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ABSTRACT
Here, we review insulin management options
and strategies in nonpregnant adult patients
with type 1 diabetes mellitus (T1DM). Most
patients with T1DM should follow a regimen of
multiple daily injections of basal/bolus insulin,
but those not meeting individual glycemic targets or those with frequent or severe hypoglycemia or pronounced dawn phenomenon
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should consider continuous subcutaneous
insulin infusion. The latter treatment modality
could also be an alternative based on patient
preferences and availability of reimbursement.
Continuous glucose monitoring may improve
glycemic control irrespective of treatment regimen. A glycemic target of glycated hemoglobin \ 7% (53 mmol/mol) is appropriate for
most nonpregnant adults. Basal insulin analogues with a reduced peak profile and an
extended duration of action with lower
intraindividual variability relative to neutral
protamine Hagedorn insulin are preferred. The
clinical advantages of basal analogues compared

T. Tankova
Clinical Center of Endocrinology, Medical
University of Sofia, 2, Zdrave Str, 1431 Sofia,
Bulgaria
L. Czupryniak
Department of Diabetology and Internal Medicine,
Medical University of Warsaw, Banacha 1a,
02-097 Warsaw, Poland
A. G. Tabák
1st Department of Medicine, Semmelweis
University Faculty of Medicine, 2/a Korányi S. Str,
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with older basal insulins include reduced
injection burden, better efficacy, lower risk of
hypoglycemic episodes (especially nocturnal),
and reduced weight gain. For prandial glycemic
control, any rapid-acting prandial analogue
(aspart, glulisine, lispro) is preferred over regular
human insulin. Faster-acting insulin aspart is a
relatively new option with the advantage of
better postprandial glucose coverage. Frequent
blood glucose measurements along with patient
education on insulin dosing based on carbohydrate counting, premeal blood glucose, and
anticipated physical activity is paramount, as is
education on the management of blood glucose
under different circumstances.
Plain Language Summary: Plain language
summary is available for this article.

Keywords: Continuous subcutaneous insulin
infusion; Glycemic control; Insulin analogue;
Insulin therapy; Multiple daily injections; Type
1 diabetes mellitus
Key Summary Points
Most adults with type 1 diabetes mellitus
should be treated with multiple daily
injections (1–2 injections of basal insulin
and C 3 injections of prandial insulin per
day).
Basal insulin analogues exhibit better
efficacy compared with human neutral
protamine Hagedorn insulin.
Second-generation basal insulin analogues
show similar glycemic control as firstgeneration basal insulin analogues, but
are associated with a lower risk of
hypoglycemia and glycemic variability.

Rapid-acting prandial insulin analogues
have equivalent or better efficacy and
lower hypoglycemia risk than regular
human insulin.

PLAIN LANGUAGE SUMMARY
Type 1 diabetes mellitus (T1DM) is a condition
in which the body can no longer produce
sufficient amounts of its own insulin. As a
result, blood sugar (glucose) levels increase and
in the absence of supplemental insulin, diabetic coma and death will eventually occur.
Moreover, if blood glucose levels are not
properly regulated and are not corrected over
time, heart disease, kidney disease, blindness,
and nerve damage ensue. In order to meet the
standard treatment target (glycated hemoglobin levels \ 7%), patients with T1DM require
insulin supplementation, which is given as
injections at set times of the day (basal) and at
mealtimes (bolus or prandial). Patients may use
a pump that provides a continuous supply of
insulin if they do not meet treatment targets or
if they have frequent or severe hypoglycemia, a
condition which occurs when blood glucose is
very low that may lead to anxiety, fatigue,
confusion, seizures, and/or loss of consciousness. Basal insulin analogues are preferred over
human insulin (neutral protamine Hagedorn).
For mealtime insulin, any of the rapid-acting
prandial insulin analogues are preferred over
regular
human
insulin.
For
optimal
management of T1DM, patients need to be
educated on how to match prandial insulin
dose to carbohydrate intake, premeal blood
glucose, and anticipated physical activity as
well as on how to measure their blood glucose
and manage insulin dosing under various
circumstances.
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Type 1 diabetes mellitus (T1DM) is a result of the
destruction of insulin-producing pancreatic beta
cells, leading to insulin deficiency [1, 2]. The
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destruction of beta cells is usually the result of
an autoimmune process, but in rare cases the
cause might be unknown. T1DM was originally
believed to develop mainly during childhood or
adolescence [1], but it is now known that it can
develop over the whole life span, even in individuals aged[80 years [3, 4]. Most patients with
T1DM are adults, partly because children diagnosed with T1DM will survive to adulthood but
also because of new cases diagnosed in adults [5].
The identification of T1DM may be challenging,
and T1DM may be misdiagnosed as type 2 diabetes mellitus (T2DM) in adults aged [ 30 year
[1, 3]. Latent autoimmune diabetes in adults, a
form of T1DM that involves a slowly progressing
immune-mediated loss of beta cells, may comprise 5–15% of T2DM cases [2, 5]. Proper identification of T1DM is extremely important
because these patients need to receive immediate insulin therapy and reach optimal glycemic
control to prevent the onset of diabetic
ketoacidosis, which is associated with an
increased risk of death, and to delay microvascular and macrovascular complications [6–8].
Patients with T1DM require lifelong insulin
replacement therapy from the time of diagnosis.
Many insulin options for T1DM treatment are
currently available, including human insulins
and insulin analogues. In this review, we focus
on insulin management options and strategies
in nonpregnant adult patients with T1DM.
When appropriate, we present the level of evidence associated with the treatment option/
strategy, with level A indicating clear evidence
based on randomized, controlled, adequately
powered trials; level B indicating supportive
evidence based on well-conducted cohort or
case–control studies; and level C indicating
supportive evidence based on poorly controlled
or uncontrolled studies.
This article is based on previously conducted
studies and does not contain any studies with
human participants or animals performed by
any of the authors.

CLINICAL EVALUATION
The most recent guidelines for the diagnosis of
T1DM are similar to those for T2DM (Table 1)
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[2, 8, 9]. The American Diabetes Association
(ADA) and the UK National Institute for Health
and Care Excellence (NICE) guidelines recommend against routine testing of C-peptide or
autoantibodies for diagnostic purposes [8, 9],
but these could be used for clinically questionable cases. On the basis of the natural history of
T1DM, three stages of T1DM development were
proposed: stages 1 and 2 are both presymptomatic with detectable beta cell autoimmunity, with stage 2 additionally including
dysglycemia (impaired fasting glucose or
impaired glucose tolerance), and stage 3 is
symptomatic with new-onset hyperglycemia
[8, 10]. Although preventing or delaying the
development of T1DM is not yet a clinical
option—thus screening for presymptomatic
disease is not recommended in routine practice—identification of a high-risk group before
the onset of hyperglycemia is possible based on
the presence of multiple autoantibodies and
dysglycemia.
Glycemic Targets
The large-scale prospective Diabetes Control and
Complications Trial conclusively showed that
intensive glycemic control with a basal-bolus
insulin treatment regimen (reaching glycated
hemoglobin [HbA1c] levels of approx. 7%) is
associated with reduced microvascular risk with
respect to retinopathy, neuropathy, and diabetic
kidney disease [7] and reduced long-term cardiovascular risk compared with conventional
glycemic control with fixed dosing insulin regimens (reaching HbA1c levels of approx. 9%)
[6]. These results form the basis of current
guideline recommendations. In general, evidence-based glycemic target recommendations
by the ADA, Diabetes Canada, and NICE for
adults with T1DM are all in agreement
(Table 2). All recommend an HbA1c goal of
\ 7% (53 mmol/mol; level A) for most nonpregnant adults, \ 8% (64 mmol/mol) for
patients with a history of severe hypoglycemia
or severe comorbidities (level B), and \ 6.5%
(48 mmol/mol) if this goal is achievable without
the risk of significant hypoglycemia or other
adverse events (level C) [8]. Similarly, Diabetes
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Table 1 Diagnostic criteria for type 1 diabetes mellitus in adults recommended by the American Diabetes Association
Diagnostics

Diagnostic criteria [8]

Diagnostic tests

• FPG C 126 mg/dL (7.0 mmol/L), with no caloric intake for at least 8 ha
or
• 2-h PG C 200 mg/dL (11.1 mmol/L) during OGTT, using a glucose load with the equivalent of
75 g of anhydrous glucose dissolved in watera
or
• HbA1c C 6.5% (48 mmol/mol) performed using an NGSP-certiﬁed method standardized to the
DCCT assaya
or
Random PG C 200 mg/dL (11.1 mmol/L) in patients with classic symptoms of hyperglycemia or
hyperglycemic crisis

Other diagnostic
criteria

• Multiple autoantibodies (islet cell, GAD65, ZnT8, IA-2, anti-insulin)
• Undetectable or low C-peptide
• Family history/co-existence of other autoimmune diseases

Clinical symptoms

• Hyperglycemia
• Polyuria/polydipsia
• Unexplained weight loss
• Diabetic ketoacidosis

Pathophysiology

• Beta cell destruction (occasionally dysfunction of remnant beta cells)

DCCT Diabetes Control and Complications Trial, FPG fasting plasma glucose, GAD65 glutamic acid decarboxylase, HbA1c
glycated hemoglobin, IA-2 islet antigen-2, NGSP National Glycohemoglobin Standardization Program, OGTT oral glucose
tolerance test, PG plasma glucose, ZnT8 zinc transporter 8
a
Results should be conﬁrmed by repeat testing in the absence of unequivocal hyperglycemia
Canada recommends a target HbA1c of B 7%
(53 mmol/mol) for most patients with T1DM
[2]. NICE recommends a target HbA1c of B 6.5%
(48 mmol/mol) for most patients with T1DM
but suggests considering a person’s daily activities, aspirations, likelihood of complications,
comorbidities, occupation, and history of
hypoglycemia when setting individualized targets [9].
Glycemic goals should be reassessed and
individualized over time according to various
patient and disease factors, including risks
associated with hypoglycemia and other
adverse events, disease duration, life expectancy, comorbidities, vascular complications,
patient preferences, and resources/support

systems [8]. According to the ADA recommendations, to achieve an HbA1c \ 7% (53 mmol/
mol), preprandial capillary plasma glucose
should be 4.4–7.2 mmol/L (80–130 mg/dL) and
peak postprandial capillary plasma glucose
should be \ 10 mmol/L (180 mg/dL) [8]. Similar
levels are recommended by Diabetes Canada [2]
and NICE [9]. With the advent of continuous
glucose monitoring (CGM) systems, the time
in blood glucose concentration range of
3.9–10 mmol/L (70–180 mg/dL) might become
an additional indicator of overall glycemic
control, which emphasizes the importance of
decreasing blood glucose variability in addition
to mean glucose values, with time in
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Table 2 Glycemic targets for type 1 diabetes mellitus in adults recommended by the American Diabetes Association,
Diabetes Canada, and National Institute for Health and Care Excellence
Glycemic
targets

American Diabetes
Association [8]

Diabetes Canada [2]

National Institute for Health
and Care Excellence (NICE) [9]

HbA1c

\ 7% (53 mmol/mol)a

B 7% (53 mmol/mol)

B 6.5% (48 mmol/mol) but
consider a person’s daily
activities, aspirations, likelihood
of complications, comorbidities,
occupation, and history of
hypoglycemia

\ 8% (64 mmol/mol) for
patients with history of severe
hypoglycemia or comorbid
diseasesa
\ 6.5% (48 mmol/mol) for
7.1–8.5% (54–69 mmol/mol) for
selected patients (short
patients who are functionally
duration of diabetes, long life
dependent; have a history of
expectancy, or no signiﬁcant
recurrent severe hypoglycemia,
cardiovascular disease) if it
hypoglycemia unawareness, or
can be achieved without
limited life expectancy; or who
signiﬁcant hypoglycemia or
are frail, are elderly, or have
a
adverse events
dementia
FPG or
preprandial
PG

4.4–7.2 mmol/L
(80–130 mg/dL)

Peak
postprandial
PGb

\ 10 mmol/L (180 mg/dL)

4.0–7.0 mmol/L
(72–126 mg/dL)

5.0–7.0 mmol/L
(90–126 mg/dL) on waking
4.0–7.0 mmol/L
(72–126 mg/dL) before meals
or at other times of day

5.0–10.0 mmol/L
(90–180 mg/dL; 2 h)

5.0–9.0 mmol/L
(90–162 mg/dL; [ 90 min)

HbA1c Glycated hemoglobin
Postprandial glucose measurements should be made 1–2 h after the beginning of the meal, generally peak levels in patients
with diabetes
b
Goals should be individualized on the basis of disease duration, life expectancy, comorbidities, and individual patient
considerations
a

hypoglycemia a safety marker of insulin treatment in persons with T1DM [11].
Insulin Therapy
Insulin replacement is necessary for all people
with T1DM and involves multiple daily injections (MDI) of basal and prandial insulin or
continuous subcutaneous insulin infusion
(CSII; level A) [8]. A variety of insulins (basal
and prandial) and modes of administration
(syringe, pen, prefilled pen, and pump) are
available. Achieving optimal glycemic control

while avoiding hypoglycemia and other adverse
effects (such as excessive weight gain and
lipodystrophy) requires individualized insulin
therapy supplemented by glucose monitoring
(either intermittent self-monitoring of blood
glucose with a glucose meter or CGM) and
proper therapeutic education (carbohydrate
counting and insulin dose adjustments according to carbohydrate intake, activity levels, and
blood glucose values, and proper injection
technique) [2, 8, 9]. Basal insulins, which
include long-acting insulin analogues (first
generation: detemir and glargine 100 U/mL
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Table 3 Pharmacokinetic and pharmacodynamic properties of insulins
Onset

Peak

Duration
(h)

Molecular structurea

Detemir U100

1–2 h

Noneb

\ 24

Omission of B30 threonine; C14 fatty acid chain added to
B29

Gla-100

* 1h

Noneb

24

A21 asparagine replaced with glycine; 2 arginines added to
C-terminus of B chain

Gla-300

6h

None

24–36

Degludec U100 or
U200

* 1h

None

Up to 42

4–14 h

4–14 h

Insulin type
Basal
Long acting

Omission of B30 threonine; glutamic acid and C16 fatty
acid chain added to C-terminus of B chain

Intermediate acting
NPH insulin U100 1–2 h
Bolus
Rapid acting (lispro,
aspart, glulisine)

5–15 min

0.5–1.5 h 3 to \ 6

Lispro: B28 proline replaced with lysine; B29 lysine replaced
with proline
Aspart: B28 proline replaced with aspartic acid
Glulisine: B3 asparagine replaced with lysine; B29 lysine
replaced with glutamic acid

Faster-acting aspart

2.5–4 min

* 1h

Short acting (regular
human)

30–60 min 2–4 h

3–5

Faster-acting aspart: B28 proline replaced with aspartic acid

6–12

Pharmacokinetics data are from https://online.epocrates.com/tables/3201/Insulin-Comparisons. Molecular structure data
are from [16]. There is signiﬁcant inter- and intraindividual variability in pharmacokinetic and pharmacodynamic
parameters; therefore, the time periods listed should be used as guidelines only
Gla-100 Glargine 100 U/mL, Gla-300 glargine 300 U/mL, NPH neutral protamine Hagedorn
a
Relative to NPH for basal insulins or relative to regular human insulin for bolus insulins
b
Can produce a peak effect in some persons, especially at higher doses

[Gla-100]; second generation: glargine 300
U/mL [Gla-300] and degludec) or human intermediate-acting insulin (neutral protamine
Hagedorn [NPH] insulin), are given 1–3 times a
day according to their pharmacokinetic (PK)
properties to control glucose levels in the fasting state and between meals (Table 3). Prandial
insulins include rapid-acting insulin analogues
(lispro, aspart, glulisine, and fast-acting aspart)
or short-acting (regular human) insulin and are
given before each meal, and at each time a

correction of a high blood glucose value is
required. Typically, prandial insulins are injected three times daily before main meals and are
injected more often if [ 3 meals per day are
consumed or correction boluses are required.
Premixed insulins (either human or analogue
insulins) are available but are not appropriate
for patients with T1DM because the independent adjustment of basal and prandial insulin
doses is not possible [2, 9]. Rapid-acting inhaled
insulin is available for use within a limited dose
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range, but large trials are needed for confirmation of efficacy. Furthermore, inhaled insulin is
contraindicated in patients with chronic lung
disease, is not recommended for those who
smoke, costs at least twice that of other rapidacting insulins [8], and may require additional
dosing after meals [12, 13].
Basal-bolus insulin regimens that mimic
physiologic insulin secretion (usually MDI or,
less frequently, CSII) should be initiated from
the time of diagnosis of T1DM. The starting
total daily insulin dose is typically weight based,
ranging from 0.4 to 1.0 units per kilogram body
weight, as recommended by various guidelines
[2, 8, 9]. However, in some cases, particularly in
newly diagnosed patients, the dose of insulin
required may be less as a result of transient
remission that may occur early after the initiation of insulin substitution. To prevent the risk
of early hypoglycemia, a lower initial dose of
between 0.3 and 0.4 units per kilogram body
weight may be used. In contrast, a higher
insulin dose of 0.7 units per kilogram body
weight may be appropriate in the presence of
ketones. In general, approximately half
(40–60%) of the total daily dose is given as basal
insulin and the rest is divided into meal-related
doses based on carbohydrate content. The exact
insulin doses are reached by continuous titration; prandial doses are mainly conditioned on
carbohydrate intake and to a lesser extent on
protein and fat content, while basal insulin is
dependent on body weight and insulin sensitivity [8].
To assess short-term glycemic control, it is
recommended that most patients perform selfmonitoring of blood glucose (SMBG) at various
times (before meals and snacks; at bedtime;
occasionally overnight; 2 h postprandially to
titrate dose of prandial insulin; prior to exercise;
when low blood glucose is suspected; after
treating low blood glucose until achieving normoglycemia; and before critical tasks) [2, 8].
CGM, along with intensive insulin regimens,
can improve HbA1c in adults with T1DM who
are not meeting glycemic targets (level A) [8].
CGM can also be useful for those with hypoglycemia unawareness and/or those with frequent hypoglycemic episodes (level B) [8]. For
maximal benefit, CGM should be used daily or
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as frequently as possible to reach optimal glycemic effect (level A) [8].

SEARCH METHODS
Clinical trials comparing one or more types of
insulin were found through multiple searches
performed on PubMed (last search on 17
September 2019) for ‘‘insulin degludec,’’ ‘‘insulin detemir,’’ ‘‘insulin glargine,’’ ‘‘insulin
aspart,’’ ‘‘insulin glulisine,’’ and ‘‘insulin lispro,’’
each combined with ‘‘AND type 1 diabetes,’’
which yielded 2309 articles. No publication
date limits were applied. After excluding nonEnglish language articles (n = 182), non-clinical
trials articles (n = 1420), those articles on pediatric (n = 88), pregnant (n = 13), not exclusively
T1DM (n = 26), or non-European ancestry
(n = 16) populations, articles on discontinued
or unavailable formulations (n = 23), or with no
comparison of two formulations (n = 86) or
efficacy (n = 37), studies in which \ 100
patients participated (n = 135), and duplicates,
we retained 67 articles for consideration. Review
articles and consensus papers were also identified through these PubMed searches before
limits were applied.

PHARMACOKINETICS,
PHARMACODYNAMICS, CLINICAL
EFFICACY, AND SAFETY
WITH BASAL INSULIN ANALOGUES
The basal insulin analogues have much
improved efficacy and safety profiles and
increased patient satisfaction over NPH insulin
in patients with T1DM (Table 4). In general, use
of long-acting basal insulin analogues results in
fewer hypoglycemic episodes compared with
the use of NPH insulin [2]. A meta-analysis of
trials testing first-generation long-acting insulin
analogues versus NPH insulin found a reduction
in the risk of nocturnal hypoglycemic episodes
and in the HbA1c level of patients using the
former [14]. Another meta-analysis confirmed
these results and also indicated less weight gain
in patients on first-generation long-acting
insulin analogues versus those on NPH insulin

Dose

Detemir

QD or
BID

Degludec QD

Long acting

Basal

Insulin
type

Table 4 Insulin therapy

• FPG: - 0.58 to - 3.01 mmol/L
(- 10 to - 54 mg/dL)
[16 weeks to 1 year]

• HbA1c: - 0.5 to - 0.94%
(- 3.1 to - 7.9 mmol/mol)
[16 weeks to 2 years]

• FPG: - 1.3 to - 2.6 mmol/L
(- 23 to - 47 mg/dL)
[16 weeks to 1 year]

• HbA1c: - 0.4 to - 0.78%
(- 2 to - 6.2 mmol/mol)
[16 weeks to 1 year]

Efﬁcacy measure (mean
change from baseline)a

• Nocturnal severe: 0.06–0.2
[1-2 years]

• Nocturnal: 3.4–9.9
[16 weeks to 1 year]

• Severe: 0.2–0.5
[26 weeks to 2 years]

• Overall: 26.2–53.6
[16 weeks to 1 year]

• Nocturnal severe: 0.06–0.07
[26 weeks]

• Nocturnal conﬁrmed:
3.1 - 9.6 [16 weeks
to 2 years]

• Severe: 0.21 - 0.69
[16 weeks to 1 year]

• Conﬁrmed: 31.8 - 88.3
[16 weeks to 1 year]

Hypoglycemia (events per
patient-year)a

- 0.2 to ? 1.7 kg [16
weeks to 1 year]

0.8 to 2.6 kg [16 weeks
to 1 year]

Ext [58]

RCT, OL [21, 31–38, 43, 59–61]

Ext [55, 60]

RCT, OL [51, 52, 54, 58, 59, 61]

RCT [53]

Body weight (mean
Study type and reference
change from baseline)a
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QD

Gla-300

NPH

QD to
QID

Intermediate acting

QD

Dose

Gla-100

Insulin
type

Table 4 continued

• Overall: 2.0–72
[28 weeks to 1 year]
• Severe: 0–0.9
[16 weeks to 1 year]

• HbA1c: - 0.21 to - 0.89% (1.1 to
- 7.4 mmol/mol) [4 weeks to 1 year]

• FPG: - 0.54 to - 2.2 mmol/L (- 9.7
to 40 mg/dL) [4 weeks to 1 year]

• Nocturnal: 8.0–8.1
[6 months to1 years]

• Nocturnal severe:
0.004–0.4
[30 weeks to 2 years]

• Nocturnal: 1.0–38.4
[16 weeks to 2 years]

• FPG: - 2.4 to ? 0.01 mmol/L (- 43 to • Severe: 0.01–0.8
? 0.2 mg/dL) [4 weeks to 2 years]
[28 weeks to 2 years]

• HbA1c: - 0.72% to ? 0.12% (- 5.5 to • Overall: 3.45–64.7
? 1.1 mmol/mol) [4 weeks to 2 years]
[16 weeks to 2 years]

to - 7.7 mg/dL) [6 months to 1 year]

• HbA1c: - 0.20% to - 0.42% (- 1 to • Conﬁrmed or severe:
- 2.2 mmol/mol) [6 months to 1 year]
75.9–78.4 [6 months
to 1 year]
• FPG: - 0.42 to - 0.43 mmol/L (- 7.6

• Nocturnal severe:
0.002 –0.17
[30 weeks to 1 year]

• Nocturnal: 0.7–14.4
[28 weeks to 2 years]

Hypoglycemia (events per
patient-year)a

Efﬁcacy measure (mean
change from baseline)a

Ext [49]

RCT, OL [48]

Ext [49, 55]

RCT, SB [23]

RCT, PB [24]

RCT, OL, CO [48, 51]

RCT, OL
[18, 20–22, 26, 43, 52, 54, 107]

RCT [19, 53]

RCT, SB [23]

RCT, PB [24]

0 to ? 2.3 kg [16 weeks RCT [19, 25, 108]
to 2 years]
RCT, OL
[18, 20, 22, 26, 31–38, 107]

? 0.05 kg [6 months]

0 to ? 2.7 kg
[16 weeks to 1 year]

Body weight (mean
Study type and reference
change from baseline)a
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HbA1c: - 0.13 to - 0.47% (- 1.2 to
- 2.8 mmol/mol) [12–26 weeks]

Lispro

TID or
more

HbA1c: - 0.11 to - 0.26% (- 1 to
- 2.4 mmol/mol) [12–26 weeks]

Glulisine TID or
more

HbA1c: 0.38 to ? 0.1% (- 1.8 to
? 0.1 mmol/mol) [12 weeks to 1 year]

Aspart

Efﬁcacy measure (mean
change from baseline)a

HbA1c: - 0.2 to - 0.08% (- 2.0 to
- 0.6 mmol/mol) [26 weeks to 1 year]

TID or
more

Dose

Fasteracting
aspart

Rapid
acting

Bolus

Insulin
type

Table 4 continued

Nocturnal severe: 0.26
[16 weeks]

Nocturnal: 6.36 [26 weeks]

RCT, OL, CO [75–77]

Severe: 0.24–0.59
[12–26 weeks]

RCT, OL [85, 88]

Ext [96]

RCT, OL ? Ext [80, 82, 85]

RCT, OL, CO [83]

RCT, OL [79, 81]

RCT [95, 97]

RCT, OL [74, 88]

- 0.3 to ? 0.3 kg
[12 weeks]

\ 1 kg [26 weeks]

Ext [96]

RCT [95, 97]

Body weight (mean
Study type and reference
change from baseline)a

Overall: 35.28 [16 weeks]

Nocturnal: 6.6–8.5
[12–26 weeks]

Severe: 0.36–0.6
[12–26 weeks]

Nocturnal severe: 0.34–0.80
[12 weeks to 6 months]

Severe: 0.23–1.25
[12 weeks to 1 year]

Severe: 0.17–0.27
[26 weeks - 1 year]

Hypoglycemia (events per
patient-year)a
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TID or
more
Regular
human

Short acting

Nocturnal severe: 0.25–2.7
[12 weeks to 6 months]

Nocturnal: 8.52 [12 weeks]

BID twice-daily, CO crossover, Ext extension, OL open label, PB partially blind, QD once daily, QID four times daily, RCT randomized controlled trial, SB single
blind, TID three times daily
a
Values are the actual value as reported in a single study or the range of values across multiple studies. Values in square brackets are the length or range of lengths of
the trials listed. The studies cited varied substantially in their methodologies; all data and ranges are for general information purposes only

RCT, OL ? Ext [80, 82, 84]

RCT, OL, CO [75–77, 83]

HbA1c: - 0.34 to ? 0.02%
Severe: 0.67–1.56
(- 1.4 mmol/mol) [12 weeks to 1 year]
[12 weeks to 1 year]

Hypoglycemia (events per
patient-year)a
Efﬁcacy measure (mean
change from baseline)a
Dose
Insulin
type

Table 4 continued
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? 0.3 kg [12 weeks]

Body weight (mean
Study type and reference
change from baseline)a

RCT, OL [74, 79, 81, 85]
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[15]. Comparative studies of these insulin analogues are discussed in the following sections,
and Fig. 1 shows a proposed treatment algorithm for T1DM.
Gla-100 Versus NPH Insulin
Glargine is a long-acting insulin analogue
which is a solution in the insulin vial that precipitates at physiologic pH in the subcutaneous tissue. These precipitates and the more
stable hexamers result in a slower dissociation
into dimers and monomers, leading to protracted absorption into the circulation [16].
Glargine has a reduced peak concentration/action profile compared to NPH insulin, and a
lower interindividual variability than NPH
insulin [17].
In general, Gla-100 once daily is comparable
to [18–20] or better than [21–23] NPH insulin
once or twice daily in maintaining glycemic
control as measured by HbA1c. Similarly,
decreases in fasting plasma/blood glucose are
comparable [20] or significantly greater
[18, 19, 22–26] with Gla-100 than those with
NPH insulin. Decreased weight gain in patients
on Gla-100 compared with weight gain in those
on NPH insulin has been observed [18]. Conflicting results have been found regarding
hypoglycemia, with some studies reporting no
difference between Gla-100 and NPH insulin
[18, 20, 26], but most reporting significantly
fewer hypoglycemic events [22], including
nocturnal events [19, 23, 24], with Gla-100 than
with NPH insulin. Several trials have observed
significant improvement in patient satisfaction
with Gla-100 versus NPH insulin regardless of
baseline disease characteristics [27, 28].
Insulin Detemir Versus NPH Insulin
Detemir contains a fatty acid side chain that
facilitates dihexamer formation and albumin
binding, both of which slow its absorption at
the injection site and into the circulation in the
peripheral tissues [16]. Detemir has significantly
less within-individual variability than NPH
insulin in terms of PK and pharmacodynamic
(PD) endpoints [29, 30]. Detemir has a flatter PD
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Fig. 1 A suggested treatment algorithm for type 1 diabetes
mellitus for nonpregnant adults. Asterisk indicates that
administration at any time (morning or evening) is
appropriate for glargine 300 U/mL (Gla-300) or degludec.
The single dagger indicates that evening administration is
generally preferred for detemir and glargine 100 U/mL
(Gla-100). The double dagger sign indicates a new agent
not yet indicated for use with a pump. In some cases, it
may be considered as ﬁrst choice. The section sign

indicates possible use as ﬁrst choice over multiple daily
injections (MDI) depending on patient preference if cost,
reimbursement, and availability are not an issue after
3–6 months of training with MDI. Can be used as an
alternative to MDI if glycemic targets are not met with
MDI or if experiencing frequent hypoglycemia. CSII
Continuous subcutaneous insulin infusion, NPH neutral
protamine Hagedorn

profile than NHP insulin and a longer duration
of action [30].
In general, treatment with detemir or NPH
insulin results in similar levels of HbA1c and/or
fasting plasma glucose (FPG) [31–35], but detemir is associated with a lower risk of hypoglycemia [31, 33, 35–37], including nocturnal
episodes [32–38]. A 2-year study found slightly
lower HbA1c with detemir compared with NPH
insulin (7.36 vs. 7.58% [57 vs. 59 mmol/mol]),
as well as lower FPG, mainly seen in the last
6 months of the study [37]. Weight loss or
reduced weight gain was seen in patients on
detemir versus those on NPH insulin; this is an
important characteristic of detemir in persons
with T1DM [31, 32, 34–38]. The day-to-day and
within-individual variability in self-measured
fasting blood glucose has been found to be significantly lower with detemir [34–36].

The timing of detemir administration does
not seem to affect clinical outcomes and may
offer flexibility to accommodate individual
patient needs. Similar glycemic control was
seen with the administration of detemir either
in the morning and before dinner or in the
morning and at bedtime [39], and the risk of
overall and nighttime hypoglycemia was found
to be the same in either timing regimen [38].
Some reports indicate that the twice-daily
administration of detemir is more common
than once-daily dosing [40].
Insulin Detemir Versus Gla-100
The results of a clamp-based PK/PD study indicated that detemir and Gla-100 have similar PD
effects based on glucose infusion rates during
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the first 12 h following administration but that
rates with detemir (and thus its glucose-lowering effect) are lower between 12 and 24 h, suggesting that a once-daily basal regimen for
glargine and a twice-daily basal regimen for
detemir might be the most appropriate
approach [41]. The authors of a different clamp
study reported that, under euglycemic clamp
conditions, detemir was associated with a lower
within-individual variability for glucose infusion rate and maximal concentration than Gla100 [29]. However, glargine was noninferior
compared with detemir in terms of fasting
blood glucose and other indices of glycemic
variability in clinical practice settings, with a
trend toward higher doses and number of
injections with detemir than with glargine [42].
Similar reductions in HbA1c but significantly
lower FPG were observed with glargine once
daily versus detemir twice daily in a 26-week
study. Of note, baseline HbA1c values were high
(8.8 and 8.9% for glargine once daily and detemir twice daily, respectively). In this study, the
risk of overall hypoglycemia was comparable
with detemir and Gla-100, but the risks of severe and nocturnal hypoglycemia were lower
with detemir [21]. However, a 1-year trial
showed similar relative risks for total and nocturnal hypoglycemia with detemir and Gla-100
and that insulin detemir and Gla-100 have
similar clinically significant improvements in
glycemic control [43]. Taken together, these
results (in agreement with a recent network
meta-analysis on the subject) suggest no major,
clinically relevant differences in the efficacy and
safety of these basal insulin analogues [44].
Gla-300 Versus Gla-100
Glargine 100 U/mL is a second-generation basal
insulin analogue that is threefold more concentrated than Gla-100; it also forms more
compact precipitates at physiologic pH than
Gla-100, which results in an even slower dissociation of monomers into the bloodstream [16].
Several PK/PD studies have found that Gla-300
has flatter (i.e., lower within-day variability or
peak-to-trough differences) steady-state profiles
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and a longer duration of action than Gla-100
[45–47].
Overall, Gla-300 confers similar glycemic
control as Gla-100, but with fewer nocturnal
hypoglycemic events. The EDITION 4 trial
showed similar glycemic control with Gla-300
and Gla-100 but that nocturnal or severe
hypoglycemic events in the first 8 weeks of
treatment were lower and there was less weight
gain (difference of - 0.6 kg) with Gla-300 [48].
The 6-month extension of the EDITION 4 trial
found comparable glucose control in both
treatment groups and similar rates of hypoglycemic events with Gla-100 and Gla-300 [49].
These findings are corroborated by a real-world,
observational, retrospective study of patients in
the UK which reported that there was no major
change in the risk of severe hypoglycemia (1 vs.
2%) with initiation of Gla-300 after 6 months
despite a significant decrease in HbA1c of 0.4%
(4 mmol/mol) and there was no significant
weight gain [50].
Insulin Degludec Versus Gla-100
Degludec is a second-generation basal insulin
analogue which forms multihexamer chains
upon injection that slow the absorption of its
monomers at the site of injection. In addition,
its fatty acid side chain enables dihexamer formation and albumin binding [14]. In a number
of studies, similar reductions in HbA1c [51–55]
and weight gain [51, 53] were seen in patients
on degludec versus those on Gla-100. However,
similar [51, 52] or fewer overall hypoglycemic
episodes [53] and fewer nocturnal hypoglycemic episodes [52–55] were reported with
degludec compared with Gla-100.
Insulin Degludec Versus Gla-300
There is conflicting evidence regarding comparative PK and PD profiles of Gla-300 and
degludec. In one study, Gla-300 had a more
even steady-state PD/PK profile with 20% less
within-day PD variability versus degludec U100,
both at a clinically relevant dose of 0.4 U/kg,
although there was no significant difference at
the 0.6 U/kg dose [56]. In contrast, another
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study found that degludec had a 37% lower
within-day variability and a fourfold lower dayto-day variability in terms of glucose-lowering
effect compared with Gla-300 with both insulin
analogues at a dose of 0.4 U/kg [57]. The conflicting observations may be explained by
methodologic differences between studies, such
as timing of doses, method of clamping, and
definition of the time blocks for which the
variability was calculated. There are currently
no published head-to-head trials of Gla-300 and
degludec in adults with T1DM.
Degludec Versus Detemir
A few head-to-head trials have compared
degludec and detemir. Some trials reported that
HbA1c decreased similarly with degludec and
detemir at both 26 and 52 weeks [58–61], but
the reduction in FPG was significantly greater
with degludec at 26 and 52 weeks in one trial
and its extension [58] but not at 52 weeks in
another trial [59]. Also, significantly fewer
nocturnal confirmed hypoglycemic events per
patient-year were reported for degludec versus
detemir, but the rates of overall confirmed
hypoglycemic events per patient-year at 26 and
52 weeks were similar for both analogues
[58–61].

MULTIPLE DAILY INJECTIONS
OF INSULIN ANALOGUES VERSUS
CONTINUOUS SUBCUTANEOUS
INSULIN INFUSION
Continuous subcutaneous insulin infusion
seems to be a more physiologic way to deliver
insulin compared with MDI in that the delivery
of the basal may be adjusted for different time
intervals according to circadian variations of
insulin sensitivity. This may improve glycemic
control while lowering the risk of hypoglycemia
[2, 62]. The insulin infusion rate can also be
temporarily changed (increased/decreased or
stopped) to prevent extreme glucose swings or
imminent hypoglycemia. Comparative randomized controlled trials of MDI versus CSII
have involved small numbers of patients over a
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short time, but meta-analyses and registry data
suggest a slight advantage for CSII with respect
to HbA1c levels and severe hypoglycemia rates
[63, 64]. In addition, compared to MDI, CSII is
associated with a better quality of life [64, 65]
and greater patient satisfaction [65, 66]. The
addition of CGM to either MDI or CSII (sensoraugmented pump) appears to confer a greater
reduction in HbA1c compared with MDI ? selfmonitoring of blood glucose level, without
increasing the time in hypoglycemia [2].
CSII and CGM technologies are evolving,
and some modern sensor-augmented pump
systems have been enhanced with a low-glucose
suspend (LGS) or predictive LGS function that
prevents insulin delivery when glucose levels
fall below a set threshold in order to prevent
hypoglycemia. In contrast, a closed-loop system
uses a control algorithm to dispense insulin
according to blood glucose levels in real time.
Hybrid closed-loop system use (adjustment of
basal infusion rate according to blood glucose
level separately from prandial boluses) has been
associated with significantly fewer hypoglycemic episodes and improved time in target
glycemic range and treatment satisfaction than
the usual pump therapy without [67, 68] or with
LGS [69].
Physiologic basal-bolus insulin therapy (both
MDI and CSII) remains the standard of care,
although CSII technology is costly and not
accessible to most patients with T1DM worldwide, especially in developing countries. It is
recommended that patients start treatment with
MDI and then try CSII if glycemic targets are not
met with MDI or if they have pronounced dawn
phenomenon, high glycemic variability, or
problematic hypoglycemia (including nocturnal
hypoglycemia, hypoglycemia unawareness, and
hypoglycemia-associated autonomic failure)
[2, 70]. If cost, reimbursement, and availability
are not an issue, depending on patient preferences, CSII could be a mode of delivery, but only
after 3–6 months of training with MDI. Some
patients may not be comfortable managing CSII,
so experienced diabetes specialist(s) should
assess those for whom it may be appropriate and
have them followed by trained caregivers for
proper usage. Specific educational programs are
recommended for reducing the risk of hypo- and
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hyperglycemia during pump use [8]. Contraindications to CSII include patients’ unwillingness to test their blood glucose multiple
times per day, to count carbohydrates, to follow
up with their healthcare provider, or to respond
to pump alerts; history of non-adherence to
SMBG/insulin injection protocols; history of
serious psychological or psychiatric condition(s); and unrealistic expectations of pump
therapy [71, 72].

PRANDIAL INSULINS
A short- or rapid-acting insulin is always needed
at mealtimes to control glucose excursions after
meals, except during the transient remission
(honeymoon) period following insulin initiation [2] and in the early stages of latent
autoimmune diabetes in adults. These insulins,
given their relatively short duration of action,
are also used as correction boluses to reduce
occasional high blood glucose levels. Bolus
insulins include the short-acting regular human
insulin and rapid-acting analogues (lispro,
aspart, glulisine, and faster insulin aspart).
The patient should determine the dose of
prandial insulin by estimating the carbohydrate
content of the meal using individualized insulin-to-carbohydrate ratios, the preprandial
blood glucose level using an insulin correction
factor, and the level of previous or planned
physical activity [2]. The timing of bolus insulin
administration may be an important determinant of postprandial glucose excursions [8].
Figure 1 provides an overview of a suggested
treatment algorithm.
Prandial Insulin Analogues Versus Regular
Human Insulin
Head-to-head trials have generally shown better
or similar outcomes with rapid-acting insulin
analogues compared with regular human insulin. A meta-analysis found small differences
among lispro, aspart, and regular human insulin for HbA1c and a lower risk of severe or
nocturnal hypoglycemia with the insulin analogues [73]. Glycemic control was similar or
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better in patients treated with lispro compared
to regular human insulin [74–78]. Some trials
found similar rates of overall [77], nocturnal,
and/or severe nocturnal [74, 76] hypoglycemic
events with lispro or regular human insulin, but
others found significantly decreased nocturnal
episodes with lispro versus regular human
insulin [75]. Trials comparing aspart and regular
human insulin (with basal NPH insulin) found
small but significant decreases in HbA1c and
significantly lower postprandial blood glucose
levels with aspart at 6 [79, 80], 12 [80, 81], and
30 months [82]. Lower risks of nocturnal severe
[83] or severe and nocturnal severe [79] hypoglycemic episodes were seen with aspart versus
regular human insulin [79], but severe hypoglycemic episodes were comparable in others
[81–83]. Another trial, also with basal NPH,
found no significant differences in HbA1c or
severe hypoglycemic episodes between aspart
and regular human insulin at 12 or 64 weeks
[84]. In combination with basal insulin glargine, glulisine injected 0–15 min before meals
(but not postmeal glulisine) showed significantly greater reductions in HbA1c than did the
regular human insulin injected 30–45 min
before meals, and severe hypoglycemic episodes
were comparable [85].
In the few trials that have studied the use of
prandial insulins administered via CSII, similar
or better HbA1c values and rates of hypoglycemic episodes were reported for aspart and
lispro compared to regular human insulin
[77, 86]. A recent meta-analysis of patients with
T1DM receiving CSII showed that rapid-acting
insulin analogues reduced postprandial glucose
better than did regular human insulin, with a
similar risk of hypoglycemia and a trend toward
lower HbA1c [87].
Comparisons of Prandial Insulin
Analogues
Overall, the rapid-acting prandial insulin analogues have similar efficacy. No differences were
reported in HbA1c reduction and in rates of
symptomatic hypoglycemia (overall, nocturnal,
and severe) in 26-week sudy comparing glulisine and lispro [88]. Similarly, equivalent PK
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and PD effects were seen in another study
with aspart and lispro [89]. Treatment adherence is generally better with the pen than with
the syringe/vial modality [90]. Among the
rapid-acting prandial insulin analogues used in
CSII, somewhat better efficacy was seen for
aspart than lispro and glulisine in one trial [87],
and in another trial aspart seemed to have
greater stability in the pump and lower rates of
infusion set occlusions [91]. However, a third
trial found no significant differences among
glulisine, aspart, and lispro for HbA1c, severe
hypoglycemia, or infusion set occlusions [92].
A newer formulation of aspart, referred to as
faster-acting insulin aspart, contains the excipients nicotinamide and arginine; this new formulation shows a faster initial absorption and
may show a more physiologic profile with a
twofold faster onset and greater early glucoselowering effect compared with aspart [93, 94].
Dose–concentration and dose–response relationships and within-individual variability are
similar between aspart and faster-acting aspart
[93, 94]. Both showed similar reductions in
HbA1c rates and number of severe hypoglycemic episodes and had similar safety profiles [95], but significantly smaller postprandial
plasma glucose increments were seen with faster-acting aspart than with aspart at 26 and
52 weeks [95–97].

BIOSIMILAR INSULIN ANALOGUES
Biosimilar insulins are now available, and their
main advantage is reduced cost compared with
the branded versions. The biosimilar Gla-100
LY2963016 was shown to provide glucose control and safety profiles similar to those of the
original Gla-100 in patients with T1DM [98].
Similarly, a large trial of SAR342434, a biosimilar of lispro, showed noninferiority to lispro and
similar changes in HbA1c, FPG, hypoglycemic
events, and adverse events [99]. However, given
the limited amount of evidence on the onset
and duration of action, peak effect, efficacy,
potency (dosing), and adverse events of
biosimilars, a recent position statement from
the International Diabetes Foundation Europe
cautions on changing patients from their
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current insulin without good clinical reason or
evidence of interchangeability and highlights
the need for long-term studies on biosimilars
[100]. In addition, country-specific regulations
on switching insulins may limit the prescriptions of biosimilar insulins.

FUTURE TRENDS OF INSULINS
Research and development are in progress on
insulins with improved properties, such as
better mode of delivery or activation. Oral
administration of basal insulin would avoid
injections and may also deliver the insulin in a
more physiologic manner through absorption
through the portal vein [101]. Some studies
have shown no significant difference orally and
subcutaneously administered insulin in terms
of PK, PD, and safety parameters, but larger and
longer trials are still needed [102].
Another area of research has centered on
‘‘smart’’ or glucose-responsive insulin, which
would help patients avoid hypoglycemic events
[103]. This could be accomplished by surrounding the insulin molecules with a matrix
that can sense blood glucose concentrations
and release the insulin accordingly. In other
cases, the insulin molecule itself is modified to
allow activation under glucose-replete conditions. While some of these novel insulins have
shown promise in preclinical studies, the T1DM
community awaits their testing in large, randomized controlled clinical trials.

DAWN PHENOMENON
AND INSULIN: IMPLICATIONS
ON DOSE TIMING
Patients with T1DM in general experience a
modest rise in blood glucose of approximately
0.8–1.4 mmol/mol (approx. 14–25 mg/dL) in the
morning hours (both before and after breakfast),
an increase known as the dawn phenomenon
[104]. In some patients, the degree of this increase
could be much more pronounced. Nocturnal
spikes of growth hormone [105] and/or cortisol
[106], both with hyperglycemic effects, are the
likely causes of this phenomenon, usually of

Diabetes Ther (2020) 11:387–409

higher magnitude in adolescents and young
adults. CGM greatly assists in the diagnosis of
dawn phenomenon [105]. Some of the strategies
to counteract this effect include adjusting the
dose, type, or timing (i.e., dinnertime to bedtime)
of basal insulin, changing to an earlier injection of
the morning bolus insulin, or using CSII for extra
insulin delivery during the early morning hours,
as needed. CSII delivery is the gold standard for
patients with a pronounced dawn phenomenon
[2].
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should be educated on how to match prandial
insulin dose to carbohydrate intake, premeal
blood glucose, anticipated activity, and flexible
insulin dosing. The rapid-acting prandial insulins show generally comparable efficacy with
each other and equivalent or better efficacy and
lower hypoglycemia risk than short-acting regular human insulin, with the faster-acting
aspart offering additional benefits versus aspart.
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