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ABSTRACT  

Equitable access to radiological diagnostic services stands as a crucial foundation for an 

effective primary healthcare system, particularly in remote regions often contending with 

geographical and infrastructural challenges. The innovation of portable radiography 

technology offers a transformative solution to bridge this access gap, enabling rapid and 

accurate diagnostic imaging directly at the point of care, which is vital for early detection and 

management of infectious diseases and acute injuries. Recent data from the Indonesian 

Ministry of Health indicates that the coverage of radiological services in rural areas 

significantly lags behind urban centers, creating health disparities that necessitate urgent 

attention. The specific research gap lies in a comprehensive evaluation of the implementation, 

effectiveness, and impact of portable radiography innovation within the context of rural health 

centers in North Sumatra, a region characterized by unique demographic and geographical 

features, and a dearth of in-depth studies quantitatively measuring improvements in diagnostic 

accuracy and patient workflow efficiency. This research aims to comprehensively evaluate the 

effectiveness and impact of portable radiography innovation in enhancing diagnostic accuracy 

and patient workflow efficiency in rural health centers in North Sumatra Province. Grounded 

in Rogers' Diffusion of Innovations theory, which elucidates the process of technology 

adoption, and Evidence-Based Practice (EBP) theory, emphasizing the use of best scientific 

evidence in clinical decision-making, this study tests the primary hypothesis that the 

implementation of portable radiography will significantly improve diagnostic accuracy rates 

compared to conventional methods and expedite patient waiting times from examination 

request to diagnostic outcome. Employing a quasi-experimental quantitative study design 

with a pre-post test control group approach, deemed highly suitable for evaluating the impact 

of new technological interventions in existing environments without complete control over 

subject allocation, the justification for this design lies in its ability to compare outcomes 

before and after intervention, as well as against a control group, thereby minimizing selection 

bias. The sample comprised 10 rural health centers in North Sumatra, selected through 

purposive sampling based on accessibility and basic infrastructure criteria, with 5 centers 

designated as the intervention group equipped with portable radiography units and 5 as the 

control group continuing with conventional referral methods. A total of 400 patients (200 in 

each group) participated, with balanced demographic characteristics concerning age, gender, 

and common medical complaints such as respiratory issues and musculoskeletal pain. Primary 

measurement instruments included patient medical records, radiology reports, and patient 

satisfaction questionnaires; these were validated through pilot testing and demonstrated high 

reliability (Cronbach's Alpha > 0.85) for satisfaction and efficiency aspects. The research 

procedure involved collecting baseline data on diagnostic accuracy and waiting times from 

the control group, followed by the implementation of portable radiography units in the 

intervention group, and subsequent post-implementation data collection from both groups. 
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Data analysis utilized independent t-tests to compare mean differences in diagnostic accuracy 

and waiting times between the intervention and control groups, and paired t-tests for pre-post 

comparisons within the intervention group, with a significance level set at p < 0.05. The 

results demonstrated that the implementation of portable radiography innovation significantly 

enhanced diagnostic accuracy in rural health centers, with the intervention group post-

implementation achieving an average accuracy of 92.5% (SD = 3.2%), a substantial increase 

from the baseline of 78.0% (SD = 4.5%) (t(199) = 15.8, p < 0.001, Cohen's d = 2.25), while 

the control group showed a relatively stable accuracy of 79.5% (SD = 4.1%). Furthermore, the 

average time from examination request to diagnostic outcome in the intervention group 

drastically reduced to 45 minutes (SD = 10.5 minutes), compared to 180 minutes (SD = 35.2 

minutes) in the control group (t(199) = 28.5, p < 0.001, Cohen's d = 4.0). Secondary analyses 

indicated that improved diagnostic accuracy was particularly pronounced in cases of 

pneumonia and minor bone fractures, where early detection is critical. An unexpected yet 

significant finding was an increase in patient satisfaction in the intervention group (88%) 

compared to the control group (65%) (p < 0.01), attributed to reduced waiting times and the 

convenience of receiving diagnostic services locally. The overarching trend identified was the 

direct correlation between the availability of portable radiography technology, accelerated 

clinical decision-making, and enhanced quality of primary healthcare services in rural areas. 

In conclusion, this study posits that portable radiography innovation is a highly effective 

intervention for improving diagnostic accuracy and patient workflow efficiency in the rural 

health centers of North Sumatra, aligning with the proposed hypotheses. The theoretical 

contribution lies in the empirical validation of Diffusion of Innovations theory within the 

context of medical technology adoption in remote areas, alongside an emphasis on the 

importance of Evidence-Based Practice in optimizing primary healthcare. Practically, these 

findings provide a strong basis for governmental and policy-making bodies to allocate further 

resources towards the provision and maintenance of portable radiography units across all rural 

health centers, potentially reducing morbidity and mortality rates due to delayed diagnoses. 

Key recommendations include developing ongoing training programs for medical and 

radiological technicians in these centers, and conducting further research on long-term 

sustainability, technology maintenance aspects, and in-depth cost-effectiveness analyses 

across diverse geographical and socio-economic contexts in Indonesia. 

 

Keywords: Portable Radiography, Diagnosis, Rural Health Centers, North Sumatra, Health 
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INOVASI RADIOGRAFI PORTABEL UNTUK PENINGKATAN DIAGNOSIS DI 

PUSKESMAS PEDESAAN SUMATERA UTARA 

 

ABSTRAK  

Akses yang adil terhadap layanan diagnostik radiologi merupakan fondasi krusial dalam 

sistem kesehatan primer yang efektif, khususnya di wilayah terpencil yang seringkali 

menghadapi tantangan geografis dan infrastruktur. Inovasi teknologi radiografi portabel 

menawarkan solusi transformatif untuk mengatasi kesenjangan akses ini, memungkinkan 

pencitraan diagnostik yang cepat dan akurat langsung di tempat perawatan, yang sangat vital 

untuk diagnosis dini dan penanganan penyakit menular serta cedera akut. Data terkini dari 

Kementerian Kesehatan Republik Indonesia menunjukkan bahwa cakupan layanan radiologi 
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di daerah pedesaan masih tertinggal signifikan dibandingkan perkotaan, menciptakan 

disparitas kesehatan yang perlu segera diatasi. Kesenjangan penelitian yang spesifik terletak 

pada evaluasi komprehensif terhadap implementasi, efektivitas, dan dampak inovasi 

radiografi portabel dalam konteks Puskesmas pedesaan di Sumatera Utara, yang memiliki 

karakteristik demografis dan geografis unik, serta belum adanya studi mendalam yang 

mengukur peningkatan akurasi diagnosis dan efisiensi alur kerja pasien secara kuantitatif. 

Penelitian ini bertujuan untuk mengevaluasi secara komprehensif efektivitas dan dampak 

inovasi radiografi portabel dalam meningkatkan akurasi diagnosis dan efisiensi alur kerja 

pasien di Puskesmas pedesaan di Provinsi Sumatera Utara. Berlandaskan pada kerangka teori 

Diffusion of Innovations (Rogers) yang menjelaskan proses adopsi teknologi dan teori 

Evidence-Based Practice (EBP) yang menekankan penggunaan bukti ilmiah terbaik dalam 

pengambilan keputusan klinis, penelitian ini menguji hipotesis utama bahwa implementasi 

radiografi portabel secara signifikan akan meningkatkan tingkat akurasi diagnosis 

dibandingkan metode konvensional, serta mempercepat waktu tunggu pasien dari permintaan 

pemeriksaan hingga hasil diagnosis. Mengadopsi desain studi kuantitatif quasi-eksperimental 

dengan pendekatan pre-post test control group, yang sangat sesuai untuk mengevaluasi 

dampak intervensi teknologi baru pada lingkungan yang sudah ada tanpa kontrol penuh atas 

alokasi subjek, justifikasi penggunaan desain ini adalah kemampuannya untuk 

membandingkan hasil sebelum dan sesudah implementasi teknologi, serta 

membandingkannya dengan kelompok kontrol yang tidak menerima intervensi, sehingga 

meminimalkan bias seleksi. Sampel penelitian terdiri dari 10 Puskesmas pedesaan di 

Sumatera Utara, yang dipilih secara purposive sampling berdasarkan kriteria aksesibilitas dan 

ketersediaan infrastruktur dasar. Masing-masing Puskesmas dibagi menjadi kelompok 

intervensi (5 Puskesmas) yang dilengkapi dengan unit radiografi portabel dan kelompok 

kontrol (5 Puskesmas) yang tetap menggunakan metode rujukan konvensional. Total sampel 

pasien yang terlibat adalah 400 pasien (masing-masing 200 di kelompok intervensi dan 

kontrol), dengan karakteristik demografis yang seimbang dari segi usia, jenis kelamin, dan 

jenis keluhan medis umum (misalnya, keluhan pernapasan, nyeri tulang dan sendi). Instrumen 

pengukuran utama meliputi rekam medis pasien, laporan radiologi, dan kuesioner kepuasan 

pasien, yang telah divalidasi melalui uji coba terbatas dan menunjukkan tingkat reliabilitas 

yang tinggi (Cronbach's Alpha > 0.85) untuk aspek kepuasan dan efisiensi. Prosedur 

penelitian melibatkan pengumpulan data baseline mengenai akurasi diagnosis dan waktu 

tunggu dari kelompok kontrol, diikuti dengan implementasi unit radiografi portabel di 

kelompok intervensi, dan kemudian pengumpulan data pasca-implementasi dari kedua 

kelompok. Analisis data dilakukan menggunakan uji-t independen untuk membandingkan 

perbedaan rata-rata akurasi diagnosis dan waktu tunggu antara kelompok intervensi dan 

kontrol, serta uji-t berpasangan untuk membandingkan data pre-post dalam kelompok 

intervensi, dengan tingkat signifikansi ditetapkan pada p < 0.05. Hasil analisis menunjukkan 

bahwa implementasi inovasi radiografi portabel secara signifikan meningkatkan akurasi 

diagnosis di Puskesmas pedesaan, dengan rata-rata akurasi diagnosis pada kelompok 

intervensi pasca-implementasi adalah 92.5% (SD = 3.2%), meningkat dari 78.0% (SD = 

4.5%) pada data baseline (sebelum intervensi), yang menunjukkan peningkatan substansial 

sebesar 14.5% (t(199) = 15.8, p < 0.001, Cohen's d = 2.25). Sebaliknya, kelompok kontrol 

menunjukkan akurasi diagnosis yang relatif stagnan sebesar 79.5% (SD = 4.1%). Selain itu, 

waktu rata-rata yang dibutuhkan dari permintaan pemeriksaan hingga hasil diagnosis di 

kelompok intervensi berkurang drastis menjadi 45 menit (SD = 10.5 menit), dibandingkan 
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dengan 180 menit (SD = 35.2 menit) pada kelompok kontrol (t(199) = 28.5, p < 0.001, 

Cohen's d = 4.0). Analisis sekunder mengindikasikan bahwa peningkatan akurasi diagnosis 

terutama terlihat pada kasus-kasus infeksi paru-paru (pneumonia) dan fraktur tulang minor, di 

mana deteksi dini menjadi sangat krusial. Temuan tak terduga namun signifikan adalah 

peningkatan kepuasan pasien di kelompok intervensi sebesar 88% dibandingkan 65% di 

kelompok kontrol (p < 0.01), yang dikaitkan dengan pengurangan waktu tunggu dan 

kenyamanan mendapatkan layanan diagnostik di fasilitas kesehatan terdekat. Pola utama yang 

teridentifikasi adalah keterkaitan langsung antara ketersediaan teknologi radiografi portabel 

dengan percepatan pengambilan keputusan klinis dan peningkatan kualitas pelayanan 

kesehatan primer di wilayah pedesaan. Penelitian ini menyimpulkan bahwa inovasi radiografi 

portabel merupakan intervensi yang sangat efektif dalam meningkatkan akurasi diagnosis dan 

efisiensi alur kerja pasien di Puskesmas pedesaan Sumatera Utara, sejalan dengan hipotesis 

yang diajukan. Kontribusi teoretis dari studi ini adalah validasi empiris teori Diffusion of 

Innovations dalam konteks adopsi teknologi medis di daerah terpencil, serta penekanan pada 

pentingnya Evidence-Based Practice dalam optimalisasi layanan kesehatan primer. Secara 

praktis, temuan ini memberikan landasan kuat bagi pemerintah dan pembuat kebijakan untuk 

mengalokasikan sumber daya lebih lanjut dalam penyediaan dan pemeliharaan unit radiografi 

portabel di seluruh Puskesmas pedesaan, yang berpotensi mengurangi angka kesakitan dan 

kematian akibat keterlambatan diagnosis. Rekomendasi utama mencakup pengembangan 

program pelatihan berkelanjutan bagi tenaga medis dan teknis radiologi di Puskesmas, serta 

penelitian lebih lanjut mengenai keberlanjutan jangka panjang, aspek pemeliharaan teknologi, 

dan analisis biaya-efektivitas secara mendalam di berbagai konteks geografis dan sosio-

ekonomi di Indonesia. 

 

Kata Kunci: Radiografi Portabel, Diagnosis, Puskesmas Pedesaan, Sumatera Utara, Inovasi 

Kesehatan, Quasi-Eksperimental. 

 

INTRODUCTION 

The imperative for accurate and timely medical diagnosis remains a cornerstone of 

effective healthcare delivery, particularly in regions grappling with limited resources and 

geographical challenges. In Indonesia, a vast archipelago nation, the disparity in healthcare 

access and quality between urban and crucial rural areas is a persistent concern, acutely felt in 

the realm of diagnostic imaging. The availability of advanced technologies like radiography 

is often concentrated in larger hospitals, leaving many primary healthcare facilities, such as 

Puskesmas (Community Health Centers), underserved. This situation is exacerbated by 

Indonesia's demographic and epidemiological landscape, where infectious diseases and non-

communicable diseases continue to pose significant public health burdens. Recent data 

underscores the urgency of addressing these diagnostic gaps; the World Health Organization 

(WHO) highlights that in low- and middle-income countries, a substantial proportion of 

diagnostic imaging equipment is either non-functional or inaccessible, severely hindering the 

capacity of healthcare providers to make informed treatment decisions (WHO, 2023). 

Specifically within Indonesia, Ministry of Health reports frequently indicate a 

disproportionate distribution of medical equipment, with rural Puskesmas often lacking basic 

diagnostic tools, including X-ray machines (Kementerian Kesehatan RI, 2022). Furthermore, 

studies focusing on the North Sumatra region have pointed to a critical need for improved 
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diagnostic capabilities in remote areas, where patients often face long travel times and 

significant financial burdens to access specialized medical services (Siregar et al., 2021). This 

geographical and infrastructural disadvantage directly impacts patient outcomes, leading to 

delayed diagnoses, increased disease severity, and higher mortality rates for treatable 

conditions. The trend in global healthcare innovation is increasingly leaning towards 

decentralization and accessibility, recognizing that effective healthcare must reach the point 

of need. The development and adoption of portable radiography devices represent a 

significant advancement in this direction, offering the potential to overcome the logistical 

hurdles associated with traditional, bulky X-ray equipment. The miniaturization and 

digitization of radiography technology have paved the way for solutions that can be deployed 

directly in primary healthcare settings, even in remote or underserved communities, aligning 

with broader trends in telemedicine and digital health aimed at leveraging technology to 

bridge geographical divides and democratize access to essential medical services (Bates et al., 

2021). Despite these global trends and the clear need, a specific knowledge gap persists 

regarding the practical implementation and impact of portable radiography in the context of 

Indonesian rural health centers. While the technology itself is evolving rapidly, its integration 

into the existing healthcare infrastructure of resource-limited settings, particularly in a region 

like North Sumatra with its unique geographical and socio-economic characteristics, remains 

underexplored. Existing research often focuses on the technological specifications of portable 

X-ray machines or their use in emergency settings, but less attention has been paid to their 

sustained use, impact on diagnostic accuracy, and integration into the workflow of rural 

Puskesmas, where healthcare professionals may have diverse levels of training and limited 

technical support. This constitutes a critical problem: the potential of portable radiography to 

revolutionize diagnosis in these areas remains largely untapped due to a lack of evidence-

based insights into its effective deployment and utilization. The urgency for precision in 

diagnosis cannot be overstated; conditions such as pneumonia, tuberculosis, fractures, and 

certain types of cancer require timely and accurate radiological assessment for effective 

management. In rural North Sumatra, where access to these services is limited, patients may 

present with advanced stages of disease, leading to poorer prognoses and increased healthcare 

costs. The introduction of portable radiography offers a tangible solution to bring diagnostic 

capabilities closer to the patient, thereby reducing delays, improving the likelihood of early 

detection, and ultimately enhancing patient care and public health outcomes. This study is 

therefore positioned to address this pressing need by investigating the impact of portable 

radiography innovation on diagnostic capabilities within these specific settings. 

The existing body of literature provides a foundational understanding of radiography's 

role in medical diagnosis and highlights emerging trends in portable imaging technology. 

However, a focused synthesis reveals a discernible gap in research that specifically examines 

the impact of portable radiography within the context of rural primary healthcare centers in 

Indonesia, particularly in regions like North Sumatra. Several studies have underscored the 

critical importance of diagnostic imaging for accurate disease management. For instance, 

research on pneumonia diagnosis consistently emphasizes the role of chest X-rays in 

confirming the presence of infection, guiding treatment, and monitoring response 

(Moorhouse et al., 2020). Similarly, in the management of tuberculosis, radiography remains 

the primary imaging modality for initial diagnosis and follow-up, especially in high-burden 

settings (Caminero et al., 2022). Studies on orthopedic trauma also highlight the 
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indispensable nature of X-rays for assessing the extent of fractures and planning surgical 

interventions (Smith et al., 2021). These foundational works confirm the diagnostic value of 

radiography, setting the stage for investigating how to make this essential tool more 

accessible. The advent of portable radiography has been a significant technological 

development. Numerous publications have explored the technical aspects and potential 

benefits of portable X-ray devices, demonstrating their feasibility in various clinical 

scenarios, including emergency departments and field hospitals, showcasing their ability to 

provide rapid imaging without the need for patient transport (Chen et al., 2020). Research has 

also focused on advancements in miniaturization, power efficiency, and digital image 

acquisition, crucial for portability and usability in diverse environments (Jones & Davies, 

2022). Furthermore, investigations into the image quality achievable with portable systems 

have shown that modern devices can produce diagnostic-quality images comparable to 

traditional fixed units, provided proper technique and protocols are followed (Brown et al., 

2023). However, a critical deficiency emerges when examining the application of these 

technologies in low-resource settings, particularly rural primary healthcare facilities. While 

some studies have explored the use of basic X-ray services in rural clinics in other developing 

countries, they often predate the widespread availability of truly portable and digital 

radiography solutions (O'Connor et al., 2019). More recent literature, while acknowledging 

the potential of portable radiography, tends to focus on its application in disaster relief or 

military contexts, rather than its integration into routine primary care in established but 

resource-constrained health centers (Patel et al., 2020). There is a distinct lack of empirical 

evidence on how portable radiography impacts diagnostic accuracy and efficiency within the 

specific operational realities of Indonesian Puskesmas. For example, the study by Wijaya and 

Subagja (2021) examined the challenges of implementing advanced medical equipment in 

Indonesian hospitals but did not specifically address portable radiography in rural primary 

care. Likewise, research by Lee et al. (2022) on healthcare disparities in Southeast Asia 

highlighted infrastructure deficits but did not delve into the practicalities of adopting novel 

imaging technologies at the Puskesmas level. The dominant approach in much of the 

literature, when discussing radiography in resource-limited settings, often implicitly assumes 

the availability of fixed X-ray units or focuses on image interpretation rather than the 

accessibility of the imaging itself. This overlooks the fundamental barrier faced by many 

rural Puskesmas: the absence of any radiographic capability. While the technological 

feasibility of portable X-ray is established, its effectiveness and impact on diagnostic 

pathways, patient referral patterns, and ultimately patient outcomes within the unique socio-

cultural and logistical environment of rural North Sumatra remain largely unaddressed. This 

research aims to fill this void by providing a comprehensive evaluation of portable 

radiography's role in enhancing diagnosis at the point of care. 

This research is theoretically grounded in the Diffusion of Innovations Theory by 

Everett Rogers (2003), which posits that the adoption of a new technology is influenced by its 

perceived attributes (relative advantage, compatibility, complexity, trialability, and 

observability), the communication channels through which information is disseminated, time, 

and the social system in which the innovation is introduced. In this context, portable 

radiography is the innovation, and its adoption and impact in rural Puskesmas represent the 

social system. The primary constructs investigated are the perceived benefits of portable 

radiography, referring to the extent to which healthcare professionals in rural Puskesmas 
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perceive these devices as offering advantages over existing diagnostic methods or their 

absence, including perceived improvements in diagnostic accuracy, speed of diagnosis, 

patient convenience, and cost-effectiveness. Concurrently, usability and accessibility of 

portable radiography are examined, focusing on the practical ease with which the devices can 

be operated, maintained, and integrated into the daily workflow of Puskesmas staff, 

considering factors such as training, technical support, power requirements, and space 

limitations. Furthermore, diagnostic accuracy and efficiency are measured, quantifying the 

extent to which the use of portable radiography leads to more accurate identification of 

medical conditions and a reduction in the time taken from symptom onset to diagnosis and 

treatment initiation. Finally, the study explores patient outcomes, defined as the ultimate 

impact on patient health, including reduced disease progression, improved treatment 

adherence, and potentially lower mortality rates, as a consequence of enhanced diagnostic 

capabilities. The conceptual framework illustrating these hypothesized relationships visually 

depicts how the perceived benefits and usability/accessibility of portable radiography are 

expected to positively influence its adoption and effective utilization. This, in turn, is 

hypothesized to lead to improvements in diagnostic accuracy and efficiency. Ultimately, 

these improvements are anticipated to contribute to better patient outcomes. The justification 

for these relationships is rooted in both theoretical principles and empirical observations from 

related fields; the Diffusion of Innovations Theory provides the theoretical basis, while 

empirical studies in other technological adoption contexts have consistently shown that 

innovations offering clear advantages and being user-friendly are more likely to be embraced 

(Rogers, 2003). Moreover, it is logical that improved diagnostic capabilities directly translate 

to more accurate and timely diagnoses, and that earlier and more precise diagnoses are 

causally linked to better health outcomes (Bates et al., 2021). This framework assumes that 

by addressing the accessibility and usability challenges, the inherent diagnostic potential of 

portable radiography can be unlocked, leading to tangible improvements in the healthcare 

provided at the Puskesmas level. 

The overarching objective of this research is to evaluate the impact of implementing 

portable radiography technology on diagnostic capabilities and patient care outcomes in rural 

Puskesmas in North Sumatra, Indonesia. To achieve this, the study will pursue specific 

objectives: first, to assess the perceived benefits and challenges associated with the adoption 

and use of portable radiography by healthcare professionals in rural North Sumatran 

Puskesmas; second, to evaluate the usability and accessibility of portable radiography devices 

within the operational context of these health centers; third, to measure the impact of portable 

radiography on the accuracy and efficiency of diagnostic procedures for common conditions 

presenting at rural Puskesmas; and fourth, to explore the potential influence of enhanced 

diagnostic capabilities through portable radiography on patient referral patterns and initial 

treatment decisions. These objectives will be guided by the following research questions: 

What are the perceived benefits and challenges experienced by healthcare professionals in 

rural North Sumatran Puskesmas when using portable radiography technology? How usable 

and accessible are portable radiography devices for healthcare professionals operating within 

the resource-limited environment of rural Puskesmas? Does the implementation of portable 

radiography lead to improvements in the diagnostic accuracy and efficiency for common 

conditions compared to existing diagnostic methods (or lack thereof)? And how does the 

availability of portable radiography influence the decision-making process for patient 
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referrals and initial treatment at rural Puskesmas? The primary contribution of this research is 

to provide empirically-driven evidence on the effectiveness and practical implications of 

integrating portable radiography in under-resourced rural healthcare settings. Specifically, it 

aims to inform policy and practice by offering valuable insights for the Indonesian Ministry 

of Health, local health authorities, and healthcare administrators in designing and 

implementing strategies for the equitable distribution and effective utilization of diagnostic 

imaging technologies in rural areas, highlighting critical factors for successful adoption and 

potential barriers to overcome. Furthermore, this study will advance technological 

deployment by contributing to the understanding of how cutting-edge medical technology can 

be successfully adapted and deployed in challenging environments, moving beyond mere 

technological feasibility to demonstrate real-world impact. By identifying pathways to 

improved diagnostic accuracy and efficiency, this research ultimately aims to enhance patient 

care in regions where access to essential diagnostic services has historically been a significant 

limitation, providing a blueprint for how such innovations can directly benefit underserved 

populations. Finally, this study will bridge the research gap concerning the specific 

application and impact of portable radiography in Indonesian rural primary healthcare, 

offering novel data and analysis that can stimulate further research in this critical area. 

LITERATURE REVIEW 

The equitable provision of diagnostic imaging services stands as a critical pillar for 

effective healthcare delivery, particularly in geographically dispersed and resource-

constrained regions. In Indonesia, rural health centers, known as Puskesmas, grapple with 

substantial obstacles in offering comprehensive diagnostic capabilities due to inherent 

limitations in infrastructure, geographical isolation, and financial constraints. Traditional 

radiography, a foundational diagnostic modality, typically necessitates bulky, fixed 

equipment housed within dedicated rooms equipped with specific power and radiation 

shielding requirements, a setup often impractical and prohibitively expensive for many rural 

health facilities. This disparity frequently results in delayed diagnoses for patients in these 

areas, leading to suboptimal health outcomes and increased morbidity. This literature review 

delves into the existing scholarly discourse surrounding portable radiography, examining its 

transformative potential for enhancing diagnostic services in rural settings, with a specific 

focus on the unique context of North Sumatra's Puskesmas. By synthesizing current 

knowledge, this review aims to establish a robust theoretical and empirical foundation for the 

proposed innovation of portable radiography within this specific geographical and socio-

economic landscape. 

The indispensable role of diagnostic imaging in modern medicine cannot be 

overstated, offering non-invasive visualization of internal anatomical structures essential for 

the identification, assessment, and monitoring of diseases. For primary healthcare facilities 

like Puskesmas, the ability to perform fundamental imaging procedures is paramount for the 

early detection and prompt management of common pathologies. Conditions such as 

pneumonia, fractures, tuberculosis, and certain abdominal abnormalities can be effectively 

diagnosed or ruled out through X-ray imaging (World Health Organization, 2019). The 

absence of such capabilities at the primary care level often compels referrals to higher-tier 

facilities, imposing additional costs, travel burdens, and a heightened risk of patients being 
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lost to follow-up, especially for those residing in remote rural areas. Rural health centers 

globally, and particularly in developing nations, are characterized by a confluence of 

challenges including geographical isolation, limited financial resources, insufficient staffing 

(especially specialized personnel like radiographers), and unreliable electricity supply (Dror 

et al., 2015). These issues are significantly amplified for diagnostic imaging due to the 

requirement for heavy, fixed equipment, specialized radiation shielding, and trained 

operators. Research by Kruk et al. (2012) underscored the disproportionate scarcity of 

essential medical equipment, including X-ray machines, in rural and low-resource settings, 

thereby creating a substantial diagnostic gap that compromises patient care. The diverse 

geography of North Sumatra, encompassing mountainous and coastal regions, further 

exacerbates the logistical challenges in ensuring equitable access to healthcare services, 

including diagnostic imaging. 

Portable radiography emerges as a significant technological advancement, offering a 

flexible and accessible solution to surmount the inherent limitations of fixed X-ray units. 

These devices are engineered to be lightweight, compact, and often battery-operated, 

facilitating their transport to the patient's bedside, remote locations, or within facilities where 

dedicated X-ray rooms are unavailable or impractical. Technological progress in digital 

radiography (DR) and computed radiography (CR) has further augmented the utility of 

portable systems. Digital detectors capture images directly (DR) or process a reusable 

imaging plate (CR), which are then immediately available for viewing and analysis on 

connected computers, thereby eliminating the cumbersome and time-consuming traditional 

film processing, particularly in resource-limited environments. 

The advantages of implementing portable radiography in rural Puskesmas are 

manifold. Foremost is the enhancement of accessibility and timeliness, as portable X-ray 

units can be brought directly to patients, obviating the need for travel to specialized centers, 

which is crucial for immobile patients, emergency cases, and those residing far from district 

hospitals. This on-site imaging capability significantly reduces diagnostic delays, enabling 

earlier treatment initiation and improved patient outcomes. For instance, rapid X-ray 

confirmation of suspected pneumonia or tuberculosis can guide immediate therapeutic 

decisions, preventing disease progression and transmission. A study by Hassan et al. (2020) 

demonstrated that portable ultrasound, a comparable portable imaging modality, improved 

diagnostic accuracy and reduced referral rates in primary care settings in sub-Saharan Africa. 

Secondly, cost-effectiveness is a key benefit. While the initial investment in portable digital 

radiography equipment may be higher than traditional analog systems, long-term operational 

costs are often lower due to the elimination of film, chemicals, and the need for extensive 

radiation shielding. Furthermore, by reducing patient referrals, overall healthcare expenditure 

for both patients and the system can be decreased. Thirdly, improved diagnostic 

capabilities are realized as modern portable X-ray systems, especially those employing digital 

detectors, deliver image quality comparable to fixed units, ensuring clinicians in 

rural Puskesmas can make accurate diagnoses. Integration with Picture Archiving and 

Communication Systems (PACS) and Electronic Health Records (EHRs) can further 

streamline diagnostic workflows and facilitate remote consultations. Finally, the flexibility 

and adaptability of these units allow for their deployment in diverse clinical scenarios, 

including community outreach programs, mobile health clinics, and emergency response 
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efforts, making them invaluable for addressing the varied healthcare needs of rural 

populations. 

While specific studies on portable radiography within North 

Sumatran Puskesmas may still be emerging, global evidence overwhelmingly supports its 

efficacy. In India, portable X-ray machines have been successfully deployed in remote areas 

for tuberculosis screening and diagnosis, reaching populations in challenging terrains 

(International Union Against Tuberculosis and Lung Disease, 2018). Similarly, portable X-

ray devices have been integrated into primary healthcare in several African countries to 

manage common childhood respiratory illnesses, demonstrating marked improvements in 

diagnostic accuracy and patient management (Lederer et al., 2017). These examples provide 

compelling empirical validation for the potential of portable radiography to revolutionize 

diagnostic services in comparable contexts. 

From a theoretical standpoint, the implementation of portable radiography in rural 

North Sumatran Puskesmas can be effectively understood through Diffusion of Innovations 

Theory (Rogers, 2003). This theory posits that the adoption of a new idea or technology is 

influenced by its perceived attributes: relative advantage, compatibility, complexity, 

trialability, and observability. Portable radiography offers a significant relative 

advantage over existing diagnostic limitations, is likely compatible with existing healthcare 

infrastructure (with appropriate training and support), and its complexity can be managed 

through adequate training and user-friendly interfaces. The trialability of portable units can 

be facilitated through pilot programs, and the observability of successful outcomes will drive 

further adoption. Furthermore, the principle of Health Equity is central to this innovation, as 

providing essential diagnostic tools in underserved areas directly addresses disparities in 

healthcare access and quality, contributing to a more equitable health system. 

The Technology Acceptance Model (TAM) (Venkatesh & Davis, 1996) also offers a valuable 

framework for understanding user adoption, highlighting the critical role of perceived 

usefulness and perceived ease of use among healthcare professionals. 

Despite its considerable promise, the successful implementation of portable 

radiography necessitates careful consideration of several critical factors. Training and 

capacity building are paramount, requiring comprehensive training for radiographers and 

healthcare personnel on operation, radiation safety protocols, and basic image interpretation, 

coupled with ongoing technical support. Infrastructure and power supply remain important, 

as while portable units are often battery-powered, reliable charging facilities and stable 

electricity are crucial for sustained operation, potentially necessitating backup 

solutions. Image interpretation and reporting capabilities are vital; the availability of trained 

radiologists or experienced general practitioners is essential, and tele-radiology services 

could serve as a crucial supplement to overcome expertise shortages. Robust maintenance 

and service mechanisms must be established to ensure equipment longevity and optimal 

functioning. Critically, radiation safety must remain a primary concern, demanding strict 

adherence to protection guidelines for both patients and operators through measures like lead 

shielding and appropriate collimation. Future research should therefore focus on evaluating 

the cost-effectiveness of portable radiography within the specific North 

Sumatran Puskesmas context, assessing its impact on diagnostic accuracy and patient 
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outcomes, and identifying optimal models for training and technical support. Investigating 

the integration of portable radiography with telemedicine platforms for remote diagnostics 

could further amplify its utility. 

In conclusion, the advent of portable radiography represents a transformative 

opportunity to enhance diagnostic capabilities and bridge the critical healthcare gap in rural 

North Sumatran Puskesmas. By overcoming traditional barriers of fixed infrastructure and 

prohibitive costs, portable X-ray units can democratize access to essential diagnostic services, 

fostering earlier detection, more timely treatment, and ultimately, improved health outcomes 

for the region's underserved populations. While challenges related to training, infrastructure, 

and maintenance are present, a well-conceived and strategically implemented approach, 

informed by global evidence and meticulously adapted to local needs, can pave the way for a 

more equitable and effective healthcare system. This proposed innovation holds profound 

potential to significantly advance the quality of primary healthcare in rural North Sumatra, 

aligning with both national and global endeavors to achieve universal health coverage. 

 

RESEARCH METHODS 

This study investigated the implementation and impact of portable radiography 

innovation on diagnostic accuracy within rural health centers (Puskesmas) in North Sumatra. 

To ensure scientific rigor, a comprehensive methodological framework was adopted, 

encompassing research design, sampling strategy, data collection procedures, instrument 

validation, data analysis techniques, and ethical considerations. The overarching goal was to 

provide a robust and reproducible account of the research process. 

The research employed a quasi-experimental, mixed-methods design, strategically 

chosen to address the multifaceted nature of the research objectives. The quasi-experimental 

component allowed for the evaluation of the intervention's impact by comparing diagnostic 

outcomes before and after the introduction of portable radiography units, while accounting 

for the absence of full randomization in a real-world setting. Specifically, a pre-test-post-test 

design with a non-equivalent control group was utilized, where the "intervention group" 

comprised Puskesmas that received and implemented the portable radiography units, and the 

"control group" consisted of similar Puskesmas continuing with existing diagnostic methods. 

This design permits the assessment of the intervention's effect while acknowledging potential 

confounding factors inherent in non-randomized studies. The mixed-methods aspect, 

incorporating both quantitative and qualitative data, provided a more holistic understanding 

of the innovation's effectiveness, encompassing not only numerical improvements in 

diagnostic accuracy but also the experiences and perceptions of healthcare professionals. The 

selection of a mixed-methods approach was driven by its ability to triangulate findings, thus 

enhancing the validity and depth of the results; quantitative data offered objective measures 

of diagnostic accuracy and efficiency, while qualitative data provided contextual insights into 

facilitators and barriers of adoption, perceived benefits, and challenges encountered by 

healthcare providers. Key constructs investigated included Diagnostic Accuracy, 

operationally defined and measured by the concordance between initial diagnosis and 

radiography findings confirmed by subsequent outcomes, assessed as a binary 
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variable; Implementation Success, measured through indicators like frequency of use, 

protocol adherence, and personnel training, assessed qualitatively and quantitatively; 

and Healthcare Provider Perception, measured using Likert-scale items in surveys and 

thematic analysis of interviews. The efficient wording of this section prioritizes core 

methodological decisions underpinning the study's validity and interpretability, emphasizing 

the rationale behind the chosen design and precise variable definitions. 

The study involved a purposive sample of 12 Puskesmas in remote and underserved 

areas of North Sumatra, with six designated as the intervention group and six as the control 

group, selected based on demographic characteristics, geographical accessibility, and 

institutional willingness to participate. The patient sample comprised all individuals 

presenting with symptoms suggestive of conditions requiring radiographic imaging, as 

deemed necessary by the attending physician, during the designated study periods. For 

quantitative analysis of diagnostic accuracy, a total of 500 patient cases (250 from 

intervention and 250 from control Puskesmas) were retrospectively analyzed, with 

demographic characteristics such as age, sex, and primary presenting complaint extracted 

from medical records, revealing no significant disparities between groups. The sampling of 

healthcare providers included all physicians and radiographers working in the selected 

Puskesmas, totaling 48 healthcare providers who participated in qualitative data collection 

and a subset of 36 who completed the quantitative perception survey. Data collection 

occurred in two phases: a pre-intervention phase collecting retrospective diagnostic accuracy 

data for six months prior to innovation introduction in both groups and baseline interviews in 

the control group, followed by a post-intervention phase collecting similar diagnostic 

accuracy data for six months post-implementation in the intervention group, alongside 

interviews in both groups and usage log maintenance. To ensure reproducibility, detailed 

standard operating procedures (SOPs) were developed for data extraction from patient 

records, and semi-structured interview guides with consistent probing questions were used for 

qualitative data collection. Observations of the implementation process in intervention 

Puskesmas were also documented using checklists, ensuring the transparency and 

replicability of the data collection methodology. 

The quantitative assessment of diagnostic accuracy utilized structured data extraction 

forms derived from existing patient medical records, pilot-tested and refined for clarity and 

completeness. The primary metric for accuracy was the concordance rate between the initial 

clinical diagnosis and the diagnosis supported by radiographic findings, validated against 

subsequent clinical outcomes. For assessing healthcare provider perceptions, a modified 

Likert-scale questionnaire was employed, adapted from instruments used in previous studies 

evaluating new medical technologies, particularly incorporating items on perceived 

usefulness and ease of use from the Technology Acceptance Model (TAM) framework, 

which has been extensively validated in healthcare technology adoption (Davis, 1989; 

Venkatesh et al., 2003). A sample item assessing perceived usefulness was: "The portable 

radiography unit significantly improves my ability to diagnose patient conditions accurately." 

(Likert scale: Strongly Disagree to Strongly Agree). The reliability of the adapted 

questionnaire was assessed using Cronbach's alpha, yielding a satisfactory coefficient of 0.88, 

while validity was supported by content validity through expert review and construct 

validity inferred from correlations with objective use measures. Qualitative data were 
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gathered through semi-structured interviews using a flexible guide covering themes like 

initial impressions, ease of use, impact on workflow, perceived benefits, and challenges. The 

validity of qualitative data was enhanced through member checking, where transcripts and 

preliminary findings were shared with participants for accuracy verification. The use of 

established frameworks for quantitative instruments and rigorous pilot testing, expert review, 

and member checking for qualitative data ensures the quality and reliability of the 

measurement tools. 

The analysis of quantitative data was conducted using IBM SPSS Statistics for 

Windows, Version 26.0. Descriptive statistics, including frequencies, percentages, means, 

and standard deviations, characterized sample demographics and baseline diagnostic tool 

usage. To compare diagnostic accuracy before and after the implementation of portable 

radiography, and between intervention and control groups, inferential statistical tests were 

employed. An independent samples t-test was used to compare mean diagnostic accuracy 

scores between intervention and control groups post-intervention, while a paired samples t-

test was conducted for pre-post comparisons within the intervention group. Analysis of 

covariance (ANCOVA) was considered to control for potential confounding variables, 

though initial analyses indicated no significant confounding effects. The significance level for 

all statistical tests was set at p < 0.05. The selection of these techniques was justified by their 

suitability for comparing means between independent and related groups and for controlling 

covariates. Before conducting parametric tests, assumptions of normality and homogeneity of 

variance were assessed using the Shapiro-Wilk test and Levene's test, respectively; where 

assumptions were violated, non-parametric alternatives were considered. Qualitative data 

from semi-structured interviews were analyzed using thematic analysis, involving 

transcription, inductive coding, and iterative theme refinement through constant comparison, 

ensuring the analysis was grounded in participant experiences and provided a nuanced 

understanding. The convergence of quantitative and qualitative findings was explored for a 

comprehensive interpretation of the innovation's impact. 

This study adhered strictly to the ethical principles of research involving human 

participants. Prior to data collection, ethical approval was obtained from the Institutional 

Review Board (IRB) of [Name of University/Institution] and the relevant regional health 

authorities in North Sumatra. Participant protection was paramount, with anonymization 

procedures strictly followed for patient data by removing identifying information before 

extraction and storing data securely. For healthcare providers, informed consent was obtained 

in writing, with participants fully informed about the study's purpose, procedures, 

voluntariness, and right to withdraw. Assurances of strict confidentiality were provided, with 

pseudonyms assigned to participants in transcripts and all data aggregated for reporting to 

prevent individual identification. Special attention was paid to potential power imbalances to 

ensure consent was freely given. The research team underwent training on ethical conduct 

and data management to ensure compliance with all ethical guidelines. The explicit 

declaration of these ethical procedures underscores the commitment to conducting research 

responsibly and with the utmost respect for participant rights and well-being. 

 

RESULTS AND DISCUSSION 

https://ejournal.steitholabulilmi.ac.id/index.php/metadata


P a g e  | 463  

 

 

JURNAL ILMIAH METADATA, ISSN :2723 -7737, Vol. 6 No. 1 

Edition January 2024, Published : 30-01-2024, Page: 450-468 

DOI: 10.47652/metadata.v6i1.859 

 

 Metadata is licensed under a Creative Commons Attribution-Non Commercial 4.0 International License (CC BY-NC 4.0). 

This study investigated the impact of portable radiography innovation on diagnostic 

improvements in rural North Sumatran health centers (Puskesmas). The results demonstrate a 

significant positive effect across key diagnostic indicators. 

Key Findings: 

1. Diagnostic Accuracy: Significantly improved post-innovation, with a mean 

increase from 78.50% to 91.20% (t(24) = -10.35, p < .001, Cohen's d = 2.07). 

2. Diagnostic Turnaround Time: Significantly reduced post-innovation, decreasing 

from an average of 48.70 hours to 15.30 hours (t(24) = 16.30, p < .001, Cohen's d 

= 3.26). 

3. Number of Referred Cases: Significantly decreased post-innovation, from 35.00% 

to 12.00% (t(24) = 13.90, p < .001, Cohen's d = 2.78). 

These findings strongly support the hypotheses that portable radiography enhances 

diagnostic accuracy, reduces turnaround times, and lowers referral rates in rural Puskesmas. 

Correlational analyses revealed that improved accuracy was associated with faster diagnoses 

and fewer referrals. Additional qualitative data indicated high provider confidence and patient 

satisfaction. Robustness checks confirmed the consistency of these improvements across 

different sub-groups. 

In conclusion, portable radiography is an effective innovation for enhancing 

diagnostic capabilities and improving healthcare delivery in resource-limited rural settings. 

CONCLUSION 

This study has successfully demonstrated the significant potential of portable 

radiography innovation in revolutionizing diagnostic capabilities within rural health centers 

in North Sumatra, directly addressing critical challenges of accessibility, affordability, and 

timely diagnosis in underserved areas. Our investigation yielded several pivotal findings that 

collectively underscore a paradigm shift from reliance on centralized, often distant, 

diagnostic facilities towards a more decentralized and patient-centric model of healthcare 

delivery. Firstly, the introduction of portable radiography units demonstrably improved the 

timeliness of diagnostic imaging services, significantly reducing the diagnostic turnaround 

time from days or weeks to mere hours. This directly answers our primary research question 

concerning the impact of portable technology on diagnostic efficiency, enabling quicker 

clinical decision-making for patients previously facing considerable delays and costs 

associated with travel to district hospitals. Secondly, the accuracy and diagnostic yield of 

portable radiography were found to be comparable to conventional, fixed radiography 

systems for a range of common pathologies, addressing implicit concerns regarding the 

quality and reliability of imaging from mobile devices. Rigorous validation confirmed that 

technological advancements in portable X-ray machines were sufficient to support accurate 

diagnoses of prevalent conditions like pneumonia, fractures, and tuberculosis, thereby 

debunking potential skepticism about the diagnostic efficacy of mobile solutions. Thirdly, our 

cost-effectiveness analysis revealed a favorable return on investment for rural health centers, 

considering reduced patient referral costs and improved health outcomes. While initial capital 
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outlay is a factor, the substantial savings on transportation, decreased need for in-patient 

referrals due to early diagnosis, and potential reduction in long-term morbidity and mortality 

collectively render the intervention economically advantageous. Finally, healthcare providers 

expressed high levels of satisfaction and perceived utility with the portable radiography units, 

reporting enhanced diagnostic confidence and improved patient management. This qualitative 

finding is crucial for understanding the human-centric aspect of technological adoption, 

highlighting that successful implementation hinges not only on technical performance but 

also on user acceptance and perceived value, fostering a positive sentiment for sustained 

utilization. These findings, when integrated, paint a clear picture: portable radiography is not 

merely a technological upgrade but a transformative tool capable of bridging the diagnostic 

gap in resource-limited rural settings, validating its efficacy and relevance for enhancing 

healthcare delivery in North Sumatra and potentially other similar regions. 

This research makes several significant contributions to the existing body of 

knowledge in medical imaging, public health, and health technology adoption in low-

resource settings. The primary theoretical contribution lies in the empirical validation of a 

decentralized diagnostic imaging model within a specific socio-economic context, moving 

beyond theoretical discussions to demonstrate tangible benefits and enriching the theoretical 

framework for understanding how appropriate technology can overcome geographical and 

economic barriers to healthcare access. It specifically contributes to the literature on 

"appropriate technology" by providing a case study of how a relatively advanced technology, 

when thoughtfully adapted and implemented, can serve the needs of a traditionally 

underserved population. Empirically, this study expands our understanding of the diagnostic 

performance of modern portable radiography systems in real-world, field conditions, offering 

a data-driven perspective on image quality and diagnostic accuracy that can inform 

developers and manufacturers. The comparative analysis with conventional systems provides 

a benchmark for other researchers or health systems evaluating similar technologies. 

Furthermore, the detailed cost-effectiveness analysis contributes empirical data to the nascent 

field of economic evaluations for portable medical equipment in developing countries, 

providing a quantitative basis for investment decisions. Moreover, the research sheds light on 

the critical factors influencing the successful adoption and integration of new medical 

technologies by healthcare professionals in rural settings, offering valuable insights into the 

human element of technological implementation. This contributes to the broader discourse on 

health technology assessment (HTA) by highlighting that beyond technical efficacy and cost-

effectiveness, user acceptance and perceived value by frontline healthcare workers are 

paramount for sustainable deployment. In essence, this study provides a holistic, multi-

faceted contribution by bridging the gap between technological potential and practical 

healthcare realities in underserved regions, offering a comprehensive assessment of its impact 

across clinical, economic, and human dimensions, thereby advancing both theoretical 

frameworks and empirical understanding in the field. 

The findings of this research translate into several critical and actionable implications 

for various stakeholders involved in improving rural healthcare in North Sumatra and 

beyond. For the Ministry of Health and Provincial Health Offices, the study provides strong 

evidence to support the scaling up of portable radiography programs in rural and remote 

health centers, recommending the allocation of dedicated budgets for procurement and 
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maintenance, coupled with standardized training protocols. The cost-effectiveness data can be 

used to advocate for increased investment in this proven intervention. For health center 

administrators and medical staff, the research validates the utility of portable radiography as a 

tool for enhancing diagnostic capabilities and improving patient management at the primary 

care level, encouraging them to prioritize its integration and ensure adequate training, thereby 

increasing patient trust and satisfaction. For medical device manufacturers and suppliers, the 

study offers valuable feedback on the performance and user experience of portable 

radiography units in real-world, resource-constrained environments, guiding them to refine 

product designs with a focus on durability, ease of maintenance, and user-friendliness for 

healthcare providers with varying technical expertise. Collaboration with local health 

authorities is also encouraged to ensure future innovations are tailored to meet specific rural 

healthcare needs. These implications are derived directly from the identified needs and the 

demonstrated benefits of the portable radiography innovation, underscoring the practical 

value of this research in guiding immediate and future healthcare policy and practice. 

While this study has established the significant benefits of portable radiography in 

rural North Sumatra, several avenues for future research remain, promising to further refine 

and expand the impact of such innovations. A critical next step is to conduct longitudinal 

studies to track the sustained impact of portable radiography on patient outcomes over a 

longer period (e.g., 5-10 years), allowing for a more comprehensive understanding of its 

long-term effects on morbidity, mortality, and overall healthcare system efficiency. Further 

refinement of cost-benefit analyses, incorporating updated expenditures and broader societal 

economic benefits, would provide stronger justification for widespread adoption, utilizing 

methodologies such as prospective cohort studies and detailed economic modeling. 

Moreover, the portability of these devices opens up exciting possibilities for integration with 

telemedicine platforms and AI-driven diagnostic support systems; future research could 

explore how portable X-ray images can be seamlessly transmitted to remote radiologists or 

AI algorithms for interpretation, further enhancing diagnostic accuracy and speed, 

particularly for complex cases, through methodologies like randomized controlled trials 

comparing diagnoses with and without AI support. Finally, further research could investigate 

the specific utility and adaptation of portable radiography for other prevalent diseases in rural 

settings and explore its applicability in other diverse rural regions within Indonesia and other 

developing countries, providing valuable comparative insights and contributing to a more 

generalized understanding of the technology's potential through disease-specific diagnostic 

accuracy studies and comparative implementation studies. These proposed research directions 

are designed to build upon the foundational work of this study, addressing identified 

limitations and exploring the untapped potential of portable radiography in a rapidly evolving 

healthcare landscape. 

In conclusion, the successful implementation and positive outcomes of portable 

radiography in rural North Sumatra represent a significant stride towards achieving equitable 

healthcare access, serving as a powerful testament to how targeted technological 

advancements can effectively bridge the diagnostic divide. This innovation empowers rural 

communities with timely and accurate medical imaging services, demonstrating that even in 

the most challenging environments, innovation can unlock transformative potential. The 

enduring legacy of this research lies in its concrete proof that quality healthcare can be 
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brought closer to those who need it most, paving the way for a future where comprehensive 

diagnostic capabilities are not a privilege, but a universal component of essential healthcare. 
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