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Abstract

Neonatal jaundice is an important cause of morbidity and mortality worldwide, and neonates
born in low and middle-income countries bear a disproportionate burden. We previously
developed a low-cost, point-of-care system to measure total serum bilirubin (TSB) in neo-
nates. This device was effective at detecting and monitoring jaundice; however, the dispos-
able strips were difficult to produce at scale. Here, we report a new lateral flow cassette
design, called BiliDx, that was produced at scale using traditional manufacturing techniques.
We evaluated the performance of BiliDx at sites in Nigeria and Malawi. The lateral flow strip
consists of plasma separation membranes, nitrocellulose, and a plastic cassette. We evalu-
ated the performance of the strips and reader at two hospitals located in Nigeria and Malawi
compared to reference standard TSB. We also assessed performance for samples with
high direct bilirubin (DB) and high hematocrit (HCT). We collected 1,144 samples from 758
neonates (TSB ranged from 0.2 to 45.9 mg/dL). The mean bias of BiliDx measurements in
the validation set was +0.75 mg/dL, and 95% limits of agreement were -2.57 to 4.07 mg/dL.
The mean bias and limits of agreement were comparable for samples with HCT < 60% and
HCT > 60%, and for samples with low and intermediate DB levels; the samples with high
DB levels had wider 95% limits of agreement (-4.50 to +3.03 mg/dL). Error grid analysis
shows that 96.9% of samples measured with BiliDx would have resulted in the same clinical
decision as the reference standard. This performance is comparable to previous results that
used a handmade two-dimensional strip. Additionally, error grid analysis shows that all 20
samples with high DB levels would have resulted in the same clinical decision as the refer-
ence standard. This evaluation supports the use of BiliDx lateral flow cassettes to provide
accurate point-of-care measurements in low-resource settings.
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Introduction

Neonatal jaundice is an important cause of neonatal morbidity and mortality worldwide [1].
More than 80% of newborns develop jaundice [2,3], which is usually benign if detected and
treated in a timely manner [4]. However, 10% of term and 25% of preterm babies develop sig-
nificantly elevated serum bilirubin levels that require treatment [5]. Failure to provide biliru-
bin estimation and prompt treatment places these neonates at risk of severe brain damage and
death [6]. Low and middle-income countries (LMICs) bear a disproportionate burden of jaun-
dice-related mortality and morbidity; the burden is highest in South Asia and sub-Saharan
Africa, where jaundice is the 7™ and 8™ leading cause of neonatal mortality, respectively [1]. In
the early neonatal period (0-6 days), neonatal jaundice accounted for 1,954 deaths per 100,000
live births in sub-Saharan Africa, compared to just 18.4 deaths per 100,000 live births in North
America [1].

Neonatal jaundice is easily treated using phototherapy, a technology that photodecomposes
bilirubin into a form that can be easily excreted from the body. Many promising low-cost pho-
totherapy lights have emerged in recent years, including LED-based phototherapy machines
[7]. However, there is still a need for affordable, reliable, point-of-care (POC) bilirubin mea-
surement tools which can identify jaundiced neonates and guide phototherapy treatment in
low-resource settings.

Existing technologies for bilirubin measurement are prohibitively expensive for LMICs
and/or are not sufficiently accurate. Standard-of-care laboratory methods to measure total
serum bilirubin (TSB) include high-performance liquid chromatography, diazo reactions, and
spectrophotometric benchtop bilirubinometers; these techniques require expensive equipment
often unavailable in LMICs [8,9]. Many hospitals in LMICs without access to laboratory TSB
measurement rely on visual inspection of the skin and sclera, such as with Kramer’s method
[8,10,11]; however, visual inspection alone, while useful for ruling out jaundice, is inaccurate
for assessing the severity of jaundice and estimating bilirubin levels [12-14]. Transcutaneous
bilirubinometry (TcB), a noninvasive bilirubin measurement through the skin, is recom-
mended for use primarily as a screening tool to determine whether TSB should be measured
[15-17]. In LMICs, TcB has been used as a replacement for TSB when TSB is unavailable
instead of as a screening tool [8,10,18]; however, TcB accuracy has been shown to be popula-
tion-dependent and can be especially inaccurate for neonates with darker skin tones [19-21].
Serum-based TSB measurement methods must have acceptable accuracy for samples with high
hematocrit (HCT), because neonatal HCT is 53% on average and varies greatly with GA and
chronological age, among other factors [22]. Samples with higher HCT also have less plasma
available for TSB measurement; thus, obtaining sufficient plasma for measurement is a chal-
lenge for any plasma-based measurement tool. Several point-of-care TSB measurement devices
have limited accuracy at high HCT levels [23-26]. Some point-of-care TSB methods are com-
mercially available [24,27-29] and some are under development [30-32]; however, there is still
aneed in LMICs for an accurate rapid, affordable, point-of-care bilirubin test.

We previously developed BiliSpec, a low-cost point-of-care system to measure TSB in neo-
nates. The BiliSpec system consists of a handmade paper-based strip, which separates plasma
from capillary blood collected from a heelstick, and a handheld spectrophotometric reader.
We evaluated the accuracy of BiliSpec compared to gold standard TSB in a pilot study involv-
ing 68 neonates [33] and in a validation study involving 375 neonates in two hospitals in
Malawi [34]. While BiliSpec performed well compared to a reference standard in both studies,
the handmade strip design was difficult to produce at scale. Additionally, in our previous
work, we encountered several neonates for which BiliSpec consistently underestimated TSB;
we suspected this difference could be due to the presence of direct bilirubin (DB). This is
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because the molar absorption coefficient of direct bilirubin is lower at the wavelength mea-
sured by BiliSpec (470 nm) than the wavelength measured by the reference standard (460 nm),
but the molar absorption coefficient of indirect (unconjugated) bilirubin is comparable at the
two wavelengths [35]. This difference could theoretically cause BiliSpec to underestimate bili-
rubin in samples with higher quantities of direct bilirubin. In our previous study, laboratory
methods to determine DB levels were not available to investigate this hypothesis.

In this work, we designed and evaluated a lateral flow cassette that can be produced at scale
using traditional manufacturing techniques. This cassette, along with the previously developed
reader, are together referred to as BiliDx. In this study, we evaluated the performance of BiliDx
at two hospitals located in Nigeria and Malawi compared to gold standard TSB methods and
to TcB. We collected 1144 samples from 758 neonates with TSB concentrations ranging from
0.2 to 45.9 mg/dL. We assessed BiliDx accuracy at high HCT levels and in samples with high
direct bilirubin (DB). Finally, we considered the potential clinical impact of bilirubin measure-
ment errors using bilirubin error grids, developed previously [34] and now updated based on
the American Academy of Pediatrics (AAP) 2022 guidelines [36].

Methods
Ethics statement

Hospitalized neonates whose guardians gave informed consent were eligible to participate in
the study. Written informed consent was obtained from the parent/guardian of each partici-
pant. The study was reviewed and approved by the Malawi College of Medicine Research Eth-
ics Committee (COMREC 2435), the Lagos University Teaching Hospital Health Research
Ethics Committee (NHREC 19/12/2008a), and the Rice University Institutional Review Board
(IRB-FY2018-463).

BiliDx cassette design

The BiliDx cassette consists of a lateral flow strip inside a plastic housing. The lateral flow strip
(Fig 1A) contains two plasma separation membranes: Whatman VF2 and Whatman LF1 glass
fiber. Separated plasma wicks onto a Sartorius CN95 nitrocellulose sheet with clear plastic
backing, covered with Lohmann GL-163 tape. The strip components are assembled onto an
adhesive backing. The one-dimensional strip is manufactured at scale using traditional lateral
flow manufacturing techniques. The strips are placed inside an injection-molded plastic hous-
ing (Fig 1B). The plastic housing contains notches to align the lateral flow strip relative to a
measurement window. The front cover seals using a living hinge which snaps over the top of
the front cover after blood is applied. The fully assembled plastic cassette (Fig 1C) contains two
openings: a circular sample port above the first plasma separation membrane where blood is
applied, and a rectangular measurement window above the nitrocellulose where the sample is
measured by the BiliDx reader.

BiliDx workflow

Using a MICROSAFE capillary tube, 75 uL of capillary blood from a heelprick (Fig 2A) is
applied to the sample port (Fig 2B), and the front cover of the plastic housing is sealed
(Fig 2C). Once the cassette window is visibly filled with plasma (~2-10 minutes), the cassette is
inserted into the reader (Fig 2D). A few seconds after pressing the measurement button, the
measured value of total serum bilirubin (TSB) is displayed on the screen.

The BiliDx reader has been described previously [33,34]. Briefly, the reader measures light
transmission through plasma on nitrocellulose. Optical density (OD) is measured and
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Fig 1. BiliDx cassette design. A) Diagram of the lateral flow strip components, placed atop a plastic adhesive backing.
B) The lateral flow strip is enclosed in an injection molded plastic cassette. Notches in the plastic cassette ensure
consistent alignment of the lateral flow strip for measurement. C) Fully assembled cassette. Whole blood is added to
the sample port; plasma is separated from whole blood and flows towards the measurement window, where bilirubin
measurement takes place.

https://doi.org/10.1371/journal.pgph.0002262.9001

calculated in three spectral regions (peak wavelengths at 470 nm, 590 nm, and 660 nm) [37],
which account for absorption due to bilirubin and hemoglobin as well as background absor-
bance due to nitrocellulose [34]. The reader required a simple update to the algorithm to adjust
for new cassette parameters. OD values are also used to detect whether an inserted strip is filled
with plasma; an error message is displayed to indicate when strips are underfilled. The user
can either measure the cassette again once plasma completely fills the measurement window,
or he/she can collect another sample and apply it to a new cassette.

A

Fig 2. BiliDx workflow. A) A heel stick is performed on a neonate, and capillary blood is collected into a 75 uL plastic
transfer pipette. B) Blood is applied to the sample port of the BiliDx cassette. C) The user folds the seal over the sample
port to close the cassette. D) The strip is then inserted into the BiliDx device. The user pushes the measurement button,
and a TSB reading appears on the screen in a few seconds.

https://doi.org/10.1371/journal.pgph.0002262.g002
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Clinical evaluation of BiliDx

A clinical study was conducted at two central hospitals: Queen Elizabeth Central Hospital
(QECH) in Blantyre, Malawi and Lagos University Teaching Hospital (LUTH) in Lagos, Nige-
ria to: 1) update the algorithm of the BiliDx reader for TSB measurement with the new lateral
flow cassette design and 2) assess the accuracy of the optimized BiliDx system relative to a ref-
erence laboratory standard. Accuracy was assessed across a range of hematocrit (HCT) and
direct bilirubin (DB) levels. Transcutaneous bilirubin (TcB) values were also measured and
accuracy was assessed using the reference laboratory standard.

Patients were enrolled from June 10, 2020 -December 1, 2021. Date of birth, birth weight,
gestational age (GA), gender, comorbidities, and other relevant medical history were recorded
for each study participant. When gestational age was unknown, it was estimated retrospec-
tively based on birth weight [34].

Bilirubin measurements were obtained throughout hospitalization as directed by the treat-
ing clinician, based on a variety of clinical factors including laboratory standard TSB measure-
ments; neither BiliDx nor TcB measurements were used to make clinical decisions. Research
personnel measured TcB using a JM-105 transcutaneous bilirubinometer (Draeger). Five mea-
surements were taken on the forehead; the average of the measurements was recorded. TcB
accurately measures bilirubin concentration for areas of skin not exposed to phototherapy
treatment [38]. Thus, if the neonate was receiving phototherapy treatment, a protective eye
cover was used to shield the forehead during treatment administration, and TcB measure-
ments were measured from a shielded region of the forehead. Then, study personnel per-
formed a heel prick on the neonate to obtain capillary blood. First, 75 pL of capillary blood was
collected from the heel using a MICROSAFE plastic capillary tube and applied to the sample
port of a BiliDx cassette. The same cassette was measured using two BiliDx devices (in the
study at LUTH) or using three BiliDx devices (in the study at QECH).

For samples collected from June 2020 -May 2021, BiliDx devices were calibrated daily
using three neutral density filters and one unused BiliDx cassette; the daily calibration values
were analyzed to determine optimal frequency of calibration. We determined that optimal cali-
bration frequency was once at the factory using neutral density filters, and every 25 measure-
ments by users with an unused BiliDx cassette; this recommended calibration frequency will
be communicated to BiliDx users via a user manual and prompted by the device itself. For
samples collected from May 2021 ~December 2021, BiliDx was calibrated once with neutral
density filters (in May 2021) and once every 25 measurements with an unused BiliDx cassette.

A few drops of additional capillary blood were collected into an EDTA Microtainer tube
(BD, Catalog # 365974) for reference standard TSB measurement and HCT measurement.
Blood was collected from the Microtainer tube via capillary tube for HCT measurement using
a ZIP Combo Centrifuge (LW Scientific). Then, the Microtainer tube was centrifuged to sepa-
rate plasma. At both sites, 20 pL of plasma was measured using a UNISTAT bilirubinometer to
obtain TSB (Reichert Technologies). Additionally, at one site (LUTH), 30 uL of plasma was
measured using an Advanced BR2 Bilirubin Stat-Analyzer bilirubinometer (Advanced Instru-
ments) to obtain both TSB and direct bilirubin (DB) levels. TSB values measured with the
UNISTAT and BR2 devices correlated well (r = 0.996); TSB measured with the UNISTAT was
used as the reference standard to evaluate the accuracy of both BiliDx and TcB since a UNI-
STAT was available at both sites. For those samples measured with the BR2 device, the percent-
age of direct bilirubin was calculated as DB divided by TSB, as measured with the BR2.
Samples with high fractions of direct bilirubin were defined as samples with DB levels of either
>2 mg/dL or >20% of TSB, in accordance with published guidelines [39,40].
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The UNISTAT, BR2, and TcB bilirubinometers were calibrated according to manufactur-
er’s specifications. Additionally, to ensure consistency across sites, the two UNISTAT devices
were calibrated to agree with a third reference UNISTAT bilirubinometer, located in the
Malaria Research Ward in QECH [34].

We selected a sample size with the goal of ensuring collection of a sufficient number of samples
with TSB concentration > 20 mg/dL to ensure that the device performs well at high TSB levels. In
our previous study [34], we collected 475 samples, of which 26 had a TSB value above 20 mg/dL.
We also found a standard deviation between BiliDx and the reference standard of 2.2 mg/dL. In
order to detect a statistically significant difference between results measured by the Bilirubin-
ometer and our device of 1.8 mg/dL (power = 80%, o = 0.05) using a paired test [41], 25 samples
are required with a TSB > 20mg/dL. We thus aimed to collect 25 samples with TSB values > 20
mg/dL in both the training and validation sets during this study. Based on our previous study, this
would require 913 samples; to account for possible sample loss or variability in the distribution of
bilirubin concentrations encountered, we increased this sample size to approximately 1100.

Data analysis

BiliDx cassettes were analyzed automatically by the BiliDx reader to determine whether they
were adequately filled with plasma. BiliDx displayed an error message to the user if the strip
was unfilled; measurements that generated this error message were excluded from analysis.

Data collected from all BiliDx readers from the first 655 samples entered into the database
were used to update a previously determined bilirubin prediction algorithm [34] (training set).
Data collected from the remaining 446 samples were used to evaluate the performance of the
algorithm (validation set). Validation set samples were stratified by HCT and DB levels to
assess impact on accuracy.

To evaluate the potential clinical impact of bilirubin measurement errors, data were plotted on
bilirubin measurement error grids [34]. We previously developed bilirubin error grids [34],
inspired by Clarke error grids for glucose concentration measurement [42], to visualize and eval-
uate clinical significance of TSB measurement errors based on guidelines for phototherapy and
exchange transfusion. In this paper, we have updated the error grids to reflect 2022 AAP guide-
lines for initiation of phototherapy and exchange transfusion for infants at 35 weeks gestation or
older [36]. Horizontal and vertical red lines shown on each grid indicate thresholds for photo-
therapy and exchange transfusion treatment; these thresholds vary based on gestational age at
birth, day of life, and the neonate’s risk level for jaundice, according to applicable guidelines
[36,43]. The proposed Clinical Laboratory Improvement Amendments (CLIA) recommendations
for bilirubin laboratory measurement accuracy are shown as solid black lines at +20% of the refer-
ence standard [44]. Regions in the grids are color-coded from green to red, indicating increasing
clinical impact of bilirubin measurement error. A measurement that falls in a green region is
either within the proposed CLIA guidelines or would result in the correct clinical decision (e.g.,
Region A: phototherapy not clinically required or indicated). A measurement that falls in a red
region indicates under-treatment potentially resulting in significant clinical harm (e.g., Region E:
exchange transfusion clinically required but no treatment indicated). Data in the validation set
were plotted on one of fifty-eight error grids based on the gestational age at birth, day of life, and
risk level for jaundice, according to applicable guidelines [36,43]. Samples for which the TcB
reported a non-numeric “>20” were not included in error grid analysis.

Results

We enrolled 758 neonates from whom 1144 samples were collected (Fig 3). Twelve samples
(1.1%) were excluded due to errors with the UNISTAT reference standard, such as missing
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Neonates <28 days old who are at risk for jaundice invited to
participate in study (758 neonates)

Bilirubin measured when clinically indicated
(758 neonates; 1144 samples)

Errors with gold standard
(12 samples)

BiliDx sample card not
completely filled with blood (31

Data divided into training and validation samples)
1_ sets (723 neonates, 1101 samples) _1
Training Set Validation Set
(436 neonates, 655 samples) (288 neonates, 446 samples)
L DB additionally measured L DB additionally measured
(497 samples) (314 samples)

Fig 3. Study schematic. Samples were divided into a training set (first 655 samples entered into the database) and
validation set (remaining 446 samples). For one patient, one sample was included in the training set and one sample
was included the validation set. Data from the training set were used to update the BiliDx algorithm for the new
cassette. Data from the validation set were used to evaluate the performance of BiliDx with the new algorithm. Direct
bilirubin (DB) was additionally measured in a subset of samples in both the training and validation sets.

https://doi.org/10.1371/journal.pgph.0002262.g003

measurements, under-filled UNISTAT cuvettes, or visible red blood cells or debris in cuvettes.
Thirty-one samples (2.7%) were excluded because the BiliDx cassette did not adequately fill
with plasma and the BiliDx device displayed an error message to the user. The remaining 1101
samples from 723 neonates were divided into training (655 samples) and validation (446 sam-
ples) by date collected. For a subset of samples, both TSB and DB levels were measured (497
samples in the training set and 314 samples in the validation set).

Patient and sample characteristics are shown in Table 1. Three hundred ninety-four
(54.5%) patients were male. Six hundred sixty-seven (60.6%) measurements were taken from a
shielded region of the forehead while the neonate underwent phototherapy treatment. Esti-
mated GA at birth varied from 24 weeks to over 35 weeks and birth weight ranged from 620 g
to 5000 g. Sample hematocrit ranged from 17% to 80%; the mean was 48.8%. DB levels were
measured for 811 samples; of these samples, 439 (54.1%) had little or no direct bilirubin
(DB < 0.2 mg/dL), while 80 (9.9%) had high levels of direct bilirubin (DB > 2 mg/dL
or > 20% of TSB) [39,40].

Fig 4 shows Bland-Altman plots for TSB values measured by BiliDx versus reference stan-
dard values (UNISTAT) for samples in the validation set, stratified by HCT level. The overall
mean bias of BiliDx measurements in the validation set was + 0.75 mg/dL, and 95% limits of
agreement were -2.57 to 4.07 mg/dL; the mean bias and 95% limits of agreement were compa-
rable for samples with HCT < 60% (Fig 4A) and samples with HCT > 60% (Fig 4B). Results
are shown from one representative BiliDx reader per site; results from all BiliDx readers and
all HCT levels are shown in S1 Fig.

Data from all BiliDx readers correlated well with each other; the Pearson correlation coeffi-
cients (r) were found to be 0.97-0.98 between pairs of devices, and 2-3 measurements of samples
in the validation set by multiple BiliDx devices had a pooled standard deviation of 1.1 mg/dL.

Fig 5 shows Bland-Altman plots for BiliDx TSB values versus the reference standard (UNI-
STAT) for samples in the validation set, stratified by DB levels. Samples with DB levels less
than 0.2 mg/dL are shown in Fig 5A; samples with DB levels between 0.2 and 2 mg/dL and
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Table 1. Patient and sample characteristics for samples included in analysis.

Total | Training Set Validation Set
Total QECH |LUTH |Total QECH LUTH
Number of neonates 723! 436 141 295 288 115 173
Male neonates (% of total number of neonates from each hospital) | 394 239 84 155 155 66 89
(54.5%) | (54.8%) | (59.6%) | (52.5%) | (53.8%) | (57.4%) | (51.5%)
Number of samples 1101 655 155 500 446 132 314
Number of samples obtained when neonate undergoing phototherapy (% of total number of | 667 390 127 263 277 101 176
samples from each hospital) | (60.6%) | (59.5%) | (81.9%) | (52.6%) | (62.1%) | (76.5%) | (56.1%)
Number of samples obtained when neonate had received exchange transfusion” | 78 41 0 41 37 0 37
(7.1%) | (6.3%) (8.2%) | (8.3%) (11.8%)
Neonatal birth weight (g)
<1145 | 32 16 6 10 16 5 11
(GA < 28 wks)
1145 - 1404 | 38 22 10 12 16 8 8
(GA 28-30 wks)
1404-1821 | 93 60 26 34 33 20 13
(GA 30-32 wks)
1821-2201 | 84 48 23 25 36 22 14
(GA 32-34 wks)
2201 -2394 | 24 12 2 10 12 5 7
(GA 34-35 wks)
> 2394 | 402 244 74 170 159 53 106
(GA >= 35 wks)
Not recorded | 50 34 0 34 16 2 14
Sample TSB (reference standard, mg/dL)
0-5|312 165 15 150 147 18 129
5-10| 463 291 71 220 172 48 124
10 - 15| 205 136 46 90 69 33 36
15-20 |72 41 17 24 31 22 9
20-25 |24 12 4 8 12 6 6
25-30|13 5 0 5 8 2 6
30-35|9 3 1 2 6 3 3
>35|3 2 1 1 1 0 1
Mean Value (mg/dL) | 8.5 8.5 10.2 8.0 8.5 11.1 7.4
Median Value (mg/dL) | 7.5 7.8 9.3 7.2 7.1 10.0 59
Sample Hematocrit
18% - 36% | 64 42 11 31 22 10 12
36% - 50% | 511 319 55 264 192 43 149
50% - 60% | 396 236 61 175 160 46 114
60% — 70% | 100 45 16 29 55 23 32
>70% | 23 9 9 0 14 7 7
Not recorded | 7 3 1 3 3 0
Samples with direct bilirubin measurement
0-0.2mg/dL | 439 284 n/a 284 155 n/a 155
0.2 - 2mg/dL | 307 167 n/a 167 140 n/a 140
2 -4mg/dL | 26 20 n/a 20 6 n/a 6
4-6mg/dL | 15 12 n/a 12 3 n/a 3
> 6 mg/dL | 24 14 n/a 14 10 n/a 10
(Continued)
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Table 1. (Continued)

Total | Training Set Validation Set
Total |QECH |LUTH |Total |QECH |LUTH
Not available | 290 158 n/a 3 132 n/a 0

"For one patient, one sample was included in the training set (first 655 samples entered into the database) and one sample was included the validation set (remaining
446 samples). QECH = Queen Elizabeth Central Hospital; LUTH = Lagos University Teaching Hospital, GA = gestational age.

*QECH did not perform exchange transfusions.

https://doi.org/10.1371/journal.pgph.0002262.t001
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Fig 4. BiliDx performance for samples in the validation set, stratified by hematocrit level. Bland-Altman plots for
validation set samples comparing TSB (Total Serum Bilirubin) measured using BiliDx to that measured using a
reference standard (UNISTAT), stratified by hematocrit (HCT): A) HCT < 60% (374 samples), and B) HCT > 60%
(69 samples). Dashed red lines indicate mean bias; dashed black lines indicate 95% limits of agreement. Diagonal
dotted black lines indicate CLIA proposed guidelines of + 20%.
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Altman plots for validation set samples comparing TSB (Total Serum Bilirubin) measured using BiliDx to that
measured using the reference standard (UNISTAT), stratified by direct bilirubin levels as measured by the BR2
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agreement. Diagonal dotted black lines indicate CLIA proposed guidelines of + 20%.

https://doi.org/10.1371/journal.pgph.0002262.g005

with DB levels < 20% of the total bilirubin levels are shown in Fig 5B; and samples with high
DB fractions (DB > 2 mg/dL or > 20% of TSB) are shown in Fig 5C. Mean bias and 95% limits
of agreement are comparable for samples with low and intermediate DB levels (Fig 5A and
5B). The samples with high DB levels have a comparable mean bias of -0.74 mg/dL but wider
95% limits of agreement of -4.50 to +3.03 mg/dL.

Fig 6 shows error grids documenting the potential clinical impact of BiliDx measurements
from the validation set. Of the 446 samples in the validation set, 21 were excluded from this
error grid analysis: three because the chronological age of the neonate was less than 24 hours
and the guidelines do not cover this age, six were missing both GA and birth weight, and 12
had GA at birth <35 weeks but post-menstrual age at the time of sample collection > = 35
weeks: for these 12 samples, neither set of guidelines applies. One measurement (reference
standard TSB level 45.9 mg/dL) is outside the axis limits of Fig 6; this measurement fell into
Zone A. Fig 7 summarizes the fraction of measurements in each zone of the error grid; overall,
96.9% of BiliDx measurements fell into Zone A, which represents measurements within CLIA
guidelines or that would result in the correct clinical decision. For comparison, 90.8% of TcB
measurements fell into Zone A. Additionally, 7.4% of TcB measurements fell into Zone B,
which represents overestimation of TSB and potential overtreatment with phototherapy, com-
pared to 1.9% of BiliDx measurements in Zone B.

S2 Fig shows three sets of error grids stratified by direct bilirubin levels (DB) for the 299
BiliDx measurements in the validation set with a DB measurement that meet the inclusion cri-
teria for error grids. All samples meeting the definition of high DB fraction (either DB > 2
mg/dL or DB > 20% of the total bilirubin level, S2 Fig Part C) fell into Zone A, which repre-
sents measurements within CLIA guidelines or that would result in the correct clinical
decision.
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Fig 6. Bilirubin error grids. Treatment thresholds for phototherapy and exchange transfusion (lower & higher red
lines, respectively) and CLIA guidelines (black lines) overlaid. Zone A represents correct clinical action; Zones B-E
represent increasingly greater potential for harm associated with errors in bilirubin measurement. Colorless grids
contain no data points.

https://doi.org/10.1371/journal.pgph.0002262.g006

Discussion

In this work, we evaluated the accuracy of the BiliDx reader and commercially manufactured
lateral flow cassettes in two central hospitals in LMICs. Error grid analysis shows that 96.9% of
validation set samples measured with BiliDx would have resulted in the same clinical decision
as the reference standard. This performance is comparable to previous results with a prototype
version of the device that used a handmade two-dimensional paper strip [34].

BiliDx demonstrated comparable accuracy across various HCT levels. In this study, for
1131 samples in which HCT was evaluated, we found an average HCT of 48.8% and range of
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17% - 80%. We encountered 69 samples in the validation set with HCT values greater than
60%; BiliDx measurements of these samples showed a mean bias of +1.12 and 95% limits of
agreement of -2.70 to 4.93 mg/dL.

BiliDx displays an error message to users when the cassette is not filled with plasma, so the
user can either measure the cassette again once plasma completely fills the measurement win-
dow or collect another sample and apply it to a new cassette. Overall, only 30 (2.6%) of samples
in this study were automatically excluded by BiliDx because the strips did not fill with plasma.
One hundred and thirty-three samples (11.8%) had a HCT > 60%; of these samples, 10 (7.5%)
were automatically excluded because the cassette did not fill with plasma. By contrast, a 2018
study in Thailand by Thielemans et al. found a 75% error rate for samples with HCT values
from 56-65% measured with BiliStick, a similar POC TSB measurement device [23].

BiliDx was also accurate for samples with high levels of direct bilirubin. In this study, we
collected 48 samples in the training set and 23 samples in the validation set with high levels of
direct bilirubin (DB > 2 mg/dL or > 20% of TSB). BiliDx measurements for the 23 samples in
the validation set had a mean bias of -0.74 mg/dL (Fig 5C), indicating that BiliDx underesti-
mated bilirubin levels for these samples. However, the magnitude of the mean bias was still
comparable to that of samples with low levels of direct bilirubin (+0.92 mg/dL, Fig 5A), and
this magnitude is often not significant enough to affect clinical decision-making, as seen in the
error grids. Error grid analysis shows that all 20 samples with high DB levels whose ages allow
them to be plotted on an error grid would have resulted in the same clinical decision as the ref-
erence standard. This provides strong evidence to support the use of BiliDx to measure biliru-
bin in samples with high levels of direct bilirubin.

TcB is primarily recommended for screening purposes to evaluate whether TSB measure-
ment is needed [16,45]; when TSB measurement is available, diagnoses and treatment of
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hyperbilirubinemia should not be based on TcB alone [16,45]. However, in LMICs, it is often
used as an alternative to TSB when TSB is not available [8,10,12,18]. In this study, BiliDx dem-
onstrated greater accuracy than TcB; 96.9% of BiliDx measurements in the validation set
would have resulted in the same clinical decision as the reference standard, compared to 90.8%
of TcB measurements. TcB performance is known to be population-dependent and particu-
larly inaccurate for neonates with dark skin tones [19,46]. We also demonstrated that BiliDx
accurately measures TSB levels > 20 mg/dL; in contrast, the Drager JM-105 TcB device dis-
plays the message “>20” but does not give a quantitative value above 20 mg/dL. Quantitative
assessment of samples with high TSB levels is necessary to determine the need for photother-
apy and, potentially, exchange transfusion [36,43].

We developed bilirubin error grids to better understand and visualize the clinical impact of
errors in measured bilirubin concentrations. While we also reported the Pearson’s correlation
coefficient of BiliDx compared to laboratory standard, this quantity does not give information
about the meaningful clinical association between individual TSB measurements in the context
of a full clinical picture of each neonate. Thus, bilirubin error grids provide a useful bench-
mark for evaluating TSB values in the context of a neonate’s medical history, though any clini-
cal decision will likely depend on a clinician’s interpretation and other medical factors. We
also note that the updated guidelines used to develop these error grids indicate that they should
be used with caution outside of the United States, as the management of hyperbilirubinemia
can differ significantly from management in low-resource settings [36].

The strengths of this study include that it was conducted using a commercially manufac-
tured cassette and a prospective algorithm updated to reflect the performance of the new cas-
sette design. This algorithm was evaluated with a larger sample size (1101) and greater
bilirubin range to date (0.2-45.9 mg/dL) than those reported in our previous studies [33,34].
We enrolled patients from two different populations at two locations (Lagos, Nigeria and Blan-
tyre, Malawi) during all seasonal variations in temperature and humidity at both locations. We
also included both preterm and term neonates, and we included patients who had received
phototherapy treatment and/or exchange transfusions. Limitations of this study include that
BiliDx was only used by four trained research personnel and only at central hospitals. We also
collected a limited number of samples with high DB levels. Finally, our sample size was limited
at very high bilirubin concentrations; our dataset included 49 samples with TSB > 20 mg/dL
and only 3 samples above 35 mg/dL. Further studies are needed to evaluate BiliDx among a
larger number of users and in a greater variety of settings, including primary health centers, as
well as with more samples with high TSB and DB levels.

Conclusion

In conclusion, a low-cost BiliDx reader and commercially manufactured lateral flow cassette
performed well in two low-resource central hospitals compared to a reference standard biliru-
binometer. BiliDx can accurately measure bilirubin in samples with high HCT and with high
DB levels. This evaluation supports the use of BiliDx for accurate, rapid, low-cost, POC TSB
measurement in low-resource hospitals.

Supporting information

S1 Fig. BiliDx performance for all measurements of samples in the validation set. Bland-
Altman plot for validation set measurements comparing TSB (Total Serum Bilirubin) mea-
sured using BiliDx to that measured using a reference standard (UNISTAT). Each sample was
measured using one UNISTAT device and either using two BiliDx devices (in the study at
LUTH) or using three BiliDx devices (in the study at QECH) for a total of 994 BiliDx
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measurements. Dashed red lines indicate mean bias; dashed black lines indicate 95% limits of
agreement. Diagonal dotted black lines indicate CLIA proposed guidelines of +20%.
(TIF)

S2 Fig. Bilirubin error grids for samples stratified by direct bilirubin levels (DB). Treat-
ment thresholds for phototherapy and exchange transfusion (lower & higher red lines, respec-
tively) and CLIA guidelines (black lines) overlaid. Zone A represents correct clinical action;
Zones B-E represent increasingly greater potential for harm associated with errors in bilirubin
measurement. A) Samples with DB < 0.2 mg/dL (142 samples). B) Samples with DB between
0.2 and 2 mg/dL, and with DB levels < 20% of the total bilirubin levels (130 samples). C) Sam-
ples with either DB > 2 mg/dL or DB > 20% of the total bilirubin level (23 samples).

(TIF)

S1 File.
(DOCX)

S1 Text. Inclusivity in global research.
(DOCX)
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