
Acute Care and Wearable Technology 
Ashish K Khanna MD.,MS.,FCCP.,FCCM.,FASA 

Associate Professor and Vice Chair of Research
Co-Chair Enterprise Critical Care Research 

Director Perioperative Outcomes and Informatics Collaborative (POIC)
Department of Anesthesiology, Section on Critical Care Medicine 

Atrium Health Wake Forest Baptist Medical Center 
Wake Forest University School of Medicine 

Winston-Salem, NC, USA



Affiliations
• Director Perioperative Outcomes and Informatics Collaborative 
• Wake Forest Center for Biomedical Informatics 
• Wake Forest Center for Healthcare Innovation 
• Wake Forest Hypertension and Vascular Research 

Cardiovascular Sciences Center 
• Critical Illness, Injury and Recovery Research Center (CIIRRC)
• Outcomes Research Consortium, Cleveland, OH 

106



Disclosures 
• Edwards Lifesciences – consultant, key opinion leader, grant funding  
• Caretaker Medical – consultant, grant funding 
• Retia Medical – advisory board, grant funding
• Potrero Medical – consultant, grant funding  
• GE Healthcare – consultant 
• Philips Research North America – consultant  
• Medtronic – executive advisory board, grant funding to previous institution
• Fifth Eye Inc. – consultant 
 
• NIH/NCATS KL2 Wake Forest CTSI “ A pilot trial of continuous portable postoperative 

hemodynamic and saturation monitoring on the general care floor ”
• BrainX LLC – founding partner 



The postoperative period - major cause of 
death

Nepogodiev D, et al. Lancet 2019



Look beyond the ICU – we leave our 
patients under monitored 

110

Pearse R et al. Lancet 2021
Andersen, et al. Resuscitation 2016

Perman, et al. JAHA 2016

• Three quarters of patients who died in the hospital were not 
admitted to an ICU at any stage after surgery - EuSOS study 

• About half of all adverse events in hospitalized patients occur 
on the general care ward

• Responsible for 85% of post-operative mortality



Why Monitoring? Why wearables? 
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Number of Pre-Arrest Abnormal Vital Signs

Do code blues occur out of the blue? 
• 60% patients had at least 

one abnormal vital sign 1– 
4 hours before 
cardiorespiratory arrest 

• Step-wise increase in 
mortality with increasing 
number of abnormal vital 
signs

Abnormal Severely Abnormal

Andersen, et al. Resuscitation 2016
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Ward monitoring is 
critical 

Intermittent Checks  
(national standard)

Continuous Portable 
Monitoring (? Inconsistent) 

• Spot-checks miss prolonged 
periods of hypotension, 
hypoxemia and hypoventilation

• Events ( cardiac/respiratory)      
preceded by 4-6 hours of a 
change in patterns of vital signs

 



Average surgical time 130 mins
BP every 5 mins (usually more)
26 times/ 2 hrs.

Hospital LOS is 2-4 (3) days
BP every 4 hrs.
18 times/3 days

Home …..Never to be checked again?

Falling off the monitoring cliff….

Thoughts courtesy Dr.Alparslan Turan 



Postoperative Hypotension – common & 
undetected 

Spot checks missed about 50% of episodes of 
MAP<65mmHg 

detected by continuous monitoring

Turan A, Khanna AK et al. Anesthesiology 2019



PRediction of Opioid-induced respiratory Depression on 
Inpatient wards using continuous capnoGraphY and 
Oximetry: An International Prospective, Observational 
Trial

The PRODIGY Study
Monitoring tethered! 

Khanna AK, et al. A&A 2020

ü 614/1381 (46%) patients with at 
least one RD episode

ü RD episodes – detected with 
continuous silenced/blinded 
monitoring 

Postoperative Respiratory Depression – 
common & undetected 
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Detection of patient deterioration per vital sign†

Churpek M, et al. Resuscitation 2016

What vital signs trends?



Do wearables improve the accuracy of 
measurement of RR?



Role of Continuous Pulse Oximetry and 
Capnography Monitoring in the Prevention of 
Postoperative Respiratory Failure

Khanna AK, Kaw R  et al. [Unpublished]



There is a ‘smart monitoring patch’ for 
nearly everything

Michard F, et al. JCMC 2022 



We must put wireless 
wearables through 
real world testing! 
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Measurement 
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Which patients should be monitored continuously ?

73%

25%

2%
High-risk patients

All patients

No patient

EU US

81% 63%

17% 35%

2% 2%

à risk stratification tools or scores

Michard F, Khanna AK et al. BJA (open) 2022 



Which variables would you monitor continuously?
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What are the main implementation challenges?
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Our experiences at Wake Forest – dense 
data, patterns, alarms and more…

• FDA cleared for continuous 
ECG, Heart Rate, SpO2, Blood 
Pressure (cuff-based and 
cuffless on beat-to-beat basis), 
Respiration Rate and Skin 
Temperature

• Completely wireless 
technology
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Wake Forest Ward Monitoring Data Flow 

Continuous Vital Sign Monitoring & Data Collection

Patient Worn Device (PWD)

Patient Data Server (PDS)

Remote Cloud Storage (RCS)



Wake Forest Ward Monitoring Data Display



The vision – EMR and analytics  
EMR

Time-Series Database

Management ServerWearable Device

DMZ
Web



Monitoring Data Computation Opportunities 

AI ModelAnalysisTime-Series 
Database

Continuous
Wearable 

Data

Vital Signs
Posture

Data Storage
Predictive

Retrospective
Medical 

Digital Asset



Wake Forest experience postoperative – 
hypoxemia

• >100,000 + monitoring 
sessions 

• Continuous portable 
monitoring with central 
alarms and alerts 

• Current investigation via 
NIH/NCATS KL2 

Khanna AK – personal data 



Wake Forest experience postoperative – 
bradypnea

• >100,000 + monitoring 
sessions 

• Continuous portable 
monitoring with central 
alarms and alerts 

• Current investigation via 
NIH/NCATS KL2 

Khanna AK – personal data 



Postoperative Hypotension – common & 
undetected 

Spot checks missed about 50% of episodes of 
MAP<65mmHg 

detected by continuous monitoring

Turan A, Khanna AK et al. Anesthesiology 2019



Postop Hypotension – not as common at WF
Turan et al. 
1. N = 500 
2. Post hoc analysis of prospective study 
– monitor silenced ( no alarms )
25% MAP<70mmHg 30 minutes 

Wake Forest, Khanna et al.  
1. N = 15,000 
2. Real world data – monitors and 

alarms active with interventions 
10% MAP<70mmHg 30minutes 

ü Alarms and interventions help 
decrease the burden of post 
operative vital signs changes

Khanna AK, et al.  JCA 2023 



Khanna AK, et al.  
JCA 2023 



Continuous ( wireless ) monitoring is (not) 
an obvious answer ?

Taenzer, et al. Anesthesiology 2011

ü Evidence 
ü Implementation Science 
ü Alarm Fatigue 
ü ROI 



Evidence lacks interventional studies !! 

Michard F, et al. Anesthesiology 2021 



Effect of Continuous Wireless Vital Sign Monitoring on 
Unplanned ICU Admissions and Rapid Response Team 
Calls: A Before-and-After Study

Eddahchouri Y, et al. BJA 2022 



Continuous Wireless Vital Sign Monitoring on Clinical 
Outcomes: Propensity matched 36,000 patients

Khanna AK, et al. 
[unpublished]



Risk Of Spending Time Beyond Each Critical Threshold In The 
Intermittent Monitoring Group Relative To Continuous Monitoring 
Group ( Cluster randomized pragmatic RCT ) 

Khanna AK, et al.  [Unpublished Data] 



Understanding perceptions around vital 
signs 

Khanna AK – personal data 



Understanding (nursing) perceptions around 
wireless wearable monitoring 

Which alarm is most often a 
false alarm

I get most concerned when I 
get an alarm for…

I am least concerned 
when I receive an alarm 
for

I receive the most 
alarms for

NRes
n=133

Res
n=23

Total
N=156

NRes
N=133

Res
n=20

Total
N=153

NRes
N=119

Res
n=18

Total
N=137

NRes
n=131

Res
n=22

Total
N=153

Low heart rate 10.5% 17.4% 11.5% 24.8% 5% 22.2% 5.9% 5.1% 8.4% 13.6% 9.2%

High heart rate 6.8% 8.7% 7.1% 7.5% 20% 9.2% 5.0% 16.7% 6.6% 4.6% 45.5% 10.5%

Low pulse rate 3.8% 3.2% 2.3% 10% 3.3% 3.4% 11.1 4.4% 2.3% 4.5% 2.6%

High pulse rate 13.5% 11.5% 8% 15% 2.6% 8.4% 5.6 8% 3.1% 4.5% 3.3%

Low respiratory rate 17.3% 30.4% 19.2% 4.5% 3.9% 31.9% 22.2% 30.7% 11.5
%

18.2% 12.2%

High respiratory 
rate

14.3% 13% 14.1% 14.3% 5% 13.1% 16.8% 16.7% 16.8% 19.1
%

13.6% 18.3%

Low SpO2 11.3% 26.1% 13.5% 35.3% 35% 35.3% 3.4% 5.1% 31.3% 26.8%

Low systolic blood 
pressure

8.3% 4.3% 7.7% 7.7% 10% 7.8% 1.7% 1.5% 4.6% 3.9%

High systolic blood 
pressure

14.3% 12.2% 3% 2.6% 23.5% 11.1% 21.9% 15.3% 13.1%

Khanna AK, et al.  [ Personal Data] 



Understanding ( patient ) perceptions around 
wireless wearable monitoring 

Were continuous 
vital signs 

monitoring using a 
monitoring device 
important to you?

Was intermittent nursing 
checks (provider in the 
room) to check on your 
vital signs important to 

you?

Was the type of 
devices that were 
used to monitor 
your vital signs 

important to you?

Were you 
inconvenienced 
with the portable 
monitoring device 

on your wrist?

Were you inconvenienced 
with the intermittent nursing 

checks (provider in the 
room ) to check on your 

vital signs?

Did alarms 
inconvenience 

you?

Would you feel safer with 
a continuous monitoring 

device strapped to you all 
the time while you recover 

in the hospital?

Is the size of the 
continuous 

monitoring device 
important for 

you?

Is the ability to 
ambulate/walk around 

freely while being 
monitored important for 

you?

Would it be a good idea to 
continue to monitor your 
vital signs remotely even 

after you go home?

Khanna AK, et al.  [ Personal Data] 



Not all about hypotension and hypoxemia  

>10 million posture readings
>43,000 postoperative hours of 
monitoring time 



Nearly 9,000 patients at Wake Forest 
Mobility data from wireless wearable technology 



What’s the future? Pattern detection 

Khanna AK, et al. PRODIGY Dataset 



PRODIGY Score Distribution
p valueHigh-RiskIntermediate-RiskLow-Risk

≥15 points≥8 & <15 points<8 pointsPRODIGY Score
<0.000165%42%24%% Pts with RD in Risk Category

0.520.86—Sensitivity
0.770.39—Specificity

ORHI = 2.6; p<0.001ORIL = 2.34; p<0.001
ORHL = 6.07; p<0.001OR (p value)

Multivariable Model Predictors
Points if Clinical Characteristic 

= ‘Yes’
Pr > |t|

OR 
(95% CI)

EstimateClinical Characteristic

8<0.00012.2430.8077Age (≥60 - <70)

12<0.00013.4291.2323Age (≥70 - <80)

16<0.00014.7811.5647Age (≥80)

8<0.00012.1280.7550Sex (M)

30.07821.3380.2912Opioid Naïve

50.01751.6090.4755Sleep Disorders

70.06682.1160.7494Chronic Heart Failure

Sum = PRODIGY Score



What’s the future?  Early diagnosis

Michard F, et al. Anesthesiology 2021 



Coming soon to a 
hospital near you…



Need ‘more reasons’ for continuous wireless monitoring? 

Michard F, et al. Anesthesiology 2021 
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Next steps …..
•Appropriate trial design examining ‘patient centric  

outcomes’
•Rich repository of vital signs data – AI & ML based 

algorithms to predict patient deterioration early 
• Effective analysis of alarm fatigue with modelling of 

alarm thresholds and delay periods 
•Postoperative patient safety guidelines 
•Patient monitoring consortium
•Anyone want to help me?



The team!!

Perioperative Outcomes and Informatics 
Collaborative (POIC)



The team!!

Perioperative Outcomes and Informatics 
Collaborative (POIC)


