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Digital health interventions have been shown to be clinically-effective for type 2 diabetes mellitus (T2DM) and hypertension
prevention and treatment. This study synthesizes and compares the cost-effectiveness of text-messaging, smartphone application,
and websites by searching CINAHL, Cochrane Central, Embase, Medline and Psyclnfo for full economic or cost-minimisation studies
of digital health interventions in adults with or at risk of T2DM and/or hypertension. Costs and health effects are synthesised
narratively. Study quality appraisal using the Consensus on Health Economic Criteria (CHEC) list results in recommendations for
future health economic evaluations of digital health interventions. Of 3056 records identified, 14 studies are included (7 studies
applied text-messaging, 4 employed smartphone applications, and 5 used websites). Ten studies are cost-utility analyses:
incremental cost-utility ratios (ICUR) vary from dominant to €75,233/quality-adjusted life year (QALY), with a median of €3840/QALY
(interquartile range €16,179). One study finds no QALY difference. None of the three digital health intervention modes is associated
with substantially better cost-effectiveness. Interventions are consistently cost-effective in populations with (pre)T2DM but not in
populations with hypertension. Mean quality score is 63.0% (standard deviation 13.7%). Substandard application of time horizon,
sensitivity analysis, and subgroup analysis next to transparency concerns (regarding competing alternatives, perspective, and
costing) downgrades quality of evidence. In conclusion, smartphone application, text-messaging, and website-based interventions
are cost-effective without substantial differences between the different delivery modes. Future health economic studies should

increase transparency, conduct sufficient sensitivity analyses, and appraise the ICUR more critically in light of a reasoned

willingness-to-pay threshold.

Registration: PROSPERO (CRD42021247845).
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INTRODUCTION

An estimated 537 million people, of which 44.7% undiagnosed,
are nowadays living with diabetes mellitus worldwide. Type 2
Diabetes Mellitus (T2DM), formerly known as non-insulin-
dependent or adult-onset diabetes, accounts for 90% of the
population with diabetes'. Additional estimates indicate 541
million people having impaired glucose tolerance and 319 million
having impaired fasting glucose levels, otherwise defined as
prediabetes’, and are as such at increased risk to progress to
T2DM?.

T2DM often occur together with hypertension3, another
major risk factor for cardiovascular disease. Regarding its
prevalence, hypertension affects around 1.28 billion or one-
third of all adults between 30 and 79 globally, with 46% of
them being unaware of the condition (https://www.who.int/
news-room/fact-sheets/detail/hypertension).  Prevalence s

slightly decreasing in high-income countries but it is still on
the rise in low- and middle-income countries®. An additional
quarter to half of the global adult population is presumed to
have pre-hypertension, defined as high normal office systolic
and diastolic BP®.

Both diabetes and hypertension impose a substantial burden on
healthcare budgets with 115 and 10% of global health
expenditures spent on diabetes' and high BP?, respectively. It is
encouraging that preventive measures targeting modifiable life-
style risk factors could result in substantial health and economic
gains'®. Lifestyle interventions focusing on diet modifications and
increased physical activity have been proven effective in reducing
HbA1c-levels and BP values’, and despite some discrepant results
and varying study quality, these lifestyle interventions were found
to be cost-effective as well®'°, Lifestyle interventions are thus
valid strategies but the cost-effectiveness of various programmes
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Fig. 1 PRISMA flow diagram.

and their drivers still need to be better documented. Staff labour
cost is such an important driver, accounting for the larger part of
lifestyle intervention costs and could thus be a potential target for
improving cost-effectiveness'’, for instance with the use of digital
health interventions.

There is increasing evidence of digital health interventions as a
practical, low labour and low cost delivery mode'? that can foster
clinical-effectiveness and cost-effectiveness of such lifestyle
measures. The potential is great since 92% of the global
population uses a mobile phone'. The clinical effectiveness of
digital health in diabetes and hypertension management has
been confirmed'*2° but limited cost-effectiveness data have been
referred to as one of the major barriers for widespread
implementation?'. Yet, Iribarren et al.2? reported that 75% of full
economic studies (i.e, a comparison of both costs and health
consequences of two or more alternatives) in a broad range of
conditions found cost-effective or cost-saving results for mobile
health solutions. Specifically, for T2DM, previous systematic
reviews focused mainly on partial economic evaluations (i.e,
single programme description of both costs and health con-
sequences, or cost description/analysis of one or more alter-
natives)?>2*, Nevertheless, the few full economic evaluations
showed favourable results for digital health intervention modes
such as phone/video calls, Short Message Service (SMS), and
telemonitoring?3.

The current study aims to systematically review full health
economic evaluations of digital health interventions targeting
the prevention and treatment of T2DM and/or hypertension in
adults with (pre)diabetes and/or (pre)hypertension: smart-
phone applications, text-messaging, and websites are the
subject of investigation'®2°, This systematic review extends
previously published systematic reviews that were mainly
based on partial economic evaluations. Although such
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evaluations can provide some trends in this field, it is critically
important in rapidly evolving research fields, such as digital
health, to synthesize and report on more comprehensive
economic evaluations?°. The current systematic review focuses
on three specific digital technology modes and discusses the
health economic evidence for each mode separately. Finally,
this review puts emphasis on the methodological quality
appraisal, with a focus on making informed recommendations
to improve methodological quality.

RESULTS

Study selection

The process of study identification, screening, and inclusion is
displayed in the PRISMA flow diagram in Fig. 1. From 3056 studies
(2503 after duplicate removal) identified through database
searches, 14 studies evaluated the value for money of either
website?53%, text-messaging®’'=3%, or smartphone application
interventions?>3773°, An overview of study characteristics, inter-
vention details, and health economic outcomes can be found in
Table 1. Supplementary note 1 shows excluded studies at full text
screening with reasons. Augustovski et al.3' and Zhang et al3¢
reported on the same trial but the former was a trial-based
analysis while the latter was model-based to extrapolate costs and
effects on the long-term.

Study characteristics

Included studies reflected a broad geographic distribution with
one study conducted in North America®®, one in Central
America®?, two in South America'3%, four in East Asia>*37-3°,
one in South Asia®3, two in the Middle East®>3°, and three in

Europe?’~?°.  Eight  studies included people  with

Published in partnership with Seoul National University Bundang Hospital



npj

R. Willems et al.

‘Bupjew
uolsIp
-paJeys pue
JUSWISA|OAUL
juaned
‘sjeuolssajoud
yum
uofedluNWWod
104 plodas
yyeay |euossad
J1U0413)9
0} ssaJde pue yolew
[£59013-] uoedNpa 1oy Jwaishs  sieak ol 1:S DD
[r£613-] LLb8- dde suoydyews aledyeay [3pow 9/57 o1 wopbury (czon) e
jueulwod 69SL- AIVO/F  ¥S0°0 *ATVO ‘810 F nv> / pue 91sgsM %S°€E Jqnd  AoYIeiy wact panun 39 weybujuund
[ogz'zly] S9UNWIWOS
ovz'st- Aol Aujigejieae  uoddns ylomiau
1G0T ‘S Jeuolssajoud |e1os aujjuo
SlLL [920£3-] auluo pue sawuweiboid 110yod
KoL 12 104 osss- kg pue sauoydsjal Bujuiesy |esuolsiy
_ 9S'E 1e gLz ‘s L/¥T - SUljuo }emI| YUM ysjew
‘Ag1e |0y [6€£3-] Ydeods yyesH - e Buipnpul sieak Q| L1 ‘9D
Buines 19°L 008- K€ Burioyuows|a) UO[IUSAIDIUL 19ked |opow 166 DI (91L07) e
150D Koy / 1egloc ‘s nv> - P3seq-alsgsMm %€  °JedyyesH  AOMIelN  sSlaqelpald vsn 19 usyd
awinsy
9AD3Y9 [00t173] [6553] [spow
-1S0D  L06¥ ‘ATVO/$ €10 :AIVO €79 :£10T 'S -AO}elN
[9793]
LT/ ‘ploysaiyl
Jopun uosiad
enxs/$
[0£'€23] €EV'9C %61 :|043u0d
:uondNpal  uoisuadAH syjuow (1z0oY) |8
dg9S DHWW/$ DHWW uofeonpa widsAs 8l 689 ‘©D 19 Bueyz pue
OAD3YS 856231 0€°S- 'dgS [9z13] uepisAyd - oJiesyyjesy paseq €V Ol (8107) '|e
-1S0D  66CE ATVO/S V00 AXIVO 0¥l :Z10T 'S ny> Jobeuew ase) - HBuibessaw-1xa] %S J119nd -leu] uoisusuadAH eunusbiy 19 pjsaoisnbny
[zzoz ‘3 0 {SUOIUAAIRIUI uozioy
[zzoz 3 PO1IBAUOD] (Jenbip) swil  azIs 9jdwes
uoISN|DUOD 0} PAMISAUOD] S1099 51500 19y3o yum UOIIUSAIDIUL x®  ‘uonejndod
SloyIny  |0Y/43DI/4NDI |elusWwRIdU|  [eIUBWAIOU|  JojesedwOo)  UO[IRUIGUIOD U] yyeay |eubig 91el Junodsiq  dAdAAsIDg ubisaqg waned  Anunod Apms
S9WOD3N0 JIWOUO0I3 Y3[edaH UO[IUDAIDIU| sonsuadeIeyd Apnis
9|qel dUsSpIAg - °L dlqe]

npj Digital Medicine (2023) 150

Published in partnership with Seoul National University Bundang Hospital



R. Willems et al.

npj

[4%)]

1/8 :uopdnpal widsAs
JLVAH %/1a9g %¥9°0- oJedyljesy sypuow 9 8LL ‘®D
9AIDdYS [££0Z3] 008'SS DLVI9H [LZ3] 8sS d1qnd paseq 8L1 DI ysop (0z0?) '8
-150D ‘Alv0/1dd 0L00:ATVO €10 Lad nv> /  Buibessaw-1xa) / paywi -letl Wacl  -e|bueg 19 weys|
dnoib
1oddns
199d Ajyuow
e ujof 0}
uondo pue dn
-MO[|0} 938}-0) sasinu
-9de) A|yuow  pue suepisAyd
‘¢OD - jJo uonesnpy -
s9sInu pue Buiuien
suepisAyd jJuswabeuew
[L6613] 0TTT CT0  [££53]1 665 4O uonednps -39S -
‘TOD SA DI TODSA Dl ‘TOD SA Dl pue Bululenl UONEYNSUODI|DL 66 ‘T9D
[ss8£3] 66T s00 [06l3] Zlz 3uswabeuew - waishs  awnay 66 :1DD
DAIDDYD 11D SA D] IIDDSAD] DD SA D] <I9S 119D - Buuoyuows|dL (soapIn pue) aJedyyjeay |opow 201 O] (6107) '|e
-150D AIVO/$ A1VO 10T 'S +NvD - Buibessaw-1xa) %€ dllgnd  Aoxiey wact OJIXaN 19 LBWiIH
(1u1p a1ed
pajesbarul oY)
1e 9dURpUINE syuow
|eaisAyd Apnmis
saiinbal  uoneynsuod93| uswWabeuew 110yod
[9s€13] €£€C Yarym - uonesipsw pue Jwdishs  paydrew 00l 9D
£OAIDDYD uondnpal %870~ [£/683]1 699  ‘@1ed uosiad  Buuonuows|d| uoeJNpa 1oy aJedyljesy  aAndads 00l DOl eiqely (12Z07) e 1
-1S0D  JLYAH %/4VS DLVYaH ‘0270T'4vS -u) NvD - Buibessaw-1xa) / 3lignd -0J19Y Wacl Ipnes  UI_INA-Y Ysjed
(61-p1r0D 03
anp bunsixa
-uou sem NyYD
ybnoysje)
[698°£13] [oLLy3-] nvyD 790 woydn Buluten
€19'lT L/6F DI Se Jusuod ddysieym M3IAISNO S€ 'TOD
lensn 7DD SA D) %ETO- DD SA D uofesnpa pue 1puIUl 1500 yum [E5»)
se aled 0} JueUIWOpP DD SA D] [£90'813-] Jejiwis UYHM yjuow e SPIUOd INq [5)|
pasedwod :1D) SA D) %/1°0- €58'LZ-  YUM SUOISSIS 9JUO uoneINpd payiodal wacl (TzoT) e
SAIDYD :uondNpal IIDDSAD| DD SA D] dnoib uofINu aAIadsiad paseq  juspuadsp 13 Uyaysty
450> JLVAH %/$ DLVYIH 11707 'S Alyuow 15 / auljuo/gaM / wsned el ulnsul-UoN uel| -yspueysyesaq
[zzoz 3 o {SUOUAAIRIUI uozioy
[zzoz 3 PO1IBAUOD] (Jenbip) swil  azIs 9jdwes
uoISN|DUOD 0} PAMISAUOD] S1099 5150D 1ay3o yum UOIUSAIDIUL x  ‘uonejndod
SloyIny  |0Y/43DI/4NDI |elusWIRIdU|  [eIUBWAIOU|  JojesedwO)  UO[IRUIGUIOD U| yyeay |eubig o1es Junodsiq  dAd3AsIDg ubisaqg waned  Anunod Apms

S9W0J1N0 JIWOouU0d9 YljesH

UOIIUSAISIU|

sonsuaeIeyd Apnis

p=snuiuod | a|qel

Published in partnership with Seoul National University Bundang Hospital

npj Digital Medicine (2023) 150



R. Willems et al.

npj

elep
Jeuy ainny
Aq pawyuod pue Japinoid
9q p|noys 2Jed yum
yo1ym 3nsal uoedIUNWWOD
palejnwis pue wa1sAs
[1£6'823] Bupoluows|s) aJedyyesy  sieak oz
SAIDIYD 6€0'EE [£81€3] ¥€9€E 1o} dde dgnd  jppow
-350D ATVO/$ LL0 *ATVO #810T ‘S nvy> / suoydyrews %Y paywIy  AoxIeN  30Yyod WAZL ueder (0z0g) e 38 Insy.
sabueyd
|eanoineysq
[13] uoddns
L1 :uoidNpal 0] 512e3U0d
dgs Hun/3z $uq9o01dn -
juedyubisul siajiom
SeM DDUIBYIP ‘uoisualadAy aJedyyeay syuow
AIVO PHWW G'¢- 10j 19)yed|  Jo uonednpq - RUETS zL /L€ DD
£IAIDYD  se palejndjed :dgs [£t3] 1usned aunuQo  BuuoluowsdL aJedyyjesy paseq S0€ ‘9] wopbury (1z0oY) |8
-1s0D 10U ATVO/F 7000 ‘AIVO  8€ #610C 'F +NvD - uohednps gsp / 2lqnd -leuL  uolsusndAH payun 19 snue\PK
J21UNodUd
yoes
1e uoneonpa
1usned
‘sjuswisn(pe Jopinoad
uonedipaw 2Jed Yyum
uoddns uoledIuUNWWOod
01 s|oA9| Hgzd pue
%085°LT pue ‘Og4 Bunioyuows|sy
[ovS3-] 20Te- (%L >) OLV9H Jo ‘uoneonps
I9A3] D LYIH 91el |0JJU0d uoljeulwexa juaned syjuow
p3]|013u0d JLY9qH Alyiuow ‘poddns Jsad L wia1shs 4} -5
YUM Ul dUaRPYIPp  [6%13-] 909- ESI apinoud o1 dde aJeoyyjesy paseq o€l O|
jueuiwoq  juaied/AND ddusleAsld  610C ‘AND +NvD / suoydyrews / 2lqnd -leuL Wacr eulyd  (1Lzog) ‘e I
"9)Isgam 3y}
asn 01 moy
uo uonesnps
sn|d Buibessaw
uonew.Joyul X9 -
[823] 85 dlseq Auijioey
:9]eds g|yd uo Bujuieyuod uadxs ayy
Juswanosdwl EMECENY yse pue ‘uoddns syjuow
nun/3 J0jesedwod Siomiau wa1sAs zL 68l DD
O34 [¥Sw£3] 6'L-_aIvd [67713] 0} $S32dY [e120s ‘uonesnpa aJedyyesy paseq G810l wopbury
-1s0D  0SSS 'ATVO/F 0TO'0 ‘AIVO  LLL wl0T ‘F +NvD / ‘oM - / 2llqnd -leuL nwact pauun  (8107) e 19 17
[zzoz 3 03 {SuUonuUIAIRIUL uozuoy
[czoz 3 panaAuod] (jeubip) awi]  azis 3jdwes
uoISN|DUOD 01 PIUSAUOD] [SRETIE) 51500 1310 yum uonuaAISUI 1 ‘uonendod
Sloyiny  |0Y/43DI/4NDI |elUSWIRIDU|  [eIUDWIAIDU| Jojesedwo)  uOIRUIqWIOD U| yyeay |eubiq o1es unodsiq  dAdadsIag ubisaqg waned  Anunod Apms

SOWI0J1NO0 JIWOU0d9 YljesH

UOIIUDAIDIU|

sonsuadeleyd Apnis

panunuod | ajqeL

npj Digital Medicine (2023) 150

Published in partnership with Seoul National University Bundang Hospital



npj

R. Willems et al.

Table 1 continued

Health economic outcomes

Intervention

Study characteristics

Authors'

ICUR/ICER/ROI
[converted to
€, 2022]

Incremental
effects

Incremental

costs

Comparator

In combination
with other
(digital)

Discount rate Digital health

Perspective

Design
&

Patient

Country

Study

conclusion

intervention

population,

[converted
to €, 2022]

Time

sample size

interventions?

horizon

Dominant

$/QALY:

QALY: 0.071

$, 2011:
-1020

CAU+

/

Text-messaging

3%

Public

Markov
model

Prediabetes
1G:54

China

Wong et

-14,371

Life years:
0.063

Information

healthcare
system

al. (2016)

[-€14,177]

[-€1006]

booklets on

Lifetime

CG:50

$/Life year:
-16,196

(pre)diabetes
and health
behaviour.

[-€15,977]
CNY/QALY
1G vs CG1:

Cost-

CNY, 2017:  QALY:

- CG1: CAU

/

Smartphone

Patient

Hypertension Decision

1G: 101
CG1: 95

China

Zhang et

effective

15,000 [€3825] compared

1G vs CG1:
0.007

IG vs CG1:
105 [€27]

IG vs CG2:
590 [€150]

- CG2: CAU+

self-

app to provide

tree
patient

al. (2020)

model

to CAU but

not

1G vs CG2:
295,000

1G vs CG2:

0.002

management

education,

6 months

CG2: 87

guidance,

compared
to CAU+

[€75,233]

CG2 vs CGT:

0.005

CG2 vs CGT:

telemonitoring,
health agenda.

CG2 vs CG1:
-97,000

-485 [-€124]

[-€24,738]

perspective not reported but authors’ judgement based on available information; 2reference year not reported so publication year minus two; 3no willingness-to-pay threshold reported or no valid

argumentation given why the given willingness-to-pay threshold is justified; CAU care as usual, CG control group, ICER incremental cost-effectiveness ratio, ICUR incremental cost-utility ratio, /G intervention

group. QALY quality-adjusted life year, RO/ return-on-investment.
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T2DM27,29,30,32,33,35,37,39
l

26,34
l

two included people with predia-

and four studies focused on people with

28,31,36,38

betes
hypertension

Five studies were within-trial analyses with a time horizon
between 6 and 18 months and a public healthcare system
perspective?’2831333% \while one was a retrospective matched
cohort study applying similar analytics®®. The within-trial analysis
of Derakshandeh-Rishehri et al.3° applied a patient perspective
but this is disputable. One study used a decision tree-based
model with a time horizon of 6 months and a patient
perspective®®. Five studies used a Markov model to estimate
long-term (i.e., 10 years to lifetime) costs and effects based on
clinical trial inputs, and whereby three applied a public
healthcare system perspective?*32343¢ and one a healthcare
payer perspective®S. Finally, there was one Markov-model study
which did not directly stem from one particular implementation
study (i.e., all input parameters were literature driven) and which
applied a 20-year horizon®’. All studies with a time horizon of
more than 1 year applied discount rates for both future costs and
health outcomes between 3 and 5%?2631-32343637,

Interventions

Four studies evaluated the use of smartphone applications, one
in people with hypertension®® and three in people with
T2DM?%3739 Smartphone applications were used for monitoring,
treatment adaptation, and communication between patients and
healthcare professionals (in Tsuji et al.??, also for communication
with family). The smartphone applications in Li et al.>*® and
Cunningham et al.?° were also used for patient education. The
smartphone application in Zhang et al3® included a health
agenda (i.e., reminders for follow-up). None of the four studies on
smartphone applications included non-digital intervention
features.

Seven text-messaging and five website-based stu-
dies®3% were included. One intervention combined text-
messaging and websites?’, while five other interventions also
comprised (non-)digital health modalities such as the implemen-
tation of a case manager or teleconsultation?62831:323536 Text-
messaging was used to encourage the adoption of healthier
lifestyle behaviours by participants. The length of the interven-
tion ranged from 16 weeks to 2 years, and the frequency of text
messages could be as high as daily but it was not always
reported. The website-based intervention component consisted
of educational web pages and social network support groups,
often in addition to teleconsultation, face-to-face follow-up, and/
or telemonitoring.

Interventions were compared to care as usua or
an enhanced version of care as usual (comprising self-
management  training,  education, and/or  physician
training)27’28'32'38'39.

27,31-36

|26,29—31,33,35—38

Health outcomes

Ten studies reported on the cost per quality adjusted life year
(QALY) as the primary health economic outcome?’-2931-3436-38
Some studies reported clinical outcomes such as systolic blood
pressure reduction?®3’, HbAc1 reduction%333%, proportion of
population reaching hypertension®' or glycemic control*®, life
years gained®®, and points gained on the problem areas in
diabetes control (PAID) scale?’. The cost-minimisation study of
Chen et al.?® reported on the return on investment.

Quality appraisal

Table 2 shows the critical appraisal of selected studies for the
evaluation of their quality. More than half of the included studies
did not provide sufficient detail on the comparative alternatives
(i.e., what does care as usual actually mean). Nine studies did not
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Table 2. Quality appraisal with the CHEC-list.
Augustovski  Zhang Chen Cunningham Derakhshandeh- Faleh Al-  Gilmer Islam Li Li McManus  Tsuji Wong Zhang
(2018)  (2021) (2016)  (2022) Rishehri (2022) ~ Mutairi  (2019) (2020) (2018) (2021)  (2021)  (2020) (2016) (2020)
(2021)
Study 0 0 1 1 1 1 0 1 1 1 1 1 1 1 79%
population
Competing 0 0 0 0 0 1 1 0 1 1 1 0 0 1 43%
alternatives
Research 0 0 0 1 1 0 0 0 1 1 1 0 0 0 36%
question
Study design 1 1 0 1 0 1 1 1 1 1 1 1 1 1 86%
Time horizon 0 1 1 1 0 0 1 0 0 0 0 1 1 0 43%
Perspective 0 0 0 0 0 0 0 0 1 0 0 0 0 0 7%
Costs: 1 1 1 1 0 1 1 0 1 1 0 0 1 1 71%
identification
Costs: 1 1 0 0 0 0 1 0 1 0 0 1 1 1 50%
measurement
Costs: value 1 1 0 0 0 0 1 0 1 0 0 1 1 0 43%
Outcomes: 1 1 NA 1 1 1 1 1 1 1 1 1 1 1 100%
identification
Outcomes: 1 1 NA 0 1 1 1 1 1 1 1 1 1 1 92%
measurement
Outcomes: 1 1 NA 0 0 0 1 1 1 1 1 1 0 1 77%
value
Incremental 1 1 NA 1 1 1 1 1 1 1 1 1 1 1 100%
analysis
Discounted 1 1 1 1 NA NA 1 NA NA NA NA 1 1 NA  100%
Sensitivity 1 1 0 1 0 0 1 0 1 0 1 0 0 0 43%
analysis
Conclusions 1 1 1 1 0 1 0 0 1 1 1 0 1 1 71%
Generalizability 0 1 1 1 1 1 1 1 1 0 1 1 0 0 71%
No conflict of 1 1 0 0 1 1 1 1 1 1 0 0 1 1 71%
interest
Ethics 1 1 0 1 0 0 0 1 1 0 1 0 0 1 50%
Quality score 68 79 40 63 42 56 74 50 94 61 67 58 63 67
(%)
More extensive item assessment instructions can be found in Appendix 3. NA not applicable.

describe important costing aspects such as how the costs were
measured or the sources of cost valuation2628-3033:3537-39 A
rather short time horizon was applied in more than half of the
studies?”-283031:33353839  dagpite a long-time horizon being
recommended in evaluating cost-effectiveness of chronic diseases
to capture all relevant costs and effects. Moreover, all but one
study?” did not provide sufficient argumentation for choosing
another perspective to the societal one. Finally, only six studies
reported both probabilistic sensitivity results plus another kind of
sensitivity analysis such as threshold analysis or one-way
sensitivity analysis on top of the point estimate results?’-2931:32:36,

Data synthesis
Among the studies expressing results in QALYs, the ICURs varied
between dominant (i.e., less costly and better health outcomes)
and €75,233/QALY, with a median of €3840/QALY (interquartile
range €16,179). One study did not find a QALY difference (Fig. 2).
None of the three digital health intervention modes was
associated with substantially better cost-effectiveness results than
the others. Four out of fourteen studies (one on text messaging,
two on mainly smartphone applications, and one on website-
based education) reported cost-saving results26:2934:39,
Smartphone applications were appraised by the studies’
authors as cost-effective3”® or dominant?>3° compared to usual
care. However, the cost-effective results in Tsuji et al.3” were
associated with considerable uncertainty and should be confirmed
by future trial data, as effectiveness data were simulated and the
prediction model had been built on major assumptions. Li et al.>°
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did not report uncertainty analyses. Furthermore, the smartphone
application in Zhang et al.3® was reported as not cost-effective
compared to a self-management intervention: QALY gain was
higher but at a considerable cost: a self-management strategy
appeared to be the preferred strategy from a health economic
perspective (Fig. 2).

Text-messaging alone, or in combination with other interven-
tion aspects (such as teleconsultation, telemonitoring, case
management), was found to be cost-effective?’31-333536 o even
cost-saving>*. Although QALY gains were limited (ranging from a
0.01 increment per target person after 6 months in Islam et al.>® to
a 0.22 increment per target person taking a lifetime horizon in
Gilmer et al.3?), the ICUR appeared to be robust in probabilistic
sensitivity analysis?’3'3236, This can be related to the low
intervention costs since Islam et al3® demonstrated that
programme costs could at least be doubled while remaining
cost-effective. Wong et al.3* even calculated that programme costs
could be 50 times greater before the break-even point would be
reached. Moreover, Li et al.?” argued that the health economic
results of text-messaging can be even further improved by
upscaling so that the cost per person decreases. Importantly, the
ICUR in Gilmer et al.32 turned cost-effective only after 10-20 years,
which was inconsistent with other studies that demonstrated cost-
effectiveness in the short term?”31:33,

Website-based interventions appeared to be cost-
effective?”-283% dominant?®, or cost-saving®S, even though only a
natural effect (i.e., a reduction in systolic blood pressure; the
incremental number of QALYs was not significant) was found in
the study by McManus et al.28. Yet scenario analysis, in which the
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intervention effect partly faded away, and probabilistic sensitivity
analyses showed the results to be robust at given thresholds?6=2°,

Sensitivity and subgroup analyses were limited in most studies,
which restricts the identification of cost-effectiveness drivers. First,
Augustovski et al.3! reported on patient baseline characteristics:
the intervention appeared to have greater value for money in
populations of younger age, subjects with higher cardiovascular
risk, higher body mass index, and women. The gender difference
has been reported by Cunningham et al.?° as well.

Secondly, intervention aspects influenced the ICER/ICUR as well.
A less intensive so less costly intervention following lower
treatment adherence was reported by Augustovski et al.3', thus
being indicative of better cost-effectiveness although the
observed differences were not statistically significant. Meanwhile
drop-out rates did not impact the ICER/ICUR in Wong et al.3*. Costs
were important drivers of cost-effectiveness in other studies as
well3338,

Third, modelling assumptions was the third and most investi-
gated pillar of what drives cost-effectiveness results. The value for
money improved with longer time horizons?%32, and the impact of
transition probabilities, utility values, and discount rate on the
ICUR were mixed3*3738,

Whether digital health interventions targeting (pre)T2DM versus
hypertension populations resulted in different cost-effectiveness
outcomes, is difficult to assess because only three studies targeted
populations with hypertension. However, it seems that digital
health interventions targeting (pre)T2DM populations showed
consistently positive cost-effective results?6-2729.30.32-3537.39 '\yhile
cost-effectiveness results in hypertension populations were more
miXed28'31'36'38.

Whereas six studies evaluated one particular digital health
mode, there were two studies that combined two of the digital
health modes under investigation?’-?°, two studies where the
digital health mode was part of a broader digital intervention
including telemonitoring®®>®, and four studies (three interven-
tions) where the digital health mode was part of a broader health
system intervention including digital and non-digital compo-
nents?8313236_ \Website-interventions, text messaging, and smart-
phone applications were complemented by, or were seen as a
complement of, other intervention components in four out of five,
four out of six, and one out of four times, respectively. Gilmer
et al.3? and Zhang et al.3® evaluated two of the broader health
system interventions and found relatively higher health effects
(0.22 and 0.13 QALYs, respectively) compared to stand-alone

interventions. Note that these two studies applied a long-term
perspective, contrary to McManus et al.® who evaluated a broad
health system intervention and who found only a systolic blood
pressure reduction on the short-term but no QALY improvement.

DISCUSSION

This review aimed to synthesize the available health economic
evidence of digital health interventions in populations with or at
risk of T2DM and/or hypertension. Digital health interventions
were restricted to smartphone applications, text-messaging, and
website-based interventions. The three digital health intervention
modes were found to be cost-effective or cost-saving compared to
care as usual and, most of the time, to enhanced care as usual too.
Median ICUR of cost-utility studies was low with €3840/QALY.

Recent meta-analyses from our team have shown the three
digital health interventions to be equally effective in reducing BP
in adults with hypertension, while text-messaging and smart-
phone application interventions were associated with increased
improvements in glycaemic control compared to website-based
interventions in adults with T2DM'?2°, However, increased effects
did not always offset additional costs: when comparing the three
digital intervention modes with (enhanced) care as usual, our
analysis did not show a strong preference in terms of cost-
effectiveness for one particular mode.

Digital health interventions seem to be consistently cost-
effective in populations with (pre)T2DM but not in populations
with hypertension. One possible explanation could be that the
cost-effectiveness of implementing a digital health mode depends
on the perceived severity of a condition and hence the urge to act
upon. Hypertension is so widespread that some might perceive it
merely as a risk factor instead of a disease®, so patients and
professionals could be less motivated to do something about it.
For example, New Zealand does not have hypertension guidelines
but bases its care recommendations on a cardiovascular risk
score*!. Moreover, a global consensus definition of hypertension is
lacking (see for example the definitions of different leading
organisations: https://tinyurl.com/whohyp, https://tinyurl.com/
cdchyp, https://tinyurl.com/mayhyp, https://tinyurl.com/
nhshypdef). Smartphone applications, websites and text-
messaging may have a significant clinical impact on BP, but there
are possibly other approaches or other health objectives that
better justify the money invested. This remains to be tested as the
health economic evidence of smartphone apps, text-messaging,
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Fig. 2 Incremental cost-utility results (ICUR) estimates of included studies. Note that McManus et al.?® did not calculate an ICUR as QALY

difference was insignificant. ICUR estimates in Cunningham et al.*®

and Wong et a

1.3* were dominant. CG control group. *: asterisk denotes

studies targeting populations with hypertension; studies without an asterisk include people with (pre)diabetes.
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and website-based interventions in populations with hypertension
remains very limited.

Among other process evaluation constructs, adherence and
reach are two important ones with a major impact on digital
health interventions’ cost-effectiveness*?. Patients who adhere
with a smartphone application showed, for instance, better
medication adherence®. However, high drop-out rates of 40%
(95% ClI 16-63%) in RCT's testing smartphone applications have
been demonstrated as well**. It has been suggested that attrition
could, for instance, be reduced by using user feedback to enhance
user experience, by enabling the possibility for users to contact
health professionals (a so-called hybrid model), by focusing on
self-management skills, by increasing health literacy, and by
combining smartphone applications with internet or telehealth
solutions**.

Differentiating between primarily digital health interventions
and primarily health system interventions with a digital compo-
nent is warranted. Our results suggest that health system
interventions might have the potential to gain more health
effects on the long-term compared to a stand-alone digital health
mode intervention, although current evidence is limited and
mixed. However, Augustovski et al3! suggested better cost-
effectiveness when the intervention was less intense. Although
their statement should be interpreted cautiously because of
overlapping confidence intervals between the different interven-
tion intensities, these observations might be in line with the
results of a meta-analysis on drop-out rates of exercise interven-
tions that demonstrated a higher likelihood of drop-out in more
intensive interventions**. Therefore, future interventions should
carefully consider which features needs to be combined, knowing
that more intervention features could improve effectiveness but a
too intense intervention may also increase complexity of use thus
having a detrimental impact on both drop-out and cost-
effectiveness. Participant input via co-design may be of a help
from the evidence gathering to the real-world testing stage*®.

Given that there are hundreds of millions of people with or at
risk of T2DM and hypertension, it is important to keep an eye on
the scalability and budget impact of a new programme*. Whereas
clinical effectiveness on the individual level can be optimised by
adding possible intervention components to tailor care, less
elaborated programmes may have a higher reach resulting in
more population benefit within a closed budget. This could be of
particular importance to digitally less-developed countries where
digital interventions might be relatively more expensive. Scrutiniz-
ing the optimal intervention dose in different health systems
including digitally less-developed countries is therefore para-
mount. Our results indicate for instance that text-messaging is
appraised as cost-effective across studies, either in combination
with other intervention features or not. Self-monitoring can also
be a very powerful strategy to improve cost-effectiveness as well.
It might therefore be an option to integrate such functionalities in
smartphone applications.

Our quality appraisal demonstrated important methodological
shortcomings. Based on these, our four key lessons for future
health economic evaluations of digital health interventions are:

1. Health economic results can only be appraised correctly
with an elaborate research question and sufficient context.
The competing alternatives under investigation — care as
usual in particular — should be detailed. The study’s
perspective should be justified and the applied time horizon
should capture relevant long-term costs and effects of
preventive measures®''. In this regard, it is important to
stress the cost-effectiveness results of digital therapeutics
despite the sometimes quite short time horizons applied.

2. Transparency is pivotal when reporting applied costs: which
costs have been included exactly (which refers to the
perspective) and how these were measured and valued
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should be stated.

3. Health economic evaluations of digital health interventions
often come with data uncertainty and assumptions. One-
way and probabilistic sensitivity analyses are at least needed
to address these uncertainties, preferably in different
subgroups. Following key lesson 1 on applying an appro-
priate long time horizon, it is pivotal to scrutinize the impact
of the intervention effect’s sustainability on the health
economic outcome, especially given the high attrition and
dropout rates in for instance app-based interventions**.

4. An ICUR does not have an intrinsic value and should always
be evaluated in light of a willingness-to-pay threshold. Most
included studies applied a threshold value of one to three
times the gross domestic product (GDP) per capita, as
recommended by the World Health Organisation*”*¢, but
critics argued that a more conservative threshold of +50%
the GDP per capita would better capture opportunity
costs*®4°, Note that, given such a conservative threshold,
most cost-effectiveness estimates of digital health interven-
tions remain cost-effective. Furthermore, some studies
applied natural units (e.g., cost per percentage HbA1c
reduction). For instance, Derakhshandeh-Rishehr et al.3°,
Faleh Al-Mutairi et al.>® and McManus et al.?® reported an
increase in health effect at an increased cost and stated the
result was cost-effective although no willingness-to-pay
threshold or valid argumentation for the applied
willingness-to-pay threshold was reported, respectively.

These key lessons should be considered in future research. Such
studies should also strive to address evidence gaps in the field.
Head-to-head studies are definitely needed to determine the
digital health mode with the best value for money in different
subgroups operating within a particular health system. The
uncertainty associated with long-term health economic evalua-
tions can be reduced by designing trials with longer clinical
follow-up periods so the sustainability of the intervention effect
can be modelled more precisely. Moreover, budget impact
estimates are truly relevant for policy makers given the high
prevalence of T2DM and hypertension, while uptake and attrition
rates should also be taken into consideration as they can also have
a significant effect on the costs.

The most important strengths of this review are the comple-
mentarity with previously published meta-analyses'?° scrutiniz-
ing the effectiveness of the three digital health intervention
modes, and the thorough quality appraisal resulting in several key
lessons for health economic research.

However, this systematic review also has limitations. First, the
adult filter is not consistent between the five searched databases.
In Medline, the adult filter is >19 years of age, whereas for EMBASE
and PsycINFO it is >18. However, the proportion of the population
with T2DM or hypertension at that age is small®>>'. Second,
studies on people with or at risk of T2DM or hypertension were
included but the small number of studies impeded appropriate
subgroup analyses. What may work in one population may not
work in another. Third, only English articles were included and this
may limit our conclusions, especially since T2DM and hyperten-
sion prevalence are high in large non-English-speaking countries
such as India®? and China”3. However, included studies from the
Americas, Europe, Asia, and the Middle-East reflected a geogra-
phically and demographically diverse population. Fourth, digital
health solutions in five website-based or text-messaging studies
have been augmented with other intervention features such as
healthcare professional education, telemonitoring and/or (tele)
consultations. It is therefore not clear whether the intervention
effect arises due to these additional intervention features or due
to the digital intervention component. Fifth, the number of full
health economic papers remain scarce, especially compared to the
accumulating amount of clinical effectiveness evidence, and the
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results of Tsuji et al3” are based on disputable assumptions.
Because of the low number of included papers, additional
analyses of the impact of study quality on results were not
conducted. Sixth, no head-to-head health economic studies of the
three digital intervention modes were found. Seventh, health
economic studies might be subject to multiple sources of
publication bias including a publication bias in first health
outcome publications and next economic publications. Funnel
plotting to investigate possible publication bias was not an option
in this study but Moschonis et al.' and Siopis et al.*° demon-
strated respectively a small and non-existing publication bias in
our health outcome reviews. It is of course still possible that a
publication bias favoring cost-effective or cost-saving results
remains in economic publications, especially given the suboptimal
reporting of sensitivity analyses®.

In conclusion, health economic evidence suggests that smart-
phone application, text-messaging, and website-based interven-
tions are cost-effective and, in some cases, even cost-saving. It
shows how challenging, but at the same time how possible, it can
be to improve the health of the population while saving money.

While previous research demonstrated that the three digital
health intervention modes were equally clinically-effective in
adults with hypertension, and that text-messaging and smart-
phone application interventions worked significantly better than
website-based interventions in adults with T2DM, no cost-
effectiveness evidence was found supporting one particular
digital health intervention mode over another. Moreover, text-
messaging, smartphone application, and website-based interven-
tions appeared to be consistently cost-effective in populations
with (pre)T2DM, but not in populations with hypertension.

Based on the available evidence, policy makers and clinicians
should make decisions on the most appropriate digital health
interventions based on available budgets and well-defined health
objectives. The high penetration rate of digital applications in
diverse populations is a strength but it is pivotal to keep process
evaluation constructs in mind. Key lessons for future health
economic studies on how to design studies and report on the
results are given. It is important to pay special focus on the
context, report the costs included and how these were measured
and valued, conduct sufficient sensitivity analyses, and appraise
the cost-effectiveness result more critically in light of a reasoned
willingness-to-pay threshold. Head-to-head studies are missing
while this would enhance understanding and practice substan-
tially. It is strongly recommended to consistently include a cost-
effectiveness work package alongside clinical trials®.

METHODS
Literature search

The protocol (PROSPERO CRD42021247845) and reporting of this
systematic review were consistent with the 2020 PRISMA guide-
lines®®. Five electronic databases (Medline via Ovid, Embase via
embase.org, CENTRAL via cochranelibrary.com, CINAHL via EBSCO,
and APA Psycinfo via Proquest) were systematically searched for
scientific publications on September 2, 2022. The applied search
strategy consisted of population-related and intervention-related
keywords, developed by Moschonis et al.'® and Siopis et al.?°,
combined with a search string to detect economic evaluations,
developed by Werbrouck et al.>’. The latter was originally based
on previously published search strings. References®®>°, but was
broadened to maximize sensitivity>’. The search strategy is further
completely consistent with Moschonis et al."® and Siopis et al.?°
the literature search was restricted by age (adults only),
publication date (1 January 2009 onwards to include contempor-
ary evidence only), and language (English), if the search engine
allowed to do so. The search strategies for CENTRAL and CINAHL
were further restricted to trials only and peer-reviewed
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manuscripts, respectively. The final search string can be found in
Supplementary Methods 1. The search terms and inclusion criteria
targeted a broad spectrum of studies with digital components to
maximize detection rate. However, only studies with at minimum
a smartphone application, text-messaging, or website-based
intervention were eventually withheld. Backward and forward
citation tracking were performed to identify any studies missed by
the search strategy.

As this study is a systematic review, ethical approval was not
applicable.

Study selection and data extraction

Titles and abstracts were screened with Rayyan®® by two
independent reviewers (RW and NV) based on a priori developed
eligibility criteria (Table 3). Importantly, not only head-to-head
studies directly comparing the three digital health modes were
included, but studies comparing the intervention including a
digital health mode to usual care were included as well.
Discrepancies were discussed between the two reviewers until
consensus was reached. A third reviewer (LA) was available but
did not have to step in as there were no discrepancies left.

Eligible full texts were screened by the first author (RW) and
one-third of these full texts were screened by a second author
(NV). Reference lists from articles that fitted the inclusion criteria
were checked for missed articles. The following predetermined
data were extracted from all included articles:

® General study characteristics: publication year, country,
participant characteristics, intervention alternatives;

® Methods: study perspective (i.e., point of view), economic
evaluation type, analytic approach, time horizon (i.e., period of
analysis), discount rate (i.e,, to convert a value received in the
future to a value today), reference year of costs, willingness-to-
pay threshold (i.e, what is society prepared to pay for health),
intervention costs, health resource use and data sources,
information regarding the base case and sensitivity analyses;

® Results and conclusion: (incremental) costs and effects, results
from sensitivity analyses, author’s conclusions.

Quality appraisal

As recommended by van Mastrigt et al.°', study quality has been
appraised with the Consensus on Health Economic Criteria (CHEC)
list®2, since this checklist enables the assessment of both trial- and
model-based economic evaluations?>>¢'. The two independent
reviewers (RW and NV) followed Werbrouck et al’’, who
suggested small adaptions to the checklist (e.g., ‘not applicable’
was a valid answer option next to yes or no: for instance, whether
or not discounting (item 14) was applied, was only considered
applicable if a study’s time horizon was >1 year. Such adaptions
resulted in a more valid appraisal of individual studies’ quality)®”.
Discrepancies were discussed by the two reviewers until
consensus was reached by specifying assessment criteria.

|61

Evidence table and analysis

The evidence table summarises study characteristics, treatment
alternatives, and results from the incremental base case analyses.
Sensitivity analyses are addressed in text. The following metho-
dology applies:

® The treatment in the comparator group has been dichotomised
into care as usual (CAU) and enhanced care as usual (CAU +). In
the case of the latter, further description was provided.

® Perspective could either be (i) the public healthcare system
perspective (i.e, the third-party payer perspective), (ii) the
healthcare payer perspective (i.e., including patient costs next to
third-party payer costs), (iii) the societal perspective (i.e.
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Table 3. Eligibility criteria.

Inclusion criteria

Exclusion criteria

Population Adults with or at risk of T2DM and/or hypertension Children, adolescents, mixed patient populations without
stratified results.
Intervention Smartphone applications, text-messaging, or website Other digital health interventions (e.g. teleconsultation
interventions only, telemonitoring without the use of a smartphone
app).
Comparator Care as usual, face-to-face intervention etc. N.A.
QOutcomes Full economic outcomes (e.g. cost-effectiveness; cost-utility Outcomes related to either effectiveness, intervention
analysis) or studies capturing both intervention and health costs, or health resource use costs only.
resource use costs (cost minimisation).
Publication type and Original research: model-based or within-trial health economic Pre/post, reports, systematic reviews, meta-analyses,
study design evaluations congress abstracts, protocols, commentaries, animal
studies
Language English Other languages
Published date 2009 to present Before 2009

N.A. not applicable, T2DM type 2 diabetes mellitus.

including the payer perspective and costs from productivity
losses), (iv) the patient perspective, or (v) the organisational
perspective. In the case that the perspective was not explicitly
stated, the authors made a judgement. A perspective could also
be called ‘limited”: a limited societal perspective may for instance
account for non-medical costs (i.e., costs such as transport costs
to the hospital, which are costs outside the healthcare sector,
but directly relatable to the disease) but not for indirect non-
medical costs (i.e, productivity losses due to absenteeism or
presenteeism).

® In order to improve the comparability between studies from
different countries and different reference years®', costs and
incremental cost-effectiveness ratios (ICERs)/incremental cost-
utility ratios (ICURs) were converted via an online calculator
(https://eppi.ioce.ac.uk/costconversion/) to 2022 Euro currency
values with Belgium as the reference country, to account for
purchasing power parities.

Results were analysed together and per delivery mode, disease,
and outcome measure. Moreover, possible cost-effectiveness
drivers were explored.

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY

Template data collection form and full data extracted from included studies will be
made publicly available on The Open Science Framework under ‘DigiCare4You health
economics’.
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