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Wearables and Improving Perioperative
Patient Safety—Searching for Solutions!

by Megan H. Hicks, MD, and Ashish K. Khanna, MD, MS, FCCP, FCCM, FASA

INTRODUCTION

Surgeons operate on patients with a signifi-
cant comorbidity burden. Despite this, the intra-
operative period is now safer than ever.
However, postoperative adverse events are
astonishingly common, accounting for approxi-
mately 7.7% of all global deaths annually.' The
most common causes of postoperative mortal-
ity in the first 30 days after noncardiac surgery
include major bleeding, myocardial injury after
noncardiac surgery (MINS), and sepsis, in that
order? Importantly, these three entities, taken
together, account for about half of all postoper-
ative mortality.? Myocardial injury may be
underestimated, as it is especially difficult to
detect; it is essentially “silent myocardial infarc-
tion” with high-sensitivity troponin T (hsTnT) ele-
vation being the only criteria necessary for
diagnosis.® In the postoperative period, MINS is
suggested when the threshold peak hsTnT
increases by at least 5 ng/L from the preopera-
tive concentration to at least 20 ng/L or to
above 65 ng/L irrespective of baseline concen-
tration.* MINS has a strong association with
both intraoperative and postoperative hypoten-
sion; however, most MINS occurs in the first
three postoperative days, which suggests that
postoperative hypotension may be a major
contributor.*s

In terms of clinical presentation, when one
imagines a patient suffering a significant
adverse event leading to mortality in the postop-
erative period, it is most often assumed to be an
abrupt catastrophic cardiopulmonary collapse.
In actuality, the majority of patients who suffer an
in-hospital cardiopulmonary arrest have aberra-
tions in one or more vital signs during the few
hours leading up to the event, with a higher risk
of mortality with increasing numbers of pre-
arrest vital sign abnormalities.® At least half of
such patients are admitted to wards®” and there-
fore, monitoring of their vital signs is usually
intermittent® and these foreboding perturba-
tions often go unnoticed prior to these devastat-
ing events. As such, improved ward monitoring
of vital signs with wearable devices may be a
transformative perioperative patient safety mea-
sure with potential to dramatically reduce
patient harm.®® While there is no textbook defi-
nition, a “wearable device” is generally a nonin-
vasive, autonomous device that continuously

Implementation Challenges

Can wearable
technology
improve
perioperative
patient safety?

monitors patient data using sensors.
Challenges remain with evidence building,
including return on investment and actual imple-
mentation of these measures on a routine basis.

RATIONALE FOR WARD MONITORING

Patients in hospital wards are left under-mon-
itored due to a combination of potential factors,
including, but not limited to, staffing shortages,
understanding trending vital signs and deterio-
ration on the non-ICU units, lack of adequate
monitoring capabilities, and the inability to miti-
gate the obvious threat of alarm fatigue. In con-
trast to patients admitted to the ICU, whose
nurses oftentimes care for at most two patients
and vital signs are measured continually or at
least hourly, patients admitted to the ward envi-
ronment are frequently cared for by nurses who
are responsible for many more patients and
only receive intermittent vital sign monitoring,
every four to twelve hours.® While rapid
response teams are prevalent, the afferent arm
of these medical emergency teams are linked
to intermittently measured vital signs. Delays of
a mere 15 minutes or more in the recognition of
deterioration increase the risk of adverse out-
comes." It makes sense that better clinical out-
comes after a rapid response may be seen if
early warning scores are linked to continuous

Cost and return of investment
Better cost-effectiveness models needed to
measure prevention and safety

Alarm fatigue

Concomitant use of risk prediction
strategies to determine which patients are
most likely to be harmed

Finding intervention systems
User-friendly protocols can produce an
efficient efferent intervention system

ward monitoring. A potential benefit of imple-
mentation of ward monitoring is early interven-
tion and an overall decrease in rapid response
calls." Current ward monitoring standards miss
an opportunity for early pattern recognition and
intervention in real time, and do not learn from
recorded patterns that would help change the
way we care for our patients in the future. Many
members of the medical community recognize
a need for continuous ward monitoring, with
nearly all anesthesia professionals in one
survey believing that continuous monitoring of
blood pressure, heart rate, and pulse oximetry
are indicated in at least high-risk patients.®

Unfortunately, subjective intermittent vital
sign measurements are prone to artifact and
inaccuracy due to both imprecise assessments
and unrecognized device malposition.”? Some
evidence suggests that heart and respiratory
rate are the two vital signs that are most predic-
tive of a future combined outcome of cardiac
arrest, intensive care unit transfer, and death.”
Respiratory rate is a frequent offender for
imprecise manual recordings done by bedside
providers, while concurrently trending changes
measured with automated wearable monitoring
show a significant difference in the lead up to a

See “Wearables,” Next Page
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Continuous Ward Monitoring May Improve Outcomes
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critical event. More recently, machine learning
analytics have been developed with age, and
continuous heart rate and respiratory rate,
which have been found to be predictive of
transfer to an ICU and death.™ As such, intermit-
tent ward monitoring leads to frequent misses
of hemodynamic and respiratory vital sign per-
turbations'™"® and potentiating reactive rather
than proactive patient care interventions.

MISSED DIAGNOSIS OF
POSTOPERATIVE HYPOTENSION
AND HYPOXEMIA

In addition to changes in respiratory and
heart rate, postoperative hypotension may
also play a role in postoperative adverse
events such as MINS and mortality."” It can
be common, persistent, profound, and fre-
quently undetected.”®®2% For example,
about half of all episodes of mean arterial
pressures below 65 mmHg are missed with
intermittent monitoring on hospital wards."
Similarly, postoperative hypoxemia is common,
prolonged and profound in both severity and
duration. Twenty-one percent of postoperative
noncardiac inpatients were found to have >10
minutes SpO, < 90% per hour in patients with
clinician-blinded monitoring. More than 90% of
desaturation episodes (<90% for a continuous
hour) were missed using routine measurements
at 4-hour intervals.” Unlike postoperative hypo-
tension, the implications of prolonged unde-
tected hypoxemia remain unclear. An important
unexplored area is the concurrent trending
changes in heart rate, respiratory rate, blood
pressure and oxygen saturation, and the impli-
cations of such trends on organ system failure
on hospital floors. For example, it is appealing
to speculate that undetected tachycardia on
hospital ward patients would be even more del-
eterious in the setting of hypotension due to the
increased myocardial oxygen demand, how-
ever, these relationships have as yet not been
investigated.

OPIOID-INDUCED RESPIRATORY
DEPRESSION

Opioid-induced respiratory depression is an
important perioperative adverse event, espe-
cially in the subset of older male patients with
heart failure and sleep disordered breathing.?'
About half of all patients in the PRODIGY study
suffered at least one episode of opioid-induced
respiratory depression that was detected using
continuous capnography and oximetry and
adjudicated using stringent criteria to separate
artifact.?’ Among a cohort of postoperative
patients, about one in five suffered from a
desaturation to less than 90% each hour, with

the majority of these missed by intermittent vital
sign monitoring.'® Approximately 40% of
patients suffering an acute respiratory event on
the ward will die.?? In line with this, closed
claims data for opioid-induced respiratory
depression suggests that about half of these
occur within two hours of the last nursing check
and almost all are preventable with better moni-
toring and education.?®

There is a large and growing cohort of data
supporting ward monitoring devices even
though most studies examining these devices
are primarily observational, retrospective, and
before-and-after design studies of insufficient
power to really drive dramatic change. These
types of data sets help understand real-world
utilization and possibly help factor in alarm
fatigue and other barriers to adoption. A sub-
stantial reduction in the number of rapid
response calls, rescue events, and ICU trans-
fers as well as rates of cardiac arrest have been
demonstrated after implementation of ward
monitoring, including entirely wearable solu-
tions.242% While appropriately powered, pro-
spective interventional randomized trials of
monitoring type with a clinical outcome may be
ideal, these are yet to be performed, and are
logistically challenging, especially if individual
patient level randomization and intervention in
an average-sized patient ward with numerous
patients and limited staffing is considered.

IMPLEMENTATION

At Wake Forest University Medical Center,
we implemented continuous ward monitoring
using a wireless, wearable solution which cap-
tures heart rate, respiratory rate, oxygen satura-
tion, blood pressure, atrial fibrillation, patient
mobility, and body temperature every 15 sec-
onds. A study comparing the post implementa-
tion data with a pre-implementation historical
cohort showed a decrease in rapid response
call frequency was statistically significant (189 to
158 per 1000 discharges, P=0.036).” This is in
line with a historical cohort compared with cur-
rently implemented ward monitoring at a large
hospital system in the United Kingdom, which
reported a substantial reduction in ICU admis-
sions and rapid response calls using the same
wireless continuous monitoring technology as
ours.?® Recently, we compared 12,345 patients
with intermittent spot-check monitoring in 2018
and 2019 against a propensity-matched cohort
of 7,955 postsurgical patients receiving continu-
ous portable monitoring during the same time
period and recovering from surgery on different
hospital floors at our institution.?® Patients who
received continuous ward monitoring were
three-and-a-half times less likely to be trans-

ferred to the ICU or to die during index hospital-
ization compared to those who did not and
were less likely to experience heart failure,
myocardial infarction, or kidney injury.?® Inter-
estingly, a ward cluster, randomized, pragmatic,
alternative interventions trial from our institution
in 2020 and 2021 also demonstrated a signifi-
cant reduction in the risk of a composite of
blood pressure, oxygen saturation, and heart
rate changes in favor of continuous monitoring
(NCT04574908, clinicaltrials.gov). We also sur-
veyed myocardial injury after noncardiac sur-
gery, and this did not appear to be significantly
different in either group.

POSTOPERATIVE MOBILITY
AND POSTURE

While traditional vital signs have been moni-
tored on at least an intermittent basis on hospi-
tal wards, patient movement is a relatively
newer paradigm that is closely linked to the
improvement of the postsurgical recovery pro-
cess. Mobility is, in fact, an often-underappreci-
ated facet of postoperative monitoring in the
hospital, while curiously well-tracked using a
multitude of tracking devices at home. At
Wake Forest, our monitoring solution also
includes 3-axis accelerometers positioned on
the trunk to identify posture status as upright
90°, upright 45°, supine, lying on one side,
walking, and fallen. We examined patient out-
comes from a dataset of nearly 9,000 patients
recovering from surgery on hospital wards.
Data was recorded at 15-second intervals and
patients were considered mobilized when
their posture was identified as upright 90° and
walking posture. Our final confounder-
adjusted analysis reported a significant asso-
ciation between each 4-minute increase in
mobilization and a composite outcome (hazard
ratio [HR], 0.75; 95% Cl, 0.67-0.84; P <.001)
which included myocardial injury, ileus, stroke,
venous thromboembolism, pulmonary compli-
cations, and all-cause in-hospital mortality.
In addition, there was a reduction in hospital
length of stay by 0.12 days (95% Cl, 0.09-015; P
<.001) associated with increasing mobility.?°
While unobserved confounding in this data
cannot be ruled out, the signal seen here
should encourage future interventional trials
that bundle mobility-based interventions with
continuously monitored traditional vital signs.

WEARABLE WARD MONITORING
SYSTEMS
The medical and ambulatory communities
have been replete with wearable medical
devices since the advent of wireless and com-

See “Wearables,” Next Page
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pact pulse oximetry, minimally-invasive arrhyth-
mia monitoring, continuous glucose monitoring
devices, and wireless insulin infusion and
breast pumps. As such, it has been a relatively
simple translation to design wearable monitor-
ing devices for the inpatient setting, though
most devices struggle with accurate validation
data and interventional outcome trials (Table 1).8
For those that get beyond this stage, implemen-
tation on hospital wards remains a challenge.

IMPLEMENTATION CHALLENGES

Despite what appears to be an easily deploy-
able tool with apparent benefit, wearable moni-
toring devices are fraught with implementation
challenges, particularly related to cost and
return on investment, security risks, data han-
dling, and technical issues, including concerns
regarding artifact and connectivity.®'® While up-
front costs are significant, cost savings from
even minimal reductions in poor patient out-
comes are likely to overcome these initial
expenditures quite quickly.?"*° However, this is
also an opportunity to perform better cost-
effectiveness analyses that model the set-up
and annual maintenance of continuous moni-
toring against the cost of an unwanted ICU
admission, an ICU bed that was lost, an
extended hospital length of stay, and organ
system failure secondary to under-recognized
hemodynamic and respiratory changes.

The primary functional hurdle post imple-
mentation of these devices remains alarm
fatigue due to such a dramatically increased
amount of available data. As such, ward moni-
toring implementation requires concomitant
use of risk prediction strategies to determine
which patients are most likely to be harmed and
thus benefit.2**' Further, optimization of these
systems may include the creation and imple-
mentation of machine learning, pattern detec-
tion technology, and artificial intelligence as well
as development of minimally invasive advanced
cardiac physiologic monitoring modalities.
The use of continuous monitoring on hospital
units will also necessitate that we partner with
our nursing colleagues and scientists who help
with research and development of these
wearable sensors upfront and before these are
sent to the market. Finally, an appropriate and
effective efferent intervention system that is
protocolized and user-friendly for providers in
the non-ICU clinical areas of the hospital is nec-
essary. This may facilitate health care profes-
sionals to execute early, appropriate
interventions, particularly in those patients that

Table 1. Features of an Ideal Hospital Ward Monitoring System?®

Evaluation of evidence, stakeholder engagement, and education of personnel before

implementation

Noninvasive, portable cardiorespiratory vital signs measurement including mobility

and position data

Continuous and modifiable frequency of monitoring

Monitoring display that allows for integrated focused trends, unified signals, and that

prevents information overload

Threshold-based alarms connected with rapid response paging systems and early

warning scores

Alarm control and delays that can be adjusted at the level of the device and central

monitoring station

Automated and high-frequency data flow into device data servers and cloud-based

storage

Generates accurate, reliable, and reproducible data

Minimal artifact interference from other monitors

Data flow to other devices (patient monitors, central monitoring platforms, and/or

other portable or mobile devices)

Integrated seamlessly with the electronic medical record

Easily extractable data (including waveform data) with accurate time stamps

Layered predictive analytics to guide proactive interventions

Al-based suggested intervention protocols tagged to various combinations of

changes in vital signs and alarms

show persistent vital signs trending in the
wrong direction.

CONCLUSION

In summary, continuous ward monitoring with
wearable devices holds significant promise in
improving patient safety and outcomes. Imple-
mentation challenges persist, but may be over-
come with better-conducted research to
support a change in current monitoring
practices.
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