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Abstract: Purpose: The aim of the current study was to evaluate the feasibility of assisting clinical quantitative as-
sessment of hypertrophic scars (HS) with shear wave elastography (SWE). Methods: Twelve healthy white rabbits
were randomly divided into 3 groups (4 rabbits/group). Three 1.5 cm x 1.0 cm rectangle defects were created
by peeling off the entire skin and perichondrium directly from the cartilage surface of the two ears of each rab-
bit, creating a total of 72 wounds. The specimens were cut and fixed with 4% paraformaldehyde and made into
paraffin-embedded sections for hematoxylin and eosin (HE) staining, Picric acid-Sirius red staining, and CD34 im-
munohistochemistry. Measured data was compared with Young’s modulus (including E___ . E . “and E ) of the HS.
Results: Histological changes of HS were consistent with the evolution of HS in the aspects of time and degrees.
Microvascular density (MVD) in the hyperplasia stage was higher, compared to regression and mature stages. The
percentage of type | and lll collagen areas of Picric acid-Sirius red staining in the hyperplasia stage was greater
than that in regression and mature stages. Changes in Young’'s modulus of HS were consistent with scar evolution.
Young’s modulus in the hyperplasia stage was significantly higher, compared to those in regression and maturity
stages. Conclusion: SWE can be used to dynamically and quantitatively to evaluate stiffness levels of HS. It can be
used as a reliable method, effectively assessing the evolution of HS.
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Introduction scale (VAS) [4], and similarities, which can only

detect external conditions of the HS, such as

Hypertrophic scars (HS) are an inevitable result
of tissue repair once the skin is injured beyond
a certain depth or range. When scars form, they
mainly manifest as a large number of fibroblast
proliferation, excessive collagen deposition [1],
and neovascularization [2]. Therefore, these
scars are difficult to eliminate completely.

Scar formation is a dynamic development pro-
cess. Accurate assessment of HS is signifi-
cant in the development of an effective treat-
ment plan for HS. At present, there is lack of
objective and effective imaging methods and
quantitative indicators to evaluate HS. In clini-
cal practice, doctors usually judge the treat-
ment efficiency of HS subjectively, using the
Vancouver scale (VSS) [3], visual analogue

color, texture, toughness, and surface thick-
ness. However, the internal structure and elas-
ticity of HS cannot be observed and reflected.
Regarding commonly used auxiliary examina-
tions, Computerized Tomography (CT) and
Magnetic Resonance Imaging (MRI) scans
have poor resolution of superficial tissues,
such as skin. They are often used for large
and deep subcutaneous tissue, including tu-
mors [5, 6]. Although skin biopsies are the
golden standard for detection of scars [7], they
are quite invasive. Thus, they cannot be used
as a routine observation method.

SWE is a novel ultrasonic elasticity technology,
developed in recent years. It is used to evaluate
the elasticity of soft tissues. It is based on the
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Figure 1. Shear wave elastography of the dermis and the corresponding elastic modulus value of the rabbit ear
before operation (A); Thin arrow refers to the normal dermis layer of rabbit ear skin. The shear wave elastography
and the corresponding elastic modulus value of the hyperplastic scar of rabbit ear skin (B); Thick arrow refers to the

hypertrophic scar.

principle that the hardness will change, corre-
spondingly, as tissues undergo pathological
changes [8]. SWE can be used to directly
measure the elasticity of tissues, indirectly
reflecting the stiffness of tissues [9-11]. SWE
has been widely applied in clinical research.
However, it has been rarely used to study the
elasticity of HS in the development process of
different diseases. The purpose of the present
study was to use SWE to quantitatively mea-
sure the stiffness of HS at different disease
stages. Measurements were compared to path-
ological results, aiming to investigate the feasi-
bility of SWE in the clinical assessment of HS.

Materials and methods
Experimental setup and methods

Twelve white rabbits, six males and six fe-
males, weighing 2.0-2.5 kg, were obtained
from the Animal Institute of Guizhou Medical
University. All animals were housed in an envi-
ronment with a temperature of 22 + 1°C, rela-
tive humidity of 50 + 1%, and a light/dark cycle
of 12/12 hours. All studies (including the rabbit
euthanasia procedure) were carried out in
compliance with Institutional Animal Care and
Use Committee (IACUC) guidelines. The study
protocol was approved by the Ethics Committee
of Guizhou Provincial People’s Hospital.

The animals were kept in cages for one week
before surgery for adaptive feeding. Twelve
white rabbits were randomly divided into 3
groups (4 rabbits/group). HS models were
made by adjusting the procedure reported by
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Rong Yu [12]. A total of 5% compound lido-
caine cream was applied to the ventral sur-
face of the rabbit ear after barbering, then 2%
lidocaine hydrochloride was injected locally for
anesthetization 30 minutes later. Three 1.5 cm
x 1.0 cm rectangle defects were created by
peeling off the entire skin and perichondrium
directly from the cartilage surface in the middle
of both ears of the rabbits, creating a total of
72 wounds. Eight days after surgery, clam
shells on the wound surface were removed
after routine disinfection. The epidermis and
granulation tissues crawling on the wound
surface were scraped off. Next, the wounds
were left to naturally heal after hemostasis
by compression.

Equipment and study design

AixPlorer ultrasound system (SuperSonic Im-
agine, Aix-en-Provence, France) with a SL15-4
linear probe, with frequencies ranging from 4
to 15 MHz, was used. First, the rabbit ear
wounds were routinely scanned with the probe
positioned along the long axis of the scar. The
two-dimensional sonogram of the scar was
observed until the structure of dermis layer was
clear. Next, the shear wave elastography mode,
with a range of 0~600 kPa, was adopted. The
probe was left to stand for 3 to 5 seconds with
no pressure applied. When the image became
stable, it was frozen. The region of interest
(ROI) was selected and locked in the dermis
layer of the skin. The Q-Box TM Trace pattern
was used to trace the lesions and measure
the absolute values of Young’s modulus, in-
cluding the mean, maximum, and minimum
(Figure 1A, 1B).
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After measurement by SWE, the rabbits were
sacrificed by air embolisms in batches on
the 30", 60", and 90" day after modeling,
with 4 rabbits in each group. Specimens were
fixed with 4% paraformaldehyde and made
into paraffin-embedded sections for H&E
staining, picric acid-Sirius red staining, and
immunohistochemistry.

General observation

Wound healing processes, including color, tex-
ture, proliferation, and degradation of the
scars, were continuously observed for 3 months
after modeling.

H&E staining

H&E staining was carried out by a series of
procedures, including dewaxing paraffin sec-
tions to water, hematoxylin staining of nucleus,
eosin staining of cytoplasm, and dehydration
sealing. Five view fields of 100-fold were ran-
domly selected for each slice in each group,
obtaining images. Analysis of acquired images
was performed by histopathology image an-
alysis software, Image-pro plus 6.0 (Media
Cybernetics, Inc., Rockville, MD, USA).

Picric acid-Sirius red staining

Picric acid-Sirius red staining was carried out
by a series of procedures, including dewaxing
paraffin sections to water, dying by the Sirius
red staining solution, rinsing, and sealing. Five
view fields of 100-fold were randomly selected
for each slice in each group, obtaining images.
The entire view field was filled by tissue as
much as possible. Under polarized light, type
| collagen was red or yellow with strong bi-
refringence, while type lll collagen was green
with weak birefringence. Each photo was
analyzed by Image-Pro Plus 6.0, calculating
the percentage of type | and type Il collagen
in each area per photo.

Immunohistochemistry

CD34 immunohistochemistry was conducted
using various procedures, including dewaxing
paraffin sections to water, antigen retrieval,
blocking endogenous peroxidase, BSA or se-
rum blocking, adding primary antibody, adding
secondary antibody, DAB coloring, counter-
staining nuclei, and dehydration sealing. Five
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view fields of 100-fold were randomly se-
lected for each slice in each group, obtaining
images. Referring to Weidner et al., the whole
slice was first examined under low-power
microscopy to find three high-density areas
of blood vessels, namely “hot spots”. The num-
ber of blood vessels stained positively was
counted under a light microscope of 200 times.
The intact lumen and red blood cells are
unnecessary for microvascular identification.
Obviously-stained endothelial cells that were
separated from adjacent blood vessels, tumor
cells, and interstitial components were evalu-
ated as independent blood vessels. Blood ves-
sels were not clearly identified and thickness in
muscle layers was not included in the count.
The average number of blood vessels in 5 view
fields was counted as the MVD value (/HP).
Histopathology analyses of acquired images
were conducted using Image-pro plus 6.0
(Media Cybernetics, Inc., Rockville, MD, USA).

Statistical analysis

Descriptive statistics and inferential statistics
were performed using SPSS22.0 and R lan-
guage, with the significance level setting at
P<0.05. Experimental data are characterized
by mean + standard deviation. Picric acid-Sirius
red staining, MVD, and elastography data are
statistically described by mean values and
standard deviation. The overall trend of the
above data was analyzed based on the boxplot.
Multiple comparisons between groups were
conducted using ANOVA, aiming to refine the
relationship within each group. Spearman’s
correlation coefficient was used for correlation
analysis and correlation testing.

Results
Changing of the HS model of rabbit ears

A large amount of exudation occurred in the
wounds 3 days after surgery (Figure 2A). The
wounds scabbed 8 days after surgery (Figure
2B). Exudation increased when the original
scars and tissues were removed. However, the
wounds quickly healed. By the 16" day after
surgery, the wounds healed. Scar hyperplasia
appeared (Figure 2C). In addition, scars that
did not exceed the original wound surface were
red in color, hard in texture, and likely to bleed
when touched. Scar hyperplasia reached its
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Figure 2. Gross specimens of hypertrophic scars in rabbit ears. 3 days postoperatively (A); 8 days postoperatively
(B); 16 days postoperatively (C); 30 days postoperatively (D); 60 days postoperatively (E); 90 days postoperatively

(F).

Figure 3. H&E staining of each time period. A. 30 days after surgery (HE x 100); B. 60 days after surgery (HE x 100);
C. 90 days after surgery (HE x 100).

peak at 30 days after surgery (Figure 2D),
featuring the papillary process in the center of
the scar. By the 60" day after surgery, the
color of the scars began to lighten up and the
texture turned soft. However, the papillary
process in the center was still obvious (Figure
2E). By the 90" day after surgery, the scars
almost paralleled the skin, approximating the
skin color with pigmentation on the surface
(Figure 2F).

H&E staining results

At 30 days after modeling, cells in the dermal
layer actively proliferated and many new capil-
laries were formed. The fibroblast proliferated
and collagen fibers were disorderly arranged,
with scar hyperplasia reaching a peak (Figure
3A). At 60 days after surgery, the scar tissues
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started to fade, the number of cells in the der-
mis was reduced, and a large number of paral-
lel and staggered collagen fiber bundles were
seen around the cells with focal glassy degen-
eration (Figure 3B). At 90 days after surgery,
the number of cells in the dermis further
reduced, collagen fibers were arranged in pa-
rallel, and scars were in the mature stage
(Figure 3C).

Picric acid-Sirius red staining results

A large amount of collagen was deposited in
the dermis of HS by 30 days~60 days after
surgery. There were many thick and dense type
| collagen fibers, which were distributed in
small clumps. Of these, green flocculent type
Ill collagen fibers were observed (Figure 4A,
4B). The collagen content was reduced 90
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Figure 4. Picric acid-Sirius red stain at each time period. A. 30 days after surgery (polarized light microscope, picric
acid-Sirius red staining x 100); B. 60 days after surgery (polarized light microscope, picric acid-Sirius red staining x
100); C. 90 days after surgery (polarized light microscope, picric acid-Sirius red staining x 100).

days after surgery and the degree of collage-
nous arrangement disorder was reduced (Fig-
ure 4C).

Type | collagen area percentages (%) at 30,
60, and 90 days after surgery were 10.09 +
5.59, 11.18 + 5.37, and 6.13 *+ 2.99, res-
pectively. Type lll collagen area percentages
were 11.57 + 4.76, 10.10 + 4.62, and 5.17 +
3.41, respectively. The content of type | and
type lll collagen reached the peak between 30
days and 60 days after surgery. There were
no significant differences between the two
groups (P>0.05). At 90 days after the opera-
tion, the content of type | and type Il collagen
was significantly lower, compared to the con-
tent at 30 days and 60 days (Table 1; Figure 5).

Immunohistochemistry results

CD34 micro-vessels in immunohistochemistry
decreased with the development of HS. MVD
peaked at 30 days after surgery (mean =
85.72/HP). Next, it gradually decreased, reach-
ing 77.63/HP at 60 days and 44.48/HP at
90 days (Figures 6, 7). Differences between
30 days and 60 days after surgery were not
statistically significant (P>0.05), while differ-
ences between the other groups were statisti-
cally significant (P<0.05, Table 2).

SWE analysis results

HS had different Young’s modulus at different
times of scar formation. Thus, Young’s modu-
lus reached a peak by 30 days after surgery.
Young’'s modulus levels (E . E_ E_ ) were
172.10 Kpa, 155.57 Kpa, and 181.20 Kpa at
30 days after surgery. Young’s modulus levels
were 111.26 Kpa, 93.50 Kpa, and 131.85
Kpa at 60 days after surgery. Young’s modulus
levels were 75.86 Kpa, 50.19 Kpa, and 108.75
Kpa at 90 days after surgery (Figure 8).
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Differences of E__ at 60 days and 90 days
after surgery were not statistically significant
(P>0.05, Table 3), while differences between
the other groups were statistically significant
(P<0.05, Tables 4, 5).

Discussion

With the rapid development of digital ultra-
sound technology, HFUS has become widely
used for the evaluation of skin and HS [13,
14]. However, HFUS can only measure the
thickness and echo changes of scars. It cannot
reflect the mechanical characteristics of skin
and scars. The elasticity of HS is closely related
to biological properties [15]. Young’s modulus
values can reflect tissue elasticity, indirectly
reflecting tissue hardness. Therefore, the mea-
surement of scar elasticity is helpful for the
evaluation of scars. Currently, there are three
main types of ultrasound elastography used for
skin and skin scars, including strain elastogra-
phy (SE), acoustic radiation force impulse
(ARFI), and SWE.

SE includes imaging of the compressional
elastic imaging mode. The operator needs to
outsource oppression patients body surfaces
and identify target tissues due to different
internal hardness of the stress strain, as well
as focus on collection, perform analysis, orga-
nize reflection echo signals before and after
the pressure difference, and present the color
ultrasonography of tissue elasticity imaging
through the color coding [16]. It has been
reported that when SE is used to measure the
elasticity of keloid skin, lesion tissues in the
mature stage are soft with a large strain, while
lesion tissues in the proliferative stage are
hard with a small strain. Elasticity is inversely
proportional to the hardness of the tissues
[17]. However, this is a qualitative and semi-
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Table 1. Multiple comparisons and tests of differences between the Picric acid-Sirius red staining groups

collagen |

collagen Il
differences between lower confidence upper confidence Differences between lower confidence upper confidence
groups limit limit groups limit limit
60 days postoperatively-30 days postoperatively 2.16 -1.83 6.14 0.40 -1.78 -5.32 1.76 0.45
90 days postoperatively-30 days postoperatively -3.89 -7.15 -0.64 0.02 -6.51 9.4 -3.62 <0.01
90 days postoperatively-60 days postoperatively -6.05 -10.04 -2.07 <0.01 -4.73 -8.27 -1.19 0.01

P<0.05 was statistically significant.

3046

Int J Clin Exp Med 2020;13(5):3041-3052



Shear wave elastography in HS

P3ov.60days>0.05
P30v.90days<0.05

P60v.90days<0.05

nology, also known as touch
organization quantitative te-
chnique, implies the use of
ultrasonic transducer for ROI
launch. This is focused on the
acoustic radiation force im-

pulse, making certain parts
and tissues of tiny deforma-
tion of transverse shear wa-
ve. It then uses the same
ultrasonic probe to track be-
ams at different time points,
tracking and monitoring the
response signal, as well as
collecting and analyzing this
information. Thus, it finally
calculates the SWV and the
degree of flexibility, reflecting
regional organizations [19]. In
Lee’s observation of skin sc-
lerosis [20], ARFI and SWE

examination results suggest-
ed that the hardness of dis-
eased dermis was greater,

compared to normal healthy
dermis, while the sensitivity of
SWE was better than that of
ARFI in distinguishing normal
. and hardened skin. In additi-
on, the size of ARFI sampling
frame is fixed and cannot be
adjusted [21]. Compared with
HS of rabbit ears and other
thin tissue samples, the size
of ARFI sampling frame is too
large to affect the accuracy of
measurement.

Unlike SE and ARFI, SWE is a
safe acoustic radiation pulse
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Figure 5. Boxplot comparison of area percentages of Picric acid-Sirius red
stained collagen (type |, lll) at different time periods. Collagen | (A), colla-
gen lll (B). Multiple comparisons and tests of differences between groups,

respectively.

quantitative examination method. The biggest
drawback is that it is difficult to achieve the
same pressure applied by the operator each
time [18], which in turn leads to the relative
elastic contrast between the lesion and sur-
rounding normal tissues, rather than an intrin-
sic parameter of tissue hardness. ARFI tech-
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emitted by the probe. Con-
tinuous focusing at different
depths of the tissues caus-
es the tissue particles to vib-
rate and generate transverse
shear waves. Shear wave ve-
locity of the detected tissues
can be accurately and quantitatively measur-
ed. Next, Young’'s modulus values reflect elas-
tic changes of the tissues. These can be direct-
ly obtained to achieve the purpose of quantita-
tive diagnosis (E = 3pc2, unit: kPa, E is Young’s
modulus, ¢ is shear wave velocity, p is tissue
density). Young’s modulus is positively corre-

Int J Clin Exp Med 2020;13(5):3041-3052



Shear wave elastography in HS

Figure 6. Immunohistochemistry sections at different time periods. (A) 30 days after surgery (CD34 x 100); (B) 60
days after surgery (CD34 x 100); (C) 90 days after surgery (CD34 x 100).

P3ov.60days < 0.05
P30y 00days < 0.05
Peov.godays < 0.05

e
.
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Figure 7. Boxplot comparisons of microvascular
density by immunohistochemistry at different time
points. Multiple comparisons and tests of differenc-
es between groups, respectively.

lated with tissue stiffness, with smaller E val-
ues indicating softer tissues. This new USE
technology only requires the assistance of an
ultrasonic probe without external pressure. It
can be used to objectively and quantitatively
evaluate tissue elasticity, providing more tissue
information than HFUS and other USE. Thus,
this method avoids the shortcomings of tradi-
tional external pressure USE, such as subjec-
tive experience and lack of objective quanti-
tative indicators [22, 23]. It has been widely
used in studies concerning the liver, breasts,
prostate, thyroid, and musculoskeletal diseas-
es [24, 28]. However, it is rarely used to study
skin scars. In recent years, the French Aixplor-
er ShearWave™ real-time SWE ultrasonic diag-
nostic instrument was produced. Based on the
automatic generation and analysis of real-time
shear waves, Young’'s modulus values, which

3048

are important biomechanical parameters, were
obtained through the quantitative analysis sys-
tem. The aim was to achieve full quantitative
USE and promote extensive clinical research of
SWE [29].

It has been reported that SWE can be used to
measure skin elasticity, quantify the degree of
skin fibrosis [30, 32], obtain high reliability,
good repeatability, and distinguish different
stages of disease [33]. These studies have
laid a foundation for the application of SWE in
the diagnosis and evaluation of other skin
diseases.

The current study found that ventral wounds
on rabbit ears produce a process of dermis
proliferation, as with human HS. Previous stud-
ies have proven that fibroblasts are the main
cells in scar formation, with large amounts
of collagen type | and lll, an important basis
for scar formation. In theory, an increase in
collagen fibers would harden scar tissues [34].
In this study, HS proliferation peaked at 30
days after surgery. It can be clearly seen from
the boxplot that the area percentage of type
Il collagen with Picric acid-Sirius red staining
and MVD count reached the peak level at 30
days after the surgery, while Young’s modulus
values of HS at this time were also the largest.
Values were significantly higher, compared to
those at 60 and 90 days after surgery. Within
60 to 90 days after surgery, HS gradually
subsided, revealing to be mature and stable.
Collagen contents of type | and lll in scar
tissues were reduced, MVD counts showed a
decrease in the number of micro-vessels, and
corresponding Young’s modulus values were
also gradually reduced. Experimental results
showed that the change trend of elasticity was
consistent with the change trend of collagen
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Table 2. Multiple comparisons and tests of differences between microvascular density by immunohis-
tochemistry groups

differences lower confidence upper confidence

between groups limit limit
60 days postoperatively-30 days postoperatively -8.09 -32.58 16.40 0.71
90 days postoperatively-30 days postoperatively -41.25 -61.25 -21.25 <0.001
90 days postoperatively-60 days postoperatively -33.16 -57.65 -8.67 0.01

P<0.05 was statistically significant.

& T N € 1 E means E min:
% § Ch & P30v.60days < 0.05
% § % % - P3ov.90days < 0.05
§8 1 g - 8 - Péov.o0days < 0.05
2 g | A 2 - -
; B - E max:
2 H 8 g T
v it : T ' P3oveodays < 0.05
L | | i |, == P <0.05
e 30v.90days .
30days 60days 90days PGOV.SOdays >0.05
oo | % 84 1 | & 2
8 3 g . e g
8 8 ; = | i g - g -
; " = 5 =
s : - s & g - ; g - "
: : . rl - ) . | -
: S e I ==l IS IR - <

30days

60days

90days

30days

60days

90days

Figure 8. Boxplot comparisons of Young’s modulus at different time points. Multiple comparisons and tests of dif-
ferences between groups, respectively.

Table 3. Multiple comparisons and tests of differences between groups of the maximum elastic
modulus

differences lower confidence upper confidence

between groups limit limit
60 days postoperatively-30 days postoperatively -49.35 -73.66 -25.05 <0.001
90 days postoperatively-30 days postoperatively -72.45 -100.51 -44.39 <0.001
90 days postoperatively-60 days postoperatively -23.10 -54.47 8.28 0.19

P<0.05 was statistically significant.

content and MVD of HS. In this experiment,
Young’s modulus values were the largest at
the peak of scar hyperplasia. Young’s modulus
values gradually decreased to the stage of
scar resolution and maturity. This indicates

that the hardness of scar tissues in the hyper-
plasia stage is higher than that in the regres-
sion stage and the mature stage, consistent
with Aya’s [35] research results on keloids.
Their results suggested that the SWV in active
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Table 4. Multiple comparisons and tests of differences between groups of the mean elastic modulus

differences lower confidence upper confidence

60 days postoperatively-30 days postoperatively
90 days postoperatively-30 days postoperatively

between groups limit limit
-83.46 -38.14 <0.001
-122.37 -70.04 <0.001
-64.65 -6.15 0.01

90 days postoperatively-60 days postoperatively

P<0.05 was statistically significant.

Table 5. Multiple comparisons and tests of differences between groups of the minimum elastic modu-

lus
differences lower confi- upper confidence p
between groups dence limit limit
60 days postoperatively-30 days postoperatively -44.30 -66.86 -21.75 <0.001
90 days postoperatively-30 days postoperatively -105.38 -131.42 -79.33 <0.001
90 days postoperatively-60 days postoperatively -90.19 -31.96 <0.001

P<0.05 was statistically significant.

hypertrophic scar areas (v = 8.06 m/s, v =7.09
m/s, v = 5.62 m/s) was greater than that in
mature and stable areas (v = 2.49 m/s, v =
3.12 m/s, v = 3.34 m/s). This also confirmed
that the mechanical properties of SWV were
faster with stiffer tissues. However, Bhatia [36]
obtained a different conclusion. He found that
the hardness value of HS after surgery was rel-
atively low. The maximum value of Stiff Pixel
was 55.1 kpa, while the average value was
44.5 kpa. Therefore, it was believed that the
hardness of increased fibrous tissues was not
necessarily high. However, this was a case
report without representativeness. Thus, their
results need to be confirmed by further stu-
dies.

In the process of scar evolution, changes in
collagen content and microvascular density of
scar tissues are correlated with changes in
Young's modulus values of scar tissues. Higher
collagen content and microvascular density
levels lead to greater Young’s modulus values
of HS. When collagen content decreases, mi-
crovascular density and Young’'s modulus val-
ues also decrease. Observed changes in this
process suggest that changes in Young’'s mo-
dulus values of HS are consistent with the for-
mation, proliferation, regression, and matura-
tion process of scars. Thus, these values could
be used to assess pathological changes of HS.

The present study, however, had a few limita-
tions: (1) The value of HS shear wave velocity
was not analyzed; and (2) The reference range
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of SWE dividing HS course was not established
due to small sample size.

Conclusion

SWE can be used to dynamically and quantita-
tively evaluate stiffness levels of HS at different
stages. Trends observed in the present study
were consistent with the changes of histopa-
thology, collagen content, and MVD in relation
to the time and degree of scar evolution. Thus,
SWE can be used to effectively assess the
evolution of HS.
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