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ABSTRACT
Objective: Cortical resilience can be defined as the ability of the cortex of the human brain to rebound efficiently from perturbation. This
concept is important in both research and clinical practice contexts. However, no direct measure of cortical resilience exists. Inhibitory variants
of repetitive transcranial magnetic stimulation, such as continuous theta burst stimulation, provide a standardized method for inducing a per-
turbation; when coupled with the assessment of recovery rate from the perturbation, such a paradigm might provide a standardized measure
of cortical resilience. This article describes a standardized method for quantifying cortical resilience using theta burst stimulation protocols.
Methods: A descriptive overview of a method for assessing cortical resilience is presented. Links are drawn between critical facets of the
resilience construct and the protocol described.
Results: The Cortical Challenge and Recovery Test (CCaRT) method makes use of existing stimulation parameters and cognitive testing
paradigms to provide a flexible and conceptually meaningful measure of cortical resilience.
Conclusions: The CCaRT paradigm is potentially useful in research and contexts where cortical resilience is to be measured. The CCaRT
paradigm has applicability to epidemiological studies and laboratory experimentation as well as diagnostic practice and clinical trial out-
come measures.
Key words: brain, TMS, brain stimulation, resilience, brain health.
CCaRT = Cortical Challenge and Recovery Test, cTBS = continu-
ous theta burst stimulation, dlPFC = dorsolateral prefrontal cortex,
TBS = theta burst stimulation, TMS = transcranial magnetic stimu-
lation, rTMS = repetitive transcranial magnetic stimulation
INTRODUCTION

The concept of cortical resilience—the ability of brain systems
to recover efficiently from perturbation—is used widely in

the cognitive epidemiology and clinical research literatures
(1,2), and yet it is rarely measured in a way that is clearly linked
to its conceptual definition. The advent of noninvasive brain
stimulation technology, and specifically theta burst stimulation
(TBS) paradigms, now allows for a more conceptually mean-
ingful approach to quantification of cortical resilience and
might be of some use in studies in a wide variety of clinical and
research spheres.

Cortical Resilience
At the core, the concept of resilience (of the brain or any other tar-
get organ system) can linked to its ability to spring back from ex-
posure to perturbation. Perturbation methods have been used to
study other bodily systems for decades, including the metabolic
system (i.e., the oral glucose tolerance test) and the cardiovascular
system (i.e., exercise stress test), and these are still among the most
commonly used assessments in clinical practice in endocrinology
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and cardiology (3–6). The same rationale could be applied to the
central nervous system, and specifically functioning of the cortex,
given that it supports so many behaviors of significance for every-
day life (7–13). As such, interest in quantifying cortical resilience is
as much of clinical concern as of interest to researchers in search of
a novel metric of brain health.

Often the colloquial use of the term resilience refers to the
whole organism and one’s ability to thrive despite adverse experi-
ences (2). Scientific disciplines take more specific approaches to
definition, yet they are still relatively decoupled from measurement
approaches. Within epidemiology, for example, cognitive resilience
is thought to be demonstrated when an adverse outcome is not
present despite the presence of an exposure that normally would
be expected to lead to it (1,2,14). In the case of neurodegenerative
disorders, for instance, the concept of cognitive resilience might be
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inferred when activities of daily living are intact despite the pres-
ence of mild cognitive impairment and genetic risk for Alzheimer’s
dementia (15–18). On other occasions within the same field, resil-
ience is inferred merely from the presence of premorbid educational
attainment or above-average cognitive testing scores earlier in life
(19–21). None of the aforementioned approaches to assessment of
cognitive resilience capture the conceptual facet of recovery from
perturbation or the time course of it, both of which are necessary
and sufficient aspects of the original definition of the term.
Quantifying Cortical Resilience
With respect to perturbations, the use of transcranial magnetic
stimulation (TMS) as a paradigm for inducing a “virtual lesion” is
long-standing and is a well-established way of mapping the function
of brain systems (22), often using paired pulse paradigms (23). The
same can also be accomplishedwith repetitive TMS (rTMS), wherein
the window of the inhibitory effect is used alone to quantify func-
tional parameters of the target. However, it is possible to combine
knowledge of the absolute causal effect of inhibitory rTMS with
timeline for its reversal to operationalize the concept of cortical re-
silience. One example is by tracking the rate of dissipation of an
induced state of inhibition using changes in cortical excitability
over the expected time window of the stimulation effect. Those with
quicker recovery times for a given level of inhibitory stimulation
would reasonably be classified as demonstrating more cortical resil-
ience than thosewith a longer recovery time, assuming that the stim-
ulation is adjusted to individual baseline differences in resting or
active motor threshold.

TBS is a highly efficient variant of rTMS (24) that has been
used for more than a decade in experimental neuroscience research
(25). The continuous TBS (cTBS) paradigm provides a knownwin-
dow of effect spanning approximately 50 minutes (26), with effects
peaking approximately 30 to 40 minutes after stimulation (24,26).
After this period of inhibition, the effects dissipate over the subse-
quent 10-minute interval. The rate at which the dissipation occurs
is subject to individual variability (27,28) and provides an oppor-
tunity to quantify resilience effects, in a similar manner to how
TABLE 1. Sequential Steps of Performing CCaRT

Step 1 Determine resting motor threshold: Starting at 40% of mach
by 3 s, using either observable thumb twitch of 50-mV d
adjusting stimulation intensity upward in 2% increments

Step 2 Set cTBS stimulation value: Calculate 80% of this absolute
Use this stimulation intensity for all subsequent steps in t

Step 3 Administer baseline interference task: Administer baseline i

Step 4 Localize the dlPFC: Using a standardized method (e.g., neu
The localization must be completed within the 5-min tim

Step 5 Deliver stimulation: At exactly 5 min after task conclusion
the theta burst pattern: clusters of three 50-Hz pulses, rep

Step 6 Administer post-cTBS interference task: At 5 min after stimu
interference task. The task score minus baseline task sco
baseline task score. This is the “perturbation effect” of th

Step 7 Deliver final interference task: At exactly 40 min after stimu

Step 8 Calculate cortical resilience coefficient: Calculate the prop
This value reflects the metric of cortical resilience, with h

CCaRT = Cortical Challenge and Recovery Test; cTBS = continuous theta burst stimulatio
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delay discounting k value is used to quantify differences in discounting
of future rewards (29).

Exercise is one factor that is known to benefit brain health, par-
ticularly in relation to the function of the prefrontal cortex (30).
Prior studies have revealed that cognitive task performance im-
proves after extended exercise training (31) as well as in response
to acute exercise bouts (32–34). Such findings are evident through-
out most of the life-span and are supported by functional imaging
changes quantified by functional magnetic resonance imaging,
electroencephalogram, and functional near-infrared spectroscopy
(35–42). Given the pervasive and relatively consistent effects of
physical exercise on brain health, it is reasonable to hypothesize
that cortical resiliencemay be one outcome that could alsomanifest.
In this arena, we have developed and tested a standardized protocol
for assessing cortical resilience using cTBS and tracking recovery
time from perturbation (Table 1; Figures 1 and 2). If it is the case
that acute exercise improves cortical resilience, recovery time from
cTBS should be quicker after a bout of moderate exercise compared
with a control activity.

In a recent study of this nature, we randomized participants to
moderate orminimal (control) activity, after a cTBS session targeting
the left dorsolateral prefrontal cortex (dlPFC) (43). We then mea-
sured interference task performance at pre- and post-cTBS to
quantify the initial perturbation-related decrement, and then again
at 40 minutes after stimulation to test the subsequent recovery ef-
fect. The percent of perturbation-related decrement recovered in
the moderate exercise condition was much higher than that in the
control condition (101% versus 18%). This study effectively dem-
onstrates the potential of a carefully timed cTBS paradigm with
a known target network and recovery assessment to quantify the
benefits of a well-established experimental modulator of cortical
functioning. Using a similar paradigm, it is possible to quantify
cortical resilience effects of any experimentallymanipulated factor
in a similar manner. One instance is to quantify the effect of sleep
deprivation on cognitive function (resilience), or ingestion of med-
ications or substances of abuse on the same metric.

This aforementioned cTBS paradigm can also be used in hu-
man neuroscience research in experimental and longitudinal study
ine maximum, deliver single biphasic stimulation pulses of separated
eflection of motor evoked potential as a “hit” criterion. Continue
until 5/10 pulses result in a response that qualifies as a hit.

numerical value, to set as the stimulation intensity.
he protocol.

nterference task (i.e., Stroop, Flanker, MSIT).

ronavigation, Beam F3) localize the dlPFC, or other targeted region.
e window after the completion of the baseline cognitive task.

(step 3), deliver 600 pulses of stimulation continuously in
eated at 5 Hz.

lation (time locked), have participant complete second
re should be calculated and expressed as a % of the
e cTBS.

lation (time locked), repeat the third interference task.

ortion of the decrement recovered by the 40-min mark.
igher values indicating higher cortical resilience.

n; dlPFC = dorsolateral prefrontal cortex; MSIT = Multi-Source Interference Task.
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FIGURE 1. CCaRT, a standardized paradigm for quantifying cortical resilience using cTBS and timed cognitive performance testing, and
functional brain imaging. “Cortical response” is defined by interference task performance, functional imaging during task performance, or
both. CCaRT = Cortical Challenge and Recovery Test; cTBS = continuous theta burst stimulation.

Quantifying Cortical Resilience
contexts (Table 2).With respect to the longitudinal studies, cortical
resilience is a concept of strong interest within the field of medi-
cine and epidemiology; such studies would benefit from amore di-
rect and theoretically relevant measure of this when tracking the
effects of age, environmental exposures, and life-style on brain health
outcomes. Likewise, randomized trials involving medications that
are expected to provide cognitive benefits—particularly to older
adults—could use the same resilience paradigm to track aspects
of treatment responses that would not be captured by task perfor-
mance or neuroimaging alone.

TARGETING CORTICAL NODES
In theory, this cTBS perturbation paradigm could be used for any
cortical target and functional quantification of recovery. However,
it is best applied to cortical nodes and functions for which we have
some information on recovery time. For instance, both the motor
cortex and the lateral prefrontal cortex have been common targets
for cTBS paradigms (44,45), and so we know a) the expected im-
pact of cTBS during the effective window, b) the expected delay
and width of the window, and c) how to measure the functional as-
pects of initial perturbation and recovery. Applying the same par-
adigm to other areas of the cortex that might be the focus of
FIGURE 2. Expected cTBS recovery time course differentiating highe
of the interference effect produced by cTBS as a function of the passa
stronger interference effects produced by cTBS; negative slopes on th
interference effect produced by cTBS. cTBS = continuous theta burst
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certain research questions may render this approach more uncer-
tain in applicability. For now, we can say that cTBS perturbation
paradigms are suitable for quantifying cortical resilience in the
dlPFC, as an important node of cognitive control/executive function
(10,46,47). This outcome in and of itself is very highly studied in ex-
perimental, clinical, and population health research, and justifies
further exploration of the cortical resilience paradigm with the
dlPFC target. More ground work will be necessary to apply corti-
cal resilience paradigms to other brain regions and functions.

ASSESSING THE CORTICAL RESPONSE
The quantification of initial suppression effects and subsequent re-
covery effects can be accomplished in a number of ways, including
cognitive test score changes and functional brain activation changes.
One potential equipment montage is presented in Figure 3,
which includes virtual reality goggles to present instructions and
testing stimuli.

PRIOR USE OF CHALLENGE PARADIGMS
The Cortical Challenge and Recovery Test continues the tradition
of cardiometabolic and neuroendocrine perturbation paradigmswithin
the field of psychosomatic medicine. One of the most prominent of
r and lower cortical resilience. The curves represent the magnitude
ge of time after stimulation. Higher values on the curve represent
e right side of the figure depict differential dissipation rates of the
stimulation.
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TABLE 2. Potential Clinical and Research Applications of the CCaRT Paradigm as a Technique for Assessing Cortical Resilience

Context

Clinical Research

Diagnosis
Treatment Progress/

Outcome Experimental
Randomized Trials

(Outcomes)
Longitudinal Studies (Population

Brain Health Metric)

Disease conditions

Chronic disease conditions
(diabetes, obesity)

X X X X X

Neurodegenerative disease
(MCI, Alzheimer’s, FTD)

X X X X X

Brain injury (TBI, concussion) X X X X X

Addictions, depression, and other
psychiatric disorders

X X X X X

Normative development

Age-related cognitive change over
the life-span

X X

Emergence of cognitive
capacities

X X

Lifestyle behaviors
(eating, exercise, sleep)

X X X

CCaRT = Cortical Challenge and Recovery Test; MCI = mild cognitive impairment; FTD = frontotemporal dementia; TBI = traumatic brain injury.

As a brain health metric, the CCaRT paradigm can be used for research paradigms wherein the brain is serving as an outcome, a predictor, a mediator, and/or a moderator.

METHODS AND STATISTICS
these is the mental stress paradigm, which has been used as a
reliable method for eliciting myocardial ischemia (48), wherein re-
covery lag is taken as an indicator of resilience of the cardiovas-
cular system (49). Negative feedback–mediated termination of
hypothalamic-pituitary-adrenal axis activation is yet another, a re-
lated concept that can be tested using a challenge paradigm in hu-
man and nonhuman models (50,51).
FIGURE 3. Recommended equipment montage for the CCaRT pro
functional near infrared spectroscopy to quantify cortical response to
virtual reality; cTBS = continuous theta burst stimulation.
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SUMMARYAND CONCLUSION
In summary, combining information on the magnitude of effect of
cTBS and on the quantification of timeline for recovery from the
perturbation produces a conceptually meaningful assessment of
the construct of cortical resilience, of use to researchers and
clinicians frommany disciplines. Tracking the percent of recovery
of the function of a defined cortical node with defined output
tocol when combining with VR-delivered cognitive testing and
cTBS. CCaRT = Cortical Challenge and Recovery Test; VR =
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Quantifying Cortical Resilience
measurement over the expected time window of cTBS effects is
sufficient for this purpose, and can be adapted for a variety of ex-
perimental, clinical, and epidemiological study contexts wherein
cortical resilience is intended to be measured. The cTBS perturba-
tion paradigm is a potentially important avenue for applying stim-
ulation techniques in the assessment of the brain as predictor, a
mediator, and an outcome. Although the perturbation effect of
cTBS has already been established as highly reliable (44), the re-
covery effect remains to be fully characterized in future studies.

Source of Funding and Conflicts of Interest: This work was
partially supported by an operating grant to the first author from
the Natural Sciences and Engineering Research Council of
Canada. The first and third authors hold a provisional patent for
an integrated system and protocol to measure the Cortical Chal-
lenge and Recovery Test paradigm.
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