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Oral linezolid compared with benzathine penicillin G for 
treatment of early syphilis in adults (Trep-AB Study) in 
Spain: a prospective, open-label, non-inferiority, 
randomised controlled trial
Maria Ubals, Patricia Nadal-Baron*, Maider Arando*, Ángel Rivero, Adrià Mendoza, Vicent Descalzo Jorro, Dan Ouchi, Clara Pérez-Mañá, 
Marlene Álvarez, Andrea Alemany, Yannick Hoyos-Mallecot, Ethan Nunley, Nicole A P Lieberman, Alexander L Greninger, Cristina Galván-Casas, 
Clara Suñer, Camila G-Beiras, Roger Paredes, Alicia Rodríguez-Gascón, Andrés Canut, Vicente García-Patos, Magí Farré, Michael Marks, 
Lorenzo Giacani, Martí Vall-Mayans†, Oriol Mitjà†

Summary
Background Management of syphilis, a sexually transmitted infection (STI) with increasing incidence, is challenged 
by drug shortages, scarcity of randomised trial data, an absence of non-penicillin alternatives for pregnant women 
with penicillin allergy (other than desensitisation), extended parenteral administration for neurosyphilis and 
congenital syphilis, and macrolide resistance. Linezolid was shown to be active against Treponema pallidum, the 
causative agent of syphilis, in vitro and in the rabbit model. We aimed to assess the efficacy of linezolid for treating 
early syphilis in adults compared with the standard of care benzathine penicillin G (BPG).

Methods We did a multicentre, open-label, non-inferiority, randomised controlled trial to assess the efficacy of 
linezolid for treating early syphilis compared with BPG. We recruited participants with serological or molecular 
confirmation of syphilis (either primary, secondary, or early latent) at one STI unit in a public hospital and two STI 
community clinics in Catalonia (Spain). Participants were randomly allocated in a 1:1 ratio using a computer-
generated block randomisation list with six participants per block, to receive either oral linezolid (600 mg once per 
day for 5 days) or intramuscular BPG (single dose of 2·4 million international units) and were assessed for signs 
and symptoms (once per week until week 6 and at week 12, week 24, and week 48) and reagin titres of non-
treponemal antibodies (week 12, week 24, and week 48). The primary endpoint was treatment response, assessed 
using a composite endpoint that included clinical response, serological response, and absence of relapse. Clinical 
response was assessed at 2 weeks for primary syphilis and at 6 weeks for secondary syphilis following treatment 
initiation. Serological cure was defined as a four-fold decline in rapid plasma reagin titre or seroreversion at any of 
the 12-week, 24-week, or 48-week timepoints. The absence of relapse was defined as the presence of different 
molecular sequence types of T pallidum in recurrent syphilis. Non-inferiority was shown if the lower limit of the 
two-sided 95% CI for the difference in rates of treatment response was higher than –10%. The primary analysis was 
done in the per-protocol population. The trial is registered at ClinicalTrials.gov (NCT05069974) and was stopped for 
futility after interim analysis.

Findings Between Oct 20, 2021, and Sept 15, 2022, 62 patients were assessed for eligibility, and 59 were randomly 
assigned to linezolid (n=29) or BPG (n=30). In the per-protocol population, after 48 weeks’ follow-up, 19 (70%) of 
27 participants (95% CI 49·8 to 86·2) in the linezolid group had responded to treatment and 28 (100%) of 
28 participants (87·7 to 100·0) in the BPG group (treatment difference –29·6, 95% CI –50·5 to –8·8), which did not 
meet the non-inferiority criterion. The number of drug-related adverse events (all mild or moderate) was similar in 
both treatment groups (five [17%] of 29, 95% CI 5·8 to 35·8 in the linezolid group vs five [17%] of 30, 5·6 to 34·7, in 
the BPG group). No serious adverse events were reported during follow-up.

Interpretation The efficacy of linezolid at a daily dose of 600 mg for 5 days did not meet the non-inferiority criteria 
compared with BPG and, as a result, this treatment regimen should not be used to treat patients with early syphilis.

Funding European Research Council and Fondo de Investigaciones Sanitarias.

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY-NC-ND 
4.0 license. 

Lancet Infect Dis 2024; 
24: 404–16

Published Online 
January 8, 2024 

https://doi.org/10.1016/
S1473-3099(23)00683-7

See Comment page 335

*Contributed equally

†Contributed equally

Skin Neglected Tropical 
Diseases and Sexually 

Transmitted Infections Section 
(M Ubals MD, A Mendoza MD, 

A Alemany MD, C Suñer PhD, 
C G-Beiras PhD, 

M Vall-Mayans PhD, 
O Mitjà PhD), Fundació Lluita 

Contra les Infeccions 
(Á Rivero MD, A Mendoza, 

D Ouchi MSc, 
C Galván-Casas PhD, C Suñer, 

R Paredes PhD, O Mitjà), Clinical 
Pharmacology Department 

(C Pérez-Mañá PhD, 
Prof M Farré PhD), Pharmacy 

Department (M Álvarez PhD), 
Department of Infectious 

Diseases (R Paredes), and 
IrsiCaixa AIDS Research 

Institute (R Paredes), Hospital 
Universitari Germans Trias i 

Pujol, Badalona, Spain; Facultat 
de Medicina, Hospital Clinic, 

Universitat de Barcelona, 
Barcelona, Spain (M Ubals, 

P Nadal-Baron MSc); 
Dermatology Department 

(M Ubals, 
Prof V García-Patos PhD), 

Microbiology Department 
(P Nadal-Baron, 

Y Hoyos-Mallecot PhD), and 
Infectious Diseases 

Department (M Arando PhD, 
V Descalzo Jorro MD), Hospital 

Universitari Vall d’Hebron, 
Barcelona, Spain; Barcelona 

Checkpoint, Projecte dels 
NOMS, Hispanosida, Barcelona 

(Á Rivero); Department of 
Medicine, Division of Allergy 

and Infectious Diseases and 

Introduction
Syphilis is a sexually transmitted infection (STI) caused 
by Treponema pallidum subspecies pallidum that affects 

more than 50 million people worldwide. The incidence 
of syphilis has increased markedly in Europe and high-
income countries since 2000, with the highest rise 
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observed among men who have sex with men.1 Systemic 
dissemination of T pallidum can lead to neurosyphilis 
through invasion of the CNS, whereas in pregnant 
women, mother-to-child transmission can cause fetal 
loss, stillbirth, and congenital infection in newborns 
resulting in long term sequelae.2,3

The first-line therapy for early syphilis remains 
penicillin administered intramuscularly as a single dose 
of benzathine penicillin G (BPG),4 whereas the recom-
mended treatment of neurosyphilis, ocular syphilis, 
otosyphilis, and congenital syphilis4 is aqueous crystalline 
penicillin (intravenously every 4 h) or procaine 
penicillin G (intramuscularly once per day) for 10–14 days. 
The current management of syphilis has several notable 
challenges. First, BPG supply has been hampered by 
periodic and prolonged shortages in numerous countries, 
including high-income, low-income, and middle-income 
countries.5–7 According to a survey by WHO in 2015, the 
inability to treat pregnant women during the period of 
shortages contributed to more than half a million 

estimated congenital syphilis cases.5,8 Second, penicillin 
allergy is reported by 5–10% of pregnant people,9 and the 
alternative treatment option, doxycycline, cannot be 
given during pregnancy because of potential terato-
genicity. Therefore, penicillin desensitisation is required 
in this context.4,10 Finally, treating neurosyphilis4,10 and 
congenital syphilis3 requires a lengthy intensive 
intravenous course, which can be stressful for patients, 
resulting in high bed occupancy and costly hospital 
admission, which can result in poor adherence, and 
which might be unfeasible, particularly in low-resource 
settings.

Few antibiotics have been evaluated in randomised 
controlled trials (RCTs) for the treatment of early 
syphilis.11 Azithromycin was shown to be effective in two 
RCTs12,13 but is no longer a suitable treatment for syphilis 
because of the high prevalence of resistant strains.14–16 
Ceftriaxone has shown efficacy in clinical trials of early 
syphilis,17 but the antibiotic requires intramuscular or 
intravenous administration once per day for 10 days and 

Research in context

Evidence before this study
On July 1, 2023, we searched PubMed from inception for articles 
containing the terms “randomized controlled trial” or “phase 
III” and either “syphilis” or “T pallidum” in the title or abstract. 
Our search retrieved 61 results since 1987, most of which 
investigated the effectiveness of screening strategies and other 
public health interventions. We found five trials investigating 
the efficacy of azithromycin, ceftriaxone, and enhanced 
regimens of benzathine penicillin G (BPG), one pilot 
randomised controlled trial (RCT) on cefixime, one pilot RCT on 
amoxicillin (with or without probenecid), and observational 
studies on doxycycline. Early trials had demonstrated the 
efficacy of azithromycin, but a high prevalence of macrolide 
resistance (ranging from 67% to 100%) was reported in 
specimens from several studies globally between 2004 and 
2020. Ceftriaxone showed efficacy similar to BPG in early 
syphilis, with limited evidence in neurosyphilis, but required a 
prolonged course of intramuscular or intravenous 
administrations. Preliminary studies investigating 10-day 
treatment with cefixime showed positive results, but no 
phase 3 trials have confirmed efficacy. Non-randomised 
observational studies on doxycycline suggested the 
effectiveness of this drug against syphilis, but evidence on 
neurosyphilis remains scarce. We found no studies investigating 
the clinical efficacy of linezolid (or any other oxazolidinone) for 
treating syphilis.

Added value of this study
Our study is one of the few RCTs investigating syphilis in the 
past two decades, and marks a pioneering milestone because, 
to the best of our knowledge, it is the first RCT to assess clinical 
efficacy of agents that are not β-lactams or macrolides in the 
treatment of syphilis. We used state-of-the-art molecular 

technology to define cure endpoints allowing differentiation of 
reinfection (with a different T pallidum type) and relapse (with 
the same type). This approach is clinically relevant because the 
relapse of the same infection suggests that the treatment 
might not have completely cured the initial infection of the 
individual. By contrast, reinfection can occur even when the 
treatment has successfully cured the initial infection, but the 
patient is re-exposed to the pathogen. Our approach can serve 
as a new model for future trials on syphilis, setting a higher 
standard for research in this field. We provide the first in-vivo 
RCT data on the efficacy of linezolid in treating early syphilis. 
Linezolid, an oxazolidinone with high tissue penetration, had 
previously shown activity against T pallidum in vitro and in the 
rabbit model. In the current trial, treatment with 600 mg of 
linezolid once per day resulted in a cure rate of 70% among 
patients with early syphilis and did not meet the pre-
established non-inferiority criteria for efficacy when compared 
with the 100% cure rate with BPG. In our trial, at least three 
patients had relapses confirmed via molecular testing.

Implications of all the available evidence
Current evidence consistently highlights the need for including 
new antibiotics in the therapeutic repertoire of syphilis, 
particularly for neurosyphilis, neonatal syphilis, and syphilis in 
pregnant women. Preclinical in-vitro evidence and evidence in 
the rabbit model support the use of linezolid as a therapeutic 
agent for T pallidum infections. However, our trial in non-
pregnant adults with early syphilis was discontinued early 
because the observed results with linezolid at a dose of 600 mg 
per day for 5 days were not non-inferior to BPG, indicating that 
this regimen should not be considered for the treatment of 
early syphilis. A longer and higher dose regimen (eg, linezolid 
600 mg twice per day for 10 days) should be explored.
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has not demonstrated robust efficacy in treating 
neurosyphilis.18 Pilot studies on oral amoxicillin (with or 
without probenecid)19 and cefixime20,21 have been done, 
but conclusive results with larger sample sizes and 
broader populations are pending, and achieving 
sufficient concentrations of oral β-lactams in the CNS 
seems uncertain. Doxycycline appears to be as effective 
as BPG for early syphilis in observational studies, 
showing good results in people living with HIV,22,23 and is 
recommended as a second-line option for early syphilis, 
but data are very scarce for neurosyphilis.24 All of these 
challenges highlight the need for expanding the 
therapeutic repertoire available for the treatment of 
syphilis.4

An in-vitro model for culturing T pallidum was 
established in 2018 and paved the way for exploring the 
anti-treponemal activity of various antibiotic families 
and potentially repurposing compounds for syphilis 
treatment.25 Several antibiotics have now been demon-
strated to have activity in the in-vitro model.26,27 Notably, 
linezolid (a patent-free, low-cost oxazolidinone) 
exhibited bactericidal activity at concentrations 
achievable at the site of infection using currently 
approved regimens,26,27 and was demonstrated to 
successfully cure syphilis in the rabbit model.26 
Moreover, linezolid has the potential to treat systemic 
infections, including those affecting the CNS because of 
its high blood–brain barrier penetration and excellent 
oral bioavailability. The characteristics of linezolid could 
enable a fully oral treatment course for adult patients 
with neurosyphilis. We assessed the efficacy of linezolid 
for treating early syphilis in adults compared with the 
standard of care BPG.

Methods
Study design and participants
We did a multicentre, prospective, open-label, non-
inferiority, RCT (The Trep-AB Study) at one STI unit in a 
public hospital and two STI community clinics in 
Catalonia (northeast Spain). Two of the three recruiting 
centres primarily serve men who have sex with men and 
transgender women, whereas the other centre serves 
both genders, albeit with a higher male attendance. This 
is because in Spain, sexual and reproductive health care 
for women is typically managed by gynaecologists, rather 
than STI clinics. All patients diagnosed with early 
syphilis were assessed for possible inclusion in the study. 
Eligible patient were adult individuals aged 18 years or 
older who met the International Union Against STIs 
Treatment Guidelines criteria for primary, secondary, or 
early-latent syphilis (full list available in the appendix p 2).4 
Primary and secondary syphilis typically have distinct 
clinical features; however, in instances in which patients 
exhibited both primary and secondary syphilis symptoms 
concurrently, they were categorised as having secondary 
syphilis. Participants with primary syphilis and a positive 
quantitative PCR (qPCR) test for T pallidum were 

included, regardless of their baseline serological test 
results for syphilis. Participants with secondary and 
early-latent syphilis with positive results on both 
treponemal and non-treponemal serological tests were 
also included in the study, regardless of their qPCR 
result. The main exclusion criteria were a known allergy 
to investigational medicinal products, patients who met 
diagnostic criteria for symptomatic neurosyphilis, 
concurrent use of drugs with potential interactions, 
previous treatment for early syphilis within the past 
6 months, antibiotic treatment potentially active against 
T pallidum in the past week (ie, β-lactams, macrolides, or 
tetracyclines), pregnancy, and concomitant symptomatic 
STIs. The complete list of selection criteria is provided in 
the appendix (p 2).

The study protocol was approved by the ethics 
committee of the Hospital Universitari Germans Trias i 
Pujol (Badalona, Spain; registration number AC-21-016-
HGT-CEIM) and by the Spanish Agency of Medicines 
and Medical Devices (Madrid, Spain; registration number 
EudraCT 2020-005604-19). Ethical evaluations were also 
done by the European Research Council Ethical Board 
(Brussels, Belgium; registration number 850450, Trep-
AB). All participants provided written informed consent 
before enrolment. The study was done according to the 
principles for medical research involving human 
participants of the World Medical Association 
(Declaration of Helsinki) and Good Clinical Practice 
guidelines (ICH E6). All data generated in this trial were 
handled according to the General Data Protection 
Regulation 2016/679 on data protection and privacy for 
all individuals within the EU. The trial is registered at 
ClinicalTrials.gov (NCT05069974).

Randomisation and masking
Randomisation was done in a 1:1 ratio using a computer-
generated block-randomisation list with six participants 
per block without stratification by recruiting centre. 
Allocation was concealed from investigators using the 
study electronic case report form in REDCap, which 
revealed the allocation after the study investigator had 
decided to enrol a patient. Laboratory technicians and 
statisticians were unaware of the treatment allocation 
and treatment response of the participant throughout the 
study. Masking the treatment allocation from patients 
was not possible because of the different dosing, 
treatment duration, and administration routes of the 
investigational products. Participants randomly assigned 
to the intervention group received linezolid, administered 
orally at a dose of 600 mg once per day for 5 days. 
Participants randomly assigned to the control group 
received BPG, administered intra muscularly as a single 
dose of 2·4 million international units (MIU).

Procedures
Linezolid is a well known antimicrobial approved for the 
treatment of susceptible Gram-positive infections at a 

See Online for appendix
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standard dose of 600 mg per 12 h for 10–14 days.28 
Moreover, linezolid 600 mg per 24 h has been used off 
label to treat multidrug-resistant tuberculosis.29 We 
adopted a drug-repurposing strategy for our clinical trial. 
The selected dose and frequency of linezolid (600 mg per 
24 h) was determined through simulations of drug 
concentrations over the dosing period, on the basis of an 
area under the concentration-time curve for the free drug 
over a 24 h period (fAUC24h) of 64·0 μg·h/mL, and a 
minimum inhibitory concentration (MIC) of 0·5 mg/L.26,28 
The pharmacokinetic–pharmacodynamic target was the 
fAUC24h:MIC ratio of at least 100, which has been 
shown to predict clinical efficacy for other bacterial 
infections.30 In our simulations (appendix p 3), linezolid 
concentrations reached a fAUC24h:MIC ratio of 128·0, 
exceeding 100.

The selected treatment duration of 5 days was based on 
the concept that a cure for the infection can be achieved 
if drug treponemicidal concentrations are maintained for 
at least 5–7 days.31,32 In the original experiments by Eagle 
and colleagues,31,32 T pallidum was cleared from chancres 
if penicillin concentrations were maintained over a 
2–3-day period; however prolonged exposure for a period 
of 5–7 days was felt to be required to clear treponemes 
that might persist in the lymph nodes and tissues 
because of the slow-growing nature of the bacteria 
(generation time 30–33 h).33,34 The optimal duration of 
treatment for early syphilis is still unknown and has not 
been assessed in clinical trials.

A single daily dose for 5 days was chosen as a balance 
between efficacy and convenience, recognising the 
relationship between dosing simplicity and adherence in 
various medical conditions.35,36 This decision prioritised 
enhancing real-world treatment outcomes, especially in 
low-income and middle-income countries with poor 
access to health-care facilities, which might result in 
challenges regarding treatment compliance.

To warrant patient safety, our patient-monitoring 
approach involved the following: frequent checks for 
rapid identification of treatment failure and subsequent 
application of standard-of-care treatment and follow-up 
until complete cure; a follow-up period of sufficient 
duration (ie, 48 weeks, later extended to 96 weeks) to 
detect relapse in any enrolled patient; an interim analysis 
with a relatively small sample size of 50 patients; and 
rigorous oversight by the Clinical Trial Unit and Contract 
Research Organisation of the Fight Infectious Disease 
Foundation.

Both investigational medicinal products are marketed 
drugs and were supplied by the study sponsor. Linezolid 
was packaged with instructions inserted by the pharmacy 
service of the University Hospital Germans Trias i Pujol.

At baseline, we collected data on demographic, 
epidemiological, and clinical characteristics, including 
concomitant medications or recreational drug use. 
Participants underwent physical examination and a 
clinical assessment of syphilis, including a specific 

assessment for neurosyphilis conducted according to 
routine clinical practice (appendix p 3). Laboratory 
assessments included serological tests for syphilis 
(chemiluminescence immunoassay and rapid plasma 
reagin [RPR]), and qPCR testing of swab samples and 
plasma. Swabs were collected from chancres in primary 
syphilis and oral or genital mucosal lesions in secondary 
syphilis (lesional swabs). For latent syphilis and 
secondary syphilis without mucosal lesions, swabs were 
taken from healthy oral mucosa (oral swabs). Participants 
allocated to the control group received an intramuscular 
injection of BPG, and those in the intervention group 
were provided with the necessary doses of linezolid and 
instructed to take a tablet every 24 h starting at the point 
of care.

All participants were interviewed by telephone 1 week 
after treatment start to assess adverse events related to 
the medication and treatment compliance. Subsequently, 
they were interviewed once per week until week 6 to 
monitor other safety outcomes, clinical outcomes, and 
concomitant medication. On-site follow-up visits were 
scheduled at week 12, week 24, and week 48 (study end) 
and included a repeat interview and physical examination 
and serological tests for syphilis to assess serological 
cure.

Additional in-person visits were scheduled at any time 
during the follow-up for patients who experienced clinical 
non-response or worsening of lesions within 6 weeks of 
treatment initiation and those with clinical recurrence at 
any time during follow-up, or serological non-response or 
rebound. During this visit, epidemiological and clinical 
information was gathered, and a comprehensive physical 
examination was conducted, including an assessment for 
neurosyphilis. Serology samples were obtained along 
with lesional swabs or oral swabs.

Participants who did not achieve clinical or serological 
cure, or experienced recurrence, were treated with a 
single dose of BPG 2·4 MIU3 and were followed up until 
they reached complete cure. A 96-week long-term 
monitoring plan for all participants, including those who 
achieved clinical and serological cure, is currently in 
place to detect and track potential relapse.

For PCR identification of T pallidum DNA in swabs, 
DNA extraction was done using the QIAmp DNA Mini 
Kit (Qiagen, Hilden, Germany) on 300 μL samples and 
eluted in 100 μL of RNAse-free water (appendix p 4). Total 
DNA quantification was done using Thermo Scientific 
NanoDrop (Thermo Fisher Scientific, Waltham, MA, 
USA). T pallidum DNA detection was done using an in-
house qPCR assay targeting the tpp47 gene (tp0574).

To analyse genetic profiles of T pallidum, multilocus 
sequence typing (MLST) and whole-genome sequencing 
(WGS) were performed. MLST analysis involved PCR 
amplification of a partial region of the tp0136, tp0548, and 
tp0705 genes, followed by Sanger sequencing.37 Sequence 
analysis was done using MEGA software version 11.0.13. 
The Total Diversity Index was calculated as the ratio of 
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different sequences to fully typable samples. WGS was 
done in samples with a tp0574 qPCR cycle threshold 
value lower than 31 cycles. Precapture libraries were 
prepared using the Kapa Hyperplus Kit (Roche, Hague, 
IN, USA) with 8 min of fragmentation. Capture was 
done using Integrated DNA Technologies xGen 
Hybridization Capture protocol, using biotin-labelled 
capture probes designed on the basis of the T pallidum 
SS14 (accession number nucleotide NC_010741) genome. 
Sequencing was done on the NextSeq 2000 platform 
(Illumina, San Diego, CA, USA). Bioinformatic analysis, 
including MLST and resistance screening, was done 
using established pipelines at the University of 
Washington, Washington, DC, USA, laboratory.38 Raw 
sequencing reads and consensus genome sequences 
were deposited in the National Center for Biotechnology 
Information database (Bioproject PRJNA723099). The 
phylogenetic tree was constructed from whole-genome 

sequences masked at repetitive loci39 and aligned with 
MAFFT version 7.471 (reference PMC3603318), using the 
neighbor-Joining method in the Genieous Prime 
software, version 2020.1.2.

Outcomes
The primary efficacy endpoint was treatment response, 
assessed using a composite endpoint that included clinical 
cure, serological cure, and absence of relapse. To meet the 
definition of cure the participant had to meet all three 
components of the primary endpoint. Clinical cure was 
defined as the healing of primary syphilis lesions within 
2 weeks and secondary syphilis lesions within 6 weeks 
from treatment start (ie, the manifestations of primary 
and secondary syphilis differ in healing time frames).40 
For patients with latent syphilis, clinical cure was not 
assessed since there are no visible lesions in this stage of 
the disease. Serological cure was determined by a four-
fold decline in RPR titre or seroreversion at any of the 
prespecified timepoints (12 weeks, 24 weeks, and 
48 weeks) from treatment initiation. In patients with 
primary syphilis and negative serology at baseline, 
serological response was not assessed. In people 
presenting with clinical recurrence, MLST and WGS of 
T pallidum were used to differentiate between relapse 
(persistent infection with the same strain) and reinfection 
(infection with a new strain). This is clinically relevant as a 
relapse is indicative of treatment failure, whereas 
reinfection can occur even after treatment success when 
the patient is re-exposed to the pathogen. Cases of clinical 
recurrence in which MLST and WGS could not provide 
results (ie, untypeable strains caused by low DNA quantity 
in the swab) were considered a relapse for the primary 
endpoint analysis. Sensitivity analyses were done treating 
people with untypeable cases as if they did not represent 
a relapse.

Secondary endpoints were the individual components 
of the primary endpoint, comprising clinical cure, 
serological cure, and abscence of relapse. Additionally, a 
post-hoc endpoint of reinfection was assessed on the 
basis of serological rebound during follow-up, defined as 
a four-fold increase in titres in previously serologically 
cured participants.

Statistical analysis
This study was based on the assumption that linezolid 
would be non-inferior to BPG for the primary efficacy 
outcome, with use of a prespecified non-inferiority 
margin; the lower limit of the 95% CI for the difference 
in treatment response between groups would not exceed 
–10%. We calculated that a sample size of 150 participants 
would give a power of 80% to test the hypothesis on the 
basis of an anticipated response rate of 95% in each 
treatment group and a one-sided type-1 error rate of 
0·025. An interim futility analysis was planned once 
50 participants reached the 24-week follow-up. The 
stopping rule entailed using the β-spending function 

Figure 1: Trial profile
An interim futility analysis was done when 50 participants reached the 24-week follow-up. During this 24-week 
follow-up period, we enrolled an additional 12 participants before conducting the interim analysis, after which we 
halted further enrolment. BPG=benzathine penicillin G. ITT=intention to treat. RPR=rapid plasma reagin. 
STI=sexually transmitted infection. 

62 participants assessed for eligibility

59 enrolled and  randomly assigned

30 assigned to BPG (control) and 
received the intervention 

28 participants completed follow-up 
(per protocol)

29 assigned to linezolid and received 
the intervention

27 participants completed follow-up 
(per protocol)

2 with secondary syphilis had clinical 
non-response within 6 weeks 

2 with primary syphilis had a 
recurrent episode 

2 with secondary syphilis had a 
recurrent episode

2 participants had serological non-
response

3 were not considered for inclusion
1 symptomatic concomitant STI
2 positive screening test but negative RPR confirmatory 

test 

2 excluded
1 because the genital ulcer PCR 

was negative
1 because azithromycin was 

taken 1 week before 
randomisation

2 excluded
1 because the genital ulcer PCR 

was negative
1 lost to follow-up 
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method approximating the O’Brien-Fleming non-
binding boundaries. If the one-sided p value observed at 
the interim analysis for non-inferiority was higher than 
0·473, the trial would be stopped for futility.

We selected the per-protocol population for the primary 
analysis. This population included all eligible patients 
who underwent random assignment and who completed 
the study procedures to week 48. We also did supporting 
analysis with the intention-to-treat population, which 
included all eligible patients, and in which patients with 
missing data were regarded as having treatment failure.

For the analysis of the primary endpoint (cure rate at 
48 weeks) we estimated two-sided 95% CIs for the 
difference in cure proportions between the linezolid and 
the BPG using the likelihood score test. We used the 
same method to analyse secondary binary endpoints. To 
compare adverse events between treatment groups we 
used two-sided t tests and Fisher’s exact test with a 
significance level of 0·05. We did all statistical analyses 
with R, version 4.2.1.

Following the discontinuation of the trial, we did a 
post-hoc pharmacokinetic–pharmacodynamic analysis 
and Monte Carlo simulation to assess the probability of 
target attainment with various linezolid dosage regimens. 
The probability of target attainment represents the 
percentage of patients in which the pharmacokinetic–
pharmacodynamic index reaches the value associated 
with clinical efficacy (ratio fAUC24:MIC ≥100 in the case 
of linezolid).30,41 For the simulations, we extracted the 
pharmacokinetic parameters of linezolid and the MIC 
value for T pallidum from the literature.26,28,42 Details on 
the methodology of the simulation are provided in the 
appendix (p 10).

Role of the funding source 
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report.

Results
Enrolment was halted early at the prespecified interim 
analysis because of the futility of linezolid (p=0·99 using 
the β-spending function method, exceeding the 
predefined 0·473 threshold). Between Oct 20, 2021, and 
Sept 15, 2023, 62 patients had been assessed with 
suspected early syphilis for eligibility (figure 1). Three 
patients were not enrolled because they did not meet the 
selection criteria. 59 patients with serologically or 
molecular-confirmed syphilis were randomly assigned to 
receive either linezolid (n=29) or BPG (n=30; intention-
to-treat population). Demographic charac teristics and 
past medical history of participants in both treatment 
groups were similar (table 1). The mean age of participants 
was 37·6 years (SD 9·5) in the linezolid group and 
39·2 years (9·9) in the BPG group, and all participants 
were men (all cisgender). Baseline characteristics of the 
syphilis episode and laboratory results were also similar 

in both treatment groups (table 2). Among the 59 patients, 
nine (31%) of 29 participants in the linezolid group 
and nine (30%) of 30 in the BPG group had primary 
syphilis, nine (31%) of 29 participants in the linezolid 
group and ten (33%) of 30 in the BPG group had 
secondary syphilis, and 11 (38%) of 29 participants in the 
linezolid group and 11 (37%) of 30 in the BPG group had 
early-latent syphilis. Among 18 patients with primary 
syphilis, ten (56%) had a negative RPR result, suggesting 
a window period before seroconversion.

Of 59 patients, 28 (47%) tested positive for T pallidum 
qPCR in swab specimens (16 [89%] of 18 with primary 
syphilis, 11 [58%] of 19 with secondary syphilis, and one 
[5%] of 22 with latent syphilis), whereas 31 (53%) of 
59 tested negative, which is common in secondary and 
latent stages (table 2). The mean cycle threshold value in 
swab specimens was 31·3 (SD 3·4), with 12 (43%) 
specimens having a value below 31 cycles. In plasma 
specimens, 16 (27%) of 59 participants tested positive for 
T pallidum qPCR (two [11%] of 18 with primary syphilis, 
12 [67%] of 19 with secondary syphilis, and two [11%] of 
22 with early-latent  syphilis). Five participants who 
tested negative in their swab specimen had a positive 
result in their blood specimen.

Linezolid (n=29) BPG (n=30)

Age, years 37·6 (9·5) 39·2 (9·9)

Gender

Men* 29 (100%) 30 (100%)

Women 0 0

Region of origin

Spain 19 (66%) 17 (57%)

Latin America 3 (10%) 10 (33%)

Other regions 7 (24%) 2 (7%)

Data not available 0 1 (3%)

Sexual contacts in the past 12 months 20 (10–40) 10 (4–35)

PrEP for HIV prevention in the past 12 
months

13 (44·8) 5 (16·6)

Substance use in the past 2 weeks† 7 (24·1) 8 (26·7)

STI in the past 12 months‡ 26 (89·7) 25 (83·3)

Syphilis history

Past syphilis episodes 19 (65·5) 18 (60·0)

Years since last episode 2 (1–3) 3 (1–5)

Number of episodes (n=37)

1 8 (42·1) 12 (66·7)

2 9 (47·4) 4 (22·2)

3 2 (10·5) 1 (5·6)

4 0 (0·0) 1 (5·6)

Data are presented as n (%), mean (SD), or median (IQR). BPG=benzathine 
penicillin G. PrEP=HIV pre-exposure prophylaxis. STI=sexually transmitted 
infection. *All cisgender. †The complete list of substances is provided in the 
appendix (p 5). Numbers provided exclude alcohol consumption. ‡The complete 
list of previous STIs is provided in appendix p 5.

Table 1: Demographic characteristics and past history of study 
participants (intention-to-treat population)
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MLST typing was done in 33 participants with PCR 
positive swab or plasma samples. Full MLST typing was 
achieved in 25 (76%) of the 33 participants, and partial 
MLST typing was achieved in three (9%). Among the 
28 fully or partially typed samples, 16 (57%) belonged to 
the Nichols-like clonal complex and 12 (43%) to the SS14-
like clonal complex.43 A total of five distinct allelic profiles 
were identified, yielding a Total Diversity Index value of 
0·20, indicating low diversity. The most common allelic 

profiles were 9.7.3 (11 [39%] of 28 participants) and 1.3.1 
(eight [29%] of 28 participants). Among the 12 swab 
specimens with cycle threshold values lower than 31 that 
were tested using WGS, 12 (100%) yielded complete 
genome sequences, revealing phylogenetic relationships 
(appendix pp 6–8). Additional whole-genome sequencing 
was attempted on three specimens with a CT value 
higher than 31 in patients experiencing a recurrent 
episode.

The per-protocol population consisted of 27 patients in 
the linezolid group and 28 in the BPG group (figure 1), 
because four of the overall 59 randomly assigned 
participants (two in each group) were excluded from the 
analysis: in the BPG group, one participant was excluded 

Linezolid (n=29) BPG (n=30)

Clinical characteristics

Syphilis stage

Primary syphilis 9 (31%) 9 (30%)

Secondary syphilis 9 (31%) 10 (33%)

Early-latent syphilis 11 (38%) 11 (37%)

Symptoms duration (from 
symptom onset until baseline 
study visit)

5·00 (3·0–10·0) 14·0 (9·0–34·5)

Clinical manifestations of primary syphilis

Chancre presence 9 (31%) 7 (23%)

Follmann balanitis 2 (7%) 1 (3%)

Clinical manifestations of secondary syphilis

Generalised rash 4 (14%) 8 (27%)

Genital rash 5 (17%) 3 (10%)

Palms–soles involvement 1 (3%) 2 (7%)

Patchy hair loss 0 1 (3%)

Depapillated tongue 0 2 (7%)

Mucous plaques 1 (3%) 2 (7%)

Arthromyalgia 1 (3%) 3 (10%)

Adenopathy 1 (3%) 1 (3%)

Number of distinct secondary 
syphilis manifestations

1·00 (1·00–2·00) 1·50 (1·00–4·00)

Laboratory results

RPR positive 24 (83%) 25 (83%)

Median RPR at enrolment 1/16 1/16

PCR positive

PCR positive swabs 15/29 (52%) 13/30 (43%)

PCR Ct value 30·8 (3·6) 31·5 (3·2)

PCR positive lesional swabs 11/12 (92%) 9/10 (90%)

PCR positive healthy oral 
mucosa

4/17 (24%) 4/20 (20%)

PCR positive plasma 7/29 (24%) 9/30 (30%)

PCR Ct value 32·4 (2·0) 32·7 (2·3)

Participants with a PCR positive result (swab or plasma) by stage*

Primary syphilis† 8/9 (89%) 8/9 (89%)

Secondary syphilis‡ 7/9 (78%) 8/10 (80%)

Early-latent syphilis§ 1/11 (9%) 1/11 (9%)

Specimen molecular characteristics in participants with positive swab or 
plasma results

Clade

Nichols 12/16 (75%) 4/17 (24%)

SS14 4/16 (25%) 8/17 (47%)

Unsuccessful clade 
identification

0/16 5/17 (29%)

(Table 2 continues in next column)

Linezolid (n=29) BPG (n=30)

(Continued from previous column)

MLST type¶

1.1.1 (ST2) 0/16 1/17 (6%)

1.3.1 (ST1) 3/16(19%) 5/17 (29%)

3.2.3 (ST6) 4/16 (25%) 0/17

9.7.3 (ST26) 7/16 (44%) 4/17 (24%)

1.17.9 (ST28) 1/16 (6%) 0/17 (0%)

1.X.1 0/16 2/17 (12%)

3.2.X 1/16 (6%) 0/17

Unsucessful MLST type 
identification

0/16 5/17 (29%)

Concomitants asymptomatic STIs at baseline

HIV positive test results 0/17 1/17 (6%)

Gonorrhoea test positive 0/19 2/23 (9%)

Chlamydia test positive 2/19 (11%) 3/23 (13%)

Other STIs 0/19 1/23 (4%)

Data are presented as n (%), mean (SD), or median (IQR). BPG=benzathine 
penicillin G. MLST=multilocus sequence typing. RPR=rapid plasma reagin. 
ST=sequence types of Treponema pallidum. STI=sexually transmitted infection. 
*Specimens from 59 patients were collected at baseline, overall including 
18 patients with primary syphilis, 19 patients with secondary syphilis, and 
22 patients with latent syphilis. †Of the 18 specimens collected from patients 
with primary syphilis, all were genital ulcer swabs. Of these, 16 (89%) of 18 were 
positive, whereas two negative cases were excluded from the per-protocol 
population because they did not pass the screening. Plasma was quantitative PCR 
positive in two (12%) of the 16 cases. ‡Among the 19 specimens from patients 
with secondary syphilis, 15 were healthy oral swabs (7 [47%] qPCR positive), three 
were swabs from a genital lesion (three [100%] qPCR positive), and one was from 
an anal lesion swab (one [100%] qPCR positive). Additionally, plasma was positive 
for 12 (63%) of 19 patients, including four patients who tested negative with a 
swab. §One patient with latent syphilis had positive results in both plasma and 
healthy oral mucosa swabs and another patient was positive in plasma only 
(two [9%] of 22 positive plasma samples and one [5%] of 22 positive healthy oral 
mucosa). ¶Full MLST typing was reached in 25 (76%) of 33 patients with at least 
one PCR-positive specimen (either swab or plasma) and partial typing in 
three (9%) of 33. In patients with primary syphilis, typing was reached in 14 (78%) 
cases. In secondary syphilis, full or partial typing was reached in 13 patients; 
seven (47%) of 15 oral swabs, four (100%) of four lesion swabs, and nine (47%) of 
19 plasma specimens were typed. In early-latent syphilis, one (5%) of 22 oral 
swabs was typable and no typing was reached from plasma positive samples. 
There were no MLST discordances within participants who had both positive 
swab and positive plasma specimens.

Table 2: Baseline syphilis episode characteristics and laboratory results 
(intention-to-treat population)
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because they did not pass screening (presenting with a 
genital ulcer but negative RPR and PCR results), and 
another participant had taken azithromycin 1 week 
before randomisation. In the linezolid group, one 
participant was excluded because of  screening failure 
and another participant because of loss to follow-up. In 
the per-protocol analysis, the criteria for non-inferiority 
were not met for the primary composite endpoint of 
clinical cure, serological cure, and absence of relapse. 
Overall, 19 (70%) of 27 patients assigned to linezolid were 
cured compared with 28 (100%) of 28 patients in the BPG 
group (table 3). The incidence of the individual 
components of the primary endpoint also differed 
between groups. In the intention-to-treat population 
(patients with missing data were regarded as having 
treatment failure), 19 (66%) of 29 patients in the linezolid 
group and 28 (93%) of 30 patients in the BPG group were 
cured (table 3).

Among the 55 participants in the per-protocol 
population, individuals with skin or mucosal lesions in 
primary or secondary stage were monitored for clinical 
cure after treatment, whereas participants with 
(asymptomatic) latent-stage syphilis were not assessed 
for clinical cure. In 14 (88%) of 16 participants in the 
linezolid group and in 17 (100%) of 17 participants in the 
BPG group, the lesions had either resolved or were in 
the healing process. The remaining two patients in the 
linezolid group, who both had secondary syphilis, were 
classified as having no clinical response to treatment 
(figure 2A; patients 1–2, table 4). Both cases tested 
positive for syphilis on the second PCR test.

In the per-protocol population, 23 (85%) of 
27  participants in the linezolid group and 24 (86%) of 
28 in the BPG group had a positive serology at baseline, 
whereas four (15% and 14%, respectively) in each group, 
all with primary syphilis, had a negative serology (but 
positive PCR). 21 (91%) of 23 individuals in the linezolid 
group and 24 (100%) of 24 in the BPG group reached 
serological cure, and two (9%) of 23 participants in the 

linezolid group did not exhibit a reduction in RPR titres 
(patients 3–4, table 4).

Four (7%) of 55 participants had recurrent clinical 
symptoms, all in the linezolid group (patients 5–8, 
table 4); two participants had primary syphilis at 
baseline and had recurrent primary lesions at 5 weeks 
and 6 weeks after baseline, whereas two other 
participants had secondary syphilis with recurrent 
secondary rashes at 5 weeks and 8 weeks after baseline 
(figure 2B, C). In three (75%) of four cases in the 
linezolid group, the MLST analyses confirmed syphilis 
with the same allelic profile (type 9.7.3) in the second 
episode as in the first episode. We attempted to gain 
further genomic resolution beyond strain type, and 
WGS of recurrence pairs was attempted, yielding a 
partial genome and complete genome for each pair. 
Nucleotide sequences of covered loci were identical. In 
the remaining one case of recurrent syphilis in the 
linezolid group, the oral basal swab was negative, and 
the specimen taken at relapse was not typable. Among 
the four patients in the linezolid group with a 
recurrence, three reported at least one sexual contact 
with a new partner, and one had sexual contact with the 
same partner who was untreated. One patient had 
concurrent infections with Herpes simplex virus type 2 
and Chlamydia trachomatis serovar L2 (causative of 
lymphogranuloma venereum; table 4).

Although the protocol did suggest doing a lumbar 
puncture in the event of clinical or serological failure, 
none were done as the patients declined. These patients 
were retreated with BPG, and subsequently showed 
favourable clinical and serological progress. Among 
participants who met the criteria for cure (19 [70%] of 
27 in the linezolid group and 28 [100%] of 28 in the BPG 
group, in the per-protocol population), one (5%) of 
19 participants in the linezolid group and three (11%) of 
28 participants in the BPG group had a four-fold decrease 
in RPR titre, followed by a subsequent four-fold increase, 
leading to classification as reinfections.

Linezolid Penicillin Difference in 
proportions (95% CI)

Primary analysis

Composite primary endpoint (per protocol, n=55) 19/27 (70%; 49·8 to 86·2) 28/28 (100%; 87·7 to 100) –29·6 (–50·5 to –8·8)

Clinical cure (n=33) 14/16 (88%; 61·7 to 98·4)* 17/17 (100%; 85·0 to 100) ··

Serological cure (n=47) 21/23 (91%; 72 to 98·9)† 24/24 (100%; 85·8 to 100) ··

Absence of relapse (n=55) 23/27 (85%; 66·3 to 95·8) 28/28 (100%; 87·7 to 100) ··

Composite primary endpoint (intention to treat, n=59) 19/29 (66%; 45·7 to 82·1) 28/30 (93%; 77·9 to 99·2) –27·8 (–50·7 to –5·0)

Sensitivity analysis‡

Composite primary endpoint (per protocol, n=55) 20/27 (74%; 53·7 to 88·9) 28/28 (100%; 87·7 to 100) –25·9 (–46·1 to –5·8)

Data are presented as n/N (%; 95% CI) unless otherwise stated. RPR=rapid plasma reagin. *Clinical cure was not assessed for 11 patients with early-latent syphilis in the 
linezolid group, and 11 patients with early-latent syphilis in the penicillin group. †The RPR response was not assessed for the eight patients with primary syphilis and negative 
RPR at baseline, four in the linezolid group and four in the penicillin group. ‡In the sensitivity analyses, one participant with recurrent symptoms but a non-typeable strain 
was treated as if they did not have a relapse. The outcome proportion is reported with the exact CI using the Clopper-Pearson method.

Table 3: Efficacy analysis
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In the safety population (intention-to-treat population), 
23 (79%) of 29 patients in the linezolid group and 
24 (80%) of 30 in the BPG group had an adverse event. 
Adverse events related to the study medications were 
documented in five (17%) of 29 patients in the linezolid 
group, and five (17%) of 30 in the BPG group (all mild or 
moderate; appendix  p  9). Individual patients had the 
potential to report several adverse events. Specifically, 
among the five individuals receiving linezolid, 

two reported diarrhoea, one reported stomach pain, 
three reported headache, one reported lumbar pain, and 
one reported a Jarisch-Herxheimer reaction. Among the 
five patients who received BPG, one patient reported 
urticaria, one reported diarrhoea, one reported vomiting, 
three reported headache, two reported lumbar pain, one 
reported fever, and three reported a Jarisch-Herxheimer 
reaction.

Following the trial discontinuation, post-hoc analyses 
done through Monte Carlo simulations showed that a 
single dose of 600 mg once per day resulted in a 
probability of target attainment value of 68%, meaning 
that approximately a third of patients were predicted to 
be non-responsive to linezolid at this dosage. By contrast, 
a regimen of 600 mg twice per day showed a probability 
of target attainment value of 99%. The details of the 
Monte Carlo simulation leading to these values of 
probability of target attainment are provided in the 
appendix (pp 10–11).

Discussion
In this RCT evaluating the efficacy of linezolid for the 
treatment of syphilis, linezolid 600 mg per day for 5 days 
did not meet the prespecified non-inferiority criteria for 
the primary composite endpoint comprising clinical 
cure, serological cure, and absence of relapse. The overall 
response was 19 (70%) of 27 in the linezolid group and 
28  (100%) of 28 in the BPG group, with a treatment 
difference of –29·6% (95% CI –50·5 to –8·8). The results 
of the interim analysis prompted the Data and Safety 
Monitoring Board to terminate the trial prematurely 
because of futility.

Previous in-vitro studies have shown activity of 
linezolid against T pallidum.26 However, in this trial, the 
dosing of linezolid used (once per day) might have been 
too low or the duration of the treatment course (5 days) 
might have been too short for effectively treating syphilis. 
Selecting an appropriate dose regimen for antibiotic 
repurposing is complex. Despite licensed regimens for 
linezolid in adults typically recommending 600 mg twice 
per day,28 we chose a once-per-day regimen of 600 mg in 
our study to simplify the regimen and potentially 
improve adherence.44 We expected this dosage to be 
effective on the basis of initial pharmacokinetic–
pharmacodynamic calculations, with fAUC24:MIC ratios 
used as predictors of efficacy in other bacteria.30 However, 
this approach to dose selection has limitations, because it 
relies on point estimates and might not account for 
patient-specific factors such as age, gender, weight, and 
individual variations in drug metabolism, which can 
influence linezolid efficacy. Alternative mathematical 
models, such as Monte Carlo simulations, can more 
easily consider variability and might offer more accurate 
predictions of effectiveness in the population.15,45,46 After 
discontinuing the trial, we aimed to determine whether 
the lower efficacy, compared with what was anticipated, 
could be ascribed to insufficient levels of antibiotic 

Figure 2: Clinical manifestations of participants with persistence or 
recurrence of symptoms despite linezolid treatment
(A) Patient with secondary syphilis presented with maculopapular exanthema at 
baseline (Ai), which persisted and worsened 12 weeks after linezolid treatment 
(Aii). (B) Patient with secondary syphilis presented with maculopapular 
exanthema at baseline, which initially improved (Bi), but later relapsed with the 
same type of lesions affecting the extremities (Biii) and palms and soles (Bii), 
5 weeks after linezolid treatment. (C) Patient with secondary syphilis presented 
with oral ulcers (Ci), mucous patches (Cii), and genital lesions at baseline (Ciii), 
who was clinically cured, and subsequently had a relapse with maculopapular 
exanthema and genital lesions (Civ, Cv, Cvi), 8 weeks after linezolid treatment.
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exposure. Given that we did not directly measure the 
concentration of linezolid in the patients’ blood, we did a 
post-hoc pharmacokinetic–pharmacodynamic analysis 
and Monte Carlo simulations using data from the 
literature, which confirmed that 600 mg/24 h yields a 
probability of treatment success of 68%, whereas a dose 
of 600 mg/12 h achieves a probability of success of 99%.

The failure of the proposed regimen might have also 
been related to the short duration of the treatment course. 
In the original experiments by Eagle and colleagues,31,32 
maintaining penicillin concentrations for 48–96 h cleared 
T pallidum from chancres; however, many syphilologists 
believed that prolonged exposure of 5–7 days or more was 
required to clear treponemes that might persist in the 
lymph nodes and tissues.33,34 There are no clinical trials on 
the duration of treatment and, in real life, syphilis has 
commonly been treated with BPG or other depot 
formulations that maintain treponemicidal concen-
trations for periods of 7–10 days or longer. Second-line 
treatments such as ceftriaxone or doxycycline are also 
typically administered for 10–14 days.4 The optimal 
duration of treatment for early syphilis remains unknown, 
but it is possible that efficacy of a linezolid regimen could 
increase with an extended (eg, 10-day) regimen.

In our study, we used innovative MLST and WGS 
testing methods to differentiate relapse from reinfection 
in cases of recurring syphilis symptoms. MLST typing 
was used on initial and recurrent episode samples, and 
it improved the accuracy of relapse identification. Three 
of four recurrence cases had the same MLST type in 
both the first and second episodes, with one case being 
untypeable. However, the MLST approach has 
limitations. Reinfection with the same strain can result 
from contact with an untreated partner, and the low 
genetic diversity (type diversity index 0·20), suggests 
localised transmission networks.47,48 Therefore, it is 
possible for someone to be reinfected with the same 
MLST type even from a different partner. To address this 
challenge, we used WGS, which has greater discri-
mination capability to identify different strains, even 
among samples with the same MLST (appendix pp 6–7).49 
Notably, this technique showed no sequence variation 
between sample pairs among loci with coverage, 
providing additional reassurance in our ability to 
determine relapse accurately. The main drawback of 
WGS that we noted was that, despite the use of DNA 
enrichment methods, the low bacterial load of syphilis 
infection, especially in secondary and early-latent 
syphilis,50,51 makes achieving a complete WGS dataset 
difficult. Another new technique used in the trial 
involved using oral swabs from healthy mucosa for DNA 
detection in secondary and early-latent syphilis. This 
direct method overcomes serology limitations and 
enables strain identification in non-ulcerating 
presentations, with 60% test positivity in secondary 
syphilis and 5% in early-latent syphilis, consistent with 
previous findings.52,53

This study has several limitations. First, we included 
individuals with different stages of syphilis within a 
single trial. Syphilis stages might exhibit variations in the 
bacterial burden, replicative state, and invasion of 
immunologically privileged sites, and these differences 
might lead to different clinical outcomes. Notably the 
failure rate in secondary syphilis, the most disseminated 
stage of the infection, was higher than in other stages of 
syphilis. Close monitoring of failure rates by disease 
stage should be included in future studies. Second, the 
study could not be masked because of the different 
administration routes of the compared treatments. This 
is particularly relevant for subjective assessments; 
however, the inclusion of quantifiable clinical variables 
(eg, lesion healing) and laboratory results (ie, serological 
cure and molecular cure) within the composite primary 
endpoint minimises the risk of bias associated with 
unmasking. Finally, the absence of female participants 
hinders the generalisability of our findings to the broader 
population. The absence of female participants is 
primarily caused by the substantial 9:1 male-to-female 
ratio in syphilis cases in Spain, and the fact that female 
individuals typically receive care from gynaecologists, 
with less frequent visits to STI clinics. This limitation 
underscores the need for more inclusive research to 
address the gender-specific aspects of syphilis, 
considering variations in manifestations (eg, primary 
chancres going unnoticed in less visible areas in women) 
and diagnostic challenges.

In summary, the efficacy of a regimen of linezolid 
600 mg per day for 5 days was not found to be non-
inferior to BPG in the treatment of early syphilis because 
of higher rates of clinical failure, serological failure, and 
relapse. Hence, the use of linezolid 600 mg per day for 
5 days is not recommended to treat patients with early 
syphilis. Nevertheless, linezolid still has intrinsic 
advantages relative to penicillin, and on the basis of our 
modelling, investigating the efficacy of a higher-dose and 
longer-duration regimens is worthwhile.
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Supplementary methods 
 

Selection criteria 
 

Inclusion Criteria 

1. Aged 18 years or older at baseline visit. 
2. Primary, secondary or early latent syphilis diagnosis based on the International Union 

Against STIs Treatment Guidelines*.  
a. Primary syphilis is defined as the presence of a typical ulcer (chancre) and a 

positive test using darkfield examination (DFE) or Polymerase Chain Reaction 
(PCR) for the detection of T. pallidum, with or without a positive serological test 
for syphilis. 

b. Secondary syphilis is defined by typical clinical signs and symptoms along with 
positive serological treponemal and non-treponemal tests. 

c. Early latent syphilis is defined as positive serological treponemal and non-
treponemal tests without clinical evidence of disease, either with a previous 
negative syphilis serology, or a four-fold increase in RPR titer of a non-
treponemal test within the past 12 months.  

3. Signature of written informed consent. 
4. Ability to comply with the requirements of the study protocol. 
5. If women of childbearing potential, use of a highly effective method of contraception 

(abstinence, hormonal contraception, intra-uterine device [IUD], or anatomical sterility 
in self or partner) committed during 1 week after last IMP administration. 

6. If men, use of condom during heterosexual intercourse and use of a highly effective 
method of contraception (abstinence, hormonal contraception, intra-uterine device [IUD], 
or anatomical sterility in self or partner) in female partner committed during 1 week after 
last investigational medicinal product (IMP) administration. 

* For same-day inclusion, eligible patients with no prior history of syphilis and negative 
serological tests for syphilis within the last 12 months could be enrolled with a positive result on 
either a treponemal Rapid Diagnostic Test (RDT) or the dual treponemal and non-treponemal test 
(Chembio Dual Path Platform Syphilis Screen & Confirm Assay (DPP). In the case of patients 
with a history of syphilis and negative non-treponemal tests within the last 12 months, inclusion 
was contingent on obtaining a positive DPP result. For all cases, additional confirmation through 
the methods outlined in sections a), b), or c) was mandatory. 

Exclusion Criteria 

1. Known allergy to any of the investigational medicinal products and/or excipients, 
particularly known hypersensitivity to penicillin, cephalosporins or other beta-lactam 
agents and/or allergy to soya or peanut.  

2. Lactose or galactose intolerance or glucose-galactose malabsorption. 
3. Diagnosis criteria of symptomatic neurosyphilis.  
4. Pregnant or breastfeeding women. 
5. Concurrent use of drugs with potential interactions with the study medication. a   
6. Antibiotic treatment potentially active against T. pallidum (i.e., beta lactams, 

cephalosporines, macrolides, tetracyclines) in the past week. 
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7. Uncontrolled hypertension, pheochromocytoma, thyrotoxicosis, carcinoid syndrome, 
bipolar disorder, incapacitating psycho-affective disturbance, acute confusional state. 

8. Renal function impairment requiring hemodialysis. 
9. Concomitant symptomatic STI (i.e., gonorrhoea, chlamydia, lymphogranuloma 

venereum, Mycoplasma genitalium) or other infectious disease requiring antibiotic 
treatment potentially active against T. pallidum. 

10. Having received treatment for the early syphilis recently diagnosed within the past 6 
months. 

a Drugs potentially interacting with investigational products: Monoamine oxidase (MAO) 
inhibitors, Selective serotonin reuptake inhibitors (SSRI), Tricyclic antidepressants, Serotonin 5-
HT1 receptor agonists, Sympathomimetic, dopaminergic and adrenergic agents, CNS stimulant 
drugs, Opioid narcotics.  
 
PK-PD Rationale for Selection of Initial Linezolid dose 
The selected dose of linezolid was determined based on a simulation of drug concentrations 
throughout the dosing period. The linezolid dosing regimen was selected to ensure an 
fAUC24h/MIC ratio greater than 100, which is considered adequate for effective treatment of 
other bacterial infections.[1]  

According to the approved Prescriber Information (Summary of Product Characteristics),[3] the 
pharmacokinetics of a single dose of linezolid 600 mg results in a Cmax of 12.7 mg/L, Tmax of 
1.28 hours, a half-life of 4.26 hours, AUC24h of 91.4 ug·h/ml, AUC24h-CNS 63·9 μg·h/mL, 
fAUC24h 64.0 μg·h/mL, and the fAUC24h-CNS 44.8 μg·h/mL .[3] The MIC of linezolid for T. 
pallidum is 0·5 μg/mL, as determined in vitro.[2] Therefore, the proposed regimen was 
expected to achieve an fAUC24h/MIC of 128.0 which exceeds 100. 

 

MIC μg/ml AUC24/MIC  fAUC24/MIC AUC-CNS/ 
MIC 

fAUC-
CNS/MIC 

22.9 16.0 16.0 11.2 
45.7 32.0 32.0 22.4 
91.4 64.0 64.0 44.8 

182.8 128.0 128.0 89.6 
365.6 255.9 255.9 179.1 

511.8 358.3 
1066.3 746.4 
2132.7 1492.9 

 

 

Assessment for neurosyphilis 
Patients with suspicious symptoms of neurosyphilis during the follow-up were scheduled for an 
additional visit for a thorough examination and sample collection. Lumbar puncture would be 
conducted only if clinically indicated, and cerebrospinal fluid would be collected for study 
purposes if the patient consented. Clinically indicated circumstances included: 

 Neurological symptoms. A standardized questionnaire was used to assess neurologic 
symptoms [4]. 

 Increase in serum RPR titer in the absence of symptoms. Four-fold increase in serum 
RPR titer persisting >2 weeks at any time.   
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 Serological failure. Failure of a four-fold decline in serum RPR titer at 48 weeks. 
 Four-fold decline in serum RPR titer, but persistent high RPR titer (i.e., > 1/8) at 48 

weeks. 
 Persistence or worsening of symptoms up to week 6 (or before if deemed necessary by 

the physician). 

 

Molecular analyses 
 

Molecular Detection  
DNA extraction was performed using the QIAmp DNA Mini Kit (Qiagen) following standard 
protocols. A sample volume of 300 μL was utilized, and the DNA was eluted in 100 μL of RNase 
free-water. Quantification of the total DNA was conducted using the Thermo Scientific NanoDrop 
spectrophotometer. 

The detection of T. pallidum was achieved through real-time polymerase chain reaction (qPCR) 
techniques. targeting the tpp47 gene (tp0574).  

Multilocus sequence typing 
For MLST analysis, PCR amplification was conducted on partial regions of the tp0136, tp0548, 
and tp0705 genes. The resulting amplified fragments underwent Sanger sequencing, following 
the methodology outlined by Grillova et al. in 2018. Sequence analysis was performed using 
MEGA software version 11.0.13, specifically designed for Molecular Evolutionary Genetic 
Analysis. Additionally, the diversity index (TDI) was calculated by determining the ratio of the 
number of different sequences detected to the total number of fully typable samples. 

Whole Genome Sequencing  
Whole genome sequencing was performed on all samples with a Ct value lower than 30 as well 
as recurrence pairs regardless of Ct. Pre-capture libraries were prepared using the Kapa Hyperplus 
Kit (Roche) with an 8-minute fragmentation time, followed by adapter ligation using the KAPA 
Unique Dual-Indexed Adapter Kit. Subsequent library cleanup was conducted using AMPure 
beads at a ratio of 0.8x (Beckman Coulter). 

The capture step employed the Integrated DNA Technology's (IDT's) xGen Hybridization 
Capture protocol. Pools of 3-4 libraries with comparable genomic content were generated to 
obtain a starting DNA amount of 500 ng. Blocking was executed using Human Cot 1 DNA and 
TruSeq Blocking Oligos (IDT). 

Biotin-labeled capture probes were designed to target the genome of Treponema pallidum subsp. 
pallidum SS14 (Accession Number Nucleotide: NC_010741). After a 4-hour incubation period, 
the capture was performed utilizing streptavidin-coated beads. Amplification and purification 
were accomplished using AMPure beads at a 0.8x ratio. DNA concentration was determined using 
the Qubit assay (ThermoFisher), and size verification was carried out using Tapestation. 
Sequencing was performed on the NextSeq 2000 platform (Illumina) in a 2x150 format. 
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Supplementary results 
 

Baseline characteristics 
 

Table S1. Recreational substance use among study participants (ITT population) 

 Overall, n (%) Linezolid, n (%) Penicillin, n (%) 

 (N = 59) (N = 29) (N = 30) 
Yes 15 (25.4) 7 (24.1) 8 (26.6) 

Cannabis  9 (15.2) 4 (13.8) 5 (16.6) 
Ecstasy  6 (10.2) 1 (3.4) 5 (16.6) 

GHB  8 (13.5) 4 (13.8) 4 (13.3) 
Mephedrone 3 (5.1) 1 (3.4) 2 (6.6) 

Popper  7 (11.9) 4 (13.8) 3 (10.0) 
Viagra/Sildenafil  4 (6.7) 2 (6.9) 2 (6.6) 

Cocaine/Crack  3 (5.1) 1 (3.4) 2 (6.6) 
Ketamine  1 (1.7) 1 (3.4) 0 (0.0) 

Methamphetamine  1 (1.7) 0 (0.0) 1 (3.3) 
Numbers provided are excluding alcohol consumption. 

 

Table S2. Previous sexually transmitted infections among study participants (ITT population) 

  Overall, n (%) 
Linezolid, n 

(%) 
Penicillin, n 

(%) 

  (N = 59) (N = 29) (N = 30) 
Any previous STI 51 (86.4)  26 (89.7) 25 (83.3) 

Syphilis 37 (62.7) 19 (65.5) 18 (60.0) 
Gonorrhea  29 (49.2) 17 (58.6) 12 (40.0) 
Chlamydia  22 (37.3) 12 (41.4) 10 (33.3) 

Herpes  5 (8.5) 4 (13.8) 1 (3.3) 
Genital warts 7 (11.8) 2 (6.9) 5 (16.6) 

Hepatitis C 2 (3.4) 1 (3.4) 1 (3.3) 
Urethritis  5 (8.5) 1 (3.4) 4 (13.3) 

Lymphogranuloma venereum  2 (3.4) 1 (3.4) 1 (3.3) 
Proctitis  2 (3.4) 1 (3.4) 1 (3.3) 

Anogenital ulcer  1 (1.7) 0 (0.0) 1 (3.3) 
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Whole Genome Sequencing results 
Among the 15 specimens sequenced, 12 yielded complete genome sequences, defined as < 1% 
missing data in consensus. MLST typing was performed using the WGS data obtained from the 
samples, with complete typing achieved for 15 (100%) out of 15 samples. Within the studied 
samples, five belonged to the SS14-Omega subclade (1.3.1 allelic profile), while ten samples were 
classified under the Nichols clade (3.2.3 or 9.7.3 allelic profile). The phylogenetic tree 
demonstrates the relationship between the 11 samples with complete genomes and recently 
sequenced clinical samples from various regions, including Europe (Italy, Ireland), the United 
States, China, and Madagascar. Notably, all these samples exhibited close phylogenetic proximity 
to the European isolates (Figure S1). The sequences were deposited in the Bioproject 
PRJNA723099 (NCBI) with accession numbers in Table S4. 

Table S3. Characteristics and allelic profile by MLST of the specimens where whole genome 
sequences was achieved  

Sample 
ID 

Patient ID 
(Patient 
enumeration 
in Table 4) 

Visit Sample 
Type 

Syphilis 
Stage 

MLST 
typing 
(tp0136, 
tp0548 
and/or 
tp0705 

CT 
Clade or 
genetic 
group 

WGS 
quality 

Patients with only baseline specimen 

SIFI8 1007 Baseline Oral 
swab Secondary 9.7.3 27.7 Nichols-

like Complete 

SIFI15 1114 Baseline Genital 
Ulcer Primary 1.3.1 27.4 SS14-

like Complete 

SIFI25 1013 Baseline Genital 
ulcer Primary 1.3.1 30.4 SS14-

like Complete 

SIFI26 1014 Baseline Genital 
Ulcer Primary 1.3.1 25.8 SS14-

like Complete 

SIFI28 1016 Baseline Genital 
Ulcer Primary 1.3.1 26.4 SS14-

like Complete 

SIFI31 1019 Baseline Oral 
swab 

Early 
Latent 9.7.3 27.9 Nichols-

like Complete 

SIFI36 1025*  Baseline Genital 
Ulcer Primary 3.2.3 26.2 Nichols-

like Complete 

SIFI51 1081 Baseline Genital 
Ulcer Primary 1.1.1 30.9 SS14-

like Complete 

SIFI60 1088 Baseline Genital 
Ulcer Primary 3.2.3 26.6 Nichols-

like Complete 

Patients with baseline and follow-up specimen 

SIFI53 1083 
(Patient 5) Baseline Genital 

ulcer Primary 9.7.3 30.7 Nichols-
like Partial 

SIFI57 1083 
(Patient 5) 

Follow-
up 

Genital 
ulcer Primary 9.7.3 28.2 Nichols-

like Complete 

SIFI39 1027 
(Patient 6) Baseline Genital 

ulcer Primary 9.7.3 26.3 Nichols-
like Complete 

1027_2 1027 
(Patient 6) 

Follow-
up 

Genital 
ulcer  Primary 9.7.3 31.6 Nichols-

like Partial 

SIFI21 1121 
(Patient 7) Baseline Genital 

ulcer Primary 9.7.3 33.2 Nichols-
like Partial 

1121_2 1121 
(Patient 7) 

Follow-
up 

Genital 
swab Secondary 9.7.3 29.1 Nichols-

like Complete 

*Patient excluded in the PP population 
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Figure S1. Phylogenetic tree including 11 samples (SIFI) from the Trep-AB Study project, for 
which complete genomes could be obtained, as well as 16 clinical samples from Italy, Ireland, 
Madagascar, the United States, and Japan, and the laboratory strains SS14 and Nichols.  Branch 
length is scaled to SNPs per genomic position. Nodes without SIFI samples have been collapsed 
for ease of display. 
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Table S4. Accession numbers of the sequences deposited to NCBI BioProject PRJNA1027463  

Sample BioSample Partial/Complete Genome 
SIFI8 SAMN37795116 Complete 
SIFI15 SAMN33714959 Complete 
SIFI25 SAMN37795117 Complete 
SIFI26 SAMN33714960 Complete 
SIFI28 SAMN33714961 Complete 
SIFI31 SAMN37795118 Complete 
SIFI36 SAMN33714962 Complete 
SIFI39 SAMN37795119 Complete 
SIFI51 SAMN33714963 Complete 
SIFI57 SAMN37795120 Complete 
SIFI60 SAMN33714964 Complete 
SIFI21 SAMN37797342 Partial 
SIFI53 SAMN37797343 Partial 
rec1027-2 SAMN37797340 Partial 
rec1121-2 SAMN37797341 Complete 
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Adverse events 
 

Table S5. Adverse events reported during the study, No. (%) (Safety Population = ITT 
population) 

 
Overall, n 
(%) 

Linezolid, 
n (%) 

Penicillin, 
n (%) 

 N= 59 N= 29 N= 30 
Participants with any AE  47 (79.6) 23 (79.3) 24 (80.0) 
Participants with AE not related to the medication  41 (69.5) 21(72.4) 21 (70.0) 
Participants with AE related to the medication 10 (16.9) 5 (17·2) 5 (16·6) 
AE severity    

- Participants with mild AEs 30 (50.8) 14 (48.3) 16 (53.4) 
- Participants with moderate AEs 17 (28.8) 9 (31.0) 8 (26.6) 
- Participants with severe AEs 0 0 0 

Participants with AE related with medication by type  
Abdominal pain 1 (1.6) 1 (3.4) 0 
Diarrhea 3 (5.0) 2 (6.8) 1 (3.3) 
Headache 6 (10.1) 3 (10.3) 3 (10.0) 
Vomiting 1 (1.6) 0 1 (3.3) 
Urticaria 1 (1.6) 0 1 (3.3) 
Lumbar pain 3 (5.0) 1 (3.4) 2 (6.6) 
Fever 1 (1.6) 0 1 (3.3) 
Jarisch-Herxheimer reaction 4 (6.7) 1 (3.4) 3 (10.0) 

Participants with AE not related with medication by type 

Other STI during the follow-up 11 (18.6) 4 (13.8) 7 (23.3) 
Upper Respiratory Tract infection 9 (15.2) 5 (17.2) 4 (13.3) 
Syphilis symptoms* 18 (30.5) 8 (27.6) 10 (33.3) 
Other 13 (22.0) 4 (13.8) 9 (30.0) 

*Include asthenia, painful swallowing, oral ulcers, worsening of exanthem, bone pain, painful 
adenopathies, weight loss.  
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Post-hoc Monte Carlo Simulation for Re-assessing the Linezolid Regimen
For PK/PD analysis, plasma clearance (CL) of linezolid was obtained from ZYVOX ® FDA data 
sheet [3]; the selected CL value (127 ± 48 mL/min) corresponds to adults after receiving 600 mg 
tablet. Unbound fraction (0.7) was obtained from a previous PK/PD study on linezolid [5], and 
the minimum inhibitory concentration (MIC) was obtained from an in vitro study investigating 
the activity of linezolid in cultures of T. pallidum [2].

The Probability of target attainment (PTA), defined as the probability that a specific value of a 
PK/PD index associated with the efficacy of the antimicrobial treatment is achieved at a certain 
MIC, was estimated by Monte Carlo simulation [6]. Ten thousand subject simulations were 
conducted using Ora-cle® Crystal Ball Fusion Edition v.11.1.2.3.500 (Oracle USA Inc., 
Redwood City, CA). The values of fAUC24/MIC (area under the free drug concentration-time 
curve at steady state over 24 hours to MIC ratio) were calculated for linezolid (600 mg q12h and 
600 q24 h and 600 q8h) over an MIC range of serial two-fold dilutions from 0.03 to 64 mg/L. The 
following equation was used [7]:

fAUC24/MIC = D x Fu/CL

where D is the daily dose, Fu is the unbound fraction, and CL is de total clearance.

fAUC24/MIC > 100 was selected as the PK/PD target [8].

For simulations, a log-normal distribution was assumed for CL, according to statistical criteria. 
Unbound fraction was included as a fix value.

PTA ≥ 80% but < 90% was associated with moderate probabilities of success, whereas PTA ≥ 
90% was considered as optimal against that bacterial population.

Figure S2. Simulation linezolid regimen output
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Table S6. Probability of target attainment (PTA) indicates the efficacy of linezolid regimen is 
achieved at a certain MIC estimated by Monte Carlo simulation 

 
PTA (%) 

MIC (mg/L) 600 mg/8 h 600 mg/12 h 600 mg/24 h 
0.03 100 100 100 
0.06 100 100 100 
0.125 100 100 100 
0.25 100 100 99 
0.5 100 99 68 
1 95 68 5 
2 34 5 0 
4 1 0 0 
8 0 0 0 
16 0 0 0 
32 0 0 0 
64 0 0 0 
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In early 2022, an outbreak of mpox was reported in Europe, and 
cases have subsequently been reported worldwide [1]. Unlike pre-
vious mpox outbreaks, individuals infected during 2022 have 
been predominantly men who have sex with men without any 
history of travel to an endemic country or contact with animal 
reservoirs. Based on clinical and risk factor data, transmission 
during sex appears to be the primary driver of the current epi-
demic, and patients typically present with a high frequency of 
skin lesions in the genital, perianal, and perioral region and proc-
titis, tonsilitis, and penile oedema as the most common 
complications [2–4].

Diagnosis of mpox relies on detecting viral DNA by poly-
merase chain reaction (PCR) testing [5] in several body speci-
mens. In the current outbreak, the highest yield has been 
reported in samples collected from skin lesions, although the 
virus is also frequently detectable in oropharyngeal and rectal 
swabs, as well as in blood [3, 6]. Detection in urine and semen 
has been reported in some studies, but these samples are not 
routinely used for diagnosis [7].

Self-sampling is a strategy where the patient—and not a 
healthcare provider—collects the clinical samples required for 
diagnosis. This strategy has been well established for the diag-
nosis of many sexually transmitted infections, with similar per-
formance to samples collected by physicians [8, 9]. More 
recently, self-sampling has been shown to be a reliable strategy 
for detecting severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) infection [10]. To test the performance of this 
strategy in the mpox setting, we nested an evaluation of self- 
sampling within a more extensive study on the viral dynamics 
of mpox.

METHODS

Participants

We conducted a prospective diagnostic accuracy evaluation in 
individuals with suspected mpox in 3 centers in Spain. All pa-
tients presenting to participating centers with lesions suggestive 
of mpox and compatible symptoms starting within the 10 days 
preceding screening underwent a standardized clinical assess-
ment by a dermatologist or a specialist in sexually transmitted 
infections and were invited to participate. Patients who required 
hospital admission were not included in the study.

Procedures

At the baseline visit, a physician collected clinical samples, includ-
ing lesion, oropharyngeal, and rectal swabs as appropriate (study 
day 0, physician-collected samples). Participants were provided 
with home testing kit materials, which included an instruction 
sheet and devices for self-collection (ie, Dacron-tipped swabs, 
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pre-labeled swab containers, and a mailing envelope); they were 
trained for self-collection of samples and asked to self-collect 
swabs from the same skin lesions, the oropharynx, and the rectum 
the following day (study day 1, self-collected samples). The in-
structions given to patients for self-collection of samples are de-
tailed in the Supplementary Appendix. The swabs (reference 
901101, Taizhou Sun Trine Biotechnology Co., Ltd) were imme-
diately placed in 3 mL of viral transport medium (reference 
304305KF; Deltalab). Participants were instructed to keep samples 
at 4°C after collection and contact the parcel courier service, which 
transferred the samples to the Microbiology Laboratory of the 
University Hospital Germans Trias i Pujol (Badalona, Spain). 
The parcel courier service provided the secondary and tertia-
ry containers, and samples were transported at 4°C. All sam-
ples were delivered to the laboratory within 24 hours from 
their collection. Specimens were received at the laboratory 
and stored at 4°C until processed if they could be analyzed 
within 12 hours after reception. Samples to be analyzed later 
than 12 hours and those left over were stored at −80°C. All 
samples were analyzed for the detection of mpox virus 
DNA by quantitative PCR (qPCR). Nucleic acid extraction 
was performed using the Nimbus platform (Hamilton 
Company, Reno, NV, USA), according to the manufacturer’s 
instructions. qPCR was performed using the LightMix 
Modular Mpox Virus assay (TIB MolBiol, Berlin, Germany) 
with LightMix Modular MSTN Extraction Control (TIB 
MolBiol) as the internal control. A thermocycler QuantStudio 
5 Real-Time PCR System (Applied Biosystems) was used to am-
plify a 106-base-pair-long fragment of the J2L/J2R gene from 
mpox virus [5]. Applied Biosystems Interpretive Software was 
used for detection and data analysis. Patients with a positive re-
sult in any of the samples collected by a physician on day 0 were 
classified as having mpox virus and therefore included in the 
study analyses.

Statistical Analysis

Continuous and categorical variables are presented as medi-
ans and interquartile range (IQR), defined by 25th and 75th 
percentiles and number (%), respectively. We considered 
that discrepant results might occur in either direction (ie, a 
physician-collected swab might be negative and a self- 
collected swab positive or vice versa) because of sampling er-
ror. Therefore, we calculated the overall agreement between 
self-collected swabs on study day 1 (index test) and 
physician-collected swabs on study day 0 (reference test) us-
ing the kappa statistic. In a secondary analysis, we compared 
the cycle threshold (Ct) values between physician- and self- 
collected samples using a Wilcoxon paired t test. The cutoff 
Ct value for real-time amplification assays was 40, above 
which the sample was considered negative. All analyses 
were conducted in R version 4.2.1 (R Foundation for 
Statistical Computing, Vienna, Austria).

Ethical Approval

The study was approved by the Ethics Committee of the 
Hospital Germans Trias i Pujol. Written informed consent 
was obtained from all participants.

RESULTS

We enrolled 50 patients with suspected mpox. All of the pa-
tients were male, and the median age was 33.5 years (IQR: 
28–45.5 years). All patients had PCR-confirmed mpox in at 
least 1 of the diagnostic specimens collected. The median 
time from symptoms onset was 5 days (IQR: 4–6 days). At base-
line, 49 individuals had a skin lesion swab collected (all of 
which were positive), 38 had an oropharyngeal swab collected 
(26 [68%] were positive), and 11 had a rectal swab collected 
(9 [82%] were positive).

Paired samples were available in 49, 38, and 10 individuals 
for skin lesions, oropharyngeal, and rectal specimens, respec-
tively (Figure 1). The highest overall agreement was observed 
in lesional skin swabs (98% agreement), where only 1 individ-
ual tested negative in the physician-collected swab and positive 
in the self-collected swab. For oropharyngeal and rectal speci-
mens, the overall agreement was 79% (30/38; kappa: 0.49) 
and 90% (9/10; kappa: 0.6), respectively.

We found no significant differences in Ct values between 
physician- and self-collected skin lesion and oropharyngeal 
specimens. The mean Ct values of physician- and self-collected 
lesion swabs were 22.5 and 23.6, respectively (absolute differ-
ence: 1.1; 95% confidence interval [CI]: −.3 to 2.5; P = .41). 
The mean Ct values for physician- and self-collected oropha-
ryngeal swabs were 33.5 and 33.6, respectively (absolute differ-
ence: −0.02; 95% CI: −1.9 to 1.9; P = .75). The mean Ct values 
for physician- and self-collected rectal samples were 25.8 and 
24.6 (absolute difference: −1.2; 95% CI: −4.8 to 2.4; P = .73).

DISCUSSION

This is the first study to demonstrate the feasibility and accura-
cy of self-collected samples for the diagnosis of mpox. Overall, 
self-collected swabs had high accuracy and Ct values similar to 
physician-collected swabs. Self-sampling for the diagnosis of 
sexually transmitted infections utilizing self-taken oropharyn-
geal, genital, and rectal swabs is a well-established strategy 
for diagnosing chlamydia and gonorrhea based on nucleic 
acid amplification testing [8, 9]. Our data extend these findings 
to confirm the applicability of this strategy in mpox. 
Importantly, we show patient-collected samples from skin le-
sions to have similarly high performance characteristics. 
Unlike the other types of samples, patient-collected skin swabs 
are not routinely used to diagnose common blistering skin dis-
eases such as herpes or varicella, which require unroofing of the 
lesion, but our data demonstrate the applicability of this ap-
proach for the diagnosis of mpox.
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The agreement between physician- and self-taken oropha-
ryngeal swabs was lower than for other samples. 
Oropharyngeal swabs are likely more prone to variation in 
the quality of sample collection compared with easily visualized 
skin lesions or rectal swabs. We believe that differences in sam-
pling most likely explain these discordant results; however, 
fluctuations in viral load within the oropharynx are also 
possible.

Our study has some limitations. First, we enrolled a limited 
number of participants. Ideally, a larger sample size would allow 
greater precision in our estimates of accuracy. However, our 
findings are consistent with a considerable burden of literature 
on self-sampling; therefore, it seems unlikely that a larger sam-
ple size would fundamentally alter our findings. Second, the 
type of samples taken on day 0 was at the physician’s discretion 
before patient enrollment. Consequently, some patients without 
proctitis lacked a physician-collected sample, resulting in fewer 
paired rectal samples than in other locations. Nevertheless, our 
data are consistent with existing literature indicating a similar 

performance of self-collected and physician-collected rectal 
samples [11]. Finally, samples for the reference and index tests 
were taken 1 day apart. Although test performance studies are 
typically cross-sectional, we considered that samples taken at 
home without professional support or supervision would pro-
vide a more accurate view of the diagnostic performance based 
on self-sampling. Physician-collected samples that tested posi-
tive at baseline and negative by self-collection on day 1 could re-
flect a true negative due to clearance of the virus rather than 
inadequate sampling. However, we equally noted that some 
samples, in particular oropharyngeal swabs self-collected on 
day 1, tested positive despite a negative result on day 0 on the 
physician-collected sample. Considering that the Ct values 
were very similar at both time points, it seems most likely that 
these changes represent variation in sampling rather than real 
changes in viral load.

Our data confirm that a variety of self-taken samples can be 
used to reliably diagnose mpox in individuals with suspected 
signs of mpox infection. The self-sampling strategy offers a 

Figure 1. Concordance and discordance between physician and self-collected swabs. Cycle threshold (Ct) values of swabs collected by the physician on day 0 compared 

with self-collection by the patient on day 1. Concordant results are showed as clear circles. Discordant results are colored black. The Ct value of 1 skin lesion swab that was 

positive on day 0 was not available and this sample and its corresponding day 1 sample were therefore not included in the figure. Abbreviation: PCR, polymerase chain 

reaction.
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number of potential advantages for patients and disease control 
and facilitates the integration of mpox into routine testing for 
other sexually transmitted infections in high-risk populations. 
Further work to optimize sample collection, including consid-
eration of other types of samples, such as saliva, could be con-
sidered to further enhance the ease of testing.

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online. 
Consisting of data provided by the authors to benefit the reader, the posted 
materials are not copyedited and are the sole responsibility of the authors, 
so questions or comments should be addressed to the corresponding 
author.
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