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INTRODUCTION

ABSTRACT

Aims/Introduction: Subcutaneous dystrophic tissue (DT) produced by insulin injection
causes dysglycemia owing to inadequate absorption of insulin. However, precise
techniques for measuring DT have not been established. Shear wave elastography (SWE)
is an imaging technology that can quantify tissue stiffness. In this study, insulin injection-
induced DT was quantified using SWE to generate whole-abdominal wall subcutaneous
tissue by three-dimensional (3D) imaging in patients with type 2 diabetes who were
treated with multiple insulin injections.

Materials and Methods: Seven patients with type 2 diabetes were recruited who
received long-standing multiple insulin injections. Using SWE, the shear wave velocity
(SWV) of DT and control (normal subcutaneous tissue) was measured. Furthermore, two of
seven patients underwent whole-abdominal SWE examination to calculate the proportion
of DT. A subcutaneous insulin tolerance test was also performed in both the DT and
control tissues.

Results: The SWV in DT was significantly higher than that in the control tissue (2.87
[266-298] vs 1.29 [1.23-1.44] m/s, P < 0.01). The proportion of the DT volume was 067%
and 521% for two individuals from the entire abdominal subcutaneous tissue volume.
The area under the curve for the subcutaneously injected insulin aspart concentration at
the DT sites was lower than that of the control tissue (750 [52.1-111] vs 116 [86.9-152.5]
h*mU/L, P = 0.1).

Conclusions: SWE can be useful in quantifying abdominal subcutaneous insulin-
induced DT, especially the 3D volume of insulin injection-induced DT from the entire
abdominal subcutaneous tissue. This study is the first to examine the volume and
distribution of abdominal subcutaneous DT using SWE.

related to glucose variability and can arise as an unpredictable

Insulin is a hormone that is commonly administered through a
subcutaneous injection and has been used widely for blood glu-
cose management in type 1 and 2 diabetes. Insulin therapy
aims to mimic the physiological concentration of insulin; how-
ever, insulin absorption by the subcutaneous tissue can vary
based on the preparation, injection technique, and injection
site' ®. Variability in the subcutaneous absorption of insulin is
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therapeutic response, resulting in inadequate glycemic control
and an increased risk of hypoglycemia'’. Some studies have
shown that subcutaneous injections of insulin may cause dys-
trophic tissue such as lipohypertrophy, fibrocollagenous scars,
and insulin-derived amyloidosis in patients with diabetes™® "%
In addition, dystrophic tissue can cause poor blood glycemic
control due to the inadequate absorption of insulin®® ">,
Despite undergoing frequent abdominal subcutaneous tissue
investigations, many patients with multiple insulin injections have
fluctuations in blood glucose levels and experience severe
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hypoglycemia. Therefore, a non-invasive and examiner-
independent method with improved diagnostic accuracy is needed
to assess the condition of the subcutaneous abdominal tissue.

Subcutaneous dystrophic tissue is typically diagnosed based
on clinical evidence of a palpable subcutaneous lump and con-
firmed by pathological examination'"'> >, However, a standard
technique to quantify the amount of dystrophic tissue has not
yet been established thus far. Tissue stiffness is associated with
underlying pathological states. Thus, the measurement of tissue
stiffness may be a useful clinical estimation of the severity of
tissue pathology. Ultrasound elastography is an imaging tech-
nology that is sensitive to tissue stiffness, and it was first
described in the 1990s™. Strain elastography was the first ultra-
sound elastography technique®. Although strain elastography
can represent strain measurements as a semitransparent color
map overlaid on a B-mode image, it is not usually quantifiable.
In contrast to strain elastography, shear wave elastography
(SWE) can produce quantitative images of shear wave velocity
(SWV). Measurement of SWV vyields both qualitative and
quantitative estimates of tissue elasticity””. In general, the stiffer
the tissue, the greater is the SWV. In addition, SWV has high
user-independence and reproducibility, and thus, SWE has the
advantage of quantifying superficial tissue stiffness. In this
study, SWE was used to evaluate quantitatively abdominal sub-
cutaneous dystrophic tissue in patients with type 2 diabetes
who were treated with multiple insulin injections.

MATERIALS AND METHODS

Study design

A single-center observational proof-of-principle study was con-
ducted to examine the characteristics of subcutaneous dys-
trophic tissue generated by daily insulin injections in patients
with type 2 diabetes.

Participants

Outpatients were enrolled with type 2 diabetes who received
daily insulin injections at Toho University Omori Medical Cen-
ter, Tokyo. Patients were enrolled between December 2018 and
December 2019 and provided informed consent. Our eligibility
criteria included suspicion of subcutaneous dystrophic tissue at
the insulin injection site and age >20 years. Patients were
excluded with heart failure, a history of heart failure, a medical
history of hypersensitivity to any of the ingredients of the study
drugs, severe ketosis, diabetic coma or pre-coma, severe liver
dysfunction, severe renal dysfunction, serious infectious disease,
pre- or post-operative state, and serious injury and those receiv-
ing cancer treatment. Seven patients who met these criteria
were enrolled in this study.

Setting

The SWV was measured (in m/s) using the Virtual Touch™
Imaging Quantification (VTIQ) mode with Acuson S3000™
and a 914 probe (6.5 MHz £ 20%) (Siemens Medical Solutions,
Mountain View, CA, USA) (Figure S1). We embedded a 0.5
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cm thick spacer (Yasojima Proceed Co., Ltd, Osaka, Japan)
between the skin surface and the ultrasound probe to mitigate
the shear wave signal error. The team for each examination
consisted of an examiner and a recorder.

Comparison between the subcutaneous dystrophic tissue and
the control tissue

Two independent investigators confirmed the presence of sub-
cutaneous lumps at the site of repetitive insulin injections
through visible inspection and palpation®’. A palpable subcuta-
neous lump was classified as dystrophic tissue, and the lateral
abdominal normal adipose tissue of the same subject was classi-
fied as the control tissue. Raw SWV data were obtained using a
standard protocol, according to the manufacturer’s recommen-
dations (Virtual Touch™ Image Quantification by Siemens).
The region of interest (ROI) included the dystrophic and con-
trol tissues, which served as the control-specific background
values (Figure S1). Three different ROIs were selected at the
site of the insulin injection and control regions. SWV was mea-
sured at these ROIs, and the mean SWV was calculated in m/s.
Two or three independent reviewers analyzed the data from
these samples to assess the reliability and to reduce the bias
associated with the placement of the dystrophic tissue and con-
trol ROIs. The SWV was compared between the dystrophic tis-
sue and control tissue using the Mann-Whitney U test.

Proportion of dystrophic tissue in the abdominal wall

Two patients underwent an entire abdominal SWE examination
to evaluate the entire abdominal subcutaneous tissue. The entire
abdominal surface area was assessed as a vertical axis between
the lower costal margin and the superior anterior iliac spine
and as a horizontal axis between both anterior axillary lines.
The VTIQ images were obtained with 1 cm step size intervals
toward the cranial-to-caudal axis governed by a 2 cm working
distance in the horizontal axis (Figure S2). The ROIs were
defined as 4 cm X 4 cm areas, and each superior margin was
mapped to the surface of the epidermis. To reconstruct three-
dimensional (3D) full-length horizontal abdominal VTIQ
images, the individual VTIQ image stacks were rendered by a
working distance of 1 cm to cover each edge of the image.
Imaging analysis was performed using Dragonfly software
(Montreal, Quebec, Canada). The superior and inferior margins
of the subcutaneous tissue were set as the dermis and fascia,
respectively. The colored RGB (red-green-blue) images of VTIQ
at the ROIs were changed to SWV data according to the man-
ufacturer’s guidelines, using adaptive histogram equalization.
The amount of whole-abdominal dystrophic tissue was calcu-
lated using the following equation: percentage of dystrophic tis-
sue = total dystrophic tissue SWV density number/entire
subcutaneous tissue area density number. The SWV density
numbers were calculated using the SWV histogram. The aver-
age of three individual SWV data derived from the dystrophic
and control tissues were calculated and each data point was
used as the upper and lower margins of the SWV histogram
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cutoff points to account for the dystrophic tissue and the entire
abdominal subcutaneous tissue, respectively. The distribution of
the high SWV area was also evaluated throughout the abdomi-
nal wall.

Subcutaneous insulin tolerance test

Patients arrived at our institution in the morning after an over-
night fast and skipped their morning bolus of insulin. To com-
pare insulin absorption, the patients received subcutaneous
abdominal injections of 0.1 unit/standard body weight (kg) of
insulin aspart (IAsp) into the dystrophic tissue and control
sites. Blood samples were collected before the insulin injection
and at every 30 min for up to 240 min after the injection.
Serum iso-insulin (Mercodia AB, Uppsala, Sweden) and human
insulin (Roche Diagnostics, Tokyo, Japan) levels were measured,
and the serum IAsp concentration was determined using the
following formula: serum IAsp concentration (mU/L) = (serum
iso-insulin) — (serum human insulin). The area under the curve
of serum IAsp concentration values from 0 to 240 min
(AUCssp) was calculated using the trapezoidal method. The
AUCap after administering insulin injections into the dys-
trophic tissue vs control sites was compared using the Mann-
Whitney U test.

Statistical analysis

All statistical analyses were conducted using JMP, version
13.0.0. The data are shown as median (interquartile range). The
Mann-Whitney U test was used to compare values between the
subcutaneous dystrophic tissue and control tissue, with the level
of significance set at P < 0.05.

RESULTS
Patient characteristics
Table 1 presents the baseline characteristics of the patients. The
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index was 29.4 (27.5-33.0) kg/m’ and the HbAlc was 7.9
(7.4-9.1)%. The duration of diabetes was 22 (20-25) years, and
the duration of insulin therapy was 9 (6-23) years. All patients
had been using insulin analogs for multiple daily insulin injec-
tions, and the total daily insulin dose was 64 (38-79) U/day.

Comparison of stiffness between the dystrophic and control
tissues

The SWV of the dystrophic and control tissues is also shown
in Table 1. The SWV of the dystrophic tissue was significantly
higher than that of the control tissue (2.87 [2.66-2.98] vs 1.29
[1.23-1.44] m/s, P < 0.01).

Proportion of dystrophic tissue in the whole abdominal wall
Figure 1 shows the SWE histogram and the percentage of dys-
trophic tissue. The density of dystrophic tissue/entire subcuta-
neous tissue area was 39,783/5,894,523 pixels in patient 4, and
194,481/3,730,419 in patient 7, respectively. Therefore, each
proportion of dystrophic tissue volume calculated from the
entire subcutaneous abdominal tissue was 0.67% and 5.21%.
Whole-abdominal 3D-VTIQ images highlighted the presence of
some high SWV lesions during the entire subcutaneous abdom-
inal scanning (Figure 1c), which were undiagnosed as dys-
trophic tissue before the examination.

Subcutaneous insulin tolerance test

Five of the seven patients’ subcutaneous insulin tolerance test
data were available. Data from two patients were excluded
because of data errors and lack of specimen collection. Figure 2
shows the boxplots of the serum IAsp concentration (AUC4,)
over time after administering IAsp injection into areas with the
dystrophic and control tissues. Although not significant, the
insulin subcutaneous absorption tended to be lower after injec-
tion at the dystrophic tissue site than after injection at the con-

study population comprised four (57%) men and three (43%) trol site (75.0 [52.1-111] vs 116 [86.9-152.5] h*mUJL,
women, with a median age of 64 (56-70) years. The body mass P = 0.0947).

Table 1 | Patients’ baseline characteristics and shear wave velocity of dystrophic and control tissues

Characteristic Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Median (IQR)
Age (years) 43 67 58 70 77 56 64 64 (56-70)

Sex F F M M M F M

BW (kg) 712 632 1034 752 769 825 713 752 (71.2-825)
BMI (kg/mz) 308 285 404 294 272 33 275 294 (275-330)
Duration of diabetes (years) 22 20 10 22 28 25 21 22 (20-25)
HbAl1c (%) 95 9.1 79 74 88 76 66 79 (74-9.0)
Duration of insulin use (years) 6 10 8 23 35 5 9 9 (6-23)
Number of daily insulin injections 4 4 4 4 4 4 4 4

Daily insulin dose (unit/day) 79 64 106 42 74 32 38 64 (38-79)

Daily insulin dose (unit/kg/day) 111 101 103 0.56 096 0.39 0.53 096 (0.53-1.03)
SWV (dystrophic tissue) (m/s) 287 266 279 327 298 297 253 287 (266-298)*
SWV (control) (m/s) 15 12 128 123 141 144 129 129 (1.23-144)

BMI, body mass index; BW, body weight; SWV, shear wave velocity, IQR, interquartile range. *P < 0.01; P value is reported for the Mann-Whitney U
test, comparing the SWV between the dystrophic tissue and the control tissue.
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Figure 1 | Histogram of the individual shear wave velocity density numbers and percentage dystrophic tissue and the measured 3D whole-
abdominal subcutaneous tissue. The figure shows a histogram of the individual shear wave velocity (SWV) density numbers and % dystrophic
tissue. Upper (a) and lower (b) histograms depict the data of patients 4 and 7 within the 3D whole-abdominal wall examination, respectively. 3D
whole-abdominal subcutaneous tissue image by SWE of patient 4 (c). The color scale indicates the shear wave velocity (m/s). The x, y, and z
directions represent head-to-tail, left-to-right, and inner-to-outer, respectively.
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Figure 2 | Boxplots of the area under the curve of serum insulin aspart
(IAsp) concentration (AUCjasp) Over time after IAsp injection into areas
with dystrophic and control tissues. The figure shows the boxplots of
the area under the curve of serum IAsp concentration (AUCag,) over
time after 1Asp injection into areas with dystrophic and control tissues.

DISCUSSION

In this study, it was found that the SWV of the insulin
injection-induced dystrophic tissue was significantly higher than
that of the control tissue (P < 0.01). In addition, the volumes
of the dystrophic tissue were 0.67% and 5.21% of the entire
abdominal subcutaneous tissue in sample subjects. The subcuta-
neous insulin absorption was lower at the dystrophic tissue sites
than at the control sites, with a marginal difference
(P = 0.0947).

Insulin injection-induced subcutaneous dystrophic tissue,
such as lipohypertrophy, fibrotic scar tissue, or amyloid tissue,
has been traditionally assessed only by survey or physical exam-
ination. Previous studies have reported that palpable lumps
were not observed in all cases of insulin amyloid26. Thus, it is
difficult to identify dystrophic tissue only by physical examina-
tion. Some authors reported that subcutaneous dystrophic tissue
caused by insulin injections, which could be identified by physi-
cal examination, could also be detected by ultrasound*”*®. Fur-
thermore, another study showed that ultrasound could be used
to detect cases wherein subcutaneous lesions were not identified
by physical observation”’. However, it remains unclear how
widespread insulin injection-induced abdominal subcutaneous
dystrophic tissue has been distributed throughout the subcuta-
neous abdominal wall. To the best of our knowledge, this is the
first study to examine the volume and distribution of abdomi-
nal subcutaneous dystrophic tissue using SWE. Previous studies
have shown that all types of dystrophic tissue, such as lipohy-
pertrophy, fibrotic scars, and amyloid at the site of insulin
injection, inhibit insulin absorption®®'®'". In agreement with
the findings of previous reports, our study showed that insulin

http://wileyonlinelibrary.com/journal/jdi

absorption after administering injections into dystrophic tissue
sites was reduced when compared with that after administering
injections into the control sites. However, the difference was
not significant (P = 0.0947). This result could be attributed to
the small number of cases.

Our results showed that the SWV of the insulin injection-
induced dystrophic tissue was higher than that of the normal
adipose tissue. These data may reflect histopathological changes
such as fibrosis and amyloid deposits. Although it is necessary
to perform histopathological examination to prove our hypoth-
esis, the dystrophic tissue occupied only 0.67% and 521% of
the volume of the entire abdominal subcutaneous tissue in the
sample subjects. Thus, our methods could be useful for more
precise identification of dystrophic tissue areas. These data sug-
gest that there are lesions other than palpable subcutaneous
lumps where repeated insulin injections are administered. Previ-
ous studies have shown that non-palpable lesions that are diffi-
cult to detect by physical diagnosis are also related to an
insulin absorption disorder®”. Thus, it is important to detect
subcutaneous dystrophic tissue to achieve normal insulin deliv-
ery and good glycemic control.

Limitations

This study had several limitations. First, the number of cases
was small, particularly in the whole abdominal study, wherein
only two patients were included. Second, we regarded palpable
subcutaneous lumps as dystrophic tissue and defined the aver-
age SWV of three different ROIs as the reference value of the
dystrophic tissue. However, a previous study that used strain
elastography reported that the palpable dystrophic tissue was
harder than the non-palpable type””. Thus, the non-palpable
dystrophic tissue may have been overlooked in our method.
Additional studies are needed to determine whether non-
palpable dystrophic tissue has a lower SWV than the palpable
type. Third, we did not perform any pathological examination
in our study. Thus, we were unable to prove whether the high
SWV was histologically associated with pathological changes
such as lipohypertrophy, fibrotic lesions, and amyloid. Finally,
it was difficult to show clearly the cutoff value of SWV that
separated the dystrophic tissue from the normal tissue because
the number of cases was small. Further large-scale studies are
necessary to differentiate quantitatively between the dystrophic
tissue and the normal tissue using SWE.

A quantitative evaluation of insulin injection-induced subcu-
taneous tissue changes was performed using SWE. The SWV
of the insulin injection-induced dystrophic tissue was signifi-
cantly higher than that of normal adipose tissue. Our findings
showed that SWE enables the calculation of the 3D volume of
the insulin injection-induced dystrophic tissue from the entire
abdominal subcutaneous tissue. Although there was no signifi-
cant difference, the insulin subcutaneous absorption was slower
in the dystrophic tissue than in the normal adipose tissue. In
the future, we intend to validate our system with a larger num-
ber of patients and using automated 3D-imaging software.
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