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Abstract

Introduction: To evaluate hybrid closed-loop with ultra-rapid insulin lispro (Lyumjev) compared with hybrid
closed-loop with standard insulin lispro in adults with type 1 diabetes.
Materials and Methods: In a single-center, double-blind, randomized, crossover study, 28 adults with type 1
diabetes (mean – standard deviation [SD]: age 44.5 – 10.7 years, glycated hemoglobin (HbA1c) 7.1 – 0.9%
[54 – 10 mmol/mol]) underwent two 8-week periods comparing hybrid closed-loop with ultra-rapid insulin
lispro and hybrid closed-loop with standard insulin lispro in random order. The same CamAPS FX closed-loop
algorithm was used in both periods.
Results: In an intention-to-treat analysis, the proportion of time sensor glucose was in target range (3.9–
10 mmol/L [70–180 mg/dL]; primary endpoint) was greater with ultra-rapid lispro compared with standard
insulin lispro (mean – SD: 78.7 – 9.8% vs. 76.2 – 9.6%; mean difference 2.5 percentage points [95% confidence
interval 0.8 to 4.2]; P = 0.005). Mean sensor glucose was lower with ultra-rapid lispro compared with standard
insulin lispro (7.9 – 0.8 mmol/L [142 – 14 mg/dL] vs. 8.1 – 0.9 mmol/L [146 – 16 mg/dL]; P = 0.048). The pro-
portion of time with sensor glucose <3.9 mmol/L [70 mg/dL] was similar between interventions (median [in-
terquartile range] ultra-rapid lispro 2.3% [1.3%–2.7%] vs. standard insulin lispro 2.1% [1.4%–3.3%]; P = 0.33).
No severe hypoglycemia or ketoacidosis occurred.
Conclusions: The use of ultra-rapid lispro with CamAPS FX hybrid closed-loop increases time in range and reduces
mean glucose with no difference in hypoglycemia compared with standard insulin lispro in adults with type 1 diabetes.
ClinicalTrials.gov: Trial registration number NCT05257460.
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Introduction

Hybrid closed-loop systems, combining an insulin
pump, a continuous glucose monitor (CGM) and a

control algorithm, improve glycemic outcomes for people
living with type 1 diabetes.1–3 Rapid-acting insulin analogues
are used to good effect in closed-loop systems1 but limit
closed-loop efficacy due to relatively slow absorption com-
pared to physiological insulin secretion.4,5

Outside closed-loop use, novel ultra-rapid acting insulin
analogues have been shown to reduce postprandial hyper-
glycemia without increasing hypoglycemia risk.6–10 When
used with hybrid closed-loop systems, the findings have been
inconsistent. Randomized clinical studies of the Medtronic
hybrid closed-loop system have demonstrated greater time
in range and reduction in hypoglycemia (<3.9 mmol/L
[70 mg/dL]) with faster acting insulin aspart when com-
pared to standard insulin aspart.11,12 In a study utilizing
the CamAPS FX closed-loop system, we found that faster
aspart reduced hypoglycemia (<3.9 mmol/L [70 mg/dL] and
<3.0 mmol/L [54 mg/dL]) versus standard insulin aspart with
comparable time in range and mean glucose.13

Ultra-rapid lispro (Lyumjev, Eli Lilly, Indianapolis, IN,
USA) combines standard insulin lispro with treprostinil and
sodium citrate excipients which facilitate faster insulin
absorption, earlier glucose-lowering, and shorter duration of
action. In a randomized study of the Medtronic 670G hybrid
closed-loop system, ultra-rapid lispro significantly reduced
time spent below 3.9 mmol/L [70 mg/dL]; however, no sig-
nificant difference was seen in time in range.14

This study aimed to expand the limited evidence and
evaluate the efficacy of ultra-rapid lispro compared with
standard insulin lispro in the CamAPS FX hybrid closed-loop
system in adults with type 1 diabetes.

Materials and Methods

Study participants and study design

Adults aged 18 years and above with type 1 diabetes on
insulin pump for at least 6 months and glycated hemoglobin
of 10% or less (£86 mmol/mol) were recruited. Exclusion
criteria included more than one episode of severe hypogly-
cemia in the preceding 12 months, a total daily insulin dose of
2.0 U/(kg$d) or higher and pregnancy. Eligible adults were
recruited from diabetes clinics at Addenbrooke’s Hospital
(Cambridge, UK). Ethical approvals were obtained from an
independent research ethics committee. Participants signed
informed consent before any study-related activity. Trial
registration NCT05257460.

The study adopted a double-blind, single-center random-
ized, two-period crossover design comparing hybrid closed-
loop insulin delivery using ultra-rapid insulin lispro
(Lyumjev) and hybrid closed-loop using standard insulin
lispro. A 2-to-4-week run-in period during which the par-
ticipants used the study insulin pump (Dana Diabecare RS or
Dana I; Sooil, Seoul, South Korea) and CGM (Dexcom G6;
Dexcom, San Diego, CA, USA) in open-loop preceded the
intervention period.

At the initial visit, blood samples were taken for analysis of
HbA1c using an International Federation of Clinical Chem-
istry and Laboratory Medicine-aligned method and following
National Glycohemoglobin Standardization Program (NGSP)
standards. Participants received training on the use of the study
insulin pump and the study CGM system. At the end of the run-
in period, appropriate use of the devices was assessed.

Participants were randomly assigned to receive either
8 weeks of hybrid closed-loop with standard insulin lispro
followed by hybrid closed-loop with ultra-rapid insulin lispro
or vice versa. Permuted block randomization was applied.
The assignment was blinded to study participants and study
personnel.

At the start of the first closed-loop period, participants
attended training on the CamAPS FX hybrid closed-loop app
(CamDiab, Cambridge, UK) and competency was assessed.
At the start of each study period, participants were provided
with blinded insulin vials, and thereafter participants con-
tinued the study interventions, each lasting 8 weeks. There
was no washout period separating the two interventions.
No restrictions were imposed on food intake, physical
activity, or travel. Participants were advised to bolus 15 min
before eating and adjust as required in both treatment periods,
as per standard clinical practice. All participants were pro-
vided with a 24-h telephone helpline to contact the study team
for study-related support.

Psychosocial metrics were assessed using the Hypo-
glycemia Confidence Scale,15 Problem Areas In Diabetes
(PAID) questionnaire,16 and INSPIRE measure (Insulin
delivery Systems: Perceptions, Ideas, Reflections and
Expectations).17

Hybrid closed-loop system

The CamAPS FX interoperable app resided on an unlocked
Android phone (Galaxy S8, Samsung, South Korea) and used
the Cambridge adaptive model predictive control algorithm
to direct insulin delivery by insulin pump based on sensor
glucose levels. The app includes a bolus calculator for app-
initiated meal bolus insulin delivery. Every 8 to 12 min, the
adaptive control algorithm calculates the insulin infusion rate,
which is communicated wirelessly to the insulin pump. The
control algorithm is initialized using participant weight and
total daily insulin dose and gradually adapts its insulin dosing
based on glucose patterns. The algorithm adapts to duration of
insulin action to optimize compatibility with faster acting in-
sulins. The default glucose target is 5.8 mmol/L [105 mg/dL]
and can be adjusted by participants as required between 4.4
and 11.0 mmol/L [79 and 198 mg/dL].2 The same algorithm
was used in both study periods.

Study endpoints

The primary endpoint was the proportion of time when
glucose was in the target range between 3.9 mmol/L
[70 mg/dL] and 10.0 mmol/L [180 mg/dL] during the study
periods as recorded by sensor glucose measurements. Sec-
ondary endpoints included mean sensor glucose, glucose
variability measured by the standard deviation (SD) and
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coefficient of variation (CV), time spent at glucose con-
centrations of <3.9 mmol/L [70 mg/dL], <3.0 mmol/L
[54 mg/dL], >10.0 mmol/L [180 mg/dL] and >16.7 mmol/L
[300 mg/dL], and insulin delivery (total, basal and bolus
amounts). Endpoints were calculated over the whole of each
study period and during daytime and night-time periods;
daytime was classified as 06:00 to 23:59 and night-time as
midnight to 05:59.

Statistical analysis

This was an exploratory analysis aiming for 24 participants
completing the study. The statistical analysis plan was agreed
by the investigators in advance. The sample was chosen to
match the sample size of a study in adults comparing faster
insulin aspart to standard insulin aspart using the CamAPS
FX closed-loop algorithm.13 All analyses were performed on
an intention-to-treat basis. Mean – SD or summary statistics
appropriate to the distribution were calculated for the primary
and secondary outcomes over the 8-week period by treatment
intervention. The treatment interventions were compared
using a linear mixed model adjusting for period as a fixed
effect. The analysis datasets were three records per subject
(one for baseline and one for each period). Inclusion of the

prerandomization baseline value as a third observation for
each subject in the model gave a variance reduction analo-
gous to adjusting for it as a covariate. The model accounted
for correlated data from the same subject. Analyses of sec-
ondary endpoints were considered exploratory; thus, no for-
mal corrections for multiple comparisons were performed.

Endpoints from participants with a minimum of 48 h of
sensor data in at least one study period were analyzed. A 95%
confidence interval was reported for the difference between
interventions, and P-values <0.05 were considered signifi-
cant. Nonnormally distributed data were winsorized. Missing
data were not imputed for the primary analysis. Outcomes
were calculated using GStat software, version 2.3 (University
of Cambridge, Cambridge, UK), and statistical analyses
carried out using SPSS Statistics software, version 28 (IBM
Software, Hampshire, UK).

Results

From January 2022 to August 2022, 28 participants were
recruited (18 males, mean – SD age 44.5 – 10.7 years, HbA1c
7.1 – 0.9% [54 – 10 mmol/mol], and total daily insulin
39.7 U/day) (Table 1). One participant withdrew before
randomization due to COVID-19. Twenty-seven participants

Table 1. Characteristics of Study Participants at Baseline

Overall
(n = 28)

Ultra-rapid insulin
lispro first (n = 13)

Standard insulin
lispro first (n = 14)

Age (years) 44 – 11 42 – 12 46 – 9
Gender (male), n (%) 18 (64) 8 (62) 9 (64)
Race/ethnicity, n (%)

White 28 (100) 13 (100) 14 (100)
Other 0 (0) 0 (0) 0 (0)

Insulin used at baseline, n (%)
Novorapid 23 (82) 11 (85) 11 (79)
Humalog 3 (11) 2 (15) 1 (7)
Fiasp 2 (7) 0 (0) 2 (14)

CGM used at baseline, n (%)
Freestyle Libre 2 17 (61) 9 (69) 8 (57)
Dexcom G6 6 (21) 2 (15) 3 (21)
None 5 (18) 2 (15) 3 (21)

BMI (kg/m2) 29.6 – 3.9 27.7 – 4.5 28.6 – 3.3
Duration of diabetes (years) 29.6 – 12.1 30.3 – 12 28.4 – 13.0
HbA1c (%) 7.1 – 0.9 7.3 – 1.0 6.9 – 0.8
HbA1c (mmol/mol) 54 – 10 56 – 11 52 – 9
Percentage of time with sensor glucose level

3.9 to 10.0 mmol/L [70–180 mg/dL] 63.2 – 16.8 58.8 – 18.8 68.3 – 13.9
>10.0 mmol/L [>180 mg/dL] 33.7 – 18.0 38.9 – 19.9 27.6 – 14.7
>16.7 mmol/L [>300 mg/dL] 1.6 (0.4, 6.4) 4.2 (0.5, 7.7) 1.3 (0.2, 2.8)
<3.9 mmol/L [<70 mg/dL] 2.7 (1.3, 5.0) 1.5 (0.8, 3.4) 3.8 (1.6, 7.2)
<3.0 mmol/L [54 mg/dL] 0.5 (0.2, 0.9) 0.4 (0.1, 0.6) 0.6 (0.1, 1.0)

Mean glucose (mmol/L) 9.1 – 1.9 9.7 – 2.1 8.5 – 1.4
Mean glucose (mg/dL) 164 – 34 175 – 38 153 – 25
Glucose SD (mmol/L) 3.3 – 0.9 3.4 – 0.7 3.1 – 0.9
Glucose SD (mg/dL) 59 – 16 61 – 13 56 – 16
Glucose CV (%) 36.2 – 5.5 35.5 – 3.3 36.3 – 6.8
Total daily insulin (U/day) 39.7 (30.9, 51.7) 39.9 (32.8, 56.9) 39.4 (30.6, 49.0)
Total daily basal insulin (U/day) 21.0 (15.3, 24.0) 21.4 (17.1, 23.6) 19.5 (14.4, 26.7)
Total daily bolus insulin (U/day) 21.0 (13.4, 26.2) 21.5 (17.6, 34.8) 19.9 (12.8, 26.1)

Data are presented as mean – SD or median (Q1, Q3) unless otherwise indicated. Glucose data are based on sensor glucose measurements
during the run-in period.

BMI, body mass index; CGM, continuous glucose monitoring; CV, coefficient of variation; SD, standard deviation.
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were randomized, and 14 participants were allocated to
hybrid closed-loop with standard insulin lispro first. One
participant from this group withdrew during the first study
period due to device issues. Twenty-six participants com-
pleted both study periods. All randomized participants had at
least 48 h of sensor data in at least one study period.

Primary and secondary endpoints calculated using data
from all randomized participants are presented in Table 2.
Hybrid closed-loop with ultra-rapid lispro demonstrated
superiority to hybrid closed-loop with standard insulin lispro
for the primary endpoint, the proportion of time sensor glu-
cose was in target range between 3.9 mmol/L [70 mg/dL]
and 10.0 mmol/L [180 mg/dL] (ultra-rapid insulin lispro
vs. standard insulin lispro; 78.7 – 9.8% vs. 76.2 – 9.6%;
P = 0.005 with a mean difference of 2.52 percentage points
[95% confidence interval {CI} 0.82 to 4.23]). Figure 1 shows
24-h sensor glucose profiles and individual participant’s
percentage of time spent in target glucose by treatment
period.

Mean glucose was significantly lower with ultra-rapid in-
sulin lispro (ultra-rapid insulin lispro vs. standard insulin
lispro; 7.9 – 0.8 mmol/L [142 – 14 mg/dL] vs. 8.1 – 0.9 mmol/L
[146 – 16 mg/dL]; P = 0.048 with a mean difference of
-0.17 mmol/L [95% CI -0.33 to 0.00] or -3.1 mg/dL
[95% CI -5.9 to 0.0]) (Table 2). The time spent with the sensor
glucose reading above 10 mmol/L [180 mg/dL] was signifi-
cantly reduced with ultra-rapid lispro (ultra-rapid insulin lispro
vs. standard insulin lispro; 19.2 – 9.9% vs. 21.5 – 10.1%;
P = 0.011 with a mean difference of -2.38 percentage points
[95% CI -4.18 to 0.59]) (Table 2). There was no significant
difference in the proportion of time sensor glucose was
<3.9 mmol/L [70 mg/dL] (median [interquartile range {IQR}]
ultra-rapid insulin lispro vs. standard insulin lispro; 2.3% [1.3
to 2.7] vs. 2.1% [1.4 to 3.3]; P = 0.327), <3.0 mmol/L

[54 mg/dL] (0.30% [0.15 to 0.46] vs. 0.30% [0.16 to 0.46];
P = 0.650), or >16.7 mmol/L [300 mg/dL] (0.8% [0.2 to 2.0]
vs. 1.1% [0.3 to 3.5]; P = 0.083). There was no significant
difference in measures of glucose variability (SD or CV of
sensor glucose); ultra-rapid insulin lispro versus standard
insulin lispro; SD: 2.8 – 0.7 mmol/L [50 – 13 mg/dL] versus
2.9 – 0.6 mmol/L [52 – 11 mg/dL]; P = 0.098, CV 34.7 – 5.0%
versus 35.5 – 4.6%; P = 0.279.

Total daily insulin delivery was similar between inter-
ventions (median [IQR] ultra-rapid insulin lispro vs. stan-
dard insulin lispro; 41.7 U/day [32.6 to 54.7] vs. 42.8 U/day
[31.3 to 53.4] P = 0.502). There was no difference in basal
or bolus insulin delivery between study interventions
(Table 2).

Closed-loop use and glucose sensor use were high
(Table 2). Closed-loop was in use for a median of 96.8%
[IQR 95.4 to 97.6] with ultra-rapid lispro and 96.5% [IQR
94.7 to 98.0] for standard insulin lispro, P = 0.714 (Table 2).

There was no evidence of a carryover effect between
interventions when a period by treatment interaction term
was included in the model (P = 0.282). Increased time in
range and lower hyperglycemia with ultra-rapid insulin lispro
compared to standard lispro was seen during both day time
and night time (Table 3).

No severe hypoglycemia or diabetic ketoacidosis occurred
during the study. There was one nonstudy-related severe
adverse event before randomization. Twenty-two other
adverse events were reported; 2 occurred during run-in (all
nonstudy related), 6 occurred during the standard insulin
lispro period (all nonstudy related), and 14 occurred during
the ultra-rapid lispro period (4 nonstudy related, 10 study-
related). All participants recovered fully without clinical
sequelae. The 10-study-related adverse events occurred
during the ultra-rapid lispro period and were all due to

Table 2. Glucose Control and Insulin Delivery Over 8 Weeks of Closed-Loop with Faster-Acting

Insulin Lispro and Closed-Loop with Standard Insulin Lispro

Ultra-rapid insulin
lispro (n = 26)

Standard insulin
lispro (n = 27) Pb

95% CI for treatment
differenceb

Percent of time with sensor glucose level
3.9 to 10.0 mmol/La [70–180 mg/dL] 78.7 – 9.8 76.2 – 9.6 0.005 2.52 (0.82 to 4.23)
<3.9 mmol/L [<70 mg/dL] 2.3 (1.3, 2.7) 2.1 (1.4, 3.3) 0.327 -0.11 (-0.34 to 0.12)
<3.0 mmol/L [<54 mg/dL] 0.30 (0.15, 0.46) 0.30 (0.16, 0.46) 0.650 -0.01 (-0.06 to 0.04)
>10.0 mmol/L [>180 mg/dL] 19.2 – 9.9 21.5 – 10.1 0.011 -2.38 (-4.18 to -0.59)
>16.7 mmol/L [>300 mg/dL] 0.8 (0.2, 2.0) 1.1 (0.3, 3.5) 0.083 -0.43 (-0.93 to 0.06)

Mean glucose (mmol/L) 7.9 – 0.8 8.1 – 0.9 0.048 -0.17 (-0.33 to -0.00)
Mean glucose (mg/dL) 142 – 14 146 – 16 -3.1 (-5.9 to -0.0)
Glucose SD (mmol/L) 2.8 – 0.7 2.9 – 0.6 0.098 -0.10 (-0.22 to 0.02)
Glucose SD (mg/dL) 50 – 13 52 – 11 -1.8 (-4.0 to 0.4)
Glucose CV (%) 34.7 – 5.0 35.5 – 4.6 0.279 -0.56 (-1.61 to 0.48)
Total daily insulin (U/day) 41.7 (32.6, 54.7) 42.8 (31.3, 53.4) 0.502 -0.57 (-2.28 to 1.15)
Total daily basal Insulin (U/day) 26.4 (20.2, 38.5) 28.6 (16.9, 34.6) 0.814 -0.19 (-1.85 to 1.47)
Total daily bolus Insulin (U/day) 15.0 (11.3, 19.3) 15.3 (10.3, 20.7) 0.822 0.11 (-0.86 to 1.08)
% time using closed-loop 96.8 (95.4, 97.6) 96.5 (94.7, 98.0) 0.714 0.11 (-0.49 to 0.70)
% time using CGM 98.5 (98.1, 98.9) 98.6 (98.2, 98.9) 0.451 -0.09 (-0.35 to 0.16)

Data are mean – SD for normally distributed values, or median (IQR) for nonnormally distributed values. Transformation (winsorisation)
was applied to highly skewed secondary endpoints before statistical analysis.

aPrimary endpoint.
bBased on linear mixed model adjusting for repeated participant measures, period as fixed effect. Baseline values from the run-in period

were included in the model.
CI, confidence interval; IQR, interquartile range.
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stinging at the infusion site. In all cases, this was mild and did
not result in any of the participants withdrawing from the
study. There were 10 device deficiencies reported by seven
participants in the study, eight were pump-related, one was
sensor-related, and one was due to the smartphone.

There were no differences in psychosocial outcomes as
measured by the Hypoglycemia Confidence Scale, Problem
Areas in Diabetes questionnaire, and INSPIRE measure
(results not shown).

Discussion

This study demonstrated that ultra-rapid lispro with
CamAPS FX hybrid closed-loop significantly increased time
in range by 2.5 percentage points (36 min/day) when com-

pared to standard insulin lispro. Additionally, significant
reductions in time above range and mean glucose were
observed. Use of ultra-rapid lispro may offer additional
benefits without increased risk of hypoglycemia.

Time in range is a clinically significant glucose metric18

endorsed by international consensus and associated with a
meaningful reduction in microvascular and macrovascu-
lar complication risk and HbA1c.19,20 Although previous
guidelines suggest a 5 percentage point change in time in
range (TIR) is clinically significant, this is in relation to
a technology change rather than an insulin change within
existing technology.18 We suggest that a 2.5 percentage
point improvement is a significant clinical benefit, as
changing insulin involves no additional user burden or
training.

FIG. 1. Top panel—Sensor glucose
levels (median, interquartile range)
during closed-loop with ultra-rapid
insulin lispro (n = 26; solid red line
and red shaded area) and during
closed-loop with standard insulin lis-
pro (n = 27; dashed black line and gray
shaded area). Dashed horizontal lines
indicate the target glucose range
between 3.9 and 10.0 mmol/L. Bottom
panel—Percentage of time spent in
target glucose range using ultra-rapid
insulin lispro compared with standard
insulin lispro (n = 26).
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In contrast, a shorter 4-week study of the hybrid closed-
loop system Medtronic 670G comparing ultra-rapid lispro
with standard insulin lispro found no difference in time in
range, with a small but significant increase in mean glucose
and significant reduction in time spent below 3.9 mmol/L
[70 mg/dL].14 The differences between the studies may be
attributable to the hybrid closed-loop control algorithms. The
CamAPS FX algorithm adapts to the duration of insulin
action, day-to-day prandial and diurnal glucose patterns,1

optimizing compatibility with faster-acting insulin profiles.
Bolus dose timing may also be a contributing factor. In this
study, participants were advised to bolus 15 min before meals
and adjust as necessary. In the 670G hybrid closed-loop
study, bolus doses were administered 0 to 2 min before food;
time in range was no different; however, a reduction in time
spent in hypoglycemia was seen14 Further studies are war-
ranted to examine the optimal timing of faster-acting insulin
bolus dosing in the context of hybrid closed-loop systems.4

Time spent in hypoglycemia below 3.9 mmol/L
[70 mg/dL] or 3.0 mmol/L [54 mg/dL] and total daily dose of
insulin between ultra-rapid lispro and standard insulin lispro
were comparable. Increase in time in range did not come at
the expense of increased hypoglycemia risk or excess insulin
use. Previous hybrid closed-loop studies have demonstrated
small but significant hypoglycemia reduction with faster
aspart in comparison to standard insulin aspart,11–13 and with
ultra-rapid lispro versus standard lispro.14 Time spent in
hypoglycemia in this study was low for both ultra-rapid lispro
and standard lispro, and within the ranges recommended by
international consensus guidance on time in range21 during
closed-loop study periods.

The CamAPS FX hybrid closed-loop system performed
well with an increase in time in target glucose range from
63.2% at baseline to 78.7% for ultra-rapid lispro and 76.2%
for standard insulin lispro, consistent with previous CamAPS
FX studies.13 Time spent in hypoglycemia and total daily
insulin were comparable between baseline and closed-loop
periods. High use of closed-loop and CGM during the study

(median >96%) demonstrates the usability of the CamAPS
FX hybrid closed-loop system, an important factor in real-
izing the benefits of advanced diabetes technology.22

Ultra-rapid lispro was acceptable despite 10 participants
reporting stinging at infusion site, all of whom completed the
study. Infusion site discomfort is a recognized side-effect of
ultra-rapid lispro, seen in similar studies,14 likely due to the
treprostinil and citrate additives. No participant had previous
experience of ultra-rapid lispro (Table 1) and participants
and investigators remained blind to the insulin throughout
the study.

The strengths of our study include the double-blind, ran-
domized, crossover design with each participant acting as their
own control, with data collected over a longer duration than
similar studies evaluating ultra-rapid lispro. Participants used
the study insulin pump and glucose sensor during the run-in
period (in open-loop) and intervention periods, so that any
differences between the closed-loop periods could be attrib-
uted to the insulin rather than the component hardware. Lim-
itations include a small study population with good baseline
glycemic control (mean HbA1c 7.1%). This limits generaliz-
ability and may have contributed to the significant but small
improvement in time in range. The study participants were
solely of white ethnicity, also limiting generalizability. The
group randomized to receive ultra-rapid lispro first had higher
time in range at baseline, but this was unlikely to have im-
pacted on study outcomes due to the cross-over study design
with each participant acting as their own control and lack of
period effect for primary outcome.

It would be interesting to analyze the effect of ultra-rapid
insulin lispro specifically in the postprandial period. Future
studies evaluating closed-loop and ultra-rapid lispro in pop-
ulations with suboptimal glucose levels at baseline are war-
ranted as increased time in range would be of significant
clinical benefit. Ultra-rapid lispro use in fully automated
closed-loop systems warrants investigation as the glucody-
namic and pharmacokinetic properties of this faster-acting
insulin may result in additional benefit.

Table 3. Daytime and Night-Time Glucose Control and Insulin Delivery During Hybrid Closed-Loop

with Ultra-Rapid Insulin Lispro (Lyumjev) and Standard Insulin Lispro

Daytime (06:00 to 23:59) Night-time (00:00 to 05:59)

Ultra-rapid insulin
lispro (n = 26)

Standard insulin
lispro (n = 27)

Ultra-rapid insulin
lispro (n = 26)

Standard insulin
lispro (n = 27)

Percent of time with sensor glucose level
3.9 to 10.0 mmol/L [70 to 180 mg/dL] 77.1 – 10.3 75.0 – 9.9 83.4 – 9.5 79.8 – 10.3
<3.9 mmol/L [<70 mg/dL] 2.3 (1.5, 3.2) 2.6 (1.3, 3.6) 1.4 (0.5, 2.4) 1.7 (1.2, 2.0)
<3.0 mmol/L [<54 mg/dL] 0.30 (0.14, 0.41) 0.27 (0.12, 0.59) 0.18 (0.03, 0.46) 0.23 (0.10, 0.38)
>10.0 mmol/L [>180 mg/dL] 20.6 – 10.5 22.5 – 10.4 15.2 – 9.2 18.5 – 10.4
>16.7 mmol/L [>300 mg/dL] 0.8 (0.3, 2.1) 1.0 (0.3, 3.2) 0.6 (0.1, 1.7) 0.9 (0.0, 3.9)

Mean glucose (mmol/L) 8.0 – 0.9 8.1 – 0.9 7.7 – 0.8 7.9 – 0.9
Mean glucose (mg/dL) 144 – 16 146 – 16 139 – 14 142 – 16
Glucose SD (mmol/L) 2.8 – 0.6 2.9 – 0.6 2.5 – 0.8 2.8 – 0.8
Glucose SD (mg/dL) 50 – 11 52 – 11 45 – 14 50 – 14
Glucose CV (%) 35.2 – 4.7 35.5 – 4.2 32.1 – 7.2 34.5 – 7.3
Total daily insulin (U/day) 37.4 (29.4, 52.8) 38.9 (30.7, 53.1) 6.6 (5.0, 8.4) 6.7 (4.7, 9.7)
Total daily basal insulin (U/day) 20.0 (15.4, 28.8) 22.0 (12.6, 26.0) 6.5 (4.7, 8.1) 6.6 (4.5, 8.5)
Total daily bolus insulin (U/day) 14.9 (11.3, 19.2) 14.7 (10.2, 20.6) 0.2 (0.0, 0.4) 0.2 (0.0, 0.5)

Data are mean – SD for normally distributed values, or median (IQR) for nonnormally distributed values. Glucose data are based on
sensor glucose measurements.
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Conclusion

In conclusion, the CamAPS FX hybrid closed-loop system
with ultra-rapid insulin lispro increases time in range and
reduces mean glucose, without compromise of hypoglycemic
risk. This advanced therapy is safe and effective in adults
with type 1 diabetes.
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