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Clinical system for non-invasivein situ
monitoring of gases in the human
paranasal sinuses
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marta.lewander@fysik.lth.se

Abstract:  We present a portable system for non-invasive, simultasieou
sensing of molecular oxygen gPand water vapor (bD) in the human
paranasal cavities. The system is based on high-resoltititable diode
laser spectroscopy (TDLAS) and digital wavelength modoiatspec-
troscopy (dWMS). Since optical interference and non-ideealing of
the diode lasers render signal processing complex, we fonuBourier
analysis of dWMS signals and procedures for removal of bk
signals. Clinical data are presented, and exhibit a sigmfitmprovement
in signal-to-noise with respect to earlier work. Timesitu detection limit,

in terms of absorption fraction, is about510~° for oxygen and 5 104
for water vapor, but varies between patients due to difie@enin light
attenuation. In addition, we discuss the use of water vaparr@ference in
guantification ofin situ oxygen concentration in detail. In particular, light
propagation aspects are investigated by employing phatoe-aof-flight
spectroscopy.
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1. Introduction

High-resolution tunable diode laser absorption spectg{TDLAS) is a powerful tool for
selective and sensitive gas sensing, and is widely usediemcE and technology [1, 2, 3].
The conventional experimental configuration involveseithpen path monitoring or gas cells
(single or multi-pass), while data evaluation typicallyigs on lineshape theory in combina-
tion with the Beer-Lambert-Bouguer law of light transm@ssi In 2001, it was demonstrated
that TDLAS can be used also for sensing of gases inside pa@wodisighly scattering (tur-
bid) solids [4]. In contrast to the conventional conditialtescribed above, measurements of
gases in pores of solids involve working with diffuse lighgavy attenuation, severe optical
interference and unknown optical pathlengths [5]. To emsfeethese unusual and aggravating
experimental conditions, the technique is often separa¢emedgas in scattering media ab-
sorption spectroscogfzEASMAS). The technique has been used to characterizeusapiorous
materials, such as polystyrene foam [4], wood [6], pharmtcal tablets [7], and human sinus
cavities [8]. Reviews of GASMAS are available in Refs. [9].10

A fundamental aspect of GASMAS is the great contrast betwleeapectrally sharp absorp-
tion lines of free gases (lines used in this work are aboud®m FWHM) and the slowly
varying absorption spectra of solids. This contrast allolegction of weak gas absorption
even under heavy background absorption. So far, GASMAS bkas bised to detect molec-
ular oxygen (Q) at around 760 nm, or water vapour @) around 935 or 980 nm. Since
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the corresponding absorption lines are weak, GASMAS héaeadreih wavelength modulation
spectroscopy (WMS) to increase sensitivity. WMS is a welhleshed tool in TDLAS [11],
and involves sinusoidal modulation of the laser waveleragith detection at harmonics of the
modulation frequency (detection at the second harmoriici2a common choice). The WMS
technique shifts the absorption signal to a frequency réeapeaffected by low-frequency noise
of system components, and allows baseline-free recordihgerivative-like versions of the
actual absorption feature [12, 9]. Traditionally, WMS eslion analog function generators for
laser modulation, lock-in amplifiers for detection of sigharmonics, and oscilloscopes for
data acquisition. By synchronizing data acquisition withdtion generators for laser modula-
tion, itis possible to simultaneous record multiple WMSrhanics without the need of lock-in
amplifiers [13]. The WMS system can be further simplified bypéoying a single plug-in board
with synchronized outputs and inputs for laser modulatimh @ata acquisition [14]. These ap-
proaches can be termed digital wavelength modulation gpstipy (dWMS), and is based on
recording of the raw detector signals. Equivalents to thditional WMS signal, as generated
by a lock-in amplifier, are obtained by employing a digitalkein amplifier .g.the LabVIEW
lock-in toolkit) [14] or by means of Fourier analysis [13, 7]

Diagnostics of the human sinuses is a particularly intargstpplication of the GASMAS
technique [8]. The maxillary and frontal sinuses are logdtehind the cheek bones and
the frontal bone, respectively. In a healthy state the siswse air filled cavities ventilated
through the nasal ventricle. Sinusitis, now often termeadasinusitis, is an infection of the
sinuses, causing nasal blockage and mucus obstructiong@iBjent diagnostic methods of the
paranasal sinuses include case history and, in selected, casnputed tomography (CT) [16].
The diagnostic potential of the GASMAS technique has beaemobstrated on volunteers with
a laboratory system for oxygen spectroscopy [17, 8]. Asudised in Ref. [8], the diagnostic
value of the approach may be significantly increased by pa@ting simultaneous sensing of
both water vapor and molecular oxygen. The reason is thatiesain the human body often
can be assumed to be at 37 and at 100% relative humidity, and that thesitu concentration
of water vapor thus can be considered known. Assuming teaitical pathlength through the
gas-filled cavity is the same at 760 nm and 935 nm, the watendgta can then provide the
information on optical pathlength needed to estimatédntsiu oxygen concentration. Sequen-
tial sensing of HO and Q in human sinuses has been demonstrated using a laboratopy se
based on traditional, analog WMS [8].

In this work, we present a portable system designed for éalitrial aimed at monitoring
gas in the paranasal sinuses of 40 patients undergoingig&sn for sinus-related problems.
The system is based on dWMS, and allow simultaneous sensidg® and Q. The clinical
performance is significantly better than previous repoctatcal work [18] (tenfold improve-
mentin signal-to-noise). We report our experiences fromgugigtailed diode lasers and optical
fibers in TDLAS instruments, and the signal processing megitio reach the improved perfor-
mance is described in detail. In addition, for the first time, employ photon time-of-flight
spectroscopy (PTOFS) to investigate the photon migraspeets of optical sinus diagnostics.
By estimating photon pathlengths at 786 nm and 916 nm, wearatirsize the idea of using the
water vapor absorption at 935 nm to estimate optical pagftfeat 760 nm. Finally, we discuss
the possibility of constructing a simpler TDLAS system foomitoring of gas in the paranasal
sinuses.

2. Materials and methods

2.1. TDLAS instrumentation

The TDLAS system for our clinical application is a fiber-badshial beam system based on
coherent sampling and digital wavelength modulation spscopy (dWMS). A schematic of
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the instrumentation is given in Fig. 1. The wavelength of pigtailed DFB lasers (Nanoplus,
Germany) are scanned across single absorption lines ofcolateoxygen (at 760.445 nm,
peak absorption.8 x 10~° mm~ for 21% ) and water vapor (at 935.686 nm, peak absorp-
tion 2.4 x 10~4 mm~1 for H,O at 100% relative humidity and 3T). Diode laser modulation
and data acquisition is managed by a PCI board with synchedroutputs and outputs (NI-
6120, National Instruments). The modulation consists &g, = 5 Hz triangular waveform
for wavelength scanning together with a faster sinusoidakeform for wavelength modulation.
The amplitude of the wavelength modulation is chosen sdltlee?f harmonics are maximized,
i.e.setto 2.2 times the absorption linewidth (half width at ma#ximum). Straightforward sep-
aration of the two absorption signals is ensured by chodadiiiferent modulation frequencies,
fm, for the wavelength modulation of the two lasers (9,015 ah@95 Hz for the oxygen and
water vapor lasers, respectively) [18]. Modulation sigreale sent to two diode laser drivers
(06DLD103, Melles Griot), which are used to operate in@eiturrents as well as for tempera-
ture stabilization.

Severe optical interference originating from optical cam@nts makes single beam TDLAS
operation unfeasible. Instead, single mode optical fibaptErs are used to create a dual beam
configuration (sample and reference arms). The output fhentwo pigtailed diode lasers are
about 4 mW each. Due to non-ideal performance of these caypihe optical powers available
in the sample arm are only 0.25 mW (935 nm) and 1 mW (760 nm). ér fifvobe is used
to inject light into the tissue, and a ¥88 mn? unbiased large-area photodiode (S3204-8,
Hamamatsu) is used to detect transmitted diffuse lighthLig the reference arm is detected
by a 10<10 mn? unbiased photodiode (S3590-01, Hamamatsu). Low-noissitrgpedance
amplifiers (DLPCA-200, FEMTO Messtechnik, Germany) cohpaotodiode currents, and the
amplification is typically set to 10or 10/ V/A in clinical measurements. The resulting voltage
signals are coherently sampled fagt400,000 samples/s by the PCI board. Averaged voltage
data are stored on disc and post-processing of data is eegiairobtain absorption imprints.
Each dataset corresponds to one full period of the scandrami.e. 80,000 samples (and is
in general a result of averaging over several scans). Tinalsogocessing is described in detail
in the following section. Note that both modulation freqoiess, as well as the scan frequency,
satisfy the criteria for coherent samplinge(an integer number of cycles are sampled) [19].

2.2. Signal processing

As described in the previous section, the system stores giifia version of the raw photo-
diode output. In contrast to conventional WMS, where a lockmplifier is used to monitor
a single frequency channel, this means that the data caritdormation on multiple harmon-
ics, as well as on detected intensities. For the case ofeslrgdm setups, Fourier methods for
extracting WMS signals from such data have been describ&@bholzet al.[13] and Svens-
sonet al.[7]. However, due to complex background signals, the duahbdata generated by
the system used in this work requires special treatment.taildd description of the signal
processing is therefore given below.

An example of acquired raw data from the sample autt), and its corresponding Fourier
spectrum is shown in Fig. 2. Data from the two arms, us(t) andu(t), are processed in
similar ways, and we therefore drop the subscripts in steasapply for both signals. The
initial processing steps are performed in the Fourier dar(tag. 1).

U(w) = Z{ut)} (1)

As can be seen in Fig. 2, individual harmonics of the modailafrequencies appear as sep-
arated peaks in the Fourier spectrum. In order to study aifspearmonicn of a specific
modulation frequencyy, the signal simply needs to be bandpass filtered. The bas(ifias
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Fig. 1. A schematic of the instrumentation. A PCI board witharonized analog outputs
(AO) and analog inputs (Al) manages both laser modulatiahdata acquisition. In order
to utilize the full dynamic range of the AO, voltage divid€kéD) are used to reduce the
signal level before modulation signals reach the dioder ldseers. Simultaneous sensing
of O, and KO is achieved by using two pigtailed DFB diode lasers opegatiround
760 nm and 935 nm, respectively. In order to allow separatiotihe two corresponding
absorption signals, the two lasers are operated at diffenedulation frequencies,. The
laser outputs are arranged in a dual beam configuration: bagiode (PD) provides
the reference signal, and a second records a signal camgisigbsorption information.
Transimpedance amplifiers (TIA) convert and amplify the tpb@mde currents, and the
resulting voltages are coherently sampled and averaged.

1.5
100 E E
Both lasers L ; ; -
— 107 ™ © c c g E
E 102 ?: : ” 3 u‘: c:>
= 10 = S5 e~ @ o
g o 1073 & & [V
—_ o o o
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.00 760 nm laser| = 10
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S
Xz 935 nm laser 106
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0.0 . - - 108 : . . . . .
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Fig. 2. Raw data exemplified by a measurement on a 1000 mm lpathgth ambient air.
Two lasers contribute to the detected signal, and the iddali contributions and their
sum are shown in (left). A single-sided amplitude spectrdrhe full signal (both lasers)

is given in (right), showing 1-8 WMS components due to interactions with absorption
features. Note that theflcomponents are dominated by residual amplitude modulation
(RAM) of the diode lasers (see text for a discussion on RAM).
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ing is achieved in the frequency domain by using a super-&auslow centered af oy, with
the width dw. The operation is stated in Eq. 2 (where the factor 2 is ireduih compensate
for the signal amplitude lost by neglecting the negativgdiencies), and the resulting signal is

denotedJ,t(w).
8
Unf(®) = 2 x U () ><exp<— (%’m) ) @)

In order to study the evolution @d,, frequency content as the laser is scanned, we down-convert
wm to zero frequency,

Vnt(w) = Unf(@+n- wm), 3)
and perform a subsequent inverse Fourier transformation:
Vai(t) = F H{Var(w)}. (4)

The resulting time-dependent signegl, (t), is complex valued and can be studied in phase-
amplitude plots (a plot of the real versus the imaginary)dag, 7]. In a phase-amplitude plot,
a pure sinusoidal signal will thus appear as a single dot.sldgwal amplitude is given by the
distance to the origin, and its phase is given by the angle reispect tee.g.the real axis. In
WMS experiments, the strength of harmonics vary as the aseranned across an absorp-
tion feature (or other transmission profiles). In the ideslec(linear tuning characteristics), the
phase-amplitude plot will therefore show values along @ (fjure amplitude changes and 180
phase jumps). For theflharmonic, the line will have a significant offset due to thsidaal
amplitude modulation (RAM) of the laser diode (modulatidrite laser frequency is accom-
panied by power modulation). For higher harmonics, WMS &alty free from baseline, and
the line will therefore cross the origin. It is important tealize that a phase-amplitude plot
with values along a line does not guarantee a good signadise ratio. The reason is that all
transmission profiles, not only gas absorption, will giveerio line-type phase-amplitude plots
(including etalon fringes and other interference effeloéd typically limit TDLAS).

Before taking a look at experimental signals, it is, howguseful to make some additional
processing. In order to reach a quantitatively relevamtaligt is necessary to perform intensity
correction (signals are proportional to the detected sitgh The detected signal is, however, a
sum of the contributions from the two lasers (wavelengins)rder to determine the individual
contribution of a specific light source, we use tHfeRAM of the lasers. Since the two laser are
modulated using different frequencies, thieRAM signals are easily distinguished (and given
by the average of;; (t)). The exact procedure for intensity correction is stateflgn5, and the
resulting normalised quantity is denoteg (t). Note that a time-dependent calibration factor,
k(t), is introduced and used to convert theRAM into a measure of average signal level and its
evolution as the laser is scanned. This manoeuver makessiipe to compare obtained signal
levels with WMS theory é.g.that the & WMS peak signals should corresponds to about 0.3
times the actual absorption fraction). Note also, that fleegdure includes removal of offsets
(these are not of any diagnostic value in subsequent asalysi

o Vap() —mearfvi(t)
an( ) - k(t) X mearﬁvjf (t)) .

(%)

Figure 3 shows 1-Bphase-amplitude plots originating from interactions vethabsorption
line of molecular oxygen. As can be seen in the left colunmongt absorption results in the
expected line-type phase-amplitude plots. The middlemalshows sample arm data from ex-
periments orL=2 cm ambient air, giving an absorption fraction typicallhattencountered in
the clinical experiments. There, the phase-amplitudenmdbnger exhibit the line-type struc-
ture expected in ideal WMS experiments. In order to empleasis, the figure compares data
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Fig. 3. Phase-amplitude plots of sample arfn(t)-signals originating from ambient air
(free-space) measurements. In order to show the signaitstey offsets have been re-
moved. For the fiber-based system used in the present wogle, &bsorption is required
to produce a line-type phase-amplitude plot (left coluiom100 cm pathlength through
ambient air, 3« 102 absorption fraction). In the case of low absorption, thesghalot is

completely dominated by background effects (middle colubw® cm, 5x 10~ absorp-

tion fraction). In contrast, single beam operation withoptical fibers results in line-type
phase-amplitude plots even at low absorption (right coluo®2 cm, optical system as in
Ref. [5] while data acquisition and laser control is managgthe system presented in this

paper).
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obtained using the fiber-based system (left and middle co&)with data obtained using an
optical system that involves nothing but a VCSEL diode la®d a photodiode (right col-
umn). When utilizing our fiber-based setup, the observedasigtructure is a complex result
of non-ideal laser tuning, interference fringes and gasigti®n. In order to extract the often
minor contribution from gas absorption, we have developsdheme for subtraction of back-
ground effects. We assume that the signal registered irethele armyg, can be described by
a combination of the simultaneously recorded referencesagmal,v;", and a so called abso-
lute reference recording of a strong, well-known gas alismrpv;, (recorded using the same
system, but not simultaneously). In this work, the absoleference originates from measure-
ments in ambient airli; = 1 m for evaluation of clinical data). The model is explicigitated
in Eq. 6 (note that tha f-subscript has been dropped).

Vs (t) > p (1) +a"(t) x ¥ (1) + ¢ x Vo (t—to). (6)

Here,p*(t) andg*(t) are complex polynomials introduced to handle baselinedfices be-
tween the reference and sample arais.a real coefficient and gives the fraction of the absolute
reference needed to explain the gas absorption registerth@ isample arm. Phase difference
between new experimental data and absolute referencaliegaran be handled by replacing

c with a complex valued coefficient(). Such differences can occur due to changes in ambient
temperature and diode laser operation settings. Diffe®it the location of the absorption
within the scan is accounted for by introducing the shiftgmaeterty. The best model fit is
determined by means of non-linear Levenberg-Marquardimigation onty (note that for a
giventp, the optimization problem reduces to linear regressiohg dbsorption signay*, is
reached after subtraction of fitted background signals:

W (t) = Vs (t) — Prig (t) + Gfie (t) x Vr (1) 7

A conventional WMS signal is reached by determining the aligiase,, and extracting the
amplitude variation, as stated in Eq. 8.

WMSh(t) = Real{ (v—v;f(t) - mear(v—v;f(t))) x exp(—i Bn)} 8)

Figure 4 illustrates the importance of background subvacshowing model fits and re-
sulting WMS signals. As customary in GASMAS, experimenigihals are measured in terms
of equivalent pathlength in ambient airgq. If needed, a superscript is used to differentiate
between water vapoLE'&o, and oxygen signal:t,(e)&. When evaluation is performed using the
scheme described above, thgis related to the pathlength used in the recording of thelateso
referencel.a ., as stated in Eq. 9.

Leq = Gjit X Lar. 9

While the concentration of molecular oxygen in air can beiassl fixed at 21%, the abun-
dance of water vapor varies strongly with temperature aladive humidity. In this work, water
vapor signals are measured with respect to equivalentgragtti in air at 37C and 100% rela-
tive humidity,e.g.the condition expected in cavities of the human skull. Treohlie reference
recording used in evaluation of water vapor absorption iasueed in ambient air, simultaneous
to the recording of an absolute reference for oxygen. Themapor concentration in these
experiments is inferred from measurements of temperanaeeaative humidity. The Arden-
Buck equation provides the saturation pressure of watesnf@0], and is used to convert the
1000 mm pathlength in ambient air into its equivalent patgte with respect to 37C and
100% relative humidity. The Arden-Buck equation is giverkign. 10, wherep is the pressure
in atmospheres, antd the temperature iAC.

17.502T )

_ -3 175021
p=6.032x 10 exp(24097+_|_

(10)

#109769 - $15.00 USD Received 7 Apr 2009; revised 4 May 2009; accepted 5 May 2009; published 15 Jun 2009
(C) 2009 OSA 22 June 2009/ Vol. 17, No. 13/ OPTICS EXPRESS 10856



Raw signal, v (¢) Balanced signal, w*(¢) Balanced WMS signal, WMS(t)

Best fit Fitted abs. ref., Crit X vy (t— f,o_/“)
05 1f] 0.5 2 057¢p; =0.031 (Lyy =31mm) 1
- 7
= o
w‘, ﬂl —
200 V%j 0.0 00 1
~ S
E =
-0.5 -0.5 =-05 |
-05 0.0 05 -05 0.0 0.5 0.00 0.05 0.10 0.15 0.20
0.2 2f1 0.2 = csit = 0.032 (Leg = 32mm)
b 4 | L o2 ]
| —
200 0.0 ~
~ 2 0.0 ]
E =
-0.2 -0.2 &-0.2 ]
-0.2 0.0 02 -02 0.0 0.2 0.0 0.20
3/ = 021, =0.032 (L., = 32mm)
01 0.1 B3 7
7 S
é 0.0 0.0 ~ 0.0 1
~ <
E£-01 -0.1 =
&-0.2 1
-0.1 0.0 0.1 -0.1 0.0 0.1 0.00 0.05 0.10 0.15 0.20
Re / 1072 [] Re / 1073 [] Time [s]

Fig. 4. Background subtraction exemplified using clinicatad(molecular oxygen in the
frontal sinus). Due to the triangular modulation used faretamodulation, each scan
(dataset) include two interactions with the absorptionuia Differences in laser response
in up- and downwards scanning requires that the imprintseeatuated separately. De-
spite fairly strong absorption, the absorption imprint éabily distorted by background
signals (left column). The observed structure can, howdeexplained by the model in
Eq. 6. Line-type phase-amplitude plot is obtained aftekkbemund subtraction (middle
column), and the resulting WMS signals (right column) ekhglood signal-to-noise ratio.
The absolute reference was recorded on 1000 mm path of analigandcsi; = 0.032 thus
suggest an absorption that corresponds to 32 mm inei x 104 in absorption fraction
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Note, for example, that a 150 mm pathlength at@7and 100% relative humidity generates the
same absorption of water vapor as a 1000 mm pathlength &€ 2d 30% relative humidity
(i.e.typical laboratory conditions).

2.3. Water vapor as a reference gas

The equivalent mean path lengthy, is of course dependent on both gas concentration and
pathlength through gas. Since the pathlength is unknowrASIGAS, it is generally not pos-
sible to determine gas concentration. This complicatiog becircumvented if one performs
simultaneous measurements on a gas with known concentr&io sinus diagnostics, water
vapor has been used for this purpose [8]. If (i) the concéntraf oxygen in the sinuses equals
the atmospheric concentration, (ii) the optical propertseattering and absorption) is the same
at the two wavelengths used, and (iii) the gas in the sinus 37 aC and 100% relative hu-
midity, LS& should equaLQ&o. Unfortunately, since water vapor is measured at 935 nm and
oxygen at 760 nm, differences in equivalent pathlengths beagssigned to differences in op-
tical properties rather than a change in oxygen conceatraionetheless, the ratio of the two
has proven to be fairly stable [8]. In this work we employ mhotime-of-flight spectroscopy
(PTOFS) to investigate differences in optical propertges(below in Sect. 2.4 and Sect. 3.3).

2.4. Photon time-of-flight instrumentation

Differences in light propagation between 760 nm to 935 nmtuslied by employing pho-
ton time-of-flight spectroscopy (PTOFS). The utilized systhas been described in detail
elsewhere, and has for example been usedrfoiivo spectroscopy of human prostate tissue
[21, 22]. Briefly, the system is based on pulsed diode lassigime-correlated single photon
counting. Picosecond laser pulses are injected into teadjsand transmitted diffuse light is
collected and resolved in time. The obtained photon tim#igiit histograms can be used to
determine optical pathlengths, average absorption arttesog coefficients. The two diode
laser used operate at 786 nm and 916 nm, respectively, thuslaghtly deviating from the
two wavelengths used for the gas spectroscopy.

3. Results
3.1. System performance

The general system performance was analyzed by investigadiw well the system can resolve
differences in pathlength through ambient air. The regaltthe 2f harmonic are presented in
Fig. 5, and show that the precision is on the order of 1 mm. T@réopmance varies slightly
between the different harmonics, as reported also in RgfSjiich effects may be assigned to
problems of interference fringes occurring in experimé@ntslving source-detector separations
in the mm range. For example, the free spectral range of a 5@imatalon matches the width
of the absorption linewidth (at atmospheric conditionsid anay therefore be detrimental to
the measurement.

3.2. Clinical data

Clinical data are acquired at the Radiology Clinic of the duwmiversity Hospital, within the

framework of a clinical study aimed at comparing laser-dagses sensing with conventional CT
diagnostics. The study is approved by the local committegthuts, and patients are enrolled
after informed consent. The maxillary sinuses, behind theekbone, are studied by placing
the fiber probe in contact with one side of the mouth cavity,roose to the sinus under study.
The diffuse light is detected on the cheekbone. To moni®fritntal sinuses, behind the frontal
bone, the fiber probe is placed under one side of the eyeblase to the nasal bone, injecting
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Fig. 5. Investigation of system performance by measuresnentseries of distances of
ambient air (Z signals, molecular oxygen). When using the fiber-basedcalirsystem,
the resolution is about 1 miagg, i.e. about 3x 10-5 (average absolute deviations from
the fitted line,< |g| >). The resolution is significantly better, about 0.02 rgg, when the
optical system is replaced with a non-collimated VCSEL arithgle large-area photodiode
(this system is described and used in Refs. [5, 7]). For #higs, note the initial pathlength
offset of about 5 mm.

Fig. 6. CT images of the maxillary (a-b) and frontal sinuses). Black areas surrounded
by white borders (bone) correspond to air filled cavitiesctedivision on the scale corre-
sponds to 1 cm.

the light up in the frontal bone. The scattered light is det@on the forehead, with the bottom
part of the detector located about 1 cm above the eyebrowt isgacquired during 20 s (100
scan averages). Ambient light sources are turned off okildduring the measurement.

Figure 6 shows CT images of the frontal and maxillary sinaéese of the patients enrolled
in the clinical study. The results of gas measurements arptiticular patient is given in Fig.
7 (frontal sinuses) and Fig. 8 (maxillary sinuses). Thealgo-noise ratioSNR is calculated
by taking the ratio of the WMS peak and the maximum absoluteavef fit residuals. The SNR
obtained suggest a detection limit of about 2 mm for both exygnd water vapour (when
using the ¥ or 2f harmonics). This corresponds to absorption fractions ofiabx 10~ for
oxygen and 5 10~4 for water vapour. The measurement resolution is betterttramaximum
residual value, and is thus expected to be significantlyeb#tan 2 mm. It should, however, be
noted that the performance varies between patients dueg® Variations in light attenuation.
The improvement in signal quality, with respect to earli@rical data, is significant [18].

3.3. Photon time-of-flight data

The results of photon time-of-flight (TOF) experiments aparted in Fig. 9 and Tab. 1. The
total optical pathlength is on the order of 100 mm, but vasiesngly. Clearly, there are sig-
nificant differences with respect to light propagation kegwthe two wavelengths used for gas
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Fig. 7. 1-5f WMS signals from measurements on the left frontal sinus aiteéept (black)
together with fitted absolute reference data (red). CT imaféhis frontal sinus is found in
Fig. 6. The detected power wag®V for 760 nm and JuW for 935 nm (transimpedance
amplification was set to £0. The slightly lowerLeq for water vapor is typical, and is
investigated in Sect. 3.3. Note the weak signal strengtligheh harmonics, reducing the
signal-to-noise ratio and causing increased uncertairityq estimation. Note also that the
water absorption is about ten times stronger than the oxggsarption.

spectroscopy. The data suggests that light used for oxyayesirgy (760 nm) travels between 30
and 50% longer than light used for sensing of water vapous (88). This fact explains why
LQ&O typically is systematically lower than thé_?é (seee.g.Fig. 7). The differences between
the twolLegvalues are, however, typically lower than the 30-50% ieglby PTOFS. This dis-
crepancy can be assigned to the non-trivial division of tiial fpathlength between tissue and
sinus cavity. Considering the complexity of light propagain strongly heterogenous materi-
als such a discrepancy is not unexpected. The issue maywddagher attention, and could be
studied by Monte Carlo simulation.

Since the geometry of sinus measurements is complex ancdwmkmo appropriate model
for light propagation is available. However, at late phaiore-of-flights, the shape of the TOF
distribution is mainly governed by the Beer-Lambert-Boeigexponential decay exp UacCt),
where 5 is the absorption coefficient, ardthe speed of light in the medium. Absorption
coefficients can thus be estimated from the decay of the T&Flition (the final slope of the
intensity plotted in log-scale) [23]. This estimation skthtnowever, be considered rough, since
geometry and scattering properties greatly influence tsracy [9].
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Fig. 8. 1-5f WMS signals from measurements on the left maxillary sinus @fatient
(black) together with fitted absolute reference data (t€@)images of this maxillary sinus
is found in Fig. 6. The detected power was W for 760 nm and 0.1%W for 935 nm
(transimpedance amplification was set t6)10
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Fig. 9. Photon time-of-flight distributions obtained fromeasurements on the maxillary
sinuses. A measurement of the instrumental response danctashed) provides the origin
for the absolute time scale.
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Mean TOF [ns] Mean path [mm]  Abs. coeff. [ctH
786 nm 916nm 786nm 916nm 786nm 916 nm

\olunteer 1, Frontalis 0.54 0.40 116 86 0.13 0.16
\olunteer 1, Maxillaris 1.38 0.90 296 193 0.10 -

\olunteer 2, Frontalis 0.61 0.45 131 97 0.11 0.14
\olunteer 2, Maxillaris 0.85 0.58 182 125 0.10 0.16

Table 1. Photon pathlengths and estimations of averagepilmsocoefficients, as obtained
from PTOFS. Mean pathlengths are calculated from mean T§3Enaing a refractive index
of 1.4. For the measurements on the maxillary sinuses ohteéu 2, low light transmission
prevented proper analysis of absorption coefficient.

4. Discussion

The system described in this work is clearly capable of mgliog useful clinical data on the gas
contents of human paranasal sinuses. There are, howdeengdive system designs that could
achieve similar or even better performance. The advantaigesing optical fibers to deliver
light is the straight forward construction of an appropiatedical probe. In addition, fibers
allow convenient coupling of different light sources, reridg the use of multiple light sources
fairly simple. The major drawback, however, is that the Ugggtailed diode lasers and optical
fibers appears to degrade the system performance. Despiahorate schemes for back-
ground suppression described in this paper, the perforenanstill significantly poorer than
comparable single-beam systems that avoid optical fibei8][Fowever, considering for ex-
ample the high sensitivity fiber-based gas sensor develop&tgelbrecht [24], we expect that
we can improve our current fiber-based system. Nonethdlesgossibilities of constructing
a single-beam system, avoiding pigtailing and optical 8bshould be investigated. Potential
advantages include reduced system complexity, significasit reduction, as well as simpler
and more robust data evaluation. The small size of diodedasaders it possible to construct
a medical probe that injects light directly from the outplth® diode lasers. The ideal solution
would be a single diode laser capsule that contains diffafienle lasers, operating at differ-
ent wavelengths. Furthermore, replacing pigtailed DF&4a withe.g.VCSEL lasers (shown
feasible in Ref. [14]) would make the system much more ctigtient.

Another issue that deserves some attention is that the atzesultiple WMS harmonics
reveals some technical imperfections. We have observedegiancies between theggvalues
obtained from the different harmonics. Water vapor apptaise particularly affected. Pos-
sible technical explanations include differences in dete@sponse with harmonic frequency
and light distribution over the large-area photodiode. Weadso investigating whether differ-
ences in conditions between the measurements of absofetenmees and the actual clinical
measurements can effect system behavior. In order to dieteramd improve measurement
accuracy, these effects require further attention.

Finally, since high light attenuation may degrade the swityj the values given for detection
limit show be considered as guidelines. Nonetheless, atloaugh the full clinical dataset
shows that 2 mnieq most often is a fair indication of the limit of detection. Wellvdiscuss
this important aspect in detail in a forthcoming articlettwdl focus on the clinical data.
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