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Abstract. Review of the existing studies on the contact pressure—induced changes in the optical properties of
biological tissues showed that the reported changes in transmittance, reflectance, absorption, and scattering
coefficient are vastly inconsistent. In order to gain more insight into the contact pressure—induced changes
observed in biomedical applications involving common probe-spectrometer diffuse reflectance measurement
setups and provide a set of practical guidelines minimizing the influence of the changes on the analysis of
acquired spectra, we conducted a series of in vivo measurements, where the contact pressure was precisely
controlled, and the spectral and contact pressure information were acquired simultaneously. Classification of
three measurement sites on a human hand, representing the natural variability in the perfusion and structure
of the underlying tissue, was assessed by training and evaluating classifiers at different contact pressure levels
and for different probe operators. Based on the results, three practical guidelines have been proposed to avoid
classification performance degradation. First, the most suitable pressure level should be identified. Second, the
pressure level should be kept in a narrow range during the acquisition of spectra. Third, applications utilizing
probes equipped with a calibrated spring can use several classifiers trained at different contact pressure levels to
improve classification performance. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1
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1 Introduction

Diffuse reflectance spectroscopy (DRS) is a rapid noninvasive
technique that is gaining increasing importance in numerous
biomedical applications, such as cancer diagnosis and treat-
ment,' burn depth assessment,* monitoring tissue oxygena-
tion,>® classification of healthy and pathological dental
tissues,’ monitoring blood glucose,&9 and other blood metabo-
lites or drugs.'®'? In general, DRS spectra can be acquired in
two ways, namely by point spectroscopy or by hyperspectral
imaging.'*'* Many practical applications utilize a spectrometer
and a fiber-optic probe. The acquired DRS spectra are formed by
the reflected or transmitted, partially absorbed and scattered
light. The absorption data hold quantitative and functional
information on the tissue components, while the scattering
data provide information on the structure and cellular
composition.!

A fiber-optic probe pressed against the studied tissue is usu-
ally used to acquire diffuse reflectance spectra. However, even a
light contact pressure can significantly affect the tissue optical
properties and the light coupling into the fiber-optic probe. The
resulting changes can substantially degrade the performance of
the subsequent quantitative or qualitative spectral analysis.
There are several studies on the contact pressure-induced spec-
tral changes in the visible and near-infrared DRS, "> as well as
similar studies involving other spectroscopic and imaging
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techniques.?*? Initial studies were focused on ex vivo measure-
ments and utilized a so-called spring-loaded compression appa-
ratus [Fig. 1(a)] for applying a constant contact pressure.'>
Human, bovine, and porcine samples were compressed between
glass plates and the applied contact pressure was controlled by
calibrated springs. Ex vivo measurements were also performed
with a scale or a load cell [Fig. 1(b)], which measured additional
force on the sample.**® Several studies focused on
in vivo measurements of human and animal skin at different
sites,1821,23:25.29 including abdomen,?® breast,'®'>? and mouse
muscle.”’ Some simple measurement setups [Fig. 2(a)] were
based on modified fiber-optic probes with attached plastic or
metal sleeve and a spring.??*?’ The spring was calibrated
for a few pressure levels, which were labeled on the sleeve.
In this way, the applied contact pressure depended solely on
the operator.?” However, the exact level of the applied contact
pressure could not be measured. Moreover, the variability of the
applied contact pressure at a predefined level was large, espe-
cially if the measurements lasted for several seconds.?® A similar
measurement setup’>?%2?° utilizing a set of calibrated weights
[Fig. 2(b)] was used to reduce the variability of the applied con-
tact pressure. However, in a practical measurement setup, the
range of available weights substantially limits the usable pres-
sure range. Furthermore, the weights need to be replaced for
each measurement, which is a tedious and time-consuming
task. The above listed issues can be alleviated by fully auto-
mated application and measurement of the contact pressure
[Fig. 2(c)]."#!? Two studies on the pressure-induced changes
in breast tissue’s optical properties employed experimental
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Fig. 1 Diffuse reflectance systems for ex vivo measurements based
on calibrated springs (a) or a scale (b).

setups enhanced by additional force sensors.'®?? However,
the location of the force sensors did not correspond with the
position of the probe, rendering the measured contact pressure
inaccurate.

Due to the limitations of the employed measurement sys-
tems, the majority of the conducted studies measured the contact
pressure only at a few discrete points. Furthermore, the compari-
son of the reported results is very difficult due to the inconsistent
and frequently incomplete data, e.g., some of the studies
reported the force data without the probe contact surface
area, while others used custom qualitative pressure descriptions.
The utilized contact pressure range depended on the study pur-
pose and the employed measurement setup. In general, the
contact pressure was in the range from 0 to 200 kPa, with
some studies focusing on low contact pressures, i.e., under
10 kPa.'*' The full contact pressure range was employed
only by one study.”® The effects of the applied contact pressure
on the tissue optical properties in terms of transmittance, reflec-
tance, absorption, and scattering coefficients were found to be
governed by the local concentrations of water, hemoglobin, and
lipids.”> The observed increase in the tissue transmittance with
the applied pressure'>** was explained by the reduction in the
specimen thickness. The reported effects of the contact pressure
on the reflectance were inconsistent. Several studies found the
reflectance to decrease with the applied pressure, #2232 while
an increase was reported by Reif et al.>® and no significant
change was observed by Lim et al.** The results obtained at
590 (Ref. 21), 620 (Ref. 17), and 1400 (Ref. 15) nm suggest
the observed effect is wavelength dependent. The reported
inconsistencies in the reflectance changes are most likely to
be caused by the differences among the used samples. Lim
et al.?® attributed the increased reflectance of the forehead
skin to the increased scattering. It was assumed that skull is
close to the skin surface, thereby preventing the dermis from
collapsing into the hypodermis, which results in more light
reaching the dermis layer rich in highly scattering collagen.

(b)

sample

sensor
A = [

A similar explanation could be used for the observed reflectance
increase of the muscle tissue® due to the scattering of the pro-
teins in myofibrils.

The reported results show that characterization of the absorp-
tion and scattering coefficient dependence on the applied pres-
sure is a complex task. Due to the differences in the employed
experimental setups, contact pressure levels, spectral range, and
samples, no general conclusions can be made from the reported
results. However, many studies found the absorption coefficient
and the correlated chromophore concentrations to decrease with
the applied pressure.'®'*?3 It was hypothesized that the pres-
sure compresses the blood vessels, thereby reducing the blood
flow and modifying the tissue morphology. In contrast, several
studies reported increase in the absorbance,'>? total hemoglo-
bin, and oxygen saturation'®*? with the applied pressure. The
increase was explained by the local tissue compression, increas-
ing the chromophore concentration, volumetric water content,
and leakage of some extracellular tissue fluids. Additionally,
the increase in the total hemoglobin and oxygen saturation indi-
cated pressure-induced vasodilatation,'® which is consistent
with the findings presented by Abraham et al.>’ Obviously,
this phenomenon is more pronounced at low pressure levels;
however, it can be partially observed at higher pressures.'*?
After the initial drop in the absorption due to the applied contact
pressure, the absorption coefficients started to increase. At
higher contact pressures, no significant change was observed.
Further increasing the pressure led to an increase in the hemo-
globin and oxygen saturation and a decrease in the water con-
centration. On the other hand, scattering coefficient generally
increased with the applied pressure.'>'®?*?3 The increase was
explained by the pressure-induced increase in the scatterer con-
centration. However, a few studies reported a decrease in the
scattering coefficient,'*>* which was explained by the
decrease in the refractive index mismatch due to the water dis-
placement in the skin.?

Despite the inconsistencies in the reported results, it was
shown that contact pressure—-induced spectral changes are site
specific?® and contain unique information on the underlying tis-
sue.? Therefore, the pressure-induced spectral information can
be used to aid the analysis of diffuse reflectance spectra, leading
to more accurate quantitative results and better classification
performance.

2 Problem Formulation

The existing studies discovered many contact pressure—induced
changes in the optical properties of various tissues. As a result of
the applied contact pressure, the absorption and scattering coef-
ficients generally increased or decreased by up to 70%. Further-
more, a recent study?® showed that the contact pressure—induced
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Fig. 2 Diffuse reflectance systems for in vivo measurements based on a calibrated spring (a), calibrated

weights (b), or a motorized linear stage (c).
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changes can substantially affect the accuracy of the subsequent
spectral analysis. A contactless optic probe*? was suggested as a
possible solution. Nevertheless, the vast majority of spectro-
scopic applications utilizing a fiber-optic probe should carefully
consider the measurement protocol and the data analysis model,
which need to effectively deal with the contact pressure—induced
changes. In this article, we extensively analyze the contact pres-
sure—induced effects encountered in a common DRS biomedical
application. Classification of the three measurement sites on a
human hand, representing an example of the natural variability
in the perfusion and structure of the underlying tissue, was
assessed by training and evaluating classifiers at different con-
tact pressure levels. The influence of contact pressure on the
quantification of tissue chromophores was not the main focus
of this study. More details on the subject can be found in
Refs. 23 and 25. However, the same methodology was used
to extract the chromophore concentrations. For the purpose
of this study, a diffuse reflectance measurement system enabling
precise control of the applied contact pressure was used. Based
on the obtained results, we proposed several practical guidelines
minimizing the influence of contact pressure—induced effects on
the classification performance of existing DRS fiber optic
probe-based systems.

3 Materials and Methods

3.1 Samples

The conducted study included six human volunteers (Caucasian
males). The spectra were acquired on the palm skin of the left
hand. Three measurement sites were selected [Fig. 3(a)], namely
skin above the abductor pollicis brevis muscle (site ), skin in the
middle of the wrist crease above the veins (site II), and skin at
the lateral part of the wrist above ulnar styloid process (site IIT).
Although the soft muscle tissue (I) and the tissue above veins (II)
provided relatively smooth and gradually increasing resistance
to the applied pressure, the tissue above the bone styloid process
(IIT) exhibited only limited compression. In addition, the under-
lying tissues at the three selected measurement sites are differ-
ently perfused and were expected to provide relevant insight into
the unique tissue-related properties of the contact pressure—
induced spectral response.

Left hand

dorsal

3.2 Instrumentation

The employed measurement system, developed by Bregar
et al.,*® is shown in Fig. 3(b). Briefly, the spectra were acquired
by a commercial near-infrared spectrometer (Control
Development, NIR-512L-1.7T1, 901 to 1685 nm) employing
a broadband halogen light source (AvaLight-Hal LS) and a
stainless steel fiber optic diffuse reflectance probe (Avantes,
Apeldoornseweg, The Netherlands, FCR-7IR400-2-ME), con-
sisting of one detection and six illumination fibers. Diameter
of the probe was 6.35 mm with the effective pressure area of
31.7 mm?. The probe was fixed to a metal compression spring
exhibiting around 3 cm of travel path. The spring was attached
to the metal lever equipped with a calibrated thin-film force sen-
sor while the other side of the lever was fixed to a motorized
linear stage providing precise and accurate control of the applied
pressure. The motorized linear stage, force sensor, and spec-
trometer were controlled by a computer in order to ensure
synchronized operation and acquisition of the spectra and pres-
sure data.

3.3 Measurements

The palms of the volunteers were fixed during the data acquis-
ition process, which started by activating the motorized linear
stage and stopped when the spring exhibited full contraction,
resulting in around 90 kPa of contact pressure. The spectral
and pressure data were acquired synchronously, at a rate of
15 Hz. In this way, 49 spectra were acquired at contact pressure
levels extending from 0 to 90 kPa. This range was selected in
accordance with the majority of existing studies and to reflect
the contact pressure applied by manual probe operators.?” The
average contact pressure applied by trained probe operators
included in this study was from 30 to 50 kPa with a standard
deviation of 10 kPa.

Nine measurements were made for each of the three selected
skin sites (I: above abductor pollicis brevis muscle, II: above the
veins in the middle of the wrist crease, and III: above ulnar sty-
loid process at the lateral part of the wrist), allowing about 5 min
for the tissue to recover from the previous measurement. In this
way, 27 measurements were obtained for each of the six volun-
teers. The acquired measurements were divided into three inde-
pendent sets, namely the training, validation, and test sets, each
consisting of data collected from two volunteers.

light
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Fig. 3 (a) Three selected measurement sites: (I) above abductor pollicis brevis muscle, (ll) in the middle
of the wrist crease above the veins, and (lll) at the lateral part of the wrist above ulnar styloid process.

(b) Experimental measurement system.
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3.4 Spectra Processing

Spectra were processed according to the methodology published
in Ref. 25. Briefly, the acquired spectra I were normalized by
two-point intensity calibration based on the reflectance spec-
trum [, of a standard diffuse reflectance tile (Spectralon) and
the dark response of the sensor array D:

R = I-D . Q)
Iy—D
Due to the limited sensitivity of the employed sensor array,
only the spectral range from 950 to 1600 nm was used by the
subsequent data analysis.
In order to provide results comparable with the majority of
existing studies, the spectra were processed according to two
different methodologies.

3.4.1 Methodology |

The scattering and absorption properties of the tissue were esti-
mated from the steady-state diffuse reflectance measurements in
a spectrally constrained manner*** using the following model:

1 |: < 1\ e HeiiP1
R =—|zo!| pesr + >
4 |\ )

1\ e HeftP2
+ (20 + 225) (Meff + —> 5 ] ; 2
P2 1253

where zg, Uetr> P15 P2, and z,, are the wavelength-dependent inter-
nal variables, calculated from the absorption y, and reduced
scattering u, coefficient. The absorption coefficient y, was cal-

culated as a product of cromophore concentrations (Cchromophore)

) . . hromoph .
and corresponding absorption coefficients (ug " P""): 3638

— water oxyHb Hb
Ha = CwaterMa =+ Cmp [(x/’lll + (1 - a)/’ta ]
lipids collagen
+ ClipidsHa + CeollagenMa ’ (3)

where a represents oxygenation fraction (i.e., saturation). The
reduced scattering coefficient x, was modeled according to

He=ud=", “)

where 4 is wavelength, u is scattering magnitude, and v is scat-
tering power.

3.4.2 Methodology Il

The acquired spectra were also processed by a statistical
approach. The extended form of multiplicative scatter correction
method (EMSC) was applied to the acquired spectra.’* EMSC
considers light scattering effects as wavelength dependent and
models each acquired spectrum (r;) according to

r; :aierirreerbi/lJrci/lz, (5)

where q; is the baseline, m; is the path length, r; is the refer-
ence spectrum, and b; and ¢; model the wavelength-dependent
spectral variations. The coefficients of the EMSC model esti-
mated by a least squares solution were used to calculate the pre-
processed spectra rgysc as

remsc, = (ri —a; — bid— ciA?) [ m. (6)

The preprocessed spectra rgysc were analyzed by principal
component analysis (PCA).

3.4.3 Classification

The estimated optical properties (see Sec. 3.4.1) or calculated
PCA scores and EMSC coefficients (see Sec. 3.4.2) were sub-
sequently used by quadratic discriminant analysis*’-based clas-
sification of the three measurement sites. The optimal feature
subsets were selected by sequential forward floating selection
algorithm (SFFS),* maximizing the classification posterior
probability of the validation set. The performance of the classi-
fication models was evaluated by calculating the sensitivity,
specificity, and posterior probability for each measurement
site of the test set.

The data were processed using MATLAB® software pack-
age (8.1, The MathWorks, Natick, Massachusetts).

4 Results

The observed contact pressure—induced spectral changes are
shown in Fig. 4. The mean reflectance decreased with the
applied contact pressure at all the three measurement sites.
Figure 5(a) shows the performance of a classifier, trained on
spectra acquired at minimum contact pressure (0 kPa) and evalu-
ated across the full contact pressure range (from 0 to 90 kPa).
The classification performance gradually decreased with
increasing contact pressure. The main reason for the classifica-
tion deterioration was the increasing number of misclassifica-
tions observed for the measurement site above the veins (II),
which led to decreased sensitivity of the measurement site and
decreased specificities for the remaining two measurement sites,
i.e., above the muscle (I) and above the bone (IIT) [Fig. 5(b)].
Figure 6 shows performances of classifiers trained and evaluated

——————— =, . oo ——— . —
®-10r T T mas N g s10 T T T 1-10 T === 1
g { .20t ]
c
S 1-30 1 1
8 I I 1kPa
= Site ] L | Site J
B [[ —— 37kpa -40 T[] -~ 37kPa
« —_ 90kPa | .50 | — 90kPa ]

7000 1100 1200 1300 1400 1500 1000 1100 1200 1300 1400 1500 1000 1100 1200 1300 1400 1500
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 4 Relative reflectance change as a function of the contact pressure (1, 37, and 90 kPa) for the three

selected measurement sites.
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Fig. 5 (a) Average classification sensitivity and specificity (dots) and posterior probability (squares) of a
classifier trained at 0 kPa and evaluated across the full contact pressure range, for the three measure-
ment sites as a function of the applied contact pressure modeled by a pricewise linear (full line) function.
(b) Classification sensitivity for the skin above veins (ll) (crosses, dot-dashed line) and specificity for the
skin above muscle (l) (dots, dashed line) and bone (lll) (squares, full line).

on spectra acquired at the same contact pressure level. It is
evident that the classification performance is on average
independent of the applied contact pressure; however, it depends
on the measurement site. Table 1 includes the comparison of
classifiers trained and evaluated at the same contact pressure lev-
els (Fig. 6), and the results obtained for classifiers based on
spectra acquired by a trained operator O(, ), where u and §
represent the mean and standard deviation of the applied contact
pressure, respectively. A substantial degradation in the perfor-
mance of classifiers based on operator-acquired spectra was
observed. Performance of the classifiers trained and evaluated
on spectra acquired at the same contact pressure level
(Fig. 6), was analyzed in terms of minimum, maximum, and
average classification sensitivity, specificity, and posterior prob-
ability (Table 2). The classifier trained and evaluated at 79.5 kPa
performed the best. A consistent classification performance
across the full contact pressure range can also be achieved
by training several classifiers, each covering part of the
employed contact pressure range. In our study, three classifiers
trained at O kPa [Fig. 5(a)], 26, and 89 kPa (Fig. 7) substantially
improved the classification performance across the employed
contact pressure range (Table 3).

5 Discussion

The contact pressure—induced spectra changes and their impact
on the classification of three measurement sites were studied in
the spectral range from 950 to 1600 nm. Compared with the
optical window, i.e., spectral range from 650 to 900 nm, the
reduced scattering coefficient is not significantly lower,*> how-
ever, the average light absorption due to the water is substan-
tially higher. Therefore, it is reasonable to assume that the same
contact pressure induces greater spectral changes in the NIR
spectral range than in the spectral range from 650 to 900 nm.
Our hypothesis is supported by Fig. 4, where reflectance
changes under the contact pressure are much greater at longer
wavelengths, where light is strongly absorbed by water. The
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observed spectral changes were consistent with the results of
our previous study? on the contact pressure—induced changes
in the spectral and optical properties of soft tissue. Even light
contact pressure of 1 kPa significantly lowered the reflectance.
The highest mean reflectance decrease was observed near the
water absorption band (1450 nm): 12.6% for measurement
site I (above muscle), 15.8% for measurement site II (above
veins), and 16.9% for measurement site III (above bone).
Reflectance further decreased with the applied contact pressure;
however, above 20 kPa, changes were less prominent (at
1450 nm) settling at around 54% for all three measurement sites.

However, the main focus of this study was to assess the in-
fluence of the contact pressure on the classification of the three
selected measurement sites on the human hand by training and
evaluating classifiers at different contact pressure levels. The
classification performances obtained for the two employed spec-
tral processing methodologies (see Secs. 3.4.1 and 3.4.2)
described in Sec. 3.4 were similar. Therefore, only the results
obtained by the statistical analysis (see Sec. 3.4.2) were
reported. It should be noted that regardless of the processing
methodology, the SFFS algorithm normally selected four fea-
tures during the classifier training process. These included
the first two PCA scores and the multiplicative (m) and additive
quadratic (¢) EMSC coefficients computed by the statistical
Methodology II. On the other hand, concentration of water
(Cwater)> Scattering magnitude (u), and scattering power (v)
[Eq. (4)] were selected among the optical properties derived
by Methodology 1.

The classifier trained at the minimum contact pressure near
0 kPa was evaluated for all 49 contact pressure levels from 0 to
90 kPa [Fig. 5(a)]. At 0 kPa, the average classification sensitivity
and specificity was 0.86 and the corresponding posterior prob-
ability was 0.82. By increasing the applied contact pressure, the
classification performance started to gradually decrease, settling
at the average classification sensitivity and specificity and
posterior probability of 0.76 and 0.68, respectively. The results
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Fig. 6 (a) Average classification sensitivity, specificity (both dots) and posterior probability (squares) of
classifier trained and evaluated on spectra, acquired at the same contact pressure level, for the three
measurement sites: (b) skin above the abductor pollicis brevis muscle (1), (c) skin in the middle of the wrist
crease above the veins (l1), (d) and skin at the lateral part of the wrist above ulnar styloid process (lll), as a
function of the applied contact pressure. Average classification sensitivity, specificity (dashed line), and
posterior probability (full line) modeled by a first-order polynomial.

showed a piecewise linear performance dependent on the
applied contact pressure. Two prominent linear segments
were identified. The first segment extended from 0 kPa to
around 31 kPa with a negative slope of the average classification
sensitivity and specificity and posterior probability of
35x10°Pa7! and 4.9x 1075Pa”!, respectively. Above
31 kPa, the slopes flattened out to 0.1 X 10°°Pa~! and
0.2x 107 Pa~!, respectively. The basic classification model
performed well for contact pressure levels under 10 kPa,
where the decrease in the average classification sensitivity
and specificity and posterior probability was under 3%.
Above 10 kPa, the classification performance gradually
decreased, reaching its maximum drop of around 0.14 (20%)
at 31 kPa. A detailed analysis of the data [Fig. 5(b)] revealed
that the main reason for the classification deterioration was
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poor performance of the classifier for the measurement site
above veins (II), e.g., the sensitivity at 0 kPa was 55%. The num-
ber of misclassifications gradually increased with the applied
contact pressure, until the sensitivity level dropped to almost
zero percent. Likewise, a slight drop in the classification
specificity was observed for the remaining two measure-
ment sites.

It should be noted that light coupling can be an issue at very
low contact pressure levels. Therefore, a classifier trained at the
minimum contact pressure (near O kPa) was only used to high-
light the effect of difference between the training and deploy-
ment contact pressure level on the classification performance.
Furthermore, Fig. 7 shows that classifiers trained at much higher
contact pressures of 26 and 89 kPa exhibit similar deterioration
in the classification performance, indicating that the light
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Table 1 Classification performance for classifier trained and evaluated at different contact pressure levels: pressure applied by an operator O
(87.2 and 8.3 kPa), modified operator pressure mean: O,,, (55.8 and 8.3 kPa) and O,,_ (18.6 and 8.3 kPa), modified operator pressure standard

deviation O, (37.2 and 12.5 kPa), O, (37.2 and 25.2 kPa), and O_ (37.2 and 4.2 kPa).

Classifier Average Skin above muscle (I Skin above veins (Il) Skin above bone (Ill)
Sensitivity Posterior

Trained Evaluated Specificity probability Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity
0 kPa 0 kPa 0.86 0.82 1.00 0.83 0.56 0.94 0.89 0.94
0 kPa @) 0.77 0.69 1.00 0.72 0.08 1.00 1.00 0.82
@) 0 kPa 0.70 0.59 0.92 0.81 0.44 0.71 0.44 0.88
©) @) 0.83 0.75 0.98 0.91 0.56 0.88 0.78 0.86
37 kPa 37 kPa 0.82 0.74 1.00 0.89 0.44 0.92 0.83 0.83
@) Oy 0.80 0.72 1.00 0.88 0.40 0.91 0.82 0.82
@) Op- 0.84 0.75 0.99 0.87 0.55 0.90 0.80 0.89
©) O, 0.83 0.75 0.98 0.87 0.48 0.92 0.85 0.86
@) Oy, 0.80 0.71 0.94 0.88 0.48 0.88 0.78 0.85
@) O,_ 0.83 0.74 0.97 0.91 0.51 0.90 0.82 0.84

coupling at the minimum contact pressure level was still suffi-
cient. The consistency of obtained results can be attributed to the
employed system for automated contact pressure application,*
that can accurately apply very low contact pressure levels
under 1 kPa.

A stable, predefined contact pressure level is difficult to
maintain®’ in practical applications involving manually operated
fiber-optic probes. In order to gain insight into the intra- and
interoperator contact pressure variability, two operators were
trained to apply a contact pressure of about 35 kPa. Analysis
of the applied contact pressure repeatability showed that at
5% significance level (Jarque—Bera statistical test) the applied
pressure levels exhibited normal distribution, with means of
37.2 and 32.8 kPa and corresponding standard deviations of
8.3 and 6.6 kPa, respectively.

First, the influence of trained operator (O) on the perfor-
mance of the classification was studied (Table 1). A classifier
trained on spectra acquired at minimum contact pressure

(0 kPa) was evaluated using spectra acquired by O (37.2 and
8.3 kPa). In contrast to the classifier trained and evaluated on
spectra acquired at the minimum contact pressure, classification
performance dropped substantially. The average classification
sensitivity and specificity decreased by 0.09 (13%) and posterior
probability decreased by 0.13 (16%). The drop in performance
was even higher when the classifier was trained on spectra
acquired by operator O (37.2 and 8.3 kPa) and evaluated by
spectra acquired at minimum contact pressure. The average sen-
sitivity and specificity and posterior probability dropped by 0.16
(19%) and 0.23 (28%), respectively. In contrast, classification
performance was significantly better if the classifier was trained
and evaluated on spectra acquired at a similar contact pressure
level [Table 1, Fig. 6(a)]. The impact of the operator on the clas-
sification performance was additionally studied by varying the
operator contact pressure mean and standard deviation for about
+50% (Table 1). In most cases, changes resulted in minor
impact on the classification performance. Average sensitivity

Table 2 Minimum, maximum, and average classification sensitivity, specificity, and posterior probability and the slope of a first-order polynomial
modeling the classification performance of classifiers trained and evaluated at the same contact pressure level as a function of the contact pressure
in the range from 0 to 90 kPa. Contact pressure levels (kPa~") are given in parentheses and keyword “many” is used when the same results were
obtained at several different contact pressure levels.

Average Skin above muscle (I) Skin above veins (ll) Skin above bone (lll)
Sensitivity Posterior
specificity probability  Sensitivity ~ Specificity Sensitivity Specificity Sensitivity Specificity
Min (Pressure) 0.75 (74.6)  0.68 (74.6) 0.72 (68.2) 0.72 (2.0) 0.28 (50.4/74.6) 0.75(77.1) 0.56 (83.1) 0.72 (many)

Max (Pressure)  0.93 (25.8/79.5) 0.88 (79.5) 1.00 (many) 1.00 (79.5)  0.94 (79.5)  0.97 (2.0/80.7) 0.94 [many) 1.00 (2.0/25.8)
Average 0.83 0.76 0.98 0.92 0.55 0.89 0.78 0.85
Slope (106 Pa~") ~0.1 0 ~0.6 1.0 2.6 -15 2.5 0.2
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Fig. 7 Average classification sensitivity and specificity (dots) and posterior probability (squares) of all the
three measurement sites as a function of the applied contact pressure obtained for classifiers trained at
26 kPa (a) and 89 kPa (b), respectively. The useful contact pressure range of each classifier is high-

lighted by the two flat lines.

and specificity remained around 0.83, while posterior probabil-
ity was 0.75. However, it should be noted that lowering the
contact pressure under 20 kPa substantially affected the classi-
fication performance [Fig. 7(a)]. Therefore, it is recommended
that pressure levels of all operators are kept well above 20 kPa.
However, if this limitation cannot be fulfilled, the contact pres-
sure variability should be minimized.

The presented results show that classifiers trained at one con-
tact pressure level and employed at a different level lead to lower
classification performance. One possible solution to prevent
classification performance degradation is to train and employ
the classifier at a predefined contact pressure level. To assess
the dependence of the classification performance on the applied
contact pressure level, 49 unique classifiers were trained and
evaluated at predefined contact pressure levels ranging from
0 to 90 kPa (Fig. 6, Table 2). The average classification sensi-
tivity and specificity across the studied contact pressure range
was 0.83 [Fig. 6(a)], with standard deviation of 0.03. A first-
order polynomial model of the classification sensitivity and
specificity as a function of the applied contact pressure, exhib-
ited a close to zero slope (—0.1 x 107®Pa~!). Similar results
were obtained for the classification posterior probability with
the average of 0.76 and standard deviation of 0.04. Jarque—
Bera statistical test at 5% significance level showed that classi-
fication performances exhibited normal distribution. The results
clearly show that the average classification performance is in-
dependent of the applied contact pressure as long as all the spec-
tra are acquired at a predefined contact pressure level. However,
the classification performance for individual measurement sites
was found to depend on the applied contact pressure. Under
10 kPa, some of the spectra acquired above veins (II) were mis-
classified as skin above muscle (I) or bone (III), lowering the
classification sensitivity of skin above veins [Fig. 6(c)], and
hence the classification specificities of the remaining two meas-
urement sites [Figs. 6(b) and 6(d)]. At higher contact pressure
levels, classification of measurement sites above muscle (I) and
veins (II) improved. In contrast, classification sensitivity of skin
above bone (III) slightly decreased with the applied contact
pressure. The increase in number of misclassifications between
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the skin above bone (III) and skin above veins (II) was found to
be the main reason for the observed classification sensitivity
decrease. As a result, classification specificity of the skin
above veins (II) slightly decreased with the applied contact pres-
sure [Fig. 6(c)]. The applied contact pressure had no effect on
the classification sensitivity of the skin above muscle (III)
[Fig. 6(b)].

Although the average classification performance was found
independent of the applied contact pressure [Fig. 6(a)], classi-
fiers trained on spectra acquired at higher contact pressure levels
exhibited more consistent performance across all the three meas-
urement sites. For example, the poor classification sensitivity
of skin above veins (II) gradually improved above 60 kPa
[Fig. 6(c)]. Likewise, misclassifications between the skin
above muscle (I) and skin above veins (I) vanished at higher
contact pressures, whereas the misclassifications between the
skin above veins (II) and skin above bone (III) slightly
increased. One reason for the improved classification may lie
in the different effects of the contact pressure on the perfusion
of wrist and muscle tissue, enhancing the spectral differences
between the two measurement sites. In contrast, high contact
pressure compresses the veins. As a result, more light reaches
deep wrist ligaments and carpal bones, making the spectra of
skin above veins (II) and bone (III) similar, hence increasing
the number of misclassifications between the two measurement
sites.

Training classifiers at many contact pressure levels can be a
tedious and impractical task. Therefore, only a few critical con-
tact pressure levels should be identified and used to build rep-
resentative classification models covering the desired contact
pressure range. In this study, three classifiers provided stable
classification performance across the full pressure range.
Classifier [Fig. 5(a)] trained at minimum contact pressure
covered the contact pressure range from 0 to 10 kPa, classifier
trained at 26 kPa [Fig. 7(a)] covered the contact pressure range
from 10 to 45 kPa, while classifier trained at 89 kPa [Fig. 7(b)]
covered the contact pressure range from 45 to 90 kPa. The
results clearly show that the three classifiers trained at the
selected contact pressure levels provide significant classification
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Table 3 Average classification sensitivity and specificity and pos-
terior probability across the full contact pressure range for three clas-
sifiers. Classifier | was trained at 0 kPa and evaluated across the full
contact pressure range [from Fig. 5(a)]. Classifier Il was trained and
evaluated at the same contact pressure level [from Fig. 6(a)].
Compound classifier 1l combined three classifiers trained at 0, 26,
and 89 kPa and evaluated across the full contact pressure range.

Classifier | Classifier Il Classifier Il

Sensitivity ~ Posterior ~ Sensitivity Posterior ~ Sensitivity  Posterior

Specificity probability Specificity probability Specificity probability

0.77 0.70 0.83 0.76 0.88 0.81

performance improvement (Table 3) across the full contact pres-
sure range. Moreover, the proposed classification scheme can be
easily adopted by existing setups comprising a metal sleeve and
spring,?'**?7 where approximate contact pressure level can be
easily assessed for each acquired spectrum.

6 Guidelines

Based on the presented results, we propose a set of practical
guidelines limiting the effect of contact pressure on the classi-
fication performance of existing DRS measurement setups
employing fiber-optic probes.

1. If a system that allows fully automated application and
measurement of the contact pressure is available (as in
Refs. 18, 19, and 25), the acceptable contact pressure
range should be investigated in order to identify the
contact pressure level that provides the best classifica-
tion results [Table 2, Fig. 6(a)]. In our case, the clas-
sifier trained and evaluated at 79.5 kPa provided about
12% higher average classification sensitivity and
specificity than the classifier trained across the full
contact pressure range. However, if the main goal
would be the detection of skin samples above bone,
a lower contact pressure would be preferred, i.e., 2
or 25.8 kPa.

2. Systems based on probes with integrated springs (as in
Refs. 21, 23, and 27) can use several classifiers,
trained at different predefined contact pressure levels.
The contact pressure range of the individual classifiers
can be marked on the sleeve. The acquired spectra can
be then assessed by the classifier covering the corre-
sponding contact pressure range. In our case, three
classifiers were trained at 0, 26, and 89 kPa. The aver-
age sensitivity and specificity, evaluated across the full
pressure range, was 14% higher than the average sen-
sitivity and specificity obtained by a single classifier.

3. If the contact pressure level cannot be assessed, the
probe operator should minimize the variability of
the applied contact pressure. According to the experi-
ments conducted in this and several other studies,
operators can be trained to apply a mean contact pres-
sure of about 35 kPa with a standard deviation of about
8 kPa. In this study, the obtained average classification
sensitivity and specificity was 13 percentage points
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higher than for a classifier trained and evaluated at dif-
ferent contact pressure levels (Table 1).

4. If the first three steps are not applicable, contactless
DRS probes®® or hyperspectral imaging should be
considered.

7 Conclusions

The review of existing studies revealed that the observed pres-
sure-induced changes in the tissue optical properties are incon-
sistent. We have shown that these changes strongly affect the
classification performance. Therefore, it is essential to carefully
consider the contact pressure level and range at which the clas-
sifier is built and deployed. In this study, we investigated several
realistic scenarios and proposed a set of guidelines minimizing
the effect of the observed pressure-induced spectral changes on
the classification performance in existing diffuse reflectance
measurement setups.
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