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Surgery is a common first-line treatment for many types of disease, including cancer. Mortality rates after major
abdominal surgery have seen significant decreases whilst postoperative complications remain a frequent
occurrence. Preoperative assessment tools are used to support patient risk stratification but do not always provide
a precise and accessible assessment. Wearable sensors (WS) provide an accessible alternative that offers
continuous monitoring in a non-clinical setting. Pre-processing involves all changes to data that are made in order
to prepare the data for analysis. Pre-processing can be the most vital stage in data processing and has a large

impact on the inferences that can be made from a data set.

wearable sensors exercise testing preoperative assessment perioperative pathway

| 1. Introduction

Demand for general surgery is expected to increase in line with population ageing L. For various cancer types,
abdominal surgery is considered first-line treatment [Z8; for advanced-stage cancers, surgical treatment when
combined with neoadjuvant treatment may be the only possible cure B4 A common example of this is
bowel/colorectal cancer, globally the third most common cancer 2. Survival from bowel cancer has seen significant
improvements in recent decades, with developments in surgical and perioperative care being suggested as
reasons B, Further, mortality in the postoperative period has seen international decline and is frequently reported
at below 5% (IR0 However, postoperative complication rates in these populations have not seen the same

decline.

Postoperative complications following abdominal surgery are frequently reported; up to a third of patients report
some form of complication @21 Common complications include surgical site infection, cardio-respiratory
complications, gastrointestinal (GI) motility problems and anastomotic leak (12!, Postoperative complications have a
profound impact not only on patients’ quality of life but also on the hospital as a service provider 13, They are
strongly associated with prolonged length of hospital stay, readmission to ICU and hospital re-admissions 131, One
large cohort review concluded that 23.3% of patients undergoing colorectal surgery were readmitted to hospital (241,
This results in a huge economic burden and has been evidenced widely across many studies X3, With the
population ageing, these costs are expected to increase up to 10% each year 28, The identification of high-risk
patients poses a crucial challenge for healthcare providers to optimise their allocation of resources and for the
perioperative management of the patient. Preoperative assessment tools are used to support risk stratification of

patients; however, none currently provide a precise assessment that is accessible to all patients.
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1.1. Preoperative Assessment

Preoperative assessment occurs during the first stage of the perioperative period, as seen in Figure 1. Here,
preoperative measurements are recorded from patients and used to stratify them into risk groups. The major goal
of this is to identify the patients at the highest risk of perioperative morbidity and mortality 7. As explained
previously, it can also support the healthcare provider in resource allocation by estimating the support a patient
may require across the perioperative pathway. However, as outlined by NICE guidelines, excessive preoperative
testing is related to patient anxiety and significant delays to treatment [18l. Therefore, the benefits of testing should
be carefully considered before implementation. The most common preoperative assessment tools are outlined here

(see Figure 2).
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Figure 1. Figure to show the stages across the perioperative period. The perioperative pathway refers to the period
that spans from the first point at which surgery is considered as a treatment option up until the full recovery 19,
This pathway has several sub-stages 29, The preoperative period represents the period prior to surgery where any
preoperative assessment takes place. The intra-operative period is representative of the period whilst the patient is
undergoing treatment. The postoperative period relates to any period immediately following the operation and can

continue after patient discharge.
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Figure 2. Figure to show common preoperative assessment tools used in practice. The top three boxes present

common forms of preoperative assessment that are regularly used in practice (see Section 1.1), whilst the last box
with a dashed arrow is included to show the potential for wearable sensors to be used alongside common methods

in this context.

Physical examinations build on an assessment of the patient's medical history. These pre-anaesthesia
examinations include a physical assessment of the lungs, heart function and possible evaluation of the main vital
signs using a variety of tests 27181 N|CE guidelines provide a breakdown of recommendations for testing that vary
depending on the severity of the surgical treatment and health status of the patient 8. For example, an ECG is a
common tool that has been shown to optimise risk stratification of cardiovascular complications for non-cardiac
surgery [21. However, for minor/intermediate treatments in young or patients considered healthy, a resting ECG is
not recommended as part of routine preoperative assessment (18 These physical assessments are routinely

performed at a preoperative clinic appointment in a resting state.

Multiple preoperative assessment tools exist that calculate patients’ risk of adverse outcomes from routinely
collected data. These tools are widely recommended by medical societies to be employed as a preoperative
assessment tool 22, The ASA system (American Society of Anaethesiology), the APACHE Il (Acute Physiology and
Chronic Health Evaluation) and the POSSUM (Physiological and Operative Severity Score forenUmeration of
Mortality and morbidity) scores have been shown to have good predictive value [2324125] A review of common

preoperative tools has shown that they have comparable predictive performance to machine learning (ML)
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techniques 28, However, these tools are not consistently employed in practice. Lack of time and trust in the
accuracy of measurements has frequently been reported by clinicians as a barrier to the implementation of risk
calculators [27. They present issues in that they can be open to subjectivity and sometimes require the input of
variables that are not available in the preoperative period (23128 Further, the majority were originally developed

with evidence that predates the last three decades of research [23124](23],

Functional capacity assessment is a measure that aims to quantify the ability of a patient to undertake activities
from a free-living environment that need ’'sustained aerobic metabolism’ 22, Much research has identified the
association between a higher functional capacity and a reduction in postoperative complications BYBB2] The 6-
min walk test is a common exercise tolerance test but lacks accuracy 22l In comparison, cardiopulmonary exercise
testing (CPET) is considered the current gold standard for preoperative assessment. CPET is a non-invasive
clinical tool that evaluates cardio-respiratory function to measure exercise capacity 24, In the clinic, patients
undergo an exercise test on a cycle-ergometer or a treadmill whilst ventilation and respiratory gas parameters are
measured 3. Multiple studies have been shown to support its use as a tool to identify patients at increased risk of
developing postoperative complications following general surgery 8137 Although CPET is a proven tool for risk
stratification and is routinely implemented, there are several barriers to CPET being accessible and precise. CPET
requires trained specialists to complete testing with ready access to dedicated facilities; in 2018, only 53% of Trusts
in the UK offered the service [38. Further, CPET is an expensive test with costs estimated at £289 per unit of
testing in 2018/2019 (NHS Improvement, 2019). Although the test measures direct oxygen consumption, there can
be considerable subjectivity with one study reporting possible miss-classification of outcomes in up to 60% of tests
completed B2, Finally, CPET might be contraindicated meaning that patients who are at high risk of complications
are not always able to achieve a representative score, or even complete the test “9. Wearable technology has
been proposed as a tool that can overcome some of the barriers that are common in these preoperative

assessment tools.

1.2. Wearable Sensors

The development of technologies in wearable sensors (WS) in the last decade has led to a significant increase in
consumer uptake 41, As a result, there is a vast quantity of data relating to individuals’ health whilst in free-living
environments. There are also many examples of WS being implemented in a clinical setting as a cost-effective tool
to measure physiological signals [#2]. There is evidence to suggest that these devices could hold a vast volume of

data that can give clinicians a quantitative representation of patients’ health in their day-to-day environment 2],

WS have multiple attributes that make them a suitable tool for preoperative assessment. Physiological signals have
inherent biological variation and therefore, recording these signals over a longer time period may allow detection of
abnormalities that present at irregular time periods #4431 A further advantage of collecting data over a longer time
period is that the data may be more representative of normal routines. When collecting physical activity data, an
increase in the number of days recorded is associated with a more reliable weekly estimate 2847, WS are usually
autonomous devices that can record signals away from the clinic. This can provide a simpler alternative for

clinicians who, under time constraints, cannot always complete preoperative physical assessments 2448l |n some
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cases, measurements recorded away from the clinical environment may be more accurate; the 'White-coat’ effect
describes the increases in physiological measurements that are only seen when taking measurements in the

clinical environment 9. These attributes have led to multiple successful implementations of WS for diagnostics.

WS have high efficacy for continuous monitoring of numerous physiological variables B, Subsequently, this has
been shown to be applicable to support the diagnosis of several diseases including Parkinson’s, kidney failure and
viral infections BUB2B3] Particularly in the case of cardiovascular disease monitoring, WS can provide live
monitoring capabilities of patients’ medical status that can be used to alert clinicians 2455, |n the postoperative
period, wearable technology has shown consistent uptake and to be a particularly useful tool for monitoring
recovery 28, WS have been used to identify post-surgical cancer patients who are recovering slower than their
predicted profile, this facilitates the determination of appropriate discharge dates and preventing re-admissions 7,
A wide range of wearable sensing technology has been shown to be useful for clinicians in the postoperative
setting including chest patches and wrist-based fitness sensors B8IBABAGL | the preoperative period, initial

research has reported similar successful applications of WS.

Some research reports utilising WS as a method to measure adherence to prehabilitation programmes rather than
as a preoperative risk assessment tool 82631 |n other cases, WS have been utilised specifically for preoperative
assessment with an exclusive focus on accelerometer data 641851, More recently, there have been instances where
research has combined Heart Rate (HR) data with accelerometer data to approximate outcomes of cardiovascular
fitness testing (42681,

| 2. Pre-Processing of Signals

Pre-processing involves all changes to data that are made in order to prepare the data for analysis. Pre-processing
can be the most vital stage in data processing and has a large impact on the inferences that can be made from a
data set. Wearable data, even when collected in a controlled clinical environment, often requires heavy pre-
processing due to the nature of the data. There are two main challenges in WS data that pre-processing aims to

overcome: missing data and noise.

2.1. Missing Data

Missing data is a frequently reported problem across research involving WS, particularly when using data from
free-living environments 2. Poor electrode placement, poor contact with skin or removal of device might lead to
significant portions of poor quality or missing data. Often, the underlying reasons for periods of missing data are

unknown. The prevalence of missing data in WS used in the preoperative period is outlined.

There is a wide variety of missing data reported across studies using wearable sensors in the preoperative period.
Missing data was frequently reported at ranges of up to 25% from WS in this context B8I6A79 One study reported
that across all accumulative days of collected data, only 0.25% of days had complete HR data 2. For the majority

of research, the reporting of missing data refers to HR rate, rather than movement data. The reporting of missing
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data differed between research; some researchers report the overall percentages of data that were missing whilst
others report the number of participants excluded due to missing data 2%, In both of these cases, research rarely
goes into detail as to the causes of missing periods and how to categorise these. Missing data can generally be
classified into three separate categories: missing completely at random (MCAR) where no systematic relationship
is present between values that are missing and existing values; missing at random (MAR) where missing data is
systematically related to existing data that has been observed but not unobserved data and missing not at random
(MNAR) where missing data is systematically related to unobserved data ). Depending on the category of
missing data that is assumed for the data, different methods may be better suited for minimising the potential bias

that may be introduced 22,

Across research applicable to the preoperative period, three different strategies for handling missing periods of
data were employed. As seen in Figure 3, missing periods of data were either deleted entirely, tolerated or
imputed. These techniques have been previously identified in research using WS and are common solutions for

missing data across fields 73],

Extraction Short-term
EF threshold imputation
E
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g 1T inciude '|
L %
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Figure 3. Venn-diagram to present the common methods for handling missing data from WS. The three techniques
identified in the literature for handling the missing periods of data are presented in the Venn diagram. At the
intersection between ‘delete’ and ‘tolerate’ the implementation of an extraction threshold was identified to delete
data below the threshold and tolerate missing data above the threshold. At the intersection between ‘tolerate’ and
‘impute’, imputation on short-term segments of missing periods was identified as a solution that employs that

imputation on select segments.

2.1.1. Extraction Threshold
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The extraction threshold identifies a point at which a subject’'s data will be included in final analyses or is
abandoned/processed further. This extraction threshold is usually only applied to wearable devices that measure
HR in some format. For research that only utilised the pre-extracted step count, it is not possible to assess the
exact volume of missing data. Step count data can appear as null values and still represent viable recordings
indicating sedentary periods and so it is not always obvious to know whether this is as a result of non-wear, device

malfunction or sedentary behaviour 4. This is particularly true when step-count is only reported at the daily level
[75][76][77]

These extraction thresholds differ widely between research. One study set a daily yield extraction threshold at a
minimum of 8 hours of collected data for that day to be included in analysis 2. Other research set their extraction
threshold at 10%, defining that any day with data of a daily yield above 10% would be included for analysis 68,
These studies indicate that the daily extraction threshold can be set at a relatively low value to allow for a high level
of missingness in data and prevent this data from being abandoned. Research that used large data sets could set
their extraction thresholds at a higher level; one study with over 80,000 participants only selected participants that
had a minimum daily yield of 20 h €8], However, this study did not report what percentage of participants had to be
excluded as a result. Large data sets may have more flexibility in their extraction thresholds whilst a small research
study may have to accept a higher level of missingness in order to prevent excluding a large portion of their

sample.

A total yield extraction threshold can also be applied to the number of days in the monitoring period that have data
79 This can be employed by only including participants that have above x number of days of data, with x
indicating the threshold. The employment of a daily extraction threshold (i.e., 8 h of data) versus an extraction
threshold for total data yield (i.e., 3 days of data needed) will depend on whether the data are subdivided into daily

segments or kept as a total per participant.

3.1.2. Selecting an Extraction Threshold

Extraction thresholds should not be randomly selected. To investigate the influence of the extraction threshold on
the predictive performance of analysis, one study varied their extraction threshold from 1 to 10 h and identified that
between 8 and 10 h achieves the best performance 9. This highlights the importance of identifying an optimal
extraction threshold. Setting a high threshold for inclusion will result in less data available for analysis; a low
threshold has the potential to allow data from days with large missing periods into analysis. If this is the case then

the underlying reasons for missing periods should be assessed to prevent bias in the data.

Aside from reported extraction thresholds within their own data sets, very little research has focused on quantifying
the volume of data that is needed to obtain reliable preoperative baseline measurements. It has been reported that
when using a PPG sensor combined with an accelerometer, a minimum of three days of monitoring should be
completed; however, an extraction threshold within each day was not specified and whether the location and type

of sensors have an impact on this threshold was not discussed 8. An appropriate extraction threshold is a useful
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tool for selecting data for analysis but does not provide a solution to missing periods. To overcome the missing

periods of data that remain, several imputation methods can be employed.

2.1.3. Imputation

Data imputation in WS data is a complex process. Individuals will often have varying levels of missingness
between them due to compliance with wearing the device. Further, there may be missing portions caused by
technical issues in a device. Therefore, imputation techniques in WS data should generalise to both the
participants’ behaviour and the device’s patterns L2, Often in research collecting data in the preoperative period,
data that was identified as missing was abandoned. Little effort is made to impute the missing values and to
investigate why they are missing; this could reduce the size of the data sample and in some cases may introduce

bias B9, The imputation techniques that were employed in the research are outlined in the sections below.

The simplest method to replace missing data points in HR signals is with the mean HR values of activities at
waking periods B, However, if the mechanism for missing portions is known to occur during sedentary periods or
periods of vigorous activity then this may lead to under or over-estimations of daily HR. One particular study
substituted missing HR values for HR recorded during a hospital visit 2. This technique was not common across
research, likely due to inconsistencies that may be present between free-living data and data collected in-clinic. For

the studies that utilised the temporal aspects of data to employ imputation, they both did this using a two-layered
pipeline (681631,

The k-nearest neighbours (KNN) technique was shown to be a common method to impute missing HR values (68!
(691 KNN has previously been implemented as a technique to address missing data in a range of applications 2!,
The KNN algorithm is implemented as a ’sliding window’ that allows missing HR data to be calculated from a
combination of recent step count and HR data 8. This method is rationalised by explaining that imputation is
useful for short-term missing segments where previous values of step count and HR have a high correlation with
future values. One technique employed a k-nearest neighbours (KNN) algorithm for an entire day of data if the
daily yield for the relevant day was above 10% 68l A different study utilised the same technique but for all portions
of missing data that were shorter than 10 min long, regardless of daily yield. If the segments of missing data were
less than 10 min, a KNN sliding window (length of 5) utilised recent HR and step counts to predict HR values [,
see Figure 4. Using this method, the feature vector is imputed to the KNN algorithm where hr; and step; represent

HR and step data at time t.
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Figure 4. Figure to show imputation using K-nearest-neighbours. Zhang et al. (2023) utilise the KNN technique to
impute on short-term segments of missing data under 10 min in length by utilising previous values from both the
step count and heart rate signals to calculate missing values. This figure was produced by Zhang et al. (2023) and
was taken from a larger figure but had no changes made, taken as part of the Creative Commons Attribution

International 4.0 License 621[84],

To assess the performance of various imputation techniques, several metrics can be employed. Root Mean Square
Error (RMSE) is a commonly used metric for assessing imputation in signals 285, RMSE measures the average
magnitude of the errors of the imputed values. It is particularly useful for assessing imputation because it penalises
larger errors more heavily making it especially sensitive to values that are big outliers from the predicted values.
Mean Absolute Error (MAE) provides an alternative to the RMSE in that it is not sensitive to outliers. It presents the
absolute differences between the imputed and original values and is focused on the overall accuracy of the
algorithm. It may be useful to compare the outcomes of the MAE with the RMSE and the two have previously been
used in combination 2. For the MAE and RMSE, lower values indicate better performance. However, in order to
assess imputation techniques using these metrics, ground truth values are needed. One method to do this is to add
missing periods of data into a signal and perform imputation on these fabricated missing periods to compare
outputs against original values as ground truths. It should be noted that this has been very rarely implemented in

research across this field.

2.1.4. Feature Level Imputation

In instances where data has been abandoned due to significant periods of missing data, this can be imputed by
employing feature-level imputation techniques. After abandoning days with a daily yield below the extraction
threshold, a feature-level imputation technique can be employed to compute the features that represent the days
with high portions of missing periods. In one case, researchers again utilise the KNN method to impute statistical
and semantic features based on the neighbouring features that are available for that participant, rather than
attempting to impute the missing values in the signal 8. A further technique to deal with missing data that fell
below the daily yield of 8 h was to employ imputation on high-level features that have been calculated from daily

features (69, Further application of Detrended Fluctuation Analysis was used to reduce the incomplete data.

It is important to note that research only employed imputation for HR data, this was not performed for other
features extracted from accelerometer data. For research where HR signals are collected alongside step count
data, the proportion of missing step count data can be extrapolated from the time periods with missing data points
of the HR signal. Step count data is reported as being significantly less correlated and so less predictable than HR
data 9. Instead, these data were normalised by dividing the step count by the daily yield so as to prevent the step

count from being drastically increased just for those patients with more data accumulated.

2.2. Noise

Aside from missing data in the signal, noise can also prevent meaningful features from being extracted.

Accelerometry data can be plagued by white noise, altered by human motion or vibration whilst both ECG and PPG
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signals can be corrupted by motion artefact, baseline wonder and electromyography (EMG) noise 887 |n certain
cases, some removal of noise from signals was completed. Previously, Gaussian process robust regression has
shown to be successful for noisy HR data and was implemented by one study to utilise prior knowledge of the HR
data to reduce noise [€8l88], |n comparison, a simpler method to limit the noise in HR data was to average the HR
extracted from R-R intervals over a set time period, this varied from between 15 s to 15 min (8911901 \When
employing this technique, all inaccurate HR values were identified and removed from the data where consecutive
HR values varied by more than 20% 9. Cardiac signals were very rarely passed through a low-pass filter;
however, one study resampled the HR to 1 Hz before passing HR through a 0.01 Hz low-pass filter to remove high-
frequencies affected by non-linearities introduced from circulatory distortions 241,

For accelerometry, to convert the raw signal data into magnitude of acceleration the Euclidean norm minus one
and high-passed filtered vector magnitude were used Bl Altini et al. (2016) employed a different filter technique
where a low-pass filter (1Hz) was used to isolate the static component in the signal due to gravity and a band-pass
filter (0.1 Hz, 10 Hz) was used to isolate dynamic components due to body noise [29. As mentioned above,
Beltrame et al. (2017) used a similar low-pass filter at 0.01 Hz for accelerometer as well as HR data 2. The only
implementation of a fast Fourier transformation (FFT) was to integrate the frequency in accelerometer data
between 1 Hz and 10 Hz 82, One particular paper reports a method for outlier detection within data by removing
values that are greater than 3 standard deviations from the mean [23l. Building on the techniques commonly
employed on HR data by averaging values over a short period, research employing a pedometer categorised each

accelerometer period of 10 s into either lying, stationary or active periods 22!,

For research using large-scale cohort data, after normalising their data through standard scaling with unit variance,
researchers applied Principle Component Analysis (PCA) onto the original training data set that retained the
components that explained 99.9% of variance 24, To prevent any information leakage across the data sets, the
fitted PCA scaler was applied individually to the test set. In a different project utilising the same large dataset,
researchers attempted to reduce the noise that is seen in the labelling of HR data from the ECG wearable using
deep learning 2. The authors propose UDAMA (Unsupervised Domain Adaptation and Multi-discriminator
Adversarial) training network (8. However, these techniques utilising deep learning will require a large pool of data
and may not be suitable for smaller single-centre studies. In order to reduce the noise that is present in daily
features, one research study utilised singular spectrum analysis to further extract high-level features from daily
features (9. This allows trends to be extracted from the noisy data with missing portions by computing the mean,

variance and slope from each time series of daily features.

2.3. Encoding Time

The temporal aspect of the HR and accelerometer data can provide useful insights but is infrequently used in
analysis. To investigate the temporal aspect or reduce the bias that can be related to the time of recordings, it is
possible to encode timestamps from sensors 681941 This is performed to help capture any periodic nature of certain
behaviours, particularly those that may exhibit daily or monthly habits. By incorporating these cyclical components

the model can better understand the cyclical nature of time. This was completed by encoding either the month of
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the year or hour of the day as (x, y) co-ordinates on a circle using Equations (1) and (2) where t represents the

temporal aspect.

T, = sin (22222) (1

This is to ensure that when including time in analyses neighbouring timestamps are always consistent; December

is only one month from January and 23:59 is only one minute from 00:00. This is particularly important for large

data sets that are likely to be collecting data over an extended time period.
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