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Owing to their reliance on imprecise clinical phenotypic defini-
tions, current psychiatric diagnoses capture a broad range of
neurobiological alterations across patients. The difficulties that
arise from these definitions are particularly striking for post-
traumatic stress disorder (PTSD). For example, the revision of its
diagnostic criteria from DSM-IV to DSM5 resulted in only a ~ 50%
overlap in case definition [1]. One way to overcome challenges
inherent to these clinical definitions is to anchor patient
definitions in objectively quantifiable measures [2].
To identify biologically and clinically meaningful PTSD subtypes,

we began with the perspective that cognitive task behavior may be
a particularly useful way to anchor patient phenotypes so that they
are both objective and face-valid [3]. Within cognition, verbal
memory is the domain most impaired in PTSD patients on
average [4]. We therefore treated verbal memory in a normative
perspective, dividing patients based on whether they performed
within or outside the healthy norm, and examined resting-state
functional magnetic resonance imaging (fMRI) network connectiv-
ity to understand mechanisms involved with differences in memory
[3]. This is akin to a typical medical test, which are often framed
within a normative perspective. We found, and then replicated
(total N= 357), that after correction for multiple comparisons,
connectivity in one brain system (the ventral attention network;
VAN) was reduced only in PTSD patients with impaired verbal
memory, relative to either controls or patients with intact memory.
Critically, moreover, memory and VAN connectivity predicted

treatment outcome, thus demonstrating clinical relevance, despite
the discovery of the memory–VAN connection coming out of a
mechanistic characterization rather than one primarily targeting
treatment prediction [3]. Patients in one of the samples went on to
receive either prolonged exposure psychotherapy, a gold-standard
treatment for PTSD, or a wait list intervention control. Those
patients with impaired memory and VAN connectivity failed to
respond to prolonged exposure (and did not differ in the wait list
arm), whereas those without both abnormalities responded well.
Finally, to understand how these insights may be useful in driving

new therapeutics, we used simultaneous non-invasive transcranial
magnetic stimulation and electroencephalography (TMS/EEG) to
map the brain’s response to single TMS pulses at various locations
and implicated a region in the right prefrontal cortex [3].
These results suggest that by anchoring on an objective

measure (i.e., verbal memory), clinically and mechanistically
meaningful biological differences can be observed and replicated.
The TMS findings further suggest an avenue for developing novel
interventions for memory–VAN impaired patients, by targeting the
right prefrontal cortex.
More broadly, these findings open up a path for transcending

traditional clinical phenomenology and grounding clinically
meaningful case definition in observable biomarkers. To ultimately
impact clinical care, we anticipate that tools such as EEG
(a cheaper and more clinic-ready tool than fMRI) and machine
learning (to make relevant brain signatures more robust) will be
required. Nonetheless, our results suggest that it is more a
question of how, rather than whether, these types of biomarkers
could transform diagnosis and treatment in psychiatry.
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Humans and rodents can associate actions with their outcomes
and modify expectations when associations change. These
cognitive adaptions accommodate change and presumably
optimize decision-making. For example, we might modify our
driving route when construction blocks our path or abstain from
alcohol when we need to drive, expecting that both actions will
deliver us safely home. Across species, medial prefrontal cortical
regions are involved in linking actions with valued outcomes, but
contributions of the orbitofrontal cortex remain contentious. One
issue is that the orbitofrontal cortex occupies a large territory, yet
is sometimes treated as a homologous structure. A related
concern is the assumption that ventromedial subregions, like
lateral regions, specialize in stimulus−outcome associations
(linking cues, rather than actions, with likely outcomes) agnostic
to action−outcome associations. Nevertheless, poor or aberrant
decision-making is commonplace in neuropsychiatric illnesses,
necessitating a full dissection of how action-outcome associations
form, update, and solidify.
Parkes et al. [1] made important in-roads in resolving

controversies. Rats were trained to associate two actions with
a single food reward; then the actions were paired with
different, unique rewards in the days preceding a devaluation
test. Inactivation of the ventrolateral orbitofrontal cortex (VLO)
either during the final training days or during the subsequent
probe test blocked the ability of rats to choose actions based on
the value of respective rewards. Meanwhile, VLO inactivation
had no effect when action−outcome contingencies had not
changed during training. In another investigation, inactivation
of the VLO immediately following the violation of a familiar
action−outcome association in mice occluded optimal respond-
ing in a later test, even when the VLO was back “on-line” [2].
Thus, the VLO appears necessary for stabilizing newly formed or
updated action−outcome associations, which then guide future
behavior.
Notably, linking actions with their outcomes involves dendritic

spine plasticity on excitatory neurons in the VLO [2]. Specifically,
updating action−outcome expectations reduces thin-type den-
dritic spines, considered immature, on layer V neurons. Mean-
while, the proportion of mushroom-shaped spines, considered

mature, increases, potentially solidifying newly modified action
−outcome associations to optimize future decision-making.
Remarkably, inactivating VLO neurons upon the violation of
familiar action−outcome associations not only blocks response
updating, but also inhibits dendritic spine plasticity in an activity-
dependent manner [2]. These patterns strongly suggest that
dendritic spine plasticity on excitatory VLO neurons is necessary
for forming action−outcome associations, consistent with evi-
dence that orbitofrontal neurons are capable of forming and
maintaining long-term reward-related memory to support beha-
vioral adaptations [3].
Orbitofrontal neurons display a rich diversity of functionally

distinct populations based on input/output patterns, many of
which make unique contributions to flexible decision-making
[3, 4]. A key question is thus: What inputs to the VLO help to
form/update action−outcome associations? Are these inputs
distinct from those supporting other associations, e.g., stimulus
−outcome associations? Basolateral amygdala (BLA) projections
are one candidate. BLA lesions alter the reward-related coding
properties of orbitofrontal neurons [5], and BLA→ orbitofrontal
cortical connections appear necessary for certain forms of
reinforcement learning [4], including in primates ([6] and
references therein). Whether and how these “bottom-up”
connections are involved in forming action−outcome associa-
tions should be resolved.
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