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Abstract: For fluid resuscitation of critically ill individuals to be effective, it must be well calibrated
in terms of timing and dosages of treatments. In current practice, the cardiovascular sufficiency of
patients during fluid resuscitation is determined using primarily invasively measured vital signs,
including Arterial Pressure and Mixed Venous Oxygen Saturation (SvO2), which may not be available
in outside-of-hospital settings, particularly in the field when treating subjects injured in traffic
accidents or wounded in combat where only non-invasive monitoring is available to drive care. In this
paper, we propose (1) a Machine Learning (ML) approach to estimate the sufficiency utilizing features
extracted from non-invasive vital signs and (2) a novel framework to address the detrimental impact
of inter-patient diversity on the ability of ML models to generalize well to unseen subjects. Through
comprehensive evaluation on the physiological data collected in laboratory animal experiments, we
demonstrate that the proposed approaches can achieve competitive performance on new patients
using only non-invasive measurements. These characteristics enable effective monitoring of fluid
resuscitation in real-world acute settings with limited monitoring resources and can help facilitate
broader adoption of ML in this important subfield of healthcare.

Keywords: fluid resuscitation; cardiovascular sufficiency; machine learning; physiological data;
non-invasive monitoring

1. Introduction

Substantial loss of blood can lead to hemorrhagic shock, organ dysfunctions, and death,
if not treated promptly and effectively [1-3]. However, if patients are over-resuscitated,
the excessive administration of fluids or blood can put an extra burden on the patient’s
organs and result in poor outcomes of gravity equal to or even worse than that of under-
resuscitation [4-6]. Hence, accurate judgement on the circulatory sufficiency of the subject
during resuscitation would allow better titration of fluids and vasoactive drugs, as well as
help determine when further treatment is unwarranted to sustain tissue vitality [7-9].

Within the context of resuscitation from critical illness associated with cardiovascular
insufficiency, we introduce the term “Cardiovascular Sufficiency” to refer to the state of
cardiovascular parameters consistent with adequate blood flow to meet the metabolic
demands of the body without being in overt failure. Such a state may exist because the
subject is on mechanical ventilatory support, receiving vasoactive drug infusion or boluses
of fluids. However, once in a sufficient state, no additional changes in care are needed.
Clinicians can readily define when a patient is in a cardiovascular insufficient state, and
sufficiency occurs when not in that state. As an operational definition, cardiovascular
sufficiency defines when additional resuscitative efforts or increases in resuscitative drug
support are not needed.

Cardiovascular sufficiency can be achieved by the return of normal end-organ function.
However, such clinically-relevant end-points usually take long time to manifest. Therefore,
clinicians often continue aggressive resuscitative efforts beyond the levels needed to attain
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sufficiency, leading to complications associated with volume overload and vasoactive drug
over-infusion. In the highly instrumented patients receiving cardiovascular resuscitation
from circulatory shock, cardiovascular sufficiency can be temporarily defined as a state
wherein Mean Arterial Pressure (MAP) is above some target level (usually >65 mmHg),
reduced excessive sympathetic tone characterized by the absence of tachycardia (heart rate
(HR) < 110/min), resolution of any of metabolic acidosis (often quantified by serum lactate
levels < 2 mmol/dL), and adequacy of oxygen delivery to the tissues to meet their metabolic
demand (usually approximated by a mixed venous oxygen saturation (SvO2) > 70%) [10,11].
Although MAP, HR, and serum lactate levels can be rapidly and continually assessed
at the bedside in most hospitalized patients, estimates of SvO2 require highly invasive
monitoring with a pulmonary artery catheter to sample pulmonary arterial blood. If
estimates of SvO2 or overall cardiovascular sufficiency could be made continuously using
non-invasive measures of physiologic time series data, then the current criteria for deciding
the resuscitation sufficiency could be directly applied.

In this paper, we propose (1) a Machine Learning (ML) approach to predict the cardio-
vascular sufficiency at different time steps during the entire resuscitation horizon using
only features extracted from non-invasive physiological data and (2) an analytic protocol
that overcomes vulnerability of the resulting models to inter-patient variability.

For an ML approach to be successfully deployed in real-world healthcare applications,
a common challenge to overcome is the inter-patient diversity [12]. The indigenous physio-
logical variability among the patients in the training data can lead to harmful effects on
the generalizability of the trained model on previously unseen patients. Reference to a
personal baseline collected during the patients’ stable state can greatly help reduce the
detrimental effects of heterogeneity among the patients and improve the performance of
the downstream machine learning models [13-15]. However, for patients presenting in
already acute states, e.g., trauma patients rushed in for care, there is no such luxury of
observing the patients’ personal baseline information when they were stable. In this paper,
we propose a novel framework, Optimized Aggregation of Predictions, to alleviate the need
for personal baseline reference data by smartly aggregating the predictions made by the
models with access to the personal baselines of previously seen patients. When applied to
assess the resuscitation sufficiency of a new patient, the trained model will be deployed
in combination with the personal baselines of previously seen patients to produce the
final outcomes.

We experiment and evaluate our approaches using a porcine model of induced hem-
orrhagic shock and fluid resuscitation. Our results show that when using our proposed
ML approach, we can achieve: (1) accurate prediction of resuscitation sufficiency using fea-
tures derived from only non-invasive vital signs and (2) competitive performance on new
patients without the requirement of accessing their own stable personal baselines. These
two key advantages will allow our ML approach, once validated in humans, to be readily
deployable in real-world acute out-of-hospital settings with limited monitoring resources.

2. Materials and Methods
2.1. Data

A laboratory porcine model of induced hemorrhagic shock and fluid resuscitation was
utilized for our experiments. Sixteen healthy female pigs were sedated for induction, and all
subjects had a pulmonary artery catheter (PAC) (Vigilance catheter; Edwards LifeSciences,
Irvine, CA, USA) inserted via the internal jugular vein, a triple lumen 18-gauge catheter
inserted into a femoral artery, and a large-bore introducer (8F) inserted into the femoral
vein. The arterial pressure signal was simultaneously recorded on a LiDCOplus monitor
(LiDCO, London, UK). Triplicate bolus thermodilution cardiac output was used to calibrate
the LiDCO monitors and the PAC continuous cardiac output.

After the configuration, the animals were stabilized for 30 min to establish personal
baselines, and then bled using a roller pump (Masterflex L/S easy-load II pump; Cole-
Parmer, Vernon Hills, IL, USA) at a constant rate of 10 mL/min until their MAP decreased
below 40 mmHg. Then, after a waiting period of 30 min, the fluid resuscitation started
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and then ended by the clinicians when the circulatory status was deemed sufficient, and
evidence of cardiovascular stability had been observed. Physiological data at different gran-
ularities were collected in the process, including the beat-to-beat, non-invasive estimates
of MAP, stroke volume variation (SVV), pulse pressure variation (PPV) using plethysmo-
graphic waveform analysis, and the high-resolution waveform data recorded at 250 Hz,
including invasive arterial pressure, electrocardiogram (ECG), photo-plethysmography
pulse oximetry, SvO2, SpO2, and airway pressure.

2.2. Labeling of Sufficiency

During the resuscitation stage, sufficiency assessments were conducted every 5 min
or 11 min, when a fluid bolus was administered (application of each fluid bolus took
6 min). Expert clinicians used the means of the invasively collected Arterial Pressure
waveform and SvO2 waveform during the 2-min segments preceding each assessment
to label the current sufficiency state of the subject. If the mean Arterial Pressure and the
mean SvO2 were both above their respective target values, the subject was considered
“sufficient” during this assessment segment, and “insufficient” otherwise. The target values
of Arterial Pressure and SvO2 were determined by the mean and the standard deviations
of the Arterial Pressure and SvO2 waveforms during the stable period of each individual
subject. The sufficiency state labeling of one subject is shown in Figure 1 as an example.

—— Arterial Pressure e labeled:sufficient stabilization resuscitation
— Sv02 v labeled:insufficient bleeding

150 1

100 1

0 50 100 150 200 250 300
Time [min]

Figure 1. When the mean of Arterial Pressure and the mean of SvO2 (both invasively measured) are
above the target values (dashed lines), the subject is labeled as “sufficient” at the given assessment
time, or as “insufficient” otherwise.

In addition to the data collected during the 2-min assessment segments during the
resuscitation period, we also sampled 2-min segments evenly from the stable, bleeding, and
waiting stages for model training, and we labeled these segments using the same criteria.
For each 2-min segment, moving windows of 20 s were extracted every 10 s, resulting in
11 time windows extracted from each segment. All such windows falling within the same
segment shared the same sufficiency label with the segment. The descriptive statistics of
the resulting dataset are provided in Appendix A.

2.3. Featurization

For each 20-s window, heart rate variability (HRV) measurements [16-18] and ag-
gregated statistics were derived from the non-invasive ECG waveform, and beat-to-beat
geometric features [19-21] were derived from the non-invasive photo-plethysmography
pulse oximetry waveform. Beat-to-beat measures, including MAP, SVV, and PPV, which
were directly extracted from the non-invasive beat-to-beat estimates, and HR and pulse tran-
sit time (PTT), which were derived from the non-invasive ECG and photo-plethysmography
pulse oximetry waveforms, were also included in our feature set. For all the beat-to-beat
features, the median, inter-quartile range (IQR), and linear slope were computed over all
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the heartbeats within the same window and used as aggregated features. We ended up
with 42 features in total. The detailed description of the features is provided in Appendix B.

2.4. Normalization Using Personal Baseline

To mitigate the inter-subject variation during model training, we normalize each
training subject’s data using its own personal baseline established from the subject’s
stablization period data. For each training subject, each feature is normalized using its
median and 90% range computed from the data points collected during the stable stage.
Median and 90% range are used instead of mean and standard deviation, as commonly
used in feature scaling, in order to prevent the potential negative effects of non-standard
noise and outliers. The medians and the 90% ranges of all features are referred to as
“normalization factors” in the following sections. If we have d features, the normalization
factors of a subject will be a pair of vectors (m,r), m € R?,r € R?. Given data X € R? and
(m, r), the normalized data X will be

(X —m)

X==— 1)

2.5. Optimized Aggregation of Predictions

To achieve accurate predictions on new patients with no available personal baseline
information, we propose a novel framework, Optimized Aggregation of Predictions, which
aggregates the binary predictions made by the model trained using the normalized data
of training subjects. The threshold used for converting the prediction scores to binary
predictions is tuned on the validation set. From a list of thresholds, the threshold which
maximizes the correlation between the predictions made by the trained model on the
validation data normalized with reference to its own personal baseline, and the aggregated
binary predictions made by the same model on the validation data standardized using the
normalization factors of different training subjects is selected. By using the normalization
factors of each training subject, different “normalized” versions of the validation data
are generated, and different binary predictions will be made by the same model on these
different “normalized” versions. Then, these binary predictions are aggregated by taking
the percentage of the positive predictions, in a majority voting scheme. The block diagram
of this procedure is shown in Figure 2. The model can be any type of machine learning
algorithm with a numeric score output, and we used the Random Forest model [22] in our
experiments. The list of candidate thresholds was created by uniformly sampling from the
unique prediction scores made on the validation data points by the model.

At test time, the different “normalized” versions of the test data are generated in a
similar fashion using the normalization factors of the training subjects. The single optimal
threshold selected on the validation set will be used to convert the prediction scores for
each “normalized” version of the test data to binary predictions, and the majority vote %
will be the final prediction output, as shown in Figure 3. In the medical context, this voting
output has a clinically relevant interpretation as it directly informs the clinicians of how
confident the model is by measuring how many previously seen patients have voted for
the positive prediction made for the current subject.

2.6. Model Training and Evaluation

We trained a Random Forest model using Python sklearn library [23] over extracted
moving windows to classify the sufficiency state, with sufficient windows belonging to
the positive class and insufficient the negative class. To accommodate our relatively small
cohort, we trained and evaluated our model using a leave-one-subject-out cross-validation
protocol, i.e., during each training iteration, the moving windows of one single subject were
held-out as the test set, while the data of all the other subjects were used for training and
validation. When tuning the binary prediction threshold using the Optimized Aggregation of
Predictions framework, we conducted an inner-loop leave-one-subject-out cross-validation
to select the optimal threshold, i.e., the threshold which yielded the highest average
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correlation across all validation subjects was chosen and utilized on the test subject. To
make our evaluation as similar to the real-world clinical scenarios as possible, we trained
our model using all data points during all stages but only evaluated the performance
on the resuscitation stage. The data during the resuscitation periods of 4 subjects were
corrupted due to device issues in the laboratory experiments. After the verification with
the clinicians, their resuscitation data were removed, and only 12 out of 16 subjects were
used in validation and testing.

Input:
* Model trained using normalized training data
< Alist of candidate thresholds: Threshold 1, Threshold 2, ...

For each Threshold i, below procedure is conducted

Validation Data

I
[ l l

}7

Normalized Normalized Normalized Normalized
w.r.t. baseline w.rt. baseline| | . |w.rt baseline w.r.t. its own
of training of training of training personal
subject 1 subject 2 subject n baseline
Model l l e l J
‘ Prediction 1 ‘ ‘ Prediction 2 ‘ ‘ Prediction n ‘ ‘ Prediction*
Threshold i \l l o« o %
Binary Binary e Binary Correlation
Prediction 1 Prediction 2 Prediction n N
[ ]
o0
L N )
\ Majority Vote % 1 %

Output:
Threshold* which yields the highest correlation between Prediction* and Majority Vote %

Figure 2. The Optimized Aggregation of Predictions framework. From a list of candidate thresholds,
the one which maximizes the correlation between the predictions made by the trained model on the
validation data normalized with reference to its own personal baseline (Prediction*, denoted by blue)
and the aggregated binary predictions made by the same model on the validation data standardized
using the normalization factors of different training subjects (Majority Vote %, denoted by red) is
chosen to be used for converting the prediction scores to binary predictions on the test data.

Test Data

I
l I )

Model

Threshold*

Figure 3. The predictions for the test data using the threshold chosen via optimization performed

Normalized Normalized Normalized
w.r.t. baseline w.rt. baseline| , _ | |w.rt baseline
of training of training of training
subject 1 subject 2 subject n
’ Prediction 1 ‘ ’ Prediction 2 ‘ Prediction n
Binary Binary v e Binary
Prediction 1 Prediction 2 Prediction n

oy Leeme) e

Output: Majority Vote % ‘

using the validation data as shown in Figure 2.
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3. Results
3.1. Moving Window Classification Performance

The Receiver Operating Characteristic (ROC) curves and the performance metrics of
our approach are shown in Figure 4 and Table 1. The mean and the standard error (Due
to the high inter-subject variation in our data, standard error bounds are provided for the
aggregated results instead of 95% confidence intervals) of the ROC curves and the metrics
are computed by aggregating the results of leave-one-subject-out cross-validation. The
model trained and tested using only non-normalized features (referred to as “Without
Personal Baseline”) and the model trained and tested using only normalized features
(referred to as “With Personal Baseline”) are provided as references, as the former intuitively
represents the worst performance expected when the personal baselines from neither the
training subjects nor the test subjects are available, and the latter intuitively represents
the best performance expected when there is the luxury to observe the stable personal
baselines of the new patients. As expected, when the personal baselines of the test subjects
are available, the “With Personal Baseline” model achieves the highest Area Under ROC
curve (AUROC) scores. When there is no access to the personal baselines of the test subjects,
our Optimized Aggregation of Predictions approach is able to achieve a comparable AUROC to
the “With Personal Baseline” model and a better performance than the “Without Personal
Baseline” model. In addition to the aggregated results, we also provide the ROC curves
of two individual test subjects in Figure 5 as examples, with the 95% confidence intervals
computed using the Wilson score interval [24].

—— Without Personal Baseline —— With Personal Baseline —— Optimized Aggregation of Predictions ---Random Classifier
1.0 1.0
0.8 0.8
o 0.6 « o 06
B E £
0.4 0.4
0.2 0.2
0.01; ; : : : ; | : : | 0.0 ; ; i
0.0 0.2 04 0.6 0.8 1.0 0.03 0.1 05 1 0.023 0.1 05 1
FPR FPR (log-scale) FNR (log-scale)

Figure 4. The mean and the standard error bands of the ROC curves of three different approaches
for resuscitation sufficiency prediction. The False Positive Rate (FPR) and the False Negative Rate
(FNR) are scaled logarithmically in the middle and right plots to emphasize the performance at the
clinically relevant low prediction errors settings.

Table 1. The mean and the standard error intervals of the AUC scores, True Positive Rate (TPR) at
low False Positive Rate (FPR), and True Negative Rate (TNR) at low False Negative Rate (FNR) of
three different approaches for resuscitation sufficiency prediction.

Approach AUROC TPR at FPR = 0.030 TNR at FNR = 0.023
Without Personal Baseline 0.892 (0.873,0.911) 0.223 (0.098,0.412) 0.195 (0.102,0.439)
With Personal Baseline 0.947 (0.930,0.963) 0.387 (0.101,0.670) 0.607 (0.399,0.737)
Optimized Aggregation of Predictions 0.929 (0.908,0.950) 0.343 (0.134,0.551) 0.358 (0.261,0.542)

The two types of prediction errors, namely the false positives and the false negatives,
can both lead to unfavorable patient outcomes. To emphasize the model’s performance
at the clinically relevant low error settings, the True Positive Rate (TPR) at low False
Positive Rate (FPR) and the True Negative Rate (TNR) at low False Negative Rate (FNR)
are also provided. The lowest FPR and FNR are determined by the minimum frequency
of insufficient (negative) and sufficient (positive) windows in our test subjects (the details
are provided in Appendix A). At the low FPR region, our approach achieves TPR of 0.343,
very close to the highest TPR 0.387 achieved by “With Personal Baseline” model, which
means that our approach is able to correctly identify 34.3% of all the sufficient moving
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windows (the positive class) in test subjects, while only misclassifying 3 insufficient moving
windows as sufficient out of 100 such predictions, on average. The false predictions of
sufficiency (false positive errors) may wrongly advise the stopping of the resuscitation and,
thus, lead to under-resuscitation. If, in practice, a decision threshold is chosen accordingly,
at low FPR to avoid such unfavorable outcomes, our approach is still able to identify 34.3%
sufficient windows correctly. Similarly, if a decision threshold is chosen at low FNR region
to avoid the misclassifications for sufficient windows (false negative errors) which may lead
to over-resuscitation, our approach is able to correctly classify 35.8% insufficient windows,
much higher than the 19.5% achieved by the “Without Personal Baseline” model, while only
giving 2.3 false alerts of insufficiency out of 100 such predictions, on average. By comparing
the performance at the operationally useful low FPR and FNR regions, we demonstrate the
high practical utility potential of the proposed approach when the stable personal baselines
of new patients are not available, as is often the case in urgent field care scenarios.

—— Without Personal Baseline —— With Personal Baseline =~ —— Optimized Aggregation of Predictions --- Random Classifier

1.0

0.8

0.6

TPR
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Figure 5. ROC curves of two example test subjects. The 95% confidence intervals are computed using
the Wilson interval scores.

3.2. Cost-Optimal Decision Threshold Selection

When ML approaches are transitioned to real-world healthcare applications, clinicians
would typically settle on using a single decision threshold, which, in our case, was used
to determine the sufficiency state at any given time point during the resuscitation. We
utilize the framework explained in Reference [25] to select the optimal decision threshold
by minimizing the expected cumulative costs of classification errors.

If we can estimate the relative frequencies of the positive and the negative examples
in the test data (denoted by p and n, respectively), as well as the expected ratio of the
average unit cost of each false positive error (Crp) to the average unit cost of each false
negative error (Cry), we can draw an iso-performance line in the ROC plane, with the slope
computed as % . g%f’ The points on the same iso-performance line will represent a collection
of hypothetical decision thresholds with the same expected misclassification costs. At the
same time, a feasible decision threshold will also reside on the ROC curve of the trained
model. Thus, the cost-optimal decision threshold corresponds to the point on the ROC
curve which is tangential to the iso-performance line whose slope is determined by the
estimated p, n, Cpp, and Cgy.
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The ratio g%\’] can be determined by the domain knowledge for the specific clinical
task. For our task, false positive errors correspond to misclassifying insufficient as sufficient
which may lead to under-resuscitation, while false negative errors, corresponding to
misclassifying sufficient as insufficient, may lead to over-resuscitation. Since both are
unfavorable outcomes, we provide the evaluation of three different settings: ((3%5 = 1 when

both are equally costly, gﬁ = 3 when under-resuscitation is threefold more unfavorable,

and gpif] = % when over-resuscitation would be perceived three times more costly than the

opposite type of error.

The same ROC curves from Figure 4 are used for this cost analysis. The iso-performance
lines and the selected cost-optimal decision thresholds corresponding to the three settings
of g%\’] ratios are shown in Figure 6. The % ratio is estimated by taking the average relative
frequency between the insufficient windows and the sufficient windows across all test
subjects. The decision thresholds for our Optimized Aggregation of Predictions approach
are directly shown as the fraction of training subjects voting for sufficiency. As we have
16 subjects in total, and leave-one-subject-out cross-validation is used for evaluation, for
each held-out test subject, 15 subjects are used for training. When the average unit cost of
false positive errors is considered to be higher than the average unit cost of false negatives,
i.e., under-resuscitation is more costly than over-resuscitation, a higher decision threshold
will be chosen to lean towards prevent the more costly errors. On the contrary, a lower
decision threshold will be selected to avoid missing of sufficiency when over-resuscitation
is considered more costly (g%’; = %). After the optimal decision threshold is chosen under

each g%f’ assumption, the numeric outputs of the approaches are converted to binary
predictions, and the McNemar’s tests [26,27] are conducted to compare our approach
against the two reference approaches. The moving windows from all test subjects are
concatenated together for the McNemar's tests.

—_— g—: =1 —- g—: =3 g—: =3 --- Random Classifier
Without Personal Baseline With Personal Baseline Optimized Aggregation of Predictions
1.01 141 1.0
0.8 0.81 0.81 4=
o 061 o 0677 o 061
(= = =
0.4 1 0.4 1 0.4 1
0.2 0.2 0.2
OIOA T T T T T T 00‘ T T T T T T 004 T T T T T T
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
FPR FPR FPR

Figure 6. The iso-performance lines and the selected cost-optimal decision thresholds (shown in boxes)
corresponding to the three different settings of gp%

The contingency tables and the p-values from McNemar's tests are shown in Figure 7.
From the 3 tables in the upper row, we can see that the proposed approach performs
significantly better than the “Without Personal Baseline” approach with p-values < 0.001
across all 3 settings of g%l’;, as the number of mistakes our approach makes in the examples
correctly predicted by the “Without Personal Baseline” approach (the upper right entries of
McNemar’s contingency tables shown) is consistently lower than the number of mistakes
that the “Without Personal Baseline” approach would make in the examples that our
approach is able to correctly classify (the lower left entries in these tables). Based on the
statistics in the 3 tables in the lower row, the “With Personal Baseline” approach still has the
best performance. However, in real-world urgent acute settings when the stable personal
baseline information is typically not available, the proposed approach is able to significantly
improve the performance of the resuscitation sufficiency assessment model by leveraging
the personal baselines of previously seen patients.
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Crp _ Crr _ 3 Crr _ 1
Crx Cen C~ 3
Optimized Aggregation Optimized Aggregation Optimized Aggregation
pvalue < 0.001 of Predictions p-value < 0.001 of Predictions p-value < 0.001 of Predictions
Correct | Incorrect Correct | Incorrect Correct | Incorrect
Without Correct 1837 111 Without Correct 1299 44 Without Correct 1837 128
Personal Personal Personal
Baseline | Incorrect 232 714 Baseline | Incorrect 313 1238 Baseline | Incorrect 232 697
Optimized Aggregation Optimized Aggregation Optimized Aggregation
p-value < 0.001 of Predictions p-value <0.001 of Predictions p-value <0.001 of Predictions
Correct | Incorrect Correct | Incorrect Correct | Incorrect
With Correct 1959 612 With Correct 1516 969 With Correct 1979 625
Personal Personal Personal
Baseline | Incorrect 110 213 Baseline | Incorrect 96 313 Baseline | Incorrect 90 200

Figure 7. The contingency tables and the p-values for the McNemar's tests.

The g% ratio may vary across different healthcare sites or organizations due to the
different tiers of care, varying implementation of the best practices of care, or even tem-
porally varying availability of healthcare providers or other resources. With the proposed
framework, which selects the optimal decision threshold by minimizing the expected costs
of misclassifications, the same trained model can be tuned to optimize the operational per-
formance under varying assumptions of relative costs of errors specific to the circumstances
where the model is going to be used, without the requirement of re-training it. This eval-
uation framework provides a practical solution to the scenario when the main difference
between the various application scenarios is due to the varying costs of prediction errors,
rather than the differences between the underlying distributions of the clinical data with
which the model is trained.

4. Discussion

In this paper, we proposed a machine learning approach to model the cardiovascular
sufficiency state of patients undergoing resuscitation with several specific designs to bridge
the gaps between our method and its potential implementation in real-world field and
urgent care practice. Our main contributions include:

*  Using only non-invasively collected, easily-available physiological data, the level of
cardiovascular sufficiency during resuscitation can be accurately determined, which
enables the proposed approach to be implemented in a wide range of real-world
applications with limited or no access to invasive monitoring.

e The proposed general framework, Optimized Aggregation of Predictions, can alleviate
the need for stable personal baseline information of the new patients, the main source
of non-informative variability in hemodynamic monitoring data. It accomplishes
that by leveraging personal baselines of previously seen patients, even when facing
high inter-patient diversity in the data. This allows the proposed framework to be
readily implementable in real-world field and urgent care settings, including care for
patients presenting in acute states, for whom we do not have access to the vital sign
data measured when they were stable.

*  We demonstrated how to choose the optimal set-point of the resuscitation sufficiency
assessment models by combining ROC curve analysis and the expected relative cost
ratios of prediction errors, to achieve the optimal performance in various application
scenarios that differ in relative error cost ratios due to operational factors, such as dif-
ferent tiers or implementations of care, or availability of personnel and other resources.

The main limitation of our work lies in the highly controlled nature of the experiment
design of the laboratory porcine model, and the relatively small number of subjects in our
cohort, though precautionary techniques, such as leave-one-subject-out cross-validation,
have been utilized to mitigate the risk of over-fitting the models.

Our future directions include adapting the presented work to larger and more com-
plicated human patient databases collected in intensive care units in hospitals and similar
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data collected in emergency medicine scenarios in the field and during medical evacuation
of wounded or injured subjects. We are also adopting our approach to serve as a fully auto-
mated closed-loop resuscitation control system capable of switching between aggressive
and maintenance resuscitation modes, or turning it off completely when appropriate, based
on evidence observed in non-invasively collected vital signs data in real-time.
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Appendix A. Descriptive Statistics of the Dataset

Each subject in our cohort experienced several stages during the laboratory exper-
iments: stabilization, bleeding, waiting, and resuscitation, as stated in Section 2.1. Our
model was trained using all the moving windows extracted from both the pre-resuscitation
stages (stabilization, bleeding, and waiting) and the resuscitation stage, while the perfor-
mance evaluation was conducted using only the resuscitation stage data. The cumulative
descriptive statistics of data observed at the different stages of experiment are provided in
Table Al.

We take the maximum of the lowest FPR and FNR achievable by each test subject as
the minimum FPR and FNR in the ROC curves in Figures 4 and 5. Based on the actual
frequency of the insufficient (negative) and sufficient (positive) windows in each subject,
the maximum lowest FPR is 1/min (number of insufficient windows) = 31—3 = 0.030, and
the maximum lowest FNR is 1/min (number of sufficient windows) = 41—3 = 0.023.

Table A1. The statistics of the number of moving windows in different stages.

Number of Moving Windows in Each Subject

Class Statistics
Pre-Resuscitation Resuscitation
Sufficient mean =+ standard error 257.33 +27.13 139.50 + 18.05
(Positive class) min 195 43
max 550 241
Insufficient mean =+ standard error 693.75 +42.49 101.67 + 16.99
(Negative class) ™" 495 33
max 900 220

Appendix B. Featurization

The features we derived from the non-invasive vital signs are described in Table A2.
The HRYV features were computed according to Reference [28]. For the HRV and aggregated
statistics features, there is only 1 measurement for each 20-s moving window. For the beat-
to-beat features, we computed the median, IQR, and linear slope over all the heartbeats
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falling within the same window, resulting in 3 aggregated measurements for each beat-to-
beat feature. With 9 HRV and aggregated statistics features and 11 beat-to-beat features, we
ended up with 9 4 11 x 3 = 42 features in total.

Table A2. The features derived from non-invasive vital signs.

Source Vital Sign Feature Name Feature Type
Photo-plethysmography Waveform Systolic Amplitudes Beat-to-Beat
Photo-plethysmography Waveform Peak-to-Peak Interval Beat-to-Beat
Photo-plethysmography Waveform Pulse Interval Beat-to-Beat
Photo-plethysmography Waveform Upstroke Time Beat-to-Beat
Photo-plethysmography Waveform Beat Skewness [29,30] Beat-to-Beat

ECG Waveform HR Beat-to-Beat
Standard Deviation of
ECG Waveform the NN Interval (SDNN) HRV
Square Root of
ECG Waveform the Mean Squared Differences of HRV
Successive NN Intervals (RMSSD)
ECG Waveform Very Low Frequency (VLF) HRV
ECG Waveform Low Frequency (LF) HRV
ECG Waveform High Frequency (HF) HRV
ECG Waveform Normalized Low Frequency HRV
ECG Waveform Normalized High Frequency HRV
ECG Waveform LF/HF HRV
ECG Waveform Approximate Entropy Aggregated Statistics
Photo-p letIl; (};sGm&il‘r’aepggmeaveform, Pulse Transit Time (PTT) Beat-to-Beat
Non—mvaswe Beat-to-Beat Mean Arterial Pressure (MAP) Beat-to-Beat
Estimates
Non—mvaswe Beat-to-Beat Stroke Volume Variation (SVV) Beat-to-Beat
Estimates
Non—mvaswe Beat-to-Beat Pulse Pressure Variation (PPV) Beat-to-Beat
Estimates
Non-invasive Beat-to-Beat Dynamic Arterial Elastance Beat-to-Beat
Estimates (Eadyn, = PPV/SVV) [31]

References

1.  Gutierrez, G.; Reines, H.D.; Wulf-Gutierrez, M.E. Clinical review: Hemorrhagic shock. Crit. Care 2004, 8, 373. [CrossRef]
[PubMed]

2. Asehnoune, K.; Balogh, Z.; Citerio, G.; Cap, A.; Billiar, T.; Stocchetti, N.; Cohen, M.].; Pelosi, P.; Curry, N.; Gaarder, C.; et al. The
research agenda for trauma critical care. Intensive Care Med. 2017, 43, 1340-1351. [CrossRef] [PubMed]

3.  Tisherman, S.A; Stein, D.M. ICU Management of Trauma Patients. Crit. Care Med. 2018, 46, 1991-1997. [CrossRef] [PubMed]

4. Jalil, B.A,; Cavallazzi, R. Predicting fluid responsiveness: A review of literature and a guide for the clinician. Am. J. Emerg. Med.
2018, 36, 2093-2102. [CrossRef] [PubMed]

5. Guerin, L.; Monnet, X.; Teboul, ].L. Monitoring volume and fluid responsiveness: From static to dynamic indicators. Best Pract.
Res. Clin. Anaesthesiol. 2013, 27, 177-185. [CrossRef] [PubMed]

6. Ramesh, G.H.; Uma, J.C,; Farhath, S. Fluid resuscitation in trauma: What are the best strategies and fluids? Int. J. Emerg. Med.
2019, 12, 38. [CrossRef] [PubMed]

7. Cannesson, M.; Hofer, I.; Rinehart, J.; Lee, C.; Subramaniam, K.; Baldi, P.; Dubrawski, A.; Pinsky, M.R. Machine learning of
physiological waveforms and electronic health record data to predict, diagnose and treat haemodynamic instability in surgical
patients: Protocol for a retrospective study. BM] Open 2019, 9, e031988. [CrossRef]

8.  Pinsky, M.R,; Dubrawski, A. Gleaning knowledge from data in the intensive care unit. Am. |. Respir. Crit. Care Med. 2014,
190, 606-610. [CrossRef]

9. Gao, C; Falck, F; Goswami, M.; Wertz, A.; Pinsky, M.R.; Dubrawski, A. Detecting Patterns of Physiological Response to
Hemodynamic Stress via Unsupervised Deep Learning. arXiv 2019, arXiv:1911.05121.

10. Pinsky, M.R. Goals of resuscitation from circulatory shock. Contrib. Nephrol. 2004, 144, 94-104.

11.  Cecconi, M.; De Backer, D.; Antonelli, M.; Beale, R.; Bakker, J.; Hofer, C.; Jaeschke, R.; Mebazaa, A.; Pinsky, M.R.; Teboul, J.L.; et al.

Consensus on circulatory shock and hemodynamic monitoring. Task force of the European Society of Intensive Care Medicine.
Intensive Care Med. 2014, 40, 1795-1815. [CrossRef]


http://doi.org/10.1186/cc2851
http://www.ncbi.nlm.nih.gov/pubmed/15469601
http://dx.doi.org/10.1007/s00134-017-4895-9
http://www.ncbi.nlm.nih.gov/pubmed/28756471
http://dx.doi.org/10.1097/CCM.0000000000003407
http://www.ncbi.nlm.nih.gov/pubmed/30199391
http://dx.doi.org/10.1016/j.ajem.2018.08.037
http://www.ncbi.nlm.nih.gov/pubmed/30122506
http://dx.doi.org/10.1016/j.bpa.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/24012230
http://dx.doi.org/10.1186/s12245-019-0253-8
http://www.ncbi.nlm.nih.gov/pubmed/31801458
http://dx.doi.org/10.1136/bmjopen-2019-031988
http://dx.doi.org/10.1164/rccm.201404-0716CP
http://dx.doi.org/10.1007/s00134-014-3525-z

Sensors 2022, 22, 1024 12 of 12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.
25.

26.

27.

28.

29.
30.

31.

Bose, E.L.; Clermont, G.; Chen, L.; Dubrawski, A.W.; Ren, D.; Hoffman, L.A.; Pinsky, M.R.; Hravnak, M. Cardiorespiratory
instability in monitored step-down unit patients: Using cluster analysis to identify patterns of change. J. Clin. Monit. Comput.
2018, 32, 117-126. [CrossRef]

Wertz, A.; Holder, A.L.; Guillame-Bert, M.; Clermont, G.; Dubrawski, A.; Pinsky, M.R. Increasing Cardiovascular Data Sampling
Frequency and Referencing It to Baseline Improve Hemorrhage Detection. Crit. Care Explor. 2019, 1, e0058. [CrossRef]

Pinsky, M.R.; Wertz, A.; Clermont, G.; Dubrawski, A. Parsimony of Hemodynamic Monitoring Data Sufficient for the Detection
of Hemorrhage. Anesth. Analg. 2020, 130, 1176-1187. [CrossRef]

Nagpal, C.; Li, X.; Pinsky, M.R.; Dubrawski, A. Dynamically Personalized Detection of Hemorrhage. In Proceedings of
the 4th Machine Learning for Healthcare Conference, Ann Arbor, MI, USA, 9-10 August 2019; Doshi-Velez, F., Fackler, J.,
Jung, K., Kale, D., Ranganath, R., Wallace, B., Wiens, ., Eds.; Volume 106, pp. 109-123.

Cancio, L.C.; Batchinsky, A.IL; Salinas, J.; Kuusela, T.; Convertino, V.A.; Wade, C.E.; Holcomb, J.B. Heart-rate complexity for
prediction of prehospital lifesaving interventions in trauma patients. J. Trauma Acute Care Surg. 2008, 65, 813-819. [CrossRef]
Batchinsky, A.L; Salinas, J.; Kuusela, T.; Necsoiu, C.; Jones, J.; Cancio, L.C. Rapid prediction of trauma patient survival by analysis
of heart rate complexity: Impact of reducing data set size. Shock 2009, 32, 565-571. [CrossRef]

Foroutan, A.; Paydar, S.; Heydari, S.T.; Mohammadi, L.; Rahbar, F. An increase in heart rate variability can be an index for end
point of resuscitation in trauma patients. Chin. J. Traumatol. 2019, 22, 134-137. [CrossRef]

Elgendi, M. On the analysis of fingertip photoplethysmogram signals. Curr. Cardiol. Rev. 2012, 8, 14-25. [CrossRef]

Myint, C.; Lim, K.H.; Wong, K.I.; Gopalai, A.A.; Oo, M.Z. Blood Pressure measurement from Photo-Plethysmography to Pulse
Transit Time. In Proceedings of the 2014 IEEE Conference on Biomedical Engineering and Sciences (IECBES), Kuala Lumpur,
Malaysia, 8-10 December 2014; pp. 496-501. [CrossRef]

Chen, Y,; Hong, C.; Pinsky, M.R.; Ma, T.; Clermont, G. Estimating Surgical Blood Loss Volume Using Continuously Monitored
Vital Signs. Sensors 2020, 20, 6558. [CrossRef]

Breiman, L. Random Forests. Mach. Learn. 2001, 45, 5-32. [CrossRef]

Pedregosa, F; Varoquaux, G.; Gramfort, A.; Michel, V.; Thirion, B.; Grisel, O.; Blondel, M.; Prettenhofer, P.; Weiss, R,;
Dubourg, V.; et al. Scikit-learn: Machine Learning in Python. J. Mach. Learn. Res. 2011, 12, 2825-2830.

Wilson, E.B. Probable inference, the law of succession, and statistical inference. J. Am. Stat. Assoc. 1927, 22, 209-212. [CrossRef]
Dubrawski, A. A Framework for Evaluating Predictive Capability of Classifiers Using Receiver Operating Characteristic (ROC) Approach:
A Brief Introduction; Technical Report; Carnegie Mellon University, Auton Lab: Pittsburgh, PA, USA, 2004.

McNemar, Q. Note on the sampling error of the difference between correlated proportions or percentages. Psychometrika 1947,
12,153-157. [CrossRef] [PubMed]

Dietterich, T.G. Approximate statistical tests for comparing supervised classification learning algorithms. Neural Comput. 1998,
10, 1895-1923. [CrossRef] [PubMed]

Malik, M.; Bigger, ].T.; Camm, A.J.; Kleiger, R.E.; Malliani, A.; Moss, A.].; Schwartz, PJ. Heart rate variability: Standards of
measurement, physiological interpretation, and clinical use. Eur. Heart ]. 1996, 17, 354-381. [CrossRef]

Elgendi, M. Optimal Signal Quality Index for Photoplethysmogram Signals. Bioengineering 2016, 3, 21. [CrossRef]

Liang, Y.; Elgendi, M.; Chen, Z.; Ward, R. An optimal filter for short photoplethysmogram signals. Sci. Data 2018, 5, 180076.
[CrossRef]

Monge Garcia, M.I; Gil Cano, A.; Gracia Romero, M. Dynamic arterial elastance to predict arterial pressure response to volume
loading in preload-dependent patients. Crit. Care 2011, 15, R15. [CrossRef]


http://dx.doi.org/10.1007/s10877-017-0001-7
http://dx.doi.org/10.1097/CCE.0000000000000058
http://dx.doi.org/10.1213/ANE.0000000000004564
http://dx.doi.org/10.1097/TA.0b013e3181848241
http://dx.doi.org/10.1097/SHK.0b013e3181a993dc
http://dx.doi.org/10.1016/j.cjtee.2019.01.011
http://dx.doi.org/10.2174/157340312801215782
http://dx.doi.org/10.1109/IECBES.2014.7047550
http://dx.doi.org/10.3390/s20226558
http://dx.doi.org/10.1023/A:1010933404324
http://dx.doi.org/10.1080/01621459.1927.10502953
http://dx.doi.org/10.1007/BF02295996
http://www.ncbi.nlm.nih.gov/pubmed/20254758
http://dx.doi.org/10.1162/089976698300017197
http://www.ncbi.nlm.nih.gov/pubmed/9744903
http://dx.doi.org/10.1093/oxfordjournals.eurheartj.a014868
http://dx.doi.org/10.3390/bioengineering3040021
http://dx.doi.org/10.1038/sdata.2018.76
http://dx.doi.org/10.1186/cc9420

	Introduction
	Materials and Methods
	Data
	Labeling of Sufficiency
	Featurization
	Normalization Using Personal Baseline
	Optimized Aggregation of Predictions
	Model Training and Evaluation

	Results
	Moving Window Classification Performance
	Cost-Optimal Decision Threshold Selection

	Discussion
	Descriptive Statistics of the Dataset
	Featurization
	References

