-copathology. For each patient, their regional alpha power was com-

pared to an age-matched normative control cohort (n = 35). Result: Patients

with 4RT showed increased alpha power but in the presence of AD-copathology

alpha power was reduced. Conclusions: Alpha power increase in PSP-tauopathy

and reduction in the presence of AD-tauopathy is consistent with the observa-

tion that neurons activating wakefulness-promoting systems are preserved in

PSP but degenerated in AD. These results highlight the selectively vulnerable

impacts in 4RT versus AD-tauopathy that may have translational significance

on disease-modifying therapies for specific proteinopathies.
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Introduction

Four-repeat tauopathies (4RT) are neurodegenerative dis-

orders associated with abnormal cytoplasmic inclusions of

tau protein isoforms with four microtubule-binding

domains.1 The two most common clinical presentations

of 4RT include the Richardson syndrome variant of pro-

gressive supranuclear palsy (PSP-Richardson) and the cor-

ticobasal syndrome (CBS). Alzheimer’s disease (AD),

which is a tauopathy of three- and four-repeat tau, is a

common copathology in both disorders. Intriguingly, 4R

tauopathies and AD are on opposite ends of the wake–
sleep cycle. Patients with 4RT, particularly PSP, exhibit

decreased homeostatic sleep,2–4 whereas patients with AD

have reduced wakefulness with excessive daytime sleepi-

ness and sundowning.5 Consistent with these clinical phe-

notypes, neuropathological studies have shown that

wakefulness-promoting subcortical neurons are selectively

vulnerable in AD but spared in PSP.5,6 The functional

consequences of comorbid AD and 4RT on neural circuits

in wakefulness remain largely unknown. Although it may

be clinically silent, comorbid AD may still be consequen-

tial to neurophysiological disease manifestations, hence an

important consideration for disease-modifying clinical tri-

als targeting 4R tauopathies.7

Neural oscillations represent the electrical activity of

synchronous firing of organized neural circuits. The most

characteristic oscillatory activity in the awake human

brain is alpha rhythm that oscillates between 8 and

12 Hz. Greater spectral power within alpha oscillatory

band in electrophysiological recordings is reliably associ-

ated with relaxed wakefulness in the human brain8 while

change of brain states from awake to sleep-onset is char-

acterized by a reduction in alpha activity. Consistent with

such phenomenon, patients with AD who clinically have

impaired wakefulness show a dramatic reduction of alpha

the power in oscillatory spectrum. Prior work from our

group have shown that this reduced alpha oscillatory

activity in AD patients is correlated with regional accu-

mulation of tau.9,10 Neuropathological studies have fur-

ther shown that wakefulness-promoting neurons are

among the earliest targets of AD-tauopathy. While the

loss of wakefulness-promoting neurons and altered wake-

fulness forms a consistent representation with reduced

alpha power in AD-tauopathy, much less is known about

these relationships in primary 4RT syndromes as well as

the frequent condition of their co-occurrence. Because

AD and 4RT diverge in their wakefulness phenotype, it

remains to be shown what happens to alpha oscillatory

patterns in the condition of 4RT and AD-copathology.

Here, we evaluated 10 patients with clinically suspected

4R tauopathy antemortem, who were demonstrated to

have either PSP or CBD as their primary neuropathology

at autopsy. Using high spatiotemporal resolution of mag-

netoencephalography (MEG) imaging to characterize the

finer details of abnormal oscillatory spectral signatures we

relate these to specific neuropathological findings of pri-

mary 4R tauopathy and associated AD-copathology. We

hypothesized that, consistent with the divergent wakeful-

ness phenotypes of 4RT and AD—alpha power will

decrease with AD comorbidity.

Methods

Here, we present a case series of 10 patients, with clini-

cally suspected 4RT antemortem, and a primary neuro-

pathology of PSP or CBD at autopsy, evaluated at the

University of California San Francisco, Memory and

Aging Center (Table 1). Clinical diagnoses were estab-

lished after a multidisciplinary consensus meeting.

Informed consent was obtained from all participants.

The study was approved by the UCSF Institutional

Review Board (IRB). All participants underwent 10–45-
min resting state MEG recording, and postmortem

neuropathological assessment. Three participants were

further evaluated with polysomnography (PSG; Table S1)

and six with positron emission tomography (PET) with

amyloid binding tracers (Table 2). The full details of

each patients’ clinical presentation are presented in the

supplement.

Neuropathology

At autopsy, brain tissue was obtained postmortem, pro-

cessed, and analyzed according to standard protocols, as

previously described.11 Primary pathological diagnosis was

herein defined as the most developed neuropathological

entity in which severity and regional distribution were

thought to explain the majority of the patient’s clinical

cognitive and behavioral phenotype.12 The pathologic

diagnoses of PSP, CBD, as well as Lewy body disease,

were completed based on previously published consensus

guidelines.13–16 The presence of additional AD pathology

was also defined. AD pathologic assessment followed

NIA-AA guidelines.17 All cases were classified according

to the Alzheimer’s disease neuropathological change

(ADNC) severity (i.e., ABC score), including Thal phase,

Braak Stage, and Consortium to Establish a Registry for

Alzheimer’s Disease (CERAD) neuritic plaque frequency

stage.12 AD neuropathologic change severity is a synthesis

of these features into a single descriptor: no AD, low,

intermediate, or high degree of AD neuropathologic

change.
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Table 1. Clinical history and neurological exam findings.

Patient Age (sex)

Clinical syndromic

diagnosis Clinical history features Neuro exam findings

Disease

duration-

years

MEG to death-

years

P1 80–90 (F) PSP Multiple falls, blepharospasm,

cognitive decline, some response to

carbidopa-levodopa.

Vertical > horizontal apraxia of

extraocular eye movements, axial

rigidity, retropulsion, gait apraxia,

RUL dystonic posture, R & LUL

bradykinesia.

14 2

P2 70–80 (M) PSP-Richardson Pill-rolling tremor, handwriting

changes, balance difficulties and

falls, word finding difficulties,

perseverative, and compulsive

behaviors (sexual).

Postural instability, supranuclear gaze

palsy, axial rigidity, RUL apraxia and

dystonia, disinhibition, stimulus-

bound behaviors.

9 3

P3 70–80 (F) nfvPPA with CBS Slowing of speech, word

substitutions, effortful speech, gait

instability, dysphagia, difficulty using

right hand.

Speech apraxia, dystonic posturing of

right hand, decreased right arm

swing.

7 2

P4 80–90 (M) nfvPPA with PSP Progressive decline in language

output, slurred speech.

Apraxic speech, decreased amplitude

and slowed initiation of horizontal

and vertical saccades, LUL

bradykinesia, decreased right arm

swing, difficulty with tandem gait.

7 3

P5 80–90 (M) nfvPPA with CBS Apathy, decreased motivation, social

withdrawal, compulsions, phonemic

and grammatical errors, decreased

speech output, slurred speech, mild

tremors, gait difficulties.

Decreased saccadic initiation and

velocity (upgaze > downgaze),

wide-based gait, decreased right

arm swing, mild retropulsion.

9 4

P6 70–80 (F) PSP-Richardson Micrographia, imbalance and falls,

difficulty with multitasking,

impulsivity, emotional frustration,

pseudobulbar affect, hypophonia,

dysphagia.

Hypomimia, square-wave jerks,

hypometric saccades, decreased

blink rate, RUL hypertonia, right

hemibody decreased temperature

sensation, gait instability with

spontaneous retropulsion.

13 3

P7 70–80 (M) PSP-Richardson Dysexecutive and amnestic

symptoms, voice changes, double

vision, dysphagia, increasing falls,

depression.

Decreased ocular pursuit, increased

latency and reduced speed in

vertical saccades, axial and UL

rigidity, Parkinsonian gait, R > L

resting and postural tremors.

9 3

P8 60–70 (M) CBS Speech and motor difficulty

(decreased dexterity; dystonic

posture of the right hand),

depression, poor sleep, excessive

interest in sweets, dysexecutive

symptoms.

Effortful and dysarthric speech with

frequent pauses, decreased

amplitude, initiation and velocity in

both vertical and horizontal

saccades, LUL ideomotor apraxia

astereognosis, agraphesthesia, right

arm dystonia, shuffling gait,

bilateral decreased arm swing.

5 3

P9 70–80 (F) nfvPPA Speech difficulties (effortful

production, mispronunciations,

diminished output), executive

dysfunction, gait imbalance.

Speech and orobuccal apraxia,

spastic dysarthria, axial rigidity, LUL

tremor, and decreased arm swing.

8 6

P10 60–70 (M) PSP Repeated falls, paucity of speech,

irritability, repetitive behaviors,

hypersexuality, hyperorality,

parkinsonism, dysphagia.

Vertical > horizontal decreased

saccadic amplitude, initiation and

velocity, hypomimia, hypophonia,

R&LUL hypertonia, L > R

bradykinesia, decreased right arm

swing

4 0

CBS, corticobasal syndrome; MEG, magnetoencephalography; L, left; LUL, left upper limb; nfvPPA, non fluent variant of primary progressive apha-

sia; PSP, progressive supranuclear palsy; R, right; R & L, right and left; RUL, right upper limb.
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Magnetoencephalography (MEG) and
electroencephalography (EEG)

Resting-state MEG was performed at the UCSF Biomag-

netic Imaging Laboratory with a whole-head MEG system

(CTF, Port Coquitlam, British Columbia, Canada) com-

prising 275 axial gradiometers (sampling rate = 600 Hz).

P3, P4, P5, P8, and P9 had MEG only (10–30 min), while

the others had MEG with simultaneous EEG for 60 min.

EEG was recorded using the standard 10–20 system with

19 electrodes. MEG and EEG were reviewed for gross

asymmetry and epileptiform discharges by two epileptolo-

gists (NS and HK) and a neurophysiologist (KGR). Fidu-

cial coils were placed at the nasion and left and right

preauricular points to locate head position relative to the

sensor array, and later used to co-register with the brain

MRI. Data collection was optimized to minimize within-

session head movements and to keep it below 0.5 cm.

Sixty seconds of continuous MEG recording was

selected from each subject while lying supine and awake

with eyes closed, with minimal artifacts (i.e., minimal

excessive scatter at signal amplitude) for quantitative ana-

lyses. The MEG, and concomitant EEG where available,

were visualized to confirm the resting, awake, state of

each patient during the 60-s epochs.10 Subjects were

instructed to keep eyes closed during the data collection.

Additional data inspection and screening was also

employed by visualizing the 1–70 Hz oscillatory activity

in the MEG and EEG (where available) using the clinical

CTF-M/EEG DataEditor software to confirm that the con-

tinuous 60-s data epoch selected for analysis does not

include eyeblink artifacts. The preprocessing and source

reconstructions were performed using in-house Matlab

scripts utilizing Fieldtrip toolbox.18 Isotropic voxels

(5 mm) were generated in a brain region of a template

MRI. The generated voxels were warped into individual-

ized head-shape and then magnetic lead-field vectors were

computed on each voxel using a single-shell model

approximation.19 The voxels for each subject were

indexed to the 246 cortical regions defined in the brain-

netome atlas.20 We used BrainNet Viewer toolbox to

obtain brain rendering images of MEG metrics.21 Based

on the 246 regional time-course data, we computed the

relative spectral power within two canonical frequency

bands 2–7 Hz (delta-theta), and 8–12 Hz (alpha). The

spectral power (relative spectral power) of a given band

was defined by the ratio of a band power to the total

power. Regional spectral power was computed from the

246 regional time-course data using the Welch’s method

(50% overlapping) with a 0.293 Hz (= fs/2048) step.

Polysomnography (PSG)

Nocturnal PSG and videos were digitally recorded for

three patients (P2, P6, and P7) at 400 Hz using a portable

sleep monitoring system (Beehive�Horizon, Grass Tech-

nologies, West Warwick, RI, USA).3 Recording parame-

ters were as noted in previous literature.3 The overnight

PSG was used to identify measures of interest, such as

latency to sleep onset, wake time after sleep onset, total

sleep time, sleep efficiency, and percent time in N1 sleep,

N2 sleep, N3 sleep, and REM sleep. Latency to REM sleep

as well as apnea/hypopnea index (AHI) and periodic limb

movement index (PLMI) were also studied.

Positron emission tomography (PET)

Amyloid PET (11C-PIB) was completed for cases P2, P3,

P5, P7, P8, and P9. Tau PET (flortaucipir) was completed

for cases P2, P3, P4, P7, and P8 (Table 2). Molecular

Table 2. Neuropathological findings.

Patient

Primary

neuropathology

AD neuropathological

change (ADNC) (NIA-AA)

Braak

(NFT)

Comorbid pathological

diagnoses

Amyloid PET visual read

(centiloid)

P1 PSP No (A0, B1, C0) 2 AGD, ART, CAA, TDP43,

ARTAG

na

P2 PSP Low (A1, B1, C0) 2 ADNC, AGD, Art, CAA, ARTAG Negative (18)

P3 PSP Low (A1, B1, C0) 2 ADNC, Vas, Art, ARTAG Negavitve (6)

P4 PSP Low (A1, B1, C0) 2 ADNC, LBD, Art na

P5 PSP Low (A1, B2, C0) 4 ADNC, AGD, Art, ARTAG Negative (3)

P6 PSP Low (A1, B2, C0) 4 ADNC, CAA, AGD, Art, Vas na

P7 PSP Intermediate (A3, B2, C2) 3 AD, CAA, AGD, ARTAG, Art Positive (69)

P8 CBD Low (A1, B1, C1) 2 ADNC, AGD, Art Negative (3)

P9 CBD Low (A1, B1, C2) 2 ADNC Negative (1)

P10 CBD Low (A2, B1, C2) 1 ADNC, Art na

Centiloid values above 24.4 are consistent with intermediate-to-high ADNC. ADNC, Alzheimer’s disease neuropathological change; AGD, argyro-

philic grain disease; Art, arteriolosclerosis; ARTAG, aging-related tau astrogliopathy; CAA, cerebral amyloid angiopathy; LBD, Lewy body disease;

TDP43, TAR DNA-binding protein 43; Vas, vascular brain injury; (na), not available.
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imaging techniques used the same acquisition parameters

published previously.22 Briefly, standardized uptake value

ratio (SUVR) images were created for each tracer based

on specific acquisition time window and reference regions

(50–70 min post injection SUVR based on cerebellar grey

matter for PIB; 80–100 min post injection based on infe-

rior cerebellar grey matter for flortaucipir). Images were

visually interpreted following validated procedures.23,24

Magnetic resonance imaging (MRI)

Structural T1 neuroimaging was performed in all cases

via 3T MRI, except for patient 1. As described elsewhere,

MRI data were automatically segmented using the New

Segment toolbox implemented in the Statistical Paramet-

ric Mapping (SPM-12) software (Wellcome Trust Centre

for Neuroimaging, Institute of Neurology at University

College London).25 Diffeomorphic Anatomical Registra-

tion Through Exponentiated Lie Algebra (DARTEL) was

used to generate a study-specific template by aligning the

gray matter images nonlinearly to a common space.

Native gray and white matter images were spatially nor-

malized to the DARTEL template using individual flow

fields (modulation was applied to preserve the total

amount of signal). Images were smoothed using an 8 mm

full width at half maximum (FWHM) isotropic Gaussian

kernel. For each subjects’ MRI, we generated a W-map

depicting the age-corrected z-score of volume loss.26 Neg-

ative W-scores represent below-average volume. <�1.50

are below seventh percentile compared to healthy controls

and are considered clinically abnormal.26

Results

The primary neuropathologic diagnosis in patients P1

through P7 was PSP (Table 1). The collective finding

from neurophysiological manifestations in patients P1-P7

was that a primary pathology of 4R tauopathy is associ-

ated with an increased spectral density within the alpha

(8–12 Hz) oscillatory band (Fig. 1, P1 and P2). However,

the change in alpha spectral density was markedly modu-

lated by the degree of AD co-pathology. Specifically, we

observed that with increasing AD copathology the pattern

of spectral change was dominated by reduced alpha power

density (Fig. 1, P3-7). For example, P1 and P2 showed

the least degree of AD copathology (CERAD: A1 B0 C0,

and A1 B1 C0, in P1 and P2 respectively), and their spec-

tral signatures showed an increased alpha power density

predominantly over the frontal cortices (Fig. 1). In con-

trast, P6 and P7 showed the greatest degree of AD

copathology (CERAD: A1 B2 C0 with frequent diffuse

plaques, and A3 B2 C2 with frequent diffuse plaqu, in P6

and P7 respectively), and the spectral change was similar

to what is typically observed in patients with AD, showing

reduced alpha spectral power over the inferior and poste-

rior temporal, precuneus and posterior parietal-occipital

cortices. P3 and P4, who had intermediate AD copathol-

ogy in our cohort showed similar changes of alpha reduc-

tions to a lesser degree (Fig. 1).27,28

In patients P8, P9, and P10, the primary neuropatho-

logic diagnosis was CBD. P8, P9, and P10 also showed

variable degree of AD copathology (Table 1). The neuro-

physiological manifestations in alpha band in primary

CBD patients also reflected findings similar to that of

PSP, showing increased alpha power density (Fig. 1, P8).

The presence of AD copathology appeared to modulate

the change in alpha spectral power, where alpha power

density also showed reductions in patients with moderate

neuritic plaques (Fig. 1, P9). It is noteworthy, however,

that this overpowering effect of an AD-like alpha signa-

ture appeared less prominent in patients with primary

CBD neuropathology compared to those with a primary

PSP neuropathology. The spectral changes within delta-

theta (2–7 Hz) frequency band didn’t show noticeable

changes in either patient group (Fig. 2).

Changes in sleep architecture

In patients P2, P6, and P7, whose primary neuropathol-

ogy was PSP, PSG analyses showed decreased sleep effi-

ciency and maintenance, as well as increased REM latency

and decreased time in N2/N3 and REM sleep (Table 3).

These findings were consistent with sleep reports from a

prior PSP series.3 P7 had more N3 and REM sleep and

took less time to fall asleep compared to P2 and P6. With

respect to CNS-modifying medications, P6 was on

amitriptyline at the time of PSG; P7 was on carbidopa-

levodopa and doxepin; and P2 was on buspirone, melato-

nin, and lorazepam. In addition, P2 had mild sleep apnea.

P2 and P6 both were noted to have periodic limb move-

ment disorder. P7 and P2 had possible REM behavior dis-

order on a caregiver questionnaire, a measure that was

not available for P6.

Structural MRI and molecular imaging
findings

For P2 through P10, structural MRI derived volumetric

assessment showed patterns of cortical grey matter vol-

ume loss when compared to age-matched controls (534

healthy older controls; age range 44–99 years, M � SD:

68.7 � 9.1; n = 220 male; n = 302 female) adjusted for

age, sex, total intracranial volume, and magnet strength

(Fig. 3). Overall, the atrophy maps reflect the relative het-

erogeneity of regional patterns of neurodegeneration in

4R-tauopathy syndromes. Six out of 10 patients (P2, P3,
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P5, P7, P8, and P9) were evaluated with amyloid-PET

and except one patient (P7) all showed a negative read-

ing, both on visual read and quantification (Centiloid

values <24.4). Amyloid-PET for P7 was positive (visually,

and with a quantification of 69 Centiloids), and was con-

sistent with P7’s highest degree of AD neuropathological

features (Table 1). Tau PET was performed in five out of

ten patients (P2, P3, P4, P7, and P8) and was read as

negative (i.e., non-AD tau pattern) for all patients.

Discussion

This is the first report of a comprehensive spatiotemporal

mapping of altered neural oscillations in patients with

autopsy-confirmed 4RT. We found an increased alpha

signature in patients with 4RT with minimal AD-

copathology. Importantly, the presence of AD-copathology

modulated this spectral change to the opposite extreme

to show a decreased alpha signature, specifically involv-

ing the inferolateral temporal and parietal cortices—
regions that are highly vulnerable to AD-tau. Previous

studies have shown that reduced alpha oscillatory activ-

ity in AD is correlated with a greater burden of tau.9,10

Collectively, the current study demonstrates that

impacts from 4R tauopathy is distinct from an AD-

tauopathy, while in the presence of comorbidity the

overall manifestation is highly sensitive to the changes

associated with AD tauopathy.

The increased alpha signature in 4RT and the reduced

alpha signature in AD, closely map on to their diverging

wakefulness phenotypes, implicating selectively vulnerable

impacts in the two conditions.29 The findings from the

current study are of particular interest, given the emerg-

ing evidence suggesting that disrupted sleep–wake balance

is closely associated with abnormally phosphorylated

tau.30,31 An increased alpha signature in PSP is consistent

with the poor sleep drive in these patients. While the

oscillatory changes observed in primary CBD patients

were less robust compared to primary PSP patients neu-

ropathology, this lower degree of alpha increase maybe

consistent with the low levels of sleep abnormalities and

prevalence of sleep complaints in CBD compared to

PSP32. Importantly, the current study demonstrates that

AD-copathology is a significant modulator of alpha oscil-

lations in 4RT, and it remains to be determined how AD

copathology influence the sleep–wake clinical phenotype

in these patients. Among the subset of patients who com-

pleted PSG, the patient who had the highest ADNC scores

(P7) showed a shorter latency to sleep-onset and higher

N3 and REM duration than those with low ADNC. While

the current series is limited in its conclusions at group

level, this observation indeed suggests possible modula-

tory effects of sleep–wake phenotype in comorbid PSP-

AD. It is important to determine in future studies how

altered spectral signatures in the presence of comorbid

AD are translated across different brain states from

awake-resting to sleep.

Previously we reported that subcortical wake-

promoting neurons degenerate at the earliest stages of AD

when abnormal tau accumulates in the brainstem regions

of ascending reticular activating system during Braak NFT

stage 0, even before the appearance of Ab plaques.5,6 The

current results demonstrate that reduced alpha oscillatory

activity, the signature spectral change in AD, is prominent

in patients with primary PSP neuropathology who harbor

intermediate-to-low degree of AD pathology. This is con-

sistent with the notion that AD associated changes occur

at the earliest stage of AD neuropathological spectrum. In

the current case series, we do not have a sensitive, quanti-

tative measure to index the earliest AD-tau accumulation.

Hence, it is not feasible to tease apart whether the neuro-

physiological abnormalities observed with increasing AD

copathology is driven by tau or by amyloid. Notwith-

standing this ambiguity, the degree of amyloid pathology

in the current series of patients with primary PSP pathol-

ogy was small, ranging from low to intermediate ADNC,

indicating that observed changes may be consequential to

early AD-tauopathy or to an additive effect of both tau

and amyloid. It is important to determine in future stud-

ies how these distinct effects on wake-promoting and

sleep-promoting neurons in AD and PSP tauopathies

translates into clinical measures of wakefulness.

Figure 1. Spectral signatures in alpha (8–12 Hz) band in patients with 4RT neuropathology. Patients P1 through P7 include patients whose

primary neuropathology was PSP, ordered according to the degree of AD copathology in neuropathological assessment, where P1 has the least

AD copathology and P7 has the highest AD copathology. Patients P8, P9, and P10 include patients whose primary neuropathology was CBD,

ordered according to the degree of AD copathology in neuropathological assessment, where P8 has the least AD copathology and P10 has the

highest AD copathology. Each brain rendering depicts the spatial patterns of alpha band spectral power density shown as z-score maps compared

to an age matched control cohort (n = 40 healthy elderly; age 71.38 � 8.23; female = 19, male = 21). Z-maps are thresholded to show values

�10 > z > 10. (AD, Alzheimer’s disease; ADNC, Alzheimer’s disease neuropathologic change; CBD, corticobasal degeneration; PSP, progressive

supranuclear palsy).
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Our study is not without limitations. Although the dis-

tinct patterns associated with these tauopathies are consis-

tent with the known divergent wakefulness patterns of

AD and 4RT clinical syndromes, the small sample size

limited our ability to perform group level correlations

with specific clinical indices of wakefulness phenotypes.

Such an analysis mandates a larger clinical cohort to

derive meaningful inferences given the clinical heteroge-

neity inherent to 4RT syndromes. It is also important in

future studies to further examine how spatial patterns of

spectral signatures are changed in 4RT with increasing

AD-copathology, at group level. Nonetheless, the current

study is an important steppingstone in the design and

implementation of larger cohort studies including diverse

demographics in the future to investigate the associations

between spectral changes and behavioral measures of

wakefulness.

In summary, the current case series suggest that neuro-

physiological manifestations are important indices of dis-

tinct neurodegenerative processes and further

investigation into the underlying cellular and molecular

origins of neurophysiologic changes may help distinguish

specific effects of different pathological tau variants.
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Figure 2. Spectral signatures in delta-theta (2–7 Hz) band in patients with 4RT neuropathology. Patients P1 through P7 include patients whose

primary neuropathology was PSP and ordered according to the degree of AD copathology in neuropathological assessment, where P1 has the

least AD copathology and P7 has the highest AD copathology. Patients P8, P9, and P10 include patients whose primary neuropathology was CBD

and ordered according to the degree of AD copathology in neuropathological assessment where P8 has the least AD copathology and P10 has

the highest AD copathology. Each brain rendering depicts the spatial patterns of delta-theta band spectral power density shown as z-score maps

compared to an age matched control cohort (n = 40 healthy elderly; age 71.38 � 8.23; female = 19, male = 21). Z-maps are thresholded to

show values �10 > z > 10 (: AD, Alzheimer’s disease; CBD, corticobasal degeneration; PSP, progressive supranuclear palsy).

Table 3. Polysomnographic features.

Patient

Sleep

efficiency

(%)

Sleep onset

latency

(min)

Wake time after

sleep onset (min)

REM/N2/N3 percent

duration of total sleep

time

Latency to

REM (min)

Apnea-

hypopnea

index (AHI)

Periodic limb

movement index

(PLMI)

Total sleep

time (min)

P2 54.8 44.5 205 15.0/51.4/14.7 201.0 11.7 79.1 303

P6 59.5 52.0 151.0 18.0/48.1/14.9 18.0 0.8 25.8 303.0

P7 44.7 10.5 263 25.7/25.3/31.3 53.0 0 12.5 226
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