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Abstract— Healthcare data collection in rural sub-Saharan 
Africa is critically constrained by intermittent or absent 
internet connectivity, leading to fragmented patient records, 
delayed clinical decision-making, and compromised public 
health surveillance. This paper presents the design, 
implementation, and evaluation of an Offline-First 
Information Systems (OFIS) architecture tailored for rural 
primary healthcare facilities operating in low-connectivity 
environments. Grounded in Design Science Research (DSR) 
methodology, this study follows a rigorous artifact 
construction and evaluation cycle comprising problem 
identification, design artifact development, demonstration, and 
evaluation. The proposed architecture integrates a local-first 
database layer (CouchDB/PouchDB), a conflict-resolution 
engine, encrypted data synchronization queues, and RESTful 
API gateways that activate upon connectivity restoration. 
Field deployment across twelve primary healthcare centers in 
Nigeria and Ghana over nine months revealed significant 
improvements: a 94% reduction in data entry failures, a 78% 
improvement in patient record completeness, and a mean 
synchronization latency of 3.2 seconds upon connectivity 
restoration. The artifact contributes a reusable IS design theory 
for low-resource, high-impact health informatics 
environments. Implications for practitioners, health system 
designers, and IS researchers are discussed. 
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I. INTRODUCTION 

The delivery of primary healthcare services in rural 
sub-Saharan Africa remains profoundly hampered by 
inadequate digital infrastructure. While global health 
informatics has advanced considerably in urban settings, rural 
primary healthcare centers (PHCs) continue to rely on paper-
based record systems that are prone to loss, duplication, and 
misinterpretation. The World Health Organization estimates 
that over 400 million people globally lack access to essential 
health services, with rural populations in low- and middle-
income countries (LMICs) disproportionately affected (WHO, 
2023). Community health workers (CHWs) and clinic nurses 

operating in these settings face a paradox: mobile devices are 
increasingly available and affordable, yet the network 
infrastructure required to operate cloud-based health 
information systems (HIS) remains absent or critically 
unreliable. Intermittent connectivity—often measured in 
minutes per day renders conventional online-dependent 
architectures dysfunctional. Data loss events during 
connectivity dropout, unsynchronized patient records, and the 
absence of real-time clinical decision support represent 
systemic failures with direct consequences on patient safety 
and epidemiological surveillance. 

This paper addresses a fundamental question in 
health informatics research: How can IS architectures be 
designed to enable reliable healthcare data collection and 
management when internet connectivity is sparse, intermittent, 
or entirely absent? We propose, build, and evaluate an Offline-
First Information System (OFIS) architecture grounded in the 
Design Science Research (DSR) paradigm (Hevner et al., 
2004; Peffers et al., 2007). The artifact prioritizes local-first 
data persistence, deterministic conflict resolution, and deferred 
synchronization as core architectural principles. 

The contribution of this work is threefold: (1) a 
replicable IS artifact—the OFIS architecture—instantiated for 
rural PHC data collection; (2) empirical evaluation evidence 
from deployment across twelve PHCs in Nigeria and Ghana; 
and (3) a set of IS design principles applicable to low-
connectivity health informatics contexts. The remainder of this 
paper is structured as follows: Section 2 reviews relevant 
literature; Section 3 describes the research methodology; 
Section 4 presents the artifact design; Section 5 reports 
evaluation findings; Section 6 discusses implications; and 
Section 7 concludes. 

II.  LITERATURE REVIEW 

A. Health Information Systems in LMICs 

Health information systems in LMICs have evolved 
through several generations, from paper registries to 
proprietary software and, more recently, open-source 
platforms such as DHIS2 and OpenMRS (Braa et al., 2012). 
These systems have demonstrated transformative potential in 
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urban health facilities with stable internet access. However, 
their deployment assumptions persistent connectivity, 
consistent power supply, and trained IT support are seldom 
met in rural PHC settings (Littman-Quinn et al., 2013). 
Studies in Nigeria, Ghana, Uganda, and Tanzania consistently 
identify connectivity gaps as the primary barrier to HIS 
adoption and effectiveness in these contexts (Tilahun & Fritz, 
2015; Akanbi et al., 2012). 

The failure modes of online-dependent HIS in low-
connectivity environments are well-documented: incomplete 
patient records due to mid-session timeouts, data loss during 
synchronization failures, and forced fallback to manual paper-
based parallel systems that undermine the entire digital 
investment (Mehl & Labrique, 2014). Consequently, digital 
health investments frequently fail to achieve intended 
outcomes despite substantial resource commitments from 
governments and donors. 

B. Offline-First Computing Paradigms 

The Offline-First computing paradigm challenges the 
default assumption that applications should be designed for 
consistent network availability. Coined by practitioners in the 
progressive web application community, the approach dictates 
that application logic, data storage, and user interface remain 
fully functional in the absence of network connectivity, with 
synchronization treated as an opportunistic event rather than a 
prerequisite (Kleppmann & Beresford, 2017). This paradigm 
draws on distributed systems concepts including eventual 
consistency, conflict-free replicated data types (CRDTs), and 
vector clocks to manage concurrent data modifications across 
disconnected nodes. 

Technical implementations of offline-first systems in 
consumer applications most notably Google Docs, Notion, and 
Figma have demonstrated that local-first architectures can 
achieve high performance and data integrity while supporting 
collaborative editing across intermittently connected users. 
However, their translation to healthcare data contexts 
introduces additional requirements: data privacy compliance, 
audit trails, clinical data integrity constraints, and regulatory 
alignment with national HIS standards (Shapiro et al., 2011). 

C. Design Science Research in IS 

Design Science Research provides a rigorous 
methodological framework for constructing and evaluating IS 
artifacts that address real-world organizational problems 
(Hevner et al., 2004). The DSR paradigm, formalized through 
the work of Hevner and colleagues and operationalized 
through the process model of Peffers et al. (2007), prescribes 
an iterative cycle of problem identification, artifact design, 
demonstration, evaluation, and communication. DSR has been 
productively applied in health informatics to develop clinical 

decision support systems, interoperability frameworks, and 
mobile health applications (Thakurdin et al., 2021). 

A critical advantage of DSR for this study is its dual 
ontological commitment: the artifact must be both technically 
sound (satisfying functional requirements) and socially 
embedded (appropriate to the organizational and professional 
context of use). This dual commitment guides not only the 
technical design of the OFIS architecture but also its field 
evaluation with CHWs and facility health officers. 

D. Research Gap 

Despite the volume of literature on HIS in LMICs 
and a growing body of work on offline-first computing, there 
is a notable absence of systematically designed and 
empirically evaluated IS artifacts that integrate these two 
domains. Existing offline-capable health tools such as ODK 
Collect and CommCare provide data collection functionality 
but lack sophisticated conflict resolution, audit trail 
management, and interoperability with national HIS standards. 
This study bridges that gap by constructing a generalizable 
OFIS architecture grounded in DSR principles and evaluated 
in authentic field conditions. 

III. RESEARCH METHODOLOGY 

This study adopts the Design Science Research 
(DSR) methodology as formalized by Peffers et al. (2007). 
DSR is appropriate for this investigation because it permits the 
construction of novel IS artifacts as primary research outputs, 
evaluated against real-world utility and performance criteria. 
The study followed five iterative phases: problem 
identification, objective formulation, design and development, 
demonstration, and evaluation. Table 1 summarizes the DSR 
cycle as applied in this study. 

 

DSR Phase Activity Evidence/Output 
Problem 
Identification 

Systematic review 
+ CHW field 
interviews 
revealing 
connectivity 
failures, data loss, 
and workaround 
behaviors 

FMOH reports, 47 
CHW interviews, 
connectivity audit 
logs 

Design & 
Development 

Iterative 
prototyping of 
OFIS artifact 
across three design 
cycles with 
stakeholder input 

Agile sprints, 
wireframes, BPMN 
workflow mapping 

Demonstration Pilot deployment 
at 4 PHCs in Ogun 
State, Nigeria over 
6 weeks 

System logs, 
usability testing 
sessions, CHW 
observation 
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Evaluation Full deployment 
across 12 PHCs in 
Nigeria and Ghana 
over 9 months 
with mixed-
methods 
evaluation 

KPI dashboards, 
interviews, 
Wilcoxon signed-
rank tests 

Communication Findings 
disseminated to 
FMOH and 
presented for 
academic 
contribution 

Policy briefs, this 
manuscript, open-
source repository 

Table 1. DSR Cycle Application in the OFIS Study 

A. Problem Identification and Motivation 

The problem was identified through a multi-method 
formative assessment conducted across three states in Nigeria 
(Lagos, Ogun, and Kano) and two regions in Ghana (Ashanti 
and Northern Region). The assessment comprised a systematic 
review of thirty-two peer-reviewed studies on HIS in rural 
African settings (2013–2023), semi-structured interviews with 
forty-seven CHWs and fourteen facility health officers, and a 
connectivity audit using network monitoring tools deployed at 
participating PHCs for four weeks. Interview data were 
analyzed using thematic analysis following Braun and Clarke 
(2006). 

Connectivity audits revealed that participating 
facilities experienced mean daily connectivity windows of 47 
minutes (SD = 31 minutes), with five facilities recording zero 
connectivity on more than forty percent of observation days. 
The most commonly reported failure modes were: (1) session 
timeout losses mid-data entry (reported by 89% of CHWs); (2) 
inability to retrieve patient history during offline periods 
(76%); and (3) post-sync data duplication requiring manual 
reconciliation (63%). 

B. Artifact Design Objectives 

Based on the formative assessment, five functional 
design objectives were established: (O1) full offline 
operability for all core clinical data entry functions; (O2) 
deterministic conflict resolution for concurrent record 
modifications; (O3) end-to-end encryption for locally stored 
and transmitted patient data; (O4) automated deferred 
synchronization upon connectivity detection; and (O5) 
seamless interoperability with DHIS2 national reporting 
standards. 

C. Evaluation Design 

Evaluation followed a mixed-methods quasi-
experimental design with pre-post measurement. Twelve 
PHCs were selected purposively based on documented 
connectivity challenges and facility director consent. Nine 

months of post-deployment data were collected, including 
system performance logs, clinical data completeness audits, 
staff satisfaction surveys (n=89), and in-depth interviews 
(n=22 facility staff). Quantitative outcome comparisons 
employed the Wilcoxon signed-rank test, appropriate for non-
normally distributed matched data. Qualitative data were 
analyzed thematically. Ethical approval was obtained from the 
Lagos State Health Research Ethics Committee 
(LSHRE/2022/047) and the Ghana Health Service Ethics 
Review Committee (GHS-ERC 007/03/22). 

IV. THE OFIS ARCHITECTURE: ARTIFACT 

DESCRIPTION 

A. Architectural Overview 

The OFIS architecture adopts a layered design 
organized into five functional strata: (1) the Presentation 
Layer, (2) the Local Data Layer, (3) the Conflict Resolution 
Engine, (4) the Synchronization Queue, and (5) the 
Connectivity Gateway. Figure 1 illustrates the architectural 
schematic. 

 

OFFLINE-FIRST IS ARCHITECTURE 

┌──────────────────────────────────────────────────┐ 
│        PRESENTATION LAYER (Mobile/Web PWA)            │ 

├──────────────────────────────────────────────────┤ 
│    LOCAL DATA LAYER  │  CONFLICT RESOLUTION ENGINE   │ 

│   (PouchDB/IndexedDB) │     (CRDTs + Timestamps)       │ 
├──────────────────────────────────────────────────┤ 

│       SYNC QUEUE (Encrypted, Priority-based)           │ 
├──────────────────────────────────────────────────┤ 

│  CONNECTIVITY MONITOR → RESTful API GATEWAY → Cloud DB │ 
└──────────────────────────────────────────────────┘ 

Figure 1. OFIS Architecture Schematic for Rural PHC Data 
Collection 

B. Local Data Layer 

The Local Data Layer constitutes the foundational 
innovation of the OFIS architecture. It employs PouchDB; an 
open-source JavaScript database deployed within the device's 
native storage (IndexedDB on Progressive Web Apps, or 
SQLite via Capacitor on native Android builds). All clinical 
data entry transactions are written exclusively to the local 
database in real time, independent of network state. 
PouchDB's document-oriented model aligns well with the 
semi-structured nature of clinical encounter records (patient 
demographics, vital signs, diagnoses, prescriptions, and 
referral notes). 

Data schemas conform to the Fast Healthcare 
Interoperability Resources (FHIR) R4 standard, ensuring 
portability across clinical systems. Each document includes an 
ISO 8601 timestamp, a facility identifier, a CHW identifier, 
and a universally unique identifier (UUID) generated locally 
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using the RFC 4122 version 4 specification to guarantee 
global uniqueness without server coordination. 

C. Conflict Resolution Engine 

Concurrent modifications to patient records possible 
when multiple CHWs modify the same patient encounter 
during disconnected periods are resolved by a Conflict 
Resolution Engine (CRE) implementing a hybrid strategy. The 
CRE applies a last-write-wins (LWW) policy based on Hybrid 
Logical Clocks (HLCs) for fields where clinical context 
indicates a single authoritative value (e.g., weight, blood 
pressure). For additive fields such as medication lists and 
clinical notes, a CRDT-based merge strategy preserves all 
concurrent contributions without data loss (Shapiro et al., 
2011). Conflict events are logged to an immutable audit trail, 
enabling retrospective review by supervising clinicians. 

D. Synchronization Queue and Connectivity Gateway 

The Synchronization Queue operates as a persistent, 
ordered queue of pending sync transactions. Upon 
connectivity detection by the Connectivity Monitor 
implemented using the Network Information API with a 
secondary HTTP probe to a known-available endpoint—the 
queue is processed sequentially with priority assigned to 
records flagged as clinically critical (e.g., antenatal care 
records, immunization records, and suspected epidemic case 
reports). Synchronization targets a CouchDB instance 
deployed on a regional cloud server, leveraging CouchDB's 
native replication protocol. All data in transit is encrypted 
using TLS 1.3; data at rest is encrypted using AES-256-GCM. 

The Connectivity Gateway exposes a RESTful API 
layer that mediates communication between the facility OFIS 
nodes and the national DHIS2 reporting server, translating 
FHIR document bundles into DHIS2-compatible data value 
sets on the server side, thereby preserving local device 
performance and compatibility. 

E. Progressive Web Application Client 

The client interface was implemented as a 
Progressive Web Application (PWA) to maximize device 
compatibility without requiring formal application store 
distribution—a significant operational advantage in settings 
where PHC staff use personally owned Android devices. The 
PWA was built using React 18 with a service worker 
architecture (Workbox 7) managing asset caching and 
background synchronization. The user interface was designed 
through four participatory co-design workshops with CHWs, 
yielding a task-optimized workflow requiring a mean of 3.2 
screen interactions per patient encounter record, compared to a 
mean of 7.8 in the prior system. 

V.  EVALUATION RESULTS 

A. System Performance Outcomes 

Table 2 presents the principal quantitative outcomes 
from the nine-month evaluation comparing pre-deployment 
baseline performance with post-deployment metrics across all 
twelve PHCs. 

 

Metric Baseline Post-
Deploy 

Change Significance 

Data Entry 
Failure Rate 

23.4% 1.3% -94.4% p < 0.001 

Record 
Completeness 

54.2% 96.7% +78.2% p < 0.001 

Mean Sync 
Latency (s) 

N/A 3.2 — — 

Patient Visit 
Throughput 

14.1/day 22.6/day +60.3% p < 0.01 

Data 
Duplication 

Rate 

18.7% 2.1% -88.8% p < 0.001 

Staff 
Satisfaction 

(1–5) 

2.3 4.1 +78.3% p < 0.01 

Table 2. Pre- and Post-Deployment Performance Metrics (n = 
12 PHCs, 9 months) 

Data entry failure rate declined from a baseline mean 
of 23.4% to 1.3% post-deployment (p < 0.001), representing a 
94.4% improvement. Patient record completeness improved 
from 54.2% to 96.7% (p < 0.001). Mean synchronization 
latency upon connectivity restoration was 3.2 seconds for a 
standard patient encounter bundle. Patient visit throughput 
increased from 14.1 to 22.6 visits per facility per day, 
attributed in part to the reduction in time spent on manual data 
reconciliation. Data duplication rates fell from 18.7% to 2.1%, 
reflecting the effectiveness of the CRE. 

B. Qualitative Findings 

Thematic analysis of twenty-two in-depth interviews 
with facility staff identified four primary themes: (1) reduced 
cognitive burden, with CHWs reporting that the elimination of 
paper backup sheets freed attentional resources for patient 
interaction; (2) increased data confidence, with facility health 
officers expressing trust in the completeness and accuracy of 
records generated by the OFIS; (3) initial resistance to 
technology change, with a subset of older CHWs requiring 
extended onboarding support; and (4) supervisor 
empowerment, as district health officers could monitor 
facility-level data quality dashboards remotely upon 
synchronization. 

A representative CHW participant noted: "Before, I 
would write on paper and then type later, and sometimes the 
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network would cut and everything goes. Now, I type once and 
it saves. When there is network, it uploads by itself. I trust it." 
This testimonial encapsulates the core utility value of the 
OFIS artifact. 

C. Artifact Evaluation Against DSR Criteria 

Following Hevner et al.'s (2004) evaluation criteria, 
the OFIS artifact satisfied: utility (demonstrated by operational 
performance improvements), quality (measured through 
system reliability logs—99.2% uptime on local operations), 
and efficacy (confirmed by the magnitude and statistical 
significance of outcome improvements). The artifact's 
generalizability was further supported by consistent 
performance across both Nigerian and Ghanaian deployment 
sites, which differed in national HIS frameworks, device 
availability, and CHW training profiles. 

VI. DISCUSSION 

A. Theoretical Contributions 

This study makes several contributions to IS design 
theory. First, it instantiates and evaluates a concrete design 
artifact—the OFIS architecture—that operationalizes the 
offline-first paradigm in a high-stakes sociotechnical domain. 
Second, it extends DSR methodology by demonstrating its 
applicability in a multi-site, cross-national implementation 
context, offering procedural guidance for IS researchers 
working in development settings. Third, the CRE design—
combining HLC-based LWW with CRDT merge strategies 
differentiated by clinical data semantics represents a novel 
contribution to conflict resolution in healthcare IS, addressing 
a gap identified by Kleppmann and Beresford (2017) 
regarding domain-sensitive replication strategies. 

The evaluation findings validate the utility of the 
artifact but also highlight an important design principle: 
offline-first architecture must be accompanied by deliberate 
change management strategies. The initial resistance observed 
among older CHWs underscores that IS artifacts are 
embedded in sociotechnical systems where technical 
soundness alone does not guarantee adoption. This aligns with 
sociotechnical IS theory (Baxter & Sommerville, 2011) and 
suggests that future OFIS deployments should incorporate 
structured technology acceptance components. 

B. Practical Implications 

For health system practitioners and policymakers, the 
OFIS architecture offers a scalable, low-cost model for 
digitizing rural PHC data collection without dependency on 
infrastructure investment that may not materialize in the near 
term. The use of open-source components (PouchDB, 
CouchDB, React, DHIS2) ensures that implementation costs 
are primarily human capital costs—training and deployment—

rather than licensing fees. The PWA delivery model eliminates 
the need for formal device management infrastructure, as 
updates are delivered silently via service worker mechanisms. 

For IS practitioners implementing similar systems, 
the study recommends: (1) conducting a connectivity audit 
before architecture selection, as environments with regular 
daily connectivity windows may warrant lighter-weight offline 
strategies; (2) investing in participatory design with frontline 
health workers to optimize workflow efficiency; and (3) 
designing conflict resolution policies in consultation with 
clinical supervisors to ensure that automated resolution aligns 
with clinical standards of care. 

C. Limitations 

Several limitations warrant acknowledgment. The 
quasi-experimental design precludes causal inference; 
confounding factors including concurrent improvements in 
PHC staffing and a national health digitization campaign 
during the study period may have contributed to observed 
improvements. The study was conducted across twelve PHCs 
in two countries; generalizability to other LMIC contexts with 
different health system architectures (e.g., community-based 
care models in South or Southeast Asia) requires further 
investigation. Additionally, long-term sustainability beyond 
the study period has not yet been assessed, and the scalability 
of the CouchDB synchronization layer under high concurrent 
load from hundreds of PHCs has not been stress-tested in a 
production environment. 

VII.  CONCLUSION 

This paper presented the design, implementation, and 
empirical evaluation of an Offline-First IS architecture for 
rural primary healthcare data collection in low-connectivity 
environments. Grounded in the Design Science Research 
paradigm, the OFIS artifact demonstrates that reliable digital 
health records management is achievable without continuous 
internet connectivity. Deployment across twelve PHCs in 
Nigeria and Ghana over nine months yielded substantial 
improvements in data entry reliability, record completeness, 
patient throughput, and staff satisfaction, with statistically 
significant results across all primary outcome metrics. 

The study establishes a replicable IS design artifact 
and an associated set of design principles for offline-first 
health information systems in LMICs. It responds to a 
persistent and consequential gap between the digital health 
ambitions of national health strategies and the infrastructural 
realities of rural service delivery. Future research should 
investigate the long-term sustainability of OFIS deployments, 
explore AI-assisted conflict resolution to reduce the cognitive 
burden of clinical review, and adapt the architecture for 
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community-based health models in South Asia and 
Francophone Africa. 
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