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Abstract 

Neonatal Hyperbilirubinemia (NH) affects over half of newborns globally, with severe 

cases risking neurological damage or death. While developed countries benefit from 

guidelines and accessible healthcare to mitigate these risks, limited resources in low- 

and middle-income countries (LMICs) increase vulnerability. Although laboratory-

grade instruments offer high accuracy, their cost and complexity make them impractical 

for low-resource settings, and simpler methods often lack necessary precision. Direct 

spectrophotometry offers a promising alternative for portable, point-of-care (POC) 

devices, though hemoglobin interference in neonatal samples remains a challenge. 

Hematocrit (HCT) is also essential for assessing neonatal health and guiding NH 

treatment, especially phototherapy. Traditional HCT measurement relies on costly 

equipment or manual methods prone to error. This thesis explores an approach to 

estimate HCT using the same small sample employed for bilirubin measurement on a 

simplified photometric device. 

Additionally, this work addresses regulatory and structural barriers in LMICs, where 

inadequate infrastructure, fragmented health systems, and limited regulatory oversight 

restrict the diffusion of even essential diagnostics. 

The studies presented here demonstrate that portable, direct spectrophotometry-

based devices can achieve accuracy and reliability without the use of expensive 

electronic, optical, or chemical components, preserving simplicity and cost-effectiveness. 

A hemoglobin interference compensation algorithm utilizing two wavelengths has been 

designed, optimized, and successfully tested across a range of bilirubin and hemoglobin 

concentrations. 

In addition, an algorithm for estimating hematocrit based on plasma penetration 

velocity through a nitrocellulose membrane was developed and tested across various 

hematocrit levels, confirming its potential for neonatal screening. This novel algorithm 

can operate alongside bilirubin measurement on the same reflectance photometer and 

sample, reducing sample volume and turnaround time while providing clinicians with 

valuable information. 

Finally, the challenges of diagnostic diffusion and use in resource-limited settings 

were analyzed, exploring the roles of manufacturers, the World Health Organization, 

and National Regulatory Agencies in supporting the supply of devices in these regions. 

This work highlighted two promising frameworks—the A.S.S.U.R.E.D. criteria and the 

Pre-Qualification of in vitro devices combined with the Collaborative Registration 

Procedure—offering a review of current advancements and future prospects aimed at 

aligning manufacturers’ economic interests with improved health outcomes in 

developing countries.  
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Sommario 

L'iperbilirubinemia neonatale (NH) colpisce oltre la metà dei neonati a livello 

globale, con casi gravi che rischiano danni neurologici o morte. Mentre i paesi sviluppati 

beneficiano di linee guida e accesso alle cure che consentono di mitigare questi rischi, 

le risorse limitate dei paesi a basso e medio reddito (LMIC) aumentano la vulnerabilità 

dei pazienti agli effetti neurotossici della bilirubina. Sebbene gli strumenti di laboratorio 

offrano un’elevata precisione, il loro costo e complessità li rendono impraticabili nei 

contesti a basse risorse e i metodi più semplici spesso non offrono prestazioni analitiche 

adeguate. La spettrofotometria diretta, in particolare di riflettanza, offre una 

promettente alternativa per dispositivi portatili e point-of-care (POC), sebbene 

l'interferenza dell’emoglobina nei campioni neonatali resti una sfida. 

L’ematocrito (HCT) è anch’esso essenziale per valutare le condizioni cliniche e orientare 

il trattamento della NH, in particolare durante la fototerapia. La misurazione 

tradizionale dell’HCT si basa su apparecchiature costose o metodi manuali soggetti a 

errori. Questa tesi esplora un approccio per stimare l’HCT utilizzando lo stesso ridotto 

campione ematico impiegato per la misurazione della bilirubina su spettrofotometro di 

riflettanza. 

Inoltre, questo lavoro affronta le barriere regolatorie e infrastrutturali LMIC, dove 

l’inadeguatezza delle strutture, i sistemi sanitari frammentati e una limitata 

supervisione regolatoria impediscono la diffusione dei diagnostici, anche essenziali. 

Gli studi presentati dimostrano che dispositivi portatili basati sulla spettrofotometria 

di riflettanza possono ottenere accuratezza e affidabilità senza l'uso di componenti 

elettronici, ottici o chimici costosi, preservandone semplicità ed economicità. È stato 

progettato, ottimizzato e testato con successo un algoritmo di compensazione 

dell’interferenza dell’emoglobina utilizzando due lunghezze d’onda, applicato su diverse 

concentrazioni di bilirubina ed emoglobina. 

Inoltre, è stato sviluppato e testato un algoritmo per stimare l'ematocrito basato 

sulla velocità di penetrazione del plasma attraverso una membrana di nitrocellulosa, 

confermandone il potenziale per lo screening neonatale. Questo innovativo algoritmo 

può operare parallelamente alla misurazione della bilirubina sullo stesso campione, 

riducendone il volume richiesto e i tempi di risposta, fornendo al contempo informazioni 

preziose per i clinici. 

Infine, sono state analizzate le barriere che impediscono la diffusione e l’uso dei 

diagnostici nei contesti a risorse limitate, esplorando i ruoli dei produttori, 

dell’Organizzazione Mondiale della Sanità e delle Agenzie Regolatorie Nazionali nel 

supportare la fornitura di dispositivi in queste regioni. Questo lavoro ha messo in 

evidenza due strumenti promettenti: i criteri A.S.S.U.R.E.D. e la Pre-Qualificazione 

dei dispositivi in vitro combinata con la Procedura di Registrazione Collaborativa, 



5 

 

offrendo una rassegna dei progressi attuali e delle prospettive future con l’obiettivo di 

allineare gli interessi economici dei produttori con il miglioramento dei risultati sanitari 

nei paesi in via di sviluppo.
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Chapter 1. INTRODUCTION 

1.1. PREFACE 

Over half of newborns worldwide experience an increase in bilirubin concentration 

in their blood during the first days of life due to the breakdown of erythrocytes [1–

3]. While this is usually a physiological condition, a significant number of newborns 

develop Neonatal Hyperbilirubinemia (NH), a pathological form that can rapidly 

escalate to severe, permanent neurological impairments and, in worst cases, death 

[1,3,4]. Such outcomes are preventable and can be avoided through the 

implementation of screening procedures for all newborns, or at least for those 

presenting certain risk factors, along with timely and accurate diagnosis [1,2,5,6]. 

Developed countries have established national guidelines for managing NH and 

generally have well distributed technologies and facilities across their territories, 

resulting in a significant reduction of negative outcomes [7–10]. In contrast, 

developing and low-income countries still bear the burden of this condition due to 

less structured health systems, limited financial resources, and insufficient 

knowledge [5,11–13]. For these areas, it is crucial to measure bilirubin concentration 

in a fast, reliable, and cost-effective manner. In fact, while laboratory-grade 

instruments are typically accurate, they are not always economically feasible and 

require trained staff and proper management. On the opposite side, qualitative 

methods, whether instrument-based or instrument-free (as hyperbilirubinemia can 

be visibly evident by the yellowing of the newborn's skin), are inexpensive but highly 

inaccurate [7,14,15]. 

Several methods are commonly available in routine practice to measure bilirubin 

concentration in blood. Among them, direct spectrophotometry has been used for 

decades for bilirubin and other examinations, and it holds significant potential for 
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resource-limited environments [16–18]. These settings require solutions that are 

simple, sufficiently accurate, and point-of-care (POC) compatible [19] —

characteristics that can be achieved with a dedicated design utilizing this method. 

In this PhD thesis, such challenges are addressed starting with a simple, portable 

reflectance photometer designed for total serum bilirubin (TSB) measurement and 

by proposing and validating enhancements under three main aspects, namely 

hemoglobin interference compensation, hematocrit (HCT) estimation contemporary 

to bilirubin measurement, and temperature influence characterization. 

While, at the technological level, addressing neonatal hyperbilirubinemia involves 

developing such instrumentation, at a higher health system level, the regulation, 

diffusion, and management of diagnostic devices remain under-addressed and slow 

to improve [20–22]. Global organizations, primarily the World Health Organization 

(WHO), have proposed guidelines and regulatory frameworks to increase the 

penetration of diagnostics in low-income countries and address their specific clinical 

needs [23,24]. To enhance the adoption of diagnostic systems in low-income 

countries, both technological and regulatory considerations must be addressed from 

the design phase. Starting from these considerations, this PhD thesis proposes 

strategies for achieving successful diffusion, considering perspectives from 

manufacturers, and health systems alike. 

1.2. THESIS OBJECTIVES 

This thesis studies and proposes enhancements for a portable, economical, POC 

device for bilirubin measurement, with the aim of making its use possible in 

resource-limited settings. It also proposes solutions to access the potentially vast 

markets of such countries from a regulatory and policy perspective, with the 

ultimate goal of reducing the burden of NH. 
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This PhD thesis is divided into three parts. The first part, presented in Chapter 

2, explores the measurement of TSB using direct spectrophotometry, with a 

particular focus on compensating for hemoglobin interference. The second part, 

detailed in Chapter 3, involves the design and characterization of a novel method 

for estimating neonatal HCT from a small blood sample, using a simple photometer 

similar to that used for bilirubin measurement. The final part, discussed in Chapter 

4, proposes conceptual and operational tools, guidelines, and frameworks to enhance 

the diffusion of diagnostic devices, including bilirubinometers, in developing and 

low-income countries. 

1.2.1. M easurement of total serum bilirubin in the newborn by 

reflectance photometry 

Bilirubin measurement in newborns presents several challenges that encompass 

technological, demographic, and management aspects. 

From a technological perspective, the methodology and instruments used for 

measurement must be sufficiently accurate to have diagnostic validity and robust 

enough to maintain this accuracy in the presence of interfering substances or 

external factors that may degrade performance and clinical reliability. 

Demographically, NH is a global phenomenon affecting newborns of all ethnicities, 

nationalities, and social backgrounds. It is essential to develop a solution that 

provides consistent performance for any newborn, regardless of their environment. 

From a management perspective, diagnosing NH typically requires more than one 

measurement: national guidelines recommend periodic monitoring of bilirubin levels 

to establish a temporal trend and predict necessary treatments [7,9]. Clinicians and 

nurses must often reach the patient to perform these measurements, especially since 

the patient may be in rural areas or outside the reach of standard laboratories. 

Measuring bilirubin directly in blood rather than through the skin minimizes the 

influence of the patient's demographic characteristics, particularly skin tone and 



19 

 

composition [9,15,25–27]. Utilizing a direct spectrophotometry-based instrument 

allows for a reduction in the required blood volume compared to other established 

techniques [17,28,29]. Additionally, in general, measuring reflectance instead of 

transmitted light simplifies the system, enabling the development of compact, 

portable, and cost-effective instruments [30,31]. However, this simplification may 

compromise the robustness of the method, as it is sensitive to interference from 

other analytes, primarily hemoglobin [17,18,28]. The design of an efficient 

compensation algorithm could significantly enhance the clinical reliability and 

accuracy of the instrumentation without increasing costs and complexity. 

Finally, given that portability is a desirable feature, it is important to evaluate 

the robustness of this method against varying environmental conditions such as 

temperature, lighting, and relative humidity. This evaluation will help in designing 

and implementing an algorithm to compensate for these influences. The data and 

results obtained from this aspect will be beneficial for further studies and 

improvements of the instrument. 

1.2.2. Hematocrit estimation in the newborn from a blood 

microcapsule 

HCT is an important health indicator in both adults and newborns [32,33]. In 

newborns, HCT values outside the normal reference ranges can indicate severe 

pathological conditions [33,34]. For patients with NH, HCT is crucial as it is both 

a risk factor in diagnosis and a parameter to consider during treatment, particularly 

with phototherapy [8,35]. 

HCT can be measured using either automated or manual, visual methods in both 

developed and developing countries [36–38]. The possibility of obtaining an 

automated, quantitative estimation of HCT from the same small blood sample used 

for bilirubin measurement is described in this thesis and it is believed to be a 

promising advancement. Although not reaching a sufficient accuracy to be used as 
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a standalone diagnostic method yet, the benefit of this method in clinical practice 

could come from the capability of obtaining a screening-level information in parallel 

with bilirubin measurement [8]. Hence, this integration would allow for two 

independent examinations from one drop of blood without increasing turnaround 

time and investigation-related costs. 

1.2.3. Strategies for the diffusion of diagnostic devices in 

developing countries 

Health systems in developing and LMICs differ significantly from those in 

developed and wealthier nations. These countries often lack sufficient infrastructure, 

facilities, technology, and trained staff, leading to a higher burden of diseases, 

including NH [5,22,39–41]. 

One of the most prominent reasons for this disparity is the shortage of unified 

and comprehensive regulatory frameworks, as well as solid and autonomous NRAs 

[20,42]. This lack creates difficulties for manufacturers attempting to enter these 

markets, as they are often discouraged by unstandardized certification processes and 

the associated costs and time requirements [43]. 

To increase the diffusion of diagnostic devices, it is crucial to consider both 

technological and regulatory aspects from the very beginning of development. 

Manufacturers can follow technocentric guidelines such as the WHO’s 

A.S.S.U.R.E.D. (subsequently updated to R.E.A.S.S.U.R.E.D.), which outlines the 

features and constraints to consider when developing a device for resource-limited 

settings [19,44,45]. Additionally, the WHO is working with NRAs in developing 

countries to establish a more efficient and straightforward market authorization 

process for diagnostics, known as Prequalification [46,47]. This initiative promises 

to enhance diffusion, benefiting both manufacturers and, most importantly, 

patients. 
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To achieve a comprehensive understanding of this topic, literature and 

documentation from various sources were reviewed, and the collected data led to an 

analysis of the current state of the art. 

1.3. IMPACT OF THE RESEARCH AND SIGNIFICANCE 

The significance of this research lies in its potential to enhance neonatal care and 

diagnostics in both developed and developing regions. The novel algorithm for 

hemoglobin compensation proposed by this thesis improves the accuracy of bilirubin 

measurements at the point of care, outside advanced laboratories, and hospitals, 

ensuring that neonates receive timely and appropriate care where most needed. Due 

to the portable nature of such instrument, it is essential to guarantee their 

robustness and reproducibility in diverse environments. The studies performed on 

the temperature influence on reflectance photometers for bilirubin measurement 

represent a significant advancement in understanding this instrumentation. 

Furthermore, introducing a novel approach for neonatal HCT screening based on 

penetration velocity in lateral flow test strips addresses the critical need for quick, 

reliable, and minimally invasive testing methods. 

This research also explores the broader implications for in vitro diagnostics 

(IVDs) in LMICs. By analyzing the criteria for WHO-Prequalification and the 

A.S.S.U.R.E.D. framework, this work aims to provide valuable insights into the 

diffusion of IVDs in resource-limited settings. The findings could guide policymakers 

and healthcare providers in adopting cost-effective and reliable diagnostics, while 

also assisting manufacturers in designing profitable diagnostics tailored to specific 

constraints. Ultimately, this could enhance healthcare accessibility and quality in 

underserved regions. Overall, this thesis contributes to the field of biomedical and 

clinical engineering by offering innovative solutions to critical challenges in neonatal 

diagnostics and by promoting the dissemination of essential diagnostic technologies. 
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Chapter 2. MEASUREMENT OF TOTAL 

SERUM BILIRUBIN IN THE NEWBORN BY 

REFLECTANCE PHOTOMETRY 

2.1. INTRODUCTION 

Neonatal Hyperbilirubinemia, also known as Neonatal Jaundice (NJ), is a 

common clinical condition affecting more than half of newborns worldwide [1]. It is 

caused by an excessive amount of bilirubin in their blood. Due to the neurotoxic 

effects of bilirubin, its concentration needs to be closely monitored during the first 

days of life to initiate necessary treatments and prevent potentially severe and 

permanent damage [9,48,49]. Various measurement methods, both invasive and non-

invasive, have been developed for this purpose. These range from small, portable, 

non-invasive transcutaneous bilirubinometers to complex blood-based laboratory 

equipment [18,29]. Despite the variety of instruments available, there is a pressing 

need in clinical practice for simple, portable, cost-effective, yet accurate and reliable 

measurement devices [1,6,18,29]. This need is crucial in both developed and 

developing countries to ensure the effective management of NJ, although the 

majority of the burden falls on the latter, where health facilities and technologies 

are often inadequate and widely dispersed [40,50]. 

Direct spectroscopy, particularly reflectance photometry, represents a highly 

promising method to meet clinical needs. Its adaptability to compact, low-cost, 

portable systems makes it a viable candidate for the challenges of NJ management. 

However, ensuring accuracy and robustness must not be compromised by the 

necessity for simplification [45]. A major limitation and research question for this 

solution is the interference from other analytes present in the sample, notably 

hemoglobin. The following sections introduce the design of a simple reflectance 
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photometer and report on investigations into hemoglobin interference, as well as a 

study on the temperature influence on this system. 

2.2. BILIRUBIN AND NEONATAL JAUNDICE 

2.2.1. Bilirubin metabolism in neonates 

Bilirubin is formed from the breakdown of heme, a component of hemoglobin in 

red blood cells and other heme-containing proteins such as myoglobin and 

cytochromes (Figure 1) [4,51,52]. 

 

Figure 1. Chemical structure of the naturally occurring unconjugated bilirubin. Adapted from [4]. 

This process begins with the enzymatic action of heme oxygenase, which cleaves 

the heme ring at the α carbon bridge, producing biliverdin, carbon monoxide, and 

iron. Biliverdin is then reduced to bilirubin by the enzyme biliverdin reductase 

(Figure 2) [4,51,52]. 
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Figure 2. Schematic representation of the heme catabolic pathway. 

In adults, about 250-300 mg of bilirubin is produced daily, with a higher amount 

in neonates due to increased red blood cell turnover [53,54]. Once formed, 

unconjugated bilirubin (UCB) is hydrophobic and insoluble in water, necessitating 

its binding to plasma albumin for transport in the blood [4,51,52]. UCB is taken up 

by hepatocytes through both passive diffusion and mediated by organic anion 

transporter proteins. Within hepatocytes, UCB binds to intracellular proteins such 

as glutathione-S-transferase A (ligandin) and fatty acid-binding proteins, 

maintaining low levels of free, toxic bilirubin [4,51]. The conjugation of bilirubin 

occurs in the liver's microsomes, where UCB is converted into water-soluble 

conjugated bilirubin (CB) by the enzyme UDP-glucuronosyltransferase (UGT), 

encoded by the UGT1A1 gene. This reaction attaches glucuronic acid to bilirubin, 

making it more hydrophilic and less likely to bind to albumin or other intracellular 

proteins. CB is then excreted into the bile and passes into the intestine [4,51,52]. In 

the intestine, bilirubin undergoes further breakdown by bacterial enzymes into 

urobilinogen. Some of this urobilinogen is reabsorbed into the bloodstream and 

taken up by the liver again, a process known as enterohepatic circulation, while the 

rest is excreted in feces. The initial formation of bilirubin in the spleen and its 

subsequent processing in the liver is a continuous cycle, critical for the body's 

management of heme and its byproducts [4,51,52]. 
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In neonates, UCB levels in plasma can rise due to a combination of factors such 

as a larger hemoglobin mass compared to adults, lower albumin concentration in 

plasma, a reduced conjugation rate due to immature UGT enzyme, an 

underdeveloped biliary secretory apparatus, and the absence of bacterial flora [4,52]. 

Non-protein-bound bilirubin (also known as free UCB) can diffuse across the blood-

brain barrier and enter astrocytes and neurons, where it exhibits neurotoxic effects. 

Furthermore, some speculate that an already damaged brain may bind bilirubin to 

such an extent that it is unable to clear bilirubin rapidly, causing even further 

damage [4]. 

2.2.2. Neonatal jaundice 

The condition in which UCB levels increase beyond normal values is commonly 

referred to as unconjugated hyperbilirubinemia, or NJ [51,52]. In neonates, NJ is a 

ubiquitous and frequently benign condition attributable to a metabolic imbalance 

favoring bilirubin production over hepatic-enteric bilirubin clearance [4]. It affects 

about 60% of full-term and 80% of pre-term newborns [55–57]. Translating these 

percentages to absolute numbers, this means that 84-112 million babies develop this 

condition yearly in their first two weeks of life [1]. Since one in ten newborns are 

likely to develop a clinically significant form of NJ, the need for proper monitoring 

is substantial. Data from the Global Burden of Disease study in 2016 showed that 

NJ accounted for 1309.3 deaths per 100,000 live births and ranked seventh globally 

among all causes of neonatal death in the early-neonatal period, which is the first 

six days of life [58,59]. 

The complexity of managing NJ also stems from the diverse array of risk factors 

contributing to its clinically significant forms, some of which are listed in Table 1 

[3,60]. 
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Genetic M aternal Perinatal N eonatal 

Gilbert’s syndrome Race or ethnic group Mode of delivery Male sex 

G6PD deficiency Primiparity 
Birth trauma or 

asphyxia 

Prematurity or 

low birthweight 

Bilirubin UGT 

polymorphism 
Diabetes 

Delayed cord 

clamping 
Hypothyroidism 

Erythrocyte 

structural defects 

Rhesus 

incompatibility 
Congenital infections Polycythemia 

 ABO incompatibility Sepsis 
Breast milk 

jaundice 

 
Exclusive 

breastfeeding 
 

Chronic 

hemolysis 

Table 1. Common risk factors for significant and severe NJ. 

The correct management of NJ, as outlined in major clinical guidelines, focuses 

on avoiding mortality and neurotoxicity by preventing serum bilirubin from 

reaching potentially neurotoxic concentrations. NJ management can be logically 

subdivided into three phases: “primary prevention,” “early detection, diagnosis, and 

monitoring,” and “treatment” [1]. 

Primary prevention involves promptly recognizing and controlling neonates at 

risk of severe NJ. NJ, in both its physiological and clinical forms, is characterized 

by the yellowish discoloration of the skin, sclera, and mucous membranes [60]. 

Despite the universal understanding of its inaccuracy, particularly with darker skin 

tones, visual assessment remains a common practice for diagnosing NJ [13,14,61–

63]. Additionally, since the physiological serum bilirubin peak occurs between the 

third and fifth day, most neonates would have been discharged from the hospital in 

both developed and developing countries by this time [62,64,65]. Furthermore, 

births in poorer areas frequently occur outside hospitals, often in homes, making 

home births the most common situation [66]. Therefore, a crucial step in effective 

prevention is educating mothers on the difficulty of distinguishing innocuous 

jaundice from significant hyperbilirubinemia [67]. In developed countries, NJ is 

among the most, if not the single most, frequent reason for hospital readmission 

after birth. In a large retrospective study of over 33,000 live births in the USA, NJ 
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was identified as the leading cause of rehospitalization, accounting for 34.3% of all 

cases [68]. Another study in the United Kingdom found that NJ was responsible for 

22.3% of all readmissions from home during the period from 2011 to 2013 [69]. In 

conclusion, major established guidelines, such as those from the AAP [13] or NICE 

[7], strongly recommend implementing pre-discharge screening for all newborns, 

particularly those with one or more risk factors for developing significant 

hyperbilirubinemia. Additionally, timely follow-up examinations in the days 

following discharge are crucial [70,71]. These follow-ups can and should be 

conducted in primary or secondary healthcare settings by community and district 

nurses in high-income countries, or by community and voluntary health workers in 

lower-income countries. The use of a portable, POC device capable of measuring 

TSB offers a dual benefit: reducing costs and stress for families who can receive care 

at home or in a nearby healthcare facility, and alleviating costs and workload for 

central facilities, such as hospitals, which are currently required to readmit 

newborns just a few days after discharge. 

2.2.3. Neurotoxicity of bilirubin, acute encephalopathy, and 

kernicterus 

High levels of UCB can lead to the deposition of bilirubin in the brain of the 

neonate, where it exerts its neurotoxic effects. The associated condition is referred 

to as Acute Bilirubin Encephalopathy (ABE), and manifests within the first 14 days 

of life [6]. The early signs of ABE are non-specific and can be easily overlooked 

especially if the newborn is discharged and the mother is not educated to look for 

specific behaviors and traits [5,6]. The mechanisms underlying such conditions are 

complex and outside the scope of this Thesis, as well as not being fully understood 

yet, however TSB levels are strictly correlated with the risk of developing ABE [49]; 

there is no universally accepted and shared definition of “safe” or “dangerous” 

concentrations, however, in Table 2 a general definition is proposed [6]. 
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TSB 

Concentration 

[mg/dl] 

Definition Notes 

12 Significant Requires treatment with phototherapy 

20 Severe 
Can require exchange transfusion; can lead 

to early signs of mild ABE 

25 Extreme 
Requires exchange transfusion; can lead to 

signs of mild to moderate ABE 

30 Hazardous 
Requires exchange transfusion; can lead to 

signs of moderate to severe ABE 

Table 2. A possible categorization of NH levels based on UCB concentration in plasma. Adapted 

from [6]. 

Early ABE signs include lethargy, poor feeding and irritability, high-pitched cry, 

oculogyric movements, as well as changes in muscle tone and vomiting [6,72]. A 

prolonged exposition to high bilirubin concentrations, mostly caused by delayed 

diagnosis and/or incorrect treatment, causes these damages to further exasperate 

and become permanent: Kernicterus, or Chronic Bilirubin Encephalopathy (CBE), 

presents with athetoid cerebral palsy, dystonia, upward gaze and sensorineural 

hearing impairment [49,60,73]. Survivors of this condition are likely to develop 

heavy developmental delays and cognitive impairments, while in other cases the 

illness ends with death due to respiratory failure, progressive coma and intractable 

seizure [41,74]. 

The real extent of the burden of bilirubin encephalopathy and kernicterus is 

unsure yet and, despite the availability of past and more recent literature, incidence 

and prevalence figures need to be carefully interpreted, especially those regarding 

LMICs [2,50]. A systematic review estimated that 18% of the 134 million liveborn 

babies in 2010 developed clinically significant NJ in 2010, while 481,000 of them 

developed extreme hyperbilirubinemia. This led to 114,000 deaths and more than 

63,000 survivors with moderate to severe kernicterus [41]. True population-based 

data, however, are difficult to find and national- or local-level studies are not easily 

generalizable, in addition to being often not carefully designed. Another study 
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reported impressive differences of severe NJ incidence rates between high income 

countries and LMICs: 667.8 and 251.3 cases per 10,000 live births in Africa and 

Southeast Asia, respectively, versus 4.4 and 3.7 in Americas and Europe, 

respectively [50]. Figures 3 and 4 show neonatal deaths attributable to kernicterus 

and rates of kernicterus with respect to geographic distribution, respectively [41]. 

 

Figure 3. Number of stillbirths due to Rh disease (white bars) and neonatal deaths per 100,000 live 

births due to kernicterus (black bars) for all live births in 2010. Adapted from [41]. 
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Figure 4. Estimated rates of kernicterus per 100,000 live births, due to prematurity (yellow bars), 

G6PD deficiency (green bars), hemolytic and idiopathic (blue bars), and RH disease (red bars). 

Adapted from [41]. 

2.3. CONVENTIONAL LABORATORY METHODS FOR BILIRUBIN 

MEASUREMENT 

Having acknowledged, although summarily, the mechanisms and critical aspects 

of NJ from clinical and management perspectives, the most interesting facet for this 

thesis is the incomparable utility of assessing the risk of severe NJ before and shortly 

after discharge, while the newborn can still receive medical attention. There is a 

strong need for easy-to-use, cost-effective, POC devices for measuring total serum 

bilirubin at the bedside or at home by a trained staff member [75]. Avoiding hospital 

readmission is crucial both in wealthier and poorer countries, and accurate POC 

measurement is the solution to this dual problem—clinical first and economical 

second. 

To date, bilirubin can be measured using substantially different approaches and 

methodologies of diverse natures. Generally, bilirubin measurement techniques fall 
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under three categories: optical, chemical, and electrical [18]. The last two categories 

fall outside the scope of this thesis and will not be considered. 

Since its proposal and evolution in the late 1980s and early 1990s, High 

Performance Liquid Chromatography (HPLC) has been considered the gold 

standard for bilirubin measurement, whether as TSB or its fractions, including UCB 

[18,72,76–78]. HPLC is used to separate, identify, and quantify specific components 

in a mixture or solvent. At its simplest, it consists of a cylindrical tube containing 

different adsorbing materials, called the solid phase, through which the sample, 

called the liquid phase, is forced to flow by high-pressure pumps [79,80]. Due to the 

specific interaction between a substance and an adsorbing material, each substance 

migrates at a different rate, achieving separation with great sensitivity and, most 

importantly, specificity. A specific detector is positioned at the tube's output, 

measuring the quantity of each substance and retrieving other structural or chemical 

information [79–81]. A schematic representation of this method is presented in 

Figure 5, and an example of a commercial HPLC system is presented in Figure 6. 

 

Figure 5. A simplified, schematic representation of the major components of a HPLC system. 
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Figure 6. An example of a commercial HPLC System. 

This method presents outstanding precision and specificity, as well as being 

enough sensible to allow measurements of remarkably low concentrations of 

analytes. Despite having such good performance, HPLC is labor and time-consuming 

as well as being costly due to the presence of reagents, filters and other consumables 

involved in the measurement process. Another non negligible downside is the 

requirement of a specialized, well-trained operator in order to correctly prepare and 

manipulate the sample [18]. For these reasons, this method is only used for research 

purposes or, in rare cases, in high-level central analysis laboratories [28]. 

The two most commonly used methods in clinical practice are Diazo and 

Vanadate Oxidase [77]. Both were proposed in the first decades of the nineteenth 

century and have been subsequently upgraded and modified over the years. As of 

2008, over 60% of laboratories in the UK used Diazo, and 26% used Vanadate 

Oxidase [72]. 

With the Diazo method, first introduced by van den Bergh, bilirubin is quantified 

through a reaction with diazotized sulfanilic acid, forming two isomeric azo pigments 

with absorption maxima at 530 nm [77,82]. CB reacts directly with the diazo 
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reagent, hence referred to as “direct bilirubin,” due to its greater solubility in serum. 

Conversely, UCB requires an accelerator for its solubilization, thus named “indirect 

bilirubin”. Malloy and Evelyn suggested using methanol as an accelerator and 

adding alkaline tartrate at the end of the reaction to shift the absorption maxima 

from 530 to 600 nm [83]. Subsequently, Jendrassik-Grof replaced methanol with 

caffeine and sodium benzoate [84]. These variants brought several improvements, 

including reducing interference caused by hemoglobin and high concentrations of 

proteins and insensitivity to pH changes [77]. Today, further modified formulations 

are in current use, to some extent depending on the instrument manufacturer. 

However, literature reports under- or overestimation errors due to hemoglobin 

spectral interference, which can lead to unacceptable results [85–87]. 

Vanadate Oxidase, on the other hand, is based on the use of vanadic acid as an 

oxidizing agent to convert bilirubin into biliverdin [88,89]. This method is typically 

simpler and faster than Diazo and more robust toward interfering analytes, 

primarily hemoglobin and triglycerides [88,89]. A recent retrospective analysis 

demonstrated a major decrease in test cancellations due to hemolysis in the sample 

when using Vanadate Oxidase compared to conventional Diazo (0.6% versus 30.6%, 

respectively) [88]. Despite being a more robust method, Vanadate Oxidase is 

typically more costly and requires more human intervention and operations [89]. 

Overall, these methods are routinely used at global scale for the measurement of 

TSB and its conjugated and unconjugated forms. The instrumentation 

implementing such methods, however, is bulky and expensive, and requires the 

presence of trained laboratory technicians to work properly. Moreover, constrained 

settings or rural areas can hardly afford the technological, infrastructural, and 

operational requirements necessary for the correct management of such machinery 

[29]. 
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Direct spectrophotometry emerges as a third option alongside the two 

aforementioned methods. This alternative approach has seen multi-decadal 

development, leading to the proposal of several research-level and commercial 

instruments [16,28,29,90,91]. Unlike the Diazo and Vanadate Oxidase methods, 

direct spectrophotometry does not require any dilution of the sample or the use of 

reagents or other chemical substances for measurement a priori [28,29,92]. This 

fundamental characteristic allows the method to be adapted to simplified and more 

cost-effective devices, making it particularly well-suited for the development of POC 

instruments. Such devices are capable of meeting the stringent requirements of 

under-resourced areas, including LMICs. It is also true, however, that this method 

often requires centrifugation of the sample before performing the analysis, bringing 

the necessity of a trained operator and an adequate centrifuge [17,93]. Additionally, 

due to the absence of reagents, this method is only applicable to blood samples from 

neonates less than two to three weeks old [94]. After this period, interfering pigments 

such as lipochromes, carotenoids, and proteins begin to form, rendering the method 

inapplicable or, at least, significantly less reliable [95]. Blood gas analyzers can 

measure TSB using direct spectrophotometry without requiring prior centrifugation 

of the sample [29,96]. Typically, whole, unprocessed blood is delivered to the 

instrument, where it is internally and automatically hemolyzed [96,97]. Multi-

wavelength spectrophotometry is then employed to calculate bilirubin 

concentration, effectively subtracting the influence of other analytes. Over the past 

two decades, these instruments have become widely adopted due to their short 

turnaround time, automated operation, minimal sample requirements, and lower 

costs compared to traditional laboratory equipment [98]. Additionally, their 

compact size makes them suitable for POC use in neonatal intensive care units, 

wards or lower-level healthcare facilities [98]. However, despite these advantages, 

concerns remain regarding the accuracy of blood gas analyzers [99–102]. Moreover, 

these instruments must be carefully calibrated for neonatal use, as neonatal samples 
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contain fetal hemoglobin, which differs from pediatric and adult samples and must 

be accounted for when calibrating the bilirubin concentration algorithm [99,103]. 

2.4. REFLECTANCE PHOTOMETRY 

2.4.1. Theoretical notes 

Reflectance photometry is a specific application of the broader direct 

spectrophotometry method. In essence, direct spectrophotometry measures the 

concentration of one or more substances in a liquid solution by determining the 

intensity of transmitted light relative to the incident light, at a specific wavelength. 

This method relies on the well-known Lambert-Beer law, reported below in Equation 

1. This is the principle used in virtually all direct spectrophotometry-based 

instruments, like blood gas analyzers and bench-top bilirubinometers. 

𝐴𝜆 = log (
𝐼0

I
) = 𝜖𝜆𝑐𝑙 Eq. 1 

Equation 1. The Lamber-Beer Law for transmission spectroscopy for a specific wavelength λ, 

where A is the absorbance, I0 is the intensity of incident light, I is the intensity of transmitted 

light, ε is the molar absorptivity, c is the concentration of absorbing species in the sample, and l is 

the path length through the sample. 

This method requires that both the sample and its container, typically referred 

to as a cuvette, be transparent or semi-transparent at the wavelengths used for the 

analysis, and that the scattering behavior of both the solution and the cuvette be 

negligible compared to the transmitted light. In contrast, reflectance photometry 

measures the ratio between incident and reflected light intensities from a sample 

characterized by an opaque, highly scattering nature. Diffuse reflectance 

measurements are governed by the Kubelka-Munk function, shown in Equation 2, 

which describes the relationship between diffuse reflectance and the material’s 

absorption and scattering properties. 
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𝐹(𝑅) =
(1 − 𝑅)2

2𝑅
=

𝐾

𝑆
 Eq. 2 

Equation 2. The Kubelka-Munk function describing the absorption and scattering of an opaque, 

scattering material at a certain wavelength. F(R) is the Kubelka-Munk function, R is the diffuse 

reflectance, K is the absorption coefficient of the material, and S is the scattering coefficient. 

  Figure 7 provides simplified, conceptual schemas of basic elements composing 

traditional transmittance spectrometers and diffuse reflectance spectrometers. 

 

Figure 7. On the left the basic setup and elements of a transmittance spectrometer. A light source 

(e.g., a halogen lamp, a xenon lamp, or an LED) emits a wavelengths spectrum which is 

subsequently filtered and collimated by optical filters and lenses; the incident light irradiates the 

sample contained in a cuvette characterized by a certain optical path length, then the transmitted 

light intensity is collected by an optical detector. On the right side, the basic setup of a diffuse 

reflectance spectrometer. The sample is positioned on a sample holder (i.e., a nitrocellulose 

membrane in this case); a fraction of the incident light is absorbed by the sample, while the 

remaining is scattered in all directions and reflected in a specular manner. 

The Kubelka-Munk theory assumes a homogeneous scattering and absorbing 

medium, along with diffuse illumination and collection [104–106]. The reflectance 

photometer used in the studies presented in this thesis requires the sample—whether 

whole blood, plasma, or external quality control serum—to be applied to a 

disposable, paper-based lateral flow assay, which is detailed later in this section. 

This component is designed to collect a specific volume of sample sufficient to fully 

saturate the membrane. Therefore, an additional assumption must be made 

regarding the homogeneity of the sample once it saturates the membrane: that the 
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bilirubin concentration, the primary absorbing analyte, is uniformly distributed 

across the region of the membrane illuminated by the system. Conversely, if the 

membrane is oversaturated—such as when an excessive sample volume is applied—

its reflectance and scattering properties change significantly due to the formation of 

a liquid layer. This layer ideally reduces the scattering of reflected light and 

increases specular reflection. Figure 8 illustrates the scattering and specular 

reflection phenomena. 

 

Figure 8. On the left, an ideal smooth reflective surface irradiated with a certain angle of 

incidence α reflects the individual ray of light with the same angle of reflection. On the right, a 

rough surface reflects each ray of light with a certain angle depending on the specific point of 

incidence. 

The lateral-flow paper-based assay, referred to as the 'strip', consists of a 

fiberglass filter and a nitrocellulose membrane enclosed in a plastic cassette, as 

shown in Figure 9. Both the filter and the membrane are adhesively coupled to a 

plastic backing card which functions as a structural support element for the assay 

as well as making the assay optically opaque. The membrane has a thickness of 0.3 

mm, a length of 11 mm, and a width of 4 mm, for a total volume of 13.2 µL. The 

sample is applied to the filter through a well, designed to hold 35 µL of fluid. From 

there, erythrocyte-free serum flows toward the membrane via capillary action until 

the membrane is fully saturated. The filtration grade of the filter was selected to 

ensure proper saturation across a wide range of HCT levels, up to 70%, to 

accommodate the higher HCT values typical in neonatal blood compared to adult 

blood [34]. No reagents, either in dry or wet form, are involved in the measurement, 

and no test lines are present. From an optical standpoint, this absence significantly 
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simplifies the process. If reagents or other substances were present on the membrane, 

ensuring their homogeneous distribution would be essential for accurately measuring 

diffuse reflectance. 

 

Figure 9. A schema of the strip components. A, B, and C are the width, length, and thickness of 

the membrane, respectively. (A=4 mm, B=11 mm, C=0.3 mm). 

The intensity of scattered light depends on the solid angle relative to the 

membrane surface. In other words, the angular distribution of reflectance is not 

uniform, making the results of a reflectance measurement sensitive to the position 

and surface area of the sensor [106]. Factors like luminous intensity and luminance 

also need to be considered. However, these concerns are mitigated because the 

optical system is geometrically fixed, with the relative positions of the light source, 

strip, and detector being constant and unchanging. Additionally, the optical 

characteristics of the surrounding environment—specifically, the dark optical 

chamber described later—can be disregarded, as it is not illuminated by the light 

source and has no impact on the reflectance signal detected by the sensor. 

There are three potential issues related to the Kubelka-Munk theory in this 

application: i) non-homogeneity of the nitrocellulose membrane, ii) non-homogeneity 

of plasma saturation, and iii) over-saturation of the membrane. 
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The first issue, membrane non-homogeneity, is the most challenging to address 

and requires a procedural solution. Ensuring that quality materials are used is 

critical, and nitrocellulose membrane providers guarantee physical and chemical 

uniformity through quality control systems and the release of a Certificate of 

Quality for each batch and lot produced, confirming that all specified requirements 

are met. 

The second issue, non-homogeneous plasma saturation, also requires a procedural 

approach but falls under the responsibility of the user, such as the nurse or medical 

staff. Non-homogeneous plasma distribution can result from a defective membrane 

or filter, or from an insufficient plasma volume passing through the membrane. The 

latter may occur due to an inadequate whole blood sample volume (less than 35 µL) 

or a high HCT level, leaving too little plasma to fully saturate the membrane. In 

these cases, visual inspection of the strip by the operator is crucial to detect 

incomplete saturation. If testing a sample with measurable bilirubin, unsaturated 

areas on the membrane can increase reflectance, causing an underestimation of 

bilirubin concentration. This error is indistinguishable from a well-saturated 

membrane with a lower bilirubin concentration sample. Figure 10 shows an example 

of an incomplete and a complete saturation of a strip. 

 

Figure 10. On the left, an example of a non-complete saturation of a test strip. A white jagged 

zone is clearly visible on the membrane region farthest from the filter. On the right, a complete, 

normally saturated membrane. Bilirubin-spiked plasma was used for this test, TSB concentration 

was around 16 mg/dl. 
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The third issue, over-saturation of the membrane, can be addressed by the 

instrument using an appropriate software algorithm. The reflectance photometer 

used in the studies reported in this thesis is equipped with two discrete LED light 

sources: one for bilirubin concentration measurement and the other for strip 

detection and other procedural functions (discussed in detail later in this section). 

Specifically, the second LED, which emits light at 570 nm in the standard version 

of the photometer, monitors the filling process of the membrane after blood sample 

application. Since bilirubin absorbs negligibly at this wavelength, the sample can be 

safely irradiated before bilirubin measurement without causing photooxidation. The 

algorithm is designed to periodically irradiate the membrane at 570 nm and take 

corresponding reflectance measurements. Initially, the reflectance remains constant 

and at its maximum as long as the membrane area being irradiated is still dry. As 

the plasma saturates the membrane, the reflectance decreases proportionally, 

reaching its lowest point once saturation is complete. If the plasma volume is correct, 

this condition remains stable, allowing bilirubin concentration measurement to 

proceed. However, if too much plasma is applied, a layer of pure plasma forms over 

the membrane, altering its optical properties by creating a shiny, smooth surface. 

This leads to a detectable increase in reflectance, indicating over-filling. In such 

cases, the bilirubin concentration is measured based on the previous stable 

reflectance values. Figure 11 shows the typical temporal trend of measured 

reflectance highlighting the corresponding physical events. 
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Figure 11. A typical reflectance temporal trend with the description of each phase. 

2.4.2. Description of the reflectance photometer  

The studies presented in this thesis utilize a two-wavelength reflectance 

photometer, with its software and hardware modified during the experiments 

conducted and described in Chapters 2 and 3. Figure 12 reports the core components 

of the optical system.  

 

Figure 12. A schema of the components enclosed in the optical chamber, the core elements of the 

reflectance photometer (not in scale). 

An optical chamber encloses all components responsible for illumination and 

signal detection, along with the portion of the strip that is irradiated during testing. 

The insertion of the strip, combined with the internal geometry of the chamber, 

creates a physical barrier that blocks any extraneous light from the external 

environment. An early study on the optical chamber was conducted to assess the 
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impact of ambient lighting on the signal collected by the photodiode. Reflectance 

measurements were taken without a test strip, leaving the optical chamber partially 

open, under varying illuminance conditions ranging from complete darkness to direct 

sunlight. The variation in the reflectance signal between the darkest and brightest 

conditions was less than 0.1% of the instrument's measuring range. Given that the 

insertion of the strip provides additional light blockage, it is safe to conclude that 

external lighting does not affect the measurement. This feature is especially 

important for the instrument's portability, ensuring robustness against 

environmental variables, lighting included [19]. 

The light source is composed of two, separate LEDs. The characteristics of the 

two LEDs are reported in Figure 13 and 14. 

 

Figure 13. The emission spectra of the two LEDs. 
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Figure 14. The spatial distribution of emitted light, identical for the two LEDs. 

Two key factors guided the selection of the LEDs: i) the dominant wavelength, 

and ii) the lens geometry over the semiconductor element. The wavelength for the 

measuring LED was selected based on bilirubin's absorption spectrum, with 465 nm 

blue light chosen for its proximity to bilirubin's peak absorption point [91,107]. The 

opposite consideration applied to the auxiliary LED, which was used to monitor the 

saturation process. It was essential that this LED had no significant effect on the 

sample analytes, particularly bilirubin. Consequently, 570 nm was chosen, as 

bilirubin absorption is theoretically negligible at this wavelength (Figure 15). 

Additionally, this wavelength was intended to detect the presence of hemoglobin in 

the sample, indicating some degree of hemolysis. 

 

Figure 15. The absorption spectra for bilirubin and hemoglobin in its various forms. Adapted from 

[108]. 
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This feature is crucial for ensuring the reliability of the system's results, even 

though the instrument, in its basic configuration, lacked the capability to quantify 

hemoglobin or compensate for its impact on bilirubin measurements. A preliminary 

analysis demonstrated that hemolysis significantly influenced results before 

becoming visibly detectable by an operator inspecting the strip post-test. While 

excessive erythrocytes on the membrane or massive hemolysis are clearly visible, 

leading to the test being discarded, a small presence of hemoglobin could go 

undetected, potentially resulting in misleading results and overtreatment. For this 

reason, a hemoglobin detection function was developed and implemented, enhancing 

the system's reliability and specificity in line with the WHO’s A.S.S.U.R.E.D. 

guidelines [45]. Figure 16 shows examples of erythrocyte leakage, visible hemolysis, 

non-visible hemolysis, and a standard, non-hemolyzed sample. 

 

Figure 16. From left to right: a reference, non-hemolyzed strip loaded with bilirubin-spiked serum 

simulating the expected result of a successful separation; a slightly hemolyzed whole blood sample, 

which would be challenging to recognize by an operator inspecting the strip after a measurement; a 

visibly, massively hemolyzed sample; a non-hemolyzed sample with incorrect plasma separation 

resulting in clearly visible erythrocyte presence in the membrane. 

The second factor considered was the geometry of the lenses for the two LEDs. 

Flat, water-clear lenses were selected to maximize sample irradiation while ensuring 

uniform light distribution. As shown in Figure 14, the spatial distribution of relative 

luminous intensity remains constant and above 95% up to approximately 25° from 

the optical centerline. This solid angle was considered adequate to uniformly 
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irradiate the membrane surface, avoiding excessive light concentration in any 

specific area. 

Another critical aspect, as in any transmittance or diffuse reflectance system, is 

the measurement of blank reflectance. For this specific application, this step serves 

multiple purposes: ensuring the LEDs' performance remains consistent over time, 

detecting LED malfunctions, and measuring the blank strip's reflectance. By design, 

once the system detects strip insertion, it measures the blank reflectance at both 

wavelengths. If the reflectance value falls below a predetermined threshold, a fault 

in either the LEDs or the strip is suspected and reported. Measuring the blank 

reflectance of the irradiated strip section also ensures proper compensation for inter-

assay variations by normalizing the reflectance results to the blank value before 

calculating concentrations. This procedure, being fully automated and rapid, offers 

a notable advantage over other instruments, even those at the laboratory level, 

where light source inspections are often manual and conducted daily. 

The last component of interest for this thesis is the detector, which is a 

commercial high sensitivity ambient light sensor (i.e., a photodiode). The 

fundamental characteristics of this component are reported in Figures 17 and 18. 

 

Figure 17. The relationship between relative spectral sensitivity and wavelength of the photodiode 

used for collecting the reflectance signal. 
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Figure 18. The relationship between relative sensitivity and angular displacement of the 

photodiode. 

Regarding the relative sensitivity as a function of angular displacement, shown 

in Figure 17, the same principles applied to the LEDs hold true: sensitivity remains 

constant and maximal between 0° and 10°, and above 95% up to approximately 25°, 

which is sufficient for detecting the diffused reflectance signal from the membrane. 

However, the relative spectral sensitivity at the measurement wavelength of 465 nm 

is around 0.7, which represents one of the non-idealities of the system. For this 

reason, identifying a similar, low-cost, commercial sensor with higher sensitivity at 

465 nm would be beneficial for future enhancements. 

This section has outlined the essential components of the reflectance photometer, 

forming the basis for the research studies detailed later in this thesis. The following 

sections will cover the published research efforts aimed at improving the 

instrument's performance, specificity, and robustness. 
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2.5. DESIGN OF AN ALGORITHM FOR HEMOGLOBIN 

COMPENSATION [109] 

2.5.1. Introduction 

Bilirubin is the major product of erythrocytes breakdown; under normal 

conditions UCB is released in plasma where bounds to albumin, until it is excreted 

in bile as conjugate bilirubin [1,52]. In neonates, due to several factors, UCB can 

form in higher concentrations: more than half of newborns experience a temporary 

and controlled increase of UCB known as hyperbilirubinemia during their first days 

of life, which is a physiological condition [2,60]. However, roughly one in ten 

newborns develops clinically significative hyperbilirubinemia: due to the 

neurotoxicity of bilirubin, this condition can be severe and lead to kernicterus or 

death [1,2,60]. In these cases, frequent monitoring of serum bilirubin is needed to 

establish a proper treatment and reduce chances of neurological damage [15,110]. 

Several guidelines for the management of neonatal hyperbilirubinemia were 

established [7,8,10]; however, in LMICs, the lack of infrastructures, technologies, 

and accessibility hinder their effective use [6,48,111]. Direct spectrophotometry for 

the measurement of bilirubin has been in use for decades and several variants, both 

for laboratory and POC applications, have been proposed [16,18,28,84,91,112]. 

The main limitation of this method is the interference from other pigments, 

mainly hemoglobin, which can be present in plasma samples due to hemolysis or 

bad blood samples handling or collection. Interferent analytes compensation is 

normally accomplished through the use of reagents [84] or the use of lamps combined 

with optical filtering systems capable of generating up to 512 different wavelengths 

[113]. These aspects increase complexity, dimensions, cost and reduce usability of 

direct photometry-based devices limiting their applicability in low-resource settings 

such as LMICs [29]. The aim of this work is to propose and test a novel algorithm 
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for hemoglobin interference compensation on a simple, portable, inexpensive two-

wavelengths reflectance photometer for the measurement of TSB applicable to 

LMIC scenarios. 

2.5.2. M aterials and M ethods 

2.5.2.1. The measuring setup 

A two-wavelengths reflectance photometer was used for the measurement of 

bilirubin and hemoglobin samples (Figure 19). Two discrete LEDs irradiated the 

sample at 465nm and 570 nm, respectively (KPHHS-1005QBC-D-V and KPT-

1608CGCK, Kingbright, Taiwan); a photodiode (TEMD6200FX01, Vishay, USA) 

was used to measure reflected light intensity at each wavelength; these components, 

as well as the sample, were enclosed in a dark chamber blocking any external light. 

Other electronic components necessary for the acquisition and digitalization of the 

signal were also included. The 35 µL plasma samples were positioned on lateral flow 

test strips, composed of a fiberglass filter coupled with a nitrocellulose membrane 

laid on a plastic support; since no light was transmitted through the sample, the 

fraction of light not absorbed by the sample was reflected towards the photodiode. 

In this way, the photometer acquired the intensity of reflected light. 

 

Figure 19. A drawing of the discrete LED light sources, the irradiated sample, and the photodiode 

placement. All these elements were enclosed in the darkened optical chamber and controlled by 

other electronics. 
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2.5.2.2. Test samples 

A panel containing two different levels of bilirubin concentration and five 

different levels of hemoglobin was prepared. Commercial purified bilirubin (Bilirubin 

powder ≥ 98% – Code B4126, Sigma Aldrich) was dissolved in DMSO to obtain a 

mother bilirubin solution. Meanwhile, 10 mL of blood was drowned from one adult 

volunteer in a tube containing K3 EDTA anticoagulant and, after centrifugation, 

two aliquots of plasma were transferred to separated test tubes. The bilirubin 

mother solution was added in different proportions to each of the test tubes to 

obtain 5.0 mg/dL and 15.0 mg/dL bilirubin concentrations, respectively. To obtain 

a mother hemoglobin solution the same blood sample was lysed and centrifuged 

again to separate lysed cells fragments; the high hemoglobin concentration plasma 

was collected and used to prepare five levels of hemoglobin concentration for each 

one of the test tubes. The final concentration of hemoglobin for each sample was 

verified using conventional methods. The final panel of samples is shown in Table 

3; each sample was tested in replicates of three. 

Sample Expected Bilirubin [mg/dL] H emoglobin [g/dL] 

B_1_H_1 

5.0 

0.21, 0.23, 0.21 

B_1_H_2 0.32, 0.30, 0.30 

B_1_H_3 0.46, 0.46, 0.48 

B_1_H_4 0.62, 0.57, 0.59 

B_1_H_5 0.68, 0.68, 0.71 

B_2_H_1 

15.0 

0.16, 0.16, 0.16 

B_2_H_2 0.27, 0.30, 0.27 

B_2_H_3 0.39, 0.39, 0.39 

B_2_H_4 0.50, 0.52, 0.50 

B_2_H_5 0.64, 0.64, 0.68 

Table 3, The panel of samples for this experiment. Three samples were prepared for each of the 

two different bilirubin levels in combination with five different hemoglobin concentrations. 
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2.5.2.3. Hemoglobin interference compensation algorithm  

The reflectance photometer device response to different bilirubin concentrations 

was characterized by testing non-hemolyzed samples with different bilirubin 

concentration in a sufficiently wide range for this experiment: specifically, the 465 

nm wavelength was used as it is relatively close to the bilirubin absorption peak. A 

function was used to approximate the relation between 465 nm reflectance and 

bilirubin concentration. This reflectance-bilirubin calibration curve was used to 

estimate bilirubin concentration. 

At 465 nm both bilirubin and hemoglobin show significative absorption, while at 

570 nm only hemoglobin shows significative absorption and bilirubin response is 

close to zero. For this reason, a given hemoglobin concentration causes a specific 

decrease in reflectance at each wavelength (ΔR570 and ΔR465, respectively) with 

respect to a non-hemolyzed sample. To subtract the influence of hemoglobin from 

reflectance at 465 nm, thus, to measure bilirubin without hemoglobin interference, 

a relation between ΔR570 and ΔR465 had to be defined.  

Reflectance data for non-hemolyzed samples (B_1_H_1 and B_2_H_1 in Table 

3) was defined as reference for 570 and 465 nm wavelengths and indicated as R570, 

ref and R465, ref, respectively. For each of the other tests, ΔR570 and ΔR465 were 

calculated as reported in Equation 3 and Equation 4, where R570, [Hb] and R465, [Hb] 

are the reflectance values for a certain hemoglobin concentration at each 

wavelength. 

∆𝑅570 = 𝑅570,𝑟𝑒𝑓 − 𝑅570,[𝐻𝑏] Eq. 3 

∆𝑅465 = 𝑅465,𝑟𝑒𝑓 − 𝑅465,[𝐻𝑏] Eq. 4 

Equations 3 and 4. The equations used to calculate the differences between reference values and 

reflectance values for a certain hemoglobin concentration at both wavelengths. 
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Subsequently, ΔR570 and ΔR465 were correlated using a linear function. In such 

way, a certain difference between R570, [Hb] and R570, ref could have been associated 

with a difference between R465, [Hb] and R465, ref, calculating the difference in 

reflectance at 465 nm caused by hemoglobin. The ΔR465 itself was then added to 

the resulting reflectance and bilirubin concentration was calculated. 

2.5.3. Results 

Reflectance at 465 nm was highly correlated with hemoglobin, leading to major 

overestimation errors at both levels (Table 4). 

A significative correlation was found between ΔR465 and ΔR570 (r = 0.85, p < 

0.02); a linear equation was used to approximate this relation (Figure 20). 

 

Figure 20. The linear equation used to approximate the relation between ΔR465 and ΔR570 (dashed 

line). The upper and lower dotted lines represent the interpolation of lower and higher bilirubin 

level samples, respectively. 

In Table 4 compensated bilirubin data is reported before and after the application 

of the proposed algorithm. Without any compensation the relative errors were 

higher than 20% for almost every hemoglobin concentration apart from the non-

hemolyzed samples, and as high as 94% in the worst case. The algorithm effectively 

reduced relative errors and resulted in a 15.4% error in the worst case. 
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  No compensation After compensation 

Sample 
Expected 

[mg/dL] 
M easured [mg/dL] ε%  M easured [mg/dL] ε%  

B_1_H_1 

5.0 

5.3 3.3 5.0 3.4 

B_1_H_2 6.4 28.7 5.4 4.6 

B_1_H_3 7.7 54.7 5.7 9.4 

B_1_H_4 8.4 68.0 5.5 6.1 

B_1_H_5 9.7 94.0 5.7 11.0 

B_2_H_1 

15.0 

15.9 1.8 14.6 4.6 

B_2_H_2 17.0 13.3 14.1 7.6 

B_2_H_3 18.3 22.0 13.4 12.3 

B_2_H_4 19.9 32.7 12.9 15.4 

B_2_H_5 22.8 52.2 13.1 13.9 

Table 4. Results of the bilirubin measures without compensation and with compensation algorithm. 

Relative percentage errors are reported (ε%). 

The discrepancy highlighted in Figure 20 between the two tested bilirubin levels 

suggests that bilirubin absorption at 570 nm is not negligible, resulting in an 

increased dispersion of data points; to confirm this aspect, all reflectance data at 

570 nm from each bilirubin level was averaged, and a slight correlation was observed 

(r = 0.38). 

2.5.4. Discussion 

In this study, a method for hemoglobin influence compensation on bilirubin 

measurement was proposed and tested on a simple two-wavelengths reflectance 

spectrometer; the instrument used two discrete LEDs emitting light at 465 nm and 

570 nm, respectively, and a photodiode measuring reflected light intensity. The 

sample size was 35 µL. 

The testing of a panel containing two levels of bilirubin and five hemoglobin 

concentrations resulted in extensive overestimation errors using 465 nm light 

without any compensation, since the absorption spectra of bilirubin and hemoglobin 

overlap significantly at such wavelength. The choice of adding a 570 nm light was 

based on the hypothesis that at this wavelength bilirubin shows negligible 



53 

 

absorption, thus reflectance signal is only attributable to hemoglobin concentration. 

The results indicated a relation, albeit limited, between reflectance at 570 nm and 

bilirubin concentration: this resulted in different data distributions for the two 

levels, hence a not negligible deviation from the ideal case of having a calibration 

law depending only on hemoglobin concentration. Although this limitation, the 

algorithm led to a significant reduction of overestimation errors at both levels of 

bilirubin: the use of a linear law allowed a reduction of the relative errors from 94% 

to 15.4% in the worst case. 

In a previous work, a simple two-wavelengths spectrophotometer with 

hemoglobin compensation capabilities was proposed [91]: the authors reported a 

coefficient of determination r2 of 0.89 on bilirubin determination in serum, however 

no data was reported concerning hemoglobin influence. In another study, a three-

wavelengths handheld reader was used to test plasma samples with bilirubin 

concentrations ranging from 0.0 to 36.3 mg/dL [63]: the authors speculated that 

measured spectra showed little to no change in absorption due to hemoglobin, 

although no data regarding hemoglobin concentrations was disclosed. Lastly, a 

wearable device for real-time detection of jaundice capable of measuring bilirubin, 

SpO2, and heart rate was recently proposed [114], resulting in good agreement with 

commercial transcutaneous bilirubinometers. 

Future effort will be aimed at optimizing the wavelength used for hemoglobin 

detection, thus at finding a wavelength for which bilirubin absorption is negligible 

and hemoglobin absorption is adequate for this application. In addition, a larger 

panel of bilirubin and hemoglobin concentrations will be needed to confirm the 

applicability of this approach to the screening for NH in low-resource settings. 
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2.6. IDENTIFICATION OF THE OPTIMAL WAVELENGTH FOR THE 

COMPENSATION PERFORMANCE [115] 

2.6.1. Introduction 

Bilirubin is the ultimate breakdown product of erythrocytes, it is released in 

plasma as UCB where, due to its poor solubility in water, bounds to albumin until 

its excreted in bile [1,52]. An excessive amount of UCB, known as 

hyperbilirubinemia, is frequently caused by an enhanced production of bilirubin due 

to hemolysis; on the other hand, UCB accumulates in blood if conjugation with 

albumin occurs at lower rates, or certain physical or pathological conditions are 

present [52,60,116]. Sixty to eighty percent of neonates experience temporary and 

controlled hyperbilirubinemia during the first days of life, which typically does not 

require medical treatment. However, approximately one in ten newborns develops 

pathological hyperbilirubinemia, which can potentially lead to severe neurological 

damage, kernicterus, or death [2,49,52,60,73,116]. Regardless of the type of 

hyperbilirubinemia, it is essential to conduct precise and timely bilirubin 

concentration measurements in the first days of life, ideally following international 

guidelines, to maximize outcomes and minimize the need for late interventions 

[7,8,15]. Several methods for TSB measurement in whole blood or plasma were 

developed, with direct spectrophotometry being one of the most extensively used 

both for laboratory and POC applications [16,18]. Direct spectrophotometry-based 

devices can be designed to meet the specific requirements of LMICs where the 

burden of NH is particularly high due to economical, infrastructural and accessibility 

limitations [2,6,111]. Various examples of small, portable, economical and easy-to-

use devices are reported in recent literature [91,117–119]. One of the major 

limitations of direct spectrophotometry is interference from other pigments, 

primarily hemoglobin, which can be present in plasma samples due to hemolysis. 

Hemolysis can occur in vivo due to enzyme deficiencies, infections, or other 
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pathological conditions, or in vitro due to mechanical damage of the sample, careless 

collection, or the modality and equipment used for collection [120]. The latter is 

especially relevant for neonates: being less invasive and painful, blood collection is 

most frequently executed by capillary heel-stick, which is associated with higher 

levels of hemolysis [121,122]. In LMICs, where there is a shortage of skilled 

professionals and defined protocols for sample collection and manipulation, the 

probability of in vitro hemolysis is further increased. A recent study reported that 

sample hemolysis was most common in the departments of Pediatrics (16.2%) and 

Neonatology (11.3%) [123]. Given these conditions and the likelihood of hemolysis 

due to hyperbilirubinemia itself, it is clear that direct spectrophotometry-based 

devices need to incorporate an algorithm to compensate for the influence of 

hemoglobin on bilirubin measurement. Interferent analytes compensation, including 

hemoglobin, in direct spectrophotometry-based devices is commonly obtained using 

reagents or lamps combined with optical filtering systems capable of selectively 

generating up to 512 wavelengths [84,91,124]. These solutions are normally 

achievable for laboratory applications, where dimensions and complexity are not 

strict requirements, besides raising purchase and operating costs. However, LMICs, 

and low-resource settings in general, present characteristic limitations that make 

typical instrumentation too complex, too expensive, or unsuitable. This necessitates 

the design of devices following specific requirements [19,44]. An earlier study [109], 

conducted on a limited panel of bilirubin and hemoglobin concentrations, showcased 

the feasibility of a straightforward compensation method relying solely on two 

wavelengths, specifically 470 and 570 nm. This algorithm effectively reduced 

overestimation errors on visibly hemolyzed plasma samples. However, the 570 nm 

wavelength exhibited a slight dependency on bilirubin concentration, limiting the 

algorithm's ability to compensate optimally for hemoglobin and thereby 

constraining its error reduction capabilities. The aim of this study is to assess the 

performance of additional wavelengths—575, 590, and 605 nm—in addition to the 
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570 nm wavelength for compensating hemoglobin interference in bilirubin 

measurement. This will be achieved using a simple, low-cost two-wavelength 

reflectance photometer. 

2.6.2. M aterials and M ethods 

2.6.2.1. The measuring setup 

A two-wavelengths reflectance photometer was used for this experiment; two 

discrete commercial LEDs irradiated the sample, and a commercial photodiode was 

used to measure reflected light intensity at each wavelength. The sample, the LEDs 

and the photodiode were enclosed in a dark chamber blocking any external light. 

Other electronic components necessary for the acquisition and digitalization of the 

signal were also included. The 30 µL plasma samples were positioned on lateral flow 

test strips, composed of a fiberglass filter coupled with a nitrocellulose membrane 

laid on a plastic support; since no light was transmitted through the sample, the 

fraction of light not absorbed by the sample was reflected towards the photodiode. 

In this way, the photometer acquired the intensity of reflected light (Figure 21). 

The first LED emitted light at 465 nm, a wavelength at which bilirubin exhibits 

peak absorption [91]. This LED was used to measure the concentration of bilirubin 

in the samples during the experiments, following a preliminary calibration of the 

system. The second LED, the primary focus of the investigation, was replaced for 

each of the four experiments and emitted light at 570, 575, 590, and 605 nm, 

respectively.  

These wavelengths were elected based on the commercial availability of LEDs 

and in consideration of the absorption spectra of hemoglobin and bilirubin: at all 

the aforementioned wavelengths the first exhibits significant absorption, whereas 

the latter exhibits negligible absorption. The device was programmed to detect the 

filling progress of the lateral flow test strip and to execute two consecutive readings 

as soon as complete saturation was detected. This process allowed for four 
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measurements to be taken for each test, with two being conducted at each of the 

wavelengths used. 

 

Figure 21. A schematic representation of the reflectance photometer used for the experiment. The 

second LED indicated here as “compensation LED” was replaced for each wavelength tested. 

2.6.2.2. Test samples 

Two independent investigations were conducted, one focusing on varying 

concentrations of bilirubin and the other on varying concentrations of hemoglobin. 

As a result, two panels of plasma samples were prepared. Two commercial quality 

controls were used for the first panel (Verichem Laboratories Inc., USA, Bilirubin 

standard kit, list No. 9450, lot No. A432006, expiration date 2024-07-30 and 

Bilirubin standard Level F, list No. 9436, lot No. E432801, expiration date 2024-09-

30). Due to the light sensitivity of bilirubin, samples belonging to this panel were 

stored away from light and tested within an hour from the preparation. For the 

second panel, whole blood was drawn from one healthy adult volunteer into a tube 

containing K3 ethylenediaminetetraacetic acid (EDTA) and centrifuged to obtain 

plasma separation. An aliquot of separated plasma was then transferred to a 

separate test tube. The same blood sample was lysed and centrifuged again to 

separate the lysed cell fragments. Hemolyzed plasma was then transferred to 

different test tubes to create five different concentrations of hemoglobin. In 
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conclusion, the first panel consisted of six non-hemolyzed plasma aliquots with six 

different bilirubin concentrations, while the second panel consisted of five different 

plasma aliquots, each showing a different hemoglobin concentration and a unique, 

negligible bilirubin concentration. Bilirubin and hemoglobin concentrations were 

then verified using standard methods. The resulting levels for the bilirubin and 

hemoglobin panels are reported in Table 5. 

Panel type 
Level 

1 2 3 4 5 6 

Bilirubin 

[mg/dL] 
0.5 5.5 10.5 15.5 20.5 30 

H emoglobin 

[g/dL] 
0.41 0.62 0.82 1.05 1.21 - 

Table 5. The two plasma samples test panels used in the experiment. 

2.6.2.3. Wavelengths testing protocol 

The same protocol was used for each tested wavelength. Five independent 

measurements were executed for each level of the two panels. For each 

measurement, a new lateral flow test strip was inserted into the reader, and blank 

reflectance, as well as the temperature of the system, were recorded. Correct 

saturation of the nitrocellulose membrane and the absence of any abnormal 

condition were verified after each measurement. If necessary, the measurement was 

repeated. After the test execution phase, raw reflectance data for each measurement 

were normalized by blank reflectance to remove variations dependent on the optical 

characteristics of the individual lateral flow test strips. 

The presence of outlier data was verified, and corresponding data points were 

excluded. For each of the wavelengths, results were deemed acceptable if data 

analysis: i) excluded any or negligible dependence between bilirubin concentration 

and normalized reflectance across the bilirubin panel, and ii) showed a significant 

relationship between hemoglobin concentration and normalized reflectance across 
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the hemoglobin panel, with sufficient sensitivity and monotonic trend. In both cases, 

statistical significance tests were performed to support the results. 

2.6.3. Results 

A total of 55 test were conducted, hence 110 single measurements from the two 

panels were available for the analysis. Data from the bilirubin panel were used to 

assess the system's performance and verify the concentration of bilirubin across 

different levels. A strong correlation and statistical significance were demonstrated 

by interpolating reflectance at 465 nm against bilirubin concentration using an 

exponential law (R2 = 0.998, p-value < 0.001). Figure 22 illustrates the normalized 

reflectance results for the bilirubin and hemoglobin panels, respectively, for each of 

the four tested wavelengths. For the bilirubin panel, a linear equation was used to 

approximate the relationships, while for the hemoglobin panel, a quadratic law was 

used. The Kruskal-Wallis test was conducted on the results of both panels to assess 

the statistical significance. Table 6 reports regression data and statistical results for 

the bilirubin panel, while Table 7 reports the same for the hemoglobin panel. 
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Figure 22. On the top normalized reflectance is plotted against bilirubin concentration for each of 

the wavelengths tested; on the bottom normalized reflectance is plotted against hemoglobin 

concentration for each of the wavelengths tested. In both pictures data points represent the average 

of single measurements for each level, while error bars represent the standard deviation. Red 

points indicate the 605 nm wavelenght, while amber points the 590 nm one, light green points the 

575 nm one, and dark green points the 570 nm one. 

Wavelength Linear regression Kruskal-Wallis test 

 m R 2 2 p-value 

570 -0.0011 0.103 8.91 0.11 

575 -0.0006 0.089 5.38 0.37 

590 0.0002 0.016 6.91 0.23 

605 0,00002 <0.001 5.93 0.31 

Table 6. Bilirubin panel results. 



61 

 

Wavelength Quadratic regression Kruskal-Wallis test 

 R 2 2 p-value 

570 0.986 8.83 0.06 

575 0.995 47.06 <0.001 

590 0.996 47.06 <0.001 

605 0.993 45.75 <0.001 

Table 7. Hemoglobin panel results. 

2.6.4. Discussion 

In this study, the performance of four different wavelengths was investigated by 

assessing their independence from bilirubin concentration as well as their sensitivity 

to hemoglobin. Direct spectrophotometry is an established method for measuring 

TSB and has been studied and developed for decades. However, the availability of 

such instrumentation in LMICs is not guaranteed due to various restrictions and 

limitations. Reference [117] demonstrated the technical feasibility of a simple, 

portable device based on two discrete light sources, while [109] proposed a novel 

algorithm for compensating for the influence of hemoglobin on TSB measurement 

using the same simple reflectance photometer. However, the accuracy of the 

algorithm was reduced by the non-negligible influence of bilirubin itself on the 

auxiliary wavelength, which was 570 nm. The present study confirmed this aspect: 

among the tested wavelengths, the 570 nm one showed the largest dependence on 

bilirubin concentration with a slope of -0.001 and the “highest” coefficient of 

determination of 0.1. Regarding the other wavelengths, the least dependent on 

bilirubin concentration was the 605 nm with a slope of 0,00002 and a coefficient of 

determination lower than 0.001, followed by the 590 nm wavelength with a slope of 

0.0002 and a coefficient of determination of 0.015. The Kruskal-Wallis test results 

confirmed the absence of significative differences among groups. On the other hand, 

hemoglobin sensitivity results were significant for both 575, 590 and 605 nm — with 

590 nm retrieving the highest coefficient of determination of 0.996 — although the 

605 nm wavelength showed a relatively limited variation between the minimum and 
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the maximum hemoglobin concentrations tested. Summing up, the 605 nm 

wavelength was the less dependent on bilirubin concentration although showing a 

limited sensitivity on hemoglobin; the 590 nm was the second-best wavelength in 

terms of bilirubin independence and showed sufficient dynamics in terms of 

hemoglobin concentration; the 575 nm wavelength behaved similarly to the 570 nm 

one in terms of bilirubin independence, which makes it less preferable despite 

showing a good sensitivity to hemoglobin. 

2.7. APPLICATION OF THE OPTIMIZED COMPENSATION 

ALGORITHM [125] 

2.7.1. Introduction 

Bilirubin is the final breakdown product of erythrocyte metabolism, released into 

plasma as UCB, which binds to albumin and is excreted in bile [1,52]. 

Hyperbilirubinemia, marked by elevated UCB, often results from hemolysis or 

impaired conjugation with albumin. When hyperbilirubinemia occurs in a neonatal 

patient, it is referred to as NH. While 60–80% of newborns experience temporary 

physiological NH within the first days of life, usually without needing treatment 

[2,12,60], about one in ten newborns develop pathological NH, which poses a risk of 

severe neurological damage, kernicterus, or death [2,12,59,60]. LMICs bear the 

greatest burden of NH [3,11,41,50,126,127], with most cases of permanent 

neurological damage or death from kernicterus occurring in these regions. Despite 

NH being a well-known issue, reliable data on its incidence and consequences are 

scarce and difficult to generalize. Two recent meta-analyses addressed the challenge 

of analyzing avail-able data, revealing that severe NH is 11 times more common in 

poorer countries compared to wealthier ones. In 2010, stillbirths due to kernicterus 

were 119 per 100,000 in low-income countries compared to just 1 per 100,000 in 

high-income countries [41,50]. Both studies agreed that the real burden of NH is 
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likely underestimated, especially in LMICs, where data quality and key clinical or 

demographic details are often lacking. This disparity reflects a multifaceted issue, 

including inadequate infrastructure, inefficient technologies, poor maternal 

education, and limited healthcare accessibility [6,11,40,111,128]. A timely and 

quantitative bilirubin assessment in the early days of life is crucial [10,15,110]. 

Consequently, major clinical guidelines for NH diagnosis and treatment emphasize 

the need for precise and prompt bilirubin screening, with diagnostic evaluations 

based on TSB levels in the blood [7,8,12,48,129,130]. While non-invasive methods 

like transcutaneous bilirubinometers can estimate bilirubin concentration for 

screening purposes [131,132], diagnosis and subsequent clinical decisions must rely 

on quantitative, invasive, and blood-based measurements. 

Direct spectrophotometry is a valuable method for measuring TSB and is an 

established technique for both laboratory and POC or field instrumentation 

[16,18,28,84,91,112]. The recent literature reports various examples of small, 

portable, economical, and easy-to-use devices that address the specific needs and 

constraints of LMICs. However, a major limitation of direct spectrophotometry is 

interference from other pigments in the sample, with hemoglobin being among the 

most common [25,94,120,122,133]. Hemoglobin may be present in plasma as a result 

of hemolysis, which can occur in vivo as a result of enzyme deficiencies, infections, 

or other pathological conditions [134,135]. Alternatively, hemolysis may occur in 

vitro due to mechanical damage, improper collection techniques, or issues with the 

equipment used for collection [136–138]. This issue is particularly critical in neonatal 

care. Capillary heel stick blood collection, favored for being less invasive and painful, 

is widely utilized; however, it is strongly associated with higher levels of hemolysis 

[122,123,137]. In LMICs, where there is a shortage of skilled professionals and well-

defined protocols for sample collection and handling, the likelihood of in vitro 

hemolysis is further exacerbated. 
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Laboratory-grade instruments utilizing direct spectrophotometry compensate for 

interfering analytes by employing reagents or irradiating the sample with multiple 

wavelengths, up to 512 [84,91,113,124]. While these techniques provide more robust 

and accurate results, they also introduce greater complexity and increase the size 

and cost of the instrumentation, as well as the expense of individual measurements. 

Furthermore, these techniques restrict their application in well-equipped facilities, 

limiting their accessibility in resource-constrained settings. This contrasts with the 

recent literature focusing on the spread of diagnostic devices and technologies in 

limited resource settings [19,44,45]. The WHO’s A.S.S.U.R.E.D. criteria outline 

fundamental design principles that diagnostic devices should meet to be effective in 

harsh and under-resourced environments, namely that devices be affordable, 

sensitive, specific, user-friendly, rapid and robust, equipment-free, and deliverable. 

In summary, addressing the challenges of LMICs requires that measurement 

devices remain simple and economical while maintaining sufficient accuracy for 

reliable diagnostics with the capability to deliver results quickly and close to the 

patient. In this work, we present a method for compensating for hemoglobin 

interference in the measurement of TSB using a simple reflectance photometer. This 

instrument operates with two wavelengths—465 nm and 590 nm—where the former 

is employed to measure bilirubin concentration, while the latter is used to determine 

hemoglobin levels. The photometer requires only 30 µL of plasma to perform a 

measurement, and no reagents are necessary. A panel of plasma samples was 

prepared to encompass a wide range of bilirubin concentrations from 4.96 to 28.00 

mg/dL. Additionally, these bilirubin samples were divided into groups with varying 

degrees of hemolysis, ranging from 0.06 to 0.99 g/dL. To demonstrate the 

performance and applicability of the proposed method, results are presented both 

before and after hemoglobin compensation, and their implications are discussed. 
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2.7.2. M aterials and M ethods 

2.7.2.1. The measuring setup 

A two-wavelength reflectance photometer was employed to measure bilirubin and 

hemoglobin in the samples (Figure 23). The device used two distinct commercial 

LEDs to illuminate the sample at wavelengths of 465 nm and 590 nm, respectively 

(KPHHS-1005QBC-D-V and KA-1608SYSK, Kingbright, Taiwan). Reflected light 

intensity at each wavelength was detected by a photodiode (TEMD6200FX01, 

Vishay Intertechnology, Inc., Malvern, Pennsylvania, USA). The entire setup, 

including the sample, was housed within a dark chamber to prevent interference 

from external light and limit sample degradation. Essential electronic components 

for signal acquisition and digitalization were also incorporated. The angle of 

incidence of light on the sample significantly influenced the measurement results 

and system accuracy. This parameter was carefully considered in selecting the LED 

lens geometry, with flat transparent lenses chosen for their uniform light spatial 

distribution at relatively wide angles. Furthermore, the optical chamber’s geometry, 

including the arrangement and angle of the LED light sources in relation to the 

membrane surface, was fixed and kept constant throughout all tests. As a result, 

the influence of the incident angle could be disregarded. The 30 µL plasma samples 

were applied to disposable lateral flow test strips, which consisted of a fiberglass 

filter and a nitrocellulose membrane mounted on a plastic support. The fiber-glass 

filter served to block and retain any red blood cell or fragment that might be present 

in the sample, thereby preventing their entry into the nitrocellulose membrane. As 

no light passed through the plastic support, the unabsorbed light was reflected in 

multiple directions within the optical chamber, enabling the photodiode to measure 

the reflected intensity. 

For each test, a new lateral flow test strip was inserted into the optical chamber 

and its blank reflectance was measured. Then, the plasma sample was deposited on 
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the filter. The system was designed to detect the filling process of the membrane 

and perform the measurement once complete saturation was perceived. The 

membrane filling detection process was carried out using the compensation 

wavelength of 590 nm. This ensured that the measurement wavelength of 465 nm 

was only used for the actual bilirubin measurement, preventing the sample from 

being exposed to light near its absorption peak, thereby avoiding degradation. The 

reflectance intensities at both wavelengths, and thus the result of a single test, were 

normalized to the blank value to compensate for any differences between test strips. 

As a result of this normalization process, the reflectance values were expressed as 

unitless numbers. The photometer performed two consecutive measurements for 

each test, which were then averaged. At the end of each test, the lateral flow test 

strip was examined to detect any abnormal conditions or an incomplete saturation 

of the membrane; if such issues were observed, the test was repeated. 

 

Figure 23. A schema of the reflectance photometer used in the experiments. The two discrete 

LEDs irradiate the sample after membrane saturation is detected, then the photodiode inside the 

optical chamber measures the intensity of reflected light. 

2.7.2.2. Test samples 

A panel including five different levels of bilirubin concentration and five different 

levels of hemoglobin concentration was prepared immediately before the experiment. 
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Commercially purified bilirubin (Bilirubin powder ≥ 98%–Code B4126, Merck 

KGaA, Darmstadt, Germany) was dissolved in DMSO to prepare a stock bilirubin 

solution. Simultaneously, 12 mL of blood was drawn from an adult volunteer into a 

tube containing K3 EDTA as an anticoagulant. After centrifugation, five plasma 

aliquots were transferred to separate test tubes. Varying amounts of the bilirubin 

stock solution were added to each tube to achieve different bilirubin concentrations. 

To create a stock hemoglobin solution, the same blood sample was lysed and 

centrifuged again to remove lysed cell fragments, and the resulting hemoglobin-rich 

plasma was used to prepare five distinct hemoglobin concentrations for each test 

tube. The hemoglobin concentration in each sample was confirmed using a 

commercial colorimetric assay (Hemoglobin Colorimetric Method–Code HG1539, 

Randox Laboratories, Ltd., Crumlin, United Kingdom). The final panel of samples, 

shown in Table 8, was tested in five replicates per sample. 

Sample # 
Bilirubin concentration 

[mg/dl] 

H emoglobin concentration 

[g/dl] 

B1H1 – B1H5 4.96 0.06, 0.29, 0.50, 0.75, 0.99 

B2H1 – B2H5 9.67 0.06, 0.29, 0.50, 0.75, 0.99 

B3H1 – B3H5 14.47 0.06, 0.29, 0.50, 0.75, 0.99 

B4H1 – B4H5 19.33 0.06, 0.29, 0.50, 0.75, 0.99 

B5H1 – B5H5 28.00 0.06, 0.29, 0.50, 0.75, 0.99 

Table 8. The panel of samples generated for this experiment. For each of the five bilirubin levels, 

five different levels of hemolysis were produced, and each sample was repeated five times. 

2.7.2.3. Hemoglobin interference compensation algorithm  

The reflectance photometer’s response to different bilirubin concentrations was 

evaluated by testing non-hemolyzed samples across a broad range of bilirubin levels 

for this experiment. Specifically, the 465 nm wavelength was used due to its 

proximity to the bilirubin absorption peak [139]. An exponential function was 

employed to approximate the relationship between the 465 nm reflectance and 

bilirubin concentration, creating a reflectance–bilirubin calibration curve for 

estimating bilirubin concentration, as shown in Figure 24. In a previous proof-of-
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concept study [109], the same reflectance photometer and test strips were used to 

explore the possibility of achieving compensation using just two wavelengths; 

however, in such instrument, the compensation wavelength was 575 nm instead of 

590 nm. This preliminary effort was helpful in confirming the feasibility of this 

approach despite its limited accuracy in compensation due to a non-optimal choice 

of the compensation wavelength. In particular, 570 nm showed a slight sensitivity 

to bilirubin, leading to the impossibility of identifying a unique compensation law 

dependent only on hemoglobin concentration. Further preliminary research 

demonstrated that while at 465 nm, significant absorption is observed for both 

bilirubin and hemoglobin; at 590 nm, absorption is predominantly attributed to 

hemoglobin with bilirubin’s effect being theoretically negligible [115]. Consequently, 

the presence of a specific concentration of hemoglobin leads to a noticeable reduction 

in reflectance at both wavelengths (indicated as ΔR590 and ΔR465, respectively) 

compared to a non-hemolyzed sample, which would cause a measurable decrease in 

reflectance only at 465 nm. In order to accurately measure bilirubin concentration 

without interference from hemoglobin at 465 nm, it is essential to establish a 

relationship between ΔR590 and ΔR465. 
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Figure 24. The exponential law used to approximate the relationship between bilirubin and 

normalized reflectance (dimensionless number). Black dots represent the averaged values for each 

bilirubin concentration (0.56 to 28.00 mg/dL). Error bars represent the standard deviation for 

each level. The normalized reflectance values exceed 100 due to the normalization procedure; blank 

reflectance is measured using the compensation wavelength of 590 nm, which due to the current 

supply of the LED, has a lower luminous intensity compared to the measurement wavelength of 465 

nm. Consequently, for all tested bilirubin levels, the blank reflectance values used for normalization 

are lower than the actual reflectance values recorded during the measurement at 465 nm, resulting 

in values above 100. 

Reflectance values for non-hemolyzed samples, indicated as B1H1, B2H1, …, 

B5H1 in Table 8, serve as reference points for 590 and 465 nm wavelengths, referred 

to as R590, ref and R465, ref, respectively. For each of the other tests, ΔR590 and ΔR465 

are calculated as reported in Equation 5 and Equation 6, where R590, [Hb] and R465, 

[Hb] represent the measured reflectance values for a specific hemoglobin concentration 

at each respective wavelength. 

ΔR590 = R590, ref − R590, [Hb] Eq. 5 

ΔR465 = R465, ref − R465, [Hb] Eq. 6 

Equations 5 and 6. The equations used to define the linear function between the reflectance 

decreased at 590 and 465 nm for a certain hemoglobin concentration. 

Following this, ΔR590 and ΔR465 are correlated using a linear function. This 

method enables the association of a specific difference between R590, [Hb] and R590, ref 

with the corresponding difference between R465, [Hb] and R465, ref, allowing the 
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determination of the reflectance change at 465 nm induced by hemoglobin. 

Subsequently, ΔR465 is added to the measured reflectance value, and the bilirubin 

concentration is calculated using the established exponential calibration law. This 

process accounts for hemoglobin interference by leveraging the difference in 

reflectance caused by hemoglobin absorption at 590 nm and applying the derived 

correction to the measurement at 465 nm, ensuring accurate bilirubin quantification. 

2.7.3. Results 

Six non-hemolyzed bilirubin plasma samples, tested in repetitions of five, were 

used to calibrate the reflectance photometer. Specifically, the curve was constructed 

using the five bilirubin levels in the panel plus an additional lower level (0.56 

mg/dL). An exponential law was used to approximate the relationship between 

normalized reflectance and bilirubin concentration, yielding a significant correlation 

(R2 > 0.99) (Figure 24). 

A total of 125 single tests were performed. The calibration curve was used to 

calculate bilirubin values for both reference and hemolyzed plasma samples. A 

significant influence of hemoglobin on the bilirubin results was found, leading to 

major overestimation errors. Table 9 shows the averaged results without any 

compensation for each bilirubin level and the associated root mean square error 

(RMSE). 

Expected Bilirubin 

[mg/dl] 

M easured Bilirubin 

[mg/dl] 

RM SE 

[mg/dl] 

4.96 7.52  2.92 3.12 

9.67 13.09  2.81 2.63 

14.47 20.07  3.22 4.43 

19.33 24.27  2.99 5.77 

28.00 34.27  2.44 6.73 

Table 9. Non-compensated bilirubin results presented as mean value and standard deviation for 

each level, as well as root mean square errors with respect to the expected value. 
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A significative correlation was found between ΔR465 and ΔR590 (R2 = 0.74, p < 

0.05), despite a considerable dispersion of values across different bilirubin levels 

(Figure 25). 

 

Figure 25. Black dots represent ΔR465 and ΔR590 for every sample in the test panel. Each point is 

the mean of the five single tests in the sample. The dashed line represents the linear equation used 

to approximate the relationship between ΔR465 and ΔR590. 

The compensation algorithm was applied and the corrected reflectance at 465 nm 

(R465, ref) was calculated using the linear relationship shown in Figure 24. Table 10 

presents the mean values and standard deviations for the compensated results, as 

well as the root mean square errors for comparison with non-compensated data. 

Figure 26 shows the Bland–Altman plot for both the non-compensated and 

compensated results. Overall, compensated results show reduced standard deviation 

values at all bilirubin levels except for the highest. More importantly, however, the 

root mean square errors are less than half of those without any compensation across 

all levels tested. 
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Expected Bilirubin 

[mg/dl] 

M easured Bilirubin 

[mg/dl] 

RM SE 

[mg/dl] 

4.96 5.04  0.95 0.95 

9.67 9.98  0.50 0.59 

14.47 15.08  0.35 0.70 

19.33 18.92  1.26 1.33 

28.00 26.97  3.17 3.33 

Table 10. Hemoglobin-compensated bilirubin results presented as mean value, standard deviation, 

and root mean square errors for each level, with respect to the expected value. 

 

Figure 26. Bland–Altman plot showing both non-compensated and compensated results. Black 

diamonds represent non-compensated results; blue circles represent compensated results; thin 

dotted black lines represent upper and lower limits of agreement for non-compensated results (6.46 

and −6.46 mg/dL, respectively); thin dashed blue lines represent upper and lower limits of 

agreement for compensated results (3.46 and −3.46 mg/dL, respectively); thick dotted black line 

represents bias for non-compensated data (−4.46 mg/dL); thick dashed blue line represents bias for 

compensated data (−0.10 mg/dL). 

2.7.4. Discussion 

In this study, we assessed the performance of an algorithm designed to 

compensate for hemoglobin interference in bilirubin measurements using a simple 

and portable two-wavelength reflectance photometer. This device was capable of 

performing measurements on 30 µL samples without the addition of reagents. A 

panel of plasma samples, comprising five different concentrations of bilirubin and 

five different degrees of hemolysis, was tested, totaling 125 tests. A commercial 

discrete LED emitting light at 465 nm was used to measure bilirubin concentration, 
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while another discrete LED emitting light at 590 nm was used to estimate 

hemoglobin concentration, as bilirubin shows no absorption at this wavelength. The 

proposed algorithm combined reflectance data from the two wavelengths to subtract 

the influence of hemoglobin on the results. 

Non-compensated results showed significant overestimation errors, particularly 

at higher bilirubin levels, which can lead to the misdiagnosis and potential 

overtreatment of patients. Compensated results, on the other hand, showed a 

substantial increase in accuracy at all levels. The highest level, with an expected 

bilirubin concentration of 28.00 mg/dL, retained a non-negligible RMSE, although 

it was less than half compared to the non-compensated data (3.33 vs. 6.73 mg/dL). 

A potential factor to consider is the calibration curve presented in Figure 24. While 

the exponential model effectively captured the relationship between normalized 

reflectance and bilirubin, it showed a slight tendency to underestimate the 

concentration of 4.98 mg/dL and slightly overestimate the concentration of 28.00 

mg/dL. However, due to the minimal nature of such deviations, it can be speculated 

that this aspect did not significantly detract from the overall accuracy of the model 

and thus of the system. On the whole, the proposed algorithm demonstrated good 

performance in compensating for hemoglobin interference across a wide range of 

bilirubin concentrations, covering nearly the entire range of clinical diagnostic 

interest. 

To the best of our knowledge, few recent studies have specifically addressed 

hemoglobin interference on bilirubin measurements using simple devices, despite its 

relevance for developing countries and resource-constrained settings. Kudavelly and 

Balakrishnan proposed a simple, low-cost, and two-wavelength spectrophotometer 

working with just 5 µL plasma samples and reported hemoglobin compensation 

capabilities; however, the performance of the device in this regard was not disclosed 

by the authors [91]. Keahey et al. reported a three-wavelength instrument tailored 
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for low-resource environments like Africa and South Asia, working with 50 µL whole 

blood samples and featuring one dedicated wavelength for hemoglobin measurement. 

While positive results in bilirubin determination were demonstrated in a pilot study 

in Malawi, the specific impact of hemoglobin was not thoroughly discussed [63]. 

Lastly, Tan et al. proposed a low-cost paper-based assay system with great tolerance 

to hemoglobin interference and satisfactory accuracy in bilirubin measurement. 

However, this method was based on Jendrassik–Grof diazotization, requiring the use 

of reagents before analysis and an external device for quantitative reading, such as 

a scanner or a smartphone with a camera [140]. These devices show promising 

potential in terms of performance, low cost, and ease of use—critical features for 

harsh and under-resourced settings. However, only the latter study disclosed the 

performance of hemoglobin compensation, though it involved the use of reagents 

and additional machinery. 

We believe that this system, comprising the reflectance photometer and 

compensation algorithm, could be highly valuable in under-resourced settings, such 

as LMICs, where the burden of NH is greatest. The system’s evaluation against the 

WHO’s A.S.S.U.R.E.D. guidelines yield positive outcomes—affordability, the 

primary criterion, is achieved due to the system’s simplicity and the lack of complex 

optical or electronic components, as well as the elimination of the need for reagents 

or sample preparation in real-world applications. The algorithm’s compensation 

performance ensures that the system meets the required sensitivity and specificity, 

the second and third criteria, respectively, at least in terms of bilirubin 

concentration measurement and hemoglobin interference rejection. Additionally, the 

system satisfies the user-friendly and equipment-free criteria due to its simplicity. 

The automated nature of the system, which performs analyses and retrieves results 

in a very short time, further reinforces these advantages. 
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A limitation of this study was the limited precision of the 590 nm wavelength in 

estimating hemoglobin concentration, which led to a dispersion of data points, as 

shown in Figure 26. This limitation in precision did not emerge in our preliminary 

study, which also investigated the performance of three other wavelengths (570, 575, 

and 605 nm) [115]. In that work, 590 nm was concluded to be the best overall choice 

among those tested. This dispersion resulted in higher, although acceptable, 

standard deviations and root mean square errors for the compensated data. 

Future efforts will focus on increasing the precision of hemoglobin estimation and 

applying the algorithm to higher concentrations of hemoglobin. Subsequently, the 

reflectance photometer used in this experiment will be evaluated in real-world 

clinical settings to assess the robustness and usability of this method. 

2.8. TEMPERATURE INFLUENCE ESTIMATION ON A 

REFLECTANCE PHOTOMETER FOR BILIRUBIN MEASUREMENT 

[141] 

2.8.1. Introduction 

Bilirubin is the major product of erythrocytes breakdown; under normal 

conditions UCB is released in plasma where bounds to albumin, until it is excreted 

in bile as conjugate bilirubin [1,52]. In neonates, this metabolism is stronger and 

UCB forms in higher concentrations: while a temporary and controlled increase is 

known to be physiological during the first days of life, an abnormal concentration 

of UCB can lead to a pathological condition known as hyperbilirubinemia; due to 

the neurotoxicity of bilirubin, this condition can lead to kernicterus or death [1,2,60]. 

More than half of neonates develops benign hyperbilirubinemia during the first week 

of life, and roughly one in ten newborns develops clinically significative 

hyperbilirubinemia [2,60]. In these cases, frequent monitoring of serum bilirubin is 
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needed to establish a proper treatment and reduce chances of neurological damage 

[15,110]. 

Several methods were developed to measure bilirubin concentration, both with 

invasive and non-invasive approaches. Currently used invasive methods are based 

on diazo reactions or vanadic acid reactions with bilirubin, while non-invasive 

methods, like transcutaneous bilirubinometers, have been on the market since 1980s 

[73,77]. An alternative invasive method is direct photometry which presents some 

advantages: a) it operates directly on plasma or serum without reagents and sample 

volume can easily be minimized to microliters; b) its complexity and cost are 

reduced due to the use of visible wavelength; c) it is suitable for compact portable 

devices. On the other hand, disadvantages are: a) some substances in plasma can 

interfere with bilirubin, such as oxyhemoglobin; b) any opalescence resulting from 

sample treatment can limit the accuracy; c) it is only valid for neonates due to the 

presence of other interfering substances, such as carotenoids, in children and adults 

[77,94,95,142]; d) it is influenced by temperature as stated in the Lambert-Beer law. 

The use of direct photometry for bilirubin assay traces back to 1960s [95]; since 

then several invasive and non-invasive applications of this method have been 

proposed [94,142–144]. However, no literature concerning temperature influence on 

such systems was found. 

Bilirubin measurement devices in clinical settings operate under controlled 

environment rooms where temperature is almost constant but, as aforementioned, 

direct photometry can be applied to portable and field instrumentation, which can 

be used both inside and outside clinical facilities, thus in environments with diverse 

temperatures. 

The aim of this work is to determine the effect of external temperature on the 

measurement of bilirubin concentration using a simple two-wavelength reflectance 

photometer. 
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2.8.2. M aterials and M ethods 

2.8.2.1. The reflectance photometer 

A set of eight identical photometers was used to ensure the repeatability of 

evidence found during the experiment. Each photometer was composed by an optical 

chamber, two LEDs (KPHHS-1005QBC-D-V and KPT-1608CGCK, Kingbright 

Electronic Co., Ltd., Taiwan), a photodiode (TEMD6200FX01, Vishay 

Intertechnology, Inc., USA), and other electronic components necessary for the 

acquisition of the signal (Figure 27). The LEDs emitted light at 465 nm and 570 

nm, hence blue and green light respectively, and irradiated the sample inserted in 

the chamber; since no light was transmitted through the sample, the fraction of 

light not absorbed by the sample was reflected towards the photodiode; the output 

current of the photodiode was converted to a tension, then digitized with 0 to 3 V 

range. In this way, the photometer acquired the intensity of reflected light: a high 

intensity indicated high reflectance, or equivalently low absorption, and vice versa. 

A temperature sensor with 0.25 °C resolution (LM73, Texas Instruments, Inc., 

USA) was placed on the electronic board of each photometer, adequately far from 

heat sources like microcontrollers or power supplies. Such placement was deemed 

better than using a single sensor for all instruments: the measurement of “ambient” 

temperature, intended as the temperature of the environment in which the 

instruments were placed, could have differed considerably from the air immediately 

surrounding the instruments themselves; placing a temperature sensor as near as 

possible to the optical chamber produces more accurate results [145,146]. 

Finally, each photometer was provided with a 16-bit ADC and a microcontroller 

(MKL15Z32VFT4, Freescale Semiconductor, USA) that sent intensity values to a 

single computer that stored all data. 
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Figure 27. A schematic representation of one of the photometers used in the experiment. The test 

strip is inserted into the optical chamber where two LEDs irradiate the sample; a fraction of the 

light is reflected and detected by the photodiode. 

2.8.2.2. Test samples 

A set of eight paper test strips was fabricated, simulating different levels of 

absorption by bilirubin distributed across the input scale of the photometers. 

Considering that the study is focused on the identification of temperature impact 

on the measurements, the use of plasma or diluted bilirubin was excluded; this 

choice allowed to avoid errors due to biological samples preparation, treatment, and 

conservation. Additionally, “real” samples would not have maintained chemical and 

physical stability throughout the experiment: bilirubin oxidates when exposed to 

blue light, bringing further interference to the system [15,60,73]. 

As demonstrated in Figure 28, eight different patterns were created to form a 

logarithmic greyscale from an almost white to a very dark shade, then printed with 

laser printers on normal paper; the patterns were then cut and laid down on test 

strips assemblies. Since all eight photometers were subjected to the test 

contemporarily, eight test strips were prepared for each of the eight levels, thus 64 

in total. This method had some advantages, two were the most important: a) 

printing the pattern on paper led to repeatable reflectance values among different 
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strips with the same grey level; b) reflectance values were stable during the whole 

experiment and any damaged strips could have been replaced easily. 

 

Figure 28. The greyscale pattern created for the experiment and the test strips, which shape was 

suitable to fit the optical chamber. The strips were enumerated from 1 to 8 in order of absorbance. 

2.8.2.3. Experimental procedure 

To measure the influence of external temperature on intensity value, the 

photometers were placed inside a temperature test chamber. At the beginning of 

each test, one of the eight groups of test strips was loaded, and the photometers 

were cooled at 15 °C, maintaining low levels of humidity to avoid condensation of 

water on the electronic boards and inside the optical chambers. After cooling, they 

were immediately connected and powered on, and the temperature test chamber 

was set to 40 °C: in this way, during the heating process, the instruments could 

reach thermal equilibrium with the test chamber starting from 15 °C or slightly 

under. Simultaneously, their firmware was started: with a period of 10 s, the 

instruments executed four consecutive instantaneous readings with the 465 nm LED 

and another four with the 570 nm LED; the four readings made with each 

wavelength were arithmetically averaged and sent to the central calculator, as well 

as timestamp data and temperature data. In other words, every 10 seconds the 

calculator received eight “rows” of information, one from each instrument, containing 

timestamp, temperature, blue light intensity, and green light intensity. The 

experiment was stopped when all temperature sensors provided a temperature above 

30 °C. The photometers were consequently powered off and let chill again. This 

described workflow was repeated eight times, one for each test strip group. To avoid 
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bias errors due to experimental design, such as instruments hysteresis, all the 

acquisitions for all experimental settings were also performed by starting from 30 

°C and cooling the devices until reaching temperatures below 15 °C, hence reversing 

the described process. 

Before and after each test all the test strips and the optical chamber were visually 

inspected to assess the absence of moisture, condensation, or damages. During the 

execution of each test both the temperature test chamber and the instruments inside 

were not moved or handled to avoid producing motion or vibration artifacts. 

For each instrument, each test strip, and each wavelength the same procedure 

was used for the analysis. Any measure below 15.0 °C or above 30.0 °C was excluded 

from the analysis. Then, 15.0 °C was adopted as reference temperature (Tref): the 

lower limit of temperature range was set at 15.0 °C as cooling the devices at lower 

temperatures caused frequent condensation inside the optical chamber of the 

instruments, or in the paper test strips. For each test, all blue and green measures 

executed at exactly Tref were averaged in order to find an intensity reference for 

blue and green data, respectively, identified as Iref,b and Iref,g. 

As the temperature inside the test chamber increased, each i-th measure was 

defined by a Ti temperature and an intensity value, Ii,b for blue light and Ii,g for 

green light. Consequently, the variation of temperature and blue and green intensity 

from their respective reference were calculated for each i-th measure (Equation 7): 

{

∆𝑇𝑖 = 𝑇𝑖 − 𝑇𝑟𝑒𝑓

∆𝐼𝑖,𝑏 = 𝐼𝑖,𝑏 − 𝐼𝑟𝑒𝑓,𝑏

 ∆𝐼𝑖,𝑔 = 𝐼𝑖,𝑔 − 𝐼𝑟𝑒𝑓,𝑔

 Eq. 7 

Equation 7. The equations describing how intensity variations are computed. 
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2.8.3. Results 

Over 90.000 measurements were performed by the eight photometers testing all 

eight test strip groups. Intensity values for each instrument and each test strip were 

plotted against time and inspected. The decreasing trend of measured intensity was 

observed for higher external temperature values, highlighting an increase in 

absorbance for higher temperatures. Figure 29 shows the temporal trend of intensity 

and temperature for the lightest strip (Strip 1) irradiated with 465 nm light in one 

of the eight instruments. 

 

Figure 29. An example of the typical temporal trend resulting from the experiments, intensity vs. 

time (grey) and temperature vs. time (black). 

In Figure 30 an example of ΔI for blue and green light plotted against ΔT is 

reported, regarding one of the instruments measuring the lightest strip.  A negative 

relation can be observed between intensity and temperature causing 

underestimation for temperatures higher than the reference one. 
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Figure 30. ΔIb vs. ΔT (black dots) and ΔIg vs. ΔT (grey dots). The quadratic behaviour of the 

relation between green intensity and temperature is noticeable especially in ΔT included in the 

range 0-4 °C. Data is extrapolated from one of the instruments and refers to the lightest strip. 

Blue intensity was differently affected by temperature with respect to the green 

intensity, with the latter showing a more pronounced quadratic behaviour especially 

for small ΔT, while the first being linear. Linear functions were then used to 

approximate the relationship between ΔIb and ΔT, while quadratic functions were 

used to approximate the relationship between ΔIg and ΔT; in every test the 

approximation resulted in a coefficient of determination R2 greater than 0.95. 

Lighter test strips caused wider deviations from the intensity reference, while 

darker ones were less influenced by temperature. Table 11 indicates that the relation 

between ΔI and ΔT depended on the test strip group, hence from the concentration 

of the sample: for higher concentrations the effect of temperature decreased. This 

was valid for both blue and green data despite the difference in terms of 

approximation function degree; the first-grade polynomial coefficient (m for blue, b 

for green) exhibited a coherent dependence on strip type. 

Finally, the analysis of reversed experiments, therefore with temperature starting 

at 30 °C until 15 °C, showed no significant differences with the regular setup 

suggesting the absence of instrument hysteresis effects. 
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 Blue light (465 nm) Green light (570 nm) 

 m q a b c 

Strip 1 -681.647 43.862 6.808 -1077.09 0.672 

Strip 2 -488.149 64.625 5.915 -811.407 21.209 

Strip 3 -421.097 61.836 5.108 -718.362 19.693 

Strip 4 -384.226 43.467 3.79 -642.316 52.764 

Strip 5 -358.341 33.193 3.913 -607.721 44.35 

Strip 6 -351.935 8.435 3.035 -558.412 -17.251 

Strip 7 -311.295 39.456 5.058 -564.956 29.77 

Strip 8 -335.417 9.1 5.184 -562.882 -13.577 

M ean 

±SD 

-416.513 

±32.998 

37.997 

±58.271 

4.858 

±1.05 

-692.893 

±35.098 

17.203 

±46.433 

Table 11. Polynomial interpolation results. Strip 1 is the lightest, while Strip 8 is the darkest. For 

blue light m is the first-degree polynomial coefficient, and q is the zero-degree one. For green light 

a is the second-degree polynomial coefficient, b is the first-degree polynomial coefficient, and c is 

the zero-degree one. Stated values are the result of the average of the values provided by the single 

photometers. 

2.8.4. Discussion 

NH is known as one of the burdens of developing countries, affecting tenths of 

thousands of newborns and inducing permanent damages to many of them [1]. In 

developed countries instead, where the incidence is much lower and management 

protocols are well-established, it is essential to provide effective solutions for 

reducing costs related to diagnosis and treatment [73]. 

For these reasons a broad range of methods for the measurement of bilirubin in 

neonates have been developed, reflectance photometry being one of them. Although 

being a promising method no evidence was found regarding temperature influence 

on such systems; this aspect is believed to be fundamental, especially when 

considering that this method is applicable to portable instruments, which could be 

used in various environments and not only in clinical laboratories. Previous 

literature facing temperature influence on optical sensors and spectrometers was 

found, even though not involving medical systems but agricultural systems 

[145,147]. 
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The focus of this work was to correlate external temperature and reflectance 

readings of a series of photometers for bilirubin measurement application. Placing 

temperature sensors directly on-board allowed to measure the temperature of air 

immediately surrounding the instruments rather than generic air temperature. 

Investigating photometers behaviour at temperatures from 15 to 30 °C was 

necessary to cover different scenarios of use, inside and outside clinical facilities; a 

large amount of data was consequently produced and allowed a robust analysis. 

A first result was how blue and green light were influenced by temperature 

regardless of the strip type: blue light showed a linear behaviour, while green light 

was correctly interpolated by quadratic function. In any case, the common feature 

was a reduction in reflectance for higher temperatures: a reduction of reflectance by 

the sample is associated to an increase of its absorbance, hence to greater 

concentration of bilirubin in the sample itself. In other words, as temperature 

increases the instrument tends to overestimate bilirubin concentration. 

Since blue and green LED measures were executed with a delay of just tenths of 

a second from each other on the same strip and at identical external conditions, the 

difference could be traced back to the LEDs characteristics: 465 nm LEDs are less 

sensitive to temperature than 570 nm LEDs or, in other words, the relative luminous 

intensity of the first is less dependent from temperature and more linear than the 

latter. 

The second result is how test strips type correlates with temperature, or 

equivalently how the result of the measurement of a sample varies with temperature. 

Table 11 demonstrates how a lighter sample, which reflects most of the incident 

light, is more temperature dependent than a darker one, producing a steeper 

relationship. This phenomenon should be associated with the relationship between 

sample absorbance and temperature: a sample containing a certain concentration of 
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bilirubin provides a certain absorbance dependent to its temperature, as defined by 

the Lambert-Beer law.  

In conclusion, we identified the dependency of reflectance on temperature in these 

devices. The results showed that measurements performed at higher temperatures 

induced reduction of measured reflectance, leading to potential overestimation of 

bilirubin. Future research should be focused to develop mitigating strategies to 

compensate the effect of temperature on reflectance photometers designed for 

bilirubin measurements. 
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Chapter 3. HEMATOCRIT ESTIMATION IN 

THE NEWBORN FROM A BLOOD 

MICROCAPSULE 

3.1. INTRODUCTION 

3.1.1. Background 

HCT, along with hemoglobin concentration, is one of the most commonly 

performed laboratory tests in both adult and neonatal or pediatric clinical care. 

The first description of HCT is credited to Dr. M.M. Wintrobe, who, in 1929, 

defined the proportion of a blood sample occupied by erythrocytes as the "volume 

of packed red blood cells" [148]. The term "hematocrit" originally referred to a 

specially designed glass capillary tube used for this measurement. Over the following 

decades, the hematocrit method became so widespread that the term came to 

represent the clinical measurement itself. This manual procedure involves collecting 

a whole blood sample, which is then centrifuged for a defined duration and force 

within a graduated hematocrit tube. Centrifugation separates the blood into three 

distinct components: red blood cells, white blood cells and platelets, and plasma. 

After centrifugation, the graduated scale on the capillary tube is used to calculate 

the fraction of the total blood volume occupied by red blood cells (Figure 31). 

 

Figure 31. A representation of a whole blood sample after the centrifugation process in a 

graduated hematocrit tube. 
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3.1.2. Current HCT measurement methods 

The method proposed by Wintrobe has remained in use to this day with minimal 

modifications, owing to its simplicity and standardization. Despite the development 

and increasing use of more automated and rapid methods, it is still considered the 

gold standard [36,149,150]. The manual method, commonly known as micro-HCT 

or microhematocrit, continues to be widely used, particularly in low-resource 

settings where automated analyzers are less available [37,151,152]. The original 

Wintrobe method used a larger capillary tube, whereas the microhematocrit 

technique utilizes a smaller tube, typically 1 mm in diameter, requiring less sample 

volume [38]. Additionally, unlike the Wintrobe tube, which was graduated for direct 

measurement, the microhematocrit tube is not graduated. Therefore, the operator 

must use a ruler or graph paper to measure the HCT. Various potential issues have 

been highlighted in both recent and older literature, primarily related to: i) the 

manual nature of the method itself, and ii) the settings and operation of the 

centrifugation process. 

Regarding the first point, the accuracy of this method heavily depends on the 

sample collection, the capillary tube filling process, the handling of the tube before 

and after centrifugation, and the tools used to measure the ratio of the whole sample 

to the packed red blood cells [153]. A key source of error is the handling of the tube 

after centrifugation, as any agitation may disrupt the packing of RBCs, leading to 

inaccurate HCT measurements. Another potential issue is the operator’s ability to 

precisely measure the two portions of the sample post-centrifugation. Errors can 

arise from visual misalignment, incorrect distance from the measuring instrument 

(e.g., a ruler or graph paper), or the precision of the instrument itself. 

Secondly, in terms of the centrifugation process, it is well known that the 

duration, angle, and force of centrifugation directly influence the results [154]. This 

is mainly due to a small but significant amount of plasma trapped within the RBC 
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matrix, which cannot be fully separated [155]. This can account for a 1-6% 

overestimation error, which clinicians must consider before making clinical decisions 

based on the HCT value [156,157]. 

Since the introduction of the manual HCT method by Wintrobe, which later 

evolved into the microhematocrit technique, automated methods have been 

developed and widely adopted in clinical practice, especially in developed countries 

(Figure 32). Modern automated laboratory blood cell counters measure a variety of 

blood-related parameters, including HCT, using the principle of flow cytometry, 

which is based on either optical measurements, impedance measurements, or a 

combination of both [36,158]. In flow cytometry, the blood sample is diluted and 

red blood cells (RBCs) are fixed with specific reagents. The solution passes through 

a flow cell, where the laminar flow arranges the cells in a single file. In the 

impedance-based method, changes in electrical impedance are recorded as each cell 

passes through, and the HCT value is calculated by summing the electrical pulses 

[159,160]. In the optical approach, cells are classified based on how they scatter light 

from a laser beam, with the scattering angle and intensity providing detailed 

information about cell characteristics [159,160]. It is important to note that in such 

instruments HCT results from calculations and internal algorithms, therefore is an 

indirect measurement. 

 

Figure 32. An example of a clinical laboratory automated hematology analyzer. 
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Despite their full automation, high throughput, and the increasingly broad range 

of parameters measurable from a single blood sample, clinical laboratory blood cell 

counters still face several issues and limitations. Firstly, as previously mentioned, 

these instruments estimate HCT through algorithms based on the total count and 

classification of cells. While this method typically produces accurate results [161], 

HCT remains an indirect calculation rather than a direct measurement. 

Consequently, errors in cell counting or classification can lead to inaccurate HCT 

results. This potential for error has been observed in cases involving morphologically 

abnormal red blood cells, polycythemia, various types of anemia, and red blood cell 

agglutinates [162,163]. Despite the advantages of automated blood cell counters and 

hematologic analyzers, their primary limitation in LMICs is their reliance on 

centralized clinical laboratories. In these settings, turnaround times for samples sent 

to equipped laboratories can take days, making it impractical to rely on them for 

screening analyses, follow-up protocols, or, most critically, for patients requiring 

immediate treatment [164]. Moreover, in lower-resourced countries, where 

healthcare costs are largely covered by private actors or the patients themselves, 

the expense of performing a complete blood count analysis can be prohibitive. Even 

if we were to ignore the analytical performance disadvantages of these systems, their 

overall cost and impracticality make them inaccessible for a vast portion of the 

population in developing countries, especially those in rural areas or far from major 

cities [164,165]. 

A third option is offered by POC automatic blood gas analyzers, which differ 

from traditional laboratory equipment in several procedural and technical aspects. 

Due to their compact size and minimal use of reagents, these devices are frequently 

employed in Neonatal Intensive Care Units, lower-level laboratories, and neonatal 

and pediatric hospital wards (Figure 33). Additionally, they require smaller sample 

volumes compared to laboratory analyzers—typically in the range of tenths of 

microliters—and no sample preparation is needed before analysis. Another 
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advantage of blood gas analyzers is their ease of use, allowing multiple 

measurements, including HCT, to be performed without the need for specialized 

laboratory personnel. This increased accessibility, combined with the proximity of 

the instrument to the patient, results in very short turnaround times, often within 

a few minutes from sample collection to result retrieval. Typically, the whole blood 

sample is hemolyzed via ultrasound, and multi-wavelength spectrophotometry is 

used to determine hemoglobin concentration. HCT is then indirectly calculated 

through internal algorithms, similar to laboratory equipment [160,166]. 

 

Figure 33. An example of a compact, POC automatic blood gas analyzer. 

Lower purchasing and per-measurement costs, combined with ease of use and 

reduced complexity, have contributed to the increased diffusion of blood gas 

analyzers in resource-constrained settings. However, these instruments are not 

without their disadvantages, and concerns remain about their overall benefit. 

Several studies have compared specific commercial models to clinical laboratory 

equipment, yielding mixed results [165,167–169]. The most common finding is that 

the results obtained by the two methods, particularly for HCT measurement, are 

not equivalent, meaning POC instruments cannot fully replace central laboratories. 

Additionally, aside from method comparison, the accuracy of blood gas analyzers 
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remains under debate. Many studies conclude that while these instruments can be 

beneficial for daily routine, screening, and urgent medical decisions, their accuracy 

depends heavily on rigorous and proper sample collection and handling [170,171]. 

Another critical issue is calibration and quality assurance. POC instruments often 

require frequent calibration, sometimes daily, and must be integrated into quality 

assurance programs, whether internal or external, just as clinical laboratory 

equipment is [171,172]. Given the growing importance of POC testing and its 

increasing use by doctors and nurses, there should be no question about including 

these instruments in external quality assurance controls and general quality 

management. While higher-income countries have begun implementing such 

protocols, in LMICs, this remains far from reality due to several challenges: quality 

assurance and management are costly, and these expenses would likely fall on the 

patient or private organizations. Additionally, there is a need for trained experts, 

established guidelines, and, crucially, devices designed with resource-limited settings 

in mind to minimize the workload and consumables required for such assessments 

[173]. 

3.1.3. Hematocrit measurement in the neonate 

In the previous section the most diffused methods and techniques for the 

measurement of HCT were described along with the respective advantages, 

disadvantages and limitations related to their application and usability in low-

resource settings. Generally, such methods are applicable, thus used in clinical 

practice, both for adults and neonates. 

Another significant factor in HCT analysis in newborns, aside from the 

measurement method, is the sampling method (venous, arterial, or capillary blood). 

In a prospective study [174], 141 subjects were stratified into four groups based on 

postnatal age at measurement (7, 14, 21, and 28 days, respectively), and a complete 

blood count was performed using an automated hematological analyzer. For each 
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subject, both capillary and venous blood samples were collected simultaneously and 

analyzed in parallel. The results demonstrated that capillary samples yielded up to 

12% higher HCT values compared to venous samples on postnatal day 1, and 5-7% 

higher on postnatal days 7, 14, 21, and 28. Additionally, HCT and hemoglobin 

values decreased by an average of 25% from day 1 to day 28 postnatally. These 

latter results were subsequently confirmed by another large-population study, 

which, however, did not distinguish between sampling sites [32]. When performing 

HCT measurements on capillary samples, doctors and nurses must be aware of the 

discrepancies with other sampling sites. Furthermore, capillary HCT may be less 

reproducible and informative under certain conditions, such as poor skin perfusion 

or preterm birth [175]. 

In light of these considerations, it is clear how challenging HCT measurement in 

newborns can be, and that relying on technology alone is often insufficient to meet 

this urgent need, especially in resource-limited settings. Designing an effective 

solution for this analysis must begin with defining sample requirements and handling 

procedures. Although not ideal, as briefly described earlier, capillary samples are 

routinely used due to their less invasive, less painful nature, and their lower risk of 

infection or complications. They are also easier to collect, and in the case of very 

small volumes, they do not require syringes or test tubes, as venous or arterial 

samples do. These characteristics are particularly beneficial when the patient is 

outside of equipped facilities or hospitals. Another important parameter that needs 

to be defined is the HCT range, which, from a measurement device design 

standpoint, corresponds to the input value dynamic. In most medical measurement 

systems, ranges are typically based on normal values reported in scientific literature, 

as this is the standard approach for ensuring accurate design. However, this 

approach is not straightforward for neonatal HCT due to the specific clinical and 

ethical complexities faced in the definition of such ranges. 
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The clinical rationale for performing HCT testing differs significantly between 

adult and neonatal populations. In adults, HCT may be measured for routine 

screening or periodic check-ups, often on healthy, voluntary subjects. In neonates, 

however, this test is performed to address a specific clinical question or on the basis 

of a medical condition that justifies blood sample collection. Unlike in adult general 

medicine, "normal ranges" for HCT do not exist in neonatology. Instead, "reference 

intervals" are used, representing the 5th to 95th percentile values from laboratory 

tests conducted on selected subjects [32,176,177]. In other words, while normal 

ranges for adults are derived from studies typically involving healthy participants, 

reference intervals for neonates are based on data from subjects with specific clinical 

conditions that warranted HCT testing. These reference intervals serve as 

approximations of normal ranges in clinical practice but must be interpreted in the 

context of other factors, such as gestational age, birth weight, postnatal age, and 

the presence of underlying illnesses [177]. In addition to the sampling site differences 

and constraints previously described, these factors necessitate the provision of a 

wide range of measurable HCT values. Figure 34 presents results from a large 

multicenter population study, outlining HCT reference ranges for preterm and term 

infants during the first 28 days of life [32]. These ranges can be confidently used to 

define the input value dynamic for a neonatal HCT measurement device. 
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Figure 34. On the left reference ranges for late-preterm and term infants (35-42 weeks' gestation); 

on the right reference ranges for preterm infants (29-34 weeks’ gestation). Solid line indicates 

average values while dashed lines indicate 5% and 95% confidence intervals, respectively. Adapted 

from [32]. 

This section has outlined HCT and its clinical significance, along with the most 

common measurement methods used in clinical practice, highlighting their 

advantages and disadvantages in relation to low-resource settings. The following 

section presents a novel approach for neonatal HCT measurement, along with a 

discussion of its implications and potential perspectives. 

3.2. A NOVEL APPROACH FOR NEONATAL HEMATOCRIT 

SCREENING [178] 

3.2.1. Introduction 

HCT is commonly used as a general indicator of a patient’s health status in 

relation to specific reference ranges for adults and newborns [32,34,160,179]. 

Deviations from these ranges can be used to aid diagnosing certain conditions related 

to health status in general clinical practice as well as in neonatology. The main 

reasons for increased levels of HCT include dehydration, burns, diarrhea, 

postpartum eclampsia, and polycythemia vera; a high HCT level also indicates risk 

for heart and cerebral infarction because of hemoconcentration. Furthermore, 

increased HCT is a factor of thrombus formation and increases risk for thrombosis. 
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This condition is especially dangerous for patients with artificial heart, in dialysis, 

and during open-heart surgery [179]. On the other hand, when the HCT level is 

reduced, symptoms of anemia and bleeding are usually suspected, as well as diseases 

of the bone marrow, leukemia, malnutrition, and overhydration. Furthermore, each 

change of HCT value affects the safe control of the blood pump [33,179,180]. This 

physical parameter is commonly used, for example, to decide whether to administer 

blood transfusion or partial exchange transfusion [36], and it should be considered 

in the presence of risk factors of numerous pathological conditions, such as 

hyperbilirubinemia [8,35]. Since changes in HCT reflect acute or chronic alterations 

in the patient’s state of health, a quick HCT estimation is critical to establish a 

prompt and adequate approach [36] or, at least, to suggest further investigations. 

Therefore, HCT could have even more importance and significance in neonatology, 

although recent literature shows that it may not yet be used to its full potential; 

for example, the HCT of infants under phototherapy is often not thoroughly 

considered in clinical practice: Lamola et al. [35] speculate that going from a HCT 

of 40% to 60% could mean a twofold reduction in the absorption of light by bilirubin; 

in other words, a twofold increase in irradiance or duration of exposure would be 

required to achieve the same amount of light absorbed by bilirubin for an infant 

with an HCT of 60% versus an infant with an HCT of 40%. Nowadays, there are 

two most common approaches for HCT measurement in clinical use: i) direct 

measurement by centrifugation of a blood-filled microcapillary tube and visual 

examination using a ruler (micro-HCT) and ii) automated calculation performed by 

modern blood analyzers [36–38]. Both are considered accurate and reliable enough 

to be used in clinical decision processes, although presenting some disadvantages: 

the first, being completely manual, requires the presence of a skilled operator; hence, 

it is susceptible to operator-related errors or technical errors, such as incorrect 

positioning of the capillary in rotors or incorrect setting of the centrifuge. Two other 

non-negligible downsides are biohazard risk introduced by broken glass capillaries 
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and errors due to aberrant red blood cell morphologies [36,181]. The second is 

susceptible to overestimation if certain clinical conditions are present, such as high 

concentration of platelets or white blood cells; on the other hand, this method is 

susceptible to underestimation in the presence of red blood cell agglutinates [36,162]. 

Another concern is with regard to consistency and agreement between different 

methods. In particular, despite being widely used, POC automated blood analyzers 

based on different analytical methods can produce divergent results, which can lead 

to different clinical decisions [160,166]. Other than these weaknesses, the most 

interesting aspects for this study are turnaround time and complexity: for micro-

HCT, the minimum technical time to execute the measure could be about 10 min, 

having a dedicated operator that collects the blood sample, fills and seals the 

capillary tube, centrifuges it, and reads the resulting centrifuged sample without 

any downtime. However, the time taken to complete this process is easily two- or 

threefold increased due to other parallel activities, and depending on the 

organizational aspects of the facility, the interval between collection and reading 

influences results itself, as blood changes its properties over time [181]. Conversely, 

for automated methods, turnaround time is strongly dependent on the sample 

collecting and handling process, laboratory distance, and quality of the 

instrumentation available; in this case, complexity is obviously much greater. These 

aspects could considerably limit the applicability of the aforementioned methods in 

LMICs, which often lack instrumentation, facilities, and trained professionals and 

where healthcare access is generally poor [182–184]. Few alternative technologies 

have been developed to address the restrictions and constraints specific to LMICs, 

among them paper-based devices; in particular, lateral flow assays are rising in 

scientific and clinical interest. Recent applications of paper-based devices were found 

in the literature, capable of detecting proteins [185], microRNA biomarkers [186], 

micronutrients in food [187], and HIV virions [188]. Lateral flow test strips have 

many advantages: they require very small samples, the time necessary to obtain a 
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result is shorter than the traditional laboratory turnaround time, they do not require 

or require very little consumables or reagents, they are easier to use and maintain 

than laboratory equipment, and they are inexpensive and easier to dispose of; these 

design features become constraints to be considered in LMICs, as evidenced in the 

IEEE 21st International Conference on Nanotechnology [19] and stated by Murray 

and Mace [44]. An aspect of interest for this study is that, in most cases, lateral 

flow assays provide qualitative or semiquantitative outputs, for which human 

intervention is necessary to adequately interpret the results. For this reason, a 

method based on lateral flow test strips that extends their advantages by integrating 

automation and quantitative response capabilities is desirable in LMICs. Four 

previous studies were found in the literature: Berry S.B. et al. [189] developed a 

low-cost thermometer-style device that enables semiquantitative evaluation of HCT 

in 30 min from a 50 µL sample, working with HCTs in the 28–57% range; further 

refinement [190] improved device features, reducing both the sample size and the 

time required to 10 µL and 10 min, respectively. Differently, Del Ben F. et al. [191] 

proposed a method based on image analysis requiring a scanner and filter paper for 

dried blood spot collection, which resulted in good accuracy, precision, and 

reproducibility within 23–48% HCT interval. Then, Miller IV, J.H. [192] used 

Whatman 903 filter paper and a scientific-grade spectrometer to calculate HCT 

from dried blood spots in the 25–75% range, taking a 50 µL whole blood sample. 

Finally, Punter-Villagrasa J. et al. [193] presented a solution for the instantaneous 

detection of HCT based on three electrodes measuring the impedance of a 50 µL 

whole blood sample, capable of giving a −0.96 Pearson’s correlation coefficient 

testing a 14.2–50.6% input range, even though the results provided were limited to 

45%. The solutions reported in the aforementioned studies might also be valid for 

neonatal population, but they were principally focused on normal adult population 

ranges, which are typically lower than neonates [194]. Indeed, a large study [32] on 

more than 20,000 neonatal patients indicates a HCT reference range of 42–65%. In 
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general, assaying neonate HCT adds further constraints to the development of a 

valid alternative for, and not only, LMICs: i) sample collection from neonates must 

be minimized in terms of both frequency and volume to reduce pain, stress 

induction, and infection probability; ii) neonates present higher HCTs than adults; 

iii) having a low-cost, low-complexity, and fast estimation method becomes more 

important as local health accessibility decreases. The aim of this study is to describe 

and validate a novel HCT screening method based on penetration velocity in lateral 

flow test strips and quantified using a light reflectance meter. 

3.2.2. M aterials and M ethods 

3.2.2.1. HCT Estimation M ethod 

The method for HCT determination was based on the plasma penetration velocity 

in a lateral flow test strip and a light reflectance meter. The lateral flow test strip 

was composed of a filter coupled with a membrane (Advanced Microdevices Pvt., 

Ambala, India). The filter was made of white fiberglass having a thickness of 570 ± 

80 µm and a tare weight of 10.5 ± 3 mg/cm3; the membrane was made of 

nitrocellulose having a thickness of 105 ± 15 µm, a pore size of 15 µm, and a mean 

wicking time of 100 ± 25 s measured on a 4 cm distance with normal saline solution. 

The filter and the membrane were hand-cut to the same width and vertically 

coupled with a small overlap, allowing plasma to permeate from the filter to the 

membrane, as shown in Figure 35. The filter-membrane system was placed on a 

plastic support, guaranteeing mechanical rigidity during the experiment. A whole 

blood sample (35 µL) was loaded onto the filter, which retained the corpuscular part 

of the blood, allowing only the plasma to enter the NC membrane until its complete 

saturation, as illustrated in Figure 36a. 
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Figure 35. The optical measurement system. The LED light source irradiates the membrane filled 

with plasma forming the sample; an optical sensor positioned in the same chamber measures the 

amount of reflected light, enabling the calculus of sample absorbance. 

 

 

Figure 36. (a): from top to bottom, a blank strip having the filter in the center, in contact with the 

NC membrane extending to the right; the loading instant; plasma entering the membrane; the 

membrane has been saturated by plasma(b): characteristic reflectance-time pattern; t0 is defined as 

the instant in which plasma starts filling the NC membrane, associated with a decrease in 

reflectance; t1 is defined as the instant in which plasma saturates the NC membrane, associated 

with a minimum point in reflectance signal. Δt = t1- t-t00. 

The entrance of plasma in the NC membrane was monitored using a light 

reflectance meter. The instrument irradiated the NC membrane with an LED 

emitting light at 570 nm; the reflected light intensity was measured by an optical 

sensor. A representation of the measuring principle is reported in Figure 35. The 

data for the present study were collected by instructing the optical system to 
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perform four readings per second, therefore with a period of 250 ms. This sampling 

period was determined after a pilot analysis, which resulted in high measurement 

error using a sampling period of 500 ms (data not shown). During the data 

collection, the trend of reflectance values was monitored, and the train of readings 

was interrupted when a series of equal readings occurred, a condition that indicated 

a stationary condition in the system, hence the saturation of the strip. Penetration 

velocity was indirectly calculated based on the time difference (Δt) between instant 

t0 and instant t1. The first indicated the entry of plasma into the NC membrane, 

which produced a progressive reduction of reflectance from the initial steady-state 

condition of the system. The latter indicated the complete saturation of the NC 

membrane: this final condition was identifiable as a minimum point in reflectance 

data. The nature of this behavior is physical and attributable to plasma reflectance: 

approaching membrane saturation, the reflectance was minimum as the quantity of 

plasma absorbing light was maximum, while immediately after saturation, a layer 

of plasma progressively formed over the membrane, producing a more reflective 

“glossy” surface. This temporary increase in reflectance anticipated the final 

equilibrium condition of the system and thus the end of a run. For this reason, all 

data points acquired after the minimum point t1 were irrelevant for our aim. In 

Figure 36b, a typical pattern of reflectance signal versus time is shown, and t0 and 

t1 are indicated. 

If, during the analysis of the results, a run was particularly different due to lack 

of saturation of the strip or lack of blood flow through the filter, the run was 

rejected. In any case, the strips were observed at the end of each test to check the 

state of membrane saturation and any presence of hemolysis. 

3.2.2.2. Data acquisition, calibration, and clinical test  

Whole blood samples were collected from 105 healthy neonates over 37 weeks’ 

gestational age born at IRCCS Materno Infantile “Burlo Garofolo” of Trieste, Italy. 
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Tests were performed in duplicate. However, knowing that each prick causes 

suffering and stress to the neonate, the number of samples collected during the study 

time was minimized by waiting for a blood sample to be available rather than 

collecting one strictly for the study purpose. The sample collection period was over 

3 months, from February to May 2022. Blood samples were collected by puncture 

on the patient’s heel in two heparinized capillary tubes. One capillary was subjected 

to analysis with a blood gas analyzer (Radiometer ABL90 Flex), as a reference 

method for this study, while the other was estimated by the proposed method. In 

this case, the sample was transferred from the capillary tube to the test strip using 

an automatic pipette to minimize hemolysis and the formation of bubbles. Each 

measurement, with both one method and the other, was performed by trained 

personnel, and the data obtained were merged for comparison. With reference to 

the tested method, during the deposition of the sample, the personnel were 

instructed to observe the behavior of the blood drop permeating through the filter 

to detect any abnormality. Subsequently, at the end of each measurement performed 

by the reader, the strip was observed to detect incomplete saturation, hemolysis, or 

anomalies. Figure 37 summarizes the procedure from sample collection to data 

analysis. 

 

Figure 37. Workflow of procedure for data acquisition, model characterization, and clinical test. 
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Considering the total amount of acquired samples, 20% of them were used to 

perform the system calibration and calculate the model (calibration data), and the 

remaining 80% were used to perform a comparison with the reference method (test 

data). The samples used for the calibration were selected as described: the input 

HCT range was equally divided into four levels, from each of which at least five 

samples were randomly selected. 

3.2.3. Results 

A total of 192 runs were performed. Following the described protocol, a total of 

28 runs were excluded due to visible hemolysis and erythrocyte presence in the 

plasma-filled membrane, while another 12 runs were excluded due to bubble 

formation during the deposition of the sample on the test strip. During data analysis, 

7 more runs were excluded, showing outlying behavior. From the remaining 145 

runs, as described in Materials and Methods, 29 were extracted randomly to create 

the model as 20% of the total, while 116 were used as test data. 

In Figure 38, the measured HCT was plotted against Δt. A nonlinear relation 

was observed between HCT and Δt, and it was estimated by a third-degree 

polynomial equation (R2 = 0.912). Having considered the range of the Δt and HCT 

values used for the calibration, which reflect the range of interest for this 

application, hence 30% to 70% HCTs, the following model in the range (15s < Δt 

< 58s) was proposed and reported in Equation 8: 

HCT(∆t)% = 0.001 × ∆t3 − 0.1473 × ∆t2 + 7.218 × ∆t − 49.07 Eq. 8 

Equation 8. The mathematical model used to estimate the HCT. 
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Figure 38. The measured HCT was plotted against Δt (black dots—calibration data) and fitted 

with a third-degree polynomial equation (red line). 

The identified model was subsequently used to estimate HCT values (HCTest) 

on a test set, which were then compared with measured ones (HCTmeas). In Figure 

39a, the estimated hematocrit HCTest values were plotted against HCTmeas for 

each measurement. The results showed dispersion around the identity line, and a 

significant linear correlation was observed between HCTest and HCTmeas (r = 0.87, 

p < 0.001). The mean absolute error was 4.29%, while the maximum absolute error 

was 10.69%. The comparison of HCTest and HCTmeas by Bland–Altman analysis 

(Figure 39b) showed a good agreement with a low mean difference of 0.53 ± 5.04% 

and a slight trend of overestimation for higher HCT values. 
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Figure 39. (a) Estimated HCT vs. measured HCT; (b) Bland–Altman plot for the estimated HCT 

(HCTest) and measured HCT (HCTmeas). The red line indicates the mean difference between the 

two datasets, and the black dotted lines indicate 95% confidence intervals. 

3.2.4. Discussion 

HCT is a crucial physical parameter that provides information about health 

status and pathological conditions in both adults and newborn patients. While 

modern countries are equipped with gold standard measurement methods, such as 

automated laboratory analyzers, in LMICs, there is often a lack under structural, 

technological, and organizational aspects. For these realities, the need for 

inexpensive, fast, and portable POC devices is strong [19,44,184]. Taking these 

requirements as a starting point, the aim of this work was to develop a system 

capable of meeting them and addressing a newborn’s specific needs. 

In this work, we proposed a novel HCT estimation method based on penetration 

velocity in lateral flow test strips and a light reflectance meter complying with the 

requirements in LMIC scenarios. The comparison in a clinical environment 

conducted in the present study confirmed the technical feasibility of this approach 

and its applicability for the screening of newborns in difficult scenarios, such as 

those found in LMIC, even though its accuracy has great margins of improvement. 
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In particular, the test phase using 20% of collected data resulted in a coefficient 

of determination of 0.912, which may have been limited by the need for a third-

grade interpolation function to properly fit input data; the function itself (as 

reported in Figure 38) features a higher slope in the 30%–60% HCT range while 

being flatter for higher levels reaching saturation for 70% HCT; this aspect itself 

might not prevent the usage of this method in clinical practice if intended as a 

screening tool for newborn patients, having observed reference ranges defined in 

previous literature [32]: in the first day of life, the average HCT value is about 53%, 

reducing monotonically in the following 28 days, and the 95% reference range is 

below 65% in the worst case. The subsequent comparison with a reference method 

performed in a clinical environment demonstrated the applicability of the proposed 

method, resulting in a good agreement between estimated and measured HCT 

values. In spurious cases, the measured value discarded by around 10% or more with 

respect to the real value provided by the reference method. Observing the 

distribution of errors in the Bland-Altman plot, its increased density in 65%–70% 

HCT can be interpreted as a consequence of the reduction in slope of the model 

characteristic. Furthermore, it is not possible to exclude that some errors derive 

from abnormal conditions, including singular blood sample features or imprecise 

sample loading on the test strip. 

All the methods taken as reference were capable of effectively measuring HCTs 

below 35%, with [190] being the best of them, reaching 14.2%. On the other hand, 

only one of them tested HCTs equal to or higher than those tested by this study 

[189], a level at which this method presents its better accuracy; three of them tested 

ranges of HCTs having maximum values of approximately 50%, hence partially 

covering reference ranges for neonates [44,182,190]. 

Timewise, it was confirmed that this method allows a fast response and a shorter 

turnaround time with minimum effort required: not considering that the amount of 
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time required to collect the sample, which is present in any method, results could 

be retrieved within 3 min. The paper-based method proposed by [185,186,189] 

presented a longer turnaround time of 30 min, subsequently reduced to 10 min. The 

image-analysis-based method by [191] was not determined in these terms, but it 

could be speculated that about 5 min is necessary for sample deposition, sample 

analysis, and elaboration. The fastest method among those chosen as a reference 

was the impedance-based device, which, according to authors, is instantaneous [190]. 

Another point of view is portability: the paper-based device from Berry, S.B. et 

al. was easily the most portable due to its pure paper design that did not require 

any energy supply [189]. The proposed method is based on lateral flow test strips 

and a reflectance meter, which needs a source to power its electronic components. 

Being a relatively simple device, the reflectance meter is so small that it can be 

proposed as a handheld device powered by batteries. In this way, portability would 

be preserved, and the constraints highlighted in pertinent literature are satisfied 

[19,44]. Devices that incorporate reflectance photometers, such as the device 

reported in a recent study [195], can be available for LMIC scenarios. The 

impedance-based device also shows good portability and low energy requirements 

[190]. All other aforementioned methods did not directly address this concern. 

The last comparison is made from an accuracy perspective: the thermometer-

style device ensured a good linearity with both plasma and whole blood, being 

understood that the nonquantitative principle of the system could lead to user errors 

[19]. This proposed penetration-velocity-based method did not reach such high 

performance, suggesting the need for future research and improvement of the 

algorithm underneath. 

Overall, with respect to the others, this method operates in an adequate range of 

HCT for neonatal screening, and its turnaround time is shorter than both the 

majority of compared methods and the most diffused state of the art methods. 
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Moreover, it is deemed to be applicable in LMICs due to its portability, hence its 

usability both in- and outside clinical facilities. The proposed method showed a 

significantly lower accuracy than gold standards, and in its current state of 

development, it is not suitable for diagnostic purposes; nevertheless, it could be 

useful if intended as a fast, portable, inexpensive, and easy-to-use screening tool. In 

this sense, clinical infrastructures and facilities that already have such a system 

would gain a secondary functionality at no further costs, with no hardware changes 

on the reader or on the test strips. Future research will deepen the knowledge on 

this method, mostly in the following aspects: i) enhancement of the algorithm to 

reach better accuracy; ii) enhancement of optical measurement hardware, such as 

test strips and LEDs; and iii) reproducibility of the results. 
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Chapter 4. DIAGNOSTICS DIFFUSION IN 

LMICS 

4.1. INTRODUCTION 

It is widely recognized that lower-income regions, such as Africa and Southern 

Asia, continue to lag significantly behind wealthier, industrialized countries in terms 

of health outcomes. However, this disparity is often underestimated or interpreted 

superficially, despite the availability of extensive studies and statistics from large 

supranational organizations such as the WHO and UNICEF. Despite the substantial 

number of development projects, funding initiatives, and charity efforts—both 

privately and publicly financed—health outcomes have shown only modest 

improvement over the past few decades when viewed from a broad perspective. The 

complexity and multifaceted nature of this "health" issue make it extraordinarily 

difficult even to define what the real objectives should be. 

If the core issue is the “lack” of health, the right approach should ensure the most 

consistent improvement in health conditions within the financial, technological, and 

structural constraints of these regions. The optimal solution cannot be purely 

financial, technological, or structural. Financial aid from non-governmental 

organizations or wealthier nations, along with increased healthcare spending, can 

positively impact a region's healthcare system and capabilities, but the infusion of 

money alone often does not result in an overall improvement in population health 

[196,197]. Similarly, increasing the availability of technology—such as medical 

devices, IVDs, or drugs and vaccines—does not necessarily lead to improved 

prevention, diagnosis, or treatment for citizens and patients, and therefore does not, 

on its own, guarantee a reduction in the many health burdens of developing 

countries. This has been clearly demonstrated by the practice of donating medical 

devices and equipment from high-income countries to LMICs, a practice still 
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debated for its usefulness and potential to be even detrimental to the receiving 

facilities and patients [198–200]. Ultimately, at a higher national level, the severe 

lack of regulation, procurement, and management policies represents a third major 

issue to be addressed. Even if a medical device is well-designed for the constraints 

of LMICs and available on the global market, and even if a health facility or 

organization has the financial capacity to purchase it, these factors can be 

undermined by the absence of regulatory frameworks and defined procurement 

processes. Additionally, management challenges related to the device's proper 

operation, maintenance, repair, and, when necessary, calibration and quality 

assurance further complicate its effective use [201]. 

The complexity of achieving meaningful improvements in health conditions for 

these populations stems from the involvement of multiple stakeholders, each 

pursuing its own interests. If one were to model this ecosystem, five principal actors 

would emerge: i) manufacturers, typically based in Western countries, who aim to 

design, develop, and market their solutions in a profitable manner; ii) non-

governmental organizations and suppliers, who must identify safe and effective 

solutions based on local and regional health needs while operating within economic 

constraints dictated by funding and donations; iii) NRAs in LMICs, where they 

exist and are sufficiently developed, responsible for regulating and overseeing the 

entry and distribution of medical devices, often requiring support with registration 

and surveillance procedures; iv) health workers, who use the supplied devices, ideally 

after receiving proper training and knowledge; and v) citizens and patients, who 

expect and need prevention, diagnosis, and treatment capabilities from their health 

systems. This simplified description is somewhat sequential and mirrors the typical 

lifecycle of a medical device dedicated to low-resource settings, from design to its 

use in clinical practice (Figure 40). 
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Figure 40. The five most important stakeholders of the diffusion process of medical devices and 

instruments in LMICs. 

Each of these steps presents critical aspects, which will be addressed in the 

following sections, particularly from the perspective of a manufacturer aiming to 

develop a device specifically for LMICs. 

4.2. INCOME, WEALTH, AND HEALTH INEQUALITIES IN 

DEVELOPING COUNTRIES 

For a fair and comprehensive understanding of health inequalities between 

wealthier and poorer countries, it is essential to identify the latter and recognize the 

proportion of the global population living in these areas. The World Bank Group, 

among others, collects and aggregates data from various reliable sources and 

publishes periodic reports on numerous topics, including population, economics, and 

health. The latest report on country classification by income, similar to previous 

reports, highlights the stark distinction between the African continent, South Asia, 

and the rest of the world [202]. In this classification, countries are categorized by 

Gross National Income (GNI) per capita into four groups: Low Income (less than 

1,145 USD), Lower-Middle Income (1,146 to 4,515 USD), Upper-Middle Income 

(4,516 to 14,005 USD), and High Income (more than 14,006 USD). Even at first 
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glance, it is evident that, over the past twenty years, much of Asia, including Russia, 

has transitioned from predominantly lower income to higher income. However, 

populous countries such as India and Pakistan have not experienced significant 

overall wealth growth during this period (Figure 41). In contrast, while there has 

been some improvement in Africa, the continent remains the poorest region in the 

world, with most sub-Saharan countries still suffering from exceptionally low-income 

levels. 

 

Figure 41. On the top, map of the countries classified by income in 2003; on the bottom, the same 

classification in 2023. Adapted from [202]. 

In terms of population growth, from 1960 to 2022, the population in low-income 

countries increased by 418%, and by 252% in LMICs, compared to just 60% in high-

income countries [203]. In absolute terms, the global population was estimated at 

nearly 8 billion in 2022, with almost half residing in low or LMICs. 
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High-level aggregated data, like those presented, are crucial for understanding 

the broad scope of health inequalities across different regions of the world. However, 

as with any averaging statistic, there is a significant loss of essential details 

regarding the distribution of the phenomena under examination—in this case, 

healthcare accessibility. Even excluding the lowest income tail of the global 

population, wealth distribution in developing regions is far more uneven than in 

wealthier areas like Europe, where healthcare is typically universal or, at the very 

least, a basic level of care is guaranteed for all citizens. In less developed countries, 

access to healthcare is often limited to those who can afford it and who have physical 

access to medical services. Recent survey-based data on wealth distribution further 

illustrate these disparities: in 2022, the richest 10% of the population controlled 

about 30-35% of the income in European countries, compared to well over 60% in 

southern African nations and some Central and South American countries [204]. 

Moreover, the wealthiest individuals are often excluded from such statistics, creating 

an inherent bias that makes the data appear more favorable than it is in reality. 

This bias is partly due to the extremely small number of ultra-wealthy individuals, 

but also because they may deliberately avoid inclusion in these reports. This issue 

is even more pronounced in lower-income countries, where a vast proportion of 

wealth and influence is concentrated among a very small, elite segment of the 

population, and the reliability of survey-generated data is questionable [205]. 

This picture becomes even more complex when considering time and annual 

trends. While global wealth inequality is generally believed to be decreasing, this is 

not the case for poorer regions and is significantly worse for rapidly growing 

economies like China and India (Figure 42). In these countries, although the overall 

economic and income figures appear promising, the reality is that wealth gains are 

increasingly concentrated in a small fraction of the population. This widens the gap 

between the wealthy, who reside in advanced urban centers, and the poorest, who 

remain in rural and remote areas. 
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Figure 42. The income share of the richest 10% at a global level, for India, and for China from 

1980 to 2022. Adapted from [204]. 

The presented data highlights how income and wealth are distributed, with 

poorer countries experiencing the widest disparities. Unlike in developed countries, 

the economic resources of an individual or a household significantly impact 

healthcare access in these regions, as universal healthcare coverage remains far from 

reality. Recent data shows that average health insurance coverage in low-income 

countries is as low as 7.9%, with LMICs at 27.3% and upper-middle-income 

countries at 52.5% [206]. The main consequence of this lack of coverage is the further 

impoverishment of households, which are often forced to pay out-of-pocket for 

medical care. In fact, out-of-pocket health spending is one of the largest, if not the 

largest, sources of healthcare financing in low-income countries. For example, in 

2020, around 50% of health expenditure in India was privately financed through 

out-of-pocket payments, with figures reaching or exceeding 60% in African countries 

such as Nigeria, Sudan, Cameroon, and Egypt [207]. Viewed from another 

perspective, it is estimated that 2 billion people worldwide face financial hardship 
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due to out-of-pocket health spending, pushing many individuals and households 

below the poverty line [208]. The impact of such expenditures exacerbates health 

outcomes at both individual and public levels: households barely able to afford 

medical care are often compelled to neglect their healthcare needs unless absolutely 

necessary. Preventative care is virtually non-existent, as it is typically sought while 

one is still healthy. Non-communicable diseases, such as cardiovascular diseases and 

cancer, have the most severe financial and health impacts, leading to further 

impoverishment. Meanwhile, communicable diseases, such as malaria and 

tuberculosis, have higher incidence rates and also contribute to deepening poverty 

[209]. In addition, these diseases disproportionately affect the poorest communities, 

which have the least financial capacity to address them. 

The disparities discussed in the previous paragraphs result in differing diseases 

and clinical conditions experienced by the populations of wealthier and poorer 

countries, which in turn lead to differences in the most common causes of death. In 

its 2024 annual report, the WHO ranked the ten leading causes of death by income 

group [210] (Figure 43). 
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Figure 43. On the left, the ten leading causes of death for low-income countries; on the right, the 

same raking for high-income countries. Values are expressed in millions of deaths. Adapted from 

[210]. 

Notably, people in poorer countries remain significantly more likely to die from 

communicable diseases, which account for eight of the ten leading causes of death. 

In the coming decades, a double burden is expected to emerge in these regions, 

characterized by the persistent incidence of infections and communicable diseases 

alongside a rising prevalence of non-communicable diseases, such as stroke and 

ischemic heart disease, conditions historically associated with wealthier populations 

[211]. While HIV and malaria still claim hundreds of thousands of lives annually, 

their impact is now overshadowed by cardiovascular diseases, which have nearly 

doubled their burden over the past two decades. Shifts in lifestyle, uncontrolled 

urbanization, smoking, consumption of unhealthy and processed foods, and other 

typically "Western" habits are increasingly affecting lower-income countries. This 

shift is particularly concerning, as health systems in these regions are often neither 

mature nor adequately prepared to manage long-term chronic diseases or patients 

with multimorbidities [212]. 
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Focusing on neonatal mortality rates—the number of children who die within 

their first 28 days of life—reveals similar patterns of disparity between income 

regions. Key determinants of neonatal mortality include income, geographical 

location, maternal education, and place of delivery [213,214]. More than half of all 

neonatal deaths occur in just five high-burden countries: India, Nigeria, Pakistan, 

China, and the Democratic Republic of Congo, which together account for over 1.5 

million deaths annually [215]. In relative terms, neonatal mortality rates in 2022 

ranged from an average of 0.1% in European countries to nearly 4% in Pakistan, 

Afghanistan, and sub-Saharan countries [216] (Figure 44). Globally, around 4.9 

million children under the age of five died in 2022, with 2.3 million of those deaths 

occurring in the first month of life. A child born in the highest-mortality country is 

80 times more likely to die before the age of five compared to a child born in the 

lowest-mortality country [217]. 

 

Figure 44. Neonatal mortality rate by country for year 2022. Adapted from [217]. 

This data-based analysis, though brief and not exhaustive, effectively highlights 

the immense disparities between wealthier and poorer countries, where a multitude 

of factors converge to produce a severe lack of healthcare coverage and medical 

assistance. One potential avenue for significant improvement lies in the increased 

diffusion of diagnostics, provided that such diagnostics are both effective and usable 
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in resource-constrained environments. This has been demonstrated by several 

successful examples in recent years. For instance, HIV infection control has greatly 

benefited from the introduction of simple, POC HIV rapid tests [218], and sexually 

transmitted infections have also been reduced through the development of 

appropriate POC diagnostics [219]. Building on this foundation, the following 

discussion will focus on the critical need for diagnostics in LMICs and the strategies 

manufacturers should adopt to design and implement devices that are not only 

accurate and robust but also affordable for developing countries, while remaining 

commercially viable for manufacturers. 

4.3. THE ROLE OF MANUFACTURERS: FROM DONATIONS TO AD-

HOC DIAGNOSTICS 

4.3.1. Lights and shadows of medical equipment donation 

It may seem intuitive that the lack of diagnostic capabilities in health systems 

and facilities in developing countries could be addressed, or at least mitigated, 

through the donation of medical devices and IVDs. 

This practice is indeed common, with donations coming from various entities 

such as governments, non-governmental organizations, private voluntary 

organizations, and manufacturers. To regulate and standardize these donations, the 

WHO published a guideline in 2011, outlining best practices for donors to follow in 

order to maximize the benefits for recipients [220]. In essence, the guideline proposed 

essential elements that both donors and recipients should consider when developing 

their respective policies. One key recommendation is that donations should align 

with the receiving country's regulations, acceptance or purchasing policies, and 

public health needs and plans. However, despite the guideline’s optimistic intent, 

this requirement may be unattainable for many sub-Saharan and South Asian 
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countries, which often have limited or nonexistent regulatory frameworks for 

medical devices and lack comprehensive public health plans. In a subsequent 2017 

publication [23], WHO once again addressed the issue of donations, raising concerns 

about substandard and "unwanted" devices. It acknowledged that, in some cases, 

donated equipment was so detrimental and useless for receiving countries that some 

nations banned donations altogether, aiming to avoid becoming dumping grounds 

for obsolete or malfunctioning equipment. The proposed solution, as before, was 

that donated equipment should comply with all regulatory requirements for safety, 

quality, and performance, and that the supply process should mirror that of 

regularly purchased equipment. 

Despite the widespread dissemination of guidelines and efforts by WHO and other 

influential stakeholders to regulate and standardize donation practices, literature 

and various reports highlight dramatic outcomes that often lead to serious clinical 

challenges or, at the very least, unnecessary strain on already overburdened 

facilities. A case study from a Gambian hospital illustrates how well-intentioned 

donations can result in negative outcomes [221]. The hospital received more than 

twenty pediatric oxygen concentrators from a private group of philanthropists, yet 

none remained in use after just a few weeks due to technical issues. The donors later 

admitted that the equipment was not new, and some units were already 

malfunctioning at the time of donation. Additionally, a subsequent technical 

inspection revealed that the primary issue was the electrical incompatibility between 

the equipment and the facility's power supply. 

The example provided is just one of many similar situations in LMICs, where 

healthcare facilities are increasingly becoming associated with "graveyards" for 

outdated, low-quality, and unused equipment from wealthier nations. It is estimated 

that up to 70% of medical equipment in sub-Saharan countries is donated, but only 

10 to 30% of it becomes operational [222,223]. Moreover, flawed donation protocols 
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and acceptance procedures often result in equipment arriving without spare parts, 

or with parts that are difficult to source, as well as lacking manuals, instructions, 

proper training, and maintenance plans or capabilities [224,225]. 

In general, donors and recipients should communicate and collaborate from the 

very beginning, starting with the identification of needs and certainly before the 

shipment of donated goods, especially when the equipment includes electrical 

components and has specific functional and operational requirements, as most 

diagnostic devices do. In summary, five key points must be assessed: i) the 

availability of trained personnel to operate and maintain the equipment, from 

doctors and nurses to technicians; ii) the environmental conditions in relation to the 

operational requirements of the devices, such as power supply, water, temperature, 

and humidity; iii) the need for and availability of auxiliary equipment and spare 

parts; iv) the resources required for maintenance and repair, both economic and 

technical; and v) the capacity to train users in the correct operation and 

interpretation of results. 

While the first and last points may be easier to address, at least for locations 

that are not extremely disadvantaged, the remaining three present significant 

challenges to the effectiveness of donations. Diagnostic devices and laboratory 

instrumentation are typically designed for higher-income countries, where electrical 

supply is stable and continuous, infrastructure is modern, and systems for water 

supply, waste management of reagents and samples, planned quality control, and 

routine maintenance are in place [226]. 

4.3.2. Designing diagnostics for the developing world  

Manufacturers, as the producers of diagnostics, share the power and responsibility 

with distributors to ensure these devices reach areas where they are most needed. 

Without the active engagement of manufacturers, no significant improvement in 

healthcare access can be achieved. Two main challenges arise in this context: the 
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first is technological, concerning the design and development of effective diagnostics; 

the second is economic, relating to the financial viability and profitability of 

distributing devices in low-resource settings. 

Despite the immense need for diagnostics in developing regions, turning a profit 

from selling devices in these markets is far from guaranteed. Many diseases, 

infections, and clinical conditions fall under the category of "non-profitable 

diseases," which refers to pathologies that, although addressable, lack the necessary 

leverage within health systems to be prioritized for monitoring or investment by 

manufacturers [227,228].  For example, around 500,000 people are infected annually 

by visceral leishmaniasis, with 90% of cases occurring in just five countries—India, 

Bangladesh, Nepal, Sudan, and Brazil. Without diagnosis and treatment, all of these 

individuals will die within years. However, because the burden is so concentrated in 

regions outside the developed world, there is insufficient market incentive to attract 

private sector investment [24]. This issue is further compounded by the surprisingly 

low amount of money spent on diagnostics, even in developed countries, despite 

their undeniable importance. A 2016 study found that while around 66% of 

diagnoses relied on IVDs, only 2.3% and 1.4% of total healthcare expenditures in 

the U.S. and Germany, respectively, were allocated to this sector [229]. 

Consequently, even if the share of diagnostics spending relative to overall healthcare 

costs were higher in developing countries, their healthcare budgets are so 

dramatically smaller than those of Western economies that even diseases with a 

heavy burden may attract little more than marginal interest from an investment 

perspective [230]. 

The severe economic constraints, combined with the technological challenges 

posed by infrastructural, management, and knowledge limitations discussed in the 

previous section, largely preclude the feasibility of using the same technologies and 

devices as those in wealthier, more organized countries. Exceptions are rare, limited 
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to national hospitals or tertiary care centers, which may be one or two for an entire 

population. The understandable temptation for manufacturers to design dual-use 

solutions that cater to both developed and developing countries rarely results in 

commercial success. High-income countries prioritize high-performance, high-

accuracy diagnostics, often accepting higher costs and complexity in exchange for 

superior results. In contrast, lower-income countries are less likely to require 

maximum performance, instead valuing cost-effectiveness, ease of use and 

maintenance, and robustness. [184]. The more viable approach is to design 

diagnostics that are simple, portable, and yet sufficiently sensitive and specific, user-

friendly, and requiring minimal maintenance and auxiliary equipment.  

Manufacturers can refer to a cornerstone set of criteria published by WHO in 

2003, initially designed for sexually transmitted diseases but applicable to any test 

intended for use in resource-constrained settings [24,231]. These criteria are 

encapsulated in the acronym "A.S.S.U.R.E.D.," with each letter representing a 

desirable feature that manufacturers should aim to fulfill to develop a diagnostic 

that is truly effective and usable (Table 12). 

Criteria M eaning 

Affordable Affordable to health systems and to end users 

Sensitive Few false negatives 

Specific Few false positives 

User-friendly Simple to perform and interpret, and requiring little training 

Rapid and Robust Results in the shortest time possible (within tenths of 

minutes) and working in harsh settings 

Equipment free No laboratory or additional equipment needed 

Deliverable Available and accessible to those who need it 

Table 12. The WHO ASSURED criteria for the design of diagnostics for the developing world. 

Despite the generic nature of the A.S.S.U.R.E.D criteria, which do not specify 

technical or technological details or set numeric thresholds, they represent a 

comprehensive and challenging benchmark for manufacturers and serve as a 

valuable guide for implementing their ideas effectively. It is unsurprising that 

affordability is the headline criterion, making it both the most important and, likely, 
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the most difficult to meet. Assessing the affordability of a test requires 

manufacturers to consider not only the final estimated price of a single test—already 

a demanding task—but also how much a health system is able and willing to pay. 

As discussed in previous sections, the payer may be the government, the patient, a 

non-profit organization, or a private donor. While all of these stakeholders aim to 

minimize costs, their willingness and ability to pay can vary significantly. Moreover, 

affordability should not be confused with cost-effectiveness. Affordability primarily 

refers to the monetary cost, whereas cost-effectiveness reflects the benefit derived 

from the diagnosis relative to the associated costs [45,98]. A test may be highly cost-

effective but unaffordable for severely under-resourced settings, while an affordable 

test may not be cost-effective due to low specificity and sensitivity. Similar 

considerations arise when evaluating how critical a diagnosis is for the patient and 

where the diagnostic device fits into the clinical pathway. For first-line screening 

devices, end users may prioritize affordability over reliability and analytical 

performance, particularly specificity. In such cases, if the screening indicates a need 

for further investigation, the patient can be referred to higher-level facilities or 

subjected to more accurate, albeit more expensive, diagnostic methods. This 

controlled trade-off in favor of affordability can still be advantageous by enabling 

broader screening campaigns at lower costs [173]. It becomes clear that the perceived 

affordability of a device extends beyond its cost, encompassing its overall "value", 

which includes the benefit it provides to patients and the economic considerations 

of the healthcare provider. A key player in the procurement of diagnostics are non-

governmental organizations, which purchase large quantities of devices from 

manufacturers and donate them where needed. In these instances, manufacturers 

must design and produce devices that meet the pricing requirements set by these 

organizations. 

Two other important criteria are "User-friendly" and "Rapid and Robust". Both 

require careful design, beginning with a thorough understanding of the user, their 



123 

 

capabilities, and the environment in which the device will be used. Even if the end 

user is a doctor, nurse, or community health worker, their level of expertise in 

operating devices and handling samples should not be assumed. The worst-case 

scenario involves a minimally trained operator using the diagnostic in a rural area 

with limited or no access to electricity, water, or additional medical equipment. In 

such cases, the steps from sample collection to result readout must be minimized 

and simplified, with automation being a desirable feature. 

First, sample collection must be feasible with minimal equipment and as non-

invasive as possible, to reduce the risk of infections. For this reason, saliva, urine, 

or sweat are preferred when applicable. When blood samples are necessary, capillary 

specimens are preferable due to easier collection and a lower risk of infection 

compared to venous or arterial samples, which require sterile syringes and 

heparinized test tubes. However, collecting capillary samples via fingerstick or heel 

stick yields smaller volumes and increases the likelihood of hemolysis. Nonetheless, 

this should not be a limiting factor, as smaller sample volumes also contribute to 

user-friendliness [44]. 

Second, after sample collection, the user should not be required to further process 

the sample [232]. Sample processing may involve centrifugation, reagent addition, 

bacterial enrichment, or nucleic acid amplification—procedures that require 

additional equipment and increase the risk of user errors. Such errors, in the worst 

case, can lead to unnoticed sample degradation, resulting in false results or the need 

to repeat the test. For measurements performed on plasma or serum, the separation 

of the corpuscular part can be accomplished on-device using plasma separation 

membranes, as demonstrated by recent studies, including the reflectance photometer 

cited in this thesis for TSB measurement and HCT estimation [109,178,233,234]. 

Regarding reagents, diagnostics requiring wet reagents often fail to comply with the 

A.S.S.U.R.E.D. criteria due to the need for additional equipment, which reduces 
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user-friendliness. Wet reagents also frequently require more stringent storage and 

handling conditions. Cold chain management, while essential for the proper 

distribution of many medical products like medicines and vaccines, is often 

inefficient and unreliable in developing countries [235]. When reagents are necessary 

to enable a measurement or to enhance sensitivity and specificity, dry chemistry 

offers a valid alternative due to its less stringent handling requirements and greater 

tolerance to ambient storage conditions and temperature fluctuations [236,237]. 

Third, device operation refers to the sequence of steps the user must follow to 

obtain a result after adding the sample. While full automation is the most desirable 

option, it typically increases system complexity and requires additional components. 

Lateral-Flow Assays (LFAs) and Paper-based Analytical Devices (PADs or µPADs) 

can be engineered to accept samples and automatically perform simple tasks, such 

as plasma separation or reagent addition, through the design of the paper or 

nitrocellulose substrates themselves [238]. Despite significant advances in 

microfluidics, paper functionalization, and the promising development of 

multiplexed assays, paper-based devices without electronics or power supplies are 

generally limited to providing qualitative or semi-quantitative results [239]. 

Common result delivery methods include antibody test lines, colorimetry, meter-

style distance scales, or counting-based systems [189,240–243]. Examples of these 

readout methods are shown in Figure 45. These methods enable diagnostic 

examinations to be completed at very low cost, typically quickly and automatically, 

using a single device that is also highly robust in terms of environmental and storage 

conditions. Moreover, such devices are inherently portable. However, their 

applicability is generally limited to analyses where "yes/no" results are sufficient or 

where semi-qualitative results provide meaningful information. Notable examples 

include pregnancy tests, SARS-CoV-2 tests, and blood typing tests, all of which are 

now commonly used, even for self-diagnosis. 
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Figure 45. Some conceptual examples of readout methods for LFAs and PADs. From left to right: 

colorimetric/test line method, distance-based readout, counting-based readout. 

In most cases, qualitative results are insufficient, particularly in situations where 

precise measurements are required, such as determining the concentration of an 

analyte or the viral load in a sample. The limitations of current "pure paper" 

diagnostics become insurmountable in these scenarios, especially considering the 

limited sensitivity and specificity of visual assessments, which can be influenced by 

lighting conditions, operator perception, humidity, and other factors [105,239,244]. 

Quantitative results can be obtained from LFAs and PADs by incorporating 

electronics to read the signal and calculate the result using a calibration curve. In 

this case, manufacturers may choose to compromise the Affordability and 

Equipment-free criteria in exchange for significant improvements in accuracy, 

Robustness, and User-friendliness [44]. Several studies have explored the use of 

commercial technologies, such as smartphones or scanners, as reflectance or color 

detectors, yielding promising results and growing acceptance [245–247]. However, 

concerns remain regarding repeatability and reliability, primarily due to the strong 

operator dependency introduced by these solutions. Variables such as changes in 

illumination intensity, distance between the sample and detector, the focal plane of 

lenses, and proprietary post-processing algorithms can result in inconsistent 

performance. Additionally, regulatory challenges surrounding the use of consumer 
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technologies as medical devices are still under debate and will likely take several 

years to be fully regulated and authorized [248–250]. 

For these reasons, the optimal choice for manufacturers often lies in developing 

dedicated, purpose-built external readers. By designing a solution from the ground 

up, the electronics and components can be carefully selected to achieve the desired 

features. While this may appear to increase complexity for the manufacturer, it is 

often more efficient than adapting existing, more complex, and non-specialized 

technologies like smartphones. In the simplest cases, an external reader may consist 

of a light source, a detector, a small display for reporting results, and a battery for 

power [19,251]. Furthermore, external readers allow for the detection and 

measurement of signals beyond colorimetric ones, which are typically the limit of 

smartphones and scanners. Recent literature highlights examples of electrochemical 

[252], chemiluminescent [253], and fluorescent [254] readouts. 

Another advantage of incorporating electronics, even if not overly simple, is the 

ability to ensure the traceability of each measurement, as well as the storage and 

transmission of results to another device, such as a computer or smartphone. While 

this feature may initially seem non-essential for extreme POC applications, it 

represents a significant improvement in usability for the user and reduces post-

analytic errors, such as patient mismatching, which benefits the patient [21]. 

In conclusion, manufacturers should focus on developing diagnostics by first 

understanding the environment and the intended user, whether that user is the 

patient or a healthcare worker with a certain level of skills and experience. The 

A.S.S.U.R.E.D. criteria provide a valuable benchmark for evaluating the design or 

prototype of a device. Their broad and high-level nature should be viewed not as a 

limitation but as an opportunity for flexibility and creative freedom in design. The 

key to interpreting these criteria lies in the context of the specific health issue being 

addressed, with the goal of maximizing all aspects while assigning the appropriate 
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priority to each. For instance, while affordability is a headline criterion, it may be 

compromised to achieve adequate performance or robustness. Similarly, perfect 

analytical performance may not be the primary objective if ensuring ease of delivery 

and minimal reliance on additional equipment is more critical. With these premises, 

the A.S.S.U.R.E.D. paradigm enables more than just technological guidance and 

induces the manufacturer to evaluate a clinical condition, with its complexities, and 

elaborate a technological solution to address it, rather than starting from technology 

and subsequently force it to adapt to a certain environment. On the other side, from 

the perspective of distributors, donors, and health systems, an A.S.S.U.R.E.D. 

compliant device could be perceived as a more optimal solution and may be favored 

in its diffusion, whether they directly care about A.S.S.U.R.E.D. or not. Ultimately, 

the focus on affordability from the manufacturer and the improved palatability for 

the other stakeholders together can transform a health condition from “non-

profitable” to financially viable and interesting, ultimately leading to a benefit for 

the population and for healthcare systems that can be supplied with effective and 

usable diagnostic solutions. 

4.4. THE ROLE OF DONORS, SUPPLIERS, AND NRAS: ENSURING 

THE QUALITY OF DIAGNOSTICS 

4.4.1. Protecting health systems and patients from 

substandard and falsified products 

The role of donors and NGOs in ensuring the availability of medical products, 

including diagnostics, is crucial in developing and lower-income countries. As 

discussed in previous sections, their contributions are often irreplaceable, as 

governments frequently lack the structural and financial capacity to effectively 

manage the importation and oversight of medical equipment. The complexities of 

the supply chain, combined with the numerous actors involved in the distribution 
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process, create opportunities for a shadow economy of dangerous and unregulated 

products. According to the WHO, substandard medical products are "authorized 

medical products that fail to meet either quality standards or their specification, or 

both," while unregistered medical products are "products that have not undergone 

evaluation and/or approval by the national or regional regulatory authority for the 

market in which they are marketed or used". Falsified medical products are defined 

as "products that deliberately or fraudulently misrepresent their identity, 

composition, or source" [255]. As these definitions suggest, not including falsified 

products, products can fall into these categories either through intentional 

malpractice or through negligence. Although substandard products are often the 

result of malicious intent, they can also arise from negligence or an inability to 

undergo proper quality assurance [256]. 

Substandard and falsified products affect virtually every country, regardless of 

income level, due to the vast trade in health and health-related goods. In fact, both 

the European and Americas regions are tied for second place in terms of the 

percentage of reports from quality surveillance networks, with the African region 

ranking first (Figure 46). 

 

Figure 46. The percentage of reports from each WHO region, data collected from 2013 to 2017. 

Adapted from [255]. 
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It is important to note that while the number of reports provides an estimate of 

the prevalence of substandard and falsified products, this figure also depends on the 

strength and efficiency of surveillance bodies in each region. As the saying goes, 

"the more one looks, the more one finds", making it likely that the real burden falls 

disproportionately on developing countries, which have fewer resources to detect 

and address these products. Substandard and falsified products are most commonly 

found where: i) access to quality and safe medical products is limited, ii) governance 

is weak and corruption is higher, and iii) the tools and technical capacity to enforce 

good practices are lacking. 

In summary, limiting the trade and use of substandard and falsified products 

requires preventing their manufacture, implementing systems and procedures to 

detect and remove them from the supply chain, and responding swiftly and 

proportionately to any incidents that arise. Each of these actions presents significant 

challenges and involves multiple stakeholders—from manufacturers to end-users—

at every step of the supply chain. Within the scope of this thesis, the discussion will 

focus on the role of manufacturers, the WHO’s Pre-Qualification program, and the 

NRAs of developing countries. 

4.4.2. NRAs maturity in LM ICs and registration of medical 

devices 

NRAs are responsible for overseeing the entry and use of medical products within 

their respective territories. Mature and well-structured NRAs in developed 

countries, such as the U.S. Food and Drug Administration (FDA), have established 

stringent procedures and requirements that manufacturers must meet to gain 

authorization for product sales. These agencies also implement extensive post-

market surveillance and quality assurance programs to ensure that medical products 

continue to meet safety and performance standards over time. Together, these 
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processes contribute to what is increasingly referred to as the "governance" of 

medical devices. 

In contrast, NRAs in LMICs are less developed, and their governance over health 

systems often lacks essential components. The two technology-related challenges 

discussed earlier—incompatible or outdated donated equipment and substandard 

and falsified products—are closely linked to the absence or inefficiency of regulatory 

and oversight bodies [201]. By 2012, 7% of African countries had a NRA in place, 

while 63% had limited or minimal regulation, and 30% had no regulation at all [257]. 

As of 2017, most African countries did not have NRAs listed in the WHO Global 

Atlas of Medical Devices, and only minimal improvements were noted in the 

subsequent 2022 edition (Figure 47) [258]. 

 

Figure 47. Existence of NRAs by WHO region. Adapted from [259]. 

Additionally, LMICs with some regulatory capability tend to focus more on 

overseeing medicines and vaccines than on medical devices and diagnostics [259]. 

Promising initiatives have been established over the past two decades, particularly 

in Africa, aimed at developing and harmonizing medical regulatory bodies across 

countries. These efforts not only strengthen governance but also promote market 

growth through streamlined and standardized procedures. Notable examples include 

the African Organization for Standardization (ARSO), the African Network for 

Drugs and Diagnostic Innovation (ANDI), the African Union (AU), and the United 
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Nations Economic Commission for Africa (UNECA) [257]. Recent progress has been 

made in the harmonization of medical device classification, a key principle of a 

mature NRA. Many African countries with established NRAs now use a risk-based 

classification system for medical devices, aligning with the systems used by the US 

FDA or the European MDR and IVDR [201]. However, significant gaps remain in 

procedural aspects. Most African NRAs either lack pre-market assessment 

procedures for diagnostics and medical devices or implement them in a limited 

capacity. Even in countries where such procedures exist, the requirements are often 

unique and inconsistent [260]. Similarly, post-market surveillance and device 

traceability are addressed in only a few countries and are frequently limited or 

inefficient in gathering information from the market or manufacturers [261]. This 

data confirms that, while harmonization with North American and European 

regulations is a positive step, it may not be sufficient for overall improvement. 

Developed countries' stringent regulatory authorities are capable of implementing 

comprehensive governance, covering both pre-market and post-market activities. In 

contrast, NRAs in developing countries face challenges such as insufficient and 

unstable funding, as well as inadequate personnel, knowledge, and technical 

expertise [259]. These constraints indicate that attempting to replicate the stringent 

regulations of Western countries may be overly complex and costly, both financially 

and in terms of time, even with support from organizations like the WHO or the 

Global Harmonization Task Force (GHTF). 

From the manufacturers' perspective, the fragmentation in regulatory processes 

and requirements presents a significant obstacle in terms of cost and time-to-market, 

thereby reducing their incentive to invest in solutions for developing markets. Since 

diagnostics, like other medical products, must be registered in each country where 

they are to be sold, manufacturers must navigate each country’s regulatory process 

by preparing separate dossiers, collecting different data, and complying with distinct 

laws. 
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Beyond the regulatory process itself, a significant obstacle is the time required to 

obtain authorization. Various, and sometimes conflicting, estimates are found in the 

literature, likely due to the absence of a standardized method for calculating 

approval times. One study reported an average of two years for Central and East 

African NRAs, while Western African NRAs showed shorter timelines of six to 

twelve months, provided prior approval was obtained in the EU [262]. Another 

study found similar timelines but noted that approval times were reduced to under 

a year after implementing a regulatory harmonization program for medicines [263]. 

In Southern African countries, approval times ranged from six months to nearly two 

and a half years, depending on the specific country, even after the launch of a similar 

harmonization initiative [264]. It is important to note that data specifically on 

diagnostics approval is limited, as these estimates primarily concern medicines and 

vaccines, which typically have longer timelines. Additionally, due to the complexity 

of how approval times are calculated by NRAs, these figures may not account for 

"queuing" time—the period between the application submission and the receipt of 

a first response—which could extend for several months [264]. 

Another significant factor is the cost of obtaining multiple approvals. As with 

timelines, estimating registration costs is challenging due to the limited availability 

of data from individual NRAs. It is likely that registration costs in LMICs are lower 

than in developed countries, with some estimates suggesting fees as low as a few 

thousand US dollars, and some NRAs not charging for this process at all [265,266]. 

Despite the scarcity of such data, it is plausible that cost is not the primary 

deterrent for manufacturers, or at least less so than the time required for approval. 

In conclusion, the fragmented landscape of regulatory agencies—characterized by 

uncertainty in time requirements and diverse pathways and regulations—serves as 

a significant deterrent for manufacturers. A promising solution, though still in its 

early stages, is the WHO’s Pre-Qualification program (WHO-PQ). Covering various 
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categories of medical products, including diagnostics, this program facilitates the 

broader diffusion of health products, offering a triple-sided benefit: improved health 

outcomes for patients, a smoother marketing process for manufacturers, and 

reassurance for donors that their contributions are safe, of high quality, and not 

falsified or substandard. It also provides substantial support for under-resourced 

NRAs in LMICs. 

4.5. THE ROLE OF WHO: PQ AS A FRAMEWORK TO MEET THE 

NEEDS OF ALL STAKEHOLDERS 

4.5.1. Evolution and impact 

The Pre-Qualification program was initially established in 1987 to assist UNICEF 

and other UN procurement agencies in ensuring the quality, safety, and efficacy of 

vaccines purchased for national immunization programs in developing countries. It 

was later expanded to include medicines in 2001, IVDs in 2008, and, most recently, 

vector control products in 2017 (Figure 48) [267]. According to WHO, the program’s 

aim is to "ensure that key health products meet global standards of quality, safety, 

and efficacy, in order to optimize the use of health resources and improve health 

outcomes". 
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Figure 48. The evolution of WHO-PQ over time. Adapted from [267]. 

With regard to diagnostics, WHO initially launched a precursor program, the 

“Test Kit Evaluation Programme”, to assess the performance of HIV diagnostics in 

African populations. This program was expanded in 2010 to cover diagnostics for 

other priority diseases and restructured in 2012 to include hepatitis, malaria, G6PD 

deficiency, cholera, and syphilis [268]. Today, WHO-PQ oversees more than 1,700 

products across four categories: IVDs and male circumcision devices, medicines, 

vaccines and immunization devices, and vector control (Figure 49) [269]. 

 

Figure 49. the scope of product streams prequalified by WHO. Adapted from [267]. 
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A global impact assessment of WHO-PQ conducted in 2019 [269] reported 

encouraging statistics. The program enabled the allocation of approximately $3.5 

billion in donor funds to procure safe equipment and medicines, benefiting around 

400 million additional patients annually. Furthermore, a cost-benefit analysis 

revealed that WHO-PQ generates savings through increased market competition, 

with a return of 30 to 40 times the investment. For certain products, such as first-

line antiretroviral therapy, the cost-benefit ratio was even more impressive, reaching 

170x. Additionally, the program has played a significant role in raising 

manufacturing standards in LMICs, which now account for more than 40% of all 

manufacturers with prequalified medicines and over 50% of those with prequalified 

vaccines. Prequalified diagnostics available on the market tripled from 25 to 70 

between 2013 and 2019, though less than 20% of diagnostic manufacturers are based 

in LMICs. Another notable contribution of the program is its role in strengthening 

health and regulatory systems in LMICs and harmonizing regulations among NRAs, 

which was also enabled by the training of more than 8000 regulators between 1997 

and 2017 across all regions. 

4.5.2. Overview of the prequalification process 

At a high level, the four streams share a common prequalification process, with 

variations depending on the product type. The process for diagnostics will be 

described in more detail. It consists of five steps, as outlined in Figure 50. 
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Figure 50. An overview of the prequalification process, valid for all product streams. 

Expression of interest (EOIs) 

First, WHO publishes an invitation for manufacturers to submit an expression of 

interest (EOI) for product evaluation. Each product stream has its own EOIs, listing 

specific products with defined characteristics. It is important to note that any 

manufacturer can respond to an EOI, but they cannot submit products not covered 

by the EOI. Therefore, the responsibility of defining which diagnostics are 

considered "essential" and outlining their performance characteristics rests solely 

with WHO. Additionally, WHO is committed to informing manufacturers of a 

product's eligibility after receiving an initial pre-submission form. EOIs are typically 

open and accessible for extended periods, often years, depending on the product 

stream. 

Application submission 

WHO informs the manufacturer of the type of assessment applicable to the 

specific submission. Products that have already been approved by stringent 

regulatory authorities, such as those in the USA, EU, Japan, or Australia, may 

qualify for an "abridged assessment," which requires less documentation, time, and 

ideally lower costs for the manufacturer. For diagnostics, WHO allows abridged 
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assessments if key characteristics—such as intended use, test procedure, labeling 

and instructions for use, design, and manufacturing site—are identical between the 

previously approved version and the submitted version. 

In all other cases, a full assessment is required. The manufacturer must submit a 

"product dossier," which generally aligns with the product master file or standard 

technical documentation required by FDA or EU regulations. Essentially, the 

manufacturer must demonstrate how the diagnostic was developed, designed, 

validated, and manufactured, and provide information on their quality management 

system, following the "Essential Principles of Safety and Performance of Medical 

Devices and IVD Medical Devices" established by the International Medical Device 

Regulators Forum. If WHO identifies gaps in the submission, the manufacturer 

must provide the additional information within a specified timeframe. 

Dossier assessment and manufacturing site inspection 

For a full assessment, the product dossier is reviewed to determine the 

diagnostic's performance, manufacturing process, and the adequacy of the quality 

management system. A critical point is that performance and operational 

characteristics are evaluated either in a WHO collaboration center or an external 

laboratory designated by the manufacturer, with specific consideration for use in 

resource-limited settings. This aspect contributes to the uniqueness of the WHO-

PQ procedure and has fostered trust among NRAs and procurement agencies over 

time. Following the dossier review, WHO conducts an on-site inspection of the 

manufacturing facility indicated by the manufacturer, in relation to the ISO 

13485:2017. 

For abridged assessments, the manufacturer is not required to submit the full 

quality management system information, and the on-site inspection is shorter, 

focusing primarily on key processes at the specific site. In both types of assessments, 

labeling is also evaluated in parallel. 
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Product listing 

Upon successful completion of the assessment, the product is added to the 

publicly accessible WHO List of Prequalified IVDs. This list includes details such 

as the commercial name of the diagnostic, its code and regulatory version, the 

inspected manufacturing site, the manufacturer's name, product packaging, and the 

date of prequalification. 

However, the product may be delisted or suspended if the manufacturer fails to 

meet post-market conditions and responsibilities. 

Post-prequalification maintenance and monitoring 

The manufacturer is responsible for annual reporting on post-market surveillance, 

notifying WHO of any relevant product changes, preparing the specified 

manufacturing site for subsequent inspections, and maintaining compliance with 

WHO-PQ technical specifications. Additionally, WHO may share information 

related to the prequalification process and outcomes with interested NRAs, ensuring 

confidentiality, and may conduct joint reviews with NRAs as part of the assessment 

process. 

Times and costs associated with WHO-PQ 

As discussed in the previous section, time is a critical factor for manufacturers 

interested in accessing LMIC markets. To address this, WHO publishes timelines 

and response times for both WHO and the manufacturer at each stage [270]. For a 

full assessment, WHO’s target timeline is 270 calendar days, or 350 days if an 

external performance evaluation or WHO-coordinated evaluation is selected. For 

abridged assessments, timelines are reduced to 100 and 180 days, respectively. Each 

assessment step has its own timeline. For instance, WHO sets a 30-day timeline to 

evaluate the pre-submission form from the date of receipt, after which the 

manufacturer has 30 days to provide any additional information, followed by 

another 30 days for WHO to respond with the pre-submission outcome. During the 
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dossier review, WHO has 90 days to provide a response, with parallel timelines set 

for the performance evaluation and manufacturing site inspection steps. 

These detailed timelines, though somewhat complex, offer a significant advantage 

for manufacturers by enabling them to forecast and schedule each step with notable 

accuracy—something often unachievable with NRAs, which may have widely 

variable and unpredictable timelines. Additionally, if a manufacturer causes 

unjustified delays, WHO states that the application may be canceled, although 

specific handling procedures and acceptable justifications for extensions are not fully 

disclosed. On its part, WHO-PQ aims to meet these timelines at least 80% of the 

time. 

Another key factor is the cost of WHO-PQ for manufacturers. According to WHO 

[271] , the fees cover part of the costs associated with various assessment activities. 

Most WHO-PQ funding comes from donors like Unitaid and the Bill and Melinda 

Gates Foundation; however, the specifics regarding donation amounts, the 

grantmaking mechanism, or whether donations are general or allocated to specific 

streams, products, or diseases remain unclear [46]. WHO views prequalification as 

a service for other UN agencies, explaining that the overall financial support is 

primarily sourced from these organizations, with assessment fees providing 

additional support. 

For diagnostics, WHO charges $5,000 for dossier screening and between $8,000 

and $12,000 for full and abridged assessments, respectively. There is also an annual 

fee of $4,000 for each product listed on the List of Prequalified IVDs. In addition to 

these fees, manufacturers must often bear significant costs for dossier preparation, 

device testing, and any clinical trials or field evaluations, which may easily exceed 

the WHO fees and exclude costs related to the design and development of the 

diagnostic. 
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It is difficult to determine whether these fees are ultimately beneficial or 

detrimental from a manufacturer’s perspective [43]. On one hand, while a 

manufacturer may be willing to pay for prequalification, these costs would likely be 

passed on to the product price, potentially limiting its affordability for donors and 

procurers and reducing accessibility for health systems or patients who pay out-of-

pocket. Some manufacturers may even opt out of prequalification, choosing instead 

to pursue alternative regulatory paths, such as direct registration with individual 

NRAs. On the other hand, eliminating the fees could result in longer timelines, 

which could again impact the affordability and availability of quality-assured 

diagnostics on the market. 

This overview of the prequalification process, along with the accompanying 

comments, provides a description of WHO-PQ from WHO’s perspective. While the 

full impact of the program has yet to be thoroughly measured, the prerequisites for 

its success are in place, with positive outcomes anticipated for those who need them 

most—namely, the populations of developing countries and their health systems. 

However, at present, a manufacturer with a prequalified diagnostic is still required 

to complete the standard assessments by the NRAs of each country where they plan 

to market the device. This additional step leads to duplicated efforts, significant 

loss of time and money, and offers no tangible benefit to the manufacturer. 

Consequently, prequalification remains primarily an additional certification that, 

according to WHO’s own vision, enhances the manufacturer’s technical capacity 

and expands sales and market opportunities [272]. While these assumptions are 

certainly valid, in practical terms, prequalification alone does not authorize the 

manufacturer to sell diagnostics in countries with even minimal regulations 

governing medical equipment and diagnostics distribution. 



141 

 

4.5.3. Collaborative Procedure for Accelerated Registration 

(CRP) 

The term “collaborative procedure for accelerated registration” first appeared in 

2013, describing an initiative between WHO and NRAs to streamline the 

registration of prequalified products. By facilitating regulated and enhanced 

information sharing, this procedure allowed for faster registration of prequalified 

products, reducing redundant work for both manufacturers and NRAs [273]. 

Initially, the program’s scope was limited to finished pharmaceutical products, 

meaning medicines in their final dosage form that have undergone all production 

stages, including final packaging and labeling. The CRP is based on three core 

principles: i) voluntary participation, where manufacturers opt to apply for 

accelerated registration of one or more products in specified countries; ii) 

confidentiality, ensured through an agreement authorizing WHO to share 

prequalification assessment reports with designated NRAs; and iii) product 

consistency, where the product submitted for CRP must be identical to the version 

that received prequalification or approval from a stringent regulatory authority. 

When a CRP agreement is signed among WHO, the manufacturer, and the involved 

NRA(s), the NRA’s role is simplified by only needing to confirm the product’s 

consistency with the prequalified version, thereby avoiding a full quality, safety, and 

performance assessment. This “surveilled sharing” mechanism is highly valuable for 

manufacturers, saving time, effort, and money. Among the responsibilities of the 

participating NRA(s) is a 90-day timeline from the receipt of documentation to 

inform WHO and the manufacturer of their registration decision, followed by an 

additional 30 days to complete the product registration. While the time needed to 

obtain WHO-PQ must still be considered, this added CRP period is likely viewed 

favorably by manufacturers seeking simultaneous registration in multiple countries. 

Importantly, it remains vastly shorter than the standard timelines required for a 

“from-scratch” registration. 
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In 2019, a pilot CRP project for diagnostics was launched, involving five selected 

African countries and applying the same principles as the original procedure for 

finished pharmaceutical products [274]. 

The three primary stakeholders remain the manufacturer, WHO, and the 

participating NRA(s). The principle of sameness for diagnostics encompasses the 

product name, regulatory version, product code, manufacturing site, quality 

management system, design, and data on quality, safety, and performance. WHO 

encourages the manufacturer to submit the same dossier used for prequalification 

and, in parallel, advises the NRA(s) to accept this format to reduce additional 

requests and harmonize requirements across countries. In turn, WHO shares the 

outcomes of each step of the prequalification process, maintaining confidentiality 

and usage restrictions (Figure 51). 

 

Figure 51. An overview of the steps required to obtain the registration of a diagnostic via CRP. 

Currently, NRAs from 31 countries participate in the diagnostics CRP, including 

26 from Africa (representing roughly half of all African nations), with the remainder 

from South Asia and the Middle East. 
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While no official reports or documents have yet been released by WHO or other 

trusted sources on the impact of the diagnostics CRP, it is reasonable to speculate 

that it serves as a highly encouraging tool for advancing diagnostic access in 

developing countries, benefiting nearly all stakeholders involved in the process. 

For manufacturers, WHO Pre-Qualification provides a cost-effective and timely 

means to assess the quality, safety, and performance of their diagnostics, if these 

devices are included in the Expression of Interest. By subsequently applying for 

CRP, manufacturers can avoid the burden of duplicated work, uncertain timelines, 

and varying requirements, enabling full marketing authorization in participating 

countries. Although manufacturers are still required to pay individual registration 

fees, these costs may be outweighed by the advantages of streamlined registration. 

Donors and procurement agencies benefit from a broader selection of prequalified 

diagnostics, supported by market competition, while maintaining the assurance of 

quality. This advantage is significant, as WHO-PQ functions primarily as a service 

for donors, who are also the main funders of the program. 

For NRAs, WHO’s emphasis on harmonized assessment procedures during CRPs 

offers potential benefits in expertise and knowledge, as NRA staff gain experience 

through dossier review and inspection outcomes, as reported by WHO [274]. 

4.6. CONCLUSIONS 

The first two sections of this chapter presented data and statistics highlighting 

some of the well-known disparities between wealthier and poorer regions, as well as 

additional insights not commonly recognized by those in more privileged parts of 

the world. Addressing health conditions in developing countries and LMICs is an 

extremely complex challenge, given the multitude of factors involved beyond 

disease, including the interests and actions of diverse stakeholders. Effective 

improvement requires leveraging these interests, though they often differ and may 
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even conflict. Manufacturers, donors and procurement agencies, NRAs, health 

systems, and patients pursue distinct goals, which encompass both health and 

economic outcomes. 

Diagnostics are of invaluable importance for individual and public health, and 

several initiatives have been established to ensure effective and safe diagnostics 

reach resource-constrained settings. Among these, donations have shown significant 

conceptual limitations and were widely criticized, including by WHO, which 

published guidelines in 2011 to better define and regulate this practice [220]. 

Achieving a meaningful impact on diagnostic diffusion requires both technological 

and regulatory/policy solutions. A purely technology-driven approach often 

overlooks the specific needs of LMICs, while a purely regulatory or surveillance-

focused approach can improve market entry but may not ensure diagnostics are 

suited to the unique conditions in developing countries. The A.S.S.U.R.E.D. criteria 

offer manufacturers a valuable, user-oriented guideline, useful from design to 

evaluation. Despite some criticism regarding its techno-centric approach, which may 

emphasize cost-effectiveness over inclusivity [45], the criteria show promise when 

thoughtfully applied. However, even an A.S.S.U.R.E.D.-compliant diagnostic cannot 

be accessible if time and costs delay delivery by years due to limited or fragmented 

regulatory pathways. 

In this regard, WHO’s Prequalification of IVDs offers a promising framework, 

with an impactful track record in other medical products like vaccines and 

medicines. Donors and procurement agencies, both suppliers and, to some extent, 

beneficiaries of WHO-PQ, rely heavily on this certification and look to broaden its 

scope. Additionally, WHO-PQ reduces the risk of purchasing and distributing 

substandard and falsified products, a persistent and complex issue. 

The Collaborative Registration Procedure (CRP) for IVDs, as a natural extension 

of WHO-PQ, enables manufacturers and NRAs to significantly expedite the 
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authorization process while maintaining quality and safety standards. It also reduces 

duplicated efforts for both parties while enhancing NRA capacities. Together, these 

tools create a pathway for increasing diagnostic access in LMICs, requiring 

collaboration across all stakeholders. By promoting affordable, high-performance 

solutions through Prequalification and facilitating delivery through CRP, WHO 

enables manufacturers to see potential returns on investment in LMICs while 

improving access for patients and healthcare providers, ultimately reducing the 

disparity with developed regions. 

  



146 

 

Chapter 5. CONCLUSIONS 
 

This thesis presents the studies and experiments conducted to achieve three main 

objectives: i) the measurement of total serum bilirubin in neonates using a simple, 

portable device based on two-wavelength diffuse reflectance photometry, with a 

focus on hemoglobin interference compensation; ii) the estimation of neonatal 

hematocrit through a novel approach; and iii) a review of the current state of 

diagnostic diffusion in resource-constrained settings, particularly in developing 

countries. 

For the first objective, an in-depth analysis of the clinical burden of Neonatal 

Hyperbilirubinemia (NH) revealed significant disparities in diagnosis and 

management between wealthier and lower-income countries, where the latter 

experience the vast majority of neonatal and children’s deaths and life-long 

impairments. Following a review of existing bilirubin measurement methods and 

their feasibility in LMICs, direct spectrophotometry, specifically diffuse reflectance 

photometry, was selected as a promising approach for these settings. However, it 

was demonstrated that interference from analytes, primarily hemoglobin, limited 

the method’s accuracy and reliability. To address this limitation, a preliminary 

study on hemoglobin compensation was conducted using a two-wavelength 

photometer (465 and 570 nm) without the use of reagents or complex hardware. A 

novel algorithm was developed, reducing interference errors from 94% to 15.4% in 

the worst case, thereby demonstrating the feasibility of compensation despite a 

limited sample panel and moderate accuracy. Nonetheless, using 570 nm as the 

compensation wavelength was determined to be sub-optimal due to its slight 

dependency on bilirubin concentration. To overcome this limitation, further 

investigation was undertaken to identify the optimal compensation wavelength. 

Three additional wavelengths (575, 590, and 605 nm) were compared to the original 
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570 nm one under two criteria: independence from bilirubin and sensitivity to 

hemoglobin concentration. The results demonstrated that 590 nm offered superior 

independence from bilirubin while maintaining adequate sensitivity to hemoglobin 

concentration, making it a more suitable choice. Subsequently, the optimized 

algorithm was tested on a broader sample panel encompassing clinically relevant 

bilirubin ranges to validate the instrument's improved accuracy and robustness. The 

findings confirmed enhanced accuracy and the validity of the algorithm across nearly 

the entire range of clinically significant bilirubin concentrations (4.96 to 28.00 

mg/dl). An additional study examining temperature effects on the two original 

wavelengths revealed notable environmental influences. Specifically, while the 465 

nm wavelength exhibited linear temperature dependence, the 570 nm wavelength 

showed quadratic dependence, with higher temperatures progressively increasing 

overestimation errors. These findings will support the design and development on a 

temperature effect compensation algorithm, in coherence with the ultimate aim of 

ensuring proper accuracy and robustness of diffuse reflectance photometers for 

point-of-care bilirubin measurement. 

For the second objective, the critical need for rapid, accurate, near-patient 

hematocrit screening was identified, and current hematocrit measurement methods 

were examined highlighting their limitations relatively to resource-constrained 

settings. Using the same two-wavelength reflectance photometer, the study tested a 

panel of whole blood samples at various hematocrit levels, leading to a novel 

approach for fast, automated neonatal hematocrit screening. Such approach was 

based on plasma penetration velocity in lateral flow membranes and eliminated the 

need for any treatment or manipulation of the sample. The results were promising, 

as this approach covered the full reference range for neonatal hematocrit, namely 

30 to 60%. While accuracy was not yet sufficient for diagnostic purposes (r = 0.87, 

p < 0.001, and a mean absolute error of 4.29%) the findings demonstrated 

substantial potential for screening applications. This potential was particularly 
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evident in terms of very short turnaround times, minimal sample volume required, 

reduced per-analysis cost, and usability. 

Lastly, this thesis investigated the complex challenges and barriers to the 

diffusion of in-vitro diagnostics (IVDs) in LMICs. Key roles and responsibilities of 

manufacturers, supranational organizations, and National Regulatory Agencies were 

examined, and a series of cohesive technological and regulatory solutions was 

proposed. In particular, the A.S.S.U.R.E.D. guidelines developed by WHO provide 

a framework to assist manufacturers in designing devices tailored for the developing 

world in a sustainable manner, considering investments, complexity, and usability. 

While these guidelines do not address regulatory aspects, the WHO’s 

Prequalification Programme, combined with the Collaborative Registration 

Procedure, offers a more efficient and comprehensive pathway for manufacturers to 

achieve regulatory compliance in regions with incomplete or non-harmonized 

regulations. Additionally, this framework ensures a reliable and trustworthy source 

of diagnostics for procurement by less structured governments and suppliers. These 

solutions are intended to facilitate the delivery of safe, high-quality diagnostics to 

resource-limited settings. 

The main findings of this thesis have promising implications for improving NH 

management in LMICs, where the burden is greatest, by introducing a cost-effective, 

user-friendly, and accurate method for neonatal bilirubin measurement, specifically 

designed to be used in such environments. Additionally, the innovative hematocrit 

screening algorithm offers valuable clinical insight at no additional cost in terms of 

sample volume, time, or equipment. Finally, the proposed technological and 

regulatory tools provide a framework that may support more effective diagnostic 

diffusion, potentially enhancing the overall quality of healthcare services in 

developing countries.  
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