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Sleep in the Military

* Insufficient Sleep Syndrome (>2/3 of military)
* Insomnia
* Obstructive Sleep Apnea
o Urgent threats to Warfighter wellbeing
(cognitive, mood, motor, immune)

| reaction times

| memory, attention, verbal fluency

1 anxiety , impulsivity, suicidality

1 cardio/metabolic, cancer, &
dementia

Incidence Rate (cases/1000 person-years)
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Targeting REM Sleep to Improve Warfighter Readiness

PROBLEM — WHY? MECHANISM — WHAT? SOLUTION - HOW?
>2/3 Service Members insufficient sleep REM theta — memory & emotional Low-Intensity Focused Ultrasound (LIFU)
| cognition, 1 suicidality, chronic disease regulation Targets REM generator nuclei safely

Operational accidents (USS Fitzgerald, McCain) Gatekeepers: BLA & CMT nuclei ATTN201: EEG + movement + ultrasound
SELFCONSCIOUS MEMORY EXT-DA
B WAKSES restrosin:
Y ‘ ~
Majority of Service A CHE »
Members have mTBI ' e Ay
. and/or PTSD symptoms ’ Sy iy datssl midbrsiiiNg
which is linked to deficient & F U S \\\\ ‘0 -o" REM
REM Sleep o Restioss REM activators
Q it LN L‘ LR ublaterodorsal nuc.
Ny m— k2
USS Fitzgerald, June, 2017 Wassing et al 2019
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Scientific Rationale for the Work
e Why LIFU N

/ Why REM — why BLA and CMT

LIFU is capable of targeting deep brain nuclei
Rodent studies with optogenetic stimulation non-invasively. Promising results in prior studies
of BLA and CMT showed e Depression (Tsuchiyagaito et. al 2026; Tan
e 1 REM onset maintenance (Machida et et.al 2026; Fan et al. 2024)
al., 2021; Wellman et al., 2017). e Addiction (Mahoney et. al 2023; Meads et.
e 1 REM, theta (Hasegawa et al., 2022) al 2024)
T NREM-REM sleep stage transitions e Disorders of consciousness (Cain et. al

\ (Hasegawa et al., 2022) / \ 2021) /

No prior study has used LIFU to engage BLA or CMT to augment sleep in human. This work is the

first non-invasive test of this approach
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REM SLEEP MODULATION - In Humans

PREVIOUS ATTEMPTS IN REM OUR HYPOTHESIS:
AUGMENTATION — In Humans

1 PRAZOSIN - Limited success with REM U Nontargeted electrical and acoustic stimulation theta
augmentation (Raskind et al., 2018) targeting may have failed due to LACK OF TARGET

0 TRANSCRANIAL ELECTRICAL ENGAGEMENT.
STIMULATION (TES) — Not as successful O Slow wave sleep success — cortical networks and brain-
as Prazosin (Johnson & Durrant, 2018) wide effects.

1 CLOSED LOOP ACOUSTIC 0 REM cortical theta activity (complex) — may best respond
STIMULATION — Did not demonstrate to activation of Deep Nuclei (e.g. BLA and CMT).

improvements in REM (Guerrien et al.,
1989; Harrington et al., 2021; Mouze-
Amady et al., 1986 )
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REM SLEEPI performance (I Autonomic Functions (1 Noradrenaline

Autonomic Cognition &
Function Performance
HRV, ECG PVT ‘]
'I
REM '
Sleep
\\\\\ 5 \ //
Noradrenaline
(LC-NA)
Urine
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Experiment Protocol

Study DeSign: Withiﬂ'SUbjeCt Crossover Condition Night 1 Night 2 Night 3
4 consecutive nights - stimulation conditions counterbalanced
Unfocused Comparator 4 3 3
Night 0 Night 1 Night 2 Night 3 o : .
BASELINE Stimulation — Stimulation > Stimulation A chi-square, x%(4) = 1.27, p = .866
AL hoene In lab + PSG In fab + PSG n lab + PSG
S-min PVT S:min PVT S-min PVT S-min PVT .. .
\ Participant Demographics
Characteristic Value
Urine M AN (2] AM L) M M AM A“ {Fﬂ’r=}
collection | before bed on waking befcce bed on waking Detore bed on waking Sefore bed on waking
Mean = 5D 38.1 8.1
Median aa
L ' 1 Range 27-52
Saex (n%)
Each participant received all three conditions,
one per stim night (order counterbalanced) Male 9 (64.2%)
wel Female 5 (35.7%)
Unfocused Comparer CMT BLA Race (n%:)
Centromedial thalamus Baschateral seygdats African Amearican 6 (42.8%)
targeted stirmutation targeted stimutation
Caucasian 7 (50%)
Asian 1(7.1%)
All statistical analysis was performed using linear mixed effects model with stimulation as the +
fixed effect and participant as the random intercept M;’gg?s
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LIFU Closed Loop Stimulation

Sleep EEG +
accelerometry 1 Hz FUS stimulation

30 seconds; every 5 minutes

N2 sleep stage +
spindle detection
(Milestone 1.2)

e Yes
;e ,."\"ih‘ YT
" "‘hl‘ L
v 1 ‘rl NQ

® Wearable Fus Headset (W/ Human Prelim Data) Stimulate a 1cm X 0.3cm X 0.3cm Brain Region and
Activate REM Targets (BLA vs CMT) - Trial In Military Participants

e Used MRI, prior to stimulation, to localize the brain targets spatial coordinates.

_. REM detected? —

%
N

No stimulation

(o)

e Targeting with FUS was hypothesized to see 1 NREM to Rem Transitions with | Noradrenergic +
MHSRS
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Closed-Loop Algorithm for Real-Time Sleep Staging, Spindle Detection, and LIFU Device Triggering

. Forehead EEG
AW spindles
R < - i .-.."‘,.1""—:‘7—-0‘-": : 1 o — . ::‘“’ Sleep d E
" s B s _'.“:" Pl {3 st ghgiagt S"_‘ stages %‘ ;
5 = ©
f) - o & &
stimulation events

N1 ¢ ) wn
e T

Frequency (M2)

&0 00 00 26 011} 0150 2 030} s 40
Time (hes)

Closed-loop stimulation logic based on real-

time EEG analysis

N1/N2 has exceeded 5 minutes (cumulative) &
N3 has exceeded 5 minutes (cumulative) &
Total sleep time has exceeded 45 minutes &
Must be within N2 and spindles detected &

At least 5 minutes since last stimulation ended

*Never exceed 10 stimulation events
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RESULTS - EEG Architecture

Sleep Architecture

REM Architecture

Sheep Metric Comparison LM overall p Pairwisz p Cohen's d
Unfoeuzed compuaraior vs CMT 07452 40580
TST jmins] Uinéocused comparator vs BLA 0.3 10,3838 0:257
CAIT vs BLA 00747 05374
Unfooused comparator vs CMT 04425 0.23%
K1 jmins) Unéocused comparator vs BLA 0E7H8 05522 0.1792
CMT v BLA 0427 Eifir
Uinfocused comparator ve CMT 0.3178 002
N2 jmins) Unéocused comparator vs BLA 04529 06870 41174
CAIT va BLA 02638 0.3
Uinfocussed comparator ve CMT 0.5747 01692
N3 jmins) Uinfocusesd comparator vs BLA 02304 0.1428 04410
CAT vs ELA 01914 0339
Uréocused comparaior vs CMT 1).3589 02788
WASQ (mins) Unfocused comparator vs BLA 02127 043 AT
CMT v BLA 0.0814 £.5640
T s -
W1 (%] Unfocussed comparalor vs BLA X 09124 e
CMT ve BLY 04244 02408
Unéoeused comparaior vs CMT 03137 4,308
K2 %] Undocuzsed comparalor vs BLA 02228 00854 0547
CMT s BLA 0:6ats £.1188
- Urfocused comparaior vs CWIT o (T[] R
Unoesesd comparator vs ELA 0.2459 03499

Sleep Metric Comparison LNM overall p Cohen's ¢
Undocused comparaston ws CMT 00480
REM [mins) Uriioossedt compasatr vs BLA 0583 02718
CMTwsELA 02267
Unfocused comperaton vs CMT 01623
REM (%) Urikooused companios vs BLA 08T 0,665
CMT vs BLA 00395
Unfoousad comperaton vs CMT ) 2146 o
REM onset latency (mins) Undocssed companaior vs BLA 0310 0472 02167
CMT s BLA R 02663
Unooused comperator vs CMT 07385 0 305
REM bouts (n) Unbooused companior vs BLA o8n o7 00879
CMT v BLA 05023 0202
Urilocused comparaton vs CMT ) 356 02467
REM bouts (average length]  Undocusad compasator vs BLA 06913 08841 00843
CMT ws BLA ) 4043 02514
Unfoossed companator vs CMT 03951 0255
REM bouts (longest) Undooused compaeakor vs BLA 0873 o o00vn
CMT ws BLA 08715 0 0483
Unlocssod comparator vs CMT ) 2350 03584
REM fragmentation (events)  Unooused compaatr vs BLA 01n2e 0377 02891
CMT vs BLA 0073% 05304
Undocesed comparaion vs CMT 01815 0¥R
REM fragmentation index Urifocused companiar vs BLA 01584 05643 00135
CMT ws LA 0.0M1 0524
Undoossed comgasator vs CMY 0 06575
REM Infrusions. Unfocesed compaeios vs BLA L1 fees 06511
CMT v BRA 00002 15307




RESULTS - REM Continuity

NREM+Wake Intrusions in REM Only Wake Intrusions in REM

12 Pairuite (LM Walkd) 57 Fairaise (LMM Wald)
unfecused Comparator vi CHT pad, 030 = du.-0,5%8 .h:-:(.tr\l Comparater wi CHT pef. LEL :1. dmall 48
Unfocused Comparator vs BLA pad, 00 *  desD.B6 unfaceied cosparator vi BLA pel. 058 s dwe0, 5T
10 HT ws BLA poB BBl *5% deel.l3 5 T ws BLA pell. 162 s deel.AF
_ p<0.05, d=0.66 =
= g N | L]
2 g
2 = = =
= *p<0.001, d=1.13 2s P =0.058, d=0.57
:3 6 p<0.05, d=-0.58 522 .
£ 2
= &
g 3
g I» : 29 .
- " 8 @ Ul
2 . L] ew L] L] 1 L] -
. -
01 bl ol 04 l:--u T m-%ntm
Unfocussd Comparator oM LA Linfestusand compinansd cMT BLA

CMT stimulation shows the significant REM intrusions, however majority of them were NREM intrusions, BLA stimulation shows
most consolidated REM **
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RESULTS — NREM Slow Oscillation and their Coupling with Spindles

A . L Padruise (LMM Wald)
@ Coupling ~ sswwewener  ron s
0.10 Directionality (T vs BLA peb M2 ¢ de 2
p<0.05, d=0.62
" L]
= 0.08 e p<0.01, d=0.92" Tea
3 " "
Bz o .
82 006 :
-0
[+ 8 - 1 " '!-
0.04
0.02

Uniocusad comparalor CMT

BLA stimulation shows more coupling directionality (PSI)

and Slow Wave peak-to-peak amplitude compared to
unfocussed (close to significance)

Slow wave

.."'””l'\t.,
--|”‘““““p-s-

(B)

W Poak-o-Paak Ampltuds (W)

Full Might

- - = - -
2 8 B B & 8 B

F
E=1

Swep e

Painaise (LM Wald)

Slow Wave el e
[T ws BLA peb. 113 m de.0.43
peak-to-peak

P =0.064,"d =056
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RESULTS - Spectral Powers in NREM and REM

Delta/Beta Ratio in NREM

RM-ANOVA: F(2,20) = 2.38, p=0,118 ns

Pasrwise (PM.ANOVA)
Unfocussed vs ONT pa0. 410 ns  d=.0.206
04 Unfocussed vs BLA pa0.0% ns  ds.0.55
N7 vs BLA pe.1%2 ns 000,49
g
2 3 bd
i § P =0.099, d=0.55
b -E" 021
852
8z ¢ &
s3% < <
E 2 00
= £ o Ov
[ri (o)
g #
02
2
Unfocussed CMT BLA

REM log10(Theta / Low-Beta)
Full Night
(within-subject centored)

Theta/Beta Ratio in REM
RM-ANOVA: F(2,20) = 2,80, p=0.085 ns
Pairwise (PM-ANOVA)
nfocessed vs ONT p=0.006 d=.1.4
Unfocussed vs BLA pe0.%04 s .M
OMT vs BLA pe0.141 s deeD 48
ob
p<0.01, d=1.04 P «
o) <
ol Sodla® =
-4 4
é) < o )
-4 %
Unfocussad CMT BLA

BLA shows the more Delta dominant NREM structure, while CMT shows more Theta dominant REM structure

w.r.t beta arousal
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RESULTS - CHANGES IN AUTONOMIC ACTIVITY

Heart Rate Variability in NREM across Stimulation Conditions — Second Half of the Night

NREM 1 HRY by Stimulation Condition — NREM 1 — Znd Half of Night
AMEED (s} PHNSO (%) LE/HE Frequency domain HRV metrics
1z

- . LF/HF - sympathovagal ratio

*. . 1‘-

100 4

-
B 4 - -
-
- -
Ly -
-
4n
20
o
CMT BLA

[~ Unfocusad CHT
Comparston Comparator

Log (LF/HF) - log transformed ratio

10

. Time domain HRV metrics
RMSSD - beat to beat heart beat
variability

PNNS50- successive difference
between beats >50ms

RMSSD (m4)
PHIRSD %

S0
i
ko
Fat
10
o

o fre-mm Healthy HRV patterns

J Lower LF/HF, log (LF/HF) (less
REM HARV by Stimulation Condition — REM|— Znd Half of Night Sym pathetic dominance)
AMSESD {ma} PHESD () LF/HE

» = . " - /N Higher RMSSD, pNNS50, HF

power (strong vagal tone)
| i
% FTE =

%0 4

Al 4

LR

ANSD %)

20 4
1

o
L]
o
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RESULTS - CHANGES IN AUTONOMIC ACTIVITY

@ Unfocuse

NREM 1 - late night

—mmm

W v oMt

NREM 3 - late night

rved oMY

& oMT

@ BLA

Wake - late night

P ———

BLA Unfocus4

oMt

REM « late night

CMT

Main Effects

Unfocused Comparator vs CMT in N1
d=-1.56,p =0.003

Unfocused Comparator vs BLA in REM
d=1.04,p=0.21

CMT vs BLA in REM
d=1.24,p=0.029

Takeaway
Active Stimulation reshapes the sympathovagal
balance.

Direction of Shift
BLA — parasympathetic (vagal) shift
Lower LF/HF and higher RMSSD in REM

CMT — relative sympathetic shift
Higher log (LF/HF), lower HF power in wake and
NREM1
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RESULTS - CHANGES IN COGNITIVE PERFORMANCE

ns

FOO {} o
GO - . .:'_‘} o
- 30O - <>
E 400
E 00 . Key Findings (BLA vs Unfocussed Comparator,
£ ;00
100 - * Reaction Time not significantly reduced
o . » Lapses significantly reduced (p < 0.05; d =0.71)
20.0 ~ : T : * LSNR improved significantly (p < 0.01)
§‘ 2.5 4 D Key Findin MT vs Unf mparator,
Il B R
5.0 ﬁ ﬁ = : * Reaction Time not significantly reduced
- » Lapses not significantly reduced
% 15 * LSNR significantly improved in BLA (p < 0.05)
1o = +
MHSRS
o Active —MT BLA EGEE
Control
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Lapses (count)

RESULTS - EEG Slow Wave (SW) Amplitude and PVT correlations

Unfocussed Comparator BLA
e o 8) .. |r=wwin © alrwe
204 [P = 0.945 “7 p =020 p = 0.079
n 9 o n=9 n 8 -
2 p=0.079 b
18 4 181
° ° 19 B
16 R « 16 &« 18
o & a |
- -
14 1 144 17 4 B °
Y °
o
164 o
N
12
° 124
154
10 ®
v v T T T 10 4 T T T v
50 60 70 80 %0 100 40 ® 80 100 120 140 ©® 80 100 120 140
SW Peak-to-Peak Amplitude (uV) SW Peak-to-Peak Amplitude (uV) SW Peak-to.Peak Amplitude (uV)
ro= 0,221 ® r=-.0.181 row 40.012 L
15 p = 0,57 p =079 1004 p = 0.927
n 9 n 9 ne8
6
| 754
10 4
{ s s
§ 4 § 504
° LX) 3 4
54 & < °
| § , ¢ 254
| o 2
w
e 2 ° °
° n ® 004 oo ° °
04 2 B - -
0
-25
54
-2 -5.0
Ly - . - - — ~ v T v v . -
50 60 70 80 %0 100 @0 60 80 100 120 140 60 100 120 140

SW Peak-to-Peak Amplitude (uV)

Bigger slow waves trended with better PVT performance - for BLA

SW Peak-to-Peak Amplitude (uV)

80
SW Peak-1o0-Peak Amplitude {(uV)
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RESULTS - EEG SW and Spindle Coupling and PVT correlations

Lapses (count)

Unfocussed Comparator BLA
D 005;"; - ;eu,é (C) o :Jﬂs .s ®
lpe 2 » 2 p w0,
11 he9 (B) s 2% p<0.05 nee
01 e 19 4
°
164
18
« o
14 e
16 ﬁ = * T
- 9 e ——
17{ — b
141 1 < °
>
12 ® " 6 °
10 °
s4 15
0.03 0.04 0.0% 006 0.07 0.08 0.045 0.0%0 0,085 0,060 0065 0055 0,060 0.065 0.070 0.075 0.080
PSI Directionality PS| Directionality PS! Directionality
10
| o = o0 °
154 |r =051 o row -0.632 104 p = ,-."}}33
1 p =002 P = 5,068 - 3
s p=0.068 n s
84
10 4 -
T e £ ]
B 3
d 3 g 44 =
v -~ ° ———
; i s 2 //
o a B ©
04 3 8 o1& ° ° °
1 5
-
-24
° +4
i) | - —p— ——
0.05 Q.06 oro 00 0.0
003 0.04 0.05 006 0o 0.08 0.045 0.0% 0.055 0.060 0.065 R L R L) 007y Aol

PS1 Directionaity

SW-spindle coupling associated with better PVT performance - for CMT

PSI Directionality

PS! Directionality
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Conclusion and Future Steps

Conclusion

e  Sleep duration is preserved; microstructure is selectively modulated.

e BLA stimulation consolidates REM and deepens NREM.

e Sleep changes translate to vigilant-attention improvements - strongest with BLA.

e  CMT stimulation reshapes the spindle/slow-wave coupling axis, distinct from BLA in associating with performance.

e Two stim targets, two complementary pathways from sleep to cognition.

Future Steps

e Preliminary data support the feasibility of LIFU during sleep.

e Early findings suggest potential performance benefits, but larger clinical trials are needed in TBl and PTSD Service members
e  Stimulation parameters must be characterized and optimized.

e The goal is to identify the safest and most effective LIFU protocol for human sleep.

e Behavioral testing should be expanded to include emotional regulation and memory consolidation.

e  This would clarify how LIFU-induced changes in REM sleep affect mood, emotion, and memory.
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Participant Recruitment

PSG Records Screening Contacted
N=~400 N =254

Prescreened . Ineligible
N=95 N=44

Consented/Enrolled
N=26
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Supplemental Results - Statistical Modeling

Mixed Effects Model - LSNR

Mixed Effects Model - Lapses

b O —

REM intrations [>304) 1 significant § = 0.80 for CMT REM intrusices (>30s) significant § = ~0.76 for CMT

O = -~— A

O significant f = -0.71 for BLA
MAEM logiDeitafowBeta) NREM log(Delta/LowBeta)
-0 4
i O {
REM log(ThetafowBets) 1 REM log(ThetalowBeta)
O
b 4
PSl sirectionadity (Rl 1 significant f = 0.73 for CHT PSI directicnalty () § significant f§ = -0.64for CMT
p— O -
F A 1 ~
s - | 1 Unfosnaed

W Pep menclizce (Rl =7 SW PP ampltude (Al Q l(:?""’”’

0 0o v -0~ { 0 B

1] 1 F 4 N

Standaedined thope (outcome: LSNE) z ¢ ! - )
95% chaber-bootsirap C1. n_boot = 2000 Standacdised siope (outcome: Lapses (loglip))
95% chuster-bootstrap Cl, n_boot = 2000
Yij Bo+B =z + P CUII(].J' + U + Eij
-l 2026
outcome sleep driver participant
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Supplementary Results - Changes in Noradrenaline

Urine noradrenaline differed sharply between PM and AM collections, exceeding any effect of stimulation

60 A

&n
(=]
1

i
o
L

Norepinephrine (ng/mL)
Pt L
[] L

[
=]
1

Sample Time
H PM (filled)
1 AM (open)

T
! [
PM ﬂ.1l'-'l PM I:M P AIM A;ﬂ
Baseline cUnfo:used CMT BLA +
omparator
MHSRS
2026

Military Health System Research Symposium



	Slide 1: Non-Invasive Deep Brain Neuromodulation to Enhance REM Sleep for Performance
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24: Appendix
	Slide 25
	Slide 26
	Slide 27

