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Abstract
Aims: Several	commercial	and	open-	source	automated	insulin	dosing	(AID)	sys-
tems	have	recently	been	developed	and	are	now	used	by	an	increasing	number	of	
people	with	diabetes	(PwD).	This	systematic	review	explored	the	current	status	of	
real-	world	evidence	on	the	latest	available	AID	systems	in	helping	to	understand	
their	safety	and	effectiveness.
Methods: A	systematic	review	of	real-	world	studies	on	the	effect	of	commercial	
and	open-	source	AID	system	use	on	clinical	outcomes	was	conducted	employing	
a	devised	protocol	(PROSPERO	ID	257354).
Results: Of	 441	 initially	 identified	 studies,	 21	 published	 2018–	2021	 were	 in-
cluded:	12	for	Medtronic	670G;	one	for	Tandem	Control-	IQ;	one	for	Diabeloop	
DBLG1;	 two	 for	 AndroidAPS;	 one	 for	 OpenAPS;	 one	 for	 Loop;	 three	 compar-
ing	various	types	of	AID	systems.	These	studies	found	that	several	types	of	AID	
systems	 improve	 Time-	in-	Range	 and	 haemoglobin	 A1c	 (HbA1c)	 with	 minimal	
concerns	around	severe	hypoglycaemia.	These	improvements	were	observed	in	
open-	source	and	commercially	developed	AID	systems	alike.
Conclusions: Commercially	developed	and	open-	source	AID	systems	represent	
effective	and	safe	treatment	options	for	PwD	of	several	age	groups	and	genders.	

 14645491, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/dm

e.14741 by C
harité - U

niversitaetsm
edizin, W

iley O
nline L

ibrary on [08/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

www.wileyonlinelibrary.com/journal/dme
https://orcid.org/0000-0001-7376-3365
https://orcid.org/0000-0001-8229-5081
https://orcid.org/0000-0003-0404-517X
https://orcid.org/0000-0003-3847-8416
https://orcid.org/0000-0002-1580-7144
https://orcid.org/0000-0002-0842-1737
mailto:
https://orcid.org/0000-0001-6611-8245
mailto:
https://orcid.org/0000-0001-6590-245X
http://creativecommons.org/licenses/by/4.0/
mailto:katarina.braune@charite.de
mailto:sufyan.hussain@kcl.ac.uk


2 of 16 |   KNOLL et al.

1 	 | 	 INTRODUCTION

Despite	 recent	 developments	 in	 diabetes	 management,	
meeting	 recommended	 glycaemic	 targets	 remains	 a	
major	challenge	for	people	with	type	1	diabetes	(T1D).1–	3	
Intensive	treatment	can	help	achieve	improved	glycaemic	
outcomes,	thereby	reducing	the	risk	of	long-	term	compli-
cations.4	However,	 the	burden	of	 treatment	and	 risks	of	
hypoglycaemia	represent	considerable	challenges.

The	 development	 of	 automated	 insulin	 dosing	 (AID)	
systems,	 also	 called	 ‘(hybrid)	 closed-	loop’	 or	 ‘artificial	
pancreas’	 systems,	 represents	an	 important	step	 towards	
improving	 diabetes	 management.	 These	 systems	 com-
bine	 continuous	 glucose	 monitoring	 (CGM)	 and	 insulin	
pumps	to	automatically	adjust	 insulin	dosing	depending	
on	glycaemic	levels	via	a	control	algorithm.	While	CGM	
and	 pump	 therapy	 have	 already	 led	 to	 a	 significant	 im-
provement	in	glycaemic	outcomes	compared	to	multiple	
daily	 injections,5,6	AID	systems	promise	to	optimize	dia-
betes	management	even	further.7	Since	the	Food	and	Drug	
Administration	approved	the	first	commercial	AID	system	
in	2016,	several	others	have	been	developed,	approved	and	
introduced	to	the	market.8

Prior	to	the	developments	in	industry	and	academia,	a	
community	of	people	with	diabetes	(PwD)	and	their	fam-
ilies	 developed	 their	 own	 diabetes	 technology	 solutions	
behind	 the	 hashtag	 #WeAreNotWaiting.	With	 the	 source	
code	and	documentation	freely	available	online,	PwD	can	
build	open-	source	AID	systems	based	on	available	CGM	
sensors	 and	 insulin	 pumps,	 and	 use	 them	 at	 their	 own	
risk.	 An	 estimated	 number	 of	 over	 ten	 thousand	 indi-
viduals	are	currently	using	open-	source	AID—	including	
children	 and	 adolescents—	whose	 caregivers	 build	 these	
systems	on	their	behalf.9–	12 None	of	the	open-	source	AID	
systems	have	so	far	received	regulatory	approval;	liability	
does	not	apply	as	in	commercially	developed	medical	de-
vices.	However,	rich	community	support	is	available	from	
volunteers.	 Data	 and	 experience	 are	 deliberately	 being	
shared	 between	 peers	 for	 individual	 support	 and	 with	
researchers	 and	 open-	source	 developers	 for	 continuous	
improvements.13

The	#WeAreNotWaiting	movement	is	a	primary	exam-
ple	of	how	open	sharing	of	data,	algorithm	transparency	

and	 experienced-	based	 evidence	 from	 real-	world	 set-
tings	 have	 helped	 make	 AID	 technology	 more	 accessi-
ble	 and	 allowed	 for	 further	 developments	 to	 the	 system	
algorithms	and	features.	Observational	studies	and	anal-
yses	 of	 self-	reported	 data	 point	 to	 improvements	 in	 gly-
caemic	outcomes	and	quality	of	 life	 in	open-	source	AID	
users.9–	12,14–	16 To	date,	no	data	from	randomized	clinical	
trials	(RCTs)	are	available	on	open-	source	AID,	although	
one	study	is	currently	in	progress.17

In	 general,	 real-	world	 evidence	 refers	 to	 findings	
based	 on	 data	 collected	 from	 multiple	 sources	 outside	
the	 context	 of	 RCTs.	 Data	 sources	 in	 real-	world	 stud-
ies	include	electronic	health	records,	patient	registries,	
self-	reported	data,	as	well	as	data	from	medical	devices,	
wearables	 and	 health	 applications.18	 Real-	world	 evi-
dence	 has	 several	 advantages	 over	 evidence	 from	 con-
ventional	 RCTs.	 Data	 collection	 in	 real-	world	 settings	
may	take	less	time	and	resources—	obtaining	outcomes	
faster	 with	 real-	world	 data	 are	 particularly	 beneficial,	
as	the	time	taken	to	complete	RCTs	can	delay	the	pace	
of	 developments.	 Real-	world	 evidence	 may	 also	 reflect	

Alongside	evidence	 from	randomized	clinical	 trials,	 real-	world	 studies	on	AID	
systems	and	their	effects	on	glycaemic	outcomes	are	a	helpful	method	for	evaluat-
ing	their	safety	and	effectiveness.

K E Y W O R D S

automated	insulin	delivery,	automated	insulin	dosing,	diabetes	mellitus,	diabetes	technology,	
open-	source,	real-	world	evidence,	type	1	diabetes

What’s new
∙	 Various	 types	 of	 automated	 insulin	 dosing	

(AID)	 systems	 are	 used	 in	 real-	world	 settings	
and	 represent	 an	 important	 step	 towards	 im-
proving	diabetes	management.

∙	 This	systematic	review	provides	a	summary	of	
real-	world	data	of	both	commercial	and	open-	
source	AID	systems	and	their	effect	on	glycae-
mic	outcomes.

∙	 Improved	 glycaemic	 outcomes	 (HbA1c,	 Time-	
in-	Range)	 were	 found	 across	 all	 of	 the	 inves-
tigated	 AID	 systems	 with	 commercial	 and	
open-	source	 AID	 alike,	 with	 minimal	 risk	 of	
hypoglycaemia.

∙	 Alongside	 evidence	 from	 randomized	 clinical	
trials,	 real-	world	 studies	 on	 AID	 systems	 pro-
vide	valuable	insights	for	evaluating	their	safety	
and	effectiveness.
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the	true	user	experience	and	diversity	of	the	population	
more	accurately,	while	RCTs	only	include	select	popula-
tions.18,19 Moreover,	the	Hawthorne	effect—	the	changed	
behaviour	in	research	participants	when	they	are	aware	
of	 observation20—	may	 unduly	 influence	 the	 measured	
benefit	 of	 an	 intervention	 in	 clinical	 trials.	 Follow-	up	
of	 participants	 in	 RCTs	 may	 be	 more	 rigorous	 than	 in	
clinical	 practice	 resulting	 in	 different	 adherence	 levels	
to	several	aspects	of	the	trialled	intervention,	which	may	
produce	misleading	results.21

Despite	 the	 benefits	 that	 real-	world	 evidence	 adds,	 it	
may	also	pose	challenges	such	as	selection	bias,	missing	
data,	completeness	and	quality	of	data	and	variations	 in	
study	 design.22	 Despite	 these	 potential	 limitations,	 real-	
world	studies	may	provide	a	more	realistic	estimate	of	the	
treatment	effect	of	an	intervention.	Therefore,	real-	world	
data	can	help	augment	evidence	derived	from	clinical	trial	
settings	and	pave	the	way	to	tailor	healthcare	to	the	needs	
of	a	wider	population.18,19

For	 expensive	 technology	 studies	 where	 improve-
ments	 may	 occur	 iteratively,	 real-	world	 evidence	 may	
offer	 significant	 advantages.23	 Up	 until	 recently,	 real-	
world	 data	 were	 mainly	 used	 for	 post-	market	 surveil-
lance	of	medical	devices	or	part	of	investigator-	initiated	
trials,	although	the	interest	of	regulatory	bodies	in	real-	
world	evidence	is	increasing.24 To	date,	the	majority	of	
available	evidence	on	AID	has	been	generated	through	
RCTs,	 although	 the	 number	 of	 real-	world	 studies	 is	
growing.	Similarly,	most	of	the	evidence	on	open-	source	
AID	 so	 far	 is	 derived	 from	 real-	world	 studies,	 includ-
ing	 observational	 studies	 and	 user-	,	 caregiver-		 and	
physician-	reported	data.

Our	primary	aim	 is	 to	undertake	a	 systematic	 review	
summarizing	 real-	world	 evidence	 on	 commercial	 and	
open-	source	 AID	 systems,	 which	 has	 not	 been	 reported	
previously.	 Secondary	 aims	 include	 obtaining	 additional	
insights	 on	 safety	 and	 effectiveness	 real-	world	 evidence	
can	offer	compared	to	evidence	derived	from	RCTs.

2 	 | 	 METHODS

This	 review	 is	 based	 on	 a	 prespecified	 protocol	 and	 is	
reported	 according	 to	 the	 Preferred	 Reporting	 Items	
for	 Systematic	 Reviews	 and	 Meta-	analyses	 (PRISMA)	
statement.25

2.1	 |	 Search strategy and 
selection criteria

We	searched	the	electronic	databases	Pubmed,	MEDLINE,	
Embase,	 CINAHL,	 Cochrane	 Database	 of	 Systematic	

Reviews	 and	 the	 Central	 Register	 of	 Controlled	 Trials	
from	inception	to	7th	June	2021	for	papers	published	in	
English.

The	search	strategy	was	based	on	search	terms	describ-
ing	the	intervention	(automated	insulin	delivery	OR	hybrid	
closed-	loop	 OR	 artificial	 pancreas)	 AND	 the	 descriptive	
or	 commercial	 product	 names	 of	 the	 different	 AID	 sys-
tems	(Medtronic	670G	OR	Medtronic	770G	OR	Medtronic	
780G	 OR	 Medtronic	 Advanced	 Hybrid	 Closed-	Loop	 OR	
Control-	IQ	OR	CamAPS	FX	OR	Diabeloop	OR	Omnipod	
5	 OR	 OpenAPS	 OR	 AndroidAPS	 OR	 Loop	 OR	 FreeAPS	
OR	Do-	it-	yourself	OR	DIY	APS	OR	open-	source).	The	da-
tabase	 searches	 were	 supplemented	 by	 manual	 searches	
through	the	reference	lists	of	the	screened	studies	as	well	
as	through	the	commercial	systems’	official	webpages.

The	following	inclusion	criteria	were	used:	original	re-
search	 articles,	 focused	 on	 single-	hormone	 AID	 systems	
(both	commercially	developed	and	open-	source);	partici-
pants	with	T1D;	end	points	related	to	glycaemic	outcomes;	
self-	reported	data	or	observational	studies.

The	following	exclusion	criteria	were	used:	RCTs,	stud-
ies	 covering	≤4  weeks’	 worth	 of	 data;	 studies	 published	
after	7th	June	2021	in	peer-	reviewed	journals;	studies	on	
dual	hormone,	non-	hybrid	closed-	loop	systems	or	systems	
with	predictive-	low	glucose	suspension	only.	We	did	not	
set	any	restrictions	on	the	sample	size	of	the	study,	or	age,	
gender	or	pregnancy	status	of	participants.

2.2	 |	 Data extraction

Titles,	abstracts	and	full-	text	articles	were	screened	by	three	
independent	 reviewers	 (CK,	 SP,	 MW).	 Supplementary	
material	was	reviewed,	if	necessary.	Disagreements	were	
resolved	 by	 consensus	 or	 deferral	 to	 three	 further	 inde-
pendent	investigators	(KR,	SH,	KB)	and	joint	review.	After	
removing	duplicates	and	papers	that	did	not	meet	the	in-
clusion	criteria,	identified	references	were	imported	into	
the	reference	management	software	Mendeley	(Elsevier),	
where	data	were	then	extracted	using	a	predefined	extrac-
tion	template	in	Microsoft	Excel	(Microsoft	Corporation)	
sheet	for	further	analysis.

2.3	 |	 End points

Focussed	 on	 effectiveness	 and	 safety	 of	 AID	 systems,	
primary	 end	 points	 for	 this	 review	 were:	 (i)	 percentage	
Time-	in-	Range	 (TIR;	 70–	180  mg/dl,	 3.9–	10.0  mmol/L);	
(ii)	 change	 in	 TIR;	 and	 (iii)	 HbA1c.	 Secondary	 outcome	
measures	 included	 incidence	 of	 hypoglycaemia,	 defined	
as	 Time-	Below-	Range	 (TBR;	 <70  mg/dl/3.9  mmol/L)	 as	
well	as	the	reported	occurrence	of	severe	hypoglycaemia,	
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diabetic	 ketoacidosis	 (DKA),	 or	 other	 serious	 adverse	
events	that	occurred	while	using	AID.

For	 each	 of	 the	 included	 publications,	 the	 following	
data	 were	 extracted:	 study	 duration;	 number	 of	 partic-
ipants;	 eligibility	 criteria;	 study	 type;	 the	 countries	 the	
study	 was	 conducted	 in;	 primary	 and	 secondary	 end	
points;	 methods;	 results;	 funding;	 conflicts	 of	 interests	
and	limitations.

3 	 | 	 RESULTS

The	 PRISMA	 flowcharts	 (Figures  1	 and	 2)	 illustrate	 the	
selection	process	of	eligible	studies.	We	initially	identified	
441	 publications,	 of	 which	 88	 potentially	 eligible	 publi-
cations	 were	 retrieved	 in	 full-	text,	 resulting	 in	 21	 publi-
cations	 that	 met	 our	 inclusion	 criteria	 and	 comprised	 a	
total	 of	 N =  7083	 participants	 eligible	 for	 further	 analy-
sis:	12	for	670G;	one	for	Control-	IQ;	one	for	DBLG1;	two	
for	 AndroidAPS;	 one	 for	 OpenAPS;	 one	 for	 Loop;	 three	

including	various	AID	types.	The	majority	were	observa-
tional	 studies—	11	 evaluated	 data	 retrospectively	 and	 10	
prospectively.	Device	data	were	evaluated	in	17	studies—	
two	evaluated	self-	reported	data	and	one	study	evaluated	
device	data	and	self-	reported	outcomes	combined.	Of	the	
studies,	 10	 were	 conducted	 in	 the	 United	 States,	 five	 in	
Europe,	one	in	the	United	Kingdom,	three	internationally,	
one	in	Qatar	and	one	in	China.	The	duration	of	the	studies	
ranged	from	≥1 month	to	1 year,	whereas	five	described	
parameters	 before	 and	 after	 commencing	 AID	 without	
further	specifying	the	exact	time	point	of	measurements.	
Public	 or	 independent	 funding	 was	 received	 for	 12	 of	
the	 studies,	 one	 study	 was	 industry-	funded26	 and	 three	
studies	 were	 conducted	 with	 no	 specific	 funding.27–	29	
Funding	sources	were	not	indicated	in	five	of	the	selected	
studies.14,30–	33

An	 overview	 of	 the	 characteristics	 of	 the	 included	
studies	 is	 presented	 in	 Table  1.	 The	 heterogeneity	 in	
study	designs	did	not	allow	for	quantitative	data	synthesis	
(Figure	3).

F I G U R E  1  PRISMA	flowchart	
showing	the	selection	process	of	real-	
world	studies	on	commercial	AID	systems
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3.1	 |	 Commercial AID systems

Results	from	studies	covering	a	total	number	of	4054	par-
ticipants	 based	 in	 five	 countries	 and	 using	 one	 of	 three	
commercial	 AID	 systems	 (Medtronic	 670G;	 Tandem	
Control	 IQ,	 Diabeloop	 DBLG1)	 were	 analysed.	 No	 eli-
gible	 real-	world	 studies	 were	 found	 for	 the	 OmniPod	 5,	
CamAPS	FX	and	Medtronic	780G	systems.

3.1.1	 |	 Medtronic	670G

The	 Medtronic	 670G	 was	 the	 first	 AID	 system	 that	 re-
ceived	 regulatory	 approval	 from	 US	 authorities	 in	 2016.	
The	 proportional-	integral-	derivative	 controller	 (PID)	 al-
gorithm	runs	on	 the	 insulin	pump,	which	 is	 compatible	
with	Guardian	3	sensors.	When	used	in	auto-	mode	(AM),	
the	algorithm	adjusts	basal	rates,	aiming	for	a	target	glu-
cose	of	6.7 mmol/L	(120 mg/dl),	which	can	be	temporar-
ily	adjusted	by	the	user	up	to	8 mmol/L	(150 mg/dl).	The	

system	 is	 currently	 approved	 for	 PwD	 ≥7  years	 and	 is	
available	in	North	America,	Australia,	select	countries	in	
Europe	and	other	regions.

All	but	two	of	the	12	studies	evaluating	the	real-	world	
use	 of	 the	 Medtronic	 670G	 found	 significant	 improve-
ments	in	TIR,	and	five	reported	significant	improvements	
in	HbA1c.

Lal	et	al.	reported	on	a	population	of	79	children,	adoles-
cents	and	adults	in	a	1-	year	prospective	observational	study	
of	participants	based	in	the	United	States.	There	was	a	sig-
nificant	correlation	between	change	in	HbA1c	and	AM	use	
at	all	visits	(p = 0.036).34	A	similar	association	between	time	
in	AM	and	HbA1c	reduction	was	observed	by	further	stud-
ies	of	the	670G	system.35–	37	However,	Lal	et	al.	also	reported	
high	discontinuation	of	AM	use	 (33%)—	mainly	 related	 to	
sensor	 issues,	dissatisfaction	with	 the	AID	system	and	ac-
cess	to	supplies—	and	a	lack	of	evaluable	data	from	another	
29%	of	the	participants,	leading	to	a	discontinuation	rate	of	
46%	of	those	who	provided	data.	The	study	was	limited	by	
the	inclusion	of	PwD	with	insurance	coverage	only.34

F I G U R E  2  PRISMA	flow	chart	
showing	the	selection	process	of	real-	
world	studies	on	open-	source	AID	systems	
and	multisystem	comparative	studies	
including	open-	source	AID
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(Continues)

T A B L E  1 	 Characteristics	of	the	selected	real-	world	studies	on	commercial	and	open-	source	AID	systems	presented	in	this	systematic		
review

Authors Country
System 
type

Number of 
participants (n) 
and age (years) Type of study

HbA1c (%; mmol/mol) TIR (%)

Funding source
Conflict of 
interestTimepoint 1 Timepoint 2 Timepoint 3 Timepoint 1 Timepoint 2 Timepoint 3

Petrovski	
et	al.

Qatar 670G 30
aged	7–	18 years

Prospective
observational

8.2 ± 1.4%
66 ± 15 mmol/mol

6.7 ± 0.5%
50 ± 6mmol/mol		

(3 months)

7.1 ± 0.6%
54 ± 7 mmol/mol	

(12 months)

46.90% 73.40% —	 Sidra	Medicine,	Doha No	disclosures

Salehi	et	al. USA 670G 16
aged	<7 years

Retrospective	
observational

7.9%
63 mmol/mol	(in	

MM)

7.4%
57 mmol/mol	(in	AM)

—	 42.8%	(MM) 56.2%	(AM) —	 Not	indicated No	disclosures

Stone	et	al. USA 670G 3.141
aged	≥7 years

Retrospective	
chart	analysis

—	 —	 —	 66.0% 73.3%	(3 months) —	 Not	indicated All	co-	authors	
are	employees	
of	Medtronic	
Diabetes,	USA

Beato-	Vibora	
et	al.

Europe 670G 58	children	and	
adults

Retrospective	
analysis

7.4% 	± 0.9%
57	 ± 10 mmol/L

7.0 ± 0.6%
53 ± 7 mmol/L	(3 months)

—	 63.0 ± 11.4% 72.7 ± 8.7%	
(3 months)

—	 Not	indicated No	disclosures

Akturk	et	al. USA 670G 127	adults Prospective 7.6 ± 0.07
60 ± −23 mmol/mol

7.2 ± 0.08
55 ± −23 mmol/mol		

(3 months)

7.2 ± 0.08
55 ± −23 mmol/mol	

(6 months)

59.5 ± 1.1% 70.2 ± 1.2%	
(3 months)

70.1 ± 1.1%	
(6 months)

National	Institute	of	Diabetes	
and	Digestive	and	Kidney	
Diseases,	USA

Not	indicated

Usoh	et	al. USA 670G 230	adults Retrospective	
chart	review

8.06%
65 mmol/mol

7.37%
57 mmol/mol
(3 months)

—	 59.3% 70.1%	(3 months) None No	disclosures

Lal	et	al. USA 670G 79
aged	>7 years

Prospective	
observational

7.7 ± 1.1%	
(61 ± 13 mmol/
mol)

7.5 ± 0.9%
(59 ± 10 mmol/mol)
(1 year,	n = 32)

—	 60 ± 17% —	 —	 The	Ruth	and	Donald	Seiler	
Research	Fund,	USA

No	disclosures

Lepore	et	al. Italy 670G 40	adults Retrospective	
observational

7.4 ± 1.0%
57 ± 11 mmol/mol

7.0 ± 0.6%
54 ± 6 mmol/mol			

(6 months)

—	 59 ± 16% 71.4 ± 9.8%	
(6 months)

—	 None No	disclosures

Faulds	et	al. USA 670G 34	adults Retrospective	
observational

7.5 ± 1.0%
58 ± −13 mmol/mol

7.0 ± 0.7%
54 ± −16 mmol/mol		

(3 months)

—	 67.3% 71.7%	(3 months) —	 Not	indicated Not	indicated

Berget	et	al. USA 670G 92
aged	2–	25 years

Prospective	
observational

8.7 ± 0.2%
72 ± 21 mmol/mol

8.4 ± 0.2%
68 ± 21 mmol/mol		

(6 months)

—	 50.7 ± 1.8% 56.9 ± 2.1%	
(6 months)

—	 Juvenile	Diabetes	Research	
Foundation,	USA

National	Institute	of	Diabetes	
and	Digestive	and	Kidney	
Diseases,	USA

Not	indicated

Varimo	et	al. Finland 670G 111
aged	3–	17 years

Prospective	
observational

7.44%
58 mmol/mol

7.2%
55 mmol/mol		

(3 months)

—	 55.7 ± 13.0% 67.3 ± 8.6% —	 Helsinki	University	Hospital	
Research	Funds,	Finland

No	disclosures

Duffus	et	al. USA 670G 96
aged	10–	21 years

Retrospective,	
cross-	
sectional	
analysis

—	 —	 —	 —	 —	 —	 Eunice	Kennedy	Shriver	
National	Institute	of	
Child	Health	&	Human	
Development,	USA

Ruth	L.	Kirschstein	National	
Research	Service	Award	
(NRSA)	for	Research	
Training	in	Diabetes	and	
Endocrinology,	USA

Vanderbilt	Diabetes	Research	
and	Training	Center,	USA

No	disclosures
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(Continues)

T A B L E  1 	 Characteristics	of	the	selected	real-	world	studies	on	commercial	and	open-	source	AID	systems	presented	in	this	systematic		
review

Authors Country
System 
type

Number of 
participants (n) 
and age (years) Type of study

HbA1c (%; mmol/mol) TIR (%)

Funding source
Conflict of 
interestTimepoint 1 Timepoint 2 Timepoint 3 Timepoint 1 Timepoint 2 Timepoint 3

Petrovski	
et	al.

Qatar 670G 30
aged	7–	18 years

Prospective
observational

8.2 ± 1.4%
66 ± 15 mmol/mol

6.7 ± 0.5%
50 ± 6mmol/mol		

(3 months)

7.1 ± 0.6%
54 ± 7 mmol/mol	

(12 months)

46.90% 73.40% —	 Sidra	Medicine,	Doha No	disclosures

Salehi	et	al. USA 670G 16
aged	<7 years

Retrospective	
observational

7.9%
63 mmol/mol	(in	

MM)

7.4%
57 mmol/mol	(in	AM)

—	 42.8%	(MM) 56.2%	(AM) —	 Not	indicated No	disclosures

Stone	et	al. USA 670G 3.141
aged	≥7 years

Retrospective	
chart	analysis

—	 —	 —	 66.0% 73.3%	(3 months) —	 Not	indicated All	co-	authors	
are	employees	
of	Medtronic	
Diabetes,	USA

Beato-	Vibora	
et	al.

Europe 670G 58	children	and	
adults

Retrospective	
analysis

7.4% 	± 0.9%
57	 ± 10 mmol/L

7.0 ± 0.6%
53 ± 7 mmol/L	(3 months)

—	 63.0 ± 11.4% 72.7 ± 8.7%	
(3 months)

—	 Not	indicated No	disclosures

Akturk	et	al. USA 670G 127	adults Prospective 7.6 ± 0.07
60 ± −23 mmol/mol

7.2 ± 0.08
55 ± −23 mmol/mol		

(3 months)

7.2 ± 0.08
55 ± −23 mmol/mol	

(6 months)

59.5 ± 1.1% 70.2 ± 1.2%	
(3 months)

70.1 ± 1.1%	
(6 months)

National	Institute	of	Diabetes	
and	Digestive	and	Kidney	
Diseases,	USA

Not	indicated

Usoh	et	al. USA 670G 230	adults Retrospective	
chart	review

8.06%
65 mmol/mol

7.37%
57 mmol/mol
(3 months)

—	 59.3% 70.1%	(3 months) None No	disclosures

Lal	et	al. USA 670G 79
aged	>7 years

Prospective	
observational

7.7 ± 1.1%	
(61 ± 13 mmol/
mol)

7.5 ± 0.9%
(59 ± 10 mmol/mol)
(1 year,	n = 32)

—	 60 ± 17% —	 —	 The	Ruth	and	Donald	Seiler	
Research	Fund,	USA

No	disclosures

Lepore	et	al. Italy 670G 40	adults Retrospective	
observational

7.4 ± 1.0%
57 ± 11 mmol/mol

7.0 ± 0.6%
54 ± 6 mmol/mol			

(6 months)

—	 59 ± 16% 71.4 ± 9.8%	
(6 months)

—	 None No	disclosures

Faulds	et	al. USA 670G 34	adults Retrospective	
observational

7.5 ± 1.0%
58 ± −13 mmol/mol

7.0 ± 0.7%
54 ± −16 mmol/mol		

(3 months)

—	 67.3% 71.7%	(3 months) —	 Not	indicated Not	indicated

Berget	et	al. USA 670G 92
aged	2–	25 years

Prospective	
observational

8.7 ± 0.2%
72 ± 21 mmol/mol

8.4 ± 0.2%
68 ± 21 mmol/mol		

(6 months)

—	 50.7 ± 1.8% 56.9 ± 2.1%	
(6 months)

—	 Juvenile	Diabetes	Research	
Foundation,	USA

National	Institute	of	Diabetes	
and	Digestive	and	Kidney	
Diseases,	USA

Not	indicated

Varimo	et	al. Finland 670G 111
aged	3–	17 years

Prospective	
observational

7.44%
58 mmol/mol

7.2%
55 mmol/mol		

(3 months)

—	 55.7 ± 13.0% 67.3 ± 8.6% —	 Helsinki	University	Hospital	
Research	Funds,	Finland

No	disclosures

Duffus	et	al. USA 670G 96
aged	10–	21 years

Retrospective,	
cross-	
sectional	
analysis

—	 —	 —	 —	 —	 —	 Eunice	Kennedy	Shriver	
National	Institute	of	
Child	Health	&	Human	
Development,	USA

Ruth	L.	Kirschstein	National	
Research	Service	Award	
(NRSA)	for	Research	
Training	in	Diabetes	and	
Endocrinology,	USA

Vanderbilt	Diabetes	Research	
and	Training	Center,	USA

No	disclosures
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Authors Country
System 
type

Number of 
participants (n) 
and age (years) Type of study

HbA1c (%; mmol/mol) TIR (%)

Funding source
Conflict of 
interestTimepoint 1 Timepoint 2 Timepoint 3 Timepoint 1 Timepoint 2 Timepoint 3

Pinsker	et	al. USA Control-	IQ 1435
aged	>14 years

Prospective	
observational

—	 —	 —	 67 ± 17% 79.2%	(2 months) —	 Tandem	Diabetes	Care,	Inc,	
USA

AC,	SL,	MM,	
MMM,	HS	
and	SH	are	
employees	
of	Tandem	
Diabetes	Care,	
Inc

Amadou	
et	al.

France DBLG1 25
aged	<22 years

Prospective	
observational

7.9 ± 0.93%
63 ± 10 mmol/mol

7.1%
54 mmol/mol	(6 months)

—	 53 ± 16.4% 69.7%	(6 months) —	 CERITD	(Center	for	Study	
and	Research	for	the	
Intensification	of	Diabetes	
Treatment),	France

Diabeloop	SA,	France

SF	and	EH	own	
shares	in	
Diabeloop	SA

Melmer	et	al. International OpenAPS 80
All	age	groups

Prospective	
observational

6.6 ± 0.9%
49 ± −14 mmol/mol	

(before	starting	
AID)

6.2 ± 0.6%
44 ± −17 mmol/mol		

(after	starting	AID;		
n = 34)

—	 71.1 ± 13.5% 80.4 ± 8.3%	(after	
starting	AID;	
n = 34)

—	 Not	indicated DL	and	SL	are	
co-	founders	of	
OpenAPS

Wu	et	al. China OpenAPS 15	adults Retrospective	
cohort	study

7.63%
60 mmol/mol

6.79%
51 mmol/mol	(after		

starting	AID)

—	 75.01% 84.28%	(after	
starting	AID)

—	 National	Key	R&D	Program	of	
China

National	Natural	Science	
Foundation	of	China

National	Natural	Science	
Foundation	of	China

The	Fundamental	Research	
Funds	for	the	Central	
Universities,	China

Strategic	Priority	Research	
Program	of	Chinese	
Academy	of	Sciences,	China

No	disclosures

Gawrecki	
et	al.

Poland AndroidAPS 12
aged	18–	45 years

Prospective	
observational

6.8 ± 0.5
51 ± −18 mmol/mol

6.3 ± 0.4
45 ± −19 mmol/mol		

(3 months)

—	 68.0 ± 12.7% 79.3 ± 6.4%	
(3 months)

—	 Diabetes	Poland
Continuous	glucose	monitoring	

materials	were	provided	by	
Dexcom	Inc,	USA,	through	
an	unrestricted	grant

No	disclosures

Lum	et	al. USA Loop 558
All	age	groups

Prosepctive	
observational

6.8 ± 1.0%
51 ± 11 mmol/mol

6.5 	± 0.8%
48 ± 9 mmol/mol		

(6 months)

—	 67 	± 16% 73 	± 3%	
(6 months)

—	 Leona	M.	and	Harry	B.	
Helmsley	Charitable	Trust,	
USA

BA	and	ASB	are	
employees	
of	Tidepool,	
a	501(c)(3)	
notforprofit

Braune	et	al. International Various	
open-	
source	
systems

897
All	age	groups

Retrospective	
self-	reported	
data

7.14 ± 1.13%
55 ± 12 mmol/mol

6.24 ± 0.64%
45 ± 7 mmol/mol		

(after	starting	AID)

—	 62.9 ± 16.1% 80.3 ± 9.4%	(after	
starting	AID)

—	 European	Commission's	
Horizon	2020	Research	and	
Innovation	Program

No	disclosures

Braune	et	al. International Various	
open-	
source	
systems

209	children Retrospective	
self-	reported	
data

6.91 ± 0.88%
52 mmol/mol

6.27 ± 0.67%
45 mmol/mol	(after		

starting	AID)

—	 64.2%	(SD	
15.94%)

80.68%	(SD	9.26) —	 European	Commission's	
Horizon	2020	Research	and	
Innovation	Program

No	disclosures

Jeyaventhan	
et	al.

UK Various	
open-	
source	
systems	
and	670G

68	adults Retrospective	
observational

Open-	source:	
7.1 ± 1.0%

(54 ± 11 mmol/mol)
670G:	7.8 ± 1.2%
62 ± 13 mmol/mol

—	 —	 —	 —	 —	 None No	disclosures

	Blue	rows	indicates	studies	on	commercial	AID	systems.		Orange	rows	indicates	studies	on	open-	source	AID	systems.Blue	rows	indicates	studies	on	commercial	AID	systems.		Orange	rows	indicates	studies	on	open-	source	AID	systems.

T A B L E  1 	 (continued)
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Authors Country
System 
type

Number of 
participants (n) 
and age (years) Type of study

HbA1c (%; mmol/mol) TIR (%)

Funding source
Conflict of 
interestTimepoint 1 Timepoint 2 Timepoint 3 Timepoint 1 Timepoint 2 Timepoint 3

Pinsker	et	al. USA Control-	IQ 1435
aged	>14 years

Prospective	
observational

—	 —	 —	 67 ± 17% 79.2%	(2 months) —	 Tandem	Diabetes	Care,	Inc,	
USA

AC,	SL,	MM,	
MMM,	HS	
and	SH	are	
employees	
of	Tandem	
Diabetes	Care,	
Inc

Amadou	
et	al.

France DBLG1 25
aged	<22 years

Prospective	
observational

7.9 ± 0.93%
63 ± 10 mmol/mol

7.1%
54 mmol/mol	(6 months)

—	 53 ± 16.4% 69.7%	(6 months) —	 CERITD	(Center	for	Study	
and	Research	for	the	
Intensification	of	Diabetes	
Treatment),	France

Diabeloop	SA,	France

SF	and	EH	own	
shares	in	
Diabeloop	SA

Melmer	et	al. International OpenAPS 80
All	age	groups

Prospective	
observational

6.6 ± 0.9%
49 ± −14 mmol/mol	

(before	starting	
AID)

6.2 ± 0.6%
44 ± −17 mmol/mol		

(after	starting	AID;		
n = 34)

—	 71.1 ± 13.5% 80.4 ± 8.3%	(after	
starting	AID;	
n = 34)

—	 Not	indicated DL	and	SL	are	
co-	founders	of	
OpenAPS

Wu	et	al. China OpenAPS 15	adults Retrospective	
cohort	study

7.63%
60 mmol/mol

6.79%
51 mmol/mol	(after		

starting	AID)

—	 75.01% 84.28%	(after	
starting	AID)

—	 National	Key	R&D	Program	of	
China

National	Natural	Science	
Foundation	of	China

National	Natural	Science	
Foundation	of	China

The	Fundamental	Research	
Funds	for	the	Central	
Universities,	China

Strategic	Priority	Research	
Program	of	Chinese	
Academy	of	Sciences,	China

No	disclosures

Gawrecki	
et	al.

Poland AndroidAPS 12
aged	18–	45 years

Prospective	
observational

6.8 ± 0.5
51 ± −18 mmol/mol

6.3 ± 0.4
45 ± −19 mmol/mol		

(3 months)

—	 68.0 ± 12.7% 79.3 ± 6.4%	
(3 months)

—	 Diabetes	Poland
Continuous	glucose	monitoring	

materials	were	provided	by	
Dexcom	Inc,	USA,	through	
an	unrestricted	grant

No	disclosures

Lum	et	al. USA Loop 558
All	age	groups

Prosepctive	
observational

6.8 ± 1.0%
51 ± 11 mmol/mol

6.5 	± 0.8%
48 ± 9 mmol/mol		

(6 months)

—	 67 	± 16% 73 	± 3%	
(6 months)

—	 Leona	M.	and	Harry	B.	
Helmsley	Charitable	Trust,	
USA

BA	and	ASB	are	
employees	
of	Tidepool,	
a	501(c)(3)	
notforprofit

Braune	et	al. International Various	
open-	
source	
systems

897
All	age	groups

Retrospective	
self-	reported	
data

7.14 ± 1.13%
55 ± 12 mmol/mol

6.24 ± 0.64%
45 ± 7 mmol/mol		

(after	starting	AID)

—	 62.9 ± 16.1% 80.3 ± 9.4%	(after	
starting	AID)

—	 European	Commission's	
Horizon	2020	Research	and	
Innovation	Program

No	disclosures

Braune	et	al. International Various	
open-	
source	
systems

209	children Retrospective	
self-	reported	
data

6.91 ± 0.88%
52 mmol/mol

6.27 ± 0.67%
45 mmol/mol	(after		

starting	AID)

—	 64.2%	(SD	
15.94%)

80.68%	(SD	9.26) —	 European	Commission's	
Horizon	2020	Research	and	
Innovation	Program

No	disclosures

Jeyaventhan	
et	al.

UK Various	
open-	
source	
systems	
and	670G

68	adults Retrospective	
observational

Open-	source:	
7.1 ± 1.0%

(54 ± 11 mmol/mol)
670G:	7.8 ± 1.2%
62 ± 13 mmol/mol

—	 —	 —	 —	 —	 None No	disclosures

	Blue	rows	indicates	studies	on	commercial	AID	systems.		Orange	rows	indicates	studies	on	open-	source	AID	systems.Blue	rows	indicates	studies	on	commercial	AID	systems.		Orange	rows	indicates	studies	on	open-	source	AID	systems.
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In	a	12-	month	single-	centre	study	of	Petrovski	et	al.	
from	 Qatar,	 30	 children	 and	 adolescents	 aged	 7–	18	 in-
creased	their	TIR	from	46.9%	to	73.4%	(p = 0.01).	Their	
HbA1c	decreased	from	66 ± 15 mmol/mol	(8.2 ± 1.4%)	
to	50 ± 6 mmol/mol	(6.7 ± 0.5%)	at	3 months	(p = 0.02)	
and	 remained	 stable	 (54  ±  7  mmol/mol	 [7.1  ±  0.6%];	
p = 0.02).	No	episodes	of	DKA	or	severe	hypoglycaemia	
were	reported,	yet	six	hyperglycaemic	events	occurred,	
attributed	 to	 infusion	 set	 blockages	 and	 influenza	
infections.38

A	 12-	month	 study	 by	 Varimo	 et	 al.36	 from	 Finland	
of	111	children	and	adolescents	aged	3–	17	reported	in-
creased	TIR	over	12 months	of	follow-	up	(55.7 ± 13.0%	
vs.	67.3 ± 8.6%;	p < 0.001),	yet	the	decreasing	trend	in	
HbA1c	 failed	 to	 reach	 significance.	 TBR	 decreased	 sig-
nificantly	(5.9 ± 5.5%	vs.	3.2 ± 2.6%;	p < 0.001)	only	for	
those	who	previously	used	multiple	daily	injections.	No	

episodes	of	severe	hypoglycaemia	were	observed	during	
the	follow-	up.

Berget	et	al.	from	the	United	States	reported	improve-
ments	 of	 TIR	 (50.7  ±  1.8%	 to	 56.9  ±  2.1%)	 and	 HbA1c	
(72 ± −21 mmol/mol	[8.7 ± 0.2%]	vs.	68 ± 21 mmol/mol	
[8.4  ±  0.2%])	 in	 participants	 aged	 2–	25	 after	 6  months,	
with	the	greatest	HbA1c	decline	in	participants	with	high	
baseline	HbA1c	levels	(75 mmol/mol/≥9.0%).35	These	find-
ings	may	be	limited	by	the	high	rate	of	AM	discontinua-
tion,	with	an	additional	bias	 that	 the	clinical	centre	had	
experience	with	the	system	in	clinical	trials	prior	to	com-
mercial	release.

A	 retrospective	 analysis	 by	 Faulds	 et	 al.33	 of	 34	 US-	
based	adults	observed	HbA1c	and	TIR	improvements	but	
without	statistical	significance.	PwD	with	lower	baseline	
HbA1c	 levels	 spent	 more	 TIR	 than	 those	 with	 a	 higher	
HbA1c	 despite	 spending	 less	 time	 in	 AM.	 Prior	 to	 their	

F I G U R E  3  (a)	Mean	change	of	HbA1c	(A)	and	TIR	(B)	in	the	included	studies.	Three	of	the	included	studies	did	not	provide	HbA1c	
measures26,29,31	and	3	did	not	provide	TIR	measures	for	(a).29,34,37	(b)	Percentage	change	in	HbA1c	(A)	and	TIR	(B).	Three	of	the	included	
studies	did	not	provide	HbA1c	measures26,29,31	and	three	did	not	provide	TIR	measures	for	(b)29,34,37
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participation,	 the	 majority	 of	 the	 participants	 were	 not	
regular	 CGM	 users.	 Therefore,	 the	 reduction	 of	 HbA1c	
might	not	solely	be	attributed	to	AID	but	also	the	initia-
tion	of	CGM.

Beato-	Vibora	et	al.32	found	significant	changes	in	HbA1c	
over	a	period	of	3 months	(57 ± 10 mmol/L	[7.4 ± 	0.9%]	
vs.	53 ± 17 mmol/mol	[7.0 ± 	0.6%])	and	TIR	(63.0 ± 11.4%	
to	72.7 ± 8.7%).

A	 6-	month	 retrospective	 analysis	 of	 Akturk	 et	 al.39	
from	 the	 United	 States	 reported	 significant	 improve-
ments	in	HbA1c	for	127	adults	at	3 months	(60 mmol/mol	
[7.6 ± 0.1%]	to	55 mmol/mol	[7.2 ± 0.1%],	p < 0.001),	and	
maintained	at	6 months.	TIR	increased	from	59.5 ± 1.1%	to	
70.2 ± 1.2%	and	70.1 ± 1.1%	at	3	and	6 months	(p < 0.001).	
TBR	was	reduced	(3.2 ± 0.2%	to	2.2 ± 0.2%;	p < 0.05)	at	
6 months.	This	study	excluded	participants	who	had	used	
the	 670G	 non-	continuously	 with	 interruptions	 of	 seven	
consecutive	days	or	longer;	hence	results	are	only	applica-
ble	to	continuous	use	of	the	AID	system.

Over	3 months,	Salehi	et	al.30	evaluated	manual-	mode	
(MM)	vs.	AM	in	16	children	<7 years	and	found	signifi-
cant	changes	in	HbA1c	(63 mmol/mol	[7.9%]	vs.	57 mmol/
mol	[7.4%]),	TIR	(42.8%	vs.	56.2%)	and	TBR	(1.3%	vs.	2.4%).

Usoh	et	al.28	compared	MM	versus	AM	in	230	partici-
pants,	also	reporting	significant	changes	in	TIR	(59.3%	vs.	
70.1%)	and	HbA1c	(65	vs.	57 mmol/mol	[8.1%	vs.	7.4%]).

A	case-	control	study	from	Italy	by	Lepore	et	al.27	com-
pared	 users	 of	 predictive	 low	 glucose	 suspend	 systems	
(640G)	with	670G	users	over	a	period	of	6 months	and	re-
ported	improvements	of	HbA1c	(57 ± −13 mmol/mol	vs.	
53 ± −17 mmol/mol	[7.4 ± 1.0%	vs.	7.0 ± 0.6%,	p < 0.05])	
and	 TIR	 (59.0  ±  16.0%	 vs.	 71.4	  ±  	9.8%,	 p  <  0.005).	 No	
changes	in	TBR	were	observed.27

A	retrospective	analysis	 from	Duffus	et	al.37	analysed	
the	 relationship	 between	 time	 spent	 in	 AM	 with	 HbA1c	
and	TIR	in	96	adolescents	and	young	adults.	They	found	a	
significant	correlation	between	the	improvement	of	both	
parameters	and	time	spent	in	AM.

The	largest	sample	size	of	all	AID	studies	so	far	was	pre-
sented	by	Stone	et	al.	who	retrospectively	analysed	CareLinkTM	
data	of	3141	PwD.	Participants	aged	≥7 years	who	completed	
at	least	3 months	of	continuous	AM	use	were	included.	The	
average	TIR	observed	across	different	age	groups	was	66.0%	in	
MM	compared	to	73.3%	during	AM	(p < 0.001).31

3.1.2	 |	 Control-	IQ

The	 Tandem	 Control	 IQ	 algorithm	 is	 an	 advanced	 hy-
brid	closed-	loop	system	operated	by	a	predictive	control	
algorithm	 that	 runs	 on	 a	 t:slim	 X2	 pump	 with	 Dexcom	
sensors.	Target	glucose	is	set	to	110 mg/dl	(6.1 mmol/L)	
and	can	be	temporarily	adjusted.	The	system	is	currently	

available	in	North	America	and	select	European	countries	
for	PwD	aged	≥6 years.

Real-	world	 data	 from	 1435	 US-	based	 PwD	 aged	
≥14 years	using	the	Tandem	Control	IQ	system	were	anal-
ysed	over	7 weeks.	TIR	improved	significantly	after	3 weeks	
and	at	 the	end	of	 the	 study,	 from	78.2%	 (70.2%–	85.1%)	 to	
79.2%	(70.3%–	86.2%),	p < 0.001,	without	increasing	TBR.26	
Compared	to	the	general	T1D	population,	the	study	partici-
pants	had	a	relatively	high	TIR	prior	to	using	AID.26

3.1.3	 |	 DBLG1

The	DBLG1	system	of	the	French	company	Diabeloop	
is	 operated	 by	 a	 model	 predictive	 control	 algorithm	
running	on	a	handheld	device.	The	device	is	compat-
ible	 with	 the	 Kaleido	 and	 AccuChek	 Insight	 pumps	
and	 Dexcom	 sensors.	 Target	 levels	 are	 customizable	
between	100	and	130 mg/dl	(5.5–	7.2 mmol/L).	The	sys-
tem	is	available	in	select	European	countries	for	PwD	
≥18 years	with	a	total	daily	insulin	dose	of	≤90 units.

Amadou	et	al.40	reported	on	25	PwD	aged	>22 years	
using	 DBLG1.	 This	 study	 demonstrated	 improvements	
in	TIR	 from	 53.0  ±  16.4%	 to	 69.7%	 (p  <  0.0001)	 and	 a	
reduction	 in	 HbA1c	 from	 63  ±  −14	 to	 54  mmol/mol	
(7.9 ± 0.9%	to	7.1%	[p < 0.001]),	with	no	serious	adverse	
events.

3.2	 |	 Open- source AID systems

Results	from	studies	covering	a	total	of	1664	participants	
from	36	countries	and	using	any	of	the	three	open-	source	
AID	 systems	 (OpenAPS,	 AndroidAPS,	 Loop)	 were	 ana-
lysed.	 No	 studies	 were	 found	 for	 FreeAPS	 specifically,	
which	is	a	separate	fork	of	the	Loop	system.	Of	the	seven	
studies,	all	found	significantly	decreased	HbA1c	levels	and	
increased	TIR.	In	the	four	studies	that	assessed	TBR,	no	
increase	in	hypoglycaemia	was	observed.	Some	studies	re-
ported	continuous	improvements	over	time,	but	not	to	a	
statistically	significant	extent.

3.2.1	 |	 OpenAPS

OpenAPS	 runs	 a	 heuristic	 algorithm	 on	 a	 microcon-
troller	and	may	be	used	as	a	hybrid	or	 full	closed-	loop	
system	 with	 announced	 or	 unannounced	 meals.	 Older	
models	 of	 Medtronic	 insulin	 pumps	 and	 additional	
hardware	(‘rig’)	are	required	to	operate	OpenAPS.	A	va-
riety	of	sensors	are	compatible.	Several	parameters	(e.g.	
target	glucose,	duration	of	insulin	action)	are	customiz-
able,	 and	 the	 system	 can	 regularly	 perform	 automatic	
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adjustments	 of	 therapy	 parameters	 and	 basal	 profiles	
(‘autosense’).

In	 a	 6-	month	 study,	 Melmer	 et	 al.	 evaluated	 device	
data	of	OpenAPS	users,	which	were	donated	to	the	‘Open	
Humans’	portal.14,41	The	average	TIR	of	the	entire	cohort	
of	N = 80	was	77.5 ± 10.5%	during	the	first	180 days	with	
no	further	significant	changes	between	days	1–	60,	61–	120	
and	121–	180.	A	subcohort	of	N = 34	was	evaluated	before	
and	after	changing	from	sensor-	augmented	pump	therapy	
to	 OpenAPS	 and	 showed	 a	 significant	 reduction	 in	 esti-
mated	HbA1c	(eA1c)	from	49 ± 14	to	44 ± 17 mmol/mol	
(6.6 ± 0.9%–	6.2 ± 0.6%)	(p < 0.0001)	and	an	increased	TIR	
from	 71.1  ±  13.5%	 to	 80.4  ±  8.3%	 (p  <  0.0001)	 with	 no	
significant	change	in	TBR	and	a	small	decrease	in	hypo-
glycaemic	events.

3.2.2	 |	 AndroidAPS

AndroidAPS	 and	 OpenAPS	 share	 the	 same	 algorithms.	
In	AndroidAPS,	 the	algorithm	runs	on	a	 smartphone	or	
smartwatch	 and	 is	 compatible	 with	 various	 sensors	 and	
pumps.	 Similar	 to	 OpenAPS,	 there	 are	 various	 options	
for	 customization	 (e.g.	 target	 glucose,	 different	 profiles,	
insulin	absorption	model,	remote	monitoring	and	remote	
control	for	caregivers	of	children).	Two	small	studies	in-
vestigated	the	effectiveness	of	AndroidAPS16,42:

A	 study	 from	 China	 by	 Wu	 et	 al.16	 reported	 reduced	
HbA1c	 levels	 from	 60	 to	 51  mmol/mol	 (7.6  ±  1.1%–	
6.8  ±  1.3%)	 (p  =  0.002)	 and	 increased	 TIR	 from	
75.0  ±  10.1%	 to	 84.3  ±  6.9%	 (p  <  0.001)	 in	 15	 adult	
participants	 after	 3  months,	 as	 well	 as	 decreases	 in	
both	 hypoglycaemia	 and	 hyperglycaemia.	 HbA1c	 im-
provements	were	greater	in	those	with	higher	baseline	
HbA1c.
A	 3-	month-	study	 from	 Poland	 by	 Gawrecki	 et	 al.42	
showed	 increased	 TIR	 (68.0  ±  12.7%,	 74.5  ±  10.6%,	
79.3  ±  6.4%;	 p  <  0.001)	 and	 improved	 HbA1c	
(51  ±  −18  mmol/mol,	 49  ±  −18  mmol/mol,	
45 ± −19 mmol/mol	[6.8 ± 0.5%,	6.6 ± 0.5%,	6.3 ± 0.4%];	
p < 0.001)	between	baseline,	run-	in	and	study	period;	
without	significant	increase	in	TBR	<54 mg/dl	(0.25%,	
0.25%,	0.35%)	and	<70 mg/dl	(2.50%,	1.85%,	1.75%)	and	
no	episodes	of	severe	hypoglycaemia	or	DKA.

3.2.3	 |	 Loop

The	Loop	algorithm	is	operated	by	a	mobile	application	
on	Apple	iPhones	and	smartwatches	and	is	compatible	
with	older	Medtronic	pumps	and	Eros	OmniPods	via	a	
communication	bridge	device	 (e.g.	 ‘RileyLink’)	as	well	

as	with	various	sensors.	Therapy	parameters	are	adjust-
able	 individually,	 and	 users	 can	 enable	 ‘manual	 over-
rides’	for	certain	situations	to	change	several	parameters	
at	once.

The	‘Loop	Observational	Study’	by	Lum	et	al.10	was	a	
real-	world	 prospective	 study	 and	 registered	 clinical	 trial	
that	 investigated	 glycaemic	 measures	 of	 558	 Loop-	users	
based	 in	 the	 United	 States,	 ranging	 from	 1	 to	 71  years	
of	age.	TIR	significantly	 increased	 from	67.0 ± 16.0%	 to	
73.0  ±  13.0%	 at	 6  months,	 and	 HbA1c	 decreased	 from	
51  ±  11  mmol/mol	 (6.8  ±  1.0%)	 to	 48  ±  9  mmol/mol	
(6.5 ± 0.8%)	at	6 months	(p < 0.001).	Improvements	were	
greater	 in	 those	 with	 higher	 baseline	 HbA1c	 and	 lower	
baseline	TIR.	The	median	time	of	CGM	use	was	96%	and	
the	 median	 time	 in	 AM	 was	 83%.	 The	 median	 TBR	 de-
creased	over	the	course	of	the	study,	with	a	TBR	<70 mg/dl	
change	from	2.9%	to	2.8%	(p = 0.002)	and	a	TBR	<54 mg/
dl	 change	 from	 0.40%	 to	 0.36%	 (p  <  0.001).	 No	 cases	 of	
confirmed	DKA	were	reported.	Three	months	prior	to	the	
study,	18%	(N = 97)	of	participants	reported	at	least	one	
severe	 hypoglycaemic	 event.	 During	 the	 6-	month	 study	
duration,	only	6%	(N = 35)	of	the	participants	experienced	
severe	 hypoglycaemic	 events,	 increasing	 safety	 for	 this	
vulnerable	group.

3.3	 |	 Multi- system and 
comparative studies

Three	 studies	 investigated	 multiple	 AID	 systems	 simul-
taneously,	of	which	two	 included	various	 types	of	open-	
source	 AID9,11	 and	 one	 study	 compared	 the	 Medtronic	
670G	with	open-	source	AID.29

The	 most	 extensive	 study	 on	 open-	source	 AID	 was	
conducted	as	part	of	the	OPEN	project13	and	evaluated	
self-	reported	 clinical	 outcome	 data	 of	 897	 users	 from	
35	 countries,	 from	 which	 722	 were	 adults,	 and	 175	
were	children	and	adolescents	with	their	caregivers	re-
sponding	on	their	behalf.11	There	was	a	significant	de-
crease	in	HbA1c	from	55 ± 12 mmol/mol	(7.1 ± 1.1%)	to	
45 ± 7 mmol/mol	(6.2 ± 0.6%)	and	increased	TIR	from	
63.0  ±  16.2%	 to	 80.3  ±  9.4%	 (p  <  0.001),	 independent	
from	gender	and	age.

A	previous	study	of	OPEN	evaluated	caregiver-	reported	
outcomes	from	209	children	and	adolescents	from	21	coun-
tries.9	HbA1c	decreased	from	52 mmol/mol	(6.9 ± 0.9%)	to	
45 mmol/mol	(6.3 ± 0.7%)	(p < 0.001)	and	continuously	
improved	over	time.	TIR	increased	from	64.2 ± 15.9%	to	
80.7  ±  9.3%	 (p  <  0.001),	 with	 no	 significant	 differences	
between	children	and	adolescents	and	between	the	three	
system	types.	A	limitation	of	these	two	studies	is	that	data	
were	 self-	reported	 by	 PwD	 or	 caregivers	 and	 not	 calcu-
lated	from	device	data	or	supported	by	clinical	records.
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Lastly,	 one	 recent	 clinically	 validated	 study	 from	 the	
United	 Kingdom	 compared	 68	 adults	 that	 were	 either	
Medtronic	670G	or	open-	source	AID	users.29	Open-	source	
AID	had	a	higher	median	reduction	in	HbA1c	as	compared	
to	 670G	 users,	 −9  mmol/mol	 (−4,	 −12)	 (−0.9%	 [−0.4,	
−1.1])	vs.	−1	(−7,	−2)	(−0.1%	[−0.7,	−0.2])	,	(p = 0.004),	re-
spectively,	and	higher	TIR	(78.5 ± 11.9%	vs.	68.2 ± 14.7%,	
p = 0.024).	No	DKA	events	were	noted,	and	both	systems	
reported	minimal	TBR	(3.2 ± 2.1%	vs.	2.6 ± 4.1%,	p = 1.0).

4 	 | 	 DISCUSSION

To	 the	 best	 of	 our	 knowledge,	 this	 is	 the	 first	 system-
atic	review	of	studies	on	several	AID	systems	to	analyse	
real-	world	studies,	thereby	providing	an	overview	on	the	
safety	 and	 effectiveness	 of	 various	 AID	 types,	 including	
both	commercial	and	open-	source	systems.	The	number	
of	real-	world	studies	on	commercial	AID	systems,	where	
evidence	 has	 so	 far	 been	 derived	 mainly	 from	 RCTs,	 is	
increasing,43,44	 thereby	 acknowledging	 the	 additional	
insights	 and	 advantages	 that	 real-	world	 studies	 offer.	 In	
open-	source	 AID,	 evidence	 is	 mainly	 derived	 from	 real-	
world	settings.	Involving	several	study	types	makes	a	di-
rect	 comparison	 of	 different	 AID	 systems	 challenging.	
In	 addition,	 a	 significant	 proportion	 of	 real-	world	 stud-
ies	of	AID	systems	has	come	 from	citizen	 science-	based	
approaches	 such	as	 the	open-	source	community	and	re-
searchers	working	in	collaboration	with	them.45

In	 summary,	 improved	 glycaemic	 outcomes	 were	
found	 across	 all	 of	 the	 investigated	 AID	 systems	 with	
commercial	and	open-	source	AID	alike,	despite	variable	
clinical	 and	 technical	 characteristics.	 Time	 in	 range	 in-
creased	in	all	studies.	Many	of	them	have	found	a	greater	
improvement	in	TIR	in	those	with	a	lower	baseline	TIR,	
but	those	with	a	high	percentage	TIR	at	baseline	also	im-
proved	their	time	in	glycaemic	target	ranges.	This	shows	
the	effectiveness	of	AID	for	a	wider	population	with	dif-
ferent	baseline	characteristics.	HbA1c	levels	were	reported	
in	eight	of	 the	studies	on	commercial	AID,	of	which	six	
showed	 significant	 improvements.	 In	 comparison,	 all	 of	
the	seven	open-	source	AID	studies	reported	significantly	
improved	 TIR	 and	 HbA1c.	 Several	 studies	 observed	 an	
association	 between	 time	 spent	 in	 AM	 and	 reduction	 of	
HbA1c,

28,30,34–	37	 although	 AM	 discontinuation	 was	 re-
ported	 for	 some	 commercial	 systems.	 Reasons	 for	 AM	
discontinuation	 were	 multifaceted,	 ranging	 from	 sensor	
issues	to	access	to	supplies	of	commercial	AID,	and	those	
who	discontinued	were	more	likely	to	be	younger,	male,	
of	 lower	education	status,	belong	to	ethnic	groups	other	
than	White,	and	have	a	higher	HbA1c.

34	Further	research	
should	address	usability	and	human	factors	as	well	as	dif-
ficulties	 in	access	to	AID	in	real-	world	settings	and	how	

potential	barriers	to	AM	use	could	be	resolved	to	enable	
PwD	to	stay	in	treatment.

When	 comparing	 real-	world	 studies	 on	 commercial	
and	open-	source	AID,	some	of	 the	demographic	charac-
teristics,	 such	 as	 geographical	 location	 and	 participant	
age,	were	of	major	difference.	For	commercial	AID,	stud-
ies	with	participants	based	in	five	countries	(United	States,	
Italy,	 Spain,	 France,	 Finland	 and	 Qatar)	 were	 included,	
while	 studies	on	open-	source	AID	cover	up	 to	36	differ-
ent	countries	in	several	regions	of	the	world.	Among	other	
reasons,	this	may	be	explained	by	regulatory	approval	and	
access	to	AID	technology	which	is	currently	restricted	to	
select	and,	to	a	large	part,	high-	income	countries	and	local	
differences	in	insurance	coverage	or	reimbursement	poli-
cies	of	AID	technology.	It	also	highlights	the	potential	for	
citizen	science-	based	approaches	to	offer	real-	world	data	
at	an	international	level	and	cover	regions	with	different	
healthcare	systems.

Only	two	studies	report	on	the	off-	label	use	of	com-
mercial	AID	in	children	≤7 years,30,36	while	studies	on	
open-	source	 AID	 cover	 a	 larger	 cohort	 of	 children	 in	
that	age	group,	 including	 individuals	aged	1–	71 years.	
The	 extent	 of	 the	 changes	 in	 glycaemic	 outcomes	 var-
ied	 between	 studies	 that	 included	 children	 ≤7  years	
of	 age.	 To	 date,	 the	 CamAPS	 FX	 system	 is	 the	 only	
AID	system	that	obtained	regulatory	approval	 for	very	
young	children.	There	were	no	studies	on	CamAPS	FX	
that	 fulfilled	 the	 inclusion	 criteria	 of	 this	 review,	 lim-
iting	 our	 ability	 to	 evaluate	 commercial	 AID	 options	
for	this	age	group.	In	the	study	of	Varimo	et	al.	on	the	
off-	label	use	of	the	Medtronic	670G	system	in	children	
aged	3–	7 years,	 the	average	HbA1c	 improvement	failed	
to	reach	significance,	and	the	study	of	Salehi	et	al.	 re-
ported	a	significant	 increase	 in	time	in	hypoglycaemia	
in	children	≤7 years.

Evidence	 derived	 from	 RCTs	 has	 proven	 commercial	
AID	systems	to	be	safe	and	effective	in	reducing	hyper-		and	
hypoglycaemia,46	leading	to	regulatory	approval	of	several	
of	them.	The	costs	of	clinical	trials	for	multi-	system	com-
parisons	can	be	high	and	currently	not	necessarily	required	
for	 their	 regulatory	approval,	which	might	contribute	 to	
why	industry	funding	of	multi-	system	trials	is	lacking.	On	
the	 other	 hand,	 real-	world	 studies	 are	 likely	 to	 provide	
more	effective	means	to	compare	AID	systems.	In	general,	
the	findings	of	this	review	on	real-	world	evidence	of	both	
commercial	 and	 open-	source	 AID	 systems	 have	 been	 in	
line	with	RCTs	of	commercial	AID.	Therefore,	real-	world	
evidence	may	represent	a	useful	and	increasingly	popular	
method	of	 reviewing	safety	and	effectiveness	 for	 regula-
tory	approval.	The	‘Loop	Observational	Study’	will	be	the	
first	of	its	kind	to	be	considered	supporting	evidence	for	
regulatory	approval	of	‘Tidepool	Loop’,	a	commercial	AID	
system	based	on	the	open-	source	Loop	algorithm,	paving	
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the	way	for	future	use	of	real-	world	evidence	in	regulatory	
decision	making.47

Therefore,	the	generation	of	real-	world	evidence	from	
independent	 sources,	 ideally	 comparing	 multiple	 AID	
systems	 in	 similar	 clinical	 settings,	 is	 likely	 to	 reflect	
real-	world	conditions	most	accurately	and	should	 there-
fore	be	encouraged	and	 supported.	 In	order	 to	avoid	 se-
lection	bias	that	may	also	apply	to	RCTs	when	real-	world	
studies	are	being	conducted	by	the	same	clinical	centres	
and	 geographical	 regions	 where	 RCTs	 have	 previously	
been	conducted,	more	real-	world	evidence	from	publicly	
funded	 healthcare	 systems,	 including	 individuals	 with	
higher	HbA1c	levels	or	frequent	hypoglycaemia	is	needed.	
Furthermore,	 the	 impact	 of	 socio-	economic	 status,	 eth-
nicity	as	well	as	on	individuals	with	further	physical	and	
mental	 health	 implications	 should	 be	 considered.	 A	 re-
cent	report	highlights	the	importance	of	such	studies.29	It	
further	contrasts	the	outcomes	and	participant	character-
istics,	which	has	 important	 implications	 for	 the	applica-
tion	of	technologies	in	T1D.

There	 are	 several	 limitations	 to	 the	 studies	 included	
in	this	review,	depending	on	their	design.	Only	two	stud-
ies	 included	 a	 control	 group:	 Lepore	 et	 al.	 compared	
Medtronic	 640G	 use	 with	 670G,	 and	 Jeyaventhan	 et	 al.	
compared	 670G	 with	 various	 open-	source	 AID	 systems.	
Some	 of	 the	 studies	 reporting	 on	 open-	source	 AID	 rely	
on	 self-		 or	 caregiver-	reported	 data	 which	 have	 not	 been	
validated	or	supported	by	device	data	or	clinical	records.	
Although	it	is	reasonable	to	expect	that	study	participants	
generally	 report	valid	data,	 there	 is	potential	 for	 inaccu-
racies.	For	example	Nightscout,	which	is	a	popular	open-	
source	 platform	 for	 reviewing	 glucose	 data	 widely	 used	
by	 open-	source	 AID	 users,	 uses	 a	 default	TIR	 of	 80-	180	
mg/dL	which	can	be	manually	adjusted	by	the	user.	Other	
platforms,	such	as	Dexcom	Clarity,	use	variable	lower	and	
higher	levels	to	define	time	spent	in	an	individual	target	
range.	 Although	 the	 studies	 explicitly	 asked	 the	 partici-
pants	to	provide	values	for	TIR	between	70	and	180 mg/
dl,	there	might	have	been	inaccurate	entries	based	on	dif-
ferent	settings	of	individual	users.	Of	other	limitations,	we	
did	not	perform	a	quality	assessment	of	 the	 studies	and	
the	validity	of	this	review’s	findings	might	thereby	be	lim-
ited.	 Our	 review	 of	 funding	 sources	 and	 conflicts	 of	 in-
terests	of	 the	 study	authors	 further	 indicates	a	potential	
bias	in	some	of	the	studies	and	their	authors’	connection	
to	industry.	If	unmitigated,	this	could	limit	the	credibility	
and	progress	in	the	field.

As	 stated	 before,	 real-	world	 studies	 may	 provide	 a	
more	realistic	estimate	of	the	treatment	effect	of	an	inter-
vention.	Participants	are	not	always	aware	of	the	interven-
tion,	thereby	potentially	reducing	the	Hawthorne	effect	on	
study	outcomes.48	However,	the	community	behind	open-	
source	AID	systems	represents	mostly	highly	empowered	

and	 often	 tech-	savvy	 people	 contributing,	 but	 possibly	
also	reviewing	their	own	data,	which	might	have	an	obser-
vation	effect	 itself.	Sources	of	education	and	support	 for	
PwD	or	caregivers	are	also	different	between	open-	source	
and	commercial	systems.	Studies	on	commercial	AID	sys-
tems	 usually	 include	 professional	 system	 education	 for	
staff	 and	 PwD	 and	 their	 families,	 whereas	 open-	source	
AID	 users	 mainly	 use	 peer-	support	 and	 educational	 re-
sources	 provided	 by	 the	 #WeAreNotWaiting	 community	
throughout	the	implementation	process	and	systems	use.	
This	may	affect	user	experience,	the	use	of	AM	and	other	
AID-	specific	features,	and	consecutively	may	impact	clin-
ical	outcomes.

This	 systematic	 review	 highlights	 important	 con-
tributions	 that	 real-	world	 studies	 have	 made	 to	 the	
hybrid-	closed	 loop	 literature	 and	 data	 on	 safety	 and	
effectiveness.	 Real-	world	 data	 from	 commercial	 AID	
systems	 reinforce	 findings	 from	 RCTs	 undertaken,	 al-
though	done	in	limited	centres	as	single	system	studies.	
Data	 from	 open-	source	 AID	 systems	 provide	 support	
for	 the	 safety	 and	 effectiveness	 of	 these	 systems	 from	
a	wide	body	of	 international	users.	However,	potential	
for	selection	bias	exists	and	is	addressed	by	recent	and	
ongoing	 efforts	 to	 provide	 clinically	 validated	 metrics.	
Further	efforts	are	needed	to	continue	generating	clin-
ically	 validated,	 multi-	AID	 system	 real-	world	 data	 to	
help	make	comparisons	between	different	AID	systems	
and	continue	to	provide	outcomes	reflective	of	clinical	
practice.	Given	the	pace	of	technology	development	and	
the	heavy	resource	burden	for	undertaking	AID	system	
research,	 the	 use	 of	 real-	world	 data	 needs	 to	 be	 given	
a	 more	 prominent	 position	 in	 regulatory	 and	 health-	
economic	evaluations	of	technologies.
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