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Abstract
Background and Objective  Ultra rapid lispro (URLi) is a novel insulin lispro formulation developed to more closely match 
physiological insulin secretion and improve postprandial glucose control. This pooled analysis compared the pharmacokinet-
ics and glucodynamics between URLi and Humalog® in healthy subjects and patients with type 1 or type 2 diabetes mellitus.
Methods  The analysis included four randomized, double-blind, crossover, single-dose studies (healthy subjects [n = 74], 
patients with type 1 diabetes [n = 78], and type 2 diabetes [n = 38]) evaluating subcutaneous doses of 7, 15, or 30 U of URLi 
and Humalog during an 8- to 10-h euglycemic clamp procedure.
Results  The pooled analysis showed an ~ 5-min faster onset of appearance, an ~8-fold greater exposure in the first 15 min, 
a 43% reduction in exposure beyond 3 h, and a 68-min shorter exposure duration with URLi vs Humalog across all study 
populations and dose range. Compared with Humalog, URLi had a 10-min faster onset of action, a 3-fold greater insulin 
action in the first 30 min, a 35% reduction in insulin action beyond 4 h, and a 44-min shorter duration of action across all 
populations and dose range. Overall exposure and insulin action were similar between URLi and Humalog for each dose 
level and study population.
Conclusions  Across the studied populations and dose range, URLi consistently demonstrated a faster absorption, reduced 
late exposure, and overall shorter exposure duration compared with Humalog. Similarly, URLi demonstrated earlier insulin 
action while reducing late insulin action and shorter insulin action compared with Humalog across the study populations 
and dose range.
Clinical Trial Registration  NCT02942654 (registered: 21 October, 2016), NCT03286751 (registered: 15 September, 2017), 
NCT03166124 (registered: 23 May, 2017), and NCT03305822 (registered: 5 October, 2017).
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1  Introduction

In patients with diabetes, glycemic variability may contrib-
ute to increased morbidity and mortality, as well as reduced 
quality of life [1–3]. Control of postprandial glucose (PPG) 
remains a challenge in patients with type 1 diabetes (T1D) 
or type 2 diabetes (T2D) because of absent or reduced physi-
ological secretion of prandial insulin or insulin resistance 
[4]. Therefore, optimum PPG control is crucial for achieving 
recommended glycated hemoglobin targets and preventing 
or delaying long-term complications [5–7]. Intensive insu-
lin therapy in patients with T1D and T2D with basal and 
bolus (prandial) insulin aims to mimic physiological insulin 
secretion to control basal and prandial blood glucose [8–10]. 
Rapid-acting insulin analogs (e.g., insulin lispro, insulin 
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Key Points 

Across the studied populations and dose range, insulin 
appeared in the blood five times faster, and early insulin 
exposure increased up to eight-fold, resulting in a greater 
early glucose-lowering effect with ultra rapid lispro com-
pared with Humalog®

Insulin also left the blood sooner, reducing the late 
glucose-lowering effect with ultra rapid lispro compared 
with Humalog; potentially reducing the occurrence of 
late hypoglycemia observed with a rapid-acting insulin 
analogs

The ultra-rapid pharmacokinetic and glucodynamic 
profile of ultra rapid lispro has the potential to improve 
post-meal glucose control over current rapid-acting 
insulin analogs

the consistency of pharmacokinetics and glucodynamics 
between URLi and Humalog in healthy subjects and patients 
with T1D or T2D.

2 � Methods

2.1 � Study Selection

Study inclusion criteria were: completed phase I studies with 
a crossover design, conducted in adults who received the 
final commercial formulation of URLi, used Humalog as the 
comparator, and had similar time points for the data collec-
tion during a euglycemic clamp procedure.

2.2 � Study Design

The pooled analysis included four randomized, double-blind, 
crossover, single-dose studies that evaluated insulin lispro 
PK and GD responses of URLi compared with Humalog 
following administration of a 7-U, 15-U, or 30-U dose. The 
pharmacokinetics and glucodynamics were assessed up to 
8–10 h. Two trials in healthy subjects (trials 1 and 2 [21]), 
one trial in patients with T1D (trial 3 [22]), and one trial in 
patients with T2D (trial 4 [23]) met the inclusion criteria. 
Information on trial design, population characteristics, sam-
ple size, and treatment arms is presented in Table 1. Two 
trials were conducted at a single center (Profil, Nuess, Ger-
many), one trial (trial 3 [patients with T1D]) was conducted 
at two centers (Profil, Nuess, Germany and Profil, Mainz, 
Germany), and one trial (trial 1 [healthy subjects]) was con-
ducted in Singapore (Lilly Centre for Clinical Pharmacology 
Pte Ltd, Singapore). All trials were conducted in accordance 
with the principles of the Declaration of Helsinki (2000), 
International Council for Harmonisation, and the E6 Guide-
line for Good Clinical Practice. Institutional review board 
approval and written informed consent from all subjects 
were obtained before conducting any evaluations or study 
procedures. The trials were registered at ClinicalTrials.gov 
(identifiers: NCT02942654, NCT03286751, NCT03166124, 
and NCT03305822).

2.3 � Study Procedures and Treatments

Participants of trials 1, 3, and 4 were randomized to single 
subcutaneous 15-U doses of URLi and Humalog U100 for-
mulations (Eli Lilly, Indianapolis, IN, USA). Trial 2 healthy 
subjects were randomized to single subcutaneous doses of 
7, 15, and 30 U of URLi and Humalog. Both Humalog and 
URLi were administered to the abdominal wall using a 
6-mm or 8-mm, 31-gauge needle to ensure that injections 
were delivered to a consistent depth. For patients with T1D 
and T2D on multiple daily insulin injections, the washout 

aspart, and insulin glulisine) have a faster onset and a shorter 
duration of action than regular human insulin [11]. Although 
rapid-acting insulins have shown superiority over regular 
insulin at reducing postprandial glycemic excursions [12], 
they cannot always match carbohydrate absorption profiles 
[13, 14], limiting their efficacy in PPG control. Thus, there 
is a need to develop faster, ultra-rapid-acting insulins that 
more closely match the endogenous response to food intake 
and minimize PPG excursions.

Insulin lispro (Humalog®) is a commercially available, 
rapid-acting human insulin analog indicated for glycemic 
control in adults and children with diabetes mellitus [15]. 
Ultra rapid lispro (URLi) is a novel insulin lispro formula-
tion containing two locally acting excipients, treprostinil to 
induce local vasodilation [16] and citrate to increase vas-
cular permeability [17], thereby accelerating insulin lispro 
absoprtion at the injection site. URLi was formulated to 
more closely match physiological prandial insulin secretion 
and improve PPG control. In a recent publication compar-
ing the pharmacokinetics and glucodynamics of URLi with 
Humalog, Fiasp®, and NovoRapid®, URLi showed greater 
numeric glucose lowering during a mixed meal tolerance 
test in patients with T1D and more closely matched the early 
glucose lowering of endogenous insulin secretion in healthy 
subjects [18]. Phase III clinical studies of URLi have demon-
strated superiority of URLi to Humalog in controlling PPG 
excursions, with a similar overall safety profile in patients 
with T1D [19] and T2D [20].

Several factors, including insulin dose, insulin formula-
tion, and patient physiology, can impact the pharmacoki-
netic (PK) and glucodynamic (GD) profiles. Therefore, 
this pooled analysis was conducted to compare and assess 
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period prior to each dosing visit was ≥ 72 h for insulin glar-
gine U300, ≥ 48 h for insulin detemir or glargine, and ≥ 
24 h for neutral protamine Hagedorn insulin, insulin mix-
tures, or other intermediate-acting insulin. Patients receiv-
ing continuous subcutaneous insulin infusion therapy were 
switched to insulin glulisine (Apidra®; Sanofi, Paris, France) 
≥ 8 h before dosing and discontinued basal insulin delivery 
≥ 3 h before dosing. For patients with T2D receiving oral 
antidiabetic medications, patients discontinued dipeptidyl 
peptidase-IV inhibitors, sulfonylureas, and sodium glucose 
co-transporter 2 inhibitors 2 weeks prior to the first dos-
ing. Additionally, studies conducted in patients with T1D 
and T2D required that any bolus injection of short-acting 
insulin should occur at least 6 h prior to study drug dos-
ing. However, patients were allowed to continue metformin 
throughout the study.

2.4 � Bioanalysis

Serum-free insulin lispro was analyzed using a validated 
enzyme-linked immunosorbent assay specific to insulin lis-
pro without cross-reactivity to endogenous insulin or insulin 
glulisine (600 pmol/L) at Charles River Laboratories Mon-
treal in Senneville, QC, Canada. Blood samples for the PK 
analysis were collected at time 0; every 5 min for the first 60 
min; at 70, 90, 120, 150, and 180 min; and hourly thereafter 
up to 8 h post-administration in trial 1 and up to 10 h post-
administration for all other studies. The lower limit of quan-
tification (LLOQ) was 8.6 pmol/L. The inter-assay accuracy 
(percent relative error) and inter-assay precision (percent 
relative standard deviation) during validation were ≤ 16%.

2.5 � Glucodynamics

Glucodynamic assessments were determined from a eug-
lycemic glucose clamp procedure using the automated 
ClampArt® device in trials 2, 3, and 4, and a manual clamp 
in trial 1. During the euglycemic clamp procedure, target 
blood glucose levels were kept constant while glucose infu-
sion rate (GIR) varied over time, reflecting the GD activity 
of exogenous insulin. In healthy subjects, baseline fasting 
glucose level (calculated as the mean of blood glucose lev-
els at 6, 4, and 2 min before study drug administration) was 
set as the target blood glucose level. In patients with T1D 
or T2D, a run-in period was conducted prior to dosing to 
achieve the target blood glucose level (defined as 100 mg/
dL ± 10% for T1D and 100 mg/dL ± 20% for T2D) using 
a variable intravenous infusion of either glucose (20% dex-
trose solution) or insulin (insulin glulisine). The run-in was 
stopped at least 30 min prior to dosing in patients with T2D 
and at least 10 min prior to dosing in patients with T1D. 
With this approach, GIR reflected only the pharmacology 

of the study treatments by removing any confounding effect 
of the glucose or insulin during the run-in on the determi-
nation of the onset of insulin action or early GIR. Once the 
target blood glucose level stabilized, patients or subjects 
received either URLi or Humalog. Following drug admin-
istration, time to onset of insulin action (Tonset) was defined 
as when blood glucose dropped by 5 mg/dL (0.3 mmol/L) 
below the baseline. Following onset of action, the GIR was 
recorded every minute (trials 2, 3, 4) or every 2.5 min (trial 
1) throughout the clamp procedure. For trials using an auto-
mated clamp, manual blood samples were collected and 
measured (SuperGL glucose analyzer; Dr. Müller/Hitado, 
Möhnesee, Germany) for blood glucose at least every 30 min 
during the clamp procedure to validate clamp glucose sensor 
measurements. For the trial, using a manual clamp, blood 
samples were collected at least every 5 min during the clamp 
procedure and were measured using glucose analyzers (YSI 
STAT Plus Glucose and Lactate Analyzer; YSI Inc., Yellow 
Springs, OH, USA).

Blood samples were collected and measured using the 
YSI STAT Plus Glucose and Lactate Analyzer (YSI Incor-
porated, Yellow Springs, OH, USA) for trial 1 and the 
SuperGL glucose analyser (Dr. Müller/Hitado, Möhnesee, 
Germany) for trials 2, 3, and 4. The euglycemic clamp pro-
cedure, where the time–concentration and time–action pro-
files of the study treatment were evaluated simultaneously, 
was conducted for up to 10 h in trials 2, 3, and 4, and up to 
8 h in trial 1.

2.6 � Study Endpoints

2.6.1 � Pharmacokinetic Parameters

Free serum insulin lispro PK parameters were calculated 
by non-compartmental methods using Phoenix® Version 7.0 
and S-PLUS® Version 8.2. Early insulin exposure was char-
acterized by time to early half-maximal drug concentration 
(early 50% tmax), area under the concentration vs time curve 
(AUC) from time 0 to 15 min (AUC​0–15 min), AUC from time 
0 to 30 min (AUC​0–30 min), AUC from time 0 to 1 h (AUC​
0–1h), and onset of appearance, defined as the time that serum 
insulin lispro reached the LLOQ. Determination of onset 
of appearance used a linear interpolation between the time 
of dosing (zero serum insulin lispro concentration) and the 
time of the first quantifiable serum insulin lispro concen-
tration. Late insulin exposure was characterized by time to 
late half-maximal drug concentration (late 50% tmax), AUC 
from time 2 to X h (AUC​2–Xh), and AUC from time 3 to X h 
(AUC​3–Xh), where X is the last sample collection in the study 
(either 8 or 10 h post-injection), and duration of exposure, 
defined as the time from dosing until serum insulin lispro 
reached the LLOQ. Overall insulin exposure was determined 
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by maximum observed drug concentration (Cmax), time to 
Cmax (tmax), and AUC from time 0 to infinity (AUC​0–∞).

2.6.2 � Glucodynamic Parameters

Glucodynamic analyses were conducted using Phoenix Ver-
sion 6.4 or higher and S-PLUS Version 8.2. Glucodynamic 
assessments were determined from the glucose clamp proce-
dure, where GIR over time was used as a measure of insulin 
effect. A locally weighted scatterplot smoothing function 
was applied to all individual GIR-vs-time profiles in each 
treatment group and/or dose. Fitted data for each patient 
were used to calculate GD parameters, except Tonset, which 
was based on raw GIR data. Early insulin action was charac-
terized by Tonset, time to half-maximal GIR before maximum 
GIR (early 50% tRmax), total amount of glucose infused over 
the first 30 min (Gtot,0–30min), and total amount of glucose 
infused over the first hour (Gtot,0–1h). Late insulin action was 
characterized by time to half-maximal GIR occurring after 
maximum GIR (late 50% tRmax), total amount of glucose 
infused from 2 h to the end of the clamp (Gtot,2h–End), total 
amount of glucose infused from 3 h to the end of the clamp 
(Gtot,3h–End), total amount of glucose infused from 4 h to the 
end of the clamp (Gtot,4h–End), and duration of insulin action. 
Total insulin action was characterized by total amount of 
glucose infused over the duration of the clamp (Gtot) and 
maximum GIR (Rmax).

2.7 � Statistical Analyses

The PK and GD results from the individual studies were 
obtained from the analysis of each individual study, and the 
pooled PK and GD analyses included the individual subject 
data from these four studies. The PK and GD parameters 
were compared between URLi and Humalog using a mixed-
effects model, with treatment and study as fixed effects and 
subject as a random effect. For log-transformed parameters, 
least-squares (LS) geometric means, ratios of LS geometric 
means between URLi and Humalog, and their correspond-
ing 95% confidence intervals (CIs) were estimated using the 
mixed-effects model. For parameters analyzed using original 
scale data (time parameters and GD parameters with values 
of 0), LS means, differences in LS means between URLi and 
Humalog, and 95% CIs for each dose level were estimated 
from the mixed-effects models. For GD parameters with val-
ues of 0, treatment ratios and 95% CIs were calculated using 
Fieller’s method. Forest plots were created that included the 
individual study level and pooled analysis difference or ratio 
between URLi and Humalog, and the 95% CIs for the PK 
and GD parameters. Statistical analyses were conducted 
using SAS® Version 9.4 (SAS Institute, Cary, NC, USA) at 
a 5% significance level.

3 � Results

3.1 � Trial and Patient Characteristics

Of the four trials, two were conducted in healthy subjects, 
one in patients with T1D (both younger adults and elderly 
patients), and one in patients with T2D (Table 1). A total 
of 191 subjects were included in the PK and GD analyses. 
The sample size in the trials ranged from 32 to 80 adult 
participants. A total of 74 healthy subjects, 78 patients with 
T1D, and 38 patients with T2D were included in the pooled 
analysis (Table 1). The average age in the study popula-
tions ranged from 32.0 to 68.5 years. The average duration 
of diabetes was approximately 18 years in younger adult 
patients with T1D, approximately 38 years in elderly patients 
with T1D, and approximately 17 years in patients with T2D 
(Table 1).

3.2 � Pharmacokinetic Endpoints

3.2.1 � Insulin Lispro Concentration Profiles

Mean serum insulin lispro concentration–time profiles were 
shifted to the left following dosing with URLi compared 
with Humalog in healthy subjects (Fig. 1a), patients with 
T1D (Fig. 1b), and patients with T2D (Fig. 1c), demonstrat-
ing accelerated insulin lispro absorption, reduced late expo-
sure, and overall shorter exposure duration with URLi vs 
Humalog consistently in all populations.

3.2.2 � Early Insulin Exposure

Insulin absorption was consistently faster with URLi com-
pared with Humalog for all study populations and dose 
levels (Fig. 2). The onset of appearance of insulin lispro 
with URLi was 3.5–5.6 min faster compared with Humalog 
across the individual studies and was 4.8 min faster in the 
pooled analysis. Early 50% tmax was 10.9–19.9 min earlier 
across the individual studies and was 14.0 min earlier in the 
pooled analysis following URLi compared with Humalog. 
This accelerated absorption increased the early serum insu-
lin lispro exposure across all populations and the dose range. 
The largest increase was observed in the first 15 min after 
injection. The exposure in the first 15 min was increased by 
6.1–12.3-fold in the individual studies and was increased by 
7.5-fold in the pooled analysis with URLi compared with 
Humalog. Significant increases in exposure were also dem-
onstrated at 30 min and 1 h after injection. The exposure in 
the first 30 min was increased with URLi by 2.3–4.6-fold 
in the individual studies and 3.0-fold in the pooled analysis 
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compared with Humalog. Similarly, the exposure in the first 
hour was increased with URLi by 1.4–2.0-fold in the indi-
vidual studies and 1.5-fold in the pooled analysis compared 
with Humalog.

3.2.3 � Late Insulin Exposure

Late insulin exposure was reduced with URLi compared 
with Humalog for all study populations and the dose range 
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Fig. 2   Forest plots of the difference and ratio of geometric least-
squares means and 95% confidence interval (CI) between ultra rapid 
lispro (URLi) and Humalog for early insulin lispro pharmacokinetic 
parameters in adults in individual studies and in the pooled analysis. 

AUC​ area under the concentration–time curve, AUC​0–15min AUC from 
0 to 15 min, AUC​0–30min AUC from 0 to 30 min, AUC​0–1h AUC from 0 
to 1 h, early 50% tmax time to early half-maximal drug concentration, 
T1D type 1 diabetes, T2D type 2 diabetes, U units
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studied (Fig. 3). A statistically significant reduction was 
consistently shown in the insulin lispro exposure after 3 h 
with URLi compared with Humalog. There was a 26–52% 
reduction (ratio of 0.74–0.48) across the individual studies 
with a 43% reduction based on the pooled analysis. The late 
50% tmax was reduced by 17.6 min with URLi compared 
with Humalog in the pooled analysis. Although a reduction 
in timing of the late 50% tmax was observed with URLi com-
pared with Humalog within all studies, not all differences 
achieved a statistical significance. The duration of expo-
sure was significantly reduced with URLi compared with 
Humalog across all studies, except in one trial in healthy 
subjects (trial 1), which had a shorter PK collection period. 
The duration of exposure was 5.9–86.3 min shorter across 
the individual studies and 68.2 mins shorter in the pooled 
analysis with URLi compared with Humalog.

3.2.4 � Overall Insulin Exposure

The overall insulin exposure (AUC​0–∞) and tmax were 
comparable between URLi and Humalog in the individual 
studies and in the pooled analysis (Fig. 4). However, the 
accelerated insulin lispro absorption and shorter exposure 
duration following URLi administration resulted in a higher 
Cmax compared with Humalog, which was 14% higher in the 
pooled analysis.

3.3 � Glucodynamic Endpoints

3.3.1 � Glucose Infusion Profiles

Mean GIR profiles with URLi were left-shifted compared 
with Humalog in healthy subjects (Fig. 1d), patients with 
T1D (Fig. 1e), and patients with T2D (Fig. 1f), indicating a 
faster onset of insulin action, reduced late insulin action, and 
shorter duration of insulin action with URLi vs Humalog 
consistently across populations and the studied dose range.

3.3.2 � Early Insulin Action

A consistently faster insulin action with URLi compared 
with Humalog was observed in all study populations and 
studied dose range (Fig. 5). The onset of action was 6.3–13.9 
min faster across the individual studies and 10.3 min faster 
in the pooled analysis with URLi compared with Humalog. 
The faster insulin action resulted in an increased amount of 
glucose infused in the early part of the euglycemic clamp 
procedure. The largest increase was observed in the first 30 
min after injection, which was increased by 2.4-fold and 
6.1-fold in the individual studies and 3.1-fold in the pooled 
analysis with URLi compared with Humalog. Similarly, 
the insulin action in the first hour was increased 1.6-fold 
and 2.2-fold in the individual studies and 1.7 in the pooled 
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Fig. 3   Forest plots of the difference and ratio of geometric least-
squares means and 95% confidence interval (CI) between ultra rapid 
lispro (URLi) and Humalog for late insulin lispro pharmacokinetic 
parameters in adults in individual studies and in the pooled analysis. 

AUC​ area under the concentration–time curve, AUC​2–Xh AUC from 2 
to X h, AUC​3–Xh AUC from 3 to X h, late 50% tmax time to late half-
maximal drug concentration, T1D type 1 diabetes, T2D type 2 diabe-
tes, U units, X 8 h for trial 1 and 10 h for all other trials
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analysis with URLi compared with Humalog. The early 50% 
tRmax occurred earlier with URLi compared with Humalog 
across all studies; however, the change was not significant 

in trial 4. From the pooled analysis, the early 50% tRmax was 
12.3 min earlier with URLi compared with Humalog.
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Fig. 4   Forest plots of the difference and ratio of geometric least-
squares means and 95% confidence interval (CI) between ultra rapid 
lispro (URLi) and Humalog for overall insulin lispro pharmacokinetic 
parameters in adults in individual studies and in the pooled analysis. 

AUC​ area under the concentration–time curve, AUC​0–∞ AUC from 
time 0 to infinity, Cmax maximum observed drug concentration, T1D 
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Fig. 5   Forest plots of the difference and ratio of geometric least-
squares means and 95% confidence interval (CI) between ultra rapid 
lispro (URLi) and Humalog for early insulin action in adults in indi-
vidual studies and in the pooled analysis. Note: For glucodynamic 
parameters with at least one patient with a value of 0, treatment ratios 
of least-squares means and their 95% CIs were estimated using Fiel-

ler’s method. early 50% tRmax time to half-maximal glucose infusion 
rate before maximum glucose infusion rate, Gtot total amount of glu-
cose infused over the duration of the clamp procedure, Gtot,0–30min 
total amount of glucose infused over 30 min, Gtot,0–1h total amount of 
glucose infused over 1 h, T1D type 1 diabetes, T2D type 2 diabetes, 
Tonset time to onset of insulin action, U units
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3.3.3 � Late Insulin Action

Late insulin action was reduced with URLi compared with 
Humalog for all study populations and dose levels (Fig. 6). 
The most consistent and significant reduction was shown 
in the

Gtot,4h–End, which was reduced by 35% (ratio of 0.65) with 
URLi compared with Humalog. The treatment ratio between 
URLi and Humalog for Gtot, 4 h–End ranged between 0.46 and 
0.84 in the individual studies. Both the late 50% tRmax and 
the duration of action were reduced with URLi compared 
with Humalog but were not statistically significant in trial 4. 
Based on the pooled analysis, the duration of insulin action 
was 43.8 min shorter and late 50% tRmax was 37.9 min earlier 
with URLi vs Humalog.

3.3.4 � Total Insulin Action

The overall insulin action (Gtot) was similar between URLi 
and Humalog, in both the individual studies and the pooled 
analysis (Fig. 7). The faster insulin action and shorter dura-
tion of insulin action following URLi administration resulted 
in a higher Rmax compared with Humalog, which was 12% 
higher from the pooled analysis.

4 � Discussion

This pooled analysis from four phase I studies consistently 
demonstrated accelerated insulin lispro absorption with a 
reduction in late exposure and an overall shorter exposure 
duration with URLi compared with Humalog. Similarly, an 
earlier insulin action, reduced late insulin action, and an 
overall shorter duration of insulin action were demonstrated 
with URLi compared with Humalog. These changes were 
consistently demonstrated across the dose range, age groups, 
and study populations.

From the pooled analysis, the onset of appearance was 5 
min earlier, resulting in ~8 times more exposure in the circu-
lation during the first 15 min and 3 times more exposure in 
the circulation during the first 30 min with URLi compared 
with Humalog. URLi had 43% less exposure in the circula-
tion after 3 h following injection, and the duration of expo-
sure was ~ 1 h shorter with URLi compared with Humalog. 
Similarly, URLi had a 10-min earlier onset of insulin action, 
with a 13-min reduction in the time to early 50% tRmax, with 
URLi compared with Humalog. This faster insulin action 
resulted in a three-fold greater glucose lowering in the first 
30 min with URLi compared with Humalog. In addition, 

Fig. 6   Forest plots of the difference and ratio of geometric least-
squares means and 95% confidence interval (CI) between ultra rapid 
lispro (URLi) and Humalog for late insulin action in adults in indi-
vidual studies and in the pooled analysis. Note: For glucodynamic 
parameters with at least one patient with a value of 0, treatment ratios 
of least-squares means and their 95% CIs were estimated using Fiel-
ler’s method. Gtot total amount of glucose infused over the duration 

of the clamp procedure, Gtot,2h–End total amount of glucose infused 
from 2 h post-dose until the end of the clamp, Gtot,3h–End total amount 
of glucose infused from 3 h post-dose until the end of the clamp, 
Gtot,4h–End total amount of glucose infused from 4 h post-dose until the 
end of the clamp, late 50% tRmax time to half-maximal glucose infu-
sion rate after maximum glucose infusion rate, T1D type 1 diabetes, 
T2D type 2 diabetes, U units
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the insulin action from 4 h to end of the clamp was reduced 
by 35%, the late 50% tRmax was ~40 min earlier, and the 
duration of action was 44 min shorter with URLi than with 
Humalog. Overall insulin lispro exposure and total glucose 
infused were similar for URLi and Humalog, which sup-
ports that no dose conversion is required when transitioning 
patients from Humalog to URLi.

Two main clinical challenges with exogenous prandial 
insulin therapies are the delayed absorption of insulin from 
subcutaneous tissues into systemic circulation, which may 
lead to postprandial hyperglycemia, and extended postpran-
dial insulin action, which may result in late postprandial 
hypoglycemia [24, 25]. Across the three populations, URLi 
had a faster absorption and earlier insulin action while sig-
nificantly reducing the late insulin action compared with 
Humalog, as observed in this pooled analysis, suggesting 
that URLi may be able to better address these challenges. 
This is supported by the results from the phase III studies, 

which showed that URLi significantly reduced PPG levels 
compared with Humalog when dosed immediately before 
a meal in patients with T1D (PRONTO-T1D) and T2D 
(PRONTO-T2D) treated with a bolus-basal regimen [19, 
20]. These studies also demonstrated that URLi reduced the 
hypoglycemia rate in the period >4 h post-dose by 37% (glu-
cose level < 54 mg/dL [3.0 mmol/L]) in patients with T1D 
and by 27% (glucose level ≤ 70 mg/dL [3.9 mmol/L]) in 
patients with T2D compared with Humalog [19, 20]. Addi-
tionally, accelerated insulin absorption profile of URLi and 
reduced late insulin action may allow for improved PPG con-
trol in patients who choose to dose after meals. This could 
be especially beneficial in patients who may have difficulty 
adhering to pre-meal dosing schedules. Together these 
results suggest that URLi offers the potential to improve 
glycemic control in patients with T1D and T2D.

Of particular interest in this pooled analysis was the 
consistency in PK and GD changes between URLi and 

1.5

Pooled

Trial 4, T2D (15 U)

Trial 3, T1D (elderly, 15 U)

Trial 3, T1D (younger adults, 15 U)

Trial 2, Healthy subjects (30 U)

Trial 2, Healthy subjects (15 U)

Trial 2, Healthy subjects (7 U)

Trial 1, Healthy subjects (15 U)

Pooled

Trial 4, T2D (15 U)

Trial 3, T1D (elderly, 15 U)

Trial 3, T1D (younger adults, 15 U)

Trial 2, Healthy subjects (30 U)

Trial 2, Healthy subjects (15 U)

Trial 2, Healthy subjects (7 U)

Trial 1, Healthy subjects (15 U)

Gtot, mg/kg

Rmax

1

0.92 (0.83–1.01)

0.97 (0.87–1.08)

0.92 (0.83–1.03)

0.92 (0.83–1.03)

1.12 (1.08–1.16)

1.02 (0.94–1.10)

1.06 (0.97–1.16)

1.14 (1.05–1.25)

1.13 (1.03–1.24)

1.08 (0.99–1.19)

1.04 (0.96–1.12)

1.12 (1.00–1.26)

0.99 (0.95–1.02)

1.27 (1.12–1.45)

1.14 (1.03–1.26)

1.01 (0.92–1.09)

Treatment ratio (95% CI)

Total Insulin Action

Treatment ratio (95% CI)
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duration of the clamp procedure, Rmax maximum glucose infusion 
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Humalog across different clinically relevant therapeutic 
doses in healthy subjects, which were also consistent with 
the changes observed in patients with T1D and T2D. Patients 
with diabetes receiving insulin therapy require dose adjust-
ments based on meal content and pre-meal glucose levels 
to maintain glucose control [26]. The consistency of results 
across a range of clinically relevant therapeutic doses [21] 
indicates that URLi dose adjustment would maintain the 
benefits of URLi compared with Humalog. Moreover, URLi 
showed consistent pharmacokinetics and glucodynamics 
between younger and elderly patients with T1D, suggest-
ing that URLi may be used to control PPG levels in elderly 
patients.

The inclusion of a study containing well-controlled 
patients with T1D (both younger and elderly adults) with 
no endogenous insulin secretion allowed for accurate assess-
ment of insulin action. In both younger and elderly adult 
patients with T1D, URLi significantly reduced the duration 
of insulin action compared with Humalog. As endogenous 
insulin secretion occurs in healthy subjects and can occur 
in patients with T2D, it is challenging to accurately esti-
mate the true duration of insulin action during the clamp 
procedure as the GIR does not return to zero as observed 
in patients with T1D. Within both of these populations, the 
duration of insulin action was estimated using mean GIR 
response for all participants from 9 to 10 h after injection 
when the insulin lispro concentration for both Humalog and 
URLi was at or near the LLOQ [21, 22]. Notably, the dura-
tion of insulin action of URLi was not significantly reduced 
compared with Humalog in patients with T2D, suggesting 
that this correction was likely a conservative approach. In 
support of this, a statistically significant reduction in the 
duration of exposure was demonstrated with URLi compared 
with Humalog in patients with T2D. Using the GIR plot, 
URLi achieves a lower mean GIR than Humalog at 6.5 h 
post-dose, which was maintained for the remaining dura-
tion of the clamp procedure, suggesting a shorter duration of 
action is likely present if a correction for endogenous insulin 
action is accurately defined for this population [22].

The main strengths of this pooled analysis were: (1) 
individual trials had a similar study design, allowing pool-
ing of the individual subject-level data; (2) the crossover 
design provided a treatment comparison within individuals; 
(3) washout of previous insulin therapy before treatment 
allowed for the characterization of only the test insulins; (4) 
use of an assay specific to insulin lispro to measure pharma-
cokinetics that prevents interference from endogenous insu-
lin; (5) use of insulin glulisine during the run-in, which has 
a short half-life and does not cross-react with insulin lispro; 
and (6) termination of the intravenous glucose and insulin 
glulisine infusions at least 30 min before dosing, which 
avoided carryover effects on the PK and GD responses. 
The studies used a euglycemic clamp procedure, which is 

considered the gold-standard methodology for assessing 
insulin action. However, a limitation of this method is that 
it does not provide data on the effect of the insulin on PPG as 
it is conducted under fasting conditions. In addition, despite 
having some patients aged over 65 years, the pooled analysis 
had few patients aged > 75 years. The impact of adiposity 
or body mass index has not been assessed within this pooled 
analysis. Further investigation is required into the effects of 
URLi in special populations such as pediatrics.

5 � Conclusions

In summary, this pooled analysis demonstrated that URLi 
had accelerated insulin lispro absorption with reduced late 
insulin exposure and shorter duration, which corresponded 
to a significantly earlier onset and greater early insulin 
action and a reduced late insulin action and shorter dura-
tion of action compared with Humalog. The overall insulin 
exposure and insulin action were similar between the two 
treatments, suggesting that no dose conversion is required 
when transitioning patients from Humalog to URLi. These 
changes were consistently demonstrated across the dose 
range, age groups, and study populations. These results, 
together with the improvement in PPG demonstrated in 
the phase III studies [19, 20], indicate that URLi offers the 
potential to improve glycemic control in patients with T1D 
and T2D.
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