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Abstract. We assess the properties of contact pressure applied by manually operated fiber-optic probes as a
function of the operator, probe contact area, and sample stiffness. First, the mechanical properties of human skin
sites with different skin structures, thicknesses, and underlying tissues were studied by in vivo indentation tests.
According to the obtained results, three different homogeneous silicone skin phantoms were created to encom-
pass the observed range of mechanical properties. The silicon phantoms were subsequently used to character-
ize the properties of the contact pressure by 10 experienced probe operators employing fiber-optic probes with
different contact areas. A custom measurement system was used to collect the time-lapse of diffuse reflectance
and applied contact pressure. The measurements were characterized by a set of features describing the tran-
sient and steady-state properties of the contact pressure and diffuse reflectance in terms of rise time, optical
coupling, average value, and variability. The average applied contact pressure and contact pressure variability
were found to significantly depend on the probe operator, probe contact area, and surprisingly also on the sam-
ple stiffness. Based on the presented results, we propose a set of practical guidelines for operators of manual

probes. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.12.127002]
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1 Introduction

Diffuse reflectance spectroscopy (DRS) is a noninvasive optical
technique used in numerous biomedical applications and studies
involving cancer detection'~ and assessment of soft tissue opti-
cal properties.*'! Spectra are acquired by a fiber-optic probe,
which is gently pressed against the tissue surface to assure
adequate light coupling and to improve the measurement repeat-
ability. However, the applied contact pressure can induce
changes in the soft tissue structure (blood flow reduction, col-
lagen and elastic fibers rearrangement, or muscle and fatty tissue
depression) that reflect in altered diffuse reflectance spectra.
These changes can lead to substantial errors in the estimation
of the tissue optical properties'>”'® and affect subsequent analy-
sis (e.g., classification'”) of the acquired diffuse reflectance
spectra.

The contact pressure-induced changes in the diffuse reflec-
tance of human skin depend on the composition of the skin
and subcutaneous layers, and therefore vary over the body.
Mechanical stress is better dissipated and induces less changes
if the probe is applied to a skin site that lies above a thick layer of
fatty tissue or muscle (e.g., in gluteal region), than if the probe is
applied to a skin site above a thin connective tissue layer, fol-
lowed directly by a bony prominence'® (e.g., elbow, sacrum, or
wrist above ulnar styloid process). In the latter case, the threat of
skin viability disruption and breakdown on a cellular level is
much higher. Nevertheless, it has been repeatedly shown
that body site and skin composition are not the only factors
influencing the skin response to mechanical pressure. The other
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prominent factors also include age,'® body mass index,? level of
vascularization,?! or lifestyle habits including smoking or solar
exposure.'

The existing studies on the properties of the operator-induced
contact pressure'®?>* have been primarily focused on a single
tissue type and a specific measurement setup. For this purpose,
ex vivo samples or phantoms were used and the applied light
contact pressure was assessed by a weighing balance. The
range of contact pressures and probe contact areas used in the
listed studies was from 9 to 90 kPa and from 3.14 to 19.63 mm?,
respectively. The main weakness of these studies was that the
mechanical properties of the samples or phantoms were not
quantitatively defined. Furthermore, it was assumed that the
properties of the applied contact pressure from in vivo measure-
ments would be similar to those observed in the ex vivo tissue
samples or phantoms. In general, ex vivo samples are not durable
over time and likely do not reflect the mechanical properties of
the target in vivo samples. Therefore, existing approaches cannot
be used to predict the expected range of contact pressures for
in vivo measurement settings that employ different optical
probes and/or tissue samples.

In contrast, the aim of this study is to systematically assess
the properties of contact pressure induced by manually operated
probes that are relevant to a number of different measurement
settings. Due to the frequent use in various DRS studies and
applications'®!'%2*2° and complex site-dependent mechanical
properties, human skin and human skin-like phantoms were
used for the assessment. The first step of this study involved
in vivo assessment of the skin mechanical properties at different
representative measurement sites. According to the obtained
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results, three silicone phantoms were prepared encompassing
the full range of the observed in vivo tissue mechanical proper-
ties. Finally, the silicone phantoms were used to assess the tran-
sient and steady-state properties of a light contact pressure
induced by manually operated probes. The assessment was
based on the recorded time-lapses of the applied contact pres-
sure and involved dependency of the contact pressure on the
probe operator, probe contact area, and tissue stiffness.

With the methods and results presented in this paper, a set of
phantoms with well-defined mechanical properties can be cre-
ated and relevant statistics on the properties of the applied
contact pressure can be obtained. Consequently, such characteri-
zation of the applied contact pressure could lead to a better
understanding and control of the contact pressure and induced
changes for different measurement settings, operators, and tissue
samples with different mechanical properties.

2 Materials and Methods

In this section, we first introduce a so-called indentation test,
which provides the means to characterize the mechanical prop-
erties of the selected skin sites in vivo that are subsequently used
to fabricate silicone phantoms exhibiting similar mechanical
properties. Second, we describe the experimental setup used
to acquire transient and steady-state contact pressure properties
induced by manually operated probes performed exclusively on
the fabricated silicone phantoms.

2.1 Characterization of the Skin Sites and Silicone
Phantoms

2.1.1 Instrumentation

An automated system depicted in Fig. 1 was used to assess the
mechanical properties of the selected human skin sites in vivo by
an indentation test. A cylindrical indenter was attached to a
stainless steel arm equipped with a temperature-compensated
silicon piezoresistive force sensor fabricated at the UL-FE,
LMSE (Ljubljana, Slovenia). The applied force was measured
with a submilligram resolution at a rate of 250 Hz. The contact
pressure was calculated as the quotient between the measured
force and the probe contact area. The outer diameter of the
indenter was 6.35 mm with an effective pressure area of
31.7 mm?. A precise and accurate control of the applied force
was ensured by a motorized linear stage and custom-control
logic.

2.1.2 Samples

The mechanical properties of human skin were assessed at four
different skin sites (Fig. 2, Syone at the lateral part of the wrist
above ulnar styloid process, Sgyeer On the index finger, Spygcie
above abductor policies brevis muscle, and Sy eam On the ante-
cubital fossa) of four human volunteers. The four measurement
sites were carefully selected to capture the natural variability of

Displacement meas. f—}| Stainless steel arm
—
5| [Piezoresistor E
\ Motorized
linear stage

Fig. 1 Automated system for indentation tests.
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Fig. 2 Skin measurement sites: Spne, the lateral part of the wrist
above ulnar styloid process; Singer, the index finger; Smysce, above
abductor policies brevis muscle; and Siyearm, the antecubital fossa.

the skin structure and underlying tissue. The recorded load-dis-
placement curves of the investigated skin sites served as a refer-
ence for creating three homogeneous silicone phantoms with
different stiffness levels: hard (Py,q), medium (P egium)> and
soft (Pg.)- They were subsequently used for the assessment
of the probe contact pressure properties. The hard phantom
(Phara) Was made from a silicone rubber skin pasta, the medium
phantom (P e4ium) Was made from a silicone gel shore 00, and
the soft phantom (P,.;) was made from a 2:1 mixture of sili-
cone gel shore 00 and silicone oil M50 (all silicones were pro-
duced by Samson Kamnik d.o.0., Slovenia). To make the
obtained probe contact pressure properties useful to other stud-
ies and applications, the three silicone phantoms considerably
differed in stiffness and reflected the stiffness range observed
at the four selected human skin sites. The phantoms were
made at room temperature by thoroughly mixing the individual
components in a mixer and placing the phantom mold in a vac-
uum for about 3 min. In this way, three cylindrical silicone phan-
toms (diameter 60 mm and height 20 mm) exhibiting different
degrees of stiffness were obtained. Finally, the center of each
silicone phantom was marked to assure that the indentation
system and operators always applied the contact pressure to
the same location. The conducted research study involving
human volunteers was approved by the National Medical
Ethics Committee of the Republic of Slovenia.

2.1.3 Measurements

The system performing automated indentation tests was pro-
grammed to apply the load at a rate of 5 mm/s. The test was
terminated when the load reached 2 N after which the indenter
was returned to the initial position. During the load application
toward the sample, the force of the indenter and the indentation
depth were recorded. Ten indentation cycles were performed at
each of the four selected skin sites, with a rest period of 30 s. The
same procedure was followed to characterize the three silicone
tissue-like phantoms.

2.1.4 Data processing

To eliminate fluctuations due to the mechanical vibrations of the
linear actuator, the recorded indentation measurements were fil-
tered through a Butterworth low-pass filter with the cutoff fre-
quency set to 12 Hz. The indentation stiffness of the samples
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was calculated according to the K measure,*! which is

expressed as the gradient of the load-displacement curve:

Fy = Fy
K == 1
(F\.Fy) 4, — d, (D
where (Fy, F;) and (d;, d,) denote the subrange of indentation
force and indentation depth, respectively.

2.2 Characterization of the Probe Operators
2.2.1 Instrumentation

The measurement system used for the assessment of the light
contact pressure applied by the probe operators is shown in
Fig. 3. The system comprises a sample holder fixed to a
rigid stainless steel arm equipped with a temperature-compen-
sated silicon piezoresistive force sensor. During the experiment,
each operator used a manual fiber-optic probe (FCR-19IR200-2-
ME, Avantes) with a 6.35-mm outer diameter, corresponding to
a contact area of 31.7 mm?. The probe area was further extended
by using external cylindrical rings of diameters 14.2 and 20 mm,
corresponding to contact areas of 158.4 and 314.2 mm?, respec-
tively. The acquisition of contact pressure and spectra was
synchronized by a custom logic. The spectrometer (NIR-
512L-1.7T1, 901 to 1685 nm, Control Development) exposure
time was set to 3 ms, while the force was measured at a rate
of 250 Hz.

2.2.2 Measurements

Ten probe operators were familiarized with the measurement
setting and asked to apply a light contact pressure to the silicone
phantoms by following a three-step sequence: (a) move the
probe perpendicularly toward the skin surface, (b) place the
probe in a full contact with the phantom, and (c) apply and main-
tain a light pressure for approximately 3 s. The measurements
were repeated on all the three silicone phantoms (P} 45 Prediums
and Pgy), by employing three different probes with large
(Ajgrge), medium (Apegium)> and small (Agn,;) contact areas.
For each probe operator, the order of the measurement process
was randomized over the phantoms and probe contact areas to

(a)
Stainless steel arm \S_arrn_p;li‘
|| -Eiezoresistor >
holder
(b) Probe contact areas
‘ e
©6.35 mm 014.2 mm @20.0 mm
(31.7 mm2) (158.4 mm?) (314.2 mm2)

Fig. 3 (a) Measurement system for the assessment of contact pres-
sure, and (b) the three employed probes with different contact areas
Asmally Amediumx and Alarge-
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avoid biased results. The described sequence was repeated 20
times for each combination of the probe contact area and phan-
tom stiffness, with 30 s breaks between the measurements. A
special user interface with sound instructions was used to aid
the timing of the measurements.

2.2.3 Methodology

The duration of each light contact pressure measurement was
approximately 3 s. Independent of the operator, a common pat-
tern in the recorded contact pressure and diffuse reflectance
emerged, where each measurement was primarily composed
of two temporal windows, a transient window W, of increasing
contact pressure, followed by a steady-state window W, exhib-
iting stable light contact pressure [Fig. 4(a)]. The conducted
experiments showed that the transient force changes were
limited to the first second of the raw measurements after
which the force stabilized for the remaining 2 s. For further
analysis of the contact pressure, only the stable force measure-
ments (N, = 500) collected in the W, window were used.
Figure 4(b) shows a typical time-lapse of the average diffuse
reflectance spectra for a homogeneous silicone sample (phan-
tom stiffness Pp,q and probe contact area Ag,,;), which can
be decomposed into three regions. In the first region, R;, the
probe is moving toward the sample surface until it becomes opti-
cally coupled to the sample. The time point of optical coupling is
wavelength independent for both the homogeneous silicone
phantoms and biological tissue. At this point, the diffuse reflec-
tance stabilizes; however, this holds only for the homogenous
silicone phantoms and not for the biological tissues, where
the rising contact pressure induces structural- and thereby wave-
length-dependent changes in the diffuse reflectance. In the sec-
ond region, Ry, the probe is optically coupled to the sample. The
diffuse reflectance of silicone phantoms is stable, while the dif-
fuse reflectance of biological tissues can exhibit changes due to
the delayed structural and physiological tissue response. In the

(kPa)
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Fig. 4 Example of a raw measurement obtained for a single operator.
Each raw measurement comprises (a) a contact pressure and
(b) average diffuse reflectance time-lapse. Time point {, marks the
initial contact between the probe and the sample, at time point
the probe becomes optically coupled to the sample surface, and at
time point tyy the applied contact pressure reaches 90% of the aver-
age contact pressure observed in the steady-state window Wi.
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third region, Ry, the diffuse reflectance changes as the probe is
moved away from the sample.

Three time points were defined with respect to the recorded
contact pressure and reflectance time-lapse [Fig. 4(b)]: 7, at the
initial contact between the probe and the sample surface, 7. at
complete optical coupling, and 7y, at time when the applied con-
tact pressure reaches 90% of the average contact pressure in W .
Accordingly, two characteristic times were introduced. The cou-
pling time T'¢qyp Was defined as the time required by the oper-
ator to optically couple the probe after making initial contact
with the sample surface (¢, — ;). The full time required for
the applied contact pressure to reach 90% of the average contact
pressure was denoted as Ty (fog — Zo)-

The raw contact force data f(z) were first normalized by the
probe contact area A to obtain equivalent applied contact pres-
sure p(r). Subsequently, the applied contact pressure [_)lQ’P A for
each raw measurement (i) obtained for a given operator O, sil-
icone phantom P, and probe contact area A was defined as the
average contact pressure observed in the window W [Fig. 4(a)].
In addition, the absolute values of the contact pressures p’4 for
each silicone phantom (P) and probe (A) were calculated across
the repeated measurements and operators. The contact pressure
variability ﬂiO'P A observed within a raw measurement (i) was
characterized as the standard deviation of the contact pressures
within the window W representing an estimate of the operator’s
tremor during the measurement. Finally, "4 was calculated by
averaging U,Q’P A across the measurements and operators. To
assess the average repeatability of a single operator for a specific
phantom (P) and probe (A), the intraoperator contact pressure
variability 754 was introduced and defined as the average stan-

intra
dard deviation of the applied contact pressures p,-O‘P A,

- mean[std(piO’P’A),i =1,2,3,...20],

intra

0=1273,...10. 2)

To assess the variability of pressure application among all the
operators for a specific phantom (P) and probe (A), the interop-
erator variability vf;’t‘:r was defined as the standard deviation of

the mean applied contact pressures of the individual operators:

v = stdmean(p{"), i = 1,2,3,...20],

inter

0=123,...10. 3)

The same definitions were followed to characterize the raw con-
tact force f measurements.

2.2.4 Statistical analysis

In this study, all the comparisons between the groups were ana-
lyzed by a two-way analysis of variance (ANOVA) with Fisher
least significant difference (LSD) post hoc test. The data used in
the statistical tests were log transformed to improve the homo-
geneity of variances, which was confirmed with Leven’s test.
Statistical significance was considered for P-values less than
0.05. To ensure the dataset followed a normal distribution, a
Shapiro—Wilk test was performed.
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3 Results and Discussion

3.1 Mechanical Properties of the Skin Sites and
Silicone Phantoms

As pointed out in Sec. 1, previous studies did not present quan-
titative data on the mechanical properties of the observed speci-
men and phantoms that were used to characterize the light
contact pressure induced by the probe. In contrast, all the sam-
ples used in this study, including the human skin sites and sil-
icone phantoms, were characterized by load-displacement
curves, which were measured for indentation forces of up to
2 N. The indentation tests performed with the system depicted
in Fig. 1 were used to extract the mechanical properties of the
selected human skin sites and silicone phantoms. The measured
load-displacement curves obtained for the four skin sites of the
four volunteers and for the three silicone phantoms are presented
in Fig. 5.

The results show significant variability of the stiffness pro-
files (load-displacement curves) among the skin sites. The main
cause for the phenomenon lies in the variability of the underly-
ing tissue structure at the observed skin sites. As expected, the
largest displacement at maximum force was observed on the
forearm Sp.,m and the smallest on the skin site Sy, above
the bone. We assume that the observed differences are due to
the fact that the skin layers, including epidermis, dermis, and
subcutis, are allowed to deform much more freely above the
soft tissues (e.g., skin site Speam above the forearm) than
above a bony prominence.

As shown in Fig. 5, the fabricated silicone phantoms
accommodated the full range of the load-displacement curves
observed at the four skin sites. The stiffest phantom Py,4
[K(15Nn20N) = 4.733 N/mm] is comparable to the indentation
stiffness of the skin site Spone [K(1.5 52,0 n) = 4.500 N/mm] for
forces from 1.5 to 2 N. In contrast, the softest phantom P
[K(ono5N) = 0.083 N/mm] is comparable to the indentation
stiffness of the skin site Sgyearm [K(o n0.5n) = 0.097 N/mm]
on the forearm for forces from 0 to 0.5 N. The phantom
P eqium €Xhibits an intermediate stiffness.

3.2 Characteristic Times

The time-lapse of contact force and diffuse reflectance spectra
collected from the silicone phantoms were used to study the time
required by an operator to establish a stable contact pressure.

Shone Stinger Smusete

Sforearm
——

64

— =
Z 1.5¢ 148 &
g 2
5 7
o= w)
§ 1.0y 32 g
El 5
=] S
éo‘s {16 £
= O

o= : : : 0

0 3 6 9 12 15

Indentation depth (mm)

Fig. 5 Load-displacement curves of the four selected human skin
sites (Spones Shingers Smuscles @Nd Siorearm), @nd of the three silicone
phantoms (Phards Pmedium» @Nd Psoit). The results obtained for each
volunteer are represented with a different color.
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The characteristic times are of great importance when designing
the probe and laying out the measurement protocol, all with the
aim to maximize the repeatability of the measurements. In gen-
eral, repeatable measurements can be achieved only after the
applied contact pressure has stabilized. The mean characteristic
times across all the operators as a function of the probe contact
area and phantom stiffness are collected in Table 1.

The results show that on average, the operators require about
0.45 s (Tyy) to reach 90% of the average contact pressure
observed in W, measured from the initial contact between
the probe and the sample surface (¢;). Additionally, it can be
observed that the full time (7T,;) increases with the size of
the probe contact area. The reason for that lies in the coupling
time (7 coupie)» 1-€., the time between the initial contact (7,) and
complete optical coupling (z..) [Fig. 6(a)]. The observed increase
in Touple could be explained by the deviation of probe incidence
angle from normal during the initial contact with the sample sur-
face, resulting in a larger force and longer time required to estab-
lish a full optical coupling between the probes with larger
contact areas and the sample. This trend is particularly pro-
nounced and statistically significant (ANOVA P < 0.05) for
the data collected from the stiffest silicone phantoms (P4
and Pyegium)- In contrast [Fig. 6(b)], Touple does not show a sta-
tistically significant dependence on the phantom stiffness for a
particular probe contact area, except in the case of the contact
area Ajyg exhibiting a decreasing Tcoypi. With decreasing phan-
tom stiffness.

The difference between the two characteristic times
(AT = Ty — Teouple) yields the time required to establish stable
contact pressure after a complete optical coupling between the
probe and sample is achieved. No significant dependence of AT
on the phantom stiffness or probe contact area was discovered.

The introduced characteristic times are useful to properly
time the acquisition of diffuse reflectance spectra when a
high measurement repeatability is required in a limited time win-
dow. In general, two conditions for repeatable acquisition of dif-
fuse reflectance spectra have to be satisfied for samples that are
sensitive to the contact pressure, namely full optical coupling
and contact pressure stabilization. We observed that the contact
pressure stabilizes within 0.6 s from the point of full optical cou-
pling between the sample and the probe, and 0.8 s from the ini-
tial contact between the probe and the sample surface. The
provided values are a worst-case estimate of the characteristic
times that accounts for the maximum variability observed within
the measurements. We can conclude that it is not advisable to
process the spectra within the transient window W,, up to the
time point fgy. This can become important when the available
measurement time is on the order of the transient window. In
this case, the estimated Ty, can be used to properly time the
measurements.

(a)
s Phantom Py, 4  Phantom P edium Phantom P g
P=0.011—
% 04f 02301 | P=0011 | [A4N P=0.396 |
= P=0.215
s 03F -P=0.135 1+ 1
(=}
= 0.2 .
[}
E o
=
0
Asmal]Amed.Alargc AsmallAmedAAlarge AsmallAmedAlarge
Probe Probe Probe
(b)

s Probe A .q1 Probe A4 cdium Probe Alarge
> AN. P=0.105 P=0.027 f;mOBB
< 0.4f 1 FP=0.005 1 M=% p

2 —0.005 P=0.587
2 0.3 1 1
~

o 02 E

g

= 0.1
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Phantom

Phard PmedA Psoﬂ
Phantom
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Fig. 6 Mean and standard deviation of the coupling time Ty
as a function of (a) the probe contact area (A) and (b) phantom
stiffness (P).

3.3 Influence of the Phantom Stiffness, Probe, and
Operator on the Light Contact Pressure

In order to assure simple comparison of the obtained results to
the results reported by other studies, all the values listed in this
section are provided in terms of contact pressure and contact
force. Both data are important because the contact pressure
reflects the influence of the probe on the sample (e.g., biological
tissue), while the contact force describes the operator’s percep-
tion during the measurements.

3.3.1 Phantom stiffness

A comparison of the contact force 74 and contact pressures
pP4 as a function of the phantom stiffness (P) for the three
probe contact areas (A) is highlighted in Fig. 7. In this case,
the applied force and contact pressure are equivalent. A two-
way ANOVA was conducted to evaluate the effect of stiffness
on the applied force for each of the three probe contact areas. All
three probes showed significant dependence of the applied force
on the phantom stiffness (at the P <0.05 level). The result
clearly shows that the phantom stiffness influences the operator
perception of the applied force, which increases with the
increasing phantom stiffness, independently of the probe contact

Table 1 Mean characteristic times across all the operators as a function of the probe contact area (A) and phantom stiffness (P).

Probe Agmai Probe Anedium Probe Aprge
Phantom Tcouple (S) T (S) AT (S) Tcouple (S) T (S) AT (S) Tcouple (S) Thu (S) AT (S)
Pharg 0.16 0.41 0.25 0.24 0.49 0.25 0.30 0.54 0.24
P redium 0.12 0.43 0.31 0.18 0.44 0.26 0.22 0.49 0.27
Psoft 0.17 0.38 0.21 0.19 0.45 0.26 0.20 0.44 0.24
Journal of Biomedical Optics 127002-5 December 2015 « Vol. 20(12)
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Fig. 7 Contact force £4 and contact pressure pPA across all the operators as a function of the phantom

stiffness (P) for a particular probe contact area (A). Interoperator variability v,

bars.

area. Likewise, the highest interoperator contact force variability
v;:”i‘mer was observed for the stiffest phantom (Py,4), while the
lowest variability was observed for the softest phantom (Pgy;).
These observations could be explained by the larger displace-
ment of the soft phantom exposed to equal amount of force
(Fig. 5), and the fact that control of the applied force is related
to the control of the displacement; hence, a lower contact force
variability is observed for the softer phantom. A similar reason-
ing could be used to explain the consistent increase in the aver-
age applied force with the phantom stiffness, which is required
to maintain the displacement level. Additionally, we believe
that each operator greatly relies on the visual indentation
information. When the probe is applied to a soft material, the
indentation is easily observable and the operators rely more
on the visual rather than the touch-sensing information. In con-
trast, with the increasing phantom stiffness, the indentation is
decreasing and the operators increasingly rely on the touch-
sensing information.
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s Phantom Py, 4  Phantom P ... Phantom P g
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z, 4N. P-0353 | 7—};:@0!%;.37 7 |
S P=0.005 P<0.001

g 15} I 1 [ P=0.120]
—

S 10 7P<OAO“1 |
g
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Probe Probe Probe
Fig. 8 (a) Contact force 74 and (b) contact pressure p”# across all
the operators as a function of the probe contact area (A) for a particu-
lar phantom stiffness (P). Interoperator variability vi:4 is in both cases
presented with error bars.
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3.3.2 Probe contact area

To analyze the influence of the probe contact areas (A) on the
contact force f©4 and pressure p*, the contact pressure and
contact force have to be observed separately. Figure 8(a) reveals
a possible positive correlation between the level of the applied
force and the size of the probe contact area. A two-way ANOVA
was conducted to study the effect of the probe contact area on
the applied force. A significant effect of the probe contact area
on the applied force (at the P < 0.05 level) has been observed for
phantoms P .4ium and P, While for the stiffest phantom P4,
statistical significance was not observed (ANOVA P = (0.353).
Post hoc comparisons using the Fisher LSD test indicated sig-
nificant difference between the probe pairs (Agmais Amedium) and
(Agmail> Ajarge)- The difference between the probes Apcgium and
Aprge Was not found significant, which can be attributed to
the fact that the relative difference between the contact areas of
the two probes is the smallest. The observed increase in the force
is particularly pronounced for the softest silicone phantom. One
reason for the observed increase might be connected to the fact
that a larger probe requires a higher force to compensate for the
deviation of the probe incidence from normal, making it increas-
ingly difficult to establish a full contact with the sample surface
by employing the same amount of force. As summarized by the
results shown in Fig. 8(b), the amount of applied contact pres-
sure is, as expected, dominated by the probe contact area.

3.3.3 Operator

Tables 2—4 summarize the measured contact pressure and force
obtained for the three probe contact areas and the three silicone
phantoms across all the operators. The applied contact pressure
pP4 significantly decreases with the increasing probe contact
area and decreasing phantom stiffness [Figs. 7 and 8(b)].
The applied contact pressure observed for the three different
probes and the three different phantoms ranged from 2.40 to
42.7 kPa. As shown by the existing studies, such contact pres-
sure levels are likely to have a significant effect on the tissue and
thereby on the spectral measurements. The contact pressure-
induced changes usually include decrease in the tissue blood
and water content, oxygenation, and thereby absorption and
scattering. The study on human skin by Lim et al.'? showed
that a probe pressure of 22 kPa applied to an index finger
and forehead decreases the total blood volume and oxygen sat-
uration, while Atencio et al.’> observed significant spectral
changes of forearm when exposed to 20.2 kPa. In a study'
of rat liver tissues by DRS, significant spectral changes were
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Table2 Summary of the measured contact pressures and corresponding forces for the three silicone phantoms P 51q, Pmedium, @nd Pgoit across all

the operators for the probe contact area Agmay-

Contact pressure (kPa)

Contact force (N)

Phantom pPA vPA vhin Ve [ vy Vi Vi ier
Phard 42.7 2.8 9.2 19.9 1.35 0.09 0.29 0.63
P nedium 32.9 2.6 5.8 18.5 1.04 0.08 0.18 0.58
Psott 12.1 1.4 29 5.2 0.38 0.04 0.09 0.17

Table 3 Summary of the measured contact pressures and corresponding forces for the three silicone phantoms P14, Pmedium, @nd Pso across all

the operators for the probe contact area Anegium-

Contact pressure (kPa)

Contact force (N)

Phantom pPA yPA —P.A

P.A

?P,A oP.A oP.A P.A

intra inter Vi f.intra finter
Prara 9.64 0.63 1.64 3.74 1.53 0.10 0.26 0.59
Prnedium 7.86 0.58 1.24 3.00 1.24 0.09 0.20 0.47
Psot 3.93 0.39 0.71 1.75 0.62 0.06 0.11 0.28

Table 4 Summary of the measured contact pressures and corresponding forces for the three silicone phantoms P14, Pmedium, @nd Psoit across all

the operators for the probe contact area Aprge-

Contact pressure (kPa)

Contact force (N)

Phantom b A ‘_/P'A ‘_/l’r:;t/r: Vi,:i:r ?P'A ‘_/f'A ‘_/fi’:tra V':i':ter
Prara 4.66 0.30 0.73 1.76 1.46 0.09 0.23 0.55
Predium 4.07 0.27 0.75 1.64 1.28 0.09 0.23 0.52
Peon 2.40 0.24 0.45 1.06 0.75 0.07 0.14 0.33
observed for a contact pressure of 25.8 kPa. Many of the other and thus should be considered only when a single operator is
studies have observed similar spectral changes; however, the handling the probe.
contact pressure and force were not quantified.'** In terms of phantom stiffness, the results show a significant
In addition to the changes in the applied contact pressure increase in the applied contact pressure p™4 and its variability
pP4, the results also show that the contact pressure variability with increasing phantom stiffness. Contact pressure repeatabil-
depends on both the probe contact area and the phantom stift- ity is of great importance when creating large spectral datasets
ness. The average contact pressure variability 774 observed dur- for classification purposes, where all the spectra should be
ing the individual measurements was estimated between 0.24 acquired under the same conditions, and not influenced by
and 2.8 kPa, the average intraoperator contact pressure variabil- the operator. While a manual probe operator can provide a rea-
ity 1751’{:3 between 0.45 and 9.2 kPa, and the interoperator contact sonably repeatable contact pressure application for a particular
pressure variability vf;fe‘r between 1.06 and 19.9 kPa. The phantom stiffness, the applied contact pressure may change con-
observed intraoperator contact pressure variability is approxi- siderably for a phantom of a different stiffness. This observation
mately two times lower than the interoperator variability, inde- leads to an important implication for probing tissues with vary-
pendently of the phantom stiffness and of the probe contact ing stiffness properties. For example, the four selected measure-
area. These results are somewhat expected, as the perception ment sites of the human skin exhibit considerably different
of a light contact pressure is operator-specific. In all the degrees of stiffness (Fig. 5) arising from the skin thickness vari-
cases, the average tremor contact pressure variability 774 ability and, more importantly, from the structure of the under-
observed during the individual measurements exhibits sig- lying tissue. As a result, a probe operator might apply different
nificant decrease with increasing contact area and decreasing contact pressures at different measurement sites and thus distort
phantom stiffness. However, the observed variability 274 is the spectra by operator-specific site-dependent variations. As
negligible in comparison to the interoperator variability ”ii}ér’ already pointed out, such variations can significantly affect
Journal of Biomedical Optics 127002-7 December 2015 « Vol. 20(12)
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the estimation of optical properties and thereby the quantifica-
tion of chromophores frequently used in DRS.

4 Conclusion

The presented results on the applied contact pressure and the
contact pressure variability as a function of the probe contact
area and sample stiffness can be used to estimate the contact
pressure in various applications involving biological samples
with characterized load-displacement properties. Based on the
presented results, we propose the following set of practical
guidelines for operators of manual probes:

1. Most tissues are sensitive to the probe contact pres-
sure. To test the contact pressure sensitivity, a time-
lapse of the diffuse reflectance with respect to increas-
ing contact pressure can be acquired from the sample
as presented in Fig. 4(b).

2. The average contact pressure and its variability
should be assessed on a tissue phantom that exhibits
similar mechanical properties to the studied tissue. The
mechanical properties of the studied tissue can be
characterized by an indentation test (Figs. 1 and 5),
which is performed in a way that is similar to a
common diffuse reflectance measurement.

3. If the studied tissue exhibits mechanical properties that
are encompassed by the silicone phantoms used in this
study, the average contact pressure and corresponding
variability can be determined from the reported values
(Tables 2—4). Otherwise, a custom silicone phantom
should be fabricated and the average contact pressure
and corresponding variability assessed according to
the proposed methodology (Fig. 3).

4. With the gained information (3), the application-spe-
cific influence of the operator on the spectral analysis
can be assessed. If the influence is found to exceed the
acceptable level, the contact pressure variability can be
limited by increasing the probe contact area and per-
forming the measurements by a single operator. If
these limitations are not feasible, a mechanical aid
or a fully automated system>* with well-defined profile
of the applied contact pressure needs to be employed.
For more information on controlling the contact pres-
sure, please refer to Ref. 17.

Because manually operated optical fiber probes are used in
many clinical and research application settings, it is essential to
carefully assess and plan the measurement procedure and
account for the variability of the applied contact pressure.
This study aims at providing relevant data on the transient
and steady-state contact pressure and force properties useful
in various measurement settings, by taking into account the sam-
ple stiffness, probe contact area, and performance of the
operator.
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