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Abstract

Introduction

Viral load (VL) monitoring programs have been scaled up rapidly, but are now facing the

challenge of providing access to the most remote facilities (the “last mile”). For the hardest-

to-reach facilities in Zambia, we compared the cost of placing point of care (POC) viral load

instruments at or near facilities to the cost of an expanded sample transportation network

(STN) to deliver samples to centralized laboratories.

Methods

We extended a previously described geospatial model for Zambia that first optimized a STN

for centralized laboratories for 90% of estimated viral load volumes. Amongst the remaining

10% of volumes, facilities were identified as candidates for POC placement, and then instru-

ment placement was optimized such that access and instrument utilization is maximized.

We evaluated the full cost per test under three scenarios: 1) POC placement at all facilities

identified for POC; 2)an optimized combination of both on-site POC placement and place-

ment at facilities acting as POC hubs; and 3) integration into the centralized STN to allow

use of centralized laboratories.

Results

For the hardest-to-reach facilities, optimal POC placement covered a quarter of HIV-treating

facilities. Scenario 2 resulted in a cost per test of $39.58, 6% less than the cost per test of

scenario 1, $41.81. This is due to increased POC instrument utilization in scenario 2 where

facilities can act as POC hubs. Scenario 3 was the most costly at $53.40 per test, due to

high transport costs under the centralized model ($36 per test compared to $12 per test in

scenario 2).
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Conclusions

POC VL testing may reduce the costs of expanding access to the hardest-to-reach popula-

tions, despite the cost of equipment and low patient volumes. An optimal combination of

both on-site placement and the use of POC hubs can reduce the cost per test by 6–35% by

reducing transport costs and increasing instrument utilization.

Introduction

Viral load testing has been recommended by the World Health Organization as the optimal

way to monitor patients on ART [1]. This has led to an acceleration of investment in viral load

testing capacity in lower- and middle-income countries with viral load testing demand

expected to increase from 14.7m tests in 2017 to 28.5m tests in 2022 [2]. Whilst viral load mon-

itoring programs have been scaled up rapidly throughout Africa with investments to

strengthen and coordinate sample transportation networks (STNs), it was estimated that only

44% of people on ART accessed routine viral load testing in 2016 in eastern and southern

Africa [3], and rural areas generally report lower uptake of viral load monitoring services [4].

There is currently no formal, coordinated national transportation system for transporting

blood samples from HIV treatment facilities to laboratories in Zambia, even for the largest

urban healthcare facilities. Samples are largely transported on an ad-hoc basis organized by

facilities using their own vehicles, motorbikes or public transport. Remote healthcare facilities

face additional challenges: long distances to centralized laboratories, inadequate road infra-

structure (exacerbated during the wet season), and the risk of blood sample degradation due to

poor coordination, cold-chain failures, and unreliable transport. Since these remote and often

low-volume facilities contribute just a minority of samples, little attention has been paid to

how to integrate them into a STN. This is reflected in programmatic data from 3 provinces in

Zambia which indicates that patients at low volume health facilities are less likely than patients

at higher volume facilities to have a viral load sample tested due to challenges in drawing, stor-

ing, and transporting blood samples [5,6].

In a previously described analysis of the Zambian viral load monitoring programme, we

developed a geospatial model that aimed to minimize the cost of a national viral load STN tak-

ing into account transport distances, driving times, and viral load blood sample demand at

each facility [5]. In 2017, Zambia had nearly 800,000 patients on antiretroviral treatment

(ART) at 1,475 facilities [7]. By 2020, with the rollout of the national ‘treat all’ guidelines, the

number of patients on ART is expected to approach 1.2 million [8]. In the optimized STN pre-

viously described [5], access to viral load testing using 18 large, centralized labs could increase

from 10% in 2016 to 91% in 2020, when it would reach a total of 800 HIV-treatment facilities

with an estimated total viral load volume of approximately 1.5 million samples per year. Whilst

this national STN ensures that the Ministry of Health’s 2020 target of 80% viral load volume

coverage is efficiently achieved, it still leaves nearly one out of ten (9%) patients and nearly half

(46%) of ART facilities without reliable access [9,10].

Mean transport cost per viral load sample transported in the modelled national STN was

$2.10 per test. Although this is a modest share of the total cost of a viral load test (12%), sample

transport costs are projected to increase substantially as Zambia scales up test access to the

patient populations in the hardest to reach facilities, ultimately consuming up to 64% of the

cost of a viral load test for the most remote 5% of patients [5,10]. These hardest-to-reach facili-

ties could thus be candidates for point of care (POC) viral load instrument placement,
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eliminating sample transport costs and improving turn-around times for result delivery [11–

14]. POC instruments aim to decentralize testing to the level of the facility. They are designed

to be simple to use, with testing performed by lower cadres of healthcare staff, as well as to

improve patient outcomes such as viral suppression and retention in care [15]. Though a num-

ber of studies have found POC technologies to be cost effective (both clinically and in terms of

diagnostic performance) compared to conventional laboratory-based testing [16–21], most

studies were conducted in urban, high volume facilities. How these POC technologies perform

in low throughput remote settings and whether they remain cost-effective relative to conven-

tional centralized laboratory testing is not well understood [22]. To explore this, we compared

the cost of placing POC viral load test instruments at or near facilities in Zambia to the cost of

an expanded STN to deliver samples to centralized laboratories for facilities not reached by the

modelled national STN, as well as for the hardest-to-reach subset of these facilities.

Methods

The overarching objective of our model was to identify and estimate the cost of strategies for

optimizing viral load access for the most remote healthcare facilities (the “last mile”), which

are a subset of those not reached through the modelled national STN. Access was defined as

being able to conduct a viral load test on demand, either with a viral load POC testing device

or by linking patient populations to a reliable and frequent sample transport service that

ensures delivery of viral load samples to centralized laboratories.

Study design

We extended a previously described geospatial model that utilized a range of data to optimize

the placement of POC viral load equipment at facilities not reached by the modelled national

STN as well as a subset of the most remote facilities such that viral load patient coverage and

instrument utilization (subject to transport constraints) are maximized [5]. ArcGIS 10.5 (ESRI,
Redlands, California, USA) was used to run different algorithms to identify candidate POC

facilities, select facilities for POC placement, and model the different scenarios described

below (Table 1). The final geospatial model output was then included in a cost model to deter-

mine the total cost (test and transport) associated with each scenario (Fig 1). Our analytical

dataset included the 675 (out of 1475) HIV outpatient treatment facilities that were not

reached through the modelled STN. For each site, the expected weekly viral load demand for

2020 for the patients at these facilities, the drive time to the nearest centralized laboratory, and

the drive time to the nearest high volume facility were calculated. The expected weekly viral

Table 1. Modelled scenarios.

Scenario Description Facilities

Baseline Candidate POC facilities

Scenario 1: True POC

(on-site POC at all

candidate facilities)

On-site POC placement at all facilities Scenarios based on all 675

facilities not reached by the

modelled national STN

Scenarios based on a subset of the 675 facilities not

reached by the modelled national STN but identified

as candidate POC facilities using exploratory cluster

analysis.Scenario 2: on-site POC

and POC hubs

An optimized combination of both on-site POC

placement and placement at facilities that would act as

POC hubs for the facilities in their immediate

surroundings. This scenario uses a Location

Allocation model to identify POC hubs.

Scenario 3: Expanded

centralized sample

transport network

Integration of the facilities into the centralized

modelled national STN to allow use of centralized labs

https://doi.org/10.1371/journal.pone.0221586.t001
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load demand for 2020 by facility was determined using patient volumes based on District

Health Information System II (DHIS2) data on the number of patients on ART at the health

facility level from March 2017 [7] and on provincial Spectrum modelling results[23] to project

2020 volumes as described previously [5]. The Global Positioning System (GPS) location of

each facility as well as a routable road layer were used to calculate driving times and distances

between facilities and laboratories [5].

Modelled scenarios

We estimated the full cost (test and transport) per test completed under three scenarios where

we considered both POC placement at or near facilities and integration of facilities into an

expanded STN for all 675 facilities that were not reached by the modelled national STN. We

also estimated costs for a subset of these facilities that were deemed ideal candidates for POC

placement due to their locations and volumes (Table 1). An illustration of the model is pro-

vided in Fig 1.

Exploratory cluster analysis

To identify the candidate facilities for POC placement, exploratory cluster analysis was con-

ducted on the 675 facilities using ArcGIS’s Grouping Analysis tool. This tool uses a K-means

algorithm to find a solution where facilities are grouped together such that attributes within

one group are as similar as possible, and all groups are as different as possible[24]. The attri-

butes used to distinguish similarities and differences were the drive times between the facility

and the closest centralized laboratory and high volume facility and the weekly viral load vol-

umes. Proximity to a centralized laboratory and/or to a high volume facility was used to distin-

guish facilities that would be considered ‘remote’ and hard to access from those with better

access to testing facilities and organized transport routes. A two-hour drive time was chosen as

a benchmark for access as it ensures time for the driver to collect samples, deliver the samples

and return to the facility in the same working day. As stakeholders indicated, moreover, the

main form of sample transport at these more remote facilities is motorbikes. Two hours drive

time to a testing facility is thought to be the upper-bound of what is considered safe and appro-

priate for a motorbike driver. The optimal number of groups was determined using multiple

Fig 1. Schematic of the integration of the geospatial model with the cost model to determine the optimized

placement of POC instruments.

https://doi.org/10.1371/journal.pone.0221586.g001
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iterations of the analysis and the Calinski-Harabasz pseudo F-statistic. Spatial constraints were

not used to constrain group membership. Groups with low viral load volumes and large dis-

tances from a centralized laboratory or high volume facility were identified as candidates for

POC placement.

Location allocation for POC site selection

Both the baseline facilities (675 not reached by the modelled STN), and the facilities identified

as candidates for placement of a POC instrument through the grouping analysis were then

used as input into a location allocation model in order to determine POC hubs in scenario 2.

This model aimed to optimally locate facilities for placement of a POC device whilst ensuring

all facilities have access to a testing facility. Within the ArcGIS Network Analyst Extension, the

Location Allocation solver uses a heuristic process to solve for a solution whereby facilities for

POC placement are located such that all the demand is allocated to a POC device within a

specified drive time (90 minutes in this instance) and coverage of facilities is maximized

[25,26]. The algorithm for location allocation strives to place POC instruments that maximize

ART facility coverage whilst minimizing the impedance factor, which is drive time, and as

such incorporates facilities with lower cost of access first. Determining the number of facilities

for POC placement is an iterative process, with more POC devices being allocated until all

viral load demand is covered.

Existing and potential viral load testing instruments. Viral load testing is currently cen-

tralized at 18 laboratories across Zambia. Current equipment being used includes the Roche

Cobas1Ampliprep/Cobas1TaqMan 48 and the Roche Cobas1Ampliprep/Cobas1TaqMan

96 (Roche Molecular Diagnostics, Branchburg, US). POC and near-POC equipment for viral

load testing has not yet been approved for use in Zambia. For this analysis, we assumed pro-

curement and use of the GeneXpert1Omni molecular diagnostic system, though not yet

launched (Cepheid Inc. Sunnyvale CA, USA), as an example of a low output device. It has

been designed for low output resource-limited settings, weighs only 1kg, has an integrated

rechargeable battery providing 4 hours of power supply and a supplemental rechargeable bat-

tery supply with up to 12 hours of battery life, and has a weekly viral load capacity of approxi-

mately 30 tests. Tests are performed on plasma samples. Mini centrifuges were allocated to

each POC instrument for centrifuging plasma samples prior to testing.

Cost inputs

Costs included were the cost per kilometer driven (as per the Zambian official vehicle reim-

bursement rate), driver salaries, the capital cost of a motorbike, the all-inclusive cost per viral

load test conducted at a centralized lab, and the cost of a viral load test using POC (Table 2).

The cost per viral load test was estimated using the ‘Testing Platform Cost Model’ (TPCM)

developed by HE2RO (http://www.heroza.org/researchtools/testing-platform-cost-model/).

This costing model includes information on staff time and costs, materials required to conduct

the test, platform costs, capital costs, overhead and shared costs, and related equipment

(Table 2, S1 File).

Cost per viral load test conducted

For scenario 1, the all POC scenario, the cost per test was estimated based on the average

instrument utilization across the facilities. Sample transport costs were assumed to be zero for

facilities allocated a POC device. Similarly, for scenario 2, which includes both on-site POC

and POC hubs, the cost per test was estimated based on average instrument utilization. For

facilities utilizing POC hubs, the distance between the facility and the POC hub was used to
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estimate the transport cost. For scenario 3, the transport cost of integrating these facilities into

the modelled national STN was calculated using an origin-destination cost matrix which deter-

mines the distance between the identified facility and the nearest facility that is serviced by the

modelled STN.

A sensitivity analysis on cost inputs (doubling and tripling the cost of POC equipment;

reducing the price of a viral load test conducted in a centralized laboratory by 20%; reducing

the fixed transport trip cost component by 50%), as well as adjusting the failure rate on a POC

equipment to take into account test failures, electricity outtages and the use of lower level staff

cadres, was conducted to determine the impact of these parameters on our results.

Results

Using exploratory cluster analysis, 337 facilities of the 675 facilities not reached by the mod-

elled STN were identified as ideal facilities for POC instrument placement, representing nearly

a quarter (23%) of all Zambian HIV treatment facilities. These 337 facilities will jointly require

Table 2. Key cost parameters and related assumptions.

Parameter Estimate Range Sources and assumptions

Transport costs

Vehicle running costs ($USD/km) � $0.55 $0.51 - $0.59 Ministry of Health Reimbursement Rate

Diesel price ($USD/litre) $1.24 $1.16-$1.33 http://www.globalpetrolprices.com/Zambia/diesel_prices/

Motorbike capital cost $4,012 $4,000-

$5,000

USAID procurement 2017, Zambia

Motorbike write-off period 4 3–5 Estimate

Allocation of capital to sample

collection

1/5

(20%)

Motorbike will be required for one day a week to do sample collection

Monthly driver salaries $432 $324-$540 Ministry of Health salary scales. Assumed a driver will be required one day a week to do sample

collection

Test costs

Centralised lab viral load test cost�� $17.22 $15.00 -

$20.06

Testing Platform Cost Model

Materials $14.74 $13.27 -

$16.22

Biogroup Zambia Limited and Medical Stores Limited Catalogue 2016.

Equipment costs $0.88 $0.43-$1.80 Procurement invoices, Centre for Infectious Disease Research in Zambia (CIDRZ) laboratory. Roche

Cobas1 Ampliprep/ Cobas1 TaqMan 96 procured at $160,000.

Staff, quality control, overhead,

training and overhead costs
$1.60 $1.30- $2.05 Government of Zambia salary scales.

CIDRZ laboratory invoices, Lusaka; Medical Stores Limited Catalogue 2016; Discussions with the

CIDRZ laboratory senior staff.

POC viral load test cost

(Utilization %)

$23.23

(50%)

$20.78 -

$263.73

(100% - 1%)

Testing Platform Cost Model

Materials $17.27 $15.54-

$19.00

Used the ceiling price for the viral load assay test kit (< 500,000 tests per year).[27]

Equipment costs $2.18 $0.84-

$132.20

Omni instrument cost estimate of $5000 based on report.[28]

Staff, quality control, overhead,

training and overhead costs
$3.78 $2.19-

$138.29

Government of Zambia salary scales;

Kanyama clinic, Lusaka; Correspondence with district and facility staff. [27,29]

Max capacity of a POC platform per

week (per day)

30 (6) Test takes 90 minutes, assume 8 hour day, 5 days a week

�Zambian reimbursement formula is: ((Fuel Price�1.1)/2.5)

��We assume that the cost of a viral load test at the centralized lab does not vary with utilization as the addition of the hard to reach facilities’ volumes are too small to

impact on test price (+/- $0.01).

https://doi.org/10.1371/journal.pone.0221586.t002
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1,056 viral loads per week in 2020, representing 3.2% of total national viral load volumes

(Table 3). The remaining 50% of the unreached facilities (338/675) were either not considered

‘remote’ (i.e. they have better access to testing facilities and organized transport routes because

they are within a two-hour drive to the nearest testing facility) or they had volumes in excess of

the capacity of a GeneXpert Omni and were assumed to be serviced more efficiently by higher

capacity equipment (for example, the Cepheid GeneXpert1 IV) than is reflected in this analy-

sis. This is corroborated by the lower transport costs to integrate the 338 facilities that were not

identified as candidates for POC into the centralized system ($10.30 per viral load) compared

to the sample transport costs of the 337 facilities identified as candidates for POC ($36.22 per

viral load).

Both the identified 337 POC candidate facilities and the 675 baseline facilities were then

used as input into a location allocation model that optimally located facilities for placement of

a POC device by maximizing POC testing coverage to ensure all facilities have access to a test-

ing facility once a week. For the on-site and POC hub scenario (scenario 2), 133/337 of these

facilities were allocated POC devices and functioned as POC hubs to the facilities in their near

surroundings (Fig 2), and 208/675 facilities were allocated POC devices in the baseline

scenario.

The baseline case that included all 675 facilities that were not included in the modelled

national STN, showed modest cost differences between scenarios. Scenario 1, which involved

allocating a POC instrument to each of the 675 facilities, resulted in a cost per test of $35.79.

The cost per test under scenario 2 was slightly lower at $34.76, and the cost per test under the

centralized scenario 3 was the highest at $36.78. These results were accentuated when the analy-

sis was restricted to the subset of the hardest-to-reach facilities (377). Although all scenarios

were modelled to reach the same 337 facilities, the resources required to reach these facilities

differed sharply between them (Table 4). Scenario 1, which involved allocating a POC instru-

ment to each of the 337 facilities, resulted in a cost per test of $41.80. The cost per test in sce-

nario 2 was $39.58, and the cost per test in scenario 3 was the highest at $53.40. Scenario 2

outperforms scenario 1 due to the increased POC instrument utilization when an instrument

can act as a POC hub for nearby facilities, with average instrument utilization of 26%, compared

to only on-site POC which has an average instrument utilization of just 10%. Scenario 3 is the

most costly due to high transport costs under the centralized model ($36 per test compared to

$12 transport cost per test in scenario 2 for the most remote 337 facilities). The cost per test

under scenario 2 is 6% and 35% lower than under scenario 1 and scenario 3, respectively.

For the hardest-to-reach facilities, scenario 2 costs on average $2.2m per year to implement

whilst the expanded centralized STN costs on average $2.9m (scenario 3). Scenario 2 could

thus save the government of Zambia $762,000 per year, or 26% of the cost of reaching these

viral load volumes. This saving is primarily due to a reduction in transport costs. To put this

into perspective, the total estimated transport cost of the entire previously modelled STN was

$3.2m per year to reach 91% of the viral load volumes [5]. In comparison, the annual transport

cost to reach just 3.2% of viral load volumes is $1.9m under scenario 3 (not shown), excluding

Table 3. ART facilities and POC candidate facilities.

Number of facilities

(% of total)

Weekly viral load volume

(% of total)

Total ART facilities 1475 (100%) 32,800 (100%)

Facilities reached by modelled STN 800 (54%) 29,842 (91%)

Facilities not reached (Baseline) 675 (46%) 2,957 (9%)

Identified potential POC candidates 337 (23%) 1,056 (3.2%)

https://doi.org/10.1371/journal.pone.0221586.t003
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the considerable costs of coordination and logistics management required to ensure 100% cov-

erage. Thus, the cost of integrating the hardest to reach viral load patients into the centralized

STN would result in a 60% increase on the cost of the entire STN.

Fig 2. Illustration of the location of the 337 POC candidates (pink) relative to centralized laboratories, facilities reached through the STN and the unreached

facilities that were not considered candidates for POC instrument placement.

https://doi.org/10.1371/journal.pone.0221586.g002

Table 4. Cost per viral load test by scenario for the hardest-to-reach patients.

Scenario 1

(on-site POC at all facilities)

Scenario 2

(on-site POC and POC hubs)

Scenario 3

(expanded sample transport network)

Baseline (675 facilities)

Median total cost per test (IQR) $35.79 ($33.91 - $37.86) $34.76 ($33.38 - $36.69) $36.78 ($35.49 - $38.78)

Candidate POC facilities (377)

Median total cost per test (IQR) $41.81 ($39.62 - $44.17) $39.58 ($37.95 - $41.76) $53.44 ($52.08 - $55.68)

Test (IQR) $41.81 ($39.62 - $44.17) $27.94 ($26.47 - $29.64) $17.22 ($16.11 - $18.64)

Sample transport (IQR) $0 $11.64 ($11.56 - $11.88) $36.22 ($36.10 - $36.63)

Total cost of scenario (IQR) $2 296 680

($2 176 106 - $2 426 044)

$2 174 007

($2 084 701 - $2 294 193)

$2 935 558

($2 860 924 - $3 058 393)

Savings from using optimized POC and near-POC $122 673 - $761 551

https://doi.org/10.1371/journal.pone.0221586.t004
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The cost per viral load test was most sensitive to increasing the capital cost of POC equip-

ment. However, only when capital costs were tripled did the true POC scenario 1 become

more expensive ($56.86) than the centralized scenario ($53.44). Scenario 2 remained the least

costly scenario even when the equipment cost was tripled from $5000 to $15,000 at $45.74 per

viral load test. A reduction in the price of a viral load test conducted in a centralized laboratory

by 20% reduced the cost of the scenario 3 by 6% to $50.00. Reducing the fixed transport trip

cost reduced the cost of scenario 2 and 3 by 6–8% but did not change the conclusions. Finally,

the failure rate of viral load testing on POC instruments needs to be 50% before scenario 2

became more expensive than scenario 3.

Discussion

Many studies have found POC technologies to have high diagnostic accuracy [30,31] and be

cost effective compared to conventional laboratory-based testing [16–20]. How these technolo-

gies perform in low throughput settings, what the strategies for scale-up of POC technologies

are and whether they remain cost-effective relative to conventional centralized laboratory test-

ing in terms of diagnostic accuracy or clinical impact, however, is not well understood [22,30].

By optimizing the allocation of POC technologies to reach the ‘last mile’ of viral load volumes,

we have shown that costs can be reduced by as much as 35% for these viral loads compared to

integrating these facilities into the centralized laboratory system, despite the cost of POC

equipment and low patient volumes. We have shown that POC viral load technologies can

play an important role in complementing, not replacing, conventional centralized testing plat-

forms when placement decisions are informed by patient volumes, characteristics (such as

remoteness), cost per test and instrument utilization [32].

Low utilization of POC instruments in the near-POC scenario accounts for 26% of the test

cost per test. As such, further improvement of POC instrument utilization can significantly

reduce the cost per test by this amount. Cepheid’s GeneXpert Omni, like many new POC tech-

nologies, is a polyvalent platform, allowing for the testing of a number of other tests. Sharing

excess capacity with other tests will improve utilization and reduce the cost per test. Transport

costs account for 68% of the cost per test under scenario 3, the centralized viral load testing

scenario. The cost per test transported under the centralized model could also be reduced by

the incorporation of other types of samples, such as full blood counts, TB tests, and other pri-

mary care investigations. The cost per test reported here is for a dedicated viral load blood

STN. If samples for other purposes could share the transport cost, transport costs in both sce-

nario 2 and 3 would be reduced, and a larger range of laboratory tests would become

accessible.

To our knowledge, this is the first programmatic geospatial model that has developed a

methodology for identifying candidate facilities for POC viral load placement, optimizing

POC instrument placement and then comparing the test and transport costs of a POC model

to a centralized model. The study is also unique in terms of its use of a rich dataset: a routable

road network containing wet season drive time data between all facilities and laboratories, as

well as laboratory and facility location data matched to programmatic ART data. This allows

for a highly accurate calculation of the costs for all scenarios. Whilst this study has relied on a

highly detailed road network layer, it is possible to replicate this geospatial framework in other

countries using open source road networks (e.g. Open Street Maps) as well as proprietary data

sources.

There are several limitations to our approach. Using our previous analysis as a starting

point, we have not modelled a complete tiered laboratory network solution for Zambia

[5,11,12]. This analysis is focused on those facilities not served by the modelled STN, and more
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narrowly, on the hardest-to-reach, most costly, last-mile facilities. Second, we restricted our

analysis to a single, very low-output viral load POC device. Different POC viral load technolo-

gies will have different costs and different infrastructure requirements, as well as different

capacities and as a result utilization. However, even if a different technology were chosen, it

would need to be more than three times more expensive before it would be out performed by

centralized testing. Third, considerations for electricity requirements, staff capacity, reagent

transport, cold storage and connectivity were not taken into account when determining POC

candidates [33]. Whilst continuous power is not important given the battery abilities of the

POC Omni, it might be required for centrifuging and plasma storage. However, even if these

factors contributed to a failure rate of 50%, the POC scenarios would still outperform the cen-

tralized scenario. Fourth, our results are conservative, as the clinical benefits of POC in terms

of improved turn-around time or result delivery on the HIV treatment cascade has not been

quantified. If the outcome metric was the cost per test delivered to the patient, the cost per test

under scenario 3 may increase to $64, representing a 63% increase on the cost per outcome in

scenario 2– making the POC scenarios even more attractive. This is assuming that there is a

lower probability under the centralized STN that results will actually make it back to the

patient (for example, 83% delivery rate for centralized testing [34] compared to nearly 100% in

the POC scenario). Lastly, this analysis explored the placement of POC instruments at the

hardest-to-reach facilities as a means to facilitate the expansion of viral load access. It has not

attempted to compare this strategy to other strategies that facilitate the expansion of viral load

access, for example, the use of dried specimens or drones [6,35,36].

Conclusions

In conclusion, by optimizing the transport network and optimally placing POC instruments,

the additional costs that countries and funders will incur for scaling up viral load testing to the

last mile will be partially offset by more efficiency in transport and platform utilization. These

results may be generalizable across a broad number of sample and test types and throughout

other African countries that have large areas of land with low population density and are seek-

ing strategies to increase access to rural populations [31,37]. If experience demonstrates the

feasibility and sustainability of this combined approach—adding POC and near-POC instru-

ments to reach the most remote facilities—then it may be an important complementary strat-

egy to conventional centralized testing in a national viral load program.

Supporting information

S1 File. Supplementary material. Microsoft word document. Includes sources and calcula-

tions related to the costing of centralized and decentralized viral load testing.

(PDF)

S2 File. Data. Excel document. Includes data underlying the findings included in this manu-

script.

(XLSX)

Acknowledgments

The authors would like to thank all stakeholders from the Zambian Ministry of Health.

Author Contributions

Conceptualization: Sarah J. Girdwood, Brooke E. Nichols, Thomas Crompton.

Optimal POC viral load placement

PLOS ONE | https://doi.org/10.1371/journal.pone.0221586 August 26, 2019 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221586.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221586.s002
https://doi.org/10.1371/journal.pone.0221586


Data curation: Sarah J. Girdwood, Brooke E. Nichols, Thomas Crompton.

Formal analysis: Sarah J. Girdwood, Brooke E. Nichols.

Investigation: Thomas Crompton.

Methodology: Sarah J. Girdwood, Thomas Crompton.

Supervision: Brooke E. Nichols.

Writing – original draft: Sarah J. Girdwood, Brooke E. Nichols.

Writing – review & editing: Sarah J. Girdwood, Brooke E. Nichols, Crispin Moyo, Dorman

Chimhamhiwa, Sydney Rosen.

References
1. World Health Organization. Consolidated guidelines on the use of antiretroviral drugs for treating and

preventing HIV infection: recommendations for a public health approach. WHO Library. Geneva:

WHO; 2016. p. 480. https://doi.org/10.1016/j.jped.2014.04.007

2. Habiyambere V, Dongmo Nguimfack B, Vojnov L, Ford N, Stover J, Hasek L, et al. Forecasting the

global demand for HIV monitoring and diagnostic tests: A 2016–2021 analysis. PLoS One. 2018; 13:

e0201341. https://doi.org/10.1371/journal.pone.0201341 PMID: 30231022

3. UNAIDS. Progress towards the 90-90-90 targets Ending [Internet]. 2017. Available: https://www.

unaids.org/sites/default/files/media_asset/Global_AIDS_update_2017_en.pdf

4. Pham MD, Romero L, Parnell B, Anderson DA, Crowe SM, Luchters S. Feasibility of antiretroviral treat-

ment monitoring in the era of decentralized HIV care: a systematic review. AIDS Res Ther. 2017; 14: 3.

https://doi.org/10.1186/s12981-017-0131-5 PMID: 28103895

5. Nichols B, Girdwood S, Crompton T, Stewart-Isherwood L, Berrie L, Chimhamhiwa D, et al. Impact of a

borderless sample transport network for scaling up viral load monitoring: results of a geospatial optimi-

zation model for Zambia. J Int AIDS Soc. 2018; 21: 9. https://doi.org/10.1002/jia2.25206 PMID:

30515997

6. Nichols BE, Girdwood SJ, Shibemba A, Sikota S, Gill CJ, Mwananyanda L, et al. Cost and impact of

dried blood spot versus plasma separation card for scale-up of viral load testing in resource limited set-

tings. Clin Infect Dis. 2019; https://doi.org/10.1093/cid/ciz338 PMID: 31321438

7. Ministry of Health Zambia. District Health Information System 2 (DHIS2). Lusaka; 2017.

8. UNAIDS. Panel on People living with HIV receiving ART—up to 30 June 2017: Zambia [Internet]. Avail-

able: http://aidsinfo.unaids.org

9. Zambian Ministry of Health. Viral Load and Early Infant Diagnosis Testing Scale-up Implementation

Plan 2016–2020. 2016.

10. Nichols B, Girdwood S, Crompton T, Stewart-Isherwood L, Berrie L, Chimhamhiwa D, et al. Monitoring

viral load for the last mile: What will it cost? International AIDS conference. 2018.

11. Glencross DK, Coetzee LM, Cassim N. An Integrated Tiered Service Delivery Model (ITSDM) Based on

Local CD4 Testing Demands Can Improve Turn-Around Times and Save Costs whilst Ensuring Acces-

sible and Scalable CD4 Services across a National Programme. Dowdy DW, editor. PLoS One. 2014;

9: e114727. https://doi.org/10.1371/journal.pone.0114727 PMID: 25490718

12. Cassim N, Coetzee LM, Schnippel K, Glencross DK. Estimating implementation and operational costs

of an integrated tiered CD4 service including laboratory and point of care testing in a remote health dis-

trict in South Africa. PLoS One. 2014; 9: 1–19. https://doi.org/10.1371/journal.pone.0115420 PMID:

25517412

13. Dorward J, Drain PK, Garrett N. Point-of-care viral load testing and differentiated HIV care. Lancet HIV.

2018; 5: e8–e9. https://doi.org/10.1016/S2352-3018(17)30211-4 PMID: 29290227

14. Drain PK, Rousseau C. Point-of-care diagnostics: Extending the laboratory network to reach the last

mile. Curr Opin HIV AIDS. 2017; 12: 175–181. https://doi.org/10.1097/COH.0000000000000351 PMID:

28079591

15. Drain P, Dorward J, Violette L, Quame-Amaglo J, Thomas K, Samsunder N, et al. Point-of-care viral

load testing improves HIV viral supression and retention in care. Conference on Retroviruses and

Opportunistic Infections. Seattle, Washington; 2019. p. Abstract Number 53. Available: http://www.

croiconference.org/sessions/point-care-viral-load-testing-improves-hiv-viral-suppression-and-

retention-care

Optimal POC viral load placement

PLOS ONE | https://doi.org/10.1371/journal.pone.0221586 August 26, 2019 11 / 13

https://doi.org/10.1016/j.jped.2014.04.007
https://doi.org/10.1371/journal.pone.0201341
http://www.ncbi.nlm.nih.gov/pubmed/30231022
https://www.unaids.org/sites/default/files/media_asset/Global_AIDS_update_2017_en.pdf
https://www.unaids.org/sites/default/files/media_asset/Global_AIDS_update_2017_en.pdf
https://doi.org/10.1186/s12981-017-0131-5
http://www.ncbi.nlm.nih.gov/pubmed/28103895
https://doi.org/10.1002/jia2.25206
http://www.ncbi.nlm.nih.gov/pubmed/30515997
https://doi.org/10.1093/cid/ciz338
http://www.ncbi.nlm.nih.gov/pubmed/31321438
http://aidsinfo.unaids.org
https://doi.org/10.1371/journal.pone.0114727
http://www.ncbi.nlm.nih.gov/pubmed/25490718
https://doi.org/10.1371/journal.pone.0115420
http://www.ncbi.nlm.nih.gov/pubmed/25517412
https://doi.org/10.1016/S2352-3018(17)30211-4
http://www.ncbi.nlm.nih.gov/pubmed/29290227
https://doi.org/10.1097/COH.0000000000000351
http://www.ncbi.nlm.nih.gov/pubmed/28079591
http://www.croiconference.org/sessions/point-care-viral-load-testing-improves-hiv-viral-suppression-and-retention-care
http://www.croiconference.org/sessions/point-care-viral-load-testing-improves-hiv-viral-suppression-and-retention-care
http://www.croiconference.org/sessions/point-care-viral-load-testing-improves-hiv-viral-suppression-and-retention-care
https://doi.org/10.1371/journal.pone.0221586


16. Heffernan A, Barber E, Thomas R, Fraser C, Pickles M, Cori A. Impact and cost-effectiveness of point-

of-care CD4 testing on the HIV epidemic in South Africa. PLoS One. 2016; 11: 1–12. https://doi.org/10.

1371/journal.pone.0158303 PMID: 27391129

17. Phillips A, Cambiano V, Nakagawa F, Ford D, Apollo T, Murungu J, et al. Point-of-care viral load testing

for sub-Saharan Africa: informing a target product profile. Open Forum Infect Dis. 2016; ofw161. https://

doi.org/10.1093/ofid/ofw161 PMID: 27704016

18. Hyle EP, Jani I V., Lehe J, Su AE, Wood R, Quevedo J, et al. The Clinical and Economic Impact of

Point-of-Care CD4 Testing in Mozambique and Other Resource-Limited Settings: A Cost-Effectiveness

Analysis. PLoS Med. 2014; 11. https://doi.org/10.1371/journal.pmed.1001725 PMID: 25225800

19. Estill J, Egger M, Blaser N, Vizcaya LS, Garone D, Wood R, et al. Cost-effectiveness of point-of-care

viral load monitoring of antiretroviral therapy in resource-limited settings: mathematical modelling study.

AIDS. 2013; 27: 1483–1492. https://doi.org/10.1097/QAD.0b013e328360a4e5 PMID: 23462219

20. Frank SC, Cohn J, Dunning L, Sacks E, Walensky RP, Mukherjee S, et al. Clinical effect and cost-effec-

tiveness of incorporation of point-of-care assays into early infant HIV diagnosis programmes in Zimba-

bwe: a modelling study. Lancet HIV. 2019; 6: e182–e190. https://doi.org/10.1016/S2352-3018(18)

30328-X PMID: 30737187

21. Drain P, Dorward J, Violette L, Quame-Amaglo J, Thomas K, Samsunder N, et al. Point-of-care viral

load testing improves HIV viral suppression and retention in care. Conference on Retroviruses and

Opportunistic Infections. Seattle, Washington; 2019. Available: http://www.croiconference.org/

sessions/point-care-viral-load-testing-improves-hiv-viral-suppression-and-retention-care

22. Girdwood SJ, Nichols BE. Point-of-care assays for early infant diagnosis in Zimbabwe. Lancet HIV.

2019; 6: e146–e147. https://doi.org/10.1016/S2352-3018(18)30335-7 PMID: 30737188

23. Stover J, Brown T, Puckett R, Peerapatanapokin W. Updates to the Spectrum/Estimations and Projec-

tions Package model for estimating trends and current values for key HIV indicators. AIDS. 2017; 31: 1:

S5–11.

24. ESRI. How Grouping Analysis works—ArcGIS Pro | ArcGIS Desktop [Internet]. [cited 3 Jul 2019]. Avail-

able: https://pro.arcgis.com/en/pro-app/tool-reference/spatial-statistics/how-grouping-analysis-works.

htm

25. ESRI. Location-allocation analysis—Help | ArcGIS Desktop [Internet]. [cited 3 Jul 2019]. Available:

http://desktop.arcgis.com/en/arcmap/latest/extensions/network-analyst/location-allocation.htm

26. ESRI. Algorithms used by network analyst [Internet]. [cited 11 Sep 2018]. Available: http://desktop.

arcgis.com/en/arcmap/latest/extensions/network-analyst/algorithms-used-by-network-analyst.htm

27. Medecines Sans Frontiers. Putting HIV and HCV to the test. A product guide for point-of-care CD4 tests

and laboratory-based and point-of-care HIV and HCV viral load tests. 3rd edition. In: MSF Access

[Internet]. 2017 p. 112. Available: https://issuu.com/msf_access/docs/hiv_report_

puttinghivhcvtothetest_e

28. Medecines Sans Frontiers and Ministry of Health of the Krygyz Republic. Treating Patients, Not Dis-

ease: People-Centered Approach. 2018. Available: http://msf-tb-symposium.org/files/1715/2023/2923/

1.1_Kathleen_England_TB_Diagnostics_ENG.pdf

29. The Global Fund. HIV Viral Load and Early Infant Diagnosis Selection and Procurement Information

Tool [Internet]. 2017 [cited 1 Mar 2018]. Available: https://www.theglobalfund.org/media/5765/psm_

viralloadearlyinfantdiagnosis_content_en.pdf

30. Agutu CA, Ngetsa CJ, Price MA, Rinke de Wit TF, Omosa-Manyonyi G, Sanders EJ, et al. Systematic

review of the performance and clinical utility of point of care HIV-1 RNA testing for diagnosis and care.

Torpey K, editor. PLoS One. 2019; 14: e0218369. https://doi.org/10.1371/journal.pone.0218369 PMID:

31246963

31. Moyo S, Mohammed T, Wirth KE, Prague M, Bennett K, Holme P. Point-of-Care Cepheid Xpert HIV-1

Viral Load Test in Rural African. J Clin Microbiol. 2016; 54: 3050–3055. https://doi.org/10.1128/JCM.

01594-16 PMID: 27733636

32. Roberts T, Cohn J, Bonner K, Hargreaves S. Scale-up of Routine Viral Load Testing in Resource-Poor

Settings: Current and Future Implementation Challenges. Clin Infect Dis. 2016; 62: 1043–1048. https://

doi.org/10.1093/cid/ciw001 PMID: 26743094

33. Drain PK, Dorward J, Bender A, Lillis L, Marinucci F, Sacks J. Point-of-Care HIV Viral Load Testing: an

Essential Tool for a Sustainable Global HIV/AIDS Response. Clin Microbiol Rev. 2019; 32: e00097–18.

Available: https://doi.org/10.1128/CMR.00097-18 PMID: 31092508

34. Bianchi F, Nzima V, Chadambuka A, Mataka A, Nyoni G, Ndayisaba G. Comparing Conventional to

Point of Care (POC) Early Infant Diagnosis (EID): Pre and post intervention data from a multi-country

evaluation. Abstract presented at the International AIDS Society Conference; Paris, France. 2017.

Optimal POC viral load placement

PLOS ONE | https://doi.org/10.1371/journal.pone.0221586 August 26, 2019 12 / 13

https://doi.org/10.1371/journal.pone.0158303
https://doi.org/10.1371/journal.pone.0158303
http://www.ncbi.nlm.nih.gov/pubmed/27391129
https://doi.org/10.1093/ofid/ofw161
https://doi.org/10.1093/ofid/ofw161
http://www.ncbi.nlm.nih.gov/pubmed/27704016
https://doi.org/10.1371/journal.pmed.1001725
http://www.ncbi.nlm.nih.gov/pubmed/25225800
https://doi.org/10.1097/QAD.0b013e328360a4e5
http://www.ncbi.nlm.nih.gov/pubmed/23462219
https://doi.org/10.1016/S2352-3018(18)30328-X
https://doi.org/10.1016/S2352-3018(18)30328-X
http://www.ncbi.nlm.nih.gov/pubmed/30737187
http://www.croiconference.org/sessions/point-care-viral-load-testing-improves-hiv-viral-suppression-and-retention-care
http://www.croiconference.org/sessions/point-care-viral-load-testing-improves-hiv-viral-suppression-and-retention-care
https://doi.org/10.1016/S2352-3018(18)30335-7
http://www.ncbi.nlm.nih.gov/pubmed/30737188
https://pro.arcgis.com/en/pro-app/tool-reference/spatial-statistics/how-grouping-analysis-works.htm
https://pro.arcgis.com/en/pro-app/tool-reference/spatial-statistics/how-grouping-analysis-works.htm
http://desktop.arcgis.com/en/arcmap/latest/extensions/network-analyst/location-allocation.htm
http://desktop.arcgis.com/en/arcmap/latest/extensions/network-analyst/algorithms-used-by-network-analyst.htm
http://desktop.arcgis.com/en/arcmap/latest/extensions/network-analyst/algorithms-used-by-network-analyst.htm
https://issuu.com/msf_access/docs/hiv_report_puttinghivhcvtothetest_e
https://issuu.com/msf_access/docs/hiv_report_puttinghivhcvtothetest_e
http://msf-tb-symposium.org/files/1715/2023/2923/1.1_Kathleen_England_TB_Diagnostics_ENG.pdf
http://msf-tb-symposium.org/files/1715/2023/2923/1.1_Kathleen_England_TB_Diagnostics_ENG.pdf
https://www.theglobalfund.org/media/5765/psm_viralloadearlyinfantdiagnosis_content_en.pdf
https://www.theglobalfund.org/media/5765/psm_viralloadearlyinfantdiagnosis_content_en.pdf
https://doi.org/10.1371/journal.pone.0218369
http://www.ncbi.nlm.nih.gov/pubmed/31246963
https://doi.org/10.1128/JCM.01594-16
https://doi.org/10.1128/JCM.01594-16
http://www.ncbi.nlm.nih.gov/pubmed/27733636
https://doi.org/10.1093/cid/ciw001
https://doi.org/10.1093/cid/ciw001
http://www.ncbi.nlm.nih.gov/pubmed/26743094
https://doi.org/10.1128/CMR.00097-18
http://www.ncbi.nlm.nih.gov/pubmed/31092508
https://doi.org/10.1371/journal.pone.0221586


35. Phillips N, Blauvelt C, Ziba M, Sherman J, Saka E, Bancroft E, et al. Costs Associated with the Use of

Unmanned Aerial Vehicles for Transportation of Laboratory Samples in Malawi. Seattle; 2016.

36. Amukele TK, Sokoll LJ, Pepper D, Howard DP, Street J. Can Unmanned Aerial Systems (Drones) Be

Used for the Routine Transport of Chemistry, Hematology, and Coagulation Laboratory Specimens?

Szecsi PB, editor. PLoS One. 2015; 10: e0134020. https://doi.org/10.1371/journal.pone.0134020

PMID: 26222261

37. Ndlovu Z, Fajardo E, Mbofana E, Maparo T, Garone D, Metcalf C, et al. Multidisease testing for HIV and

TB using the GeneXpert platform: A feasibility study in rural Zimbabwe. PLoS One. 2018; 13: 1–13.

https://doi.org/10.1371/journal.pone.0193577 PMID: 29499042

Optimal POC viral load placement

PLOS ONE | https://doi.org/10.1371/journal.pone.0221586 August 26, 2019 13 / 13

https://doi.org/10.1371/journal.pone.0134020
http://www.ncbi.nlm.nih.gov/pubmed/26222261
https://doi.org/10.1371/journal.pone.0193577
http://www.ncbi.nlm.nih.gov/pubmed/29499042
https://doi.org/10.1371/journal.pone.0221586

