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ABSTRACT

Background Digital adherence technologies (DATSs)

may provide a patient-centred approach to supporting
tuberculosis (TB) medication adherence and improving
treatment outcomes. We synthesised evidence addressing
costs and cost-effectiveness of DATs to support TB
treatment.

Methods A systematic review (PROSPERO-
CRD42022313531) identified relevant literature from
January 2000 to April 2023 in MEDLINE, Embase,
CENTRAL, CINAHL, Web of Science along with preprints
from medRxiv, Europe PMC and ClinicalTrials.gov. Studies
with observational, experimental or quasi-experimental
designs (minimum 20 participants) and modelling

studies reporting quantitative data on the cost or cost-
effectiveness of DATs for TB infection or disease treatment
were included. Study characteristics, cost and cost-
effectiveness outcomes were extracted.

Results Of 3619 titles identified by our systematic search,
29 studies met inclusion criteria, of which 9 addressed
cost-effectiveness. DATs included short message service
(SMS) reminders, phone-based technologies, digital
pillboxes, ingestible sensors and video-observed therapy
(VOT). VOT was the most extensively studied (16 studies)
and was generally cost saving when compared with
healthcare provider directly observed therapy (DOT),
particularly when costs to patients were included—though
findings were largely from high-income countries. Cost-
effectiveness findings were highly variable, ranging

from no clinical effect in one study (SMS), to greater
effectiveness with concurrent cost savings (VOT) in others.
Only eight studies adequately reported at least 80% of

the elements required by Consolidated Health Economic
Evaluation Reporting Standards, a standard reporting
checklist for health economic evaluations.

Conclusion DATs may be cost saving or cost-effective
compared with healthcare provider DOT, particularly in
high-income settings. However, more data of higher quality
are needed, notably in lower-income and middle-income
countries which have the greatest TB burden.

BACKGROUND
One-quarter of the
is believed to have been

world’s  population
infected with

2

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Digital adherence technologies (DATs) can provide
a less intrusive, and potentially less resource-
intensive way to monitor and support tuberculosis
(TB) treatment adherence, as compared with tra-
ditional direct observation. To date, there is limited
information about the cost and cost-effectiveness of
these technologies in diverse care settings.

WHAT THIS STUDY ADDS

= Our comprehensive review of available studies
shows that some DATs like video-observed thera-
py can be cost saving, particularly in higher-income
countries, and especially when patient costs are
considered.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= While programme savings related to some DATs will
likely offset their initial costs in higher-income set-
tings, more evidence is needed from lower-income
settings where the TB burden is highest. Costing
studies should also more rigorously account for all
relevant costs, including those to patients.

Mycobacterium tuberculosis." In 2022, an esti-
mated 10.6million people fell ill with tuber-
culosis (TB) disease worldwide and a total of
1.8 million people died from TB.?

Treatment for TB disease typically involves
multiple antibiotics for at least 6 months, with
a 4-month regimen recently introduced in
some settings.3 Poor adherence to anti-TB
treatment may lead to treatment failure and
relapse. Directly observed therapy (DOT),
where an observer witnesses all or most
doses, is commonly instituted with the goal
of improving adherence but is seen as both
coercive and resource-intensive.” Particularly
when administered by healthcare providers
in a clinic, DOT often requires frequent
travel, time off work and additional childcare
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expenses, which can place alarge financial and emotional
burden on persons with TB.

TB infection (TBI), the state of infection with Mycobac-
terium tuberculosis without any clinical symptoms, radio-
graphic progression or detectable bacteria, is usually
treated for 3-9 months with one or more anti-TB antibi-
otics to clear the infection and prevent the development
of active disease. Suboptimal adherence substantially
limits the individual and population health benefits of
such preventive treatment.

Digital adherence technologies (DATs) may facilitate
more patient-centric approaches for monitoring TB
medication adherence than existing DOT models.” DAT
interventions include smartphone-based technologies,
short message service (SMS) or video-supported treat-
ment, digital pillboxes and ingestible sensors that aim to
monitor and improve adherence to TB treatment.

Technologies that reduce travel and time require-
ments could produce significant cost savings while
improving the treatment experience for persons with TB.
However, these devices can carry significant technology
costs, which are a particular challenge in lower-income
settings. In addition, their impact on clinical outcomes
varies by technology, intervention approach and setting.
Depending on the setting and care model, some reports
have suggested that DAT-based treatment may be cost-
effective or even costsaving relative to the standard of
care (which often varies), but these findings have been
inconsistent.”

We conducted a systematic review, to summarise existing
evidence addressing the cost and cost-effectiveness of
DATs for TB disease and TBI.

METHODS

The protocol for this systematic review was registered in
PROSPERO, the International Prospective Register of
Systematic Reviews (CRD42022313531)” and is summa-
rised below.

Search and screening strategy

The search was conducted on 25 April 2023 (updated
from 14 April 2022) and included reports published
in MEDLINE/Ovid, Embase/Ovid, CENTRAL/Wiley,
CINAHL and Web of Science Core Collection, from 1
January 2000 to 14 April 2023. We also searched Europe
PMC for preprints (including medRxiv) and Clinical-
Trials.gov for unpublished clinical trials and investiga-
tors of interest. Key search terms related to TB (active
or latent), digital technologies (such as mobile phones,
smartphones, video observation, medication monitors
and text messaging) and cost (such as cost, economic
cost-effectiveness, incremental cost-effectiveness ratio).
A complete list of search terms can be found in online
supplemental section S1. The database search was
conducted by a health librarian (GG). Separately, a
handsearch was conducted through the Union World
Conference on Lung Health conference proceedings for

relevant abstracts on DATS and costs from 2004 to 2022
inclusively. There were no language restrictions.

Inclusion/exclusion criteria

Studies were included if they reported quantitative cost,
budget impact or cost-effectiveness estimates for the use
of DATs for TB treatment support (eg, pure cost descrip-
tions, incremental cost comparisons and cost per health
gain). The minimum number of participants required to
use the DAT was 20 except for modelling studies, which
typically reflected hypothetical cohorts and cost inputs
from a variety of sources. DAT interventions included
but were not limited to smartphone-based technologies,
SMS or video-supported treatment, digital pillboxes and
ingestible sensors. Studies had to involve DAT use to
support treatment adherence in individuals diagnosed
and treated for TB disease or infection, including persons
generally at higher risk of unfavourable outcomes (eg,
those with drug-resistant TB, persons living with HIV). A
full case definition for DATs is included in online supple-
mental section S2.

Eligible study designs included randomised controlled
trials, quasi-experimental trials, observational studies
and modelling studies. Articles were excluded if the tech-
nology was not used to improve TB treatment adherence;
we also excluded review articles, editorials, commen-
taries, news articles and protocols, as well as abstracts
other than those from the Union World Conference on
Lung Health. Relevant grey literature publications (such
as preprints, ministry reports and technical papers) were
eligible if they met all inclusion criteria.

Study selection

After deduplication using EndNote,® each title and
abstract was screened independently (blinded) by at
least two reviewers (among CK, MSM, MZ, CIC and SB)
using Rayyan.ai’ to establish whether the publication in
question potentially addressed DATs for TB treatment
support and potentially met the other inclusion criteria.
Studies for possible inclusion then underwent inde-
pendent full-text review by two reviewers, for eligibility
according to the detailed criteria above. Conflicts during
each stage were resolved by consensus, with inclusion of a
third senior reviewer when needed (KLF, RS and KS). All
publications cited by the included articles and all publi-
cations that cited them (using Google Scholar'’) were
also screened for inclusion.

Data extraction

After identifying all eligible studies, their data were
extracted into a standard template in Excel'' by two
independent reviewers (among CK, MSM and MZ) and
subsequently compared. Any conflicts were resolved
by consensus and by discussion with a third reviewer
when necessary. Extracted data included detailed infor-
mation on the study characteristics, study design, study
setting (inpatient or outpatient), participant charac-
teristics, DAT used, intervention duration, standard of
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care (comparator) and any important gaps noted by the
reviewers. The total costs (for the DAT and any compar-
ator) and cost-effectiveness estimates provided by the
reports were extracted, as was an inventory of the cost
components included in the total (eg, equipment and
personnel time). Online supplemental table Al lists
and describes the types of costs tabulated for each study,
whenever available. Studies that reported multiple sensi-
tivity analyses and scale-up scenarios were noted but only
the base case results were extracted.

We also extracted all available information on the scope,
frequency (eg, daily) and mode (eg, self-administered
therapy (SAT) or DOT) of the comparator. Whenever
DOT was used as a comparator for a digital technology,
we also noted the method of delivery (eg, clinic or field
based). While specifics varied, we noted three main
models for DOT delivery. Clinic DOT required the person
taking TB treatment to attend a central facility such as a
clinic, a hospital or a prison for observation. Field DOT
required health workers to travel to the person’s home,
workplace or other community location for dosing obser-
vation. Family DOT allowed observation by designated
treatment supporters among family members or close
friends. We noted studies where the mode for DOT was
not further characterised as ‘DOT—not reported’, that
is, DOT-NR.

Data synthesis

In our primary analysis, we expressed costs in ‘inter-
national’ dollars based on purchasing power parity
(PPP), reflecting equivalent purchasing power in each
study setting to that provided by a US dollar (USD) in
the USA." This enhances comparability across diverse
settings and attenuates distortion from abrupt fluc-
tuations in market exchange rates (eg, if a currency is
revalued).” Tt is particularly relevant for local decision-
makers and funders, as opposed to international donors.
Strictly speaking, the use of PPP may be best suited for
non-tradable goods, for example, local labour. However,
in DAT cost studies, labour and domestic transport are
often the major component and a detailed breakdown
between tradable and non-tradable goods may not be
available.

Hence costs from countries other than the USA were
first inflated to 2022 costs using the local gross domestic
product (GDP) implicit price deflator as recommended
for non-traded goods" '* and then converted to interna-
tional dollars using PPP estimates reported by the Inter-
national Monetary Fund (IMF).'5 US-based costs were
inflated to 2022 dollars using the US GDP deflator from
the same IMF dataset."

We also performed a sensitivity analysis where all costs
were converted to USD using average annual market
exchange rates from the IME'® When not otherwise
reported, the currency year was assumed to be the publi-
cation year, and the average market exchange rates for
that year were used for currency conversion. A list of all

factors used for cost adjustment is provided in online
supplemental table A2.

We grouped cost results by DAT and tabulated the costs
per person treated along with key details (eg, country,
number of participants, comparator and cost compo-
nents). Costoutcomes were further grouped by the costing
perspective (ie, only costs borne by healthcare providers
or societal costs which also include costs to patients and
family members). For video-observed therapy (VOT)
studies that only reported costs per treatment observa-
tion, costs were converted to a standard 6-month (26-
week) treatment regimen with VOT performed 7X/week
and DOT performed 5X/week to facilitate comparison:
these were the most common observation frequencies for
VOT and DOT, respectively. For studies comparing VOT
to DOT, we also present the cost per observation for all
studies that reported scheduled observation frequencies.

When costs were available for multiple sites in a single
country, only the weighted mean of all sites was presented,
with weights reflecting the number of participants at
each site. For such studies, information from individual
sites is reported in online supplemental table A4. Unless
otherwise specified, reported costs for TB disease reflect
drug-sensitive disease. Cost-effectiveness results were
grouped by outcome type (eg, cost per disability-adjusted
life-year (DALY) averted, cost per quality-adjusted life-
year (QALY) gained) and by costing perspective.

Quality assessment

Quality of reporting was evaluated using the Consoli-
dated Health Economic Evaluation Reporting Standards
(CHEERS) 2022 checklist'” for full-text studies only. The
checklist includes 28 criteria. A score of 1 was assigned for
each criterion when fully met, 0 when it was not, and NA
when it was not applicable. For each study, we calculated
the percentage of checklist criteria met, after exclusion
of those which were not applicable. This quality assess-
ment was performed independently by two reviewers.
Any differences between the two reviewers were resolved
by consensus, with discussion with a third reviewer when
necessary. Certainty of evidence was not rated formally
but was discussed narratively.

Patient and public involvement

Patients and the public were not specifically involved in
the design, conduct, reporting or dissemination plans of
our research.

RESULTS

Search results

Of the 3619 records identified by the initial search, 867
were removed as duplicates and 2752 titles and abstracts
were screened. Of these, 321 addressed DATs and TB
and underwent full-text review for eligibility. Of these, 24
met inclusion criteria, while 5 others were identified by
supplementary search of references and citations, for a
total of 29 studies included in our review. Figure 1 shows
the Preferred Reporting Items for Systematic Reviews and
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Identification of studies via databases and registers

Identification of studies via other methods

Records identified from:

Citation searching (n = 1)
Reference searching (n = 0)
Systematic review searching (n = 0)
Union Conference Abstracts (n = 3)

Related scoping review searching (n = 1)*

| 3

Reports sought for retrieval
(n=5)

A
Reports assessed for eligibility
(n=5)

Records identified from:
5 CENTRAL (n = 639)
® (E:lIVINE? :SLE(n :_ 1973%) Records removed before screening:
;,‘—_’ (n—_ ) Duplicate records removed
= MEDLINE (n=541) (n= 867)
5 MedRxiv (n= 380)
° WoS (n=563)
Clinicaltrials.gov (n= 384)
Records screened —
(n=2752) —Dl Records excluded (n=2431)
Reports sought for retrieval - —
(n= 321) —>| Reports not retrieved (n= 0) |
g
‘= A 4 Reports excluded: (n= 297)
Q I Did not meet DAT definition (n = 97
g Reports assessed for eligibility (n=321) Wrong publication type (n = 250) )
(2] Protocol (n = 78)
Review (n = 46)
Abstract (n = 20)
Letter to editor (n = 3)
News (n = 3)
Wrong sample size (n=2)
Wrong outcome (n = 48)
g Studies included in review via databases
'g (n=24)
° Additional studies obtained via other
£ methods (n =5)
Figure 1

PRISMA flow diagram. *This study was captured by a related scoping review search by the authors of this

systematic review and met all inclusion criteria. DAT, digital adherence technology; PRISMA, Preferred Reporting Items for

Systematic Reviews and Meta-Analyses.

Meta-Analyses 2020 flow chart for included and excluded
studies.

Study characteristics

Detailed characteristics of each included study are listed
in table 1, while figure 2 highlights the DAT types and
country settings by income level. Over half the included
studies evaluated VOT (16 studies), followed by digital
pillboxes (7 studies), SMS (4 studies) and medication
sleeves with phone calls (‘99DOTS’; 4 studies). There
were two other DAT interventions addressed by one study
each: automated interactive voice calls and ingestible
sensors.

The scope of included costs varied widely among the
26 full-text studies (online supplemental table A3). For
example, a few studies included up-front implementation
costs, such as staff training and programme setup; most
did not. Only six considered costs borne by persons with
TB or their families, four of which also considered indirect
costs such as lost wages. Eight studies included the cost
of TB treatment, such as TB medication and follow-up
testing. This was generally to model downstream cost
savings associated with potential improvements in health
outcomes. For example, if the intervention was thought
to reduce acquired drug resistance, then the intervention
would also reduce the additional treatment costs asso-
ciated with multidrug-resistant TB disease (MDR-TB).

However, most studies did not consider such second-
order effects.

Video-observed therapy

Reported provider costs for VOT are summarised in
table 2. There was enormous variation, ranging from
international $9 per person treated in China, when
only transport costs were considered'® to international
$21817 in a Brazil modelling study' which considered
all costs including medications and follow-up testing for
persons with MDR-TB. The median estimated provider
cost across 15 reports was $1364 per patient. For studies
that reported costs for multiple sites in a single country,
only the weighted average cost per patient is shown. The
results for individual sites are provided in online supple-
mental table A4. Three studies also considered scale-up
022 with larger hypothetical patient numbers
that are not presented here. One analysis only consid-
ered averted DOT costs (such as fuel and labour)® but
excluded any additional costs associated with VOT, so
cost savings were inevitable and not necessarily reflective
of all potential costs.

Most VOT studies took place in high-income (12 of
16) or upper-middle-income (4 of 16) countries. Only
one evaluated the use of VOT in a lower-middle-income
country (LMIC).* Nine studies evaluated synchronous

scenarios
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Table 1 Characteristics of included studies
Authors Year Study design DAT Comparator(s) Country Effectiveness
Au-Yeung and 2012 Modelling Ingestible sensors—record doses DOT —clinic USA****
DiCarlo® ingested via a wearable device
Bahrainwala 2020 Modelling Multicomponent intervention—only 2 months DOT+4 months Madagascar*
et al* Digital pillbox® component extracted SAT and SAT alone
Beeler Asay 2020 Observational VOT—synchronous and DOT —clinic and field USA****
et al* asynchronous
Broomhead 2012 Observational Digital pillbox—prompts patient via DOT—NR S. Africa*™*
and Mars®® SMS when doses are missed
Buchman and 2017 Observational VOT—synchronous DOT—field USA***
Cabello*®
Daftary et al®' 2017 Experimental Interactive automated voice calls—  SAT (not costed) Ethiopia*
daily reminders to take medication,
reminders for clinic visits, and
monthly adherence and side effect
assessments
Fekadu et a/*’ 2021 Modelling VOT —synchronous SAT and DOT (clinic) USA**** v
Garfein et al*’ 2018 Observational VOT—asynchronous with daily SMS DOT—Field* USA****
or email reminders
Gashu et 2021 Experimental SMS reminders—(daily) include DOT (not costed) Ethiopia*
al*?—preprint graphical messages for illiterate
patients
Guo et al*® (A) 2020 Experimental VOT—synchronous DOT—NR China** %
o
Guo et al'® (B) 2020 Observational VOT—asynchronous with automated DOT—clinic China*** o
reminders in case of missed _cjn
recordings o
Holzmanet 2018 Observational VOT—asynchronous with automated DOT—field USA*** %
al® reminders in case of missed g
recordings a
o
Krueger et 2010 Observational VOT—synchronous DOT —field USA*** <
al*® 8
g
Lam et a/® 2019 Observational VOT—synchronous and DOT —clinic and field USA*** =
asynchronous =

Louwagie et 2022 Experimental SMS reminders—twice weekly (10 Not explicitly S. Africa™* v
al* TB-related and 7 smoking or alcohol described—likely SAT

reduction related)+3 motivational based on costs included

counselling sessions
Manyazewal 2022 Experimental Digital pillbox—data downloaded at DOT—clinic Ethiopia*
etal’® follow-up visits and discussed with

patients
Mukora et 2022 Experimental Digital pillbox—triggers SMS, phone SAT S. Africa*™*
al*®—abstract calls and home visits in cases of

non-adherence
Nsengiyumva 2018 Modelling VOT —synchronous, Digital pillbox SAT and DOT (clinic) Brazil™* v
etal® with SMS reminder in case of missed

dose, two-way SMS, phone calls

with medication sleeves —branded

99DO0Ts
Nsengiyumva 2023 Observational VOT asynchronous, phone calls DOT —field (not costed), Tanzania*™
etal’’— with medication sleeves—branded  clinic and family Moldova***
preprint 99DOTs Philippines™*

Bangladesh**
Haiti**
Peng et a/®®*— 2014 Experimental SMS reminders—no further details DOT—NR China***
abstract are provided in abstract
Ravenscroft 2020 Experimental VOT—asynchronous DOT —clinic Moldova***
et al*
Continued
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Table 1 Continued

Authors Year Study design DAT Comparator(s) Country Effectiveness
Sahaetal® 2022 Quasi- Digital pillbox—reminds patients NR—but referenced DOT India** v/
experimental  daily+provides real-time monitoring  costs from literature

on app for healthcare workers
Salcedo et 2021 Modelling VOT —asynchronous—videos DOT —combined field USA*** 4
al® screened first by Al software (69% of doses) and clinic
(branded AiCure) (81%)
Siddiqui et 2019 Observational VOT—asynchronous DOT —field USA***
al36
Story etal”® 2019 Experimental VOT—asynchronous DOT —clinic UK***
Thompson et 2022 Experimental Phone calls with medication DOT —family Uganda* v
al*® sleeves—branded 99DOTs
Wade etal®® 2012 Observational VOT—synchronous (with 5% of DOT—field Australia™**
patients remaining on DOT)
Waswa et 2022 Experimental Phone calls with medication None costed Uganda*
al’® —abstract sleeves—branded 99DOTs
Yangetal® 2022 Modelling' Digital pillbox—prompts healthcare 2 months DOT— Morocco™**

workers if dose is missed to facilitate NR+4 months SAT

follow-up

Country income level (2021) from World Bank: *low, **lower middle,

*kk

upper middle, ***high.

*Mostly field DOT but a small unspecified number of patients were on clinic DOT in one of the clinics studied.

9lAlso contained cost information from retrospective cohort study by Park et a/.%°

§This study evaluated a multicomponent intervention labelled drone-observed therapy system which included the use of digital
pillboxes. Importantly, only the cost of the isolated digital pillbox was extracted which was available from sensitivity analyses.

DOT, directly observed therapy; NR, not reported; SAT, self-administered therapy; SMS, short message service; VOT, video-observed

therapy.

VOT while eight assessed asynchronous VOT, with both
yielding savings in most scenarios.

In the two studies that also considered costs from a soci-
etal perspective, the analyses suggested cost savings for
treated persons and their families with VOT, leading to
further overall savings. A third study evaluated the use of
an asynchronous VOT technology that leveraged artificial
intelligence (AI) software (branded AiCure) to screen
the video recordings. From the societal perspective,

VOT consistently yielded net savings over healthcare
provider (field or clinic) DOT, but not compared with
self-administered treatment. Two studies focused only on
transportation costs reported by persons treated for TB;
not surprisingly, VOT was then cheaper than clinic-based
DOT!® 24

A comparison of VOT and DOT costs per dose obser-
vation is shown in online supplemental table A5. Two
VOT studies reported costs for both asynchronous and

Ais -
Income level
14 = High . :
Upper Middle o 2 L. ) );f‘ -
. p . o : |

12 1 Lower Middle A - I 4 ~ T 65t
“ g 3 S » § 2
2 10 u Low % A ,/i g% {2 [moidow |
3 P> S A p
2
wn S » 213 ina
S g w ey ; =, [3 T cne]
£ 3 [Tl g, =BREC \ A
2 T 5

4 — -- // Ban, gladesh

Tanzania | 1
4 T {
2 A . . l [[south africa | _Madmscar
0 N -
VOT Digital Pillbox SM 99DOTS Other

Figure 2 Summary of included studies. (A) Number of studies evaluating each DAT type by country income level. *One study

analysed VOT in lower-middle and upper-middle-income countries. Nsengiyumva et al,

1,'° and Nsengiyumva et al,° analysed

multiple DAT types (see table 1) and thus are included in multiple columns above. (B) Map of countries coloured by income
level and number of included studies from each. DAT, digital adherence technology; DOT, directly observed therapy. SMS, short

message service
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synchronous observation, compared in online supple-
mental table A6.

Digital pillboxes

The provider costs for digital pillbox interventions are
summarised in table 3. The range of provider costs was
again extremely wide (ranging from international $118
to international $20992 per person) but generally similar
to the standard of care which usually included at least
some component of SAT. The median incremental
cost for digital pillbox use was a 20% increase over the
standard of care. Unlike VOT, digital pillboxes were only
reported from LMICs. While some studies evaluated
digital pillboxes as a replacement for DOT, others consid-
ered it a means to augment DOT, for example, to support
treatment of weekend doses which could not be directly
observed. Only one study evaluated societal costs and
suggested savings relative to clinic-based DOT (table 3).
Another study that evaluated only patient expenses esti-
mated that persons with TB who used a digital pillbox
saved an average of $31 over the intensive phase of their
treatment compared with the DOT group.™

SMS-based interventions

The provider costs for SMS-based interventions are
summarised in table 3. SMS was one of the lowest-cost
interventions at a median cost of international $115 per
person and was reported exclusively from LMICs. The
standard of care comparator was mostly SAT, except in
one study that compared SMS with DOT (type unspeci-
fied)’; this was the only study that found SMS cost saving.
SMS-based interventions were used in several clinical
contexts including TBI treatment (9 months of isoni-
azid), throughout treatment of drug-sensitive TB disease,
or for continuation phase treatment only. In one study,
the intervention consisted of motivational interviewing
along with SMS reminders.?” The costs, therefore, include
both the DAT and the interviewing cointervention. While
most other studies involved one-way SMS reminders,
one report modelled a two-way system where patients
confirmed whether the dose was taken by replying to the
reminder message.'’ This study only evaluated the SMS
intervention among persons treated for TBI. Only one
study evaluated costs from a societal perspective (table 3)
and found similar costs when compared with SAT.

Medication sleeves with phone-based dose recording
(branded 99DOTS)

Four studies analysed 99DOTS interventions in LMICs,
and the costs are summarised in table 3. The provider
costs for a 6-month regimen ranged from international
$76 in Uganda when excluding start-up costs® to $963 in
another Uganda-based study that included those costs.”
The intervention was associated with cost savings in most
cases when compared with clinic DOT as standard of
care. In the reports by Thompson et al and Nsengiyumva
et al (2023; Tanzania group), there were no provider
costs for DOT since the treatment observers were

unpaid family members. The two studies also considered
scenarios where fixed costs were annuitised over 5 years.
Nsengiyumva et al (2023) also considered scenarios for
scale-up using larger theoretical patient numbers that are
not presented here. Only one study'’ considered societal
costs; it suggested additional savings for persons treated
for TB disease.

Other technologies (interactive voice calls and ingestible
Sensors)

One modelling study evaluated total treatment costs using
a hypothetical target cost for ingestible sensors to detect
and promote adherence to TB disease treatment.”” This
study modelled a clinic in a high-income country (USA)
using ingestible sensors compared with clinic DOT as the
standard of care. Another study provided feature phones
and 6 months of airtime to support an interactive voice
response intervention to promote adherence to TBI
treatment.”’ The provider costs from these studies are
highlighted in table 3 along with results from the societal
perspective reported by the ingestible sensors study.

A visual summary of all incremental costs to providers
is illustrated in online supplemental figures Al and A2.
Some patterns become more evident visually. VOT was
most often compared with some form of DOT, while
other DATs were often compared with SAT. Not surpris-
ingly, health provider savings with VOT were more
pronounced when it was compared with field DOT, as
opposed to facility-based DOT.

Cost-effectiveness

Among the nine studies that addressed cost-effectiveness,
outcomes assessed varied considerably. Four model-
ling studies estimated a cost per DALY averted; results
are summarised in online supplemental table A7. Two
modelling studies also estimated cost per TB case averted,
largely among persons treated for TBI (online supple-
mental table A8)

Three studies considered cost per QALY gained
(online supplemental table A9). One of these was a trial
which found no significant effect of an SMS intervention
plus motivational interviewing on health utility scores.?”
Hence the authors did not estimate cost per QALY gained;
for completeness, we have done so using the point esti-
mates they provided (online supplemental table A9). In a
probabilistic sensitivity analysis, another study found that
an Al-based VOT application®® was dominant in 93.5% of
simulations, that is, cheaper with better health outcomes,
compared with provider (clinic and field) DOT. In India,
digital pillboxes were judged to be highly cost-effective
compared with DOT.”

One study compared synchronous VOT to field DOT
and estimated it would cost international $1.12 per
additional treatment observation accomplished (95%
CI = $0.43 to $1.91) to implement VOT in a clinic of 47
patients.22

Another study compared 99DOTS to family DOT in
Uganda and estimated it would cost $1128 per additional
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magnified cost differences between VOT and the lower-
cost technologies.

Quality of reporting

The results of the assessment for quality of reporting,
using the CHEERS 2022 checklist,'” are summarised in
online supplemental table A22. The proportion of check-
list items addressed ranged from 30% to 89% (median
68%). Five studies reported conflicts of interest, where
a listed author was either an inventor of the DAT evalu-
ated, or an employee of a company that manufactured
it.2 3033374 1o studies did not report on conflicts of
interest.*” %

DISCUSSION

Of the technologies currently used by TB programmes,
VOT was reported as cost saving relative to clinic or field
DOT in most studies, particularly with respect to cost per
dose observed. However, VOT was primarily evaluated
in high-income or upper-middle-income countries with
well-established DOT programmes, and technical infra-
structure that can support VOT. In these locations, VOT
can potentially be considered a more efficient, lower-cost
option for monitoring treatment, particularly in rural
and remote areas.

It is unclear whether these results are generalisable
to lower-income settings where labour savings relative
to in-person DOT may not offset equipment and infra-
structure costs. However, VOT or other DATs requiring
smartphone access could be adapted to reduce some
infrastructure costs. For example, if local privacy laws
allow, patients could use one of many free encrypted
video call applications as opposed to paid applications.
Patients could opt for video calls or video messages if
they feel comfortable doing so and already have access
to mobile internet. Low-cost or used smartphones could
also be loaned to patients who do not already have one.
Of course, from the provider perspective any treatment
support provided by the health system, whether with a
DAT or DOT, is more expensive than SAT.

In theory, costs for asynchronous VOT could differ
from those for synchronous observation. Asynchronous
VOT requires dedicated software and video storage
but could allow further labour efficiencies if videos are
watched consecutively or are screened by Al software.
In fact, both asynchronous and synchronous VOT were
reported to be cost saving in higherincome settings.
Indeed, the two studies that analysed both asynchronous
and synchronous VOT generally found very similar costs
per dose observed.

Digital pillbox costs were studied exclusively in LMICs,
where they were occasionally used to supplement DOT.
They were often judged cost saving when compared
with DOT, particularly when costs to persons with TB
were considered. On the other hand, they were not cost-
effective or cost-saving when compared with SAT. Simi-
larly, perhaps reflecting their low cost, SMS intervention

costs were reported exclusively from LMICs, and most
often compared with SAT. However, interpretation was
limited by significant cointerventions® or by restricted
types of data available.® ** 99DOTS medication sleeves
were also used primarily in LMICs, with estimated costs
that were generally similar to or lower than those for
clinic-based DOT. Hence digital pillboxes, SMS interven-
tions and 99DOTS may be affordable or even cost saving
in lower-income settings. However, their impact on health
outcomes will also need to be considered.

The incremental cost of treatment support with DATs
varied dramatically with the standard of care comparator
and the setting. For example, savings to the healthcare
system were typically greatest when DATs replaced field
DOT (where the burden of travel is on the provider),
as opposed to clinic DOT. There were also far more
studies comparing DATS (particularly VOT) to DOT than
to SAT. Each DAT was most often deemed cost saving
for providers when compared with clinic or field DOT,
reflecting potential reductions in labour and travel costs.
Given the considerable challenges in providing in-person
DOT in LMICs,** where most people with TB live, it
is important to understand how the costs of the DATs
compare to those for both DOT and SAT in the same
settings. However, for local health departments already
using DOT or considering implementing it, DATs could
offer less intrusive, more efficient alternatives.

Other important sources of heterogeneity between
studies included the number of persons served by a given
programme or intervention, and lifespan attributed to
equipment. For example, some studies considered only
the persons served during a short trial period while
others considered largerscale operations at multiple
clinics over longer time frames, including sensitivity anal-
yses that evaluated different levels of scale-up.”’™* Some
studies noted that costs per person served fell dramat-
ically if fixed equipment continued to be used beyond
initial study timelines.*’ *

The use of international dollars as opposed to USD
from market exchange rates (reported in online supple-
mental section S5) resulted in higher DAT and compar-
ator costs for studies conducted in LMICs. This is
because PPP corrects for differences in resource prices
between settings. Hence median costs for digital pill-
boxes, 9DOTS and SMS were 2—4 times higher in inter-
national dollars than in USD based on market exchange
rates. The resulting cost estimates were, therefore, closer
to (though still consistently lower than) those for VOT
which was mostly used in the USA. Cost-effectiveness esti-
mates from LMICs showed a similar pattern.

Overall, the quality of reporting was limited when
studies were assessed against the CHEERS checklist—a
standard for health economic evaluations. For example,
nearly half the studies we found did not report a currency
year. Others incorrectly reported the perspective of their
analyses, did not fully describe key data inputs, did not
include relevant cost components or contained apparent
calculation errors.
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Strengths and limitations

To our knowledge, this is the first systematic review
focusing specifically on cost and cost-effectiveness esti-
mates for the application of DATs to TB treatment. We
used a wide-ranging search strategy across multiple data-
bases, without language restriction and with inclusion of
suitable publications from the grey literature—although
the inclusion of conference abstracts limited the scope
of information and quality assessment for those specific
reports. Every step of our review, from filtering of titles
and abstracts through data extraction, reporting and
quality assessment, involved two independent reviewers,
with disagreements resolved by consensus, and a third
senior reviewer when needed.

To support comparisons between study findings, we
expressed all costs in the same currencies (2022 interna-
tional dollars as well as 2022 USD). Similarly, we explic-
itly tabulated which cost components, such as technology
and equipment, staff time, overheads and patient/family
costs were included in each study. Whenever possible, we
summarised the cost of both the DAT and the compar-
ator used for treatment support in each study. We also
used a standard and widely used health economic anal-
ysis checklist to assess the quality of the reports included.

Because of the marked diversity of interventions,
comparators, study settings, study designs and cost
measures, it was neither possible nor appropriate to pool
study results through meta-analysis. To enhance compa-
rability of results across studies, we focused on incre-
mental (as opposed to absolute) costs, and on costs per
person (as opposed to cost per dose observation or aggre-
gate costs across all persons treated). Inevitably, there
remain differences in methods and assumptions between
individual studies. For example, covering the cost of a
smartphone purchase makes a DAT intervention more
expensive, compared with only including persons who
own a smartphone. Similarly, the longer the assumed
lifespan for DAT hardware, the lower the cost per person.

For the cost-effectiveness analyses, in particular, robust
effectiveness data were often lacking. These analyses
often involved the modelling of downstream costs and
health outcomes, with many underlying (and unproven)
assumptions. This was reflected in the diversity of results
from these studies. Finally, there are likely other grey
literature reports that were missed by our search.

CONCLUSIONS

Cost and cost-effectiveness analyses for the DATs
currently used by TB programs have yielded variable
results, particularly when compared with conventional
directly observed treatment. Studies have often involved
small numbers of affected persons or specialised settings,
hampering their generalisability. VOT was more consist-
ently associated with cost savings compared with clinic or
field DOT in higher-income settings, related to reductions
in travel and labour expenses for healthcare workers, and
in productivity losses for persons on treatment. However,

few analyses have considered costs borne by affected
individuals and their families, so the overall potential for
societal cost savings has not been adequately character-
ised. Any such savings are only relevant to the extent that
treatment supported by DATs is associated with similar or
better outcomes than the existing local standard of care.
Moreover, any attendant health gains or cost savings can
only be realised if the necessary technical and human
resources are in place and if barriers to DAT uptake are
mitigated. It is also clear that more and higher-quality
operations research focusing on costs is needed, particu-
larly in communities and settings that carry the greatest
burden of TB.

Changes to protocol

A sensitivity analysis with and without conference abstracts
was not performed since only three abstracts were
included and no meta-analysis was performed. Abstracts
were instead clearly labelled in the results tables. A sensi-
tivity analysis with market-based exchange rates was
added. Certainty of evidence was not rated formally using
criteria of the Grading of Recommendations, Assessment,
Development and Evaluation approach since results were
not pooled and cost-effectiveness outcomes were mostly
not comparable.
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