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Introduction

Venous ulcers (VUs) are the most severe and debilitating
complication of chronic venous insufficiency and account for
nearly 80% of all lower extremity ulcers." These lesions are
characterized by having poorly defined margins, a granulating
wound bed, moderate to high exudate and having a recurring
nature.” Despite venous valve incompetency and ensuing
venous hypertension being the main driver for VU formation,
fibrinogen leak from the capillaries has also been proposed as a
contributing factor. The fibrinogen leak forms a pericapillary
fibrin cuff that inhibits the diffusion of oxygen and nutrients,
accumulation of white blood cells and redox dysregulation,
which ultimately lead to hypoxia, tissue damage, and impaired
wound healing.’ The mainstay of the current treatment for VUs
is compression bandaging and ablation of incompetent
superficial veins because they are associated with an increase
in the number of new blood vessels, which in turn are associ-
ated with healing wounds.*> Nonetheless, for these treat-
ments to be effective, a high level of patient compliance is
needed, and a prolonged time period to see changes is often
required, which negatively impacts the former.®

Because microangiopathic improvements are associated
with healing ulcers, there is a pressing need for the search of
novel treatment strategies to promote neovascularization of
the wound. One such innovative treatment may be the topical
use of insulin, as several studies have demonstrated that in-
sulin is effective in promoting wound healing. The topical use
of this drug is associated to increased rate of healing,
increased capillary density, and increased granulation tis-
sue.” """ However, no studies have been done to date on the
effectivity of topical insulin application for VUs. A previous
study demonstrated that the topical administration of neutral
protamine Hagedon (NPH) insulin, an intermediate-acting
insulin, in acute wounds of non-diabetic patients was asso-
ciated with increased angiogenesis without any patient
presenting hypoglycemia;'® nonetheless, this remains as a
potential risk. Longer-acting insulin formulations, such as
insulin glargine, which has a half-life of approximately 12 h,
an onset of action of approximately 2 h and a duration of
action of approximately 24 h, are associated with fewer
hypoglycemia events in diabetics while retaining a long-
acting effect.’”'* Therefore, the objective of this study was
twofold. First, to determine whether the local administration
of insulin glargine compared with the placebo in nondiabetic
patients with VUs would lead to increased healing of the
wound; and second, to determine the safety profile of insulin
glargine in this population.

Materials and Methods
Patients

A prospective randomized controlled trial (RCT) was per-
formed on adult patients with chronic VUs secondary to
varicose veins and venous hypertension in their lower
extremities referred to the vascular surgery outpatient clinic
of Hospital Central “Dr. Ignacio Morones Prieto,” in San Luis

Potosi, Mexico. Inclusion criteria were the presence of full-
thickness VUs >25 cm? with an evolution of at least 3 mo.
All patients received compression bandaging since their first
visit to the clinic and ablation of incompetent superficial veins
at least 4 wk prior to being enrolled in the study. Exclusion
criteria were the suspicion of active infection of the ulcer, a
prior diagnosis of post-thrombotic venous syndrome, deep
vein thrombosis, diabetes mellitus, Hb-Alc >6.5%, presence of
any comorbidity that would affect wound healing such as
malnutrition, cancer or collagen disease, active smoking, or
peripheral arterial disease.

Approval for the study was granted from the Hospital’s
Research Ethics Board (registry 70-19). The study was
performed in accordance with the Declaration of Helsinki.
Written informed consent was provided by all participants
prior to any study procedures. The study is registered at
clinicaltrials.gov under entry number NCT04310280.

Study design

After consenting to participate in the study, the patient’s VUs
were divided into two equal parts and randomization using
the randomizeR package’ from the R statistical software was
used to select on which side insulin glargine was going to be
applied and which side would receive placebo (0.9% saline
solution). This split-plot experimental design offers the
advantage of making each patient its own control and thus, is
well suited for small sample sizes and has previously been
used to assess wound healing in acute wounds.'®'* The dose
and application of insulin or placebo was done following a
previous study.'" Briefly, 0.1 mL (10 UI) of insulin glargine was
diluted in 0.9 mL of saline solution. Afterward, this prepara-
tion or the same volume of saline solution was injected into
the wound bed at a depth of 3 to 4 mm on each wound half
once a day for 7 d using a tuberculin syringe needle after
administration of 2% lidocaine spray for pain control. Half of
the dose was applied in the center of the hemi-wound and the
rest in at least three radial points between the center and the
wound edge. No additional doses were applied on the wound
borders nor systemically. In all cases, we ensured that the
point of administration of either the insulin or placebo were at
least 1 cm away from the other wound half or from the wound
border. The patients were blinded to which wound side was
the active treatment applied. The treatment was applied in
the outpatient clinic immediately after the patients received a
luncheon. Capillary blood glucose was measured before and
3 h after the treatment was administered, and if hypoglycemia
(<3.3 mmol/L) was ruled out, the patients were sent home
until the next day. The patients were instructed on how to
recognize signs and symptoms of hypoglycemia and to record
them if present. VUs were treated with compression stock-
ings, daily cleanse with sterile saline solution and alginate
dressings. All patients were scheduled for wound grafting
after completion of the treatment protocol.

Infrared thermography

The temperature of a wound, particularly the difference be-
tween the temperature of the wound and the surrounding
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healthy skin, also known as the temperature asymmetry, has
been correlated with blood flow and blood supply to the
wound,'® and has previously been used as an indirect marker
of neovascularization.”™!” To assess the temperature asym-
metry, infrared thermography imaging was done by a blinded
to treatment observer on day 0 and on day 7 using an FLIR One
Pro mobile camera (FLIR Systems, Wilsonville, OR) attached to
an iPhone. For image acquisition, the camera was left on for
3 min before acquiring the images to allow stabilization of the
sensor. Afterward, auto-calibration of the instrument was
done following the manufacturer’s instructions. Before im-
aging, the dressing was removed, and the wound was cleaned
with a 5% chlorhexidine solution, rinsed with 0.9% saline,
dried with sterile gauze and the wound was left undisturbed
for 3 min to reach room temperature. All the temperature
measurements were taken following the Thermographic Im-
aging in Sports and Exercise Medicine (TISEM) check list,”® at a
distance of 0.5 m and at an angle of 90° relative to the wound,
in a closed room under controlled conditions of light and
external radiation exposure, controlled room temperature
(23°C) and atmosphere humidity of 40%.

Thermographic analysis of the images was performed
using the FLIR Tools Quick-Report v.1.2 software (FLIR Sys-
tems, version 5.70, 2016) by a researcher blinded to the treat-
ment. The skin emissivity was set at 0.98 for all acquired
images. The investigator delineated a region of interest (ROI)
corresponding to half of the ulcer and the software was used
to obtain the average temperature of the ROI A 25 cm? region
was delineated on healthy skin adjacent to the wound and the
same measurement was performed. The healthy skin tem-
perature was then compared with both wound halves and the
thermal asymmetry between them obtained.

Wound measurement and biopsy

Measurement of the hemi-wound area was done using a
transparent film overlying the VU by an observer blinded to
the treatment at days 0 and 7. Tissue biopsies at the center of
each wound half were also obtained on day 0 and on day 7 and
4 um tissue sections were prepared. Hematoxylin and eosin
staining were used to assess blood vessels, and the percentage
of collagen content in the samples was determined through
Masson’s trichrome stain. The number of blood vessels and
the percentage of collagen content area was counted by a
trained observer blinded to the treatment received using the
Image] v1.44 software (National Institutes of Health, Bethesda,
MD) in three randomly selected fields at a 10x magnification
and the results for each individual patient were averaged.
Intra- and interrater agreement for the blood vessel quantifi-
cation and collagen area estimation were 0.98 and 0.99,
respectively.

Statistical analysis

The main outcome of interest for this study was the change in
the number of blood vessels in tissue biopsies. Secondary
outcomes included the change in wound size, temperature of
the wound, and content of collagenous tissue. Data are pre-
sented as mean and standard deviation or proportions for
continuous or categorical data, respectively. Statistical

analysis was performed using the statistical package R v.3.4.1
and RStudio at the 95% confidence interval. After assessment
and confirmation of normal data distribution through
Shapiro—Wilk tests, mixed-effects models were used to assess
the differences in wound size, temperature asymmetry,
number of blood vessels, and percentage of fibrosis area be-
tween wound sides according to treatment. This statistical
method considers individual patient responses to treatment
and is particularly well suited to analyze differences over
time, especially when a natural change of the outcome if in-
terest is expected and therefore, the interaction of time and
treatment needs to be assessed.'® Moreover, by clustering the
individual patients’ responses, any potential risk of contami-
nation between treatments in the hemi-wounds is also
controlled by this statistical method. For evaluation of the
correlation between temperature asymmetry and the number
of blood vessels, a linear regression analysis was done.
P-values <0.05 were considered statistically significant for all
analyses.

The sample size was calculated using data for blood vessel
quantity from a previous study'® using the program
GLIMMPSE (University of Colorado Denver, URL: http://glimm
pse.samplesizeshop.org/).? For a statistical power of 80%, a
type I error rate of 0.05, measurement of the primary
outcome variable (number of blood vessels) for two times,
and assuming linear exponent first-order autoregressive
(LEAR) correlations at a decay rate of 0.5, we calculated that
to detect a treatment-by-time interaction of at least 30% in
the number of blood vessels after 7 d of treatment, a mini-
mum sample size of 18 patients would be needed.

Results

A total of 36 patients, eight men and 28 women, were enrolled
into the study. No patients were lost to follow-up. The
patient’s clinical characteristics are presented in Table. The
study’s CONSORT flowchart is presented in Figure 1.

The patient’s wounds were divided in two, and each half
received either daily insulin glargine or saline solution
injections, thereby making each patient its own control
(Fig. 2A and B). Infrared thermograms obtained at baseline
(day 0, Fig. 2A1) showed a practically identical temperature
difference between the wound area and the surrounding
healthy tissue (temperature asymmetry) between hemi-
wounds (2.79 + 1.3 versus 2.81 + 1.3°C, P = 0.91). After 7 d,
the hemi-wounds treated with insulin glargine showed

Table — Patient characteristics.

Variable Value
Age (y) 60.2 + 11.7
Gender Female = 18 (69%)

Male = 8 (31%)
62.6 & 35.9
18 (24)"

Wound size (cm?)

Wound evolution (mo)

"Median (IQR).
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L Enrollment

Assessed for eligibility (n = 38)

Excluded (n = 2)

\ 4

- Presence of comorbidities (n = 1)
-HbA1c >6% (n=1)
- Declined to participate (n = 0)

Enrolled (n = 36)

‘ Allocation ’ l
\ 4
Hemi-wound allocated to insulin glargine Hemi-wound allocated to placebo
(n = 36) (n=36)
- Received allocated intervention (n = 36) - Received allocated intervention (n = 36)
- Did not received allocated intervention (n = 36) - Did not received allocated intervention (n = 36)
Follow-up l
Lost to follow-up (n = 0) Lost to follow-up (n = 0)
Discontinued intervention (n = 0) Discontinued intervention (n = 0)
Analysis
v \ 4

Analyzed (n = 36, 72 observations)

- Excluded from analysis (n = 0)

Analyzed (n = 36, 72 observations)

- Excluded from analysis (n = 0)

Fig. 1 — Study flowchart.

significantly lower temperature asymmetry than the placebo-
treated hemi-wounds (1.41 + 0.77 versus 2.38 + 1.03°C,
P < 0.001) (Fig. 2B1). Significant interaction between the
treatment and time was observed in the mixed-effects model
(P = 0.018), with lower thermal asymmetry in the insulin
glargine treated hemi-wounds (Fig. 2C). Likewise, the hemi-
wounds treated with insulin showed a reduction of size
from 31.3 + 18.2 cm? to 26.15 + 15.0 cm?, compared with
31.1 + 18.2 cm? to 28.21 + 16.4 cm? in the placebo side
(P < 0.001). This represents a reduction of 16.3 + 4.5% versus
10.0 + 3.5% (P < 0.001) in the size of insulin treated hemi-
wounds compared with saline.

The number of blood vessels in the wound biopsies
increased from 32.7 &+ 18.6 to 77.1 &+ 21.6 (P < 0.001) in the
insulin glargine group and from 30.7 + 19.1 to 51.8 + 18.7
(P < 0.001) in the placebo group. Significant interaction

between treatment and time was observed (P = 0.013), with
higher blood vessel number in the insulin glargine treated
hemi-wounds (Fig. 3A). Likewise, the percentage of
collagen area in the biopsies was found to be significantly
higher in the insulin glargine-treated hemi-wounds
(P = 0.004 for the treatment by time interaction). Collagen
content area increased from 15.7 + 20.5% to 66.5 + 15.1% in
the insulin group (P < 0.001) compared with 17.0 &+ 16.4% to
44.1 + 16.3% in the placebo group (P = 0.011) (Fig. 3B).
Significant negative association was found between the
number of blood vessels in the tissue biopsies and the
thermal asymmetry values (B = -0.025, > = 0.662,
P < 0.001) (Fig. 4).

Over the course of the study, no patient presented with
signs or symptoms suggestive of hypoglycemia, adverse
events, or with capillary blood glucose levels <3.3 mmol/L.
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Fig. 2 — Wound healing and temperature asymmetry. The patient’s wounds (circles in A-B) were divided into halves (dotted
lines in A-B) and each hemi-wound was randomly assigned to receive 0.1 mL daily insulin glargine injections (I) or the same
volume of normal saline (placebo, P). Infrared thermograms (A1, B1) were used to assess the thermal asymmetry between
the hemi-wound and surrounding healthy tissue. After 7 d of treatment, insulin-treated hemi-wounds showed significantly

lower thermal asymmetry (C), which suggests increased neo-vascularization of the wound. Shaded areas in C represent 95%
CIL *™P < 0.001.

Glucose measurements before insulin application (5.5 =+ allergic reactions, or infection were recorded. Regardless of
0.6 mmol/L) were not significantly different to those the trial result, after competition of the 7 d of treatment, all
obtained 3 h later (5.4 + 0.7 mmol/L, P = 0.86). No other patients received an autologous skin graft covering both
adverse events, including pain in the site of administration, hemi-wounds.


https://doi.org/10.1016/j.jss.2022.06.070
https://doi.org/10.1016/j.jss.2022.06.070

662 JOURNAL OF SURGICAL RESEARCH e NOVEMBER 2022 (279) 657—665

100 % %
L
[
?
o 75
>
~—
o
Iy
£
3
=z

25
0 7
Day of treatment
B Placebo ™M |nsulin
%k K

75
2
w -
o 50
a
1~
—
° =
225

0
0 7

Day of treatment

B Placebo ™ |nsulin

Fig. 3 — Wound biopsy results. The number of blood vessels
(A) and the percentage of collagen content (fibrosis) area (B)
were found to be significantly higher in the insulin-treated
hemi-wounds after 7 d of treatment. A significant interaction
of treatment by time (P < 0.01 in both cases) was detected.
Shaded areas represent 95% CI. *'P < 0.01, ***P < 0.001.

Discussion

Wound healing is a complex and dynamic biological process
that involves the subsequentially but overlapping phases of
hemostasis, inflammation, proliferation, and remodeling of
tissue.”’ This process involves the restoration of lost or
damaged skin layers through the effect of cytokines and
growth factors on keratinocytes, fibroblasts, immune cells,
and endothelial cells to promote extracellular matrix (ECM)
deposition and remodeling.**** In the case of chronic VUs, the
deposition and maturation of granulation tissue is impaired
due to the reduced activation and migration of fibroblasts and
low levels of ECM production, which ultimately lead to
diminished wound contraction.?”*® This condition is further
compromised by ensuing hypoxia due to venous stasis, fibrin
cuffs, microangiopathy, and inflammatory cell entrapment
and dysregulation, which ultimately lead to tissue necrosis,
full-thickness skin loss, and recurring wounds.?

Our results demonstrate that in nondiabetic patients with
chronic VUs, the topical administration of insulin glargine is
safe and effective to promote wound healing, tissue neo-
vascularization and ECM deposition prior to skin grafting.
The use of topical insulin glargine compared with placebo led
to an increase of 25.3 vessels/cm? in the hemi-wound, which
was our primary outcome, an increase in ECM deposition as
measured by Masson’s trichrome staining of 22.4%, a 4.95 cm?
or 6.3% reduction in the hemi-wound size, and a 0.97°C in-
crease of the hemi-wound’s thermal load. Importantly, these
results were achieved with a mean change in blood glucose in
non-diabetic subjects of 0.1 mmol/L, highlighting the safety
profile of the treatment. The reason for selecting the number
of blood vessels as our primary endpoint was that an increase
in neo-angiogenesis marks the shift from a wound’s inflam-
matory phase into the proliferative one”’*” and that this is in
turn followed by deposition of ECM and reduction in wound
size. Furthermore, as supported by our findings, we also hy-
pothesized that the increase in blood flow into the wound
could be measured by the wound’s thermal load.

Insulin is a pleiotropic anabolic agent for wound healing. In
addition to promoting the expression of VEGF in keratinocytes
through the expression of the HIF-1o. pathway,”*?
promotes fibroblast and endothelial cell survival through its
effects on the AKT and ERK pathways.?® Furthermore, insulin
has also been tied to immune cell regulatory activity through
modifying the content of CD68 positive cells and the expres-
sion of TNF- o and IL-6.% Taken together these findings with
our own results, we believe insulin can be used as a potent
agent to promote wound healing in chronic VUs, as it modifies
most of the dysregulated pathways of the wounds. In accor-
dance with this line of thought, here we demonstrate that the
topical administration of insulin glargine leads to increased
angiogenesis and collagenous tissue in VUs wound bed. This
isin stark contrast to our previous finding of no increase in the
fibrous tissue deposition of acute wounds in non-diabetic
patients treated with NPH insulin, despite similar results on
neo-vascularization.’® In contrast, diabetic foot ulcer wounds
treated with insulin also show significant increase in neo-
vascularization and ECM deposition.'’ Because venous and
diabetic foot ulcers are trapped at the inflammatory and pro-
liferative phases of wound healing,**? insulin therapy most
likely promotes a major positive effect on wound regulation
and shifts the balance into a pro-regenerative state.

Despite the promissory results of our trial, it has several
limitations. The most important one is its small sample size,
which warrants a larger trial to confirm the results. Another
limitation is that because it was a split-plot design, mea-
surement of the wound size to assess the effect of insulin on
this outcome was not feasible. However, based on our ob-
servations (Fig. 1B), it is very likely that it will lead to
decrease in the size of the wound. Finally, there are still
several major hurdles for the translation of our findings into
major widespread clinical practice. First, the optimal dose of
insulin for wound healing has not yet been established.
Although there seems to be a dose-dependent effect of in-
sulin application and acute wound healing where lower
doses of insulin promote better healing than higher ones,**
a consensus has not been reached. Second, there is het-
erogeneity in the way insulin is applied to wound beds.

insulin
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Fig. 4 — Correlation between the number of blood vessels and temperature asymmetry. The number of blood vessels and
thermal asymmetry showed a significant negative correlation. For each increase in 1 blood vessel in the tissue biopsy, there
is a decrease of 0.02 (95% CI 0.01 to 0.03, P < 0.001) °C in the thermal asymmetry. This result highlights the intimate
relationship between the wound’s vascularity and its relative temperature. Shaded area represents 95% CI.

Although most studies have used a similar approach to
ours, a recent paper demonstrated that the topical use of
insulin in wound dressings also lead to enhanced wound
healing of diabetic foot ulcers.®* If this finding can be
replicated in other settings and other wound types, it would
pave the way for a less invasive way to administrate insulin
to patients. Finally, it should be noted that the use of a 7-d
course of topical insulin did not lead to complete wound
healing as this time point was too short to achieve this. The
optimal duration of the topical insulin treatment has not
been found. Although most papers suggest a course of 14 d
of treatment, here we demonstrate that longer acting
insulins may reduce the treatment time by half. However,
replication of this finding in other wounds needs to be
carried before a definitive recommendation can be done.

In addition to the aforementioned results, our study shows
a high degree of correlation (r*> = 0.662) between temperature
asymmetry wound measurements and the number of blood
vessels in the wound bed. Infrared thermography is a
noncontact, noninvasive imaging modality that provides sig-
nificant insight into a wound’s depth and healing potential,”
thereby potentially aiding in the selection of the optimal
treatment strategy for wound care."” Our results suggest that
in the absence of tissue biopsies, thermograms can be used to
monitor and track wound healing as an adequate indirect
measurement to blood vessel density. However, caution must
be taken for interpreting the images, as numerous external
factors, including the quality of the image acquisition proto-
col, patient activity, and the presence of inflammation or
infection might alter the results.

In conclusion, here we demonstrate that in nondiabetic
patients with chronic VUs, the topical administration of in-
sulin glargine leads to increased tissue neo-vascularization
and collagen content deposition after 7 d of treatment,
compared with placebo. This strategy can be deployed for
patients with VUs as an attempt to modify the wound
microenvironment and promote healing or prior to skin
grafting. Furthermore, thermographic measurements are well
correlated with wound vascularity, opening the possibility to
indirectly monitor the blood vessel supply to healing tissue in
a noninvasive manner.

Author Contributions

This work was conducted in San Luis Potosi, Mexico. MM]J, FA,
and SKM conceptualized and designed the study. MM]J
performed all procedures. MGG and GDR performed data
collection. SKM, LCOD, and FGG performed data analysis. FVC
performed the follow-up of patients and paid for the medi-
cation. JRGL performed the statistical analysis plan, statistical
analysis, and supervision of the study. All authors contributed
to manuscript writing.

Disclosure

MM]J declares that he has no conflict of interest. FA declares that
he has no conflict of interest. SKM declares that she has no
conflict of interest. LCOD declares that he has no conflict of


https://doi.org/10.1016/j.jss.2022.06.070
https://doi.org/10.1016/j.jss.2022.06.070

664 JOURNAL OF SURGICAL RESEARCH e NOVEMBER 2022 (279) 657665

interest. GDR declares that he has no conflict of interest. MGG
declares that she has no conflict of interest. FGG declares that he
hasno conflict of interest. FVC declares that he has no conflict of
interest. JRGL declares that he has no conflict of interest.

Funding

No specific funding was used for this research project. All
authors declare no competing conflicts of interest. MMJ
received doctoral support from the Mexican National Council
for Science and Technology (CONACYT), Mexico. JRG holds a
Mitacs Elevate Postdoctoral Fellowship. The funding agencies
were not involved in the trial design, data collection, analysis,
or decision of where to publish.

RCT Registration

The study was registered in clinicaltrials.gov with the id
NCT04310280.

Registration

This study is registered at clinicaltrials.gov, registration
number: NCT04310280 (March 17, 2020).

Ethical Approval

All procedures performed in studies involving human partic-
ipants were in accordance with the ethical standards of the
institutional research committee (Registry 70-19) and with the
1964 Helsinki declaration and its later amendments.

Informed Consent

Informed consent was obtained from all individual partici-
pants included in the study.

Ethics Disclosure Statement

Approval for the study was granted from the Hospital's
Research Ethics Board (registry 7013). The study was per-
formed in accordance with the Declaration of Helsinki and
Good Clinical Practice guidelines of the International Confer-
ence on Harmonization. All patients provided written
informed consent.

REFERENCES

1. Eberhardt RT, Raffetto JD. Chronic venous insufficiency.
Circulation. 2014;130:333—346.

2. Chamanga ET. Understanding venous leg ulcers. Br ]
Community Nurs. 2018;23:56—S15.

3. Lyons OT, Saha P, Smith A. Redox dysregulation in the
pathogenesis of chronic venous ulceration. Free Radic Biol Med.
2020;149:23—-29.

4. Junger M, Steins A, Hahn M, Hafner HM. Microcirculatory
dysfunction in chronic venous insufficiency (CVI).
Microcirculation. 2000;7:53—S12.

5. Marston WA, Carlin RE, Passman MA, Farber MA, Keagy BA.
Healing rates and cost efficacy of outpatient compression
treatment for leg ulcers associated with venous insufficiency.
] Vasc Surg. 1999;30:491—498.

6. Team V, Chandler PG, Weller CD. Adjuvant therapies in
venous leg ulcer management: a scoping review. Wound
Repair Regen. 2019;27:562—590.

7. Sridharan K, Sivaramakrishnan G. Efficacy of topical insulin
in wound healing: a preliminary systematic review and meta-
analysis of randomized controlled trials. Wound Repair Regen.
2017,25:279—-287.

8. Rosenthal SP. Acceleration of primary wound healing by
insulin. Arch Surg. 1968;96:53—55.

9. Pierre EJ, Barrow RE, Hawkins HK, et al. Effects of insulin on
wound healing. ] Trauma. 1998;44:342—345.

10. Martinez-Jiménez MA, Valadez-Castillo FJ, Aguilar-Garcia J,
et al. Effects of local use of insulin on wound healing in non-
diabetic patients. Plast Surg (Oakv). 2018;26:75—79.

11. Martinez-Jiménez MA, Aguilar-Garcia J, Valdés-Rodriguez R,
et al. Local use of insulin in wounds of diabetic patients:
higher temperature, fibrosis, and angiogenesis. Plast Reconstr
Surg. 2013;132:1015e—1019%e.

12. Furman BL. Glargine Insulin+. Reference Module in Biomedical
Sciences; 2017. Elsevier; 2017. Available at: http://www.
sciencedirect.com/science/article/pii/B9780128012383979856.
Accessed March 12, 2020.

13. Lepore M, Pampanelli S, Fanelli C, et al. Pharmacokinetics and
pharmacodynamics of subcutaneous injection of long-acting
human insulin analog glargine, NPH insulin, and ultralente
human insulin and continuous subcutaneous infusion of
insulin lispro. Diabetes. 2000;49:2142—2148.

14. Svensson A-M, Ekelund J, Miftaraj M, Eliasson B. Efficacy and
safety of treatment with new basal insulin analogues in type
1 diabetes: nation-wide survey. Diabetes Ther.
2020;11:725—734.

15. Uschner D, Schindler D, Hilgers R-D, Heussen N.
randomizeR: an R package for the assessment and
implementation of randomization in clinical trials. J Stat
Softw. 2018;85:1—22.

16. Sagaidachnyi AA, Fomin AV, Usanov DA, Skripal AV.
Thermography-based blood flow imaging in human skin of
the hands and feet: a spectral filtering approach. Physiol Meas.
2017,;38:272—288.

17. Martinez-Jiménez MA, Ramirez-GarciaLuna JL, Kolosovas-
Machuca ES, Drager ], Gonzalez FJ. Development and
validation of an algorithm to predict the treatment modality
of burn wounds using thermographic scans: prospective
cohort study. PLoS One. 2018;13:e0206477.

18. Moreira DG, Costello JT, Brito CJ, et al. Thermographic
imaging in sports and exercise medicine: a Delphi study and
consensus statement on the measurement of human skin
temperature. ] Therm Biol. 2017;69:155—162.

19. Fitzmaurice Garrett M, Ravichandran Caitlin A. Primer in
longitudinal data analysis. Circulation. 2008;118:2005—2010.

20. Kreidler SM, Muller KE, Grunwald GK, et al. GLIMMPSE: Online
power computation for linear models with and without a
baseline covariate. J Stat Softw. 2013;54:i10.

21. Harper D, Young A, McNaught C-E. The physiology of wound
healing. Surgery (Oxford). 2014;32:445—450.

22. Finnson KW, McLean S, Di Guglielmo GM, Philip A. Dynamics
of transforming growth factor beta signaling in wound
healing and Scarring. Adv Wound Care. 2013;2:195—-214.


http://clinicaltrials.gov
http://clinicaltrials.gov
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref1
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref1
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref1
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref2
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref2
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref2
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref3
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref3
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref3
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref3
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref4
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref4
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref4
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref4
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref5
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref5
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref5
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref5
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref5
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref6
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref6
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref6
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref6
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref7
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref7
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref7
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref7
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref7
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref8
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref8
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref8
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref9
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref9
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref9
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref10
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref10
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref10
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref10
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref11
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref11
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref11
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref11
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref11
http://www.sciencedirect.com/science/article/pii/B9780128012383979856
http://www.sciencedirect.com/science/article/pii/B9780128012383979856
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref13
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref13
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref13
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref13
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref13
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref13
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref14
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref14
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref14
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref14
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref14
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref15
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref15
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref15
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref15
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref15
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref16
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref16
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref16
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref16
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref16
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref17
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref17
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref17
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref17
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref17
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref18
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref18
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref18
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref18
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref18
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref19
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref19
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref19
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref20
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref20
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref20
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref21
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref21
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref21
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref22
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref22
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref22
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref22
https://doi.org/10.1016/j.jss.2022.06.070
https://doi.org/10.1016/j.jss.2022.06.070
https://doi.org/10.1016/j.jss.2022.06.070

MARTINEZ-JIMENEZ ET AL ¢ INSULIN FOR VENOUS ULCER HEALING

665

23.

24.

25.

26.

27.

28.

29.

Hong WX, HuMS, Esquivel M, etal. The role of hypoxia-inducible
factor in wound healing. Adv Wound Care. 2014;3:390—399.
Beldon P. Basic science of wound healing. Surgery (Oxford).
2010;28:409—412.

Barrientos S, Stojadinovic O, Golinko MS, Brem H, Tomic-
Canic M. Growth factors and cytokines in wound healing.
Wound Repair Regen. 2008;16:585—601.

Herrick SE, Ireland GW, Simon D, McCollum CN,

Ferguson MW]J. Venous ulcer fibroblasts compared with
normal fibroblasts show differences in collagen but not
fibronectin production under both normal and hypoxic
conditions. J Invest Dermatol. 1996;106:187—193.

Bharara M, Schoess ], Nouvong A, Armstrong DG. Wound
inflammatory index: a “proof of concept” study to assess
wound healing trajectory. J Diabetes Sci Technol. 2010;4:773—779.
Goren I, Miiller E, Schiefelbein D, et al. Akt1 controls insulin-
driven VEGF biosynthesis from keratinocytes: implications
for normal and diabetes-impaired skin repair in mice. J Invest
Dermatol. 2009;129:752—764.

Meng D, Mei A, LiuJ, et al. NADPH oxidase 4 mediates insulin-
stimulated HIF-1o and VEGF expression, and angiogenesis
in vitro. PLoS One. 2012;7:e48393.

30.

31.

32.

33.

34.

35.

Lima MHM, Caricilli AM, Abreu LL, et al. Topical insulin
accelerates wound healing in diabetes by enhancing the
AKT and ERK pathways: a double-blind placebo-controlled
clinical trial. PLoS One. 2012;7:e36974. Public Library of
Science.

Yu T, Gao M, Yang P, et al. Topical insulin accelerates
cutaneous wound healing in insulin-resistant diabetic rats.
Am ] Transl Res. 2017;9:4682—4693.

Zubair M, Ahmad J. Role of growth factors and cytokines in
diabetic foot ulcer healing: a detailed review. Rev Endocr Metab
Disord. 2019;20:207—217.

Zeng M, Zhi Y, Liu W, Zhang W, Xu J. Clinical study on local
application of low-dose insulin for promoting wound healing
after operation for deep burns. Exp Ther Med.
2016;12:3221-3226.

Bhittani MK, Rehman M, Altaf HN, Altaf OS. Effectiveness of
topical insulin dressings in management of diabetic foot
ulcers. World ] Surg. 2020;44:2028—2033.

Medina-Preciado JD, Kolosovas-Machuca ES, Velez-Gomez E,
Miranda-Altamirano A, Gonzalez FJ. Noninvasive
determination of burn depth in children by digital infrared
thermal imaging. ] Biomed Opt. 2013;18:061204.


http://refhub.elsevier.com/S0022-4804(22)00434-6/sref23
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref23
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref23
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref24
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref24
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref24
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref25
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref25
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref25
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref25
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref26
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref26
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref26
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref26
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref26
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref26
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref27
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref27
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref27
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref27
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref28
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref28
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref28
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref28
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref28
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref29
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref29
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref29
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref30
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref30
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref30
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref30
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref30
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref31
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref31
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref31
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref31
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref32
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref32
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref32
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref32
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref33
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref33
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref33
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref33
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref33
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref34
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref34
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref34
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref34
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref35
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref35
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref35
http://refhub.elsevier.com/S0022-4804(22)00434-6/sref35
https://doi.org/10.1016/j.jss.2022.06.070
https://doi.org/10.1016/j.jss.2022.06.070

	A Randomized Controlled Trial on the Effect of Local Insulin Glargine on Venous Ulcer Healing
	Introduction
	Materials and Methods
	Patients
	Study design
	Infrared thermography
	Wound measurement and biopsy
	Statistical analysis

	Results
	Discussion
	Author Contributions
	Disclosure
	Funding
	RCT Registration
	Registration
	Ethical Approval
	Informed Consent
	Ethics Disclosure Statement
	References


