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Abstract

Introduction: Strict glucose control using multiple doses of insulin is the standard treatment for type 1 diabetes
mellitus (TTDM), but increased risk of hypoglycemia is a frequent drawback. Regular insulin in multiple doses is impor-
tant for achieving strict glycemic control for T1DM, but short-acting insulin analogues may be better in reducing
hypoglycemia and postprandial glucose levels.

Objective: We conducted a systematic review and meta-analysis of randomized controlled trials (RCTs) to assess
the effects of short-acting insulin analogues vs regular human insulin on hypoglycemia and postprandial glucose in
patients with TTDM.

Methods: Searches were run on the electronic databases MEDLINE, Cochrane-CENTRAL, EMBASE, ClinicalTrials.gov,
LILACS, and DARE for RCTs published until August 2017.To be included in the study, the RCTs had to cover a mini-
mum period of 4 weeks and had to assess the effects of short-acting insulin analogues vs regular human insulin on
hypoglycemia and postprandial glucose levels in patients with T1DM. Two independent reviewers extracted the data
and assessed the quality of the selected studies. The primary outcomes analyzed were hypoglycemia (total episodes,
nocturnal hypoglycemia, and severe hypoglycemia) and postprandial glucose (at all times, after breakfast, after lunch,
and after dinner). Glycated hemoglobin (HbA1c) levels and quality of life were considered secondary outcomes. The
risk of bias of each RCT was assessed using the Cochrane Collaboration Risk of Bias table, while the quality of evidence
for each outcome was assessed using the GRADEpro software. The pooled mean difference in the number of hypo-
glycemic episodes and postprandial glucose between short-acting insulin analogues vs. regular human insulin was
calculated using the random-effects model.

Results: Of the 2897 articles retrieved, 22 (6235 patients) were included. Short-acting insulin analogues were
associated with a decrease in total hypoglycemic episodes (risk rate 0.93, 95% Cl 0.87-0.99; 6235 patients; I>=81%),
nocturnal hypoglycemia (risk rate 0.55, 95% CI 0.40-0.76, 1995 patients, I> =84%), and severe hypoglycemia (risk
rate 0.68, 95% Cl 0.60-0.77; 5945 patients, I> = 0%); and with lower postprandial glucose levels (mean difference/MD
—19.44 mg/dL; 95% Cl —21.49 to — 17.39; 5031 patients, I° =69%) and lower HbATc (MD —0,13%; IC 95% — 0.16 to
—0.10; 5204 patients; 1> =73%) levels.
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Conclusions: Short-acting insulin analogues are superior to regular human insulin in T1DM patients for the following
outcomes: total hypoglycemic episodes, nocturnal hypoglycemia, severe hypoglycemia, postprandial glucose, and

HbATc.

Keywords: Diabetes mellitus, Type 1 diabetes, Insulin, Aspart insulin, Glulisine insulin, Lispro insulin, Systematic

review, Meta-analysis

Introduction

Hyperglycemia caused by diabetes mellitus is associated
with long-term diabetes-related complications, resulting
in reduced life expectancy when compared to the gen-
eral population without diabetes [1]. In type 1 diabetes
mellitus (T1DM), increased mortality is explained by
diabetic ketoacidosis and hypoglycemia early in life and
cardiovascular diseases later in life. Strict glucose control
is associated with a lower risk of diabetes-related com-
plications and cardiovascular mortality [2, 3]. Besides
sustained chronic hyperglycemia, another particular
atherogenic action of postprandial glucose has emerged
as another target to be pursued in the clinical practice
aimed at reducing mean blood glucose and glycated
hemoglobin (HbAlc) [4]. Lower postprandial glucose
levels may be associated with a lower risk of cardiovascu-
lar outcomes in diabetes [5].

However, strict glucose control is associated with
weight gain and a higher incidence of hypoglycemia [2].
Hypoglycemia can lead to seizures, cognitive impair-
ment, decreased quality of life, loss of work produc-
tivity, impaired functioning on the following day, and
non-adherence to treatment [6—10]. Hypoglycemia may
also cause cardiac ischemia or arrhythmia mediated by
the catecholamine secretion [11], eventually leading to a
higher risk of death [12].

The development of insulin analogues through molecu-
lar structure modifications of human insulin is based on
pharmacokinetic profiles that try to mimic the physi-
ological secretion of insulin [13]. Short-acting insulin
analogues (aspart, glulisine, and lispro) are thought to be
better than regular human insulin due to faster absorp-
tion and faster onset of action, mimicking better the
physiological prandial insulin peak of people without
diabetes [14, 15] and leading to lower postprandial glu-
cose levels [16]. Potentially, this allows for better glucose
control, reduces the number of hypoglycemic episodes,
and helps improve the patient’s quality of life by allow-
ing for less restrictive mealtimes. However, a number of
meta-analyses on short-acting insulin analogues have
found only modest benefits on glucose control and
the frequency of hypoglycemic episodes compared to
therapy with regular human insulin [17-19]. Analyzing
the expected benefits and higher costs of insulin ana-
logues against the cost-effectiveness of human insulin is

particularly important in low- to middle-income coun-
tries, where the lack of affordable insulin medication is
still a major cause of death [20].

It remains unclear whether short-acting insulin ana-
logues are indeed superior to regular human insulin in
reducing hypoglycemia and lowering postprandial glyce-
mia. The aim of the present systematic review and meta-
analysis was to evaluate the outcomes (all hypoglycemic
episodes, nocturnal and severe hypoglycemia, and post-
prandial glycemia) associated with the use of short-act-
ing insulin analogues in T1DM as compared to regular
human insulin.

Methods
This systematic review was carried out based on the
methodology described in the Cochrane Collaboration
tool [21].

Eligibility criteria

Studies were eligible for inclusion if they were rand-
omized controlled trials (RCTs), included children and
adults with a diagnosis of T1IDM for at least 1 year, with
or without chronic complications, and compared the use
of subcutaneous short-acting insulin analogues (aspart,
glulisine, and lispro) with regular human insulin for at
least 4 weeks. The primary outcomes were hypoglycemia
(all hypoglycemic episodes, nocturnal hypoglycemia, and
severe hypoglycemia) and postprandial glucose (all meals
and after breakfast, lunch, and dinner). Secondary out-
comes included long-term glucose control assessed by
HbAlc and changes in quality of life. Studies with preg-
nant women, patients with acute diabetic decompensa-
tion, or patients with type 2 diabetes, studies that used
insulin pumps, experimental studies or retrospective
studies, narrative reviews, letters, and congress abstracts
were excluded.

Information sources

We searched the following electronic databases for stud-
ies published until August 2017: MEDLINE (via Pub-
Med), EMBASE (via Elsevier), CENTRAL (the Cochrane
Central Register of Controlled Trials), LILACS (Lit-
eratura Latino-Americana e do Caribe em Ciéncias
da Saude, via BVS), and DARE (Database of Abstracts
of Reviews of Effects). The references cited by all the
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relevant studies were hand searched. We performed an
additional search for ongoing and/or unpublished stud-
ies in the US National Institute of Health Ongoing Trials
Register (http://www.clinicaltrials.gov) and the Interna-
tional Clinical Trials Registry Platform (ICTRP - WHO).
No language restrictions were applied.

Search strategy

We searched for the terms ‘diabetes mellitus, type 1,
‘aspart, ‘glulisine; ‘lispro; and related terms to obtain as
many results as possible. The complete search strategies
used for each database are provided as Additional file 1:
Table S1.

Study selection

Duplicates were manually identified and excluded. The
articles were then analyzed in two steps: firstly, two
reviewers independently screened the titles and abstracts
yielded by the search strategy against the inclusion and
exclusion criteria; secondly, the same reviewers indepen-
dently screened the full text reports and selected the arti-
cles that met the inclusion criteria. Disagreements were
resolved by consensus. If no agreement could be reached,
a third reviewer was consulted for arbitration. Agreement
between reviewers was assessed using Cohen’s kappa
coefficient. The Rayyan software (Rayyan Platform) was
used for this selection process.

Data extraction and quality assessment

Two reviewers independently extracted data from each
study using an extract table template, which provided the
following information: title of the study; demographic
characteristics; study design; intervention details; and
outcomes. A third reviewer further assessed all RCTs to
check for completeness of data.

In case of missing data, the authors of the studies were
contacted for additional information. If the missing
data could not be retrieved, the study was not included.
Retrieved missing data were presented in a narrative
form.

To assess the internal quality of the studies, we ran each
RCT through the Cochrane Collaboration tool for assess-
ing the risk of bias [21]. The following potential issues
were assessed: random sequence generation; allocation
concealment; blinding of participants and outcome asses-
sors; blinding of outcomes; incomplete outcome data;
selective reporting; and other sources of bias. For each
domain, the risk of bias was rated as low, high, or unclear.
The quality of evidence was assessed using the GRADE-
pro GDT software (GRADEpro 2014). The results were
presented in a “Summary of Findings” table.

Page 3 of 13

Data synthesis and analysis

Analyses were conducted using the RevMan 5.3 soft-
ware. Relative risk was used as a summary measure of
effect size for dichotomous outcomes, the mean differ-
ence was used for continuous outcomes, and the risk rate
was used for outcomes related to the number of events.
The meta-analysis was performed using a random-effects
model based on the DerSimonian—Laird method, 95%
confidence interval (95% CI). A p-value<0.1 was con-
sidered statistically significant. Heterogeneity between
the studies was assessed using I? statistic, in which val-
ues above 50% were indicative of high heterogeneity [21].
Heterogeneity as determined by the Chi square test was
considered non-significant for I? values between 0 and
50%, moderate for values between 51 and 79%, and sig-
nificant for values between 80 and 100%. Where possible,
study data were pooled and summarized in meta-analysis
charts (quantitative synthesis) using the RevMan 5.3 soft-
ware; otherwise, the results of each study were presented
individually (qualitative synthesis).

Subgroup and sensitivity analysis

Subgroup analyses were designed based on the effects
by neutral protamine Hagedorn (NPH) human insulin
vs. long-acting insulin analogues. We also carried out a
sensitivity analysis for the primary outcome ‘all hypogly-
cemic episodes’ considering the risk of bias in the stud-
ies. A second meta-analysis was then performed for this
outcome excluding studies with three or more domains
classified as “high risk of bias”

Results

Literature search

The electronic search yielded a total of 2897 refer-
ences. We found 1761 references in MEDLINE, 670 in
EMBASE, 216 in CENTRAL, 110 in ClinicalTrials.gov,
and none in the International Clinical Trials Registry
Platform (ICTRP-WHO). We then removed duplicates
(328) and selected the studies as shown in Additional
file 2: Figure S1.

Description of studies
In the initial search, 2569 potentially relevant citations
were retrieved, of which 22 articles met the inclusion cri-
teria. Eight RCTs analyzed the effects of aspart vs. regular
human insulin [35-42], one analyzed the effects of gluli-
sine vs. regular human insulin [43], and 13 analyzed the
effects of lispro vs. regular human insulin [22-34].The
characteristics of each study are described in Table 1.
Most studies (77.2%) were multicenter trials, and the
countries with the largest participation were the United
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Table 1 Characteristics of the included studies
Study/year Design N Age (years)  Time with DM Comparison Basal insulin Treatment Outcomes
(mean, years) time
Andersonetal.  Open, mul- 336 32.1 (mean) 12 LISPRO (right NPHand Long- 12 months Total hypogly-
(1997) ticenter, before acting insulin cemia
crossover meal) x REGU-  analogue Postprandial
LAR (Humulin U) glucose
(30-45 min Glycated
before meal) hemoglobin
Annuzzi et al. Multicenter, 85 31 (mean) 12 LISPRO (right NPH 3 months Total hypogly-
(2001)* crossover before cemia
meal) x REGU- Severe hypo-
LAR (30- glycemia
45 min before Glycated
meal) hemoglobin
Quiality of life
Brock Jacobsen  Double blind, 16 From18to 60 1 ASPART x REGU- NPH 2 months Total hypogly-
etal. (2011) single center, LAR (both cemia
crossover right before Nocturnal
meal) hypoglyce-
mia
Postprandial
glucose
Glycated
hemoglobin
Quality of life
Cherubinietal. ~ Open, single 30 8.1 (mean) 52 ASPART 2 min  Glargine 4.5 months Total hypogly-
(2006) center, parallel before cemia
meal) x REGU- Postprandial
LAR (30 min glucose
before meal). Glycated
Counting of hemoglobin
carbohydrates
Danne et al. Open, mul- 26 5 (mean) 18 ASPART (right NPH 3 months Total hypogly-
(2007) ticenter, before cemia
crossover meal) x REGU- Severe hypo-
LAR (30 min glycemia
before meal) Patient satisfac-
tion
Fairchild et al. Open, single 35 From5to 10 3.1 LISPRO (right NPH 3 months Total hypogly-
(2000) center, crosso- before cemia
ver meal) x REGU- Nocturnal
LAR (30 min hypoglyce-
before meal) mia
Severe hypo-
glycemia
Postprandial
glucose
Glycated
hemoglobin
Fergusonetal.  Open, single 33 46 (mean) 26 LISPRO (right NPH 4.5 months Total hypogly-
(2001) center, Crosso- before cemia
ver meal) x REGU- Nocturnal
LAR (30 min hypoglyce-
before meal) mia
Severe hypo-
glycemia
Postprandial
glucose
Glycated
hemoglobin

Quiality of life
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Table 1 (continued)
Study/year Design N Age (years)  Time with DM Comparison Basal insulin Treatment Outcomes
(mean, years) time
Ford-Adams Multicenter, 23 From7to 11  Notprovided  LISPRO x REGU- NPH 4 months Total hypogly-
etal. (2003) crossover LAR cemia
Nocturnal
hypoglyce-
mia
Glycated
hemoglobin
Gale et al. (2000) Double blind, 93 35 (median) 13 (median) LISPRO x REGU-  NPH 3 months Total hypogly-
multicenter, LAR (both cemia
crossover right before Nocturnal
meal) hypoglyce-
mia
Severe hypo-
glycemia
Postprandial
glucose
Glycated
hemoglobin
Quiality of life
Garg et al. (2005) Open, multi- 860  40.3 (mean) 20 GLULISINE Glargine 3 months Total hypogly-
center, parallel (0-15 min cemia
before Nocturnal
meal) x REGU- hypoglyce-
LAR mia
(30-45 min Severe hypo-
before meal) glycemia
Postprandial
glucose
Glycated
hemoglobin
Heller et al. Open, mul- 165 38 (mean) 16 LISPRO (right NPH 4 months Total hypogly-
(1999) ticenter, before cemia
crossover meal) x REGU- Nocturnal
LAR (30 min hypoglyce-
before meal) mia
Severe hypo-
glycemia
Postprandial
glucose
Glycated
hemoglobin
Heller et al. Double blind, 155 35.7 (mean) 2 ASPART x REGU- NPH 4 months Total hypogly-
(2004) multicenter, LAR (both cemia
crossover right before Severe hypo-
meal) glycemia
Nocturnal
hypoglyce-
mia
Glycated
hemoglobin
Holcombe etal.  Open, mul- 463 14.9 (mean) 6 LISPRO (right NPH 4 months Total hypogly-
(2002) ticenter, before cemia
crossover meal) x REGU- Nocturnal
LAR hypoglyce-
(30-45 min mia
before meal) Severe hypo-
glycemia
Postprandial
glucose
Glycated
hemoglobin

Adverse event
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Table 1 (continued)
Study/year Design N Age (years)  Time with DM Comparison Basal insulin Treatment Outcomes
(mean, years) time
Hollemanetal.  Open, mul- 199 354 (mean) 13 LISPRO (right NPH 3 months Total hypogly-
(1997) ticenter, before cemia
crossover meal) x REGU- Nocturnal
LAR (30 min hypoglyce-
before meal) mia
Severe hypo-
glycemia
Postprandial
glucose
Glycated
hemoglobin
Life quality
Home et al. Multicenter, 104 34 (mean) 15 ASPART X REGU-  NPH 1 month Total hypogly-
(1998) crossover LAR (both cemia
right before Severe hypo-
meal) glycemia
Postprandial
glycemia
Glycated
hemoglobin
Home et al. Open, multi- 1070 38 (mean) 15 ASPART (right NPH 6 months Total hypogly-
(2000), Bott center, parallel before cemia
etal. (2003), meal) x REGU- Severe hypo-
Home et al. LAR (30 min glycemia
(2006) before meal) Postprandial
glucose
Glycated
hemoglobin
Life quality
Jacobs et al. Open, mul- 12 18 (mean) Not provided LISPRO (right NPH 1 month Total hypogly-
(1997) ticenter, before cemia
crossover meal) x REGU- Nocturnal
LAR (30 min hypoglyce-
before meal) mia
Postprandial
glucose
Glycated
hemoglobin
Provenzano etal. Open, mul- 12 28 (mean) 12 LISPRO x REGU-  Long-acting 168 days Total hypogly-
(20071) ticenter, LAR (both insulin cemia
crossover right before Nocturnal
meal) hypoglyce-
mia
Postprandial
glucose
Glycated
hemoglobin
Raskin et al. Open, multi- 882 39.2 (mean) 15 ASPART (right NPH 6 months Total hypogly-
(2000) center, parallel before cemia
meal) x REGU- Severe hypo-
LAR (30 min glycemia
before meal) Glycated
hemoglobin
Tamas et al. Open, multi- 423 From18to70 14 ASPART (0 to NPH 16 months Total hypogly-
(2001) center, parallel 5 min before cemia
meal) x REGU- Severe hypo-
LAR (30 min glycemia
before meal) Postprandial
glucose
Glycated
hemoglobin

Life quality
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Table 1 (continued)
Study/year Design N Age (years)  Time with DM Comparison Basal insulin Treatment Outcomes
(mean, years) time
Tupola et al. Open, mul- 29 6 (mean) 3 LISPRO (30 min  NPH 3 months Total hypogly-
(2001) ticenter, after the cemia
crossover patient started Glycated
eating) x REG- hemoglobin
ULAR (20 to
39 min before
meal)
Vale etal. (2001)  Open, multi- 1.184 38.7 (mean) 194 LISPRO (right NPH 3 months Total hypogly-
center, parallel before cemia
meal) x REGU- Severe hypo-
LAR (30 min glycemia
before meal) Postprandial
glucose
Glycated
hemoglobin

2@ Data from this study were taken from Siebenhofer et al. [51]

States, United Kingdom, Australia, Italy, Germany, Can-
ada, Denmark, and Finland. All studies were published
between 1996 and 2011.

The selected studies contributed to a combined sam-
ple of 6235 patients for the meta-analysis. Sample sizes
varied between the studies, with a minimum of 12 [23,
30] and a maximum of 1184 patients [32]. The mean age
of the participants ranged from 5 to 60 years, with five
studies including only children and adolescents [26, 31,
33, 34, 39]. The time since the diagnosis of T1IDM ranged
from 1 to 20 years.

NPH insulin was the most widely used type of basal
insulin. Duration of treatment ranged between 1 and
16 months. RCTs aimed at assessing metabolic stabili-
zation and drug adaptation carried out a run-in period
that lasted up to 2 months. In most articles, short-acting
insulin analogues were administered immediately before
meals, and regular human insulin was administered
30—45 min before meals.

Assessment of the risk of bias

The risk of bias was assessed using the Cochrane Col-
laboration tool [21]. The domains with the highest risk
of bias were the lack of patient and research team blind-
ing for the treatments and the assessment of subjective
outcomes. Results of the assessment and the percentage
distribution of the risk of bias by domain are shown in
Additional file 3: Figure S2, Additional file 4: Table S2 and
Additional file 6: Table S3.

Hypoglycemia

All hypoglycemic episodes

All 22 studies included in this meta-analysis had infor-
mation on the number of all hypoglycemic episodes per

month and were thus included in our count [22-43].
Short-acting insulin analogues (aspart, glulisine, and
lispro) were not associated with a lower number of all
hypoglycemic episodes per month when compared to
regular human insulin (risk rate 0.94, 95% CI 0.89—1.00;
6235 patients; I =80%).

A sensitivity analysis was performed for this primary
outcome (total episodes of hypoglycemia) by exclud-
ing studies with a high risk of bias [31, 41]. The results
showed that short-acting insulin analogues were associ-
ated with a lower number of total hypoglycemic episodes
per month when compared with regular human insulin
(risk rate 0.93, 95% CI 0.87-0.99; 6180 patients, 20 stud-
ies; I>=81%) (Fig. 1). The monthly rate of total hypo-
glycemic episodes after the use of short-acting insulin
analogues was 7% lower than in the group who used reg-
ular human insulin.

A subgroup analysis comparing the use of NPH and
long-acting insulin analogues as basal insulin did not
show difference between them regarding the number of
total hypoglycemic episodes per month (NPH as basal
insulin: risk rate 0.94, 95% CI=0.88-1.00, 5248 patients,
18 studies; I>=80%; long-acting insulin analogues as
basal insulin: risk rate 0.80, 95% CI 0.52-1.23, 902
patients, 3 studies, I> =83%).

Nocturnal hypoglycemia

Of the 22 studies, eight assessed episodes of nocturnal
hypoglycemia, one with glulisine and seven with lis-
pro. Their results were combined for this meta-analysis
[24-28, 33, 34, 43]. In the only RCT that compared
glulisine with regular human insulin, no difference was
found between them (risk rate 0.93, 95% CI 0.76-1.13;
564 patients). The short-acting insulin analogues (lispro
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Rate Ratio Rate Ratio

Study or Subgroup log[Rate Ratio] SE Weight IV, Random, 95% CI IV, Random, 95% CI

Anderson et al, 1897 -0.094 0.0518 6.2% 0.91[0.82,1.01] =

Annuzzi et al, 2001 0.2231 00838 45% 1.25[1.04,1.50]

Brock Jacobsen et al, 2011 -0.298 0.0848 4.9% 0.74 [0.63,0.88] s

Cheruhini et al, 2006 -0173 03408 0.8% 0.84 [0.43,1.64]

Danne et al, 2007 0.0488 0.088 Mot estimable

Fairchild et al, 2000 0.2808 0.1695  2.4% 1.32[0.95,1.85) -

Ferguson et al, 2001 0.0361 0.0418 6.6% 1.04 [0.96,1.13] o

Ford-Adams et al, 2003 -0.0828 0.0586 5.9% 0.92[0.82,1.03] =

Gale et al, 2000 -01759 01535 2.7% 0.84[0.62,1.13] —

Garg et al, 2005 0.0197 0.0451 6.5% 1.02[0.83,1.11] ==

Heller et al, 1999 -0.3999 0.0464 6.4% 0.67 [0.61,0.73] —

Heller et al, 2004 -0.0971 0.0346 6.8% 0.91 [0.85, 0.97] -

Holcomhe et al, 2002 -0.0835 0.0454 6.4% 0.92[0.84,1.01] =

Holleman et al, 1997 -0.0414 00285 7.0% 0.96 [0.91,1.02] =

Home et al, 1998 -0.0813 0.0582 6.0% 0.92[0.82,1.03] ==

Home et al, 2000 0.0444 00442 65% 1.05([0.96,1.14] T

Jacobs et al, 1997 -0.0305 01123  3.9% 0.97[0.78,1.21] —=

Provenzano et al, 2001 -0.5548 0.1647 2.5% 0.57[0.42,0.79)

Raskin et al, 2000 -0.0497 01326 3.3% 0.95[0.73,1.23] I E—

Tamas et al, 2001 00156 01022 4.2% 1.02[0.83,1.24] —_—t

Tupola et al, 2001 0.1076 0.14 Mot estimahle

Valle et al, 2001 -0.0203 0.0433 6.5% 0.98 [0.90,1.07] ="

Total (95% Cl) 100.0% 0.93[0.87, 0.99] E::3

Heterogeneity: Tau®= 0.01; Chi*=102.10, df= 18 (P < 0.00001); F=81% 055 057 155 é

Test for overall effect: Z=2.21 (P = 0.03) : Févors SAl Favors RHI

Fig. 1 Forest plot representing all hypoglycemic episodes (for aspart, glulisine and lispro). SAl Short-acting insulin, RHI Regular human insulin

Test for overall effect: Z= 3.68 (P = 0.0002)

Rate Ratio Rate Ratio
Study or Subgroup log[Rate Ratio] SE Weight IV, Random, 95% CI IV, Random, 95% CI
Fairchild et al, 2000 0.1592 05929 56% 1.17[0.37,3.75)
Ferguson et al, 2001 -1.0987 11547 1.8% 0.33([0.03, 3.20)
Ford-Adams et al, 2003 0 1.4142 1.2% 1.00 [0.08, 15.99)
Gale et al, 2000 -0.9447 02572 13.9% 0.39(0.23,0.64] ——
Garg et al, 2005 -0.0755 0.1026 19.6% 0.93[0.76,1.13) -
Heller et al, 1999 -1.2472 01573 17.8% 0.29(0.21,0.39] =l=
Holcomhe et al, 2002 -0.5307 0.0829 20.2% 0.59 [0.50, 0.69) -
Holleman et al, 1897 -0.5725 0.0942 199% 0.56 [0.47, 0.68) -2
Total (95% Cl) 100.0% 0.55[0.40, 0.76] <
Heterogeneity: Tau®= 0.12; Chi*= 44.89, df=7 (P < 0.00001); F=84% 0.105 0?2 é 2:0

Favors SAl Favores RHI

Fig. 2 Forest plot representing nocturnal hypoglycemia (for aspart, glulisine and lispro). SAl Short-acting insulin, RHI Regular human insulin

and glulisine) were associated with a 45% lower risk rate
of nocturnal hypoglycemia when compared with regular
human insulin (risk rate 0.55, 95% CI 0.40-0.76, 1995
patients, I =84%) (Fig. 2).

A subgroup analysis comparing the use of NPH and
long-acting insulin analogues as basal insulin showed
that NPH insulin was associated with a lower number of
nocturnal hypoglycemic episodes per month when com-
pared with long-acting insulin analogues (NPH as basal
insulin: risk rate 0.48, 95% CI 0.36—0.64, 1011 patients, 7

studies, I*=71%; glargine as basal insulin: risk rate 0.93,
95% CI 0.76-1.13, 860 patients, one study).

Severe hypoglycemia

Of the 22 studies, 15 analyzed the episodes of severe
hypoglycemia. Their results were combined for this
meta-analysis [24-28, 32, 33, 35-38, 40—43]. Short-act-
ing insulin analogues (aspart, glulisine, and lispro) were
associated with a 32% lower risk rate of severe hypogly-
cemia when compared with regular human insulin (risk
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rate 0.68, 95% CI 0.60-0.77; 5945 patients, 15 studies;
1>=0%) (Fig. 3).

A subgroup analysis comparing the use of NPH or
long-acting insulin analogues as basal insulin showed
that NPH insulin was not associated with a lower num-
ber of total hypoglycemic episodes per month when
compared with long-acting insulin analogues (NPH as
basal insulin: risk rate 0.70, 95% CI=0.61-0.79, 4848
patients, 14 studies, I>=0%; glargine as basal insu-
lin: risk rate 0.40, 95% CI 0.21-0.73, 860 patients, one
study).
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Postprandial glucose
Of the 22 studies, 15 analyzed postprandial glucose (any
meal). Their results were combined for this meta-analysis
[22-26, 28, 29, 32, 33, 35, 36, 39, 40, 42, 43]. Short-acting
insulin analogues (aspart, glulisine, and lispro) were asso-
ciated with lower postprandial glucose levels when com-
pared with regular human insulin (mean difference/MD
—19.44 mg/dL; 95% CI —21.49 to —17.39; 5031 patients,
1>=69%) (Fig. 4).

Thirteen studies assessed postprandial glucose lev-
els 2 h after breakfast [22-26, 28, 29, 32, 33, 36, 40, 42,

Rate Ratio Rate Ratio

Study or Subgroup log[Rate Ratio] SE Weight IV, Random, 95% CI IV, Random, 95% CI

Brock Jacobsen et al, 2011 -01336 05167 1.6% 0.87[0.32, 2.41]

Danne et al, 2007 -0.4056 08128 0.5% 0.67[0.11,3.99]

Fairchild et al, 2000 -0.6931 1.2247 0.3% 0.50[0.05, 5.51]

Ferguson et al, 2001 -0.4236 01732 14.3% 0.65[0.47,0.92) —

Gale et al, 2000 -1.204 06582 1.0% 0.30[0.08,1.09]

Garg et al, 2005 -0.9274 03123 4.4% 0.40([0.21,0.73]

Heller et al, 1998 -0.4056 0.4564 2.1% 0.67[0.27,1.63] —

Heller et al, 2004 -0.2942 0.2143  9.3% 0.75([0.49,1.13] ==T

Holcomhe et al, 2002 01823 06054 1.2% 1.20[0.37, 3.93] —

Holleman et al, 1997 -0.4771 0.2121 9.5% 0.62[0.41,0.94] —

Home et al, 1998 -0.7886 0.2697 5.9% 0.45[0.27,0.77] —_—

Home et al, 2000 -0.4056 0.2601 6.3% 0.67 [0.40,1.11] —

Raskin et al, 2000 -0.2167 0.8808 0.5% 0.81[0.14, 4.61]

Tamas et al, 2001 00317 0252 6.8% 1.03[0.63, 1.69] =

Valle et al, 2001 -0.3241 01088 36.2% 0.72[0.58, 0.90] e

Total (95% Cl) 100.0% 0.68 [0.60, 0.77] L3

Heterogeneity: Tau?= 0.00; Chi*= 11.49, df= 14 (P = 0.65); F=0% 0 105 012 é 250

Test for overall effect: Z=5.92 (P < 0.00001) ’ 'Favors SAl Favors RHI
Fig. 3 Forest plot representing severe hypoglycemia (for aspart, glulisine and lispro). SAl Short-acting insulin, RHI Regular human insulin

Short-Acting Insulin Regular Human Insulin Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Rand 95% CI

Anderson et al, 1997 2196 94.97 174 234 91.64 162 1.0%  -14.40[-34.36, 5.56) —

Annuzzi et al, 2001 147.28 47.2 85 166.05 46.1 85 20% -18.77 [-32.80,-4.74)

Brock Jacohsen et al, 2011 1242 51.35 14 166.05 68.71 14  02% -41.85[-86.78,3.08) ¢

Cherubini et al, 2006 133 18 15 143 19 15  2.3%  -10.00(-23.24,3.24] —

Fairchild et al, 2000 19431 5219 18 196.02 19.76 17 06%  -1.71[-27.59,24.17)

Gale et al, 2000 15255 49.22 87 166.05 4957 87 1.9% -13.50(-28.18,1.18]

Garg et al, 2005 14355 4186 286 164.97 3.45 278 37.7% -21.42[-22.05,-20.79) u

Heller et al, 1999 126 5291 68 1413 433 67 1.5% -15.30[-31.60,1.00]

Holcombe et al, 2002 1575 6568 228 16965 69.43 235 26% -1215[-24.46,0.16)

Holleman et al, 1997 137.7 4535 91 16245 54.08 98 2.0% -24.75(-38.94,-10.56) e —

Home et al, 1998 1224 5525 104 1521 64.97 104 1.5% -29.70[-46.09,-1331) ——

Home et al, 2000 151.65 66.22 707 1647 6566 358 52% -13.05(-21.42,-4.69) —_—

Jacohs etal, 1997 12825 73.11 12 1539 6566 12 01% -25.65[-81.25,29.95) +

Tamas etal, 2001 1484 5582 213 1746 56.25 213 3.4% -2520[-35.84,-14.56)

Valle etal, 2001 14895 453 586 167.94 542 598 37.9% -18.99[-19.56,-18.42) u

Total (95% Cl) 2688 2343 100.0% -19.44 [-21.49,-17.39] *

Heterogeneity: Tau?= 2.81; Chi*= 44.95, df= 14 (P < 0.0001); F= 69% _250 _150 3 140 240

Test for overall effect: Z=18.56 (P < 0.00001) Favors SAl Favors RHI
Fig. 4 Forest plot representing postprandial glucose (for aspart, glulisine and lispro). SAl Short-acting insulin, RHI Regular human insulin
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43]. We were able to pool the data from 12 studies in this
meta-analysis, and the results showed that short-acting
insulin analogues (aspart, glulisine, and lispro) were asso-
ciated with lower postprandial glucose levels after break-
fast when compared with regular human insulin (MD
—22.35 mg/dL; 95% CI —23.52 to —21.17; 4623 patients;
I>=50%) (Additional file 5: Figure S3A).

Fourteen studies assessed postprandial glucose levels
two hours after lunch. We were able to pool the data from
11 studies in this meta-analysis [23-26, 28, 29, 32, 33, 35,
36, 42], and the results showed that short-acting insulin
analogues (aspart and lispro) were associated with lower
postprandial glucose levels after lunch when compared
with regular human insulin (MD —10.86 mg/dL, 95%
CI —13.41 to —8.31; 3675 patients; I>=54%). The three
remaining studies [27, 30, 43] did not provide sufficient
data to be pooled in this meta-analysis. Individually, none
of the articles showed any difference when comparing
insulin lispro with regular human insulin for postprandial
glucose after lunch (Additional file 5: Figure S3B).

Fourteen studies assessed postprandial glucose lev-
els 2 h after dinner [23, 24, 26-29, 31-33, 35, 36, 40, 42,
43]. We were able to pool the data from 12 studies in the
meta-analysis, and the results showed that short-acting
insulin analogues (aspart, glulisine, and lispro) were asso-
ciated with lower postprandial glucose levels after din-
ner when compared with regular human insulin (MD
—19.52 mg/dL, 95% CI —21.73 to — 17.31; 4530 patients;
I>=90%). In the two studies not included in this meta-
analysis, no difference was found between lispro and
regular human insulin [27, 31]. (Additional file 5: Figure
S3C).

Glycated hemoglobin

Nineteen studies evaluated HbAlc at the end of treat-
ment [22-28, 30, 32-40, 42, 43]. We were able to pool the
data from 15 studies in this meta-analysis, and the results
showed that short-acting insulin analogues (aspart or lis-
pro) were associated with lower HbAlc when compared
with regular human insulin (MD —0.13, 95% CI —0.16 to
—0.10; 5204 patients; I>=73%).

When short-acting insulin analogues were assessed
separately, only aspart was associated with lower HbAlc
when compared with regular human insulin (MD —0.14,
95% CI —0.20 to — 0.02; 2822 patients, I>=40%). Lispro
was not associated with lower HbA1lc levels when com-
pared with regular human insulin (MD —0.09, 95% CI
—0.17 to 0.02; 2552 patients; I =40%).

Four studies were not included in the meta-analysis
because they did not have available data for input [23, 31,
42, 43]. The first three showed no statistically significant
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difference between the groups, and Jacobs et al. [23]
showed a difference in favor of regular human insulin.

Quality of life and patient satisfaction

Five studies assessed patients’ quality of life [24, 27, 28,
36, 40]. Fergunson et al. and Gale et al. [27, 28] did not
present the results, but reported no difference between
the short-acting insulin analogue and regular human
insulin groups. Holleman et al. [24] reported a greater
flexibility in the short-acting insulin analogue group
(p<0.0001) and an even better adaptation of mealtimes
(p<0.0001), physical activity planning (p <0.0001), and
activities (p<0.0001). Home et al. [36] used the Dia-
betes Treatment Satisfaction Questionnaire (DTSQ)
and found a significant difference in favor of the short-
acting insulin analogue group, with a score 2.3 points
higher than that of the regular insulin group (95%
CI 1.32 points to 3.28 points). Tamds et al. [40] also
reported no difference in the overall DTSQ score, but
the group that received short-acting insulin analogues
reported greater flexibility of use (p =0.022).

Discussion
In this systematic review and meta-analysis we origi-
nally report clinical evidence on therapeutical use of
short-acting insulin analogues compared with regular
insulin while focusing on the main benefits of these
analogues, namely the reduction of hypoglycemia and
postprandial glucose levels. The combined data of 22
RCTs showed that short-acting insulin analogues are
associated with a decrease in total hypoglycemic epi-
sodes, nocturnal and severe hypoglycemia, and post-
breakfast, post-lunch and post-dinner glucose levels.
Fullerton et al., in a systematic review that aimed to
evaluate long-term safety of short-acting insulin ana-
logues, also assessed the outcomes described here;
however, since their research was focused on long-term
studies, fewer RCTs were retrieved when compared to
the present study [17]. The results of these reviews can-
not be compared due to the high probability of incon-
sistencies. Another recently-published review analyzed
only trials comparing aspart with regular human insu-
lin, but also gathered data from a smaller set of studies
[44]. Since the three short-acting insulin analogues are
very pharmacologically similar regarding time of onset,
peak activity, and duration of action [16], analyzing data
from trials conducted with only one short-acting insu-
lin analogue yields a lower number of studies, resulting
in less statistical power. We saw no clear advantage in
using this approach for the current study. A third sys-
tematic review and meta-analysis described only the
results of hypoglycemia, and again included a smaller
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number of studies. In addition, no data on postprandial
glucose were reported [45].

The association between short-acting insulin ana-
logues and a reduction of 7% in total hypoglycemic
episodes, 32% in severe hypoglycemia, and 45% in
nocturnal hypoglycemia levels is an important find-
ing, as these episodes are particularly associated with
lower quality of life and treatment nonadherence [46].
The pursuit of lower HbAlc levels is associated with a
higher rate of hypoglycemia episodes [47], which is a
well-known barrier to strict glucose control. This may
hinder the maintenance of euglycemia over a lifetime,
which prevents patients from fully benefitting from
glucose control [48]. The benefits mentioned above are
most likely determined by the specific pharmacokinetic
properties of these analogues; having a very short-act-
ing activity limits the risk of late falls in glucose levels
[16]. The lower frequency of nocturnal hypoglycemic
episodes observed with short-acting insulin analogues
may contribute to the lower frequency of severe hypo-
glycemia. It is already known that sleep per se is a risk
factor for severe hypoglycemia, as symptoms of hypo-
glycemia might be blunted or absent during sleep [8].

Short-acting insulin analogues are expected to provide
more adequate insulin levels in response to increases in
postprandial blood glucose, which would reflect in a bet-
ter postprandial glucose control. This was observed in
our meta-analysis for all postprandial glucose levels, as
well as after each individual meal (breakfast, lunch, and
dinner). Interestingly, even though short-acting insulin
users had lower postprandial glucose levels, they also had
lower frequency of hypoglycemic episodes, a double ben-
efit brought on by the pharmacokinetics of these drugs
(faster onset of action and shorter duration of action)
[16].

Postprandial glucose fluctuations contribute to
approximately 50% of the total hyperglycemia episodes
in patients on multiple doses of insulin [49]. Therefore,
short-acting insulin analogues were expected to be asso-
ciated with lower HbAlc levels, which would be con-
sistent with observed decreases in postprandial blood
glucose levels. However, the decreases were clinically
irrelevant, even though the short-acting insulin ana-
logues were indeed associated with lower HbAlc levels.
This could be explained by the multiple insulin regimens
employed in the analyzed studies (since short-duration
studies were also included), as well as by the reduction in
hypoglycemic episodes. In some studies, a single dose of
NPH was used as basal insulin, which is an unacceptable
regimen considering the current practice aimed at strict
glucose control for TIDM. It is well-known that a better
metabolic control with short-acting insulin analogues can
be obtained with the optimization of basal insulin [2, 14].
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Limited evidence analyzed in this systematic review
suggests that, for patients with T1DM, the treatment
with short-acting insulin analogues is more convenient
than with regular human insulin. The higher satisfac-
tion levels and greater flexibility attributed to short-act-
ing insulin analogues could be explained by the fact that
they can be administered immediately before meals, as
opposed to the anticipated 30 to 45 min when adminis-
tering regular human insulin. In a study involving 1184
patients with T1DM, adherence to the correct timing of
regular human insulin was 7% for patients who took it
more than 30 min before meals, 60% for those who took
it 15-30 min before meals, and 33% for those who took
it 15 min before meals. Regarding the administration of
insulin lispro, 98% of the patients followed the orienta-
tion (0 to 15 min before meals) [32]. The possibility of
administration of short-acting insulin analogues immedi-
ately after meals is another important benefit, as it may
not always be possible to predict how much food (car-
bohydrates) the patient will have eaten at the end of the
meal.

Due to the scarcity of studies assessing the impact of
short-acting insulin analogues on the quality of life of
patients with T1DM and the methodologies used, pre-
viously-published systematic reviews either did not ana-
lyze this outcome or did not reach a conclusion [50].
According to Fullerton et al. [17], with a more adequate
methodology (the DTSQ) [51], three studies reported
no improvement in treatment satisfaction, while four
studies indicated an improvement in this outcome with
short-acting insulin analogues when compared to regular
human insulin.

As opposed to other meta-analyses [17], this review
provided information regarding the use of insulin ana-
logues in children. However, no association was found
between the use of short-acting insulin analogues or
regular human insulin and the number of hypoglycemic
episodes, postprandial glucose reductions, and HbAlc,
probably because of the low number of studies included.

The main methodological strengths of this review are
as follows: the most adequate outcomes considering the
pharmacokinetics of short-acting insulin analogues; the
most comprehensive and systematic literature search
among systematic reviews on this subject, with no lan-
guage restriction; and the specific and reproducible eligi-
bility criteria, study selection, and data extraction.

However, some limitations should be pointed out.
The first is that most studies included in our system-
atic review may not represent current T1DM treatment
practice. Most trials excluded patients with hypoglyce-
mia unawareness or with a high risk of hypoglycemia,
which in fact makes up the largest population group
that could benefit from insulin analogues in the current
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clinical practice. Additionally, the low quality of most
studies identified in this systematic review may limit the
interpretation of the presented data. The differences in
the definition of total and nocturnal hypoglycemic epi-
sodes, as well as the methods for recording hypoglycemic
episodes based on the presence of symptoms or on the
obligatory verification of blood glucose independently
of symptoms, are real limitations frequently observed in
clinical trials. Another limitation is the absence of mask-
ing, which could also result in a high risk of bias. How-
ever, it is unlikely that future studies will adequately
mask the participants, as this would require a signifi-
cant increase in the number of insulin applications. The
analyses with NPH as basal insulin included 7, 18 and
14 studies (nocturnal hypoglycemia, total hypoglycemia
and severe hypoglycemia, respectively), and those with
long-acting insulin analogues included 1, 3 and 1 stud-
ies (nocturnal hypoglycemia, total hypoglycemia and
severe hypoglycemia, respectively), and these analyses
presented high heterogeneity, precluding their considera-
tion as a definitive evidence of the possible superiority of
NPH as compared to long-acting insulin analogues. This
information should, thus, be interpreted with caution. A
direct comparison between NPH insulin and long-acting
analogues is beyond the scope of this review. Another
important point is that, over the years, there has been
a significant evolution in insulin therapy, which can be
observed in the clinical heterogeneity between studies in
the past 20 years.

In summary, short-acting insulin analogues were asso-
ciated with fewer nocturnal and severe hypoglycemic
events and better glucose control (slightly lower HbAlc
and lower postprandial blood glucose levels) when com-
pared with regular human insulin in subjects with type 1
diabetes.
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