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Abstract

Diabetes mellitus (DM) in cats is commonly managed with insulin injections and glycemic control is assessed with glucose
monitoring systems. Automated insulin delivery (AID) systems, which integrate a continuous glucose monitoring system with
an insulin pump controlled by a set algorithm, are successful in managing type 1 DM in humans but have not been reported
in cats until now. Here, the use of an AID system is described in an 11-year-old cat with DM. After an initial 6 days of treatment
with twice daily administration of protamine zinc insulin and insulin glargine, the AID was applied and managed by the cat
owner. The system rapidly improved glycemic control and remission of DM was achieved. Throughout the application period,
the AID system was well tolerated by the cat. This case suggests that AID systems can be used in diabetic cats and that they

might improve glycemic control.
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Introduction

Diabetes mellitus (DM) is one of the most common endocrine dis-
eases in cats.! =3 Insulin therapy and a low-carbohydrate diet are
the mainstays of treatment, with sodium-glucose cotransporter-2
(SGLT2) inhibitors recently emerging as a therapeutic option.*-8
Remission occurs in 13%-50% of affected cats, with the highest
rate in the first 6 months from diagnosis.*° The owners of diabetic
cats play a pivotal role in the treatment and monitoring of DM;
mistakes in insulin dosing and injections are common causes of
poor glycemic control.!% While the overall prognosis of DM in cats
is generally good, some owners choose to euthanize their pet
because of impaired quality of life.!1:12

In recent years, various systems have been developed in people
and cats with DM to improve glycemic control, including the use
of continuous glucose monitoring systems (CGMS) to measure
the interstitial glucose concentration and implantable pumps to
deliver insulin.’®-1> Automated insulin delivery (AID) systems,
also known as closed-loop or artificial pancreas systems, have
been developed and increasingly used for type 1 DM treatment
in people.l® An AID system consists of 3 components: a pump to

deliver insulin, a CGMS, and an algorithm embedded within the
pump or in a separate control device (smartphone application or
mini-computer).1%-17:18 With every incoming CGMS measurement,
the algorithm automatically calculates and then commands the
subcutaneous insulin dose that is delivered by the pump, based
on specific predetermined settings. These settings include the
insulin sensitivity factor (defined as the expected reduction in
the patient’s glycemia caused by 1 IU of insulin), the patient’s
blood glucose target (a specific glycemic value rather than a
glycemic range), the patient’s insulin basal rate (hourly rate of
infused insulin to maintain euglycemia during fasting), and the
patient’s duration of insulin action.!”~1° These settings are used
to recalculate the nextinsulin dose, with every new CGMS glycemic
data point.

Automated insulin delivery systems reduce the number of hypo-
and hyperglycemic episodes and improve glycated hemoglobin
concentrations in people with type 1 DM.2° They mitigate prob-
lems related to glucose-insulin dynamics, including the delay of
insulin action associated with subcutaneous administration, and
interindividual variability in response to insulin infusion.?! The
use of AID systems has not been reported in cats so far. The present
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casereportdescribes the use of an AID systemin adiabetic cat with
ongoing hyperglycemia that resulted in remission of DM.

Case description

An 1l-year-old neutered-male domestic shorthair cat was
presented for persistent polyuria, polydipsia, inappetence, and
lethargy. At the time of presentation, the cat was overweight
(8.0 kg; body condition score: 7/9), mildly dehydrated, and
had grade 1 periodontal disease but was otherwise normal on
physical exam. Complete blood count, biochemical profile, and
urinalysis showed the following abnormalities: red blood cells
(11.3 M/uL; reference range: 5.92-9.93 M/uL) and neutrophils
(12.4 K/uL; reference range: 2.5-8.5 K/uL) above the reference
range, hyperglycemia (395 mg/dL; reference range: 64-170 mg/dL),
and glycosuria. Total T4 was normal (1.8 ug/dL; reference range:
0.8-4 pg/dL). Glycemia was monitored using a portable blood
glucose meter (AlphaTRAK, Abbott Animal Health, Abbott Park,
IL) in conjunction with a CGMS (Dexcom G6, Dexcom, San Diego,
CA), which was readily available to the owner. This CGMS, after
a 120-min warm-up, sends interstitial glucose measurements to
the controller every 5 min, with a maximum lifespan of 10 days.
Persistent hyperglycemia was detected, leading to a diagnosis
of DM.

Treatment with 2 IU of human recombinant protamine zinc
insulin (ProZinc, Boehringer Ingelheim, Duluth, GA), SC gl2h,
and a low-carbohydrate canned diet, divided into meals, was
started (Tiki Cat After Dark Chicken & Quail Egg, General Mills,
Minneapolis, MN). After 5 days, clinical signs continued and
the CGMS showed poor glycemic control. Hyperglycemia was
present for approximately 75% of the day, with a mean glucose
concentration of 290 mg/dL (range: 120 to > 400 mg/dL). The
protamine zinc insulin was discontinued and treatment with
2.5 IU of insulin glargine IU-100 (Lantus, Sanofi, Paris, France),
SC gl2h, was started. During the subsequent 2 days, clinical
signs persisted, and glycemic control remained unsatisfactory.
Hence, the owner autonomously decided to apply an external,
tubeless, insulin “patch-pump” to the cat’s skin (Omnipod, Insulet
Corporation, Acton, MA), designed to work alongside readings
from the CGMS, filled with rapid-acting insulin lispro (Humalog, Eli
Lilly, Indianapolis, IN). This is a small device (3.9 x 5.0 x 1.45 cm)
that is attached to the skin through an adhesive patch and has
a lifespan up to 3 days. Upon its remote activation, the device
deploys a stainless-steel needle that directs a soft flexible cannula
into the skin. The needle then retracts, and the device is ready
for insulin delivery. After 3 days, the pump is disposed of and
replaced if needed. The minimum rate of delivery of the pump is
0.0005 mL/h. The pump is remotely controlled either by a device-
specific controller or a compatible smartphone. The controller
used in this case was an algorithm for diabetic people installed
on a smartphone (iAPS, https://github.com/Artificial-Pancreas/
iAPS), with which the owner aimed to perform an intensive insulin
treatment protocol.®:22 The initial settings including a basal
insulin rate and an initial target glycemia of 120 mg/dL, were
configured by the owner.

For the first day on the AID system, the cat’s initial basal infusion
rate was estimated based on the previous 2 days’ total daily dose
of insulin, which was around 7 IU/day (2.5 IU q12h plus boluses),
albeit with the cat spending most of the time in hyperglycemia.
A 30% safety factor was applied, and the resulting 4.9 1U/day

Figure 1 Picture of the cat with the AID system consisting of the pump to
deliver insulin (right hemithorax) and the CGMS (left hemithorax). Note:
AID = automated insulin delivery; CGMS = continuous glucose monitoring
systems.

was evenly distributed over 24 h to approximately 0.2 1U/h.
The safety factor represents a risk mitigation for hypoglycemic
episodes, in case the cat moved out-of-range of the controller,
the controller ran out of power, or the application malfunctioned;
in all those cases, the pump would return to the programmed
basal rate after 30 min. To increase safety, the insulin pump, the
iAPS, and the Nightscout application were programmed by the
owner to emit alarms in the event of malfunctions, disconnection,
hypoglycemia, or hyperglycemia.?

For data analysis, the owner set a blood glucose concentra-
tion range of 70-180 mg/dL in the Nightscout application.?® All
glucose and insulin data were monitored and evaluated by the
owner. They were used to make ongoing treatment decisions (eg,
reduce/increase the basal rate, provide food to prevent possible
hypoglycemia) and to fine-tune the algorithm settings.?*

Before application, the Omnipod pump reservoir was filled
under aseptic conditions with insulin lispro (Humalog, Eli Lilly,
Indianapolis, IN) diluted 1:10 with its sterile diluent to obtain
manageable bolus volumes and account for volume constraints of
the pump. The skin in the dorsal portion of the thorax was clipped
and disinfected with alcohol. The pump was fixed on the skin
with a medical adhesive (Skinister medical adhesive, Skinister
medical, Woodland, CA) and the CGMS was attached to the skin
with another medical adhesive (Veterinary tissue glue VetBond,
3 M, Saint Paul, MN; Figure 1).

One minute before starting the AID system, the CGMS measured
an interstitial glucose concentration of 328 mg/dL. In the
subsequent 24 h, the interstitial glucose concentrations remained
inthetarget range of 70-180 mg/dL during 99% of the time through
algorithm-driven micro-boluses and dynamic basal adjustments
based on CGMS trends (temporary basal rates), adding up to a
total daily dose of 6.34 IU of insulin. These temporary basal rates
represent a continuous modulation of insulin delivery, enabling
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the system to increase, reduce, or suspend insulin infusion. The
average interstitial glucose concentration was 121.8 £ 19.2 mg/dL,
the minimum was 86 mg/dL, and the maximum was 184 mg/dL.
On the first full day, the AID system met the 2 main requirements:
no hypoglycemia was detected, and the system managed the
blood glucose concentration to the target of 120 mg/dL. The
owner reduced the initial programmed basal rate of 4.9 IU/day to
4.11U/day. On day 2 of AID, the interstitial glucose concentrations
remained in the target range 99% of the time with micro-
boluses and temporary basal rates of insulin, adding up to a
total daily dose of 4.67 1U; the glucose concentration was above
the target range 1% of the time. The average concentration
was 116.9 £ 21.9 mg/dL, the minimum was 69 mg/dL, and the
maximum was 182 mg/dL. On day 3 of AID, the programmed basal
rate of insulin was reduced to 3.6 IU/day, and the target range was
obtained 100% of the time with micro-boluses and temporary
basal rates (total daily dose: 4.76 IU). The average concentration
was 117.5 £ 19.5 mg/dL, the minimum was 79 mg/dL, and the
maximum was 177 mg/dL. Using glycemic and dosing data,
autotune assessed insulin needs and suggested updated basal
rates. The owner reviewed these, applying safety margins and
smoothing abrupt changes. From day 3, the AID system primarily
managed dosing with minimal manual input.

In the subsequent 2 weeks, the interstitial glucose concen-
trations consistently remained in the target range 87% of the
time during the first week (average glucose concentration:
135.9 £ 36 mg/dL) and 97% of the time during the second week
(average glucose concentration: 120.6 &= 23 mg/dL), and the total
daily dose of insulin progressively decreased to 3.3 IU; the cat
showed a gradual improvement of clinical signs until its complete
resolution. On day 17, the pump replacement failed, and the
cat was transiently treated using insulin glargine, 1 IU/cat in the
morning and 2 IU/cat in the evening; more irregular interstitial
glucose concentrations were recorded but no clinical signs were
noted. The pump was re-applied after 2 days (day 19). Thereafter,
insulin delivery continued to be automatically determined by
the algorithm, resulting in maintenance of interstitial glucose
in the target range. The daily dose of insulin was progressively
tapered by the AID and was decreased to zero on day 33
(Figure 2). During the following 30 days, the CGMS recorded
9 episodes of hyperglycemia (blood glucose concentration:
>200 mg/dL). Glycemic control was re-established through
temporary reapplication of the insulin pump, with minimalinsulin
administration required. In 2 episodes, when the pump was not
in place, the owner deemed it necessary to administer insulin
glargine (1 IU SC). Then, the use of the pump was discontinued
but the CGMS was applied for an additional month. During this
month, interstitial glucose concentrations remained normal;
hence, remission of DM was achieved. Two years later, at the
time of writing, the cat is still in remission based on the absence
of clinical signs of DM and measurements documenting normal
interstitial glucose concentrations.

In total, 13 disposable insulin patch-pumps and 5 CGMS sensors
were used in the cat. No pain or discomfort was noted during the
application of the pumps and CGMS sensors, and except for mild
skin irritation at the application sites after removal, no complica-
tions were documented. During the study period, the cat gradually
lost weight, reaching 7.3 kg. The total cost for using the AID system
for 1 month, including pump, CGMS, insulin, and various product
usage, was approximately 1.050 USD.

Discussion

The present report describes the use of an AID system in a diabetic
cat, resulting in remission of DM. The AID system consisted of
a pump to deliver insulin, a CGMS, and an algorithm controlled
by a smartphone application. The AID system acted similarly to
a physiological pancreas, dynamically injecting or withholding
insulin delivery based on real-time glucose measurements.

In human medicine, AID systems offer superior glycemic control
compared to pumps to deliver insulin that are fully controlled
by an operator.!” In veterinary medicine, the use of implantable
pumps has been reported in healthy cats and in one diabetic cat;
in both cases, the dose and timing of insulin injections were deter-
mined by the operator.!:1* In addition, these pumps, despite
being well tolerated by cats with no side effects recorded either
locally or systemically, had to be surgically inserted into the sub-
cutaneous tissue.'®1* Their invasiveness and need for anesthesia
made theseimplantable pumpsimpractical. In the case presented
here, no anesthesia or surgery was required to apply the pump to
the cat, with consequent reduction in health risks and costs, and
no reported complications.

Subcutaneous injections of insulin are currently the mainstay
of DM management in cats; SGLT2 inhibitors are proposed as an
effective treatment in affected cases.”® In the cat reported here,
an AID system was chosen by the owner because of unsatisfactory
glycemic control obtained with protamine zinc insulin and insulin
glargine and because the owner had strong knowledge in the field
of closed-loop systems. In addition, SGLT2 inhibitors were not yet
licensed for cats. The main reasons for the owner’s use of the AID
system were the potential ability of the system to safely adjust
insulin delivery, minimize hypoglycemia risk, and maintain opti-
mal glucose concentrations while allowing the cat to eat freely.
The owner also valued the potential for diabetic remission sup-
ported by stable euglycemia and the system’s capacity for remote
monitoring and intervention.

The AID system allowed rapid achievement of normal glu-
cose concentrations and prevented hypo- and hyperglycemia
throughout the treatment period, yielding excellent glycemic
control (Figure S1). The rapid and dramatic effect of acute
glucotoxicity was previously demonstrated in cats.?® In light of
this, the quick improvement in glycemic control achieved in
the present cat might have reduced the effect of glucotoxicity,
increasing the chances for the remaining pool of viable g-cells
of the pancreas to recover and reach DM remission. Because this
favorable outcome is achieved within 6 months from diagnosis
in nearly 50% of cats, it is plausible that AID systems might
contribute to promoting remission, particularly within this specific
time.*

In the present report, the cat showed no signs of discomfort
associated with the pump or glucose sensor, and except for
one pump malfunction, no relevant problems related to the
positioning and maintenance of the AID system were noticed.
In addition, the AID system had an integrated alarm to alert in
case of pump or application issues (eg, disconnection, battery
failure).

With the use of an AID system, owners and veterinarians
would have the ability not just to remotely monitor glucose
concentrations but also to remotely intervene if modifications
to treatment settings are necessary. The AID system, with its
ability to deliver insulin and maintain precise glycemic control,
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Figure 2 Mean daily glucose concentrations and daily insulin doses administered during treatment with protamine zinc insulin (days 0-4), insulin glargine
(days 5-6), and the AID system (days 7-40). The x-axis represents the days of treatment. The solid line with black circles represents mean daily glucose
concentrations (left y-axis). The bars represent the daily insulin dose (right y-axis). Note: AID = automated insulin delivery.

could represent important progress in DM management, namely,
by improving the quality of life of cats, by reducing owner’s
stress, and by facilitating diabetic remission. While the owner’s
tasks are potentially lessened or at least become less frequent,
close contact with the veterinarians remains essential to replace
and connect the devices of the AID system and to monitor for
errors. In this case, AID system success likely depended on
the owner’s experience with similar human diabetes devices,
allowing proper setup, interpretation, and troubleshooting. Most
cat owners lack such expertise and would need close veterinary
support.

In conclusion, the AID system might represent a promising
alternative to standard insulin therapy in diabetic cats. Further
studies are needed to confirm its safety, whether it effectively
improves glycemic control and, eventually, increases remission
rate in diabetic cats.
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