Tissue Response to Subcutaneous Infusion Catheter

Ershuai Zhang, PhD', and Zhigiang Cao, PhD'

! Department of Chemical Engineering and Materials Science, Wayne State University, Detroit,

MI, USA.
Corresponding Author:

Zhiqiang Cao, PhD, Department of Chemical Engineering and Materials Science, Wayne State
University, Detroit, MI 48201, USA.

Email: zcao@wayne.edu

1/19



Abstract

Insulin infusion pump, continuous glucose monitoring (CGM), and insulin infusion set (IIS) have
been developed to be increasingly feasible for people with type 1 diabetes (T1D). Several
recently approved CGMs are transitioning from 7-day to 10-day wear-time without the need for
fingerprick recalibration. Nevertheless, studies and improvements on IIS, a critical part of insulin
pump therapy, have been limited. In particular, the recommended wear-time of IIS is still 2-3
days, which can hardly match the current duration of CGM for potential closed-loop system
development. It is generally believed that both the inserted catheter and the subsequent infused
insulin drug could induce particular subcutaneous tissue response and skin-related complications
at the infusion site. In certain cases, poor glycaemic control, increased risk of hypoglycemia, and
serious cosmetic impact on people with diabetes were observed. Skin complication has also been
attributed as an important factor resulting users to discontinue insulin pump therapy. This article
provides the rare systematic review of IIS induced subcutaneous tissue responses and skin
complications, including the impacts from the inserted catheters, the subcutaneous infused
insulin, and the adhesive or tape used to immobilize the catheter. The FDA's recommendation for
the frequency of IIS change was further discussed. Future studies on this topic are required to
further understand the IIS-related problems, and future strategies could be developed accordingly
to significantly reduce the incidence of these problems, extend the wear-time, and increase the

acceptance of insulin pump based therapy.
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Introduction

Type 1 diabetes (T1D), a disease characterized by a complete deficiency in insulin resulting from
autoimmune destruction of pancreatic beta cells, affects approximately 20 million people
worldwide, and this number keeps on increasing roughly 3% each year.'” For people with T1D,
insulin therapy has been demonstrated as an effective pharmaceutical treatment option to lower
blood glucose.™ To achieve superior glycemic control, replacement therapy that mimics the
insulin secretion profile from healthy people is highly desired yet hardly achieved. Orally
delivered insulin could closely mimic the physiological path of pancreatic insulin and
significantly enhance patient compliance with its ease of administration.”® However, oral
delivery of insulin still faces a major challenge due to various gastrointestinal barriers to drug
absorption.® Although numerous strategies have been developed to overcome these barriers and
improve the stability and bioavailability of oral insulin.”” Unfortunately, no commercial oral
insulin products are yet available to address the clinical hurdles.” Up to now, clinical insulin
therapy is available as an injectable formulation which can be administered via multiple daily
injections (MDI) and continuous subcutaneous insulin infusion (CSII).'"""" Compared with the
painful and repetitive MDI, CSII shows the advantages including better glycemic control, a
lower dose of administered insulin and improved health-related quality of life and thus has been

recommended by national guidelines as a therapeutic option.'*™"”

As an emerging type of CSII, closed-loop CSII systems have been recently introduced where a
patient will wear an infusion set linked to a pump for insulin delivery and a continuous glucose
sensor inserted at a second site for glycemic monitoring. In the past several decades, many
sophisticated and advanced continuous glucose monitors (CGMs) have been developed, which

can continuously capture blood glucose fluctuations and therefore enable complete tracking of
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blood glucose trends over time.'**°

Many CGMs have been approved to use for up to 3-7 days
post-implantation but constant finger-prick was required to periodically recalibrate the sensor.>"”
> Recently (September 27, 2017), Food and Drug Administration (FDA) approved the FreeStyle
Libre Flash system from Abbott as a stand-alone glucose monitoring device, which can be used
for up to 10 days without requiring fingerstick blood calibrations.”* Soon afterward (March 27,

2018), Dexcom G6 CGM, a head-to-head competing technology from Dexcom was also

approved by FDA, which can be worn for up to 10 days with zero fingerstick blood testing.”

For all types of insulin pumps (except for OmniPod), an insulin infusion set (IIS) is
indispensable to connect the insulin reservoir in the pump with the infusion site in the people
with diabetes.”**’ Typically, IIS is based on thin, soft, and flexible plastic tubing. One end of the
tubing is steel or Teflon catheter, which is inserted through the skin with a given angle and
remains in the subcutaneous (SC) tissue for insulin delivery. The other end is connected to the
insulin reservoir of the pump via a Luer-lock or a proprietary connector. Thus, insulin from the
reservoir can be pumped through the tubing and the inserted catheter into the SC tissue to control

blood glucose according to patients’ demand.

IIS is a key component of an insulin pump system and its failure has been frequently observed in
clinical practice. Research and/or publications on the IIS are quite limited, particularly when
compared with the numerous studies on the CGMs.?”*® Majority discussions on the IIS actually
appeared on internet blogs and forums, where patients considered IIS as a major concern when
using the insulin pumps.”**® Common issues occurred to adult and adolescent patients with IIS
include catheter occlusions or 1<inking,4’31 loosened adhesives,32 infections at the infusion sites,3 3

31,34

lipohypertrophy, and local skin reactions such as redness, swelling, itching, etc.*>~® These

potential complications can be generally categorized into infusion set problems such as kinking
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and blockage, and infusion site problems such as skin-related complications.31 In the last three
decades, the infusion set problems have been well investigated and improved thanks to the
improvements in contemporary insulin pump technology and increasing options in IIS, such as
various lengths, materials (steel or Teflon), diameters, and designs to meet the individual patient
requirements.”” Nevertheless, little progress has been made in understanding and resolving the
infusion site problems. To avoid skin-related complications and ensure a stable and reliable
efficacy of the infused insulin, the infusion catheter and infusion site still have to be changed

every 2-3 days (the same recommended duration of use since 1983).”"°

It is widely recognized that both the inserted catheter and the subsequent infused insulin drug
could induce particular SC tissue response and skin-related complications at the infusion site.”>*°
Some cases may influence glycaemic control and increase the risk of hypoglycemia as well as
have a cosmetic impact on the patients.”**’® Moreover, some studies indicate that skin
complication is an important factor resulting users to discontinue insulin pump therapy.”’~> To
the best of our knowledge, no systematic review of the SC tissue responses in patients with
diabetes has been reported to date, which will be the main focus of this article. We summarize
the published literature about inflammatory response and related skin complications at the
catheter insertion site based on three major factors, the catheter, the infused insulin, and the
adhesive or tape to immobilize the catheter. We further discuss the FDA's recommendation for
the frequency of IIS change. Lastly, we provide perspective on future research on insulin

infusion catheters which should be focused on exploring the specific tissue response at the

catheter insertion site and strategies prolonging the catheter wear-time.

Inflammatory Response Caused by the Catheter
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SC tissue is an important target for drug delivery. For people with diabetes treated either by MDI
or CSII, SC tissue of different anatomical regions, including the arm, abdomen, thigh, and

414 In particular, the abdomen is recommended

buttocks, can be used for insulin adminstration.
as the preferred insertion site for the IIS since this region is not only convenient and comfortable
for catheter insertion but also enables rapid insulin absorption.**** Among several clinical
studies where patients received CSII, inflammation at the infusion sites has been frequently
observed. For example, Mecklenburg et al. reported that the inflammation at the infusion site
was the main reason (53%) for discontinuing insulin pump therapy reported by adult patients on
CSIL* A clinical data from a group of 177 patients followed for up to 5 years showed that the
most common reason reported by patients for terminating CSII therapy was discomfort, irritation,
or inflammation at the infusion site.*’ In a contrastive study, 48% (24 of 50) of people with
diabetes treated with CSII reported inflammation at the infusion site while it was only 12% (6 of
50) in daily insulin injecting patients.48 According to the self-reported data from 116 CSII-treated
patients for 518 patient years, a total of 134 cases of SC inflammation at the infusion site were

reported.*’ It should be noted that all these clinical data were symptom-based and there is limited

research on why inflammation was observed following the catheter insertion.

In general, tissue exposure to biomaterial implants, e.g., insulin infusion catheters, triggers a
foreign body response (FBR), which is a step-wise process consisting of inflammatory events,
wound healing and, if not resolved, end-stage tissue fibrosis and scarring.”*' For insulin therapy,
insertion of an infusion catheter into the SC tissue will inevitably introduce a local trauma. This
trauma can induce an acute inflammatory response and subsequently affect local blood flow and
metabolism in the SC tissue.”>>> Moreover, in contrast to inserting a needle for seconds into the

skin in MDI therapy, an inserted infusion catheter will indwell in SC tissue for several days.
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Tissue reaction during the catheter indwelling period has rarely been studied, but it is similar to

d,54'56 a sustained local irritation occurs and

an implanted CGM that has been numerously studie
further causes increased production of proinflammatory cytokines in the interstitial fluid and
possible foreign body response. In the case of CGMs, tissue reactions to the implanted sensors
(i.e., inflammation, wound healing, and fibrosis) can lead to the migration and accumulation of
inflammatory cells at the sensor implantation site, which creates a metabolic barrier to retard
glucose diffusion to the implanted sensor and decreases glucose availability, thereby
compromising the accuracy and lifespan of implanted sensor.”””® Similarly for the implanted
catheter, one would expect, again few scientific evidence has been reported, that the

inflammation-induced alteration in the local SC microenvironment after the catheter insertion

could affect the insulin absorption and compromise the wear-time of the infusion catheter.

To further understand the tissue response after SC catheter insertion, histological information
with skin biopsies from people with diabetes will be extremely helpful, though obtaining tissue
samples from pump users could be difficult. Furthermore, future histological studies on animals

receiving the catheters are required to obtain more insights into the SC inflammation issue.

Infections and Other Complications Caused by the Catheter

In the early years of CSII therapy, infection at the infusion site was a common complication and
always resulted in a termination of CSIL>*® The high frequency of infections typically resulted
from inadequate disinfection before catheter insertion and a low-frequency change of the IIS.
The IIS indwells at the same site for several days and the insertion site beneath the adhesive is
typically warm and humid. This provides an ideal condition for bacterial growth. Majority cases

of infusion site infections were reported to be caused by Staphylococcus.®’ Infections caused by
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d.%>% In clinical

other pathogens (e.g., Streptococcus or Rhizomucor) have also been foun
practice, most of these infections were mild and did not require antibiotic treatment. So far there
were only two cases, extremely rare though, reporting serious systemic complications caused by
IIS-related infections, including one incident of acute bacterial endocarditis®* and one incident of
toxic-shock syndrome.”” In the past few years, with increasing hygienic precautions and

improved training experience with insulin pumps, the skin infection has been less frequently

observed in CSII therapy.

Other skin-related complications that frequently observed in insulin pump therapy involve both
acute and chronic adverse effects. Commonly seen acute skin reactions include bruising, redness,
swelling, and erythema, and typically occur when the catheter was kept at the same insertion site
for over 2-3 days.’”® A pilot investigation has examined the link of IIS-related events to the
prolonged use of catheters beyond the recommended duration.®® It was found that the skin
problems, such as itching, bruising, swelling, and pain, started to occur in a measurable amount
on the 3rd day of catheter use and were reported to be significant by 40% patients on the 5th day
of use. Recent data from a prospective randomized crossover study with 2x3-month observation
periods with 22 T1D patients using a Teflon catheter showed that significantly more skin-related
adverse events such as erythema, rash, pain, reddening, irritation, hemorrhage were observed

with 4-day use than that with 2-day use.”’

Unlike the acute adverse reaction where the inserted catheter is considered as a major cause,
chronic side effects such as scars, nodules, and lipohypertrophy, are recognized to be associated
with both the inserted catheter and the subsequent presence of insulin in the SC tissue.*®"

These chronic effects can be observed in both adults and children even though the catheter set is

changed every 3 days following the manufacturer’s recommendation. An across-sectional study
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of dermatological side effects in 50 children and adolescents with T1D who were using CSII
therapy for more than 6 months showed that 94% had scars with a diameter less than 3 mm, 66%
had erythema not associated with nodules, 62% had SC nodules, and 42% had lipohypertrophy
(Figure 1).> A recent report based on 54 T1D patients on CSII therapy aged between 3 and 20

years also indicated the prevalence of these dermatological complications.®’

Figure 1. Photographs of skin-related complications at the CSII sites. A, Hypopigmented scars
and bruise. B, Multiple hypopigmented scars and two areas of erythema. C, Single erythematous
nodule. D, Multiple areas of erythema, erythematous nodules, and larger hypopigmented scars. E,
Epidermal abrasion caused by infusion set tape. F, Bilateral lipohypertrophy. Reprinted with
permission from Ref. [35], © 2008 by Elsevier Ltd.

As discussed above, the inserted catheter is a major cause of the skin problems despite being
approved for the intended SC use. There is a variety of IISs currently available for patients to
choose from, however, it is unclear whether changing catheter types will significantly resolve the

complication issues. Some comparative studies on different types of IISs have been reported,
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while most of them focused on the impact of different catheter materials on the duration of
usage,” glucose control,”” and insulin absorption.”” To date, no systematic studies have been
performed to evaluate the influence of different catheters on skin-related complications under
controlled conditions. A recent review article summarized the available published studies on the
different catheter materials in CSII and pointed out that no clear statement could be made on the
pro or con for a steel versus a Teflon catheter when it comes to local skin reactions and insulin

absorption at the infusion site.*’

Complications Caused by the Infused Insulin

Both lipohypertrophy and lipoatrophy are common tissue response mainly associated with the
SC bolus and continuous insulin infusion. Insulin-induced lipoatrophy presents as the loss of SC
fat at the site of insulin injection and occurs more often in people with diabetes with MDI than
CSIL* Since the introduction of highly purified recombinant human insulin over recent years,

lipoatrophy has been extremely rare in insulin pump-treated patients.”>”

Lipohypertrophy
usually presents as soft dermal nodules within the normal surface epidermis with fat cell
hypertrophy, which, however, remains the most commonly occurred cutaneous complication
during CSII (Figure 1F). In an across-sectional study of dermatological side effects in 50
children and adolescents with T1D who were using CSII therapy for more than 6 months, it was
found that the occurrence rate of lipohypertrophy at the infusion site was 42%.%> In another
similar study of dermatological side effects and complications in preschool-age and school-age
children, lipohypertrophy showed a high incidence during CSII (45% in preschool-age children
and 47% in school-age children).”® According to a self-reported questionnaire completed by
subjects with T1D under CSII, the average occurrence rate of lipohypertrophy at the infusion site

was 26.1%, and this incidence became more often in those with a longer history of CSII
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therapy.’' Lipohypertrophic areas have been clinically found to be coincident with impaired
insulin absorption and deteriorative glycemic control in patients with long-term insulin pump

therapy.’>"

Complications Caused by Adhesives

For IIS systems, adhesives have been employed to immobilize the catheters on the skin. There is
also an increasing practice on using tapes to immobilize infusion lines to the skin that connect
the infusion catheter to the pump. These actions are based on the concerns that without fixing the
infusion lines with tapes, any tug or movement of the infusion line can be directly transferred to
the catheter, leading to loosened adhesives, skin irritation, redness, bruising around inserted site
and insulin leakage through the skin trauma.®” Nevertheless, the extensive use of adhesives and
tapes may cause allergies or contact dermatitis. This skin problem, although rare, has been
reported during the CSII therapy.”*”> On a very rare occasion, the contact dermatitis persists
despite changing the type of adhesives. This may be attributed to the different responses to

adhesives among the pump users.

The Longevity Issue of IIS

It is well known that the FDA recommended the continuous use of IIS for only 2-3 days at the
insertion site. However, in practice, this recommendation was originally developed based on
anecdotal case reports. In 1983, the Center for Disease Control (CDC) reported a case study of
an 11-year-old girl with T1D using CSII who frequently did not change the pump infusion site
for 10 days, resulting in a Staphylococcus aureus abscess at the insertion site and toxic shock
syndrome.® At that time this concern had not been verified in any randomized controlled trial,

and there was no specific procedural guideline available to minimize the risk of SC infections in
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CSII users. So FDA adopted CDC’s Guideline for Prevention of Intravascular Infections to
formulate their “2-3 days” recommendation.’® Since then, both the catheter manufacturers and
insulin manufacturers recommend changing infusion sets and infusion sites after 2-3 days of use
in order to avoid skin and other undesired side effects in CSII therapy. This recommendation is

still in use today although IIS has experienced great evolution in the last few decades.

Despite the “2-3 days” recommendation in place, many pump users do not adhere to it according
to the self-reported questionnaires® and diabetes forums.”””® In practice, pump users often keep
their IIS inserted for several days (3-5 days) or even longer (7-10 days). Typically, they do not
change the IIS until the self-monitored blood glucose level starts to rise or visually adverse event
starts to occur at the infusion site. There are also pump users reporting that they have to change
the IIS more frequently (even daily or every 12 hours). The reason for such interindividual

difference among patients is still not clear.

To our knowledge, investigation on the longevity of the inserted catheter is extremely limited. In
a pilot study to assess the optimal frequency for changing catheters in insulin pump therapy, 12
patients with T1D were asked to continuously wear an IIS with a Teflon catheter for up to 5
days.®® The results indicated a consistent increase in mean daily blood glucose levels with the
duration of catheter usage (that from 135 mg/dL on Day 1 to 162 mg/dL on Day 5). In addition,
clinically relevant adverse events also started to occur during the first three days and their
incidence increased further with longer use (Figure 2). The authors concluded that infusion
catheters should only be used for 2-3 days to avoid adverse events and potential metabolic
deterioration. In another similar study, a double-blind, randomized, crossover trial was
conducted with 20 T1D patients using an IIS without change for up to 100 h.** The results

indicated that from Day 2 to Day 5 of the IIS use, the daily average glucose level increased from
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123 to 164 mg/dL, and the daily maximum glucose increased from 208 to 243 mg/dL.
Deteriorated glycemic control was observed even after increasing the total daily insulin dose
from 49 to 55 U. The authors suggested that the optimal duration of IIS use is 2 days. In a more
recent web-based study with 243 participating adults with T1D, it was found that the fasting
blood glucose levels increased with the duration of IIS use (from 126 mg/dL on Day 1 to 133

mg/dL on Day 3 to 147 mg/dL on Day 5).**

To further understand the longevity of inserted IIS and its relation to the observed deteriorated
glycemic control or adverse reaction, the histological study should be followed, though obtaining
samples could be difficult as previously discussed. In addition, IIS systems have experienced a

major update on the tubing and catheter materials, and studies on the up-to-date IISs are

desirable.
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Figure 2. A, Mean daily blood glucose of the patients during the insertion of catheters. B,
Kaplan—Meyer curve for patients free from IIS treatment-induced adverse events. Reprinted with
permission from Ref. [66], © 2010 by Diabetes Technology Society.

Conclusions

With fast-paced development of insulin pump and closed-loop infusion systems, the CGM and

CSII will become more and more feasible for people with T1D in the near future. Several
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recently FDA-approved CGMs are transitioning from 7-day to 10-day wear without the need for
recalibration through fingerpricks. However, as a critical part of insulin pump therapy, the
studies on the IIS is still limited. Many IIS-related problems have been reported since the 1980s,
while little progress has been made over the last three decades in understanding and solving
these problems. In particular, the proper use of IIS in CSII therapy is still 2-3 days, which can
hardly match the current duration of CGM for potential closed-loop system development. The
investigation to develop IIS with longer duration of use is challenging but highly desirable. This
will require further study to understand SC tissue response to the inserted catheter and major
factors contributing to the short-term in vivo use (patient samples will be invaluable here). Based
on this knowledge, future strategies could be developed to significantly reduce the incidence of
[IS-related problems, extend the wear-time, and increase the acceptance of insulin pump based

therapy.
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