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Abstract

Postoperative hypotension is common (occurring in one third of patients) and is associated with worse clinical outcomes.
The LiDCO CNAP (continuous non-invasive arterial pressure) device measures haemodynamics but has not been widely
adopted in ward environments. Improved early detection of hypotension by CNAP might guide interventions to improve
clinical outcomes. We aimed to find the proportion of patients who tolerated LiDCO CNAP for 12 h postoperatively, to
unmask episodes of hypotension detected by continuous monitoring and to characterise the haemodynamic profile at the
time of hypotension. In this feasibility study, patients undergoing major elective surgery were continuously postoperatively
monitored using CNAP. Haemodynamic data gathered from CNAP, including nSVRI (nominal systemic vascular resistance
index), nSVI (nominal stroke volume index), SVV (stroke volume variation) and blood pressure, were analysed using Micro-
soft Excel and GraphPad Prism 8. 104 patients (age (mean = sd): 68 + 14, male (56%)) had CNAP sited postoperatively. 39%
tolerated the CNAP device for at least 12 h. Within the 104 patients a mean of §1.2 min of hypotension detected by CNAP
was not detected by usual care. The proportion of low/normal/high nSVI was 71%, 27% and 2%, nSVRI was 43%, 17% and
40%, respectively. CNAP monitoring was not tolerated for 12 h in the majority of patients. There were many episodes of
hypotension unmasked through continuous monitoring. Based on the advanced haemodynamic data provided it is possible
that the underlying cause of a third of postoperative hypotensive episodes is vasodilation rather than hypovolaemia.

Trial registry number: NCT04010058 (ClinicalTrials.gov) Date of registration: 08/07/2019.

Keywords Postoperative hypotension - Haemodynamic - Feasibility - LIDCO CNAP - Fluid responsiveness

1 Introduction

Patients having surgery under anaesthesia have compre-
hensive cardiorespiratory monitoring that continues into
the early postoperative period [1]. Those patients who are
staying in hospital after surgery, but are not requiring admis-
sion to critical care, have intermittent vital sign monitoring
at intervals of one to six hours. Use of wearable technol-
ogy with continuous measurements may help to detect early
signs of clinical deterioration [2] as this often goes unno-
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ticed for prolonged periods of time [3]. In an international
study of ward patients, the commonest antecedent prior to
major deterioration (cardiac arrest, unexpected intensive
care unit (ICU) admission or death) was hypotension [3].
Postoperative hypotension was also associated with myo-
cardial infarction (MI), acute kidney injury (AKI), increased
mortality [4] and increased length of stay in hospital [5].
In a secondary analysis of the international VISION study
of noncardiac surgical patients, postoperative hypotension
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was independently associated with increased risk of death or
vascular events. Intraoperative hypotension was also com-
mon but was not significantly associated with mortality and
vascular events after adjustment for postoperative hypoten-
sion [6]. Similarly, a secondary analysis of the POISE2 trial,
showed that postoperative hypotension was significantly
associated with a composite of myocardial infarction and
death, even after adjustment for previous hypotension [7]. A
single centre prospective cohort study with detailed charac-
terisation of perioperative blood pressure showed that post-
operative hypotension was strongly associated with myocar-
dial injury, after adjusting for intraoperative hypotension [8].

Continuous measurement of blood pressure after abdomi-
nal surgery demonstrated that hypotension lasting at least
30 min was common (24%), and 21% of these cases were
undetected by intermittent measurement of vital signs [4].
Postoperative hypotension is commonly assumed to be
caused by hypovolaemia and is often treated with rapid
administration of an intravenous fluid bolus (IVFB). How-
ever, a normal-to-high nSVI accompanied by a low nSVRI
may indicate vasodilatory hypotension, and in a mixed popu-
lation of medico-surgical ward patients this haemodynamic
profile has been shown to be common during episodes of
hypotension [9, 10]. Given that IVFB may be ineffective, or
even harmful [4], more targeted treatment of postoperative
hypotension might lead to improved clinical outcomes.

There are a range of non-invasive cardiac monitoring
devices that can be used on the ward, each relying on dif-
ferent technologies including thoracic bioreactance, ple-
thysmography, and impedance cardiography [11, 12]. The
LiDCO CNAP device is a non-invasive continuous cardiac
output monitor that can provide additional haemodynamic
data. It uses the vascular unloading technique described by
Penidz, with an inflatable dual finger cuff and plethysmo-
graph. Finger blood volume (measured by light absorption)
is kept constant in the face of varying arterial pressure by
a fast-acting servo system which inflates and deflates the
cuff in time with arterial pulsations. The pressure waveform
in the cuff correlates to the pressure waveform of the fin-
ger arteries, and through calibration with a conventional
arm blood pressure cuff gives a constant arterial pressure
readout. This is analysed by a proprietary algorithm to give
an estimate of cardiac stroke volume and other variables.
[13]. It has been evaluated in a range of surgical popula-
tions [14-17], a post-operative cohort [18], and a haemo-
dynamically unstable critical care population [19]. To our
knowledge no non-invasive cardiac output monitors have
been studied in exclusively postoperative non-cardiac surgi-
cal patients.

We conducted this prospective observational study to
gain information to assist in designing a trial that will test
the hypothesis that additional information about postopera-
tive haemodynamics can improve clinical outcomes. Our
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primary aim was to establish if it is feasible for awake post-
operative patients to wear the CNAP for up to twelve hours.
Secondary aims included a determination of how commonly
episodes of hypotension were detected with CNAP but
missed with conventional intermittent blood pressure meas-
urements, and by characterising the haemodynamic profile
of episodes of hypotension whether they are characteristic
of hypovolaemia or not.

2 Methods
2.1 Study design

This was a prospective observational cohort study conducted
at Royal Surrey County Hospital, a medium-sized commu-
nity hospital in the UK. We enrolled patients aged 18 and
over scheduled to undergo non-cardiac surgery requiring an
overnight stay in hospital. Patients were excluded if admis-
sion to the intensive care unit was planned, if the patient
had impaired circulation of the hands, or if they declined
to participate. Written informed consent was obtained from
each subject on the morning before their operation.
Participants had the CNAP sited after emergence from
anaesthesia in the post-anaesthetic care unit (PACU) and
were asked to continue wearing it for up to 12 h or until
they asked for its removal. Once patients had recovered from
anaesthesia and a bed had become available, both the patient
and CNAP were moved to the ward (unless the device had
been removed before this point). The CNAP device collected
continuous heart rate and blood pressure data, from which
it estimated a nominal cardiac output and derived variables
including nominal stroke volume index (nSVI) and nomi-
nal systemic vascular resistance index (nSVRI). Only the
patients’ blood pressure and heart rate was displayed on the
monitor and this was covered by a paper sheet, only removed
when usual observations would take place. Hiding the moni-
tor in this way ensured that the continuous haemodynamic
data from the CNAP would not alter clinical management.

2.2 Data collection

Patient demographics were collected using medical notes and
if intravenous fluids (IVF) were given by the clinical team
the details were recorded from the drug chart. Surgery and
anaesthetic data were obtained from anaesthetic charts or print
outs. Hypotension was defined with reference to the recent
Peri-Operative Quality Improvement group (POQI) statement
as a systolic blood pressure of less than 90 mmHg [5]. Stand-
ard clinical monitoring and observations were conducted by
attending clinical staff in line with routine care and recorded
using paper (PACU) and the VitalPAC system (wards), provid-
ing data for subsequent analysis. Duration of hypotension for
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intermittent readings was defined as the length of time passed,
from the minute a systolic blood pressure below 90 mmHg was
recorded, until a reading above 90 mmHg had been recorded.

Length of stay was calculated by assuming one overnight
stay postoperatively equated to 1 day. Length of stay (LOS)
was determined either by day of discharge or the final day
of data collection (19th November 2019) whichever came
sooner. Clinical outcomes (acute kidney injury (AKI), myo-
cardial infarction (MI) and hospital length of stay (LOS))
were collected weekly by reviewing ICE pathology reports
and APAS (Allscripts patient administration system). AKI was
defined using the KDIGO classification, increase in creatine
was calculated using a pre-operative result as baseline, up to
1 year preoperatively, and the highest postoperative result, up
to 7 days postoperatively. An increase in creatinine > 1.5 times
baseline within 7 days was classed as an AKI. MI was defined
as Troponin T above the normal range (> 14 ng/L). Clinical
outcomes were only assessed during a patient stay in hospital
or up to the end date of the study, whichever came sooner.
Individual patient predicted mortality risk within 30 days of
surgery was estimated using the Surgical Outcome Risk Tool
(SORT) calculator at www.sortsurgery.com.

2.3 Data analysis

Haemodynamic data from the CNAP were exported and
viewed using LIDCOview PRO software, from which
exported data were entered into Microsoft Access. If there
was a>?20% difference in systolic blood pressure between
continuous reading and blood pressure cuff during recalibra-
tion, data from the prior 10 min were excluded. This was to
exclude artefactual data due to patient movement. Data were
analysed using GraphPad Prism version 8.

2.4 Statistical analysis plan

Categorical data are presented as the number of patients
and a percentage. Data were visually inspected and assessed
using GraphPad Prism version 8 to determine normality.
Parametric data are displayed as a mean and standard devi-
ation, non-parametric data are displayed as a median and
interquartile range. Statistical differences in hypotension
detected in CNAP compared to usual care was assessed in
GraphPad Prism version 8 using Wilcoxon signed rank test.
Variables were considered statistically significant if p<0.05.

3 Results
3.1 Patients

One hundred and sixteen patients were recruited between
2nd September and 8th November 2019. Most had at least

one co-morbidity, with hypertension being the most com-
mon; 29% of patients had received anti-hypertensive medi-
cation on the day of surgery, the most common being beta
blocker. Nearly half of all patients experienced at least one
episode of intra-operative hypotension, and there was wide-
spread use of intra-operative vasopressors. See: Table 1.

Most patients underwent orthopaedic surgery with
volatile anaesthesia and a spinal neuraxial blockade. See:
Table 2. More information with regards to surgery per-
formed can be found attached as an electronic supplemen-
tary material (Table S1 in ESM_1.docx).

3.2 Outcomes

Out of the 116 patients recruited for the study, 104 of these
patients had the device sited in recovery.

3.2.1 Primary outcome

41/104 (39%) of participants who had the device sited kept
it on throughout the observation period (at least 12 h) and
provided usable data (Fig. 1). If CNAP was tolerated but
haemodynamic variables were not recorded (e.g. due to

Table 1 Patient demographics, all averages are expressed as a mean
except age which is non-parametric data

Male n (%) 58 (56)

Age yrs (median (IQR))
Mean blood pressure taken > 12hrs preop-
eratively, mean (min—max)

69.5 (14.7)
135/78 (102/58 -175/101)

Height (cm), mean (min—max) 170 (146-189)

Weight (kg), mean (min—max) 82 (48-139)
Co-Morbidities n(%)
Hypertension 47 (45)
Cancer 28 (27)
Ischaemic heart disease 14 (13)
Rheumatological disease 909)
Atrial fibrillation 909)
Chronic obstructive pulmonary disease 5 (5)
Chronic kidney disease 2(2)
Anti-hypertensive medication (taken on
day of surgery) n(%)
ACEI 10 (10)
ARB 1(1)
CCB 5(05)
Beta blocker 12 (12)
Diuretic 7(7)
Alpha blocker 1(1)
None 74 (71)

ACEI Angiotensin converting enzyme inhibitor, ARB Angiotensin

receptor blocker, CCB Calcium channel blocker
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Table 2 Details of anaesthesia and surgery

Estimated mortality within 30 days of surgery 0.76%
Surgery type n(%)
Orthopaedic 56 (53)
Gynae-oncology 3(3)
Urology 32 (31)
General 13 (13)
Length of anaesthesia(mins), mean(min—max) 164 (45-585)
Anaesthesia type n(%)
Total intravenous anaesthesia 28 (27)
Volatile 61 (59)
Both 2(2)
Neither 13 (13)
Neuraxial blockade n(%)
Spinal with general anaesthetic 60 (58)
Spinal without general anaesthetic 13 (13)
Epidural 0(0)
None 31 (30)
Intra-operative vasopressors n(%)
Bolus (epinephrine) 14 (13)
Infusion (phenylephrine) 40 (38)
Both 12 (12)
Neither 38 (37)
Episodes of intra-operative hypotension (Systolic
Blood Pressure <90 mmHg) n(%)
None 61 (59)
1 909
>1 34 (33)

Averages expressed as a mean
TIVA Total intravenous anaesthesia

machine error) this would have been classed as unusable
data, but this did not occur.

The proportion of patients wearing the device gradually
declined over time (Fig. 2). For logistic reasons we did not
have investigators present at the bedside throughout the 12
post-operative hours and therefore the reasons for device
removal or failure to obtain data from the device were not
always readily apparent. Research staff observation and
patient feedback has led us to believe the following fac-
tors were important. Firstly, patient discomfort from the
device irritating the delicate hands of the patients—often
the plastic frame on the finger cuff would cause redness
in the third interdigital fold. Secondly arm cuff inflation
(when the device automatically recalibrates) could have
been inconvenient for participants trying to sleep. Thirdly,
despite education of the ward staff there was limited exper-
tise in troubleshooting during the night and device mal-
function (for example loose connection between the moni-
tor and finger cuff would cause measurements to stop and
mimic patient removal of the device) wasn’t necessarily
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optimally resolved and tended to lead to the device being
removed.

3.2.2 Secondary outcomes

The incidence of hypotension and the duration of hypoten-
sion were both greater when measured with the CNAP than
with standard measurements (see Table 3). When including
all study patients, the overall duration of hypotension was
longer when measured with the CNAP compared to stand-
ard measures, on the PACU and the ward. Considering only
those patients who had at least one episode of hypotension
(as defined by CNAP readings), duration of hypotension was
also greater when measured with the CNAP than standard
measures, on the PACU and the ward.

The mean lowest systolic blood pressure during an epi-
sode of hypotension was 71 mmHg (34-90 mmHg). The
mean time of day in which the device was sited was 12:55
(range 10:10-18:05hrs). The most common time for epi-
sodes of hypotension was between 8 and 11.5 h after the
monitoring was commenced (Fig. 3). New episodes of hypo-
tension occurring in each half hour period ranged from 3-21,
proportionate to the number of participants still wearing the
device.

When comparing baseline characteristics and clinical
outcomes between participants who experienced at least
one episode of hypotension and those who did not there
was only one notable finding (Table S2 in ESM_1.docx).
There was a statistically significant difference in baseline
blood pressure with the group experiencing at least one
episode of hypotension having a lower mean systolic and
diastolic blood pressure. There was no difference in the
proportion with a history of hypertension between the



Journal of Clinical Monitoring and Computing (2021) 35:1349-1356 1353
Fig.2 CNAP survival analysis. g !
Demonstration of the gradual g 09
decline in use of the CNAP 3 os
device over time g 07
o 06
g os
2 oa
g 03
'ci 02
2 o1
0
0 1 2 3 4 5 6 7 8 9 10 11 12
Hours passed since device was sited
Table 3 Duration of hypotension detected by CNAP compared to standard intermittent care using data from all 104 participants
CNAP-detected hypoten-  Standard care-detected p-value
sion hypotension
Number of patients with > 1 episode of hypotension:
Occurring within PACU, n (% of all participants) 27 (26) 2(1.9) <0.0001
Occurring within ward, n (% of all participants) 46 (48) 33.2) <0.0001
Occurring at any point, n (% of all participants) 56 (54) 5(4.8) <0.0001
Total duration of hypotension (per patient using all 104 study participants):
Occurring within PACU, mins (% of total monitoring period) 7.2 (4.4) 0.2 (0.1) <0.0001
Occurring within ward, mins (% of total monitoring period) 40.1 (8.9) 0.7 (0.2) <0.0001
Occurring at any point, mins (% of total monitoring period) 43.7 (7.6) 0.9 (0.2) <0.0001
Total duration of hypotension (per patient only using participants with> 1 episode of CNAP-detected hypotension):
Occurring within PACU, mins (sd) 27.4 (24.7) 0.7 (3.0) <0.0001
Occurring within ward, mins (sd) 82.7(97.2) 1.5(8.9) <0.0001
Occurring at any point, mins (sd) 81.2 (94.0) 1.6 (8.2) <0.0001
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groups or in those who had taken their antihypertensive
medication on the day of surgery in the group who had
at least one episode of hypotension. There was no differ-
ence in clinical outcomes between the groups. The study
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was not powered to demonstrate differences in clinical
outcomes.

Considering all periods of hypotension, the distribution of
nSVI showed a skewed distribution mostly at the low end of
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the spectrum (median (IQR), 29 ml/m?2 (23-36 ml/m2). All
defined normal ranges are arbitrary but using manufacturer
defined ranges, low was <36 ml/m? and high was > 64 ml/
m?. The distribution of nSVI during hypotension was low
(71%), normal (27%) and high (2%), see: Fig. 4.

The CNAP device can also estimate the systemic vascu-
lar resistance index (SVRI) when paired with mean arterial
pressure and notional RAP (right atrial pressure). During
episodes of hypotension the median SVRI was (IQR), 2142
dynes.sec/cm’/m?* (1470-2904 dynes.sec/cm>/m?). Episodes
of hypotension were associated with a low SVRI (<2000
dynes.sec/cms/mz) on 44% of occasions, consistent with
vasodilatation (see: Fig. 5).

The average length of stay in hospital was 3.1 days. No
myocardial infarctions occurred postoperatively, however
one recruit (0.1%) experienced stage 1 AKI. There was no
use of vasopressor drugs following surgery.

4 Discussion

This study demonstrates that postoperative use of the CNAP
device is well tolerated in the early postoperative period (on
PACU) but only 39% of participants can tolerate continuous
observations for 12 h following surgery. Refinements in the
technology to make the device less bulky and more comfort-
able, and adjusted patient and staff expectations and famili-
arity could improve duration of use [12]. This contrasts with
other continuous monitors like wireless chest patches that
have been found to be well tolerated and comfortable [3].
A problem common to all monitoring devices is artifacts
and false alarms, and the consequent alarm fatigue — which
developments in machine learning may help overcome [12].

Histogram of nSVI
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Fig.4 The distribution of nSVI recorded during any episode of
CNAP-defined hypotension (SBP <90 mmHg) with the red lines sep-
arating low (<36 ml/m2) from normal from high sSVI (> 64 ml/m2)
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Fig.5 The distribution of nSVRI recorded during any episode of
hypotension (SBP<90 mmHg) with the red line separating low
(<2000 dynes.sec/cm>/m?) from normal/high

Hypotension was far more commonly detected with con-
tinuous measurements as compared to intermittent: using the
CNAP in the ward environment detected systolic blood pres-
sure of <90 mmHg for 8.9% of the total observation time,
compared with 0.1% with standard measures. Similarly,
53.8% of all participants had at least one episode of hypo-
tension with the CNAP, compared to 4.8% with standard
measurements. This agrees with other studies that showed
non-invasive cardiac output monitors detect more hypoten-
sion than standard measures [4]. Detecting episodes of post-
operative hypotension that may go undetected by intermit-
tent measures may lead to quicker treatment, less associated
organ injury, and therefore decreased length of stay [4].

The peak incidence of episodes of hypotension was
between 8 and 11.5 h after placing the device. Given the
time that surgery finishes, this means that the peak onset
of hypotension is the early evening and into the night. This
finding needs to be validated in other studies as it differs
from other descriptions where the peak incidence was earlier
[20]. Staffing levels tend to be at their lowest over night and
this could lead to delays in assessment and management.
Collection of data about sleep would have allowed us to
determine if the onset of sleep coincided with the onset of
hypotension, although this is a well-recognised relationship.

Postoperative hypotension can have several causes,
hypovolaemia (this can be due to blood loss or inadequate
fluid replacement) or vasodilation (this can be exacerbated
by sympathetic blockade using epidurals). A significant
proportion (29%) of episodes of hypotension were associ-
ated with normal or high nominal stroke volume index
suggesting that hypovolaemia may not have been the pri-
mary cause of hypotension. Accordingly, a low systemic
vascular resistance index was present in 44% of all epi-
sodes of hypotension. Together these results imply that
during routine low-risk elective surgery, vasodilatation
may commonly contribute towards hypotension. Previous
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research has found non-invasive cardiac output monitors
may help to guide therapeutic intervention [11]. Systemic
vasodilatation (as a consequence of the inflammatory
response to surgery, sympathetic blockade or postop-
erative rewarming of the patient) would be expected to
lower afterload, and also to reduce preload through the
redistribution of circulating volume from the ‘stressed’ to
‘unstressed’ compartments. This would manifest as a low
nSVI and reduced SVRI.

The limitations to this study include the potential inac-
curacy of the CNAP in measuring the continuous arterial
blood pressure given that the participants may have been
moving during acquisition. This could account for discrep-
ancies between blood pressure recorded via standard meas-
ures and those recorded by CNAP. We did not predict these
discrepancies and therefore have not obtained quantitative
data regarding the frequency or magnitude at which these
discrepancies occurred. Furthermore, some inaccuracy may
stem from the limitations of the non-calibrated LiDCO algo-
rithm in deriving the cardiac output and therefore stroke
volume (nSVI), and the necessary assumptions in calculation
of the vascular resistance (nSVRI). However, studies have
shown no statistical difference between CNAP and stand-
ard measures [14, 16] and concluded CNAP to be a reliable
continuous blood pressure monitor [18]. On the contrary,
one study suggesting the agreement between CNAP and
standard measures decreases during hypotensive episodes.
[15]. Therefore, discrepancies between CNAP recordings
and intermittent recordings may need to be evaluated in fur-
ther studies.

Given the limited duration of usage we did not acquire
the desired duration of measurement in the majority of par-
ticipants. We chose a convenience sample of patients and
deliberately avoided those destined for ICU where invasive
cardiac output monitoring is standard care. An unintended
consequence of this was that a limited number of IVF
boluses were administered, and therefore we were unable
to draw conclusions on the change in measured values in
response to fluid resuscitation. The lack of IVF boluses was
likely due to the low prevalence of hypotension detected
by standard measures. An additional limitation of not hav-
ing a member of the team with the patient at all times was
that some of the measurements might have been taken dur-
ing patient movement or other physical reason for inaccu-
rate measurements and this would not have been detected.
Device troubleshooting and encouragement of continuous
use could also not be carried out, however this mirrors real
clinical practice. There was a variable delay of up to one
hour from when the patient arrived in PACU to when the
CNAP device was sited. This may have reduced detection
of episodes of hypotension. We were not able to obtain data
on why the device was removed before 12 h had passed and
this is a limitation.

As a feasibility and acceptability study our sample size
is adequate, and our inclusion criteria covered a wide
range of common surgical conditions. Other strengths
include having up to six CNAP devices available which
facilitated a rapid recruitment rate.

The implications of this study are threefold. Firstly,
these data are consistent with previous evidence suggest-
ing that continuous BP measurement signals hypotension
that is not detected by conventional intermittent measures
[4]. The clinical utility of increased detection of postop-
erative hypotension remains to be fully determined but
given the prognostic significance of prolonged postop-
erative hypotension, earlier detection and treatment has
the potential to improve clinical outcomes [2]. Secondly,
CNAP technology can be worn in the early postoperative
period but is less well tolerated after this period. Finally,
and potentially most importantly, systemic vasodilata-
tion may be a very common contributing factor to post-
operative hypotension and the implication of this is that
treatment with an IVF bolus may be less effective than an
appropriate dose of vasoconstrictor drug. This alternative
approach warrants prospective evaluation in an appropriate
designed clinical trial.

5 Conclusions

Less than half of the patients kept the CNAP device in place
until the conclusion of the 12 h period of continuous post-
operative monitoring; leading us to conclude that the tech-
nology needs refining for this indication. However, many
episodes of early postoperative hypotension were unmasked
and a large portion of episodes of hypotension were associ-
ated with haemodynamic profiles that are not characteristic
of hypovolaemia, and more in keeping with vasodilatory
hypotension. Therefore the prevailing treatment paradigm
of intravenous fluid boluses could potentially be improved
upon. Continuous non-invasive haemodynamic monitor-
ing in the early postoperative period could improve patient
outcome.
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