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Abstract

Optical fibre sensors have already demonstratedt grapabilities for many applications
where distance, electromagnetic compatibility, rigk explosion, need for distributed
measurement,... limit the use of standard competiogn@ogies. Up to now however and
despite their expected crucial positive impactjrtbee for medical applications has not been
fully investigated, notably for monitoring of anestised or comatose patients under MRI,
where sensors based on electrical transducersramdfde out of metal parts have significant
limits in addition to being risky.

This report gives an overview of recent developmenft fibre optic sensors for medical
applications.
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Content

1 - Optical Fibre sensors for medical applications

1.1 - Fibre sensors for monitoring of respiration and tenperature

The following chapters will give an overview of sthg fibre optical sensors for medical application
especially for measurement of respiratory moveraadttemperature, based on POF and GOF.

1.1.1- A smart bed for non-intrusive monitoring of movermegspiration and heart rate

W. B. Spillmann Jr et al. presented'ithe result of research aimed at the developmeatsofiart bed
to non-intrusively monitor patient respiration, Haate and movement using spatially distributed
integrating multimode fibre optic sensors.

The system consists of two spatially integratimgdioptic sensors, one of which is based on inter-
modal interference and the other on mode converSioa sensing fibre is integrated into a bed. The
spatially distributed integrating approach allowmsirg within a specific localized area. The basic
concept is that any patient movement that also thawveoptical fibre within the specified area would
produce a change in optical signal that would iaidiatient movement. The physical repetitive
movement caused by respiration or heart pumpiegnsained within the signal as well and can be
extracted via appropriate signal processing.

Two different modal modulation approaches are wgdd200nm core step index silica multimode
optical fibres excited by a coherent laser sourbe. fibre is arranged on the mattress in two siitiado
overlapping patterns arranged orthogonal to edoér &o that the fibre in each pattern crossed the
fibre in the other pattern at an angle of 90° hie $tatistical mode sensing (STM) all guided maafes
the fibre are excited and then detected by a lest digital camera (Figure 59)

P(t) speckle

b patern [y,  Processing

= Hwlipe output

laser ﬁ

diode multimode digital
camera

optical fibre

Figure 59:STM sensor schematic diagfam

The sum of the absolute values of the change It ilgensity on each of the pixels between eacle tim
frame is then calculated. This technique then gles/a measure of the absolute value of the first ti
derivative of a perturbation integrated along ibesflength.

! SpillmanJr, W.B.; Mayer, M.; Bennett, J.; Gong,Meissner, K.E.; Davis, B.; Claus, R.O.; MueledagA.A.
& Xu, X. A 'smart’ bed for non-intrusive monitorirg patient physiological factors Measurement Smeand
Technology, 2004, 15, 1614-1620
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In the high order mode excitation (HOME) only thgher order modes of the fibre are excited so that
the output from the unperturbed fibre results bright annulus when projected on a screen (Figure
60). A large area circular photodetector is pos#bso that its diameter fits within the annulus bu
does not intercept it. When the fibre is perturlibd,perturbation couples light from the highereord
modes to lower order modes where it is intercepiethe large area detector, converted into an
electrical current and measured. This techniqueiges a signal that is directly proportional to the
perturbation integrated along the fibre length.

large area
photodetector
P(t)
high order _
mode filter -'1'.,.
\ ':- %}—-’ output|
optical
source output
multimode cone
optical fibre

Figure 60: HOME sensor schematic diag|3§m

Both the STM and HOME sensors can be used to detdieint movement and respiration. Only the
HOME sensor can clearly detect the heart rate.alitieors believe that the smart bed technique is not
a replacement for standard physiological monitoring

Source: [36]

1.1.2- Optical fibre-based goniometer for sensing pafp@sition and movement

An optical fibre —based goniometer is descripet! ifhe instrument was designed to measure the
angular position of patient limbs within the cofeaanagnetic resonance body scanner via a 40 m
remote fibre-optic link. The detection electrongexl signal processing are based on the principles o
chromatic modulation, an intensity-independent népire in which a change in the spectral power
distribution is measured over a broad bandwidthptgtodetectors with differing spectral responses.
The optical fibre goniometer has an angular rari@®®, with an average resolution of 2’. The long-
term accuracy is withiel°. A schematic diagram of the optical fibre gonater is shown in Figure
61.

2 Scully, P.J.; Holmes, R. & Jones, G.R.. Optidaldibased goniometer for sensing patient positioh a
movement within a magnetic resonance scanner ghirmgnatic modulation, Journal of Medical Enginegré
Technology, 1993, 17, 1-8
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Figure 61: Schematic diagram of optical fibre g(miete?7

The goniometer was constructed entirely of non-tietaaterials and operated through a return
length of 40 m of 1 mm diameter polymer fibre.

Chromatic modulation is a technique in which thecsfal power distribution of the incident broad-
band light is altered by the transmission, reftacidr emission properties of a modulator, in resgon
to a change in the measurand. The modulator westraaied from red and clear soda glass (Figure
62). The light source used was a broad-band tunditi®gen lamp with significant power content
from 500 to 1000 nm.
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Figure 62: Angled glass wedge moduldfor

Source: [37]

1.1.3- Application of long-period grating sensors to reafmry function monitoring

In ® and* a series of in-line curvature sensors on a gara@nised to monitor the thoracic and
abdominal movements of a human during respirafibiese results are used to obtain volumetric tidal
changes of the human torso showing reasonableragreavith a spirometer used simultaneously to
record the volume at the mouth during breathinge dirvature sensors are based upon long period
gratings written in a progressive three layeretefithat are insensitive to refractive index changes
The sensor platform consists of the long periotigga7 cm) laid upon a carbon fibre ribbon, which

8 Allsop, T.; Earthrowl, T.; Revees, R.; Webb, DMitler, M.; Jones & B.; Bennion, I.. Applicatiorf tong-
period grating sensors to respiratory function rwimg, Smart Medical and Biomedical Sensor Techgylil,
Proc. SPIE Vol. 5588, 2004, 148-156

“ Allsop, T.; Revees, R.; Webb, D.J. & BennionRespiratory monitoring using long-period gratingsas,
Novel Optical Instrumentation for Biomedical Apgton II, Proc. SPIE Vol. 5864, 2005
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is encapsulated in a low temperature curing sikoamber. This type of silicone rubber is used to
reduce any changes of the LPG’s attenuation bdradsriay arise due to thermal annealing. The

sensor construct was designed to prevent theffibne experiencing significant axial strain and to
provide a flexible stage for bending as well asarnally insulated layer for the respiratory fuonti
monitoring application.

Four curvature sensors (length of 15 cm) were ottieden-line. The sensor array was stitched to a
Lycra vest for a practical evaluation of the sen3tie Lycra vest was placed on a human male at two
different locations: the front and side of the tor§he sensors were illuminated with a broadbagtut li
source and the wavelength shifts of the attenudisords were monitored with an OSA controlled by a
computer. In Figure 63 a schematic of optical imsientation used for the monitoring of the curvature
sensors is shown. In Figure 64 the result frormglsisensor at the lower torso for three breaths as
function of time is shown.

Figure 63: Schematic of optical instrumentationdifer the monitoring of the curvature sensdrs
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Figure 64: Result from a single sensor at the loteeso for three breaths as function of tifhe

Source: [38], [39]

1.1.4- Fibre-optic sensor for respiratory rate measurement

Expired air is almost completely saturated withevatapour, due to the humid mucus membranes of
the airways. Vegfors et al. designed a fibre optabe in order to cause condensation of the water
vapour on the surface of the préleSuccessive inspirations/expirations invariablyseadroplets to
condense and re-evaporate. The signal is deriesal feflected light at the end surface of an optic
fibre that will vary with the formation and evaptiom of water droplets (Figure 65). In Figure 6& th
optical fibre placed in front of one of the nosris shown.

5 Vegfors, M.; Lindberg, L.-G.; Petterson, H. & ObeA. Presentation and evaluation of a new opteasor
for respiratory rate monitoring, International Jualrof Clinical Monitoring and Computing, 1994, 1'51-156
6 Oberg, A; Petterson, H.; Lindberg, L.-G. & Vegfok.. Evaluation of a new fibre-optic sensor fospizatory
rate measurements, Medical Sensors Il and Fibac Sphsors, Proc. SPIE Vol. 2331, 1994, 98-109

7 Johansson, A. & Hok, B. In: Sensors in Medicind Health Care, Editors: Oberg, A; Togawa, T. & S,
F.A. Sensors Application 3, Wiley-VCH
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Figure 65: The light reflection at the fibre tipdiferent in case of a water film (a) and withewter (bj‘o.

Figure 66: Optical fibre placed in front of one thie nostrilé?
An instrument based on this design is commercialbilable under the trade name of Optovent.

Source: [40], [41], [42]

1.1.5- Fibre Fabry-Perot Thermometer for Medical Applicas

In ® a temperature sensor is descriped which has &pekiracteristics to serve the needs of
hyperthermia systems:

1. No microwave field deformation and no self heating
2. Short and thin sensor element, which is suitediofcel and invasive measurements
3. Measuring range of about 35-55°C with a resolutibhetter than 0.1°C

The Fibre Fabry-Perot (FFP) sensor is made fromglesmode fibre. The ends of a short piece
(11.6 mm) of the fibre were polished and dielealiiccoated to provide an optical FFP resonatoh wit
a finesse of about 10 and a free spectral range of 1.8*rif. This FFP is attached to a single
mode fibre, which transports light from the lasierde to the FFP and guides the light reflectedhey t

8 Kist, R.: Drope, S. & Wolfelschneider, H. FiberbFgPerot Thermometer for Medical Applications, Bec
Result in Cancer Research, 1986, 101, 103-108
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FFP via a 3-dB all-fibre directional coupler to thetector. The laser light is collimated, passed
through an optical isolator and focused to the trfijpue of the coupler.

Source: [43]

1.1.6- Fibre Bragg grating based temperature profilindesgs

The system is illustrated schematically in Figurelaght backreflected from the grating array is
imaged by a spectrometer onto a linear CCD arrathis way, the peaks associated with each grating
are physically separated on the CCD and the charthe Bragg wavelength may be deduced by
monitoring the movement of the peaks over the C&&ne forms of curve fitting or centroid

algorithm must be used to determine the center lagéh with great precision, but even then the
system is very susceptible to errors caused, famgke, by mechanical creep or thermal expansion.
To counter this, a reference grating at constanp&sature was included in the system and all peak
positions on the CCD array are measured from that o

Figure 67: System schematic. Crosses on fibre &tdithe location of demountable connetbrs

The probe prevents the fibre from being strainedi @notects against the possibility of the fibrenigei
broken and also permits good thermal contact vighsurroundings. The fibre was glued into a length
of standard 1 mm o.d. surgical catheter, the emdhoth had already been prepared by having ~1 mm
length holes cut into it to correspond with thetigigpositions (to facilitate good thermal contact)

The fibre was approximately 5 mm shorter than @it@eter length and the end of the catheter was
closed with glue; this gave the fibre plenty ofmoto move within the catheter to relieve strain.
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Figure 68: Probe design. For clarity, only two grag elements are shoth

The author of clarifies that the system still needs more engingadevelopment before it is suitable
for routine use.

Source: [44]

1.1.7- Temperature measurement in soft tissue using ahditdd fibre Bragg-grating sensor system

Samset et al. presented'ira distributed fibre Bragg-grating sensor systenu&e in biological tissue.
The sensor was an optical fibre (diameter G285 with an array of 10 Bragg gratings inscribeaint
its core. A communication fibre with a length of 20 connected to the sensor fibre by means of an
optical connector, attached the sensor to a geoptaelectronic unit. This unit was connected to a
PC, where custom-made software continuously digpalaynd logged the measured data.

The fibre was mounted into tubes made of MR-conatnaterials (polyamide and titanium). The
sensor probe assembly was constructed in ordeptade mechanical stability, protect the fibre from
tissue fluids and to enable easy handling of thsare

The system was calibrated to the temperature rarg§e8°C to 100°C. The system yielded a
temperature profile with 6.5 mm spatial resolutéon 5 s temporal resolution.

Source: [45]

1.1.8- Dual function sensor system for measuring pressuadegemperature

In ** a dual function sensor system is described. Thesyis developed for measuring pressure and
temperature at the tip of a single optical fibree Bensor contains three parts: a filter band-stdie
temperature sensor, a short wavelength refleciictyaic filter, and a diaphragm-based spectral
modulation pressure sensor. The sensor systenausgzarate and distinct LED for interrogating each

% Webb, D.J.; Hathaway, M.W.; Jackson, D.A.; JoigsZhang, L. & Bennion, I. First in-vivo trials affiber
Bragg grating based temperature profiling systemnhl of Biomedical Optics, 2000, 5(1), 45-50

10 Samset, E.; Mala, T.; Ellingsen, R.; GladhaugS#éreide, O & Fosse, E. Temperature measuremenftin
tissue using a distributed fibre Bragg-grating sesystem, Min. Invas. Ther. & Allied Technol., 2000(2),
89-93

1 wolthuis, R.; Mitchell, G.; Hartl, J. & Saaski, Bevelopment of a Dual Function Sensor System for
Measuring Pressure and Temperature at the TiBafgle Optic Fiber, IEEE Transactions on Biomedical
Engineering, 1993, 40
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sensor, three 100/14fin step-index fused couplers for managing light, sephrate paired
photodiode assemblies for analyzing the returrt kigmal from each sensor.

Pressure sensor:

In a Fabry-Perot interferometer, two parallel, @it reflecting surfaces are spaced less than a
coherence length apart, thereby forming an opteficting cavity. If one of the partial reflecting
surfaces is a pressure-sensitive diaphragm, chamgesernal pressure will alter optical cavity tiep
A change in optical cavity depth will cause a chaimgoptical cavity reflectance. For a given
wavelength, cavity depth and cavity reflectancereleed by an oscillating curve having multiple
maxima and minima. The design of the sensor is shioJrigure 69.

Figure 69: Design of the spectral modulation pres&l

The pressure sensor has approximate dimensior306f 300" 300mm. Typically, sensor

performance provides resolution of 1 mmHg, andusszy of+1 mmHg or+2% of reading over the
range -50 to 300 mmHg, all without software cori@tt

Temperature sensor:

An absorptive long pass filter glass (Hoya R68hestemperature sensor. As temperature changes, the
absorption edge of the filter glass moves approglgiao longer or shorter wavelengths; these
absorption edges shifts produce changes in ogtizsdrption within the interrogating 674 nm LED
emission envelope. A short wavelength reflectirgnobic filter, evaporated onto the distal surfate o
this filter glass, reflects 674 nm LED light batkdugh the filter glass and into the optical fibre

(Figure 70).
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Figure 70: Design of the dual function serior
Source: [46]

1.1.9- Venous Occlusion Plethysmography using a fibreeopgnhsor

In *? a fibre-optic senor based on the microbendingciple for use in venous occlusion
plethysmography is described. In Figure 71 thegiie of the sensor is shown.

Figure 71 The principle of the microbending struefd

The light source used was a He-Ne stabilized |183es.laser beam was chopped at a speed of 75 Hz
and focused onto the fiber end using a microsctypective. The phase locked amplifier was
synchronized with the chopper. The optical fibrertipassed the microbending structure. The fibre
core detector measured the intensity of the guidedes. To assure that only core propagating modes
were measured the cladding layer was mode-strifpedm from the detector surface. In Figure 72
the experimental setup is shown.

2 Stenow, E. & Oberg, A. Venous Occlusion Plethysraphy Using a Fiber-Optic Sensor, IEEE Transactions
on Biomedical Engineering, 1993, 40
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Two types of optical fibres were compared: a) $telex plastic fibre (0.5 mm). b) Graded index
silica fibres (50im/125mm). The Graded-index fibre has shown the highesigerity. Both fibres
give a satisfying accuracy for a venous occlusiethgsmography.

Figure 72: The experimental setup for evaluatiothef microbending sengdr

Source: [47]
1.2 - Fibre optic chemical sensors

Since the early 1970s the development of fibrecoggnsors for monitoring of the concentration of
chemical or biochemical species have also growidhgps this kind of chemical sensors represents
an inexpensive, flexible and in some cases nomuste analytical tool for application in areasisu
as environmental, medical or industrial processrotii*4 Most of the fibre optic chemical sensors
belong to the category of external (or extrinsensors as the fibres are only used to transfer tiga
sensor head and then to a measuring unit.

1.2.1- Invasive fibre optic chemical sensors

There are different kinds of chemical sensors baseabtic fibre. The most common operating
principle consists in attaching a chemical-sensiglement such as a membrane to the end face of an
optical fibre or fibre bundle. Chemical-sensitidersents are made of one or more substance-sensitive
indicators which are immobilized on/in an adequmilymeric substrate. There are basically three
widely used methods for immobilization: entrapmegaftysical or chemical sorption (e.g. via
electrostatic or hydrophobic interactions) and temabinding. The indicators applied are
characterized by an absorptibror fluorescencé® change with a concentration change. Hence, most
of the developed fibre optic chemical sensors aset on absorption or fluorescence measurement.
The fibre optic sensing system typically considta bght source, a light-guiding optical fibre fiore
bundle and a spectrophotometer (Figure 73).

13 Wolfbeis O.S. (ed.), Fiber Optic Chemical Sensord Biosensors, CRC Press, Boca Raton, Boston, 1991
4 Baldini F., Critical Review of pH sensing with agatl fibers, Proc. SPIE, 1998, 3540, 2-9

>Werner T., Wolfbeis O.S., Optical sensor for the]-13 range using a new support material, Frasehi
Anal. Chem., 1993, 346, 564-568

% Kosch U., Klimant 1., Werner T., Wolfbeis O.S.r&egies to design pH optodes with luminescencaydec
times in the microsecond time regime, Anal. Chae98, 70, 3892-3897
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Figure 73: Experimental setup for measurement efrdhal species concentration based on the uséef fi
optic sensors.

The absorption method is usually simple and easigéobecause of the large number of available
chemical indicators. However, it requires the uskigh concentration of indicator or a thick seigsin
element. As fibre optic sensors based on transomisebde are difficult to miniaturize because the
sensitive element has to be placed between twettafzre oriented fibres reflection configuratien i
mostly employed. The fluorescence method is mansigee and can be easily used for small-sized
Sensors.

Sensors based on absorption or fluorescence ityensasurements often suffer from instabilities
resulting from decrease of the indicator conceittnatiue to photodegradation or leaching out, drifts
of the light source intensity or bending of optiteres. Changes in turbidity, refractive indexcotor

of the sample may also cause interferences. Iir dodevercome these problems, a ratiometric method
based on the use of the ratio between the inteasityo different wavelengths (e.g. at the intgnsit
maximum points or at the isobestic point) is usuagiplied because such a ratio of intensities is no
altered by the above mentioned external factors.ifstability problems can also be solved for
fluorescence based sensors by measuring fluorestiéetome as analytical signal since it is
insensitive to both the concentration of indicatnd the intensity of excitation light. A recent
development of lifetime-based sensing made uskeeofiiorescence energy transfer (FET) from a
chemical-insensitive luminescence donor to a chalrsensitive coloured acceptor, i.e. an absorbing
indicator. The decrease in the decay time of thdeesulting from the deactivation of its excited
state by the acceptor may be measured as analsiticell.

Oxygen concentration and pH value are the mostigstigated parameters in fibre optic chemical
sensing because detection of these both chemiangters is essential in many fields of application
ranging from the environment and medicine to induahd process control. The development of
oxygen and pH sensors for different working rarges kinds of application was related in a very
large number of papérs Reliable oxygen and pH sensing systems baseitbendptic are already
commercially available. For example, the PreSenspamy® offers implantable micro-sensors with a
small tip size of 140 pum (under the use of glagsefi) for determining oxygen concentration or pH
value in blood circuits (Figure 74).

171in J., “Recent development and applications dfoapand fiber-optic pH sensors”, trends in ariagftchemistry, 2000,
19, 541-552

18 \www.presens.de
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Figure 74: Needle-type housing and implantable ogensors

As diffusion of chemical species into chemical-$&res elements is absolutely necessary fibre optic
sensors based on this technology must be introdntethe investigated medium. Hence their
application requires an invasive arterial bloodadng within the scope of OFSETH and doesn't fill
the objectives of this project. In no way measuphbof skin sweat may be a solution as this
parameter is not identical to arterial pH and updw no relationship between skin sweat and blood
pH was pointed out.

1.2.2- Non-invasive fibre optic chemical sensors

Due to these reasons another quite popular contdjpire optic chemical sensing based on Near
Infrared Spectroscopy (NIRS) will be investigatedtgermits non-invasive measurement of
concentration of a large range of chemicals. Therag principle is nearly the same as the one
described above except that there is no chemicaitsee element. NIR light is transferred by optic
fibres to a sensor head and the back-reflectedibgihen collected by a spectrophotometer.
Depending on their nature chemical species abstiRor&tliations at characteristic wavelengths and
exhibit concentration-related change of absorbamieasity. As NIRS focuses on the use of light in
the range from 600 nm to 2500 nm, silica fibresehdgen usually employed to fabricate NIRS probes.

Since 1930 NIRS is considered as a quite promigdgnique for non-invasive medical applications
as NIR light is able to penetrate quite deeply (apipnately 10 mm) into human tissues compared to
ultraviolet, visible and mid-IR radiations. In fakhderson and ParriShdemonstrated that the spectral
range from 600 nm to 1600 nm has very good pemnatrér light into human skins. Transmitted or
reflected NIR light from human tissues after “saimg! the intended volume (e.g. muscle, blood) can
then be analyzed (Figure 75). This makes it posstextract medically important information about
a patient like oxygenation state, tissue metabglisater content or body composition without taking
tissue samples or using a catheter.

19 Anderson R.R., Parrish J.A., Optical propertielurhan skin, Science of Photomedicine, Plenum P188Y, 147-194
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Figure 75: Schematic presentation of NIR photorhpan human tissugs

As non-invasive NIRS research has been primarityded on short wavelength range (600 nm to
1100 nm) and determination of tissue and blood erggjon, most of the sensing systems based on
optic fibre technology have been developed for mieament of changes in oxygen saturation (§pO
Like commercially available pulse oximetry analgs@ee Annexe 3) they made use of two or more
specific wavelengths in the NIR domain (e.g. 760amd 805 nm). As can be seen in figure 76 the
difference in absorbance intensity between oxyhadohin (oxygenated haemoglobin or H)@nd
deoxyhaemoglobin (deoxygenated haemoglobin Hb®)dad is significant at 760 nm whereas it is
nearly equal at 805 nm (isobestic point). The hagaiwn concentration in blood oscillates with time
as a result of the arterial pulsation. Consequespi§, the ratio of HbO to total haemoglobin (HbO +
HbG,), is calculated from the ratio of optical absortat both wavelengths at every heart rate.

Figurr(‘eF l76: Absorption spectra of oxygenated andxgigenated haemoglobin in the near infrared waveleng
regio

Accordingly simultaneous measurements of oxygemraabn in tissue and in blood were reported
in?®, The authors made use of 16 light sources andv@lergths in the range from 633 nm to 841 nm.
The NIR light was guided to skin surface by two dles of 8 fibres (with a core of 400 um) and then
to spectrophotometer by 2 other fibres bundlesh(ait internal diameter of 3 mm). TBpQ, values
obtained with this approach were in excellent age® with the one measured with a commercial

2K, Youcef-Toumi, V.A. Saptari, Noninvasive BlooduBose Quantification using Spectroscopic-based
Optical Technique, March 1998

2Ia. Johansson, B. Hok, In: Sensors in Medicine aedlti Care, Editors: A Oberg,; T. Togawa, F.A S,
Sensors Application 3, Wiley-VCH

22 M.A. Franceschini, E. Gratton, S. Fantini, Nonisive optical method of measuring tissue and atteria
saturation : an application to absolute pulse okiynef the brain, Optics Letters, 1999, 24, 829-831
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pulse oximeter. Hence, this geometric arrangemamidde used as basis for the design of the
oximetry sensor to be developed.

Although oxygenation state continues to be the grynparameter studied in NIRS, recent research
has concentrated on detection of other componentidgnostic purposes. For example hydrogen ion
concentration or pH belongs to medically relevaarameters as it provides information regarding
respiratory and metabolic status of a patient.

Another advantage of the NIRS approach is thatowiges a platform for sensing multiple species.
Once near infrared spectra are acquired from amgathey can be processed through different
calibration equations that calculate several différanalytes from the same spectral information.
Accordingly, scientists made use of long waveleigR (1100 m to 2500 nm) and demonstratéd in
that spectral changes of haemoglobin over the weagéh range of 1500 to 1785 nm are dependent on
arterial pH. Based on these results they develgdé¢tRS based method coupled with multivariate
calibration modelling obtained from the spectrahdaf different sample sets to predict arterial pH
non-invasively. NIRS does not measure hydrogerc@mrcentration or pH directly, rather it measures
the effect on pH on specific blood and tissue comads.

As reported in a couple of work$>?$ Soller and co-workers have also dealt with catibn

equations to calculate tissue pH and oxygenatiom fnear infrared spectra with the difference that
they collected data from the short wavelength rgi@§8 nm to 1100 nm). Calibration equations were
then developed by using spectral and referenceottdtaned from a series of studies on human
subjects. It was pointed out that once the calitmagquation is done it can then be used on future
subjects without reference technique. As a resulanous medical investigations, this working goou
presented a smart medical fiber optic system bas@dRS with application to nutrition and fitness i
space. Measurements of several blood and tissaenpsers were made by simply placing the sensing
unit of the system on the surface on the skin xangle on the forearm (Figure 77). This unit cassis
of outer ring of illuminating fibres and of innabife bundle carrying light to spectrometer.

Figure 77: Fiber optic unit of smart medical NIR&t®&m for measuring tissue pH.

A further visible-near IR fibre optic sensor formmtrusive determination of pH and oxygen partial
pressure in human tissue (e.g. muscle) was repbyt&eMilo et al*’. Both parameters may be
calculated from the spectra of myoglobin and hadolag. The optical probe presented consists in

2 M.K. Alam, M.R. Rohrscheib, J.E. Franke, T.M. Nk, J.D. Maynard, M.R. Robinson, Measurement of
pH in Whole Blood by Near-Infrared Spectroscopyplgr Spectroscopy, 1999, 53, 316-324

#g, Zhang, B.R. Soller, R.H. Micheels, Partial testpiares Modeling of Near-Infrared Reflectanceadat
Noninvasive in Vivo Determination od Deep-Tissue ptgplied Spectroscopy, 1998, 52, 400-406

25B.R. Soller, M. Cabrera, S.M. Smith, J.P. Sut@mart medical systems with application to nutritaord
fitness in space, Nutrition, 2002, 18, 930-936

26B.R. Soller, P.O. Idwasi, J. Balaguer, S. LeviA.SSimsir, T.J. Vander Salm, H. Collette, S.O. ide&on-
invasive NIRS-measured muscle pH and, R@icate tissue perfusion for cardiac surgicalques on
cardiopulmonary bypass, Crit Care Med., 2003, 3242331

27 DeMilo C., Brukilacchio T., Soller B.R., Soyemi,@haracterization of penetration depth as a fonabf
optical fiber separation at various absorption scatter coefficients for a non-invasive metabaiesor, Proc.
SPIE, 2004, 5317, 128-138
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illuminating and collecting fibres which are coupl® a spectrometer. The investigations done
showed that the performance of the sensor is hidggbhendent on the chosen distance between both
kinds of fibre. To calculate muscle pH and oxygartipl pressure statistical methods (e.g.
chemometrics) had to be used to decompose compgeretand blood spectra into a simpler set of
component spectra.

Up to now no it seems that most of the NIRS stuftieson-invasive measurement of pH value are
restricted to application of fibre optic sensingteyns in human tissue (interstitial pH). Really few
papers focussed on determination of pH in blodubaigh it is an integral part of modern acute care
megicine. This is perhaps due to the fact thatiéigsH often indicates patient distress prior teraat
pH".

Probably, most of the works on fibre optic sensmisng long wavelength range for medical
applications have been done for non-invasive gleieoslysis as this blood analyte belongs to the
most important parameters for chemical pathology. (@onitoring of diabetic patients). Usually
measurement of absorbance intensity is performéd 2 nm and 1680 nm to detect glucose
concentration. For instance non-intrusive real-timanitoring of glucose, lactic acid, acetic acidlan
biomass in liquid cultures of micro-organisms wamdnstrated using NIRS fibre optic probe and
complex signal processing operatitns

Another paper described development and applicatienNIRS fibre bundle probe to monitor
glucose in blood non-invasivély Light was shone onto the skin surface throughniihating fibres
arranged in circle and partially absorbed. Redlédight reaching a central measuring fibre was the
collected and transmitted to the detection unistFéxperiments showed a good correlation between
the glucose concentrations determined opticallyawodrding to the standard procedures in blood
samples, particularly if measured at around 1600 mm

For few years the excitement about the possibfityon-invasive glucose analysis using NIRS fibre
optic sensors appears to be ceased since the nomtegoers has fallen dramatically. This may be
attributed to the difficulty of getting reliable lvgs or to the complex signal processing operations
required.

The detailed investigations of Kumar and Schmithwegard to optimisation of probe geometry for
NIRS of biological tissu® should be taken into account by designing theisgrsead of fiber optic
chemical sensors to be developed within the scO@F8ETH. These authors found that it is possible
to minimize cross sensitivity of the detected atesyo scattering variations by adjusting the
separation between light illuminating and collegtfibres of the NIRS probes. They suggested using a
probe made of small-diameter detection fibres s#pdrfrom a central source fibre by a spacer shaped
like a ring. They pointed out that the relationsbgtween probe spacing and mean penetration depth
of NIR radiations may be an additional constraimtioe probe design when layered human tissues are
analyzed. In some applications it may be necedsdangcrease the areas and numerical aperture® of th
probes.

1.3 - Fibre sensors embedded in technical textiles

1.3.1- Smart fabrics with embedded fibre sensors

In ** a sensor based on monitoring the Modal Power ibigton in multimode fibres is described. The
principle of operation of the developed techniggibased on modal power modulation. Within a

% M.K. Alam, Non-invasive Diagnoses by Near-Infrafmectroscopy, Sandia report, SAND200-2584, Nov
2000

2% Wolfbeis O.S., Fiber-optic Chemical Sensors amus8nsors, Anal. Chem., 2004, 76, 3269-3284

30 Kumar G., Schmitt J.M., Optical probe geometryrfear-infrared spectroscopy of biological tissugslied
Optics, 1997, 36, 2286-2293

31 El-Sherif, Mahmoud. Smart Fabrics: IntegratingefiBptic Sensors and Information Networks, Wearable
eHealth Systems for Personalised Health Managerae@d4, 317 - 323
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multimode optical fibre optical signals propagateading to the modal structure of the fibre aral th
boundary conditions. Altering the boundary conditi@f an optical fibre induces modal coupling and
results in Modal Power Distribution modulation. Behing the fibre by mechanical stresses or other
forms of perturbation, results in modal power matioh, which can be exploited in sensing the
applied signals. The measurements of the distdbwtind the subsequent redistribution of the modal
power can be accomplished by scanning the far-fiettern at the fibre end using a CCD camera, or
by using one or more photo-detectors positionedsgecific location in the far-field zone. The mloda
launcher is a single LED, used to excite a limgeaup of modes within the optical fibre.

In the MURI-ARO project a Smart Soldier’'s Uniformtivembedded fibre optic chemical/biological
sensors for early warning of existences of toxibiofogical substances in the space surrounding the
soldier was developed. This can be modified toyaaathe patient’s breath and check for the quality
of the environmental conditions, such as oxygeellev

Source: [66]
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