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Abstract

Background

The epidemiology of trachoma in several Pacific Islands differs from other endemic settings,

in that there is a high prevalence of clinical signs of trachoma, particularly trachomatous

inflammation—follicular (TF), but few cases of trichiasis and limited evidence of ocular chla-

mydial infection. This so-called “Pacific enigma” has led to uncertainty regarding the appro-

priate public health response. In 2019 alongside Nauru’s national trachoma population

survey, we performed bacteriological and serological assessments of children to better

understand the typology of trachoma and to determine whether there is a need for trachoma

interventions.

Methods

We used two-stage cluster sampling, examining residents aged�1 year and collecting

household-level water, sanitation, and hygiene (WASH) variables. Children aged 1–9 years

provided conjunctival swabs and finger-prick dried blood spots to investigate the presence

of Chlamydia trachomatis nucleic acid and anti-Pgp3 antibodies, respectively.

Principal Findings

In 818 participants aged 1–9 years, the age-adjusted TF prevalence was 21.8% (95% CI

15.2–26.2%); ocular C. trachomatis prevalence was 34.5% (95% CI 30.6–38.9), and anti-
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Pgp3 antibody prevalence was 32.1% (95% CI 28.4%–36.3%). The age- and gender-

adjusted prevalence of trichiasis in�15-year-olds was 0.3% (95% CI 0.00–0.85), but no

individual with trichiasis had trachomatous scarring (TS). Multivariable analysis showed an

association between age and both TF (OR per year of age 1.3 [95% CI 1.2–1.4]) and anti-

Pgp3 positivity (OR 1.2 [95% CI 1.2–1.3]). There were high rates of access to water and

sanitation and no WASH variable was associated with the presence of TF.

Conclusions

TF, nucleic acid, and age-specific antibody prevalence collectively indicate that high levels

of C. trachomatis transmission among children present a high risk of ocular damage due to

trachoma. The absence of trichiasis with trachomatous scarring suggest a relatively recent

increase in transmission intensity.

Author summary

In contrast to several neighbouring Pacific Island nations, Nauruan children are heavily

affected by active trachoma and the cause is ocular infection with C. trachomatis. Compre-

hensive public health intervention to control trachoma in Nauru is required. The use of

laboratory markers for current and previous C. trachomatis infection should be consid-

ered in baseline trachoma prevalence surveys as we approach global elimination of tra-

choma, and in settings with inconsistent findings during previous screening exercises.

Introduction

Trachoma is the leading infectious cause of blindness worldwide and was targeted in 1996 for

elimination as a public health problem by the year 2020 [1,2]. The road map for neglected trop-

ical diseases 2021–2030 has revised this target to 2030 [3]. Active trachoma is an inflammatory

response to ocular infection with Chlamydia trachomatis. In trachoma-endemic areas, active

trachoma, defined as trachomatous inflammation—follicular (TF) or trachomatous inflamma-

tion—intense (TI) in one or both eyes, is common among young children [4]. Repeated epi-

sodes of active trachoma cause chronic inflammation which can gradually lead to scarring of

the inside of the eyelid (trachomatous scarring [TS]). Progressive conjunctival scarring can

distort the eyelid margin and cause the eyelashes to turn inwards, touch the eyeball (trachoma-

tous trichiasis [TT]), and painfully abrade the cornea [4]. Without intervention, the constant

abrasion can lead to corneal opacity (CO) and irreversible blindness [5]. It is important to

note that while there are other causes of trichiasis, TT is the result of progressive trachomatous

scarring [6]. Trachoma elimination programmes employ the World Health Organization

(WHO)-endorsed “SAFE” strategy: surgery for trichiasis, antibiotic treatment to clear infec-

tion, and facial cleanliness and environmental improvement to reduce transmission of ocular

C. trachomatis [7]. These “AFE” interventions are recommended in evaluation units (EUs)

where the prevalence of TF is�5% in children aged 1–9 years, and “S” is recommended where

the prevalence of trichiasis is�0.2% in those aged�15 years (EUs are generally equivalent to a

districts, which for trachoma elimination purposes WHO defines as “the normal administra-

tive unit for health care management, consisting of a population unit between 100,000–

250,000 persons”) [7,8].
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Population-based surveys are undertaken to determine whether prevalence thresholds are

exceeded in EUs where there has been recent evidence of trachoma. In 2007, a rapid assess-

ment in Nauru found high levels of TF in children (20.7%–33.0%), but no trichiasis in older

residents [9,10]. Rapid assessments use a “quick-and-epidemiologically-dirty” approach of

convenience sampling for recruiting participants and are specifically designed to overestimate

the percentage of children with TF. Whilst results could not be used as a prevalence estimate

for programmatic planning, the findings did suggest that active trachoma may be a public

health problem and provided justification for further investigation [11]. Subsequent popula-

tion-based surveys in the neighbouring countries of Papua New Guinea (PNG), Solomon

Islands, and Vanuatu had similar findings [12–15]. Additionally, there was little indication in

those countries of current C. trachomatis infection in children, based on polymerase chain

reaction (PCR) detection on conjunctival swabs, or past infection based on antibodies to the C.

trachomatis antigen Pgp3 [12,15–17]. It was therefore hypothesised that in these three Melane-

sian nations, as-yet undetermined aetiologies may be responsible for much of the clinical syn-

drome that is phenotypically indistinguishable from TF, a phenomenon referred to as the

“Pacific enigma” [16].

In July 2019, the Nauru Ministry of Health and Medical Services (MHMS) led a popula-

tion-based trachoma survey using standard Tropical Data methods to assess the prevalence of

clinical signs of trachoma and to collect data on household-level water, sanitation and hygiene

(WASH) variables [18]. Given the findings of Nauru’s 2007 rapid assessment and the observa-

tions from neighbouring countries, the survey added a research component testing for evi-

dence of current or past chlamydial infection in 1–9-year-olds. While a few previous studies

have collected clinical, bacteriological, serological, and WASH variables, this study is the first

nationwide trachoma survey in which all four types of data were generated simultaneously.

Methods

Ethics statement

Ethics approval for Tropical Data (https://www.tropicaldata.org/) support for the prevalence

survey was provided by the London School of Hygiene & Tropical Medicine Ethics Committee

(reference 16105). Ethics approval for the prevalence survey, collection, and testing of samples

was granted by the University of New South Wales Human Research Ethics Committee (refer-

ence HC190442) and the MHMS, Nauru (17/06/2019). Verbal consent was obtained for clini-

cal examination. A parent or guardian provided written consent for each child to provide

biological samples. Direct contact with survey participants was undertaken entirely by MHMS

staff. United States Centers for Disease Control and Prevention (CDC) staff did not interact

with survey participants or have access to any identifying information. This report conforms

with STrengthening the Reporting of OBservational studies in Epidemiology (STROBE) guide-

lines [19].

Trachoma survey design

The population-based prevalence survey was undertaken by the Nauru Ministry of Health

with the support of The Fred Hollows Foundation using standard Tropical Data methods.

Tropical Data builds on the systems and methods of the Global Trachoma Mapping Project

[20,21]. The survey was restricted to Nauruan citizens, who comprise most of the population,

and excluded foreign citizens working in Nauru and individuals seeking refugee status in Aus-

tralia. We recruited survey participants using two-stage cluster sampling following standard

Tropical Data methods, conforming to WHO recommendations [22,18]. Nauru’s estimated

resident citizen population of 9,600 was surveyed as a single EU [2,10]. The sample size was
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calculated based on a targeted level of precision for estimation of a proportion, via the formula

n = DEFF x p(1-p)/(2 x d/(1.96 x 2)2), with correction for a small, finite population [23]. Our

estimated sample size requirement for 1–9-year-olds was 724, assuming a TF prevalence of

10% and a design effect of 2�65 to achieve a 95% confidence interval (CI) of width 6% [23]. It

was increased by 25% to account for non-response, resulting in 905 children aged 1–9 years to

be enumerated. In the first stage, 20 clusters with approximately equal population sizes were

created using the fourteen administrative districts in Nauru plus six further subdivisions

drawn within the three most populated districts [18]. In the second stage, 23 households were

randomly sampled from each cluster using a pre-existing household list held by Nauru

MHMS. Assuming a mean of two children aged 1–9 years per household, this sampling frame

was expected to yield 920 resident 1–9-year-olds.

Teams conducted the survey in house-to-house visits in July 2019. Each team consisted of a

minimum of four individuals: a team leader, certified grader, certified recorder, and a dried

blood spot (DBS) specimen collector.

Household-level data collection

For consenting households, location (using GPS) was recorded and household-level WASH

variables obtained from the self-nominated head of the household using standard Tropical

Data methods described previously [22]. As per these methods, ten standard questions were

asked about household level WASH access; data on handwashing facilities and access to toilet/

latrine (if shared) were collected through head of household report [22]. Sanitation facilities

were categorised as “improved” or “unimproved”, using definitions set by the WHO–UNICEF

Joint Monitoring Programme (JMP) for Water Supply and Sanitation [24]. Handwashing facil-

ities were only recorded if there was a latrine in the household, and were categorised as either

“available with water and with soap”, “available with water but without soap”, or “no function-

ing handwashing facility available” [22]. All six recorders successfully passed the Tropical Data

prevalence survey training programme which involves specific training and assessment of

recorders [22]. All household- and individual-level data, including verbal consent, were cap-

tured electronically in real time using a purpose-built Secure Data Kit-based Android phone

application, following standard Tropical Data procedures [22].

Clinical examination

Prior to conducting the survey, graders and recorders were required to pass internationally

standardised training using the Tropical Data system [22]. In the week prior to the survey,

field graders undertook a four-day training programme conducted by certified Tropical Data

trainers using standardised training material. During the classroom session on examination

techniques, trainees were taught how to recognise trichiasis (upper and lower eyelid) and TS.

Consistent with the Tropical Data collection method, trainees were taught to recognise and

collect data on only moderate or severe scarring as per the WHO simplified grading system

definition of TS.

All residents of selected households�1 year of age for whom consent was given were exam-

ined for trachoma according to the WHO simplified trachoma grading scheme, using binocu-

lar 2.5× magnifying loupes and sunlight or a torch for illumination [5]. Participants found to

have trichiasis (at least one eyelash touching the eyeball, or evidence of recent epilation of in-

turned eyelashes) were further examined for TS and asked whether they had previously been

offered surgery for trichiasis or advice to epilate, then referred to the national hospital for man-

agement. Participants with active trachoma were provided with two tubes of 1% tetracycline

eye ointment.
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Collection of conjunctival specimens and dried blood spots

The research component was undertaken alongside the national survey to collect information

on laboratory correlates of clinical findings. Conjunctival specimens were collected by certified

graders with assistance for specimen collection provided by the team leader and DBS specimen

collector. The assistants were responsible for tube holding and specimen labelling. In the week

prior to the survey, the team undertook training in conjunctival and DBS sample collection.

This training incorporated infection control procedures to minimise the risk of specimen con-

tamination in the field. For the first three days of fieldwork, specimen collection was super-

vised by a senior investigator.

Consent for participation in the research component of this work was sought from carers

for individuals aged 1–9 years of age who were participating in the national survey. Conjuncti-

val specimens for PCR testing were collected from the left (second-examined) eye from con-

sented 1–9-year-olds following clinical examination. Using the Media Dual Swab Sample

Packet (P/N: 05170516190, [Cobas, Roche Diagnostics, New Jersey, USA]), a sterile woven

swab was passed three times (with a 120-degree turn between each pass) over the everted

upper tarsal conjunctiva and then placed immediately into a Cobas PCR media tube without

further contact. Control procedures were implemented to avoid cross contamination of speci-

mens in the field. We took care to ensure the swab head was only in contact with an individu-

al’s conjunctiva, and graders cleaned their hands with alcohol-based hand gel between each

subject.

DBS for serological testing were collected via finger prick to absorb up to five spots (esti-

mated 50 μL of whole blood per spot) onto Whatman 903 Protein Saver Cards (ThermoFischer

Scientific Australia Pty Ltd, Victoria). The staff member collecting the DBS wore gloves, which

were changed, and hand hygiene performed, after each participant. Swabs and DBS were car-

ried with the teams for up to 8 hours and stored at room temperature (RT) at the end of each

day. DBS cards were air-dried overnight, then each packed into an individual Whatman foil

barrier bag (Bio-Strategy, VIC, Australia) containing two 1 g silica desiccant sachets (Desicco

Pty Ltd NSW Australia). Swabs and DBS were stored from one to five weeks in Nauru at RT

before being transported at ambient temperature to St Vincent’s Centre for Applied Medical

Research, Sydney, Australia and stored at 2–8˚C and −20˚C, respectively, until laboratory test-

ing. Detailed methods for PCR and serological testing are provided (see S1 Text).

PCR testing for ocular Chlamydia trachomatis
DNA was extracted from the swabs and tested for C. trachomatis via real-time PCR (Cobas

6800, Roche Diagnostics), using the Cobas C. trachomatis / Neisseria gonorrhoeae (CT/NG)

dual assay; however, only the C. trachomatis results were evaluated as part of the study. Quali-

tative results were classified according to the manufacturer’s instructions.

We implemented rigorous control measures to prevent and identify contamination in the

laboratory. There were separate and physically distinct areas in the laboratory designated for

sample preparation, DNA extraction and PCR amplification. Each sample was uncapped in a

biological safety hood class II, placed on board racks with the collection swab remaining inside

the tube, then directly placed onboard the Roche COBAS 6800 instrument. Gloves were

changed in between handling test reagents and samples. Testing was performed according to

standard operating procedures (SOPs) and manufacturer’s Instructions for Use. The assay

reagents include uracil-n-glycoslyase, which prevents carry over contamination onboard the

instrument. Any contaminating amplicon from previous PCR runs are eliminated by the

AmpErase enzyme, which is included in the PCR master mix, during the first thermal cycling

step.
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Serological testing for anti-Pgp3 antibodies

Enzyme-linked immunosorbent assay. Samples eluted from DBS were tested by an

enzyme-linked immunosorbent assay (ELISA) to detect the anti-C. trachomatis antibody anti-

Pgp3 [25]. DBS samples and dried serum spots (DSS) were tested in duplicate. A blank spot

was punched after each patient spot to reduce the risk of carry over contamination. The quality

control criteria required to pass each testing plate followed CDC Instructions for Use. DSS

positive for anti-Pgp3 antibodies across a range of responses, as well as negative human serum

(NHS), were run on each plate [26]. Optical density was measured at 450nm on a Sunrise plate

reader (Tecan Group Ltd, Switzerland). The average result from 6 blank wells was subtracted

from each averaged absorbance value, and the result normalised against the mid-range positive

control to account for plate-to-plate variation [25]. Plates were acceptable if results for 3 out of

the 4 positive controls and the NHS control fell within pre-determined ranges (established

during assay validation) and the positive controls were at least 50 times higher than back-

ground. Initially, 4 out of 21 plates (19%) did not meet quality control criteria provided by the

CDC. The samples in these plates were re-punched, re-eluted and re-tested. Each repeat plate

then passed quality control criteria. A finite mixture model was used to classify the samples as

seropositive or seronegative based on normalized absorbance values. The threshold for sero-

positivity was determined to be 0.072 by taking the mean of the Gaussian distribution of the

seronegative population plus four standard deviations above the seronegative population.

Detailed methods for serological testing are provided (S1 Text).

Laboratory staff were blinded to all clinical results and samples were de-identified. The

serological and molecular work was performed by two different groups in the laboratory and

these groups were kept blinded to each other’s results.

Data analysis

Results of the laboratory testing were linked to the clinical results of the national survey and

analysed together. TF prevalence was adjusted for age, and trichiasis prevalence for age and

gender using standard methods for trachoma surveys, as previously described [20]. Prevalence

(by PCR) and serology (by ELISA) were also adjusted for age. Data from Nauru’s 2011 census

report were used as the reference dataset for the purposes of undertaking these adjustments

[27]. Outcome variables were TF, C. trachomatis PCR positivity, and anti-Pgp3 seropositivity

by ELISA. Logistic regression analyses were used to assess relationships between these out-

comes and age, gender, and household-level WASH variables. First univariable analyses were

undertaken, and then multivariable analyses with age, gender, time to get drinking water, time

to get washing water, and latrine classification included as covariables. A post-hoc power cal-

culation was undertaken to investigate the detectable alternative for the association between a

two-category WASH variable and TF. For 818 children, assuming the variable had an 80:20

split (e.g. 654 in one category vs 164 in the other) and there was 25% TF in the reference

WASH group, we had 80% power to detect a statistically significant difference if the percentage

of TF in the comparator WASH group was 36% or greater. Cluster-robust variance estimates

were calculated using sandwich estimators to account for the sampling scheme. Effect esti-

mates are presented as crude odds ratios (ORs) and adjusted odds ratios (aORs) with 95% con-

fidence intervals (CIs). Average annual seroconversion rate and associated 95% CI were

calculated using a generalised linear model with binomial family and identity link function.

Statistical analyses were carried out using R (R Project for Statistical Computing, Vienna, Aus-

tria) and Stata v16.0 (StataCorp, College Station, TX, USA).
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Results

A total of 459 households were visited and 2,515 people (53.3% female) examined across 20

survey clusters. 98 people declined to participate, and one adult could not be examined due to

an ocular abnormality (Fig 1). Household-level WASH data were obtained for all households.

Of 818 participating children aged 1–9 years, 96.2% (n = 787) resided in a household with

access to an improved source of drinking water, 95.7% (n = 783) with access to an improved

source of washing water, and 88.9% (n = 727) with access to an improved latrine.

Fig 1. Recruitment and results flow diagram, Nauru, July 2019. Abbreviations: TF, trachomatous inflammation—

follicular; TI, trachomatous inflammation—intense; TS, trachomatous scarring; PCR Ct, polymerase chain reaction

Chlamydia trachomatis; ELISA, enzyme-linked immunosorbent assay; +ve, positive; -ve, negative. �This is a slight

underestimation due to inconsistent recording of absenteeism in the first week of the survey. During this first week,

16% (124/764) of people were recorded as absent vs 27% (733/2707) across the remaining 3 weeks of the survey.

Extrapolating the average level of absenteeism over the last three weeks to the first week, we expect an additional 82

individuals were absent.

https://doi.org/10.1371/journal.pntd.0010275.g001
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Examination findings

Of the 818 children aged 1–9 years, 200 (24.4%) had TF and 9 (1.1%) had TI (Fig 1). The age-

adjusted prevalence of TF in children was 21.8% (95% CI 15.2–26.2). Of 317 children aged 10–

14 years, 35.6% (113) had TF. The prevalence of TF was 3% for 1-year-olds and increased with

age to 38% in 9-year-olds (Fig 2), with a 1.28-fold increase in adjusted odds of having TF for

each additional year of age within that age range (Table 1; 95% CI 1.18–1.40). Gender did not

affect the odds of TF (Table 1; aOR 0.73, [95% CI 0.49–1.09]). TI prevalence increased with

age, from 0.3% (1/346) of children <4 years, 1.7% (8/472) of children aged 5–9-years, to 35.6%

(113/317) of those aged 10–14 years.

There were six (0.4%) cases of trichiasis identified among 1,380 participants aged�15

years. All six cases were unilateral. Five of the cases were in individuals aged 15–39 years (60%

male), and one in a female participant aged�40 years. There were two cases in children, a

9-year-old [male] and a 13-year-old [female] (Fig 1). Both cases were unilateral. The age- and

gender-adjusted prevalence of trichiasis was 0.3% (95% CI 0.00–0.85). It was reported specifi-

cally by the graders that no individual with trichiasis had TS (Fig 1). In individuals aged�15

years, 5.1% (70/1380) had TF and 0.5% (7/1380) had TI.

Ocular C. trachomatis infection

PCR data on infection were missing for 4.6% of participants comprising 8 who refused, 14 had

no swab collected and 16 for whom labelling errors prevented matching of PCR and clinical

data. Of the 780 children for whom a swab was available, 272 (34.9%) were PCR-positive for C.

trachomatis. The age-adjusted infection prevalence was 34.5% (95% CI 30.6–38.9). PCR

Fig 2. Prevalence of trachomatous inflammation—follicular, ocular Chlamydia trachomatis detection, and anti-

Pgp3 antibodies in examined children aged 1–9 years in Nauru, July 2019. Abbreviations: TF, trachomatous

inflammation—follicular. Error bars showing 95% confidence intervals around survey prevalence estimate for each

outcome.

https://doi.org/10.1371/journal.pntd.0010275.g002
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positivity was more common in those with TF than those without (54.9% vs 28.3%; see Table 2

and Fig 3) but relatively stable by age (prevalence range: 30–41%) [S1 Table and Fig 2]). PCR

positivity was associated with both TF (OR 2.65 [95% CI 1.71–3.55]) and seropositivity (OR

5.36 [95% CI 3.84–7.46]). Neither age (S1 Table; aOR 1.02 [95% CI 0.96–1.10]) nor gender (S1

Table; aOR 0.90 [95% CI 0.66–1.23]) affected the odds of infection.

Anti-Pgp3 serology

Serological data were missing for 3.2% of participants; 5 refused, 8 did not have a DBS col-

lected, and labelling errors preventing matching of DBS cards and clinical data for 13 partici-

pants. No data are available on reason for refusal. DBS were available from 792/818 (96.8%)

children aged 1–9 years (Fig 1). Overall, seroprevalence by ELISA was 34.8% (276/792); the

age-adjusted prevalence was 32.1% (95% CI 28.4%–36.3%). For children with TF, 52.3% (101/

193) were seropositive compared with 29.2% (175/599) without TF (Table 2). Seropositivity

increased from 9.0% in those aged 1 year to 48% in those aged 9 years (Fig 2). The estimated

Table 1. Factors associated with trachomatous inflammation—follicular (TF) in children aged 1–9 years, Nauru, July 2019 (n = 818).

Variable n TF+ve n (%) OR (95%CI); p-value aOR (95%CI); p-valuea

Age, increase per year

1–9 years 818 200 (24.5) 1.27 (1.17–1.37); <0.001 1.28 (1.18–1.40); <0.001

Gender

Male 426 112 (26.3) 1.0 (reference)

Female 392 88 (22.5) 0.81 (0.57–1.16); 0.25 0.73 (0.49–1.09); 0.13

Household source of water used for drinking

Improved 787 200 (25.4) 1.0 (reference) 1.0 (reference)

Unimproved 24 0 no events no events

Other 7 0 no events no events

Time to get drinking water

Water source in the yard 552 161 (29.2) 1.0 (reference) 1.0 (reference)

Travel required 266 39 (14.7) 0.42 (0.19–0.90); 0.03 0.47 (0.07–3.10); 0.43

Household source of water used for washingb

Improved 783 199 (25.4) 1.0 (reference) 1.0 (reference)

Unimproved 30 1 (3.3) 0.10 (0.01–1.46); 0.09 0.16 (0.01–1.20); 0.15

Time to get washing water

Water source in the yard 401 124 (30.9) 1.0 (reference) 1.0 (reference)

All face washing done at the source 152 36 (23.7) 0.69 (0.44–1.09); 0.12 0.76 (0.46–1.26); 0.29

Travel required 265 40 (15.1) 0.39 (0.18–0.87); 0.02 0.80 (0.12–5.28); 0.82

Where do adults in the household usually defecate?

Private latrine 788 189 (24.0) 1.0 (reference) 1.0 (reference)

Other 30 11 (36.7) 1.83 (0.88–3.81); 0.10 1.68 (0.88–3.23); 0.12

Household latrine

Improved 727 188 (25.9) 1.0 (reference) 1.0 (reference)

Unimproved 91 12 (13.2) 0.44 (0.12–1.55); 0.20 0.68 (0.20–2.31); 0.54

Is there a functioning handwashing facility available?

Handwashing available with water and with soap 713 173 (24.26) 1.0 (reference) 1.0 (reference)

Handwashing available with water but without soap 34 6 (17.65) 0.68 (0.32–1.39); 0.28 0.57 (0.22–1.48); 0.25

No functioning handwashing facility available 68 19 (27.94) 1.21 (0.70–2.10); 0.50 1.31 (0.72–2.40); 0.37

a Multivariable logistic regression model adjusted for age, gender, time to get drinking water, time to get washing water, latrine classification, and cluster;
b Five children lived in households with access that did not fit into the improved or unimproved category; bold denotes p<0.05.

https://doi.org/10.1371/journal.pntd.0010275.t001

PLOS NEGLECTED TROPICAL DISEASES Trachoma in Nauru

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010275 April 19, 2022 9 / 16

https://doi.org/10.1371/journal.pntd.0010275.t001
https://doi.org/10.1371/journal.pntd.0010275


seroconversion rate was 4.4% (95% CI 3.2–5.5%) per year of age, and the adjusted odds of

being seropositive was 1.23-fold for each additional year of age in the 1–9-year-old range (S2

Table; aOR 1.23 [95% CI 1.15–1.32]). Seropositivity was associated with TF (OR 1.84 [95% CI

1.27–2.65]). The intensity of the ELISA response by year of age is shown in S1 Fig. Gender did

not affect the odds of seropositivity (S2 Table, aOR 1.09 [95% CI 0.85–1.40]).

Water, sanitation, and hygiene access

There was no association between any WASH access variable and TF (Table 1). In multivari-

able analysis, when compared with access to an improved source of drinking water, access to

an unimproved drinking source was associated with a decreased adjusted odds of PCR positiv-

ity (S1 Table; aOR 0.29 [95% CI 0.19–0.44]) and an increased adjusted odds of seropositivity

(S2 Table; aOR 1.70 [95% CI 1.02–2.86]). Access to a functioning handwashing facility that

lacked soap was associated with an increased adjusted odds of seropositivity (S2 Table; aOR

Fig 3. Co-occurrence of clinical and laboratory findings in children aged 1–9 years in Nauru, July 2019.

Abbreviations: TF, trachomatous inflammation—follicular; ELISA, enzyme-linked immunosorbent assay; PCR,

polymerase chain reaction.

https://doi.org/10.1371/journal.pntd.0010275.g003

Table 2. Comparison of detection of ocular Chlamydia trachomatis by polymerase chain reaction and anti-Pgp3 antibodies by enzyme-linked immunosorbent

assay in 1–9-year-old children with and without trachomatous inflammation—follicular in either eye, Nauru, July 2019.

PCR ELISA

Total Positive Total Positive

Clinical examination findings TF 193 106 (54.9%) 193 101 (52.3%)

No TF 587 166 (28.3%) 599 175 (29.2%)

Abbreviations: PCR, polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; TF, trachomatous inflammation—follicular.

https://doi.org/10.1371/journal.pntd.0010275.t002
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2.49 [95% CI 1.00–6.19]). No other WASH variable was found to be significant in the multi-

variable analysis.

Discussion

In the first national survey to simultaneously assess clinical, bacteriological, serological, and

WASH markers of trachoma in children aged 1–9 years in Nauru, we found high levels of all

three biological indicators defining transmission intensity of ocular C. trachomatis: PCR, serol-

ogy, and TF. We also found strong correlations among these indicators. Amongst 1–9-year-

olds, the prevalence of TF and serological positivity increased with age, while the prevalence of

infection remained stable. Taken together, and in contrast to the situation in several neigh-

bouring Melanesian nations, this study provides evidence that children in Nauru are heavily

affected by active trachoma and that the cause is infection with C. trachomatis.
The prevalence of ocular C. trachomatis infection in Nauruan children at 34.9% is the high-

est reported in the Western Pacific Region, and its relationship with TF is consistent with

those reported in Kiribati (the one Pacific country confirmed to date to have a high prevalence

of ocular C. trachomatis infection) and trachoma-endemic areas of Sub-Saharan Africa

[15,28,29]. In Kiribati, 81%–90.7% of PCR-positive children were seropositive [15,28]. By con-

trast, in Nauru, we found only 61.4% to be seropositive. While there are individuals who are

PCR positive without TF or seropositivity for chlamydial antibodies, generally these outcomes

co-occur within individuals. PCR positivity in the absence of TF or seropositivity was more

common in younger children, possibly reflecting individuals with early infections who did not

yet have inflammatory sequalae resulting in clinical signs and without an exposure level suffi-

cient for seroconversion.

According to current WHO guidelines, the prevalence of TF (21.8% [95% CI 15.2–26.2%])

in Nauruan children constitutes a public health problem requiring implementation of the A, F

and E components of the SAFE strategy. The trichiasis prevalence in adults>15 years of age

exceeded the 0.2% threshold defined as that determining whether chronic complications of

trachoma are a public health problem, but none of the individuals diagnosed with trichiasis

had TS identified. TT is the result of progressive conjunctival scarring and in trachoma-

endemic settings, most individuals with trichiasis present with moderate-severe conjunctival

scarring [30]. Trichiasis without TS may be due to age-related changes, prior trauma, or

inflammatory conditions [30]. Therefore, the absence of scarring in any of the cases suggests

the trichiasis reported here may not be trachoma-related. This finding, in the context of highly

prevalent TF in children, presents a perplexing picture of the public health threat posed by tra-

choma in Nauru. Furthermore, children had a low prevalence of TI, a manifestation of severe

active trachoma which, if present on repeated occasions over prolonged periods of observa-

tion, is the best known predictor of TS in adults [31].

There are several possible explanations for this pattern of results. Trachoma may have been

only recently introduced to children in Nauru and intense C. trachomatis transmission has not

been occurring for sufficiently long to produce cicatricial disease in adults. However, the 2007

trachoma rapid assessment found that a high proportion of TF (20.7%–33.0%) in 1–9-year-old

children [9]. If high ocular C. trachomatis transmission is a recent local phenomenon, the

decline in national living standards over the past few decades, coincident with the decline in

income from phosphate mining in Nauru, might be responsible. Although trichiasis was

found, the definition of trichiasis includes recent epilation, which may be done for reasons

other than corneal abrasion [30]. Another possibility is that some of the TF, C. trachomatis,
and antibody positivity may be due to inclusion conjunctivitis, caused by ocular infection with

urogenital strains of C. trachomatis. Inclusion conjunctivitis can have the same clinical
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manifestations as active trachoma and urogenital C. trachomatis has historically been reported

to be highly prevalent in Nauru [32,33]. A recent report reported >20% of individuals tested

were C. trachomatis positive. Further research investigating the contribution of specific C. tra-
chomatis serovars to eye infection in Nauru via detailed molecular epidemiology of both ocular

and genital C. trachomatis is required.

Access to sanitation has been associated with lower levels of both TF and C. trachomatis
infection [34]. In comparison to neighbouring countries, Nauruan children have high levels of

access to improved latrines (88.9%) [13,14,35]. This high level of sanitation coverage may

explain the lack of association between latrine access and laboratory markers of chlamydial

infection in this population. Despite the generally-held importance of household-level water

access to trachoma elimination, the evidence from published research is inconsistent [34].

Almost all children in our study lived in households with access to improved sources of water

for drinking (96.2%) and washing (95.7%), which may explain the lack of association of water

variables and TF. Lack of soap at a functioning handwashing facility and an unimproved

source of drinking water (not washing water) were associated with increased odds of anti-

Pgp3 positivity, consistent with appropriate access to water and hygiene being beneficial. One

unanticipated result was that an unimproved source of drinking water (not washing water)

was associated with decreased odds of PCR positivity. It is possible that this result may be a

type II error—finding an association where none exists or it may be due to an unmeasured

confounding variable, such as socioeconomic status.

A number of limitations must be acknowledged. Firstly, PCR data on infection were miss-

ing for 4.6% of participants and serology missing for 3.2%. Second, as Pgp3 antibodies do not

differentiate exposure to ocular from genital strains of chlamydia, seropositivity in an individ-

ual could reflect a range of potential exposures including trachoma, inclusion conjunctivitis,

and perinatal transmission during childbirth [36,37]. An additional limitation shared by all

standardised prevalence surveys using the Tropical Data method is that graders are trained to

assess TS as “easily visible scarring” as per the WHO simplified grading system definition [22].

This encompasses moderate to severe scarring, and it is possible some mild scarring may be

missed [38].

Finally, WASH variables collected as part of the Tropical Data methods were developed for

settings where there is poor access to sanitation and water. In settings such as Nauru, where

there is widespread access to safe household sanitation and water, the collection of additional

variables associated with trachoma such as household crowding, and the frequency of face and

hand washing should be considered.

As we approach global elimination more multi-modal, integrated screening and research,

like this work, will be required. Given this, it would be ideal to have standardised methods for

such work covering the capture, reporting, and interpretation of clinical, infection, and sero-

survey data. Standardisation would allow for comparability across locations and provide a

layer of quality control for reported results. Without such standardization, the assessment of

scarring is difficult to interpret, and it is possible that cases of trichiasis are due to trachoma.

We set out to investigate the epidemiology of trachoma in Nauru. Our findings demon-

strate the added value of using laboratory testing to provide richer insight. Clinical findings

relating to trachoma across age-groups were not as expected, with prevalent childhood disease

found in the absence of trichiasis plus TS in adults. While further work is required to under-

stand this age-related discordance, our results show trachoma is rife in Nauruan children and

suggest there has been a recent and substantial introduction of ocular C. trachomatis. The

absence of TS and TT in adults further supports our conclusions. Based on these findings,

Nauru implemented the SAFE strategy, including azithromycin mass drug administration for

elimination of trachoma as a public health problem. Our approach of integrating collection of
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clinical, laboratory, and WASH data, and assessing all four variables in parallel, can maximise

understanding of the current state of trachoma epidemiology in new or unusual settings. Simi-

lar integrated public health work and research will be required to drive progress towards the

global elimination of trachoma as a public health problem.
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