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vital signs approximately half of all in-hospital cardiorespiratory arrests occur
postoperative here and are associated with poor outcomes. Current monitoring
machine learning practices on the hospital ward mandate intermittent vital sign
artificial intelligence checks. Subtle changes in vital signs often occur at least 8—12 h

before an acute event, and continuous monitoring of vital signs
would allow for effective therapeutic interventions and potentially
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avoid an imminent cardiorespiratory arrest event. It seems
tempting to apply continuous monitoring to every patient on the
ward, but inherent challenges such as artifacts and alarm fatigue
need to be considered.
This review looks to the future where a continuous, smarter, and
portable platform for monitoring of vital signs on the hospital
ward will be accompanied with a central monitoring platform and
machine learning-based pattern detection solutions to improve
safety for hospitalized patients.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

In the next generation, demographic changes with increasing complexity of comorbidities will
contribute to an increasing number of patients with chronic illnesses in need for high acuity treatment
[1]. Additionally, health care institutions worldwide face higher workloads because of shortage of
skilled medical/nursing labor and increasing cost [2]. In this setting, sustainable and reliable imple-
mentation of advanced electronic wireless technologies may possibly help reduce the burden of this
development.

Only 1 in every 100,000 patients receiving an anesthetic suffers from intraoperative mortality, but
postoperative patients still have a high risk of acute clinical deterioration.

Depending on the complexity of surgery and burden of comorbidities, 15—45% of patients suffer
from postoperative complications—with an overall mortality rate of 1-2% within a month after sur-
gery [3—7]. This 30-day mortality after surgery is the third leading cause of death in the United States
[8]. Contrary to expectations, most patients who die during the postoperative period are never
admitted to critical care units [4]. A large majority of in-hospital cardiorespiratory events occur on the
wards, and when they do occur, outcomes are catastrophic and worse than similar events in monitored
environments [9,10]. Up to a third of all postoperative complications and associated mortality are
cardiorespiratory [11,12]. The rest are usually a consequence of stroke, sepsis, and hemorrhage, which
often lead to unplanned critical care admissions [13,14]. A previous work identified that hypotension is
common and may persist for prolonged duration during the immediate postoperative period [15]. This
hypotension is strongly and consistently associated with myocardial injury, acute kidney injury,
delirium, and stroke [ 15—18]. Similarly, postoperative hypoxemia is also common and after noncardiac
surgery in patients recovering on the general ward [19]. Ventilatory insufficiency, although not
commonly measured, is also common and may be more frequent in certain etiologies of postoperative
respiratory adverse events in this environment [20].

Acute cardiorespiratory compromise events do not typically occur abruptly. They are usually
preceded by an 8- to 12-hour period of subtle changes in vital signs [21—23]. Current monitoring
standards on hospital wards require only intermittent “snapshots” of vital sign measurement,
usually done at 4- to 6-hour intervals. Therefore, most pattern changes in cardiorespiratory physi-
ology are missed or detected too late to allow for effective interventions to rescue the patient from
progressive deterioration. There is, therefore, an obvious need for better, continuous vital sign
monitoring on in-patient units.

This narrative review describes the current state of monitoring vital signs on the ward, introduces
the need for and the variability of continuous cardiac and respiratory monitoring systems, and ad-
dresses challenges associated with converting wards to continuous monitoring units, specifically alarm
fatigue and artifactual data. The need for smarter, portable, continuous artificial intelligence-supported
and data-driven platforms, along with the need for generation of stronger evidence to support this
change in monitoring standards, is also elaborated in some detail.
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Current monitoring standards

Integrated information of basic vital signs such as blood pressure, heart rate, temperature, oxygen
saturation, and respiratory rate is essential and plays an important role in realizing data-driven clinical
decision-making systems. Perturbation in these physiological parameters represents at least one organ
dysfunction in a quick and reproducible manner. The conventional practice of vital sign measurement is
primarily based on subjective interpretation by medical personnel. This may be associated with po-
tential sources of error with variance related to subject, interobserver, instrument, or technique utili-
zation. Intermittent monitoring of vital signs is currently the standard of care for in-patient wards in
most hospital systems in the United States. This periodic monitoring consists of measurement of vital
signs every 4—6 h by a nurse or nurse's aide, and validation of the data after the licensed nurse has
clinically examined the patient. This longstanding practice has been in existence for more than a hun-
dred years, with limited evidence to suggest the most effective interval of measurements [24,25].
Moreover, evidence suggests that inadequate and poor documentation of vital signs on the wards
(presumably due to reasons such as time constraints, increased patient-to-nurse ratio) may be a pre-
dictor of preventable deaths [26,27]. Furthermore, based on the subjective judgment of the patient's
stability, there appears to be inconsistency in the frequency of evaluations used in clinical practice
among hospitals. Manual methods are also prone to a “data smoothing effect,” whereby a provider uses
preinterpretation of data and averages monitor readings in a situation when a single reading is “out of
range.” [28,29] This phenomenon was first noticed in a retrospective analysis of abnormal readings [30].
Similarly, another study corroborated the findings and additionally concluded that extreme values were
recorded less frequently in manual records than in automated records [31]. In addition, manual
recording of pulse oximetry data documented higher values than automated data entry for the same
periods [32]. Intermittent monitoring on wards misses large periods of time during which perturbations
of vital signs may occur. Hypoxemia (SpO, <90%) occurred in a fifth of all patients recovering from
noncardiac surgery. Disturbingly, routine ward monitoring missed 90% of these hypoxemic episodes in
which oxygen saturation was <90% for at least an hour [19]. Other factors that may lead to suboptimal
monitoring includes errors in calculating scores, high work load shifts, high patient-to-nurse ratio, lack
of compliance, and inadequate interpretations of worsening variables [33,34].

An inherent problem with periodic monitoring of vital signs on the ward is the lack of interpretation
of subtle changes in vital signs or a pattern detection that may occur during “early deterioration.” In a
review of National Confidential Enquiry of patient outcome and Deaths (NCEPOD) of perioperative
patients, it was concluded that only 21% of the identified high-risk surgery patients were admitted to
critical care units postoperatively and almost half of the dead patients were never cared for in critical care
units [35]. Hospital wards are traditionally considered a safe haven for recovery of patients as they
transition to their next destinations (usually out of the hospital); however, they are a common place for
the occurrence of unanticipated acute cardiovascular catastrophic events. At least 60% patients have one
abnormal vital sign 1—4 h before an acute cardiorespiratory arrest, and there is a stepwise increase in
mortality with an increasing number of abnormal vital signs. Mortality approaches 100% with 3 or more
abnormal pre-arrest vital signs [36]. A cross-sectional study of 3046 patients concluded that abnormal
respiratory rate and heart rate, as both early and late signs, increase the odds of critical care unit transfer
[37]. This constitutes the very vital afferent limb of hospital acute medical emergency or “rapid response”
teams. A rapid response call from the ward is usually generated only after a nurse-verified set of vital
signs meets early warning score criteria [38]. These rapid response teams and the use of effective pro-
tocols to run them have showed improved outcomes overall but have been limited by the intermittent
nature of data collection as well. Because changes in trends of vital signs begin to occur hours before an
untoward event, intermittent monitoring-based early warning scores and rapid response calls may be a
retroactive intervention instead of proactive intervention [21] Essentially, most of these teams end up
being activated, only when patient deterioration may have progressed beyond the point of effective
rescue. An effective efferent limb of rapid response therefore critically depends on an effective afferent
response that, in turn, depends on early identification of patient deterioration, which is often not
detected in a timely fashion using intermittent monitoring of vital signs.

We now perform surgery on a relatively fragile subset of patients compared to years past. Un-
fortunately, these patients may be ill-prepared for the procedure, are often not admitted for
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preoperative optimization, and may be sent home early in the postoperative period. This present-day
fast-track approach seems attractive but may not be compatible with periodic monitoring of vital
signs on the ward. In fact, the intermittent vital signs approach to ward monitoring was developed
decades ago [24,25] when surgery was largely restricted to relatively healthy patients who routinely
stayed at least one night before surgery and then remained hospitalized long after surgery. Knowing
the commonality of postoperative cardiac and respiratory decompensation and that hypotension
surely contributes to myocardial injury (and mortality), current sparse ward monitoring probably
misses many potentially important hemodynamic events. The obvious solution is continuous he-
modynamic monitoring, which could detect hypotension and lead to diagnosis and treatment. If the
effect of this is to reduce the amount of hypotension, this may be expected to improve outcomes,
although this theory remains speculative at best and deserves robust investigation.

Why continuous monitoring?

Unplanned critical care unit admissions are associated with increased mortality, length of stay, and a
significant economic impact [39,40]. For example, every extra day in the hospital costs approximately
$2000 and every additional day in a critical care unit approximately $5000—$7000 [41]. Some authors
have named these unplanned, yet potentially preventable ICU admissions as a result of the lack of timely
intervention in the absence of continuous ward monitoring, the “4 a.m. phenomenon” (Fig. 1) [42].
Clearly, the precious time lost between the onset of deterioration of vital signs and the detection and
intervention of effective therapeutic interventions is clinically significant when comparing continuous
with periodic vital signs checks. In this context, a prototypical patient who displays the “4 a.m. phe-
nomenon,” as shown in Fig. 1, is usually in postoperative days 2—3, recovering from a major abdominal
surgery, on the general care floor. At around that hour of the night (4 a.m.), the ICUreceives this patient as
an unprecedented admission from the floor. According to the report from the floor house staff, this
patient was found hypoxic and/or hypotensive and he/she is at a point where aggressive therapeutic
interventions or respiratory support is not possible on the floor. While a likely explanation of the
deteriorationis hypoventilation secondary to a combination of pain medications and/or sedative use, the
fact that detection is delayed proves costly to the patient and the hospital, resulting in an unplanned and
unnecessary ICU admission. Using continuous measurements, trajectories of collected data can be
converted into meaningful information of the patient's state in a real-time manner. In this patient's case,
this would have resulted in an early detection of impending hypoventilation, effective respiratory
support, and a necessary adjustment of pain medicine delivery regimen, to avoid the progressive
physiological decline. A study conducted on 2841 postsurgical orthopedics patients demonstrated that
continuous surveillance of physiological parameters such as heart rate and oxygen saturation reduced
critical care unit transfer from 5.6 to 2.9 per 1000 patients [32]. Another study done on 2314 medical-
surgical unit patients showed that continuous monitoring was associated with significant reduction
in ICU length of stay and rates of imminent cardiorespiratory arrest events [43]. Recently, a study
compared intermittently measured EWS (early warning signs) and continuously recorded vital signs in
major abdominal surgeries and reported that clinically relevant hypoxic events of SpO, <92% were found
in 98% of continuously monitored patients, which remained almost undetected in the intermittent group
[44]. Notably, approximately half of all patients experienced severe desaturations, SpO,<85% that lasted
for more than 10 min [44]. Similarly, another study demonstrated that continuous surveillance of vital
signs was able to significantly reduce rapid response team calls with acceptable alarm rates when
compared with standard ward monitoring [45]. Additionally, comparing continuous or intermittent
monitoring with intermittent monitoring alone in surgical ward patients by using scoring systems
showed that patients who received continuous monitoring had shorter lengths of stay and reduced
readmissions and were administered antibiotic therapy faster than those in the intermittent group [46].
Clinical deterioration in postoperative wards may thus remain undetected for several hours. The “4 a.m.
phenomenon” is common and puts immense resource and personnel strain on ICU systems worldwide.
Not only does this waste on an ICU bed on a truly avoidable critical care emergency, but it also plays havoc
with patient family satisfaction and influences the morale of patient families, patients themselves, and
healthcare providers who feel the frustration of burnout in these situations. Clearly, current conven-
tional practice of periodic monitoring of vital signs is suboptimal and may contribute to poor patient
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Fig. 1. Anillustration depicting an unanticipated acute cardiorespiratory event (“the 4 a.m. phenomenon”) on the hospital ward and
difference in response times when comparing periodic with continuous monitoring. With permission from: Khanna AK, Hoppe P,
Saugel B. Automated continuous noninvasive ward monitoring: Future directions and challenges. Critical Care 2019 23:194 (BMC).

outcomes, whereas continuous monitoring has potential benefits of determining and recognizing per-
turbations in vital signs early in the postoperative ward patient.

Continuous cardiac monitoring

Cardiac monitoring plays a crucial role in both intra- and postoperative hemodynamics. The peri-
operative time is particularly a period with susceptibility for myocardial injury. This period is charac-
terized by frequent imbalances in oxygen delivery and consumption secondary to pain, fluid shifts,
anemia, and possible secondary insults such as other organ failure and sepsis. Importantly, most
myocardial insults during the perioperative period (also known as type Il infarctions) are clinically silent.
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These patients are likely not to have symptoms such as chest pain and shortness of breath [47]. The only
manifestation of ongoing myocardial injury may be a troponin elevation. In fact, troponin elevation after
surgery is typically accompanied by neither symptoms nor signs—but the association between troponin
elevation and 30-day mortality is nearly as strong without as with symptoms and signs [48,49].

A recent post hoc analysis of POISE-2 trial on 10,010 patients suggests that postoperative hypo-
tension is common and strongly associated with myocardial injury and death during the initial post-
operative days[15]. Any duration of hypotension on postoperative days 1—4 had 3 times increased odds
of myocardial injury or death compared with nonhypotensive patients during the same time [15].
Therefore, avoidance of hypotension during the postoperative period becomes critically important,
with the obvious imperative to first detect such hypotension. Current monitoring standards miss a
substantial amount of blood pressure fluctuation on the general hospital ward. Interestingly, an
analysis of blinded continuous portable blood pressure recording after abdominal surgery showed that
both hypotension and hypertension were common in the immediate postoperative period and often
remain undetected by intermittent monitoring in the wards [50]. Specifically, spot checks or periodic
monitoring missed approximately 75% of episodes of MAP>110 mmHg and approximately 50% of
episodes of MAP<65 mmHg detected by continuous monitoring.

A challenge in this regard has been the development of accurate and portable hemodynamic
measurement instruments and technology that may be used to measure blood pressure while patients
recover on the hospital ward. The use of intermittent pneumatic blood pressure cuffs is less than
optimal in this regard. The new technology that utilizes pulse wave velocity characteristics in relation
to elasticity of the arterial wall, by utilizing principles of biomechanics as modeled through Moens-
Korteweg equations, appears promising. Blood pressure component estimates are gathered from
pulse transit time, measured between ECG and photo plethysmography peak-to-peak calculations [51].
This technology has shown that mean differences in vital signs and EWSs compared with nurse-
measured vital signs have been generally found to be within the range of predefined and accepted
discrepancies [52]. Further, a randomized trial on 60 medical and surgical ward patients showed that
high MEWS, predominantly due to better measurement of respiratory rate-driven changes, can be
detected in hospitalized patients around the clock and clinical deterioration at an earlier phase using
this portable technology. A maximum of 10 h passed between device-detected high MEWS and next
regular nurse measurement in some patients [53].

Total tissue perfusion relies on cardiac output and total oxygen content in blood. Perioperative im-
balances in adequate delivery of oxygen are associated with organ injury and mortality [54]. After opti-
mization of adequate oxygen and blood products, assessment and maintenance of cardiac output is
another pivotal step. Routine vital signs including blood pressures and heart rate fluctuations are often
late manifestations and hence may appear to be normal in the initial stages of acute hypovolemic states as
aresult of increase in peripheral vascular resistance. Additionally, heart rate perturbations may not be
evident immediately after anesthesia exposure [55]. In such situations, among others, the use of
continuous cardiac output monitoring may help guide hemodynamic interventions. A previous work
suggests that goal-directed therapy improves perioperative outcomes such as length of stay, risk of
pneumonia, and pulmonary edema when compared with liberal fluid therapy without hemodynamic
goals [56]. As expected, clinical examination does not always estimate volume status, and there is a poor
level of agreement regarding cardiac index categories measured with a noninvasive monitoring system
and estimated using clinical examination by members of a rapid response team. The authors of this work
measured cardiac index noninvasively using a finger cuff technology, which uses the volume clamp
method (also known as the vascular unloading technique) to estimate stroke volume using pulse wave
analysis and provide real-time cardiac index values [57]. Clearly, the best estimates of cardiac output are
measurements guided by validated technology. This general rule is well applicable to the acutely dete-
riorating ward patient as well [58].

To the extent that even few minutes of hypotension is clinically relevant and needs immediate
therapeutic intervention, continuous monitoring may indeed prevent harm. The data obtained from
the monitors should be robust and need integration by a system of various algorithms and models
before they are available, and reliability of such system still needs to be validated by ongoing research.
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Continuous respiratory monitoring

One of the most commonly unrecognized, inappropriately measured, and sometimes neglected vital
signs is respiratory rate [59]. In fact, perturbations in respiratory rate are considered a predictor of multi-
system adverse events such as cardiopulmonary arrests and an independent predictor of mortality [60—64].
Change in respiratory rate is a better discriminator than change in blood pressure and heart rate in iden-
tifying high-risk patients likely to have an acute medical emergency team call for escalation of care [65].
Previous findings also suggest that patients who suffer from adverse events had higher respiratory rates
(greater than 24 breaths/minute) up to 24 h before such events [62,66] Despite the accepted importance and
the universal utilization of manual measurements, there are several questions regarding the fidelity of
manual measurements [67—70]. There is discrepancy in recorded respiratory rates and observed rates and
an underrepresentation of lower respiratory rates in manually recorded values. Manual measurement is
usually an estimated value of 15 s counted respiratory rate, most of which are likely in range of 18—20 per
minute are prone to bias [71]. Additionally, there is minimal correlation between observed and recorded
values. In hospital wards, respiratory rate is intermittently measured manually as an approximate estimated
value with other subjective parameters of tidal volumes such as “deep or shallow respirations.” Continuous
monitoring using oxygen saturation and capnography is likely to provide more objective assessment. Pulse
oximetry provides an estimation of the degree of hypoxemia, whereas respiratory rate and capnography
provide information of minute ventilation. This fact is well supported by a report of surveillance on post-
operative orthopedics patients where the authors reported that continuous pulse oximetry leads to fewer
rescue events and decreased need to escalate care [32]. It appears that current technology would better and
more easily support the use of continuous oximetry and capnography monitoring on the floor than
continuous blood pressure, which is still mostly a technological challenge. That said, there remain issues
with the fidelity of nasal cannula-detected end-tidal carbon dioxide as a surrogate for ventilatory assess-
ments in nonintubated patients. Literature suggests that ventilatory perturbations may be more common
than oxygenation issues in postoperative patients [20]. However, most false alarms, artifacts, and patient
noncompliance also come from the current form of end-tidal carbon dioxide detection systems, using nasal
cannulas and oral scoops for mouth breathers. In addition, the overall effectiveness of continuous pulse
oximetry and capnography monitoring for the detection of postoperative respiratory depression remains a
key question [72]. Specifically, does continuous oximetry and capnography make a difference in outcomes?
Recognition of desaturation (SpO, <90%) is 15 times higher using continuous monitoring than using
intermittent monitoring, and identification of ventilatory depression is 6 times higher with continuous
capnography than with oximetry alone [ 72 |. There has not been shown, however, to be a reduction in overall
patient complications, mortality, or ICU transfer by the addition of ventilatory monitoring to oximetry alone.
Continuous oximetry-monitored patients also showed a trend toward less ICU transfers, although mortality
outcomes were inconclusive at best [73]. Continuous capnography data are minimal, but what is available
shows it to be a valuable tool in patients on supplemental oxygen (a common practice) on the hospital ward
[72]. As noted above, the high artifact and false-positive alarm rate limit the utility with current capnog-
raphy systems. The utility of continuous respiratory monitoring may also extend beyond respiratory out-
comes. In postcardiac surgery patients—transferred from ICU to normal wards—rates of postoperative
atrial fibrillation are reduced in patients monitored with continuous oxygen saturation through a portable
pulse oximetry in contrast to controls [74].

A specific perioperative practice that assumes much importance when considering the use of
capnography and ventilatory measurements is that of opioid-based analgesia and consequent res-
piratory morbidity. Patients who received opioids alone or in combination with sedatives in the
inpatient ward environment had a significantly increased odds of mortality compared with those not
receiving these drugs. In addition, those who underwent cardiopulmonary resuscitation events had
7.57 more days in the hospital and mean increased total hospital costs of $27,569 [75]. The PRe-
dictiOn of opioiD-Induced respiratory depression in patients monitored by capnoGraphY (PRODIGY)
trial prospectively enrolled 1496 patients receiving parenteral opioids on the general care floor and
subjected them to continuous monitoring (oximetry and capnography). These data (SpO», HR, RR,
and EtCO;) was blinded to the bedside provider and adjudicated by an expert committee to separate
artifact from true events. The preliminary results showed a 46% incidence of respiratory depressive
episodes as defined by preset criteria that were previously undetected by standard monitoring. The
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PRODIGY risk score was subsequently derived and internally validated, which showed a combination
of variables—age greater than 60 years (in increasing decades), male sex, opioid naivety, sleep
disordered breathing, and chronic heart failure to be highly predictive of the occurrence of respi-
ratory depressive episodes in patients on hospital wards [76,77]. Notably, the clinical outcomes of
these episodes remain to be determined. Closed claims analysis of catastrophic opioid-induced
respiratory depression events that lead to anoxic brain injury or death showed that 42% of these
events occur approximately 2 h after the last nursing check, and about 16% occur as soon as 15
minutes after the last nurse visit to a patient's room. Furthermore, nearly all of these events are
preventable using continuous monitoring in combination with caregiver education and improved
understanding of the detection of these events [78].

These are indicators of urgent need for continuous and accurate respiratory monitoring on post-
operative wards. However, this noninvasive monitoring may have a prohibitive effect on the end users
(nurses and doctors) in the form of high false alarm rates and related fatigue, which interfere with the
expected alarm response and may then limit the effectiveness of continuous monitoring. Nevertheless,
current research is focusing on utilizing several filtering techniques such as improvement in
biomedical signals design, artificial neural networks, and algorithms to improve artifact detection [79].

Continuous monitoring—pattern detection and waveform data

The real utility of continuous monitoring applications in the postoperative ward setting is the ability
to use the multiparameter waveform data to allow for early identification of patient deterioration. This
“pattern detection” will be possible only if the clinician has the ability to train and understand basic
waveform patterns and recognize early signs of characteristic alterations in waveforms that signal
impending harm. An educated provider response to such pattern recognition is assumed, but education
in this area is also likely required. In the regard, the role of continuous capnography in combination
with continuous oximetry is worth additional mention. These two modalities generate a combination
of waveforms that allow for classic patterns under certain pre-existing patient conditions and also in
acutely developing respiratory failure.

An example of a utility of the visual recognition of patterns on real-time waveform data is shown in
Fig. 2. An early indication of impending deviation from the norm is evident with the multiple episodes of
apneas and no breath events (light-blue dashed line), which precede clinical detection (dark-purple
dashed line) by at least 15 min. In this patient, the clinical detection of a struggling patient prompted
administration of naloxone reversal and correction of ventilatory compromise. Of note, Fig. 2 shows the
false sense of satisfaction that is often evident while using the pulse oximeter alone, particularly when
supplemental oxygen is being administered, where oxygen desaturation does not occur until very late in
the course of events and often occurs when it may be too late for meaningful intervention. This patient was
rescued by clinical detection, which occurred 15 min later, rather than through monitor detection. How-
ever, the situation could have been much worse had the next ward nursing check not occurred until two
hours later, and the patient would have been in extremis and undetected for much longer. Although
speculative, exposure to repeated and prolonged episodes of hypoventilation and hypoxemia could
possibly lead to myocardial injury and associated mortality in a high-risk patient. Perman and colleagues
have demonstrated using a national resuscitation registry that these events result in worse outcomes in an
under-monitored ward environment compared to a ward with telemetry and further compared to a
critically ill, although continuously monitored, patient in the ICU [9]. Clearly, the lead time (golden period)
of 15 min in this case would have allowed for early detection using a central monitoring platform and an
effective real-time alert to a bedside provider for timely intervention (Fig. 4) in an ideal continuously
monitored ward.

A common patient situation concerns with the postoperative patient who has known or suspected
obstructive sleep apnea. These patients (at baseline) typically exhibit cyclical desaturation as part of the
definition of sleep disordered breathing. This “saw-tooth” pattern is exacerbated during the post-
operative period, especially when on narcotic-based analgesia, importantly with a return to baseline
oxygenation in between the cyclical swings. However, as narcotic analgesia increases, these swings in
oxygen saturation may become more pronounced and may not return to normoxic levels. A pulse ox-
imeter value in itself may be insufficient to convey this problem to the caregiver, especially in a situation
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Fig. 2. Real-time waveform data (gathered as part of the PRODIGY trial) showing a rapid-response call (dark purple dashed line), and
the period of time (approximately 15 min in this case), where the patient showed repetitive apneas (blue dashed line), wherein
timely early intervention may have helped.

where this patient is on supplemental oxygen. Here the utility of continuous capnography, in combi-
nation with waveform data from the pulse oximeter, will allow for identification of this characteristic
pattern of desaturation in combination with hypoventilation. Fig. 2 shows these frequent apneic and
hypoapneic spells that accompany cyclical desaturations in one such patient. An appropriate early clinical
intervention in such a patient on the ward, maybe a combination of noninvasive ventilatory support using
a continuous positive airway measure (CPAP) device, and an appropriate adjustment of the analgesic
regimen to reduce the dose and frequency of these drugs may promote apnea. However, the absence of
early recognition of this common occurrence may translate into a future catastrophe, especially when
these patients go under-monitored for prolonged periods in a setting of frequent parenteral opioids. The
PRODIGY trial showed a very high preponderance of apneas and hypoventilatory monitor-detected
events compared with hypoxemic events [77]. The integrated pulmonary index (IPI™), that is, a num-
ber generated (0—10 with increasing harm indicated by a higher number) using fuzzy logic as a com-
bination of continuous input into heart rate, respiratory rate, SpO,, and EtCO», has also been validated as
an accurate indicator of clinical deterioration [80]. The needs of the postoperative ward of the future
should allow for visualization of continuous waveform data, either within or outside the ward in a central
monitoring unit, and further educate providers in the early identification of dangerous patterns (Fig. 4).
The analysis of large volume data to elucidate predictive patterns of vital sign deterioration requiring
intervention to prevent adverse outcome should lead to more specific and sophisticated alarm notifi-
cation in the future. This “smarter” alarm enunciation, coupled with identification of the best alarm
responses from providers and education on these responses, should reduce false alarms and alarm fatigue
and help direct provider attention to actionable alarms.
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Fig. 3. Real-time waveform data (gathered as part of the PRODIGY trial) showing a typical pattern of repetitive cycles of hypo-
ventilation and apnea accompanied by hypoxemia. This “saw-tooth” pattern would be observed in a patient with obstructive sleep
apnea receiving narcotics for pain control.

Continuous monitoring—challenges

While continuous monitoring of everyone on the general care floor or postoperative ward seems a
necessary goal, the current technology requires greater sophistication and specificity for detection/
prediction of patient deterioration. One of the biggest challenges in the implementation of continuous
monitoring systems is that they must be acceptable to patients and caregivers alike. In the past,
monitoring systems were bulky, and this led to patient noncompliance and early disconnections,
especially on postoperative day 1 or 2, as most patients started ambulating [19]. During the past
decade, monitoring systems have evolved in a radical way, moving rapidly from “wire to wireless-
wearable” systems and offering efficient ways to decrease workloads and improve outcomes. With
wireless devices, however, battery life and patient re-association with the device have become new
technical challenges to overcome. Wireless wearable devices would qualify as smarter monitoring in
strictly lay terms. Otherwise, these are defined as micro-electronic equipment that does not interfere
with routine activities of the user while monitoring various physiological parameters such as vital signs
in a continuous robust manner [81]. With advancement, these heterogeneous microsensor systems
have gained capability to monitor several patients, store data, transmit to central station, and generate
alarms to alert providers for any perturbations.

In terms of usability, nursing staff desire reliably accurate and reactive systems that non-
technologically savvy users find intuitively straightforward. Although the implementation of electronic
applications in health care dates back more than a decade, usability (efficient, effective, and safe use of
technology) is still not fully optimized for clinical use [82,83]. Users remain skeptical of the use of data
collection technology in the healthcare environment. In a large national study, physicians' satisfaction
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Fig. 4. An illustration of a well-organized continuously monitored hospital ward, with layers of artificial intelligence incorporating
patient data from the electronic medical record, and a central monitoring unit with an alert monitoring service that relays true
alarms back to providers at the bedside to complete the loop. With permission from: Sessler DI, Saugel B.Beyond ‘failure to rescue’:
the time has come for continuous ward monitoring. Br ] Anaesth. 2019 Mar; 122(3):304—306 (Elsevier).

with their EHRs and computer order entry (CPO) was generally low [84]. Physicians who used EHRs and
CPOE were less satisfied with the amount of time spent on clerical tasks and were at higher risk for
professional burnout. For nurses, they were most dissatisfied approximately 9 months after infor-
mation technology implementation. However, 18 months after implementation, nurses' perceptions
appeared improved. It is not clear whether this is a conditioned, training, or hopelessness response
[85]. The prior investigations underline the need to fully incorporate the daily users of these systems
during development and implementation.

Wireless monitoring applications should not induce stress in patients and caregivers. The design of
these systems should target an interface and backend that a user finds efficient, effective, while providing
security. In usability research, simple and relatively low-cost methods exist that should be applied by
anyone working in medical device development [86]. The next obstacle, as in Electronic Health Record
systems, is to integrate the technologically adept system with an interface that nurses, advanced practice
providers, and physicians find intuitive and easy to input and cognate information. A recently introduced,
FDA-approved, portable wearable device facilitates continuous collection of vital signs in an uninter-
rupted fashion. Studies conducted on such portable wearable devices have demonstrated that these
devices resulted in higher MEWS (Modified Early Warning Signs) scores than intermittent observation by
nurses [53]. Additionally, these devices were well received by patients and nurses; in fact, the quality of
data is comparable. These minimally intrusive remote monitoring devices are wireless, and monitoring
can be done while patient is ambulatory. Another advantage includes measurements of vital signs un-
interrupted without affecting patient's sleep, which have an impact on overall recovery [87]. These
wearable devices can then be managed remotely in a central station. Ongoing research is also focusing on
machine learning to integrate other physiological parameters that may help filter the artifacts and hence
reducing false alarms and associated fatigue (Fig. 4).

Although much awareness exists regarding the problem of false alarms, currently there is no clear
solution in place. These alarms to artifactual data are present to the tune of up to 15/patient/hour in a
typical continuously monitored environment such as the ICU [88]. A key difference between the ICU and
the floor is the available nurse-to-patient ratio that declines from 1:1 or 1:2 in the former to up to 1:8 in
the latter. Therefore, if one nurse is to evaluate up to 8 patients and also turn off or adjudicate up to 15
alarms per patient or up to 120 alarms per hour, this alert volume is untenable. The resultant alarm fatigue,
distraction, and caregiver burnout could lead to no outcome benefit or even worse patient outcomes.
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Appropriate selection of alarm thresholds and persistence before alarm enunciation may help to reduce
false alarms and artifact and allow for self-correction. Although some sensitivity is lost with lower alarm
threshold and longer duration, the goal is to limit alarms to actionable conditions without having delayed
detection of true patient deterioration.

Another challenge of note is the rapid pace in technology advances in this field over the past decade,
with the lack of appropriate validation of a number of sensors and devices flooding the market. A major
barrier in implementing continuous monitoring in wards (as standard of care) appears to be the val-
idity of sensor device and software, most of which are currently not backed by large randomized trials.
Different technologies use distinct sensors (wearable patches) at various placements (such as wrist,
chest, head, and hip) and with algorithm configuration, which, at times, may not correlate. Technical
dysfunction such as connectivity issues due to nonuniformity of wireless networks, nonintegration of
these devices with hospital coding and electronic medical record (EMR) systems leading to non-
reimbursement, and the need for manual validation of continuous monitoring data are few others
worth mentioning [89,90]. An example is the implementation of continuous monitoring across a
hospital system, but the operations arm still needs the bedside nurse to physically enter “validated”
data into the EMR. This would occur at present time intervals and negate the perceived benefit of
continuous data streams and pattern detection. Unfortunately, most EMRs do store continuous minute-
by-minute streams of unverified data for up to 72—96 h but end up purging them for lack of available
space. Herein is an important area of intervention and appropriate need to have dedicated continuous
data server space to allow hospitals to look at all the available gigabytes of device data at any time from
any patient, who was or is being continuously monitored. Furthermore, the data generated by new
devices when compared with those generated by gold standard equipment encounter the statistical
threat of verification bias [91]. These devices have the ability to estimate idiosyncratic patterns by
machine learning, which are potentially unsupervised, and there exists a learning curve in their
interpretation. Lastly, legal and ethical issues regarding data protection, data ownership, and afford-
ability upfront pose a challenge [92].

Provider acceptance of the culture change to continuous surveillance monitoring and acceptance of
the validity of abnormal data remain additional challenges. While it has been shown in some studies
that provider acceptance is good, a tendency to need confirmation of abnormal vital signs with
additional equipment can delay treatment and add to provider fatigue [45,53].Finally, there is a sig-
nificant financial cost to the implementation of widespread continuous monitoring technology in
terms of equipment (both disposables and hardware purchasing/damage/loss), wireless networking,
software licensing and updates, education, and re-education. Research is desperately needed to
compare this cost to the financial and personal cost of adverse patient events, prolonged hospitali-
zation, ICU utilization, and mortality to demonstrate the expected return on investment.

Continuous monitoring—solutions

Continuous monitoring of vital signs offers more proactive approach in determining the trends that
might otherwise be missed by intermittent or conventional monitoring in wards. Surely, with advances in
sensor technology and filtering mechanisms, the current flaws of the continuous monitoring approach can
be overcome. A very basic, although important, mechanism to implement continuous monitoring and
integrate it into a workflow system in a hospital ward is based on continuous (portable) bedside data
generation, wireless transmission to a central monitoring station/platform, integration of patient data
(current clinical, lab, imaging, and demographics) from the EMR (layering machine learning to allow for
pattern detection and filtering of artifact) and an efferent arm of implementation of real-time alerts to
appropriate tiered layers of providers [93,94]. Some of the other solutions are a direct outcome of imple-
menting this workflow (Fig. 4). Patients would no longer be tethered to boxes with cables, and alarms would
be far removed from patient rooms. This would ensure as much patient compliance and lead as minimal a
disturbance in sleep wake cycles as possible. This would also allow for dedicated monitoring of alarms and
patterns using an e-ICU-like central remote monitoring platform that would ensure that all eyes are always
on all alarms, and no alarm is disregarded, especially when filtered through the system as a real alarm.

An important noteworthy mention is the utility of prediction models to help identify those at the
highest risk and where continuous monitoring needs to be mandated [76,77]. These models such as the
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PRODIGY risk prediction score are derived from continuous monitoring data and are easy to use to
allow bedside caregivers an estimate of the risk of deterioration. A high score on such systems should
alert the end user to the need for continuous monitoring and, more importantly, early proactive and
corrective interventions. Further, education of providers in understanding continuous waveform data
(Figs. 2 and 3) to discern patterns and interpret “the EKG of ward monitoring” is of paramount
importance. Next, this education will need to be accompanied by a culture change in how we care for
our postoperative floor patients, changing practices such as not necessarily just increasing supple-
mental oxygenation for most respiratory issues, not using sedatives as a surrogate for pain control, and
understanding the importance of even a few minutes of exposure to hypotension is necessary at all
levels, as is an understanding of the best practices for response to alarm notification and early and
effective intervention to rescue patients. Device manufactures and engineers will need to focus on
integrated indices such as the IPI™, which take away the difficulty of reading four or five continuous
streams of data separately. Rather, the focus would be on one easy-to-interpret number and hopefully
color-coded alarm signal that incorporates an amalgamation of physiological alterations coming from
different organ systems. Importantly, rapid response teams will see an initial increase in the number of
calls and an increase in abnormal variables presented at the time of the call. This may be a transient
response as bedside providers are alerted to more abnormal vital signs that reach the threshold for
early warning score perturbations [95,96]. Eventually, with better understanding of these alerts and
early intervention, this rapid response burden should gradually ease, and if used appropriately,
continuous monitoring would help prevent most calls. Finally, data on the need and benefit or utility of
continuous monitoring are largely speculative. Among intermittent and continuous monitoring
studies, the most studied outcomes include mortality; length of hospital stay; ICU transfers; and
adverse events such as stroke, postoperative atrial fibrillation, redo procedures, and functional status.
Most of these studies are observational or weaker before and after type trial designs. There are no
robust randomized controlled trials (RCTs) showing continuous monitoring makes a difference in
serious outcomes such as mortality and or myocardial injury. In the absence of an expensive RCT, there
may be alternative research methodology such as alternating interventions model, which has shown
by itself to be robust in other studies. In hospitals that are implementing this technology in a graded
fashion, an interrupted time series analysis may be better than a standard before and after design. In
addition, well-performed cost-effective analysis needs to be included in all trial designs so the utility of
investment versus outcomes may be presented and understood.

Mismatches do occur between electronic health record system-dictated workflows and actual
workflows of the users of these systems. The obstacles in workflow then negatively influence the ef-
ficiency with which we deliver our services to patients. Within an acute care healthcare context,
impeded workflows then have a negative impact on the safety and effectiveness of care delivered to
these patients [97]. Potentially, other types of health information technology implementation in the
inpatient setting may result in savings in labor hours and costs in some non-nursing roles [98].

Enhancing the availability of high-tech services may improve financial performance, especially
among not-for-profit hospitals. However, the use of everyday routine patient monitoring systems is not
a direct revenue-generating employment of care. Hospitals may experience increased productivity and
efficiency using these systems, therefore lowering inpatient operating costs as a result of using these
technologies. However, the negative impact on operating costs requires us to strongly be cautious
regarding these technologies. Therefore, healthcare managers deciding on these higher technologies
should necessarily consider both the cost and revenue implications of these technologies [99]. The
added cost burden of additional hospital length of stay in the absence of improved surveillance and
intervention, in the era of bundled payments and healthcare cost containment in the United States,
may suggest improved monitoring solutions for hospital systems. The data to support this claim need
further weight and continuing research endeavors.

Summary
In summary, postoperative periodic monitoring of vital signs on general care wards is currently

inadequate for the detection of subtle and early changes in vital signs. This deficiency results in
ongoing, undetected deviation of physiological variables from the normal and the potential for organ
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system injury. Further, imminent cardiorespiratory arrest events continue to occur on our post-
operative wards, and in the absence of continuous monitoring, we are unable to regularly detect
premonitory signs of deterioration and intervene in a timely fashion to prevent progression to car-
diopulmonary arrest. What is needed is continuous, smarter, and portable ward monitoring systems in
conjunction with dedicated central monitoring units, adequate artificial intelligence support, and
provider education. This combination will pick up true events and decrease artifact and consequent
alarm fatigue to a minimum. Finally, we are still awaiting better trial designs to effectively state the case
for continuous monitoring in improving serious outcomes, achieving provider acceptance, and
reducing overall cost, all of which are necessary to convince hospital systems to adopt this new

technology.
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Practice points

e Postoperative ward patients are vulnerable to acute hemodynamic and respiratory de-
teriorations, which may lead to catastrophic events. Existing ward monitoring practices are
unable to detect subtle vital signs perturbations occurring before such events.

Continuous, portable monitoring systems integrated with processed data and guided by
artificial intelligence seem to be promising but is currently in a stage of evolution. Addi-
tionally, several legal and ethical issues regarding data protection, ownership, and afford-
ability upfront pose a challenge. While awaiting the evidence, implementation of a
comprehensive surveillance system with proactive interventions to warning signs seems to
be a reasonable approach.

The change in this paradigm from intermittent to continuous monitoring of postoperative
ward patients may receive a pushback, and there may be an iterative process toward its
implementation. Education and training remain critical in determining success and wide-
spread acceptance.

Research agenda

e Postoperative hemodynamic and respiratory events may be prevented by continuous
monitoring and have been shown to be associated with some improved outcomes. The
extent to which these relationships are causal remains unknown.

e Utilizing large databases in the construction of models or scoring systems including patient-
specific predictive algorithms for impending deterioration of ward patients.

e Research focusing on using filtering techniques such as improvement in biomedical signals
design, artificial neural networks, and algorithms to particularly improve artifact detection
and reducing false alarms.

e Challenges to implement “continuous monitoring to all” may not be practical. Innovations
identifying “whom, what, and where” to monitor remain the cornerstone for future research.
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