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Abstract—The aim of this research was to investigate the use of shear wave elastography as a novel tool to quan-
tify and visualize scar stiffness after a burn. Increased scar stiffness is indicative of pathologic scarring which is
associated with persistent pain, chronic itch and restricted range of movement. Fifty-five participants with a total
of 96 scars and 69 contralateral normal skin sites were evaluated. A unique protocol was developed to enable
imaging of the raised and uneven burn scars. Intra-rater and inter-rater reliability was excellent (intra-class cor-
relation coefficient >0.97), and test�retest reliability was good (intra-class correlation coefficient >0.85). Shear
wave elastography was able to differentiate between normal skin, pathologic scars and non-pathologic scars,
with preliminary cutoff values identified. Significant correlations were found between shear wave velocity and
subjective clinical scar assessment (r = 0.66). Shear wave elastography was able to provide unique information
associated with pathologic scarring and shows promise as a clinical assessment and research tool. (E-mail:
info@perthspc.com.au) © 2020 The Author(s). Published by Elsevier Inc. on behalf of World Federation for
Ultrasound in Medicine & Biology. This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Key Words: Elastography, Shear wave elastography, 2-D shear wave elastography, Objective scar assessment,
Burn, Scar pliability, Reliability.

INTRODUCTION

Scars form as part of the healing process after injury, sur-

gery or disease (Ferguson and O’Kane 2004). Compared

with normal tissue, scars can develop increased stiffness

and thickness and reduced extensibility, which are often

associated with chronic pain (Browne et al. 2011), psy-

chological distress and movement restrictions (DeJong

et al. 2017b). Scars are also associated with an increased

risk of cancer (Duke et al. 2012, 2014; Kallini et al.

2015), organ dysregulation (Hinz 2015) and a wide range

of systemic complications (Fear and Wood 2018; Barrett

et al. 2019). Historically, increased scar stiffness was

considered to be an end product of overzealous wound

healing (Ferguson and O’Kane 2004). However, it is

now recognized that increased scar stiffness is a dynamic

component of a self-perpetuating fibrotic cycle underpin-

ning pathologic scar formation (Hinz 2015). This cycle

begins early in wound healing, long before it is clinically

palpable, and can remain active for many years after

injury. Various therapies can modify the process, with

early interventions considered more effective than the

treatment of mature scars (Ferguson and O’Kane 2004;

Walraven and Hinz 2018). Current tools for clinical

assessment of scar stiffness are inadequate and rely on
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subjective palpation. Therefore, a method for quantify-

ing scar stiffness is required to help identify pre-clinical

scar stiffness so targeted early interventions can be initi-

ated and treatment effects evaluated. Furthermore, objec-

tive clinical assessment tools are required to investigate

the relationship between scar stiffness and the pathologic

pathways associated with fibrosis so novel treatments

can be developed to improve scar outcome.

Ultrasound imaging is a reliable method of evaluating

the structural architecture of the skin in a range of cutaneous

conditions including burns (Wang et al. 2010; Li et al. 2013;

Simons et al. 2017), systemic sclerosis (Hesselstrand et al.

2008; Santiago et al. 2016) and skin cancer (Mandava et al.

2013; Wortsman 2018). Ultrasound is clinically accessible,

relatively low cost, tolerable and, with appropriate training,

easy to use. An adjunct to standard B-mode ultrasound is

elastography, which measures the mechanical properties of

tissues (Bamber et al. 2013; Dietrich et al. 2017) and pro-

vides color-coded images (elastogram) to visualize tissue

stiffness in depth sections. Developed in the 1990s (Ophir

et al. 1991; Sarvazyan et al. 1998), elastography has been

widely used to image liver (Ferraioli et al. 2015), breast

(Barr et al. 2015) and musculoskeletal disorders (Creze

et al. 2018); however, it is relatively new to dermatology.

An initial study evaluating two keloid (raised, patho-

logic) scars revealed differences in stiffness between the

immature and mature scars (Aya et al. 2014). A method

known as strain elastography, in which the operator applies

a manual compression force on the tissues with a probe,

was used (DeJong et al. 2017a). This method is user depen-

dent and provides a qualitative method of assessment

(Bamber et al. 2013). A later study by the same group using

shear wave elastography (SWE) presented three case stud-

ies illustrating correlations between the elastogram and his-

tology of keloid scars (Aya et al. 2015). The main

difference in the technology is that SWE uses an acoustic

radiation force (ARF) generated from within the ultrasound

transducer itself, rather than a force generated manually by

the operator. The tissue displacement from the ARF gener-

ates shear waves that propagate away from the force and

are tracked by multiple imaging beams, providing a mea-

surement of shear wave speed (SWS), which is less user

dependent (Lee et al. 2015). SWE has also been used to

evaluate skin stiffness associated with systemic sclerosis

(Lee et al. 2015; Santiago et al. 2016; Wang et al. 2017;

Yang et al. 2019) and normal skin (Yang et al. 2018).

Previous reliability studies using SWE in skin and

skin conditions have been variable, exhibiting moderate to

excellent reliability in normal skin (Sun et al. 2017; Xiang

et al. 2017) and poor to excellent reliability in evaluation of

systemic sclerosis (Santiago et al. 2016). SWE reliability in

superficial tissues may be influenced by transducer pressure

on the skin, which can cause localized pre-stress and high

artifactual SWS (Bamber et al. 2013; S�aftoiu et al. 2019).

“Copious amounts of gel” have been used to minimize this

risk (Liu et al. 2015; Botar-Jid et al. 2016; Santiago et al.

2016; Wang et al. 2017; Yang et al. 2018, 2019); however,

this may affect the depth of the B-mode focal zone within

the displayed field of view. The depth of the focal zone has

been reported to influence SWS (Chang et al. 2013; Shin

et al. 2016; Palmeri et al. 2017). Semisolid standoffs, rang-

ing in thickness from 2�10 mm, have also been used in

cutaneous elastography (Canna�o et al. 2014; Morris et al.

2018). This allows the operator to place the SWE elasto-

gram over the most superfical component of the area of

interest.

The main aim of this research was to evaluate the use

of SWE as a novel tool to evaluate burn scars in adults.

However, scars raised above the surface of the skin provide

an additional challenge to obtaining quality images. Imag-

ing uneven skin surfaces has been found to generate large

acoustic reflections, wave distortions (Hu et al. 2018) and

spurious stiffness (Bhatia et al. 2012a, 2012b). Further-

more, small changes in probe position, or “probe drift,”

will create variable measurements in repeat images because

of scar variability (Nedelec et al. 2008). As a result of these

imaging challenges, a novel standoff was developed to

acquire elastograms of burn scars. Therefore, reliability for

the novel standoff was evaluated first, and then the use of

SWE to discriminate between normal skin, non-pathologic

scars and pathologic scars was evaluated

METHODS

A cross-sectional pilot study was designed to evalu-

ate both the reliability and ability of SWE to discrimi-

nate between skin and scars. The study was approved by

the South Metropolitan Health Services Ethics Commit-

tee (EC00265) in Western Australia.

Participants were recruited from the Burns Outpatient

Clinic at Fiona Stanley Hospital, Perth, Western Australia.

Participants aged �18 y with at least one scar undergoing

active treatment were invited to participate. Participants

were excluded if they were being treated for open wounds,

were not able to provide written consent because of psycho-

logical, cognitive or language barriers or had a pre-existing

dermatologic condition, (e.g., dermatitis, eczema and psoria-

sis). In addition, participants were excluded if they were less

than 6 wk post-injury or less than 6 wk post-secondary surgi-

cal intervention, (e.g., laser, z-plasty or steroid injection).

Personnel

Three raters were involved in this study. Rater 1 (H.D.)

was a senior occupational therapist with more than 20 y of

experience in the assessment and treatment of scars, but

was a novice to SWE. Rater 1 received approximately 10 h

of training in the use of SWE by raters 2 and 3. Subjective

scar assessments were conducted by rater 1 before SWE

SWE assessment of scar stiffness � H. DEJONG et al. 1615



assessment. Rater 2 (S.A.) was a senior sonographer with

more than 10 y of experience in sonography and 5 y of

experience using elastography. Rater 3 (Ma.Z.) was a senior

sonographer with more than 31 y of experience in sonogra-

phy and 11 y of experience using elastography.

Subjective scar assessment

Scars were assessed subjectively using the Vancou-

ver Scar Scale (VSS) (Baryza and Baryza 1995), which

is a validated scar assessment tool (Table 1) (Gankande

et al. 2013; Thompson et al. 2015). The VSS is used to

evaluate four clinical characteristics of scarring: Vascu-

larity, Pigmentation, Pliability and Height (van der Wal

et al. 2014). Each scar characteristic is considered inde-

pendent so only the VSS Height and Pliability scores

were evaluated in this study. Some scars after a burn

may return to “normal” height and/or stiffness, scoring

‘0’ in either or both of the VSS Height and Pliability cat-

egories. Therefore, a VSS score �1 in either the Height

or Pliability category represents clinically detected path-

ophysiology, with a Height score �1 indicating a hyper-

trophic scar (Thompson et al. 2015).

Elastography

An ACUSON S3000 ultrasound system (Siemens

Heathineers Pty Ltd, Australia and New Zealand) with a 9

L4 linear transducer was used in this study. In the Virtual

Touch IQ elastography mode, a sequence of ARF push

pulses ranging from 4.00�5.71 MHz are sent to a specific

region of interest (ROI) in the tissue. The push pulses cause

tissue displacement on the order of 1�10 mm and generate

shear waves that propagate orthogonal to the push pulse.

Multiple detection beams follow the push pulses to capture

the SWS. A color-coded, static 2-D SWEmap (elastogram)

is overlaid on the B-mode ultrasound image to visualize tis-

sue stiffness (Fig. 1b), whereby each color pixel represents

the estimated SWS at that location. Red pixels represent

stiffer regions, and blue pixels represent softer regions.

Built-in software provides a quality map ensuring the shear

wave was of sufficient magnitude with adequate signal-to-

noise ratio. Sampling boxes (1.5 mm2) are then placed onto

the images to obtain a quantitative measurement of SWS

(Fig. 1c), reported in meters per second. SWS correlates to

tissue stiffness, with higher speeds indicating stiffer tissue.

In addition, shear modulus measurements are calculated

from the SWS by in-built software, providing an estimate

of tissue elasticity reported in kiloPascals. Although well-

established principles and equations are used to estimate

shear modulus (Lee et al. 2015; Dietrich et al. 2017;

O’Hara et al. 2019), the equation relating SWS to shear

modulus employs a number of assumptions regarding the

tissues, for example, homogeneity, isotropy and pure shear

wave propagation, which have not been fully tested on the

skin (Bamber et al. 2013; Dietrich et al. 2017). As such, in

line with a precedent in the field (Bamber et al. 2013; Lee

et al. 2015; Luo et al. 2015), statistical analysis was per-

formed using SWS, as this is the actual measured parame-

ter. The converted shear modulus is still presented in the

results for comparative purposes.

The novel standoff

A custom-made standoff (Fig. 2) was fabricated to

deal with the uneven topography of the scar surface and

prevent probe drift. In essence, a semisolid standoff with

a central cutout section was developed to contain the

transmission gel. The “gel well” was made from a two-

part silicone elastomer (Elastosil P7676, Wacker Chemie

AG, Germany). The elastomer resin and cross-linker

were mixed in equal parts before being poured into a

40£ 20£ 10-mm 3-D printed mold of the gel well. The

mold, designed using SolidWorks (Dassault Syst�ems,

France), featured a 30£ 10£ 10-mm cutaway at the

center of the gel well, which was used to contain the

transmission gel and was designed to fit the base of the 9

L4 probe. An oven was used to cure the silicone in the

mold at 70˚C for 30 min before the gel well was

removed. The gel well had a Young’s modulus of 16 kPa

and so was compliant enough to conform to the contours

of the body. The 10-mm thickness ensured the skin/scar

was maintained within the focal zone (Dillman et al.

2015), the axial compression forces from the probe were

minimal and good coupling was maintained with the

uneven surface of raised scars.

Table 1. Modified Vancouver Scar Scale (Baryza and Baryza
1995)

Skin characteristic Parameter

Pliability
0 Normal
1 Supple
2 Yielding
3 Firm
4 Banding
5 Contracture
Height
0 Normal-flat
1 >0 to 1 mm
2 >1 to 2 mm
3 >2 to 4 mm
4 >4 mm
Vascularity
0 Normal
1 Pink
2 Red
3 Purple
Pigmentation
0 Normal
1 Hypo-pigmentation
2 Mixed pigmentation
3 Hyper-pigmentation

1616 Ultrasound in Medicine & Biology Volume 46, Number 7, 2020



Fig. 1. Shear wave elastography. (a) Ultrasound image of a 12-mo-old scar resulting from a deep partial-thickness flame
burn on the thigh of a 57-y-old man. The scar was flat and had a Vancouver Scar Scale Pliability score of 2. (b) Associ-
ated elastogram. (c) Associated elastogram with 10 sampling boxes positioned to capture the shear wave speed of the

scar.

SWE assessment of scar stiffness � H. DEJONG et al. 1617



Fig. 2. The novel “gel well” standoff. (a) A diagram outlining the dimensions of the gel well. (b) Image of the silicon gel
well placed over a scar. (c) Transmission gel being poured into the centre of the gel well. (d) The ultrasound probe posi-
tioned on the gel well, held perpendicular to the scar with minimal pressure. (e) The probe positioned over the scar at a

different angle. (f) Resultant ultrasound image. (g) Resultant elastogram. SA = subcutaneous adipose tissue.

1618 Ultrasound in Medicine & Biology Volume 46, Number 7, 2020



Procedure

Participants meeting the inclusion criteria were

recruited by rater 1. Informed, written consent was

obtained, and scar sites were identified. Up to three dis-

crete scar sites and three contralateral normal skin sites

(controls) were evaluated. A previous SWE study had

reported that contralateral skin sites are suitable to act as

controls for skin conditions, illustrating minimal differ-

ences between the two sides (Xiang et al. 2017). In some

instances, a control site could not be evaluated because

of bilateral burns or previous injury on the contralateral

side. The scar sites were 30£ 10 mm, the same size as

the skin contact region of the elastography probe. Scar

sites were chosen to provide a variety of scar severities,

so that the capacity of SWE to evaluate different levels

of scarring could be assessed. The VSS was completed

for each scar site before both ultrasound and elastogra-

phy. The participant was positioned on a hospital bed in

a temperature-controlled room (22˚C). The body was

positioned so the scar was horizontal, and the surround-

ing joints were placed in a position to minimize tension/

stretch on the scar. The position of the control site mir-

rored the scar position.

The gel well was placed over the scar and filled

with transmission gel. The transducer was placed gently

on top, held perpendicular to the skin with only minimal

pressure applied. The system was switched to elastogra-

phy mode. The penetration depth was set to 30 mm and

the elastography ROI was 20£ 25 mm. The elastogra-

phy ROI was set to ensure that the epidermis and subcu-

taneous adipose tissue were both clearly captured. The

velocity display scale was set at 0.5 to 6.5 m/s; however,

it was adjusted to 10 m/s when tissues were extremely

stiff and SWS exceeded 6.5 m/s. This does not alter the

SWS, only the visual display.

An ultrasound image was acquired, ensuring a

clearly defined entry echo was visible. The sonogram

was evaluated for artifact and then archived. The elasto-

gram was then acquired, ensuring the probe was held

steady and the participant was relaxed and stable. The

elastogram was evaluated for artifact, sampling boxes

were inserted and the image was saved. Because the elas-

tograms are not visualized until after acquisition, up to

five elastograms were acquired if required, to obtain

three elastograms with minimal artifact.

Objective measurement protocol

Manual placement of the sampling boxes within the

elastogram was completed by the rater after image acqui-

sition. Initially five boxes were placed underneath the

epidermal entry echo, and five boxes directly below

within the subcutaneous adipose, to capture objective

measurements of both tissues. However, the elastograms

of scar tissue revealed a high level of heterogeneity, and

therefore, the five measurement boxes could inadver-

tently be placed to avoid or include stiffer areas. The

protocol was adjusted so that the ROI could fit 10 sam-

pling boxes at approximately equal distances from each

other, ensuring the horizontal box tails were either

touching or were vertically aligned (Fig. 1c). The 10

sampling boxes were placed underneath the epidermal

entry echo only, thereby reducing rater bias and captur-

ing the variability of the scar stiffness within the ROI.

This change was made before evaluating reliability.

Reliability testing

Intra-rater, inter-rater and test�retest reliability

were evaluated. Intra-rater reliability evaluated the con-

sistency among three consecutive images acquired at

each site by each rater. Inter-rater reliability evaluated

the level of agreement between the two raters whereby

rater 2 entered the room after image acquisition by rater

1. The scars were already covered by the gel-filled well;

therefore, rater 2 was blinded to the scar underneath. In

addition, rater 2 was blind to the elastograms and veloc-

ity measurements acquired by rater 1. Rater 2 followed

the same imaging protocol as rater 1.

Test�retest reliability evaluated the repeatability of

measurements taken by rater 1 at two different time

points. At time point 1, before taking any images, rater 1

took a tracing of the scar and the gel well position, not-

ing significant landmarks so the scar could be relocated

at time point 2. The assessments at time point 2 were

made within 10 d for scars that were more than 3 mo

after the injury, and within 5 d for scars less than 3 mo

after the injury, to maximize patient participation while

minimizing the likelihood of change in scar tissue. At

retest, rater 1 was blinded to the images and velocity

measurements taken at time point 1.

Statistical analysis

Analysis was completed with Stata Edition 14.0

(StataCorp LP, 2015) using the mean velocity measure-

ments (SWS).

Reliability was tested using the intra-class correla-

tion coefficient (ICC) of the mean SWS. Interpretations

of ICC values are summarized in Table 2 (Koo and Li

2016). It is recommended that the ICC should have a

value of at least 0.90 for clinical use (Trevethan 2017)

Table 2. ICC interpretation (Koo and Li 2016)

ICC Reliability

<0.5 Poor
0.5�0.75 Moderate
0.75�0.9 Good
>0.9 Excellent

ICC = intra-class correlation coefficient.

SWE assessment of scar stiffness � H. DEJONG et al. 1619



and at least 0.7 for research (Simons et al. 2017). To

evaluate intra-rater reliability, ICC estimates and their

95% confidence intervals (CIs) were calculated based on

the mean SWS (k = 3) using an absolute agreement, two-

way mixed effects model. The ICC was calculated using

the SWS of all elastograms taken at both time points. To

evaluate inter-rater reliability, ICC estimates and their

95% CIs were calculated based on the mean SWS (k = 2)

of the first elastogram for each site, from both raters 1

and 2, using an absolute agreement, two-way random

effects model. Test�retest reliability was calculated

using the mean SWS of the first elastogram of each site

at the two different time points. The ICC estimates and

their 95% CIs were calculated using an absolute agree-

ment, two-way mixed effects model.

The following analyses were conducted using the

mean SWS of the first elastogram of each site, taken by

rater 1, as the intra-rater reliability was excellent

(detailed in results), indicating only one measurement

was required. Descriptive statistics were used to calcu-

late the mean and standard deviation of scars and con-

trols. Boxplots were used to compare the median SWSs

of controls with those of scars. The velocity data were

inversely transformed to approximate a normal distribu-

tion; then linear regression and back transformation

were used to estimate the difference in mean velocity

between scars and controls.

Boxplots were used to evaluate the median SWS

between the different VSS Height and VSS Pliability

categories. To determine if there was an association

between SWS and VSS scores two separate linear regres-

sion models were developed, one for VSS height and one

for VSS pliability. The transformed SWS data were used

as the independent variable and the VSS scores were the

dependent variables in each model. A VSS score of 1

was used as the reference value to determine if the pre-

dicted mean SWSs were associated with each of the VSS

categories and controls. Back-transformation to the orig-

inal scale was conducted to calculate the predicted mean

and standard errors.

Receiver operating characteristic (ROC) curve anal-

ysis was used to estimate the optimal SWS cutoff value

that might be able to discriminate between normal skin,

scars and pathologic scars. ROC curves were constructed

for controls/scars, VSS Height score 1 and VSS Pliabil-

ity score 1. The areas under the curves (AUCs) were

evaluated, and the SWS value was chosen by maximiz-

ing the Youden index (J = sensitivity + specificity � 1),

which maximizes the sensitivity and specificity (Thomp-

son et al. 2015).

To assess if SWE could be used to estimate scar

severity, the correlations between mean SWS and the

VSS height score and the VSS pliability score were eval-

uated with Spearman’s rank correlation coefficient.

Spearman r values between 0.9 and 1 (�0.9 to �1) indi-

cate a very high correlation, those from 0.7 to 0.9 (�0.7

to �0.9) a high correlation, those from 0.5 to 0.7 (�0.5

to �0.7) a moderate correlation and those below 0.5

(above �0.5) a low correlation (Mukaka 2012).

RESULTS

Fifty-five participants were recruited for this study,

providing a total of 96 scars and 69 contralateral con-

trols. The first 20 participants were excluded from statis-

tical analysis because of the initial issues experienced

with inconsistent imaging and the subsequent modifica-

tions made to the standoff and imaging protocol. Table 3

outlines the demographic characteristics of the remain-

ing 35 participants, which included 61 scar sites, 45

(74%) of which were hypertrophic (VSS score �1), and

50 control sites. All scars resulted from a burn injury.

Table 4 details all the ICC results. In summary, excel-

lent reliability (ICC > 0.93) was achieved for intra-rater,

inter-rater and test�retest reliability of scars and normal

skin combined. The reliability for scars and normal skin

separately were excellent for both intra-rater and inter-rater

reliability (ICC > 0.97). Test�retest reliability was good

for scars (ICC> 0.85) and normal skin (ICC> 0.89).

Scars were on average 0.8 m/s stiffer than controls

(95% CI: 0.5�1.01, p < 0.001). Table 5 summarizes the

means, standard deviations and ranges of SWS for scars

and controls. Boxplots (Fig. 3) highlight the differences

in the medians between scars and controls. A number of

outliers were noted in the boxplots; however, it was

decided to keep them within the analysis as they may

represent significant clinical information. Boxplots were

Table 3. Demographic details of participants in the reliability
study

Demographic Total recruited

No. of participants (scars/controls) 35 (61/50)
Pathologic scar defined as VSS �1 45 (74%)
Gender: male/female 20/15 (43%/57%)
Scar location, n (%)
Upper arm 6 (10%)
Lower arm 9 (15%)
Wrist/hand 6 (10%)
Thigh 14 (23%)
Calf 9 (15%)
Shin 2 (3%)
Ankle/foot 10 (16%)
Chest 2 (3%)
Back 1 (2%)
Abdomen 2 (3%)

Months post-injury, mean (range) 11 (1�39)
Days between TP1 and TP2, mean (range) 5 (1�9)
Age, mean (range) 40 (19�73)
% TBSA, mean (range) 7% (0.25%�30%)

TBSA = total body surface area of the scar; TP = time point;
VSS = Vancouver Scar Scale.
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constructed to compare the median SWSs of controls

with the SWSs of scars separated into the VSS Height

(Fig. 4) and VSS Pliability categories (Fig. 5).

A trend of increasing SWS with increasing VSS

Height was observed, with an average increase of 2.3 m/s

(95% CI: 2.1�2.5) in velocity with each increasing level of

VSS Height. Predicted mean differences in velocity for

each VSS Height are outlined in Table 6. No significant

differences were noted in the SWS between flat scars and

controls and between flat scars and scars raised >4 mm;

however, only three scars in the study were>4 mm.

A trend of increasing SWS with increasing VSS Pli-

ability scores was also observed. On average, the mean

SWS increased 2.3 m/s (95% CI: 2.1�2.4) with each level

of the VSS Pliability score. When each VSS Pliability level

was compared, both yielding (p = 0.002) and firm (p <

0.001) scars were found to have increased velocity com-

pared with normal scars (Table 6). Supple, banding and

contracted scars did not significantly differ from scars with

normal pliability in our small sample size.

ROC analysis (Fig. 6) revealed that the optimal cut-

off point for discriminating hypertrophic scars (VSS

Height score �1) from flat scars and controls was

2.22 m/s (14.48 kPa), with 71% sensitivity, 82% speci-

ficity and an AUC of 0.82. The optimal cutoff SWS for

discriminating clinically assessed reduced pliability

(VSS Pliability score �1) was also 2.22 m/s (14.48 kPa),

with a 70% sensitivity, 88% specificity and AUC of

0.82. The optimal cutoff SWS for discriminating scars

from controls was 2.09 m/s (13.1 kPa) with a 70% sensi-

tivity, 76% specificity and AUC of 0.78.

Spearman’s rho between mean SWS and VSS Pli-

ability was 0.66 (p < 0.001), and that between mean

SWS and VSS Height was 0.47 (p < 0.001).

Subjectively it was observed that in some instances,

tissues below the scar, including the subcutaneous adi-

pose, fascia and muscle, exhibited increased stiffness,

which was not seen in the control tissue (Fig. 7).

DISCUSSION

This study developed a reliable, novel protocol to

evaluate the stiffness of burn scars using SWE. The pro-

tocol had excellent intra-rater reliability for both the

novice clinician and the experienced sonographer and

excellent inter-rater reliability between the two. These

Table 4. Intra-class correlation coefficients for evaluating the
reliability of shear wave speed

Intra-rater reliability

Rater 1 No. of sites Rater 1 ICC (95% CI), p value
Scars 100 0.98 (0.97�0.98), p < 0.001
Normal skin 81 0.98 (0.98�0.99), p < 0.001
Combined 181 0.98 (0.98�0.99), p < 0.001

Rater 2 No. of sites Rater 2 ICC (95% CI), p value
Scars 44 0.98 (0.98�0.99), p < 0.001
Normal skin 35 0.99 (0.99�0.99), p < 0.001
Combined 79 0.99 (0.98�0.99), p < 0.001

Inter-rater reliability

No. of sites ICC (95% CI), p value
Scars 44 0.94 (0.89�0.97), p < 0.001
Normal skin 35 0.98 (0.96�0.99), p < 0.001
Combined 79 0.96 (0.93�0.97), p < 0.001

Test-retest reliability

No. of sites ICC (95% CI), p value
Scars 40 0.92 (0.85�0.96), p < 0.001
Normal skin 31 0.88 (0.76�0.95), p < 0.001
Combined 71 0.93 (0.89�0.96), p < 0.001

CI = confidence interval; ICC = intra-class correlation coefficient.

Table 5. Shear-wave speed and shear modulus of controls and scars

Scar Vancouver Scar Score Number Shear wave Speed (m/s) Shear modulus (kPa)
Mean (SD), range Mean (SD), range

Controls 50 1.93 (0.74), 1.06�4.94 12.93 (12.57), 3.4�73.5
Scars (overall) 61 3.13 (1.63), 1.25�9.37 38.49 (46.46), 4.72�265.51
VSS scar height
0: Flat scar 16 2.27 (0.93), 1.25�4.48 18.20 (16.41), 4.72�61.04
1: 0�1 mm 19 2.83 (1.15), 1.63�5.65 28.79 (26.05), 8.24�97.23
2: 1�2 mm 16 3.44 (1.48), 1.45�5.91 43.11 (33.17), 6.56�107.92
3: 2�4 mm 7 4.65 (2.99), 2.17�9.37 90.36 (105.54), 14.26�265.51
4: >4 mm 3 4.41 (0.51), 4.09�5.01 62.35 (18.05), 51.05�83.17
VSS scar pliability
0: “normal” scar 8 1.82 (0.31), 1.25�2.19 10.29 (3.31), 4.72�14.59
1: Supple 13 2.03 (0.54), 1.56�3.29 13.44 (7.68), 7.42�32.73
2: Yielding 14 3.10 (0.93), 1.42�4.31 31.93 (17.70), 6.56�56.71
3: Firm 24 4.12 (1.97), 1.89�9.37 64.43 (63.37), 10.89�265.51
4: Banding 1 3.01 28.48
5: Contracture 1 4.68 68.64

SD = standard deviation; VSS = Vancouver Scar Scale.
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results indicate that the level of training (10 h) received

by the novice was adequate to acquire images. In addi-

tion, the excellent test�retest reliability indicates that

SWE is suitable for longitudinal studies and repeat clini-

cal scar evaluation.

Overall, burn scars were significantly stiffer than

controls, with preliminary SWS cutoff values identified

to discriminate between normal skin, non-pathologic

scars and pathologic scars. Although hypertrophic scar-

ring is the most common form of pathologic scarring

reported after a burn, the classification of what consti-

tutes a hypertrophic scar is ill-defined and a source of

debate (Thompson et al. 2015). Recent research sug-

gested a raised scar scoring �1 in VSS Height was the

most accurate method of classification (Thompson et al.

2015). The results of the present study support this

Fig. 3. Boxplot revealing the difference between the shear wave speeds of scars and controls.

Fig. 4. Boxplot of the shear wave speeds of controls and scars separated into Vancouver Scar Scale Height score
categories.
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recommendation, suggesting that there is no significant

difference in stiffness between flat scars (VSS

Height = 0) and controls, but significant differences in

stiffness between flat scars and raised scars. Although a

statistical difference was not found between flat scars

and scars raised >4 mm, this was possibly owing to the

small sample size of 3 in this group.

Both the VSS Height �1 and Pliability �1 scores

produced the same SWS cutoff score of 2.22 m/s (14.48

kPa) for pathologic scars. Scar height and pliability are

often correlated (Wallace et al. 2019); however, they can

change independently of each other over the course of

scar formation (Lee et al. 2016). Results of this study

indicate that only 50% of flat (non-pathologic) scars also

had normal pliability as assessed by the VSS (Table 5).

Additionally, all scars with normal pliability had SWSs

below the 2.22 m/s cutoff value, whereas a large range

of SWSs (1.25�4.48 m/s) were noted in flat scars. These

results suggest that some flat scars had pathologic levels

of stiffness. However, there was also a wide range of

SWSs in controls (1.06�4.94 m/s), which contributed to

the lower than desired sensitivity and specificity of the

SWS cutoff values. Similarly, Yang et al. (2019) evalu-

ated 60 healthy controls with SWE and also had a wide

range of shear modulus measurements for normal skin

ranging from 6.9 kPa in the abdomen to 43.8 kPa on the

dorsal middle phalanx of the finger. Skin stiffness is

known to vary with a number of variables including dif-

ferent body locations (Hou et al. 2015; Wang et al. 2019;

Yang et al. 2018, 2019), sex (Yang et al. 2018) and age

(Pawlaczyk et al. 2013), which were not accounted for in

our analysis. These factors may influence the clinical

interpretation of SWS and the diagnosis of pathologic

scars based on SWS levels. Further studies evaluating

the relative difference between matched scars and con-

trols and powered to account for patient variables are

recommended to further evaluate the preliminary cutoff

values obtained in this study.

Both increasing scar height and increasing pliability

scores were associated with increasing SWS, as assessed

with the regression models. This, together with the mod-

erate Spearman correlation between SWS and VSS

Fig. 5. Boxplot of the shear wave speeds of controls and scars separated into Vancouver Scar Scale Pliability score
categories.

Table 6. Predicted difference in mean SWS between the VSS
scores

Predicted difference in
N mean SWS (m/s) 95% CI p Value

VSS Height
Control 50 �0.27 �0.60 to 0.06 0.112
Flat scar 16 Reference — —
0�1 mm 19 0.47 �0.05 to 0.99 0.077
1�2 mm 16 0.83 0.16�1.51 0.016
2�4 mm 4 1.42 0.05�2.79 0.042
>4 mm 3 2.36 �0.96 to 5.68 0.163
VSS Pliability
Control skin 50 �0.02 �0.35 to 0.31 0.909
Normal scar 8 Reference — —
Supple 13 0.16 �0.26 to 0.58 0.445
Yielding 14 1.04 0.38�1.70 0.002
Firm 24 1.60 0.89�2.31 <0.001
Banding 1 1.24 �1.28 to 3.76 0.335
Contracture 1 2.92 �3.16 to 9.00 0.347

CI = confidence interval; SWS = shear wave speed; VSS = Vancou-
ver Scar Scale.
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Fig. 6. Reciever operating characteristic (ROC) curves. (a) ROC curve for determining the cutoff shear wave speed
(SWS) for scars with a Vancouver Scar Scale Height score �1. (b) ROC curve for determining the cutoff SWS for scars

with a Vancouver Scar Scale Pliability score �1. (c) ROC curve for determining the SWS cutoff for controls.
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Pliability (r = 0.65), suggests that SWE has the potential

to quantify the severity of scar stiffness. Hypertrophic

scars slowly increase in stiffness over the first 6�12 mo,

then slowly regresses over the next �2 y (Nedelec et al.

2014; Ghazawi et al. 2018). Non-pathologic scars, on the

other hand, may exhibit early induration, with the stiff-

ness decreasing to normal levels by 1�3 mo post-injury.

The ability to monitor the severity of scar stiffness over

time is essential for developing a better understanding of

the different trajectories of pathologic and non-patho-

logic scar formation and for evaluating treatment effi-

cacy at various time points. Scar pliability at 3 mo post-

injury can predict scar quality at 18 mo post-injury (Goei

et al. 2017). However, scars are well established at 3 mo;

therefore, SWEmay provide an opportunity to develop ear-

lier indictors of pathologic scarring, so earlier intervention

can be implemented. Further research is recommended to

investigate changes in scar SWS over time and investigate

the minimal detectable differences and clinically meaning-

ful differences to further define scar severity.

The VSS Pliability linear regression model revealed

that only scars with a VSS Pliability score of 2 or 3 had

SWSs that were significantly different from those of

scars with normal pliability, whereas scars with a VSS

Pliability score of 1, 4 and 5 were not significantly differ-

ent. Although the small sample size could explain this

finding, another explanation may relate to increased

stiffness of tissues underlying the scar (subcutaneous

adipose, deep fascia and/or muscle), which was observed

in a number of scar elastograms. Long-term sequelae of

a burn injury include reduced range of movement, con-

tracture (Oosterwijk et al. 2017; Schouten et al. 2019)

and musculoskeletal disorders (Barrett et al. 2019),

which can relate to tight, stiff underlying tissue.

Increased stiffness of underlying tissues may influence

the clinician’s perception of the palpable “skin” stiff-

ness, which may not have been captured by only taking

SWS measurements of the skin. However, another possi-

bility is that the increased stiffness of underlying tissue

may generate artifactual SWS in the skin. Increased

SWSs have been recorded in skin located in close prox-

imity to the underlying bone, which could be owing to

high signal reflection off the bone (Hou et al. 2015; Sun

et al. 2017). Further research is recommended to investi-

gate the effects of underlying tissue stiffness on SWS in

the skin and the potential use for evaluating the mechani-

cal changes associated with non-injured tissues deep to

the dermal burn.

A strength of this study was the heterogeneous sam-

ple of burn scars ranging from flat and pliable to raised

and stiff scars so the capacity of SWE to discriminate

between a range of scar severities could be assessed.

Fig. 7. Elastograms revealing increased stiffness of underlying tissues. Elastograms of three different sites on the calves
of a 35-y-old woman, 6 mo after flame burns to her lower legs. (a) Photograph of both calves= depicting the three points
of assessment. (b) Closeup of scar 1, a deep partial-thickness burn on the right calf with a resulting flat (Vancouver Scar
Scale [VSS] Height = 0) and supple (VSS Pliability = 1) scar. (c) Closeup of scar 2, a deep partial-thickness burn on her
left calf with a slightly raised (VSS Height = 1) and firm (VSS Pliability = 3) scar. (d) Elastograpm of the control on her
right calf. (e) Elastogram of scar 1. (f) Elastogram of scar 2. Note the progressive increase in stiffness of the skin and sub-
cutaneous tissues with increasing VSS Pliability scores, including increased stiffness of the adipose tissue, deep fascia

and muscle. subcut = subcutaneous adipose tissue.

SWE assessment of scar stiffness � H. DEJONG et al. 1625
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Prior objective scar assessment tools have had a limited

capacity to evaluate severe scars such as those with

increased stiffness and/or increased height (Nedelec

et al. 2008; Gankande et al. 2014), whereas SWE had the

ability to reliably evaluate scars of severe stiffness and

height. Further research on larger samples and a variety

of scars is recommended to confirm our results.

A limitation of our study was the use of SWS rather

than shear modulus in our analysis; therefore, the results

of our study cannot be generalized. The shear modulus is

a physiologic parameter that can be used for comparing

studies and developing normative data. The shear modu-

lus is an estimate based on the measured SWS; however,

the algorithms used to calculate the shear modulus from

the SWS have not, to our knowledge, been validated for

use in dermatology. Different elastography systems have

different capabilities and, when evaluated under similar

conditions, produce different SWSs (Dillman et al.

2015; Shin et al. 2016; Zelesco et al. 2018). Therefore,

further studies are required to ensure shear modulus con-

version is accurate for use in dermatology and is compa-

rable among the different commercial systems.

Elastography of skin and scar tissue is still in its

infancy and during the time span of this study, elastography

probes using an 18-MHz frequency were developed. These

may improve evaluation of cutaneous conditions. Studies

assessing the impact of imaging depth, coupling medium

and probe frequency, both in vivo and on skin-mimicking

phantoms, may be merited. These data may lead to

improved study protocols addressing image optimization

and accurate shear modulus measurements. The initial diffi-

culties experienced obtaining reproducible images with

standard imaging protocols have highlighted the need to

evaluate protocol reliability before conducting clinical stud-

ies and the need for collaborative development of recom-

mended imaging protocols in dermatology to ensure high

standards in practice are adopted.

CONCLUSIONS

This pilot study developed a reliable, novel protocol

to evaluate skin and burn scar stiffness using SWE with a

9-MHz probe. Preliminary results suggest that SWE is

able to discriminate between scars and normal skin and

has the ability to evaluate scar severity. Larger studies

are required to evaluate how patient factors (e.g., age,

sex and body location) influence both the measured

velocity and the clinical interpretation of velocity values.

The development of an objective, non-invasive method

to quantify scar stiffness is essential to improve point-of-

care assessment, detect early signs of pathologic scar-

ring, evaluate treatment efficacy and advance research

investigating the mechanical mechanisms underlying

scar formation. Shear wave elastography shows great

potential for filling this gap. Further development of the

technology to optimize imaging for superficial tissues

would advance the incorporation of this technology into

standard clinical care.
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