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Abstract

There is an urgent need for improved

respiratory surveillance of preterm

infants. Gas in scattering media absorp-

tion spectroscopy (GASMAS) is emerg-

ing as a potential clinical cutaneous

monitoring tool of lung functions in

neonates. A challenge in the clinical translation of GASMAS is to obtain suffi-

ciently high signal-to-noise ratios in the measurements, since the light attenua-

tion is high in human tissue. Previous GASMAS studies on piglets have shown

higher signal quality with an internal source, as more light propagates through

the lung and the loss due to scattering and absorption is less. In this article we

simulated light propagation with an intratracheal and a dermal source, and

investigated the signal quality and lung volume probed. The results suggest

that GASMAS has the potential to measure respiratory volumes; and the sensi-

tivity is higher for an intratracheal source which also enables to probe most of

the lung.
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1 | INTRODUCTION

Prematurity is the leading cause of neonatal mortality
worldwide. In 2010, the estimated mean preterm birth
rate was between 12.3% and 18.1%, resulting in 14.9 mil-
lion infants born before 37 weeks of gestation worldwide
[1]. Premature birth can result in long-term

complications and the associated health-risks increase
with lower gestational age [2].

The lungs of preterm infants lack both structural and
biochemical maturation, which together with surfactant
(lipoprotein decreasing surface tension in the alveoli)
deficiency and incomplete vascularization can cause
respiratory distress syndrome (RDS) [3]. RDS in turn
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results in respiratory failure manifested by a lack of oxy-
gen and excess of carbon dioxide. The clinical criteria for
RDS diagnosis include fast shallow breathing
(tachypnea), blueish skin (cyanosis), chest retractions,
flaring nostrils and expiratory grunting sounds [4]. Chest
radiography shows a ground-glass appearance, air
bronchograms and hypo-expansion of the lungs; pulse
oximetry may show low level of oxygen and blood gas
analysis an accumulation of carbon dioxide in the
blood [5].

Antenatal administration of corticosteroids, nasal
continuous positive airway pressure (NCPAP) and surfac-
tant administration to preterm neonates reduce the sever-
ity of RDS and minimise further development of
respiratory disease [5, 6]. These therapies alongside inva-
sive mechanical ventilation aim to achieve optimal lung
volumes. However, excessive inspiratory pressures repre-
sent a risk for baro-traumatic lung injury and long term
problems such as chronic lung disease [7].

Gas in scattering media absorption spectroscopy
(GASMAS) is a tuneable diode laser spectroscopic tech-
nique developed for noninvasive measurement of gas
enclosed inside turbid media without extraction [8]. The
technique relies on the sharp and specific absorption
lines of gases, enabling sensitive measurements of gas
concentrations in the presence of a scattering solid-state
media with much broader absorption features [9, 10].
GASMAS has industrial applications including quality
control and characterisation of wood, food packaging,
ceramics and pharmaceutical tablets [11–15]; further
studies are addressing its clinical translation for assess-
ment of inflammation and infection in paranasal sinus
cavities [16–18], otitis diagnosis [19] and early prediction
of osteonecrosis [20]. The application of main relevance
for the work in this article is the monitoring of oxygen
(O2) and water (H2O) vapour in the lungs of new-born
infants [21, 22]. GASMAS is a light-based technology,
therefore, it is nonharmful and its clinical applications
are contributing to the accomplishment of the UN third
Sustainability Development Goal [23].

In a typical GASMAS measurement targeting to sense
O2 content in the lungs of a neonate, a dual wavelength
diffuse laser source illuminates the walls of the chest.
Light scattered from the inflated alveoli within the lung,
reach a photodetector and the attenuated signal from the
gas is identified. One of the lasers scans an absorption
line of molecular O2 around 760 nm and the second
scans an absorption line of H2O vapour around 820 or
934 nm. The wavelengths are spectrally close, and the
path length within the tissue is assumed to be approxi-
mately the same. The vapour concentration is calculated
using the ideal gas law and the Arden Buck equation [24],
for known relative humidity and temperature (100%

and ~ 37 �C, respectively). The H2O absorption signal is
used to estimate the absorption path length by means of
the Beer–Lambert law [25].

I¼ I0e
�εcl ð1Þ

where I is the intensity of light reaching the detector, I0
is the intensity of the light source, ε is the molar absorp-
tion of the gas, c the gas concentration and l the gas
absorption path length.

Consequently, the calculated value of l is input in
Equation (1) to estimate the O2 concentration, using the
absorption signal of light at 760 nm.

Previous study focused in advancing GASMAS for O2

gas sensing in the lungs of pre-term neonates included
theoretical modelling [26], tissue phantom measurements
[27–29], and feasibility studies with new-born piglets
[30], and healthy full-term infants [22, 31, 32]. Most of
these studies have been conducted noninvasively with
both source and detector placed on the thorax wall. The
results have suggested that stronger signal would be
required to gain clinical acceptance.

The quality of the measured gas absorption signal
could improve by utilising an internal light source. Severe
RDS often need invasive mechanical ventilation, with a
tube inserted in the trachea. Almost all preterm infants
have a naso-gastric feeding tube, inserted in one nostril,
located in the oesophagus and ending in the stomach. An
internal light source approach, either through the endotra-
cheal tube or the naso-gastric feeding tube, will potentially
provide better signal quality, less light attenuation due to
scattering and absorption, and a more robust signal [33].

Larsson et al. found that light administration with a
fibre inside the trachea of a phantom model, gives larger
gas absorption signals with higher signal-to-noise ratio
compared with dermal sources [28]. Krite Svanberg et al.
performed measurements in mechanically ventilated pig-
lets with light sources placed in the oesophagus and on
the skin, concluding that the detected gas absorption sig-
nal is one order of magnitude larger in comparison with
measurements taken with a dermal light source [30].
Aiming to fully understand these results, and evaluate the
pros and cons of placing an endotracheal and/or dermal
source, we in this article, present simulations showing the
gain in signal arising from the placement of a light source
in the trachea of a computational model from a neonate's
thorax. And, based on the results, we highlight the possi-
bility to apply GASMAS technology to sense the changes
in pulmonary volume during respiration.

The conducted studies are based on diffuse light
modelling implemented with the software package
NIRFAST [34]. The geometry of the thorax was recovered
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from a computed tomography scan (CT) of a pre-term
neonate. Each CT slice was segmented to distinguish
nine different organs (skin, fat, muscle, bone, cartilage,
heart, artery, trachea and lung). A set of optical proper-
ties, absorption and reduced scattering coefficients (μa
and μs'), were assigned to each organ, based on values
available in literature (see Table 1). Finally, we modelled
the intensity of light reaching detectors over the thorax
with fixed endotracheal and dermal light sources; and
evaluated how sensitive the signal would be to volume
changes mimicking respiration.

2 | CONSTRUCTION OF
THORACIC MODEL

2.1 | Anthropomorphic geometry

NIRFAST is a modelling and image reconstruction soft-
ware, which uses Digital Imaging and Communications
in Medicine (DICOM) images as input, to create compu-
tational models of biological tissue. These models pre-
serve the anthropomorphic geometry of the segmented

organs and can be used to simulate near-infra-red (NIR)
light propagation based on the finite element method
(FEM) for a specific set of landmarks (source and detec-
tors) defined by the user [39].

DICOM images from an anonymised CT scan of a
3.58 kg infant born in gestational week 36 were used to
construct the computational 3D model of the thorax. The
CT consisted of a stack of 367 cross sectional slices
0.625 mm thick. Each image had 512 � 512 pixels, with a
pixel size of 0.356 mm in both directions. The CT scan
was acquired after parental consent following the guide-
lines of the ethical approval ECM 4 (gg) 7 March 2018
from the Clinical Research Ethics Committee of the Cork
Teaching Hospitals.

2.2 | Organ segmentation and creation of
computational thorax

The 3D computational model of the thorax was con-
structed by means of NIRFAST, which allowed segmenta-
tion by direct drawing over the CT images. The organs
conforming the computational thorax model were: skin,

TABLE 1 Optical properties (μa
and μs') at 760 and 820 nm assigned to

the 9 tissue types included in the

computational thoracic models

760 nm 820 nm References

Tissue μa (cm
�1) μs' (cm

�1) μa (cm
�1) μs' (cm

�1)

Skin 0.031 24.82 0.027 22.76 [10, 35]

Fat 0.128 13.85 0.069 13.24 [36]

Muscle 0.196 14.07 0.198 12.82 [10, 37]

Bone 0.100 9.30 0.110 8.40 [10]

Cartilage 0.532 7.93 0.544 8.46 [38]

Heart 0.249 4.89 0.111 4.45 [10]

Artery 3.138 16.69 4.906 15.87 [10]

Trachea 0.196 14.07 0.198 12.82 [10]

Lung 0.505 5.37 0.740 4.99 [10]

FIGURE 1 (A) Axial plane slice from anonymized CT scan of a 3.58 kg infant born in gestational week 36 and (B) equivalent segmented

slice where each colour highlights a specific tissue (see legend to the right)
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fat, muscle, bone, cartilage, heart, artery, trachea
(including the primary bronchi) and lung (Figure 1).
For segmentation purposes a different label was
assigned to each organ present in the CT stack. The
boundaries between organs were defined by differences
in intensity levels of Hounsfield Units (HU), a quantita-
tive scale used to describe tissue radio-density [40]. The
segmentation tool “Grow from seeds” was used to create
complete segmentation and avoid empty spaces within
the model.

Each organ was considered optically homogeneous;
small structures usually present in tissue like veins, col-
lagen, etc. were absent in this model. The values of
absorption and reduced scattering were taken from lit-
erature [10, 34, 39, 40]. The optical properties of tra-
chea, primary bronchi and muscle were considered to
be the same, as muscle is one of the main constituents
of trachea [41]. Since the latest GASMAS prototype
combines two diode lasers operating at 760 and 820 nm
[30], those wavelengths were chosen for this study
(Table 1).

To have a deeper understanding of the interaction of
NIR light injected from the trachea or armpit with the
lung and the surrounding organs, a set of landmarks
(points which define a position in space) was placed in
the model to represent two configurations, one with an
endotracheal light source (transmittance geometry) and
one with a dermal source placed under the right armpit

(remittance geometry). A group of detectors distributed
over the torso was used for both configurations, as can be
seen in Figure 2.

The segmentation and the landmarks were provided
as input to execute the standard meshing routine of
NIRFAST [39].

A three-dimensional (3D) mesh of the thorax was cre-
ated to model the diffusion of NIR light. The mesh had
1 356 069 tetrahedral elements, 229 363 nodes and 69
landmarks in total.

2.3 | Respiration model

Lung volume measurements are essential for diagnosis
and surveillance of respiratory diseases [42]. To under-
stand the variation in the GASMAS signal linked to pul-
monary volume changes during respiration, three sub-
segments of the lung were created, as a simplified model
of inflation stages between inspiration and expiration
(Figure 3). The inspiratory reserve lung volume
(IRV = 206 ml) was modelled assigning lung optical
properties to all segments; the inspiratory lung volume
(IV = 195 ml) assigning muscle optical properties to the
most exterior segment; and the residual lung volume
(RV = 137 ml) assigning lung optical properties to the
inner segment and muscle optical propertied to the exter-
nal segments.

FIGURE 2 Positions of source and detector landmarks in the computational models. In transmittance geometry, the source was located

inside the trachea and in remittance geometry under the right armpit. A set of the 68 dermal detectors (yellow dots) was located around the

thorax to model NIR light propagation. The dashed line corresponds to the axial plane in Figure 1
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3 | MODELLING OF LIGHT
PROPAGATION

3.1 | Forward model and photon hitting
density

At the utilised wavelengths, scattering interactions domi-
nate over absorption (μa � μs') and the detectors were
placed far from the source, therefore, the diffusion equa-
tion approximation was used to solve the NIR light prop-
agation [34]. This was achieved through the forward
model of NIRFAST for both 760 and 820 nm.

The primary output from the forward model is the
light fluence rate φ(x, y, z) at each nodal point of the
mesh. The absorption of light due to the presence of
molecular O2 inside the alveoli can be computed, as the
product of fluence rate in lung by the absorption of the
gas. This absorption imprint of O2 is about 10�4 weaker
than that of the surrounding tissue and will not signifi-
cantly change the value of fluence rate within the tis-
sue [26].

The absorption imprint of the detected signal for any
given position in the tissue is proportional to the photon
hitting density (PHD) [43]. The PHD describes the
expected path length spent by photons at any given posi-
tion when travelling between source and detector. It
thereby shows the probability of a change in optical prop-
erties at a certain position to affect the measured signal
[44]. The PHD was found by solving the forward model
to estimate φS for a mesh node in a location (x, y, z) with
the light injection point in the source (S), followed by the
calculation of φD assuming that the light injection point
is now located in the position of the detector (D) and
multiplying both values:

PHDSD x,y,zð Þ¼φS x,y,zð Þ:φD x,y,zð Þ ð2Þ

The total photon hitting density (TPHD) corresponds
to the contribution from all nodes (n) of the mesh. It is
related to the total light intensity detected (see
suplementary material), and does not provide informa-
tion about the gas absorption in lung tissue.

TPHDSD ¼
X

nmesh

φS x,y,zð Þ:φD x,y,zð Þ ð3Þ

Liao et al. introduced the concept of sensitivity (σ) for
GASMAS measurements, as the ratio between the sum of
the PHD for nodal points allocated within the lung and
the TPHD [26]. Source-detector configurations with high
sensitivity are more likely to output a high gas absorption
signal as the path length of light within the lung is a
larger fraction of the total path length.

σ¼
P

nlungφs x,y,zð Þ �φD x,y,zð ÞP
nmeshφs x,y,zð Þ �φD x,y,zð Þ ð4Þ

TPHD and σ were calculated at two wavelengths for the
three different lung volumes: IRV, IV and RV, for two
different configurations, one with endotracheal source
and 68 detectors on the torso and with a dermal source
under the right armpit and 67 detectors.

4 | RESULTS AND DISCUSSION

The interpolated values of the fluence rate for each nodal
point in the lung when light is injected inside the trachea
and under the armpit (dermal light source) are shown in
Figure 4. The dermal source was located under the arm-
pit in agreement with the translational investigation arti-
cle published by Krite Svanberg et al. who found this
geometry to be the most favourable to obtain gas absorp-
tion signal for a set of 21 full term infants [31]. These
geometries are analysed throughout this study.

The placement of the intratracheal light source results
in a gain of two orders of magnitude (~1.6 � 10�2) in
light fluence rate in the lung. This means there will be
more light interacting with the gas in the lung, while it
tells little about how that absorption would be detectable
at superficial locations around the thorax. To understand
how placing an internal source could influence the
detected signal in various positions over the torso, we
revise next, the TPHD and σ for both configurations.

Equation 3 was computed for each of the 68 detectors
with the source placed in the trachea of the computa-
tional model with optical properties at 760 and 820 nm.
The interpolated values of TPHD were plotted for the

FIGURE 3 Computational model with lung sub-segments used

to recreate the pulmonary volumes (IRV, IV and RV)
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different respiratory volumes in Figure 5A. The same cal-
culation was performed with the dermal source. In that
case the number of detectors was 67 and the landmark
located in the trachea was discarded prior to the data
interpolation which can be seen in Figure 5B.

The maximum value of TPHD is obtained for the
remittance configuration (dermal source placed under
the armpit). Detectors close to the source will detect high
light signals and will therefore have high TPHD. We dis-
cuss the combined requirement of high TPHD and σ
below.

For the intratracheal light source, the TPHD increases
in the respiration phase as the lung volume decreases.
This is most likely related to the higher light attenuation
of lung tissue compared with muscle, which was used to
replace the perimeters of lung tissue in the simulations,
for the inspiratory and reserve lung volumes. We see the
same tendency for the dermal source but less accentu-
ated, most likely because less of the detected light will
pass through the lung tissue for this geometry.

Comparing the two wavelengths (760 and 820 nm),
the values of TPHD for the intratracheal source simula-
tions do not differ much, meaning that both wavelengths
are attenuated similarly when transmitted through the
tissue. This is ideal for the assumptions of similar path
lengths in the lung tissue for the two wavelengths, made
to estimate O2 concentrations in the lung. In contrast, the
light paths for the dermal source simulations are domi-
nated by superficial tissue (skin, fat and muscle), and the
light attenuation at 820 nm is lower for those tissues than
at 760 nm, resulting in a higher TPHD for 820 nm com-
pared with light at 760 nm.

To know how much of the light injected in the tra-
chea and under the armpit would interact with the gas in
the lung, σ was plotted for both configurations and all
the pulmonary volumes in Figure 6. The regions of the

thorax with higher σ correspond to the configurations for
which the light spent longer time interacting with lung
tissue, which is correlated with higher gas absorption
signals.

The σ maps for intratracheal source (Figure 6A) show
that the percentage of the total path length spent in lung
tissue is rather constant, independent on the detection
configuration (slightly <1% of the total photon path is
through lung tissue). A likely explanation is that the lung
tissue is very close to the source and most of the path
length is spent within the lung independently on the path
the light takes through the tissue to reach the detectors.
The pattern for the dermal source is very different
(Figure 6B). For this configuration, the fraction of the
path length spent in the lung tissue (deep into the body)
is higher the further away from the source the detector is
located. Comparing the two wavelengths, again σ differ
more for the dermal than for the internal source, proba-
bly for same reason as discussed for the TPHD.

Figure 7A corresponds to transmittance geometry in
which the source is placed in the trachea and the detec-
tors over the thorax. In this case the light propagates
towards the anterior (0�–180�) and posterior (180�–0�)
sides of the thorax. The σ map overlaps at some angles
with the TPHD lobes. This means it should be possible to
obtain a position with both relatively high light transmis-
sion and gas sensitivity. Best detector position in this
respect for this particular plane seems to be around 30�.

Figure 7B resembles the remittance geometry, in
which the source (located under the armpit at 330�) and
detectors are placed over the thoracic wall. In this case,
the light undergoes attenuation by the external tissues
(i.e. bone, muscle, fat and skin) as light goes from the
source to the lung and on the way back to the detector.
This plot shows how the σ distribution is strong when
the TPHD value is low and vice versa, meaning it is

FIGURE 4 Logarithmic maps of

light fluence rate for the

computational model with optical

properties at 760 nm with a tracheal

(A) and a dermal (B) light source,

which position is represented by a

red asterisk
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unlikely to get both a strong light signal and sensitivity
for the same source detector configuration. The optimal
detection positions considering both sensitivity and light
transmission is around 300�, corresponding to a
measureable sensitivity and still a relatively high TPHD.
This position relates well with the experimental findings
reported in Ref [31].

The plots of Figure 7 are useful to identify optimum
source-detector geometries. For example, the detectors
shown in Table 2 will sense the highest signal carrying
the absorption imprint of O2 gas inside the lung, at this
specific coronal plane. The values of TPHD and σ for
intratracheal and dermal source for those detectors are
specified bellow:

Table 2, show that light delivered internally is
more likely to carry as absorption imprints, associated
with high σ. The results show that GASMAS has the
potential to quantify changes in lung volume, which
could be correlated with the alveolar status of lung

tissue. And, it could be possible to perform continuous
bedside measurement of pulmonary volumes in neo-
nates. This represents an advantage compared with
current methods such as radiography, gas dilution
(requires the infant to remain quiet for at least 10 min)
and plethysmography (not suitable for bedside mea-
surements or assessment in very small infants) [45].
Electrical impedance tomography can be used to moni-
tor changes in regional ventilation and lung volume in
infants, but lacks of information about the alveolar gas
content [46].

It should be noted that in this study the light sources
were placed in a fixed position and a different placement
would alter the light distribution and to some extent the
conclusions. However, these results are in agreement
with the experimental studies performed in Bio-
photonics@Tyndall in which the optical properties and
structure of tissue from the respiratory zone were mod-
elled in an optical phantom, that enabled benchtop

FIGURE 5 Interpolated TPHD

for the respiratory volumes (IRV, IV

and RV) at 760 and 820 nm with

endotracheal (A) and dermal (B)

light source with a set of detectors

(circular markers) placed over the

thorax. The numbers in grey

indicate the maximum TPHD values

within each case
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FIGURE 6 Sensitivity (σ) plots for the respiratory volumes (IRV, IV and RV) at 760 nm (top row) and 820 nm (bottom row) with

endotracheal (A) and dermal (B) light source with a set of detectors (circular markers) placed over the thorax. The numbers in grey indicate

the maximum σ values
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meassurements of changes in gas volume with a
GASMAS system in transmitance geometry [47]. And the
gain in detected signal carrying information of gas absorp-
tion (photons reaching the detector after interacting with
lung tissue), associated with the placement of an endotra-
cheal light source compared with the dermal source, is in
agreement with the results from Krite Svanberg et al. who
analysed O2 and H2O absorption signals in five mechani-
cally ventilated piglets with a probe delivering light exter-
nally, on the skin and internally, through the oesophagus
[30]. In the same study, the authors found a weak or non-
existent H2O vapour signal when using the dermal light
source, and as a consequence, the determination of O2

concentration was not achieved. The low σ for the dermal
source at 820 nm exhibited in Figure 6B confirms that for
this configuration, a small amount of light reaches the

lung and the associated GASMAS signal would be nonex-
istent or low.

Preterm infants with severe RDS often need intuba-
tion for invasive mechanical ventilation due to respira-
tory failure. A naso-gastric tube is inserted in almost all
preterm infants for feeding proposes. Placing a light
source in the trachea or the oesophagus would be feasi-
ble, and it will still be “noninvasive”, since the light
source would be placed in the trachea through an already
existing tube. The stronger signals, would further allow
to reduce the measurement times to permit recordings of
the O2 levels in the lung as a function of phase in the res-
piration cycle. However, the main aim of GASMAS trans-
lated into respiratory health-care, is a noninvasive
assessment of lung function, and the internal light source
should be used just if the infant is already intubated. The

FIGURE 7 The normalised polar plot of the TPHD and σ values for the intratracheal and dermal sources at 760 nm. The coronal plane

(vertical plane dividing the body into anterior and posterior parts) is signed with the dashed line in Figure 2
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localization of a near- infra-red light fibre inside the
respiratory or potentially naso-gastric feeding tube, could
be prototyped and evaluated.

The enhancement of sophisticated neonatal intensive
care is increasing the viability of extremely preterm
babies. However, prolonged intubation in low
birthweight neonates is associated with risk of infection
and higher morbidity [48]. The clinical translation of
GASMAS technique can potentially be of help in aiding
physicians to diagnose and continuously monitor the
respiratory function of pre-term infants and their
response to oxygen and surfactant administration [49].
As a noninvasive technique it also could develop as a tool
to optimise time for extubation (withdrawal of the endo-
tracheal tube) and contribute to the current need of
improving new-born medical care [2].

5 | CONCLUSION

An anthropomorphic computational model of the thorax
of a neonate with nine main organs (skin, fat, muscle,
bone, cartilage, heart, artery, trachea and lung) was cre-
ated. The model was used to simulate light propagation
at 760 and 820 nm wavelength, for two different light-
source detector configurations (remittance and transmit-
tance geometries) during respiration.

The sensitivity maps showed that the placement of an
endotracheal light source would improve the assessment
of the pulmonary lobes, as light exhibits less attenuation
and distributes evenly in the lung.

The variations in TPHD and σ associated to changes
in pulmonary volume suggest that GASMAS can be used
to assess continuously lung volumes during respiration.

The results from this study are in agreement with the
experimental studies conducted by Krite Svanberg et al.
in a group of mechanically ventilated piglets; our numeri-
cal model could be further used to analyse different
source-detector configurations and assist in the planning
of clinical protocols to advance the clinical translation of
GASMAS as a complementary tool to improve the respi-
ratory healthcare in neonates.
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