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USA

Abstract

Acute hemorrhage in pregnancy may lead to maternal and/or fetal morbidity or mortality. In 

emergency medicine, blockage of the aorta via an inflatable endovascular balloon, technically 

referred to Resuscitative Endovascular Balloon Occlusion of the Aorta (REBOA), is used to 

manage hemorrhage. However, the application of REBOA in pregnancy needs to strike a balance 

between two competing objectives of limiting maternal blood loss and ensuring fetal wellness, 

for which one would need to predict the impact of regulated blood pressure on fetal wellness. 

To address this problem, we propose an efficient machine learning-based method to predict the 

temporal impact of the distal Mean Arterial Blood Pressure (dMAP) controlled by the REBOA 

on the oxygen content in the fetal blood. Evaluation of the algorithm on data collected from 

in-vivo experiments from pregnant ewe animal models exhibits mean absolute error of 0.61, 1.09, 

1.42, 1.70 mmHg, and coefficient of determination of 0.95, 0.86, 0.76, 0.64 for prediction of 

partial pressure of oxygen in fetal arterial blood, a key predictor of fetal wellness, in 2.5, 5, 7.5, 

10-minute prediction horizons, respectively.

Keywords
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1. Introduction

Hemorrhage has been the leading cause of maternal mortality in the world Nathan (2019), 

and is associated with 27% of all maternal deaths James et al. (2022). Intrapartum 

hemorrhage, which occurs during labor and delivery, may result from various factors, 

such as placental abruption, placenta previa, vasa previa, and ruptured uterus Hutchon 

& Martin (2002). Excessive bleeding during labor leads to fetomaternal complications 

which necessitate prompt intervention. Studies have shown that prevention of hemorrhage 

will significantly improve maternal outcomes Alexander & Wortman (2013), and a large 

proportion of trauma-induced death can be prevented Drake et al. (2020). Many studies 

and clinical trials have shown effective treatments for obstetric hemorrhage, including blood 

transfusion, surgery, medication, etc. Shevell & Malone (2003); Baird (2017); Trikha & 
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Singh (2018), and Resuscitative Endovascular Balloon Occlusion of the Aorta (REBOA) is 

one of emerging tools for the management of hemorrhage for obstetricians. This procedure 

involves placing an inflatable balloon catheter in the patient’s aorta to control blood flow. 

REBOA was typically performed on adult trauma patients Brenner (2015); Morrison et al. 

(2016); Bulger et al. (2019); Petrone et al. (2019), but many studies have demonstrated its 

potential in the obstetric and pediatric domains for managing hemorrhage Manzano-Nunez 

et al. (2018); Barba & Gutierrez (2018); Fernandez & Reed (2020); Campagna et al. (2020); 

Riazanova et al. (2021).

The usage of REBOA has several advantages over traditional surgical approaches. It is 

a minimally invasive procedure that can be performed quickly at the patient’s bedside, 

allowing for rapid intervention in a critical situation Stannard et al. (2011); England et al. 

(2020). It also avoids the need for major surgery, which can be associated with significant 

risks. Many clinical cases of REBOA usage have been investigated including positive cases 

Morrison et al. (2016); Sambor (2018); Petrone et al. (2019) and the potential complications 

Biffl et al. (2015); Uchino et al. (2016); Junior et al. (2018), but the impact of REBOA 

on fetal health in pregnant subjects is largely unexplored. During pregnancy, the fetus 

accesses oxygen, and other nutrients, through diffusion processes across the placenta. 

REBOA regulates placental blood pressure, which in turn impacts fetal blood oxygen 

content. Therefore, while REBOA can help with the management of maternal hemorrhage, it 

may also reduce fetal blood oxygen content.

Fig. 1 visualizes the qualitative trade-off between maternal and fetal well-being and distal 

blood pressure, which is assumed to approximate the maternal blood pressure at the 

placenta. When the aortic balloon is inflated more, distal blood pressure and maternal 

hemorrhage are reduced, however, the in-utero fetus may not be able to access a sufficient 

amount of oxygen, which could lead to adverse neonatal outcomes, such as hypoxic 

ischemic encephalopathy (HIE). On the other hand, deflating the balloon would increase 

maternal blood loss, while facilitating fetal access to oxygen (in the short term).

The objective of this paper is to take the first steps towards characterizing the qualitative 

relationship depicted in Fig. 1. Specifically, we develop a predictive method using which, 

we predict the temporal impact of REBOA on fPaO2, the partial pressure of oxygen in fetal 

arterial blood, which is a key measure of fetal wellness. The proposed machine learning 

(ML) based approach is evaluated using empirical data collected in animal studies involving 

pregnant ewe models in which, REBOA is used to induce controlled fetal hypoxemia. The 

algorithm is evaluated under different prediction horizons.

2. Study Design

2.1. Hypoxic Lamb Experiment

In this study, we designed and operated hypoxic lamb experiments on the pregnancy sheep 

model, since sheep models have been repeatedly proven that are applicable to human 

pregnancy physiology Barry & Anthony (2008); Fong et al. (2020); Vali et al. (2021); Qian 

et al. (2023). 15 sheep experiments were conducted in the past three years (2020, 2021, and 
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2022) under the approval of the Institutional Animal Care and Use Committee (IACUC) and 

included in this study.

In each pregnant sheep experiment (Fig. 2), REBOA was implemented by inserting an 

endovascular balloon catheter into the ewe’s abdominal aorta through the left femoral artery. 

A femoral artery line was placed near the catheter to monitor the distal Mean Arterial 

Pressure (dMAP). Two carotid lines were placed on ewe’s and fetal necks respectively to 

collect the blood samples from the mother and baby, and blood samples were used for 

Arterial Blood Gas (ABG) analysis as the ground truth. The balloon catheter was gradually 

inflated to control the dMAP during the experiment. A stepwise fashion was operated that 

dMAP started at 50mmHg and was incrementally reduced by 5mmHg per step (45mmHg, 

40mmHg, etc.). Each step was maintained for 10 minutes, and three blood draws were 

collected at 2.5-, 5- and 10-min for both ewe and baby for ABG tests which monitored the 

health condition of the ewe and fetus. The hypoxic round would be terminated when two 

consecutive readings of fetal oxygen saturation fSaO2  were below 15%. Then the balloon 

catheter was fully deflated which allowed the fetus to recover for 45 minutes and two blood 

samples were collected at 30- and 45 -min. The next hypoxic round would be performed if 

the fSaO2 was above 15%, and three rounds were initially scheduled for each sheep. The 

time length of each sheep experiment ranges from 2 to 5 hours since the length of each 

round and the number of rounds differs. In total, we collected around 56 hours of sheep data.

2.2. Dataset Preparation

The data we collected from the sheep experiments included continuous dMAP reading and 

discrete ABG analysis. dMAP was sampled at 0.2Hz (1 reading for every 5 seconds) and 

applied a moving median filter to remove outliers during measurement. For the discrete 

ABG analysis, we performed PCHIP interpolation Rabbath & Corriveau (2019) to 0.2Hz for 

each ABG parameter to match the dMAP frequency. In this study, we focused on the fetal 

partial pressure of oxygen fPaO2  as the targeting ABG parameter. It denotes the pressure 

exerted on the arterial wall by oxygen in a mixture of gases, and it was in the range of [0, 

30] for our in-uterus baby lambs. An example of dMAP tracing with interpolated fPaO2 from 

one sheep experiment is shown in Fig. 3. The dMAP was maintained in each step for around 

10 min and decreased, and ripples on dMAP imply the hemodynamics in the distal aorta.

The individual sample was then captured by a shifting window (length = l) with 10 seconds 

overlapping on the time series data, so the time length of each sample is t = l/0.2 second. 

The value of l determined the prediction horizon of fPaO2, and different values of l were 

evaluated. This windowing process was applied to both dMAP and fPaO2 time series for all 

15 sheep to generate the dataset ∑s = 1
15 Ps, ∑s = 1

15 Qs , where Ps denotes the dMAP data for 

sheep s and Qs denotes interpolated fPaO2 data for sheep s. They could be represented as:

Ps = ∑
i = 1

m
Ps

i = ∑
i = 1

m
p 0

i , p 1
i , p 3

i , …, p l
i

s

(1)
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Qs = ∑
i = 1

m
Qs

i = ∑
i = 1

m
q 0

i , q 1
i , q 3

i , …, q l
i

s

(2)

where Ps
i is the i-th sample in the sheep s dataset with length l, and m is the number of 

samples in this sheep’s dataset. m is a variable among different sheep depending on the 

sheep experiment time length. The total number of samples in the dataset is between 19,000 

to 20,000 depending on the selection of l.

3. Predictive Model for Fetal Partial Pressure of Oxygen

3.1. Machine Learning Workflow

We proposed an ML pipeline to predict the fPaO2 in the near future given the initial fPaO2

reading and the temporal dMAP tracing. The workflow is shown in Fig. 4. Two major 

components consist of this method: the autoencoder for dMAP compression and regressor 

for fPaO2 prediction. Firstly, the dMAP dataset ∑s = 1
15 Ps was normalized so that all data is 

in the range [0, 1]. Then it was split into training and test set, where one sheep was used 

as the test set and all other 14 sheep were used for reconstruction training. The dMAP 

training set was used to train the autoencoder, and then both training and test dMAP samples 

were compressed to individual vectors for downstream regression, where the vector set was 

noted as ∑s = 1
15 Zs

i. Therefore, two sets of fixed-length vectors were sent to a regressor: 1) 

training set contained vectors representing 14 sheep used in autoencoder training; 2) test 

set contained vectors representing 1 sheep never observed by the autoencoder. Then the 

regressor learned the function between Zs
i, q 0

i
s  and q l

i
s. Test set was used to evaluate 

this method and test its reliability when the prediction horizon increased. 15 -fold cross-

validation, where each sheep was used as test set once, was applied to reduce the potential 

bias caused by the individual difference of subjects. Thus, this ML workflow could be 

formulated as:

Zs
i = g p 0

i , p 1
i , p 3

i , …, p l
i

(3)

Y s
i = q l

i
s = f Zs

i, q 0
i

s

(4)

where autoencoder applied function g to find the compressed representation Zs
i from the 

i-th dMAP sample in sheep s and l determined the prediction horizon. Regressor could be 

viewed as the function f to find the relation between the label Y s
i and Zs

i, q 0
i

s , where Y s
i is 

the final reading of fPaO2 in the prediction horizon.
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3.2. Autoencoder for dMAP Compression

Autoencoder is an unsupervised method that learns compressed codings of unlabeled data 

Baldi (2011), and it has the advantage of reducing noise of the input. An autoencoder was 

proposed to learn the compressed representation of the time-series dMAP input. It had two 

major components encoder and decoder, and the training and test set for the autoencoder 

were the same, where, in this case, ∑Ps (14 sheep) was used for autoencoder training in each 

trial of cross-validation.

Fig. 5 showed our architecture of autoencoder. An input dMAP sample with length l was 

fed into two consecutive convolutional layers that each followed with a pooling layer to 

reduce the dimension of the feature maps. The output of this encoder was a compressed 

vector with length 8. As for the decoder part, a similar structure was designed to recreate 

the input. Upsampling was applied to recover the dimension of the original time-series, and 

two convolutional layers were added to project the features to the output. The training of the 

autoencoder uses Mean Squared Error (MSE) as the loss function.

3.3. Regression

With the trained autoencoder, we were able to extract the compressed codes for each input 

in both the training and test set. These codes combined with initial fPaO2 reading q 0
i

s

were then used as the input of a regressor to fit the resulting q l
i

s. Different regressors 

were compared and also evaluated with various prediction horizons. Here are the regressors 

we tested: (1) Linear Regressor (LR). (2) Light Gradient Boosting Machine (LGBM). 

(3) Extreme Gradient Boosting (XGB). (4) Kernel Ridge Regressor (KRR). (5) CatBoost 

Regressor (CBR). (6) Elastic Net (EN). (7) Bayesian Ridge Regressor (BRR). (8) Gradient 

Boosting (GB). (9) Support Vector Regressor (SVR).

Regressors were trained with the training set containing 14 sheep and then evaluated with 

the test set. The performance of the model was assessed by two metrics Mean Absolute 

Error (MAE) and coefficient of determination r-squared r2  between prediction values and 

true labels.

4. Results

4.1. Autoencoder for dMAP Reconstruction

The autoencoder was trained with 14 sheep data where the input had different time horizons 

{2.5, 5, 7.5, 10} min. Fig. 6 shows some examples of dMAP reconstruction when the input 

time length is 5-min. The red curve denotes the original dMAP signal and the blue curve 

is the reconstructed signal. The blue curve has fewer ripples but keeps the trend of the red 

curve, which means some noise has been canceled and the main features are maintained. 

The usage of an autoencoder allows the downstream steps to be more efficient since a 

long time-series is compressed and represented as a vector with size 8. But it needs to be 

mentioned that, as the input signal is longer, the MSE of the autoencoder training is higher.
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4.2. fPaO2 Regression with Variable Prediction Horizon

Cross-validation with 15 folds was used to evaluate the proposed method. Fig. 7 shows the 

MAE and r2 of linear regressor when each sheep was used as test set, and the last column 

shows the average. The average MAE are {0.62, 1.09, 1.42, 1.70} in mmHg for prediction 

horizon {2.5min, 5min, 7.5min, 10min}, and the average r2 are {0.95, 0.86, 0.76, 0.64} 

respectively. For each sheep, the MAE increases when the prediction horizon increases. The 

reason could be that a fixed-length vector was used to represent the dMAP signal. As the 

dMAP length increased, the information was more compressed, meaning that vector length 

8 might not be sufficient to represent the dMAP time-series. This thought was confirmed by 

the increasing MSE error of the autoencoder while longer time-series was sent for training. 

The coefficient of determination r2 , on the other hand, shows the proportion of variation in 

the dependent variable could be explained by the independent variable decreasing with the 

prediction horizon increased. That said, the correlation between Zs
i, q 0

i
s  and q l

i
s is lower 

when the time interval is higher.

Different regressors were evaluated to find the relation between final fPaO2 and initial fPaO2

given the dMAP tracing between two timestamps. Table 1 shows the performance where two 

metrics are considered: 1)MAE assesses how close the predicted final fPaO2 with ground 

truth fPaO2; 2 r2 assesses how much variation the predicted final fPaO2 can be explained 

by the input. Therefore, a lower MAE with higher r2 is more desirable. LR and BRR 

give the lowest MAE and highest r2 among all regressors for prediction horizon = {5min, 

7.5min, 10min} and KRR is the best for 2.5min. But the performance of all regressors with 

2.5-min prediction horizon is close. Therefore, overall the linear regressor and bayesian 

ridge regressor outperform other regressors in terms of both error and correlation.

5. Conclusion

In this study, we proposed a pipeline to predict fPaO2, a critical fetal ABG parameter, given 

a short history of dMAP with the initial reading of this parameter. We showed the feasibility 

of compressing dMAP tracing and using regression models to predict fPaO2 in near future. 

The results gave the average MAE = {0.61, 1.09, 1.42, 1.70} and r2 = {0.95, 0.86, 0.76, 

0.64} for different prediction horizon {2.5min, 5min, 7.5min, 10min} after cross validation 

among 15 sheep. We also concluded that the compressed representation of dMAP given 

initial fPaO2 is likely to have a linear correlation with final fPaO2 in a near future. This 

method could help doctors to prospect the impact of dMAP control on the baby and provide 

information on immediate REBOA regulation, which potentially improves the well-being of 

both mother and baby. Our future work will focus on improving prediction accuracy with 

long prediction horizons, and integrating information from external measurements, such as 

maternal heart rate and fetal heart rate, to improve the robustness and reliability of obstetric 

REBOA procedure.
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Fig. 1. 
The wellness of mother and baby have an inverse response, in the short term, to the distal 

blood pressure with respect to the REBOA.
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Fig. 2. 
Sketch of the animal experiment: hypoxic lamb in pregnant ewe model (Vessels are 

simplified and brought to top for demonstration). REBOA is placed through the left femoral 

artery and blood pressure is monitored on the right femoral artery. Fetal and maternal carotid 

lines are placed for blood draws.
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Fig. 3. 
A demonstration of dMAP recording and one interpolated fetal ABG parameter fPaO2  from 

one sheep experiment. This sheep experiment consists of three rounds and it lasts about 3.5 

hours. Background colors differ for each round.
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Fig. 4. 
A proposed workflow based on time-series autoencoder to predict ABG parameter in near 

future
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Fig. 5. 
A convolutional autoencoder to reconstruct the dMAP signal. The encoder took a l, 1
time-series sequence was compressed to a (1, 8) feature vector, and the decoder tried to 

recover the input.
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Fig. 6. 
Eight selected samples for dMAP reconstruction. In each subplot, y-axis is the dMAP 

(mmHg), and x-axis is the time length.
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Fig. 7. 
The MAE and coefficient of determination results of linear regression for all 15 sheep. 

Each column denotes the error when this certain sheep was used as the test set. Four colors 

represent the MAE/r2 values when different prediction horizons were evaluated.
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Table 1.

Different regressors were used to fit the relation between compressed dMAP history and final fPaO2 prediction 

given the initial fPaO2 reading. The best performance in each row is highlighted in bold.

Regressor LR LGBM XGB KRR CBR EN BRR GB SVR

Metric mae r2 mae r2 mae r2 mae r2 mae r2 mae r2 mae r2 mae r2 mae r2

2.5min 0.62 0.95 0.70 0.95 0.75 0.94 0.61 0.95 0.73 0.94 0.67 0.95 0.62 0.95 0.66 0.95 0.63 0.95

5min 1.09 0.86 1.29 0.81 1.37 0.79 1.11 0.85 1.30 0.80 1.22 0.83 1.09 0.86 1.21 0.83 1.14 0.85

7.5min 1.42 0.76 1.74 0.64 1.86 0.57 1.47 0.74 1.75 0.63 1.69 0.68 1.42 0.76 1.62 0.68 1.58 0.71

10min 1.70 0.64 2.08 0.46 2.20 0.39 1.73 0.63 2.11 0.42 2.10 0.51 1.70 0.64 2.04 0.49 1.83 0.61
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