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CSA: Cross-sectional area
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RMVC: Ramped maximal voluntary contraction
NIR: Near Infrared

NIRS: Near Infrared Spectroscopy

O,Hb: Oxyhaemoglobin

HHb: Deoxyhaemoglobin

AHHb%: Deoxyhaemoglobin percentage change

tHb: Total haemoglobin volume

AtHb%: Total haemoglobin volume percentage
change

TOI: Tisssue Oxygen Index

BACKGROUND

SUMMARY

Background. The purpose of this study was to determine the correlation
between the patellar tendon mechanical properties and oxygenation in
healthy men.

Methods. In two subsequent sessions, eight (mean age + SD: 27 + 4) recre-
ationally active, healthy males performed 4-sec isometric knee extensions
of the dominant leg at 20-80% of maximal voluntary contraction (MVC),
maintaining a knee joint angle of 90° of flexion.

In the first session, B-mode ultrasonography was used to record tendon
length, cross-sectional area (CSA), and elongation, parameters needed to
calculate stiffness. In the second session, tendon/peritendon hemodynam-
ic parameters, namely total hemoglobin AtHb, AHHb and tissue oxygen-
ation index (TOI% = O,Hb/tHb x 100), as indicators of blood flow and
oxygen extraction respectively were measured by near infrared spectrosco-
py (NIRS). Correlations between blood volume (tHB), tissue oxygenation
and tendon mechanical properties were tested using Pearson’s correlation
coefficient (R).

Results. At all % of MVCs, a reduction of tHb and TOI%, and an increase
of HHb were observed. At 80% MVC, ATOI% was negatively correlated
with strain (R = - 0.64) and elongation (R = - 0.48), whereas a significant
positive correlation was found with Young modulus (R = 0.69) and stress
(R = 0.62); as regards blood volume, a significant negative correlation was
found between elongation and AtHb (R = - 0.44) and a positive correlation
was found between stress and AtHb (R = 0.4).

Conclusions. Patellar tendon mechanical properties and tendon/peritendon
oxygen extraction and blood volume appears to be moderately correlated
when studied by ultrasound and NIRS.
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ful and consequent ischemia/hypoxia may lead to tendon

The tendon’s blood circulation is poor, mostly peripheral
(peritendinous sheet), and rises from the muscular belly and
periosteum. The circulation is ensured by small and medi-
um caliber arteries, followed by organized and disorganized
capillary structures. A critical decrease in blood flow and,
consequently, in oxygenation, may be potentially harm-
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degeneration (tendinopathy). This condition is usually asso-
ciated with overuse, particularly in athletes (1).

Hypoxia and reactive oxygen species production within
the tendons and in their proximity (2, 3) could be consid-
ered the initiators of tendinopathy. In fact, hypoxia-related
proteins are overexpressed early and regulate cell inflamma-
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tion and apoptosis. These processes promote a functionally
significant shift in collagen matrix synthesis and expression
(3). Biopsies from normal and ruptured tendons demon-
strate that fibril interruption is associated with reduced type
I collagen content (normally around 70% of the dry mass)
together with a significantly increased proportion of type
IIT collagen (the second most abundant under physiologi-
cal conditions, tending to produce fibrils with less mechan-
ical strength) (3). This composition change accounts for
decreased resistance of tendon to tensile forces that may
lead to subsequent rupture (4). Furthermore, decreasing
tendon oxygenation may reflect local acidosis and increased
intratendinous lactate accumulation that can contribute to
the overall evolution of damage (5).

Although hypoxia is believed to trigger tissue damage,
recent data highlights that neovascularization coexists with
local pain, swelling, and size changes in tendinopathy, unlike
insertional tendinopathy (6). Neovascularization and capil-
lary blood flow increase have been demonstrated in Achil-
les tendon (AT), patellar tendon (PT), and in tennis elbow
tendinopathy by using Color and/or Power Doppler ultra-
sound (US) (7). Overall, published data reveals that neoves-
sels formation and subsequent changes in blood flow are
part of the pathophysiological process leading to alterations
at the tendon body along with its widening, disturbed colla-
gen distribution and changes in cellularity (8).

Several tools are available for the assessment of the tendons
structural and functional features, blood flow and oxygen-
ation status, including conventional US, color Doppler/
Power Doppler US and backscattering-spectroscopy. Unlike
conventional US for tendon assessment, that in the pres-
ence of tendinopathy reveals hypoechogenic texture with-
in an enlarged tendon, color Doppler and Power Doppler
US technologies are capable of identifying neovasculariza-
tion because they allow visualisation of low-flow vessels. In
its current routine application Power Doppler is of quali-
tative use only and does not allow to obtain data on tissue
oxygen delivery and extraction, which can be assessed by
backscattering spectroscopy. Backscattering-spectroscopy
determination of oxygen supply is based on the principle
that a light sent through a tissue at certain wavelengths is
reflected by blood cells, depending on their haemoglobin
content and oxygen saturation. Reflection angle decreases
with increasing wavelength and this phenomenon favors
Near Infrared (NIR) vs visible light to penetrate the tissue.
NIR light wavelengths generally used are selected to be
sensitive to deoxyhaemoglobin (HHb, from 650 to 1000
nm) and oxyhaemoglobin (HbO,, peak between 700 and
1150 nm) (9). Considering that most of the haemoglobin
is located in the capillary and post-capillary system of the
microvascular bed, measurements obtained mainly reflect
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the capillary-venous compartment of the microcirculation.
Indexes obtained with NIRS technology are the result of the
balance between O, delivery and tissue oxygen consump-
tion (VO,) (9) and changes in NIRS light absorption reflect
adjustments of oxygen transport at the microcirculation and
its cellular utilization (10).

Previous studies highlighted that, in tendons, the oxidative
metabolic rate is relatively low and that changes in blood
volume and oxygen saturation can be detected by NIRS
technology depending on training modalities (11-14). In
particular, spectroscopic measurement using NIRS and red
laser lights was performed to investigate the blood volume
(total haemoglobin; tHb) and oxygen saturation (oxygen-
ated haemoglobin saturation; StO,) of the human Achilles
tendon during single and repetitive isometric plantar flex-
ions (15) and during short isometric voluntary isometric
knee extensions in patellar tendon (16).

Tendons mechanical properties (cross sectional area, strain,
stress, stiffness, Young’s modulus) have been extensively
investigated in physiological and pathological conditions
(17-19), following diverse training modalities and in pres-
ence of tendinopathy. Overall, the available studies indi-
cated that continous and simultaneous ultrasonography is
accurate and reliable in assessing human tendon elonga-
tion and stiffness in all tested conditions including ramped
isometric knee extensions as demonstrated in PT (16).

To obtain significant insight onto the relationship between
tendon mechanical properties and oxygenation deterioration
in promoting the onset of tendinopathy, technologies that
can identify early changes in oxygen delivery and consump-
tion, before the possible appearance of gross anatomical
changes, including neoangiogenesis, may be of help. To this
aim, the combination of ultrasounds and NIRS technologies
represents an interesting future approach. Nevertheless, it is
currently unknown, both in physiological and pathological
conditions, whether a significant correlation exists between
tendon anatomical and mechanical features (measured by
US) and tendon/peritendon oxygen delivery and utilization
(measured by NIRS), and to what extent changes in tendon
physiological properties during contractions may be consid-
ered determinants of its oxygen delivery and utilization.
Thus, the present study investigated, for the first time,
the correlation between PT mechanical properties and
oxygenation (total hemoglobin tHb, AlHHb] and tissue
oxygenation index (TOI = O,Hb/tHb)) measured by
NIRS during a single bout of isometric ramped knee
extension contractions-relaxations in healthy men. Results
indicated that tendon mechanical properties and tendon/
peritendon oxygen extraction and blood volume appears
to be moderately correlated at least in PT and in absence
of tendinopathy.
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MATERIALS AND METHODS

Subjects

Eight recreationally healthy active males with past experi-
ence (at least 2 years) in resistance exercise training (mean
+ SD: age 27 + 4 yrs; height 1.76 + 0.4 m, mass 75 + 6.5 kg)
were recruited and completed the study. Exclusion criteria
included the presence of a medical condition (musculoskel-
etal, respiratory, or cardiac). Subjects were fully informed
of the aims, risks, and discomfort associated with the inves-
tigation. They provided their written informed consent to
participate in this study, before completing a questionnaire
to assess their health status. The study was conducted at the
Sport Medicine Centre, University of Pavia, Voghera, Italy.
During tests optimal conditions of temperature and humid-
ity (22 °C and 50% respectively) were present. The present
study meets the ethical standards of the journal (20).

Tendon mechanical properties

Patellar tendon length, cross-sectional area (CSA), and
elongation were measured using ultrasonography (CX30,
Phillips) with the knee joint set at 90° knee flexion (full
extension = 0°) and the hip joint set at 85° (supine =
180°). The resting length, defined as the distance between
the patella apex and the point at which the tendon inserts
into the tibial tuberosity, was determined by positioning the
40-mm-wide, 4-12 MHz linear transducer in the sagittal
plane over the PT and marking the location of the patel-
la apex (0% tendon length) and tibial tuberosity (100%
tendon length) on the skin with a permanent marker pen
(figure 1) (21). Three more locations were then marked on
the skin over the tendon (25, 50, and 75% tendon length)
to enable PT CSA to be measured from these axial imag-
es using Image Analysis Software (Image] V.1.45s, Nation-
al Institute of Health, MD, USA). PT CSA measurements
were normalized to body mass (21). Mechanical properties
of the tendon were assessed by measuring the PT elongation
during 2 maximal isometric (MVC, 4 s each) contractions
and submaximal isometric contractions at 20, 40, 60, 80%
MVC. Before MVC, preconditioning of the tendon was
obtained with a series of five submaximal isometric contrac-
tions. The linear transducer was then placed in the sagittal
plane over the PT (~1 cm of the probe above the patel-
la apex and ~3 cm below). Ramped isometric contractions
lasted 4 swith 3 min rest between each contraction. Visual
feedback of force production was displayed on a screen in
front of the participants to ensure that all contractions were
performed at a constant loading rate. Trials were discarded
when the torque trace deviated more than 10% from the
required level. Unfortunately, in all subjects the 4-cm-wide
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ultrasound transducer did not enable simultaneous scanning
of both proximal and distal insertions of the PT, but this
limitation did not affect the comparison between subjects.

NIRS

Tendon oxygenation was monitored during constant
isometric contractions at 20-40-60-80% MVC trials with
portable continuous-wave NIRS device (Nimo, Nirox Bres-
cia, Italy) for which the absorption characteristics of light
at 780 and 850 nm depend on the relative oxygenation of
Hb and myoglobin and the sum of absorbencies at the 2
wavelengths gives the change in local blood volume that
is attributed to the change in total haemoglobin volume
(tHb) (22). Skinfold thickness at the site of application of
the NIRS probe was determined before the exercise proto-
col by ultrasound: the measured average values of skin and
subcutaneous tissue measured at 90° knee flexion was 0.42
+0.04 cm at 25% length, 0.48 + 0.04 cm at 50% length, and
0.5 + 0.07 cm at 75 % length. The NIRS probe composed of

Figure 1. Axial ultrasound scans and measurements of the
patellar tendon at 25%, 50% and 75% of length calculated
between the patella apex and the tibial tuberosity. On the
right schematic depiction of the axial positioning of the ultra-
sound probe.

Muscles, Ligaments and Tendons Journal 2021;11 (1)



L. Catanni, C. ZAMPELLA, P. MICHELETTI, ET AL.

an emitter and detector pair, was firmly placed on the skin
between previously pen marked patella apex (0% tendon
length) and tibial tuberosity (100% tendon length) (figure
1) and secured with a small belt of Velcro straps. Elastic
bandages were put around the muscle probe to prevent
contamination from localised light. Pen-marks were made
over the skin to indicate the margins of the plastic spacer
in order to check for any downward sliding of the probe
during tasks. Once secured in place, no sliding of the probe
was observed. The probe was connected to a personal
computer for data acquisition, A/D conversion, and subse-
quent analysis. Data were recorded at 2 Hz. Variation of
total hemoglobin (A[tHb]), AlTHHb], and tissue oxygen-
ation index (TOI = O,Hb/tHb %) from the baseline value
were recorded after a 30 min light warm up and as a func-
tion of time during isometric tasks. Therefore, decreases/
increases in A[tHb] were interpreted as evidence of changes
in blood flow, increases in A{THHb] and the decrease in TOI
were interpreted as evidence of relative tendon deoxygen-
ation and, conversely, as evidence of improved oxygenation.

Analysis of tendon data

PT elongation was recorded as the distance the patella
apex moved from an identified reference point at every %
MVC. The video frame that corresponded to each contrac-
tion was exported as a portable network graphics (.png)
file and the distance from the patella apex to the reference
point was measured using image analysis software. Individ-
ual force—elongation curves were fitted with a second-or-
der polynomial (R?>>0.98 in all cases). Tendon stiffness
(AForce/APT length) values were obtained at 80% MVC. At
this % MVC PT elongation was calculated as the change in
tendon length from resting length. Tendon strain was calcu-
lated as the change in tendon length relative to the origi-
nal tendon length (AL/L ), and expressed as a percentage.
Young’s modulus (E) was calculated by multiplying stiffness
(k) with the ratio of the resting tendon length (/) to mean
tendon CSA, z.e., E=kx([/s).

STATISTICAL ANALYSES

The mean and standard deviation (s) were calculated for all
variables. Data were tested for normality using the Shapiro—
Wilks normality test. Pearson’s correlations were used to
determine relationships between patellar tendon mechani-
cal properties and oxygenation. Pearson’s correlation was
used to compare significant differences between hemody-
namics and myoelectric parameters according to Evans (20)
(Pearson’s r = 0.00-0.19, very weak; r = 0.20-0.39, weak; r
= 0.40-0.59, moderate; r = 0.60-0.79, strong; r = 0.80-1.00,
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very strong correlation). Statistical analysis was completed
using Graphpad 5 (San Diego, California) and the signifi-
cance level was set at P < 0.05.

RESULTS

Tendon properties are reported in table I. Correlation
between % MVC and elongation was fitted with a second
order polynomial (R? = 0.99) (figure 2). At all % of MVC,
a reduction of tHb, and TOI% and an increase of HHb
was observed (figure 3 and table II), thus suggesting that
an improved oxygen extraction during contraction countet-
acted the reduction of blood volume delivery. Interestingly,
correlations between % MVCs, AtHb and ATOI% fitted
with a second grade polynomial (R*= 0.94 and R?= 0.95
respectively) (figure 4) and highlighted an almost constant
value of oxygen extraction at low level MVC percentages
(20-60% MVC) (figure 4). Pearson’s correlations between
tendon mechanical properties and oxygenation parameters

Table I. Patellar tendon morphological and mechanical
properties calculated in the whole cohort of subjects (n = 8);
mean = SD. CSA, cross-sectional area; sCSA, cross-sectional
area isometrically scaled to body mass0.67; MVC, maximal
voluntary contraction; MPa, megapascals; GPa, gigapascals.

Tendon property
Mean CSA (mm?) 109+ 4
Mean sCSA (mm?/kg®") 6.16 +0.31
Resting tendon length (mm) 56+3
Stiffness (N/mm) 1420 + 115
Elongation (mm) 5.06+0.24
Strain (%) 9.07 = 0.6
Stress (MPa) 65.7+3
Young’s modulus (GPa) 0.72+0.1
1004 ——
O
0 T T T 1
2 3 4 5 6

Elongation (mm)

Figure 2. Non linear correlation between patellar tendon
elongation and %MVC fitted with a second order polinomial.
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c[tHb] (uM) ¢[HHb] (uM) TOI (%)

4 sec

Figure 3. Example tracks describing change in HHb (mM),
TOI%, tHb (mMM) in the patellar tendon during 4 sec maximal
voluntary contraction (MVC).

Table Il. Patellar/peripatellar AtHb, AHHb, TOIl % measured
during short 4 s duration ramped isometric contractions.
MVC, maximal voluntary contraction; AtHb, variation of total
hemoglobin; AHHb, variation of deoxygenated hemoglobin;
TOl, tissue oxygenation index.

MVC % AtHb A HHb TOI %
20 -59+05 1.234 -252+1.8
40 -6.1+0.6 22+04 -25+1
60 -5.1+19 21+02 -252+14
80 -8.2+0.56 225+03 -30.6 + 1.8
100 -129+0.9 21+0.2 -563 1.6

were analysed at 80% MVC. As regards oxygen extraction,
ATOI% appeared negatively correlated with strain (R =
- 0.64) and elongation (R = - 0.48), whereas a significant
moderate positive correlation was found between Young
modulus and stress and ATOI% (R = 0.69 and R = 0.62
respectively). As regards blood volume, a negative correla-
tion was found between elongation and AtHb (R = - 0.44)
and a positive correlation was found between stress and
AtHb (R = 0.4) (figure 5). No significant correlations were
found between AtHb and strain (R = - 0.02) or Young
modulus (R = 0.19).

DISCUSSION

In the present study ultrasounds and NIRS were used to
investigate whether mechanical properties of a human
tendon correlate with the level of tendon/peritendon blood
volume and oxygen extraction during ramped isometric
extensions in healthy young subjects. Patellar tendon was
chosen both because of its frequent involvement in overload
injuries and for its easy accessibility to both techniques.
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Figure 4. Correlations between blood volume (AtHb) and
deoxygenation (ATOI%) vs % MVC fitted with a second order
polynomial.

The main findings were: 1) a non linear change in oxygen
extraction and blood volume with increasing % MVC; 2)
a significant correlation between mechanical properties
and blood flow and oxygen saturation (ATOI%) calculated
during single bout at 80% MVC; 3) the absence of function-
al hyperemia at all % MVC tested.

The observed reduction of blood volume and oxygen satu-
ration are in agreement to previously published data on AT
by Kubo e a/. In particular, they used NIRS and red laser
lights to investigate the blood volume (total haemoglobin;
tHb) and oxygen saturation (oxygenated haemoglobin satu-
ration; StO,) of the human AT during single and repetitive
isometric plantar flexions (15). In accordance with our data,
results indicated a decrease in tHb and StO, during a single
bout of exercise, whereas an increase in blood volume and
oxygen saturation was observed after repetition bouts. In
other subsequent studies Kubo and collaborators (15, 16)
investigated blood volume, oxygen saturation and associ-
ated stiffness changes induced by repeated isometric plan-
tar flexions of short and long durations at 70% and 50%

Muscles, Ligaments and Tendons Journal 2021;11 (1)
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Figure 5. Pearson’s correlations between patellar tendon mechanical properties (elongation, strain, stress and
Young modulus) and change in blood volume (AtHb) and deoxygenation (ATOI%) at 80% MVC.
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MVC in AT and during short isometric 50% MVC volun-
tary isometric knee extensions in PT. Importantly, results
indicated an overall higher change in oxygen saturation and
blood flow in PT compared to Achilles tendon. Interest-
ingly, in our experimental conditions, a non linear increase
in oxygen consumption (estimated as oxygen saturation)
and decrease of blood volume of the patellar tendon was
observed during a single bout of ramped isometric contrac-
tions suggesting that the tendon mechanical properties ze.
the tendon elongation at a given % MVC, shape the tendon
tHb and oxygenation status. Accordingly, at 80 % MVC, a
negative correlation was found between oxygen extraction
(ATOI1%)/blood volume and tendon deformation (strain
and elongation) and a positive correlation was found
between these parameters and stress and Young modulus.
Oxygen extraction correlated with the tendon mechanical
properties with higher significance than blood volume thus
suggesting that oxygen extraction may represent the prefer-
ential mechanism with respect to vasodilation in satisfying
the metabolic needs of the tendon during isometric contrac-
tion at high percentage of MVC.

In agreement with previous studies (16) in which single
bouts of isometric knee extentions were performed, in
our experimental conditions, during short lasting ramped
isometric knee extensions, no functional hyperemia was
found in all subjects tested, as demonstrated by concomi-
tant reduction of tHB and TOI% (not shown).

LIMITATIONS OF THE STUDY

This study has limitations. An important methodologi-
cal issue is whether the measured tHb and ATOI% of the
PT truly reflected the oxidative metabolic activity of the
tendon. Concerning this point, we confirmed that the depth
of the patellar tendon from the skin was consistent with the
penetration depth of the NIR light. Using ultrasonography,
we observed that the depth of the patellar tendon from the
skin was 0.42 + 0.04 cm at 25% length, 0.48 + 0.04 cm at
50% length, and 0.5 + 0.07 cm at 75% length. Considering
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