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Objective: Intravenous ketamine, which displays rapid anti-
depressant properties, is posited to reverse depression by
rapidly enhancing neuroplasticity. The authors testedwhether
an automated, computer-based approach could efficiently
leverage enhanced neuroplasticity to extend the durability of
rapid clinical response.

Methods: A total of 154 adults (ages 18–60) with treatment-
resistant unipolar depression were randomized in a double-
blind, parallel-arm design to receive an active/active
treatment combination (ketamine plus active “automated
self-association training” [ASAT];N553) oroneof twocontrol
arms that lacked either the active drug component (saline
plus active ASAT; N551) or the active behavioral component
(ketamine plus sham ASAT; N550). One day after a single
infusion of intravenous ketamine (0.5 mg/kg over 40 min-
utes) or inert placebo (saline), active ASAT—targeting self-
worth through automated “evaluative conditioning” training
delivered by computer—or sham ASAT (consisting of iden-
tical computer tasks that included no positive or self-
referential stimuli) was given, delivered twice daily over
4 consecutive days (eight sessions, #20 minutes per
session). The prespecified primary outcome measure
throughout the main (30-day) study period was score

on the Montgomery-Åsberg Depression Rating Scale
(MADRS).

Results: Ketamine rapidly and significantly reduced de-
pression scores at 24 hours postinfusion (group-by-time
interaction: standardized beta [b]521.30, 95% CI521.89,
20.70; t524.29, df5150). In intent-to-treat linear mixed
models, depression scores in the ketamine1ASAT group
remained significantly and stably low over the 30-day study
period relative to those of the saline1ASAT group (b520.61,
95% CI520.95, 20.28; t523.62, df5148). By contrast, depres-
sion scores following ketamine1sham treatment followed
a significant, increasing linear trajectory from 24 hours to
30 days, approaching the levels observed in the saline1ASAT
group (group-by-time interaction relative to the saline1ASAT
group: b50.015, 95% CI50.003, 0.03; t52.35, df5568).

Conclusions: After priming the brain with ketamine, training
positive self-associations could provide an efficient, low-
cost, portable, noninvasive, and highly dissemination-ready
strategy for leveraging and extending ketamine’s rapid an-
tidepressant effects.
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Depression is one of the most prevalent and costly mental
health conditions (1), with a public disease burden of stag-
gering proportions (2). While efficacious treatments have
been available for decades, remission rates are low, relapse
rates are high, and disorder prevalence rates remain notably
consistent or increased, with only 12.7% of patients receiving
minimally adequate treatment (3). In recent years, two po-
tential breakthroughs have ignited hopes for turning a cor-
ner in the clinical management of this disabling disorder.
First, rapid-acting pharmacological agents—notably, intra-
venous ketamine (4–6)—have shownpromise in dramatically

reducing symptoms within the space of 2–24 hours, over-
coming the sluggish response to conventional therapies (e.g.,
4- to 6-weekdelays),which prolongs suffering, contributes to
nonadherence, and fails to address urgent clinical needs (e.g.,
suicidality andother psychiatric crises). Second, intervention
development has increasingly sought to take advantage of
technology to increase patient access, reduce cost, and
minimize aversive consequences through the use of auto-
mated, computer-based procedures (7), including mecha-
nistic treatments designed to modulate affective processing
patterns directly in order to reduce symptoms (8). The
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present studyaimed to synergistically combine thebenefits of
these two approaches.

The rapidity of ketamine’s antidepressant effects offers the
promise of a breakthrough in the way depression is managed,
but this promise remains unfulfilled to date. Quickly dissipating
effects after a single infusion in isolation (9), coupled with
substantial concerns regarding the safety and feasibility of re-
peated infusions (10, 11), limit ketamine’s clinical impact.While
substantial advancements have recently been made in under-
standingketamine’smolecularmechanismsofaction(12, 13)and
developing strategies to extend these effects pharmacologically
(14, 15), translation to safe, effective, novel pharmacology canbe
slow and uncertain. Furthermore, long-term pharmacological
intervention is unlikely to be beneficial, feasible, and appealing
to every patient (16). A largemajority of patients (e.g., up to 91%
of depressed patients enrolling in drug trials [17]) consistently
express a preference for behavioral or combined behavioral/
pharmacological treatments (18, 19), in part reflecting the belief
that such treatmentswill introduce new learning thatwill solve
the core problem and instantiate lasting change (19). Antide-
pressant pharmacological regimens are challenging tomaintain
in the long term because of patient discontinuation (16) and the
rarity of follow-up opportunities in community practice (20).

Ketamine is posited to reverse the molecular signature of
depression via synaptogenic andneuroplasticity effects at the
molecular level (12, 21, 22). Based on previous work, we have
hypothesized (23, 24) that thesemolecular effectsmayproduce
a corresponding neurocognitive shift, in which we can extend
rapid mood relief during a window of opportunity using be-
havioral learning–based approaches—for example, by rein-
forcing adaptive patterns of cognition through automated
training.Ourstudywasdesignedto initiate trainingduringakey
clinicalwindowof opportunity—1–4 days following a ketamine
infusion, when euthymic mood and enhanced plasticity were
expected—in order to consolidate beneficial processing pat-
terns and prolong ketamine’s rapid mood effects.

In the context of depression, clinical effects of automated
training paradigms, though showing some potential (8, 25),
are fairly unreliable, particularly in acutely depressed pa-
tients (26, 27)—a situation that is likely exacerbated in the
context of treatment-resistant forms of depression. We thus
hypothesized that only after first “priming” brain plasticity
with ketamine, the introduction and facilitation of new
learning via automated methods might provide an efficient
path to enduring relief for patients with treatment-resistant
depression. Consistent with rising momentum in the cre-
ation of synergistic biobehavioral approaches to psychiatric
management (including both ketamine [28–30] and other
“psychoplastogenic” drugs [31]), the present study was
designed to push the boundaries of how rapid-acting anti-
depressant drug agents could be used clinically, that is,
as short-term cognitive flexibility enhancers to promote
learning that is antithetical to the depressed state. Ketamine
infusion was used as the first step in a novel, efficient
treatment algorithm designed to foster relief that would
be both rapid and durable, simultaneously taking advantage

of technology ’s potential for low-cost, portable, safe,
dissemination-ready interventions. This approach is in line
with ongoing, similar efforts to pharmacologically augment
automated cognitive training interventions in diverse pop-
ulations (e.g., schizophrenia, cognitive aging) (32–36), but it
targets a unique, affectively valenced aspect of cognition,
namely, implicit self-worth.

An automated training paradigm specifically targeting
implicit self-associations (“automated self-association
training”; ASAT) was developed, rooted in our previous
work suggesting that optimal synergy might be achieved
when targeting thisparticular formof informationprocessing
after treatment with ketamine. Rapid shifts in implicit self-
associations following ketamine treatment have been repli-
cated in two previous studies (37, 38), suggesting that
ketamine creates the requisite malleability in information
processingwithin this domain. To capitalize on this plasticity
and to shift self-associations in a positive direction, we thus
adapted existing appetitive conditioning paradigms known
broadly as “evaluative conditioning” (39, 40). Previous
neuroimaging work also implicated rapid shifts following
ketaminetreatment inprefrontal andstriatal networkactivity
and connectivity (e.g., increased activation in the caudate and
increased striatal–medial prefrontal cortex connectivity
during face processing [41]), which are widely implicated as
substrates of appetitive conditioning in humans and rodents
(42), further suggesting potentialmechanistic synergy (at the
neurocircuitry level) for our selected approach when ini-
tiated following ketamine treatment. Finally, “depressive
self-schemas” (negative self-beliefs) are among themost long-
standing and well-documented cognitive mechanisms medi-
ating depression (43), suggesting strong clinical relevance for
this mechanistic target.

In thisfirst-of-its-kindstudy, our active/active combination
of ketamine and ASAT was compared, in a randomized,
double-blind, parallel-arm design, to control conditions that
included each intervention component in the absence of the
other (i.e., salineplus activeASAT;ketamineplus shamASAT).
This enabled a direct test of hypothesized complementary
actions between ketamine and ASAT, in an effort to generate
antidepressant action that was both rapid and enduring.

METHODS

Participants
A total of 154 patients (ages 18–60) were randomized. All
patients met DSM-5 criteria for major depressive disorder
(see the online supplement), and all patients reported
moderate to severe levels of depression (a score $25 on the
Montgomery-Åsberg Depression Rating Scale [MADRS]
[44]), lower-than-normative self-reported self-esteem (i.e.,
scoring outside of one standard deviation from the normative
mean on the Cognitive Triad Inventory [45] “self” subscale
[46, 47] and/or the Rosenberg Self-Esteem Scale [48]), and
at least one unsuccessful adequate trial of an antidepres-
sant medication approved by the U.S. Food and Drug
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Administration (FDA) in the current depressive episode
(assessed with the Antidepressant Treatment Response
Questionnaire [ATRQ] [49]). Any existing depression treat-
ment regimens were required to be stably maintained
beginning $4 weeks before screening (which equated to
roughly 6 weeks before infusion date) and throughout the
30-day trial. See the online supplement for further ratio-
nale and details of all inclusion and exclusion criteria,
screening assessments, and study ethical oversight. See
Figure 1 for the CONSORT flow diagram, which reflects
high adherence and retention, and Table 1 for descriptive
patient characteristics.

To achieve the initial recruitment target of a sample of
150 patients, the study enrolled and randomized 154 patients,
continuing enrollment until a final sample was acquired that
included the full target of 150 patients who completed, at
a minimum, an infusion day, a 24-hour assessment visit,
and$75% of intended training (active or sham ASAT) visits,
and were thus considered to have received their ASAT al-
location (and labeled accordingly in the CONSORT flow
diagram). All but two participants who surpassed this 75%
threshold for their ASAT allocation received the full, eight-
sessiondoseof intendedASATvisits, perprotocol (N5148 for
full, per-protocol completers who received all allocated
ASAT sessions). Thus, 96% of randomized participants were

fully adherent with all intervention sessions, and 97% of all
intended ASAT sessions were delivered.

A three-arm study design was selected to allocate all
available resources toward the active/active (ketamine1
ASAT) treatment arm relative to two crucial comparator
groups, comprising each intervention component in the
absence of the other—a conservative test of the active/active
biobehavioral intervention’s combined impact. An inactive/
inactive (no-treatment) arm was forgone in order to maxi-
mize statistical power for these more conservative and
critical comparisons. An a priori power analysiswas based on
a principal interest in clinically meaningful, moderate (or
larger) effects. The target sample sizes were selected to yield
80% power to detect moderate effects based on infusion
phase comparisons (see “Statistical Analysis” below) of
100ketamineand50salinepatients (d$0.49andr$0.31using
an alpha of 0.05), and based on comparisons of 50 patients in
each of the ketamine1ASAT, ketamine1sham, and saline1
ASAT conditions during the ASAT phase, where effects of
d$0.57 would be detectable with 80% power (using an alpha
of 0.05). Power for primarymixed-effect analyses comparing
treatment groups, which increases with additional repeated
measures, was anticipated to be higher than for these sim-
plified, single-point contrasts, making these power calcula-
tions conservative.

FIGURE 1. CONSORT flow diagram for a randomized controlled trial of ketamine and automated self-association training (ASAT)a
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Randomized (N=154)

Enrollment

Analysis

Allocated to ketamine+sham ASAT 

(N=50)

• Received allocated infusion (N=50)

• Received allocated ASAT (N=50)

Allocated to ketamine+active ASAT 

(N=53)

• Received allocated infusion (N=53)

• Received allocated ASAT (N=52)

•  Withdrew due to scheduling and travel 

constraints (N=1)

Allocated to saline+active ASAT (N=51)

• Received allocated infusion (N=51)

• Received allocated ASAT (N=48)

•  Withdrew to pursue open label/

community ketamine treatment (N=1)

•  Withdrew due to scheduling and travel 

constraints (N=1)

•  Participant withdrawn from study due 

to repeated nonadherence (N=1)

Included in intent-to-treat analyses 

(N=50)

Included in intent-to-treat analyses 

(N=53)

Included in intent-to-treat analyses 

(N=51)

Excluded (N=70)

•  Did not meet inclusion criteria (N=41)

•  Declined to participate or lost to 

contact prior to randomization (N=29)

Allocation

a Patients are labeled as having received their allocated infusion if they initiated the infusion. For one single patient, who was allocated to the keta-
mine1sham ASAT arm, the infusion was discontinued after administration of approximately two-thirds of the intended dose, at the patient’s request.
Patients are labeled ashaving received their allocatedASATcondition (activeor sham) if theycompleted$75%of the intendedeight sessions. All but two
of the patients labeled as having received their ASAT allocation completed the entire set of eight sessions, per protocol.
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Assessment Measures and Timeline
In this primary clinical report from the trial, the focus is on
the combined intervention’s impact on MADRS score, the
study’s prespecified primary clinical endpoint for the acute
(30-day) study period, to assess overall depression sever-
ity across the 30-day period when all other psychiatric
treatmentswereheldconstant.A single, experiencedmaster’s-
level clinical rater administered the MADRS. The scale was
administered at screening (used for eligibility determinations
only), preinfusion baseline (infusion21 hour; the clinical rater
then left and was not present during any intervention pro-
cedure), infusion124hours (prior to thefirst sessionofactive/
shamASAT), and at 5, 12, 21, and 30 days. A 1-year exploratory
naturalistic follow-up, utilizing remote assessments acquired
strictly throughadistinct self-report symptomscale (theQuick
Inventory of Depressive Symptomatology–Self-Report [50]),
remains under way, and data are not included in the present
report. Neurocognitive/neuroimaging assessments of ket-
amine’s impact are undergoing analysis andwill be included in
forthcoming publications, along with secondary outcomes;

however, one such cognitive measure (a “target engage-
ment”measure of implicit self-associations) is analyzed in
the online supplement. At the final in-person visit (at
30 days), the adequacy of both patient and rater blinding,
for both infusion and ASAT allocation, was assessed; see
the online supplement.

Interventions
A randomization table using permuted blocks of three or six,
stratified by 1) biological sex assigned at birth and 2) modest
versus severe treatment resistance (severe was defined as
having had at least three unsuccessful FDA-approved anti-
depressant trials in the episode, per theATRQ),was generated
using SAS (SAS Institute; Cary, N.C.) by an independent sta-
tistical consultant at study start and was maintained by the
study pharmacist, who, at the point of randomization, con-
veyed theASATallocation (but not the infusionallocation) to a
single study staff member assigned to that patient. This single
staff member was tasked with opening the correct computer
program to deliver the ASAT sessions to that patient, but was

TABLE 1. Demographic and clinical characteristics of the intent-to-treat sample in a randomized controlled trial of ketamine and
automated self-association training (ASAT)a

Characteristic
Full Intent-to-Treat
Sample (N5154)

Ketamine1Active ASAT
Sample (N553)

Ketamine1Sham ASAT
Sample (N550)

Saline1Active ASAT
Sample (N551)

N % N % N % N %

Race/ethnicity
Non-Hispanic Caucasian 116 75.32 39 73.58 37 74.00 40 78.43
Hispanic/Latino 11 7.14 5 9.43 2 4.00 4 7.84
African American 7 4.55 3 5.66 2 4.00 2 3.92
Asian 9 5.84 4 7.55 2 4.00 3 5.88
More than one race 11 7.14 2 3.77 5 10.00 4 7.84
Unknown/incomplete

information
3 1.95 0 0.00 2 4.00 1 1.96

Sex
Assigned female sex at birth 97 62.99 32 60.37 32 64.00 33 64.71

Gender
Cisgender male 55 35.71 21 39.62 17 34.00 17 33.33
Cisgender female 90 58.44 29 54.72 28 56.00 33 64.71
Transgender: female-to-

male
1 0.65 1 1.89 0 0.00 0 0.00

Transgender: male-to-
female

1 0.65 0 0.00 0 0.00 1 1.96

Nonbinary or gender fluid 2 1.30 1 1.89 1 2.00 0 0.00
Gender undisclosed/

unknown
5 3.25 1 1.89 4 8.00 0 0.00

Mean SD Mean SD Mean SD Mean SD

Age (years) 34.26 10.50 34.70 10.10 34.60 11.60 33.50 9.90
Number of failed adequate
antidepressant trials

2.64 1.93 2.66 1.59 2.60 1.67 2.67 2.46

MADRS total score
(preinfusion baseline)

32.78 5.30 32.28 5.70 33.48 4.90 32.61 5.10

N % N % N % N %

Taking psychotropic
medication

122 79.22 40 75.47 42 84.00 40 78.43

Comorbid anxiety disorder 94 61.04 30 56.60 30 60.00 34 66.67

a There were no significant differences between groups on any variable. MADRS5Montgomery-Åsberg Depression Rating Scale.
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not involved in, orpresent for, anyoutcome ratings.Blinding of
all other study personnel was maintained until after the final
patient in the trial had completed their day 30 assessment.

Participants were randomized in a 2:1 ratio to receive
ketamine(0.5mg/kg)or saline (50mL0.9%sodiumchloride),
administered over a 40-minute infusion, as in previous
studies (e.g., 51). All infusions were administered by blinded,
licensed nurses in a medical hospital setting with imme-
diate, emergency access to an Advanced Cardiovascular
Life Support–certified team, oversight by a blinded study
physician (R.H.H.), and safety and adverse event moni-
toring sustained for 4 hours after infusion. Adverse events
(see Table S2 in the online supplement) were mild to mod-
erate, time limited, and consistent with the safety profile de-
scribed in numerous previous trials using identical infusion
procedures.

Automated Self-Association Training (ASAT)
Drawing on previous work utilizing “evaluative condition-
ing” to influence participants’ preferences and “liking”
(39, 40), active ASAT was designed to leverage Pavlovian
conditioning in order to promote positive implicit self-
associations and self-worth. Eight 15- to 20-minute ses-
sions (delivered in a private research office setting, twice
daily for 4 consecutive days, spaced by an intersession
interval$20minutes)were initiated 1 day postinfusion (after
the 24-hour postinfusion assessment). In each of the eight
sessions, both verbal and pictorial stimulus pairings were
presented, both supraliminally ($250 ms) and subliminally
(12 ms), to practice and reinforce implicit associations be-
tween positive traits (e.g., “sweet,” “attractive,” photos of
smiling actors; the unconditioned stimuli [US]) and self-
referential stimuli (e.g., “I,” participant headshots; the
conditioned stimuli [CS]). Incidental tasks such as a
“lexical decision” task (indicating whether targets were
real words or random letter strings) and a rapid mouse-
tracking task (clicking as fast as possible on the position of
stimuli) were used to enhance engagement and to promote
semantic and visual processing of stimuli. Similar forms of
evaluative conditioning have been found to alter implicit
self-esteem (40, 52, 53), mood reactivity to stress (52),
and pathological behaviors (anxious avoidance [54], self-
injury [25]).

Sham ASAT consisted of the exact same computer tasks,
but with predominantly neutral rather than positive US and
non-self-relevant CS (words related to “others,” pictures of
gender-matched strangers), designed to eliminate the pos-
sibility of unintended self-referential or iatrogenic negative
learning, while providing a credible “brain-training” para-
digm that controlled for all nonspecific factors (e.g., exposure
to lexical and pictorial stimuli with a range of affective va-
lences; incidental task demands; and time spent in the re-
search setting) and was effective in facilitating adequate
patient blinding (see Table S1 in the online supplement). See
the online supplement for further technical details on the
active and sham ASAT procedures.

Statistical Analysis
Intent-to-treat linear mixed-effects regression models were
appliedwith continuousMADRS scores as the outcome, days
since infusion as a random, continuous within-subject effect,
and treatment allocation as a fixed, between-subject effect.
Separate models were designed to test two discrete hy-
pothesized linear patterns, based on 1) the infusion phase of
intervention (two-way split: ketamine vs. saline), using
preinfusion and 24-hour assessments only (assessments
collected prior to onset of active/sham ASAT); and 2) the
ASAT phase of intervention (three-way split: saline1ASAT
vs. ketamine1sham vs. ketamine1ASAT), using assessment
points from 24 hours (as a pre-ASAT baseline for these
trajectories) through day 30.

In the infusion phase, we hypothesized rapid symptom
decreases in the ketamine arm (relative to saline). For de-
scriptive and clinical characterization purposes only, to fa-
cilitate comparisons with previous studies, dichotomous
outcomes were defined for 24-hour responders ($50% de-
crease from preinfusion MADRS baseline score) and re-
mitters (MADRS score #9 [55]). In the ASAT phase, the
saline1ASAT arm was the reference group for hypothesis
tests, and models included preinfusion MADRS scores as a
covariate. We hypothesized a stable (main) effect extending
from 24 hours to day 30 in the ketamine1ASAT arm (relative
to saline1ASAT), with no group-by-time interaction. By
contrast, for the ketamine1sham group, we hypothesized a
linearly increasing trajectory of symptoms from 24 hours to
day 30 (i.e., a group-by-time interaction relative to the ref-
erence group), consistent with the dissipation of symptom
improvementswithin 1–2weeks following a single infusionof
ketamine (in isolation) that has been reported in previous
ketamine trials (4–6).

All models included a random intercept and slope for
participant to model patient-level trajectories over time
and automatically account for missing data, which were
minimal (5.1% of all intended observations). For inter-
pretability, continuous variables were standardized. We
report standardized beta coefficients (b) as a measure of
effect size reflecting the number of standard deviations in
the dependent measure that correspond to a one-unit
change in the independent measure (e.g., group con-
trast), akin to Cohen’s d, with 95% profile likelihood
confidence intervals. Analyses were performed using R,
version 3.6.

Sensitivity analyses (see the online supplement) probed
for the robustness of findings when including the following
covariates selected a priori: sex, age, treatment resistance
(moderate vs. severe), and use of concomitant psychotropic
medications (dichotomized as yes/no).

RESULTS

Depression Severity
Infusion phase. Consistent with previous reports, ketamine
rapidly reduced MADRS total depression scores at 24 hours
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postinfusion (group-by-time interaction: standardized beta
[b]521.30, 95%CI521.89,20.70; t524.29, df5150,p,0.0001)
(Figure 2). This moderate to large linear effect corresponded
to a 52% response rate and a 28% remission rate for the
ketamine-treatedparticipants, comparedwitha25%response
and 4% remission rate for the saline-treated participants (the
number needed to treat for response was 3.7, and for remis-
sion, 4.2).

ASAT phase. In intent-to-treat linear mixed models, de-
pression scores in the ketamine1ASAT group remained
stably low over the 30-day acute phase relative to those in
the saline1ASAT group (b520.61, 95% CI520.95, 20.28;
t523.62,df5148,p50.0004) (Figure2),withnocorresponding
group-by-time interaction (b50.009, 95%CI520.004, 0.021;
t51.39, df5568, p50.164), suggesting durability of effect over
the 30-day window. By contrast, depression scores in the
ketamine1sham group followed an increasing linear trajec-
tory from 24 hours to 30 days, as the postketamine effect
gradually waned and depression score levels approached
those of the saline1ASAT group (group-by-time interac-
tion relative to the saline1ASAT group: b50.015, 95%
CI50.003, 0.03; t52.35, df5568, p50.019). While the
above intent-to-treat statistical tests of linear trajectories
over the full 30-day period were used for statistical hy-
pothesis tests, pairwise post hoc contrasts at day 30 were
used to generate effect size point estimates for further
description of clinical impact at this specific time point.
These effect size point estimates suggested a small effect
favoring ketamine1ASAT relative to both saline1ASAT

(b520.38, 95% CI520.78, 0.027) and ketamine1sham
(b520.31, 95% CI520.75, 0.13).

All the findings reported above were robustly upheld in
sensitivity analyses controlling for covariates (see the online
supplement). No significant interaction (moderating) effects
were observed between covariates and treatment allocation
for either study phase (see the online supplement).

DISCUSSION

In this study, we found that automated self-association
training—a novel, low-cost, fully automated, noninvasive,
brief (eight sessions, #20 minutes per session), computer-
based intervention—extended the rapid antidepressant effect
of a single ketamine infusion for at least 30 days. In one of the
largest ketamine randomized controlled trial samples to date,
we replicated the well-established finding that intravenous
ketamine exerts a rapid antidepressant effect in patientswith
treatment-resistant depression (4–6). Ketamine infusion
appeared also to open a clinical window of opportunity,
enabling the efficient uptake of positive self-representations
(which were evident at the level of implicit cognition fol-
lowing ASAT; see the online supplement) to protect against
the return of depression over the subsequent month
(Figure 2). Symptoms in the saline1ASAT group, which
received identical ASAT procedures in the absence of pre-
treatment with ketamine, were elevated relative to those in
the ketamine1ASAT group throughout the 30-day follow-up
period. Of note, symptoms following saline1ASAT also
remained stablybelowpretreatment baseline,which couldbe
attributable to a stand-alone impact of ASAT procedures
(which were effective at altering implicit cognition, as noted
above), or to an enduring, nonspecific impact of the over-
arching clinical research context (e.g., repeated depression
assessments and staff interactions), or both. A second com-
parator group, treated with ketamine followed by sham
ASAT, followed the expected trajectory when a single ket-
amine infusion has been given as a stand-alone treatment—
rapid decrease followed by gradual return of depressive
symptoms over the ensuing weeks (4–6). To our knowledge,
this represents the first study to test a biobehavioral pairing
of ketamine with a behavioral intervention that has included
both a no-ketamine and a no-behavioral-intervention control
condition. Likewise, clinical trials testing a wide range of
posited synergistic treatments (e.g., behavioral treatments
paired with “psychoplastogens” or other brain-based tar-
geted approaches, e.g., neuromodulation) have routinely
neglected one or the other of these two critical comparators
(24). Our design affords pivotal, novel evidence for the com-
binedbenefit of ketamine’s acute impact and the introductionof
protective learning via ASAT, relative to patients’ pretreatment
baseline symptoms and to either intervention componentwhen
given in isolation—providing a conservative test of efficacy.
However, our design cannot provide estimates of the impact of
thecombinedintervention(norofeach interventioncomponent
alone) relative to no intervention at all.

FIGURE 2. Depression severity scores in a randomized controlled
trial of ketamine and automated self-association training (ASAT),
by treatment allocation and days since infusiona
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While we expect that a range of traditional and nontra-
ditional behavioral treatments might work synergistically
with rapid-acting pharmacotherapy, here we focused spe-
cifically on our novel ASAT approach, for both practical and
scientific reasons. Practically, ASAT is fully automated and
portable, and designed to be efficient, fitting well within the
brevity (i.e., about 1 week) of ketamine’s posited window of
opportunity. By contrast, a full course of either traditional or
computer-based cognitive-behavioral therapy (CBT) typi-
cally requires 12 to 16 1-hour sessions delivered weekly, and
meta-analyses suggest that optimal computer-based CBT
requires supplemental therapist coaching (56). Here, 30–
40 minutes of ASAT for 4 consecutive days yielded effect
sizes for ketamine1ASAT (relative to unimodal treatment
conditions) that were moderate across the entire follow-up
interval, but small in point estimates at the final assessment
point (day30). Furtherworkwill beneeded tounderstand the
patient perspective on the cost-benefit ratio of such gains vis-
à-vis other, conventional treatment options (e.g., psycho-
therapy) and to assess adherence in clinical settings.
However, we observed exceptional adherence (97%) with
ASAT sessions in our research context, which is consistent
with the high adherence and high ratings for acceptability
and satisfaction observed previously for other fully auto-
mated therapies, across both research and clinical contexts
(7, 57–59).

Scientifically, a robust evidence base suggests that implicit
and explicit forms of cognition are distinct entities, and that
implicit cognition (e.g., implicit self-concept) could be amore
robust predictor of future behavior than explicit thought
content (60). ASAT is designed to efficiently and directly
target implicit cognition, yielding an innovative approach
with the potential to profoundly shape future behavior and
experience. Furthermore, by targeting a unitary and well-
defined implicit cognitive mechanism, ASAT limits the in-
fluence of heterogeneous and nonspecific factors that are
likely influential inmany traditionalbehavioral interventions,
and for which the learning that occurs within a brief window
may be more difficult to predict and constrain (e.g., positive
vs. negative therapy session experiences). Broadly, evaluative
conditioning techniques have a large and robust literature in
healthy control subjects (61), and in clinical samples, they
have previously shown replicated acute clinical effects even
in an at-home (smartphone) deliverymodality (25). Although
in this initial test of ASAT we administered the training in a
research lab environment, the ability to both achieve and
maintain gains via portable, highly dissemination-ready
techniques is a crucial criterion for overcoming intractable
barriers to access to care, particularly for underserved
communities (62), representing a critical future direction for
this work.

Given budgetary constraints, all available resources were
allocated to determining the advantage of the active/active
biobehavioral treatment combination over its component
parts delivered in isolation, providing a conservative test of
efficacy focused on establishing the necessity of each active

component, but negating the ability to determine interven-
tion efficacy in relation to no treatment. Functional
unblinding was evident for the infusion condition (see Table
S1 and further discussion in the online supplement); clinical
effects observed for ketamine versus saline may thus have
been amplifiedby expectancy. Importantly, because adequate
ASAT condition blinding was achieved (see Table S1 in the
online supplement), such effects are unlikely to have factored
strongly into the subsequent extending effect of ASAT—the
primary, novel focus of the present work. While ASAT
achieved its hypothesized effect of extending the initial rapid
improvements induced by ketamine, it did not produce in-
cremental improvements over and above ketamine’s rapid
effect, and response and remission rates leave substantial
room for further improvement of efficacy. Our design cannot
directly inform key clinically relevant questions regarding
dose-response effects, treatment schedule optimization, and
the trade-off between treatment efficiency and obtaining
(and sustaining) maximal benefit. We erred on the side of
front-loading and maximizing ASAT administration during
the acute postketamine window of opportunity, within the
perceived confines of feasibility and patient burden, while
preserving spaced practice (i.e., 20-minute intersession
breaks) in an effort to enhance learning (63).While this initial
effort focused on quantifying 30-day symptom trajectories
following this highly efficient (5-day) intervention package,
future work involving repeated ketamine doses, higher
overall doses of ASAT, and/or subsequent ASAT booster
sessions would expand the clinical relevance of the present
work. Our ongoing, exploratory, naturalistic 1-year follow-up
could yield further insights regarding durability and time
to relapse, but for ethical reasons we did not ask patients to
refrain from freely making treatment changes and additions
during follow-up.Futureworkcould alsoassess the feasibility
and impact of targeting additional cognitive-affective asso-
ciations beyond self-worth (e.g., perceptions of others, the
future,etc.),whichmightenhanceeffect sizesand/orenablea
personalized, modular approach that could be applicable
transdiagnostically.

Finally, although clinical trial eligibility criteria were
designed to emulate real-world treatment-seeking depressed
samples (e.g., stable medications maintained rather than
discontinued, and few exclusions based on medical or psy-
chiatric comorbidities), the results may not robustly gener-
alize to patients with distinct characteristics, including those
with greater or lesser degrees of treatment resistance, with
bipolar depression, or with comorbid moderate to severe
substance use disorders. Critically, we are also unable to
elucidate what the intervention’s efficacy and feasibility
might be in samples with greater racial and ethnic diversity
than ours had.

Conclusions
The global burden of depression is extremely high and is
expected tocontinue to increasewithin thecurrent context of
a significant pandemic. There is an urgent need for novel
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treatment approaches, particularly those that can provide
relief efficiently and at scale. If the present results can be
replicated, this novel, integrative treatment may provide a
method to urgently bring relief and to efficiently extend this
relief via safe, low-cost, portable techniques. Alongside our
fully automated ASAT intervention, ketamine infusion may
likewisebemoredissemination ready thanmanyalternatives,
with a favorable safety profile for isolated infusions andwide
international medical usage in both anesthetic and sub-
anesthetic applications. Additional efforts are warranted to
create, and then exploit, rapidly induced neurobiological
states (such as enhanced neuroplasticity) as clinical win-
dows of opportunity in which to introduce new, protective
learning.
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Examination Questions for 
A Novel, Brief, Fully Automated Intervention to Extend the Antidepressant Eff ect 

of a Single Ketamine Infusion: A Randomized Clinical Trial

1. Which of the following challenges have limited ketamine’s clinical impact to date?

A. Slow therapeutic onset

B. Concerns raised about the feasibility and safety of repeated infusions

C. Novel mechanisms of action relative to conventional antidepressants

D. Long-lasting eff ects following a single infusion

2. Automated self-association training (ASAT) leverages which of the following forms of 

learning?

A. Positive reinforcement

B. Instrumental learning

C. Executive functioning

D. Pavlovian conditioning

3. Which of the following is an accurate description of the pattern of antidepressant 

eff ects following the treatments administered in this study?

A. When paired with automated self-association training, ketamine produced a more 

rapid decrease in depression symptoms

B. Ketamine produced no statistically signifi cant eff ect on depression relative to saline

C. When paired with automated self-association training, ketamine produced a longer 

lasting eff ect on depression symptoms

D. Automated self-association training was more eff ective than saline in reducing 

depression symptoms
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