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Abstract

Objective: High-definition transcranial direct current stimulation (HD-tDCS) has the potential to improve cognitive functioning following
neurological injury and in neurodegenerative conditions. In this case report, we present the first use of HD-tDCS in a person with severe
anterograde amnesia following carbonmonoxide poisoning.Method:The participant underwent two rounds of HD-tDCS that were separated
by 3 months (Round 1= 30 sessions; Round 2= 31 sessions). We used finite element modeling of the participant’s structural MRI to develop
an individualized montage that targeted multiple brain regions involved in memory encoding, as identified by Neurosynth. Results: Overall,
the participant’s objective cognitive functioning improved significantly following Round 1, declined during the 2 months without HD-tDCS,
and again improved following Round 2. Subjective informant reports from family and medical personnel followed this same pattern of
improvement following each round with a decline in between rounds. We also provide preliminary evidence of altered brain activity during a
learning/memory task using functional near-infrared spectroscopy, which may help establish the physiological effects of HD-tDCS in future
work. Conclusion: Overall, these findings reinforce the potential value of HD-tDCS as a user-friendly method of enhancing cognition
following anoxic/hypoxic brain injury.
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Introduction

In this case report, we describe the application of high-definition
transcranial direct current stimulation (HD-tDCS) to treat a case
of dense anterograde amnesia following carbon monoxide (CO)
poisoning. CO poisoning causes anoxic brain damage due to CO’s
high affinity to bind with hemoglobin and formation of
carboxyhemoglobin, calcium influx toxicity, perfusion and
reperfusion injuries, apoptosis, and other cellular processes within
neural tissue (Hopkins & Bigler, 2012; Weaver, 2009). Areas of the
brain with high metabolic demand due to their dense concen-
trations of neurons (e.g., hippocampus, basal ganglia, and
thalamus) are particularly vulnerable to CO poisoning, in addition
to cerebral white matter (Allen et al., 2006; Hopkins & Bigler, 2012;
Wolstenholme & Moore, 2010). Cognitive and affective sequelae
occur in up to 46% of individuals in the acute phase following CO
poisoning and 25-50% beyond 1 month after injury (Anderson &
Arciniegas, 2010; Weaver, 2009). A meta-analysis found CO
poisoning leads to acute difficulties in attention, processing speed,
and forming new memories, which generally improved 6 weeks
after injury (Watt et al., 2018). However, in rare cases, CO
poisoning leads to irreversible dense anterograde amnesia

(Allen et al., 2006; Craver et al., 2014; Di Paola et al., 2008;
Wrightet al., 2017).

tDCS

Transcranial direct current stimulation (tDCS) is a form of
noninvasive neuromodulation that passes a weak electrical current,
traditionally 1-2 milliamps (mA), between scalp-based electrodes
to modulate the excitability of the underlying neural tissue.
Preliminary evidence suggests tDCS can improve cognitive abilities
following age-related declines (Indahlastari et al., 2021), stroke
(Elsner et al., 2020; Yan et al., 2020), and neurodegenerative
conditions (Hampstead et al., 2017; Rahman-Filipiak et al., 2019).
We used high definition (HD-) tDCS in the current case study, as
prior evidence suggests HD-tDCS enhances stimulation focality
(Datta et al., 2009) and induces more robust and longer-lasting
physiological effects compared to traditional tDCS (Kuo et al.,
2013). We previously reported subjective and objective cognitive
improvement following HD-tDCS in a patient with post-anoxic
leukoencephalopathy (Garcia & Hampstead, 2022), a group-level
normalization of network segregation in patients with mild
cognitive impairment (Iordan et al., 2022), as well as enhanced
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regional GABA in older adults following HD-tDCS (Lengu
et al., 2021).

The current case study (PT60) was referred to our Research
Program after suffering dense anterograde amnesia following
severe CO poisoning resulting from a suicide attempt, to improve
learning and memory. We predicted that stimulating areas
involved in memory and encoding (e.g., left fronto-parietal
network) would improve performance on associated objective
neuropsychological measures of learning and memory. Herein, we
discuss multiple methodological advancements in HD-tDCS
administration that hold promise for future neurorehabilitative
efforts. First, we developed a personalized montage optimized to
stimulate the left fronto-parietal network memory using the
patient’s structural MRI. Then, we used an internally developed
process to 3D-print headgear that ensured accurate, rapid
electrode placement. Our research staff then trained PT60’s
spouse to deliver HD-tDCS at home (under supervision via
HIPPA-compliant video conference). We used an A-B-A design to
evaluate the cognitive effects of 61 total HD-tDCS sessions,
completed in two separate Rounds over six months. The HD-tDCS
montage delivered 6 milliamps (mA) total (two anodes at 3 mA
each) over key nodes of the fronto-parietal cortex involved in
memory encoding. We then acquired and integrated a user-
friendly measure of brain activation (functional near-infrared
spectroscopy – fNIRS) to assess the neurophysiological effects of
stimulation during Round 2, predicting HD-tDCS would increase
blood oxygenation in the targeted areas during memory encoding.

Case study history

PT60 was a 55-year-old, right-handed, White, non-Hispanic male
with 16 years of education and a history of Bipolar I disorder (onset
age 18), with multiple periods of prolonged mania followed by
severe depression. The patient had two prior suicide attempts and a
polysubstance history including alcohol, benzodiazepine, and
marijuana abuse, though he was reportedly sober for 1.5 years
before the CO injury. His medications at the time of enrollment
included daily Vraylar 1.5 mg, Wellbutrin 300 mg, and Lithium
1200 mg.

CO injury

PT60 attempted suicide via prolonged CO exposure (poisoning)
approximately six months before study enrollment. The duration
of exposure was unknown, but he was unresponsive upon hospital
presentation (Glasgow Coma Scale= 3) and subsequently intu-
bated with 100% oxygen. Accompanying laboratory testing
revealed elevated carboxyhemoglobin (30%; > 25% requires
immediate medical attention; Weaver, 2009) and severe hypogly-
cemia (glucose = 27mg/dL; hypoglycemia defined as < 50 mg/dL;
Zoungas et al., 2010). A head CT revealed mild cerebral edema and
an MRI conducted 10 days later revealed medial temporal lobe
hyperintensities, which the radiologist determined was concerning
for potential limbic encephalopathy (Figure 1). PT60 was
extubated three days after hospital admission. Medical records
during his initial hospitalization describe profound anterograde
amnesia and marked retrograde amnesia persisting at least several
months before the injury. He underwent neuropsychological
evaluation three weeks after the injury that revealed severe deficits
in learning, delayed memory, and executive functioning
(Supplementary Table ST1). He was treated with 20 sessions of
hyperbaric oxygen treatment two months post-injury, though

records indicate his marked anterograde amnesia persisted
following treatment.

Methods

HD-tDCS methods

All methods and data collection were approved by the University of
MichiganMedical School Institutional ReviewBoard and performed
following the Declaration of Helsinki. PT60 and their spouse
provided written and verbal consent to publish this case report.
Given the primary presenting complaints of anterograde learning/
memory deficits, we attempted to identify participant-specific brain
regions engaged during memory encoding using functional
magnetic resonance imaging (fMRI). Unfortunately, the participant
was unable to tolerate the MRI environment, though PT60 and his
spouse did provide consent to use his clinical T1 MRI for this
intervention. The clinical T1-weighted image was acquired using a
1.5-T GE scanner with repetition time (TR)= 744ms, echo time
(TE)= 10ms, slice thickness= 4mm, matrix size= 512× 512× 34,
and voxel dimensions of 0.45× 0.45× 5.00 mm3. We used SynthSR
to enhance the resolution of the clinical T1 to increase modeling
precision given the decreased quality of the image compared to the
high-quality T1 images normally collected in our Research Program
(Iglesias et al., 2023), which changed the matrix size to
230× 230× 171 with voxel dimensions of 1× 1× 1 mm3. We then
used Neurosynth (Yarkoni et al., 2011) to identify brain regions
associated with memory encoding; the resulting activation map
primarily identified regions of the left fronto-parietal network (i.e.,
the inferior frontal gyrus (IFG) and superior parietal cortex (SPL);
Figure 2B). After identifying these regions, we used PT60’s clinical
T1 scan to model the electric field using finite element modeling via
the ROAST software (Huang et al., 2019). The resulting montage
based on the 10-5 electrode map (Oostenveld & Praamstra, 2001)
included anodes at F7 and CPP1 (each delivering 3milliamps (mA))
and eight Cathodes at AFp7, F3, F9, FTT7, CCP1h, CCP3h, P5, and
POz (each collecting 0.75 mA). This montage resulted in an average
electric field of 0.28 V/m in the IFG and 0.24 V/m in the SPL
(Figure 2B). We selected 3mA per anode given the prior evidence in
motor physiology of improved response to tDCS using 3mA for 20
minutes (Farnad et al., 2021). We then used our patented 3D-print
headgear (Figure 2C) that allows for rapid and reliable electrode
placement (headgear is now available from Soterix Medical Inc.).

Figure 3 provides a timeline of HD-tDCS procedures. We
trained PT60’s spouse during the first five sessions in our
laboratory using our standardized methods to ensure that she
could consistently and accurately place the headgear and electrodes
(procedural manuscript in progress). PT60’s spouse also completed
a questionnaire assessing her confidence in performing HD-tDCS.
The questionnaire consisted of 7 items, rated using an anchored
Likert scale (0= not at all confident; 10= extremely confident),
including confidence in using the stimulation equipment, placing
electrodes, caring for the equipment, and using videoconferencing
during the virtual sessions. After a single training session, PT60’s
spouse reported feeling extremely confident (10) on 6 of the 7
items, while rating a “9” when asked about her confidence placing
the headgear. She rated all items as “10” following the fifth training
session. We also measured the deviation between PT60’s electrode
placement and research staff during training sessions. The average
deviation across electrodes after the first session was 1.81 mm and
1.45 mm after the 5th training session.
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The couple then returned home and performed the remainder
of the sessions remotely. For each remote session, the spouse joined
a HIPAA-compliant videoconference to allow study staff super-
vision of the HD-tDCS session. Under staff monitoring, PT60’s
spouse placed the headgear, filled the electrode holders with gel,
placed the electrodes, and tested impedances following our
previously described methods (Hampstead et al., 2020). Sessions
6–30 of Round 1 and sessions 1–31 of Round 2 were all conducted
at home under video supervision. PT60’s spouse specifically
requested Round 2 after reporting significant memory improve-
ments during Round 1 that diminished after stimulation was
discontinued. The participant received 3-5 HD-tDCS sessions each
week. Stimulation was 20 minutes with a 30-second ramp up and
ramp down, delivered using a Soterix Medical Inc. tES duo 4 x 1
unit. During stimulation, PT60 completed a face name encoding
task designed to engage task-relevant brain areas and “shape” the
effects of tDCS (i.e., functional targeting; Bikson & Rahman, 2013).
The participant completed a tolerability questionnaire (Reckow
et al., 2018) before and after eachHD-tDCS session and returned to
our office for all evaluations (Figure 3).

Cognitive, mood, and functional measures

We used the Repeatable Battery for the Assessment of
Neuropsychological Status (RBANS; Randolph, 1998) as the
primary cognitive assessment since this measure was available
from the initial clinical evaluation. Other tasks were included in an
exploratory manner (Supplementary Table ST1). Significant
changes in RBANS Index performance between each time point
and its preceding time point were determined by calculating a
reliable change index (RCI). We defined a significant change as an
RCI value > 1.64 calculated while accounting for practices effects

(Iverson, 2001) and based on a 90% confidence interval
(Duff, 2012).

fNIRS analysis

We acquired two NIRx NIRSport2 continuous wave fNIRS units
before Round 2, which we used to evaluate neurophysiological
change following HD-tDCS. Our fNIRS full-head montage
consisted of 112 channels across 32 sources and 31 detectors.
Our units used dual-tipped optodes and included 8 short-
separation channels which were each fixed at 8 mm. During
Pre- and Post-Round 2 fNIRS sessions, we measured the
hemodynamic response to two ecologically valid memory block
design tasks, the Face Name task (FN; Hampstead et al., 2011) and
an adapted version of the Object Location Association task (OLA;
Hampstead et al., 2011). Each run consisted of 6 active blocks
(3 showing novel stimuli and 3 showing repeated stimuli), that
contained five 5-second trials separated by a 5-second inter-
stimulus interval. Each OLA trial included a 1-second object-only
phase immediately followed by a 4-second object-location phase.
For FN, each trial displayed a unique face and its associated name
for 5 s. An active control condition involved 2 stimuli (either OLA
or FN as appropriate) that were alternated throughout each block
(referred to hereafter as repeated stimuli). The order of active
blocks was initially randomized within each paradigm (i.e., OLA or
FN), and then held constant. Each block was separated by a
20-second rest. Pre-Round 2 fNIRS was completed before the first
session of Round 2 and Post-Round 2 was completed 24 hours after
the final tDCS session.

fNIRS data were processed and analyzed with the Brain
AnalyzIR toolbox (Santosa et al., 2018). First, raw intensity data
(Fs= 3.18 Hz) were converted to optical density (OD). We then
applied the temporal derivative distribution repair algorithm
(Fishburn et al., 2019) to remove motion artifacts from the OD
data. Corrected OD data were converted to oxy- and deoxyhe-
moglobin using a modified Beer-Lambert law with a partial
pathlength of 0.1. To account for the unique statistical properties of
fNIRS data (Huppert, 2016), we used the autoregressive iteratively
reweighted least squares (AR-IRLS) algorithm to solve the general
linear model. AR-IRLS automatically accounts for serially
correlated errors that arise from physiological noise and motion
artifacts and uses robust weighted regression to iteratively down-
weight outliers, including those caused by motion artifacts (Barker
et al., 2013). Here we used a canonical HRF basis set, which has
been shown to outperform other basis sets (e.g., Gamma function,
FIR) for tasks at or above 10 s in length (Santosa et al., 2019). Given
the preliminary nature and uniqueness of these data, we examined
the differences between beta coefficients from the Pre and Post-
tDCS sessions as a measure of effect size rather than fixed p-values.
To improve statistical power in detecting changes in response to
HD-tDCS stimulation, we combined the memory encoding trials
of both OLA and FN into one analysis. We first contrasted the
novel and repeat conditions (Novel>Repeat) to identify activation
associated with novel memory encoding. We then compared this
contrast between the two sessions (Post> Pre).

Results

Safety and tolerability

There were no safety concerns or adverse events. The participant
experienced tingling (54% of sessions - mostly mild) and burning

Figure 1. Brain T2 FLAIR image captured 10 days after the carbon monoxide injury
showing hyperintensity and evidence of limbic encephalopathy (circled in red).
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sensations (11% of sessions - mostly moderate) and skin redness
(mostly mild) was observed for 34% of the sessions.

Cognitive changes

Reliable change indices (Table 1) revealed no significant change
across RBANS indices in the five months between the clinical

evaluation to Pre-Round 1 (Figure 4). In contrast, PT60
significantly improved on the Immediate Memory Index
(RCI= 2.4) and Delayed Memory Index (RCI= 1.69) following
Round 1. Moreover, performances on Immediate Memory
(RCI=−3.08), Delayed Memory (RCI=−2.28), and Total
(RCI=−1.69) Indices significantly declined over the 8 weeks
between Round 1 and Round 2. Following the second round of

IFG Avg = 0.28 

SPL Avg = 0.24 V/m(A) (B) (C)

Figure 2. A) Activation map derived from Neurosynth from keywords “memory encoding.” B) ROAST finite element modeling of the montage using PT60’s anatomical scan
targeting the regions derived from Neurosynth and the level of delivered current at the inferior frontal gyrus and superior parietal lobule. C) 3D-printed headgear of the selected
montage customized for PT60.

Pre-Round 1
(T-1 month)

- Neuropsychological 
evaluation

In-Person tDCS & 
Training

(T0; 1 week)
- 5 sessions in-person 
HD-tDCS

At-Home tDCS
(2 months)

- 25 sessions at-home 
HD-tDCS

Post-Round 1
(4 days after last session)

- Neuropsychological 
evaluation

Pre-Round 2
(2 months after Round 1)

- Neuropsychological 
evaluation
- fNIRS baseline

At-Home tDCS 
(2 months)

- 31 sessions at-home 
HD-tDCS

Post-Round 2

- fNIRS 24 hours after 
last session of tDCS
- Neuropsychological 
evaluation 2 weeks 
after last session

Round 1

Round 2

Initial Injury & 
Clinical Evaluation

(T-6 months)

Figure 3. Intervention timeline over one year from initial injury to post-round 2 evaluation.

Figure 4. *Indicates a clinically significant
reliable change for each Repeatable Battery
for the Assessment of Neuropsychological Status
index from the preceding timepoint (reliable
change index > 1.64).
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stimulation, Immediate Memory once again significantly
improved (RCI= 1.97) and no significant changes across the
other RBANS Indices (Table 1).

Qualitative data

Research staff recorded comments from PT60 and his spouse
during each Round of stimulation. During Round 1, PT60’s spouse
and psychiatrist observed improvements throughout the inter-
vention. The participant showed more engagement in activities
and improved recall of recent events during the third week (after
the 13th session) such that he appeared to track and retain
information better throughout the remainder of the Round. He
also spontaneously expressed persistent familiarity with, and
recalling details about, the research staff and study tasks following
the 26th session. In the twomonths between Round 1 and Round 2,
PT60’s spouse observed significant cognitive decline and requested
Round 2. During Round 2, PT60 again spontaneously reported
greater familiarity with the research tasks and further personal
details of the study team between sessions. His spouse and
psychiatrist again reported improved memory day-to-day during
Round 2.

fNIRS changes after round 2

We examined the raw unstandardized beta weights comparing
activation during memory encoding (Novel> Repeat) comparing
Post relative to Pre-Round 2 (Post > Pre) combining the FN and
OLA tasks to measure network engagement agnostic to stimulus
type (Figure 5). Compared to Pre-Round 2, the bilateral inferior
frontal gyrus, left superior temporal, and right supramarginal areas
showed increased activation. We also observed mild decreases in
oxygenated blood (HbO) within the bilateral occipital and inferior
parietal regions.

Discussion

This case is the first to demonstrate that HD-tDCS over regions of
the left fronto-parietal network enhanced learning and possibly
memory in a person with chronic, dense, anterograde amnesia
following CO poisoning. Our current A-B-A design and
neurophysiological change following Round 2 strongly suggest
that HD-tDCS was responsible for the observed changes in both
objective and subjective cognitive functioning. Memory encoding
improved significantly following both Round 1 and Round 2, while
other cognitive processes (e.g., language, visuospatial ability,
processing speed) remained stable across all evaluations. We also
demonstrated significant improvements in delayed memory
performance following Round 1 but not Round 2. The specificity
of this improvement supports our brain network approach

informed by Neurosynth (Figure 2A) and prior fMRI evidence
demonstrating left front-parietal involvement in memory encod-
ing (Hampstead et al., 2011; Hampstead et al., 2016; Kim, 2019).
Moreover, the altered patterns of fNIRS activation following
Round 2 provide physiological evidence that HD-tDCS drove the
observed effects. Our findings are especially meaningful given the
lack of current treatments for chronic cognitive deficits following
CO poisoning. Hyperbaric oxygen has been proposed as beneficial
for cognition, though prior studies have cast doubt on its
effectiveness in treating chronic cognitive deficits (Buckley et al.,
2011; Chenoweth et al., 2021; Rose et al., 2017). While PT60
underwent 20 sessions of hyperbaric oxygen treatment before
enrolling in our study, the lack of cognitive change relative to
baseline (i.e., Pre-Round 1 vs. the clinical evaluation) suggests that
hyperbaric treatment had little impact on PT60’s cognitive
functioning. Of course, we cannot rule out a synergistic or
sequential effect of hyperbaric oxygen and HD-tDCS but suggest
such possibilities be evaluated in future studies.

The observed changes in fNIRS-based brain activity following
Round 2 are especially intriguing and add to our prior reports of
fMRI-related change after HD-tDCS (Hampstead et al., 2017;
Iordan et al., 2022), including in a patient with post-anoxic
leukoencephalopathy (Garcia & Hampstead, 2022). Our findings
are well aligned with a systematic review of studies examining

Table 1. Reliable change index (RCI) between each time point

RBANS Index
Clinical eval–
pre-round 1

Pre-round 1–
post-round 1

Post-round 1–
pre-round 2

Pre-round 2–
post-round 2

Attention −0.69 1.15 −0.95 0.1
Visuospatial −1.61 −0.39 −0.46 −0.65
Language 0.5 0 0.58 1.15
Immediate memory 1.13 2.4 −3.08 1.97
Delayed memory 0.23 1.69 −2.67 0.23
Total 0 1.45 −1.69 0.8

Reliable change indices between each assessment. Bold values indicate significant change as defined by>1.64 RCI value falling outside the 90% confidence interval accounting for practice effects
(Iverson, 2001).

Anterior Posterior

Post (Novel>Repeat) > Pre (Novel>Repeat)

Right Left

Figure 5. Raw beta values of memory activity relationships with memory encoding,
combined for both Face Name and Object Location Touchscreen Test (OLTT).
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changes in blood oxygenation using fNIRS that showed stimulated
areas have increased HbO measured more than 24 hours after
tDCS (Patel et al., 2020), similar to the effect of tDCS on BOLD
signal in fMRI (Esmaeilpour et al., 2020). The pattern of change in
our case is intriguing since we found task-related increases in HbO
at one site of stimulation (left IFG) as well as other brain regions
involved in memory encoding (left superior temporal, right
inferior frontal, and right supramarginal); regions that were also
evident in the Neurosynth derived map. These results may suggest
a network-level effect from unilateral stimulation, recruiting
contralateral brain regions involved in memory encoding,
particularly the right inferior frontal gyrus (Figure 5). Our prior
work has demonstrated increased engagement of task-relevant
brain networks following HD-tDCS using fMRI in a case report
(Garcia & Hampstead, 2022) and neurodegenerative populations
(Iordan et al., 2022). The reason for the observed decrease in HbO
at the second stimulation site (left SPL) and other bilateral
“posterior” regions is less clear. We cannot rule out the possibility
that these regions were initially up-regulated in a compensatory
manner and hence down-regulated by increased prefrontal
engagement (as reflected by the increased frontal HbO). Given
the case study nature of this report, we encourage additional
studies of both local and whole-brain HD-tDCS effects.

Our study provides several notable methodological advances
that may ultimately advance the clinical translation of neuro-
modulation approaches like HD-tDCS. First, we administered
remote HD-tDCS loosely following methods reported in prior
studies of pad-based tDCS (Charvet et al., 2020; Eilam-Stock et al.,
2021; Pilloni et al., 2022).We developedHD-tDCS specific training
methods and associated criteria to address the unique needs of
HD-tDCS. Finite element modeling allowed us to create multi-
electrode montages that increase the focality of stimulation
compared to pad-based methods (Alam et al., 2016) and allowed
us to shape current delivery for this specific participant.
Performing finite element modeling before stimulation informed
our decision to use a higher per anode (i.e., 3 mA) and total
electrical current (i.e., 6 mA) than prior studies to increase the
dosage of current at the brain level and increase the likelihood of
inducing neuroplastic change (Stagg et al., 2018). The use of
personalized headgear enabled our staff to train PT60’s spouse to
successfully administer HD-tDCS, using a complex montage, in
their home under video-conference supervision. These advance-
ments improve the precision, reliability, and feasibility of HD-
tDCS for future clinical use and supporting long-term home
treatment.

Limitations

The clinical presentation of PT60 and rare injury provided a
unique opportunity to examine the effects of HD-tDCS. While
these initial findings are promising, this personalized HD-tDCS
approach will have to demonstrate consistent benefits compared to
easier, one-size-fits-all approaches to justify widespread imple-
mentation. Additionally, the benefits in cognition were not
sustained between Round 1 and Round 2, which suggests ongoing
stimulation is needed to sustain effects (we note that this is no
different than many other interventions, including medication
effects such as those for high blood pressure).

Conclusions

This case report demonstrates the potential of personalized,
network-based neuromodulation for treating severe learning

and, potentially, memory impairment following CO poisoning.
Our on-off-on findings suggest the need to identify optimal
treatment parameters to maintain the positive benefits. We
suspect that user-friendly neuroimaging methods like fNIRS
may be helpful in this regard as booster sessions could be timed
to coincide with declines in HbO. Our methods may also
facilitate personalized, ongoing, remote treatment, though we
encourage the replication and extension of our preliminary
findings.

Supplementary material. The supplementary material for this article can be
found at https://doi.org/10.1017/S1355617724000304.
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