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Abstract
Background: Post-surgical delirium is associated with increased morbidity,
lasting cognitive decline, and loss of functional independence. Within a conceptual framework that delirium is triggered by stressors when vulnerabilities exist
in cerebral connectivity and plasticity, we previously suggested that neurophysiologic measures might identify individuals at risk for post-surgical delirium.
Here we demonstrate the feasibility of the approach and provide preliminary
experimental evidence of the predictive value of such neurophysiologic measures
for the risk of delirium in older persons undergoing elective surgery.
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ROSS ET AL.

Methods: Electroencephalography (EEG) and transcranial magnetic stimulation (TMS) were collected from 23 patients prior to elective surgery. Restingstate EEG spectral power ratio (SPR) served as a measure of integrity of neural
circuits. TMS–EEG metrics of plasticity (TMS-plasticity) were used as indicators of brain capacity to respond to stressors. Presence or absence of delirium
was assessed using the confusion assessment method (CAM). We included
individuals with no baseline clinically relevant cognitive impairment (MoCA
scores ≥21) in order to focus on subclinical neurophysiological measures.
Results: In patients with no baseline cognitive impairment (N = 20, age = 72
± 6), 3 developed post-surgical delirium (MoCA = 24 ± 2.6) and 17 did not
(controls; MoCA = 25 ± 2.4). Patients who developed delirium had presurgical resting-state EEG power ratios outside the 95% confidence interval of
controls, and 2/3 had TMS-plasticity measures outside the 95% CI of controls.
Conclusions: Consistent with our proposed conceptual framework, this pilot
study suggests that non-invasive and scalable neurophysiologic measures can
identify individuals at risk of post-operative delirium. Specifically, abnormalities
in resting-state EEG spectral power or TMS-plasticity may indicate sub-clinical
risk for post-surgery delirium. Extension and confirmation of these findings in a
larger sample is needed to assess the clinical utility of the proposed neurophysiologic markers, and to identify specific connectivity and plasticity targets for therapeutic interventions that might minimize the risk of delirium.
KEYWORDS
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INTRODUCTION
Key points
Delirium is a common complication after surgery,
particularly in older adults where it affects up to
one in three individuals and has substantial morbidity including lengthier hospitalizations, deleterious effects on long-term wellbeing and cognitive
health, loss of functional independence, and greater
mortality.2,3 Gou et al.4 recently showed that the
health care costs attributable to delirium after elective surgery are over $30 billion per year in the
US alone.
A number of studies have evaluated risk factors for
post-surgical delirium and developed predictive tools to
help identify patients at high risk.5 These studies have
identified age, history of alcohol abuse, medical comorbidities, baseline neuropsychological performance, preexisting impairment in activities of daily living, elevated
inflammatory markers such as CRP and CHI3L1/YKL40, and decreased cognitive reserve as indicators of
increased risk.5–8
One limitation of the aforementioned studies is they
do not identify the underlying cerebral pathophysiology

• We demonstrate the feasibility of gathering
electroencephalography (EEG) and transcranial magnetic stimulation (TMS) in individuals
scheduled to undergo elective surgery to identify neurophysiologic signatures of vulnerability to post-operative delirium.
• We present preliminary experimental evidence
that EEG and TMS–EEG measures of cerebral
oscillatory activity and cortical plasticity might
identify individuals at risk of post-operative
delirium.
Why does this paper matter?
The identification of pre-operative predictors of
post-operative delirium can help stratify individual risk and identify novel therapeutic targets for
interventions to prevent delirium or mitigate its
impact in predisposed individuals.
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that leads to delirium and thus offer limited insights to
guide future interventions to minimize the risk of postsurgical delirium. Identification of predisposing cerebral
vulnerabilities to delirium has clinical importance for
understanding symptoms and prognoses, for identifying
risk prior to surgical procedures, and for developing
brain-based interventions. Magnetic Resonance Imaging
(MRI) studies have suggested that individuals who
develop postoperative delirium show presurgical brain
connectivity abnormalities.9,10 In 2017 Shafi et al. proposed a framework for the identification of novel quantitative diagnostic and prognostic neurophysiologic
markers of post-operative delirium,1 motivated by the
hypothesis that an individual's risk of delirium after elective surgery is mediated through pathophysiology in individual brain reactivity, connectivity and plasticity. We
further hypothesized these features could be systematically characterized using electroencephalography (EEG)
and transcranial magnetic stimulation (TMS). Here we
present data demonstrating the feasibility of this
approach and offer preliminary experimental support for
the proposed framework.

METHODS
Study sample
The sample represents the first 23 patients to undergo
TMS–EEG procedures as part of the Successful Aging
after Elective Surgery renewal (SAGES II) study,11 an
ongoing prospective cohort study of older adults
undergoing major elective surgery, supported by NIHNIA P01AG031720 (PI: SK Inouye). Eligible participants were age 70 years and older, English speaking,
able to communicate verbally, scheduled for elective
surgery at the Harvard-affiliated hospitals Beth Israel
Deaconess Medical Center (BIDMC), Brigham and
Women's Hospital (BWH), or Brigham and Women's
Faulkner Hospital (BWFH), and available for in-person
interviews. Exclusion criteria were delirium at baseline, prior hospitalization within 3 months, legal blindness, severe deafness, terminal condition, current
hemodialysis, and history of heavy alcohol abuse or
withdrawal. Enrollment began 4/1/2019 and is ongoing. The target sample size for this study is
180 patients, with an estimated 50 (28%) developing
delirium. At the time of the analysis, 133 patients were
enrolled in the full SAGES study. Of these, 30 patients
agreed to participate in the TMS–EEG substudy and
met the TMS–EEG eligibility criteria. One (1) patient
was dropped from the study due to a surgery

3

cancellation. One (1) patient was dropped when their
surgery was postponed due to COVID-19. Five (5) other
patients were dropped due to the COVID-19 research
shutdown. The remaining 23 patients were analyzed as
an evaluation of preliminary results during a recruitment break imposed by the COVID-19 pandemic. Of
these 23 patients, 6 developed delirium (26%). Written
informed consent was obtained from all participants
according to procedures approved by the institutional
review boards of the study hospitals and Hebrew
SeniorLife, the study coordinating center, all located in
Boston, Massachusetts.

Study procedures
Clinical data collection
During hospitalization, patients underwent daily 10to 15-min interviews with brief cognitive testing and
administration of the CAM to assess for development
of delirium status. Outside of the acute hospitalization, comprehensive cognitive testing and delirium
ratings were assessed at baseline, 1 and 2 months
postoperatively, and were conducted by trained clinical research assistants in patient's homes, and then
remotely via web-conference during the COVID-19
pandemic. Telephone interviews were used rarely due
to web-conference access limitations. Medical record
abstraction was completed following hospitalization
by a trained study physician using standardized
procedures.

Electrophysiological data collection
Participants underwent a baseline TMS–EEG visit within
2 months before surgery (Figure 1). Resting state EEG
was recorded with eyes closed (3 min) using a 64-channel
Brain products system (extended 10–20 international system) and TMS-compatible amplifiers (actiCHamp, Brain
Products GmbH, Munich, Germany). TMS–EEG data
were collected via the same EEG system and using a
MAGVenture MAGpro X100 TMS device and figure-ofeight shaped coil with dynamic fluid cooling, biphasic
waveform, and anterior–posterior–posterior–anterior current direction in the brain. Specifically, 120 single TMS
pulses at 120% RMT were applied to primary motor cortex (M1) for right first dorsal interosseus (FDI) muscle
before and after intermittent Theta Burst Stimulation
(iTBS, 80% AMT) to M1. For online monitoring of coil
positioning, the Brainsight™ TMS Frameless Navigation
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F I G U R E 1 Conceptual model and study design. (A) The experimental approach is informed by the stress response model with the
stressor being elective surgery and the outcome of relevance being the development or not of post-surgical delirium. The experimental
hypothesis is that the neurophysiologic assessment might be predictive of an individual's response to the subsequent stressor and thus the
risk of delirium. (B) To predict the brain's capacity to cope with the stress of elective surgery and the potential risk of delirium, a set of EEG
and TMS–EEG measures were collected. CAM was used as the metric of the clinical outcome of incidence of delirium. Note, part of Figure 1
was taken from https://brainvision.com/applications/.

system (Rogue Research Inc., Montreal, Canada) was
used with individual high-resolution T1w MRIs coregistered to digitized anatomical landmarks. Text S1 for
more details.

Study variables
Delirium
Delirium was assessed using the confusion assessment
method (CAM),12 a standardized and widely used
approach with high sensitivity (94%–100%), specificity
(90%–95%), and interrater reliability (κ = 0.92)13 for identification of delirium.11 Patients were classified as having
delirium if they fulfilled CAM criteria (i.e., acute change
or fluctuating course, inattention, and either disorganized
thinking or altered level of consciousness) on any day
during the hospital stay.

Other clinical variables
Age, sex, and baseline cognitive functioning were
assessed in the patient interview. The Montréal Cognitive
Assessment range (MoCA, 0–30, 0 = most impaired) was
measured at baseline as our measure of cognitive functioning.14 The threshold for cognitive impairment was
MoCA a score of less than 21.15 Surgical type, anesthesia
type, and the Charlson Comorbidity Index16 were
abstracted from medical record review.

Resting-state EEG metric
Mean absolute power spectral density across the entire
resting state EEG recording was calculated for each frequency band (1–40 Hz, 0.5 Hz resolution) at all electrodes (window = 1000 samples, overlap = 50%).
Frequency bands were defined as: δ (1–4 Hz), θ (4–
8 Hz), α (8–13 Hz), β (13–30 Hz), and γ (30–40 Hz).
Spectral power ratio (SPR) of α and β to δ and θ was
calculated, following Benwell et al.17 as (α + β)/(δ + θ).
SPR is associated with deficits in executive function in
patients with Alzheimer's Disease.17 Text S1 for more
details.

TMS–EEG metric
Transcranial magnetic stimulation (TMS) is a noninvasive brain stimulation technique. While EEG provides a
powerful tool for passively recording the integrity of
cerebral circuits, integration of TMS with EEG enables
measurement of the cerebral response to cortical perturbation, and is used to study cerebral reactivity, connectivity and mechanisms of plasticity.18 The use of
TMS–EEG prior to surgery to predict cognitive changes
is novel and important for both clinical utility and scientific development of the tool. Repetitive TMS (iTBS;
Text S1 for parameters) applied to M1 was used to
modulate cortical plasticity.19 Single pulses of TMS during EEG recording (to measure TMS-evoked EEG
potentials, TEPs) were applied before and after iTBS to
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TABLE 1
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Demographics of study cohort (N = 20).
Full sample (N = 20)

Age, mean years (SD)

72 (5.8)

Female, n (%)

11 (55.0)

Charlson comorbidity, mean score (SD)
MoCA, mean score (SD)

Delirium (N = 3)
74 (3.2)
2 (66.7)

No delirium (N = 17)
72 (6.1)
9 (52.9)

1.55 (1.9)

4.33 (1.5)

1.06 (1.6)

25 (2.4)

24 (2.6)

25 (2.4)

Surgery type, n (%)
Total knee replacement
Total hip replacement
Other

9 (45.0)

1 (33.3)

8 (47.1)

11 (55.0)

2 (66.7)

9 (52.9)

0 (0)

0 (0)

0 (0)

Anesthesia type, n (%)
Spinal

14 (70.0)

2 (66.7)

12 (70.6)

General

5 (25.0)

1 (33.3)

4 (23.5)

General and spinal

1 (5.0)

0 (0)

1 (5.9)

assess the effects of iTBS. Global mean field amplitude
(GMFA) was used to quantify global synchrony and
excitability20 of TEPs, calculated for TEPs recorded
before and after iTBS. The brain plasticity ratio was
calculated as GMFA area under the curve (AUC)
post-iTBS divided by GMFA AUC pre-iTBS for each
participant. Text S1 for more details on data cleaning
and analysis.

Statistical analyses
EEG and TMS–EEG data from the 17 patients without
delirium (“controls”) were analyzed to create a mean and
95% confidence interval (using the t-distribution). This
confidence interval was used as a reference to compare
individual characteristics of the three participants
who were cognitively unimpaired at baseline but developed post-surgical delirium. Both hypo- and hyperconnectivity and both hypo- and hyper-plasticity can be
clinically relevant, so our analyses were designed to
identify any atypicalities instead of imposing a priori
assumptions of directionality. Results report findings of
pre-surgical resting-state EEG power ratio and the TMS–
EEG response to iTBS in the three participants who subsequently developed delirium compared with the 17 participants who did not.

RESULTS
Data for 23 consecutive patients (age = 72.8 ± 5.9 [65–
89]; M9/F14) were collected. The results reported here
represent the initial analysis of a suite of TMS measures

aiming to explore a wide variety of physiological properties. The entire TMS–EEG protocol lasted 3–4 h. However, the resting-state EEG recording (3 min) and
TMS-plasticity measures (30 min total) reported in this
study could be completed in less than 90 min, including
setup time. All TMS–EEG visits were well-tolerated and
none of these patients prematurely stopped their visits.
Two (2) patients reported a mild headache during or
immediately after the TMS–EEG visit and one (1) patient
reported that our study chair was uncomfortable. Six
(6) patients (26%) were diagnosed with delirium following surgery by CAM criteria.12 Since baseline cognitive
impairment is a well-known predictor of delirium risk
and also influences TMS–EEG results, it is a true confounder. Thus, we focused this paper on participants
without severe cognitive impairment at baseline in both
study groups. Applying our a priori exclusion criterion
of MoCA < 21, 3 individuals in the delirium group were
excluded. Demographic and clinical information for the
sample are reported in Table 1. For patients with cognitive impairment at baseline (N = 3), see Text S1,
Table S1 and Figure S1.
In all three participants who subsequently developed
delirium, the baseline integrity of neural circuits as
indexed by the pre-surgical resting-state EEG SPR
(Figure 2A) were outside the 95% CI of the results in the
17 “controls.” In patients D1 and D2, SPR was high, indicating a relative shift in the power spectrum toward α +
β. The SPR of patient D3 was also outside the “control”
range, but indicated a relative shift in the power spectrum toward δ + θ (spectral slowing17).
In 2/3 patients who developed delirium, the
TMS-plasticity results were outside of the 95% CI
“control” range (Figure 2B). In patients D1 and D2,
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F I G U R E 2 Neurophysiologic results. (A) Integrity of neural circuits assessed using the spectral power ratio of eyes-closed resting state
EEG (α + β)/(δ + θ). (B) The integrity of mechanisms of plasticity assessed using the ratio of Global Mean Field Amplitude (GMFA) area
under the curve (AUC) of transcranial evoked potential (TEP) post-iTBS (within 20 min) to pre-iTBS (iTBS = intermittent theta burst
stimulation). In the participants who developed delirium both SPR and GMFA AUC Ratio post /pre-iTBS were clearly outside the range of
the values in individuals who did not develop delirium. Values in patients without post-surgery delirium (N = 17) show mean and error bars
representing the 95% confidence interval. Note that all three participants with subsequent post-surgical delirium show resting-state EEG
outside the range of the “controls,” as did 2/3 participants with post-surgical delirium for the TMS–EEG plasticity measure.

TMS-plasticity ratios were high, indicating a pre- to
post-iTBS increase in GMFA. Patient D3 had a TMSplasticity ratio that was within the 95% CI of the
“control” group. Figure 2 summarizes the main neurophysiologic findings.

DISC USS I ON
In this pilot study, we demonstrate the feasibility of collecting pre-operative TMS and EEG measures of cerebral
electrophysiology, and present early experimental evidence supporting a conceptual framework emphasizing
the value of baseline assessment of brain neurophysiology
as predictive of an individual risk for post-surgical
delirium.1 Specifically, we report abnormalities in the
functional integrity of neuronal circuits reflected in
resting-EEG spectral power in all three patients who subsequently developed post-operative delirium, and abnormalities in cerebral plasticity mechanisms as indexed by
changes in TMS–EEG in 2/3 patients. Thus, EEG and
TMS–EEG may be useful in identifying abnormalities in
cerebral connectivity and plasticity that represent subclinical risk factors for post-surgical delirium.
Changes in EEG during delirium have been well
documented including a relative slowing of resting-state
EEG (a decrease in alpha power and a relative increase
in theta and delta power21), increased spectral
variability,22 a decrease in EEG complexity,22 and
decreased alpha-band functional connectivity.23 Despite

these intriguing findings, the relationship between brain
function prior to hospitalization and delirium risk have
not been systematically explored. Our results suggest that
spectral power abnormalities in resting-EEG may indicate individual risk for delirium, regardless of whether
this shift represents spectral slowing or a shift toward
higher frequencies. Any abnormalities in baseline cerebral oscillations may reflect a susceptibility to behaviorally relevant dysfunction in response to systemic stressors
such as surgery.
While EEG provides a powerful tool to assess the
integrity of cerebral circuits, the utility of EEG can be significantly expanded by coupling it with TMS.18 Realtime
integration of TMS with EEG provides an opportunity to
directly measure the cerebral response to a controlled
cortical perturbation and assess cerebral reactivity and
mechanisms of plasticity across cortical regions. Prior
studies have shown that TMS produces waves of activity
that are reproducible and reliable,24 reverberate throughout the cortex,25,26 vary as a function of cognitive task
engagement,27 are altered by interventions,28 and provide
reliable individual fingerprints of brain network dynamics relevant to cognitive health29 that reflect the functional state of structural connectivity.30 We provide
preliminary evidence that TMS–EEG may be useful for
identifying pre-surgical changes in cerebral plasticity relevant to post-surgical delirium.
Important limitations deserve mention. First, generalizability of our sample may be limited due to the exclusion of patients with preexisting severe cognitive
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impairment (MoCA score ≤ 21). This exclusion was necessary due to the well-described confounding effects of
preexisting cognitive impairment on both delirium (the
main outcome) and TMS–EEG (the main exposure). We
suggest that EEG and TMS–EEG may be particularly relevant for assessing risk in patients without clinical levels
of cognitive impairment, due to the increased sensitivity
of these methods to neurophysiological but subclinical
brain changes.
Another limitation is that this study used a small
number of geographic sites and a small sample size. We
present these data as a demonstration of the feasibility of
the pre-operative measurement of electroencephalography (EEG) and transcranial magnetic stimulation (TMS)
in older individuals, and a pilot experimental investigation of our conceptual framework that proposes that risk
for delirium may be elevated when vulnerabilities exist in
cerebral connectivity and plasticity, and that neurophysiologic measures might identify individuals at risk for
post-surgical delirium.1 The presented data demonstrate
the feasibility of the approach, and the experimental data
are consistent with the potential predictive value of neurophysiologic measures for the risk of delirium in older
persons undergoing elective surgery. However, with only
three participants developing post-operative delirium and
the overall limited sample size, confirmation and extension of these findings in a larger sample is necessary. Notwithstanding these limitations, the internal validity of
the findings remains intact and provides important proofof-concept for the proposed conceptual framework.1
While requiring validation, the possibility of deriving
clinically valuable predictors of post-operative delirium
via non-invasive electrophysiology which could be systematically deployed and integrated into standard clinical
care is appealing. If confirmed, we suggest development
of countermeasures to prevent delirium, with substantial
individual health, economic and social impact. For example, patients scheduled for major elective surgery displaying abnormalities in the spectrum of resting-EEG or
plasticity responses to TMS could undergo interventions
(behavioral, pharmacologic, or non-invasive brain stimulation) designed to normalize brain connectivity or transiently modify mechanisms of neuroplasticity before
surgery, or to acutely re-establish connectivity and plasticity after surgery. Changes in peri-operative procedures
and management informed by baseline data could also be
explored, e.g., choice of anesthetic, intensity of EEG monitoring during anesthesia, post-operative care, and
medications.
Overall, our study suggests that noninvasive assessment of cerebral electrophysiology in patients scheduled
for elective surgery is feasible, may reveal subclinical
abnormalities in measures of cerebral connectivity and

7

plasticity that indicate an elevated risk for post-operative
delirium, and supports a theoretical framework of delirium as an interaction between endogenous cerebral vulnerabilities and environmental stressors. Large scale
collaborations are needed to validate and expand on
these findings, and to facilitate the development of clinically useful tools.
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