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Abstract 

Detection of infection with Mycobacterium leprae allows timely prophylactic treatment, 

thereby reducing transmission as well as the risk of permanent, leprosy-associated nerve 

damage. However, since there is no worldwide-implemented standard test for M. leprae 

infection, detection of infection in asymptomatic individuals remains a major challenge for 

control programs in endemic areas. In previous studies, we developed and field-tested a 

lateral flow assay (LFA) quantitatively detecting human IgM against M. leprae-specific 

phenolic glycolipid I (anti-PGLI), a marker for both active and past infection. This rapid test 

utilizes luminescent, background-free, up-converting reporter particles (UCP) and 

immunochromatography (i.e. the UCP-LF test platform) for accurate quantitation of anti-

PGL-I IgM without operator bias. The aim of this study was to evaluate the final version of 

this quantitative UCP-based rapid test (i.e. PGL-I QURapid), using serum and fingerstick 

blood (FSB). The test comprises a lateral flow strip, in a standard plastic or biodegradable 

cassette. It can be provided with a humanized, recombinant control to monitor test 

performance and calculate accurate anti-PGL-I IgM levels. The performance of this QUR-

test was assessed using serum and FSB from patients with leprosy (n = 214), tuberculosis 

(n = 20), buruli ulcer (n = 19), leishmaniasis (n = 14), non-tuberculous mycobacterial (n = 

35) infections, as well as healthy Dutch individuals (n = 710) and humanized, recombinant 

anti-PGL-I IgM antibodies. Plot receiver operating characteristic curves were created and 

sensitivity (Sn), specificity (Sp) and the area under the curve were calculated to evaluate 

test performance. Test results classified multibacillary leprosy patients with 95.0% Sn and 

100% Sp using serum and 91.5% Sn and 99.8% Sp using FSB. Qualitative test results could 

be read after 2 min flow time, with accurate quantitation from 10 min onwards. The new anti-

PGL-I IgM control supports production of batches with predetermined seropositivity 

thresholds and monitoring of the PGL-I QUR-test in various settings. The operational version 

of the PGL-I QURapid with point-of-care applicability, meets the WHO target product profile 

criteria. Thus, this QUR-test is ready for public health implementations. 
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Introduction 

Leprosy is a neglected tropical disease (NTD) caused by Mycobacterium leprae or M. 

lepromatosis affecting the skin and the peripheral nerves (1-3). Despite the available 

multidrug therapy (MDT) – which can effectively kill M. leprae when treatment is started in 

time  – leprosy remains a significant health problem in endemic areas where about 200,000 

new cases are reported annually from over 120 countries (4, 5). The World Health 

Organization (WHO)’s Global Leprosy Strategy 2021-2030 aims to significantly reduce the 

number of new cases with grade 2 disability and new child cases by focusing on early 

detection of disease and interruption of transmission (6). To achieve the latter, it is vital to 

identify and prophylactically treat M. leprae infected individuals (to prevent progression to 

leprosy disease) as well as therapeutically treat leprosy patients (7, 8).  

Leprosy diagnosis is still dependent on the identification of clinical symptoms and studies 

have shown that health practitioners lacking sufficient experience in clinical leprosy, may not 

recognize disease symptoms (5, 9). In addition, detecting M. leprae infection in individuals 

without clinical symptoms remains a major challenge for control programs in endemic areas. 

In this respect, the use of different tests to detect infection, in particular variable analyses, 

assays, or qualitative measurements only, furthermore impedes comparison of M. leprae 

infection rates globally (10). The most severe form of leprosy (multibacillary) is characterized 

by numerous antibodies (11), in particular immunoglobulin M (IgM), whereas IgG and IgA 

are detected mostly in lower levels and in patients only (12). Blood levels of IgM against M. 

leprae-specific phenolic glycolipid I (anti-PGL-I), correspond to an individual’s bacterial load 

(11), thereby allowing detection of M. leprae infection as well as treatment monitoring of MB 

leprosy patients (11, 13, 14). However, most PB patients are able to kill M. leprae efficiently 

and therefore do not mount antibody responses directed against PGL-I (1, 11, 15-17). 

Furthermore, besides detecting infection with M. leprae, anti-PGL-I antibodies were also 

detected in leprosy patients and red squirrels infected with M. lepromatosis (unpublished 

data and (18)).  

Since M. leprae infection in young children is recent by definition, anti-PGL-I seroprevalence 

in healthy young children could be a proxy of transmission in a population (10, 19). 

Therefore, the WHO-Task Force on definitions, criteria and indicators for interruption of 

transmission and elimination of leprosy recommends to consider using anti-PGL-I 

seroprevalence in children as a criterium for monitoring (interruption of) transmission in 

areas aiming at elimination of leprosy (20). Additionally, seroprevalence has potential to 

assess the effect of interventions like post-exposure prophylaxis at population as well as 

individual level. For all applications (quantitative) assessment of anti-PGL-I-serology is 

essential. Thus, availability of a collectively acceptable user-friendly test would facilitate 

strategies to uniformly measure infection. 

Given the fact that leprosy particularly affects poor communities in low-resource settings, a 

rapid, low-complexity, field-friendly diagnostic test is needed to identify infected individuals. 

Other tests developed so far, are either qualitative or not rapid (Supplementary table 1) (11, 

21-25). Therefore, we have developed a robust, user-friendly test to quantitatively detect 

anti-PGL-I IgM using up-converting phosphor (UCP) technology in a low-cost LFA format 

3

1



Chapter 3 

48 
 

(11, 16, 17, 26, 27). Previously, the anti-M. leprae PGL-I UCP-LFA (PGL-I UCP-LFA) has 

been used in a serosurvey among 1857 children in India (19) where it was well-accepted for 

field work. Currently, this quantitative UCP-based rapid test (i.e. PGL-I QURapid) is applied 

in a clinical trial in Bangladesh (NCT06222372: 03/01/2024; 

https://clinicaltrials.gov/study/NCT06222372) and evaluated in ongoing field studies in 

Brazil, Bolivia, Indonesia, Nepal, and Madagascar. The basis of the UCP-LFA is formed by 

ultrasensitive reporter particles (28), which, upon excitation by IR light, up-convert the 

energy to give a visible 550-nm green emission. Since no biological specimen in nature up-

converts low-energy IR light, UCP applications are unaffected by specimen background and 

display excellent signal-to-noise ratios (29). This QUR-test does not require sophisticated 

analytical laboratory equipment or elaborate staff training and portable battery-operated 

readers provide full instrument-assisted analysis. In view of field and point-of-care/point-of-

contact (POC) applications, the assay utilizes a minimally invasive fingerstick blood (FSB) 

sample. The PGL-I QURapid allows convenient storage at ambient temperature and 

worldwide shipping without the need for a cold chain.  

Here, we analyze serum and FSB samples from patients with leprosy. For specificity 

purposes, sera from patients with other mycobacterial infections, such as tuberculosis (TB) 

or buruli ulcer (BU), as well as non-tuberculous mycobacterial (NTM) infections were 

similarly assessed. Also, as leishmaniasis is included in the differential diagnosis of leprosy 

(30) and as both diseases overlap geographically, sera of leishmaniasis patients were 

included.  

For the optimization of the performance of any quantitative test, the determination of the 

threshold for positivity is essential. Therefore, the optimally required sensitivity 

(Sn)/specificity (Sp) as defined in a target product profiles (TPP) published by the WHO in 

2023 were used as initial targets for this study (ideal: ≥ 94% Sn; ≥ 99.9% Sp) (31). Since a 

robust quality control is vital for monitoring test performance, humanized, recombinant anti-

PGL-I IgM was developed, to allow normalization of threshold values between batches of 

the PGL-I QURapid.  

We present an operational QUR-test for the detection of M. leprae infection which can be 

made available for research- and largescale population studies and clinical trials. This study 

aims to describe the performance of this new QUR-test in detail, regarding its optimal flow 

time, reproducibility, robustness, sensitivity and specificity. Importantly, the PGL-I QURapid 

can be used for different applications and populations, providing a significant tool for multiple 

use cases in the leprosy field worldwide. 

 

Methods 

Samples. Biobanked samples were derived from the following study groups (Table 1): 

Leprosy patients. Serum/plasma and FSB samples from newly diagnosed leprosy patients 

recruited between June 2013 and May 2022 in leprosy endemic areas in the Northwest of 

Bangladesh (13, 17, 32, 33), were tested. Patients were diagnosed according to the National 

Leprosy Control Program (32). Patients with five or fewer skin lesions were grouped as 

paucibacillary (PB), whereas patients with more than five skin lesions were grouped as 
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multibacillary (MB) leprosy. In this study, PB patients with a bacterial index (BI) of 0 (n = 76) 

and MB patients with a positive BI (1-6; n = 133) were included. From leprosy patients 

recruited in the Netherlands (n = 5), FSB samples were collected on a voluntary basis 

between January 2020 and February 2023 at the Department of Dermatology, Erasmus MC, 

University Medical Center (EMC), Rotterdam, the Netherlands (26). Leprosy in the 

Netherlands was diagnosed based on clinical examination, histopathology of skin biopsies 

and PCR of skin biopsies, using anti-PGL-I serology and microbiological testing as adjunct 

diagnostic tools. Additionally, leprosy histology of biopsies was applied for classification 

according to Ridley and Jopling (34).  

TB patients. Serum samples from TB patients (n = 20) during or after treatment, recruited 

between January 2002 and January 2003 at the Leiden University Medical Center (LUMC), 

Leiden, the Netherlands (35, 36) were included.  

Leishmaniasis patients. Serum samples of leishmaniasis patients were either sent to the 

Clinical Microbiological Laboratory of the Department of Medical Microbiology, LUMC, 

Leiden, the Netherlands, for routine leishmaniasis diagnostic testing (n = 7) (37) or collected 

from PCR- and/or microscope-confirmed leishmaniasis patients at the Department of 

Medical Microbiology and Infectious Diseases, EMC, Rotterdam, the Netherlands (n = 7) 

(38). 

Buruli ulcer (BU) patients. Serum samples from BU patients (n = 19) were obtained from 

the Swiss Tropical and Public Health Institute, Allschwil, Switzerland, and collected from 

villages within the Obom subdistrict of the Ga-South district of Ghana (39). IS2404 PCR was 

used to confirm infection with Mycobacterium ulcerans. Lesions were classified following the 

WHO classification (40). 

Patients infected with non-tuberculous mycobacteria (NTM). Sera from individuals with 

various NTM infections (n = 35) were collected between March 2000 and March 2003 at the 

Department of Infectious Diseases, LUMC, Leiden, the Netherlands (41-44). 

Healthy controls. FSB (n = 500) and serum (n = 115) samples of health care workers from  

three hospitals in the Netherlands (LUMC, Radboud University Medical Center and 

University Medical Center Utrecht) who participated on a voluntary basis in a BCG-

vaccination trial during the COVID-19 pandemic (45), were selected as non-endemic 

controls (NEC). This included an even division of samples derived from either BCG- or 

placebo-vaccinated health care workers 12 weeks after vaccination. In addition, serum 

samples from Dutch healthy blood bank donors (n = 95) were tested.  
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Table 1. Characteristics of participants’ samples 

Overview of the different samples tested including country of sampling, number of individuals, age mean 

(range), and sex (% female). BU: buruli ulcer; Leish: leishmaniasis; na: not available; NTM: non-tuberculous 

mycobacterial infection; TB: tuberculosis. *median 

 

Quality control samples. As part of the quality control for the PGL-I QURapid, sera of 

clinically-diagnosed leprosy patients were selected based on their anti-PGL-I IgM levels in 

standard anti-PGL-I IgM ELISAs (11, 21): anti-PGL-I IgM highly seropositive (High; n = 2), 

medium (Med; with an OD around the cut-off for seropositivity in ELISAs; n = 1. Seronegative 

(Neg; n = 2) samples included were from healthy Dutch blood bank donors without travel 

history to leprosy endemic areas. These control samples were also used to assess intra- 

and inter-operator variability of the assay. “Inter-operator variation” was here defined as the 

amount of variation between the results obtained by three operators testing the same 

sample using the PGL-I QURapid (each preparing their own dilutions). “Intra-operator 

variation” was referred to as the amount of variation in the test results when one operator 

tested the same samples more than once (e.g. replicates in the same experiment and over 

multiple days). Anti-PGL-I IgM highly seropositive, medium and seronegative control sera  

and FSB samples were analyzed at 2, 5, 10, 20, 60 minutes and 24 hours after sample 

addition to determine the effect of time after start of sample flow until measurement for the 

PGL-I QURapid. As a control, humanized, recombinant anti-PGL-I IgM produced by 

hybridoma technology (Eurogentec, Seraing, Belgium; stock concentration: 1 mg/ml) was 

used.   

 

PGL-I QURapid. Individually packaged UCP-LFA cassettes for detection of human anti-

PGL-I IgM antibodies were produced by MaximBio (Rockville, MD, USA) as described 

previously (19). The air-tight pouches with test cassettes contained silica dry packs allowing 

extended shelf life and protection against humidity. The Test (T) line on the LF strip 

(nitrocellulose membrane; Sartorius UniSart CN95) comprised 100 ng of synthetic PGL-I, 

phenolic trisaccharide functionalized with a hexanoic acid linker for conjugation to BSA 

(NPT1-H-BSA; Leiden, the Netherlands (21)). The flow-control (FC) line comprised 100 ng 

rabbit anti-goat IgG (G4018; Sigma-Aldrich, Inc., St. Louis, MO, USA). Goat IgG specific for 

anti-human IgM (I0759; Sigma-Aldrich, Inc., St. Louis, MO, USA) was conjugated to 

polyacrylic acid functionalized UCPs [200 nm, NaYF4:Yb3+, Er 3+; Intelligent Material 

Solutions Inc. (IMS); Princeton, NJ, USA MS] according to previously described protocols at 
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a concentration of 50 μg antibody per mg UCP (16). Stock solutions were kept at 4 ℃ until 

use. To dry the UCPs onto the glass fiber conjugate-release pad, the material was diluted in 

a buffer containing 100 mmol/L Tris pH 8.0, 270 mmol/L NaCl, 10% (w/v) sucrose, 1% (w/v) 

BSA, 0.5% Tween-20, and striped at a density of 100 ng/mm. Components were mounted 

on plastic backing cards which were cut into LF strips of 4.8 mm width by 6 cm length, added 

to an appropriate cassette, and individually sealed in a pouch together with a silica dry pack.  

 

UCP-LFA. 50 µl of the 50-fold diluted FSB or serum/plasma sample or diluted recombinant 

anti-PGL-I IgM stock was added to the test to initiate LF. QUR-tests were analyzed using a 

battery operated UCP-adapted portable lightweight standalone reader (ESEQuant LFR 

adapted for UCP; DIALUNOX, Stockach, Germany). Results were calculated as the ratio 

value (R) between test line (T) and flow control line (FC) signal based on relative 

fluorescence units (RFUs) measured at the respective lines.  

 

Statistical analysis. The statistical software GraphPad Prism version 9.0.1 for Windows 

(GraphPad Software, San Diego, CA, USA) was used to perform statistical analysis. Mann-

Whitney U and Kruskal-Wallis tests were performed to determine the statistical significance 

between two and three independent groups, respectively. Plot receiver operating 

characteristic (ROC) curves were created and Sn, Sp and the area under the curve (AUC) 

were calculated to evaluate test performance. According to analyses described in our 

previous research on UCP-LFAs (16, 17, 33, 46), the Youden’s index (47) was used to 

assess cut-offs for anti-PGL-I IgM seropositivity in serum/plasma and FSB samples for this 

QUR-test batch. However, the WHO TPP published in 2023 (31) was leading in terms of 

required minimum Sn/Sp for establishing a cut-off. An indecisive range was determined by 

calculating a lower-specificity cut-off (average of a set of negative controls + 2 × SD) and a 

high-specificity cut-off (the highest of a set of negative controls + 2 × SD) using R-values 

below the 99th percentile (48).  

 

Ethics. Ethical permission for leprosy patient samples was received from the national 

Research Ethics Committee (Bangladesh Medical Research Council) in Bangladesh (Ref 

no. BMRC/NREC/2010-2013/1534) (15) and local ethical boards in the Netherlands (MEC-

2012-589). Anonymized use of residual serum samples of leishmaniasis patients for 

scientific purposes was granted by the Medical Ethics Review Board of the EMC, Rotterdam, 

the Netherlands (MEC 2012-047 and MEC-2015-306) and institutional review board (IRB) 

of the LUMC, Leiden, the Netherlands (B21.048). The biomaterial and associated clinical 

data of donors collected in the LUMC healthy voluntary donor service (LuVDS) are released 

for research purposes only, after being approved by the IRB. The LuVDS Biobank is stored 

in, and direct use coordinated by, the central biobanking facility at the LUMC, Leiden, the 

Netherlands. The LUMC Biobank facility was implemented by the LUMC Executive Board 

as part of the university research infrastructure and acts as a separate entity, servicing all 

departments of the university medical center. Use of residual serum samples of TB, NTM 

and BU patients for scientific purposes was approved by the Medical Ethics Committee and 

IRB of the LUMC (METC project nr: P07.048 & P207/99; TB and NTM patients), and the 
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institutional review board of the Noguchi Memorial Institute for Medical Research 

(Federalwide Assurance number FWA00001824; BU patients) in Ghana, respectively. The 

BCG-CORONA trial was registered at clinicaltrials.gov (identifier: NCT04328441) and the 

Dutch Trial Registry (trialregister.nl, identifier Trial NL8477) and the study protocol was 

approved by the IRB of the LUMC (NL73249.041.20). All donors gave broad consent.  

 

Results 

Determining the optimal flow time 

Since most leprosy cases occur in remote and/or resource-limited areas, a diagnostic tool 

for detection of M. leprae infection, should be of low-complexity nature such that it is easily 

implementable in field settings. The here described PGL-I QURapid can (in addition to 

serum/plasma) be performed with FSB, an easily obtained, low-invasive bio-sample. Since 

the WHO TPP for an optimal diagnostic test for M. leprae infection (31) requires a sample-

to-result time of maximum 30 minutes, we determined the effect of time after start of sample 

flow until measurement for the PGL-I QURapid using either serum or FSB. Already after 10-

20 minutes, sufficiently stable R-values were observed for both serum (Figure 1A) and FSB 

(Figure 1B) quality control samples that did not vary significantly from values obtained the 

next day (for T and FC lines see Supplementary figure 1). Thus, 10-20 minutes would be 

the preferred minimum time after sample addition until scanning of the PGL-I QURapid. Of 

note is that the strips are stable at ambient temperature and therefore, QUR-tests can be 

scanned at any later point in time which is convenient for checking data at a central facility. 

Figure 1. Scanning of PGL-I QURapid by Quant LFR over sample flow time.  

Anti-PGL-I IgM highly seropositive (High; black dots), medium (Med; grey dots) and seronegative (Neg; open 

dots) control sera (Figure 1A) and FSB samples (Figure 1B) were assessed using the PGL-I QURapid. 

Samples were measured at 2, 5, 10, 20, 60 minutes and 24 hours (O/N) after sample addition. Ratio (R-)values 

(Y-axis) were calculated by dividing the peak area of the test line (T) by the peak area of the flow control line 

(FC).  
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Determining test performance  

To determine test performance, results in sera from MB leprosy patients from Bangladesh 

(n = 133) and healthy adults from the Netherlands (NEC; n = 210) were compared. As 

(previous) infection with M. leprae in endemic areas can never completely be excluded, we 

selected Dutch individuals as control group, since leprosy is an import disease in the 

Netherlands and there have not been any autochthonous cases for centuries. Test sensitivity 

was determined based on the requirement to detect clinically diagnosed, BI-positive leprosy 

patients. R-values, the quantitative test outcome of UCP-LFAs, were significantly higher for 

MB leprosy patients compared to NEC (Figure 2A; P < 0.0001; AUC: 0.995). Using the 

Youden’s index, the cut-off value to discriminate clinically diagnosed MB leprosy patients 

from NEC, was R ≥ 0.160 with a corresponding Sn of 95% (95% CI: 89.5-97.4) and Sp of 

100% (95% CI: 98.2-100) (Supplementary table 2), meeting the WHO TPP for a test for M. 

leprae infection (ideal: ≥ 94% Sn; ≥ 99.9% Sp). When using the lower-specificity cut-off (R 

= 0.08; Sn: 96%; Sp: 95%) and the high-specificity cut-off (R = 0.19; Sn: 92%; Sp: 100%), 

an indecisive range was determined as: R-values between 0.08 ≤ R ≤ 0.19. As the cut-off 

determined by the Youden’s index, R ≥ 0.16, fell inside this range and also met the WHO 

TPP criteria, this was considered appropriate for use as the cut-off for seropositivity in 

serum.  

For FSB, test performance for this batch of the PGL-I QURapid was determined by 

comparing samples collected from 500 NEC and 47 untreated MB leprosy patients (Figure 

2B). Similar to results obtained with sera, R-values were significantly increased for MB 

leprosy patients compared to NEC (P < 0.0001; AUC: 0.989). The cut-off best corresponding 

to the optimal WHO TPP (≥ 94% Sn; ≥ 99.9% Sp), R ≥ 0.12, resulted in a Sn of 91.5% (95% 
CI: 80.1-96.6) and Sp of 99.8% (95% CI: 98.9-100; Supplementary table 3). When using the 

lower-specificity cut-off (R = 0.05; Sn: 96%; Sp: 96%) and the high-specificity cut-off (R = 

0.12; Sn: 91%; Sp: 100%), an indecisive range was determined for R-values between 0.05 

and 0.12. Placing Sp at 100%, R ≥ 0.12 was concluded as appropriate cut-off for 

seropositivity in FSB. 

 

Inter- and intra-operator variation 

To evaluate assay robustness, two anti-PGL-I IgM highly seropositive, one medium and two 

seronegative control serum samples were tested in triplicate by three different operators. 

This multi-operator comparison showed that inter-operator differences were not detectable 

or very low (Figure 3A; Supplementary table 4). In addition, reproducibility (intra-operator 

variation) was evaluated by testing the same five control serum samples on three QUR-tests 

by each operator on three different days (Figure 3B; Supplementary table 4). Day-to-day as 

well as triplicate differences on the same day were minor (Supplementary table 4), 

confirming excellent assay reproducibility. 
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Figure 2. Anti-PGL-I IgM in NEC and MB leprosy patients. 

Serum samples (A) of NEC (n = 210) and MB leprosy patients (n = 133) and FSB samples (B) of NEC (n = 

500) and MB leprosy patients (n = 47) were examined using the PGL-I QURapid. Left panels: R-values for 

anti-PGL-I IgM in NEC and MB leprosy patients; right panels: corresponding ROC curves. R-values (Y-axis) 

were calculated by dividing the peak area of the test line (T) by the peak area of the flow control line (FC). A 

Mann-Whitney U test was performed to determine the statistical significance between the two groups (****P ≤ 
0.0001). AUC: Area Under the Curve; NEC: non-endemic controls; MB: multibacillary; ROC: receiver operating 

characteristic. 
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Figure 3. Inter- and intra-operator differences for the PGL-I QURapid.  

Two anti-PGL-I IgM highly seropositive (High 1-2), one medium (Med) and two seronegative (Neg 1-2) serum 

samples were examined by the PGL-I QURapid by three different operators (A) on three different days (B). 

Each sample was tested in triplicate. Ratio (R-)values (Y-axis) were calculated by dividing the peak area of the 

test line (T) by the peak area of the flow control line (FC). Mean and SD are shown. Two example figures are 

shown here. See Supplementary information for complete data. A: black dots: Operator A (Op A); open 

squares: Operator B (Op B); grey triangles: Operator C (Op C). B: Black dots: Test day 1; grey squares: Test 

day 2; open triangles: Test day 3. 

 

Specificity for M. leprae infection in the context of other (mycobacterial) infections 

To evaluate assay specificity, serum samples of leishmaniasis (Leish; n = 14), BU (n = 19), 

NTM infection (n = 35), and TB (n = 20) patients from a European area non-endemic for 

leprosy were tested. Applying a cut-off value of R ≥ 0.16, all leishmaniasis, BU, NTM and 

TB patients were seronegative for anti-PGL-I IgM (Figure 4).  
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Figure 4. Anti-PGL-I IgM in individuals with leishmaniasis, BU, NTM infections and TB.  

Serum samples of leishmaniasis (Leish; n = 14), buruli ulcer (BU; n = 19), non-tuberculous mycobacterial 

infection (NTM; n = 35), and tuberculosis (TB; n = 20) patients were examined using the PGL-I QURapid. Ratio 

(R-)values (Y-axis) were calculated by dividing the peak area of the test line (T) by the peak area of the flow 

control line (FC). The dotted line represents the cut-off for seropositivity (R ≥ 0.16) in serum.  

 

Bacterial load 

PGL-I QURapid sensitivity was then assessed for 209 sera collected from leprosy patients 

with varying bacterial loads in Bangladesh. In total, 134 out of 209 individuals (64.1%) tested 

seropositive for anti-PGL-I IgM (cut-off R ≥ 0.16); 8 out of 76 PB patients (10.5%) and 126 

out of 133 MB patients (94.7%) (Figure 5). Patients with a BI of 1-3 and BI 4-6 had 

significantly increased anti-PGL-I IgM R-values compared to those with BI 0, with only 7 

testing seronegative (Kruskal-Wallis test; P ≤ 0.001 and P ≤ 0.0001, respectively). Anti-PGL-

I IgM R-values were also significantly higher in MB patients with BI 4-6 compared to those 

with a BI of 1-3 (Kruskal-Wallis test; P ≤ 0.01).  
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Figure 5. Anti-PGL-I IgM in PB and MB leprosy patients.  

Sera from PB (n = 76) and MB (n = 133) leprosy patients were examined by PGL-I QURapid. Anti-PGL-I IgM 

was measured by the PGL-I QURapid for PB and MB patients. Leprosy patients were stratified for bacterial 

index (BI 0: n = 76; BI 13: n = 21; BI 4-6: n = 112). Ratio (R-)values (Y-axis) were calculated by dividing the 

peak area of the test line (T) by the peak area of the flow control line (FC). A Kruskal-Wallis test with Dunn’s 

correction for multiple testing was performed to determine the statistical significance between three groups (P-

values: **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001).  

 

Anti-PGL-I IgM standard 

In view of quality assessment for the PGL-I QURapid (e.g. batch-to-batch comparison or 

monitor different study sites using the same batch), humanized, recombinant anti-M. leprae 

PGL-I-specific IgM antibodies were custom-made. A standard dilution series of this 

recombinant anti-PGL-I IgM in buffer was applied to QUR-tests showing good performance 

(Figure 6). The above determined cut-offs for seropositivity in serum (R ≥ 0.16) and FSB (R 

≥ 0.12) corresponded to an antibody concentration of approximately 32 ng/ml. 
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Figure 6. Recombinant anti-PGL-I IgM dilution series in buffer using PGL-I QURapid.  

A dilution series of the custom-made anti-PGL-I IgM was applied to the PGL-I QURapid. Each dilution was 

tested in triplicate. Ratio (R-)values (Y-axis) were calculated by dividing the peak area of the test line (T) by 

the peak area of the flow control line (FC). Mean values and standard deviations are shown. The orange and 

red dotted lines represent the cut-off for seropositivity (R ≥ 0.16) in serum and FSB (R ≥ 0.12), respectively. 

 

Discussion 

Here, we present the PGL-I QURapid, which is an operational, quantitative rapid test for 

measurement of anti-PGL-I IgM levels in blood, permitting detection of past or present 

infection with M. leprae. This QUR-test shows excellent performance: its outcome is highly 

associated with bacillary load providing a 94.7% Sn for MB leprosy, while samples from 
patients with leishmaniasis or other mycobacterial diseases were all seronegative, indicating 

excellent specificity. Moreover, vaccination of healthy Dutch health care workers with live M. 

bovis BCG, did not affect the lack of anti-PGL-I seropositivity in this group.  

 

MB versus PB 

These findings are in line with previous studies (11, 13, 14), and support the use of the PGL-

I QURapid next to clinical assessment as an (adjunct) diagnostic test for MB leprosy and 
monitoring the effect of treatment (49, 50). Inherent to PB leprosy is the very low number of 
bacteria in these patients that are only detectable by invasive biopsies. Thus, since the 

quantitative result of the PGL-I QURapid is associated with the number of bacteria, the here 

described low-invasive QUR-test could function as a discriminatory tool, applicable to 

distinguish MB from PB in settings where biopsies and their analysis are not easily 
performed. In this study, the QUR-test showed 10.5% Sn for PB patients. Therefore, for 
diagnosis of this patient group, detection of additional host biomarkers should be included. 

Of note is that this can also be accommodated on the UCP-LF platform, as was 

demonstrated for patients in Bangladesh, Brazil, China and Ethiopia (16, 17, 33). In this 

respect, the development of multi-biomarker tests (MBTs) (33) is promising.  
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Field-friendly, low-invasive and rapid test 

The PGL-I QURapid is very well-suited for field settings as it only requires 20 µl of blood 

obtained by a finger prick. Furthermore, test results are visible within minutes after addition 

of sample to the QUR-test, and accurate quantitative values are available from 10 minutes 

onwards for both serum and FSB. This test-to-result time is well within the required optimal 

time window prescribed by the WHO TPP (31). After use, the QUR-test can be stored 

indefinitely as a hard copy and rescanned when required. Inter- and intra-operator variability 

assessment demonstrated that results were highly reproducible thereby permitting utilization 

in field settings after limited training of local staff. In view of environmental considerations, 

the QUR-test was also tested successfully using plant-based biodegradable cassettes as a 

green solution for LFAs (Okos Diagnostics, the Netherlands, 

https://www.okosdiagnostics.com; data not shown).  

 

Test applications 

A major benefit of a quantitative compared to a qualitative rapid test, is that one QUR-test 

can serve multiple use cases. Besides detection of infection on an individual level, another 

use case of the PGL-I QURapid is monitoring of recent M. leprae transmission in a 

population by serosurveys in healthy young children (10, 51). This concept was piloted 

successfully with this format of the PGL-I QURapid in a serosurvey in a leprosy endemic 

area in India and was well accepted by health care staff as well as the targeted population 

(19). In this respect, it is of note that assessment of sera of young children (n = 70) from a 

non-endemic area (the Netherlands) all resulted in R-values of zero ((19) and unpublished 

data), underlining the specificity of this QUR-test. Thus, based on the rationale that infection 

in young children reflects recent transmission in a population, this QUR-test can be applied 

to compare pediatric seroprevalence between different areas, as well as seroprevalence in 

a community before and after introduction of postexposure prophylactic interventions.  

A skin disease that is endemic in areas where leprosy occurs, is leishmaniasis caused by L. 

donovani (52). All leishmaniasis patients tested here were anti-PGL-I seronegative, 

emphasizing the high specificity of the PGL-I QURapid for M. leprae infection. Since 

leishmaniasis is included in the differential diagnosis of leprosy (30), developing a combined 

rapid test for the detection of infection with M. leprae and L. donovani could be both cost- 

and time-saving (52).  

 

Detecting infection in animals 

Besides in humans, this QUR-test can also be used to detect M. leprae infection in different 

species as well as infection with M. lepromatosis. Previous research from our group has 

shown that the PGL-I QURapid can be applied to nine-banded armadillos and Eurasian red 

squirrels (18, 27, 53). Also, we have recently applied the QUR-test to earprick samples of 

ten experimentally infected live armadillos showing high correlation with infection (in 

collaboration with the National Hansen’s Disease Program, USA; data not shown). 

Moreover, in agreement with what has been reported for ELISAs by Avanzi et al. (54), our 
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QUR-test was able to detect anti-PGL-I antibodies in samples from M. lepromatosis infected 

squirrels (18) as well as a human case with this infection (data not shown).   

 

Standardization and quality control 

The humanized, recombinant anti-PGL-I IgM control introduced in this study as part of the 

QUR-test kit, provides an essential tool to indicate thresholds for specific applications 

(sample type and use case). It offers high flexibility for manufacturing as test thresholds can 

be evaluated with a control sample of known IgM concentration. Production lots can be 

provided with predetermined cut-off R-values and UCP-LF strip readers eventually could be 

provided with standard curves calculating actual concentrations rather than R-values. This 

will allow improved comparison of data obtained with the PGL-I QURapid at different field 

sites or at different points in time. 

 

Limitation of the study 

A limitation of this study was the low numbers available of serum samples from patients with 

TB, BU, leishmaniasis and NTMs form areas that are non-endemic for leprosy and from 

patients infected with M. lepromatosis, as well as FSB samples from leprosy patients. Future 

studies testing higher sample numbers with this QUR-test should be performed to validate 

our findings.  

 

Conclusions 

The PGL-I QURapid for detection of M. leprae infection is operational and applicable for 

widescale use in leprosy research. The reported findings support production and distribution 

of this QUR-test with predetermined thresholds for seropositivity, set according to use case 

and sample type. Test results are operator-independent and performance over time can be 

monitored using humanized, recombinant anti-PGL-I IgM. The test protocol is 

straightforward, requires zero infrastructure, allowing application in POC settings although 

a UCP compatible reader is required. As the test provides a quantitative result that can also 

be translated into a qualitative result, the PGL-I QURapid can be employed for various use 

cases in leprosy research and control programs. 
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Supplemental information

Supplementary figure 1. Effect of flow time on T and FC signals obtained with the PGL-I QURapid. 

Anti-PGL-I IgM highly seropositive, medium and seronegative control sera (A-B) and FSB samples 

(C-D) were examined by the PGL-I QURapid. Samples were measured at 2, 5, 10, 20, 60 minutes and 24 

hours (O/N) after sample addition. Black dots: anti-PGL-I IgM highly seropositive serum samples; grey dots:

anti-PGL-I IgM medium serum samples; green dots: anti-PGL-I IgM seronegative serum samples. 

A: T line values (Y-axis) in relative fluorescence units (RFU) as a function of serum sample flow time in minutes. 

B: FC line values (Y-axis) in RFU as a function of serum sample flow time in minutes. C: T line values (Y-axis) 

in RFU as a function of FSB sample flow time in minutes. D: FC line values (Y-axis) in RFU as a function of 

FSB sample flow time in minutes. 
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Supplementary Table 1. Overview of tests developed for the measurement of anti-PGL-I antibodies.  

 

 

Test method, reference in which the test is described, test target, and antibody measured are listed. In addition, 

it is indicated whether tests are quantitative or qualitative and rapid or not. Ab: antibody; ELISA: enzyme-linked 

immunosorbent assay; IgG: immunoglobulin G; IgM: immunoglobulin M; LID-1: leprosy IDRI diagnostic-1; ND-

O-BSA: natural disaccharide-octyl bovine serum albumin; ND-O-HSA: natural disaccharide-octyl human serum 

albumin; NDO-LID: natural disaccharide-octyl leprosy IDRI diagnostic; NPT-H-BSA: phenolic trisaccharide 

functionalized with a hexanoic acid linker for conjugation to bovine serum albumin; NT-P-BSA: natural 

trisaccharide phenyl bovine serum albumin; PGL-I: phenolic glycolipid I; RDT: rapid diagnostic test. 

  

Method ref. 

no. 

target Ab quantitative/ 

qualitative 

rapid 

(yes/no) 

ELISA 11, 21 ND-O-

HSA/NPT-H-

BSA 

IgM and IgG quantitative no 

OrangeLife NDO-

LID RDT® 

22 NDO-LID IgM and IgG qualitative yes 

CTK OnSite 

Leprosy Ab Rapid 

Test 

11, 23 PGL-I and LID-1 IgM and IgG qualitative yes 

ML-dipstick 24 ND-O-BSA IgM qualitative yes 

ML-flow 25 NT-P-BSA IgM qualitative yes 
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Supplementary Table 2.  Cut-off determination according to Youden’s index and WHO TPP; based on MB 

leprosy vs NEC serum samples.  

Cut-off Sensitivity 95% CI Specificity 95% CI Youden’s index 

> 0.02500 1 0.9719 to 1.000 0.7 0.6349 to 0.7579 0.70 

> 0.03500 0.9925 0.9586 to 0.9996 0.7952 0.7356 to 0.8443 0.79 

> 0.04500 0.985 0.9468 to 0.9973 0.8524 0.7981 to 0.8940 0.84 

> 0.05500 0.9774 0.9358 to 0.9939 0.9 0.8520 to 0.9337 0.88 

> 0.06500 0.9774 0.9358 to 0.9939 0.9238 0.8798 to 0.9526 0.90 

> 0.07500 0.9624 0.9150 to 0.9838 0.9429 0.9028 to 0.9670 0.91 

> 0.08500 0.9624 0.9150 to 0.9838 0.9476 0.9087 to 0.9705 0.91 

> 0.09500 0.9624 0.9150 to 0.9838 0.9524 0.9146 to 0.9739 0.91 

> 0.1050 0.9624 0.9150 to 0.9838 0.9619 0.9266 to 0.9806 0.92 

> 0.1150 0.9624 0.9150 to 0.9838 0.9667 0.9328 to 0.9838 0.93 

> 0.1250 0.9549 0.9051 to 0.9792 0.9762 0.9455 to 0.9898 0.93 

> 0.1350 0.9474 0.8953 to 0.9743 0.9857 0.9588 to 0.9961 0.93 

> 0.1450 0.9474 0.8953 to 0.9743 0.9905 0.9659 to 0.9983 0.94 

> 0.1600 0.9474 0.8953 to 0.9743 1 0.9820 to 1.000 0.95 

> 0.1750 0.9323 0.8764 to 0.9640 1 0.9820 to 1.000 0.93 

> 0.1850 0.9173 0.8580 to 0.9532 1 0.9820 to 1.000 0.92 

> 0.1950 0.9023 0.8399 to 0.9420 1 0.9820 to 1.000 0.90 

> 0.2200 0.8947 0.8311 to 0.9363 1 0.9820 to 1.000 0.89 

> 0.2600 0.8872 0.8222 to 0.9305 1 0.9820 to 1.000 0.89 

> 0.2900 0.8797 0.8135 to 0.9246 1 0.9820 to 1.000 0.88 

> 0.3150 0.8722 0.8048 to 0.9186 1 0.9820 to 1.000 0.87 

> 0.3400 0.8647 0.7962 to 0.9126 1 0.9820 to 1.000 0.86 

> 0.3600 0.8571 0.7876 to 0.9066 1 0.9820 to 1.000 0.86 

> 0.3850 0.8496 0.7791 to 0.9005 1 0.9820 to 1.000 0.85 

> 0.4050 0.8421 0.7707 to 0.8943 1 0.9820 to 1.000 0.84 

> 0.4350 0.8346 0.7622 to 0.8882 1 0.9820 to 1.000 0.83 

> 0.4650 0.8271 0.7539 to 0.8819 1 0.9820 to 1.000 0.83 

> 0.4900 0.8195 0.7455 to 0.8756 1 0.9820 to 1.000 0.82 

> 0.5200 0.812 0.7372 to 0.8693 1 0.9820 to 1.000 0.81 

> 0.5550 0.8045 0.7290 to 0.8630 1 0.9820 to 1.000 0.80 

> 0.5900 0.797 0.7207 to 0.8566 1 0.9820 to 1.000 0.80 
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> 0.6150 0.7895 0.7126 to 0.8501 1 0.9820 to 1.000 0.79 

> 0.6350 0.7744 0.6963 to 0.8372 1 0.9820 to 1.000 0.77 

> 0.6700 0.7669 0.6882 to 0.8307 1 0.9820 to 1.000 0.77 

> 0.7050 0.7594 0.6801 to 0.8241 1 0.9820 to 1.000 0.76 

> 0.7200 0.7519 0.6721 to 0.8175 1 0.9820 to 1.000 0.75 

> 0.7350 0.7444 0.6641 to 0.8109 1 0.9820 to 1.000 0.74 

> 0.7750 0.7293 0.6482 to 0.7976 1 0.9820 to 1.000 0.73 

> 0.8200 0.7218 0.6402 to 0.7909 1 0.9820 to 1.000 0.72 

> 0.8350 0.7143 0.6323 to 0.7842 1 0.9820 to 1.000 0.71 

> 0.8500 0.7068 0.6245 to 0.7775 1 0.9820 to 1.000 0.71 

 

Overview of the results from calculating a cut-off for anti-PGL-I IgM seropositivity in sera from healthy controls 

vs. MB leprosy patients, by using the Youden’s index and WHO TPP, including corresponding sensitivity and 

specificity (in italic red font). Note: Sn/Sp values are depicted as fractions. Only Sn/Sp values between 0.7 and 

1.0 are shown.  
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Supplementary Table 3. Cut-off determination according to Youden’s index and WHO TPP; based on MB 

leprosy vs NEC FSB samples.  

Cut-off Sensitivity 95% CI Specificity 95% CI Youden’s index 

> 0.02500 0.9787 0.8889 to 0.9989 0.784 0.7458 to 0.8178 0.7627 

> 0.03500 0.9574 0.8575 to 0.9924 0.872 0.8399 to 0.8985 0.8294 

> 0.04500 0.9574 0.8575 to 0.9924 0.932 0.9065 to 0.9509 0.8894 

> 0.05500 0.9574 0.8575 to 0.9924 0.962 0.9414 to 0.9755 0.9194 

> 0.06500 0.9362 0.8284 to 0.9781 0.966 0.9462 to 0.9787 0.9022 

> 0.07500 0.9149 0.8007 to 0.9664 0.976 0.9585 to 0.9862 0.8909 

> 0.08500 0.9149 0.8007 to 0.9664 0.986 0.9714 to 0.9932 0.9009 

> 0.09500 0.9149 0.8007 to 0.9664 0.992 0.9796 to 0.9969 0.9069 

> 0.1050 0.9149 0.8007 to 0.9664 0.994 0.9825 to 0.9984 0.9089 

> 0.1200 0.9149 0.8007 to 0.9664 0.998 0.9888 to 0.9999 0.9129 

> 0.1350 0.8723 0.7483 to 0.9402 0.998 0.9888 to 0.9999 0.8703 

> 0.1450 0.8511 0.7231 to 0.9259 0.998 0.9888 to 0.9999 0.8491 

> 0.1650 0.8298 0.6986 to 0.9111 0.998 0.9888 to 0.9999 0.8278 

> 0.2000 0.8085 0.6746 to 0.8958 0.998 0.9888 to 0.9999 0.8065 

> 0.2350 0.7872 0.6510 to 0.8801 0.998 0.9888 to 0.9999 0.7852 

> 0.2750 0.766 0.6278 to 0.8640 0.998 0.9888 to 0.9999 0.764 

> 0.3300 0.7234 0.5824 to 0.8306 0.998 0.9888 to 0.9999 0.7214 

> 0.3900 0.7234 0.5824 to 0.8306 1 0.9924 to 1.000 0.7234 

> 0.4300 0.7021 0.5602 to 0.8135 1 0.9924 to 1.000 0.7021 

 

Overview of the results from calculating a cut-off for anti-PGL-I IgM seropositivity in FSB samples from healthy 

controls vs. MB leprosy patients, by using the Youden’s index (in italic red font) and the WHO TPP (in bold), 

including corresponding sensitivity and specificity. Note: Sn/Sp values are depicted as fractions. Only Sn/Sp 

values between 0.7 and 1.0 are shown. 
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Supplementary Table 4. PGL-I QURapid inter- and intra-operator variability. 

Control 

sample 

High 1 High 2 Med Neg 1 Neg 2 

  Ratio 

Operator A B C A B C A B C A B C A B C 

Day 1 1.76 1.97 1.82 2.34 3.76 2.53 0.14 0.13 0.12 0.01 0.01 0.01 0.00 0.00 0.00 

2.30 1.68 2.39 3.35 2.98 2.02 0.11 0.14 0.10 0.01 0.01 0.00 0.01 0.01 0.00 

2.55 1.83 2.02 2.56 2.69 2.64 0.12 0.10 0.09 0.01 0.00 0.01 0.00 0.01 0.00 

Mean of 

triplicate 

2.20 1.83 2.08 2.75 3.14 2.40 0.12 0.12 0.10 0.01 0.01 0.01 0.00 0.01 0.00 

SD of 

triplicate 

0.40 0.15 0.29 0.53 0.55 0.33 0.02 0.02 0.02 0.00 0.01 0.01 0.01 0.01 0.00 

SD 

between 

operators 

0.19 0.37 0.01 0.00 0.00 

Day 2 1.81 1.94 2.34 3.89 2.75 2.38 0.14 0.14 0.19 0.00 0.00 0.01 0.00 0.01 0.00 

2.08 2.16 1.82 2.85 2.51 3.19 0.12 0.13 0.15 0.01 0.00 0.01 0.00 0.01 0.00 

2.50 1.86 1.96 2.09 3.33 2.37 0.12 0.14 0.13 0.01 0.01 0.01 0.00 0.01 0.01 

Mean of 

triplicate 

2.13 1.99 2.04 2.94 2.86 2.65 0.13 0.14 0.16 0.01 0.00 0.01 0.00 0.01 0.00 

SD of 

triplicate 

0.35 0.16 0.27 0.90 0.42 0.47 0.01 0.01 0.03 0.01 0.01 0.00 0.00 0.00 0.01 

SD 

between 

operators 

0.07 0.15 0.02 0.00 0.01 

Day 3 2.09 2.00 2.04 2.22 3.48 2.60 0.17 0.11 0.10 0.00 0.01 0.01 0.02 0.01 0.00 

2.26 2.32 2.10 2.53 4.24 2.42 0.12 0.14 0.13 0.02 0.00 0.01 0.00 0.00 0.00 

2.15 2.26 1.53 2.70 2.50 1.90 0.15 0.17 0.10 0.00 0.01 0.00 0.00 0.00 0.01 

Mean of 

triplicate 

2.17 2.19 1.89 2.48 3.41 2.31 0.15 0.14 0.11 0.01 0.01 0.01 0.01 0.00 0.00 

SD of 

triplicate 

0.09 0.17 0.31 0.24 0.87 0.36 0.03 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.01 

SD 

between 

operators 

0.17 0.59 0.02 0.00 0.00 

Mean of all 

days 

2.17 2.00 2.00 2.73 3.14 2.45 0.13 0.13 0.12 0.01 0.01 0.01 0.00 0.01 0.00 

SD of all 

days 

0.04 0.18 0.10 0.23 0.27 0.18 0.01 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 

 

Overview of the results from testing the PGL-I QURapid robustness and reproducibility using anti-PGL-I IgM 

highly seropositive (High 1-2), medium (Med) and seronegative (Neg 1-2) control serum samples by three 

operators on three different days. Results are shown per operator (A-C), day (1-3) and control sample. Mean 

and standard deviation (SD) are shown.  
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