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Abstract. Strain-dependent transmission data of nine ilioti-
bial tract specimens are determined using a custom-built
optical setup with a halogen light source and an industrial
norm material testing machine. Polarized light microscopy
and hematoxylin-eosin staining indicated that lateral contrac-
tion of collagen structures is responsible for total intensity var-
iations during a 20-cycle preconditioning and a 5-cycle
tensile test. Tensile force progress is opposite to total trans-
mission progress. Due to dehydration, wavelength-specific
radiation intensity shifting is determined during the test, pri-
marily noticeable in a water absorption band between 1400
and 1500 nm. The results show the capability of integrat-
ing spectrophotometry technology into biomechanics for
determining structural alterations of human collagen due to
applied strain. Being more sensitive to drying, spectropho-
tometry may likely serve as a quality control in stress-strain
testing of biological structures. © 2013 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1JBO.18.6.060506]
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1 Introduction

Optical testing is an issue of increasing interest in the field
of biomedical engineering due to noncontact and noninvasive
measuring of biomedical and, especially, biomechanical optical
properties.!? This study concentrates on determining stress-
strain data in combination with strain-dependent optical proper-
ties of human iliotibial tracts specimens by using a powerful
halogen light bulb. Human iliotibial tract consist of areas
with mostly parallel-aligned collagen fiber bundles.* Due to
the wide spectral range of the halogen light source,
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wavelength-specific information about the behavior of collagen
structures can be gained during tensile tests rather than using a
monochromatic light source like a laser. No such optical tests
have been performed to the authors’ knowledge at this time.

In the most of the former studies dealing with optical exami-
nations, lasers*” and video systems’® were applied for deter-
mining changes of mechanical properties in biomechanics of
human tissues and prosthetics. In contrast to these publications,
the aim of this study lies in gaining spectrophotometric data
about the mechanical behavior of a model tissue of the skeletal
and locomotor system: the iliotibial tract.

2 Experimental

2.1 lliotibial Tract Preparation

Five iliotibial tracts were gained from five body donors (three
males and two females, mean age 41.8 years, standard deviation
22.5 years, range 24 to 80 years) during autopsy at the Institute of
Forensic Medicine and at the Institute of Anatomy, University of
Leipzig, Germany. The local ethics committee approved the
study. The 70-mm long tracts were sectioned lengthwise into
two or three specimens each (total of 13 specimens), according
to our previous setup, and plastinated partially to prevent material
slippage,”'® while keeping the 20-mm long central part of the
specimens to be tested in the fresh condition. Widths and thick-
nesses of the specimens varied between the body donors. After
clamping the specimen for material testing, a minimum cross-
section was created centrally by means of a template. This
cross-section was calculated (Datinf® Measure, Datinf GmbH,
Tiibingen, Germany) after casting the specimens with vinylpoly-
siloxane (HS-A Silikon Light Body, Henry Schein Inc., Melville,
New York). All the specimens were kept at moist conditions
before testing. For histological examination, two stretched and
two unstretched tract specimens were dehydrated in ascending
ethanol series before embedding them with paraffin. Serial sec-
tions of 10 um were stained with hematoxylin-eosin (HE),'*!! or
left unstained to perform a polarized light microscopy.'?

2.2 Experimental Setup

The experimental setup used in this study combines a custom-
built system for spectrophotometry transmission measurements
with an industrial norm material testing machine. A schematic
view can be seen in Fig. 1.

The light source, a 100 W halogen light bulb, was coupled
into a standard endoscope light cable (1) for guiding the radi-
ation to the tissue by minimal transmission loss.'* The unfiltered
radiation was then coupled out of the endoscope cable and free-
space radiated onto the tissue’s surface (2), where the diameter
of the spot was 10 &= 1 mm. The specimens (3) were mounted
in a Z20.0 uniaxial testing machine (Zwick GmbH & Co. KG,
Ulm, Germany) with both ends clamped between the two jaws
each (4). After 20 cycles of preconditioning with a load of 10 to
100 N,*!'* each specimen was loaded with another five cycles,
ranging between 20 and 100 N. A 2.5-kN force transducer was
used with an accuracy of <0.1%, according to DIN EN ISO
7500-1 (Ref. 15). Elongation rate was 10.5 & 0.1 mm/min to
ensure suitable acquisition of optical data, which was recorded
at a frequency of 0.5 Hz. The transmitted radiation (5) was first
collected by a custom-made 2:1 fiber combiner (Avantes,
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Fig. 1 Experimental setup for spectrophotometry on human tissues com-
bined with tensile testing. Numbers (1) to (6) are explained in the text.

Apeldoorn, The Netherlands) (6) and afterward split into two
spectrometers. Spectrometer 1, equipped with a 3048 px Si
CCD, was sensitive from 400 to 1040 nm. Spectrometer 2,
equipped with a 256 px InGaAs CCD, was sensitive from
1040 to 1700 nm. Both spectrometers were manufactured by
Avantes, and worked on the basis of a Czerny-Turner grid mono-
chromator. Average distance between light emission and detec-
tion was 10.0 £ 1.5 mm.

All experiments were performed at room temperature. Light
scattering was not considered for evaluating the results since the
diameter of the light spot was 10 &= 1 mm, and thus out-of-range
of scattering measurements.

3 Results and Discussion

Stress-strain data and related optical properties of nine iliotibial
tract specimens were recorded by means of the materials test-
ing machine and the optical system. Depending on the
initial cross-section area of each specimen, strain values ranged
between 1.3% and 4.7% at the maximum cycle force of 100 N.
Accordingly, stress values ranged between 5.8 and 14.2 N/mm.
The strain-dependent transmission behavior of one exemplary
specimen can be seen in Fig. 2.

When the specimen was strained (red line), transmission (blue
circles) dropped immediately. Conversely, transmission increased
when strain decreased. This may be caused by lateral contraction
of the specimens. As confirmed by the histology samples, the col-
lagen fibers approached to one another when straining the tissue
samples. Hence, less light was transmitted at higher strains. In
the HE-stained specimens, the aforementioned alteration was
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Fig. 2 Percentage of transmission of an iliotibial tract specimen during
tensile testing. The red line shows the course of strain, and the blue dots
are the transmission values (absolute %) recorded at a frequency of
0.5 Hz. The bars indicate the measuring inaccuracy. The two dotted
green lines are a curve fitting of the local transmission maxima and
minima.
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Fig. 3 (a) Hematoxylin-eosin (HE) staining of iliotibial tract specimens
under unstrained (upper row) and strained conditions (lower row) at dif-
ferent magnifications. The unstrained tracts show a wavy pattern of the
loosely arranged collagen fibers. The collagen within the strained tracts
appears more parallel-aligned and compact. (b) Polarized light micros-
copy of the same specimens as in (a). Arrows indicate inhomogeneities
of light transmission within the unstrained specimen. The collagen
fibers within the strained tracts appear to be aligned closer and less
translucent but homogeneous. Asterisks = fixation artifacts.

observed between the unstrained and the strained conditions
(Fig. 3). Collagen fibers of the unstrained specimens had a
wavy pattern, and were arranged loosely.

In contrast, the collagen fibers in the strained condition were
more compact, and were aligned in a straight instead of a wavy
manner. The strained fibers were less translucent as compared
with the unstrained fibers. These findings were confirmed by
polarized light microscopy (Fig. 3). Here, inhomogeneities of
polarized light transmission were observed for the unstrained
specimens due to their wavy appearance. Light transmission
of the strained specimens was more homogeneous, and the spec-
imens appeared to be less translucent due to the closely aligned
collagen fiber bundles.

During the five cycles, the following trend could be deter-
mined in all nine cases: for recurring strain values, higher trans-
mission values were recorded from cycle to cycle. Descriptive
analyses showed that an exponential function best describes the
observed behavior (Fig. 2). Since the partial plastination tech-
nique was used, material slippage can be excluded as a reason
for cyclic transmission increase.”!® Since the strain behavior
remains steady over all the five cycles, no creep deformations
could be observed during the testing process. Hence, the visco-
elastic behavior might not be crucial for the exponential change
of the transmission values.

Another explanation for the cyclic transmission increase
might be the decreased water content of the specimens. In detail,
spectral analyses showed characteristic changes in light absorp-
tion behavior of the specimens in the experimental progress.
Especially at wavelengths between 1400 and 1500 nm transmis-
sion values increased, since water has its most influencing
absorption band at 1450 nm concerning the whole investigated
wavelength range from 400 to 1700 nm.'® Before testing, all
specimens were kept in isotonic sodium chloride. After tensile
testing, the specimens exhibited an extraordinarily dry surface in
the area where the powerful halogen light source was radiating
the tissue. The mean duration of testing was 93 s (standard
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Table 1 Transmission values (minimum/maximum) of the five spec-
imens during the five-cycle tensile test. Extended data of specimen no. 1
is plotted in Fig. 1.

Transmission-% (min / max)

First Second Third Fourth Fifth
Numbers  cycle cycle cycle cycle cycle
1 69/76 7.1/81 72/82 72/83 7.2/83
2 11.1/11.7 11.3/12.0 11.6/12.2 11.8/12.4 12.0/12.5
3 8.3/9.5 8.4/9.5 85/9.6 85/97 8.6/97
4 56/72 58/74 58/75 59/7.6 59/7.6
5 3.6/5.6 3.6/54 37/54 37/55 3.8/55

deviation 23 s). Since the halogen light bulb used in our setup
is a thermal radiator having its highest intensities in the near
infrared range, its radiation strongly caused dehydration in
addition to the evaporation-induced dehydration at room tem-
perature (standard temperature and pressure).

Comparison of the single transmission data among the tract
specimens revealed a high variation for the transmission degree
(Table 1). Potential error sources are the minimally varying dis-
tances between light source and detector, as well as the thick-
nesses of the specimens. In addition to that, the collagen fibers
are not homogenously aligned across the overall specimen area,
so the absolute transmission values may depend on the observed
position on the tissue. However, a clear tendency in transmission
behavior during the five-cycle tensile test, as described previ-
ously, was observed for all the specimens. Four specimens can-
not be quantitatively discussed due to inconclusively delineated
maxima and minima caused by directly irradiating the detector
when lateral contracting occurred (undersized specimens).
Nevertheless, these four specimens showed the same cyclic
transmission behavior as described previously.

Averaged over all the five specimens and all the five cycles,
mean variation of transmission values (maxima—minima) per
cycle is 1.23 transmission-% with a standard deviation of 0.47
transmission-%.

4 Conclusion

Transmission data during a five-cycle tensile test were success-
fully recorded for five specimens gained from human iliotibial
tract. In all nine cases, an inversely proportional transmission
behavior concerning tensile force progress as well as drying
phenomena could be determined; cyclic transmission alterations
of the five specimens could be described quantitatively.

Optical testing reveals much more sensitive data regarding
dehydration than the stress-strain data of the tensile test device.
Certainly, optical data can only be gained in a defined area,
depending on the size of the light spot on the tissue’s surface,
while stress-strain data are recorded representing the whole
specimen. Within the study, the sensitive detection of the lateral
contraction behavior of iliotibial tract specimens, and in this way
a direct correlation between force progressing and transmission
data, could be confirmed. In this regard, it is conceivable not just
to describe a qualitative, but also a quantitative correlation
between transmission degree and lateral contraction in further
studies.
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Mathematic coherences referring to specimen thickness,
specimen straining, and transmission data could not be deter-
mined within this study due to high-quality criteria and a non
applicable designed experimental setup; furthermore a larger
number of specimens is recommended.

Prospectively, experiments acquiring strain-dependent reflec-
tion data and different anatomical regions of connective tissues
containing collagen would be of further interest for developing
noninvasive or noncontact measuring systems. In further tensile
testing, dehydration should be minimized by using a less intense
or different light source and moistening the specimens during
testing. Thus, being more sensitive to drying phenomena,
spectrophotometry may likely serve as a quality control, com-
plementing existing methods to determine stress-strain data.
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