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A B S T R A C T   

Multiple objective assessments have been used to assess the activity of keloids to compare different therapeutic 
regimens and facilitate the best individual treatment choice for patients, but none of them are standardized. A 
multimodal photoacoustic/ultrasonic (PA/US) imaging system, including photoacoustic imaging, elastography, 
ultra-micro-angiography, and conventional US technologies (gray scale US, color Doppler US, and power Doppler 
US), was applied to evaluate keloids by a radiologist. Growing stages were defined by patients, and Vancouver 
Scar Scale (VSS) was assessed by a plastic surgeon. A comprehensive model based on multimodal ultrasound 
parameters (poor-echo pattern, high vascular density, decreased elasticity, and low SO2 within the keloid) and 
VSS might be a potential indicator of active keloids, comparing with VSS alone. The multimodal PA/US imaging 
system could be a promising technique for keloids assessment.   

1. Introduction 

Keloids are benign dermal hyperproliferations associating with 
aberrant wound healing in response to cutaneous injury, and are unique 
to humans. These excessive scars proliferate beyond the margins of the 
original lesion. They commonly occur on the upper trunk, appearing as 
firm, thick, pigmented, pruritic, and painful nodules. The prevalent rate 
of keloids varies from 5% to 15 % across individuals, with a genetic 
predisposition to frequent occurrence in Asian and African individuals 
[1]. These scars can be aesthetically disfiguring and physically debili
tating, leading to psychological stress and decreased life quality for 
patients. A number of therapeutic approaches have been applied to treat 
keloids. Radiotherapy after surgery is a prevalent treatment, which can 
effectively reduce the recurrence [2]. 

It is of great importance to find a method that can evaluate keloid 
activity, compare different therapeutic regimens, and facilitate the best 
individual treatment choice for patients with keloids. Various subjective 
and objective methods have been applied to evaluate keloids. Subjective 
assessments are commonly used in clinics, including the Vancouver Scar 

Scale (VSS), the modified Seattle scale, and standardized questionnaires; 
however, they are clinician and patient dependent [3,4]. 

This raises the need to find an objective method that not only pro
vides precise keloid parameters but is also convenient, noninvasive, 
reliable, and cost-effective for clinical use. A number of tools have been 
applied to assess keloids, including dermoscopy [5], laser speckle 
contrast imaging (LSCI) [6,7], and ultrasonography (US) [8–11]. How
ever, the accuracy of data provided by objective tools was often checked 
by subjective assessments in clinical practice [5–8]. Dermoscopy could 
visualize vascular structure, but only the upper layer tissue [5]. LSCI can 
provide blood perfusion, but with low penetration depth [7]. US is a 
widely-used imaging method in clinics and has been applied to assess 
keloids recently [8–11]. High-frequency US with 7.5 MHz and above is 
used for imaging superficial lesions with high resolution in dermato
logical research. Conventional US technologies include gray scale US 
(GSUS), color Doppler US (CDUS), and power Doppler US (PDUS). 
Advanced US technologies including real-time ultrasonic elastography, 
contrast-enhanced ultrasound (CEUS), microvessel blood flow imaging, 
and photoacoustic imaging (PAI) have been developing quickly. 
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GSUS provides morphological characteristics such as echogenicity 
and physical parameters. Elastography detects the elasticity of tissues 
and has been effectively used in diagnosing breast cancer, assessing 
lymphedema, and evaluating skin involvement in systemic sclerosis 
[12–14]. CDUS and PDUS allow the presence of deep vessels and provide 
hemodynamic parameters. Ultra-micro-angiography (UMA) is micro
vessel blood flow imaging based on non-focused wave imaging tech
nology (plane waves and divergent waves) that acquires higher time 
resolution than focused waves and an effective wall-filtering algorithm 
that distinguishes and preserves signals of low-speed tissue movement. It 
has the advantage of detecting low-speed blood flow and displaying 
microvascular morphologies. 

The principle of PAI is generating thermal expansion of local tissues 
induced by laser irradiation, which in turn produces ultrasonic waves 
that can be detected by common ultrasonic probes. PAI combines the 
merits of optical imaging and US imaging and reflects optical charac
teristics of local tissue, including hemoglobin [15,16]. By detecting the 
hemoglobin content in local tissue, PAI can visualize microvessels and 
assess oxygenation by calculating the signals of deoxygenated and 
oxygenated hemoglobin that reach their peak absorptions at 750 nm and 
830 nm wavelengths, respectively. 

In this study, all these techniques were integrated into a multimodal 
PA/US imaging system, which has been applied in human thyroid tu
mors, breast tumors, and rheumatoid arthritis [17–20]. In addition, it 
can assess the activity of keloids and provide physical and functional 
parameters. Actually, there is no gold standard to assess the activity of 
keloids, even the pathology. Most patients come to a clinic due to the 
enlargement of a keloid; the activity of a keloid is defined by clinical 
observation, whether it became larger during the previous year [6]. This 
study aims to assess the activity of keloids by the multimodal PA/US 
imaging system, and explore a comprehensive model that is based on 
subjective and objective assessments. 

2. Materials and methods 

2.1. Patient selection 

A total of 24 patients with 43 keloids were recruited from the 
Department of Plastic Surgery, Peking Union Medical College Hospital 
(PUMCH) from July 2019 to February 2021. The inclusion criteria were 
as follows: (1) keloids on the anterior chest, (2) keloids without prior 
treatment, (3) patients who can distinguish the growing stage of their 
keloids, and (4) patients who have been clinically evaluated by an 
experienced plastic surgeon. The exclusion criteria were as follows: (1) 
keloids with infection or bleeding, (2) spherical keloids, (3) keloids with 
thickness more than 10 mm above the skin, or (4) patients with 
concomitant systemic or regional cutaneous disease. 

The study protocol was approved by the Regional Ethics Review 
Board of PUMCH (JS-2293), and written informed consent was obtained 
from each patient. All images were deidentified, and the examinations 
and posterior analyses followed the Helsinki principles of medical 
ethics. 

2.2. History collection 

A full history was collected before measurement, including skin type, 
family history, scar age, etiology, and systematic diseases of the patients. 
In addition, photographs (D610; Nikon, Japan) of the keloids were 
taken. The activity of a keloid (active, inactive) was reported by patients 
according to whether the keloid became larger during the previous year, 
based on their first impression. Group 1 (G1) and Group 2 (G2) were 
defined as keloids at active and inactive stages, respectively. 

2.3. Clinical evaluation of keloids 

VSS was evaluated by an experienced plastic surgeon before US 

examination. The VSS uses four variables: “pigmentation” (0 = normal, 
1 = hypopigmentation, 2 = mixed pigmentation, 3 = hyperpigmenta
tion), “vascularity” (0 = normal, 1 = pink, 2 = red, 3 = purple), 
“pliability” (0 = normal, 1 = supple, 2 = yielding, 3 = firm, 4 = ropes, 5 
= contracture), and “height” (0 = normal/flat, 1 = < 2 mm, 2 = 2–5 
mm, and 3 = >5 mm), with total score ranging from 0 to 14. 

2.4. US examinations of keloids 

All US examinations were performed by the same radiologist with 
more than 3 years of experience in dermatologic ultrasound, using 
commercially available ultrasonic equipment (Resona 7, Mindray Bio- 
Medical Electronics Co. Ltd.), equipped with an OPO tunable laser 
(SpitLight 600-OPO, InnoLas laser GmbH) that generated 680–980 nm 
laser pulses at 10 Hz. High-resolution ultrasonography was performed 
using a linear L9-3U probe (Mindray Bio-Medical Electronics Co. Ltd., 
China) with a central frequency of 5.8 MHz with 192 elements and a 
linear L20-5U probe (Mindray Bio-Medical Electronics Co. Ltd., China) 
with a central frequency of 12.9 MHz. The optical fluence on the skin for 
each patient was less than 20 mJ/cm2, with fluctuations less than 5%. 
On PAI, there are four-in-one real-time images on the same screen 
(Fig. 1), including GSUS, oxygen saturation (SO2) overlaid GSUS, and PA 
image at 750 nm or 830 nm overlaid GSUS. A threshold of 35 % of the 
maximum pixel value was applied for all PA images. PA signals below 
the threshold were set to be transparent in PA images and were not used 
for SO2 calculation. 

Patient was in a relaxed upright position, and the probe was held 
perpendicularly to the detected tissue, without exerting any pressure, in 
the transverse and longitudinal directions (Fig. 2). The multimodal PA/ 
US imaging system allows real-time observation of the tissue (Fig. 3), 
and a typical active keloid and an inactive keloid were compared based 
on color and US images (Fig. 4). The screen could be frozen when a clear 
view of interesting structures was obtained. 

2.4.1. GSUS assessments 
Echogenicity and physical parameters were evaluated. Echogenicity 

of the keloid was classified into three types by comparing with fat tissue 
and dermis: markedly hypoechoic (poorer than fat tissue), hypoechoic 
(poorer than dermis), and isoechoic (close to the dermis). Parameters 
including total thickness, thickness above the skin, thickness penetrating 
into the skin (measured at the thickest point if the keloid is irregular), 
and length at transverse and longitudinal sections were measured. 

2.4.2. Vascularity assessments 
CDUS, PDUS, and UMA were combined to evaluate blood flow 

grading and provide hemodynamic parameters. The color gain, the pulse 
repetition frequency (1.0 K), and the wall filter (80 Hz) were automat
ically provided by the setting for superficial structures on the machine, 
which was configured to avoid noise. Blood flow grading was classified 
as: high, low, and no presence of vessels (Fig. 5). Hemodynamic pa
rameters include peak systolic velocity (PSV) and resistance index (RI). 

2.4.3. Elastography assessments 
Shear wave elastography (SWE), a mode of elastography, allows 

quantitative elasticity assessment of the region of interest (ROI). The 
size of the ROI was adjusted to contain the measured keloid (K) and the 
adjacent skin (A). During elastography, the probe was placed on the 
tissue without compression, and random measurements were taken five 
times. For good images (credibility degree ≥ 95 %), the surface wave 
speed Cs (including Cs max, Cs mean, and Cs min) of K and A were 
obtained, and the ratio (K/A) was evaluated. 

2.4.4. PAI assessments 
PAI provides a qualitative and quantitative assessment of oxygena

tion state. The pixels of the PA signals at the wavelengths of 750 nm and 
830 nm were measured to generate quantified values representing 
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oxygen saturation level of the targeted regions. Calculation of SO2 value 
was conducted using built-in software in the ultrasonic platform. A gel 
pad was laid on the keloid before PAI to enhance imaging performance 
and avoid light damage. Three regions were randomly selected within 
each keloid and dermis. The functional maps of SO2 are presented in a 
red-to-blue palette. The blue color, on one hand, indicates the lowest 
blood saturation level (40 %) in abnormally hypoxic tissues. The red 
color, on the other hand, indicates blood oxygen saturation typical of 
normally oxygenated tissues (100 %). In addition, it could provide a 

real-time SO2 monitoring tool for measuring the SO2 value of ROI. 

2.5. Interobserver agreement 

Echogenicity and blood flow grading were assessed by two radiolo
gists with more than two years of work experience in dermatologic US, 
and they were blinded to the patients’ information and clinical evalu
ation. When discrepancies were found between the two radiologists, the 
images would be re-confirmed and re-assessed by the two readers along 

Fig. 1. Four-in-one real-time images on the same screen on PAI. (a) GSUS, (b) SO2 overlaid GSUS, (c) PA image at 750 nm overlaid GSUS, (d) PA image at 830 nm 
overlaid GSUS. 
GSUS: gray scale ultrasonography, PAI: photoacoustic imaging, SO2: oxygen saturation, PA: photoacoustic. 

Fig. 2. The probe was placed at transverse and longitudinal directions.  
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with the US operator, until consensus about the image was acquired. 

2.6. Statistical evaluations 

Mean and standard deviation (± SD) were used for numerical data, 
while frequency and percentage were used for nonnumerical data. All 
statistical analyses were performed by SPSS 24 (SPSS Inc. Chicago, IL, 
USA). In all cases, P value < 0.05 was deemed statistically significant. 
The normality of the data was checked by the Kolmogorov-Smirnov test. 
For continuous variables, independent t-test was used for normal dis
tribution parameters and Wilcoxon test was used for non-normal dis
tribution parameters. The Chi-square test or Fisher’s exact test was used 
to compare qualitative variables between two groups. There were two 
types of models and no covariate: Model 1 is VSS, and model 2 is the sum 
of VSS and multimodal US parameters. Receiver operating characteristic 
(ROC) curve analyses were used to evaluate the efficacy of the two 
models in identifying active and inactive keloids. The area under the 
ROC curve (AUC) was calculated. Sensitivity and specificity were 
calculated. The kappa value was calculated to assess interobserver 
variability. 

3. Results 

3.1. Demographic characteristics 

A total of 24 patients (12 men and 12 women with a mean age of 35.1 

± 14.4 years) with 43 keloids on the anterior chest were recruited for 
this study, and six of them had a positive family history. Skin types of the 
studied patients were III–IV. Acne was the most common cause of ke
loids. Of the 43 keloids, 28 (65.1 %) were active in G1 and 15 (34.9 %) 
were inactive in G2 (Table 1). For G1 and G2, the duration of keloid was 
95.0 ± 48.5 months and 144.1 ± 49.2 months, respectively (P = 0.003; 
Table 2). 

3.2. Clinical evaluation 

The mean VSS values for G1 and G2 were 10.1 ± 1.8 and 5.5 ± 3.7, 
respectively (P < 0.001; Table 2). 

3.3. Ultrasound measurement 

3.3.1. GSUS assessments 
For G1 and G2, the total thickness was 5.4 ± 1.8 mm and 5.7 ± 3.8 

mm, respectively (P = 0.743), the thickness above the skin was 3.0 ± 1.6 
mm and 2.0 ± 1.9 mm, respectively (P = 0.042), and the thickness 
penetrating into the skin was 2.5 ± 1.7 mm and 3.7 ± 3.8 mm, 
respectively (P = 0.481). Length at the transverse section was 40.4 ±
17.7 mm and 36.4 ± 33.8 mm, respectively (P = 0.080), and length at 
the longitudinal section was 19.3 ± 10.8 mm and 16.6 ± 9.5 mm, 
respectively (P = 0.682). The GSUS parameters are given in Table 2. For 
echogenicity, the interobserver agreement for the kappa coefficient was 
good, at 0.82 (95 % confidence interval [CI], 0.78–0.86). Among the 28 

Fig. 3. Color and US images of one keloid. (a) Color image of the keloid at the anterior chest. (b) GSUS image of the keloid at transverse direction. A clear 
demarcation line (white arrow) was found between the keloid (white triangle) and deep/surrounding dermis tissue (yellow star). (c) GSUS image of the keloid at 
longitudinal direction. (d) UMA image of the keloid at transverse direction. The vessels were found emerging from the vascular network within the dermis and 
extending upward almost to the surface. (e) UMA image of the keloid at transverse direction. The vessels extended from the keloid margin and grew upward along the 
margin. (f) UMA image of the keloid at longitudinal direction. (g) Elastography indicated the keloid was harder than surrounding tissue, and it could provide 
quantitative elasticity. (h) PA image provided qualitative oxygenation state. The colored bars of the SO2 images with the lowest end (blue) and the highest end (red) 
indicate the minimum (40 %) and the maximum (100 %) of SO2 levels, respectively. The blue signal within the keloid revealed hypoxia (yellow arrow); the red signal 
below the keloid revealed hyperoxia (white arrow). (i) PA image could provide a real-time SO2 monitoring tool for measuring the SO2 value of ROI (green box), and 
the results are listed in the lower right corner of the image. 
US: ultrasonography, GSUS: gray scale US, UMA: ultra-micro-angiography, ROI: region of interest, PA: photoacoustic, SO2: oxygen saturation. 
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Fig. 4. A typical active keloid and an inactive 
keloid were compared. (a) Color image of an 
active keloid: It was thick and pigmented. (b) 
Color image of an inactive keloid: It was flat, 
and the color was almost normal. (c) GSUS 
image of an active keloid (white arrow): It was 
markedly hypoechoic. (d) GSUS image of an 
inactive keloid (white arrow): It was isoechoic. 
(e) UMA image of an active keloid: The blood 
flow grading was with high presence of vessels. 
(f) UMA image of an inactive keloid: The blood 
flow grading was with almost no presence of 
vessels. (g) Elastography of an active keloid: It 
was extremely hard. (h) Elastography of an 
inactive keloid. (i) PA image of an active keloid 
showed abundant PA signals, indicating more 
vasculature. (j) PA image of an inactive keloid 
showed sporadic PA signals, indicating less 
vasculature. 
GSUS: gray scale ultrasonography, UMA: ultra- 
micro-angiography, PA: photoacoustic.   

Fig. 5. Vascularity images based on UMA were used to assess vessels within the keloids. Blood flow grading was classified as: high, low, and no presence of vessels. 
(a) High presence of vessels: More than 10 vessels were found in one section; the vessels were emerging from the bottom to the surface. (b) Low presence of vessels: 
less than 10 vessels were found in one section; the vessels were short and scattered. (c) No presence of vessels. 
UMA: ultra-micro-angiography. 
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active keloids of G1, 19 (67.9 %) were markedly hypoechoic, 8 (28.6 %) 
were hypoechoic, and 1 (3.6 %) was isoechoic. Among the 15 inactive 
keloids of G2, five (33.3 %) were markedly hypoechoic, seven (46.7 %) 
were hypoechoic, and three (20.0 %) were isoechoic. Echogenicity be
tween the two groups was significantly different (P = 0.046; Fig. 6a). 

3.3.2. Vascularity assessments 
For G1 and G2, the PSV was 3.0 ± 1.0 cm/s and 3.2 ± 1.2 cm/s, 

respectively (P = 0.664). RI was 0.4 ± 0.1 and 0.5 ± 0.1, respectively (P 
= 0.049). The vascularity parameters are shown in Table 2. For blood 
flow grading, interobserver agreement for the kappa coefficient was 
good, at 0.81 (95 % CI, 0.75–0.87). Among the 28 active keloids of G1, 
18 (64.3 %) were with high presence of vessels, 9 (32.1 %) were with 

Table 1 
Demographic characteristics.  

Information  

Gender 
Male 12 
Female 12 

Age, year 35.1 ± 14.4 
Skin color (Fitzpatrick classification) 

III, patient (keloid) 23 (42) 
IV, patient (keloid) 1 (1) 

Stages (keloid) 
Active 28 (65.1 %) 
Inactive 15 (34.9 %)  

Table 2 
Clinical and Uutrasound characteristics of keloids at different stages.   

G1: Active stage 
(n = 28) 

G2: Inactive stage 
(n = 15) 

P 

Duration, month 95.0 ± 48.5 144.1 ± 49.2 0.003** 
Clinical evaluation 

VSS 10.1 ± 1.8 5.5 ± 3.7 <0.001** 
Pigmentation 2.6 ± 0.6 1.1 ± 1.1 <0.001** 
Vascularization 2.0 ± 0.7 1.1 ± 1.1 0.006* 
Pliability 2.7 ± 0.7 1.7 ± 1.1 0.005* 
Height 2.9 ± 0.9 1.7 ± 1.3 0.003** 
GSUS assessments 

Total thickness (mm) 5.4 ± 1.8 5.7 ± 3.8 0.743 
Thickness above the skin (mm) 3.0 ± 1.6 2.0 ± 1.9 0.042* 
Thickness penetrating into the skin (mm) 2.5 ± 1.7 3.7 ± 3.8 0.481 
Length at transverse section (mm) 40.4 ± 17.7 36.4 ± 33.8 0.080 
Length at longitudinal section (mm) 19.3 ± 10.8 16.6 ± 9.5 0.682 

Vascularity assessments 
PSV (cm/s) 3.0 ± 1.0 3.2 ± 1.2 0.664 
RI 0.4 ± 0.1 0.5 ± 0.1 0.049* 

Elasticity assessments 
K Cs max (m/s) 8.2 ± 1.6 6.6 ± 1.7 0.008* 
K Cs mean (m/s) 6.2 ± 1.8 5.5 ± 1.7 0.306 
K Cs min (m/s) 4.2 ± 2.3 4.2 ± 1.7 0.709 
K/A Cs max 2.4 ± 0.6 1.7 ± 0.6 0.004** 
K/A Cs mean 1.9 ± 0.7 1.5 ± 0.5 0.041* 
K/A Cs min 1.5 ± 0.8 1.3 ± 0.5 0.609 

PAI assessments 
SO2 within the keloid 78.1 %±4.7 % 82.8 %±2.3 % 0.001** 
SO2 below the keloid 90.7 %±3.7 % 92.2 %±1.8 % 0.102 

VSS: Vancouver Scar Scale, GSUS: gray scale ultrasonography, PSV: systolic peak velocity, RI: resistance index, Cs: surface wave speed, K: keloid, K/A: ratio of keloid to 
adjacent skin, SO2: oxygen saturation. 

* P < 0.05. 
** P < 0.005. 

Fig. 6. Number of keloids at different stages. (a) Echogenicity of keloids at different stages, (b) Blood flow grading of keloids at different stages.  

C. Chen et al.                                                                                                                                                                                                                                    



Photoacoustics 24 (2021) 100302

7

low presence of vessels, and 1 (3.6 %) was with no presence of vessels. 
Among the 15 inactive keloids of G2, six (40.0 %) were with high 
presence of vessels, four (26.7 %) were with low presence of vessels, and 
five (33.3 %) were with no presence of vessels. Blood flow grading be
tween the two groups was significantly different (P = 0.030; Fig. 6b). 

3.3.3. Elasticity assessments 
For G1 and G2, K Cs max was 8.2 ± 1.6 m/s and 6.6 ± 1.7 m/s, 

respectively (P = 0.008), K Cs mean was 6.2 ± 1.8 m/s and 5.5 ± 1.7 m/ 
s, respectively (P = 0.306), K Cs min was 4.2 ± 2.3 m/s and 4.2 ± 1.7 m/ 
s, respectively (P = 0.709). K/A Cs max was 2.4 ± 0.6 and 1.7 ± 0.6, 
respectively (P = 0.004), K/A Cs mean was 1.9 ± 0.7 and 1.5 ± 0.5, 
respectively (P = 0.041), and K/A Cs min was 1.5 ± 0.8 and 1.3 ± 0.5, 
respectively (P = 0.609). The elasticity parameters are given in Table 2. 

3.3.4. PAI assessments 
For G1 and G2, SO2 within the keloid was 78.1 %±4.7 % and 82.8 

%±2.3 %, respectively (P = 0.001), and SO2 below the keloid was 90.7 
%±3.7 % and 92.2 %±1.8 %, respectively (P = 0.102). The PAI pa
rameters are given in Table 2. 

3.4. ROC analysis 

For model 1, the sensitivity and specificity were 100.0 % and 60.0 %, 
respectively, and the AUC was 0.907 (95 % CI, 0.798–0.984). The pos
itive predictive value (PPV), negative predictive value (NPV), and 
diagnostic accuracy (ACC) were 82.4 %, 100.0 %, and 86.1 %, 
respectively. 

For multimodal ultrasound parameters, the score of echogenicity 
ranged from 1 to 3 (1 = isoechoic, 2 = hypoechoic, 3 = markedly 
hypoechoic). The score of blood flow grading ranged from 1 to 3 (1 = no 
presence of vessels, 2 = low presence of vessels, 3 = high presence of 
vessels). The ROC curve demonstrated that a value of K Cs max of 7.070 
was the best cutoff to differentiate between active and inactive keloids 
[AUC = 0.766 (95 %CI, 0.592–0.940); sensitivity = 71.4 %; specificity =
86.4 %]. The score of K Cs max ranged from 1 to 2 (1 = value < 7.070, 2 
= value≥7.070). The ROC curve demonstrated that a value of 81.04 % 
for SO2 within the keloid was the best cutoff [AUC = 0.810 (95 % CI, 
0.669–0.951); sensitivity = 78.6 %; specificity = 80.0 %]. The score of 
SO2 within the keloid ranged from 1 to 2 (1 = value > 81.04 %, 2 =
value≤81.04 %). Multimodal ultrasound parameters include the score of 
echogenicity, blood flow grading, K Cs max, and SO2 within the keloid 
(Table 3). 

For model 2, the sensitivity and specificity were 100.0 % and 70.0 %, 
respectively, and the AUC was 0.950 (95 % CI, 0.889–1.000). PPV, NPV, 
and ACC were 100.0 %, 68.4 %, and 81.8 %, respectively. The ROC 
curves of VSS, and multimodal ultrasound parameters and VSS are 
shown in Fig. 7a and b, respectively. 

4. Discussion 

There is currently no gold standard to accurately evaluate keloid 
activity, including pathology. Moreover, invasive operation is contra
indicated since it will increase the size or activity of keloids. Therefore, it 
is important to find a noninvasive method that can provide reliable 
evaluation of keloid activity and assess therapeutic effects. US, one of 

Table 3 
Scores of VSS and multimodal ultrasound parameters.   

0 1 2 3 4 5 

Vancouver Scar Scale 
Pigmentation normal hypopigmentation mixed pigmentation hyperpigmentation   
Vascularity normal pink red purple   
Pliability normal supple yielding firm ropes contracture 
Height normal <2 mm 2–5 mm >5 mm    

Multimodal ultrasound parameters 
Echogenicity  isoechoic hypoechoic markedly hypoechoic   
Blood flow grading  no presence of vessels low presence of vessels high presence of vessels   
K Cs max  <7.070 ≥7.070    
SO2 within the keloid  >81.04 % ≤81.04 %    

Cs: surface wave speed, K: keloid, SO2: oxygen saturation. 

Fig. 7. ROC curves of two models in the evaluation of keloid activity. (a) Model 1 is VSS. (b) Model 2 is the sum of multimodal ultrasound parameters and VSS. 
ROC: receiver operating characteristic. 
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the first-line clinical examination techniques, allows noninvasive eval
uation of skin and subcutaneous tissues with high resolution; however, 
only one or several US technologies were used to evaluate keloids in 
previous studies. Recently, new US technologies such as UMA, elastog
raphy, and PAI have been developing quickly, which can provide vital 
information for keloids. Favorably, all these technologies can be inte
grated into multimodal PA/US imaging system. To our knowledge, this 
is the first study to assess the activity of keloids via a multimodal PA/US 
imaging system, providing morphological and functional properties. 
Moreover, L9-3U and L20-5U probes are able to offer not only sufficient 
penetration depth but also high resolution in dermatological research. 

In clinics, total thickness and thickness penetrating into the skin are 
hard to evaluate, and thickness above the skin may be affected by 
adjacent keloids or surrounding contractures of skin. GSUS assessment 
provides accurate thickness and length at all sections of keloids for 
monitoring its variation [11]. Moreover, echogenicity indicates the 
ability of tissues to reflect sound waves, and it was classified into three 
types in this study. Characterized by excessive collagen deposition, ke
loids were previously expected to be hyperechoic lesions. This study 
revealed that active keloids have a poorer echo than inactive keloids. 
Active keloids were mainly markedly hypoechoic, while inactive keloids 
were mainly hypoechoic. Echogenicity of keloids may depend on the 
prominent hypoechoic extracellular matrix (ECM) components or the 
prominent hyperechoic dense collagen bundles within keloids. The 
physiologic wound healing cascade includes inflammation, prolifera
tion, and remodeling. Active keloids correspond to the inflammation 
and proliferation phases, with increased water-binding properties, 
abundant ECM components, and high vascularity density [8,21]. Inac
tive keloids correspond to the remodeling phase, with collagen deposi
tion occurring in an organized fashion [8,21]. To some degree, 
echogenicity is able to reflect the growth status of keloids. 

Literatures reveal that angiogenesis may play a role in the patho
genesis of keloids, and vascularity may relate to the activity of keloids 
[6,9,22]. Oxygen consumption within keloids is high (due to inflam
mation, increased collagen synthesis, enlarged endothelial cells, and 
fibroblast proliferation), while oxygen supply is relatively low (due to 
narrowing or occlusive micro-vessels) [23–26]. Keloids consume more 
oxygen than microvessels can supply, resulting in relatively hypoxic 
conditions. Under such low oxygen concentrations, hypoxia-inducible 
factor 1α (HIF-1α) increases and upregulates vascular endothelial 
growth factor expression, which promotes angiogenesis and enhances 
hypoxia tolerance [27]. In clinics, the color of keloids is commonly used 
as an indicator of vascularity [28,29]; however, it is sometimes difficult 
to assess accurately due to post-inflammatory pigmentation or different 
skin types. Conventional CDUS and PDUS have been applied to evaluate 
the activity of keloids [8,9], although they are not sensitive enough to 
observe low blood flow and microvascularity [30]. Owing to an excess of 
endothelial cells, keloids usually present with low-velocity vessels due to 
narrowing or occlusive microvessels [31,32]. This is the first study that 
utilizes UMA to assess angiogenesis of keloids, with increased sensitivity 
for low-velocity blood flow. This study showed that active keloids have 
more blood flow and lower RI than inactive keloids, consistent with a 
previous study [9]. Moreover, a combination of CDUS, PDUS, and UMA 
is ideal for assessing keloid vascularity. 

Elasticity assessment revealed that keloids are harder than normal 
skin, and active keloids are harder than inactive keloids. Keloids are 
composed of excess collagen in a discrete nodule, leading to increased 
hardness and decreased elasticity. Improved elasticity is considered as 
an objective parameter denoting successful treatment, in accordance 
with a previous study [33]. Elasticity detected by US is a reliable and 
effective objective reflection of keloid stiffness. However, keloids are 
often described as having an actively growing peripheral margin with a 
regressing center. This heterogeneity may result in an uneven keloid 
surface. Although the probe was maintained perpendicular to the tissue 
as lightly as possible during examination, the contact between the probe 
and keloid may be affected by the uneven surface. In this study, each 

keloid was measured five times, and the probe had a small surface area 
to minimize the error. The ratio of keloid to adjacent skin was calculated 
to reduce differences between individuals. 

As mentioned above, angiogenesis is promoted and hypoxia toler
ance is enhanced within keloids. It is essential to evaluate the actual 
oxygenation state as it may reflect the activity of keloids. Sloan [34] 
inserted a stainless steel gas probe into scar tissue and indicated that 
oxygen pressure in a hypertrophic scar was lower than that in normal 
skin; however, it is time-consuming and invasive. Shigeru [35] used an 
original system equipped with a Clark oxygen electrode and demon
strated high oxygen consumption of ex vivo keloid tissue, but it is not 
suitable for use in humans. Actually, the oxygenation state of in vivo 
keloids has never before been non-invasively presented. In this study, 
the utility of PAI demonstrated that in vivo keloids were hypoxic. 
Moreover, active keloids had lower SO2 than inactive keloids, which is 
consistent with previous studies that reported on the high oxygen con
sumption rate of keloids and comparatively low consumption rate of 
mature scars [35]. Recently, some researches have revealed that hy
perbaric oxygen therapy (HBOT) can greatly improve keloid condition 
and provide effective treatment, as it may inhibit HIF-1α expression [36, 
37]. As a result, timely HBOT intervention could reduce keloid recur
rence rate. PAI might be helpful in monitoring SO2 variation when 
taking HBOT, which could be further investigated. 

This is the first study that established a comprehensive model based 
on imaging system and clinical evaluation. VSS is the most widely used 
scoring system to evaluate keloids and assess their degrees of improve
ment based on clinical parameters; however, they are totally clinician 
dependent. Comparatively, multimodal PA/US imaging system can 
provide objective qualitative and quantitative data, including echoge
nicity, blood flow grading, elasticity, and oxygenation state. The imag
ing system can effectively improve subjective assessment, and subjective 
assessments cannot be replaced. As shown in this study, the model based 
on both multimodal PA/US imaging system and VSS is effective in 
predicting the activity of keloids. 

To reduce bias, all keloids assessed in this study were on the anterior 
chest and without prior treatment, as the majority of keloids are prone to 
grow on the anterior chest, and the growth of keloids on the anterior 
chest could be easily observed by patients. Based on the extracted data, 
further research will be done to evaluate heterogeneous keloids all over 
the body. However, some limitations exist in the current study, such as a 
relatively small number of enrolled patients and a lack of follow-up. 
Moreover, the classification is based on clinical observation. Larger, 
longer, and in-depth studies are still necessary to investigate the 
multimodal PA/US imaging system and verify the model we have 
established, and more research is needed to evaluate treatment effi
ciency and to compare different treatment regimens. 

In conclusion, multimodal PA/US imaging system with high resolu
tion might be a promising and reliable device to assess the activity of 
keloids in clinics. The model based on multimodal ultrasound parame
ters (poor-echo pattern, high vascular density, decreased elasticity, and 
low SO2 within the keloid) and VSS might be a potential indicator of 
active keloids. 
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