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Abstract

This study investigated reliability of Achilles and patellar tendon cross-sectional area (CSA)
measurement using ultrasound imaging (USI) and magnetic resonance imaging (MRI). Fifteen
healthy adults were imaged twice on two occasions, interrupted by a tendon loading protocol.
Tendon CSA segmentation were conducted by experienced and unexperienced raters blinded to
the information regarding subject, session and loading status. USI provided good test-retest
reliability (ICC 2,1>0.85, SEM 5-6%), while with MRI it was excellent (ICC 2,1>0.92, SEM
4%) for experienced rater. This study suggests that MRI provides superior reliability for tendon
CSA measurement compared to USI. However, the difference in reliability between the methods
was small and the results were inconclusive regarding objectivity and sensitivity to change as
assessed by effect of loading. We conclude that both methods can be used for reliable CSA
measurements of the Achilles and patellar tendons when using a highly standardized

measurement protocol and when conducted by an experienced rater.

Keywords: test-retest reliability; interobserver reliability; intraobserver reliability; repeatability;

measurement error; sensitivity; tendon morphology
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Introduction

Reliable assessment of tendon dimensions is invaluable for studying tendon adaptations
occurring in response to interventions, aging, injury or disease and has importance in both
research and clinical settings. Tendon cross-sectional area (CSA) is an important two-
dimensional measure that can be used to estimate the average stress that a tendon is subjected to
during loading and is needed to estimate tendon material properties, such as Young’s modulus.
In addition, tendon CSA is an important measure that reflects physiological adaptations of a
tendon, such as tissue hypertrophy in response to loading (Seynnes et al. 2009) or maturation
(Kubo et al. 2014), pathophysiological adaptations in response to overloading (Arya and Kulig
2010), healing after tendon rupture (Karjalainen et al. 1997) and changes due to aging (Stenroth
et al. 2012), unloading (de Boer et al. 2007) or surgical operations (Kosters et al. 2015).

Ultrasound imaging (USI) and magnetic resonance imaging (MRI) are the imaging
modalities used for measuring tendon CSA in vivo. USI is an appealing method of choice for
scientific research and clinical evaluations. It is readily available, relatively inexpensive, its
temporal resolution is good allowing for dynamic imaging and fast measurements, and portable
devices are available. However, it has been suggested that USI results poor reliability and
objectivity for determination of Achilles (Bohm et al. 2016) and patellar tendon (Ekizos et al.
2013) CSA — the two lower limb tendons that are most often of interest in human studies. The
authors speculated that the poor reliability and objectivity may be due to unclear visualization of
tendon borders (Bohm et al. 2016; Ekizos et al. 2013). There is also operator dependency in USI
resulting from variations in probe orientation and pressure (Kruse et al. 2017) which may in part
explain the poor reliability. On the other hand, based on recent systematic reviews, previous

studies have mostly reported excellent test-retest reliability (ICC>0.9) for Achilles and patellar
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tendon CSA measurement using USI with experienced operator. Only individual studies have
reported moderate or poor reliability estimates (ICC<0.75). (Mc Auliffe et al. 2017; Thoirs and
Childs 2018).

MRI presumably overcomes most of the issues contributing to the reported poor
reliability of USI since contrast between tissues is good, there is no pressure applied on the
tissue, image plane orientation can be set accurately, and with 3D sequences the imaging plane
can be adjusted post imaging (re-slicing). In fact, in comparison to USI, MRI has been shown to
produce better objectivity of tendon CSA measurement (Kruse et al. 2017). Hence, MRI has
been suggested to be the gold standard for measuring tendon CSA and has been used as the
measure to which USI based measurement is compared to investigate its validity (Bohm et al.
2016; Kruse et al. 2017). However, literature does not consistently support the premise that MRI
provides better reliability for measurement of tendon dimensions. Brushgj et al. (2006) reported
lower within rater coefficient of variations for thickness, width and CSA measurements for
tibialis anterior tendon using USI compared to MRI. In addition, within and between rater limits
of agreement were smaller for USI compared to MRI when determining Achilles tendon
thickness. These authors also concluded that reliability was limited with both methods and that
there is no clear evidence on one of the methods being preferable to detect changes in tendon
dimensions.

To the best of our knowledge, only two previous studies have reported test-retest
reliability (repeating both imaging and image segmentation) of Achilles tendon CSA
measurement using MRI and hence including also other sources of error than image
segmentation in the reliability estimates (Hansen et al. 2003; Kubo et al. 2002). These studies

had a limited number of subjects for the reliability analysis (6 and 7 subjects) and reliability was
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estimated only for a single rater. Furthermore, we are aware of only one study reporting test-
retest reliability for patellar tendon CSA using MRI (Kubo et al. 2001). In addition, to the best of
our knowledge, only studies by Brushgj et al. (2006) and Kruse et al. (2017) have reported
reliability estimates of USI and MRI for measurement of lower limb tendon dimensions from the
same set of subjects. However, as MRI was not repeated in these studies, the reliability estimates
in these studies refers only to reliability of image segmentation.

Currently, there is limited knowledge on reliability of MRI in tendon CSA measurement
from a study set-up with repeated image acquisitions on separate days to include measurement
variability accountable to biological variability, instrumentation and measurement procedures.
Hence, conclusions on superiority of MRI compared to USI for tendon CSA measurement cannot
be made based on the available evidence. Therefore, the aim of the study was to investigate
reliability of Achilles and patellar tendon CSA measurement using USI and MRI allowing direct
comparison of reliability of the methods. In particular, the aim was to estimate test-retest
reliability, inter-rater reliability and intra-rater reliability of both imaging modalities and to
investigate effect of rater experience on the reliability. Additionally, we aimed to investigate
sensitivity of the methods to detect changes in tendon CSA. This was done by repeating the
imaging before and after a loading protocol aimed to alter tendon CSA acutely. We hypothesized
that MRI results in better reliability compared to USI for both Achilles and patellar tendons and
that reliability is better for an experienced rater compared to an inexperienced rater.

Materials and Methods
Subjects
Fifteen healthy adults (8 female, 7 male, age 26+5 years) were recruited for the study.

Exclusion criteria were surgical operations at the ankle or knee, any known previous Achilles or
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patellar tendon alterations including complete or partial rupture, diagnosed tendinopathy or
tendon pain in the past two years, contraindication for MRI (cardiac pacemaker, metal objects in
the body such as aneurysm clip, joint prosthesis or bone fixation devices and pregnancy),
rheumatoid arthritis, gout, use of fluoroquinolone medication in the past two years and acute
iliness such as fever or the common cold. In addition, images of Achilles and patellar tendons
obtained during the study were reviewed to exclude subjects exhibiting signs of tendinopathy
(hypoechoic areas or fusiform thickening of the tendon). The ethics committee of the Hospital
District of Northern Savo approved the study protocol, and all participants signed an informed
consent before participation in the study. The study was conducted according to the principles set
by the Declaration of Helsinki.
Protocol

Subjects’ Achilles and patellar tendons were imaged using MRI and USI on two
occasions separated approximately by one week (mean+SD, 7.7£3.5 days, Fig. 1). Imaging was
conducted at the same time of day on both days to avoid possible diurnal effects on tendon size.
The subjects avoided physical activities, other than commuting, on the day of measurements as
confirmed by a questionnaire. During each session, both Achilles and patellar tendons were
imaged before and directly after a loading protocol. Previous studies have reported acute changes
in Achilles tendon volume after running and rope skipping (Grosse et al. 2015; Syha et al. 2013).
Since volume was assessed in these studies from constant tendon length the results imply that
average CSA was altered. Therefore, a loading protocol was used to induce an acute change in
tendon CSA that would enable comparison of sensitivity of the methods to detect change in
tendon CSA and to investigate whether the possible response is systematic across the sessions.

Tendon loading protocol



124 Both Achilles and patellar tendons were loaded using a loading protocol similar to those
125  previously shown to induce acute response in tendon dimensions (Grigg et al. 2009; Wearing et
126 al. 2013). Subjects performed 5 sets of 10 repetitions of single leg straight knee heel drops from
127  astep and single leg incline squats with external load of approximately 20 % of body mass

128  (19.8+£1.5%) situated in a backpack. Eccentric phase of the movement lasted for 3 seconds and
129  concentric phase 2 seconds. There was one-minute rest between the sets.

130 Imaging was conducted as quickly as possible after the loading. USI was conducted on
131  average 12+2 minutes and MRI 26x2 minutes from cessation of the loading. An additional USI
132 was conducted for the mid location of the tendon (see below for details) immediately after the
133  MRI. This was done to verify that the possible differences in the effect of loading measured by
134  USI and MRI would not be due to the different time intervals from loading to imaging. The
135 additional USI imaging was conducted on average 304 minutes after the loading. Due to

136  technical difficulties, the additional USI was performed for 12 subjects for Achilles tendon and
137  for 11 subjects for patellar tendon.

138  Image acquisition

139 For the Achilles tendon imaging, subjects lay prone on an examination table with feet
140  over the edge of the table. The ankle angle was fixed to 90° angle (tibia perpendicular to foot)
141  using a custom made MRI compatible splint (Fig 2, Woodcast, Onbone Oy, Helsinki). For

142  patellar tendon imaging, subjects were positioned supine on the examination table and the knee
143 joint was positioned in 15° flexion to remove slackness of the tendon and render the patellar
144  tendon straight. The same joint configuration was used for both USI and MRI and the same ankle

145  splint was used for both USI and MRI of the Achilles tendon.
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Tendon CSA was imaged using MRI and USI from three locations: 25, 50 and 75 % of
the tendon length similarly as in several previous studies to estimate average tendon CSA
(Couppé et al. 2008; Couppé et al. 2009; Couppé et al. 2016; Kongsgaard et al. 2007; Murtagh et
al. 2018). These locations are later referred as distal, mid and proximal locations. Distal and
proximal ends of the tendon (the proximal edge of posterior calcaneus and the most distal point
of soleus muscle-tendon junction; inferior patellar pole and tibia tuberosity) were located using
USI (Philips EnVisor HD, 12 MHz, 160 element, 38 mm linear transducer, image depth 30 mm,
image size 539x450 pixels, 0.07 mm image resolution) and the locations were marked over the
skin. Tendon length was measured using a flexible measuring tape and the locations
corresponding the three measurement locations for CSA were marked with a pen after which a
thin strip of tape (0.5 cm wide, Micropore, 3M, USA) was positioned transversely over the skin
to these locations. These tapes were used to accurately detect the imaging location of the tendon
while conducting USI (Kruse et al. 2017).

During USI, the ultrasound transducer was positioned over the tendon in transverse plane.
To ensure that the imaging plane was perpendicular to the longitudinal axis of the tendon, the
highest echo intensity of the tendon was found by small adjustments to the transducer angle.
Three repeat images were acquired from each location with repositioning of the transducer
between each image. Generous amount of ultrasound gel (Aquasonic 100, Parker Laboratories
Inc, USA) and a 10 mm thick strand-off pad (ATS Laboratories, Inc., Norfolk, USA) were used
to reduce to amount of pressure needed to obtain clear images (Kruse et al. 2017). Additionally,
a three-second video sequence was stored from each measurement location while slightly
varying the transducer angle and location. The video was later used during the segmentation as a

reference to help identify borders of the tendon (Bohm et al. 2016).
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MRI was performed using an open MRI device (Esaote E-Scan XQ, Esaote, Italy, 0.18
T). Imaging plane was carefully aligned perpendicular to the long axis of the tendon using scout
images acquired during subject positioning. Transverse images of the tendon were acquired
using the following imaging parameters: Spin Echo T1, TR/TE 750/26, 5 mm slice thickness, 0.5
mm slice gap, number of averages: 2 and 0.59 mm in-plane resolution. A fish oil capsule
positioned over the lateral aspect of the tendon at the level of the mid location (long axis of the
capsule in transverse plane) was used to identify the slices corresponding to the locations of USI
(Kruse et al. 2017).
Image analysis

Tendon CSA was manually segmented using polygon tool on OsiriX software (OsiriX
Lite v.9.0, Pixmeo SARL, Switzerland, fig. 3 and 4). Two raters independently analyzed the
images. Rater 1 was considered as an experienced rater with more than five years of experience
in musculoskeletal imaging and segmentation. Rater 2 was considered as inexperienced with no
previous experience on musculoskeletal radiography. The experienced rater conducted all
measurements and imaging described above and trained the inexperienced rater to conduct the
segmentation. The training included viewing a set of example images together to unify the
analysis and segmentation of a training set of images. The training segmentation was conducted
twice to verify repeatable analysis and to identify possible sources for variability, which were
checked together with the experienced rater. After the training, the segmentations were
performed independently by the raters.

Each subject was given a random identification number separately for both sessions and
for both pre and post loading conditions. This ensured that the segmentation process was

conducted blinded and in a random order, excluding possibility of systematic error between
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sessions due to learning or other systematic change in the segmentation. Mean of the three
repeated images per location obtained using USI were used as the CSA value for the location.
Rater 1 repeated analysis of the ultrasound and magnetic resonance images obtained during the
first session before loading for the analysis of intra-rater reliability. This analysis was done
approximately three months after the first analysis to make the repeated analysis as independent
as possible.
Statistical analysis

Due to technical difficulties, data from one subject for patellar tendon USI after loading
in the first session was missing. Hence, the number of subjects for analysis of effect of loading
for patellar tendon was 14.

Repeated measures two-way ANOVA was used to test the effect of loading on tendon
CSA, separately for both raters and imaging modalities (within subject factors: session and
loading). Partial eta squared (n?) and percentage change were used as measures of effect size for
this analysis. Reliability of tendon CSA measurement was assessed by analysis of test-retest
reliability (Session 1 vs Session 2), inter-rater reliability (Rater 1 vs Rater 2) and intra-rater
reliability (repeated image segmentation). Test-retest reliability analyses used the images
obtained before the loading in both sessions. The images obtained before and after the loading in
both sessions were used for inter-rater reliability analyses. Intra-rater reliability analyses used the
images obtained before the loading during the first session. Repeated measures t-test was used to
test for systemic errors in the test-retest reliability analysis and in the intra-rater reliability
analysis. Repeated measures three-way ANOVA was used to test for systemic errors in the inter-
rater reliability analysis (within subject factors: session, loading and rater). In the reliability

analyses, intraclass correlation coefficient (ICC), standard error of measurement (SEM) and
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minimal detectable change with 95% confidence level (MDC) were calculated as measures of
random error according to Weir (2005). The ICC model used was two-way random effects model
for absolute agreement and single rater (ICC 2,1). ICC values were interpreted according to Koo
and Li (2016) with the following cut points: <0.5 poor, 0.5-0.75 moderate, 0.75-0.9 good and
>0.90 excellent reliability. SEM was calculated as the square root of the mean square error from
the ANOVA. MDC was calculated as MDC=SEM*1.96*\2. Both SEM and MDC are presented
in the units of the measurement and as a percentage of the mean. To evaluate agreement between
the methods (USI and MRI), Bland-Altman plots were produced with limits of agreement. Two-
way ANOVA was used to test the difference between the imaging modalities, separately for both
raters (within subject factors: session and modality). Additionally, Pearson correlation
coefficients were calculated for the tendon CSA values measured by USI and MRI. The level of
statistical significance was set at p<0.05. All statistical analyses were conducted using IBM
SPSS Statistics software (version 25, SPSS Inc., IBM Company, Armonk, NY, USA).
Results

Loading significantly reduced Achilles tendon CSA measured from ultrasound images by
Rater 1 (marginal means: 56.2+2.0 vs 54.8+2.1 mm?, p=0.021). This effect was not observed for
the measurements performed by Rater 2 (p=0.277) or for CSA measured from MRI (Rater 1
p=0.381, Rater 2 p=0.560, Table 1). The additional USI conducted after MRI revealed that
Achilles tendon CSA had returned to the pre loading value at this time point (marginal means:
pre loading 54.1+2.2 mm?, post loading: 52.0+2.6 mm?and post MRI: 55.0+2.9 mm?, pre
loading vs post loading p=0.033, pre loading vs post MRI p=0.524). No significant effect of
loading was observed for patellar tendon with either imaging method or for analyses performed

by either rater (Table 1).
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No systematic differences were observed between the sessions (test-retest) in the analyses
performed by either of the raters (Table 2). Test-retest reliability estimates were consistently
better for MRI compared to USI and better for experienced (Rater 1) compared to unexperienced
(Rater 2) rater. No clear difference was observed for test-retest reliability between Achilles and
patellar tendons. MDC estimates were approximately 90% larger for unexperienced (Rater 2)
compared to experienced (Rater 1) rater. Within rater, there were not clear differences between
tendons in MDC. Inter-rater reliability analysis revealed systematic differences between the
raters for the Achilles tendon CSA measured from USI and MRI and for the patellar tendon
measured from MRI (p<0.05, Table 3). MRI performed better than USI also regarding inter-rater
reliability. This was reflected in approximately 40% smaller MDC for MRI compared to USI. In
addition, larger ICC values were observed consistently for Achilles tendon compared to patellar
tendon. However, for USI there was no clear difference in SEM% or MDC% between tendons in
the inter-rater reliability. There was a systematic difference in the Achilles tendon CSA between
the repeated image segmentations (i.e. intra-rater reliability) performed by the Rater 1 from MRI
(p<0.001, Table 4). No differences were observed between the repeated analyses in Achilles
tendon CSA measured from USI or in patellar tendon CSA measured from USI or MRI.
Regardless of the systematic error observed for Achilles tendon CSA from MRI in the intra-rater
reliability analysis, measures of relative (ICC) and absolute (SEM) reliability were consistently
better for MRI compared to USI. MDC values estimated from intra-rater reliability analysis were
approximately 50% and 60% smaller for MRI compared to USI, for Achilles and patellar
tendons, respectively.

Bland-Altman plots in figure 5 illustrates agreement between the imaging modalities for

both raters separately. Systematic differences between the methods were observed for Achilles
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tendon in the analyses performed by Rater 1 (p<0.001) and for patellar tendon in the analysis
performed by Rater 2 (p=0.002). Agreement between the methods was better for Rater 1 as
indicated by the smaller limits of agreement and higher correlation between the methods.
Discussion

To the best of our knowledge, this is the first study allowing for direct comparison of
test-retest reliability estimates of USI and MRI for measurement of Achilles and patellar tendon
CSA. As hypothesized, MRI resulted in slightly better test-retest, intra-rater and inter-rater
reliability for both tendons investigated. This was true for both relative (ICC estimates) and
absolute (SEM values) reliability. However, the differences in reliability were not large and other
factors, such as rater experience, may have larger effect on reliability than imaging modality.
The loading protocol significantly reduced Achilles tendon CSA measured from USI by the
experienced rater. This was not observed from MRI but the results of an additional USI
performed directly after MRI suggested that the CSA was recovered to pre loading values
already by the time of MRI. No significant effect of loading was observed for patellar tendon
CSA. Hence, the loading protocol did not allow us to investigate differences between the
imaging methods in sensitivity to detect change in tendon CSA.
Effects of loading

Loading did not have clear effect on the measured tendon CSA that would have been
observed with both imaging modalities or by both raters. A small reduction of 2.5% in Achilles
tendon CSA was observed with USI by Rater 1. The lack of consistent effect of loading on tendon
CSA was unexpected since several previous studies have reported acute reduction in tendon
dimensions (Grigg et al. 2009; Grigg et al. 2012; Wearing et al. 2011; Wearing et al. 2013; Wearing

et al. 2014). The possible reason for the lack of effect in the current study could be insufficient
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volume of loading. Here, we used total of 50 repetitions with effective loading of 120% of body
mass (20% external load) and 5 second loading duration per repetition. Series of studies by
Wearing et al., in which large reduction in both Achilles and patellar tendon thickness has been
observed, used comparable effective loading but the subjects performed in total 90-100 repetitions
of the exercises (Grigg et al. 2009; Grigg et al. 2012; Wearing et al. 2011; Wearing et al. 2013;
Wearing et al. 2014). Still, the same research group have reported significant reduction in patellar
tendon thickness after only 45 repetitions of similar loading (Wearing et al. 2015). Moreover,
reduction in Achilles tendon volume has been reported after cross-country running and rope
skipping (Grosse et al. 2015; Syha et al. 2013).

The lack of change in tendon CSA due to loading prevented us from assessing differences
in sensitivity to change between the methods. Still, we opted to report the results regarding effects
of loading, since they provide valuable information for designing future studies. The results
showed that the effect of strenuous loading (subjects reported considerable fatigue and some
subjects were forced to limit the range of motion during the final set to complete the exercise) on
tendon CSA could be recovered 30 minutes after the loading. Therefore, a 30-minute rest prior to
the measurement of tendon CSA should be enough to remove loading history dependent effect on
tendon CSA from a loading similar to the one performed in the current study. However, it should
be noted that, time course of the recovery may differ depending on the type of loading and
extremely intensive loading may require as long as 24 hours for the recovery of tendon dimensions
(Wearing et al. 2014).

Test-retest reliability
No systematic differences were observed between the CSA measured on different

sessions indicating that there were no systematic sources of error in the test setup. For the more
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experienced rater the mean difference was small in each case (<1% of the mean). The ICC
estimates for Rater 1 suggests good reliability for USI and excellent reliability for MRI, for both
tendons. For Rater 2 the ICC estimates suggests good reliability for Achilles tendon USI and
MRI and for patellar tendon MRI. Moderate reliability was obtained for patellar tendon USI.
However, confidence intervals for the estimates of ICC were large and thus the relative
reliability values should be interpreted with caution (Table 2).

Previous reports on test-retest reliability of Achilles tendon CSA measurement using USI,
as summarized by recent systematic review, have consistently showed SEM values around 5%
for experienced rater. The review identified only one exception in which case larger SEM values
were reported for measurement taken 2-4 cm from Achilles insertion to calcaneus (Thoirs and
Childs 2018). This is consistent with the current study in which we report SEM of 5.3% for
Achilles tendon for the experienced rater. Previous studies have reported ICC ranging from 0.59
to 0.99 for patellar tendon test-retest reliability using USI (Mc Auliffe et al. 2017; Wiesinger et
al. 2016). We reported ICC estimate of 0.851 for the experienced rater 0.504 for the
unexperienced rater.

Only few previous studies have reported test-retest reliability estimates for MRI based
tendon CSA measurements. Those studies reported the reliability as coefficient of variation and
yielded values of 1.5% (Kubo et al. 2002) and 4.5-7.5% depending on location (Hansen et al.
2003) for Achilles tendon. From our data the corresponding values were 3.4% and 6.6% for the
experienced and unexperienced raters, respectively. Kubo et al. (2001) reported coefficient of
variation of 1.6% for patellar tendon CSA measurement for repeated measures performed 12
weeks apart. In our study these values were 4.1% and 6.0% for the experienced and

unexperienced raters, respectively.
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Inter-rater reliability

The unexperienced rater (Rater 2) evaluated Achilles tendon to be larger using both USI
and MRI compared to the experienced rater. ICC estimates for inter-rater reliability indicated
moderate relative reliability. SEM values were similar for the inter-rater reliability compared to
test-retest reliability for Rater 2 and suggests that the variability between the raters was mostly
due to variability in the segmentations conducted by Rater 2. Better ICC and SEM estimates for
MRI compared to USI indicate smaller random error of measurement between the raters for
MRI. However, only patellar tendon measurement using USI did not show systematic difference
between the raters. Hence, while segmentation of tendon CSA from MRI involves less random
error, the segmentations of different raters may differ systematically. Therefore, we cannot
conclude that MRI based CSA measurement would be more objective compared to USI based
CSA measurement. Inter-rater reliability in the current study was worse than reported for the
Achilles tendon CSA measurement using USI in many previous reports (Bleakney et al. 2002;
Kruse et al. 2017; Ying et al. 2003). However, the reliability was similar than previously
reported for unexperienced raters (Dudley-Javoroski et al. 2010). Hence, as stated above, the
values for inter-rater reliability in the current study are probably mostly affected by the
variability in the segmentations conducted by the unexperienced rater. The systematic
differences between the raters along with the poorer test-retest reliability for the Rater 2 highlight
the need for a single experienced rater.

The aim of the current study was to analyze reliability when imaging is done by a single
experienced operator. Therefore, our analysis of inter-rater reliability only accounts for variation
due to image segmentation. Although, we did not conduct investigation of intra-operator

reliability, we suggest that single experienced operator should be used for USI. Kruse et al. (2017)
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examined inter-operator reliability of Achilles tendon CSA measurement with USI. Intra-operator
reliability was found to be better compared to inter-operator reliability, and they concluded that a
single operator should be used.
Intra-rater reliability

Reliability of the image segmentation was estimated from repeat analysis of a subset of
the images by Rater 1 (intra-rater reliability). The analysis showed comparable ICC estimates to
the test-retest reliability analysis and the SEM estimates were only marginally better for the
intra-rater reliability analysis compared to test-retest analysis. The result suggests that most of
the measurement error in the test-retest setting can be attributed to the image segmentation.
Significant mean difference was observed for Achilles tendon CSA measured from MRI. This
may be due to the relatively long time separation between the repeated segmentations resulting in
a systematic change in the way the tendon borders were identified during the segmentation.
However, the time separation between segmentations was deemed necessary to be able to
consider the repeated segmentations independent. From perspective of random measurement
error, both relative and absolute intra-rater reliability was better for MRI compared to USI. As
there is possibility for systematic changes in the segmentations performed by a single rater over
time, it is suggested that in research settings the segmentations are performed within as short
time period as possible.
Agreement between USI and MRI

Achilles tendon CSA values measured from USI were systematically larger compared to
CSA measured from MRI for Rater 1 (mean difference 7.6%, p<0.001), but not for Rater 2
(mean difference 4.1%, p=0.214). On the other hand, patellar tendon CSA values measured by

Rater 2 from USI were smaller compared to CSA measured from MRI (mean difference 13.9%,
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p=0.002), but this systematic difference was not observed for Rater 1 (mean difference 1.2%,
p=0.405). Therefore, a clear conclusion cannot be made on which imaging method would
overestimates or underestimates tendon CSA. There was a significant correlation between CSA
values measured with USI and MRI. The correlations were larger and limits of agreement
between the methods smaller for the more experienced rater (Rater 1) for both tendons.
Magnitudes of the limits of agreement as a percentage of the mean value were similar between
the tendons indicating that the agreement between US| and MRI is similar for both Achilles and
patellar tendons. In comparison to study by Bohm et al. (2016), the limits of agreement obtained
for the Achilles tendon CSA measurement in the current study were slightly smaller for the
experienced rater (Rater 1), but larger for the unexperienced rater. Although, significant mean
differences were observed between the methods the differences were not systematic between the
raters. Therefore, CSA values, and by extension calculated tendon stresses and Young’s modulus
values, may be comparable between different studies regardless whether USI or MRI was used.
However, possible systematic difference between raters, which may be substantial, should be
taken into account in the interpretation and this is not limited to only between methods
comparisons, but also comparisons of results from different studies using the same imaging
modality.
Assessment of differences within or between individuals

MDC is an estimate of the minimal difference that can be observed from single measures
and is therefore indicative of the method’s ability to detect changes within an individual or to
compare two individuals. We observed MDC values ranging from 12 to 27% in the inter-rater
analysis, which were larger than in the test-retest reliability analysis for Rater 1 (MDC range from

10-16%), but comparable to that observed for Rater 2 (MDC range from 17-28%). Therefore, we
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suggest that the same experienced rater will analyze the images for a particular subject. In addition,
when making inference regarding adaption within an individual or when comparing two different
individuals the difference in two measurements should exceed MDC to be considered real
difference. The MDC values are relatively large. However, as summarized by the review by
Wiesinger et al. (2015), several cross-sectional studies revealed that tendon CSA was consistently
larger (approximately 34%) in long-term athletes than that in controls. Hence, accuracy of tendon
CSA measurement may be sufficient for assessing individual adaptations or for comparing two
individuals. Due to smaller MDC estimates for MRI compared to USI, MRI should be used for
these purposes when possible.
Limitations

The results of the current study may not generalize to different imaging devices. In the
current study, a low field MRI device was used (0.18 T) due to practical reasons. MRI devices
with higher magnetic field strengths have better signal to noise ratio at comparable imaging
parameters. This allows use of smaller voxel size and may yield better delineation of tendon
borders and hence better reliability of the CSA measurement. However, better signal to noise ratio
may not directly translate to better measurement reliability as a study comparing a 0.2 T MRI
device to a1 T MRI device reported that, regardless of the better signal to noise ratio withthe 1 T
magnet, contrast was similar with the two systems (Trattnig et al. 1997). To overcome the
limitations of the low magnetic field device used in the current study, we used imaging parameters
that resulted good signal to noise ratio and contrast between the tendon and surrounding tissues.
To obtain this, relatively large voxel size was used with a 5 mm slice thickness. Since tendon was
imaged perpendicular to its longitudinal axis, we assumed that partial volume effect would be

minimal regardless of the thick slices. Additionally, the slice thickness was comparable to that
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used in several previous studies to measure Achilles and patellar tendon CSA (Couppé et al. 2009;
Couppé et al. 2014; Hansen et al. 2003; Magnusson et al. 2001). As high as 10 mm slice thickness
has been used in patellar tendon CSA measurements (Kubo et al. 2002). In addition, we increased
imaging time to reach better image quality and hence average of two acquisitions was used.

The explanation for the discrepancy between USI and MRI in detecting the effect of
loading was probably the difference in the timespan from the cessation of loading to image
acquisition. This is supported by the observation that USI repeated after the MRI at the 50% of
tendon length did not reveal the same reduction in Achilles tendon CSA that was observed in the
images acquired before MRI. Therefore, it is likely that the loading induced reduction in Achilles
tendon CSA had already recovered by the time of MRI which prevented us from making solid
conclusion regarding the sensitivity to change between MRI and USI. Counterbalanced study
design for the order, in which MRI and USI was conducted after the loading, would have removed
order effect from the analyses. However, this might have also masked transient effects since it
would have lowered statistical power of our analyses. We wanted to retain sufficient statistical
power to observe small transient changes in tendon CSA and hence opted not to use
counterbalanced study design.

Finally, the result of the current study cannot be directly transferred to other studies.
Factors such as devices used, experience of operator and different measurement sites may affect
measurement reliability. Furthermore, the results of the current study are not transferrable to
measurements taken from pathological tendons, e.g. in case of tendinopathy.

Conclusions
Compared to USI, MRI provides slightly better relative and absolute reliability for

measuring Achilles and patellar tendon CSA. Most of the measurement variability in both USI
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and MRI based measurements comes from segmentation errors. Rater experience has significant
effect on reliability regardless of the imaging methods. It remains inconclusive if the better
reliability observed for MRI also leads to superior ability of MRI to detect changes in tendon
CSA compared to USI since lower image resolution and the resulting partial volume effect may
hinder ability of MRI to detect subtle changes. We conclude that both USI and MRI can be used
for reliable measurement of Achilles and patellar tendon CSA when using a highly controlled
measurement protocol. In future, development of automatic segmentation techniques for USI,
that are already available for MRI (Kruse et al. 2017; Syha et al. 2012), could further improve
reliability of USI based measurements. This study allows direct comparison of MRI and USI in
measurement of tendon CSA. The results of the current study can be used for calculating
required sample sizes for future studies considering the measurement errors associated with the
particular method.
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Figure captions

Figure 1. Experimental protocol. Achilles and patellar tendons were imaged on two
sessions separated by approximately one week. During each session, the tendons were first
imaged using USI and then using MRI. Then, a loading protocol was conducted first for the
Achilles tendon (immediately followed by USI and MRI) and then for the patellar tendon
(immediately followed by USI and MRI). Mean (xSD) time from the cessation of loading to the
end of imaging is presented for both USI and MRI. * denotes the additional USI performed after
the loading to confirm that the potential acute change in tendon CSA remained stable throughout
imaging. Due to technical difficulties, the additional USI was performed for 12 subjects for
Achilles tendon and for 11 subjects for patellar tendon.

Figure 2. Determination of the imaging locations for Achilles (A and B) and patellar
tendon (C and D). Distal and proximal ends of the tendon and distal, mid and proximal
measurement locations corresponding 25, 50 and 75% of tendon length were marked over the
skin. Thin strips of tape were positioned over the imaging locations to help identifying the
correct location while performing ultrasound imaging. Notice also the mark on the foot and the
corresponding mark on the splint (A) that ensured consistent splint positioning between USI and
MRI and between pre and post loading measurements.

Figure 3. Examples of native and segmented ultrasound and magnetic resonance images
of Achilles tendon. Bright areas on ultrasound images represent area that produce high echo
intensity. T1 sequence was used for MRI. In this sequence fat is visualized with bright and
tendon with dark pixels. Fish oil capsule used to identify the corresponding imaging planes from

USI and MRI is partially seen in the mid image.
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Figure 4. Examples of native and segmented ultrasound and magnetic resonance images
of patellar tendon. Bright areas on ultrasound images represent area that produce high echo
intensity. T1 sequence was used for MRI. In this sequence fat is visualized with bright and
tendon with dark pixels. Fish oil capsule used to identify the corresponding imaging planes from
USI and MRI is partially seen in the mid image.

Figure 5. Bland-Altman plots visualizing the agreement between ultrasound and
magnetic resonance based measurement of Achilles and patellar tendon cross sectional area.
Data is presented for both sessions and for pre and post loading. Mean difference, limits of
agreement (1.96 times standard deviation) and Pearson correlation coefficients are presented in
the figure. P-value is for the marginal mean difference between the modalities from three-way

analysis of variance. P-values for the Pearson correlation were all p<0.001.
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Table 1. Mean values of tendon CSA

Session 1 Session 2 Effect of loading
Rater 1 Rater_l Rater 2 Rater 1 Rater 2 Rater 1 Rater 2
Analysis 2
Achilles
USI, pre loading 56.2+8.4 57.8+8.8 61.9+13.3 56.3+7.7 62.8+12.1 p=0.021 p=0.277
USI, post loading 54.2+8.0 60.9+13.4 55.5+9.0 61.0+15.0 1?=0.327, -2.5% 1?=0.084, -2,3%
MR, pre loading 51.4+8.4 48.5+8.4 59.1+10.5 51.3+8.8 59.8+9.8 p=0.381 p=0.560
MRI, post loading 51.748.9 59.5+10.2 51.548.7 58.3+9.8 1?=0.055, +0.5% 1?=0.025, -0.9%
Patellar
USI, pre loading 89.2+13.3 91.0+16.0 85.6+12.1 89.5+12.0 91.6+13.9 p=0.463 p=0.542
USI, post loading 89.8+14.2 87.8+14.0 90.4+13.2 86.5+12.0 1?=0.042, +0.8% 1%=0.029, -1.7%
MRI, pre loading 87.6+£12.2 87.2+12.8 101.8+16.3 87.9+125 101.2+17.5 p=0.075 p=0.519
MRI, post loading 88.9+13.7 102.3+14.1 90.0+15.7 98.0+19.1 1°=0.224, +1.9% 1?=0.033, -1.3%

Descriptive values are expressed as mean+SD (mm?). P-value and effect size (n? and percentage change) for the main effect of loading from repeated measures
two-way ANOVA is presented on the right.

Table 2. Test-retest reliability (Session 1 vs Session 2, pre loading)

Mean Mean P-value ICC SEM (mm?) SEM% MDC (mm?) MDC%
difference difference
(mm?) (% of mean)
Rater 1
Achilles, USI 0.1 0.2 0.914  0.873(0.661-0.956) 3.0 5.3 8.2 14.6
Achilles, MRI 0.1 0.2 0.890  0.958 (0.880-0.986) 1.8 35 5.0 9.8
Patellar, USI 0.5 0.5 0.807  0.851 (0.611-0.948) 5.0 5.6 13.8 15.6
Patellar, MRI 0.5 0.5 0.716  0.921 (0.784-0.973) 35 4.0 9.7 11.2
Rater 2
Achilles, USI 0.9 1.4 0.704  0.786 (0.471-0.923) 6.0 9.6 16.7 26.7
Achilles, MRI 0.7 1.1 0.663  0.851(0.613-0.947) 4.0 6.7 11.1 18.7
Patellar, USI 5.7 6.4 0.105  0.504 (0.050-0.796) 8.9 10.2 24.7 28.2
Patellar, MRI 0.2 0.2 0.939  0.868 (0.650-0.954) 6.2 6.2 17.2 17.1

P-value is for the mean difference. ICC values were calculated using two-way random effects model for absolute agreement and single rater (ICC 2,1).
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Table 3. Inter-rater reliability (Rater 1 vs Rater 2)

Mean Mean P-value ICC SEM (mm?) SEM% MDC (mm?) MDC%
difference difference
(mm2) (% of mean)
Achilles, USI 6.1 10.5 0.004 0.630 (0.227-0.813) 5.7 9.8 15.8 27.0
Achilles, MRI 1.7 13.9 <0.001 0.687 (-0.066-0.908) 2.5 4.5 6.9 12.4
Patellar, USI 1.8 2.0 0.512 0.553 (0.349-0.707) 8.5 9.6 23.6 26.7
Patellar, MRI 12.2 13.0 <0.001 0.618 (-0.074-0.859) 6.0 6.4 16.7 17.7

Mean difference is based on marginal means. P-value is for the mean difference. ICC values were calculated using two-way random effects model for absolute
agreement and single rater (ICC 2,1).

Table 4. Intra-rater reliability for the Rater 1 (images from session 1 pre loading segmented twice)

Mean Mean P-value ICC SEM (mm?) SEM% MDC (mm?) MDC%
difference difference
(mm?) (% of mean)
Achilles, USI 1.6 2.8 0.128 0.892 (0.708-0.962) 2.7 4.7 7.5 13.2
Achilles, MRI 2.9 5.8 <0.001 0.923 (0.100-0.984) 1.3 2.6 3.6 7.1
Patellar, USI 25 2.8 0.250 0.835 (0.589-0.941) 5.8 6.4 16.0 17.8
Patellar, MRI 0.6 0.7 0.452 0.974 (0.925-0.991) 2.1 2.4 5.7 6.6

P-value is for the mean difference. ICC values were calculated using two-way random effects model for absolute agreement and single rater (ICC 2,1).
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