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with the hip and knee joint in a 90° flexion, supported
by splints. SEL measurements were then performed
with the same ultrasound equipment and transducer,
following the manufacturer’s recommendations for
settings. This included a transducer movement rate of
approximately 120 cycles/min, an axial smoothing of 3,
a frequency of 10 and a soft/hard compression of 5.

SEL capturing was performed in the longitudinal
plane in the centre of the patellar tendon. In order to
minimize intraobserver variation and to avoid transient
temporal fluctuations, our measurements were based
on examination of two separated sets of three entire
20seconds cine-loops rather than on single static
images, as previously described.” To mimic a clinically
relevant intrarater reliability, the first three scans were
performed without removing the transducer from the
skin, which was followed by two minutes rest (where
the participant was allowed to move the leg) after
which an additional three scans were performed and
saved.

Tendon characteristics were assessed semi-
quantitatively using ratios to the subcutis tissue (ROI
circle diameter = 2 mm) and Hoffa’s fat pad (ROI circle
diameter =6 mm). Three ROIs were drawn midway
between the femur and the tibia on the patellar
tendon (ROI circle diameter = 2.8 mm) (Figure 2).

The scale ranged from 0 to 60, with 0 being softest
and 60 being stiffest.”*" Results were based on the
mean of three cine-loops as recommended.’! A soft-
ware incorporated quality control bar, displaying one
to five green bars with five bars being the most accept-
able, was used to evaluate the acceptable compression
size, and data from 5 to 15seconds of the 20-second

cycle were obtained, including only high-quality images
(five green points on the quality bar) (Figure 2).

Data processing

Assessments I and II, each containing three scans, were
analysed with 14 days in between to ensure blinding in
the assessment of the intrarater reliability of SEL image
capturing. The results were reported in means.
Different studies base their strain ratios on different
equations.” In the current study, the strain ratio was
calculated with the ROIs of the tendon as the numer-
ator and the ROIs of the reference tissue as the
denominator.

Statistics

For concurrent validity, tendon stiffness was assessed
on two different and somehow incomparable scales; N/
mm in the DBUS method, and a relative stiffness ratio
scale ranging from 0 to 60 for the SEL. Therefore,
correlations between the two different stiffness meas-
ures were analysed using Kendall’s Tau-b. A value of
one indicates that the pair of ranks is correlated and
concordant, a value of minus one that they are corre-
lated and discordant and a value around zero that the
two methods are not correlated.***3

The relative intrarater reliability of the tracking pro-
cess in the DBUS method and of the SEL method using
both reference tissues was evaluated using the intraclass
correlation coefficient (ICC), two-way mixed effects
model,** reflecting absolute agreement among ratings.
Based on the 95% confidence interval (CI) of the ICC
estimate, values below 0.5 indicate poor reliability,

Figure 2. Elastography of the patellar tendon including three measurement areas in the patellar tendon (red, blue and
green circles) and one reference area (yellow circle) in Hoffa's fad pad with elastography characteristics (raw data/strain
index) during the time of measurement. Quality bar in the top left corner.
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values between 0.5 and 0.75 moderate reliability, values
between 0.75 and 0.9 good reliability, while values
greater than 0.9 indicate excellent reliability.**

The absolute reliability, indicating how much dis-
persion and error the single measurement contains, is
visualised by Bland—Altman plots with 95% limits of
agreement.®> A visual inspection of the Bland—Altman
plots was made to check for funnel effects and system-
atic differences.>® The absolute reliability was calculat-
ed using standard error of measurement (SEM) as the
standard deviation (SD) of the mean differences
between the two measurements divided by 2.>” Also,
minimum detectable change (MDC) was calculated as
1.96 x 2 x SEM.”” Furthermore, relative SEM and
MDC were calculated as a percentage of the average
values from assessment I and assessment II in each
method.

All statistical analyses were performed in STATA/
IC 16.0 (StataCorp. 2019, Stata Statistical Software:
release 16, StataCorp. LLC, College Station, TX).

Results

In total, 14 men and 6 women were included in the
current study. It was a mixed population ranging
from athletes to office workers, with wide variation in
age, height and body mass index (BMI) (Table 1). Data

Table 1. Anthropometric data (n=17, 11 men and 6
women).

Mean (SD]) Range

Age (years) 41.5 (14.8) 19-65
Height (cm) 175.0 (10.0) 152-188
BMI (kg/m?) 23.4 (3.2) 18-32

Table 2. Strength and stiffness measurements (n=17).

Mean (SD)

Knee extensor MVC (Nm) 191.6 (73.1)

Patellar tendon 3402.5 (1495.5)

stiffness (N/mm)

SEL ratio (Hoffa's fat pad 0.30 (0.20)
as reference)*
SEL ratio (subcutis as reference)* 0.29 (0.31)

SEL: strain elastography; MVC: maximal voluntary contraction.
*Average of two separated assessments, each with three scans.

from three men were excluded from the analysis
because of a disproportionate fast rise of force in the
beginning of the ultrasound recordings, which made
later analyses impossible. The final sample used in
the analysis comprised 17 patellar tendons from the
dominant leg of the 17 participants.

Concurrent validity

Mean MVC, patellar tendon stiffness and SEL stiffness
ratios are presented in Table 2.

No correlation was found between assessments of
patellar tendon stiffness with the DBUS and the SEL
method, irrespective of reference tissue used in the SEL
(Figure 3). Kendall’s Tau-b was —0.01 (p=1.00) with
Hoffa’s fat pad as reference tissue, and 0.04 (p =0.87)
with subcutis as reference tissue (Figure 3).

Intrarater reliability

The relative reliability was good to excellent
(ICC=0.95, 95% CI: 0.85-0.98) for tracking of
tendon elongation on the ultrasound recordings
(Table 3). Also, good to excellent reliability/agreement
was observed in the SEL both with Hoffa’s fat pad as
reference tissue (ICC=0.95, 95% CI: 0.86-0.98) and
with subcutis as reference tissue (ICC =0.94, 95% CI:
0.82-0.98) (Table 3).

The Bland-Altman plots did not show any funnel
effects, meaning that the difference between the pair of
measurements did not increase systematically with
increasing mean size (Figure 4).

No significant difference was found between assess-
ments [ and II (Table 3). For tracking of the tendon
elongation in the DBUS method, SEM and MDC were
low, meaning small measurement error. In the SEL,
SEM and MDC were large, especially with subcutis
as reference tissue (Table 3).

Discussion

No correlation was found between the DBUS and the
SEL method, indicating that the two methods are not
comparable (i.e. no concurrent validity). The intrarater
reliability was good to excellent in both the DBUS and
the SEL method, irrespective of reference tissue. The
absolute reliability was high for the DBUS method, but
low for the SEL, i.e. SEM and MDC were large, espe-
cially with subcutis as reference tissue.

Concurrent validity

No concurrent validity for the DBUS method and the
SEL method was found. This could be explained by
the differences in test conditions of the tendons and
the difference of tendon parts (a part of or the whole
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Figure 3. Scatterplot showing no immediate correlation between the DBUS method and the SEL method. Inserted are the
Kendall's Tau-b values confirming that no correlation or concordance existed.

tendon) being tested. The DBUS method represents a
stiffness value for the whole tendon structure obtained
during a dynamic condition near maximal force and
elongation, while the SEL is suggested to represent
the stiffness relative to a reference tissue in a specific
part of the patellar tendon during a passive condition.
Also, in the SEL, differences in stiffness ratios could be
due to differences in the stiffness of the reference tissues
and not in the tendon stiffness per se.

The mean MVC and stiffness values for the DBUS
method obtained in the current study are comparable
with other studies applying this method.>***4% As
expected, the observed MVC and stiffness values had
a relatively large variation due to participant heteroge-
neity. In the current study, the recommendations con-
cerning the DBUS method given by Seynnes et al. were
followed®; however, technical challenges remain. No
correction for tendon deformation due to passive
motion was done, even though it was recommended
in earlier studies.”>*® The reason was that present
pilot-attempts with a goniometer (Biometrics Ltd,
UK) revealed maximally 3° change in the knee joint
angle during contractile efforts. Since recent studies
have established that correction is not necessary when
knee joint movement is minimal, and since both the
tibia and the patella movement were tracked in the
present study, joint angle corrections were
omitted.> !>

Another reason for the absent concurrent validity
may be the relatively large measurement error found
in the SEL method. The SEL results seem more chal-
lenging to compare with other studies, since there is
considerable inconsistency in the reported stiffness

ratios due to choice of reference tissue, measurement
location, population type, calculation methods, testing
positions, size of ROIs and US-equipment.'®?° Using
Hoffa’s fat pad as reference tissue, the present study
found a mean stiffness ratio of 0.30 in healthy adults
(middle tendon part, passive 90° knee—joint flexion).
This is lower than reported in a mixed group of athletes
and controls, where the stiffness ratio was 0.55 (prox-
imal tendon part, passive 20-30° knee—joint flexion),'®
and much lower than in healthy adults, where a ratio of
1.50 was found (proximal tendon part, passive 30°
knee—joint flexion).'

Using subcutis as reference tissue, the current study
found a mean stiffness ratio of 0.29 in healthy adults
(middle tendon part, passive 90° knee—joint flexion).
Also this ratio is somewhat lower than what was
found for the non-operated leg in a group of patients
who had undergone anterior cruciate ligament recon-
struction, where the stiffness ratio was 0.42 (middle
tendon part, passive 30° knee—joint flexion),'” and
much lower than reported in healthy adults, where a
stiffness ratio of 4.38 was found (middle tendon part,
passive 30° knee—joint flexion).'*

As mentioned above, this inconsistency in the SEL
results relates partly to methodological differences. For
instance, some studies use the ROIs of the tendon as
the denominator, while others as the numerator (as in
the current study) when calculating stiffness ratio.*
The calculation method is not clearly stated in the
study by Porta et al. reporting remarkably high stift-
ness ratio values, but if the ROIs of the tendon are used
in the denominator, it would potentially explain the
large difference in stiffness ratio compared with the
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Table 3. Intrarater reliability for tracking of tendon elongation in the dynamometer and B-mode ultrasonography recording method (DBUS) and for the SEL with both

reference tissues (n=17).

Difference,

Paired T-test
(p-value)

|
4
=
(3]
(9]
(%]
[<8]
(9]
(%]
@

Assessment I,
mean (SD)

Assessment |,
mean (SD)

MDC (relative)

SEM (relative)

ICC (95% Cl)

0.04 mm (1%) 0.11 mm (3%)

0.95 (0.85 to 0.98)

0.857

0.02 (-0.23 to 0.27)

4.07 (1.05)

4.10 (1.03)

Maximal tendon

elongation (DBUS)

0.06 (20%) 0.18 (60%)

0.95 (0.86 to 0.98)

0.462

0.02 (-0.03 to 0.06)

0.29 (0.20)

0.31 (0.20)

SEL Hoffa

0.12 (41%) 0.32 (110%)

0.94 (0.82 to 0.98)

0.968

0.00 (-0.85 to 0.81)

0.29 (0.24)

0.29 (0.39)

SEL Subcutis

ICC (95% CI): intraclass correlation coefficient with 95% confidence interval; SEM: standard error of measurement; MDC: minimal detectable change; DBUS: dynamometer and B-mode

ultrasonography; SEL: strain elastography; relative = percentage of mean of assessment | and assessment II.

current study (4.38 vs. 0.29). Calculating the reciprocal
value of 4.38 reported by Porta et al. actually results in
a ratio of 0.23,'* similar to the current findings. Still,
previous reported SEL values show some variation,
which could be due to different testing positions. In
the present study, knee joints were placed in 90° flex-
ion, while previous studies used 20 or 30° knee flex-
ion."*17 Moreover, different tendon parts are
examined across studies, and while the current study
examined the middle tendon part, others examined the
proximal tendon part.'>!'® Both stiffness ratio and
reproducibility are influenced by the selected measure-
ment placement.'®'®!” Furthermore, the selected size
of the ROIs is not uniform in all studies. Finally, dif-
ferent US devices were applied across studies, which
makes it difficult to compare results, due to the differ-
ent algorithms used by different manufacturers.'®-?°
All DBUS measurements were performed by the
same researcher (PH), and the SEL measurements
and analyses were performed by an experienced radi-
ographer (KB), and repeated trackings and measure-
ments of SEL were analysed blinded with 8-14days
in between. The DBUS and the SEL method were
applied in one session in the same order for all partic-
ipants, with standardized procedures and minimized
risk of diurnal variation in tendon stiffness due to for
instance variations in water content of the tendon.?

Reliability

In the current study, ICC was good to excellent in the
most operator dependent part of the DBUS method,
which is tracking of the tendon elongation from the US
recording. Also the absolute reliability was high when
tracking the tendon eclongation, i.e. both SEM and
MDC was small. Other studies report a moderate inter-
rater reliability,'® and also a satisfactory inter-session
and between-day reproducibility.'> Thus, the present
data add to the notion that the DBUS method is
reliable.®!?

Good to excellent intrarater reliability for the SEL
method was observed, irrespective of reference tissue.
This is in line with one of the previous studies.'* In
contrast, two other studies reported only poor to fair
intrarater reliability looking at the middle tendon part
with the knee in a 30° flexion position, with Hoffa’s fat
pad as reference tissue. They further concluded that the
reliability was highly dependent on operator experi-
ence.'®! A very experienced radiographer (KB) con-
ducted the SEL measurements in the present study,
which may explain the high relative reliability
observed. Also, the heterogeneity of the current popu-
lation may have made it easier to discriminate between
participants and therefore increase the ICC in the pre-
sent study. Furthermore, given that the sample size of
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Figure 4. Bland-Altman plots with 95% limits of agreement for the tracking process using the dynamometer and B-mode
ultrasonography recording method (DBUS) and for the stiffness ratios obtained in the SEL method, using either Hoffa's fat
pad or subcutis as reference tissues. The dark green horizontal line (intersecting zero at the y-axis) indicates perfect
agreement, whereas the purple horizontal line represents the observed mean difference. The closer the purple line is to
the dark green line the less disagreement between tracking one and two, resp. assessment one and two.

this study was modest and heterogeneous, the sample
may not be representative of the population in the
entire age span and level of physical activity. The abso-
lute reliability of SEL was poor when using both ref-
erence tissues, but based on the current results Hoffa’s
fat pad seems superior as reference tissue, as it resulted
in lower SEM and MDC compared with subcutis as
reference tissue. As displayed in the Bland—Altman
plots, an outlier was noticed for the SEL measure-
ments. Removing the outlier from the analyses did
not affect the concurrent validity noticeably, but did
result in a lower ICC (poor to excellent) for the SEL
method. The poor absolute reliability calls for caution
when using SEL stiffness ratios to monitor difference in
stiffness on an individual level in healthy people.

Conclusion

In the current study, no concurrent validity was found
for the DBUS and the SEL method when measuring

tendon stiffness, advocating that the two methods do
not measure the same tendon properties. The relative
intrarater reliability was good to excellent when track-
ing the tendon elongation in the DBUS method, and
the small SEM and MDC values indicate a high abso-
lute reliability. With SEL, a good to excellent relative
intrarater reliability was seen, but very high SEM and
MDC values indicate a low absolute reliability.
Therefore, the SEL method may not be recommended
for tracking differences in patellar tendon stiffness in
healthy individuals. Using Hoffa’s fat pad as reference
tissue during SEL on the patellar tendon seems prefer-
able, but future research is needed to confirm this.
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