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Abstract

Individuals that experience an impaired recovery of blood pressure after standing up,
are diagnosed with orthostatic hypotension. Individuals with orthostatic hypotension
can experience dizziness and lightheadedness after standing up which may cause falls.
The current method of diagnosing orthostatic hypotension is based on the orthostatic
challenge. Measuring blood pressure before standing up and after one minute of stand-
ing and again after three minutes of standing. This challenge is a snapshots and might
lead to wrong diagnoses. To be able to make a more precise diagnosis, continuous mea-
surement of an individual’s blood pressure for several hours is needed. This can be done
with the portalite 3. This device measures near-infrared spectroscopy signals, which
is a possible proxy for the blood-pressure signal. From the near-infrared spectroscopy
signals, characteristics of the blood pressure drop can be estimated. In this thesis, the
following research question was answered: “Can we use machine learning to diagnose
orthostatic hypotension from near-infrared spectroscopy signals?”. The aim of the re-
search was therefore fourfold, namely: 1) to investigate whether orthostatic parameters
can be inferred from blood pressure signals, 2) to investigate whether orthostatic pa-
rameters can be inferred from near-infrared spectroscopy signals, 3) to investigate if a
direct mapping can be made from near-infrared spectroscopy signals to blood pressure
signals and 4) to investigate whether the future SBP and DBP can be predicted using
past near-infrared spectroscopy signals. The orthostatic parameters are defined to be
the parameters used by experts to make a diagnoses on orthostatic hypotension. Differ-
ent types of neural networks, a gradient boosted decision tree and linear regression were
used. It was found that the developed models for orthostatic parameter inference can
make correct predictions on the regular subjects but perform worse on the rarer cases.
Using past near-infrared spectroscopy signals to predict future systolic and diastolic
blood pressure is incapable of forecasting the blood pressure based on the near-infrared
spectroscopy signals. The models and especially the gradient boosted decision tree used
to estimate systolic and diastolic characteristics prove to be a viable candidate to be
used for diagnosing orthostatic hypotension over an eight hour period.

List of abbreviations and acronyms

ABP = Arterial blood pressure

BP = Blood pressure

CNN = convolutional neural network
DBP = Diastolic blood pressure

Dxy = Deoxygenated haemoglobin
GRU = Gated recurrent unit
LOO-CV = leave one out cross-validation
LR = Linear regression

LSTM = Long short-term memory
MAE = Mean absolute error

MLP = Multi-layer perceptron

MSE = Mean squared error

NIRS = Near-infrared spectroscopy
OH = Orthostatic hypotension

Oxy = Oxygenated haemoglobin
RNN = Recurrent neural network
SBP = Systolic blood pressure

XGB = XGBoost
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1 Introduction

When standing after sitting or lying down, some people experience dizziness or light-
headedness. The dizziness is originating from a blood pressure (BP) drop, the BP signal
measured is the arterial BP (ABP). In severe cases, this may lead to falls which are
especially hazardous for older adults. The BP drop is caused by blood pooling in the
legs as a result of gravitational forces. The blood flow back to the heart is reduced,
leading to a lower output for the heart causing a decline in ABP and an immediate
decrease in blood flow to the brain [42], which can cause dizziness [I3]. Typically, the
diagnosis of severe BP drop is made using a sit-stand or supine-stand challenge in the
hospital called the orthostatic challenge. Besides the fact that this set-up is artificial,
it is also a snapshot which may lead to false outcomes. For instance, the white-coat
syndrome can cause abnormal BP and affect the diagnosis [49].

Individuals who suffer from this severe BP drop and have an impaired BP recovery
after standing for three minutes are diagnosed with orthostatic hypotension (OH). Es-
pecially older adults are affected by OH and in severe cases, this can lead from dizziness
to symptoms like chest pain [30]. The diagnosis of OH is made if, after three minutes of
standing, the reduction in systolic BP (SBP) is more than 20 mmHg from the baseline
SBP or if the reduction in diastolic BP (DBP) stays below 10mmHg from the baseline
DBP [7,30]. The baseline BP is the BP measured while sitting down or being supine.
OH is most common for older adults but could also occur for younger people. The
severity of the symptoms caused by OH can differ between individuals.

OH can be asymptomatic as well as symptomatic, with an acute or chronic onset.
Possible common symptoms include dizziness, lightheadedness, blurred vision, weakness,
fatigue, nausea, palpitations, and headache [2} [51]. Less common symptoms include syn-
cope, dyspnea, chest pain, and neck and shoulder pain [30]. The complications caused
by OH are bone fractures or concussions due to falls, but could also lead to strokes or
heart diseases because of the fluctuations in BP [29] [53].

As OH can be caused by underlying health issues, it is useful to diagnose asymp-
tomatic OH [2], 12} 35]. Underlying health issues that can cause OH include, but are
not limited to, anaemia, dehydration, blood loss, heart conditions, Parkinson’s disease
and prolonged immobility [2, [7, 12| 30, 35 [5I]. Mendez et al. [35] showed that the risk
factors causing OH are different for females and males. For example, a SBP of equal to
or greater than 140 mmHg was associated with an increased risk of OH only for females.

The existing method of diagnosing OH is by measuring SBP and DBP in a sitting
or supine position and measuring SBP and DBP again after standing up [22]. This
method is very sensitive to incorrect diagnoses as it only provides a few measurements
of blood pressure drops in an artificial environment. Furthermore, a very low amount of
measurements are done. During the existing method, BP is measured using a manual
BP monitor in combination with a stethoscope or an automatic BP monitor. Stud-
ies are ongoing on looking into the possibility to measure blood pressure drops with a
portable BP monitor in a home setting for eight hours. It is hypothesized that this
would improve diagnosis as BP measurements will be available for a longer period and
in the patient’s natural environment. Unfortunately, the existing devices for continu-
ous BP measurements are finger cuffs which do not perform well over a longer period [52].



Machine learning models, such as linear regression (LR), a decision tree and neural
networks, are used more and more to solve healthcare prediction challenges. The goal
of a LR model is to learn whether and, if so, which linear relationship exists between
the given input and an expected output. It is a simple and fast interference model. The
downside of LR is that it cannot learn complex nonlinearity’s [59]. An example of a
decision tree is XGBoost (XGB) [I, [17], which is a gradient-boosted decision tree. XGB
has been used to predict hypertension outcomes based on medical data by Chang et
al. [I6] and is capable of learning non-linear relationships. The last type of machine
learning models often used are neural network methods. The multi-layer perceptron
(MLP) can be used for classification and regression [39]. Sequential models can be used
to predict future SBP and DBP based on past near-infrared spectroscopy (NIRS) signals
which is can be used as an alternative/proxy for the BP signals and easier to measure
in a home setting. Also, a sequential model can be used, such as the recurrent neural
network (RNN). RNN is a layer which will use the output of one time-step for the next
cell, learning from what they have seen before and trying to find a pattern in our se-
quence. The RNN iterates over the time-steps of a sequence and keeps an internal state
to use the previously fed in previous time-steps [57]. The downside of RNN is that they
can have “vanishing gradients” and “exploding gradients” when using long sequences
[24, (10l [44]. This RNN layer has been expanded to contain gates to reduce the prob-
lems with the gradients. The gated recurrent unit (GRU) is a RNN with an additional
reset and update gate. Another recurrent layer is the long short-term memory (LSTM)
[24], these are known to perform well when used for time-series [31]. The last layers we
can use for time-series are convolutional neural networks (CNN) [32] layers, these layers
learn spatiality in the data.

This thesis is part of the PrOHealth-project [5] at the Donders Centre for Neuro-
science, which is an acronym for prevention and detection of OH using wearable sensor
technology. The ultimate goal of the PrOHealth-project is to be able to detect if OH will
occur when standing up, to take precautions or warn people nearby. The wearables use
sensors leveraging a technology called NIRS which describes the cerebral oxygenation
levels of blood. The NIRS signals are ozygenated haemoglobin (Oxy) and deozygenated
haemoglobin (Dxy). Changes in cerebral haemoglobin concentration to a large extent
depend on cerebral blood flow [3§]. Allowing NIRS to be used as a possible proxy for
continuous BP measurements, and thus to be used to detect the BP drop after standing

up.

In this thesis, the following research question was answered: “Can we use machine
learning to help diagnose orthostatic hypotension from NIRS signals?”. The aim of the
research was therefore fourfold, namely: 1) to investigate whether orthostatic parame-
ters can be inferred from blood pressure signals, 2) to investigate whether orthostatic
parameters can be inferred from near-infrared spectroscopy signals, 3) to investigate if a
direct mapping can be made from near-infrared spectroscopy signals to blood pressure
signals and 4) to investigate whether the future SBP and DBP can be predicted using
past near-infrared spectroscopy signals. The last task is the ultimate goal of the PrO-
Health project and for this reason we make this big step from inference to forecasting
to see if the goal of PrOHealth is achievable with the used method.



2 Data

The data used in this study is acquired by the geriatrics department at the Radboud
UMC hospital. The NIRS captured with the portalite 3 and ABP captured with the fi-
napress are measured simultaneously. In this study, we have 41 subjects. 10 subjects are
considered young adults (age 20 to 27) and 31 subjects are specified as older adults (age
65 to 88). Three subjects had severe OH symptoms and were thus diagnosed with OH.
Four subjects had a very slow blood pressure recovery close to OH but did not report
any symptoms or very light symptoms. The subjects that came very close to OH but
recovered just fast enough to not be diagnosed with OH are interesting because physical
resilience might lead to a quicker recovery [28]. For these subjects the current method
of diagnosing OH is misleading since they could suffer from symptoms but recover just
enough to not be diagnosed with OH. All of the subjects diagnosed with OH are in the
older adult group. Figure [I| shows all subjects and their reported symptoms (healthy -
light- severe). All subjects are of Dutch nationality, Figure |2 shows the age and gender
grouping of the subjects.
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Figure 1: Subjects divided based on the severity of OH-related symptoms. Healthy
subjects did not experience any symptoms, subjects in the light group experienced
light symptoms and subjects in the severe group experienced severe OH symptoms.

All subjects participated in two challenges. During the first challenge the subjects
needed to stand up from a sitting position and the second challenge required the subject
to stand up from a supine position. Each challenge is repeated three times, so in the end,
for each subject, six measurements are gathered for a transition from baseline (sitting
or supine) to standing. The subject is seated or supine for five minutes and stands for
three minutes.
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Figure 2: The number of subjects in the young adults (age 20 to 27) group and older
adults (age 65 to 88) group.

The imbalance in the data set made it impossible to solve a classification problem
using an OH label, since this would cause a bias in classifying a subject to be healthy if
in fact that subject is not. Instead, characteristics (or parameters) of the BP recovery
after standing were chosen that are used for the diagnosis of OH. We will refer to those
parameters as orthostatic parameters. The recovery is very important to diagnose OH
because slow recovery between 30 and 60 seconds is associated with frailty and falls [37].
The recovery amplitudes were extracted after 15, 20, 30, 40, 50, 60, 120 and 150 seconds.
Besides the recovery parameters, the drop amplitude was inferred and after how many
seconds of standing the drop happened. These parameters were extracted directly from
the SBP or the DBP, see Figure [3] The baseline is the mean over a 30 seconds window
taken 40 to 10 seconds before standing up,

Baseline = mean(BP _49._10),
and was used to calculate the
Drop amplitude = Baseline — minimum(BPy.3¢),
and
Recovery amplitude (at recovery time n) = Baseline — mean(BP,,_5.,45),

with the recovery times as specified above. The other parameters that were inferred
were the mean recovery rate between 50 and 60 seconds

Recovery rate = mean(BPj50.60)/Baseline,

which is associated with cognitive decline and mortality in subjects suffering from
Alzheimer’s [21I]. The last orthostatic parameter was the steepness of the drop (drop
rate),

Steepness = Drop amplitude/drop time.

which is associated with impaired physical performance [36].
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Figure 3: Some orthostatic parameters were directly extracted from the SBP (and
DBP) curve. In this example the SBP of subject PHI037 is shown. Subject PHI037
was a healthy older adult female. The baseline was the average SBP (or DBP) taken
over a window from 40 to 10 seconds before standing up. Where the x-axis is 0, the
subject is standing up. The drop amplitude was the difference between the baseline

and the minimum SBP (or DBP) within 30 seconds of standing up. The drop time was
how many seconds it takes to reach the minimum. Recovery amplitude was the
difference between the baseline and the mean SBP (or DBP) of a specified time
window. The parameters that could not be extracted directly from the SBP (or DBP)
curve were recovery rate and steepness of the drop, these were calculated using the
extracted orthostatic parameters.

Due to the low amount of data available in this research, the decision was made to
group all subjects during the first step of the model development, combining the two
challenges containing three repeats for the 41 subjects. Leaving us with 246 individ-
ual challenges. The next step was to investigate whether the PrOHealth goal can be
achieved by making a prediction about the future SBP and DBP using NIRS for a single
individual.



3 Methods

3.1 Pre-processing

Before model development, the data first needed to be preprocessed, which included
cleaning and scaling it. Since measurements were collected with two different devices,
namely the portalite 3 (to measure NIRS signals) and the Finapres (to measure ABP),
it needed to be checked whether the data was at the same frequencies. The portalite
3 measures at 100Hz while the Finapres measures at 200Hz. The ABP measurements
were scaled down from 200Hz to 100Hz.

The cleaning part of the pipeline is shown in Figure [l The first step was filling any
missing entries after which outliers from the ABP, Oxy and Dxy were removed using
a Hampel filter. Also, unrealistic measurements were removed. Then, flatliners from
the ABP were removed and the SBP and DBP were extracted from the ABP. The SBP,
DBP, Oxy and Dxy were then filtered with a Butterworth filter. In the next paragraphs,
the methods used are explained in more detail.

=— o i R’
Remove outliers with Remove flatliners Filter with butterwarth
Hampel filter from ABP filter

A 4 h 4 A 4

- - Remove unrealistic
F'”";%t’:i‘f;'”g values ABP Extract SBP and DBP Resamble fo 1Hs
Nan (ABP < 15 or from ABP p
ABP = 300)

Figure 4: The pipeline for cleaning of the data. The missing entries are replaced using
interpolation and followed by the Hampel filter. After that we remove unrealistic and
outlier measurements and flatliners before extracting SBP and DBP. Then the NIRS,
SBP and DBP were smoothed using a Butterworth filter. In the end, the data was
resampled to 1Hz.

The ABP signal can contain three types of artefacts, namely flatliner, spikes and
extrasystole, see Figure 5] The first was caused by active calibration during the experi-
ment. The second by tension in the finger during measurement. The third is a biological
artefact and was an extrasystole which is an extra heartbeat and can happen even to
healthy subjects.

3.1.1 Unrealistic measurements and Hampel filter

After filling in the missing entries in the data by using interpolation, the first thing we
need to do is to remove ABP measurements caused by technical errors in the device.
The approach used in this paper is based on Paviglianiti et al. [45]. This method can
filter out the spike artefact (Figure . First, the Hampel filter will remove outliers
if they are far away from the mean ABP value taken over a two-second time window.
The Hampel filter starts with calculating the mean absolute difference and checks if
this is bigger than three times the standard deviation. If this is the case we replace
the measurement with the median over the two-second window as is protocol with the
Hampel filter [46].
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Figure 5: Possible artefacts in the arterial blood pressure signal. These example
artifacts are found in PHI027, this is an older adult male showing OH characteristics.
The technical artifacts [bal and [5b| are important to remove from the data because these
have no biological relevance. The biological artifact [pc| will not be removed since this is
a biological occurrence.

Then all ABP measurements above 300 mmHg and below 15 mmHg are removed
since these are unrealistic measurements as stated by Paviglianiti et al. [45]. All removed
unrealistic measurements are set to NaN, this will ensure that during the extraction of
SBP and DBP these measurements will not be taken into account.

3.1.2 Flatliner removal

The flatliner artefact (Figure will be filtered out of the data, at 100Hz, in the
following way: for each step i, denote the current BP by BP; and the BP one step
ahead by BP; 1, then define:

ABPZ = BPiJrl - BPl7
1, if ABP; >0,
BP,; :={ —1, if ABP; <0,
0, if ABP;, ==0,

En: BP;
=1

With n = 100 at 100Hz giving us a window of one second. Since this still shows a lot
of false positives, we also look into the amount of unique BP values within one second
(n =100). Let v = (v1,v2,...,Vm) be a vector such that v; is the number of unique BP
values in an one-second time window starting at time-step ¢ with ¢ = 1,2,...,m. Where
m is the number of one-seconds windows fitting in the total experiment time. Then

~ 1
BPZ = -
n

v; — min(v)

- max(v) — min(v)’

L | tminGanm)
E er )
[max(0,i—3n)]



Where n/ = min(i + $n,m) — max(0,i — 3n). Now we combine BP; and @; into one
value for all measurements:

1, if F; <0.5,
0, otherwise.

Flatliner := { (1)

The removal of the flatliner artifacts from the ABP signal is done using the equations
above. A signal is created where a point can be zero or one. If the point is one, it
might be a measurement point in a flatliner artefact. If the measurement point is zero
it probably is not in a flatliner artefact. If the equation identifies more than 1.2
seconds of continuous ABP signal as flatliner, that part will be removed. SciPy [61] will
mark it as a flatliner using the find_peaks function. This returns the timestamps at
which the flatliner occurs. With the returned timestamp we can remove the flatliner
from the ABP signal. The artefact is then removed up till the point we reach the DBP
value again.

3.1.3 Extract SBP and DBP

Using the ABP we can extract the SBP and DBP, this is done using SciPy’s find_peaks
this function allows us to find peaks in the data. First, we set the minimum height of
the peaks to be the 90th quantile over a five-second window, meaning that SciPy will
never try to find a peak in the ABP signal below this 90th quantile. In the end, we
interpolate the SBP and DBP back to 100Hz.

3.1.4 Outlier detection

Outlier detection is a common approach to remove anomalies and can be used to clean
up a time-series signal. The outlier detection is performed on the SBP and the DBP.
For this method, we tested several different types of outlier detection.

Interquartile range The interquartile range is a very efficient way to detect outliers
[58]. Tt is based on statistics and uses the 0.25 quantile (@) and the 0.75 quantile (Q3)
to detect outliers. First, the interquartile range is calculated using

IQR = Q3 — 1
and then calculates a lower bound with
lower threshold = Q1 — 1.5 x IQR.
and an upper bound using
upper threshold = Q3 + 1.5 x IQR.

If the sample is above the upper bound or below the lower bound it is classified as an
outlier.
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K-nearest neighbours The K-nearest neighbours algorithm [19] is a classifier which
uses distance to classify data. It classifies a sample based on the surrounding points. For
k=3 it will look for the three closest points and then classifies the unknown sample as
the most occurring class. If the class occur the same amount of time it will look to the
closest point in the distance. This can also be used for outlier detection [48], K-nearest
neighbours will identify all points far away from the other points as an outlier. This is
unsupervised K-nearest neighbours, where we compare the distance of one point to its
nearest neighbours with the average distance of a point to its nearest neighbours. This
will return the distance score where the interquartile range method is used to identify
outliers based on the distances returned by K-nearest neighbours.

Local outlier factor The method created by Breunig et al [14] is based on K-nearest
neighbours. It uses K-nearest neighbours to calculate the density of samples and com-
pare the density of one point to a neighbouring point, where points with a lower density
will have a higher chance of being an outlier. So the anomaly score depends on how iso-
lated the object is concerning the surrounding neighbourhood, the anomaly score being
the distance between the point and the group centre.

Isolation forest The last outlier detection method is isolation forest [33], this method
randomly selects a feature. In our case that could be the Oxy, Dxy or the BP time-
series signals. From this feature a randomly chosen split value (threshold) between the
maximum and minimum of the selected feature will be chosen:

1. A random feature is selected and assigned to a binary tree.
2. For this feature, select a random threshold.

3. Measurements lower than the threshold will branch out to the left and else will go
to the right.

4. Repeat steps 2 and 3 until each sample is isolated or until the maximum depth of
the binary tree is reached.

The above steps are repeated to construct random binary trees. Measurements that
are isolated early in the tree are likely to be outliers. The isolation forest method makes
use of an ensemble creating multiple trees and using a majority vote to identify outliers,
meaning that the most common outcome will be the general outcome.

Smoothing Besides the original outlier detection methods, smoothing is also consid-
ered since both the Oxy and Dxy and SBP and DBP time-series are extremely noisy
which makes it unnecessarily complicated for the model to make a prediction. The
method for smoothing BP is to use a five-second average [60] but this causes a delay
in the data. For this reason, we decided to use a Butterworth filter [I5]. The filter
contains three different components, the pass band, stop band and the transition band.
The passband contains the range of Hz for which the filter can let the frequency pass.
The stop band specifies the amount of Hz below or above which the filter should filter
out the pattern caused by the wander at the specified Hz. A cutoff value is used for
which every frequency less than the cutoff value will pass with a magnitude of one and
a phase of zero. For this to work a transition band is needed. This allows a transition
area between the pass and stop band, this creates a smoother transition between the
two. Butterworth has a flat passband response but the transition band is slow.
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The Butterworth smoothing method is used for SBP and DBP with a cutoff of 0.2Hz
(five seconds) and a polynomial of order two to reproduce the same results of the five
seconds average without the delay. The Butterworth filter can be used for Oxy and Dxy
[27] as well, the Oxy and Dxy are filtered using a filter with a lower bound 0.01Hz, an
upper bound 0.5Hz and polynomial order two [20].

3.1.5 Resample to 1Hz

Now that our data is clean and every signal (Oxy, Dxy, SBP and DBP) is at 100Hz. We
resample from 100Hz to 1Hz to make the predictions less computationally expensive.
During this resampling, we extract the mean, standard deviation, minimum and maxi-
mum from the Oxy and Dxy signal. This resampling will calculate the statistics over a
window of 100 measurement points.

3.2 Standing-standing task

In this task, we perform the estimation of orthostatic parameters given BP or NIRS
signals during standing while doing the orthostatic challenge. The task is performed
twofold, at first, the SBP and DBP are fed in as input data. This should be a simple
task since the orthostatic parameters are extracted from the SBP and DBP. This will be
a baseline to ensure we can infer orthostatic parameters from the SBP and DBP time-
series. After using the SBP and DBP as input we perform the same task but with Oxy
and Dxy input data, using parameter models. And finally, experiment with a model to
create a direct mapping for Oxy and Dxy to SBP and DBP, this is the mapping model.
In this section, we describe the prediction models used for this study, see Table [1| for an
overview.

Table 1: Models use standing to standing data, these models use standing Oxy and
Dxy (or SBP and DBP) data and output SBP and DBP in the same time window.
With two different tasks, one to estimate orthostatic parameters of the SBP and DBP
and the other to create a direct mapping from Oxy and Dxy to SBP and DBP.

Task Model

Linear Regression (LR)
XGBoost (XGB)

MLP

CNN

Mapping model Time-series MLP

Parameter model

3.2.1 Input and output

The models will first be tested with SBP and DBP input to see if we can extract the
orthostatic parameters directly from the time-series. The Oxy and Dxy signals are used
as input and will contain 40 seconds of baseline (sitting or supine) data and 150 seconds
of standing data. This data is then used to infer the orthostatic parameters of SBP and
DBP. Here we perform leave one group out cross-validation, leaving the repeats of one
subject for each unique group (older adult man, older adult female, young adult male
and young adult female) out of the data set for testing and using the others for training.
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In this research, we test different types of models, where one type of model will use
the input Oxy and Dxy (or SBP and DBP) signals and try to estimate the orthostatic
parameters of the SBP and DBP. The orthostatic parameters are as defined in section [2}
Especially the recovery will be a lot slower for subjects who have OH, we would expect
to see healthy subjects recover to a baseline BP quicker. This model will estimate these
orthostatic parameters for both the SBP and DBP, allowing an expert to easily make a
diagnosis for the subject. The other model will try and map the Oxy and Dxy directly
to SBP and DBP after standing up. As stated before two different types of models are
created, the parameter models are most interesting for the clinician who will need to
make the OH diagnosis. The full curve mapping will be most helpful to visualize that
we can map NIRS to BP and this proves that NIRS can be used as a proxy for BP for
a non-subject specific model.

3.2.2 Parameter models

In this research, we investigate multiple models for standing-standing tasks, namely
XGB, LR, CNN and a MLP. These models will be used to infer BP characteristics. For
this task, we cannot make use of the previous mentioned RNN, GRU or LSTM layers.
Since these previously mentioned models require sequential data and our output data is
not sequential, these models become unusable.

The most basic model is LR using Scikit [47] basic implementation. LR is used to
study the linear relationship between two variables, which will work well in the case
that there is a linear relationship. Another model used is the XGB model, which is a
model based on gradient boosting. Making use of decision trees results in a fast model.
Each leaf of the tree contains a score, which will be used in an ensemble of multiple
trees to calculate the final prediction. Boosting will add models to improve the current
ensemble model, the added models will be added until it shows no improvement after
adding extra models. These added models will be based on the mistakes the current
model makes since the added models will try to correct the mistakes of the original
model. The idea is to construct the new base learners to be maximally correlated with
the negative gradient of the loss function, associated with the whole ensemble [41]. XGB
implements gradient boosting trees and has high efficiency, flexibility, and portability.
Making it in theory one of the fastest inference methods described in this paper. To be
able to use XGB the input and output need to be 2D. This will be achieved by making
the time-steps as features, by redefining the time-steps as

(# subjects, # time-steps, # features) — (# subjects, # time-steps x # features).

The other available models are created with Keras. This contains a model consisting
of dense layers which in its simplest form is a MLP. The other makes use of a convo-
lutional layer which tries to learn spatial relations between the input and output data.
In our case, we use a 1D convolutional layer [26]. The CNN layers use the dot prod-
uct between two matrices, one being the input and another smaller matrices being the
“learnable” kernel. The kernel slides across the input data and adjusts the weights in
the kernel to adjust the estimation and make the model fit better to the data. In this
case, we use two 1D matrices since we are using time-series data. Hence, the name 1D
convolutional layer.
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3.2.3 Mapping models

The last model is a time-distributed MLP layer which instead of inferring orthostatic
parameters from the model will map the standing Oxy and Dxy signals to the standing
SBP and DBP signals in the same time window. This model will show if it is possible
to directly map Oxy and Dxy signals to SBP and DBP, using a model trained on all
the different subjects. Using a time distributed part which will use the same biases and
weights for each time-step. Trying to find a direct mapping for Oxy and Dxy to SBP
and DBP, taking Oxy and Dxy of one timestep and translating this to SBP and DBP
at the same timestep.

3.3 Time-series prediction task

Besides the models using standing input (as defined in section to get information
about the standing output this research also implements models which will try to map
the past Oxy and Dxy directly to the future SBP and DBP. In this case, we make a
unique model for each subject and make use of the supine orthostatic challenge data,
where one repeat is used for testing and the other two for training. Using 240 seconds
of the past Oxy and Dxy signals to predict 120 seconds into the future for SBP and DBP.

The models used in this section will consist of two parts, the first part uses past Oxy
and Dxy to predict future Oxy and Dxy, this part will be called the architecture. The
architecture is a two-branch model with one branch inputting the Oxy and Dxy and the
other receiving the movement sensor data to adjust for the transition in the data. The
second part will map the future Oxy and Dxy to the future SBP and DBP, this will be
called the mapper. This is done to allow for recursive forecasting which would require
again the future values of the input features. With recursive forecasting, we take the
output of one time-step and take it as input for the next. During training we use teacher
forcing, this is a method for quickly and efficiently training recurrent neural network
models that use the ground truth from a prior time step as input.

In this task, we can make good use of sequential models like RNN and the with gates
extended GRU and LSTM, shortly described in section[I] The GRU is similar to a RNN
but has an update gate which will decide if the cell state should be updated with the
new data and a reset gate which will decide if we need to use the cell state from our
previous cell [I8)]. Instead of two gates as in the GRU, the LSTM consists of three gates,
the forget gate chooses whether the information coming from the previous timestamp
is to be remembered or is irrelevant and can be forgotten, and the input gate tries to
learn new information from the input to this cell and the output gate passes the updated
information from the current timestamp to the next timestamp. The LSTM originally
only looks forward through the data, if we would want the LSTM to look forward and
backwards through the data a bidirectional LSTM (BiLSTM) can be used. BiLSTM
[56] consists of two LSTMs: one taking the input in a forward direction, and the other
in a backwards direction. This increases the amount of context the model has and in
essence doubles the amount of data. Both the LSTM and the BiLSTM can be stacked
upon each other returning the full sequence between layers to train an LSTM based on
the output of an LSTM. This increases the depth of the model and allows the model
to better fit the data. An encoder-decoder setup can be created, the encoder returns
its cell states and these cell states are then used as initial states in the decoder. The
cell states are the forget gate, input gate and output gate. The encoder summarizes the
input sequence into state vectors and these vector states are then used to estimate the
wanted output.
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The encoder-decoder in turn can be expanded with an attention layer first mentioned
by Bahdanau et al. [9]. This mimics attention as to how humans use it, meaning that
the model will focus on a part of the data and will ignore other parts. This will allow
the model to focus on small but important parts of the data and highlight their part
in the data. Also in this task, we can make use of the CNN layer, the CNN layer is
faster than the LSTM [31], and can predict the future time-steps based on the past. All
existing parts can be seen in Table |2l The architecture will be seen as a hyperparameter
and is optimized by Optuna.

Table 2: The time-series prediction models, one of the three architectures is chosen to
use past Oxy and Dxy to forecast future Oxy and Dxy. The chosen mapper, chosen
out of the 14 available mappers, will use the future Oxy and Dxy and predict the
future SBP and DBP.

Architectures | encoder-decoder LSTM NBeats DeepAR
M MLP | RNN GRU LSTM [ CNN
appers BiLSTM ‘ StackedLSTM | StackedBiLSTM | encoder-decoder LSTM ‘ encoder-decoder with attention LSTM

3.3.1 Architectures

The three architectures used in this part are the LSTM encoder-decoder, NBeats and the
probabilistic model DeepAR. The first architecture is a simple encoder-decoder LSTM.
This will allow us to have a different number of past steps and future steps, the encoder
will get in the past Oxy and Dxy and the decoder will translate this to future Oxy and
Dxy.

A NBeats model can also be used for the past Oxy and Dxy to predict future Oxy
and Dxy. NBeats stands for “neural basis expansion analysis for interpretable time-
series forecasting”. This deep learning model proposed by Oreshkin et al. [43] is a
model created for univariate times series point forecasting and is expanded to allow for
multivariate outputs. Since we output both SBP and DBP signals, we will use the mul-
tivariate variant created by Remy [50]. This model uses trend and seasonality stacks to
dissect the data and calculate a trend and seasonality in the data. The NBeats model
is known to be flexible and to perform well on a wide array of time-series forecasting
problems. Since night-time BP is typically lower than BP during the day [40], the sea-
sonality stack can be used to learn this difference between nightly and daily BP.

DeepAR created by Salinas et al. [55] is a probability model which uses a Gaussian
likelihood to learn a distribution from an input sample. The used implementation is
based on Arrigoni [8] and will infer the mean (u) and standard deviation (o) from the
data using deep learning. DeepAR uses an encoder-decoder LSTM network to infer p
and o of the Gaussian from the provided training data. The mean p during training will
be returned as the expected output value. The loss is Gaussian likelihood and is based
on u and o returned by the model. This allows us to create an expected distribution
for a sample and return the probability of the predicted value. The DeepAR model
generates probabilistic forecasts, this allows the model to learn complex patterns such as
seasonality and uncertainty growth over time from the data [55]. Probabilistic forecasts
quantify the uncertainty in a prediction, resulting in a better-interpreted result where
the uncertainty is visualised [23]. With the transition performed in the orthostatic
challenge it is useful to know the uncertainty of the model, since we would expect that
the uncertainty is bigger during a transition. This allows us to get an idea how the BP
signals are behaving even when the model is uncertain and gives a mediocre prediction.
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The LSTM encoder-decoder and DeepAR use a CNN for the movement branch, since
the movement sensor will only have peaks when transitioning, not while standing. We
use a CNN with a large filter to learn the spatial information from which we can extract
if we are standing. After the CNN we will perform AveragePoolinglD. And then another
CNN layer with AveragePoolinglD. The output of the AveragePooling is flattened and
fed into a dense layer. The NBeats architecture has its way to deal with exogenous
variables [43].

3.3.2 Mappers

The mapper will try to convert the future Oxy and Dxy signals to SBP and DBP.
Since LSTM layers can be used in several different ways, six different architectures are
created. A simple LSTM layer, a BiLSTM layer, stacked LSTM, stacked BiLSTM,
encoder-decoder LSTM, encoder-decoder LSTM with attention and as a competitor for
the LSTM, we use a MLP, RNN, GRU and CNN. All the models used as mappers can
be seen in Table

3.4 Optimize a model

Model hyperparameters are optimized using a combination of MLflow [3] and Optuna
[4], MLflow is used for saving and visualizing the model and Optuna is the package
responsible for optimization of the model. Optuna selects parameters and performs
multiple trials with different parameter sets. The parameter set is selected using tree-
structured parzen estimator [I1], this is an iterative process and uses the history of
evaluated hyperparameters. Based on the history it creates a probabilistic model and
this model suggests the next set of parameters [11]. Optuna is also able to prune trials
that most likely will not lead to an improvement. This pruning is based on successive
halving, this process evaluates all completed parameter sets and removes the worst half
of the parameters [25]. All models created with Keras use early-stopping. The training
is stopped if the validation loss is not decreasing for a set number of epochs, this was
done to avoid over-training to reduce over-fitting. In the appendices and we can
see the hyperparameters used in this research for the standing-standing task (section
. The hyperparameters used for the time-series prediction task (section are also
in the appendices and Optuna returns an optimized model and this model
can then be used to fit the data. After fitting the model it will save the used weights
in MLflow and this allows us to reload the model and not have to train a ‘new’ model
every time we want to use a model.

3.5 Comparing models

MLflow has an user interface which can be used to compare loss values of the models
trained and see which model has the lowest loss and what parameters are used for this
model. This was used to pick the best model and can be used to see the best model for
each different task. To compare models we will be using the mean absolute error (MAE)
and the mean squared error (MSE), which are widely used as metric and loss functions
to evaluate the output of a regression model [54] [6, B4]. The reported scores will be the
average of leave one out cross-validation (LOO-CV), which means that cross-validation
is performed where we separate all repeats from one subject to be the test set.
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4 Results

In this section, the various results of the methods described in section [3] are given and
explained. Starting with the methods described in section

4.1 Pre-processing

As specified in section [3.]] there are a few steps to remove anomaly data and extract
the data in a format which will be used for the models (described in sections and
section [3.3). The first step is to remove unrealistic or very high or low measurements.

4.1.1 Unrealistic measurements and Hampel filter

In Figure[6] we can see the results of using the Hampel filter and removing the unrealistic
measurements. As seen in Figure [ we first perform the Hampel filter to remove most
of the anomaly peaks (Figure@, but this does not remove them all. For this reason, we
also remove all measurements still above 300mmHg and below 15mmHg, this way we
end up with a cleaner signal.

raw BP

400
300
200
100

0

Hampel filtered BP

200
100

BP (mmHg)

0

Remove unrealisic BP

200
100
0 200 400

600 800 1000 1200 1400 1600 1800
seconds

Figure 6: Removing unrealistic measurements from the ABP signal (blue line) of
subject PHI037, this is a healthy older adult female. The first step is removing
anomalies with the Hampel filter, the graph with the red line shows the removal of
some anomaly peaks but still includes ABP measurements below zero. In the final step
the unrealistic (15 mmHg < ABP or ABP > 300 mmHg) measurements are removed.
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4.1.2 Flatliner removal

After removing all the unexpected high peaks the flatliners need to be removed. Using
the flatliner detection method defined in section[3.1.2] we can identify flatliners. In Figure
[7 the result of the method shows that the method is capable of removing the flatliner
from the data. The BP is removed in such a way that all incomplete BP waves are
removed, an example can be seen in Figure[7] In Figure[Tal we can see that the flatliner
starts in the middle of a BP curve, meaning that if we would only remove the flatliner
it would leave half of the BP curve. Figure [7h]shows an ABP signal after cleaning up
any curves that contain flatliners. This leads to the models (described in sections
and section receiving cleaner input data and not being biased by anomalies.
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(a) ABP before removal. (b) ABP after removal.

Figure 7: A sample of an ABP signal on 100Hz in the data set with a flatliner taken
from a healthy young adult subject (PHIO01). Here, we can see the ABP signal before
and after the removal of the flatliner.

4.1.3 Extract SBP and DBP

Since we are mainly interested in the SBP and DBP we first need to extract the SBP
and DBP from the ABP. In Figure [§] the result of the extraction can be seen and this
shows that the SBP is the maxima of the ABP and the DBP is the minima of the ABP

signal.
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Figure 8: Extracting SBP (red) and DBP (green) from ABP (blue) for a healthy
young adult subject (PHI0O01). Extracting SBP is done by taking the maxima of the
ABP. To extract the DBP the minima of the ABP are retrieved. In this figure we see a
transition from sitting (white background) to standing (green background).
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4.1.4 Outlier detection

In Figure [9] we can see the results of the four outlier detectors: K-nearest neighbours
(Figure [0a)), interquartile range (Figure [9b)), isolation forest (Figure and local out-
lier factor (Figure . Red points are the detected outliers, and we can see that the
majority of points in the drop of blood pressure are specified as outliers. These are not
the outliers we are looking for, and we conclude that the selected outlier detectors are
not well-suited for this application. For this reason the outlier detection is excluded
from the data cleaning pipeline (Figure . Instead we can use the Hampel filter to
remove unrealistic high peaks in the data that are significantly different from the other
measurements.

89 (mmt)

(¢) Isolation Forest (d) Local outlier factor

Figure 9: Outlier detection methods applied to the ABP on a healthy young adult
subject (PHIO01), identifying non-stationary measurements as outliers (red). Most BP
measurements during standing up (before green square) and sitting down (after green

square) are marked as outliers, while most others are marked as normal (blue).
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Another possible way to filter outliers is to use smoothing. The smoothing method
chosen was the Butterworth smoothing [I5], this is a low-pass filter. The difference
between the raw signal and one smoothed with Butterworth can be seen in Figures [I0]
and[I2] Smoothing for NIRS and BP are separately done. The Oxy and Dxy are filtered
(Figure using a filter with lower bound 0.01Hz, upper bound 0.5Hz and polynomial
order two [20].

oxy signal with noise |
——— filtered oxy signal

seconds

(a) Oxy raw signal versus filtered signal

~——— dxy signal with noise
——— filtered dxy signal

HHb2

314

seconds

(b) Dxy raw signal versus filtered signal

Figure 10: The NIRS signals are filtered with a Butterworth filter with lower bound
0.01Hz, upper bound 0.5Hz and polynomial order two. This removes sudden peaks and
makes the data have less variability. This example is for subject PHIO38, an older
adult male showing OH characteristics.
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Normally BP is smoothed by taking a rolling window of five seconds and averaging
it [60]. The downside is that this will lead to some shift in the data, for this reason,
the Butterworth filter was used. In Figure [T} we can see the delay caused by taking
the average of the five-second rolling window. The Butterworth filter is very similar but
without the delay.

Standing —— SBP signal with noise
170 ——— filtered SBP signal, butterworth (cutoff = 0.2Hz)
——— SBP signal S5sec mean avg
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BP (mmHg)
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350 400 450 500 550 600
seconds

Figure 11: Comparing rolling average versus Butterworth smoothing, in SBP at 100Hz
for subject a healthy young adult male subject (PHI0O01). The golden standard,
filtering BP by taking the average over a 5-second window shows a delay. Filtering with
a Butterworth filter shows a similar result without the delay, the Butterworth filter
used an upper bound of 100Hz, a lower bound 0.2Hz and the polynomial order of two.

The SBP and DBP are filtered with 0.2Hz which is one measurement for every five
seconds. In Figure [12] we can see how the filtered SBP and DBP changed after the
smoothing is applied.
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(b) DBP raw signal versus filtered signal

Figure 12: The SBP and DBP is filtered with a Butterworth filter with lower bound
0.2Hz, upper bound 100Hz and polynomial order two. The data in this figure is from
subject PHI038, an older adult male showing OH characteristics. The smoothing
removes irregular peaks to make the data less erratic.

4.2 Standing-standing task

For the standing to standing models, we used 40 seconds of baseline (sitting or supine)
with 150 seconds of standing data as input data. The input data is used to infer the
orthostatic parameters for the SBP and DBP in the case of the parameter models. With
the mapping model, we use the input data to map the Oxy and Dxy directly to SBP
and DBP, trying to map one time-step of Oxy and Dxy to SBP and DBP of the same
time-step. The first step was to see if the orthostatic parameters can be inferred directly
from the SBP and DBP.

4.2.1 BP input

The models (LR, XGB, MLP, CNN) described in section are trained using SBP
and DBP signals in baseline and standing as input, and they predict the orthostatic
parameters.

Table 3: Results of leave one out cross-validation (LOO-CV), showing linear regression
(LR) achieving the lowest loss. Input are the SBP and DBP signals containing the
standing part of the experiment.

Name average LOO-CV MAE average LOO-CV MSE
XGBoost 8.02 1.44 - 107
CNN 1.04-10 2.16 - 102
MLP 1.62- 10 5.70 - 102
Linear regression | 4.30 4.62-10

In Table[3] we can see that the LR model has the lowest average CV MAE and MSE
in comparison to the other models for this task. In Figure [[3] we can see a few ex-
amples of the predicted orthostatic parameters against the true orthostatic parameters.
This shows that the predicted orthostatic parameters are close to the actual orthostatic
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parameters, but some are easier to extract than others. Especially the recovery values
(Figures are easier for the model to learn while the drop time (Figure
and steepness (Figure are significantly harder. The estimated orthostatic pa-
rameters can be used to reconstruct the SBP and DBP curves and an example of this
can be seen in Figure[14] the SBP and DBP curves are reconstructed for an older adult
subject (PHI0O14) with OH characteristics.

In this section we have shown that using the SBP and DBP we can estimate the
specified orthostatic parameters with the parameters estimation models in Table [2|
With the underlying thought that the Oxy and Dxy can be used as a proxy for the SBP
and DBP, the next step is to use NIRS input.
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Figure 13: The comparison of some of the true orthostatic parameters versus predicted
orthostatic parameters using SBP and DBP input. The parameters are predicted by
the best performing model (linear regression) for the standing-standing task with BP
as input. The prediction is on the y-axis and the true orthostatic parameters are on

the x-axis. In the ideal situation, all points would lay on the dashed black line, the
grey dotted line is the trend-line.

23



Difference from baseline (mmHg)
Difference from baseline (mmHg)

0 50 100 150

Seconds (After standing up) Seconds (After standing up)

(a) SBP reconstruction versus true SBP, (b) DBP reconstruction versus true DBP,
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Figure 14: Reconstruction of the SBP and DBP based on the estimated orthostatic

parameters. Prediction from the best performing (linear regression) model with BP

input. The predicted parameters are used to estimate the true SBP and DBP (green
line) and can be used to draw a the predicted SBP and DBP (blue line).

4.2.2 NIRS input

Now the model is fed the Oxy and Dxy signals and with these signals, we estimate
the orthostatic parameters for the SBP and DBP. Using the same models as for the
standing-standing task with BP as input, we can see the results in Table [3| The higher
losses reflect that the task is harder, but in this case, the XGB model has the lowest
average LOO-CV MAE and MSE. The comparison in Figure[15|reflects the higher losses
in comparison to Figure[13|and it shows that the model is not capable of predicting rare
orthostatic parameter values. In Figure [I6a] and Figure we can see that the results
differ significantly for each subject. Performing well on one and worse on another.

Table 4: Results of leave one out cross-validation (LOO-CV) for orthostatic parameter
estimation. The input is the Oxy and Dxy signal containing the standing part of the
experiment. XGBoost has the lowest average MAE and MSE loss for the estimation of
orthostatic parameters, while the time-series MLP is incapable of mapping Oxy and
Dxy to SBP and DBP.

Experiment Name average LOO-CV MAE average LOO-CV MSE
XGBoost 8.93 1.79 - 102

Parameter estimation MLP 1.07-10 2.35-107
CNN 1.02-10 2.31-102
Linear regression | 1.07-10 2.79 - 10?

full curve mapping Time-series MLP | 4.37 - 101° 2.04 - 10?2
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Figure 15: Comparison of the lowest loss model (XGBoost) orthostatic parameter
prediction made using Oxy and Dxy input signal versus the true orthostatic
parameters. The orthostatic parameter prediction is on the y-axis and the true
orthostatic parameters are on the x-axis. We can see that the orthostatic parameter
predictions are grouped together and that it is unable to predict the rarely occurring
cases. In the ideal situation all point would lay on the dashed black line, the grey
dotted line is the trend-line.

To make the results easily visible and interpretable the SBP and DBP curves are
reconstructed using the estimate orthostatic parameters (Figure and compared to
the true SBP and DBP signals, again for the same subjects as used in Figure
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Figure 16: Reconstruction of the SBP and DBP based on the estimated orthostatic
parameters. Prediction from the best (XGBoost) model with NIRS input. The
predicted parameters are used to estimate the true SBP and DBP (green line) and can
be used to draw the predicted SBP and DBP (blue line). Using NIRS the

reconstruction of the SBP and DBP signal

using the orthostatic parameters works well

for one subject while performing worse on others. PHI014 is an older adult male
showing OH characteristics and PHI018 is a healthy older adult female.
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The last task using standing-standing data is to see if we can map Oxy and Dxy to
SBP and DBP in the same time window, this model would learn how to combine the Oxy
and Dxy measurement time-step to output the SBP and DBP for the same time-step.
The full curve mapping was an experiment to see how well a general mapping could be
made to go from Oxy and Dxy to SBP and DBP. As the results in Table [] show, this
was unsuccessful and reports a very high loss in comparison to the parameter estimation
models. An example of this mapping can be seen in Figure the SBP curve (Figure
is not showing the drop at all. Due to the bad performance of mapping when mak-
ing a non-subject-specific model, the decision was made to make use of subject-specific
models with the time-series prediction task.
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Figure 17: Mapping Oxy and Dxy to SBP and DBP with a time-series MLP for
subject PHI014, an older adult male showing OH characteristics. Showing that the
model is not capable of mapping Oxy and Dxy directly to SBP and DBP. We can
observe that the predicted BP curve does not follow the same behaviour as the true

BP curve and it even has completely different values.
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4.3 Time-series prediction task

The last experiment performed in this research is to see if it is possible to reach the
ultimate goal of the PrOHealth project: to be able to detect if OH will occur when
standing up, to take precautions or warn people nearby. In this section, we will look
into the models specified in Table [2| which are used to predict future SBP and DBP
based on past Oxy and Dxy time-series. We start with a model trained for a healthy
young adult male subject (PHIO01), the results in Table show that the best performing
model is the encoder-decoder LSTM architecture to convert past Oxy and Dxy to future
Oxy and Dxy with an encoder-decoder with attention LSTM mapper is to translate the
future Oxy and Dxy to SBP and DBP. The other models all resulted in higher loss
values especially in the average LOO-CV MSE. For this reason, the focus will be on
the encoder-decoder LSTM architecture with an encoder-decoder with attention LSTM
mapper.

Table 5: Results of the time-series prediction for a healthy subject (PHIO01), with the
encoder-decoder architecture with an encoder-decoder attention mapper giving the
lowest loss. Using 240 seconds of past Oxy and Dxy to forecast 120 seconds of future
SBP and DBP. Results of leave one out cross-validation (LOO-CV).

Mappers Architecture avg LOO-CV MAE avg LOO-CV MSE
MLP encoder-decoder LSTM | 3.95 4.52-10
RNN NBeats 5.65 6.10- 10
GRU encoder-decoder LSTM | 3.69 3.96 - 10
LSTM encoder-decoder LSTM | 3.97 3.67-10
CNN encoder-decoder LSTM | 3.96 2.35-10
BIiLSTM NBeats 5.74 6.88 - 10
stackedLSTM encoder-decoder LSTM | 5.37 5.57-10
stackedBiLSTM NBeats 6.37 8.23-10
encoder-decoder LSTM encoder-decoder LSTM | 3.87 4.28 - 10
encoder-decoder LSTM with attention encoder-decoder LSTM | 3.30 3.30-10
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Figure 18: Results of the SBP signal time-series prediction for a healthy young adult
male subject (PHIO01). The SBP signal during one repetition of the challenge is
forecasted over time using the Oxy and Dxy signals. Showing the results of the best
model (encoder-decoder LSTM architecture with encoder-decoder with attention
LSTM mapper). Using 240 seconds of past Oxy and Dxy to forecast 120 seconds of
future SBP and DBP.

In Figure an example of the prediction for a healthy subject can be seen. Since
PrOHealth is mainly focused on OH subjects we also used a subject who was diagnosed
with OH during the project and see how the models (as described in section perform
on the OH subject. The results overall models (Table@ show that in this case the LSTM
encoder-decoder architecture again performs best, but this time with the CNN mapper.
A prediction made by this model can be seen in Figure

Table 6: Results of the SBP signal time-series prediction for an older adult male
subject with OH characteristics (PHI014), with the encoder-decoder architecture with
a CNN mapper giving the lowest loss. Using 240 seconds of past Oxy and Dxy to
forecast 120 seconds of future SBP and DBP. Results of leave one out cross-validation

(LOO-CV).
Mappers Architecture avg LOO-CV MAE avg LOO-CV MSE
MLP encoder-decoder LSTM | 1.93 1.99-10
RNN encoder-decoder LSTM | 1.87 1.98 - 10
GRU encoder-decoder LSTM | 1.90 1.85-10
LSTM encoder-decoder LSTM | 1.96 2.26 - 10
CNN encoder-decoder LSTM | 1.75 1.51-10
BiLSTM encoder-decoder LSTM | 2.01 2.20-10
stackedLSTM encoder-decoder LSTM | 1.94 2.15-10
stackedBiLSTM encoder-decoder LSTM | 1.99 2.05-10
encoder-decoder LSTM encoder-decoder LSTM | 1.90 1.95-10
encoder-decoder LSTM with attention encoder-decoder LSTM | 1.91 2.03-10
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Figure 19: Results of the SBP time-series prediction for an older adult male subject
with OH characteristics (PHIO14). The SBP signal during one repetition of the
challenge is forecasted using the Oxy and Dxy signals. Showing the results of the best
model (encoder-decoder LSTM architecture with CNN mapper). Using 240 seconds of
past Oxy and Dxy to forecast 120 seconds of future SBP and DBP.

Since a model is optimized for each subject separately we are comparing the best
model created for one subject on the other subject. The best model layout of the healthy
subject which is an encoder-decoder LSTM architecture with encoder-decoder with at-
tention LSTM mapper is used on the OH subject. And the best model layout for the OH
subject which is an encoder-decoder LSTM architecture with CNN mapper is used on
our healthy subject. Figure [20] shows that if we use the same hyperparameters and lay-
ers as the best-optimized model from the OH subject (PHIO14) for our healthy subject
(PHIOO01) the prediction improves significantly. This is because Optuna test a random
set of hyperparameters and the model could be sub-optimal. On the other hand, if we
use the model optimized for our healthy subject (PHI0O01) for our OH subject (PHI014),
we see a prediction which is a close estimation but further away from the true signal
than when the CNN mapper is used. In section [5] we will go into the reason behind this
issue.
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Figure 20: Results for SBP time-series prediction, comparing the results of the
optimized models. The optimized CNN mapper, which is the best on an older adult
subject with OH characteristics (PHI014), is performing better on the healthy subject
(PHIO01) than the optimized encoder-decoder with attention mapper. Using 240
seconds of past Oxy and Dxy to forecast 120 seconds of future SBP and DBP.

5 Discussion

In this section we will go over all the results presented in section [4 and other discussion
points. The first thing to note is the non-homogeneous data, where we have only three
subjects who would be diagnosed with OH, and the subjects are not evenly divided
between male (56%) and female (44%). For this reason, during orthostatic parameter
estimation we do not estimate directly for OH, but instead, predict the characteristics
of the drop after standing up. The model used for the time-series prediction contains
very little data (three supine-stand transitions), but was chosen to be subject-specific
to not introduce a bias caused by the non-homogeneous data.
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During prepossessing we first perform the unrealistic measurements removal. The
performed method defined in section [3.1.1| removes a lot of unrealistic peaks, which are
most likely caused by measurement errors. After removing anomaly ABP measurements
with the Hampel filter and unrealistic measurements filter, there are still some remain-
ing peaks around the removed unrealistic measurements (Figure @, but this was not the
case in all subjects. Since the peaks only remained in a few subjects the data is not cut
off further to not remove too many data points. The anomalies happened only in the
sitting or supine part of the data, because the clinician who provided the data already
removed the subjects where the standing part of the data was affected.

The ABP signal still contains flatliners caused by the calibration, which might cause
issues when extracting SBP and DBP signals. Performing the flatliner removal method
defined in section we can remove all of the flatliners, but this might still lead to
some false positive hits, where non-flatliners are removed from the data. To limit this,
there was a limit set that a maximum of 20 plateaus that can be removed. Both of these
anomalies are also addressed in [45], where they remove all experiments containing these
anomalies. If this was performed in this research as well, we would remove more data
from the already sparse data set. For this reason, an implementation was made to han-
dle the anomalies instead of removing them. The outlier detection methods described
in section 3.1.4] show that the time-series-based outlier detection methods are not well
suited when using a time-series with a sudden change, in our case caused by standing
up. Most of the points which do not follow the BP curve in rest are marked as outliers
which happens when standing up. Since the ABP is not relevant when diagnosing OH,
the SBP and DBP are extracted from the ABP instead. The method used for extracting
SBP and DBP is capable of marking all maxima and minima in the ABP signal with
great precision and can handle missing data by ignoring gaps and interpolating between
the found points.

The extracting of the orthostatic parameters is done by using the markers provided
in the data set. These markers are time points when the subject is standing up and
sitting down again. These could be delayed or ahead of time since they are measured by
hand. Without a way to check for the offset, there is no method to ensure the correctness
of a marker without taking brute assumptions. For this reason, the markers are assumed
to be right regardless and extract the data based on the markers. In Figure and
Figure a measurement is shown where the drop is negative, meaning that the SBP
only goes up and most likely is already recovering. This could be due to the marker
being incorrect and the drop happening before the marked time. Since we already suffer
from sparse data, these measurements are not removed.

The models used for parameter estimation in the standing-standing task (section
show promising results. The models used to extract orthostatic parameters from
the SBP and DBP showed very good results in practice, but this would not be useful
and is only included to see if it is possible to extract the orthostatic parameters from the
SBP and DBP signals. These models perform well, Figure shows that the model is
capable of estimating the orthostatic parameters and could even estimate the rarer val-
ues within the range of the orthostatic parameters. The models which use the Oxy and
Dxy signals, are clinically relevant and could be used to make an improved diagnosis.
These models show to perform well on the more frequently occurring ranges (Figure
and worse on the less occurring ranges, but before we can make a conclusion, we need
to experiment with bigger balanced data sets to be able to predict the now less common
ranges. As we can see in Figure [14] and Figure [16] the estimated orthostatic parameters
can be used to reconstruct the SBP and DBP curves. The reconstructed SBP and DBP
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signals are for some subjects very close to the true SBP and DBP signals (Figureand
Figure . For other subjects, this model predicts inaccurate orthostatic parameters,
resulting in an inaccurate SBP and DBP signal that can lead to wrong conclusions, see
Figure and Figure [I6d] A more detailed research is required but at first glance the
difference seems to originate from the difference in Oxy and Dxy range, where the pat-
tern of Oxy and Dxy is less common for the subject with the incorrect prediction. These
reconstructed signals together with the other estimated orthostatic parameters can be
used to make a diagnosis if the subject is suffering from OH. However, the model should
be improved by training the model with more subjects to make it better at predicting
the now incorrect cases.

In Figure we showed that our performance of the time-series prediction task to
go from Oxy and Dxy signals to the SBP and DBP curve (section is not high. We
conclude that this task is very difficult and it might be impossible to predict. This may
be because there is no general mapping to go from Oxy and Dxy to SBP and DBP and
the signals are very noisy, and with this, we could see what happens if a subject-specific
mapper is trained.

On the other hand, we can see that the time-series prediction task only approaches
the true SBP and DBP curve without being able to precisely capture the more detailed
changes in the SBP (and DBP) signal. In Figure we can see that the model trained
on the OH subject (PHI014) is performing better on the healthy subject (PHI001) than
the optimized model for the healthy subject (PHIO01). The optimization is done by
Optuna. This can be compared with a grid search and it is possible that the best hyper-
parameter combination is not tested. Due to time limitations, we limited the number
of optimization trials to 50, but this could be increased to result in better models. If
one would use a subject-specific model one could optimize the available models and al-
ways use the same optimized models instead of having a separate optimization for each
subject. The models could share the same hyperparameters and by training it for each
subject.

Before being able to use the orthostatic parameter estimation models in practice we
would need to train them on more data. Since the model currently seems to be unable to
learn a pattern for all subjects. The results showed that we can use it for some subjects
and that it is capable of making a good estimation of the SBP and DBP curves, see
Figure [I6] To solve this problem training the models on more data would seem the
obvious next step.

6 Conclusion

The use of Oxy and Dxy signals to diagnose OH was researched in this paper. We use
the Oxy and Dxy signals to infer information from the SBP and DBP signals. This
would allow possible OH subjects to use NIRS devices at home, during their day-to-day
activities and make a diagnosis based on a period of eight hours instead of a snapshot
taken at the hospital. The results show that a model can be trained to estimate ortho-
static parameters which are important for diagnosing OH. The answer to the research
question “Can we use machine learning to help diagnose orthostatic hypotension from
NIRS signals?”. The orthostatic parameter estimation from Oxy and Dxy is feasible
but is not very accurate for all subjects, this can be seen in Figure and Figure
These results would need to be discussed with a clinician to determine the biological
difference between subjects, which helps to explain the difference in performance. If
this is indeed caused by a biological difference, a balanced data set with more subjects
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should be able to improve the result. Another point which requires some improvement
is model selection. The models hyperparameters are selected randomly by Optuna, with
a limited number of combinations tested. Due to time limitations the limit of number
of combinations was set to 50, but with more tested combinations or manually testing
hyperparameters could result in a better hyperparameter combination. Which could
in turn improve the results of the models. The time-series mapping model to directly
map Oxy and Dxy to SBP and DBP in the standing-standing task is performing poor
and getting very high loss values (Table . This shows that it is impossible to make a
general mapping from Oxy and Dxy to SBP and DBP, see Figure [I7} Fortunately, the
parameter estimation models allow clinicians to improve their diagnosis if the subject
has OH and hope to save older adults from falling injuries, since this diagnosis can now
be based on a longer period. The models used for the time-series prediction task are
unable to predict more than the general pattern (Figure the SBP and DBP will
follow and this needs more research to see if the models can be improved further. For
further research, it would be interesting to see if it is possible to have a subject unique
model that can map Oxy and Dxy directly to SBP and DBP, instead of a general model
for all subjects. If improving the time-series predicting models does not seem to work,
the possibility to predict the future orthostatic parameters of the SBP and DBP curves
can be explored. If the Oxy and Dxy prove to be inadequate to predict the SBP and
DBP the use of photoplethysmogram and electrocardiogram signals could be considered
as explored in Paviglianiti et al. [45].
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Appendices

A Standing-standing task

A.1 Hyperparameters for orthostatic parameter models using
SBP and DBP input

Table 7: Hyperparameters used for the models trained with SBP and DBP to estimate
orthostatic parameters.

Name Hyperparameters

CNN dropout=0.8, filters=172, kernel_size=7,
pool_size=4, strides=5, number of dense layers
after the CNN = 6, units = [1520, 1221, 922, 623,

324, 26]

MLP dropout=0.2, number of layers = 3, units = [1520,
773, 26]

XGB colsample_bylevel = 1, colsample_bytree=0.6,

gamma=0.01 , grow_policy=lossguide, max_bin=96,
sampling_method=gradient_based, subsample=0.8

A.2 Hyperparameters for orthostatic parameter models using
Oxy and Dxy input

Table 8: Hyperparameters used for the models trained with Oxy and Dxy to estimate
orthostatic parameters.

Name Hyperparameters
CNN dropout=0.2, filters=201, kernel size=8,
pool_size=6, strides=3, number of dense layers
after the CNN = 0

MLP dropout=0.2, number of layers = 6, units = [1520,
1221, 922, 623, 324, 26|

XGB colsample_bylevel = 0.1, colsample_bytree=0.4,
gamma= 0.01, grow_policy=lossguide,

max_bin=512, sampling_method=gradient_based,
subsample=1
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B Time-series prediction task

B.1 Healthy subject model hyperparameters

Table 9: Hyperparameters used for the models trained with past Oxy and Dxy to
predict future SBP and DBP for a healthy subject (PHIO01).

Mapper Mapper Architecture | Architecture hyperparam- | Movement
hyperparam- eters branch pa-
eters rameters

MLP - encoder- LSTM units=56 filters=112,

decoder ker-
LSTM nel_size=60

BiLSTM units=192, NBeats stack_types=("generic’,
dropout=0.07 ‘trend, ’seasonality’),

nb_blocks_per_stack=1,
thetas_dim=(1, 6, 6),
hidden_layer_units=96

CNN filters=64, encoder- LSTM units=32 filters=88,
ker- decoder ker-
nel_size=5 LSTM nel_size=80

encoder- units=160, encoder- LSTM units=48 filters=72,

decoder with | dropout=0.75| decoder ker-
attention LSTM nel_size=30

LSTM

encoder- units=32, encoder- LSTM units=40 filters=88,

decoder dropout=0.01| decoder ker-

LSTM LSTM nel_size=60

GRU units=128, encoder- LSTM units=64 filters=96,
dropout=0.1 | decoder ker-

LSTM nel_size=80

LSTM units=32, encoder- LSTM units=24 filters=120,
dropout=0.5 | decoder ker-

LSTM nel_size=30

RNN units=160, NBeats stack_types=("generic’,
dropout=0.8 ‘trend’, ’seasonality’),

nb_blocks_per_stack=1,
thetas_dim=(2, 2, 10),
hidden_layer_units=32

Stacked Bil- | units=32, NBeats stack_types=("generic’,

STM dropout=0.46, ‘trend, ’seasonality’),
stacks=2 nb_blocks_per_stack=2,

thetas_dim=(2, 4, 7),
hidden_layer_units=192

Stacked units=32, encoder- LSTM units=8 filters=88,

LSTM dropout=0.02, decoder ker-
stacks=2 LSTM nel_size=50
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B.2 OH subject model hyperparameters

Table 10: Hyperparameters used for the models trained with past Oxy and Dxy to
predict future SBP and DBP for a healthy subject (PHIO01).

Mapper Mapper Architecture | Architecture hyperparam- | Movement
hyperparam- eters branch pa-
eters rameters

MLP - encoder- LSTM units=48 filters=96,

decoder ker-
LSTM nel_size=40

BiLSTM units=192, encoder- LSTM units=24 filters=88,
dropout=0.14| decoder ker-

LSTM nel_size=80

CNN filters=192, encoder- LSTM units=64 filters=112,
ker- decoder ker-
nel_size=6 LSTM nel_size=60

encoder- units=256, encoder- LSTM units=56 filters=96,

decoder with | dropout=0.21| decoder ker-
attention LSTM nel_size=60

LSTM

encoder- units=256, encoder- LSTM units=24 filters=112,

decoder dropout=0.74| decoder ker-

LSTM LSTM nel_size=50

GRU units=96, encoder- LSTM units=32 filters=72,
dropout=0.45| decoder ker-

LSTM nel_size=20

LSTM units=192, encoder- LSTM units=40 filters=80,
dropout=0.42| decoder ker-

LSTM nel_size=40

RNN units=192, encoder- LSTM units=64 filters=120,
dropout=0.01| decoder ker-

LSTM nel_size=50

Stacked BiL- | units=256, encoder- LSTM units=32 filters=112,

STM dropout=0.09, decoder ker-
stacks=3 LSTM nel_size=80

Stacked units=192, encoder- LSTM units=64 filters=112,

LSTM dropout=0.3, | decoder ker-
stacks=1 LSTM nel_size=20
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