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Abstract

Since the outset of body image reconstruction for diagnosis purposes, ultrasound has been

used to investigate structural changes located in tendons. Ultrasound has clinical applica-

tions in the intensive care unit, but its utility for tendon imaging remains unknown. Thus, we

aimed to determine intra- and inter-rater reproducibility of measures obtained by images

generated through morphological tendon sonographic analysis recorded from critically ill

patients. We designed a cross-sectional study to assess thickness, cross-sectional area,

and echogenicity of patellar and quadriceps tendons in a convenience sample formed with

20 critically ill patients. Two independent raters (experienced and novice) recorded repeated

measures, checking for agreement (Kappa statistics) and reliability (Intraclass coefficient

Correlation-ICC and Bland-Altman). The quality of images acquired by the two independent

raters substantially agreed (k = 0.571–1.000), regardless of the region on the patellar tendon

or the studied tendon (patellar or quadriceps). Regardless of how much experience the rater

had, their repeated records (intra-rater reliability) always demonstrated almost complete

correlation, ICC ranging from 0.89 to 0.98 for both tendons in all outcomes. At the same

way, the statistically significant inter-rater ICC ranging from 0.87 to 0.97. Both repeated

measures by the raters (intra-rater) and the repeated single and double measures between

the raters (inter-rater) presented a minimum measurement error constituting a predominant

pattern of random variability. We conclude that ultrasound imaging acquisition performed by

independent raters for tendon thickness, CSA, and echogenicity monitoring of critically ill

patients are acceptable and are not influenced by rater experience.
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Introduction

Critically ill patients suffer from extensive muscle wasting and atrophy, which occurs rapidly

at the onset of an intensive care unit (ICU) stay [1–3]. The occurrence of systemic changes,

including musculoskeletal, is well established in the literature due to prolonged immobility [4–

6]. There is a reduction in tissue stiffness, cross-sectional area (CSA), and tendon thickness in

disuse-induced situations [5–9]. Parry et al (2015) showed that ultrasound (US) detected

changes in the quadriceps muscle correlate with strength and other health related losses

observed in critically ill patients [10]. A recent study also demonstrated that only muscle area

and thickness significantly decreased, without any modification in the quadriceps rectus femo-

ris central tendon thickness in mechanically-ventilated patients [2]. Although assessment of

the integrity of the tendon is fundamental in the critical care environment, to enable quadri-

ceps actions, no studies have verified the reproducibility of measures taken by US image acqui-

sition from the patellar and quadriceps tendons in patients admitted to the ICU.

When considering the morphological characteristics of the mentioned tendons in the ICU,

imaging tests such as Magnetic Resonance Imaging (MRI) and diagnostic ultrasound are the

preferred options as these techniques do not use ionizing radiation [11]. MRI is most com-

monly used for tendon assessment even if the choice represents an expensive and not very

accessible exam [12]. For this reason, the use of high resolution US has also been indicated as

an alternative exam [12,13].

Quadriceps tendon measures obtained by US have demonstrated similar accuracy to those

obtained by MRI in adult patients with suspected quadriceps ruptures [12,14,15]. In addition,

US measures can be recorded using portable devices, and are relatively inexpensive and easy to

handle, a provident choice for assessing patients confined to bed [16,17].

The main technical limitation of US is related to the dependence on raters’ perception

which could lead to measurement errors and misinterpretation [18–24]. Tiny changes or dis-

placements coming from the ultrasonic head placement, as well as different pressure or orien-

tation of the transducer, may significantly influence image acquisition [24]. For example, a

tendon image acquired slightly oblique to the longitudinal axis of the structure may appear

thicker than the image taken on its true axis [19]. The mentioned features could lead to a pre-

mature conclusion that measurements taken from US are not reliable; however, this should be

systematically verified.

Reproducibility refers to the extent to which repeated measurements provide similar results

from different opinions (agreement) or repeated measures (reliability) [25]. Researchers have

demonstrated acceptable reproducibility for US measures of thickness and CSA of the patellar

tendon in ambulatory patients, expressing intraclass correlation coefficient (ICC) ranging

from 0.70–0.95 and 0.68–0.99, respectively [19–22,26].

In addition, few reports have verified ultrasound imaging in measuring tendon for patients

admitted to the ICU [2]. While there is high reproducibility of ultrasound measured quadri-

ceps tendon thickness and CSA [19,27], there is a lack of literature evaluating the reproducibil-

ity of these measures in critically ill patients. Therefore, we aimed to determine intra- and

inter-rater reproducibility of thickness, CSA and echogenicity measures of tendon sono-

graphic images recorded from critically ill patients. Our hypothesis was that US image acquisi-

tion in patients with critical illnesses would be reproducible, regardless of the rater’s

experience.

Materials and methods

An observational blinded study with repeated measures was conducted to determine the intra-

and inter-rater reproducibility of measures obtained by ultrasound images from patellar and
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quadriceps tendons in sedated and critically ill patients admitted in the ICU of a Brazilian ter-

tiary hospital. This study was approved by an institutional Ethics Committee of Fundação de

Ensino e Pesquisa em Ciências da Saúde da Secretaria de Estado de Saúde do Distrito Federal

(FEPECS / SES-DF) n˚ 1.768.479 in accordance with the Helsinki Declaration of 1975.

Informed consent was signed by a close relative since all the patients were sedated.

Sample

We recruited adult patients (aged� 18 years) who were critically ill, sedated, and submitted to

mechanical ventilation. Patients with any kind of wound on the skin where the image acquisi-

tion took place or any known change in tendon morphology (e.g., ankylosing spondylitis or

rheumatoid arthritis) were excluded [19]. A prior pilot study performed with 5 patients (results

unpublished) recommended a sample size of 18 participants, considering a minimally accept-

able coefficient of 0.700 for an expected coefficient of 0.900, supposing type I (α = 0.05) and

type II (β = 0.20) error rates [28]. Although 18 subjects were technically sufficient according to

the power adopted (0.800), considering possible loss of data, we formed a convenience sample

composed of 20 patients.

Raters. Two independent raters performed the techniques recommended for US image

acquisition. Although both raters were physical therapists habituated to dealing with inpatient

care, only one had experience in recording US measures, denominated as the experienced

rater (KLC) for the purpose of this study. The novice rater (JC) received technical training to

operate the US and acquire measures from the knee but did not have previous experience in

this area. The practice consisted of a 20-minute session as described previously [29]. A basic

technical explanation of the protocol and supervised performance in five patients was per-

formed before data collection.

Study protocol

Image acquisition. The patellar and quadriceps tendons of the right knee of each eligible

subject were studied. US images were acquired with a SonoSite M-Turbo portable ultrasound

device (Sonosite, Inc., Bothell, WA, USA), equipped with a 2-dimensional, high-frequency lin-

ear array probe (HFL38, bandwidth: 13-6MHz, maximal scan depth: 6cm). Subjects were

placed in the supine position with their knees in passive extension and neutral rotation 10

minutes before the onset of recording.

Reference marks were made on the skin, taking into account the total size of the quadriceps

and patellar tendons to ensure minimal placement criteria. The array probes were placed 3 cm

proximal to the superior pole of the patella for the quadriceps tendon [30] and at 25%, 50%,

and 75% of the length of the patellar tendon [31]. The patellar tendon length was measured

between the deep insertion in the patella and the deep insertion in the tibial tuberosity [31].

These landmarks were easily visible in the ultrasonographic image as hyperechogenic regions

in bone insertion.

The raters positioned the probe perpendicularly and transversally (axial plane) over the

marks, maintaining constant depth, gain, and ultrasound settings throughout the data collec-

tion period. Water-soluble transmission gel was used to decrease the pressure of the transducer

on the skin [32] and optimize acoustic transmission [33]. We randomized the order of rater

acquisition by employing a random numerical sequence generated on the website: https://

www.random.org. Each rater acquired two sequential images on the same day, without check-

ing the first one, as the quality of images was verified off-line.

The two images (first and second records) were made by each rater in order to investigate

the intra-rater reliability, with the transducer decoupled from the skin and repositioned for the
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next record. The data were stored as files on the device itself and subsequently transferred to a

computer for off-line processing. A third blinded researcher (PES) removed the stored files

identifying the image. Subsequently, the file was evaluated by the experienced rater (KLC); six-

teen images per individual were collected.

Analysis and experimental conditions. All images were analyzed with ImageJ software

(National Institute of Health, Bethesda, MD, USA), allowing the raters to classified the images,

as well as record the tendon thickness, CSA, and echogenicity for both the patellar and quadri-

ceps tendons.

The experienced rater classified images as either: good–image with well-defined tendon

borders–or bad–image with poorly-defined tendon borders. The opinions were employed in

the inter-rater agreement analysis described below. The image quality analysis considered all

landmarks; however, the average of the three measures obtained from the patellar tendon was

calculated for the next analysis. The same image quality analysis was carried out at 2 different

times, with a 7-day interval to verify the actual characterization of the image (Fig 1).

We calculated the thickness in three different locations along each image for both patellar

and quadriceps tendons (Fig 1). The mean value was subsequently used for analyses. In turn,

the CSA was measured by the trace technique consisting of the delimitation of the entire visible

area of the tendon, excluding the peritendinous sheath (visible as a distinct, highly echogenic

region both superficial and deep in the tendon) [19]. Echogenicity measurements were per-

formed by the trace technique adopting the same area previously described for the calculation

of CSA as the region of interest. Echogenicity was represented by a histogram on a gray scale

with values ranging from 0 to 255 (0: black/no wave reflection; 255: white/total wave

reflection).

Fig 1. Sonographic appearance of patellar and quadriceps tendons. Example of ultrasonography scans of the patellar (upper part) and quadriceps (lower part)

tendons. The left panel depicts the different structures schematically. The dotted line represents the region of interest for the cross-sectional area and echogenicity of

each tendon. Tendon thickness is symbolized by the dotted arrows. Tendon scans were conducted with a 4.9 cm depth. For example, considering the qualitative analysis

performed in this study, A and C were qualified as “good” images; B and D were qualified as “bad” images.

https://doi.org/10.1371/journal.pone.0219057.g001
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For each outcome (thickness, CSA and echogenicity), first and second records were com-

pared for each rater for patellar and quadriceps tendons, defining 6 experimental conditions

for testing intra-rater reliability. For each variable, the analysis was carried out by the experi-

enced and novice raters comparing single and double measures of the two tendons, defining a

further 6 analyses to verify inter-rater reliability. The 6 experimental conditions of each analy-

sis (intra and inter-rater) were divided by tendons (patellar and quadriceps) containing six

Bland-Altman plots organized by pairs of repeated records in the columns (1st versus 2nd rec-

ords for intra-rater or experienced versus novice measures for inter-rater) and by variables in

the rows (thickness, CSA, and echogenicity). These measurements were performed twice con-

secutively by the experienced rater and the mean values considered for statistical analyses [34].

The intra-rater reliability was assessed between two subsequent repeated records taken by the

raters (1st and 2nd records). For inter-rater analysis, the first and the average between the first

and second repeated records defined the single and double measures, respectively.

Statistical analysis

The Shapiro-Wilk normality test identified non-Gaussian and Gaussian distribution for the

data recorded from patellar and quadriceps tendons respectively. For this reason, the repeated

measures recorded from the patellar tendon are represented as median followed by the lower

and upper limits of the 95% Confidence Interval (non-parametric analysis) whereas mean and

Standard Deviation (SD) are used for the data recorded from the quadriceps tendon (paramet-

ric analysis). The Wilcoxon matched-pairs signed test was used for all comparisons. Statistical

significance was accepted at p<0.05. Analysis was conducted using the first record (here called

single) and the mean of the two records (double).

As mentioned, we considered two possibilities for the qualification of the image (good or

bad), which were determined by the experienced examiner. The analysis of the agreement

between experienced and novice records (inter-rater agreement) was performed using the

Fleiss Kappa coefficient test applied for each region (proximal, middle, and distal regions) of

the patellar tendon, and proximal region of the quadriceps tendon. We also calculated the

gross agreement percentage (i.e., the percentage of observations in which the qualification of

the records was the same). In accordance with Landis & Kock (1977), we considered values of

kappa<0 as no agreement, 0>kappa�0.20 (poor agreement), 0.20>kappa�0.40 (fair agree-

ment), 0.40>kappa�0.60 (moderate agreement), 0.60>kappa>0.80 (substantial agreement),

and 0.80�kappa>1.00 (perfect agreement). A negative Kappa means that there is less agree-

ment than would be expected by chance given the marginal distributions of ratings [35].

The intra and inter-rater reliabilities were processed for pairs of repeated measures; two

images recorded by the same rater (1st and 2nd records) or two images recorded independently

by different raters (experienced and novice). Initially, intraclass correlation coefficient (ICC)

with a two-way random effects model either with single measure (ICC2,1) or with average mea-

sures (ICC2,2), calculated by taking an average of tha two raters’ measurements. Subsequently,

the Bland-Altman (B&A) method was applied. The quality of the correlation detected by ICC

was classified by the scale suggested by Lee et al (2012): 0 (absence), 0–0.19 (poor), 0.20–0.39

(weak), 0.40–0.59 (moderate), 0.60–0.79 (substantial), and� 0.80 (almost complete) [36]. All

statistical analyses were performed using SPSS for Mac (version 23, IBM, Chicago, Illinois,

USA).

Results

Twenty critically ill patients (90% male) admitted to the ICU (diagnosis/condition: neurosur-

gical, medical, and trauma) constituted the convenience sample of this study. On the day of
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evaluation, subjects had a median age of 48 (35–55) years, body mass index of 25 (23–28) kg/

m2, median length of ICU stay of 11 (6–18) days, and duration of mechanical ventilation of 8

(4–18) days. The results of measurements of the patellar and quadriceps tendons did not pres-

ent any significant differences between the experienced and novice raters or between single

and double measurements for any of the reported variables (Table 1). On average, the experi-

enced rater spent less time than the novice rater to acquire the ultrasound images (2.5 min vs

7.0 min, respectively).

Inter-rater agreement

The inter-rater analysis (Table 2) demonstrated that the majority of endpoints showed at least

substantial agreement. The weakest agreement (k = 0.571) and the lowest gross agreement per-

centage (85%) were found for the second record for the quadriceps tendon considering statisti-

cally significant results. It should be noted that Kappa statistics were not computed in the

middle of the patellar tendon length. No statistics were possible because all images in this ten-

don region were classified as “good”. There was no statistically significant agreement in the

first record of quadriceps tendon and second record of the patellar distal region.

Table 1. Measurement behaviour recorded in each of the 24 experimental conditions.

Experimental Conditions Repeated Measures

Raters Tendons Variables Measures Mean or Median ±SD or [min,max]

Experienced Patellar Thickness (cm) single 0.36 [0.34,0.39]

double 0.36 [0.33,0.39]

CSA (cm2) single 1.24 [1.10,1.37]

double 1.24 [1.12,1.38]

Echogenicity (au) single 55.39 [49.29,60.37]

double 55.28 [49.43,61.51]

Quadriceps Thickness (cm) single 0.90 ± 0.16

double 0.90 ± 0.16

CSA (cm2) single 2.68 ± 0.54

double 2.66 ± 0.50

Echogenicity (au) single 52.68 ± 12.95

double 53.32 ± 13.66

Novice Patellar Thickness (cm) single 0.37 [0.33,0.41]

double 0.37 [0.32,0.42]

CSA (cm2) single 1.34 [1.14,1.46]

double 1.30 [1.12,1.48]

Echogenicity (au) single 59.35 [47.32,61.84]

double 58.64 [44.42,62.20]

Quadriceps Thickness (cm) single 0.90 ± 0.18

double 0.90 ± 0.16

CSA (cm2) single 2.59 ± 0.54

double 2.59 ± 0.54

Echogenicity (au) single 59.28 ± 14.08

double 58.86 ± 14.09

Data recorded on the patellar tendon were obtained from twenty subjects (n = 20) whereas on the quadriceps tendon the sample was composed of sixteen (n = 16) due

to the bad quality of the images. Data are presented as mean±SD (quadriceps tendon data) and median lower and upper limits of the 95% Confidence Interval (CI) of

the median [min,max] (patellar tendon data). P > 0.05 for comparisons between experienced versus novice and single versus double for all reported variables.

Abbreviations: CSA–Cross-sectional area; SD–Standard Deviation; min–minimum; max–maximum.

https://doi.org/10.1371/journal.pone.0219057.t001
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Intra- and inter-rater reliability

The magnitude of the reliability (ICC) of tendon thickness, CSA and echogenicity was classi-

fied as “almost complete” no matter the rater. When considering inter-rater reliability, ICCs

were classified as “almost complete” when two images were considered for analysis. However,

patellar reliability revealed no statistically significant correlations using a single US image

(p> 0.05). All measures of correlation are demonstrated together with Bland-Altman plots

(Figs 2–5).

Discussion

The present study confirmed the initial hypothesis demonstrating that the use of a standard-

ized technique by experienced or novice raters resulted in reproducible measurements of ten-

don thickness, CSA, and echogenicity. Tendon imaging acquisition could be assessed by care

providers with a minimal level of expertise in US devices. Thus, it may be possible to screen

the effects of rehabilitative treatments on tendons.

The evaluation of US image quality through the kappa coefficient allowed us to establish

the dimension of agreement beyond that expected by chance [37]. Agreement by chance can

be demonstrated as gross agreement (% agreement in Table 2). For the distal patellar, there

was a coincidence in the classification of 90% of the images acquired by different raters. How-

ever, this fact did not suggest statistical significance for the purpose of agreement analysis (is

not a true agreement). It was observed that the statistically significant agreement was classified

as moderate, reaching values of perfect agreement (κ = 1.0).

The inter-rater agreement on image quality showed that the middle region of the patellar

tendon was the easiest region to obtain good quality images. However, the tendon distal region

did not show statistical significance. The tendon borders in the distal region were more diffi-

cult to visualize, probably because of the tibial tuberosity. Coupling the US transducer to a

prominent and rigid region at the extremities of the bones would have impaired complete

image capture of the entire structure, possibly causing the borders to be unclear. Interestingly,

the lowest agreement data were found for the quadriceps tendon. Tendon borders are less evi-

dent in the US images compared to patellar images. This may cause inconsistency in the classi-

fication of the image as being of good quality. Recently, the delimitation of the quadriceps

tendon image was confirmed in the ultrasound image [30]. Despite being a crucial tendon for

Table 2. Agreement between the quality of records acquired by two independent raters.

Ultrasound Images Experienced vs Novice

Image Tendons Regions Kappa 95% CI % Agreement

1st record Patellar Proximal 1.000 [1.000,1.000] 100.00%

Middle Kappa could not be computed�

Distal 0.643 [0.006,1.000] 95.00%

Quadriceps Proximal 0.306 [-1.139,0.750] 75.00%

2nd record Patellar Proximal 1.000 [1.000,1.000] 100.00%

Middle Kappa could not be computed�

Distal -0.053 [-0.125,0.020] 90.00%

Quadriceps Proximal 0.571 [1.142,1.000] 85.00%

The experienced rater expressed its opinion (good or bad image) on the first (1st) and second (2nd) records. The asterisk (�) indicates the condition when the kappa

could not be computed as all records were classified as good. Abbreviation: vs–versus.

https://doi.org/10.1371/journal.pone.0219057.t002
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the knee extensor mechanism, this type of evaluation is still incipient, and improvement and

familiarization with this method could result in greater consistency of image acquisition.

The ICC values of the patellar and quadriceps tendons for thickness, CSA and echogenicity

reached a degree of correlation classified as "almost complete", even considering the novice

rater. These data are in agreement with previous studies that analyzed the thickness and CSA

by US in individuals with orthopedic lesions in the outpatient setting [19–22,26]. However, no

studies have assessed tendon reliability in highly complex treatment ICU settings. Ekizos et al.

[27] stated that US is not a reliable instrument for measuring the CSA of the patellar tendon of

Fig 2. Patellar tendon–Intra-rater Reliability (1st vs 2nd records). Bland-Altman plots of the intra-rater comparison

between first (1st) and second (2nd) repeated records of the thickness (A and B), cross-sectional area (CSA, C and D),

and echogenicity (E and F) taken on the patellar tendon. The images taken by the experienced rater are in the left

column (A, C, and E) and plotted by white circles, whereas those taken by the novice rater are in the right column (B,

D, and F) and plotted by black circles. Besides the zero lines, the bias line and random error lines showing the 95%

limits of agreement are represented by dashed lines.

https://doi.org/10.1371/journal.pone.0219057.g002
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healthy young individuals. This discrepancy with our results can be justified by the different

methods used for image acquisition. That study used the origin and insertion of the tendon

(stable and easily visible points on the US), as well as the median (midway between the origin

and insertion) and compared patellar tendon regions separately. In our study, the CSA was the

average of three well-defined regions (25%, 50%, and 75% of tendon length) as previously pro-

posed [6,31,38].

The Bland-Altman analysis showed that both repeated measures by the raters (intra-rater)

and the repeated single and double measures between the raters (inter-rater) presented a

Fig 3. Quadriceps tendon–Intra-rater Reliability (1st vs 2nd records). Bland-Altman plots of the intra-rater

comparison between first (1st) and second (2nd) repeated records of the thickness (A and B), cross-sectional area (CSA,

C and D), and echogenicity (E and F) taken on the quadriceps tendon. The images taken by the experienced rater are

in the left column (A, C, and E) and plotted by white circles, whereas those taken by the novice rater are in the right

column (B, D, and F) and plotted by black circles. Besides the zero lines, the bias line and random error lines showing

the 95% limits of agreement are represented by dashed lines.

https://doi.org/10.1371/journal.pone.0219057.g003
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predominant pattern of random variability. As the measurements were highly associated and

limits of agreement (LOA) were small, the error was insignificant for most variables in both

the patellar tendon and quadriceps tendon. This small error in repeated measures was

described as a random type error associated with the A2 model of the B & A plot proposed by

David and Giavarina [39]. In addition, there is no specific reason that can lead to this type of

error.

Interestingly, intra-rater reliability seems to have a constant error in 3 groups of patients (5,

3, and 2 patients) and no error in 5 patients. The cases aligned in Fig 2B was named as the

patient group. However, as the measures showed very high correlation (ICC 0.97), it is possible

Fig 4. Patellar tendon–Inter-rater Reliability (experienced vs novice). Bland-Altman plots of the inter-rater

comparison between repeated measures taken by experienced and novice raters, of the thickness (A and B), cross-

sectional area (CSA, C and D), and echogenicity (E and F) on the patellar tendon. The single and double measures are

respectively in the left (A, C, and E) and (B, D and F) right columns and plotted by white and black circles. Besides the

zero lines, the bias line and random error lines showing the 95% limits of agreement are represented by dashed lines.

https://doi.org/10.1371/journal.pone.0219057.g004
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to suggest that there is no specific reason to induce this type of error, i.e., these results are asso-

ciated with a random error. The quadriceps tendon was also an example of random error with

almost complete ICC (Fig 3 - graphs A and B). It seems that the novice examiner chose the

visual references for thickness and did not change this parameter due to the smaller LOA

amplitude, in contrast to the experienced rater.

Unexpectedly, slightly lower ICC values were found for the experienced rater compared to

the novice considering quadriceps tendon. The average time of examination by the novice

rater was practically 3 times longer that of the experienced rater (7min vs. 2.5min), and it is

possible to suggest that the longer time spent on image acquisition the better the image quality,

Fig 5. Quadriceps tendon–Inter-rater Reliability (experienced vs novice). Bland-Altman plots of the inter-rater

comparison between repeated images taken by experienced and novice raters, of the thickness (A and B), cross-

sectional area (CSA, C and D), and echogenicity (E and F) on the quadriceps tendon. The single and double measures

are respectively in the left (A, C, and E) and (B, D, and F) right columns and plotted by white and black circles. Besides

the zero line, the bias line and random error lines forming the 95% limits of agreement are presented by dashed lines.

https://doi.org/10.1371/journal.pone.0219057.g005
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implying more reliable quantification of the structure. In contrast, it was not surprising not

found statistically significance in some single inter-rater condition. This could be due to the

bias of inherent variability in different raters, which has been described previously [38,39].

It is important to note that there was no statistically significant when only one measure was

used for some measurements (Figs 4 and 5). However, thickness, CSA, and echogenicity raw

values did not show any significant differences. The greatest difference between absolute inter-

examiner values was approximately 10% for the echogenicity measure (Table 1). Probably, this

small difference did not reflect any significant clinical repercussion. In fact, echogenicity repre-

sents the tendon by a gray scale where black color is no wave reflection and white color refers

to total wave reflection. Anisotropy is an artefact and occurs when organized fibrils may reflect

a majority of the insonating sound beam in a direction away from the transducer. This will

cause the tendon to change from brightly hyperechoic to darkly hypoechoic [12]. To prevent

this unwanted effect, the ultrasound probe should be positioned perpendicular to the structure

being imaged [13]. Since the images were blindly acquired by two raters, it is likely that the

angulation of the transducer used in the evaluation was not exactly the same. Thus, there may

be some discrepancy in the results of echogenicity. However, it is emphasized that a high cor-

relation was found for echogenicity probably because it was used a well-defined and standard-

ized acquisition protocol. This find is in agreement with another study performed on muscle

[10].

To our knowledge, this is the first study on US reliability of the quadriceps tendon in criti-

cally ill patients. We found studies that confirmed the validity of the instrument for the diag-

nosis of traumatic injury [40,41], and established the dimensions of the tendon in immature

patients [34], as well as a review study on the sonographic image of the quadriceps tendon

[12]. The instrument’s ability to reproduce data should attest the use of this tool in both scien-

tific and clinical research. Therefore, this study is the initial step to disseminating the use of US

for serial evaluations of the quadriceps tendon in an intensive care setting.

Study limitations

Further studies should develop strategies or devices to better understand the uniqueness of the

US assessment. For example, reliability of the marking procedure itself (e.g., joint position)

and determining image settings (e.g., depth/gain, transducer type) are still potential uninti-

mated sources of error at the bedside. Besides, it should be noted that these results are applica-

ble in the context of detecting longitudinal changes (where the same landmark is used over

time). Further studies are required to determine the reproducibility of single time cross-sec-

tional analysis, which involves the placement of a new landmark.

Conclusions

Ultrasound imaging acquisition measures taken by independent raters for tendon thickness,

CSA, and echogenicity monitoring of critically ill patients are acceptable and not influenced by

rater experience. It may be important to take time for image acquisition to increase

reproducibility.
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2. Hernández-Socorro CR, Saavedra P, López-Fernández JC R-SS. Assessment of Muscle Wasting in

Long-Stay ICU Patients Using a New Ultrasound Protocol. Nutrients. 2018; 10(12).

3. Silva PE, Maldaner V, Vieira L, de Carvalho KL, Gomes H, Melo P, et al. Neuromuscular electrophysio-

logical disorders and muscle atrophy in mechanically-ventilated traumatic brain injury patients: New

insights from a prospective observational study. J Crit Care. 2018; 44:87–94. https://doi.org/10.1016/j.

jcrc.2017.10.026 PMID: 29078131

4. Zhang P, Hamamura K, Yokota H. A Brief Review of Bone Adaptation to Unloading. Vol. 6, Genomics,

Proteomics and Bioinformatics. 2008. p. 4–7. https://doi.org/10.1016/S1672-0229(08)60016-9 PMID:

18558381

5. Reeves ND, Maganaris CN, Ferretti G, Narici M V. Influence of 90-day simulated microgravity on

human tendon mechanical properties and the effect of resistive countermeasures. J Appl Physiol. 2005;

98(6):2278–86. https://doi.org/10.1152/japplphysiol.01266.2004 PMID: 15705722

6. Maganaris CN, Reeves ND, Rittweger J, Sargeant AJ, Jones DA, Gerrits K, et al. Adaptive response of

human tendon to paralysis. Muscle and Nerve. 2006; 33(1):85–92. https://doi.org/10.1002/mus.20441

PMID: 16216011

7. Reeves ND. Adaptation of the tendon to mechanical usage. J Musculoskelet Neuronal Interact. 2006; 6

(2):174–80. PMID: 16849829

8. Carroll CC, Dickinson JM, Haus JM, Lee G a, Hollon CJ, Aagaard P, et al. Influence of aging on the in

vivo properties of human patellar tendon. J Appl Physiol. 2008; 105(6):1907–15. https://doi.org/10.

1152/japplphysiol.00059.2008 PMID: 18927271

9. Heinemeier KM, Kjaer M. In vivo investigation of tendon responses to mechanical loading. Vol. 11,

Journal of Musculoskeletal Neuronal Interactions. 2011. p. 115–23. PMID: 21625048

10. Parry SM, El-Ansary D, Cartwright MS, Sarwal A, Berney S, Koopman R, et al. Ultrasonography in the

intensive care setting can be used to detect changes in the quality and quantity of muscle and is related

to muscle strength and function. J Crit Care. 2015; 30(5):1151.e9–1151.e14.

11. Weinreb JH, Sheth C, Apostolakos J, McCarthy M-B, Barden B, Cote MP, et al. Tendon structure, dis-

ease, and imaging. Muscles Ligaments Tendons J [Internet]. 2014; 4(1):66–73. Available from: http://

www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4049653&tool=pmcentrez&rendertype=abstract

PMID: 24932450

Ultrasonographic tendon reproducibility in critically ill patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0219057 June 27, 2019 13 / 15

https://doi.org/10.4103/ijccm.IJCCM_394_18
https://doi.org/10.4103/ijccm.IJCCM_394_18
http://www.ncbi.nlm.nih.gov/pubmed/30598564
https://doi.org/10.1016/j.jcrc.2017.10.026
https://doi.org/10.1016/j.jcrc.2017.10.026
http://www.ncbi.nlm.nih.gov/pubmed/29078131
https://doi.org/10.1016/S1672-0229(08)60016-9
http://www.ncbi.nlm.nih.gov/pubmed/18558381
https://doi.org/10.1152/japplphysiol.01266.2004
http://www.ncbi.nlm.nih.gov/pubmed/15705722
https://doi.org/10.1002/mus.20441
http://www.ncbi.nlm.nih.gov/pubmed/16216011
http://www.ncbi.nlm.nih.gov/pubmed/16849829
https://doi.org/10.1152/japplphysiol.00059.2008
https://doi.org/10.1152/japplphysiol.00059.2008
http://www.ncbi.nlm.nih.gov/pubmed/18927271
http://www.ncbi.nlm.nih.gov/pubmed/21625048
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4049653&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4049653&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/24932450
https://doi.org/10.1371/journal.pone.0219057


12. Alves TI, Girish G, Kalume Brigido M, Jacobson JA. US of the Knee: Scanning Techniques, Pitfalls, and

Pathologic Conditions. RadioGraphics [Internet]. 2016; 36(6):1759–75. Available from: https://doi.org/

10.1148/rg.2016160019 PMID: 27726755

13. De Maeseneer M, Marcelis S, Boulet C, Kichouh M, Shahabpour M, De Mey J, et al. Ultrasound of the

knee with emphasis on the detailed anatomy of anterior, medial, and lateral structures. Vol. 43, Skeletal

Radiology. 2014. p. 1025–39. https://doi.org/10.1007/s00256-014-1841-6 PMID: 24622925

14. Henderson REA, Walker BF, Young KJ. The accuracy of diagnostic ultrasound imaging for musculo-

skeletal soft tissue pathology of the extremities: a comprehensive review of the literature. Chiropr Man

Therap [Internet]. 2015; 23:31. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?

artid=4634582&tool=pmcentrez&rendertype=abstract https://doi.org/10.1186/s12998-015-0076-5

PMID: 26543553

15. Bianchi S, Zwass A, Abdelwahab IF, Banderali A. Diagnosis of tears of the quadriceps tendon of the

knee: Value of sonography. Am J Roentgenol. 1994; 162(5):1137–40.

16. Mourtzakis M, Wischmeyer P. Bedside ultrasound measurement of skeletal muscle. Curr Opin Clin Nutr

Metab Care [Internet]. 2014; 17(5):389–95. Available from: http://www.ncbi.nlm.nih.gov/pubmed/

25023190 https://doi.org/10.1097/MCO.0000000000000088 PMID: 25023190

17. Chauvin NA, Ho-Fung V, Jaramillo D, Edgar JC, Weiss PF. Ultrasound of the joints and entheses in

healthy children. Pediatr Radiol. 2015 Aug; 45(9):1344–54. https://doi.org/10.1007/s00247-015-3313-0

PMID: 25744571

18. O’Connor PJ, Grainger AJ, Morgan SR, Smith KL, Waterton JC, Nash AF. Ultrasound assessment of

tendons in asymptomatic volunteers: A study of reproducibility. Eur Radiol. 2004; 14(11):1968–73.

https://doi.org/10.1007/s00330-004-2448-4 PMID: 15309497

19. Dudley-Javoroski S, McMullen T, Borgwardt MR, Peranich LM, Shields RK. Reliability and Responsive-

ness of Musculoskeletal Ultrasound in Subjects with and without Spinal Cord Injury. Ultrasound Med

Biol. 2010; 36(10):1594–607. https://doi.org/10.1016/j.ultrasmedbio.2010.07.019 PMID: 20800961

20. Gellhorn AC, Carlson MJ. Inter-Rater, Intra-Rater, and Inter-Machine Reliability of Quantitative Ultra-

sound Measurements of the Patellar Tendon. Ultrasound Med Biol. 2013; 39(5):791–6. https://doi.org/

10.1016/j.ultrasmedbio.2012.12.001 PMID: 23465140
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