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Abstract

Introduction

Mobile health (mHealth) applications may improve timely access to health services and
improve patient-provider communication, but the upfront costs of implementation may be
prohibitive, especially in resource-limited settings.

Methods

We measured the costs of developing and implementing an mHealth-facilitated, home-
based strategy for tuberculosis (TB) contact investigation in Kampala, Uganda, between
February 2014 and July 2017. We compared routine implementation involving community
health workers (CHWSs) screening and referring household contacts to clinics for TB evalua-
tion to home-based HIV testing and sputum collection and transport with test results deliv-
ered by automated short messaging services (SMS). We carried out key informant
interviews with CHWs and asked them to complete time-and-motion surveys. We estimated
program costs from the perspective of the Ugandan health system, using top-down and bot-
tom-up (components-based) approaches. We estimated total costs per contact investigated
and per TB-positive contact identified in 2018 US dollars, one and five years after program
implementation.

Results

The total top-down cost was $472,327, including $358,504 (76%) for program development
and $108,584 (24%) for program implementation. This corresponded to $320-$348 per
household contact investigated and $8,873-$9,652 per contact diagnosed with active TB
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over a 5-year period. CHW time was spent primarily evaluating household contacts who
returned to the clinic for evaluation (median 30 minutes per contact investigated, interquar-
tile range [IQR]: 30-70), collecting sputum samples (median 29 minutes, IQR: 25-30) and
offering HIV testing services (median 28 minutes, IQR: 17—43). Cost estimates were sensi-
tive to infrastructural capacity needs, program reach, and the epidemiological yield of con-
tact investigation.

Conclusion

Over 75% of all costs of the mHealth-facilitated TB contact investigation strategy were dedi-
cated to establishing mHealth infrastructure and capacity. Implementing the mHealth strat-
egy at scale and maintaining it over a longer time horizon could help decrease development
costs as a proportion of total costs.

Introduction

Tuberculosis (TB) is among the leading causes of death due to an infectious disease worldwide,
with approximately 7 million new TB cases diagnosed in 2020 [1]. Low TB case detection rates
represent a major gap in the TB care cascade in high burden countries, and more than 30% of
estimated incident TB cases continue to go undiagnosed and/or unreported [1-3]. This prob-
lem has impeded progress toward the global End TB targets [4]. Patient-centered interventions
that can facilitate early case detection and reduce barriers to TB care are thus an important
public health and global health priority.

Contacts of TB patients have a substantial risk of developing active TB within the first one
to two years after exposure [5]. and in high-income settings, interventions focusing on con-
tacts of index TB patients (e.g., contact investigation) have become an important priority for
TB control and elimination [6]. TB contact investigation involves teams of health care workers
visiting households or workplaces of people diagnosed with active TB to identify and refer
those with TB-specific symptoms or key risk factors for further clinical and bacteriologic TB
evaluation. Recent evidence suggests that contact investigation has the potential to improve
TB case detection in high prevalence settings relative to passive case-detection services in
health facilities [7]. However, barriers to acceptance and completion, operational complexities,
and resource constraints have limited wide adoption of contact investigation in low-and mid-
dle-income countries[2,8,9].

To address these challenges, we developed a home-based, mHealth-facilitated household
contact investigation strategy and evaluated it in a pragmatic, prospective, household random-
ized trial [10]. Compared to routine contact investigation delivered by community health
workers (CHWs), the mHealth-facilitated contact investigation intervention included home-
based HIV testing and TB evaluation, collection and transport of sputum samples, and follow-
up communications using automated short messaging services (SMS). The strategy was feasi-
ble and acceptable but not more effective than routine contact investigation because of imple-
mentation challenges [11,12]. Nonetheless, another area of uncertainty in the mHealth field is
the limited and heterogeneous evidence on the costs and cost effectiveness of mHealth strate-
gies [13] including some evidence of high up-front costs [14], which may in turn act as a bar-
rier to ongoing research and innovation. Therefore, to characterize the resource implications
of mobile health interventions more fully, we conducted a comprehensive assessment of the
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costs of development, implementation, and maintenance of home-based, mHealth-facilitated
TB contact investigation in Kampala, Uganda.

Materials and methods
Study design and setting

We estimated the costs of developing, implementing, and maintaining a home-based,
mHealth-facilitated household TB contact investigation intervention in Kampala, Uganda,
from the health system perspective, using both a “top-down” and “bottom-up” (components-
based) approach. In this setting, TB contact investigation involved CHW:s visiting the homes
of TB patients, screening all contacts for TB symptoms, and recording their findings using a
customized electronic survey application (CommCare, Dimagi, Boston, USA). The application
employed decision-support logic to identify contacts requiring evaluation for TB and
prompted CHW: to collect a sputum sample and offer HIV testing to eligible household mem-
bers. The application also delivered personalized, automated text messages to each participant
providing follow-up instructions, clinic visit reminders, and TB test results. In the routine care
arm, automated text messages were not sent, and all contacts needing TB evaluation were
referred to the clinic. The home-based strategy sought to increase the proportion of contacts
fully evaluated for TB by reducing the need for contacts to travel to clinics.

To comprehensively evaluate the costs of the mHealth-facilitated intervention, we divided
the program into two phases and evaluated the costs accrued in each phase. The development
phase, which lasted 30 months (February 2014-July 2016), consisted of formative research,
software customization, and pilot testing. Activities during this phase included, but were not
limited to, development of decision-support logic, integration of fingerprint identification
technology and automated short messaging service (SMS) technology; pilot testing; and opti-
mization of technological components. This was followed by the implementation phase, which
occurred over 12 months (July 2016 —July 2017) in the context of a cluster-randomized trial. A
total of 919 contacts were randomized at the household level, including 471 contacts in the
intervention arm who are the focus of this cost analysis. The trial observed a marginal proba-
bility of completing TB evaluation of 14% (95% CI 8-20) in intervention households and 15%
(95% CI 9-21) in routine care households, representing a difference of -1% (95% CI -9% to
7%, p = 0.81) [10]. Fig 1 shows a conceptual outline of project phases, activities, and timelines.

Estimation of program development costs

To estimate the cost of developing, implementing, and maintaining the mHealth-facilitated
contact investigation intervention, we retrospectively collected programmatic costs of each
phase of development from the health system perspective using health facility and study bud-
get estimates. All cost and volume estimates extracted from study and health center financial
records, and key informant interviews were performed with study staff and health facility
administrators to confirm which budgetary items mapped to specific expenditures for pro-
gram development. Cost components were appropriately mapped to specific thematic expen-
diture categories: human resource costs, capital costs, recurrent costs, overhead costs, and
building space costs. Human resource costs included salaries of a coordinator, data manager,
laboratory manager, IT officer and CHWSs. Capital costs included investment in hardware and
software for mHealth, a vehicle, and cost to adapt the intervention to the local setting. Recur-
rent costs included expenditure on consumables such as laboratory supplies, internet, and text
messages. Overhead costs included operational costs such as those for supervision teams and
patient care at the clinic. Building space included the space occupied by the supervision teams
and patient rooms. Since budget allocations were similar across facilities with similar clinical
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mHealth TB Contact Investigation Program
Phase I: Development

3. mHealth TB Contact Investigation
Intervention Pilot

(September 2015-July 2016)

Phase Il: Implemen

4. mHealth TB Contact Investigation
Intervention RCT

(July 2016-July 2017)

The impact of the mobile health application for
TB contact investigation was tested in a 1-year
cluster-randomized controlled trial

2. Software Customization
(May 2014-Sept 2015)

The customized mobile health application was
tested and optimized through a prospective

1. Formative Research

CommCare, a mobile health application

(Feb 2014-May 2014)

Formative research was
characterized by training and
community engagement activities

Activities:

In-depth interviews with key
community stakeholders

Focus group discussions with
key community stakeholders

for frontline health workers, was tailored
to fit the context of its application

‘ Activities:

Integration of decision
support questionnaires

care and TB education

_.* Integration of fingerprint
/ recognition technology

¢ Training CHWs

A

multi-center study

Activities:
¢ Supported CHW onsite trainings
Enrollment of TB patients for

contact investigation
Enrollment of household contacts

contacts needing TB evaluation
Home-based HIV testing services
Automated reporting of TB test
results through SMS

Automated clinic visit reminders
for TB evaluation

Monitoring and evaluation

Fig 1. A detailed description of program activities in the different phases of implementation.

Activities:

Supported CHW: onsite re-training
Enrollment of TB patients for contact
investigation

Randomization of households to
receive the intervention or routine

g e 0 o o of TB patients (I
Training implementing staff * Integration of SMS logic for . ¢ Enrollment of household contacts of
on technology elements i . . * Home-based collection of .

. clinic reminders, linkage to sputum samples from household TB patients

Home-based collection of sputum
samples from household contacts
needing TB evaluation

Home-based HIV testing services
Automated reporting of TB test
results through SMS

Automated clinic visit reminders for TB
evaluation

Monitoring and evaluation

https://doi.org/10.1371/journal.pone.0265033.9001

capacity, patient visit volumes, and scope of service delivery, we compiled cost data from four
of the seven participating health centers and extrapolated these costs for the remaining three

health facilities. Full details on cost components, according to study phase, are summarized in
the Supporting Information, S1 Table.

Estimation of program implementation costs

We assessed the cost of program implementation using both a top-down and bottom-up
approach. Top-down costing of program implementation was performed similarly to the top-
down estimation of program development costs described above. Bottom-up costing was per-
formed using an activity-based approach. Specifically, we conducted a time-and-motion
(TAM) study on consecutive days between March and August 2017 asking CHWs to record
start and end times for each discrete contact investigation activity, as defined in the Supporting
Information, S2 Table. Clinic-based activities included: TB index patient recruitment, waiting
time, contact evaluation, and other activities. Community-based activities included: travel to
and from the household, TB education and counseling, household contact screening for TB
symptoms, HIV testing, sputum collection, HIV testing, and confirmation of phone contacts
for SMS messaging. Using the top-down approach, we summed unit costs in five primary cate-
gories: human resources, capital investments, building space, overhead costs, and recurrent
costs. Human resource costs were estimated by enumerating staffing levels for the entire devel-
opment phase and multiplying monthly staff salaries by the percent effort contributed to pro-
gram development (50%), based on opinions from key informants. Capital investments
included software, hardware, and formative work. The cost of building space utilized for
patient services was approximated as 5% of the cost of the entire building and operational
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costs for the program as 6-7% of clinic operational costs. The cost estimate for one square
meter of building space was based on local rates suggested by clinic administrators and multi-
plied by the measured area of the building. Recurrent costs accrued during the development of
the program were summarized as software, lab consumables, and program evaluation costs for
routine quality assurance. The total cost of program development was then calculated as the
total of all five categories over the entirety of the development phase. The cost of program
implementation was calculated in a similar fashion, and total program costs were estimated as
the sum of program development plus program implementation costs.

Total program costs: Bottom-up

For bottom-up costing, program development costs were assessed as annual costs based on
corresponding estimates of useful life years for each component (between 5 and 30 years,
based on key informant interviews). These were converted to an estimated cost per minute-
use, based on the estimated total number of operational minutes per year: 8 hours per day, 5
days per week, 46 weeks per year). The bottom-up costs of program implementation were esti-
mated by multiplying the median time estimates to perform each activity (estimated using
TAM studies as above) by the cost per minute for each resource type. Resource use was catego-
rized as 1) direct human resources; 2) capital equipment; 3) program overhead (operational
costs and recurrent costs); and 4) building space costs. We summed the unit costs for each cat-
egory to calculate the total activity-based cost per household contact investigated. Some activi-
ties (e.g., TB index patient recruitment) were associated with a specific index case, not a
specific household contact. For these activities, we divided these unit time estimates by the
average number of household contacts observed per index patient to get the time estimate for
each activity per household contact investigated.

Analysis

We assumed five useful life years for all program development costs except for building space
and vehicles, for which we assumed an expected useful life of 30 years. All capital costs were
depreciated linearly using a 3% discount rate. We divided the total program costs by the total
number of patients enrolled and the total number of new TB diagnoses made to estimate the
cost per household contact investigated and the cost per TB diagnosis made. All costs are
reported in 2018 US dollars. All costs measured in Ugandan Shillings were updated to 2018
using the Ugandan GDP deflator [15] and converted to US dollars at the average annual
exchange rate for 2018 [16].

Sensitivity analysis

This program required a large initial investment in technology development, infrastructure,
and equipment with a low marginal cost for including additional patients during program
implementation. As such, we performed a sensitivity analysis to estimate costs under “contin-
ued implementation”, under the assumption that the one-year intervention could be continued
for four additional years at the same volume without any additional development costs (i.e.,
continued implementation costs only). To perform this sensitivity analysis, we used top-down
cost estimates and allocated costs incurred at the program level, clinic level, and contact level.
We then multiplied costs at the clinic level by the number of clinics included in the program
and costs at the contact level by the number of contacts screened per clinic. To explore differ-
ences in clinic capacity over different years, we performed a three-way sensitivity analysis in
which we simultaneously varied the numbers of clinics that might be covered by the mHealth
program (in increments of 10, from 10 to 50), the mean annual contacts evaluated per clinic (in
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increments of 50, from 100 to 350), and the average annual contact positivity rate (at four levels,
from 0.025 to 0.042). The maximum number of clinics that could be covered was based on the
expert opinion of research staff and implementers, and the annual number of contacts who
would be screened per clinic was estimated using the observed number of patients per facility
(plus or minus 2 standard deviations from the mean as minimum and maximum values).

Ethical considerations

The School of Medicine Research Ethics Committee at Makerere University; the Uganda
National Council for Science and Technology; and the Yale University Human Investigation
Committee approved the study protocol, informed consent forms, and assent forms.

Results

In the 12 months of program implementation, 190 index TB patients with 471 household con-
tacts were randomized to receive the intervention. The TB case notification rate at the seven
contributing health centers ranged from 15 to 67 TB cases per month. Of the 471 contacts, 106
(23%) had TB symptoms, ranging from 14% to 33% across health centers (Table 1).

Using a top-down approach, the total cost of the mHealth TB contact investigation inter-
vention was estimated at $472,327, of which program development accounted for $358,504
(76%) and program implementation for $113,823 (24%). Human resource costs accounted for

Table 1. Clinic characteristics.

Clinic Name* Total Naguru Kawaala Kisenyi Kisugu Kiswa Kitebi Komamboga
Hospital HCIII HCIV HCIII HCIII HCIII HCIII
Location Urban Urban Urban Urban Urban Rural Rural
Service Statistics
Average monthly TB case notifications** 32 39 67 15 15 16 16
Total households enrolled*** 163 37 27 29 10 30 11 19
Average monthly household visits made 13.6 3.1 2.3 24 0.83 2.5 0.92 1.6
Total contacts enrolled 471 117 76 97 21 91 24 45
Average contacts per household 2.9 3.2 2.8 3.3 2.1 3.0 2.2 2.4
Total symptomatic TB household contacts 106 25 13 32 4 13 5 14
Proportion of contacts needing TB evaluation 22.5% 21% 17% 33% 19% 14% 21% 31%
Staffing****
Doctors/Clinical officer 1 1 0 0 0 0 0 0
Nurses 14 2 2 2 2 2 2 2
CHWs 14 1 3 3 1 2 2 2
Total 4 5 5 3 4 4 4
Monthly Workload/Staffing Ratio
Average monthly contacts screened”**** 39 9.8 6.3 8.1 1.8 7.6 2.0 3.8
CHW-to-Contact Ratio 1:34 1:117 1:25 1:32 1:21 1:46 1:12 1:23

Abbreviations: CHW, Community health worker; HC, Health Centre; TB, tuberculosis.

Legend: * Health care delivery is through a decentralized framework consisting of Village Health Teams, Health Centre (HC) II, Health Centre III, Health Centre IV/
Referral Hospital, Regional Referral Hospital and a National Referral Hospital.

** The average monthly TB case notification rate was calculated based on TB case notifications between January 2017 and December 2017.

*** The households enrolled between July 2016 and July 2017 that were eligible to enroll into the study and were randomized to receive the intervention.

**** These staffing characteristics and numbers include only those working in the TB specialty units in these facilities.

*****The average monthly household contacts screened was calculated by dividing the total contacts screened by the period of implementation (12 months).

https://doi.org/10.1371/journal.pone.0265033.t001
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$178,542 (38%), capital assets for $156,091 (33%), and recurrent costs for $74,965 (16%), over-
head costs for $51,202, and building space for $11,525 (2%) (Table 2A).

The mHealth TB contact investigation intervention was estimated to cost $1,003 per house-
hold contact investigated or $27,748 per positive contact found. Assuming that the interven-
tion was continued for an additional four years at similar capacity, the program was estimated
to cost $348 per household contact investigated, or $9,652 per positive contact diagnosed
(Table 2B).

In the time and motion survey, we observed a total of 12,100 person-minutes from 11
discrete activities across seven trial clinics. A total of 5,496 (45%) person-minutes of clinic-

Table 2. a. Granular unit cost estimates for each phase of implementation of an mHealth-facilitated TB contact investigation program. b. Top-down cost estimates for

household contact investigation of tuberculosis in Uganda.

A.
Resource Category* Development Phase Implementation Phase
Formative Software Program Development Implementation Total
Research Customization Pilot Costs Costs Costs
Human resource costs $ 14,979 $61,369 $ 49,487 $ 125,835 (35%) $ 52,707 (46%) $178,542 (38%)
Community health workers - - $8,714 $8,714 $9,506 $ 18,220
Administrative staff $9,400 $39,950 $ 25,850 $ 75,200 $ 28,200 $ 103,400
Software consultants $5,579 $21,419 $14,923 $41,921 $ 15,001 $56,922
Capital costs $ 100,200 $ 28,855 $ 24,656 $ 153,710 (43%) $2,381 (2%) $ 156,091 (33%)
Software $55,792 - - $ 55,792 - $ 55,792
Hardware - $18,277 $22,410 $ 40,687 - $ 40,741
Training $25,104 $10,577 $2,246 $37,927 $2,381 $ 40,309
Vehicle $16,738 - - $16,738 - $16,738
Adaptation to local setting $ 2,566 - - $ 2,566 - $2,566
Recurrent costs - $ 20,390 $21,517 $ 41,907 (12%) $ 27,819 (24%) $ 74,965 (16%)
Software hosting plan - $20,390 $ 12,536 $32,926 $13,115 $ 46,040
Supplies - - $8,927 $8,927 $ 14,705 $23,631
Program evaluation - - - - $5,239 $5,239
SMS service - - $54 $54 - -
Overhead costs $ 4,646 $ 16,636 $ 15,770 $ 37,051 (10%) $ 14,150 (12%) $51,202 (11%)
Overhead (Patient care) - - $1,132 $1,132 $1,235 $2,367
Overhead (Administrative) $ 4,646 $16,636 $ 14,638 $35,919 $12,915 $ 84,754
Building space - - - - $ 11,525 (10%) $ 11,525 (2%)
Patient care - - - - $11,525 $11,525
Total (Row Proportion) $ 119,825 (25%) $ 127,249 (27%) $ 111,430 (24%) $ 358,504 (76%) $ 113,823 (24%) $472,327

B.

Cost per contact investigated

Cost per TB positive contact found

n=471 n=17
Resource Category Total Program Continued Program Continued
Program Only Implementation Only Implementation

Costs Costs™ Costs™* Costs* Costs™*
Human resource costs $178,542 (38%) $379 $150 $10,502 $4,143
Capital costs $156,091 (33%) $331 $72 $9,182 $1,999
Recurrent costs $74,965 (16%) $159 $78 $4,407 $2,170
Overhead costs $51,202 (11%) $109 $47 $3,012 $1,304
Building space $11,525 (2%) $24 $1 $678 $35
Total $472,327 $1,003 $348 $27,784 $9,652

Abbreviations: SMS, short-messaging service.

Table 2a Legend: "Costs in 2018 US dollars; percentages displayed are column percentages, unless otherwise specified.

Table 2b Legend: *Program only costs assume that all intervention activities stop at the end of the observed 12-month program implementation period.

**Continued implementation costs assume continued implementation of the program for a total of five years (at a similar annual volume as observed in the first year).

https://doi.org/10.1371/journal.pone.0265033.t002
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based activities and 6,604 (55%) person-minutes of community-based activities were
observed. In the clinic, CHWs spent approximately 1.2 hours per household contact investi-
gated, with the most time spent evaluating contacts returning to the clinic (median 30 per-
son-minutes per contact evaluated enrolled, interquartile range [IQR]: 30-70). In the
community, CHWSs spent approximately 3.5 hours per contact investigated, with sputum
collection (median 29 person-minutes per contact investigated, IQR 25-30) and offering
HIV testing services (median 28 minutes per contacts investigated, IQR: 17-43) found to be
the most time-consuming activities (Supporting Information, S3 Table). After enumerating
all costs and activity times, our bottom-up cost estimate of program costs was $320 per
household contact investigated or $8,873 per TB positive contact diagnosed, with compo-
nent cost estimates as summarized in Table 3.
Program capacity (both the number of participating facilities and the number of household
contacts investigated per facility) had a large effect on the estimated cost per positive contact
diagnosed (Fig 2). At the observed average annual contact positivity rate (0.036), over half of
the capacity scenarios projected a cost per positive contact diagnosed of less than $600 —sub-
stantially lower than the estimates of $8,873 (bottom-up) and $9,652 (top-down) at the
observed capacity of 7 clinics and 67 contacts screened per facility. Under the highest capacity
projected (50 facilities with an average of 300 contacts investigated per facility per year), and
the average annual contact positivity rate (0.036), we estimated that this program could be
developed and implemented at a total cost of $459 per contact diagnosed with TB. Higher TB
prevalence among contacts resulted in even lower costs per person diagnosed.

Table 3. Bottom-up unit cost estimates for each activity and resource category per household TB contact investigated.

Activity Activity type Total Median Human resources | Capital costs Recurrent costs Overhead | Building | Total cost
category person person | CHWs | Program | IT | Other | SMS | Software | Supplies costs space | per contact
minutes per | minutes staff & investigated
contact (%) | per contact mHealth
(IQR) team
Clinic TB patient 1,002 (8%) 12 (5-26) $0.06 $7.45 $2.27 | $1.42 || $0.01 | $2.20 $2.38 $2.41 $0.47 $18.68
activities recruitment
Waiting for 3,565 (29%) | 21 (10-42) $0.11 $13.04 $3.97 | $2.49 | $0.01 $3.85 $4.16 $4.22 $0.83 $32.68
clients
Contact 419 (3%) 30 (30-70) $0.16 $18.63 $5.67 | $3.56 | $0.01 $5.50 $5.94 $6.02 $1.18 $46.68
evaluation
Other 510 (4%) 10 (5-21) $0.05 $6.21 $1.89 | $1.19 | $0.00 | $1.83 $1.98 $2.01 $0.39 $15.56
Community | Travel 1,707 (14%) | 21 (14-32) | $0.11 $13.04 $3.97 | $2.49 | $0.01 | $3.85 $4.16 $4.22 $0.83 $32.68
activities | TBeducation | 335(3%) | 7(5-16) | $0.04 | $435 | $1.32 | $0.83 | $0.01  $1.28 | $1.39 $1.41 $0.28 $10.89
& counselling
Contact 2,104 (17%) | 20 (11-38) | $0.11 $12.42 $3.78 | $2.37 | $0.01 | $3.67 $3.96 $4.02 $0.79 $31.13
screening
HIV testing 1,089 (9%) | 28 (17-43) $0.15 $17.39 $5.30 | $3.32 | $0.01 $5.13 $3.71 $5.62 $1.11 $41.74
Sputum 1,063 (9%) 19 (5-30) $0.10 $11.80 $3.59 | $2.26 | $0.01 $3.48 $4.29 $3.82 $0.75 $30.09
collection &
HIV testing
Sputum 258 (2%) 29 (25-30) | $0.15 $18.01 $5.49 | $3.44 | $0.01 | $5.32 $0.57 $5.82 $1.14 $39.96
collection
Phone 50 (0%) 13 (9-16) $0.07 $8.07 $2.46 | $1.54 | $0.01 $2.38 $2.58 $2.61 $0.51 $20.23
number
confirmation
Total cost per contact investigated, by cost category $1.10 | $130.40 | $39.72 | $24.93 | $0.10 | $38.50 | $35.12 $42.17 $8.29 $320.35
Abbreviations: IQR, Interquartile range; TB, tuberculosis; CHWs, community health workers; SMS, short messaging service.
https://doi.org/10.1371/journal.pone.0265033.t003
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Discussion

In resource-limited settings, mHealth technologies are being widely implemented, not only for
TB contact investigation [17-20], but also for a wide array of other health-related interven-
tions. More broadly, eHealth is being rapidly adopted worldwide and has been endorsed by
the WHO [18]. In this economic evaluation we provide context on the adaptation of mHealth
for a home-based TB contact investigation intervention in a low-income setting. Specifically,
we found that 76% of the total cost of the program was incurred during development, before
the recruitment of a single participant. The total program cost was therefore estimated at
$320-$348 per contact investigated and $8,873-$9,652 per new diagnosis of TB-a high cost rel-
ative to many other programs [13,21,22]. Importantly, these costs could be reduced to under
$600 per new TB diagnosis simply by expanding capacity (extending from one to five years,
increasing the number of clinics participating, and optimizing the volume of household con-
tacts evaluated in each clinic). These findings illustrate that, when implementing mHealth and
other interventions with substantial development costs in resource-limited settings, the feasi-
ble scope and duration of the program, as well as the expected yield, must be considered to
evaluate whether a meaningful return on investment is likely.

Assuming that the maximum capacity of participants could be achieved, our projected costs
of mHealth-facilitated contact investigation are comparable to the estimated costs of contact
investigation (without mHealth) in other low-income settings, with one economic evaluation of
contact investigation in Uganda estimating a cost of US$878 per new TB case identified [23,24].
This finding suggests that mHealth implementation may be economically viable in this context
if sufficient patient volumes can be achieved. The drivers of cost in the development phase of
this project included capital investments in technology (42%) and human resources—including
highly trained IT staff and implementers (36%). During the implementation phase, human
resource costs for supervision became more prominent (46%), reflecting the relatively small
number of participants engaged relative to high-level supervisory staff. Again, this finding high-
lights the need to achieve economies of scale to make such programs more cost-effective.

More broadly, the cost implications of digital health interventions in low- and middle-
income countries vary depending on their scope and purpose. For example, a digital adherence
program in Brazil applying two-way SMS cited a cost of $65 ($53-$105) per person enrolled
[25], while an mHealth support intervention for HIV in Uganda cited an annual cost of $2.35
per patient enrolled [22]. A study in India on an mHealth-facilitated intervention to improve
CHW counseling skills in maternal and newborn health suggested that start-up costs repre-
sented only 9% of total costs; this program was able to operate at a cost of $20 per woman reg-
istered [21]. Taken as a whole, these findings illustrate the heterogeneous economic
implications of mHealth-facilitated health interventions designed for resource-limited settings,
as well as the importance of considering what is feasible in terms of program scope and the
costs of program development before embarking on large investments in mHealth infrastruc-
ture and capacity.

Our analysis adheres to transparency recommendations on scope and accuracy, and cap-
tures unit cost estimates of all the key program components [26]. While we do not report gran-
ular expenditures (e.g., number of sputum cups purchased), all macro cost calculations were
derived from itemized unit costs and quantities. Furthermore, our method of micro-cost esti-
mation also provides the recommended highest level of accuracy, estimating the cost of each
discrete implementation activity based on actual consumption. The observed breakdown of
costs for program development versus implementation may serve as a reference for future
cost-effectiveness analyses [27], and help potential implementers concisely project the budget-
ary implications of such a program over time. Our cost estimates using a top-down and
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Fig 2. Three-way sensitivity analysis of the cost per TB case detected. Each graph represents the cost of an mHealth-facilitated TB contact investigation program as
the average annual contact positivity rate (number of contacts diagnosed with TB divided by the number of contacts evaluated) varies from 0.0252 to 0.0307 to 0.0361
to 0.0415 among household contacts of TB patients. The y-axis represents the number of clinics covered by the program and the x-axis the total annual contacts at

each clinic. The orange hue gradient represents the cost gradient associated with different program coverage capacities, with the darkest shade representing scenarios

with the lowest programmatic costs and the lightest shade representing scenarios with the highest programmatic costs. Abbreviations: CHW, Community health
worker; RCT, randomized-controlled trial; SMS, short-messaging service; TB, tuberculosis.

https://doi.org/10.1371/journal.pone.0265033.9002

bottom-up approach were reasonably similar, suggesting that our estimates are robust to the
precise method of costing employed [28]. The inputs for this analysis were derived from real-
world implementation; while the trial did not find a significant improvement in TB case detec-
tion [10], it identified important process-related challenges that, if addressed, could improve
program adoption, implementation, and maintenance [2,11,29]. A follow-up trial using
human-centered design and communities of practice to overcome these barriers is currently
underway [30,31], and the cost implications of the revised design and implementation pro-
cesses will also be important to consider.

This study had several limitations. First, volume-based costs were collected retrospectively
from budget estimates and financial records. This may have led to underestimation of the
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absolute unit cost estimates of mHealth TB contact investigation due to missing records or
poor recall by implementing staff. This retrospective data collection may also have compro-
mised the delineation between programmatic and research-related costs. Second, clinic esti-
mates of overhead costs were not readily available because of variations and inconsistency of
funding at the clinic, with many of the inputs based on verbal estimates by clinic administra-
tors. These limitations could have led to overestimation or underestimation of the cost of over-
heads due to recall bias. Third, we conducted a self-reported time-and-motion study by
CHWs; these results are therefore subject to potential social desirability bias. Self-reported
time-and-motion forms were collected daily, and data quality checks were done immediately
to minimize this bias, but future evaluations could attempt to use more automated approaches
to track activity times. Fourth, as a focused estimate of the cost of contact investigation,
broader costs (such as patients’ cost of accessing TB diagnostic and treatment services if found
to be positive for TB or recommended for TB preventive therapy) that are of relevance to soci-
ety were not included. Finally, scenarios for sensitivity analysis were constructed based on
expert opinion and may not fully represent the potential scope of the program if scaled up
more broadly.

Conclusions

In summary, this investigation of the costs of mHealth-facilitated contact investigation for TB
revealed high up-front costs for design and development of the mHealth infrastructure and
capacity; these costs amounted to three-fourths of total program costs after one year of pro-
gram implementation. In deciding whether to invest in similar interventions in Uganda and
other resource-limited settings, careful consideration must be made as to the feasible duration
and scope of program implementation to ensure a favorable return on investment.
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