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Lasers, optical spectroscopy and imaging techniques provide many powerful approaches to fast, accurate and
minimally invasive medical diagnostics. While most frequently broad-band spectroscopic techniques are used for
tissue characterization, a new class of methods instead utilize narrow-band lasers for the monitoring of free gas in situ
in the human body. The gas in scattering media absorption spectroscopy (GASMAS) technique relies on the fact that
the absorptive imprints of free gases are typically 10,000 times narrower than those due to the tissue surrounding gas-
filled vacuoles and cavities. Multiple scattering enhances the optical pathlength through the gas, but leaves absolute
concentration assessments as a challenge. The GASMAS technique has many applications in food and fruit monitoring,
as well as in studies of construction materials and pharmaceutical preparations. However, the present review will focus
on emerging diagnostic techniques for common sinus and middle-ear infections (sinusitis and otitis), for surveillance
of lungs, in particular for premature infants, and for studies of necrotizing bone structures. © Anita Publications. All
rights reserved.
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1 Introduction

Scattering, fluctuations and turbulence are very common physical phenomena encountered in optics,
and frequently carry a negative connotation. Certainly, image blurring and impaired visibility are unwanted
effects. The phenomena are of statistic nature and numerous efforts have been invested in describing them
and also in searching remedies. The field of atmospheric light propagation has been the subject of much
research (see, e.g., [1-3]). Biological tissues exhibit both scattering and absorption of light. The field of
biophotonics deals with medical and biological applications of light, which is most commonly generated by
lasers or light-emitting diodes (LEDs). Recent reviews of this rapidly expanding field include Refs [4-7],
while also the numerous applications to other fields are covered, e.g., in [8]. Basic laser-tissue interaction
mechanisms are discussed, e.g., in [9], and are in operation in diagnostic as well as therapeutic contexts.
Many of these applications depend strongly on the choice of interaction wavelength, as, e.g., in photodynamic
therapy (See, e.g., [10]).

Biophotonic studies most frequently concern tissue, which is condensed matter with comparatively
broad spectroscopic fingerprints - seldom sharper than 10 nm. In contrast, free gas exhibits sharp absorption
lines, typically 10,000 times more narrow. This calls for the use of narrow-linewidth lasers as biomedical

light sources, in a similar way as when probing free gases, e.g., pollutants in the atmosphere [11,12].
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Free-gas monitoring in connection with biophotonics investigations basically has two different
aspects. The first one concerns breath analysis, which is performed extra-corporally. Here, the monitoring is
performed in a gas cell, which is filled with the sample of interest [ 13-15]. A high sensitivity is needed, since
the concentration of gases, which are specific to certain diseases, are low.

The second type of free gas monitoring in biophotonics is a more recent one, where the studies are
performed in situ in living tissue, such as paranasal sinuses, the middle ear, lungs and intestines, as well
as certain bone structures. Here, the gas is present in cavities and pores imbedded in frequently massively
scattering tissue. Then two main problems have to be handled. Firstly, the optical pathlength for light passing
through gas becomes undefined, meaning that the Beer-Lambert law ([8], p 181), which is normally used for
gas concentration assessment, is not directly applicable. Secondly, massive scattering and absorption in the
surrounding host tissue cause very strong light attenuation. This is the case even when using a light wavelength
falling in the so called “tissue optical window” — 700 - 300 nm — where the absorption is comparatively low.
Still, very little light reaches the detector, and the fractional absorption imprint from the interrogated gas is
also very small. Therefore, signals are frequently noisy and require sensitive detection electronics.

A new variety of spectroscopy for monitoring free gas was developed to overcome these problems:
Gas in scattering media absorption spectroscopy (GASMAS) [16,17]. It emerged by combining experience
from the environmental monitoring field, where sharp absorption lines in a non-scattering environment
are detected, and the field of biophotonics, where broad-band absorptive features are studied in a heavily
scattering scenario [18-20]. As pointed out, scattering normally causes a lot of problems, but in the context
of GASMAS it also brings along some benefits — the pathlength through gas is increased by the massive
multiple scattering, which enhances the fractional absorptive imprint.

Our paper is organized as follows. A brief medical background to medical diagnostics in general and
in-situ gas monitoring in the human body in particular is provided in the next section. Then, the basics
of the GASMAS technique, and how to overcome specific associated problems encountered in scattering
media, are presented in Sect 3. Non-medical applications of the technique, e.g., in material sciences, food
sciences and the pharmaceutical field are also briefly described for completeness. Four following sections
then discuss applications to the human sinus cavities, studies towards the monitoring of middle-ear infection,
lung monitoring for new-born children with potential extension to adults, and the study of bone decay.
Conclusions and an outlook for the future are finally presented.

2 Medical background and the need for fast and non-invasive detection, monitoring and characterisation
of tissue

2.1 General background

Therapy decisions in medicine are based on specific procedures to detect and specify the disease
present. Even with an immense development in the medical field there are still a certain number of unmet
needs to be solved in the health care sector. These include early detection of a disease as well as development
of more individualized medical therapy. According to statistical estimates, the incidence of malignant tumor
cases is expected to be doubled by 2040. Another prediction is that there will be 35 million new cancer cases
by 2050, which is a 77% increase from the sitution today [21,22]. An explanation for this situation is the
aging population. As a matter of fact, age is the paramount risk factor for developing malignant tumors. Nine
out of ten cancers are diagnosed in people above the age of 45 years [23,24].

This fact calls for actions within the medical health care sector. Large surgical procedures may
need to be exchanged for more non-invasive modalities with retained efficacy and less side-effects. The
development of robotic surgery is one such trend [25], but there are also other ways of treating tumors
embedded in the body, e.g., with interstitally delivered laser light, a true minimally invasive technique
[26,27].
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Along with the increasing number of malignancies, another situation has to be in focus for attention:
the alarming and rapidly growing antibiotic resistance of bacteria, which seems to threaten the whole World.
The World Health Organization even warns that we may enter a situation similar to the pre-antibiotic era
facing an also increasing incidence of infectious diseases [28].

These clinical situations are examples, where it would be of great value to develop complementary
non-invasive laser/light based spectroscopy methods for more precise detection and classification of the
problem. Potentially attractive features of optical techniques include non-intrusiveness and real-time
presentation of findings with high percentage numbers for sensitivity and specificity [29,30].

A lot of translational research efforts in biophotonics have been pursued, and some important
additions have been brought all the way from the laboratory to the clinic. The true success story is the
development of optical coherence tomography (OCT), both from the aspect of improved care of patients
with retinal problems, and from a commercial point of view. OCT has really revolutionized some diagnostic
procedures in ophtalmology. Every patient with retinal problems arriving to the ophtalmologist’s office
normally has an OCT procedure performed [31,32].

We will give some background facts in various fields, pertinent to biophotonics, including early cancer
detection, and some common infectious diseases. Furthermore, we will discuss some critical aspects in
neonatology, related to the fact that 10% of all babies these days are born preterm and therefore need special
therapy [33]. Some aspects of osteoarthritis will also be elucidated, taking into account that more than 25%
of the population is affected by early onset from the age of 45 years [34]. All these various clinical situations
will be related to possible biophotonics solutions resulting in an improved situation for the health sector and
better care benefitting the patients.

2.2 Early tumor detection

The available arsenal of modalities for tumor detection includes ionizing-radiation-based techniques,
such as computed tomography (CT) scintigraphy (SPECT) and positron emission tomography (PET), but
also ultrasound imaging and magnetic resonance imaging (MRI). Although very advanced, the conventional
diagnostic techniques fail to detect very early tumor growth when the malignant lesion is only a few cell layers
thick, and long before symptoms of a malignancy are recognized. Taking into account that the prognosis for
the patients is clearly related to early diagnosis, the incitament to develop techniques for early detection is clear
[35]. Complete response rates reach above 90% for many malignant tumors if discovered at an early stage.

Hollow organs are investigated using endoscopic procedures in combination with biopsies to collect
tissue samples for histopathological investigation. The challenge is to find the areas of interest, the early onset
of cancer, which might be invisible, and therefore “blind” biopsy is performed with a certain risk to miss
the targets due to their subtle features [36]. One clinical example where a biophotonics technique has been
developed and to a certain degree is routinely used is in urology, where dramatically improved possibilities
for early tumor detection for in situ bladder cancer are now available. By using laser-induced fluorescence
imaging, non-visible tumor, earlier easy to miss, can be detected with high specificity and sensitivity in real-
time. This means that not only the papillary tumors are identified by endoscopy, but also the non-visible
carcinoma in situ lesions, which have a potential to grow right through the mucosa and develop a life-
threatening disease within a short time span [37,38]. The versatility of this technique is quite clear and the
potential for other clinical applications is obvious.

2.3 Infectious diseases and antibiotic resistance

A general trend for infectious diseases is an increasing incidence worldwide. This is due to many

factors, out of which one is the climate change [39]. This increasing incidence of infections in combination

with the alarming increase of multi-drug resistance among pathogenic bacteria constitutes a true challenge to
the whole World [40,41,28]. The situation has to a certain degree been ascribed to the misuse of the medication
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and the unavailability of newer antibiotics [42]. In 2019, 1.27 million deaths were directly attributed to drug-
resistant infections globally. By 2050, up to 10 million deaths are predicted to occur annually for the same
reason [43,44].

The World Health Organization (WHO) points out the fact that the antibiotic resistance may hamper
the possibility to treat some very widespread and serious diseases. This is the case for tuberculosis, for which
first- and second-line antibiotics show a failing effect and a third line is not available.

The agents causing infectious diseases are investigated by Polymerase Chain Reaction (PCR) or
Petri-dish bacterial growth, often with an antibiotics response study [45]. In such a way, the efficacy of the
antibiotics is classified in relation to the bacteria. The majority of antibiotics were developed during the period
1960-1980, and after that large pharmaceutical companies have departed from research and development on
innovative antibacterial drugs. The development of new classical antibiotics has decreased substantially.
This is particularly the case in the US, but the trend is the same in Europe [46]. This fact is mainly due to
economical aspects, since the health trend, supported by the health organizations, is to use as little antibiotics
as possible to as few patients as possible.

An estimation reveals that more than half of the use of antibiotics in human medicine is unnecessary,
as virus and not bacteria [47] cause the infections. The over-prescription of antibiotics can be illustrated
by taking the examples from some common diseases, such as sinusitis and middle-ear infection. It is well
known that a substantial part of the sinus infection cases reverts to health only with anticongestion- and pain-
relieving medication [48]. With the anticongestion sprays, the connecting channels from the sinus cavities
open up and the enclosed fluid can be released. Comparative studies of patients with acute sinusitis have been
performed. The patients were randomly given antibiotics or not. The consensus was that antibiotics should be
reserved only for carefully selected patients with a higher probability for developing severe bacterial disease,
and not as a standard action to the entire non-selected group of patients.

Another common infectious disease is acute middle ear infection (Acute Otitis Media, AOM) in
small children. Approximately 80% of all children will go through 4OM infection before school age [49-51].

The disease appears in young individuals due to the anatomical structure of the channel, the
Eustachian tube connecting the middle ear with the nose. This tube is in small children horizontal, which
results in a slow release of the infectious fluid into the nasopharynx. Due to a stagnation of the fluid behind
the tympanic membrane, the eardrum, which separates the middle from the outer ear, is overfilled with blood
and becomes swollen due to the release from inflammatory cells. This causes the patients an intense pain. The
standard diagnostic procedure is performed with an otoscope, but the investigation does not give any precise
guidance for therapy. Usually, the standard result is a prescription of antibiotics, which in certain cases,
particularly if the child is below one year of age, might be correct, but for children above that age most often
the decision should rather be watchful waiting for a natural healing. Unfortunately, this recommendation is
not followed and a true over-prescription results.

As the examples above show, there is certainly a true need for more precise diagnostics to guide in the
therapy decision. In the case of sinusitis, one such possibility might be to use GASMAS to probe the oxygen
content in the sinuses. If the concentration of oxygen is substantial and the channels between the sinus and
the nasopharynx are open no antibiotics should be prescribed. In the case of 4OM, one possibility is to use a
combination of reflectance spectroscopy in order to objectively get a measure of the redness of the eardrum,
and GASMAS to assess the oxygen concentration behind the tympanic membrane. A better guidance for the
therapy outcome should be possible with such monitoring,

2.4 Neonatology

An increasing percentage of babies (approximately 10% worldwide) are born preterm and the
majority suffers from deficient respiratory ability due to non fully developed lungs [33]. The lack of continous
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24-hour bed-side surveillance of the lung function, and systems for identifying serious events, such as a
punctured (prneumothorax) or collapsed (atelectasis) lung, indicates a true need for innovative actions in
neonatology for improving the care and alert the personal for immediate actions.

Since the lungs are the last organs to be fully developed during the pregnancy, the preterm babies suffer
from impaired breathing. The main problem concerns the alveoli, the small hollow structures at the end of the
bronchioles. When fully developed the alveoli have an inner lining covered with a surface-active complex of
phospholipids and proteins, the surfactant, which is produced in the lungs from week 26, and increases week
by week [52]. The main function of the surfactant is to prevent the alveoli to collapse and fall together at the
end-expiration. With insufficient surfactant, the result is a deficiency in keeping the volume of the alveoli,
and the amount of inhaled air decreases. This means that the oxygen distribution to the blood stream from
the liquid-air interface in the alveoli is limited, resulting in a too low saturation which affects all organs, and
particularly much the brain.

Due to the insufficient lung development, the preterm infants have an increased risk to develop
Acute Respiratory Distress Syndrome (ARDS) [53,54]. This syndrome is associated with fluid formation in
the alveoli, which in turn breaks down the surfactant and prevents full air filling. ARDS, if not treated at an
early stage, may lead to lung scaring and eventually to a stiff lung with breathing problems later in life [55].

A very critical situation for these vulnerable patients is if the whole or part of the lung collapses.
This is called atelektasis and leads to reduced or absent gas exchange. If the lung alveoli cannot keep the
volume, and an atelektasis happens, a serious following event may occur with a puncture (pneumothorax) of
the lung. This is a very critical situation for the small infant and should immediately be observed. With no
alarm system in place such events may not be observed instantly causing delayed action.

The therapy delivered to the small pre-term babies consists of the administration of artificial
surfactant and continuous positive airway pressure support in an effort to keep the alveoli open and air filled.
The conventional follow-up of the therapy is repeated X-ray-based imaging of the lungs, and blood-gas
laboratory tests. The gas analysis only gives a global measure of the status and only indirectly tells about the
lung function. The ionizing-radiation-based CT has a potential risk for the infant later in life and should be
used with obvious precautions. It is quite clear that all efforts should be taken to avoid ionizing radiation to
the small babies, in particular knowing that the risk of developing a malignancy later in life is 10-15 times
higher than for non-exposed babies [56,57].

Continous photonics-based bed-side lung monitoring of the free oxygen has a true potential to add
diagnostic strength in the surveillance of the status, and thus avoiding detrimental X-ray exposure. With an
alarm function in the surveillance system, the critical events described can immediately be detected for fast
actions.

With GASMAS there is a possibility to develop equipment, which could provide 24-hour surveillance
of the lung function and also spatially resolve the lung lobes to more in detail follow the status. Such a system
can also provide instantaneous evaluation of the effectiveness of a given medical intervention. The system
might be referred to as an “optical stethoscope”.

Another complication for the preterm infants is the necrotizing enterocolitis (NEC), an acute
inflammatory condition, where part of the intestine becomes necrotic with a risk of perforation [58]. The
incidence ranges from 1-8% of all cases in preterm delivery. As NEC is a condition accompanied by strong
gas release, it makes it a true candidate for GASMAS-based monitoring.

The handling of patients with severe Covid 19, the disease that has threatened the whole World,
would probably have been improved with an interactive possibility to adjust the ventilator providing
oxygenation of the lungs [59]. The challenge to take lung monitoring for small infants further to be used for
older children and even adults is addressed in an ongoing research activity at our department.
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2.5 Bone necrosis due to inadequate blood supply caused by fracture or medication

Bone decay relates to deficient or disrupted blood supply via the arterial vessel system in the bone
membrane (the periosteum). A location, where this is of particular interest is the hip joint. Necrosis of the
femoral caput in the hip joint (ONFH; osteonecrosis of the femoral head) is a late-state result of disrupted
blood supply to the bone structure. The most common reason is a traumatic fracture [60]. However, also
non-traumatic bone necrosis (NONFH) hits a certain number of mostly young patients and is particularly
devastating if it occurs in the hip joint with the caput femuri aftected [61-63]. The etiology is partly unknown,
but there is a certain connection to steroid medication as well as to smoking and abuse of alcohol. This variety
of ONFH is more common in China and Japan than in Europe or the US [64].

Early diagnosis of NONFH is difficult, since there is currently no standard diagnostic procedure
that can reveal an early onset of the disease. Therefore, most patients with NONFH show substantial necrosis
already at the time of diagnosis.

The developing of ONFH involves crack formation in the caput structure covered with the bone
membrane. The necrotizing process is connected with the formation of gas, which builds up pores in the
caput. With a situation, where no specific diagnostic methods are available, it would certainly be very
valuable to develop a modality for identification of the process. Then the patient could benefit from an early
intervention that may reverse the process or prolong the time before surgical intervention is necessitated by
heavy pain [65]. GASMAS seems to be an ideal modality as it relies on gas monitoring in an enclosed organ,
in this case the caput. Adopted for minimal-invasive arthroscopic investigation, with or without addition of
laser-Doppler techniques for assessing the blood flow, it could really add diagnostic strength in the handling
of this devastating disease affecting mainly young people.

3 Fundamentals of gas in scattering media absorption spectroscopy (GASMAS)

Porous materials are common, and occur as man-made structures or naturally occurring substances.
Enclosures of gas are incorporated in the solid matrix material. Examples of common porous materials are
wood, ceramics, polystyrene foam, pharmaceutical preparations, and food stuffs, including fruits. Pore sizes
would vary widely and frequently reach the micro- or even nanometer scale. At interfaces, where there is a
step change in the index of refraction, light transmitted into the medium will scatter. Multiple scattering will
occur if pores are abundant and will result in a random walk of the photons. Light propagation at all is clearly
only possible if the bulk material is reasonably transparent to light of the wavelength employed, and the
material will then appear translucent. On a much larger scale, a similar situation occurs in atmospheric optics,
where the light encounters scattering aerosol particles. Such situations can be probed by lidar (light detection
and ranging) techniques [11,12]. If particles are abundant (like in clouds or in fog), multiple scattering
occurs, and light will only propagate diffusely and visibility is lost. In the DIAL (differential absorption
lidar) approach, minor polluting gas constituents can be monitored using a tuneable laser, which can sense
the spectral imprint of the gas in the light, which is backscattered by mostly particulates (see, e.g., [66]).
Contrary to the DIAL case, the gas inside the scattering pores within the bulk material is instead sensed in
GASMAS. The strong difference in response to wavelength variation is critically utilized in both cases. The
Mie scattering particles as well as the partly absorbing bulk material does not exhibit any sharp structures,
which in contrast is the case for the free gas, with imprints typically 10,000 times sharper. Figure 1a shows
the (large-scale) multiple scattering lidar case (scattering particles in air) and (b) the (small-scale) GASMAS
case, with scattering pores in a bulk material, respectively. Figure 1¢c shows the GASMAS transillumination
case, where the detector is placed on the back side of the sample. Diffuse scattering through gas clearly
also occurs if we have a larger cavity imbedded in a scattering surrounding, such as human tissue (Fig 1d).
Finally, detected light levels when a constant-power freely propagation laser is scanned is shown in the lower
left part of the figure, while the transmission spectrum of light traversing the scattering sample is shown
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to the lower right. Very sharp gas absorption imprints (typically 10~ nm or few GHz broad) are observed
superimposed on the slowly varying bulk material absorption spectrum.

(a) (b) \(c) (d) f

O "
O O Y]
O

O e ‘
L) ¢ T
A A
Injected wavelength-tuned Diffusely transmitted/backscattered
laser light detected light
g g
2 7
£ —  ——
Z g
= E
Wavelength Wavelength

Fig 1. Principles of GASMAS. (a) The multiple-scattering lidar case, with aerosol particles in air
causing scattering and the gas surrounding the particles being probed; (b) the GASMAS case, where
gas-filled pores in the bulk material cause scattering, and absorption when light enters the pore; back-
scattering geometry; (c) the same as case (b), but now the signal is observed in transillumination
(transmission); (d) the GASMAS case with a single, large gas-filled cavity, surrounded by scattering
material. The lower left part of the figure shows the constant laser output power as a function of
wavelength. The lower right part shows the recorded absorption spectrum after the light has passed
the sample — a broad spectral distribution due to the slow frequency response of the bulk, condensed-
matter material, and a super-imposed very sharp spectral imprint due to light passage through free
gas (from [67]).

Since light emerges diffusely from the sample and thus cannot be focussed to a small area it is
necessary to use a large-area photodiode or a photomultiplier tube, placed in close contact with the sample
to accomplish the detection. A tuneable semiconductor laser is frequently the most suitable laser source for
GASMAS studies. Output powers could vary between few mW up to the W level, the latter levels now being
achieved by using a tapered amplifier to boost the oscillator output. The radiation is fiber-optically brought
to the patient or sample. This has the double purpose of flexibility and preventing influence of external gas
absorptive imprints, which is particularly important, since the gases of interest are mostly molecular oxygen,
water vapour and sometimes carbon dioxide. Corresponding absorption wavelengths occur around 760, 935
and 2,050 nm, respectively. We note that the first two wavelengths fall in the tissue optical window, which
is clearly of paramount importance in biomedical applications. The relevant molecular transitions are mostly
week or even partly “forbidden”, and the distance through gas will always be quite small. Further, the over-
all emerging light from the sample might be attenuated by a factor of a million compared to the injected light
level. Thus, it is obvious that very sensitive and noise-reducing detection techniques are needed. Analogue, or
more recently, digital lock-in (frequency- and phase-sensitive) techniques are thus employed. The diode laser
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is repetitively scanned through a selected rotational-vibrational line by a current ramp. Superimposed a fast
sinusodial current is applied to “tag” by wave-length modulation the signal of interest, which is then detected
as a first- or second-harmonic signal, mimicking the first or second derivative of the recorded intensity.

Practical implementations of the GASMAS technique are discussed, e.g., in [68-70]. Two individual
laser sources can be modulated at different frequencies, and their outputs be merged into the same transmission
fibre. Then, a common detector can receive the individually tagged signals for convenient simultaneous
dual-gas monitoring. A frequently encountered problem in diode laser spectroscopy is the occurrence of
interference fringes, which can mask weak true absorption features. Techniques for eliminating fringes are
described, e.g., in [71].

According to the well-known Beer-Lambert law, the absorptive imprint in light passing a gas is
determined by the product of the gas concentration and the optical pathlength (see, e.g., [8]). GASMAS studies,
in which it is important to determine the true concentration of a studied gas, e.g., molecular oxygen, then
encounter the problem that we have an undefined pathlength due to the multiple scattering with a distribution
of short and long pathlengths through gas. The result of a GASMAS measurement can then be given as
the equivalent path-length L., in a reference gas, e.g., ambient air, which would cause the same fractional
absorptive imprint as recorded through the sample. A real concentration determination would clearly require
a measurement of the average pathlength through the gas-containing pores only. For the interesting case of
molecular oxygen concentration determination this can, for “wet” samples, be achieved by simultaneously
measuring the signal from water vapour in the pores. For saturated water vapor (100% relative humidity)
the concentration is only determined by the temperature through the Arden-Buck relationship [72]. Here, the
relevant effective pathlength is directly obtained, since the concentration is known. By adopting this pathlength
also for the oxygen measurement, its concentration would be readily obtained. While absolutely true only if
the interrogation wavelengths for both gases would be very close, the actual wavelength differences induce
some changes in the behaviour of light in the bulk surrounding matrix. The general pathlength determination
issue for GASMAS applications is discussed in [73], where also an independent method is presented, which
allows gas concentrations to be determined without any knowledge of pathlength. The detailed absorption
line shape, which depends on the collision partners and their concentrations, is then analyzed | 74].

The present paper deals with the medical diagnostics possibilities of GASMAS, but we will here
briefly mention some other areas of application. Initial studies with the technique were actually performed
on porous building materials, such as polystyrene foam and wood [16,68,75-77]. Wood, which has a highly
anisotropic structure, was also studied regarding its technically very important drying processes [78].
Ceramics are frequently translucent and have been much studied also as constituting an alignment-free
“multi-pass cell”, achieved by the massive multiple scattering [79,80]. The apparent pathlength can then be
hundreds of times larger than the physical size of the sample. Further, pore-size assessment in nano-porous
materials, as based on the modification of the measured lineshapes due to frequent wall collisions has been
studied [16,81-84]. Pharmaceutical tablets are frequently quite translucent, and it is of special interest to
study their porosity, which is related to their controlled release of active substances [85-88].

The GASMAS technique has an interesting application in non-intrusive measurements on food
packages and food-stuffs [89-93, www.gasporox.com|, which are frequently subjected to modified atmosphere
packaging (MAP) [94,95]. Hen eggs could be characterized for age and with regard to being fertilized or not
[96,97]. Fruits constitute an important part of any diet. Being strongly porous they are suitable for studies of
gas contents and gas exchange [98-102]. Spectroscopic measurements can also be useful in assessments of
maturation and ripening processes [101,103].

After this presentation of the fundamentals of the GASMAS technique and its non-medical
applications, we will now turn to the some emerging applications related to human sinus cavity monitoring,
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middle-ear infection diagnostics, lung monitoring, and assessment of the health status of bone structures.
Certain aspects of GASMAS studies on human subjects were earlier reviewed in [17,67].

4 Monitoring of paranasal sinus cavities

The maxillary and the frontal sinuses are the most easily accessible sinus cavities for optical probing.
In addition, the porous mastoideus bone, located behind the outer ear, can be assessed without problems. Our
first frontal sinus study was performed in backscattering geometry and showed that it is possible to observe
a faint signature due to oxygen [104]. Better signals are obtained by separating injection and detection
localizations more. Thus, light can fiber-optically be transmitted from the upper part of the orbita while the
detector is located on the forehead. The maxillary sinuses can be probed from the outside in a similar way.
Propagating the light from the inside of the mouth cavity and detecting the emerging scattered light on the
cheek bone, results in a considerably stronger gas signal. Good understanding of signal conditions is obtained
by pursuing Monte-Carlo simulations of photon propagation through sinuses and surrounding tissue [105].

Subsequent studies allowed signal optimization [106,69,70] and utilization of oxygen signal
normalization on simultaneously monitored water vapour signals. Encouraged by the results, a clinical trial
on 40 patients with sinus problems, and referred for CT scanning, was conducted and showed good agreement
between GASMAS data and the CT results [ 107]. Subsequent studies showed that the GASMAS signals also
show good stability and reproducibility over time for healthy subjects [108,109]. Studies on the mastoideus
structure also gave encouraging results [110].

The ventilation of sinuses is a very important aspect in characterizing potential medical problems.
If the channels connecting to the nasal cavity are open, the situation is favourable. GASMAS provides a very
interesting and valuable objective means of characterizing ventilation. Then the oxygen signal from a cavity
is observed for some short time period, after which pure nitrogen is flushed through a nostril of the patient,
who is breathing normally through the mouth. When channels are open, the oxygen signal is reduced because
of the displacement of oxygen by nitrogen. On stopping the nitrogen flow, the oxygen signal is recovered.
This is illustrated in Fig 2. We note that the application of decongestion spray does not change conditions for a
healthy volunteer. On the contrary, a rhinitis volunteer shows an initial lower oxygen level due to partial filling
with liquid, and no influence of nitrogen flow is seen, since the channels are blocked. The application of spray
will cause an opening of the channels and a corresponding subsequent response to nitrogen flushing [109].

5 Diagnostics of middle-ear infection

As mentioned, middle ear infection (otitis media) is a very common disease, which frequently is “treated”

with anti-biotics, also when caused by virii and not by responding bacteria. The misuse strongly contributes
to the wide-spread increase in antibiotics resistance. The eardrum is frequently inspected by an otoscope.
We have been working towards the development of a powerful new type of otoscope, which would allow
GASMAS monitoring of gas behind the ear-drum and spectrocscopic characterization of the drum redness
by observing the reflection spectrum, while still allowing the normal visual or video inspection. Such an
instrument is illustrated in Fig 3, and was applied in measurements on simple middle-ear phantoms as
indicated. Nitrogen flushing of the instrument interior, but also of the phantom itself, showed clear response
to oxygen gas displacement by nitrogen. Measurements were also performed on a more realistic phantom
based on a fish bladder [111,112].

Hopefully, a combination of reflectance and GASMAS data can provide a substantially improved
diagnostics of the common disease. Clearly, extensive verifying measurements of patients are needed for the
verification.
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Fig 2. The measured O, signal from the left frontal sinus of a healthy, and a rhinitis volunteer (top
and bottom panels, respectively). The dynamics of gas exchange, in the absence and presence of
the administration of decongestant spray, are shown. In particular, the opening up of the channel by
spray is clearly demonstrated for the rhinitis volunteer (From [109]).

6 Monitoring of lungs

In a similar way as for the applications just discussed, our work aiming at improved lung diagnostics,
in particular for neonatal children, started with phantom studies [113]. Fresh boar lung tissue, which was
placed between slabs of gelatine was prepared to serve as a phantom, mimicking the human situation. The
lungs were flushed with air or pure nitrogen, and oxygen and water vapour GASMAS signals were monitored.
While good oxygen signals were observed for air filling, no signal was observed during nitrogen flushing.
Water vapour signals were un-affected as expected. Based on these results, a pilot study on three healthy
new-born infants was performed, with equipment as shown in Fig 4 [114], and encouraging results were

obtained.

Subsequent studies on a larger number of new-born healthy children show good oxygen and water
vapour signals from the lungs [115]. The work was accompanied by measurement on phantoms to find out
optimum placements of the light distribution- and detection probes [116-120]. Clinical studies on a larger
number of small children are in planning [ 121, (www.neolamedical.com)].
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Fig 3. (A) Experimental otoscope set-up with GASMAS and reflection spectroscopy recording
provisions, as well as direct visualization. Measurement on a middle-ear phantom are illustrated. An
imaging system to allow effective blocking of the strong back-scattering from the eardrum, while
more efficiently collecting the diffusely emerging signal-carrying light is in place. The blocking
baffle arrangement in front of the detector and the prism arrangement for capturing the eardrum
reflectance spectrum are specially emphasized. (B) Reduction of the water vapor signal when the
otoscope interior is flushed with dry nitrogen gas. (C) Further water vapor signal reduction when the
middle-ear phantom is flushed with dry nitrogen is observed, demonstrating that signal from behind
the “drum” was observed (from [112]).

In order to extend lung monitoring to larger children, or even adults, exploratory work is being
pursued [ 122]. A novel way to increase the available light level for the much more attenuating tissue in adults
is being introduced, where the laser light is instead injected into the lung tissue from a probe positioned in
the endotracheal tube used in anesthesia procedures [123.118]. Then light only has to travel one way through
the tissue. Promising results have been obtained in a study on pigs [ 124]. In the scaling up, it is important to
increase the available laser light intensity, which can be made by using a tapered semiconductor amplifier.
Such a unit can boost the primary tuneable diode laser output level from typically 10 mW to the W level.
Exploratory work with such equipment on porcine lungs in vitro is now being pursued, as illustrated in Fig 5
[125].

7 Monitoring of bone structures

Exploratory in-vitro studies of free gas in decaying bone structures were performed, with a focus on
the caput of the femural bone. The rational was that decay of organic material gives rise to gas generation. The
gas formed in small pockets inside the material would certainly not be the easily accessible oxygen, but rather
methane and other gases with absorption lines outside the tissue optical window. However, a gas-filled void
in a “wet” material would always be subject to water vapor at 100 % relative humidity. Thus, water vapor
could readily be used in the search for the presence of such pores. We performed two studies on caputs, which
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were obtained from standard hip revision orthopedic operations, that were performed due to pressing medical
needs [126,127]. Such samples might be expected to contain gas-filled pores due to inadequate blood supply
and an ongoing decay process. For comparison, we studied a number of caput samples, which were obtained

Current and temp.
controllers ..,

Ramp/mod.
signals

Sig. to/from
PC

Connector

box to DAQ card Amplified voltage
signals

Fig 4. Simultaneous monitoring of oxygen and water vapor signals in GASMAS studies on small
children. Two diode lasers are employed to generate the necessary wavelengths. By using two
different modulation frequencies for the two lasers, effective “tagging” was achieved for the laser
outputs, which were transmitted through a joint fiber. Then, a single detector could be used in the
measurements and the signals could be separated using lock-in techniques (from [114]).

Fig 5. Photos from exploratory studies of GASMAS measurements on porcine lungs. (a) Lungs from a newly
slaughtered pig, being ventilated by a Ruben artificial mechanical breathing unit (AMBU), which is connected to
air, oxygen or nitrogen gas supplies. (b) Measurements through a lobe of a pig lung, with light injection through a
diffusing probe and penetrating photons detected by a solid-state detector. (c) Absorptive imprints of oxygen gas
shown in transmitted light as the tapered amplifier laser radiation is scanned through the transition (from [125]).
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from operations following accidents for otherwise healthy patients. Such samples could be expected to
exhibit little bone pores. Results are shown in Fig 6, and illustrate that our assumption was fully warranted.
Measurements on tibial condyle bones, extracted from the tibia in knee revision surgical procedures motivated
by arthrosis degeneration, showed only very minor gas signals [128]. The conclusion is that the GASMAS
technique, applied using arthroscopic techniques on patients could give valuable objective information on the
status of hips, while not being useful for knee patients.
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Fig 6. The experimental setup for GASMAS measurements and the results for 18 femoral heads,
studied in vitro. (a) GASMAS measurement arrangement with transmission probe and detector, (b)
water vapor signal (second derivative of the absorption imprint) from one of the samples, and (c) data
for all 18 samples. ONFH (osteonecrosis of the femoral head) samples are indicated in red, whereas
normal femoral head samples are indicated in blue. The mean values and SD of the two groups are
shown in (d) with a p value < 0.05 (from [127]).

8 Conclusions and outlook

We have described how free gas in cavities and porous structures in the human body can be studied
using narrow-band laser spectroscopy. The strongly scattering organic tissue poses certain challenges
for gas in scattering media absorption spectroscopy, GASMAS, which requires special methods for gas
concentrations determinations. The field differs significantly from most other areas of biophotonics, where
normally broad spectroscoplic structures in organic matter are studied. Diagnostic methods are being
developed for sinusitis and otitis, and might have an important role in fighting over-prescription of antibiotics
with related development of bacterial resistance. Lung monitoring for new-borns is important, and prospects
for the extension of the techniques to older children or even adults exist. We have also discussed how bone
necrosis can be detected using the GASMAS technique.

While gas monitoring in human tissue is in an early stage of development, it shows considerable
promise for improved medical diagnostics. With further development and miniaturization of the technique, it
may play an important role in future health-care systems. Non-medical applications are numerous and were
also briefly mentioned in the present review.
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Image blurring is a common feature when linear light propagation is perturbed. Adaptive optics can
provide a remedy to atmospheric turbulence [ 129]. Human tissue is strongly scattering and causes heavy loss
of image contrast for deeper lying structures. Different approaches using wave-front engineering have been
developed to overcome this problem [130]. Limited spatial resolution certainly pertains to GASMAS [105].
Improved gas imaging might be obtained by using wave-front engineering approaches also in the GASMAS
context. Here, the sharp gas imaging demonstrated in MRI using spin-polarized inert gases can provide
inspiration [131].

The development of the GASMAS technique resulted from the combination of experience from the
environmental monitoring and biophotonics fields, and was mediated by close interaction between physicians
and physicists.
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