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Abstract: Blood gas analyses (BGAs) are used during me-
chanical ventilation as a diagnostic tool for partial pressures of
gases in the blood, but deliver only spot measurements due to
their invasive nature. We evaluate an established neonatal pul-
monary model on its suitability to estimate partial pressures of
oxygen and carbon dioxide to bridge the gap between BGAs.
The evaluation is twofold. First, we conduct a comparison to
the model’s original evaluation, using five patients with one
simulation each, to underline the importance of reproducibility
of implementations. Second, we perform an evaluation based
on a collected dataset of 11 patients and 452 simulations, com-
paring the simulated partial pressures of 𝑂2 and 𝐶𝑂2 to BGA
measurements. We report considerable deviations from real
measurements and propose adaptations to improve the simu-
lation.
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1 Introduction

Mechanical ventilation is a life-saving intervention in the
neonatal intensive care unit (NICU). During mechanical ven-
tilation, blood gas analyses (BGA) are used to monitor acid-
base status and gas exchange. Partial pressures of oxygen and
carbon dioxide are used to adjust ventilator settings. However,
BGAs are spot measurements which can only be obtained at
the cost of patient stress and blood loss. They cannot be used
for continuous control of ventilator settings. To address this
limitation, it is common to use a model of the respiratory sys-
tem to continuously simulate arterial partial pressures and thus
provide the basis for the development and use of ventilator
control. While numerous approaches exist for modeling adult
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respiratory systems [1], there are very few that focus specifi-
cally on neonates such as [2] and [3], neither including 𝑂2 and
𝐶𝑂2 partial pressures. Notably, Tehrani presented a neonatal
respiratory model [4], which has been further evaluated in sub-
sequent studies [5] and used to develop supportive systems for
NICUs [6]. The applications of such models extend further to
form a basis for closed-loop controllers, e.g. a 𝐶𝑂2 controller
for ventilated neonates [7], or serve more generally as a patient
simulator to guide therapeutic interventions or act as training
tools.

This study contributes a comprehensive evaluation of an
implementation of the neonatal respiratory model presented
by Tehrani [5]. We established a test environment to compare
simulated arterial partial pressures against the model’s original
evaluations and further BGA measurements. This latter part of
the evaluation was performed on our own dataset comprising
11 patients and 452 simulations, providing valuable insights
into the model’s accuracy and applicability in clinical settings.

2 Evaluation Setup

This work evaluates a mathematical model of the respira-
tory system in ventilated neonates which was presented by
Tehrani in [5]. Similarly to Tehrani, we focused on venti-
lation with pressure control, taking the following ventilator
settings as part of the model’s inputs: peak inspiratory pres-
sure (𝑃𝐼𝑃 ), positive end-expiratory pressure (𝑃𝐸𝐸𝑃 ), respi-
ratory rate (𝑅𝑅) and fraction of inspired oxygen (𝐹𝑖𝑂2

). Fur-
ther inputs are the patient’s weight, dynamic lung compliance
(𝐶𝑑𝑦𝑛) and shunt fraction, describing the fraction of blood
which is not oxygenated. Based on these inputs the model sim-
ulates values for arterial and mixed arterial partial pressures of
oxygen and carbon dioxide, which we will refer to as 𝑃𝑎𝑂2

,
𝑃𝑎𝐶𝑂2

and 𝑃𝑎𝑚𝑂2
, 𝑃𝑎𝑚𝐶𝑂2

. Fig. 1 shows a block diagram
of the model, which we implemented in MATLAB Simulink 1.
The model’s evaluation is divided into two parts: the recon-
struction of a previous evaluation and an evaluation on new
patient data.

1 Model implementation available at https://git.rwth-
aachen.de/informatik11/model-of-neonatal-respiratory-system
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Fig. 1: Block diagram of the evaluated respiratory system model,
taken from [5]

We performed a reconstruction of Tehrani’s evaluation
from [5], which used data from five neonates presented pre-
viously in [6] and had two consecutive blood gas analysis
available per patient. The model was run from the first BGA
to the next. The simulated 𝑃𝑎𝑂2

(transformed to saturation)
and 𝑃𝑎𝐶𝑂2

were compared against measured oxygen satura-
tion and carbon dioxide partial pressure from the BGA. We
replicated the procedure, by using the provided data as model
input and compared our results to Tehrani’s simulations.

Next, we evaluated the model by performing a patient-
data based evaluation in a similar manner to [5] with our own
data. We ran the model for the time span between two consec-
utive BGA and compared the simulated 𝑃𝑎𝑚𝑂2

and 𝑃𝑎𝑚𝐶𝑂2

to the partial pressures from the second BGA. We chose to
compare the arterial mixed partial pressure instead of arterial
partial pressure, as most of our BGAs are from capillary blood,
which are closer to mixed arterial blood. The data were col-
lected in the RWTH Aachen University Hospital and include
records of ventilation data from the neonatal intensive care
unit. From the dataset we extracted patients with available en-
tries for 𝑅𝑅,𝑃𝐼𝑃, 𝑃𝐸𝐸𝑃, 𝐹𝑖𝑂2

and blood gas analyses. The
dynamic compliance is partially available in the dataset and
is otherwise computed through an estimation based on weight
from [8]. The extraction resulted in a set of 11 patients, five
male and six female. A statistical description of the patients
with their simulation parameters is presented in Table 1. In
total 452 pairs of consecutive BGAs were available, resulting
in 452 simulations. For the simulations we didn’t use the pa-
tient’s birth weight, but the weight averaged over the time pe-
riod of available BGAs. To run the model automatically on the
collected data, we set up a simulation environment in MAT-
LAB. The model is initialized with 𝑂2 and 𝐶𝑂2 values from
one BGA. The model is run until the next available BGA. As
the used ventilator parameters are recorded at a frequency of
1Hz, we can capture changes in the parameters between the
BGAs and feed these to the model. The output consists of the
simulated 𝑃𝑎𝑚𝑂2

and 𝑃𝑎𝑚𝐶𝑂2
.

3 Results

The original results from [5] together with our reconstructed
results are shown in Table 2. For three out of the five pa-
tients we achieved similar values to Tehrani for both 𝑃𝑎𝑂2

and 𝑃𝑎𝐶𝑂2
. However, the simulation of the other two patients

deviated considerably from the original values, patient three
having the highest deviation.

During the patient data-based evaluation, 18 of the 452
performed simulations reached extremely high values for
𝑃𝑎𝑚𝑂2

and 𝑃𝑎𝑚𝐶𝑂2
(over 2000mmHg and up to 3.8 *

1015mmHg), showcasing scenarios in which the implemented
equations reached an unstable state. These simulations were
excluded from the following visualizations.
The absolute errors for simulated 𝑃𝑎𝑚𝑂2

and 𝑃𝑎𝑚𝐶𝑂2 are vi-
sualized as a histogram in Fig. 2. As the available blood gas
data was unevenly distributed among patients, the results are
grouped by weight as follows: (0, 1]kg, (1, 1.5]kg, (1.5, 2.5]kg
and (2.5, 4]kg. From this plot we observe that 𝑃𝑎𝐶𝑂2

exhibits
higher errors than 𝑃𝑎𝑂2

, the highest errors resulting solely
from the lowest weight class.
Our input data for 𝑃𝐼𝑃, 𝑃𝐸𝐸𝑃,𝑅𝑅 and 𝐹𝑖𝑂2

contained con-
tinuous measurements between two BGAs. Thus, we wanted
to display how changes in a parameter during a simulation
would influence the error in the 𝑂2 and 𝐶𝑂2 partial pressures.
A considerable impact of parameter change could only be ob-
served for 𝐹𝑖𝑂2

as shown in Fig. 3.

4 Discussion

The reconstructions of the evaluation from [5] matched the
original values for three patients, while the results for the other
two patients diverged considerably. Neither for the simulations
that were reconstructed well, nor for the two that diverged
could a common characteristic be found to justify the differ-
ence between the two outcomes. This deviation could hint to
either different settings of the model, such as differential equa-
tions solver due to the different implementations or to possible
numerical instabilities in the model. The results show that not
only the model’s description but also implementation details
are important for reproducibility.
From the patient-based evaluation we observed that both static
high 𝐹𝑖𝑂2

input values as well as changes in 𝐹𝑖𝑂2
between

BGAs can cause extreme and implausible simulated oxygen
and carbon dioxide partial pressures. On the one hand, these
deviations can result from a simplified modeling of the effect
𝐹𝑖𝑂2

has on 𝑃𝑎𝑂2
. On the other hand, 𝐹𝑖𝑂2

is changed as a re-
sult of the patient’s state change, such as dropped oxygen satu-
ration. This state change is however not captured by the model.
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Tab. 1: Patient description, values for 𝐶𝑑𝑦𝑛, 𝑃 𝐼𝑃, 𝑃𝐸𝐸𝑃,𝑅𝑅 and 𝐹𝑖𝑂2 are given as mean ± std. BW stands for birth weight. Only
measured 𝐶𝑑𝑦𝑛 is shown.

Pat. 𝑃𝐼𝑃 𝑃𝐸𝐸𝑃 𝑅𝑅 𝐹𝑖𝑂2 BW class 𝐶𝐷𝑦𝑛 Gestational age Simulation
ID (mmHg) (mmHg) (b/min) (%) (g) (ml/cmH2O) (weeks) count
1 17 ± 3.2 4.8 ± 0.9 48.1 ± 12 25.6 ± 5.3 (600, 800] 0.4 ± 0.4 (24, 26] 74
2 19.1 ± 2.3 5.9 ± 0.6 43.7 ± 8.4 24.6 ± 5.7 (3400, 3600] 1.9 ± 2.2 (36, 38] 46
3 15.4 ± 1.3 5.9 ± 0.4 15 ± 0 23.3 ± 4.6 (2000, 2200] - (38, 40] 15
4 19 ± 3 5.8 ± 0.2 51.5 ± 10.4 27 ± 9.2 (800, 1000] 0.1 ± 0.1 (28, 30] 15
5 18.2 ± 1.6 4.9 ± 0.4 46.9 ± 6.7 27.9 ± 7.7 (600, 800] 0.4 ± 0.6 (24, 26] 17
6 22.9 ± 3.3 1.1 ± 1.6 52.5 ± 5 35.1 ± 10.5 (600, 800] - (22, 24] 96
7 23.9 ± 3.4 5.9 ± 0.3 55.6 ± 6 39.1 ± 15.8 (600, 800] - (24, 26] 142
8 3.6 ± 0.4 6.5 ± 0.1 41.2 ± 13.1 21.2 ± 2.1 (2800, 3000] 0.9 ± 17.6 (38, 40] 11
9 19.6 ± 2 - 48.5 ± 3.3 30.5 ± 8.6 (2000, 2200] - (32, 34] 12
10 14.9 ± 0.5 5.9 ± 0.2 17 ± 4.9 26.4 ± 4.3 (400, 600] 0.7 ± 0.2 (24, 26] 1
11 18.8 ± 01.7 5.8 ± 0.4 41 ± 4.6 27.9 ± 6.7 (3400, 3600] 1.7 ± 0.5 (38, 40] 23

Fig. 2: Distribution of absolute error for simulated 𝑃𝑎𝑂2 and
𝑃𝑎𝐶𝑂2 of the 11 patients grouped by weight.

Fig. 3: Absolute error in 𝑃𝑎𝑂2 and 𝑃𝑎𝐶𝑂2 for simulations where
𝐹𝑖𝑂2 stayed constant vs. where it changed.

Tab. 2: Reproduction of Tehrani’s simulation [5] (orig) and our
reconstruction (recon).

Patient 𝑃𝑎𝑂2 orig. 𝑃𝑎𝑂2 rec. 𝑃𝑎𝐶𝑂2 orig. 𝑃𝑎𝐶𝑂2 rec.
ID (mmHg) (mmHg) (mmHg) (mmHg)
1 90 87.23 40 38.11
2 109 108.55 41 44.67
3 68 14.75 48 110.15
4 87 83.51 40.5 41.63
5 148 122.44 51.3 89.93

Low-weight patients stood out with high errors, especially
neonates with weights under 1kg. This effect was even greater
for 𝑃𝑎𝑚𝐶𝑂2

compared to 𝑃𝑎𝑚𝑂2
. This could be linked to the

modeled production of 𝐶𝑂2 as there is no differentiation in
metabolic rates between patients. Further, the weight is used
in the model only to determine the physiological dead space,
which does not take part in gas exchange and has no further ef-
fects on other parameters. Especially linking dynamic compli-
ance to weight is an important step, as the same absolute com-
pliance represents different lung states for patients of differ-
ent weights. Overall we consider the model currently unsuited
for the simulation of extreme and very low birth weight pa-
tients, as multiple model-internal parameters are not adjusted
between weight groups nor do they distinguish between the
patient’s health states.
To improve the modeling of arterial partial pressures multiple
changes could be made. First, the model needs an extension
which limits the direct influence an increase in 𝐹𝑖𝑂2

has on
the oxygen partial pressure. Such a limitation would also re-
flect data reported on the ratio of 𝑃𝑎𝑂2

/𝐹𝑖𝑂2
, which is not

linear in contrast to the model and varied depending on the
𝐹𝑖𝑂2

level [9]. A further improvement could be brought by
adjusting the relationship between the alveolar partial pressure
𝑃𝐴𝑂2

and 𝑃𝑎𝑂2
, which is modeled by a constant subtrahend of

20mmHg, representing the alveolar-arterial gradient for oxy-

419



C. Oprea et al., Evaluating a model for the simulation of arterial partial pressures

gen. This value has been shown to differ between newborns
[10] and can reach values of over 600mmHg [11]. Adapting
the dissociation curves for the relationship between concen-
tration and partial pressure of gases used in the model, could
also offer an improvement, as the ones employed in the origi-
nal publication [4] are computed from adult data. A further pa-
rameter which greatly influences the oxygen levels in neonates
is the shunt describing the mixing of arterial and venous blood
[3]. The shunt was set to 0.1, meaning 10% of the blood was
not oxygenated, similar to Tehrani’s evaluations [4, 5]. Trying
to parametrize the shunt to individual patients could also im-
prove the model. Ultimately, the model could be augmented
by a cardiovascular component to account for blood pH, as
has been done in [12]. An extension of the model to include
even more parameters could however also add new errors, as
measurements for neonates are not as widely available as for
adults and a thorough evaluation is harder.

After adaptations to the model, its evaluation could be ex-
tended from the point-wise blood gas analysis-based evalua-
tion to a continuous comparison of the modeled partial pres-
sures by considering transcutaneous measurements of gases.

Limitations. Most of the used blood gas analyses in the
patient-based evaluation are from capillary blood samples, but
are compared to arterial mixed gases, between which a known
difference exists [13]. The patients’ weights used in the sim-
ulation were averaged over the time span of available BGAs
due to privacy concerns.

5 Conclusion

In this work we evaluated the simulated arterial partial pres-
sures for oxygen and carbon dioxide using a model of the
neonatal respiratory system. Through a two-fold evaluation we
identified potential improvements of the model, to overcome
implausibly high simulated carbon dioxide partial pressures
and simulate low birth weight neonates more accurately. We
conclude, that the model needs further development before it
can be used as a developmental basis across all neonatal pa-
tient groups at least for the CO2-based control of ventilator
settings.
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