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a b s t r a c t

Objectives: To determine intra- and interrater reliability of ultrasonographic imaging (USI) measure-
ments of patellar tendon (PT) thickness using 16 measurement sites covering the entire tendon.
Design: Reliability study.
Setting: Physiotherapy outpatient clinic.
Participants: Twenty healthy and physically active volunteers (9 women). Mean age: 24 years (SD± 2.73).
Mean body mass: 75.8 kg (SD ± 11.8).
Main outcome measures: Intraclass correlation coefficient (ICC) and 95% limits of agreement (LOA) in cm
and in percentage relative to the mean PT thickness.
Results: Intrarater reliability ranged from 0.59 to 0.87 and 0.59 to 0.93 for examiners I and II, respectively.
Interrater reliability ranged from 0.37 to 0.89. Measurement precision for examiner I ranged from 0.05 to
0.09 cm (17.5%e26.7%) while ranging from 0.04 to 0.13 cm (13.3%e38.7%) for examiner II. Interrater
measurement precision ranged from 0.07 to 0.15 cm (19.1%e42.5%).
Conclusion: In an attempt to replicate daily clinical USI practice, this was the first study extensively
assessing reliability throughout the full range of the patellar tendon - revealing a considerable variation
in intra- and interrater reliability as well as measurement precision throughout the 16 individual PT sites.
In a clinical context, the low interrater reliability and precision found at the proximal tendon insertion
site may have implications for USI of the symptomatic PT, as this is the site mainly associated with
underlying pathologic changes. Further reliability studies are needed to clarify the region-specific reli-
ability of the full length PT.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The use of musculoskeletal ultrasound imaging (USI) in the
assessment of soft tissue structures is a widely used, inexpensive
imaging modality in both research and clinical settings (Finnoff,
2016). With unique dynamic properties and high-resolution
py and Occupational Therapy,
-4200, Slagelse, Denmark.
olm).
imaging of soft tissue structures, musculoskeletal USI has become a
valuable tool in the clinical examination of human tendons (Grassi
et al., 2000). The patellar tendon (PT) is a body part that has been of
particular interest in the literature due to twomain reasons. Firstly,
due to the prevalence of overuse injuries in the PT which regularly
leads to pain and disabling symptoms (Miller, 2013) in both athlete
and non-athlete populations (Lian et al., 2005), (Zwerver et al.,
2011). Secondly, due to its size, linearity and superficial location
above the anterior aspect of the patella, the patellar tendon (PT) is
an ideal fit for diagnostic USI (Miller, 2013). Sonographically, the
healthy tendon appears hyperechoic due to a strong fibrillar bundle
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Table 1
Measurement sites (n¼ 16) of the patellar tendon.

Site Longitudinal Transversal

AP AP 1a: Thickest middle third
1b: Thickest medial third
1c: Thickest lateral third

1 u. AP 1 u. AP 2a: Thickest middle third
2b: Thickest medial third
2c: Thickest lateral third

TT TT 3a: Thickest middle third
3b: Thickest medial third
3c: Thickest lateral third

1� . TT 1� . TT 4a: Thickest middle third
4b: Thickest medial third
4c: Thickest lateral third

Thickness (cm) was measured anteroposterior.
AP: Apex Patella. 1 u. AP: 1 cm under Apex Patella.
TT: Tibial Tuberosity. 1 o. TT: 1 cm over Tibial Tuberosity.
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with parallel superficial and deep surfaces, meaning that the
healthy parts of the tendon appear bright on a screen as the dense
fibrillar bundle reflects a high degree of sound waves from the USI
transducer (Miller, 2013).

In contrast, the pathologic PT often appears hypoechoic and
thickened, meaning that the pathologic part of the tendon appears
dark on the screen as it reflects nearly no sound waves from the USI
transducer due to loss of the fibrillar pattern and swelling (Miller,
2013), (Kainberger et al., 1997).

Since reduction in PT thickness might predict successful treat-
ment outcomes following PT tendinopathy (Fredberg et al., 2004)
and since correlations have been found between reduced tendon
thickness and a decrease in pain (Mahowald et al., 2011), evaluation
of tendon thickness is a particularly important clinical procedure.

Due to the operator-dependent nature of diagnostic USI
(Wakefield et al., 2005), reliability of USI measurements of the PT
has been the source of attention in several studies in recent years
(Black et al., 2004; Ekizos et al., 2013; Gellhorn and Carlson, 2013;
Skou and Aalkjaer, 2013; Sunding et al., 2014). However, previous
studies on reliability of PT measurements have focused exclusively
on one (Black et al., 2004; Gellhorn and Carlson, 2013; Skou and
Aalkjaer, 2013; Sunding et al., 2014) to three (Ekizos et al., 2013)
sites, even though full-length PT USI is the common procedure in
clinical practice. This leaves not only a big gap in the existing
knowledge on reliability of USI measurements when applied to
different parts of the PT with different regional characteristics, but
also goes against the clinical guidelines for diagnostic USI which
recommend scanning the entire PT for pathology (Martinoli, 2010).
Thus, keeping in line with clinical recommendations, it is of specific
importance to provide USI reliability data covering the various
regional aspects of the PT to aid the clinician with region-specific
reliability values when scanning the PT for pathology.

The aim of this study was to determine intra- and interrater
reliability of USI assessment of PT thickness using clinically relevant
measurement sites (16 in total) covering the entire PT.

2. Materials & methods

2.1. Participants

Twenty healthy and physically active volunteers (9 women)
were recruited using flyers posted at University College of Northern
Denmark and at a physiotherapy outpatient clinic where the study
took place. Mean age was 24 years (SD± 2.73) with a mean body
mass of 74.8 kg (SD± 11.8).

The study was carried out in a single session lasting approxi-
mately 90min per subject (see study protocol for more details).

Participants were recruited with exclusion criteria being current
or prior lower extremity painwithin the past 6 weeks leading up to
the test session, previous knee surgery as well as sports activities at
elite level. Furthermore, participants were told to refrain from
lower limb strength training on the day of testing.

This study was based on data collected for a clinical assessment
study in a physiotherapy outpatient clinic; hence, approval from
the Danish Data Protection Agency was not needed. Written
informed consent was obtained from all participants on forms
provided by the local ethics committee and the study was con-
ducted in accordance with the Helsinki Declaration.

2.2. Examiners

USI measurements were performed with a SonoSite S-MSK
(SonoSite, Inc., Bothell, WA, USA) with an HFL38x 13-6MHz linear
transducer. Two experienced examiners familiar with using the
specific USI device in daily clinical practice performed the USI
measurements.
Both examiners had followed and were teaching on a formal

musculoskeletal USI educational program for doctors, physiother-
apists and other healthcare professionals, where one part of the
course has a specific focus on the knee. Examiner I had 9 years of
experience performing USI measurements while examiner II had 4
years of experience. The examiners were not otherwise involved in
the collection and synthesis of data.

Prior to the start of the study both examiners were carefully
instructed in the test setup and the specific protocol which was
based on the afore mentioned training, where scanning the entire
patella tendon is an inherent part of the education. The examiners
had two training sessions each, with one examiner scanning, while
the other observed the scan.

The aim of the test session was to ensure that both examiners
adhered to the protocol and were in agreement on where to place
cursors in order to perform themeasurements. The total time spent
on protocol training was approximately 8 h. Throughout each test
session during the study the examiners were under the supervi-
sion of a research assistant to ensure adherence to the study
protocol.

2.3. Study protocol

The USI measurement protocol was set up in accordance with
the recommendations from the European Society of Musculoskel-
etal Radiology (Martinoli, 2010).

Subjects were positioned in a supine position on an examination
table with both knees flexed to approximately 30� and supported
by a firm cushion underneath the popliteal area. By keeping the
target knee in slight flexion (30�) as opposed to fully extended,
potential concave anisotropies from the PT were avoided
(Martinoli, 2010).

Two successive bilateral measurements were performed in
random order on each subject by both examiners, resulting in one
of the following orders: (right-left-right-left) or (left-right-left-
right). This order of measurements would force the examiner to
reposition the transducer between the first and second unilateral
measurement. By placing tape over the measurement values on the
screen, the examiners were blinded to the results while these were
still visible for the research assistant who recorded each value. Four
longitudinal, clinically relevant PT sites were identified for analysis:
apex patella; 1 cm under apex patella; tibial tuberosity; and 1 cm
over tibial tuberosity.

At each site, one longitudinal (central placement) and three
transversal measurements were performed, giving a total of 16
individual sites (Table 1 & Fig. 1). The scan depth was kept constant
at 1.8 cm and the measurement of PT thickness was performed by



Fig. 1. Images of the knee with longitudinal (a) and transversal (b) measurement sites
depicted.
Image 1a: Longitudinal plane thickness measurements (-) were conducted at apex
patella (AP); 1 cm distal from apex patella (1uAP); 1 cm proximal from the tibial tu-
berosity (1oTT); and at the tibial tuberosity (TT).
Image 1b: Transversal plane thickness measurements (�) were conducted at the
thickest part of the middle- (a), medial- (b) and lateral (c) third of the tendon at; AP (1),
1uAP (2), TT (3) and 1oTT (4).

Fig. 3. Sonographic image of measurement site (Transversal).
Image above: Transversal anteroposterior thickness measurements of the patellar
tendon. C represents the thickest lateral third, A represents the thickest middle third
and B represents the thickest medial third. Transversal thickness measurements were
performed at the following sites.
⁃Apex patella, represented by the above image (1a, 1b & 1c)⁃1 cm distal to apex patella
(2a, 2b & 2c)⁃Tibial tuberosity (3a, 3b & 3c)⁃1 cm proximal to the tibial tuberosity (4a,
4b & 4c).

Fig. 4. Sonographic image of measurement site (TT & 1oTT).
Image above: Longitudinal anteroposterior thickness measurement of the TT (C) and
1uTT (B). 1uTT was found by tracing 1 cm proximally from the posterior border of TT
parallel with the tendon fibres (B).
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the built-in software (Figs. 2e4). Each test session lasted approxi-
mately 45min and was performed simultaneously on two subjects
by the two examiners in different rooms.

After 45min, the two examiners switched rooms and thereby
subjects. The straight succession of each examiner's measurements
on the same subject ensured that no activity-induced effects on
tendon thickness was present between measurements.

2.4. Statistical analysis

All analyses were performed using IBM SPSS Statistics Version
24.0. Only the participant's dominant leg was chosen for statistical
analysis. Data on the non-dominant leg are available as a supple-
mentary appendix (appendix A). Visual inspection of QQ-plots was
conducted to ensure normal distribution of data. Changes in PT
thickness between the first and second measurement was inves-
tigated using a paired samples t-test. To investigate potential
learning effects over the range of measurements of the 20 subjects,
the randomly generated blocks of participants received consecutive
identification numbers.

Evaluation of intrarater reliability for examiner I and II was
conducted via two-way random effects, single measuremodel (2,1),
absolute agreement type intraclass correlation coefficient (ICC).
Interrater reliability using the mean of first and second measure-
ments was analyzed via two-way random effects, average measure
Fig. 2. Sonographic image of measurement site (AP & 1uAP).
Image above: Longitudinal anteroposterior thickness measurement of AP (C) and 1uAP
(A), respectively. 1uAP was found by tracing 1 cm distally from the posterior border of
AP parallel with the tendon fibres (B).
model (2, k), absolute agreement type ICC.
Since mean ratings have shown to improve measurement pre-

cision compared to single ratings (Skou and Aalkjaer, 2013),
(Rathleff et al., 2011), only means from examiner I and II respec-
tively were derived for interrater reliability analysis. A Bland-
Altman plot was constructed to graphically assess agreement be-
tween the two examiners. Measurement precision was evaluated
by plotting 1.96 standard deviations (SD) above and below the
mean of the difference scores, respectively. The confidence interval
ranging from 1.96 SD above the mean of the difference scores to
1.96 SD below represents 95% limits of agreement (LOA). LOA was
also presented in percentage relative to the mean PT thickness
(LOA-%).
3. Results

Results for PT thickness measurements for examiner I and II are
found in Tables 2 and 3, respectively.

For examiner II, the measurement sites 3b (p¼ 0.025) and 4a
(p¼ 0.033) were significantly different between the two mea-
surements. Hence, these measurement sites were excluded from
further reliability testing for examiner II. There was no consistent
evidence of learning effects over the range of the 16 measurement
sites when plotting the difference in PT thickness between each
examiner's first and second measurements against the consecutive
identification number of subjects.
3.1. Reliability

Results for intra- and interrater reliability for examiner I and II



Table 2
Patellar tendon thickness (cm) on dominant leg from. all 16 measurement sites for examiner I. Results presented in mean± SD.

Sites (n¼ 16) Men (n¼ 11) mean (SD) Women (n¼ 9) mean (SD) Total (n¼ 20) mean (SD)

AP 0.47 (0.08) 0.40 (0.06) 0.44 (0.08)
1a 0.33 (0.05) 0.30 (0.06) 0.32 (0.06)
1b 0.35 (0.06) 0.32 (0.04) 0.34 (0.05)
1c 0.32 (0.04) 0.29 (0.03) 0.31 (0.04)

1 u. AP 0.39 (0.07) 0.34 (0.05) 0.37 (0.06)
2a 0.33 (0.06) 0.29 (0.05) 0.31 (0.06)
2b 0.33 (0.05) 0.30 (0.03) 0.32 (0.05)
2c 0.33 (0.04) 0.29 (0.04) 0.31 (0.04)
TT 0.45 (0.07) 0.42 (0.07) 0.44 (0.07)
3a 0.34 (0.06) 0.30 (0.05) 0.32 (0.06)
3b 0.34 (0.05) 0.32 (0.05) 0.33 (0.05)
3c 0.34 (0.03) 0.31 (0.06) 0.33 (0.05)

1� . TT 0.37 (0.06) 0.31 (0.05) 0.34 (0.06)
4a 0.33 (0.05) 0.30 (0.05) 0.31 (0.05)
4b 0.33 (0.04) 0.31 (0.04) 0.32 (0.04)
4c 0.32 (0.03) 0.29 (0.04) 0.31 (0.04)

Table 3
Patellar tendon thickness (cm) on dominant leg from. all 16 measurement sites for examiner II. Results presented in mean ± SD.

Sites (n¼ 16) Men (n¼ 11) mean (SD) Women (n¼ 9) mean (SD) Total (n¼ 20) mean (SD)

AP 0.32 (0.06) 0.35 (0.08) 0.33 (0.07)
1a 0.37 (0.09) 0.29 (0.04) 0.33 (0.08)
1b 0.38 (0.10) 0.30 (0.04) 0.35 (0.09)
1c 0.35 (0.09) 0.28 (0.04) 0.32 (0.08)

1 u. AP 0.30 (0.05) 0.31 (0.04) 0.30 (0.05)
2a 0.33 (0.06) 0.28 (0.03) 0.31 (0.06)
2b 0.33 (0.06) 0.28 (0.03) 0.31 (0.06)
2c 0.35 (0.05) 0.27 (0.03) 0.31 (0.06)
TT 0.42 (0.06) 0.38 (0.07) 0.40 (0.06)
3a 0.38 (0.06) 0.33 (0.05) 0.36 (0.06)
3b 0.36 (0.05) 0.31 (0.05) 0.34 (0.06)*
3c 0.39 (0.06) 0.32 (0.04) 0.36 (0.06)

1� . TT 0.36 (0.05) 0.32 (0.05) 0.34 (0.05)
4a 0.34 (0.05) 0.29 (0.05) 0.31 (0.05)*
4b 0.33 (0.04) 0.29 (0.04) 0.31 (0.05)
4c 0.35 (0.05) 0.28 (0.05) 0.32 (0.06)

*Significant different patellar tendon thickness between first and second measurements (p < 0.05).

Table 4
Intra- & Interrater reliability results for both examiners. ICC, (95% CI).

Examiner I Examiner II Examiner I þ II

AP : 0.86 (0.68e0.94) : 0.81 (0.59e0.92) ; 0.37 (�0.11 e 0.58)
1a : 0.80 (0.57e0.92) : 0.79 (0.55e0.91) < 0.66 (0.15e0.86)
1b : 0.85 (0.57e0.92) < 0.72 (0.42e0.88) < 0.62 (0.02e0.85)
1c < 0.75 (0.47e0.89) < 0.71 (0.40e0.88) < 0.65 (0.09e0.86)

1 u. AP : 0.84 (0.65e0.93) < 0.59 (0.21e0.81) < 0.50 (�0.25 - 0.82)
2a : 0.83 (0.62e0.93) : 0.82 (0.61e0.93) : 0.89 (0.73e0.96)
2b : 0.77 (0.51e0.90) : 0.93 (0.84e0.97) : 0.87 (0.67e0.95)
2c < 0.66 (0.32e0.85) : 0.83 (0.62e0.93) : 0.86 (0.65e0.94)
TT < 0.75 (0.47e0.89) : 0.88 (0.72e0.95) < 0.71 (0.24e0.89)
3a : 0.87 (0.71e0.95) : 0.86 (0.68e0.94) : 0.79 (0.09e0.94)
3b < 0.68 (0.36e0.86) * *
3c < 0.59 (0.21e0.82) : 0.84 (0.64e0.93) ; 0.48 (�0.15 - 0.78)

1� . TT : 0.84 (0.65e0.94) : 0.78 (0.53e0.91) : 0.86 (0.65e0.95)
4a < 0.72 (0.43e0.88) * *
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are presented in Table 4.
For illustrative purposes, the ICC results are categorized as low

(0.0e0.50), moderate (0.50e0.75) and good (>0.75) (Portney and
Watkins, 2014). However, we are well aware of the difficulties in
determining appropriate quality cut-offs for reliability (Weir, 2005).
As such, the current categorization should be viewed as crude es-
timates only.

The ICC with 95% confidence interval (95% CI) for examiner I
ranged from moderate to good (0.59e0.87) for all 16 measure-
ments. The ICCwith 95% CI for examiner II ranged frommoderate to
good (0.59e0.93) for 14 out of 16 measurements with two mea-
surement sites (3b & 4a) excluded due to a significant difference
between the first and second measurement. The interrater ICC for
examiner I and II ranged from low to good (0.37e0.89) for all 14
interrater reliability tested measurements.
4b < 0.72 (0.42e0.88) : 0.89 (0.74e0.95) : 0.80 (0.50e0.92)
4c < 0.71 (0.41e0.87) : 0.81 (0.58e0.92) : 0.84 (0.61e0.94)

: (ICC> 0.75)¼ good reliability.
< (ICC 0.50e0.75)¼moderate reliability.
; (ICC 0.0e0.50)¼ low reliability.
*Excluded from the reliability analysis due to significant difference in PT thickness
between first and second measurement.
3.2. Measurement precision

Results for intra- and interrater LOA and LOA-% are presented in
Table 5.

Visual inspection of the intrarater Bland Altman plots for both
examiners revealed no proportional differences over the mea-
surement range. For examiner I, the LOA (LOA-%) ranged from 0.05
to 0.09 cm (17.5%e26.7%) for intrarater reliability over the range of
the 16 PT measurement sites. For examiner II, the LOA (LOA %) for
intrarater reliability ranged from 0.04 to 0.13 cm (13.3%e38.7%)
over the range of the 14 PT measurement sites. LOA (LOA-%) for
interrater reliability ranged from 0.07 to 0.15 cm (21%e42.5%) over
the range of 14 PT measurement sites.



Table 5
Intra- & interrater reliability presented as 95%. LOA (cm) and as percentage of the
mean PT thickness (%).

Examiner I Examiner II Examiner I þ II

LOA (cm) LOA (%) LOA (cm) LOA (%) LOA (cm) LOA (%)

AP 0.09 19.5 0.09 26.1 0.15 37.7
1a 0.07 22.1 0.11 32.6 0.14 41.9
1b 0.05 16.1 0.13 38.7 0.15 42.5
1c 0.05 17.6 0.12 37.4 0.12 36.9

1 u. AP 0.07 19.2 0.09 28.8 0.10 28.6
2a 0.07 21.0 0.07 22.3 0.07 21.7
2b 0.07 20.7 0.04 13.3 0.07 21.9
2c 0.07 22.5 0.07 21.2 0.07 21.3
TT 0.09 21.4 0.06 15.5 0.11 25.9
3a 0.06 17.5 0.06 17.8 0.07 21.0
3b 0.08 23.4 * * * *
3c 0.09 26.7 0.07 20.2 0.12 33.9

1� . TT 0.07 20.2 0.07 21.1 0.08 22.5
4a 0.08 23.9 * * * *
4b 0.07 20.5 0.04 14.0 0.07 21.5
4c 0.06 20.2 0.07 22.5 0.07 22.1

*Excluded from measurement precision analysis due to significant difference in PT
thickness between first and second measurements.

Fig. 6. Interrater Bland Altman plot with 95% limits of agreement (dotted black lines)
of the measurement site 1oTT.
This representative Bland Altman plot showed no systematic different distribution of
measurements. Bland Altman plots of the other measurement sites had a similar
appearance, revealing no systematic difference over the measurement range (plots not
shown).
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Visual inspection of the interrater Bland Altman plots suggested
a proportional difference of measurements for “AP” and “1uAP”,
however when fitted into a linear regression analysis, normal dis-
tribution of the difference scores was confirmed (p> 0.05) (Fig. 5).
The remaining Bland Altman plots revealed no systematic graphical
differences, represented by Fig. 6.

A summary of results for measurement reliability and precision
is presented in Table 6.

4. Discussion

This is the first study evaluating intra- and interrater reliability
and measurement precision when measuring PT thickness of the
entire tendon using USI. Intrarater reliability ranged from 0.59 to
0.93 for both examiners over the range of 14 and 16 sites,
Fig. 5. Interrater Bland Altman plot with 95% limits of agreement (dotted black lines)
for the measurement site AP.
The regression analysis (dotted blue line) revealed no systematic different distribution
of scores (p¼ 0.519). The other measurement site (1 cm. u. AP) with a visually sug-
gested proportional biased trend of difference scores was similarly non-significant in
the regression analysis (p¼ 0.073) (plot not shown).
respectively. Results for interrater reliability were within a wider
range (0.37e0.89) for the 14 assessed sites. Precision for intrarater
measurements varied from 0.04 cm to 0.13 cm (13.3%e38.7%) while
ranging from 0.06 cm to 0.15 cm (19.1%e42.5%) for interrater
measurements.

Previous intrarater- and interrater USI studies on muscle- and
tendon thickness reveal a cumulative ICC range from 0.64 to 0.97
(Bentman et al., 2010; Cheng et al., 2012; Costa et al., 2009; Craig
et al., 2008; Gellhorn and Carlson, 2013; Koppenhaver et al.,
2009; Liang et al., 2007; O'Sullivan et al., 2007; Rathleff et al.,
Table 6
Intra- and interrater reliability and precision of the four longitudinal plane mea-
surement sites.

Longitudinal Transversal

EX I EX II EX I þ II EX I EX II EX I þ II

AP
ICC 0.86 0.81 0.37 0.80 0.74 0.64
LOA 0.09 0.09 0.15 0.06 0.12 0.14

LOA-% 19.5 26.1 37.7 18.6 36.2 40.4
1uAP

ICC 0.84 0.59 0.50 0.75 0.86 0.87
LOA 0.07 0.09 0.10 0.07 0.06 0.07

LOA-% 19.2 28.8 28.6 21.4 18.9 21.6
TT

ICC 0.75 0.88 0.71 0.71 0.79* 0.64*
LOA 0.09 0.06 0.11 0.08 0.07* 0.10*

LOA-% 21.4 15.5 25.9 22.5 19.0* 27.5*
1oTT

ICC 0.84 0.78 0.86 0.72 0.85* 0.82*
LOA 0.07 0.07 0.08 0.07 0.06* 0.07*

LOA-% 20.2 21.1 22.5 21.5 18.3* 21.8*

Results are divided between longitudinal axis scans and transverse axis scans.
Transverse axis results are presented as the mean of the transverse'measurements:
a (middle third), b (medial third) and c (lateral third) at each of the four sites. EX:
Examiner.
*Since there was a significant difference in PT thickness between first and second
measurement on 3b and 4a for examiner II, only two transversal sites were used for
the derivation of means at these sites.
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2011; Skou and Aalkjaer, 2013;Wallwork et al., 2007) and from 0.40
to 0.97, respectively (Bentman et al., 2010; Cheng et al., 2012;
Gellhorn and Carlson, 2013; O'Sullivan et al., 2007; Rathleff et al.,
2011; Skou and Aalkjaer, 2013; Wallwork et al., 2007). Previous
results on measurement precision (LOA-%) reveal a cumulative
range from 1.8% to 53% for intrarater (Bentman et al., 2010; Bjordal
et al., 2003; Costa et al., 2009; Koppenhaver et al., 2009; O'Connor
et al., 2004; O'Sullivan et al., 2007; Rathleff et al., 2011; Skou and
Aalkjaer, 2013; Springer et al., 2006; Wallwork et al., 2007; Ying
et al., 2003) and 15.8%e49% for interrater (Bentman et al., 2010;
O'Sullivan et al., 2007; Rathleff et al., 2011; Skou and Aalkjaer, 2013;
Wallwork et al., 2007; Ying et al., 2003) for USI-derivedmeasures of
muscle- and tendon thickness. The considerable variation in reli-
ability and measurement precision in USI studies is in part reflec-
tive of the different structures being measured, with proximity to
bone, depth and adjacent soft tissue, to a varying degree, influ-
encing the quality of the sonographic image. When compared to
deeper and irregular soft-tissue structures, the PT is considered
relatively feasible for USI examinations (Henderson et al., 2015).
Yet, the wide reliability and precision range found in our study
indicates some degree of uncertainty.

In a study on PT measurement precision in healthy adults,
O'Connor et al. measured LOA-% 1 cm above the tendons insertion
onto the tibia tubercle corresponding to “1�. TT” in our study and
found an intrarater LOA-% of 19% and 22% for measures of long
transverse axis width and 24% and 32% for short axis transverse
diameter. Interrater LOA-% was 22% and 27% for long axis and short
axis, respectively (O'Connor et al., 2004). The present findings on
transverse axis PT thickness at this measurement point revealed a
similar trend with intrarater LOA-% values from 20.2% to 23.9%
(examiner I) and from 14% to 22.5% (examiner II) and interrater
LOA-% from 21.5% to 22.1%. When studying intra- and interrater
reliability of PT measurements, Gellhorn et al. found an intrarater
reliability from 0.87 to 0.96 and interrater reliability of 0.90 and
0.92, when measuring the cross-sectional area of the tendon 1 cm
distal to apex patella (Gellhorn and Carlson, 2013). In our study, the
longitudinal measurements 1 cm distal to apex patella (1 u. AP)
revealed considerably lower intra- and interrater reliability of
0.59e0.84 and 0.50, respectively. The highly standardized mea-
surement protocol including strapwires as external markers in the
Gellhorn study might partially explain the higher reliability values
found in this study. However, such extensive measures of stan-
dardization might not adequately reflect the use of USI in daily
clinical practice. Still, using a similar examination protocol as in the
current study, Skou and Aalkjær found an intrarater reliability of
0.89e0.94 and interrater reliability of 0.78 with intrarater LOA of
0.07 cm and interrater LOA of 0.10 cm for two examiners measuring
PT thickness in a longitudinal plane 1 cm distal to apex patella
(Skou and Aalkjaer, 2013). The findings in the Skou and Aalkjær
study reveal somewhat higher ICC reliability scores for intrarater
(0.89e0.94 vs. 0.59e0.84) and interrater (0.78 vs. 0.50) when
compared to our findings. This might indicate that the task of
identifying several measurement sites in one scanning session may
compromise specificity at each individual site and thereby reduce
the reliability of measurements.

When comparing longitudinal and transverse plane findings at
the same site in our study, ICC and LOA results are largely consistent
(Table 6). However, there is a notable exception at the measure-
ment site 1 cm distal to Apex Patella (1uAP), with this site showing
a considerably higher interrater ICC for the transverse plane mea-
surements (0.87 vs. 0.50).

As such, transverse axis scans at 1uAP seem to have provided
more consistent PT thickness measurements in our study. Inter-
estingly, since the proximal PT region is aligned in a cone shaped
structure, transversal thickness measurements without a metric
tendon reference point at the transversal axis, naturally becomes
more difficult for the examiner to reproduce than longitudinal
measurements, where thickness can be measured with the aid of
metric reference points.

Coincidentally, higher measurement variability has been found
for transverse axis PT thickness scans (Fredberg et al., 2008) -
making the present findings somewhat surprising.

As mentioned earlier, this is the first USI reliability study using
measurement sites covering the entire PT, making the results more
clinically relevant. Previously, when studying the reliability of more
than one PT measurement site, Ekizos et al. found an average
interrater reliability of 0.59, combining findings on PT cross-
sectional area from three examiners on the proximal, and distal
PT borders as well as the metric midpoint (Ekizos et al., 2013).

In particular, measurements at the proximal portion of the
tendon showed the highest variability in the study by Ekizos and
colleagues (root mean square range from 7.9± 3.9mm2 to
16.1± 11.3mm2). In our study, reliability values at the proximal
border (AP, 1a, 1b & 1c) revealed a mean interrater reliability for
both measurement planes ranging from 0.37 to 0.64 with an LOA
range of 0.14e0.15 cm (37.7%e40.4%) (Table 6). In comparison, the
corresponding measurements at the distal border (TT, 3a & 3c)
revealed an interrater reliability ranging from 0.64 to 0.71 with LOA
ranging from 0.10 to 0.11 (25.9%e27.5%). However, the significant
difference between first and second measurement for 3b indicates
a certain degree of measurement variability at the distal border as
well, and may point to difficulties in reproducing measurements
near the tendon insertion sites.

Consequently, the frequently reported pathological findings at
the posterior, proximal aspect of the PT (Helland et al., 2013;
Johnson et al., 1996; Khan et al., 1996) might be limited by the
reliability of measurements. One possible contributing factor to the
limited interrater reliability at various PT points in our study might
be that the mean was derived from two measurements as opposed
to three. Previously, a mean consisting of three measurements as
opposed to two has resulted in improved intra- and interrater
reliability as well as measurement precision when applied in the
evaluation of plantar fascia (Rathleff et al., 2011) and transversus
abdominis and lumbar multifidi muscles (Koppenhaver et al.,
2009). However, Skou and Aalkjær found no further improve-
ment on intra- and interrater reliability or measurement precision
when using a mean of three measurements compared to two in the
evaluation of PT thickness (Skou and Aalkjaer, 2013). Yet, regional
PT characteristics might influence the reliability of the mean of
measurements to a varying degree. This might especially hold true
for measurements at the proximal PT region. As such, inclusion of
means of two and three measurements in this study would have
clarified this relationship.

Both examiners were experienced USI examiners and produced
largely comparable intrarater reliability scores over the range of
measurements. However, examiner II had two sites (3b & 4a) with
statistically significant different PT thickness at the first compared
to the second measurement. This might be suggestive of a need for
a more standardized examination protocol and should be consid-
ered in future studies.

Put into a clinical context, this study provides region-specific
reliability data covering the entire PT. This is important informa-
tion for the clinicianwhen assessing the different parts of the PT for
pathology.

The limited agreement between examiners when assessing the
proximal portion of the PT suggests some degree of uncertainty and
should be taken into consideration when assessing the frequently
found pathologic changes in this region. Future studies should
explore the reliability of measurements retrieved at the proximal
portion of PT in patients with specific overuse injuries as this might



Table 2
Patellar tendon thickness (cm) on non-dominant leg from all 16 measurement
points for examiner II. Results presented in mean ± SD.

PT measurement points Men (n¼ 11)
Mean (SD)

Women (n¼ 9)
Mean (SD)

Total (n¼ 20)
Mean (SD)

AP 0.34 (0.06) 0,35 (0,06) 0.35 (0.06)
1a 0.39 (0.08) 0,31 (0,05) 0.36 (0.08)
1b 0.42 (0.10) 0.33 (0.06)* 0.38 (0.09)*
1c 0.38 (0.09) 0.29 (0.04) 0.34 (0.08)

1 u. AP 0.33 (0.07) 0.32 (0.07) 0.32 (0.07)
2a 0.34 (0.06) 0.29 (0.03) 0.32 (0.06)*
2b 0.34 (0.05) 0.28 (0.03) 0.32 (0.05)
2c 0.34 (0.04) 0.28 (0.03) 0.31 (0.05)
TT 0.42 (0.06) 0.35 (0.05) 0.39 (0.07)
3a 0.40 (0.06) 0.33 (0.05) 0.37 (0.07)
3b 0.37 (0.05) 0.32 (0.04) 0.35 (0.05)
3c 0.40 (0.05) 0.34 (0.03) 0.37 (0.05)

1� . TT 0.38 (0.05) 0.32 (0.04)* 0.35 (0.05)
4a 0,36 (0,05) 0,29 (0,04) 0,33 (0,06)
4b 0.35 (0.06) 0.28 (0.03) 0.32 (0.06)
4c 0.36 (0.06) 0.30 (0.03) 0.33 (0.06)

*Significantly different patellar tendon thickness between first and second mea-
surement (p < 0.05).

Table 3
Intra- & Interrater reliability on non-dominant leg for both examiners. ICC, (95% CI).

Examiner I Examiner II Examiner I þ II

AP * < 0.68 (0.37e0.86) *
1a < 0.61 (0.25e0.83) : 0.80 (0.56e0.91) : 0.85 (0.62e0.94)
1b < 0.71 (0.39e0.87) * *
1c < 0.61 (0.25e0.82) : 0.83 (0.61e0.93) < 0.74 (0.35e0.90)

1 u. AP * : 0.77 (0.51e0.90) *
2a : 0.87 (0.70e0.94) * *
2b : 0.76 (0.50e0.90) < 0.70 (0.40e0.87) : 0.89 (0.72e0.96)
2c < 0.75 (0.47e0.89) : 0.82 (0.61e0.93) : 0.84 (0.61e0.94)
TT < 0.72 (0.42e0.88) : 0.80 (0.56e0.92) < 0.58 (0.07e0.83)
3a : 0.90 (0.77e0.96) : 0.90 (0.78e0.96) < 0.72 (0.20e0.89)
3b < 0.74 (0.47e0.89) < 0.75 (0.48e0.89) : 0.85 (0.36e0.95)
3c : 0.80 (0.57e0.92) < 0.66 (0.31e0.85) < 0.67 (0.15e0.87)

1� . TT : 0.83 (0.62e0.93) : 0.78 (0.53e0.91) : 0.78 (0.45e0.91)
4a : 0.89 (0.74e0.96) : 0.82 (0.61e0.93) : 0.91 (0.76e0.96)
4b * < 0.73 (0.44e0.88) *
4c : 0.78 (0.52e0.90) : 0.80 (0.56e0.92) : 0.83 (0.53e0.94)

: (ICC> 0.75)¼ good reliability.
< (ICC 0.50e0.75)¼moderate reliability.
; (ICC 0.0e0.50)¼ low reliability.
*Excluded from reliability due to a significant difference.
In PT thickness between first and second measurement.
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be of clinical relevance when considering treatment effects.
It is important to note that the current study is limited by the

fact that only healthy tendons were studied, hence the findings
cannot be extrapolated fully to pathological or degenerated ten-
dons. However, since pathological and degenerated tendons often
display a heterogeneous tendon structure with blurred tendon
margins (Grassi et al., 2000), reliability may be even more
compromised. Further studies testing the protocol used in this
study on pathological and degenerated PT are warranted and will
aid with important clinical insights into potential reliability issues.

In conclusion, USI reliability assessment of PT thickness, using
16 measurement points covering the entire PT revealed contrasting
degrees of reliability and measurement precision. Especially inter-
rater reliability and agreement fluctuated throughout the range of
measurements.

Further reliability studies on the different aspects of PT are
needed to clarify the uniformity of region-specific PT examinations
using USI.
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Appendix A

Reliability and precision for non-dominant leg
Table 1
Patellar tendon thickness (cm) on non-dominant leg from all 16 measurement
points for examiner I. Results presented in mean ± SD.

PT measurement points Men (n¼ 11)
Mean (SD)

Women (n¼ 9)
Mean (SD)

Total (n¼ 20)
Mean (SD)

AP 0.45 (0.08) 0,42 (0,05) 0.43 (0.07)*
1a 0.35 (0.06) 0,32 (0,04) 0.33 (0.06)
1b 0.36 (0.06) 0.31 (0.04) 0.34 (0.06)
1c 0.35 (0.05) 0.31 (0.03) 0.33 (0.05)

1 u. AP 0.38 (0.07) 0.34 (0.06)* 0.36 (0.07)*
2a 0.34 (0.07) 0.31 (0.03) 0.32 (0.06)
2b 0.34 (0.05) 0.30 (0.03) 0.32 (0.05)
2c 0.33 (0.06) 0.32 (0.04) 0.32 (0.05)
TT 0.45 (0.07) 0.40 (0.06) 0.43 (0.07)
3a 0.35 (0.05) 0.30 (0.05) 0.33 (0.06)
3b 0.34 (0.06) 0.29 (0.04) 0.32 (0.06)
3c 0.35 (0.07) 0.33 (0.04) 0.34 (0.06)

1� . TT 0.35 (0.05) 0.31 (0.05) 0.34 (0.06)
4a 0,34 (0,07) 0,30 (0,04) 0,32 (0,06)
4b 0.34 (0.05)* 0.29 (0.05) 0.32 (0.06)*
4c 0.33 (0.05) 0.30 (0.03) 0.31 (0.05)

*Significantly different patellar tendon thickness between first and second mea-
surement (p < 0.05).

Table 4
Intra- & interrater reliability for non-dominant leg presented as 95% LOA and as
percentage of the mean PT thickness (LOA %)

Examiner I Examiner II Examiner I þ II

LOA (cm) LOA (%) LOA (cm) LOA (%) LOA (cm) LOA (%)

AP * * 0,10 30,3 * *
1a 0,11 32,4 0,10 28,5 0,09 25,9
1b 0,09 25,5 * * * *
1c 0,09 27,6 0,10 29,6 0,12 35,5

1 u. AP * * 0,10 29,9 * *
2a 0,06 18,9 * * * *
2b 0,07 21,3 0,09 27,5 0,06 20,2
2c 0,08 23,9 0,06 18,8 0,07 22,2
TT 0,12 28,0 0,09 22,3 0,15 35,6
3a 0,05 15,4 0,06 16,2 0,10 29,5
3b 0,09 28,6 0,07 21,1 0,06 19,1
3c 0,08 22,1 0,10 26,6 0,10 28,7

1� . TT 0,07 20,3 0,08 21,6 0,09 26,5
4a 0,06 18,7 0,07 22,5 0,07 21,9
4b * * 0,09 28,4 * *
4c 0,06 20,7 0,08 22,6 0,07 22,1

*Excluded frommeasurement precision analysis due to a significant Difference in PT
thickness between first and second measurement.
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