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Introduction

Neisseria gonorrhoeae – A brief history
Neisseria gonorrhoeae is probably as ancient as mankind; although N. gonorrhoeae was
not yet recognized as the causative agent of gonorrhoea, the disease itself was already
described in early literature from different parts of the world.1 The main symptom
of gonorrhoea (mucopurulent discharge) and its association with disease were
mentioned in the Old Testament, and by the Greek physician Galen of Pergamon.2,3
The latter is credited to have given the disease its name: gonorrhoea, which translates
from ancient Greek to “flow of seed”.4 Not for several centuries did it become clear that
the discharge is caused by leucocytes and not semen.

1

Like many other sexually transmitted infections (STIs), gonorrhoea has been linked to
specific populations. Historically it was considered a disease of prostitutes, sailors, and
soldiers. In the 14th century it was also known as “the clap”, named after Les Clapiers,
an old red-light district in Paris.5 In 1879 Albert Neisser discovered that gonorrhoea
was caused by a bacterial infection. This bacterium was subsequently named Neisseria
gonorrhoeae after him.3 As part of the family of Neisseriaceae, it is related to Neisseria
meningitidis (a major causative agent of meningitis), and to different commensal
Neisseria species that reside in the throat. Neisseria species are fastidious, aerobic, and
Gram-negative diplococci (round- or kidney-shaped bacteria, clustering in pairs). This
specific shape of N. gonorrhoeae provided the alternative name “gonococcus”. It infects
only human mucosa, and survival outside the body is very limited; it can be grown
only in a strictly regulated environment of growth medium at 37°C and 5% CO2. After
an infection with N. gonorrhoeae no immunity for the disease occurs, and repeated
infections are common among risk groups.6,7

Epidemiology
Gonorrhoea is the second most common bacterial STI. The most recent estimates
from 2012 suggested 78 million infections annually worldwide.8,9 In the Netherlands,
the number of gonorrhoea diagnoses is estimated at more than 10,000 each year, and
the incidence has increased since several years.10 Patients in the Netherlands are most
often diagnosed by general practitioners (6,716 diagnoses estimated in 2014), or at
designated STI cIinics (5,391 in 2015).10 Gonorrhoea is in current times still strongly linked
to populations with high-risk behaviour. The nationwide positivity rate recorded at STI
clinics in 2015, was 10.7% among men who have sex with men (MSM), 6.2% among
male or female swingers (sharing partners), and 3.3% among female commercial sex
workers.10

11
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The STI clinic in Amsterdam is the largest STI clinic in the Netherlands, with around
40,000 annual consultations. The clinic is government funded, and provides free STI
testing and treatment to high-risk populations, such as people under 25 years old,
commercial sex workers, MSM, people with STI related complaints, or people who
were notified of an STI by a sex partner. The most recent numbers from 2014, show
1,557 consultations that resulted in a gonorrhoea diagnosis.11 The positivity rate was
1.3% among all heterosexuals, and 11.4% among MSM.11 Because N. gonorrhoeae infects
human mucosa, most infections are of urogenital origin. Due to changing sexual
behaviour extra-genital infections of the rectum and the pharynx are increasingly
common, especially among MSM.10,12 Ocular and systemic infections, such as
gonococcal arthritis are rare. In addition to sexual transmission, vertical transmission
from mother to child during delivery is possible. This can result in an infection of the
eyes of the newborn: ophthalmia neonatorum.4

Disease, diagnosis, and antimicrobial susceptibility
Depending on the anatomical site of infection, patients can experience a range of
symptoms. Urogenital infections in men are symptomatic in more than 90% of cases.
Reported symptoms are urethral discharge and dysuria, and start within a few days
of infection.4 Urogenital infections in women are often asymptomatic. Less than 50%
of infected women report vaginal discharge, and less than 25% report abdominal
pain, dysuria or vaginal bleeding.4 Rectal and pharyngeal infections are also mostly
asymptomatic. If symptoms do occur they are unspecific, and consist of abdominal
discomfort or a sore throat.4 Historically, symptoms were the basis for a gonorrhoea
diagnosis, a method that is still used widely in low-income countries without access to
modern laboratory facilities.9,13,14 However, because infections are often asymptomatic,
the symptoms themselves unspecific, or caused by a different infection, such as
Chlamydia trachomatis or Mycoplasma genitalium, many will be missed or misdiagnosed
using this syndromic approach.
Three main types of laboratory tests exist to diagnose gonorrhoea: direct microscopy
using Gram-stained smears, culture, and molecular testing. Gram-stained smears are
easy to perform, and give the best results (i.e. sensitivity ≥95%) in males when urethral
discharge is present.4,15 A sample from the infected site is stained and examined under
a microscope. Because N. gonorrhoeae is Gram-negative, the bacteria will appear as
pink diplococci located inside polymorphonuclear leucocytes. However, other bacteria
can resemble this morphology and misdiagnosis can occur. Rectal and pharyngeal

12
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infections, and urogenital infections in females are usually less abundant in leukocytes
and bacteria, and are less easily identified with this method.4

1

The second type of diagnostic is culture. This is also easy to perform, but requires
more complex laboratory logistics. A patient sample is obtained and inoculated onto
a selective growth medium, such as GC-agar, by a health care professional. Incubation
is at 37°C and 5% CO2 for approximately 48 hours, after which N. gonorrhoeae can be
diagnosed by morphology, Gram-staining, and phenotypic or genotypic methods. The
sensitivity of this method is estimated at around 80%, depending on the anatomical
site of infection, and the occurrence of symptoms in the patient.16,17 A major advantage
of this method is the possibility to determine antimicrobial susceptibility.
The susceptibility of N. gonorrhoeae to an antimicrobial drug is expressed as the
minimum inhibitory concentration (MIC). This is the minimum concentration (in mg/L)
of the drug that is sufficient to stop bacterial growth. The higher the MIC, the more
antibiotic is needed, and thus the more resistant the bacterial strain is against the drug.
At this moment, antimicrobial susceptibility in N. gonorrhoeae can only be determined
if there is a successful culture, and this is usually performed by either of two methods.18
By using agar dilution, different concentrations of antimicrobial drugs are dissolved
into growth medium (agar). The N. gonorrhoeae from culture are grown on these agar
plates containing different concentrations of antibiotic, and after 24 hours the lowest
concentration that inhibits growth can be determined.19,20 As agar dilution can be very
labour intensive, a new method was developed. Using this method, N. gonorrhoeae
from culture are inoculated on GC-agar plates, on which Etests are subsequently
placed. Etests are paper or plastic strips, lined on one side with a concentration
gradient of an antibiotic, and on the other side with a scale listing the concentrations.
After incubation for 20–24 hours the minimum concentration that inhibits growth can
be read from the scale. Both methods are used by different laboratories, and results
can sometimes be slightly different.18 The MICs are checked against internationally
published breakpoints. These breakpoints are predetermined MIC cutoff values that
categorize strains into susceptible, intermediately resistant, or fully resistant.19,21
The third, most sensitive and recommended method is molecular testing using
nucleic acid amplification tests (NAATs). Patient samples, consisting of either swabs or
urine, are obtained by a health care professional or through self-collection.22 Samples
are tested for the presence of specific parts of N. gonorrhoeae ribonucleic acid (RNA)
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or deoxyribonucleic acid (DNA). This method is usually highly sensitive (>99%) and
specific (>99%), even in asymptomatic infections, it is fast, and can handle many
samples at once.4,23 Moreover, many NAATs can test for N. gonorrhoeae and C. trachomatis
simultaneously. Depending on the test performed, cross-reaction with other Neisseria
species may occur. NAATs are costly and therefore not available in all settings, and
most importantly, do not provide antimicrobial susceptibility data.

Complications and antimicrobial management
If left untreated, gonorrhoea can have serious sequelae. Complications in men
consist of epididymitis or prostatitis.12 In women complications consist of pelvic
inflammatory disease. In those cases the infection spreads to the ovarian tubes and
ovaries, where scarring of the ovarian tubes can occur, causing infertility or ectopic
pregnancy. Systemic infections, where N. gonorrhoeae enters the bloodstream, such as
in disseminated gonococcal infection (DGI), are rare (<1%) and more often seen among
women than among men.4,24 DGI presents most often with septic arthritis, mainly of
the knee, with skin lesions such as pustules or papules, or with tenosynovitis. Rarely
it causes fever or meningitis.12,24,25 When neonates are infected during birth, they can
develop ophthalmia neonatorum. This severe conjunctivitis can result in blindness of
the newborn.12 In addition to systemic sequelae, N. gonorrhoeae infections can increase
the transmission of human immunodeficiency virus (HIV) in both men and women.26,27
To prevent these complications of gonorrhoea, treatment with antimicrobial agents is
necessary. Before the era of antibiotics, gonorrhoea was treated with remedies such
as pepper, silver nitrate, or ‘irrigation’ of the urethra.5,28-30 In the 1930s, treatment with
sulphonamides was initiated.31 In the early 1940s, the first antibiotic drug, penicillin
(discovered by Alexander Fleming in 1928), was used to treat gonorrhoea on a large
scale.5 Since then, due to the development of antimicrobial resistance, different
antimicrobial drugs, such as spectinomycin, tetracycline, and ciprofloxacin, have
become first-line treatment options for gonorrhoea. Finally, in the late 1990s thirdgeneration cephalosporins, such as cefixime (for oral administration), cefotaxime, or
ceftriaxone (both for intramuscular administration), were used as first-line treatment
globally. In the 2000s, ceftriaxone as a single 500 mg dose was the recommended
first-line drug to treat both genital and extra-genital gonorrhoea.5 Around 2012,
several international guidelines changed their recommendations from monotherapy
to a combination therapy of ceftriaxone (250–500 mg) plus azithromycin (1000–2000
mg).4,32 In the Netherlands, the currently recommended treatment is ceftriaxone 500
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mg monotherapy. Azithromycin (a single 1000 mg dose) is added in case of suspected
or proven urogenital coinfection with Chlamydia trachomatis, whereas doxycycline (100
mg twice daily for at least 7 days) is added for rectal chlamydia.33 In 2016, the World
Health Organization (WHO) updated their N. gonorrhoeae treatment guidelines, and
recommended dual therapy consisting of ceftriaxone 250 mg plus azithromycin 1000
mg.9 However, single therapy with ceftriaxone is also recommended, depending on
the availability of local antimicrobial resistance data showing no resistance to this
antibiotic.

1

Antimicrobial resistance
The reason all these different antibiotic drugs have been used since penicillin became
available, lies in the development of antimicrobial resistance (AMR). Most bacteria have
innate defence mechanisms to protect themselves against their environment so they can
survive. Because most active components of antibiotics are substances that naturally
occur in the environment (for instance the fungus producing penicillin as discovered
by Fleming), bacteria can obtain resistance against antimicrobial drugs. N. gonorrhoeae
has a remarkable capacity to develop resistance against many drugs, in a relatively short
space of time.5 It can become resistant in different ways; through exchange of resistance
genes with other N. gonorrhoeae strains, or with other Neisseria species, such as the
commensals in the pharynx. In addition, specific mutations causing resistance can occur
spontaneously, leading to improved survival in the presence of antibiotics.1,5
Even before the use of penicillin, AMR against sulphonamides already occurred as a
result of changes in the drug’s target on N. gonorrhoeae.1,5 Resistance to penicillin was
acquired by N. gonorrhoeae on different levels. Like many other bacteria, N. gonorrhoeae
can produce �-lactamase, an enzyme that can open the �-lactam ring of penicillin,
which then loses its activity. In addition, mutations can occur in the genes (e.g. penA
and ponA) coding for penicillin binding proteins (PBPs), and as a consequence, penicillin
can no longer bind to N. gonorrhoeae.1,5 Lastly, mutations in the mtrR gene cause an upregulation of the mtrCDE-efflux pump, and thereby increased efflux of penicillin (and
also other antibiotics) out of N. gonorrhoeae bacteria.1,5,34 The first sign of AMR in N.
gonorrhoeae was the continuous need of higher penicillin dosages to cure the infection.
By the 1970s, high-level resistance to penicillin was spreading rapidly around the world,
and penicillin turned obsolete for the treatment of gonorrhoea not long afterwards.
Around the same time both tetracycline and spectinomycin were used in patients
with penicillin allergy. Like for penicillin, AMR occurred within several years, and both
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tetracycline and spectinomycine were no longer recommended by the late 1980s. Next
in line was ciprofloxacin (a fluoroquinolone), but dosages had to be increased after
approximately 10 years of use. Resistance spread fast, and by 2007 also ciprofloxacin
was no longer recommended as a first-line drug for gonorrhoea.5
Another type of drug, azithromycin (a macrolide) is often used empirically in patients
who are suspected of having an STI, in settings where no laboratory diagnostics are
available. This practice of syndromic management is still used widely in low-income
countries.9,13,14 Because azithromycin is effective against both gonorrhoea and
chlamydia, this is often the drug of choice.35-37 However, already by the 1990s resistance
of N. gonorrhoeae to azithromycin was reported.5,38 Azithromycin is active by binding to
23S rRNA of N. gonorrhoeae, and thereby blocking the protein synthesis and replication
of bacteria. Different point mutations in the 23S rRNA gene (rrl) have been identified,
and are associated with resistance to azithromycin. Some mutations (C2611T) are
associated with medium-level resistance, while others (A2058G and A2059G) are
associated with high-level resistance.39,40 Every N. gonorrhoeae bacterium has four 23S
rRNA alleles, and the number of mutated alleles is related to the level of resistance.39,40
Finally, extended-spectrum cephalosporins (ESC), were introduced. Especially the
oral drug cefixime was recommended, due to the ease of administration. In the
Netherlands, cefixime has never been widely available, and its use was therefore limited
in this country. In the early 2000s, resistance and treatment failures to cefixime were
reported, and by 2006 only the injectable drug ceftriaxone remained.1,5 In 2011, the first
reports of resistance and treatment failures for ceftriaxone emerged.41-43 Ceftriaxone
is a �-lactam antibiotic, like penicillin, and therefore can be rendered inactive by
�-lactamase producing N. gonorrhoeae strains. Especially important in resistance to
ESC are mutations of the penA gene, coding for PBP2. As a result of transferring genetic
material between N. gonorrhoeae and commensal Neisseria species, a mosaic type of the
penA gene has occurred.44 This mosaic gene is associated with increased MICs to both
cefixime and ceftriaxone, leading in some strains to overt resistance against cefixime.
Resistance to ceftriaxone has been described in a few strains due to the presence of
additional point mutations, including at position A501.5,42 Since the first reports of
ceftriaxone resistance, multi-resistant strains have also been isolated.45,46
As mentioned before, to halt resistance international guidelines abandoned
monotherapy and recommend dual therapy of ceftriaxone and azithromycin.4,9,32
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Some reports suggested synergy between the drugs, and others suggested that in case
of resistance at least one of the two would be sufficient.4,47 However, resistance to either
of those drugs is increasing.48-50 Furthermore, in the United Kingdom an epidemic of
high-level azithromycin resistance emerged in 2015, despite the use of dual therapy.51
Moreover, in 2016 the first treatment failure of dual therapy has been reported.52

1

These developments do not bode well for the future treatment of gonorrhoea. The
WHO advises to refrain from using an antimicrobial drug as first-line treatment,
if more than 5% of isolates in the population are resistant to that specific drug.53
In some countries this limit has already been reached for ceftriaxone (Vietnam),
or for azithromycin (Vietnam and Hungary).54,55 If ceftriaxone can no longer be
recommended, and resistance is not halted by dual therapy, there are very few options
left. The number of expected new antimicrobial drugs is extremely limited, and many
existing drugs have already been used, or are evidently not effective. Therefore AMR
in N. gonorrhoeae should be high on the medical scientific agenda. New methods are
needed in a number of fields. We need better diagnostic methods that can determine
AMR, and improved surveillance of resistance globally. Most importantly, alternative
therapies are vital to ensure the treatment of future patients with gonorrhoea. To aid in
these goals, we performed several studies, which are described in this thesis.

Outline of this thesis
In part I of this thesis our efforts to improve diagnostics of gonorrhoea are described.
Chapter 2 provides a new method to combine NAAT with targeted deferred culture.
Using this method, it is possible to determine AMR by culture in settings that do not
have the required laboratory logistics. Chapter 3 provides unique data on the time
from treatment to clearance of RNA and DNA of N. gonorrhoeae. This information is
highly useful to policy makers and clinicians to determine if treatment failures have
occurred. Chapter 4 reports on a subset of patients coinfected with N. gonorrhoeae and
C. trachomatis from Chapter 3. It provides unique data on the time to clearance of RNA
and DNA of C. trachomatis in patients coinfected with gonorrhoea. This is important
because recommended gonorrhoea dual therapy includes azithromycin, which is also
recommended for urogenital chlamydia.32,37,56 Although no resistance of C. trachomatis
has been reported yet, some concern exists about the effectiveness of azithromycin.57-60
In addition, many patients with gonorrhoea are coinfected with chlamydia, and most
NAATs provide results for both N. gonorrhoeae and C. trachomatis.

17
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Part II focusses on AMR, and specifically on the components of dual therapy:
azithromycin and ceftriaxone. Chapter 5 shows the trends of AMR in Amsterdam
from 2012 through 2015, and determinants associated with decreased susceptibility to
azithromycin or ceftriaxone. Chapter 6 describes the lack of synergy in many different
antimicrobial dual combinations, especially for azithromycin and ceftriaxone. In
Chapter 7 we report on the effect of recent exposure to azithromycin of patients with
N. gonorrhoeae, in regard to the susceptibility to azithromycin. Chapter 8 shows the
genetic epidemiology, molecular markers of resistance, and clustering of N. gonorrhoeae
isolates that are either susceptible or resistant to azithromycin.
In Chapter 9 the results of the studies in this thesis are compared to recent literature,
and their added value is discussed. In addition, recommendations for future research
and management regarding N. gonorrhoeae are made.

18
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ABSTRACT
Nucleic acid amplification tests (NAATs) are recommended to diagnose
Neisseria gonorrhoeae infections because of their superior sensitivity. Increasing
NAAT use causes a decline in crucial antimicrobial resistance (AMR) surveillance
data, which rely on culture. We analyzed the suitability of the ESwab system
for NAAT diagnostics and deferred targeted N. gonorrhoeae culture to
allow selective and efficient culture based on NAAT results. We included
patients visiting the STI Clinic Amsterdam, the Netherlands, in 2013. Patient
characteristics and urogenital and rectal samples for direct N. gonorrhoeae
culture, standard NAAT and ESwab were collected. Standard NAAT and NAAT
on ESwab samples were performed using the Aptima Combo 2 assay for N.
gonorrhoeae and Chlamydia trachomatis. Two deferred N. gonorrhoeae cultures
were performed on NAAT-positive ESwab samples after storage at 4°C for 1 to 3
days. We included 2,452 samples from 1,893 patients. In the standard NAAT, 107
samples were N. gonorrhoeae positive and 284 were C. trachomatis positive. The
sensitivities of NAAT on ESwab samples were 83% (95% confidence interval
[CI], 75 to 90%) and 87% (95% CI, 82 to 90%), respectively. ESwab samples were
available for 98 of the gonorrhea-positive samples. Of these, 82% were positive
in direct culture and 69% and 56% were positive in the 1st and 2nd deferred
cultures, respectively (median storage times, 27 and 48 h, respectively).
Deferred culture was more often successful in urogenital samples or when the
patient had symptoms at the sampling site. Deferred N. gonorrhoeae culture of
stored ESwab samples is feasible and enables AMR surveillance. To limit the
loss in NAAT sensitivity, we recommend obtaining separate samples for NAAT
and deferred culture.
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INTRODUCTION
Antibiotic treatment for gonorrhea has existed for around 80 years, and Neisseria
gonorrhoeae has developed mechanisms of antimicrobial resistance (AMR) ever
since. Resistance to the last-resort empirical monotherapy, extended-spectrum
cephalosporins, has now emerged, and this has been recognized as a major public
health problem.1 In response, the World Health Organization recommended actions
to extend the existing surveillance and, where lacking, develop new AMR surveillance
worldwide.2,3

2

In recent years, nucleic acid amplification tests (NAATs) have rapidly replaced the
use of culture as a diagnostic test for gonorrhea.4 While the use of highly sensitive
NAATs results in the detection of more infections, it also results in fewer cultures.5
This compromises AMR surveillance, as molecular methods to detect AMR in NAAT
samples are still suboptimal, and culture remains essential.6,7
Ideally, an NAAT to diagnose gonorrhea would be combined with targeted deferred
culture of positive samples for AMR surveillance. Using a single sample for NAAT
and deferred culture requires special conditions for the collection medium, i.e.,
maintained diagnostic NAAT sensitivity and N. gonorrhoeae survival until the NAAT
result is available. The ESwab system (Copan Italia, Brescia, Italy) allows the prolonged
survival of many bacterial species and might be an appropriate medium for deferred
gonorrhea culture.8-10
We conducted a study to determine if (i) N. gonorrhoeae can be successfully cultured
after storing ESwab samples for 1 to 3 days, and (ii) the NAAT (Aptima Combo 2
assay [AC2], Hologic, San Diego, CA, USA) can be performed using the same ESwab
sample stored for culture without compromising the diagnostic sensitivity to detect N.
gonorrhoeae and Chlamydia trachomatis. This approach would provide a highly sensitive
gonorrhea diagnosis and cultures for AMR determination and surveillance.
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MATERIALS AND METHODS
Study population
In this cross-sectional study, we included all high-risk patients visiting the STI
Outpatient Clinic Amsterdam, the Netherlands, from March through October 2013.
The most important criteria for a high-risk profile were symptoms, notification by a
sexual partner, or being a man who has sex with men (MSM).11 Ethical approval for
the study was obtained from the Academic Medical Center Amsterdam (W13_041 no.
13.17.0055); the committee declared that individual patient informed consent was not
required.

Demographic and clinical characteristics
We extracted demographic and sexual characteristics (gender, age, sexual orientation,
HIV status, and notification by a sexual partner) and clinical characteristics (symptoms
and physical signs at the included sample site, anatomical site of infection with N.
gonorrhoeae, and C. trachomatis coinfection status) from the electronic patient file.

Sample collection and testing
Routine diagnostic tests consisted of a direct N. gonorrhoeae culture and standard
NAAT (AC2) for N. gonorrhoeae and C. trachomatis. From male patients, direct cultures
were obtained from urethral exudate samples, and standard NAAT was performed on
first-void urine samples. From MSM, we additionally obtained rectal samples. From
female patients, we included cervical and rectal samples. Patients were allowed to
provide samples from more than one anatomical site.
Direct N. gonorrhoeae culture. All direct culture samples were obtained by using a
10-μl disposable plastic loop to directly inoculate a GC agar plate (Becton Dickinson,
Breda, the Netherlands), which was immediately incubated at 37°C in a 5% CO2enriched atmosphere for 48 to 72 h. N. gonorrhoeae species was verified using
colony morphology, catalase and oxidase testing, Gram-stained smears, and DNA
hybridization (AccuProbe assay; Hologic, San Diego, CA, USA).
Standard NAAT samples. Standard NAAT samples were obtained using an Aptima
swab and Aptima unisex swab specimen collection device, or by transferring urine
into an Aptima urine specimen collection device, as instructed by the manufacturer
(Hologic, San Diego, CA, USA).
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ESwab samples. We obtained a single ESwab sample from each included anatomical
site using a nylon-flocked swab placed in liquid Amies medium (480 CE; Copan Italia
S.p.A., Brescia, Italy). The same ESwab sample was used for NAAT on ESwab and
targeted deferred culture. The collection order of swabs for standard NAAT and ESwab
was reversed when half of the projected sample size was reached. The ESwab samples
were obtained from urine, as the use of urethral swabs is against clinic policy due to
patient discomfort. First-void urine samples were collected in a 30-ml plastic container
and immediately stored at 4°C. Within 30 min of sample collection, we dipped a
flocked swab into the urine and placed it into an ESwab system. The urine samples
were subsequently centrifuged to obtain urine sediment, in which a second flocked
swab was dipped and placed into another ESwab system.

2

We conducted a pilot study of deferred gonorrhea culture in 35 ESwab samples from
the rectum, cervix, or urine that were positive for N. gonorrhoeae using the AC2 assay.
The results showed better culture yields after storage for 48 h at 4°C than after storage
at room temperature (71% versus 37% positive cultures, respectively).12 Therefore, the
ESwab samples in this study were immediately stored at 4°C.
Standard NAAT. Standard NAAT for N. gonorrhoeae and C. trachomatis was performed
using the AC2 assay on the Tigris DTS system (Hologic, San Diego, CA, USA). Positive
or negative results and semiquantitative results consisting of relative light units (RLUs)
were reported. Samples with equivocal results were retested using Aptima GC single
assay or Aptima CT single assay (Hologic).
Targeted deferred N. gonorrhoeae culture. We aimed to inoculate deferred cultures
from ESwab samples within 3 days of sample collection. If the standard NAAT results
were not available within this period, the sample was excluded from the analysis.
When the standard NAAT results were N. gonorrhoeae positive, the corresponding
ESwab sample was vortexed for 5 s to provide a homogeneous solution. We inoculated
200 μl of ESwab liquid medium onto GC agar plates and incubated at 37°C in a 5%
CO2-enriched atmosphere for 48 to 72 h (1st deferred culture). The following day,
this procedure was repeated from the same ESwab sample (2nd deferred culture).
Suspected colonies were further examined with catalase and oxidase testing and
Gram-stained smears. Species identification was confirmed by an in-house PCR
targeting the opa genes.13
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NAAT on ESwab. The day after collection, the ESwab samples were vortexed for 5 s,
and 200 μl of ESwab liquid medium was transferred to an Aptima specimen transfer
device (Hologic, San Diego, CA, USA). These transferred samples were stored at 4°C for
a maximum of 2 weeks prior to testing using the AC2 assay. The AC2 results and RLUs
were reported. Samples with equivocal results were retested using Aptima GC single
or CT single assay. Samples positive by NAAT on ESwab but negative with the standard
NAAT were, after repeated transfer of ESwab medium, retested for confirmation.

Statistical analysis
Sample size. We aimed to determine an overall success rate of deferred cultures of
80% compared to that with the standard NAAT, with 8% precision and a significance
level of 0.05. This required 97 N. gonorrhoeae-positive samples with the standard NAAT
(about 30 per anatomical site).
Analysis. We analyzed the proportion of N. gonorrhoeae-positive results of each test
compared to the standard NAAT result. As coinfection with C. trachomatis is expected
in many high-risk patients, we also analyzed the proportion of NAAT results that
were positive for C. trachomatis. The deferred culture results of each ESwab sample
were analyzed according to culture group (1st or 2nd) and with time since collection
classified by 3 consecutive calendar days (day 1, ≤34 h; day 2, 35 to 58 h; day 3, >58 h).
The agreement, using Cohen’s kappa, and the sensitivity (openEpi) of the test methods
were calculated. To assess the predictors of a negative 1st deferred culture result,
we used logistic regression models. A P value of ≤0.05 was considered statistically
significant. All analyses were performed using SPSS Statistics version 21 (IBM, Armonk,
NY, USA).

RESULTS
Included samples
We initially included 1,911 patients who provided 2,480 samples during 1,920 visits; 9
patients were included at two visits, and 560 patients provided two samples at the
same visit. We excluded 28 samples due to invalid or incomplete reference test results
(Figure 1). Accordingly, 2,452 samples from 1,893 patients were included in the analyses.
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Patients
(n=1,911)
Visits
(n=1,920)

2

Samples
(n=2,480)
Excluded:
Standard NAAT result missing (n=8)
Standard NAAT invalid (n=9)
Direct culture result missing (n=8)
Direct culture invalid/overgrown (n=3)

NAAT on ESwab
(n=2,452)

Ct +
(n=252)

Ng +
(n=88)

Standard NAAT
(n=2,452)

Ct +
(n=284)

Direct culture
(n=2,452)

Ng +
(n=107)

Ng +
(n=87)
Excluded:
Standard NAAT result not <3 days (n=2)
ESwab missing (n=7)

Deferred culture from
ESwab (n=98)

1st deferred
culture (n=98)
Ng + (n=68)

2nd deferred
culture (n=98)
Ng + (n=55)

Figure 1. Flowchart of included patients, samples and performed laboratory tests
All NAAT results were tested using the Aptima Combo 2 assay. Samples with equivocal results were retested using
the Aptima GC single or CT single assay. NAAT on ESwab samples was performed by transferring ESwab liquid
medium to an Aptima test tube. The 1st targeted deferred culture from ESwab was inoculated on the day the
standard NAAT result became available. The 2nd targeted deferred culture was inoculated 1 day later but from the
same ESwab tube as the 1st deferred culture.
NAAT, nucleic acid amplification test; Ct, Chlamydia trachomatis; Ng, Neisseria gonorrhoeae.

ESwab samples from urine versus urine sediment
When analyzing the ESwab results from both whole urine and the accompanying urine
sediment, we found no major differences in the positive deferred gonorrhea cultures
(1st, 27 each; 2nd, 20 versus 21, respectively) or in NAAT on ESwab samples (N. gonorrhoeae
positive, 32 versus 33, respectively; C. trachomatis positive, 81 versus 89, respectively). In
the remainder of the analysis, we included the samples from whole urine only.
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Standard NAAT and direct culture
In the standard NAAT, 107 samples were positive for N. gonorrhoeae (4%), and 284
samples were positive for C. trachomatis (12%). For 98 (92%) of the 107 gonorrheapositive samples, an accompanying ESwab sample was available and used for testing
and analyses. Direct N. gonorrhoeae culture was positive in 80 (82%) of these 98
samples; the positivity rate was significantly higher in urogenital samples (94%) than
that in rectal samples (70%) (P = 0.002) (Table 1).
When analyzing the collection order of swabs for the standard NAAT and ESwab
samples, we did not find any significant differences in test results by collection order
or by anatomical location.
Table 1. Included samples and results positive for N. gonorrhoeae from standard NAAT, direct culture, and targeted
deferred culture from ESwab included from the STI Outpatient Clinic Amsterdam, the Netherlands, 2013a
1st deferred culture

2nd deferred culture

Sample
type

No. of
No. with No. with
samples positive ESwab
standard availableb
NAAT
result

No. (%)
with
positive
direct
culture
result

No. (%) Median
positivec storage
time (IQR)
(h)

No. (%)
positivec

Median
storage
time (IQR)
(h)

Rectum

562

55

50

35 (70)

31 (62)

27 (26–29)

27 (54)

47 (44–51)

Urethrad

1,085

37

35

33 (94)

27 (77)

27 (25–30)

20 (57)

49 (45–51)

Cervix

805

15

13

12 (92)

10 (77)

25 (24–29)

8 (62)

45 (43–47)

Total

2,452

107

98

80 (82)

68 (69)

27 (25–29)

55 (56)

48 (44–51)

NAAT, nucleic acid amplification test.
b
Samples for which standard NAAT was not available <3 days after collection (n = 2) and samples with missing
ESwab (n = 7) were excluded.
c
The 1st targeted deferred culture from ESwab was inoculated on the day the standard NAAT result became
available. The 2nd targeted deferred culture was inoculated 1 day later, from the same ESwab tube as the 1st
deferred culture.
d
Samples for standard NAAT and ESwab were obtained from urine, and direct culture was obtained from
urethral exudate samples.
a

Targeted deferred culture from ESwab versus direct culture
The median time between sample collection and inoculation of deferred cultures was
27 h (interquartile range [IQR], 25 to 29 h) for the 1st and 48 h (IQR, 44 to 51 h) for the
2nd deferred culture. The 1st deferred culture was positive in 69% of the samples, and
the 2nd deferred culture was positive in 56% of the samples (Table 1). In contrast to the
direct cultures, the positivity rates of urogenital and rectal samples was not significantly
different (for the 1st deferred culture, 77% versus 62%, respectively; P = 0.11). When
all deferred cultures were classified according to calendar days since collection, the
positivity rate for both urogenital and rectal samples decreased with each day (Figure 2).
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2

Urogenital

32/39 (82%)

29/48 (60%)

4/9 (44%)

Rectal

27/41 (66%)

29/50 (58%)

2/9 (22%)

Figure 2. Results of targeted deferred cultures positive for N. gonorrhoeae according to calendar days since
collection
Percentage of targeted deferred cultures positive for N. gonorrhoeae of urogenital samples (n = 48) and rectal
samples (n = 50) compared to the gold standard (standard nucleic acid amplification test, at 100%) with 95% CI.
Only samples for which an ESwab was available were included in this analysis. Targeted deferred cultures were
inoculated ≤34 h (day 1), 35 to 58 h (day 2) and >58 h after collection (day 3).

Eighty of the 98 NAAT gonorrhea-positive samples (with accompanying ESwab
sample) were positive in direct culture, of which 67 were also positive in 1st deferred
culture. This resulted in an overall sensitivity of 84% (95% confidence interval [CI], 74
to 91%) and good agreement (κ, 0.62; 95% CI, 0.45 to 0.79) between the direct and 1st
deferred cultures (Table 2). When the results were analyzed by anatomical site, we
found a higher agreement for rectal samples (κ, 0.74; 95% CI, 0.54 to 0.94) than that for
urogenital samples (κ, 0.37; 95% CI, 0.06 to 0.68), but the sensitivities were comparable
(86% [95% CI, 70 to 95%] and 82% [95% CI, 68 to 92%], respectively) (Table 2).

33

41713 Wind, Carolien.indd 33

12-01-17 09:25

Chapter 2

Table 2. Comparison of direct and 1st targeted deferred N. gonorrhoeae culture of 98 samples positive in standard
NAATa
Sample type

1st deferred
culture resultb

Urogenitalc

Rectal

Total

Direct culture result
+

–

Total

κ (95% CI)

Sensitivity
(% [95% CI])

+

37

0

37

0.37 (0.06–0.68)

82 (68–92)

–

8

3

11

Total

45

3

48

+

30

1

31

0.74 (0.54–0.94)

86 (70–95)

–

5

14

19

Total

35

15

50

+

67

1

68

0.62 (0.45–0.79)

84 (74–91)

–

13

17

30

Total

80

18

98

NAAT, nucleic acid amplification test.
b
The 1st targeted deferred culture from ESwab was inoculated on the day the standard NAAT result became
available.
c
Samples for deferred culture were obtained from urine, direct culture was obtained from urethral exudate.
a

In order to compare the culture results to the semiquantitative RLU results of the
NAAT-positive samples, we selected all samples that were N. gonorrhoeae positive and
C. trachomatis negative in standard NAAT (n = 78). The value of the AC2 positive control
in our laboratory is approximately 850 to 1,100 RLU for N. gonorrhoeae monoinfections,
and the cutoff value for positivity is 50 RLU. We therefore considered an RLU value
<800 to be low positive. None of the samples positive in direct culture (n = 60) had
a low RLU value in the standard NAAT (range, 1,064 to 1,428), while this was found in
6 samples (33%) with a negative direct culture (range, 216 to 1,297). These differences
were similar when samples with a positive or negative 1st deferred culture were
compared (data not shown).

NAAT on ESwab sample versus standard NAAT
NAAT for N. gonorrhoeae. Of the 107 samples positive by the standard NAAT, 89 were
also positive in NAAT on the ESwab liquid medium (sensitivity, 83%; 95% CI, 75 to
90%). Although the sensitivity was reasonable and the agreement very good for all
anatomical sites, the results were slightly better for urogenital samples than those for
rectal samples (Table 3).
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In a comparison of NAAT on ESwab samples from patients with symptoms and/
or physical signs (n = 1,108) to those with neither symptoms nor signs (n = 1,344), we
found significantly better results with samples from symptomatic patients (κ, 0.96
[95% CI, 0.92 to 1.00]; sensitivity, 92% [95% CI, 83 to 97%]) than with samples from
asymptomatic patients (κ, 0.81 [95% CI, 0.71 to 0.91]; sensitivity, 68% [95% CI, 52 to 82])
(P = 0.001).

2

NAAT for C. trachomatis. Of 284 samples that were positive with the standard NAAT,
246 were also positive with NAAT on ESwab (sensitivity, 87%; 95% CI, 82 to 90%).
Six samples were positive with NAAT on ESwab while negative with the standard
NAAT (Table 3). The sensitivity of NAAT on ESwab samples was significantly higher
with cervical samples than with rectal and urine samples (P = 0.001 and 0.002,
respectively). As for N. gonorrhoeae, the sensitivity was significantly higher in samples
from symptomatic patients than that for samples from asymptomatic patients (92%
[95% CI, 87 to 96%] and κ, 0.94 [95% CI, 0.91 to 0.97], versus 77% [95% CI, 71 to 86%]
and κ, 0.86 [95% CI, 0.81 to 0.91], respectively) (P = 0.003).

Determinants predictive of a negative targeted deferred N. gonorrhoeae culture
We analyzed the demographic and clinical determinants associated with a negative
1st targeted deferred culture among all samples positive for N. gonorrhoeae with the
standard NAAT (n = 98, obtained from 92 individual patients [6 patients provided 2
samples]). A negative 1st deferred culture occurred in 30 samples (31%).
Being asymptomatic at the anatomical site of sampling was the strongest overall
predictor of an unsuccessful deferred culture (OR, 4.80; 95% CI, 1.92 to 12.01; P = 0.001).
Rectal samples more often yielded negative cultures than urethral samples (OR, 2.07;
95% CI, 0.78 to 5.48; P = 0.28) (Table 4). The association between being asymptomatic
and an unsuccessful deferred culture was stronger for urethral samples (OR, 26.0; 95%
CI, 2.29 to 295.6; P = 0.009) than for rectal samples (OR, 2.44; 95% CI, 0.67 to 8.50; P =
0.16). In urethral samples from symptomatic patients, the overall success rate of the 1st
deferred culture was 26/30 (87%), for the 2nd deferred culture, this was 20/30 (67%).
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–
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5

2,345

2,345

0

790

790

0

1,048

1,048

0

507

507

0

–

2,452

2,363

89

805

792

13

1,085

1,053

32

562

518

44

0.90 (0.86–0.94)

0.93 (0.83–1.00)

0.93 (0.87–0.99)

0.88 (0.81–0.95)

Total κ (95% CI)

83 (75–90)

87 (60–98)

86 (71–95)

80 (67–90)

Sensitivity
(% [95% CI])

284

38

246

122

6

116

97

18

79

65

14

51

+

2,168

2,162

6

683

681

2

988

986

2

497

495

2

–

C. trachomatis

2,452

2,200

252

805

687

118

1,085

1,004

81

562

509

53

Total

0.91 (0.88–0.94)

0.96 (0.93–0.99)

0.88 (0.83–0.93)

0.85 (0.78–0.92)

κ (95% CI)

NAAT, nucleic acid amplification test.
ESwab medium (200 μl) was transferred to an Aptima specimen transfer device prior to testing.
one sample was repeatedly equivocal for N. gonorrhoeae in the NAAT on ESwab; this sample was counted as a positive result.

Total

Cervix

32

55

Total

–

11

–

+

44

+

Rectumc

Urine

NAAT on ESwab
resultb
+

Sample type

N. gonorrhoeae

Standard NAAT results for:

Table 3. Results for N. gonorrhoeae and C. trachomatis of standard NAAT and NAAT on ESwab samplesa

87 (82–90)

95 (90–98)

81 (72–89)

78 (67–88)

Sensitivity
(% [95% CI])
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Table 4. Determinants of a negative 1st targeted deferred N. gonorrhoeae culture, for the 98 samples positive in
standard NAATa
Variable

b

Overall

No. with N. gonorrhoeae-negative 1st
targeted deferred culture/no. with
positive standard NAAT (%)
Univariate OR (95% CI)

P value

2

30/98 (30.6)

Age (yr)
≤26

8/33 (24.2)

1

27–37

11/31 (35.5)

1.72 (0.58–5.08)

>37

11/34 (32.4)

1.50 (0.51–4.37)

0.60

Anatomical location of infection
Urethrab

8/35 (22.9)

1

Cervix

3/13 (23.1)

1.01 (0.22–4.59)

Rectum

19/50 (38.0)

2.07 (0.78–5.48)

Male

26/84 (31.0)

1

Female

4/14 (28.6)

0.89 (0.26–3.11)

0.28

Gender
0.86

Sexual risk group
MSM

24/67 (35.8)

1

Heterosexual male

2/17 (11.8)

0.24 (0.05–1.13)

Female

4/14 (28.6)

0.72 (0.20–2.53)

Negative

15/65 (23.1)

1

Positive

15/33 (45.5)

2.78 (1.13–6.80)

Yes

9/52 (17.3)

1

No

21/46 (45.7)

4.01 (1.59–10.11)

0.19

HIV status
0.025

Symptomsd
0.003

Discharge
Yes

7/45 (15.6)

1

No

23/53 (43.4)

4.16 (1.57–11.00)

0.004

Physical signse
Yes

8/48 (16.7)

1

No

22/50 (44.0)

3.93 (1.53–10.08)

Yes

11/61 (18.0)

1

None

19/37 (51.4)

4.80 (1.92–12.01)

0.004

Any symptoms or signs
0.001

Notified of STI
Yes

9/30 (30.0)

1

No

21/68 (30.9)

1.04 (0.41–2.66)

0.93

NAAT, nucleic acid amplification test.
MSM, men who have sex with men; STI, sexually transmitted infection.
c
Samples for standard NAAT and ESwab were obtained from urine, and direct culture was obtained from
urethral exudate samples.
d
Symptoms included discharge, itch, burning, frequent or painful urination, bleeding, abdominal pain, pain
during sex, anal cramps or pain and changed defecation.
e
Signs included discharge, red urethra, fragile mucosa, swelling or anal ulcerations.
a

b
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A high correlation between various variables was noted: all heterosexual males
who provided urine samples were symptomatic, all but one of the rectal samples
were from MSM, and all but one HIV-positive participants were MSM. Therefore, we
did not perform a multivariable analysis. In order to identify those with a high and
those with a low likelihood of a negative deferred culture, we post hoc created four
distinct subgroups: symptomatic HIV-negative patients, asymptomatic HIV-negative
MSM, asymptomatic HIV-positive MSM, and an other group including all remaining
patients (Table 5). We found a large contrast between these groups, enabling good
discrimination between the group with the highest likelihood of a negative deferred
culture (asymptomatic HIV-positive MSM, 56%) and the group with the lowest
likelihood of a negative deferred culture (symptomatic HIV-negative patients, 13%).
Table 5. Associations between post hoc clinically defined patient groups and a negative 1st targeted deferred N.
gonorrhoeae culture for all 98 samples positive in standard NAATa
Scenario

No. with N. gonorrhoeae-negative 1st
targeted deferred culture/no. with
positive standard NAAT (%)

Overall

30/98 (30.6)

Symptomatic HIV-negativeb
Asymptomatic HIV-negative MSM

Univariate OR
(95% CI)

P value

6/46 (13.0)

1

0.006

7/16 (43.8)

5.19 (1.04–19.19)

Asymptomatic HIV-positive MSM

10/18 (55.6)

8.33 (2.35–29.53)

Otherc

7/18 (28.9)

4.24 (1.18–15.23)

NAAT, nucleic acid amplification test.
b
Heterosexual and men who have sex with men (MSM).
c
Other includes all samples from patients who did not fit into any of the three defined groups.
a

DISCUSSION
Our study shows that a targeted deferred N. gonorrhoeae culture is possible from
clinical samples stored up to 3 days in the ESwab medium. Prior to the current
study, the performance of ESwab medium has been assessed only in reconstituted
specimens containing cultured bacteria, and the results have shown a decrease in N.
gonorrhoeae viability over time.8,14-16 One study using other transport media found good
culture results after 24 h for endocervical specimens, but prolonged storage was not
assessed.17
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The overall success rate of targeted deferred cultures in our study was 69% compared
to that with NAAT. This is <100%, as is expected given the lower sensitivity of culture
compared to that of NAAT, which is demonstrated by our direct culture positivity rate
of 82% and in previous studies.4,18-23 The lower success of deferred cultures compared
to that of direct cultures can be explained by the decreased viability of N. gonorrhoeae
over time. Another factor is that 51% of our deferred cultures samples were of rectal
origin, which are less successful in direct culture than urogenital samples.4,18 Our
results showed that if a direct culture of a rectal sample was successful, the deferred
culture was likely to be positive as well. In contrast, for urogenital samples, we found
that direct cultures were more often successful than deferred cultures. In addition, the
majority of the urogenital samples were urethral samples. For these, direct cultures
were obtained from urethral exudate samples, while the ESwab samples for deferred
cultures were obtained from urine. While N. gonorrhoeae does not survive well in
urine samples, in our study, dipping flocked swabs in urine within 30 min allowed the
bacteria to survive in many cases.24,25 However, the volume and bacterial load were
likely lower than those in urethral exudate samples, resulting in fewer successful
deferred cultures. The use of urethral ESwabs most likely improves the yield, but this
was not tested in our study due to clinic policy against the use of intraurethral swabs.
In addition, dipping ESwabs into urine within 30 min of collecting the urine could be
challenging in many settings, particularly in settings with low numbers of gonorrhea
cases or N. gonorrhoeae diagnostic tests.

2

An effect of bacterial load on culture outcome was also suggested when the
semiquantitative RLU values of the NAAT samples were compared to the culture results.
Compared to positive cultures, we found that negative direct and deferred cultures
were more often from low-positive samples, that is, samples with an RLU value of <800.
As in previous research, we noted the highest success rate (87%) of deferred cultures in
samples from symptomatic patients and in samples of urogenital origin; these patients
are the best candidates for AMR surveillance using targeted deferred culture.18 The
samples from asymptomatic HIV-positive MSM were less often successful, although
nearly half of these samples were successfully cultured as well. As gonorrhea and AMR
are more prevalent among MSM, AMR surveillance in this population is crucial, and we
therefore suggest using targeted deferred culture in all these patients, irrespective of
HIV serostatus.26-28
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Our study also showed that the performance of NAAT on ESwab liquid medium is
possible for N. gonorrhoeae and C. trachomatis. The agreement between standard NAAT
and NAAT on ESwab samples was relatively good, but we found a loss of sensitivity
in NAAT on ESwab samples. As in previous research, NAAT on ESwab samples was
performed on only 200 μl of ESwab medium diluted into specimen tubes, whereas
standard NAAT samples were undiluted.29 Especially in samples with a low bacterial
load, this might have caused false-negative results. Also, in ESwab samples used
to diagnose urethral gonorrhea, the swabs were dipped in urine only, causing an
additional dilution of the sample as opposed to direct urine samples. This might
explain the significant difference in C. trachomatis results of cervical compared to
urethral samples. Using larger volumes, urethral exudate, or eluting the flocked ESwab
into Aptima tubes might increase the sensitivity of NAAT on ESwab samples.9
Notably, six samples were positive for C. trachomatis with NAAT on ESwab samples but
negative with the standard NAAT. Unfortunately, negative routine samples were not
stored, and the standard NAAT sample could not be retested. Whether these samples
represent contamination or false-negative standard NAAT results, possibly due to
borderline low loads or incorrect sampling of the standard NAAT in these patients,
remains unclear.
Our study has additional limitations. First, the prevalence of gonorrhea among women
in our clinic was low, resulting in few positive cervical and rectal samples from women.
Second, the correlation between determinants was high; a multivariable logistic
regression analysis was therefore not possible. Third, we did not examine pharyngeal
specimens. Finally, this study was performed at a single center with good laboratory
facilities, and our results might not be generalizable to other settings, including those
using other NAAT procedures or transport media.
In conclusion, using NAAT with targeted deferred N. gonorrhoeae culture is an efficient
method to preserve or establish sufficient AMR surveillance in settings where direct
culture is not possible or gonorrhea prevalence is low. The ESwab system allows
prolonged transport time, preselection with NAAT, and subsequent N. gonorrhoeae
culture. Given the difference in the success rates of direct and deferred cultures, we
recommend obtaining a direct culture for patients failing empirical therapy. Based on
the methods and results of our study, we recommend obtaining two separate samples
to prevent loss in sensitivity with NAAT: one sample for NAAT, as recommended by the

40

41713 Wind, Carolien.indd 40

12-01-17 09:25

Targeted deferred culture of Neisseria gonorrhoeae

NAAT manufacturer, and one ESwab sample to be used for deferred culture. Ideally,
the deferred cultures should be inoculated within 3 days of collection.
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ABSTRACT
Background
The use of nucleic acid amplification tests (NAATs) to diagnose Neisseria
gonorrhoeae infections complicates the performance of a test of cure (TOC) to
monitor treatment failure, if this is indicated. As evidence for the timing of TOC
using modern NAATs is limited, we performed a prospective cohort study to
assess time to clearance when using modern RNA- and DNA-based NAATs.

Methods
We included patients with anogenital gonorrhoea visiting the Sexually
Transmitted Infection Clinic Amsterdam from March through October 2014.
After treatment with ceftriaxone mono- or dual therapy (with azithromycin
or doxycycline), anal, vaginal, or urine samples were self-collected during 28
consecutive days, and analyzed using an RNA-based NAAT (Aptima Combo 2)
and a DNA-based NAAT (Cobas 4800). Clearance was defined as 3 consecutive
negative results, and blips as isolated positive results following clearance.

Results
We included 77 patients; 5 self-cleared gonorrhoea before treatment and 10
were lost to follow-up. Clearance rate of the remaining 62 patients was 100%.
Median time to clearance was 2 days, with a range of 1–7 days for RNA-based
NAAT and 1–15 days for DNA-based NAAT. The risk of finding a blip after
clearance was 0.8% and 1.5%, respectively. One patient had a reinfection.

Conclusions
If indicated, we recommend that a TOC be performed for anogenital gonorrhoea
at least 7 or 14 days after administering therapy, when using modern RNA- or
DNA-based NAATs, respectively. When interpreting TOC results for possible
treatment failure, both the occurrence of blips and a possible reinfection need
to be taken into account.
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BACKGROUND
Antimicrobial resistance (AMR) is an emergent worldwide public health problem, also
affecting sexually transmitted infections (STIs). Treatment failures and resistance
of Neisseria gonorrhoeae to the last-resort monotherapy of extended-spectrum
cephalosporins have been reported globally.1-6
To diagnose gonorrhoea international guidelines recommend a nucleic acid
amplification test (NAAT) because of superior sensitivity compared to bacterial
culture.7,8 As molecular methods to determine AMR are still suboptimal, the decreased
use of culture compromises AMR surveillance.9,10

3

The frequent occurrence of asymptomatic infections (10%–90% depending on sex and
anatomical site) and the limited possibilities to determine AMR call for other methods
to monitor treatment outcome, such as test of cure (TOC).8 In many countries, TOC
was abandoned mainly due to excellent treatment results.11,12 The World Health
Organization, Centers for Disease Control and Prevention, and international guidelines
suggest that TOC be performed for gonorrhoea in certain cases (eg, pharyngeal
infections, persistent symptoms, or nonstandard therapy).7,8,13,14
Traditionally, TOC is based on bacterial culture, and evidence for the timing of TOC
when using NAATs is limited.15-18 We conducted a prospective cohort study to assess
the appropriate timing of TOC after treatment of anogenital gonorrhoea when using
modern RNA- and DNA-based NAATs.

METHODS
Study population
We included patients visiting the STI Outpatient Clinic in Amsterdam, the Netherlands,
from March through October 2014. Eligible were patients with anogenital gonorrhoea,
who were 18 years of age or older and to whom routine treatment was prescribed
(Supplementary Figure 1). Patients coinfected with Chlamydia trachomatis were not
excluded. Patients participated in the study only once, and only 1 anatomical site was
designated for follow-up. We gave endocervical and rectal infections priority over
urethral infections to create a balanced inclusion. Sociodemographic and clinical
characteristics were extracted from the electronic patient file. Ethical approval
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was obtained from the medical ethics committee of the Academic Medical Center
Amsterdam (NL45935.018.13); all patients provided written informed consent.

Sample size
We assumed 100% clearance of N. gonorrhoeae after 21 days.15,16 We considered TOC
not recommendable before at least 95% of patients cleared the infection, so the upper
limit of 95% confidence interval (CI) of the proportion cleared had to be ≤0.05. With
these assumptions and 30% expected drop-out, the required sample size was 80.

Study procedure
Patients received instructions on the self-collection of anal, vaginal, or urine samples.
They self-collected pretreatment NAAT samples: 1 for RNA-based and 1 for DNA-based
NAAT. They received routine treatment consisting of a single intramuscular dose
of 500 mg ceftriaxone.19 If coinfection with C. trachomatis was suspected or proven,
azithromycin 1000 mg once orally was given for urogenital infections and doxycycline
100 mg twice daily for 7, 14 or 21 days for anorectal infections.
Following treatment, patients self-collected RNA and DNA samples of the designated
anatomical site for 28 consecutive days, and stored these at room temperature. When
half the sample size for rectal or vaginal samples was reached, the instructed collection
order of RNA and DNA swabs was reversed. Patients were requested to abstain
from sexual contact or use condoms, and refrain from vaginal or rectal douching.
Additionally, they kept a diary on sample collection, medication use, sexual contact,
and vaginal/rectal douching during the study period. Within 35 days after inclusion,
patients visited the STI clinic to return their samples and diary. At this end-of-study
visit, a study nurse collected samples from urethra, rectum, or endocervix for both
NAATs and for direct culture.

NAAT testing for N. gonorrhoeae
Samples for RNA-based NAAT were collected using Aptima vaginal swab specimen
kits for vaginal and anal samples, and Aptima urine specimen kits for urine samples.
All were tested using the Aptima Combo 2 assay for N. gonorrhoeae and C. trachomatis
on the Tigris direct tube sampling system (Hologic, San Diego, California), and relative
light units (RLUs) were reported. Equivocal results were retested using the Aptima GC
assay (Hologic). Repeated equivocal results were considered positive for the analysis.
We excluded samples with repeated invalid results. Pretreatment samples negative
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for N. gonorrhoeae were considered proof of self-clearance and these patients were
excluded.
Samples for DNA-based NAAT were collected using Cobas polymerase chain reaction
(PCR) female swab sample kits for vaginal and anal sampling, and the Cobas PCR
urine sample kits for urine samples. All were tested using the Cobas 4800 assay for N.
gonorrhoeae and C. trachomatis (Roche, Basel, Switzerland); the cycle threshold (Ct) of
positive samples was reported. If in retrospect the pretreatment sample was negative
for N. gonorrhoeae, we excluded the DNA results of that patient from the analysis.
Pretreatment samples with discrepant RNA and DNA results were retested, using the
Aptima GC assay for RNA samples, and the Abbott RealTime CT/NG assay (Abbott,
Abbott Park, Illinois) for DNA samples.

3

Samples negative for both N. gonorrhoeae and C. trachomatis on the first day after
treatment were tested for human DNA, using the �-globin internal control of the
Cobas 4800 HPV assay (Roche, Basel, Switzerland). If �-globin was negative, we
assumed the collection was incorrect and excluded the patient from the corresponding
NAAT analysis.

Direct N. gonorrhoeae culture
A study nurse collected direct N. gonorrhoeae cultures before treatment and at the endof-study-visit, using GC-Lect agar plates (Becton Dickinson, Breda, the Netherlands)
incubated at 37°C in 5% carbon dioxide for 48–72 hours. Neisseria gonorrhoeae was
species verified using colony morphology, catalase and oxidase testing, Gramstained smears, and DNA hybridization (AccuProbe, Hologic). Minimal inhibitory
concentrations of ceftriaxone, azithromycin, and doxycycline in N. gonorrhoeae
isolates were determined using Etests (bioMérieux, Marcy-l’Étoile, France), according
to the manufacturer’s instructions, and interpreted using European Committee
on Antimicrobial Susceptibility Testing breakpoints. For doxycycline we used the
tetracycline breakpoint.20

Statistical analysis
The primary endpoint was clearance of N. gonorrhoeae nucleic acids using RNA- or
DNA-based NAAT. We defined clearance as 3 consecutive negative results following
a positive result; we allowed 1 missing sample between the last positive and the first
negative result. In a secondary analysis we used a more lenient definition: 2 consecutive
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negative NAAT results. Clearance was compared by anatomical site using χ2, Fisher
exact, or Kruskal–Wallis tests. We analyzed determinants for time to clearance using
Kaplan–Meier curves, log-rank testing, and Cox regression analysis.
We defined reinfection as positive test results on at least 3 consecutive days after
clearance; tests had to be positive for both RNA and DNA on at least 1 day.
The secondary endpoint was intermittent presence of bacterial RNA or DNA (“blip”).15
We defined a blip as a positive test following clearance not due to reinfection or
treatment failure. In patients without an exact day of clearance due to missing samples,
we considered all samples after the first 3 consecutive negative results at risk for blips.
We analysed possible predictors by logistic regression using generalized estimated
equation models to account for correlated data.

RESULTS
Participants
At the STI outpatient clinic, 462 patients were diagnosed with anogenital gonorrhoea
from March through October 2014 (Supplementary Figure 1). After evaluation of the
inclusion and exclusion criteria, patients were invited to participate. Upon receiving
information about the study, 77 patients participated. Five patients had self-cleared
their infection and were excluded in the first week after inclusion. Ten patients were
lost to follow-up, resulting in 62 patients included in the analysis. Those retained were
significantly more often coinfected with C. trachomatis than those lost-to follow-up
(data not shown).

Baseline characteristics
The study population consisted of 21 women with an endocervical infection, 20 men
with a urethral infection, and 21 with a rectal infection (Table 1). Six men (15%) were
heterosexual and 35 (85%) were men who have sex with men (MSM). The median age
was 24 years (interquartile range, 22–34 years); women were significantly younger
than men (median age, 22 years and 29 years, respectively; P <.001). Twelve men
(19%) were human immunodeficiency virus positive; 83% had CD4+ cell counts of at
least 500 cells/μL. Twenty-three patients (37%) had a coinfection with C. trachomatis.
Sixty per cent of patients were symptomatic, which was significantly more common
in urethral infections. The median time between diagnosis and inclusion was 7 days
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Female

Male
0 (0)

12 (19)

HIV infected

≥500

18/18 (100)
18/18 (100)

25/34 (74)
51/57 (89)

Positive Gram-stained smear

Positive culturec

18 (90)
0 (0–0)

37 (60)
7 (0–9)

Symptoms or signs at examinationa,b

Time to inclusion, d, median (IQR)

7 (35)

4 (20)

14 (23)
23 (37)

Chlamydia trachomatis coinfection

Pharyngeal

5 (25)

41 (66)
31 (50)

Rectal

20 (100)

4 (80)

1 (20)

3 (60)

5 (25)

0 (0)

6 (30)

Urogenital

Neisseria gonorrhoeae infection

2 (17)
10 (83)

350–499

CD4+ cell count (cells/μL)

10 (83)

Female

Using cART

6 (10)
21 (34)

Heterosexual male

14 (70)

15 (75)

35 (56)
35 (56)

5 (25)

27 (44)

29 (24–34)

21 (34)
24 (22–34)

20 (100)

20

Urethra

41 (66)

62

Total

MSM

Sexual risk group

Non-Dutch

Dutch

Ethnicity

Age, y, median (IQR)

Sex

Included patients

Characteristic

Table 1. Baseline characteristics

19/20 (95)

7/7 (100)

9 (0–11)

10 (48)

7 (33)

7 (33)

21 (100)

0 (0)

6 (86)

1 (14)

7(100)

7 (33)

0 (0)

0 (0)

21 (100)

7 (33)

14 (67)

32 (24–41)

0 (0)

21 (100)

21

Rectum

<.0001
.02

0/9 (0)
14/19 (73)

.003
.0001

9 (43)

.79

.36

…

…

1.00

.15

.01

…

.02

.0001

…

P Value

9 (7–10)

9 (43)

3 (14)

5 (24)

21 (100)

…

…

…

0 (0)

21 (100)

0 (0)

0 (0)

13 (62)

8 (38)

22 (19–23)

21 (100)

0 (0)

21

Endocervix
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1.067 (0.125–8)

1.093 (0.094–24)
28.5 (23.5–37.9)

Ct value pretreatment, mean (range)

12 (19)

Ceftriaxone + azithromycin

Ceftriaxone + doxycycline

0 (0)

17 (85)

3 (15)

26.2 (23.5–30.6)

10 (48)

2 (10)

9 (43)

28.6 (24.8–32.1)

1177.8 (567–1322)

1.415 (0.5–24)

0.222 (0.047–1)

0.008 (0.002–0.047)

Rectum

2 (10)

8 (38)

11 (52)

31.0 (26.4–37.9)

1249.8 (957–1327)

0.793 (0.094–8)

0.068 (0.023–0.19)

0.003 (<0.002–0.008)

Endocervix

<.0001

.0001

.57

.15

.001

.10

P Value

Table 2. Behaviour after inclusion and clearance of Neisseria gonorrhoeae RNA and DNA
Characteristic
Total
Urethra
Behaviour after inclusion
No. of samples collected, median (range)
27 (20–28)
28 (25–28)
Patients with missed samples
36 (58)
8 (40)
Rectal/vaginal douching
11 (26)
…
Sexual contact
40 (65)
14 (70)
Unprotected sex
17 (27)
4 (20)

Endocervix
27 (20–28)
18 (86)
4 (19)
14 (67)
8 (38)

Rectum
28 (20–28)
10 (48)
7 (33)
12 (57)
5 (24)

.01
.006
.29
.67
.39

P Value

Data are presented as No. (%) unless otherwise indicated.
Abbreviations: cART, combination antiretroviral therapy; Ct, cycle threshold; HIV, human immunodeficiency virus; IQR, interquartile range; MIC, minimal inhibitory
concentration; MSM, men who have sex with men; RLU, relative light units.
a
Symptoms included discharge, itch, burning, frequent or painful urination, bleeding, abdominal pain, pain during sex, anal cramps or pain, and changed defecation.
b
Signs included red urethra, discharge, bleeding, fragile mucosa, swelling, or anal ulcerations.
c
All cultures were obtained by a nurse from urethral or rectal specimens; of the endocervical infections, 5 cultures were from vaginal specimens (of which 3 were culture positive)
and 14 were from endocervical specimens (of which 11 were culture positive).
d
Based on 39 samples positive for N. gonorrhoeae only.

23 (37)
27 (44)

Ceftriaxone monotherapy

Treatment at inclusion

1226.2 (567–1350)

RLU value pretreatment, mean (range)d

1261.0 (1217–1350)

0.142 (<0.016–1)

Doxycycline

0.159 (<0.016–0.75)

0.006 (<0.002–0.047)

0.006 (0.002–0.047)

Urethra

Azithromycin

Total

Ceftriaxone

MIC, mg/L, mean (range)

Characteristic

Table 1. continued
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.63
.26
.04

.15
.48
.48

1.00
1.00
<.001

.48
.23
.54

21 (34)
21 (100)
1 (5)
18 (86)
3 (1–7)
402
3
2 (10)
6 (3–9)
195.9 (91–407)
21 (34)
21 (100)
1 (5)
20 (95)
3.5 (1–8)
402
4
3 (14)
6 (3–6)
38.0 (35.4–39.3)

21 (34)
21 (100)
0 (0)
21 (100)
2 (1–6)
468
8
4 (19)
7.5 (3–23)
241.1 (116–463)
20 (33)
20 (100)
0 (0)
20 (100)
2 (1–4)
461
10
5 (25)
5 (2–9)
37.5 (35.7–39.5)

c

b

One of 62 patients was excluded due to negative results for Neisseria gonorrhoeae, Chlamydia trachomatis and human DNA (�-globin) in the first sample after treatment.
The exact day of clearance could not be defined due to missing samples in the period of clearance.
d
Blip was defined as a positive test following clearance. Samples from all patients were included; for those without an exact day of clearance due to missing samples, all samples
after the first 3 consecutive negative results were considered at risk for blips.
e
Including samples positive for N. gonorrhoeae only (n = 7).
f
One of 62 patients was excluded due to a negative pretreatment result for N. gonorrhoeae DNA.

RNA clearancea
Patients in the analysisb
61
19 (31)
Clearance during follow-up
61 (100)
19 (100)
Reinfection after clearance
1 (2)
0 (0)
Day of clearance definablec
56 (92)
17 (89)
Time to clearance, d, median (range)
2 (1–7)
2 (1–5)
RNA blipsd
Samples at risk for blip
1308
438
No. of blips
11
0
No. of patients
6 (10)
0 (0)
Time to first blip, d, median (range)
7 (3–23)
…
RLU value, mean (range)e
220.6 (91–463)
…
DNA clearancea
Patients in the analysisf
61
20 (33)
Clearance during follow-up
61 (100)
20 (100)
Reinfection after clearance
1 (2)
0 (0)
Day of clearance definablec
59 (97)
19 (95)
Time to clearance, d, median (range)
2 (1–15)
3 (1–15)
DNA blipsd
Samples at risk for blip
1285
422
No. of blips
19
5
No. of patients
10 (16)
2 (10)
Time to first blip, d, median (range)
4.5 (1–9)
2 (1–3)
Ct value, mean (range)
37.9 (35.4–39.5)
38.5 (38.0–39.3)
Data are presented as No. (%) unless otherwise indicated.
Abbreviations: Ct, cycle threshold; RLU, relative light units.
a
Based on a definition of 3 consecutive negative tests following a positive test.
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(range, 0–9 days). Direct culture was performed in 57 patients (92%); 51 were positive
(89%). No isolates were resistant to ceftriaxone, 2 were resistant to azithromycin, and
21 were resistant to doxycycline. At inclusion, 23 patients (37%) received ceftriaxone
monotherapy, 27 (44%) received ceftriaxone with azithromycin, and 12 (19%) received
ceftriaxone with doxycycline.

Behaviour after inclusion
Of the included 62 patients, 58% missed at least 1 sample (Table 2). The median number
of collected samples was 27 (range, 20–28). Rectal or vaginal douching was reported
by 11 patients (26%), sexual contact by 40 (65%), and unprotected sex by 17 (27%)
patients. Two patients used antibiotics other than the initial doxycycline treatment: 1
patient received a second dose of azithromycin due to vomiting within 24 hours of the
initial dose, and 1 patient received ofloxacin and metronidazole for intercurrent pelvic
inflammatory disease. In retrospect, both patients took the additional antibiotics
after clearance of N. gonorrhoeae.

Clearance of N. gonorrhoeae RNA
One patient was excluded due to negative results for N. gonorrhoeae RNA and human
DNA in the first RNA sample after treatment (Table 2). None of the other patients
experienced a treatment failure. Because of missing samples in the days around
clearance, we determined the exact day of clearance for 56 patients (92%). The median
time to clearance was 2 days (range, 1–7 days). After 6 days, 95% of patients had cleared
RNA (Figure 1A); this was reached after 5 days for urethra and rectum, and after 7 days
for endocervix. Results were identical with the alternative definition of clearance (2
consecutive negative results; data not shown). One patient was reinfected at day 13 (7
days after clearance; RLU value at day 13, 1307).

Determinants of time to clearance of N. gonorrhoeae RNA
Univariable Cox regression analysis (Table 3) showed a significant association with
sexual risk group (P = .02); clearance was significantly slower for women compared
with men (hazard ratio [HR], 0.53 [95% CI, .29–.96]; P =.03). Kaplan–Meier curves and
log-rank testing (Figure 2A) showed a significant association with anatomical site (P =
.02); clearance was slower for endocervical compared with urethral (P = .01) and rectal
infections (P = .03). Because anatomical site, sex, and sexual risk group were either
mutually exclusive (men cannot provide a cervical sample) or almost 100% correlated,
we could not include >1 of these variables in a multivariable model.
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Blips after clearance of N. gonorrhoeae RNA
Six patients experienced 11 blips (Table 2). Three of them reported sexual contact after
clearance (Supplementary Figure 2A), of whom 1 reported unprotected sex. RLU values
of blips positive for N. gonorrhoeae only were significantly lower (mean, 220.6 RLUs
[range, 91–463]) compared with pretreatment samples (mean, 1226.2 RLUs [range,
567–1350]; P = .0001). Results were identical when using the alternative definition of
clearance (data not shown).
Predictors of blips were determined using 1308 samples at risk from 61 patients
(Supplementary Table 1). The median number of days at risk was 24 (range, 4–25).
The overall risk of finding a blip after clearance was 0.8%. No blips were observed
within 48 hours of reported sex or rectal/vaginal douching. We found a significant
univariable association between blips and coinfection with C. trachomatis (odds ratio
[OR], 16.26 [95% CI, 1.42–186.37]) and dual treatment with doxycycline (OR, 8.20 [95%
CI, 1.39–48.47]). These variables were highly correlated and multivariable analysis was
not possible.

Proportion not cleared

A

1.0

Proportion not cleared

95% CI
RNA

0.8
0.6
0.4
0.2
0.0

B

3

0

1

2

3

4

5

6

7

8

9

10 11 12 13 14 15

Time since treatment (days)

1.0

95% CI
DNA

0.8
0.6
0.4
0.2
0.0

0

1

2

3

4

5

6

7

8

9

10 11 12 13 14 15

Time since treatment (days)

Figure 1. Time to clearance of Neisseria gonorrhoeae RNA (A) and DNA (B), with 95% confidence interval (CI)
The horizontal line represents 95% clearance.
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Clearance of N. gonorrhoeae DNA
One patient was excluded due to a negative pretreatment DNA result for N. gonorrhoeae.
No patients experienced a treatment failure, and 1 patient experienced a reinfection
(same patient as in the RNA analysis, day 13 Ct value, 31.6). For 59 patients (97%), we
could determine the exact day of clearance (Table 2). The median time to clearance
was 2 days (range, 1–15 days). After 9 days, 95% of patients had cleared DNA (Figure
1B); by anatomical site, this was reached after 15 days (urethra), 4 days (rectum), and
8 days (endocervix). With the alternative definition of clearance, the median time to
clearance was identical, but the range was narrower (1–9 days), and 95% cleared after
8 days.

Determinants of time to clearance of N. gonorrhoeae DNA
Univariable Cox regression analysis showed a significant association with anatomical
location (P = .004) and treatment (P = .03) (Table 3). Clearance rate was slower in
endocervical and urethral infections compared with rectal infections (HRs, 0.36 [95%
CI, .18–.72] and 0.33 [95% CI, .16–.67], respectively). This was also seen in Kaplan–
Meier curves and log-rank testing (Figure 2B). Patients receiving dual therapy with
azithromycin had a slower clearance rate (HR, 0.71 [95% CI, .39–1.28]), whereas those
receiving dual therapy with doxycycline had a faster clearance rate compared with
ceftriaxone monotherapy (HR, 2.01 [95% CI, .94–4.30]). Because of nonoverlap or
almost 100% overlap in categories of anatomical site and treatment, including these
variables in the same multivariable model was not possible.

Blips after clearance of N. gonorrhoeae DNA
Ten patients experienced 19 blips (median per patient, 1.5 [range, 1–5]); Table 2). Seven
of them reported sexual contact after clearance (Supplementary figure 2B), of whom
4 reported unprotected sex. Blips had significantly higher Ct values (mean, 37.9 [range,
35.4–39.5) compared to pretreatment samples (mean, 28.5 [range, 23.5–37.9]; P = .0001).
When using the alternative definition of clearance, 15 patients had 29 blips (mean Ct
value, 37.9).
Predictors of blips were determined using 1285 samples at risk from 61 patients
(Supplementary Table 1). The median number of days at risk was 24 (range, 4–25). The
risk of finding a blip after clearance was 1.5%. Four blips were observed within 48 hours
of reported sexual contact, but the association was not statistically significant.
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1.0

Urethra
Rectum
Endocervix
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0.6
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log−rank P = .02
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B
Proportion not cleared
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A

0.8
0.6
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Figure 2. Time to clearance of Neisseria gonorrhoeae RNA (left column: A and C) and DNA (right column: B and D),
by anatomical site (top row) and treatment (bottom row)
The differences between groups were analyzed using the log-rank test.

DISCUSSION
We assessed the appropriate timing of TOC for N. gonorrhoeae using modern-type RNAand DNA-based NAATs. The median time to clearance was 2 days when using either
NAAT. Clearance rates of 95% were reached after 6 and 9 days, respectively. Time
to clearance was associated with sexual risk group, anatomical site, and treatment
in unadjusted analysis. Because of multicollinearity, we could not use multivariable
analysis to identify the most important correlate of time to clearance. We therefore
cannot be sure which treatment regimen results in the fastest clearance.
Few previous studies reported time to clearance of N. gonorrhoeae using molecular
tests.15-18 A strength of the current study is the testing on 28 consecutive days. The only
previous study evaluating results on consecutive days described the dynamics of DNA
clearance in 130 patients using ligase chain reaction, which has not been available for
many years.15 The median time to clearance was 1 day (men) and 2 days (women) in
21 days follow-up. This is similar to our results with a median of 2 days for both RNA
and DNA. Another strength of the current study is the use of modern commercially
available NAATs. The only study using a modern NAAT described RNA clearance
after 21 days, using the Aptima Combo 2 assay in 194 MSM.17 Clearance was 100%
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for urethral and 92% for rectal samples. The latter is lower compared to our results
(100% clearance after 7 days). The 10 positive samples might represent reinfections or
blips, which could explain the lower clearance.17 Hjelmevoll et al reported 84% DNA
clearance after 7 days and 100% after 14 days, using an in-house porA pseudogene
PCR in 29 patients.16 Bissessor et al reported 92% DNA clearance after 14 days, using 2
PCRs targeting the porA and opa genes in 190 MSM.18 Our study has further detailed the
clearance of both RNA and DNA using modern NAATs.
Bachmann et al previously described intermittent shedding of DNA after clearance in
18% of their population.15 In our study, 10% of patients had RNA blips and 16% had
DNA blips. However, the overall risk of finding a blip in all samples at risk was only
0.8% and 1.5%, respectively. In addition, only 1 patient experienced a total of 4 blips
in both RNA and DNA on the same day. Some blips could represent a test artefact,
which is suggested by the stronger univariable association of blips and C. trachomatis
coinfection in RNA compared with DNA blips. Differentiation between N. gonorrhoeae
and C. trachomatis RNA in the Aptima Combo 2 assay only depends on the kinetic zone
and is therefore possibly more difficult than in the DNA assay. Ongoing subclinical
infection appears unlikely as we showed that blips were preceded by at least 3 negative
samples. More likely would be deposition of genetic material by a sex partner. However,
we found no significant association between blips and sexual contact in the 48 hours
before sampling. Finally, blips could be caused by the release of genetic material from
degrading epithelial or submucosal cells or biofilm.21
Our study has potential limitations. As a single-center study with a high-risk population,
our results might not be generalizable to other settings. We did not include pharyngeal
infections, as self-collection was deemed too challenging for participants. Because of
multicollinearity, multivariable analysis of associations with clearance or blips was not
possible. Lastly, as a positive NAAT result gives no information about viability of the
micro-organism, there is no corroborated definition of clearance. When a more lenient
definition was used, time to clearance was shorter, but more blips were observed.
Future research should include pharyngeal infections and focus on a combined timing
of TOC for gonorrhoea and chlamydia, and the interpretation of positive NAAT results,
preferably with higher power to detect associations with clearance and blips.
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In conclusion, if indicated, we recommend performing a TOC for anogenital
gonorrhoea at least 7 or 14 days after administering therapy, when using modern-type
RNA- or DNA-based NAATs, respectively. When interpreting TOC results for possible
treatment failures, both the occurrence of blips and a possible reinfection need to be
taken into account. The risk of finding a blip was around 1%, and the difference of RLU
or Ct values in pretreatment samples and blips was significant. Therefore, low-positive
TOC result could indicate a blip. If a blip cannot be excluded, we recommend obtaining
a new sample for retesting.
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SUPPLEMENTARY DATA
462 patients with anogenital Neisseria
gonorrhoeae March-October 2014

114 eligible patients
contacted by study team

348 excluded
Did not meet inclusion criteria:
1. 18 years or older
2. N. gonorrhoeae diagnosed with Gramstained smear, NAAT (Aptima Combo 2
assay) and/or direct bacterial culture
3. Willing to receive routine treatment

3

Met one or more exclusion criteria:
1. Isolated urethral infection in females
2. Current pregnancy
3. Use of antibiotics other than ceftriaxone,
azithromycin, doxycycline or metronidazole
one week prior to, or at inclusion
4. Unwilling to be contacted by study team

37 declined to participate
77 patients included
5 post hoc excluded
Negative for N. gonorrhoeae RNA at
inclusion
72 positive for N. gonorrhoeae
RNA at inclusion

10 lost to follow-up
62 included in the analysis

Supplementary Figure 1. Selection of included patients
Abbreviations: NAAT, nucleic acid amplification test.
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Supplementary Table 1. Determinants of Neisseria gonorrhoeae RNA and DNA blips, univariable logistic regression using GEE
RNA blips (n = 1308 samples at risk)
DNA blips (n = 1285 samples at risk)
Characteristic
n/N (%)
OR
95% CI
P Value
n/N (%)
OR
95% CI
P Value
Sex
.82
.50
Male
8/906 (0.88)
1.00
15/883 (1.70)
1.00
Female
3/402 (0.75)
0.80
.11–5.83
4/402 (1.00)
0.57
.11–2.91
Age, y
.59
.42
≤ 23
3/554 (0.54)
1.00
4/551 (0.73)
1.00
24–29
2/360 (0.65)
1.26
.10–15.29
6/288 (2.08)
2.97
.48–18.32
≥ 30
6/448 (1.34)
2.58
.38–17.65
9/446 (2.02)
2.86
.53–15.53
Ethnicity
.18
.50
Dutch
8/554 (1.44)
1.00
11/583 (1.89)
1.00
Non-Dutch
3/754 (0.40)
0.28
.04–1.78
8/702 (1.14)
0.62
.16–2.49
Sexual risk group
.69
.38
MSM
8/761 (1.05)
1.00
15/762 (1.97)
1.00
Heterosexual male
0/145 (0.00)
…
0/121 (0.00)
…
Female
3/402 (0.75)
0.67
.09–4.82
4/402 (100.00)
0.48
.10–2.43
HIV
.11
.66
Negative
6/1055 (0.57)
1.00
14/1029 (1.36)
1.00
Positive
5/253 (1.98)
3.68
.73–18.54
5/256 (1.95)
1.42
.30–6.72
Included anatomical site
.36
.62
Rectum
8/468 (1.71)
1.00
10/461 (2.17)
1.00
Urethra
0/438 (0.00)
…
5/422 (1.18)
0.59
.12–2.84
Endocervix
3/402 (0.75)
0.41
.06–2.74
4/402 (1.00)
0.45
.08–2.52
Chlamydia trachomatis coinfection
.03
.53
No
1/814 (0.12)
1.00
10/859 (1.16)
1.00
Yes
10/494 (2.02)
16.26
1.42–186.37
9/426 (2.00)
1.55
.40–6.05
Symptoms or signsa,b
.25
.70
No
7/514 (1.36)
1.00
9/504 (1.79)
1.00
Yes
4/794 (0.50)
0.37
.07–2.04
10/781 (1.28)
0.76
.19–3.02
Treatment at inclusion
.02
.34
Ceftriaxone monotherapy
2/481 (0.42)
1.00
6/459 (1.31)
1.00
Ceftriaxone + azithromycin
0/557 (0.00)
…
5/548 (0.91)
0.69
.13–3.64
Ceftriaxone + doxycycline
9/270 (3.33)
8.20
1.39–48.47
8/278 (2.88)
2.16
.47–9.86
Sex in ≤48 hours
…
.41
No
11/1152 (0.95)
…
…
15/1129 (1.33)
1.00
Yes
0/156 (0.00)
…
…
4/155 (2.58)
1.68
.49–5.68
Rectal/vaginal douching ≤48 hours
…
.40
No
11/839 (1.31)
…
…
13/832 (1.56)
1.00
Yes
0/30 (0.00)
…
…
1/30 (3.33)
2.45
.31–19.50
Abbreviations: GEE, generalized estimating equations; HIV, human immunodeficiency virus; MIC, minimal inhibitory concentration; MSM, men who have sex with
men; OR, Odds ratio.
a
Symptoms included discharge, itch, burning, frequent or painful urination, bleeding, abdominal pain, pain during sex, anal cramps or pain, and changed defecation.
b
Signs included red urethra, discharge, bleeding, fragile mucosa, swelling or anal ulcerations.
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Time to clearance of Chlamydia
trachomatis RNA and DNA after
treatment in patients coinfected
with Neisseria gonorrhoeae – a
prospective cohort study
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ABSTRACT
Background
Performing a test of cure (TOC) could demonstrate success or failure
of antimicrobial treatment of Chlamydia trachomatis infection, but
recommendations for the timing of a TOC using nucleic acid amplification tests
(NAATs) are inconsistent. We assessed time to clearance of C. trachomatis after
treatment, using modern RNA- and DNA-based NAATs.

Methods
We analysed data from patients with a C. trachomatis and Neisseria gonorrhoeae
coinfection who visited the STI Clinic Amsterdam, the Netherlands, from
March through October 2014. After treatment with ceftriaxone plus either
azithromycin or doxycycline, patients self-collected anal, vaginal or urine
samples during 28 consecutive days. Samples were analysed using an RNAbased NAAT (Aptima Combo 2) and a DNA-based NAAT (Cobas 4800 CT/NG).
We defined clearance as three consecutive negative results, and defined “blips”
as isolated positive results following clearance.

Results
We included 23 patients with C. trachomatis and N. gonorrhoeae coinfection.
All patients cleared C. trachomatis during follow-up, and we observed no
reinfections. The median time to clearance (range) was 7 days (1–13) for RNA,
and 6 days (1–15) for DNA. Ninety-five per cent of patients cleared RNA at day
13, and DNA at day 14. The risk of a blip after clearance was 4.4% (RNA) and
1.7% (DNA).

Conclusions
If a TOC for anogenital chlamydia is indicated, we recommend performing it at
least 14 days after initiation of treatment, when using modern RNA- and DNAbased assays. A positive result shortly after 14 days probably indicates a blip,
rather than a treatment failure or a reinfection.
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BACKGROUND
Chlamydia trachomatis is the most common bacterial sexually transmitted infection
(STI) globally, leading to late sequelae like pelvic inflammatory disease and infertility.1,2
Currently, the first-choice treatment for anogenital chlamydia consists of a single 1000
mg dose of azithromycin, or 100 mg doxycycline twice daily for 7 days.3,4 No resistance
of C. trachomatis to either of these drugs has been reported, and a recent randomized
controlled trial suggested no inferiority of azithromycin (97% effective) compared
to doxycycline (100% effective) in urogenital chlamydia infections.5 However, some
studies voice concern about the efficacy of azithromycin as first-choice treatment
for anorectal chlamydia.6-9 Persisting C. trachomatis infections could be detected
by performing a test of cure (TOC) after treatment. Current chlamydia treatment
guidelines recommend a TOC between 3 and 4 weeks after initiation of treatment, in
certain patient groups or when symptoms persist.4,7,10 However, up to 90% of chlamydia
infections are asymptomatic, which could lead to persisting infections remaining
undetected.4,11,12 Previous reports on the appropriate timing of a TOC using molecular
methods are inconsistent, and show (intermittent) persistence of C. trachomatis nucleic
acids between 0 and 42% up to 51 days after treatment.9,13-19 Recently, we performed a
prospective cohort study on time to clearance for N. gonorrhoeae, using modern RNAand DNA-based nucleic acid amplification tests (NAATs).20 Thirty-seven per cent of the
included patients were also coinfected with C. trachomatis. As this study has results of
28 consecutive days for both RNA and DNA, we evaluated the appropriate timing of
TOC for anogenital C. trachomatis infections in these coinfected patients.

4

METHODS
Study population and procedure
In a previously performed cohort study we included patients with anogenital
N. gonorrhoeae infection, who visited the STI Outpatient Clinic in Amsterdam,
the Netherlands, from March through October 2014.20 We collected follow-up
data and samples for only one infected anatomical site. The Academic Medical
Center Amsterdam medical ethics committee approved the original cohort study
(NL45935.018.13), and all patients provided written informed consent. For the current
analysis, only patients coinfected with C. trachomatis were included from the cohort.
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All patients had received routine treatment for N. gonorrhoeae and C. trachomatis
coinfection, consisting of a single intramuscular dose of 500 mg ceftriaxone, plus
one oral dose of azithromycin 1000 mg in case of urogenital infection, or doxycycline
100 mg twice daily for at least 7 days in case of anorectal infection. Participants selfcollected urine, anal or vaginal NAAT samples: one for RNA-based and one for DNAbased NAAT. Samples were collected pretreatment and subsequently daily for 28
consecutive days after treatment. We requested participants to abstain from sexual
contact or use condoms, refrain from vaginal or rectal douching and keep a study
diary. At the end-of-study visit (within 35 days of inclusion) a nurse collected samples
from the designated anatomical site for both NAATs.

NAAT testing for C. trachomatis
Samples for the RNA-based NAAT were tested using the Aptima Combo 2 assay for C.
trachomatis and N. gonorrhoeae (Hologic, San Diego, California). Test sensitivity is 93–
98% and specificity is >99%.21-23 Equivocal results were retested using the Aptima CT
assay (Hologic). We considered repeatedly equivocal results as positive and excluded
samples with repeatedly invalid results.
Samples for DNA-based NAAT were tested using the Cobas 4800 CT/NG assay for
C. trachomatis and N. gonorrhoeae (Roche, Basel, Switzerland), and reported as either
negative or positive with corresponding cycle threshold (Ct) value. Test sensitivity is
87–97% and specificity is >99%.22-24 Pretreatment samples with discrepant RNA and
DNA results were retested, using the Aptima CT assay (Hologic) for RNA samples, and
the Abbott RealTime CT/NG assay (Abbott, Abbott Park, Illinois) for DNA samples.

Statistical analysis
The primary endpoint, clearance of C. trachomatis using RNA- or DNA-based NAAT,
was defined as three or more consecutive negative results following a positive result.
We allowed one missing sample between the last positive and the first negative result.
Reinfection was defined as positive test results on 3 or more consecutive days after
clearance; tests had to be positive for both RNA and DNA on at least 1 day. To analyse
differences we compared patients grouped by anatomical site using Chi-square,
Fisher’s exact or Kruskal–Wallis testing. Time to clearance was analysed with Kaplan–
Meier curves, log-rank testing and Cox regression analysis. If we could not determine
the exact day of clearance due to missing samples, the patient was excluded from this
analysis.
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The secondary endpoint, intermittent presence of RNA or DNA (“blip”), was defined as
a positive test following clearance, not due to reinfection. Only positive results after
the three consecutive negative tests results, used to define clearance, were eligible as a
blip. We used logistic regression with generalized estimated equation (GEE) models to
identify characteristics associated with blips. All analyses were performed using Stata
(version 13; StataCorp, College Station, Texas).

RESULTS
Participants
Out of 462 patients with anogenital gonorrhoea diagnosed at our STI clinic from March
through October 2014, 77 were included in the original cohort. Twenty-six patients
(34%) had a coinfection with C. trachomatis of whom three were lost to follow-up. The
remaining 23 patients were included in the current analysis.

4

Baseline characteristics
We included nine women, all with endocervical infections, and 14 men, of whom
seven had a urethral and seven a rectal infection; 71% were men who have sex with
men (MSM; Table 1). The median age was 24 years (interquartile range [IQR], 20–35
years); women were significantly younger (median, 20 years) compared to men
(median, 32 years; P <0.001). Five men (22%) were HIV-positive, and four (80%) were
on antiretroviral therapy, of whom three had CD4+ cell counts of ≥500 cells/mm3. A
previous chlamydia infection was reported by 12 patients (52%), and 13 (57%) currently
experienced symptoms. The median time between diagnosis and inclusion was 8 days
(range, 0–12). At inclusion 16 patients (70%) received ceftriaxone with azithromycin,
and seven (30%) received ceftriaxone with doxycycline.

Behaviour after inclusion
The median number of collected samples was 28 (range, 25–28; Table 2). Forty-eight per
cent of patients missed at least one sample. Rectal or vaginal douching was reported
by four of 16 patients with rectal or endocervical chlamydia (25%). Sexual contact at
some point during the 28 days of follow-up was reported by 12 patients (52%), and
condomless sex by five patients (22%).
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Table 1 Baseline characteristics of 23 patients with Chlamydia trachomatis and Neisseria gonorrhoeae coinfection
at inclusiona
Characteristics

Total

Urethra

Rectum

Endocervix P

Total

23

7 (30.4)

7 (30.4)

9 (39.1)

Male

14 (60.9)

7 (100.0)

7 (100.0)

0 (0.0)

Female

9 (39.1)

0 (0.0)

0 (0.0)

9 (100.0)

Gender

Median age, in years (IQR)

24 (20–35) 29 (24–35) 40 (24–44) 20 (19–23)

Ethnicity

0.003
1.00

Dutch

11 (47.8)

3 (42.9)

4 (57.1)

4 (44.4)

Non-Dutch

12 (52.2)

4 (57.1)

3 (42.9)

5 (55.6)

MSM

10 (43.5)

3 (42.9)

7 (100.0)

0 (0.0)

Heterosexual male

4 (17.4)

4 (57.1)

0 (0.0)

0 (0.0)

Female

9 (39.1)

0 (0.0)

0 (0.0)

9 (100.0)

HIV positive

5 (21.7)

1 (14.3)

4 (57.1)

0 (0.0)

0.02

4 (80.0)

0 (0.0)

4 (100.0)

-

0.20

350–499

1 (20.0)

0 (0.0)

1 (25.0)

-

≥500

Sexual risk group

Using cART
CD4+ cell count (cells/mm3)

1.00
4 (80.0)

1 (100.0)

3 (75.0)

-

Previous chlamydia episode

12 (52.2)

3 (42.9)

4 (57.1)

5 (55.6)

1.00

Chlamydia in preceding 6 months

3 (13.0)

0 (0.0)

1 (14.3)

2 (22.2)

0.75

Symptoms or signs at examinationb,c

13 (56.5)

6 (85.7)

3 (42.9)

4 (44.4)

0.23

Median time to inclusion, days (IQR)

8 (0–12)

0 (0–0)

10 (7–13)

9 (8–12)

0.003

Ceftriaxone + azithromycin

16 (69.6)

7 (100.0)

1 (14.3)

8 (88.9)

Ceftriaxone + doxycycline

7 (30.4)

0 (0.0)

6 (85.7)

1 (11.1)

Treatment at inclusiond

0.001

IQR, interquartile range; MSM, men who have sex with men; HIV, human immunodeficiency virus; cART,
combination antiretroviral therapy
a
Data are presented as n (%) unless otherwise indicated
b
Symptoms included: discharge, itch, burning, frequent or painful urination, bleeding, abdominal pain, pain
during sex, anal cramps or pain, and changed defecation
c
Signs included: red urethra, discharge, bleeding, fragile mucosa, swelling or anal ulcerations
d
One patient was negative for Chlamydia trachomatis at the initial visit and therefore received ceftriaxone
mono-therapy. The test at inclusion was positive and doxycycline was started 6 days after inclusion;
therefore the start of the study for the C. trachomatis analysis in this patient was day 6, and the treatment was
ceftriaxone + doxycycline
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Table 2. Behaviour after inclusion and clearance of Chlamydia trachomatis based on RNA and DNA testing, by
anatomical sitea
Characteristics

Total

Urethra

Rectum

Endocervix

Patients

23

7 (30.4)

7 (30.4)

9 (39.1)

28 (25–28)

28 (26–28) 28 (26–28) 27 (25–28)

P

Behaviour after inclusion
Median no. of samples collected
(range)
Patients with missed samples
Median no. of missed samples
(IQR)

0.01

11 (47.8)

1 (14.3)

2 (28.6)

8 (88.9)

0.009

1 (1–3)

2 (2–2)

1.5 (1–2)

1 (1–3)

0.86

Rectal/vaginal douching

4 (25.0)g

-

3 (42.9)

1 (11.1)

0.26

Sexual contact

12 (52.2)

3 (42.9)

4 (57.1)

5 (55.6)

1.00

Condomless sex

5 (21.7)

1 (14.3)

2 (28.6)

2 (22.2)

1.00

Clearance during follow-up

23 (100.0)

7 (100.0)

7 (100.0)

9 (100.0)

Day of clearance definablec

21 (91.3)

7 (100.0)

6 (85.7)

8 (88.9)

1.00

Median time to clearance, days
(range)

7 (1–13)

5 (1–13)

6.5 (5–9)

8 (6–13)

0.20

Samples at risk for blip

411

140

126

145

Number of blips

18

0

12

6

Number of patients

8 (34.8)

0 (0.0)

3 (42.9)

5 (55.6)

0.09

Median time to first blip from being
at risk, days (range)

1 (1–16)

-

1 (1–2)

4.5 (1–16)

0.61

Clearance during follow-up

22 (100.0)

6 (100.0)

7 (100.0)

9 (100.0)

Day of clearance definablef

21 (95.5)

6 (100.0)

7 (100.0)

8 (88.9)

Median time to clearance, days
(range)

6 (1–15)

6 (1–14)

5 (2–9)

7.5 (5–15)

Samples at risk for blip

403

117

138

144

Number of blips

7

0

0

7

Number of patients

5 (22.7)

0

0

5 (55.6)

Median time to first blip from being
at risk, days (range)

3 (2–8)

-

-

3 (2–8)

Mean Ct value (range)

38.6 (35.3–41.7) -

-

38.6 (35.3–41.7)

RNA clearanceb

4

Blipsd

DNA clearanceb,e

0.08

Blipsf

0.01

RNA, ribonucleic acid; DNA, deoxyribonucleic acid; IQR, inter-quartile range; Ct, cycle threshold
a
Data are presented as n (%) unless otherwise indicated
b
Based on a definition of 3 consecutive negative tests following a positive test
c
For 2 patients the exact day of clearance could not be defined due to missing samples in the period of
clearance
d
Blip was defined as a positive test following clearance. Samples from all 23 patients were included; for
those without an exact day of clearance due to missing samples, all samples after the first three consecutive
negative results were considered at risk for blips
e
One patient was excluded from this analysis because the sample at inclusion was negative for Chlamydia
trachomatis DNA
f
For 1 patient the exact day of clearance could not be defined due to missing samples in the period of clearance
g
Rectal/vaginal douching was only reported on by the 16 patients with rectal/endocervical infection
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Clearance of C. trachomatis RNA and DNA
During the 28 days of follow-up all patients cleared C. trachomatis RNA, and none
experienced a reinfection (Table 2). Because of missing samples in the days around
clearance, we could not determine the exact day of clearance for two patients. The
median time to clearance for the remaining 21 patients was 7 days (range, 1–13),
and 95% of patients had cleared RNA at day 13 (Figure 1A). One patient was post hoc
excluded from the DNA analysis because of a negative pretreatment DNA result for
C. trachomatis. All other patients cleared C. trachomatis DNA during follow-up, and
there were no reinfections. We could not determine the exact day of clearance for one
patient (Table 2). The median time to clearance of the 21 patients was 6 days (range,
1–15), and 95% of patients had cleared DNA at day 14 (Figure 1B).
Because of the small sample size the power to detect associations with clearance is very
limited. Cox regression analyses showed no significant associations with clearance,
and Kaplan–Meier curves with log-rank testing showed no significant difference in
clearance by anatomical site or treatment.

Proportion not cleared

A 1.0
0.8
0.6
0.4
0.2
0.0

Proportion not cleared

B

95% CI
RNA

0

1

2

3

4

5

6

7

8

9

10 11 12 13 14 15

Time since treatment (days)

1.0

95% CI
DNA

0.8
0.6
0.4
0.2
0.0

0

1

2

3

4

5

6

7

8

9

10 11 12 13 14 15

Time since treatment (days)

Figure 1. Time to clearance of Chlamydia trachomatis RNA (A) and DNA (B)
The horizontal line represents 95% clearance. RNA, ribonucleic acid; DNA, deoxyribonucleic acid.
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Blips after clearance of C. trachomatis
After clearance of RNA, eight patients experienced 18 blips (Table 2). After clearance
of DNA, five patients experienced seven blips, of which three (all vaginal samples)
coincided with RNA blips (Table 2). Among the patients with blips, sex after clearance
was reported by five (RNA) and three (DNA) patients. We observed both RNA and
DNA blips among vaginal samples, while we observed only RNA blips among rectal
samples, and no blips among urine samples.
When analysing all samples after clearance (411 for RNA and 403 for DNA), the median
number of days at risk per patient was 19 (range, 12–25) for RNA, and 20 (range, 11–25)
for DNA. The overall risk of finding a blip after clearance was 4.4% per day for RNA and
1.7% per day for DNA. DNA blips had significantly higher Ct values (mean, 38.6; range,
35.3–41.7) compared to pretreatment samples (mean, 31.6; range, 27.8–39.3; P <0.001).
Only two RNA blips and two DNA blips were observed within 24 h of reported sex, of
which one was a blip in both RNA and DNA testing (Figure 2).

4

Although the sample size was relatively small, we determined characteristics
associated with blips using GEE logistic regression. RNA blips were significantly
associated with HIV-positivity (odds ratio [OR], 8.0; 95% confidence interval [95% CI],
2.3–28.1; P = 0.001), a chlamydia infection in the previous 6 months (OR, 6.6; 95% CI,
1.8–24.7; P = 0.005), and with absence of symptoms or signs (OR, 0.17; 95% CI, 0.03–
0.97; P = 0.05). In multivariable analysis, HIV-status and previous chlamydia infection
remained significantly associated (OR, 7.1; 95% CI, 2.5–19.9; P <0.001, and OR, 5.9; 95%
CI, 2.2–16.3; P=0.001, respectively). As there were seven DNA blips, the power for this
analysis was limited; only sexual contact in the 24 h before sampling was significantly
associated in univariable analysis (OR, 6.8; 95% CI, 1.3–36.7; P = 0.03).
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Figure 2. Test results, reported sexual contact and blips of Chlamydia trachomatis RNA (A) or DNA (B) per day of follow-up after treatment in patients with blips
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DISCUSSION
In this study we analysed the time to clearance of anogenital C. trachomatis after
treatment in patients coinfected with N. gonorrhoeae, using modern RNA- and DNAbased NAATs and daily collected samples. The median time to clearance was 7 days
for RNA and 6 days for DNA. Ninety-five per cent of patients had cleared C. trachomatis
RNA and DNA after 13 and 14 days, respectively.
Several previous studies reported on in vivo clearance of C. trachomatis after treatment,
but used different molecular testing methods, and a sampling frequency of no more
than twice a week. Some studies observed clearance of DNA within 3 weeks using ligase
chain reaction or in-house PCR methods,13,14 while other studies reported 5–25% DNA
persistence after 3–4 weeks.9,15,16,25 The exact time to clearance of RNA, when tested
by NAAT, was also previously unknown. Sena et al. reported 12% RNA persistence
after 4 weeks in men, while Dukers et al. reported 42% intermittent positive results
up to 51 days.9,19 In addition, a recent study reported 24% positivity in 180 patients
after 6 months, but no data on re-exposure or reinfections were reported.26 Since
none of these previous studies reported results from consecutive days, the exact
time to clearance could not be determined, and prolonged persistence could not be
distinguished from blips. In addition, none reported data on events that could have
caused reinfection, like was done in the current study. Although no previous studies
have been performed on the clearance of C. trachomatis in patients coinfected with N.
gonorrhoeae, our results confirm the assumption that C. trachomatis RNA and DNA are
cleared after 2 weeks.14,17,25

4

Intermittent positive results or blips have been previously described by several studies;
between 5% and 18% of patients had a positive test result following a previous
negative result after treatment.9,14,17-19 We report an overall risk of blips after clearance
of almost 2% for DNA and 4% for RNA, and no treatment failures or reinfections. The
slightly higher sensitivity of the RNA test could explain the higher frequency of RNA
blips, compared to DNA blips. The fact that all but one of the pretreatment samples
initially diagnosed by RNA testing were also positive for DNA, makes it unlikely that
the different sensitivity is of clinical importance in diagnosing chlamydia. On the other
hand, when performing a TOC, higher sensitivity could result in more positive results.
The implications of this should be clarified in larger studies. Unfortunately, NAAT
testing only gives information about the presence of genetic material, but not on the
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viability of the pathogen or whether this is still infectious. Therefore blips could be the
result of deposition of viable or non-viable genetic material by a sexual partner, release
of genetic material by degrading cells, or possibly the presence of elementary bodies
that hold genetic components of C. trachomatis.18,27 The origin of blips needs to be
further examined in future research. Due to the small sample size we could not identify
characteristics associated with the occurrence of blips. However, the occurrence of
blips, as well as reinfections, could explain the higher positivity rates reported by some
studies, especially in those with very long follow-up and limited sampling.9,15,18,19,26
Our study has several limitations. It was performed at a single centre in a highincidence population, which may limit the generalizability. We selected patients
from a cohort infected with N. gonorrhoeae, so this concerns a population coinfected
with N. gonorrhoeae and C. trachomatis, which may influence both time to clearance
and the occurrence of blips. Because all patients were coinfected with N. gonorrhoeae,
they were also treated with ceftriaxone. Since ceftriaxone is not effective against
chlamydia, it is unlikely that treatment with ceftriaxone influenced the clearance of
C. trachomatis. Nevertheless, confirmation of our results in chlamydia monoinfected
patients is warranted.

CONCLUSIONS
Our results are the first to show that C. trachomatis RNA and DNA are cleared within
14 days of initiating treatment, using daily testing. Despite the small sample size,
our results suggest that if a TOC is indicated in patients with C. trachomatis and N.
gonorrhoeae coinfection, it is best performed after at least 2 weeks. Positive results
obtained more than 2 weeks after initiation of treatment should be evaluated carefully,
as these probably represent blips, and do not necessarily indicate treatment failure or
reinfection. To exclude blips as the cause of a positive TOC, we recommend to obtain a
new sample for retesting.
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ABSTRACT
Resistance of Neisseria gonorrhoeae to azithromycin and ceftriaxone has been
increasing in the past years. This trend is of concern since the combination of
these antimicrobials is recommended as the first-line treatment option in most
guidelines. To analyse trends in antimicrobial resistance in the Netherlands,
we retrospectively selected all consultations with a positive N. gonorrhoeae
culture at the sexually transmitted infection clinic Amsterdam from January
2012 through September 2015. Minimum inhibitory concentrations (MICs)
for azithromycin and ceftriaxone were analysed per year, and determinants
associated with decreased susceptibility to azithromycin (MIC >0.25 mg/L)
or ceftriaxone (MIC >0.032 mg/L) were assessed. Between 2012 and 2015
azithromycin resistance (MIC >0.5 mg/L) was around 1.2%. The percentage of
intermediate MICs (>0.25 and ≤0.5 mg/L) increased from 3.7% in 2012, to 8.6%
in 2015. Determinants associated with decreased azithromycin susceptibility
were for men who have sex with men (MSM): infections from 2014, two infected
sites, and positive for human immunodeficiency virus (associated with less
decreased susceptibility); for heterosexuals this was ≥10 sex partners (previous
6 months). Although no ceftriaxone resistance (MIC >0.125 mg/L) was observed
during the study period, decreased ceftriaxone susceptibility increased
from 3.6% in 2012, to 8.4% in 2015. Determinants associated with decreased
ceftriaxone susceptibility were infections from 2014, and pharyngeal infections
for MSM; and infections from 2014 or 2015, female sex, and ≥10 sex partners
for heterosexuals. Continued decrease of azithromycin and ceftriaxone
susceptibility will threaten future treatment of gonorrhoea. Therefore, new
treatment strategies are warranted.
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INTRODUCTION
Since penicillin became available in the 1940s, Neisseria gonorrhoeae infection has
become a treatable sexually transmitted infection (STI).1 Yet successful eradication
is hampered by emerging resistance to all first-line antibiotics used so far. Latest in
this trend are resistance and treatment failures to extended-spectrum cephalosporins
(ESC).1,2 We reported an increase in ESC-resistant N. gonorrhoeae among men who have
sex with men (MSM) in Amsterdam, the Netherlands between 2006 and 2008.3 To
halt the development and spread of resistance, international gonorrhoea guidelines
recommend dual therapy consisting of ceftriaxone (an ESC) and azithromycin.4-6 Dual
therapy is also effective against Chlamydia trachomatis, which frequently coincides
with gonorrhoea.4 However, resistance and treatment failures have been documented
for both drugs.7-13 Taking the historical course of emerging antimicrobial resistant
gonorrhoea strains into account, without additional measures a further decrease
in ceftriaxone and azithromycin susceptibility is to be expected.1 Moreover, highlevel azithromycin resistant gonorrhoea has been reported in the United Kingdom
since 2015.9 In addition, the first treatment failure on dual therapy of azithromycin
and ceftriaxone has been reported in 2016.14 The World Health Organization (WHO)
recommends abandoning an antibiotic as first-line treatment once the prevalence of
resistant strains in the population exceeds 5%.15 Surveillance is essential to monitor
this development. Therefore, we analysed the susceptibility to azithromycin and
ceftriaxone of N. gonorrhoeae isolates among attendees of the STI Outpatient Clinic
in Amsterdam, the Netherlands, between 2012 and 2015. We also assessed which
determinants were associated with decreased susceptibility.

5

METHODS
Study population
The STI Outpatient Clinic in Amsterdam, is the largest centre for STI care in the
Netherlands, with up to 40,000 consultations each year.16 We test and treat (free
of charge) patients who are younger than 25 years old, commercial sex workers,
clients of commercial sex workers, MSM, had ≥3 sex partners in the previous
6 months, were notified of an STI by a sex partner, having STI related complaints, are
of non West-European origin, or are of non North-American origin. Dual therapy for
gonorrhoea is not recommended in the Netherlands, instead ceftriaxone 500 mg is
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used, and azithromycin is added only in case of a suspected or proven coinfection
with C. trachomatis.17 This single treatment alternative is supported by the 2016 WHO
gonorrhoea treatment guideline.6 For this study, we included consultations from
January 2012 through September 2015, with a positive N. gonorrhoeae culture, and
available minimum inhibitory concentrations (MICs) for azithromycin and ceftriaxone.
Per consultation, a patient could be infected at up to four anatomical sites (urethra,
cervix/vagina, rectum, and pharynx). Samples were collected from any site upon risk
assessment; rectal and pharyngeal samples were not obtained from heterosexual
males. When more than one culture was obtained during a single consultation, we
included the one with the highest MIC for either azithromycin or ceftriaxone. In case
of equal MICs at different anatomical sites, we gave priority in the following order:
pharynx, cervix/vagina, rectum, and urethra. All analyses were performed using
isolates collected during individual consultations, therefore some patients were
included more than once. Patient and clinical characteristics were obtained from the
electronic patient file. Syphilis status (past and active) was based on Treponema pallidum
particle agglutination and rapid plasma reagin testing, human immunodeficiency virus
(HIV)-positivity was based on HIV-antibodies, and coinfection with C. trachomatis was
diagnosed using a nucleic acid amplification test (NAAT).3 As this was a retrospective
cohort study using only routinely obtained data, no ethical clearance or informed
consent was required.

Antimicrobial susceptibility testing
Up to May 2014, direct N. gonorrhoeae cultures instead of NAATs, were routinely
obtained from urogenital and rectal sites, if patients met at least one of the following
criteria: being MSM, having STI related symptoms, being notified of gonorrhoea by a
sex partner, or performing sex work. In addition, cultures were obtained from patients
with a positive NAAT for N. gonorrhoeae. Pharyngeal sites were primarily tested using
NAAT, and cultures were obtained in case of positive results. From May 2014 onward this
policy was changed, and NAAT was used as the routine test for gonorrhoea diagnosis in
all patients and all anatomical sites. Cultures were obtained if a patient had symptoms
suggestive of gonorrhoea, and intracellular Gram-negative diplococci had been
identified in a Gram-stained smear, or if the NAAT was positive for gonorrhoea. In case
of a positive culture for N. gonorrhoeae, antimicrobial susceptibility testing was routinely
performed at the Public Health Laboratory in Amsterdam, the Netherlands.18 MICs for
azithromycin, ceftriaxone, cefixime, cefotaxime and ciprofloxacin were determined
using Etests according to the manufacturer’s instructions (bioMérieux SA, Marcy-

86

41713 Wind, Carolien.indd 86

12-01-17 09:25

Trends in antimicrobial resistance

l’Étoile, France). For this study MIC data were obtained as recorded in the electronic
laboratory patient files. To determine resistance we used the European committee
on antimicrobial susceptibility testing (EUCAST) breakpoints.19 For azithromycin we
categorized MIC values into susceptible (MIC ≤0.25 mg/L), intermediate (MIC >0.25 and
≤0.5 mg/L), and resistant (MIC >0.5 mg/L). For ceftriaxone, cefixime and cefotaxime we
categorized MICs into susceptible (MIC ≤0.125 mg/L) and resistant (MIC >0.125 mg/L).
For ciprofloxacin we categorized MICs into susceptible (MIC ≤0.06 mg/L) and resistant
(MIC >0.06 mg/L).

Statistical analyses
Baseline characteristics were compared for MSM and heterosexuals using χ2, Fisher
exact, or Kruskal–Wallis tests. The prevalence of antimicrobial resistance in our
population is still very low, and we could not determine associations with resistance.
Therefore, we used not resistance, but decreased susceptibility as endpoint in the
analyses. Decreased susceptibility was determined for azithromycin as MIC >0.25
mg/L, and for ceftriaxone as MIC >0.032 mg/L (the epidemiological cutoff as reported
by EUCAST).19 Mean MICs were calculated as geometric means. To assess determinants
associated with decreased susceptibility we performed logistic regression analyses.
Since sexual preference is highly correlated with many other variables, such as
anatomical site, origin, age, and coinfections like HIV, syphilis and C. trachomatis, we
performed separate analyses for MSM and heterosexuals. All determinants that
were associated in the univariable analysis (P <0.1) were included in the multivariable
analysis, using backward selection. As our main category of interest for trend analysis,
year of infection was always included in the model. Also sex (for heterosexuals only)
and age were always included in the model. In the multivariable analysis statistical
significance was determined as P <0.05. All analyses were performed using Stata
(version 13; StataCorp, College Station, TX, USA).

5

RESULTS
Gonorrhoea was diagnosed at our STI Clinic in 5,431 consultations from January 2012
through September 2015. We excluded 2,280 consultations in which a gonorrhoea
diagnosis was based on results of a NAAT or a Gram-stained smear, but a N. gonorrhoeae
culture was not performed (n = 653), was not positive (n = 1590), or because no
susceptibility data were available (n = 37). This resulted in 3,151 included consultations,
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from 2,573 individual patients. The majority of patients (n = 2,573) were included only
once; 408 patients (13.0%) were included twice, 109 patients (3.5%) were included
three times, and 61 patients (1.9%) were included with four to eight episodes. Of the
578 patients who were included more than once, 522 (90.3%) were MSM.

Baseline characteristics of patients
Of the 3,151 included isolates, 2,318 (73.6%) were from MSM, and 833 (26.4%) were
from heterosexual patients, of which 436 (52.3%) were from males and 397 (47.7%)
were from females (Table 1). The median age was 34 years (interquartile range [IQR],
26–43) for MSM, and 23 years (IQR, 20–28) for heterosexuals. The majority of MSM
were of Dutch origin (n = 1,347; 58.1%), while among heterosexuals the largest group
was of Surinamese origin (n = 342; 41.1%), followed by 158 of Dutch origin (19.0%).
Heterosexuals were more likely to be symptomatic (n = 559; 67.1%) compared to MSM
(n = 1,249; 53.9%; P <0.001). The median number of sex partners in the previous 6
months was eight for MSM (IQR, 4–15), and three for heterosexuals (IQR, 2–5). MSM
were more likely to be HIV-positive (n = 900; 38.8%), or have (ever had) syphilis (n =
752; 32.4%) compared to heterosexuals (n = 7; 0.8%, and n = 14; 1.7%; P <0.001 for both,
respectively). MSM were less likely to be coinfected with C. trachomatis compared
to heterosexuals (n = 502; 21.7%, and n = 373; 44.8%, respectively; P <0.001). Among
the 2,318 MSM, the majority of isolates were from the rectum (56%), 11% were from
the pharynx, and 91% had only one culture positive site. Among heterosexuals the
majority of isolates were from the urethra (54%) or the endocervix (32%).
Table 1. Baseline characteristics of 3,151 included consultations with culture positive Neisseria gonorrhoeae, at
the STI Outpatient Clinic Amsterdam, the Netherlands, between January 2012 and September 2015a
Characteristic
MSM
Heterosexual
P
Isolates
2,318 (73.6)
833 (26.4)
Year of infection
0.001
2012
633 (27.3)
286 (34.3)
2013
621 (26.8)
200 (24.0)
2014
614 (26.5)
214 (25.7)
2015b
450 (19.4)
133 (16.0)
Sex
Male
2,318 (100.0)
436 (52.3)
Female
0 (0.0)
397 (47.7)
Median age, years (IQR)
34 (26–43)
23 (20–28)
<0.001
Origin
<0.001
Dutch
1,347 (58.1)
158 (19.0)
Asian
158 (6.8)
25 (3.0)
Dutch-Antillean
56 (2.4)
68 (8.2)
Eastern European
70 (3.0)
50 (6.0)
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Table 1. continued
Characteristic
MSM
Heterosexual
P
European
251 (10.8)
36 (4.3)
Latin American
146 (6.3)
32 (3.8)
North African
37 (1.6)
43 (5.2)
Sub-Sahara African
40 (1.7)
50 (6.0)
Surinamese
114 (4.9)
342 (41.1)
Turkish
46 (2.0)
18 (2.2)
Other
47 (2.0)
10 (1.2)
Unknown
6 (0.3)
1 (0.12)
Symptoms at triage
1,249 (53.9)c
559 (67.1)
<0.001
Notified by sex partner
683 (29.5)d
218 (26.2)
0.09
Sex worker (MSM or women)
68 (2.9)e
73 (18.4)f
<0.001
Median no. of sex partners in previous 6 months (IQR)
8 (4–15)
3 (2–5)
<0.001
HIV status
<0.001
Negative
1,377 (59.4)
805 (96.6)
Positive
900 (38.8)
7 (0.84)
Unknown
41 (1.8)
21 (2.5)
Previous or active syphilis
<0.001
No
1,566 (67.6)
819 (98.3)
Yes
752 (32.4)
14 (1.7)
Chlamydia trachomatis coinfection
<0.001
No
1,816 (78.3)
460 (55.2)
Yes
502 (21.7)
373 (44.8)
Included anatomical site, azithromycin analysisg
<0.001
Urethra
752 (32.4)
451 (54.1)
Rectum
1,301 (56.1)
64 (7.7)
Cervixh
263 (31.6)
Pharynx
265 (11.4)
55 (6.6)
Included anatomical site, ceftriaxone analysisg
<0.001
Urethra
740 (31.9)
451 (54.1)
Rectum
1,305 (56.3)
80 (9.6)
Cervixh
252 (30.3)
Pharynx
273 (11.8)
50 (6.0)
Number of culture positive sites
<0.001
1
2,098 (90.5)
704 (84.5)
2
218 (9.4)
109 (13.1)
3
2 (0.1)
18 (2.2)
4
2 (0.2)
HIV, human immunodeficiency virus; IQR, interquartile range; MIC, minimum inhibitory concentration; MSM,
men who have sex with men; STI, sexually transmitted infection.
a
Data are presented as No. (%) unless otherwise indicated.
b
Inclusion up to and including September 2015.
c
2 missing.
d
4 missing.
e
25 missing.
f
Only among women, except one heterosexual male reported sex work.
g
In case of multiple infected sites per patient, the isolate with the highest MIC for was selected. Therefore the
included anatomical sites differ per antimicrobial drug.
h
Including cervical and vaginal samples.
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Antimicrobial resistance according to EUCAST, 2012–2015
Figure 1 shows the percentage of the 3,151 isolates that are resistant to azithromycin,
cefixime, cefotaxime, or ciprofloxacin, according to EUCAST breakpoints.19 No
resistance to ceftriaxone was observed. Resistance to cefixime was rare (eight isolates
in 2014; 0.3%). Overall resistance was highest for ciprofloxacin (n = 1,030; 32.7%),
followed by cefotaxime (n = 89; 2.8%), and azithromycin (n = 38; 1.2%).

Percentage of resistant isolates

40%

30%

20%

10%

0%

2012
Azithromycin

2013
Cefixime

2014
Cefotaxime

2015
Ciprofloxacin

Figure 1. Percentage resistant Neisseria gonorrhoeae isolates, at the STI Outpatient Clinic Amsterdam, the
Netherlands, per year between January 2012 and September 2015, according to EUCAST breakpoints, (n = 3,151)
EUCAST, European committee on antimicrobial susceptibility testing; MIC, minimum inhibitory concentration;
STI, sexually transmitted infection.
Azithromycin resistance, MIC >0.5 mg/L; cefixime resistance, MIC >0.125 mg/L; cefotaxime resistance, MIC >0.125
mg/L; ciprofloxacin resistance, MIC >0.06 mg/L

Azithromycin susceptibility
The mean azithromycin MIC was 0.12 mg/L, with a range of <0.016 to >256 mg/L (Table
2). When categorizing according to EUCAST breakpoints, overall 2,838 of the 3,151
isolates (90.1%) were susceptible, 275 (8.7%) were intermediate, and 38 (1.2%) were
resistant.19 Over time the mean MIC increased from 0.09 mg/L in 2012 to 0.13 mg/L in
2015, and the percentage of resistant strains increased slightly from 1.3% (12/919) in
2012, to 1.5% (9/538) in 2015. However, the percentage of intermediate MICs increased
from 3.7% (34/919), to 8.6% (50/583), especially among MSM (Figure 2A).
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Table 2. Susceptibility to azithromycin and ceftriaxone by year of infection, of 3,151 Neisseria gonorrhoeae
isolates from the STI Outpatient Clinic Amsterdam, the Netherlands, January 2012 – September 2015a
Total
2012
2013
2014
2015
Number of isolates
3,151
919
821
828
583
Azithromycin
Mean MIC in mg/L
0.12
0.09
0.12
0.15
0.13
(range)b
(<0.016 to >256) (<0.016 to >256) (<0.016–4)
(<0.016 to >256) (<0.016–64)
Susceptible,
2838 (90.1)
873 (95.0)
754 (91.8)
687 (83.0)
524 (89.9)
(≤0.25 mg/L)
Intermediate,
275 (8.7)
34 (3.7)
62 (7.6)
129 (15.6)
50 (8.6)
(>0.25 to ≤0.5 mg/L)
Resistant,
38 (1.2)
12 (1.3)
5 (0.6)
12 (1.5)
9 (1.5)
(>0.5 mg/L)
Ceftriaxone
Mean MIC in mg/L
0.005
0.004
0.006
0.007
0.005
(range)b
(<0.002–0.125) (<0.002–0.094) (<0.002–0.125) (<0.002–0.125) (<0.002–0.125)
Susceptible,
2898 (92.0)
886 (96.4)
748 (91.1)
730 (88.2)
534 (91.6)
(≤0.032 mg/L)
Decreased susceptible, 253 (8.0)
33 (3.6)
73 (8.9)
98 (11.8)
49 (8.4)
(>0.032 mg/L)
MIC, minimum inhibitory concentration; STI, sexually transmitted infection.
a
Data are presented as No. (%) unless otherwise indicated.
b
The mean MIC was calculated as geometric mean.

Determinants of decreased azithromycin susceptibility (MIC >0.25 mg/L)

5

MSM. Decreased susceptibility to azithromycin was 12.5% (289/2,318). Univariable
logistic regression analysis (Table 3) showed an association (P <0.1) between decreased
susceptibility and year of infection, anatomical site, number of infected anatomical
sites, and HIV-status. In the multivariable analysis decreased susceptibility was
significantly associated with infections from 2014 (odds ratio [OR], 3.83; 95% confidence
interval [95% CI], 2.64–5.55, compared to 2012), and two infected sites (OR, 1.56; 95% CI,
1.05–2.30), and was less frequent in HIV-positive patients (OR, 0.72; 95% CI, 0.54–0.96).
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Figure 2. Susceptibility to azithromycin (A) and ceftriaxone (B) of 3,151 Neisseria gonorrhoeae isolates, by year and
sexual risk group, STI Outpatient Clinic Amsterdam, the Netherlands, between January 2012 and September 2015
MIC, minimum inhibitory concentration; MSM, men who have sex with men; STI, sexually transmitted infection.
Azithromycin susceptible, MIC ≤0.25 mg/L; intermediate, MIC 0.38–0.5 mg/L; resistant, MIC >0.5 mg/L.
Ceftriaxone susceptible, MIC ≤0.032 mg/L; decreased susceptible, MIC >0.032 mg/L.
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Table 3. Determinants of decreased susceptibility for azithromycin (MIC >0.25 mg/L) and ceftriaxone (MIC >0.032 mg\L) in 2,318 Neisseria gonorrhoeae isolates from men who have
sex with men at the STI Outpatient Clinic Amsterdam, the Netherlands, 2012–2015, results of logistic regression analysis
Azithromycin
Ceftriaxone
Characteristics
n (%)
OR (95% CI)
P
aOR (95% CI)
P
n (%)
OR (95% CI)
P
aOR (95% CI)
P
Year of infection
<0.001
<0.001
<0.001
<0.001
2012
42 (6.6)
1.00
1.00
29 (4.6)
1.00
1.00
2013
62 (10.0) 1.56 (1.04–2.35)
1.57 (1.04–2.37)
68 (11.0) 2.56 (1.63–4.02)
2.56 (1.63–4.02)
2014
130 (21.2) 3.78 (2.62–5.46)
3.83 (2.64–5.55)
81 (13.2)
3.17 (2.04–4.91)
3.00 (1.92–4.66)
2015a
55 (12.2)
1.96 (1.29–2.99)
1.93 (1.26–2.95)
37 (8.2)
1.87 (1.13–3.08)
1.71 (1.03–2.83)
Age (years)
0.82
0.74
0.34
0.35
≤24
55 (12.9)
1.00
1.00
49 (11.5)
1.00
1.00
25–34
106 (13.1) 1.02 (0.72–1.44)
1.18 (0.82–1.68)
69 (8.5)
0.72 (0.49–1.06)
0.73 (0.49–1.08)
35–44
72 (11.6)
0.88 (0.61–1.28)
1.15 (0.78–1.71)
53 (8.5)
0.72 (0.47–1.08)
0.79 (0.52–1.19)
≥45
56 (12.2) 0.93 (0.63–1.39)
1.26 (0.83–1.92)
44 (9.5)
0.81 (0.53–1.25)
0.95 (0.61–1.47)
Origin
0.25
0.74
Dutch
155 (11.5) 1.00
121 (9.0) 1.00
Non-Dutch
133 (13.8) 1.23 (0.96–1.58)
93 (9.6)
1.08 (0.81–1.44)
Unknown
1 (16.7)
1.54 (0.18–13.3)
1 (16.7)
2.03 (0.23–17.45)
Anatomical site
0.02
<0.001
<0.001
Urethra
95 (12.6) 1.00
53 (7.2)
1.00
1.00
Rectum
147 (11.3) 0.88 (0.67–1.16)
117 (9.0)
1.28 (0.91–1.79)
1.29 (0.92–1.82)
Pharynx
47 (17.7)
1.49 (1.02–2.18)
45 (16.5)
2.56 (1.67–3.91)
2.52 (1.64–3.89)
No. of sex partnersb,c
0.82
0.79
0–2
35 (12.3)
1.00
25 (8.8)
1.00
3–6
98 (12.5)
1.02 (0.67–1.54)
71 (9.1)
1.03 (0.64–1.67)
7–15
84 (11.7)
0.95 (0.62–1.44)
73 (10.2) 1.18 (0.73–1.89)
≥16
72 (13.5)
1.11 (0.72–1.72)
46 (8.7)
0.98 (0.59–1.63)
HIV status
0.02
0.04
0.05
Negative
191 (13.9) 1.00
1.00
144 (10.5) 1.00
Positive
91 (10.1)
0.70 (0.54–0.91)
0.72 (0.54–0.96)
67 (7.4)
0.69 (0.51–0.93)
Missing
7 (17.1)
1.28 (0.56–2.93)
1.43 (0.62–3.33)
4 (9.8)
0.93 (0.33–2.63)
Previous or active syphilis
0.92
0.05
No
196 (12.5) 1.00
158 (10.1) 1.00
Yes
93 (12.4) 0.99 (0.76–1.28)
57 (7.6)
0.73 (0.53–1.00)

Trends in antimicrobial resistance

41713 Wind, Carolien.indd 93

5

93

12-01-17 09:25

41713 Wind, Carolien.indd 94

Table 4. Determinants of decreased susceptibility to azithromycin (MIC >0.25 mg/L) and ceftriaxone (MIC >0.032 mg\L) in 833 Neisseria gonorrhoeae isolates from heterosexual
males and females at the STI Outpatient Clinic Amsterdam, the Netherlands, 2012–2015, results of logistic regression analysis
Azithromycin
Ceftriaxone
Characteristics
n (%)
OR (95% CI)
P
aOR (95% CI)
P
n (%)
OR (95% CI)
P
aOR (95% CI)
P
Year of infection
0.11
0.35
<0.001
<0.001
2012
4 (1.4)
1.00
1.00
4 (1.4)
1.00
1.00
2013
5 (2.5)
1.81 (0.48–6.82)
1.44 (0.37–5.61)
5 (2.5)
1.81 (0.48–6.82)
1.12 (0.28–4.44)
2014
11 (5.1)
3.82 (1.20–12.17)
2.74 (0.83–9.11)
17 (7.9)
6.08 (2.02–18.36)
5.44 (1.71–17.23)
2015a
4 (3.0)
2.19 (0.54–8.88)
1.65 (0.38–7.15)
12 (9.0) 6.99 (2.21–22.11)
5.54 (1.65–18.65)
Sex
0.06
0.16
<0.001
0.007
Male
8 (1.8)
1.00
1.00
10 (2.3)
1.00
1.00
Female
16 (4.0) 2.25 (0.95–5.31)
1.95 (0.76–5.01)
28 (7.1)
3.23 (1.55–6.74)
3.14 (1.32–7.45)
Age (years)
0.02
0.08
0.02
0.26
≤19
3 (1.8)
1.00
1.00
2 (1.2)
0.14 (0.03–0.65)
0.23 (0.05–1.17)
20–24
8 (2.5)
1.40 (0.37–5.34)
1.23 (0.31–4.84)
14 (4.4) 0.54 (0.25–1.19)
0.69 (0.28–1.70)
25–29
2 (1.1)
0.61 (0.10–3.68)
0.51 (0.08–3.28)
9 (5.0)
0.62 (0.26–1.49)
0.77 (0.29–2.08)
≥30
11 (6.6)
3.83 (1.05–13.99)
2.86 (0.71–11.60)
13 (7.8)
1.00
1.00

Azithromycin
Ceftriaxone
Characteristics
n (%)
OR (95% CI)
P
aOR (95% CI)
P
n (%)
OR (95% CI)
P
aOR (95% CI)
P
Chlamydia trachomatis
0.83
0.53
No
225 (12.4) 1.00
172 (9.5)
1.00
Yes
64 (12.8) 1.03 (0.77–1.39)
43 (8.6)
0.90 (0.63–1.27)
No. of infected sites
0.07
0.03
0.67
1
253 (12.1) 1.00
1.00
193 (9.2) 1.00
2
36 (16.5)
1.44 (0.99–2.11)
1.56 (1.05–2.30)
22 (10.1)
1.11 (0.70–1.76)
3
0 (0.0)
0 (0.0)
HIV, human immunodeficiency virus; MIC, minimum inhibitory concentration; n, number of isolates with decreased susceptibility; OR, odds ratio; aOR, adjusted odds ratio;
95% CI, 95% confidence interval; STI, sexually transmitted infection.
a
Inclusion up to and including September 2015.
b
In previous 6 months.
c
Four with missing number of sexual partners.

Table 3. continued
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Origin
0.09
0.002
0.05
Dutch
7 (4.4)
1.00
8 (5.1)
1.00
1.00
Surinamese
5 (1.5)
0.32 (0.10–1.02)
6 (1.8)
0.33 (0.11–0.98)
0.96 (0.29–3.14)
Other
12 (3.6) 0.81 (0.31–2.10)
24 (7.2) 1.46 (0.64–3.33)
2.46 (0.98–6.21)
Unknown
0 (0.0)
0 (0.0)
Anatomical site
0.19
<0.001
Urethra
9 (2.0)
1.00
11 (2.4)
1.00
Rectum
3 (4.7)
2.42 (0.64–9.17)
10 (12.5) 5.71 (2.34–13.95)
Cervix
8 (3.0)
1.54 (0.59–4.04)
8 (3.2)
1.31 (0.52–3.30)
Pharynx
4 (7.3)
3.85 (1.15–12.96)
9 (18.0) 8.78 (3.44–22.42)
No. of sex partnersb
<0.001
0.01
<0.001
0.001
0–1
3 (1.6)
1.00
1.00
4 (2.2)
1.00
1.00
2
4 (2.0)
1.21 (0.27–5.47)
1.44 (0.31–6.66)
3 (1.5)
0.67 (0.15–3.04)
0.85 (0.18–3.95)
3–9
5 (1.6)
0.95 (0.23–4.04)
1.12 (0.26–4.84)
11 (3.4)
1.60 (0.50–5.08)
1.98 (0.59–6.66)
≥10
12 (10.0) 6.74 (1.86–24.42)
5.65 (1.49–21.39)
20 (16.7) 9.05 (3.01–27.21)
6.16 (1.92–19.79)
HIV status
0.19
Negative
23 (2.9) 1.00
38 (4.7) Positive
1 (14.3)
5.67 (0.66–49.00)
0 (0.0)
Missing
0 (0.0)
0 (0.0)
Previous or active syphilis
0.41
0.66
No
23 (2.8) 1.00
37 (4.5)
1.00
Yes
1 (7.1)
2.66 (0.33–21.22)
1 (7.1)
1.63 (0.21–12.76)
Chlamydia trachomatis
0.11
0.18
No
17 (3.7)
1.00
25 (5.4) 1.00
Yes
7 (1.9)
0.50 (0.20–1.21)
13 (3.5)
0.63 (0.32–1.25)
No. of infected sites
0.45
0.07
1
18 (2.6) 1.00
27 (3.8) 1.00
2
5 (4.6)
1.83 (0.67–5.04)
9 (8.3)
2.26 (1.03–4.94)
3
1 (5.6)
2.24 (0.28–17.78)
1 (5.6)
1.47 (0.19–11.49)
4
0 (0.0)
1 (50.0) 25.07 (1.53–411.66)
HIV, human immunodeficiency virus; MIC, minimum inhibitory concentration; n, number of isolates with decreased susceptibility; OR, odds ratio; aOR, adjusted odds ratio; 95%
CI, 95% confidence interval; STI, sexually transmitted infection.
a
Inclusion up to and including September 2015.
b
In the previous 6 months.
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Heterosexuals. Decreased susceptibility to azithromycin was 2.9% (24/833), which
was significantly lower compared to MSM (P <0.001). Univariable logistic regression
analysis (Table 4) showed an association (P <0.1) with sex, age, origin, and number of
sex partners. A trend was seen of higher OR’s for calendar years after 2012 (P = 0.11).
In the multivariable regression only ≥10 sex partners in the previous 6 months was
significantly associated with decreased susceptibility (OR, 5.65; 95% CI, 1.49–21.39,
compared to 0–1 sex partners).

Ceftriaxone susceptibility
The mean MIC was 0.005 mg/L, the range was <0.002–0.125 mg/L (Table 2). We
categorized 2,898 of the 3,151 isolates (92.0%) as susceptible (MIC ≤0.032 mg/L), and 253
isolates (8.0%) as decreased susceptible (MIC >0.032 mg/L). The mean MIC increased
slightly from 0.004 mg/L in 2012, to 0.005 mg/L in 2015. The percentage of decreased
susceptible isolates increased from 3.6% (33/919) in 2012, to 8.4% (49/583) in 2015. This
increase was noted among both MSM and heterosexuals (Figure 2B).

Determinants of ceftriaxone decreased susceptibility (MIC >0.032 mg/L)
MSM. Decreased susceptibility to ceftriaxone was 9.3% (215/2,318). Univariable logistic
regression analysis (Table 3) showed an association (P <0.1) between decreased
susceptibility and calendar year, anatomical site of infection, HIV-status, and previous
or active syphilis. In the multivariable analysis decreased susceptibility was significantly
associated with infections from 2014 (OR, 3.00; 95% CI, 1.92–4.66, compared to 2012),
and pharyngeal infection (OR, 2.52; 95% CI, 1.64–3.89, compared to urethral infection).
Heterosexuals. Decreased susceptibility to ceftriaxone was 4.5% (38/833), which
was significantly lower compared to MSM (P <0.001). Univariable logistic regression
analysis (Table 4) showed an association (P <0.1) with year of infection, sex, age,
origin, anatomical site of infection, number of sex partners, and number of infected
anatomical sites. In the multivariable analysis infections from 2014 (OR, 5.44; 95%
CI, 1.71–17.23, compared to 2012), female sex (OR, 3.14; 95% CI, 1.32–7.45), and ≥10 sex
partners (OR, 6.16; 95% CI, 1.92–19.79, compared to 0–1 sex partners) were significantly
associated with decreased susceptibility.
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Decreased susceptibility to azithromycin or ceftriaxone, and resistance to
other drugs
Among the 313 isolates with decreased susceptibility for azithromycin, 110 isolates
(35.1%) were resistant to ciprofloxacin, 20 (6.4%) to cefotaxime, and two (0.6%) to
cefixime. In addition, 18 isolates (5.8%) were resistant to at least two antibiotics
(apart from azithromycin). Among the 253 isolates with decreased susceptibility to
ceftriaxone, 242 (95.7%) were resistant to ciprofloxacin, 80 (31.6%) to cefotaxime,
six (2.4%) to azithromycin, and six (2.4%) to cefixime. Also 72 isolates (28.5%) were
resistant to at least two, and eight (3.2%) to at least three antibiotics (apart from
ceftriaxone).

DISCUSSION
This study shows trends in antimicrobial resistance, and determinants of decreased
susceptibility for azithromycin and ceftriaxone in Neisseria gonorrhoeae at the STI Clinic
Amsterdam, the Netherlands, from January 2012 through September 2015. Resistance
to azithromycin remained stable around 1.2%, although the percentage of isolates
with intermediate MICs increased from 3.7% in 2012, to 15.6% in 2014, and then
decreased to 8.6% in the first 9 months of 2015. Resistance to ceftriaxone has not yet
been documented in our population. Decreased susceptibility to ceftriaxone (defined
as MIC >0.032 mg/L) increased from 3.6% in 2012, to 11.8% in 2014, and then decreased
to 8.4% in the first 9 months of 2015. Future surveillance will demonstrate if these small
downward trends in decreased susceptibility continue. As we published previously in
2009, decreased susceptibility or resistance to more than one drug remains common.3
Among isolates with decreased susceptibility to azithromycin or ceftriaxone, 35.1%
and 95.7% respectively were also resistant to ciprofloxacin.

5

Compared to data of various other European countries as reported by the European
Center for Disease Prevention and Control (ECDC), overall resistance in Amsterdam
is lower.20 Although overall resistance was highest for ciprofloxacin (32.7%), it is
lower than the overall European prevalence of ciprofloxacin resistance (53%).20,21 An
explanation could be the large inter-country variability, and the large number of MSM
in our population, as in Europe ciprofloxacin resistance was most common among
heterosexual males.20 Cefixime resistance across Europe is 5%.20-22 Our results show
lower cefixime resistance in Amsterdam (0.3%; only noted in 2014), which is comparable
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to that in the United States.23 Cefixime has never been used as first-line treatment for
gonorrhoea in the Netherlands, which could explain the lower prevalence of cefixime
resistance in our population. Due to unavailability of ceftriaxone in required dosages,
cefotaxime was the first-line treatment in the Netherlands for several years up to 2006,
which may have caused the relatively high overall resistance for cefotaxime (2.8%) in
Amsterdam.3,24 Since cefotaxime was abandoned as first-line treatment, resistance
has decreased again from 12% at the end of 2008, to 2.7% in 2015.3,25 Ceftriaxone
resistance has been reported in the Pacific Region, Asia, the United States, and also in
several European countries. Despite the concurrent increase of ceftriaxone resistance,
no resistant isolates have been documented in the Netherlands yet.20,22,23,26,27 European
azithromycin resistance is reported at 5%.20,21,28 In our population, azithromycin
resistance has not been above 1.5% since 2012, which is lower than the overall
European prevalence. Although both the mean MIC and the percentage of resistance
have increased slightly during our study period, the high increase reported elsewhere
in Europe, was not seen in our population.9,20
The outbreak of azithromycin high-resistant isolates in England in 2015, occurred
despite the use of dual therapy as recommended by European, and Centers for
Disease Control and Prevention guidelines.4,5 Dutch guidelines do not recommend
dual therapy, but advise a single intramuscular dose of 500 mg ceftriaxone.17
Azithromycin is only added if a C. trachomatis coinfection is suspected or diagnosed.
The strict adherence to the Dutch guidelines at our clinic will have resulted in lower
exposure of our population to azithromycin. In addition, over the counter antibiotics
are not available in the Netherlands, and self-administration of azithromycin will
have been very limited. As exposure to antibiotics is the most important risk factor
for antimicrobial resistance, the lower exposure to azithromycin in our population
could account for the absence of increased azithromycin resistance in Amsterdam.29,30
However, the increase in isolates with an intermediate MIC during our study period,
suggests that an increase in resistant strains is possible in the future.
Strains with decreased susceptibility, for either azithromycin or ceftriaxone, were
significantly more often isolated from MSM compared to heterosexuals (both P
<0.001). This suggest that sexual preference (or risk behaviour) is associated with
decreased susceptibility to both azithromycin and ceftriaxone. However, because of
correlation with other variables, we had to stratify for sexual preference, and could not
correct this possible association for confounders. Among MSM, we noted a significant
association between more recent year of infection (more recent than 2012) and
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decreased susceptibility to both azithromycin and ceftriaxone. These results confirm
the reported decrease in azithromycin and ceftriaxone susceptibility in Europe.20,26,31
For heterosexuals, more recent year (compared to 2012) was only significantly
associated with decreased susceptibility to ceftriaxone. Unlike in other countries, this
association was not significant for azithromycin, possibly due to a lower number of
samples with decreased susceptibility in this group (n = 24).20
In addition to time, decreased ceftriaxone susceptibility among MSM was associated
with pharyngeal infections. We did not find an association with anatomical site
for azithromycin, in either MSM or heterosexuals. Although studies combining
antimicrobial resistance and epidemiology are few, previous studies in the United
Kingdom and France also report higher ceftriaxone MICs in pharyngeal infections.26,31,32
It is of concern that many cases of pharyngeal gonorrhoea are culture negative,
resulting in no diagnosis or diagnosis by NAAT only (which is the recommended routine
diagnostic test).33 Pharyngeal infections due to strains with decreased susceptibility,
or even resistance, could therefore be missed by routine diagnosis. This is especially
worrisome because it is assumed that ceftriaxone resistance in N. gonorrhoeae
originates from commensal Neisseria species in the pharynx.14,34

5

Unlike Trecker et al. and Town et al. we found not male, but female sex to be significantly
associated with decreased ceftriaxone susceptibility.26,35 This association might have
been caused by the substantial number of sex workers (18%) among women in our
study. However, when adjusting for the number of sex partners (a very good proxy for
sex work), female sex remained significantly associated. Also, in a sensitivity analysis
adjusting for sex work, female sex still remained significantly associated with decreased
ceftriaxone susceptibility. Like Town et al. our study shows no significant association
with age, which was reported by Trecker et al.26,35 However, we did find a significant
association among heterosexuals between a high number of sex partners (≥10; this
category consisted mainly of female sex workers) and decreased susceptibility to both
azithromycin and ceftriaxone. This adds to the limited evidence that high-risk behaviour
and the associated sexual networks are important factors for the spread of resistance
among heterosexuals.22,35 To improve surveillance in populations at high risk of resistant
gonorrhoea more studies combining susceptibility and epidemiological data are needed.
There are some limitations to this study. We selected isolates based on new
consultations, and some patients were included multiple times. If patients were
reinfected by an untreated partner, the same strain could have been included more
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than once. Depending on the susceptibility of such a strain, this could have influenced
our analysis of determinants for decreased susceptibility. The change in policy to
obtain cultures at the STI clinic in May 2014 might have changed the composition of
patients in our study population, and thus could have influenced our results. MSM and
commercial sex workers were no longer primarily tested using culture, but with NAAT.
In addition, cultures were mainly obtained from patients returning to the STI clinic for
treatment after a positive NAAT. Therefore, cultures from patients who did not return
to the STI clinic, or did not consent to sampling for culture may have been missed after
May 2014. Lastly, as we did not have information on the use of alcohol or drugs, or
travel history from our population. Therefore, we were unable to take these possible
determinants of decreased susceptibility into account.35,36
In conclusion, between 2012 and 2015 antimicrobial resistance to azithromycin was
less prevalent in Amsterdam compared to European countries. However, we did note
a rise in decreased susceptibility, particularly among MSM. Resistance to ceftriaxone
has not been documented in the Netherlands yet, but we noted a rise in decreased
ceftriaxone susceptibility among both MSM and heterosexuals. Given the higher
resistance in other countries and increasing globalisation, standardized surveillance of
antimicrobial resistance in N. gonorrhoeae will remain indispensable. A continued and
combined increase of azithromycin and ceftriaxone resistance will likely impede the
effectiveness of the current dual therapy. Because there is very limited development
of new antibiotics, this could lead to severe public health consequences, such as
hospital admittance for intravenous treatment in patients with gonorrhoea. Therefore,
urgency in the development of novel treatment strategies and reassessment of older
antimicrobial agents is warranted. Funding for this research is essential on both
national and European levels.
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ABSTRACT
In response to antimicrobial resistance of Neisseria gonorrhoeae to last-resort
extended-spectrum cephalosporins, combination therapy of azithromycin
+ ceftriaxone is now recommended. Dual therapy can be effective to treat
monoresistant strains as well as multidrug-resistant strains, preferably
employing the effect of in vitro synergy. As reports on in vitro synergy of
azithromycin + ceftriaxone in N. gonorrhoeae are conflicting, in this study an
evaluation of this combination was performed, using a cross-wise Etest method
and agar dilution. Synergy was defined as a fractional inhibitory concentration
index (FICI) of ≤0.5. To identify other dual treatment options for gonorrhoea,
in vitro synergy was evaluated for 65 dual antimicrobial combinations using
Etest. Azithromycin, cefixime, ceftriaxone, colistin, ertapenem, fosfomycin,
gentamicin, minocycline, moxifloxacin, rifampicin, spectinomycin, and
tigecycline were screened for synergy in all possible combinations. No synergy
or antagonism was found for any of the 65 combinations. The geometric mean
FICI ranged from 0.82 to 2.00. The mean FICI of azithromycin + ceftriaxone was
1.18 (Etest) and 0.55 (agar dilution). The difference between both methods did
not result in a difference in interpretation of synergy. Ceftriaxone-resistant
strain F89 was tested in all combinations, and no synergy was found for any
of them. Most importantly, the ceftriaxone minimum inhibitory concentration
of F89 was not decreased below the breakpoint with any concentration of
azithromycin.
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INTRODUCTION
Gonorrhoea is the most prevalent bacterial sexually transmitted infection worldwide.1
If left untreated, it can cause severe illness such as pelvic inflammatory disease, or
infertility, and it increases the transmission of human immunodeficiency virus (HIV).
However, the causative bacterium Neisseria gonorrhoeae has now become resistant to
the last-resort monotherapy of extended-spectrum cephalosporins.2 With few new
antimicrobial drugs in the pipeline, this renders gonorrhoea potentially untreatable in
the future.
Therefore, the US Centers for Disease Control and Prevention (CDC) as well as UK and
European treatment guidelines now recommend dual therapy of azithromycin and
ceftriaxone.3-5 Dual therapy can be effective even if the organism is resistant to one
of the drugs, and in addition it can relieve the selection pressure on an organism to
become resistant. Combination therapy with azithromycin has the advantage to treat
possible coinfection with Chlamydia trachomatis. Another reason for dual therapy is
synergy, where the combined effect of two drugs is greater than the mere sum of the
effects of both drugs alone.6
In vitro synergy has been demonstrated with different antimicrobials in various Gramnegative bacteria.7,8 In N. gonorrhoeae, this has been described for azithromycin +
cefixime.9 However, more recently Pereira et al., and Barbee et al. did not find synergy
for azithromycin + cefixime or ceftriaxone.10,11 If synergy in N. gonorrhoeae can be
demonstrated, multidrug-resistant strains could be treated with earlier empirically
proven effective treatment options. Therefore, the aim of this study was to determine
in vitro synergy in N. gonorrhoeae for azithromycin + ceftriaxone, as well as to evaluate
synergy in other possible dual antimicrobial combinations.

6

MATERIALS AND METHODS
Synergy testing for azithromycin + ceftriaxone
Bacterial isolates

This study included 12 clinical N. gonorrhoeae isolates, reference strains WHO K and L,
and ceftriaxone-resistant strain F89 (isolated in France in 2010).2,12 These 15 isolates
were selected for their highest minimum inhibitory concentration (MIC) of both
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azithromycin (0.047–8.0 mg/L) and ceftriaxone (0.008–1.0 mg/L) determined by Etest
as described by the manufacturer (bioMérieux SA, Marcy-l'Étoile, France).
Synergy testing, definition and interpretation

To determine synergy for azithromycin + ceftriaxone, two previously described
methods were used, one using double Etests (positioned cross-wise at a 90° angle)
and one using agar dilution.13-15 In the latter method, azithromycin (0.032–32 mg/L in
11 two-fold dilutions) and ceftriaxone (0.008–4.0 mg/L in 10 two-fold dilutions) were
added to GC agar (prepared in-house at Onze Lieve Vrouwe Gasthuis General Hospital,
Amsterdam, the Netherlands). Then, 10 μL of 0.5 McFarland standard prepared in
phosphate-buffered saline with each of 15 N. gonorrhoeae isolates, was inoculated onto
the GC agar plates (120 x 120 mm).
With either method, MICs were determined for both antimicrobials alone (MICAalone
and MICBalone), and in combination with the other (MICAcombi and MICBcombi). MICs were
read following incubation at 37 °C in 5% CO2 for 16–18 h (Etest) or 24 h (agar dilution).
All experiments were performed in duplicate.
The fractional inhibitory concentration index (FICI) was calculated using the following
formula: FICI = (MICAcombi/MICAalone) + (MICBcombi/MICBalone). A FICI of ≤0.5 was defined as
synergy, a FICI of >0.5 but ≤4.0 was defined as no interaction, and a FICI of >4.0 was
defined as antagonism.6

Synergy testing for 65 antimicrobial dual combinations
Antimicrobial combinations

Based on in vitro synergy described in other Gram-negative bacteria, 12 antimicrobial
agents were selected, namely azithromycin, cefixime, ceftriaxone, colistin, ertapenem,
fosfomycin, gentamicin, minocycline, moxifloxacin, rifampicin, spectinomycin,
and tigecycline.7-9 With the exception of cefixime + ceftriaxone, all possible dual
combinations were tested (n = 65).
First, these 65 combinations were screened for synergy using the double Etest
method.13 This screening was performed on four isolates per combination, and was
used as a crude selection method. If the FICI was <1.0 in at least three of the four tested
isolates for a specific combination, that combination was retested using 11 isolates.
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Combinations with cefixime were selected over combinations with ceftriaxone,
as oral administration of cefixime has practical advantages, especially in general
practitioner settings. Azithromycin + cefixime was included in any case; azithromycin
+ ceftriaxone was already tested as described in the previous section. All experiments
were performed in duplicate. If synergy was inconsistent between both experiments,
it was performed a third time.
Bacterial isolates

For each antimicrobial combination, four N. gonorrhoeae isolates were selected from a
panel consisting of WHO strains K, L, M, O, P and G, control strain ATCC 49226, strain
F89, and 24 clinical isolates. For each combination, ceftriaxone-resistant strain F89 was
selected and the other three isolates were selected based on the highest MICs for that
specific combination.
The panel of 11 isolates used for retesting was identical for all combinations and
included WHO strains K and L, strain F89 and 8 of the clinical isolates described in the
previous section.

Statistical analysis
MICs and FICIs were calculated as geometric means of all isolates, and duplicate
experiments in each antimicrobial combination. The difference in FICI between Etest
and agar dilution was defined using a Wilcoxon signed-rank test. A P value of <0.05
was considered statistically significant. Analyses were performed using SPSS Statistics
for Windows v.21.0 (IBM Corp., Armonk, NY).

6

RESULTS
Synergy of azithromycin + ceftriaxone
When testing azithromycin + ceftriaxone using Etest, the geometric mean MIC
decreased for azithromycin from 0.27 mg/L to 0.15 mg/L, and for ceftriaxone from
0.062 mg/L to 0.037 mg/L. The mean FICI of all isolates was 1.18 (range, 0.58–2.00),
indicating no interaction. No individual isolates showed a FICI ≤0.5.
When using agar dilution, the mean MIC (range) decreased for azithromycin from 0.56
mg/L (0.125–16.0 mg/L) to 0.092 mg/L (0.032–0.5 mg/L), and for ceftriaxone from 0.082
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mg/L (0.016–2.0 mg/L) to 0.025 mg/L (0.008–1.0 mg/L). The mean FICI was 0.55 (range,
0.16–0.76), indicating no interaction. Four of the 15 individual isolates showed a FICI ≤0.5:
three isolates with a FICI between 0.44 and 0.50, and one isolate with a FICI of 0.16.
When comparing the mean FICI of the Etest and agar dilution methods, a significant
difference (P = 0.001) was found, with agar dilution resulting in lower FICIs than the
Etest method.

Synergy of 65 dual antimicrobial combinations
Results of the screening of 65 dual combinations showed no synergy for any combination;
the mean FICI ranged from 0.82 to 2.00 (Table 1). Five combinations showed a FICI <1.0 in
three of the four tested isolates: cefixime + ertapenem; cefixime + gentamicin; cefixime +
moxifloxacin; ceftriaxone + ertapenem; and ertapenem + fosfomycin.
When these combinations, plus azithromycin + cefixime, and azithromycin +
ceftriaxone, but without ceftriaxone + ertapenem, were tested on 11 isolates, mean
FICIs were: azithromycin + cefixime, 0.83; cefixime + ertapenem, 0.77; cefixime +
gentamicin, 0.97; cefixime + moxifloxacin, 1.13; and ertapenem + fosfomycin, 0.86; all
indicating no interaction (Table 2).

Synergy in ceftriaxone-resistant strain F89
Ceftriaxone-resistant strain F89 was used in all experiments in this study. None of
the 65 combinations tested showed synergy with this isolate. When using Etest for
the combinations as described in Table 2, this resulted in the following mean MICs
of antimicrobials alone: azithromycin, 0.22 mg/L; cefixime, 1.73 mg/L; ceftriaxone,
0.87 mg/L; ertapenem, 0.004 mg/L; fosfomycin, 16.0 mg/L; gentamicin, 2.0 mg/L;
and moxifloxacin, 1.50 mg/L. The mean FICIs were: azithromycin + cefixime, 1.00;
azithromycin + ceftriaxone, 1.20; cefixime + ertapenem, 0.69; cefixime + gentamicin,
1.46; cefixime + moxifloxacin, 1.37; and ertapenem + fosfomycin, 0.69; all indicating no
interaction.
Testing of azithromycin + ceftriaxone using agar dilution resulted in a mean MIC alone
of 0.5 mg/L and 2.0 mg/L, respectively, and a FICI of 0.56, indicating no synergy. Adding
azithromycin in any dosage did not decrease the ceftriaxone MIC for strain F89 below 1.0
mg/L. The azithromycin MIC only decreased after adding ceftriaxone in concentrations
of ≥1.0 mg/L, which was only 1 dilution below the MIC for ceftriaxone alone.
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0.93 (2)
–b

1.59 (1)

0.98 (2)

0.91 (3)

0.82 (3)

1.04 (2)
1.23 (1)

1.42 (0)

Ertapenem

1.54 (1)

Cefixime Ceftriaxone Colistin

Antimicrobial B

0.90 (3)

1.10 (0)

1.01 (2)

1.02 (1)

1.75 (0)

Fosfomycin

Geometric mean FICI a (no. of strains with FICI <1.0)

1.08 (0)
1.53 (1)

1.37 (0)
1.28 (0)
1.62 (0)

1.49 (0)
1.19 (1)
1.54 (0)

1.35 (0)
1.20 (0)
1.20 (1)

1.08 (2)
1.66 (0)
1.58 (0)
1.06 (0)

1.18 (1)
1.29 (1)

0.96 (2)

1.07 (1)

1.47 (0)

1.38 (1)

1.70 (0)

1.45 (0)

1.78 (0)

1.44 (0)

1.60 (0)

1.28 (1)

1.48 (0)

1.65 (0)

1.33 (0)

1.04 (1)

1.21 (1)

1.08 (2)

1.37 (1)

1.80 (0)

1.50 (0)

1.09 (1)

2.00 (0)

1.10 (1)

1.29 (0)

1.58 (0)

Tigecycline

1.27 (0)

0.93 (3)

1.55 (1)

1.30 (1)

Spectinomycin

1.10 (0)

1.51 (0)

0.87 (3)

1.31 (1)

1.17 (1)

1.75 (0)

Moxifloxacin Rifampicin

Minocycline

Gentamicin

FICI, fractional inhibitory concentration index.
a
Geometric mean FICI of four varying N. gonorrhoeae isolates per combination, each combination containing ceftriaxone-resistant strain F89.
b
Combination was not tested.

Spectinomycin

Rifampicin

Moxifloxacin

Minocycline

Gentamicin

Fosfomycin

Ertapenem

Colistin

Ceftriaxone

Cefixime

Azithromycin

Antimicrobial A

Table 1. Results of in vitro synergy experiments of 65 antimicrobial combinations in four Neisseria gonorrhoeae isolates using the Etest method
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13.3 (8.0–48)

Alone

0.014 (0.001–0.064)

Combination

Alone
0.036 (0.004–0.125)

Fosfomycin

Ertapenem

2.33 (1.0–6.0)

Alone

0.065 (0.012–1.5)

Combination

Alone
0.11 (0.016–2.0)

Moxifloxacin

Cefixime

1.98 (0.75–3.0)

Alone

0.052 (0.016–1.5)

Combination

Alone
0.11 (0.016–2.0)

Gentamicin

Cefixime

0.036 (0.004–0.125)

Alone

0.047 (0.012–0.75)

Combination

Alone
0.11 (0.016–2.0)

Ertapenem

Cefixime

0.062 (0.008–1.0)

Alone

0.153 (0.016–4.0)

Combination

Alone
0.27 (0.047–8.0)

Ceftriaxone

0.11 (0.016–2.0)

Azithromycin

0.106 (0.023–3.0)

Alone

Combination

Alone
0.26 (0.094–8.0)

Cefixime

Azithromycin

Mean MIC (range) (mg/L)

MIC, minimum inhibitory concentration; FICI, fractional inhibitory concentration index.
a
For this combination, 15 N. gonorrhoeae isolates were used.

Ertapenem + fosfomycin

Cefixime + moxifloxacin

Cefixime + gentamicin

Cefixime + ertapenem

Azithromycin + ceftriaxonea

Azithromycin + cefixime

Antimicrobial combination

6.19 (2.0–24)

Combination

1.28 (0.75–3.0)

Combination

0.99 (0.5–2.0)

Combination

0.013 (0.001–0.064)

Combination

0.037 (0.004–0.75)

Combination

0.047 (0.012–1.0)

Combination

Table 2. Geometric mean MIC and FICI of six antimicrobial combinations against 11 Neisseria gonorrhoeae isolates using the Etest method

0.86 (0.51–1.45)

1.13 (0.66–1.43)

0.97 (0.51–2.0)

0.77 (0.49–1.27)

1.18 (0.58–2.0)

0.83 (0.49–1.41)

Mean FICI (range)
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DISCUSSION
In this study, a lack of in vitro synergy was demonstrated for any of 65 dual
antimicrobial combinations against N. gonorrhoeae. Moreover, no synergy was
observed in ceftriaxone-resistant strain F89, with any of the tested antimicrobial
combinations. The results of this study do not support the results of Furuya et al.,
who reported synergy for azithromycin + cefixime.9 The lack of synergy found in
novel combinations of a third-generation cephalosporin with gentamicin, rifampicin,
or fosfomycin supports recent findings by Barbee et al.11 The present results suggest
that of the antimicrobial combinations using azithromycin, cefixime, ceftriaxone,
colistin, ertapenem, fosfomycin, gentamicin, minocycline, moxifloxacin, rifampicin,
spectinomycin, and tigecycline, none are promising candidates for gonorrhoea dual
therapy, if such therapy was based only on in vitro synergy. However, no antagonism
was found for any of these combinations, indicating no objections to clinical studies of
these combinations as dual therapy for gonorrhoea.
In addition to the lack of synergy with novel combinations, no synergy was also found
for the recommended dual therapy of azithromycin + ceftriaxone, using either Etest or
agar dilution. Only when using agar dilution were FICIs of ≤0.5 found in four individual
isolates; one was 0.16 and the other three were ≥0.44. However, this could be due to
chance, and given the lack of synergy in the majority of isolates, as well as the results
of experiments using Etest, we consider the results of these individual isolates not
convincing evidence for synergy. Overall, the current results support recent findings
by Pereira et al., and Barbee et al. that no synergy for this combination can be
demonstrated.10,11

6

Measuring synergy has several challenges. First, evaluation of in vitro synergy
depends on the method used. Different methods exist for using double Etests, yet it
remains unclear which yields the most reliable results.7,8,11,13 When using agar dilution,
reproducibility can be a problem, something we however did not see in the current
experiments.6 Second, variation exists in how to calculate and interpret synergy. We
used the most widely described FICI. This method was also used by other studies on
synergy in N. gonorrhoeae, allowing comparison of results.9-11 To avoid suggestive effects
for FICIs of >0.5 and ≤1.0, we chose to define synergy more strictly, so all combinations
within this range were defined as ‘no interaction’.6

113

41713 Wind, Carolien.indd 113

12-01-17 09:25

Chapter 6

There are some limitations to the current study. When testing the 65 dual combinations,
isolates were selected based on highest MICs for both antimicrobials, which resulted
in a small panel of isolates. Whilst this experiment was conducted as a mere screening
for synergy, this could have led to insufficient power to detect synergy. However, no
synergy was found when retesting combinations with FICIs <1.0 using more isolates.
Ideal would be a larger panel with isolates showing high-level resistance to both drugs
in a combination. However, only a few strains with overt resistance to ceftriaxone
have been described so far, and no strains highly resistant to both azithromycin and
ceftriaxone have been isolated.
Both Etest and agar dilution were used to test azithromycin + ceftriaxone. As in previous
studies, a significant difference was found when comparing FICIs of both methods.7,8,11
The most likely explanation for the higher FICIs when using Etest, is the fact that lateral
diffusion gradients of this method are not taken into account. Due to this gradient
effect, the concentration of antimicrobial A can be lower than the MIC level at the
location where MICBcombi is read, leading to an overestimate of MICBcombi and possibly
an overestimate of the FICI. In addition, by using Etest intermediate MICs can also be
determined, whilst in agar dilution only full two-fold dilutions are used. However, the
difference between methods did not lead to a difference in interpretation of synergy.
In conclusion, no synergy was found for 65 dual antimicrobial combinations, as well
as no synergy for azithromycin + ceftriaxone, suggesting that for these combinations
synergy might not play a significant role in the treatment of gonorrhoea. Therefore,
research aimed at new treatment options against emerging resistant strains should
move in other directions. One alternative could be to focus more on the clinical
outcome of dual therapy. Given that in vitro synergy is subject to uncertain testing
methods, and does not always correspond to a clinical effect. Whilst dual therapy
could be helpful to treat isolates resistant to one of the two antimicrobials, and
possibly decrease selection pressure. In addition, new treatment options are urgently
needed, and should be tested for the elimination of N. gonorrhoeae both in vitro and in
clinical trials, to sustain the treatment of gonorrhoea in the future.
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ABSTRACT
Background
Increasing azithromycin usage and resistance in Neisseria gonorrhoeae threatens
current dual treatment. Because antimicrobial exposure influences resistance,
we analysed the association between azithromycin exposure and decreased
susceptibility of N. gonorrhoeae.

Methods
We included N. gonorrhoeae isolates of patients visiting the Amsterdam STI
Clinic between 1999 and 2013 (t0), with another visit in the previous 60 days (t-1).
Exposure was defined as the prescription of azithromycin at t-1. We included
one isolate per patient. Using multivariable linear regression we assessed
the association between exposure and azithromycin minimum inhibitory
concentration (MIC). Whole genome sequencing (WGS) was performed to
produce a phylogeny, identify multilocus sequence types (MLST), multiantigen
sequence types (NG-MAST), and molecular markers of azithromycin resistance.

Findings
We included 323 isolates: 212 were unexposed to azithromycin, 14 were
exposed ≤30 days, and 97 were exposed between 31–60 days before isolation.
Mean azithromycin MIC was 0.28 mg/L (range, <0.016–24 mg/L). Linear
regression adjusted for age, ethnicity, infection site, and calendar year showed
a significant association between azithromycin exposure ≤30 days and MIC
(�, 1.00; 95% CI, 0.44–1.56; P = 0.002). WGS was performed on 31 isolates: 14
unexposed, 14 exposed to azithromycin ≤30 days before isolation, and three
t-1 isolates. Exposure to azithromycin was significantly associated with A39T or
G45D mtrR mutations (P = 0.046), but not with MLST or NG-MAST molecular
types.

Interpretation
The results suggest that frequent use of azithromycin in populations at high
risk of contracting N. gonorrhoeae induces an increase in MIC, and may result in
resistance.
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INTRODUCTION
Antimicrobial resistance in Neisseria gonorrhoeae is a growing worldwide challenge.
To restrain the development of resistance, international guidelines recommend dual
therapy consisting of ceftriaxone plus azithromycin.1,2 However, increasing resistance
to azithromycin, an outbreak of high-level azithromycin resistant strains in the United
Kingdom, and the first treatment failure of dual therapy could indicate an opposite
effect.3-5 Azithromycin has a considerable half-life of 2–4 days, resulting in subtherapeutic plasma and tissue concentrations for up to 20 days.6 If an infection with
N. gonorrhoeae is acquired in this period, exposure to sub-therapeutic azithromycin
concentrations and selection of resistant strains could occur. Azithromycin is often
prescribed for sexually transmitted infections (STIs), e.g. for Chlamydia trachomatis, N.
gonorrhoeae, and the syndromic management of urethritis.1,7-10 In addition, it is widely
used for respiratory tract and cutaneous infections, and for patients with penicillin
allergy.11,12 This results in high azithromycin exposure of populations at high risk of
contracting gonorrhoea, such as men who have sex with men (MSM), or commercial
sex workers. Therefore, we conducted a retrospective cohort study to determine if
recent treatment with azithromycin was associated with decreased azithromycin
susceptibility of N. gonorrhoeae.

METHODS
Study population
Patients who visited the STI Outpatient Clinic in Amsterdam, the Netherlands, between
1999 and 2013, were eligible for inclusion if they had a positive N. gonorrhoeae culture
(t0), and a previous clinic visit (t-1) in the 60 days preceding gonorrhoea diagnosis.
Exposure was defined as a prescription of azithromycin at t-1. We excluded patients who
reported antibiotic use other than those prescribed at the STI clinic, in the 3 months
preceding gonorrhoea diagnosis. We included one episode and one isolate per patient.
If a patient had both exposed and unexposed episodes, we included the exposed
episode. In case of multiple exposed or multiple unexposed episodes, we included the
most recent episode. In case of multiple N. gonorrhoeae isolates per episode (because of
multiple infected anatomical sites), we included the isolate with the highest minimum
inhibitory concentration (MIC) for azithromycin. Baseline and clinical characteristics
were obtained from the electronic patient file. In this retrospective study, we used
routinely acquired data and samples; therefore no informed consent was required.

7
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Due to the half-life of azithromycin we considered not only exposure, but also time
since exposure to be of possible influence. Therefore, the cohort of patients was
divided into three exposure groups: those unexposed in the previous 60 days, those
exposed in the previous 31–60 days, and those exposed in the previous 30 days.

Determination of azithromycin susceptibility
N. gonorrhoeae isolates were retrieved from storage, inoculated on chocolate agar,
and incubated at 37°C in a 5% CO2-enriched atmosphere. A 0.5 (0.45–0.55) McFarland
standard solution of isolates in phosphate-buffered saline was inoculated on GC
agar plates. Azithromycin MICs were determined using Etest as instructed by the
manufacturer (bioMérieux SA, Marcy-l’Etoile, France).

Whole genome sequencing (WGS) and molecular typing
To determine the correlation of azithromycin exposure with sequence type (ST) and
molecular resistance markers, we selected 31 isolates for WGS analysis. We selected
all 14 isolates from patients exposed to azithromycin ≤30 days, and 14 unexposed
isolates frequency matched for MIC and year of isolation. If exposed patients were also
diagnosed with gonorrhoea at the t-1 visit, these t-1 isolates were selected as well.
The selected isolates were sent to the National Microbiology Laboratory of the
Public Health Agency of Canada for WGS as previously described.13,14 In brief, DNA
samples were extracted from cultures following standard protocol using Epicentre
Masterpure Complete DNA and RNA Extraction Kit (Mandel Scientific, Guelph, ON,
Canada). Libraries were created with TruSeq sample preparation kits (Illumina, San
Diego, CA, USA), and sequenced on the Illumina MiSeq platform (Illumina) yielding
an average of 1,383,601 reads/genome and average genome coverage of 186X. Quality
reads were assembled with SPAdes and annotated with Prokka. There was an average
of 59.1 contigs per isolate and an average contig and N50 length of 37,728 and 87,813
nucleotides, respectively. A core single nucleotide variation (SNV) phylogeny was
created, with the assembled contigs file of isolate 28 as a mapping reference and a
custom Galaxy SNVPhyl workflow (https://github.com/phac-nml/snvphyl-galaxy).
Highly recombinant regions with >10 SNVs per 100 nucleotides were removed from
the analysis. A meta-alignment of informative core SNV positions was used to create a
maximum likelihood phylogenetic tree, and phylogenetic clades were determined by
cluster analysis using a genetic distance threshold of 4.5%. The percentage of valid and
included positions in the core genome was 39.2% and 4,383 sites were used to generate
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the phylogeny. WGS read data were submitted to the NCBI Short Read Archive under
BioProject ID PRJNA348107.
N. gonorrhoeae multiantigen sequence types (NG-MAST), multilocus sequence
types (MLST), and molecular markers associated with azithromycin resistance were
determined in silico. Sequences were submitted to the NG-MAST website (www.
ng-mast.net), and the MLST website (pubmlst.org/neisseria) to assign STs.14,15 The
selected resistance markers included: C2611T and A2059G mutation of the 23S rRNA
gene (Escherichia coli numbering), presence of erm, mtrR –35A deletion, mtrR A39T, and
mtrR G45D. Mutations of 23S rRNA were determined using the core SNV pipeline and
N. gonorrhoeae NCCP11945 as a mapping reference.13 PenA types were determined by
submitting sequences to NG-STAR (ngstar.canada.ca).

Statistical analysis
Baseline characteristics, geometric mean azithromycin MICs, STs and molecular
markers were compared using X2, Fisher’s exact or Kruskal–Wallis testing. Year of
infection was used continuous, or categorized in 5-year groups (1999–2003, 2004–
2008, and 2009–2013), if applicable. The association between azithromycin exposure
and MIC of the isolates (transformed to its natural logarithm) was determined using
multivariable linear regression analysis. The multivariable model included all variables
with P <0.05. In case of correlated variables (such as sexual risk group, anatomical site
and human immunodeficiency virus [HIV] status), we included the variable of most
clinical interest.
Given the half-life of azithromycin, the effect of sub-therapeutic azithromycin
concentrations is expected to be most profound in the first month after treatment.
Therefore, we performed a sub-analysis using multivariable linear regression restricted
to patients with a t-1 visit in the 30 days before gonorrhoea diagnosis. All analyses were
performed using Stata (version 13; StataCorp, College Station, TX, USA).

7

RESULTS
Included patients and N. gonorrhoeae isolates
At the Amsterdam STI clinic 340,592 consultations were recorded in 1999–2013. After
applying the inclusion and exclusion criteria, 395 patients with one isolate were
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included (Figure 1). Antimicrobial susceptibility could not be determined for 72 isolates,
which were excluded. This resulted in 14 patients exposed to azithromycin ≤30 days,
97 patients exposed between 31–60 days, and 212 patients who were unexposed to
azithromycin at t-1.
340,592 STI consultations 1999–2013

395 patients with a positive N.
gonorrhoeae culture and a t-1 visit

15 patients exposed to
azithromycin ≤30 days

124 patients exposed to
azithromycin within 31–60 days
27 patients excluded,
because unsuccessful
reculture

1 patient excluded,
because unsuccessful
reculture

14 patients with one isolate
exposed ≤30 days included in
the analysis

340,197 consultations excluded:
 326,245 without positive Neisseria
gonorrhoeae culture at t0
 13,742 without t-1 visit
 145 unexposed patients reported a history of
antibiotic use in 3 months before t0
 5 had incomplete data
 15 unexposed episodes of patients who also
had an exposed episode
 15 exposed episodes of patients with multiple
exposed episodes
 30 unexposed episodes of patients with
multiple unexposed episodes

97 patients with one isolate
exposed within 31–60 days
included in the analysis

256 patients unexposed
to azithromycin
44 patients excluded,
because unsuccessful
reculture

212 patients with one
unexposed isolate included
in the analysis

Figure 1. Flowchart of included patients
STI, sexually transmitted infection; t0, visit of N. gonorrhoeae culture; t-1, visit in 60 days preceding t0 with (or
without) azithromycin exposure.

Baseline characteristics
Patients were predominantly MSM (n = 235, 73%), and of Dutch ethnicity (n = 209, 65%).
The median age was 33 years (interquartile range [IQR], 26–41 years). Two hundred thirtyone patients (72%) reported a previous gonorrhoea, and 209 (65%) reported a previous
chlamydia diagnosis. The three exposure groups differed significantly for sexual risk
group (P = 0.02), infection site (P <0.001), HIV status (P = 0.008), and year of infection (P
<0.001; Table 1). Unexposed were more often MSM, with a rectal infection, HIV-positive
and included recently (2009–2013), compared to those exposed. Among those exposed
≤30 days, four patients (29%) also had gonorrhoea at t-1, compared to 51 (53%) patients
exposed at 31–60 days, and 10 (5%) unexposed. All patients with gonorrhoea at t-1 were
also treated with ceftriaxone or cefotaxime. There was no significant difference in MIC at
t0 between those with gonorrhoea at t-1 (mean, 0.28 mg/L; range, <0.016–12), and those
without gonorrhoea at t-1 (mean, 0.28 mg/L; range, 0.032–24; P = 0.7).
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Table 1. Baseline characteristics
Characteristics

Exposed
≤30 days
(n = 14)a

Exposed
31–60 days
(n = 97)a

Unexposed
≤60 days
(n = 212)a

P value

Median age, years (IQR)

31 (27–32)

31 (24–38)

34 (26–41)

0.08

Dutch

9 (64.3)

60 (61.9)

140 (66.0)

Surinamese/Antillean

3 (21.4)

14 (14.4)

16 (7.6)

Other

2 (14.3)

23 (23.7)

56 (26.4)

Heterosexual male

4 (28.6)

23 (23.7)

23 (10.9)

MSM

10 (71.4)

65 (67.0)

160 (75.5)

Female

0 (0.0)

9 (9.3)

29 (13.7)

No

14 (100.0)

93 (95.9)

191 (90.1)

Yes

0 (0.0)

4 (4.1)

21 (9.9)

1999–2003

3 (21.4)

19 (19.6)

7 (3.3)

2004–2008b

3 (21.4)

24 (24.7)

51 (24.1)

2009–2013

8 (57.1)

54 (55.7)

154 (72.6)

2 (14.3)

7 (7.2)

12 (5.7)
22 (10.4)

Ethnic group

0.2

Sexual risk group

0.02

Sex worker

0.2

Period of infection

<0.001

<0.001

Site of infectionc
Tonsil
Cervix

0 (0.0)

4 (4.1)

Rectum

2 (14.3)

15 (15.5)

77 (36.3)

Urethra

10 (71.4)

71 (73.2)

101 (47.6)

27 (21–29)

48 (41–56)

42 (29–51)

<0.001

4 (28.6)

51 (52.6)

10 (4.7)

<0.001

No or not tested

12 (85.7)

80 (82.5)

167 (78.8)

Yes

2 (14.3)

17 (17.5)

45 (21.2)

Negative

9 (64.3)

52 (53.6)

120 (56.6)

Positive

3 (21.4)

30 (30.9)

83 (39.2)

Missing

2 (14.3)

15 (15.5)

9 (4.3)

No

3 (21.4)

15 (15.6)

73 (34.4)

Yes

11 (78.6)

81 (84.4)

139 (65.6)

No

2 (14.3)

30 (31.3)

81 (38.2)

Yes

12 (85.7)

66 (68.8)

131 (61.8)

Median time between t-1 and t 0, days (IQR)
Gonorrhoea at t-1
Chlamydia trachomatis coinfection

0.7

HIV status

7

0.008

0.002

Previous gonorrhoea episoded

0.1

Previous chlamydia episoded

IQR, interquartile range; MSM, men who have sex with men; HIV, human immunodeficiency virus; t 0, visit of
N. gonorrhoeae culture, t-1, visit in 60 days preceding t 0 with (or without) azithromycin exposure.
a
Data are presented as No. (%) unless otherwise specified.
b
No isolates from 2005 were included (lost from laboratory).
c
Participants might be infected at multiple anatomical sites, but only one isolate per location was selected,
i.e. the one with the highest azithromycin minimal inhibitory concentration.
d
Ever reported gonorrhoea or chlamydia infection; 1 missing.
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Azithromycin susceptibility
The geometric mean azithromycin MIC was 0.28 mg/L (range, <0.016–24), and differed
significantly by sexual risk group (P <0.001), site of infection (P = 0.01), ethnicity (P
<0.001), HIV status (P = 0.004), and time period of infection (P = 0.005; Table 2). The
mean MIC was highest in isolates from MSM (0.34 mg/L; range, 0.023–24), in rectal
infections (0.34 mg/L; range, 0.032–4), and in the most recent time period: 2009–2013
(0.30 mg/L; range, <0.016–24).
Table 2. Azithromycin MIC
All patientsa

n (%)

MIC (range)b

323

0.28 (<0.016–24)

209 (64.7)

0.31 (<0.016–24)

Ethnic group
Dutch

<0.001

Surinamese/Antillean

33 (10.2)

0.13 (<0.016–1)

Other

81 (25.1)

0.30 (0.023–12)

Heterosexual male

50 (15.5)

0.16 (<0.016–3)

MSM

235 (72.8)

0.34 (0.023–24)

38 (11.8)

0.18 (<0.016–8)

21 (6.5)

0.19 (0.023–0.75)

Cervix

26 (8.1)

0.20 (0.023–8)

Rectum

94 (29.1)

0.34 (0.032–4)

Urethra

182 (56.4)

0.28 (<0.016–24)

29 (9.0)

0.19 (0.023–12)

Sexual risk group

Female

<0.001

Site of infection
Tonsil

0.01

Period of infection
1999–2003

0.005

2004–2008

78 (24.2)

0.26 (<0.016–4)

2009–2013

216 (66.9)

0.30 (<0.016–24)

Negative

181 (56.0)

0.25 (<0.016–12)

Positive

116 (35.9)

0.34 (0.032–24)

Missing

26 (8.1)

0.23 (0.023–12)

No

258 (79.9)

0.28 (<0.016–12)

Yes

65 (20.1)

0.28 (0.032–24)

Unexposed ≤60 days

212 (65.6)

0.28 (<0.016–12)

Exposed 31–60 days

97 (30.0)

0.25 (0.023–12)

14 (4.3)

0.56 (0.19–24)

HIV status

0.004

Gonorrhoea at t-1

0.73

Azithromycin at t-1

Exposed ≤30 days

P value

0.1

MIC, minimum inhibitory concentration in mg/L; MSM, men who have sex with men; HIV, human
immunodeficiency virus; t 0, visit of N. gonorrhoeae culture, t-1, visit in 60 days preceding t 0 with (or without)
azithromycin exposure.
a
In case of multiple isolates per patient, only the isolate with the highest MIC for azithromycin was included.
b
Geometric mean MIC (range).
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Determinants of azithromycin MIC

Azithromycin MIC (mg/L)

Figure 2 shows the azithromycin MIC by time since t-1, for each exposure group.
Univariable linear regression showed a significant association between azithromycin
MIC and exposure group (P = 0.03), age (P <0.001), ethnicity (P <0.001), sexual risk
group (P <0.001), year of infection (P = 0.03), anatomical site of infection (P = 0.04), and
HIV status (P = 0.03; Table 3). Anatomical site of infection and sexual risk group were
correlated (only women provided cervical samples), as were HIV-positivity and sexual
risk group (all but one HIV-positive patients were MSM). Because anatomical site was
of more clinical interest, only this was included in the multivariable analysis.

16
4
1

0.25
0.064
0.016
0

10

20

30

40

50

60

Time between t−1 and gonorrhoea at t0 (days)
Unexposed

Exposed 31−60 days

7

Exposed <30 days

Figure 2. Scatterplot of azithromycin MIC by time since t-1, according to exposure status
On the y-axis the azithromycin MIC is displayed on a natural logarithmic scale. The lines represent the linear
function of MIC values in each exposure group.
MIC, minimum inhibitory concentration; t0, visit of N. gonorrhoeae culture; t-1, visit in 60 days preceding t0 with (or
without) azithromycin exposure

When adjusting for age, ethnicity, anatomical site and year of infection, we found a
significant association between exposure group and azithromycin MIC (P = 0.002).
Patients exposed to azithromycin ≤30 days had isolates with significantly higher
azithromycin MICs (�, 1.00; 95% confidence interval [CI], 0.44–1.56; P = 0.001)
compared to unexposed. This means that the mean MIC of isolates from patients
exposed ≤30 days was 2.7 times higher than that of unexposed. The mean MIC from
isolates of patients exposed at 31–60 days was not significantly different compared to
unexposed (�, 0.07; 95% CI, -0.19 to 0.33; P = 0.6).
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We noted a possible outlier among the exposed ≤30 days group (MIC, 24 mg/L; Figure
2). When excluding this outlier, the association between exposure ≤30 days and
azithromycin MIC remained significant (�, 0.75; 95% CI, 0.17–1.32; P = 0.04).
We performed the same multivariable analysis, but now adjusting for sexual risk
group instead of anatomical site; the association between exposure ≤30 days and MIC
was significant (�, 0.95; 95% CI, 0.40–1.51; P = 0.003), also when excluding the outlier
(�, 0.70; 95% CI, 0.13–1.27; P = 0.049).

Sub-group analyses
A sub-analysis restricted to patients with a t-1 visit ≤30 days preceding t0 (n = 71) showed
a significant association between azithromycin exposure and MIC (�, 1.08; 95% CI,
0.43–1.74; P <0.001). This effect remained significant when excluding the possible
outlier (�, 0.76; 95% CI, 0.12–1.40; P = 0.01).
Because those exposed ≤30 days did not include any women, we performed a subanalysis restricted to men (n = 285). The association between exposure to azithromycin
≤30 days and MIC was significant (�, 0.98; 95% CI, 0.44–1.52; P = 0.002), also when
excluding the outlier (�, 0.72; 95% CI, 0.17–1.27; P = 0.04).

Phylogenomic analysis
We selected 31 isolates for WGS: 14 from patients exposed ≤30 days, 14 unexposed, and
three t-1 isolates. One other t-1 isolates was non-viable. The 31 isolates were obtained
from 28 patients: 20 MSM (71%), 5 heterosexual males (18%), and 3 females (11%), and
the majority was Dutch (n = 19; 68%; Figure 3). Isolates were mainly collected in 2009–
2013 (n = 19; 61%). Six isolates were resistant to azithromycin (MIC >1 mg/L). All were
susceptible to ceftriaxone (MIC <0.125 mg/L), and one was intermediate for cefixime
(MIC = 0.094 mg/L).
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0.38 to 1.24
0.46 to 1.10
-0.27 to 0.61
0.005 to 0.07
-0.54 to 0.71
0.09 to 1.11
-0.10 to 0.87
-0.39 to 0.13
0.11 to 1.28
-0.48 to 0.12
0.06 to 0.57
-0.53 to 0.36
-0.02 to 0.51
-0.26 to 0.24

Ref
0.78
0.17
0.04
Ref
0.08
0.60
0.38
Ref
-0.13
0.69
Ref
-0.18
Ref
0.32
-0.09
Ref
0.25
Ref
-0.01

50 (15.5)
235 (72.8)
38 (11.8)
2010 (1999–2013)
21 (6.5)
26 (8.1)
94 (29.1)
182 (56.4)
212 (65.6)
97 (30.0)
14 (4.3)
259 (80.2)
64 (19.8)
181 (56.0)
116 (35.9)
26 (8.1)
91 (28.3)
231 (71.7)
113 (35.1)
209 (64.9)

0.45 to 1.23

0.84
Ref
0.81

209 (64.7)
33 (10.2)
81 (25.1)

0.95

0.07

0.03

0.23

0.03

0.03
0.04

<0.001

P value
<0.001
<0.001

Ref
0.07
1.00

Ref
0.35
0.49
0.33

0.03

0.68
Ref
0.80

�
0.03

-0.19 to 0.33
0.44 to 1.56

-0.24 to 0.95
-0.001 to 0.98
-0.13 to 0.80

-0.004 to 0.06

0.38 to 1.21

0.29 to 1.07

Multivariable
95% CI
0.01 to 0.04

0.002

0.08
0.24

P value
<0.001
<0.001

MIC, minimum inhibitory concentration; �, regression coefficient for the natural logarithm of the azithromycin MIC; IQR, interquartile range; MSM, men who have sex with men; HIV,
human immunodeficiency virus; t 0, visit of N. gonorrhoeae culture; t-1, visit in 60 days preceding t 0 with (or without) azithromycin exposure.
a
In case of multiple N. gonorrhoeae isolates per patient, only the isolate with the highest azithromycin MIC was included.
b
unless otherwise specified.
c
Per year of infection; no isolates from 2005 were included (lost in laboratory).
d
Ever reported gonorrhoea or chlamydia infection; 1 missing.

Age, per year (median [IQR])
Ethnic group
Dutch
Surinamese/Antillean
Other
Sexual risk group
Heterosexual male
MSM
Female
Year of infection (median [range])c
Infection site
Tonsil
Cervix
Rectum
Urethra
Azithromycin at t-1
Unexposed ≤60 days
Exposed 31–60 days
Exposed ≤30 days
Chlamydia trachomatis coinfection
No (or unknown)
Yes
HIV status
Negative
Positive
Missing
Previous gonorrhoea episoded
No
Yes
Previous chlamydia episoded
No
Yes

Univariable
95% CI
0.02 to 0.04

�
0.03

n (%)b
33 (26–41)

Table 3. Determinants of azithromycin MIC, results of linear regression analysisa
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Clade E
Clade D
Clade C

106
106
*

1590 5519

XXII

116
116

1590 5519

XXII

346
346

12433 4914

II

387
387

1584

XIV

136
136

1584 26

XIV

397
397

1584 26

XIV

227
227

1582 4229

II

52
52

7363 2400

44

368
368

7363 2400

44

33

1579 21

IX

107
107

1579 5

IX

4414
205

1901 225

XII

219
219

1901 225

XII

158
158

1901 1407

XXXI

400
400

NT

II

501
501
*

7822

XVII

416
416

1580 64

II

69
69

8126 359

II

Year

SexGroup

1999Ͳ2003

MSM

2004Ͳ2008

Heterosexualmale

2009Ͳ2013

Female

Source

Age

Urethra

ч24years

Cervix

25Ͳ34years

95
95

8126 359

II

Rectum

35Ͳ44years

Tonsil

ш45years

354
354

9363 2992

II

312
312

9363

II

Ethnicity

AntimicrobialSusceptibility

347
347

9362 2992

II

Dutch

Susceptible

Surinamese/Antillian

Intermediate

330
330

9363 4751

II

Other

Resistant

340
340

9363 4751

II

277
277

9363 2992

II

MolecularMarkers

23SrRNAC2611T

191
191
*

9363 5108

II

502
502
*

9363 5108

II

104
104

9363 2992

II

500
500
*

12396 2992

II

29
29

12396 2992

II

12396 2992

II

Absent
Present

Clade B

None
1Allele
2Alleles

Exposure

3Alleles

Noexposure

4Alleles

ч30days

Clade A

28
28

Unknown

*

277

C2611

G45

A39

35Adel

penA

Cefixime

Azithromycin

NGͲMAST

MLST

Exposure

SexGroup

Age

Source

ID

Ethnicity

Year
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Figure 3. Whole genome core SNV maximum likelihood phylogenetic tree of 31 N. gonorrhoeae isolates
The length of the scale bar represents the estimated evolutionary divergence between isolates based on the
average genetic distance between strains (estimated substitutions in sample/total high quality SNVs). All isolates
were susceptible t0 ceftriaxone and isolate ID 347 had ermB. Samples marked with coloured asterisks indicate a t-1
and t0 pair of isolates from the same patient.
Heatmap columns: Year, year of isolate collection; Ethnicity, cultural background of patient; Source, anatomical
site of isolate; Sex group, sex and sexual behaviour of patient; Age, age group of patient; Exposure, exposure and
time since exposure to azithromycin; MLST, multilocus sequence type; NG-MAST, multiantigen sequence type, the
sequence type is left blank for three isolates, as these await the assignment of a new sequence type; Azithromycin,
susceptibility to azithromycin, with green as susceptible (MIC ≤0.5 mg/L), and red as resistant (MIC >1 mg/L);
Cefixime, susceptibility to cefixime, with green as susceptible (MIC ≤0.063 mg/L), and orange as intermediate
resistance (MIC >0.063 mg/L); penA, penicillin binding protein penA type, with blue indicating a mosaic allele;
35Adel, the –35A deletion in the mtrR promoter; A39, presence of A39T mutations in mtrR; G45, the presence of
G45D mutations in mtrR; C2611, the number of C2611T mutated 23S rRNA alleles (using E. coli numbering).
MSM, men who have sex with men; NT, non typeable; SNV, single nucleotide variation; t0, visit of N. gonorrhoeae
culture; t-1, visit in 60 days preceding t0 with (or without) azithromycin exposure.
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We identified 15 different NG-MAST STs, of which ST2992 was most common (n = 7;
23%), all other types were found in one or two strains. Three isolates had sequences
which were not reported before, these await the assignment of a new ST number. We
identified 10 different MLST types, of which ST9363 was most common (n = 8; 26%),
followed by ST1901, ST1584, and ST12396 (n = 3; 10% each), one could not be typed due
to a missing pdhC gene. The most common penA type was II (n = 18; 58%), and one (3%)
was a mosaic penA type XXXIV.
We noted no A2059G mutations; C2611T mutations of 23S rRNA were observed in seven
isolates (23%), consisting of 1 mutated allele (n = 1), 3 alleles (n = 3), or 4 alleles (n = 3). All
isolates with at least 3 mutated alleles were resistant to azithromycin. The isolate with
1 mutated allele had an MIC of 0.38 mg/L.
An ermB gene was present in one isolate (3%), which had a wild-type 23S rRNA, an A39T
mtrR mutation, and azithromycin MIC of 0.5 mg/L. Mutations in mtrR were noted in
28 isolates; 10 (36%) had a –35A deletion, 13 (46%) had an A39T mutation, and eight
(29%) had a G45D mutation. Among isolates with an A39T or G45D mutation, the
geometric mean azithromycin MIC was 0.84 mg/L, compared to 0.35 mg/L for isolates
without these mutations (P = 0.08). A39T or G45D mutations were significantly more
often seen among isolates from patients exposed ≤30 days (n = 12; 86%), compared
with unexposed isolates (n = 6; 43%; P = 0.046). No significant associations between
exposure to azithromycin and 23S rRNA mutations were observed.
WGS analysis grouped 19 isolates into five clades (clades A–E; Figure 3), and 12 isolates
were outside these lineages. The largest clade (clade A; n = 10) consisted of MLST
ST9362, ST9363, ST12396, and NG-MAST ST2992, ST5108, and ST4751; and contained
only recent isolates collected from 2009–2013. Phylogenetic clustering of molecular
markers was seen for penA type II isolates, which were predominantly located in clades
A–B, while other penA types grouped into other clades and subclades. The mtrR –35A
deletion was predominantly seen in isolates of clades C–E, whereas the A39T and G45D
mutations were found in isolates of clades A and B, respectively. All azithromycin
resistant isolates were located in clade A, and possessed a C2611T mutation in at least 3
alleles of 23S rRNA. Azithromycin exposure status did not cluster, and was distributed
throughout the phylogeny; when comparing exposed ≤30 days to unexposed, no
significant differences of NG-MAST (P = 0.12), MLST (P = 0.08), or penA types (P = 0.07)
were observed.
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The three pairs of patients exposed to azithromycin ≤30 days and with gonorrhoea at
t-1, had both t-1 and t0 isolates tested with WGS. The first pair of isolates (501 and 106)
were phylogenetically distant with different molecular profiles, indicating that the
second infection was with a different strain. The second (502 and 191) and third pair
(500 and 28) clustered closely; each pair had identical molecular profiles, suggesting a
reinfection with the same strain, probably from an untreated sex partner. The paired
isolates 500 and 28 (from a heterosexual male) were identical to isolate 29 (from a
female commercial sex worker), and clinic visits of these patients were one week apart.
However, we could not establish a partner link to confirm sexual contact between
these patients.

DISCUSSION
We describe an association between exposure to azithromycin and decreased
azithromycin susceptibility of N. gonorrhoeae in humans. Azithromycin MICs were
significantly higher in isolates from patients exposed to azithromycin ≤30 days before
gonorrhoea diagnosis, compared to patients treated 31–60 days previously, and to
those not treated with azithromycin. There have been only two previous case reports
that described an increase in azithromycin MIC after treatment with azithromycin,
while MICs for other antimicrobials remained at pretreatment levels.16,17 In other
studies, azithromycin susceptible isolates were exposed to different concentrations
of erythromycin in vitro, after which high-level resistance associated with 23S rRNA
mutations developed rapidly.18,19 Furthermore, pharyngeal macrolide-resistant viridans
streptococci were more often found after treatment with macrolides, including
azithromycin.20 It is suggested that exposure of N. gonorrhoeae to low azithromycin
concentrations can induce an increase in MICs, as was demonstrated for erythromycin,
or cause selection of strains with an increased MIC.4,6,19,21,22
Although we were unable to evaluate molecular resistance markers for all isolates,
WGS was performed to compare a subset of exposed and unexposed isolates.
Phylogenetic analysis did not indicate any genetic relatedness based on azithromycin
exposure. In addition, azithromycin exposure was not significantly associated with 23S
rRNA mutations, suggesting that 23S rRNA mutations arose independently of exposure
and spread clonally. However, A39T or G45D mutations of mtrR were significantly more
common among isolates from patients exposed to azithromycin. This suggests that
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sub-therapeutic levels of azithromycin might induce, or select for strains with these
mutations. Our results indicate that higher MICs in strains from patients exposed to
azithromycin were not caused by selection of a specific WGS clade, or MLST or NGMAST type, but that acquisition, or selection of specific mutations, possibly including
mtrR, is responsible for this effect. Future studies should be conducted to confirm our
results, and identify what effect azithromycin treatment has on molecular resistance
determinants in N. gonorrhoeae.
The current study has potential limitations. Sixty-five patients (20%) also had
gonorrhoea at t-1, and if treatment at t-1 failed due to azithromycin resistance, this may
have caused selection bias. Because all were treated with cephalosporins, and mean
MICs at t0 were not different, we considered this highly unlikely. To prevent recall
bias or incorrect classification of exposure, we only included azithromycin prescribed
by the STI clinic, and excluded those reporting a recent history of using antibiotics
prescribed elsewhere. Therefore, the influence of azithromycin exposure from other
sources (general practitioners or medical specialists) has not been taken into account.
Furthermore, there was one influential MIC outlier, but the association remained
significant when excluding this outlier. Finally, the sample size of isolates from patients
exposed to azithromycin in the previous 30 days was small. More isolates would be
needed to find significant associations between exposure and molecular determinants
of higher MICs.
Azithromycin is widely administered for C. trachomatis and non-specific urethritis in
patients at high risk for STIs.1,7-9 Moreover, most guidelines recommend dual therapy
comprising azithromycin for the treatment of gonorrhoea.1,2,10 In the light of emerging
antimicrobial resistant N. gonorrhoeae, and lack of evidence-based alternative
treatment options for multidrug resistant strains, prudence with antibiotics is
warranted.6 The current results add evidence to the possible negative effects of
azithromycin on resistance formation in N. gonorrhoeae. As it is unclear whether dual
therapy decreases selection pressure, and the first treatment failure of dual therapy
is reported, the use of azithromycin in dual therapy for gonorrhoea, and in syndromic
management of urethritis might need re-evaluation.3,4,6 Moreover, research into
new antimicrobial drugs, and the potential of currently available antibiotics for the
treatment of gonorrhoea needs to be intensified. Future studies on the association
between azithromycin exposure and resistance should focus on high-risk patients
and molecular markers for resistance. They should include patients exposed to
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azithromycin in the previous month, and azithromycin prescribed by other health care
institutions than STI clinics.
In conclusion, our results show a significant association between exposure to
azithromycin and higher azithromycin MICs in N. gonorrhoeae, without the selection of
specific resistant genotypes. These results suggest that frequent use of azithromycin
in patients at high risk of contracting N. gonorrhoeae infections induces an increase in
MIC, possibly caused by mutations of mtrR, which may result in clinical resistance.
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ABSTRACT
Neisseria gonorrhoeae resistance to ceftriaxone and azithromycin increases,
which threatens the recommended dual therapy based on these
antimicrobials. We used molecular epidemiology to identify N. gonorrhoeae
clusters, and associations with azithromycin resistance in Amsterdam, the
Netherlands. N. gonorrhoeae isolates were selected from patients visiting the
Amsterdam Sexually Transmitted Infections Clinic, from January 2008 through
September 2015. We included all azithromycin resistant isolates (minimum
inhibitory concentration [MIC] ≥2.0 mg/L), and frequency matched susceptible
controls (MIC ≤0.25 mg/L). All isolates were tested using 23S rRNA sequencing,
N. gonorrhoeae multiantigen sequence typing (NG-MAST), and multilocus
variable-number of tandem repeat analysis (NG-MLVA). A hierarchical cluster
analysis of NG-MLVA related to resistance and epidemiological characteristics
was performed. We analysed 143 isolates (69 resistant and 74 susceptible); 81%
was from men who have sex with men (MSM). Azithromycin resistant isolates
had significantly more often C2611T mutations of 23S rRNA (n = 62; 89.9%; P
<0.001), an NG-MAST genogroup G2992 (P <0.001), G5108 (P <0.001), or G359
(P = 0.02), and were more often part of NG-MLVA clusters (P <0.001). Two
resistant isolates (2.9%) had A2059G mutations, and five (7.3%) were wildtype 23SrRNA. Four of the five NG-MLVA clusters contained resistant and
susceptible isolates, and isolates from HIV-positive and HIV-negative patients.
Two clusters consisting mainly of resistant isolates, included strains from MSM,
heterosexual males and females. Co-occurrence of resistant and susceptible
strains in NG-MLVA clusters and frequent occurrence of resistant strains outside
of clusters suggests that azithromycin resistance develops independently from
the ‘background genome’.
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INTRODUCTION
With an estimated 78 million infections annually, gonorrhoea is the second most
common bacterial sexually transmitted infection (STI) worldwide.1 Its causative agent,
Neisseria gonorrhoeae, has a remarkable capacity to rapidly develop antimicrobial
resistance to many different types of antibiotic drugs, when these are used widely
as first-line treatment option.2 Resistance to either ceftriaxone or azithromycin
(the internationally recommended combination therapy) is increasing, and the first
treatment failure of dual therapy due to resistance to both drugs has been reported.3-7
Moreover, an outbreak of high-level azithromycin resistance has been observed in the
United Kingdom despite the use of dual therapy.8 In the Netherlands, we reported a
decrease in azithromycin susceptibility in recent years.9
Genetic analyses have shown a strong association between azithromycin resistance
and specific mutations in the 23S rRNA genes. These mutations prevent effective
binding of azithromycin, and thereby block its inhibitory effect on protein synthesis.10-12
Moderate resistance has been linked to C2611T mutations (Escherichia coli numbering),
while high-level resistance has been linked to A2059G mutations.11,13,14 In addition, out
of the four 23S rRNA alleles in the N. gonorrhoeae genome, a higher cumulative number
of mutated alleles is associated with a higher minimum inhibitory concentration
(MIC). After introduction of a mutation in one allele, transformation of other alleles
may occur, which induces high-level resistance.10,11
In addition to testing for specific antimicrobial resistance related mutations, isolates
can also be genetically typed at highly polymorphic regions and subsequently be
clustered according to their molecular sequence type.13,15,16 Clusters can then be linked
to epidemiological data, which helps to identify possible risk groups for antimicrobial
resistance.

8

In this study we aimed to evaluate the molecular epidemiology of azithromycin
resistance among N. gonorrhoeae isolates in patients who visited the Amsterdam STI
clinic.
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MATERIALS AND METHODS
Selection of isolates
Positive N. gonorrhoeae cultures with an available azithromycin MIC were selected from
patients who visited the STI Outpatient Clinic of Amsterdam, the Netherlands, between
January 2008 and September 2015. Depending on sexual techniques, patients could be
infected at up to four anatomical sites per consultation. To prevent including the same
isolate twice, we included only one isolate (the one with the highest azithromycin MIC)
per consultation. If MICs were equal for different anatomical sites, we aimed to include
a balanced distribution of anatomical sites, and selected one site using the following
order of priority, based on prevalence: 1) pharynx, 2) cervix or vagina, 3) rectum, 4)
urethra. We allowed for multiple inclusions per patient, as long as consultations were
more than 6 months apart.

Selection of cases and controls
We categorized isolates into azithromycin susceptible (MIC ≤0.25 mg/L), intermediate
(MIC >0.25 and ≤1.5 mg/L), or resistant (MIC ≥2 mg/L).17,18 Resistant isolates were
included as cases, and susceptible isolates were considered as controls. Intermediate
isolates were excluded, because azithromycin MICs around 1 mg/L can fluctuate and
are sometimes difficult to reproduce.13 As both risk behaviour and year of infection are
associated with resistance, we selected controls using 1:1 random frequency matching
on calendar year of infection and sexual risk group (heterosexual males, men who have
sex with men [MSM], or females).9,19-21 Clinical and epidemiological data were collected
from the electronic patient files. Due to the use of routinely collected samples and
data, and anonymous analysis of this retrospective study, ethical clearance or informed
consent was not required.

Antimicrobial susceptibility testing
Until May 2014, direct N. gonorrhoeae cultures were routinely obtained if patients
reported symptoms suggestive of an STI, or reported any of the following: being
MSM, being a commercial sex worker, or being notified of an STI by a sex partner. For
other patients a nucleic acid amplification test (NAAT) was performed, and cultures
were only obtained if NAAT results were positive.9,15 From May 2014 onwards, NAAT
was the routine diagnostic for all patients. Cultures were obtained from symptomatic
patients with a positive Gram-stained smear, and from patients with a positive
NAAT.9 Azithromycin MICs were routinely determined using Etests according to the
manufacturer’s instructions (bioMérieux SA, Marcy-l’Étoile, France).22
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Preparation of isolates for typing
Included isolates were collected from -80°C storage, samples were added to 100 μl
phosphate buffered saline, heated at 95°C for 15 minutes to release DNA, and stored
at -20°C. These samples were used for all polymerase chain reactions (PCRs) and
sequence typing methods.

23S rRNA sequencing
23S rRNA was amplified using PCR, and sequenced using an ABI 3130 automated
sequencer. Allele specific PCR was used as described by Ng et al.10 In a number of strains
we directly sequenced the internal 712 bp fragment using PCR primers as reported by
Ng et al., followed by sequencing.10 In cases of a double peak at positions 2058, 2059
or 2611, allele specific PCR amplification was performed to determine the number of
alleles with the 23SrRNA mutation. This approach was validated in our laboratory,
using strains with a known number of mutated genes determined by the allele specific
PCR.10 Sequence data were analysed using BioNumerics (version 7.5; Applied Maths,
Sint-Martens-Latem, Belgium).

N. gonorrhoeae multiantigen sequence typing (NG-MAST)
NG-MAST uses variation in two genes: porB (490 bp) and tbpB (390 bp). These genes
were amplified using PCR and sequenced at the sequencing facility of the Academic
Medical Center, Amsterdam.23,24 Sequence data were analysed using BioNumerics,
and entered into the NG-MAST website (www.ng-mast.net) to assign allele numbers
and sequence types.

N. gonorrhoeae multilocus variable-number tandem repeat analysis (NGMLVA)
This typing technique has been previously described in detail.25,26 In short, the variable
number of tandem repeats (VNTR) of five different loci on the N. gonorrhoeae genome
were amplified using two multiplex PCRs. Fragment sizes were measured using an
ABI 3130 automated sequence analyser. The number of repeats was analysed using
GeneMarker (version 1.8; SoftGenetics, State College, PA, USA). The combination of
number of repeats for all five loci determined the NG-MLVA sequence type.

8

Statistical analysis
Baseline characteristics were compared between cases and controls using X2, Fisher’s
exact, or Kruskal–Wallis testing. Mean MICs were calculated as geometric means.

141

41713 Wind, Carolien.indd 141

12-01-17 09:26

Chapter 8

NG-MLVA cluster analysis was performed to create a minimum spanning tree using
BioNumerics. Isolates were assigned to a cluster if they differed in no more than one
VNTR locus, and if at least five isolates were included in the cluster. Using NG-MAST
sequence types (STs), we assigned genogroups if one allele (por or tbpB) was identical,
and the other allele differed ≤4 bp (tbpB) or ≤5 bp (por), as previously described.12,27,28
Genogroups were named after the ST with the highest frequency within that
genogroup. All analyses were performed using Stata (version 13; StataCorp, College
Station, TX, USA).

RESULTS
From January 2008 through September 2015 gonorrhoea was diagnosed in 9,959
consultations. After selecting only consultations of the same patient that were at
least 6 months apart and included positive cultures, and selecting only one isolate
per consultation, 5,737 consultations (and thus 5,737 isolates) remained. Those with
intermediate MICs (n = 1,212) were excluded. All 77 resistant isolates (MIC ≥2 mg/L) were
included as cases. From the 4,448 susceptible isolates (MIC ≤0.25 mg/L) we randomly
selected 77 controls, frequency matched to the 77 cases on calendar year of infection
and sexual risk group. After selection, three isolates proved to be lost during storage,
and four could repeatedly not be typed: these seven isolates were excluded. This
resulted in a collection of 147 isolates (from 144 patients), consisting of 73 cases and 74
controls (Table 1). Three patients (all were controls and all were MSM) were included
twice with separate consultations.
Table 1. Baseline characteristics of 147 Neisseria gonorrhoeae isolates from patients attending the STI Outpatient
Clinic Amsterdam, the Netherlands, from January 2008 through September 2015, by susceptibility to
azithromycina
Characteristics

Total

Resistant
(MIC ≥2 mg/L)

Susceptibleb
(MIC ≤0.25 mg/L)

No. of isolates

147

73

74

0.85
(<0.016 to >256)

6.30
(2 to >256)

0.12
(<0.016–0.25)

2008

14 (9.5)

7 (9.6)

7 (9.5)

2009

20 (13.6)

10 (13.7)

10 (13.5)

2010

33 (22.5)

16 (21.9)

17 (23.0)

2011

48 (32.7)

24 (32.9)

24 (32.4)

Azithromycin MIC,
geometric mean in mg/L (range)
Year of infection

P

c
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Table 1. continued
Characteristics
2012

Total

Resistant
(MIC ≥2 mg/L)

Susceptibleb
(MIC ≤0.25 mg/L)

12 (8.2)

6 (8.2)

6 (8.1)

2013

6 (4.1)

3 (4.1)

3 (4.1)

2014

8 (5.4)

4 (5.5)

4 (5.4)

2015

6 (4.1)

3 (4.1)

3 (4.1)

Sexual risk group
Heterosexual male
MSM
Female
Age, median (IQR)

c

10 (6.8)

5 (6.9)

5 (6.8)

119 (81.0)

59 (80.8)

60 (81.1)

18 (12.2)

9 (12.3)

9 (12.2)

33 (25–41)

35 (27–41)

31 (24–43)

Ethnicity

0.37
0.006

Dutch

88 (69.9)

41 (56.2)

Surinamese/Antillean

13 (8.8)

3 (4.1)

10 (13.5)

Other

39 (26.5)

22 (30.1)

17 (23.0)
0 (0.0)

Unknown

P

47 (63.5)

7 (4.8)

7 (9.6)

Commercial sex worker

8 (5.4)

5 (6.9)

3 (4.1)

0.49

Client of commercial sex worker

1 (0.7)

1 (1.4)

0 (0.0)

0.50

6 (3–15)

7 (3–15)

6 (4–15)

0.73

Urethra

49 (33.3)

21 (28.8)

28 (33.7)

Rectum

No. of sex partners previous 6
months, median (IQR)
Anatomical site

0.70
75 (51.0)

40 (54.8)

35 (47.3)

Cervix

11 (7.5)

6 (8.2)

5 (6.7)

Pharynx

12 (8.2)

6 (8.2)

6 (8.1)

Negative

93 (63.3)

46 (63.0)

47 (63.5)

Positive

45 (30.6)

22 (30.1)

23 (31.1)

9 (6.1)

5 (6.7)

4 (5.4)

No

113 (76.9)

57 (78.1)

56 (75.7)

Yes

34 (23.1)

16 (21.9)

18 (24.3)

Negative

111 (75.5)

59 (80.8)

52 (70.3)

Positive

36 (24.5)

14 (19.2)

22 (29.7)

HIV status

Unknown

1.00

Syphilis (past or active)

0.73

0.14

Chlamydia trachomatis

8

LGV positive
3 (8.3)
1 (7.1)
2 (9.1)
1.00
Data are presented as n (%) unless otherwise indicated.
b
Three patients were included twice with a consultation and an isolate.
c
Frequency matched between resistant (cases) and susceptible (controls).
IQR, interquartile range; LGV, lymphogranuloma venereum; MIC, minimum inhibitory concentration; MSM,
men who have sex with men; STI, sexually transmitted infection.
a
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Baseline characteristics and azithromycin susceptibility
The geometric mean MIC was 6.30 mg/L (range, 2 to >256) for resistant, and 0.12 mg/L
(range, <0.016 to 0.25) for susceptible isolates (Table 1). Of the 147 strains, most were
collected in 2011 (n = 48; 32.7%), and in 2010 (n = 33; 22.5%). Patients were mainly MSM
(n = 119; 81.0%), but 18 females (12.2%), and 10 heterosexual males (6.8%) were also
included. The median age was 33 years (interquartile range [IOR], 25–41 years), and
88 (69.9%) were of Dutch origin. Commercial sex work was reported by eight patients
(5.4%). The median number of sex partners in the previous 6 months was 6.0 (IQR,
3.0–15.0). Most isolates were rectal (n = 75; 51.0%), or urethral (n = 49; 33.3%), followed
by 12 pharyngeal (8.2%), and 11 cervical (7.5%) isolates. Forty-five patients (30.6%) were
human immunodeficiency virus (HIV)-positive, and HIV status was unknown for nine
(6.1%). Coinfections were common: 34 (23.1%) had past or active syphilis, and 36 (25.5%)
had Chlamydia trachomatis, of whom 3 (8.3%) had lymphogranuloma venereum (LGV).

23S rRNA typing
We determined the presence of 23S rRNA mutations for all 147 included isolates.
Nine resistant isolates had a wild-type 23S rRNA. Because of the strong link between
azithromycin resistance and 23S rRNA mutations we retested MICs for these nine
isolates. For five isolates the new MIC values were within one dilution of the reported
MIC, and wild-type 23S rRNA was confirmed by repeated testing. One isolate could not
be confirmed as N. gonorrhoeae and was post hoc excluded. For the remaining three of
nine retested isolates, the new MIC value differed by more than one dilution from the
reported MIC, and these were also post hoc excluded. After excluding the four isolates,
we included 143 isolates for typing and cluster analysis.
Of the 143 included isolates (69 resistant and 74 susceptible), 78 (54.6%) were wildtype, 62 (43.4%) had C2611T mutations, two (1.4%) had a A2059G mutation (both were
resistant), and one was undetermined (Table 2). Among the 69 resistant isolates, 62
(89.9%) had a C2611T mutation, and five (7.2%) were wild-type (geometric mean MIC:
2.6 mg/L, range: 2–8 mg/L). The association between resistance and C2611T mutations
was highly significant (P <0.001). Among the 62 with C2611T mutations, one isolate
(1.6%) had 2 mutated alleles, four had 3 mutated alleles (6.5%), and 57 had the mutation
on all 4 alleles (91.9%; Figure 1A).
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Table 2. Typing results of 143 Neisseria gonorrhoeae isolates at the STI Outpatient Clinic Amsterdam, the
Netherlands, from January 2008 through September 2015, by susceptibility to azithromycina
Characteristic

Total

Resistant

Susceptible

Isolates, n (%)

143

69 (48.3)

74 (51.8)

P

23S rRNAb
Wild-type

78 (54.6)

5 (7.3)

73 (98.7)

<0.001

C2611T mutation

62 (43.4)

62 (89.9)

0 (0.0)

<0.001

A2059G mutation

2 (1.4)

2 (2.9)

0 (0.0)

0.2
<0.001

MLVA
Isolates in cluster

65 (45.5)

45 (65.2)

20 (27.0)

Isolates not in clusters

78 (54.6)

24 (34.8)

54 (73.0)

NG-MAST genogroupsc
G2992

23 (16.1)

19 (27.5)

4 (5.4)

<0.001

G5108

17 (11.9)

17 (24.6)

0 (0.0)

<0.001

G2400

14 (9.8)

3 (4.4)

11 (14.9)

0.03

G1407

11 (7.7)

5 (7.3)

6 (8.1)

0.8

G359

9 (6.3)

8 (11.6)

1 (1.4)

0.02

65 (46.8)

17 (24.6)

48 (68.6)

<0.001

Not in main genogroups

Data are presented as n (%) unless otherwise indicated.
b
One sample was undetermined.
c
Only the five most common genogroups are mentioned separately, 4 isolates were undetermined.
Genogroups were assigned to sequence types with at least one identical allele, and a difference of ≤4 bp (tbpB)
or ≤5 bp (por) for the other allele.
MLVA, multilocus variable-number tandem repeat analysis; NG-MAST, N. gonorrhoeae multiantigen sequence
typing; rRNA, ribosomal ribonucleic acid.
a

NG-MAST sequence typing
When testing the 143 isolates for NG-MAST we noted 65 different STs, most of these
were represented by one or two isolates (Supplementary Table 1). Four isolates could
not be assigned an NG-MAST ST. When assigning STs into genogroups, we noted
five genogroups that consisted of more than five isolates: G2992 (n = 23; 16.1%), G5108
(n = 17; 11.9%), G2400 (n = 14; 9.8%), G1407 (n = 11; 7.7%), and G359 (n = 9; 6.3%; Table
2). Resistant isolates were significantly more often assigned to genogroups G2992
(P <0.001), G5108 (P <0.001), and G359 (P = 0.02), compared to susceptible isolates.
Genogroup G2400 was significantly more common among susceptible than among
resistant isolates (P = 0.03). Genogroup G1407 was equally common among resistant
and susceptible isolates (P = 0.8). The remaining 65 strains belonged to uncommon
genogroups (≤5 isolates each), and consisted mainly of susceptible isolates (n = 48;
73.9%), but also of 17 resistant isolates (26.2%).

8
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NG-MLVA typing and cluster analysis
The hierarchical cluster analysis using NG-MLVA types showed five clusters, containing
65 of the 143 isolates (45.5%; Table 2; Figure 1). Seventy-eight isolates (54.6%) were not
part of a cluster. Azithromycin resistant isolates were significantly more often present
in a cluster (n = 45; 65.2%), compared with susceptible isolates (n = 20; 27.0%; P <0.001).
Clusters 1, 4 and 5 consisted mainly of resistant isolates with C2611T mutated 23S
rRNA, whereas clusters 2 and 3 consisted mainly of susceptible isolates (Figure 1A). All
clusters (except cluster 5) contained isolates from 2010–2011, whereas clusters 1 and 2
contained also more recent isolates from 2014–2015 (Figure 1B). HIV-positivity varied
within and outside of clusters (P = 0.1; Figure 1C). Age and anatomical site of infection
were not associated with clusters either (data not shown). In addition, although the
majority of patients were Dutch, most clusters contained a mixture of isolates from
patients with diverse ethnic origin. Interestingly, of the 12 Surinamese or Antillean
patients only one was in a cluster (Supplementary Figure 1).
A
2x C2611T (resistant)
3x C2611T (resistant)
4x C2611T (resistant)
4x A2059G (resistant)
Wild-type (resistant)
Wild-type (susceptible)
Not determined

1
5

4

3

2
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B
2008-2009
2010-2011
2012-2013
2014-2015

1
5

4

3

2

C
HIV negative
HIV positive
HIV status missing

8

1
5

4

3

2
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D
G2992
G5108
G2400
G1407
G359
Other genogroups
Not determined

1
5

4

3

2

Figure 1. Minimum spanning tree of 143 N. gonorrhoeae isolates based on NG-MLVA, by 23S rRNA type and
resistance to azithromycin (A), calendar year (B), HIV status (C), and NG-MAST genogropus (D)
Each circle represents a different NG-MLVA type, the size of the circle represents the number of isolates, a solid
line represents a difference of one locus, a dashed line represents a difference of two loci. A cluster (grey area) was
assigned to groups of NG-MLVA types that differed on maximally one locus and contained at least five isolates.
Azithromycin susceptibility was defined as MIC ≤0.25 mg/L, and resistance as MIC ≥2 mg/L. NG-MAST genogroups
were assigned to sequence types with at least one identical allele, and a difference of ≤4 bp (tbpB) or ≤5 bp (por)
for the other allele.
HIV, human immunodeficiency virus; MIC, minimum inhibitory concentration; NG-MAST, Neisseria gonorrhoeae
multiantigen sequence type; NG-MLVA, Neisseria gonorrhoeae multilocus variable-number tandem repeat
analysis; rRNA, ribosomal ribonucleic acid.

Azithromycin resistance, 23S rRNA mutation and genotype
Although the 62 isolates carrying a C2611T mutation were found throughout the genetic
tree, 40 (64.5%) were found in the predominantly resistant NG-MLVA clusters 1, 4 and
5 (Figure 1A). Three isolates (4.8%) were included in the predominantly susceptible
clusters 2 and 3, of which two belonged to common NG-MAST genogroups (one was
G2400 and one was G1407). Nineteen (30.7%) of the C2611T mutated isolates were not
included in any cluster, of which 11 (57.9%) did not belong to the five most common NGMAST genogroups either (Figure 1D; Table 3). The two isolates with A2059G mutations
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were unrelated (Figure 1A). Of the five resistant isolates with wild-type 23S rRNA, two
were included in NG-MLVA cluster 1 and were NG-MAST G2992. The other three were
not in a cluster, two were G1407, and one was G6327.

Characteristics of each NG-MLVA cluster
Cluster 1 included 34 strains, of which 31 (91.2%) were resistant, and 29 had C2611T
mutations (Table 3). Two resistant isolates had wild-type 23S rRNA. Isolates from
almost the entire study period (2009–2012 and 2015) were part of this cluster. Isolates
were predominantly from MSM, but also from two heterosexual males and four
females. Half of the isolates were from HIV-positive patients.
Cluster 2 included 11 isolates, of which 10 (90.9%) were susceptible and had wild-type
23S rRNA, one isolate was resistant and had a C2611T mutation (Table 3). Isolates were
from 2010–2011 and 2013–2014. All patients in this cluster were MSM, and 36.4% were
HIV-positive.
Cluster 3 included eight isolates, of which six (75.0%) were susceptible and had wildtype 23S rRNA, two isolates were resistant and had C2611T mutations (Table 3). Isolates
were from 2009–2011, all patients were MSM, and 37.5% were HIV-positive.
Cluster 4 included six isolates, of which five were resistant and had C2611T mutations.
One was susceptible with wild-type 23S rRNA (Table 3). Isolates were from 2010–2012,
included four MSM and one female, and 33.3% was HIV-positive.
Cluster 5 included six identical isolates, all resistant, and all with C2611T mutations on 4
alleles (Table 3). The strains were all obtained in 2008, from the rectum of Dutch MSM.
Five were HIV-negative and one HIV status was unknown (Figure 1C).

Correlation of NG-MAST and NG-MLVA typing

8

Figure 1D shows a clear overlapping of NG-MLVA clustering and NG-MAST genogroups.
Isolates with the most common NG-MAST genogroups G2992 and G5108 were
significantly more often included in an NG-MLVA cluster (G2992 P = 0.001; G5108 P
<0.001). NG-MLVA clusters 1 and 4 included 18 of the 23 isolates with G2992 (78.3%),
and all 17 isolates with G5108 (Table 3). The tbpB sequences of all isolates in clusters 1
and 4 were identical, regardless of NG-MAST genogroup. However, the por sequences
of both genogroups differed by more than 20 bp. The remaining five isolates (21.7%)
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with genogroup G2992 were not included in NG-MLVA clusters 1 or 4. However, three
of these differed from isolates in cluster 1 on only two NG-MLVA loci instead of one.
NG-MAST genogroups G2400 (P = 0.4), G359 (P = 0.3), and G1407 (P = 0.5) were not
significantly more often included in an NG-MLVA cluster, possibly due to the small
sample size. However, in cluster 2, eight of the 11 isolates (72.7%) were G2400, which
is 57.1% of all G2400 strains. In cluster 3, six of the eight isolates (75.0%) were G1407,
which is 54.6% of all G1407 strains. Cluster 5 consisted only of G359 strains, and three
G359 isolates were not in this (or any other) cluster.
Table 3. Results by MLVA cluster of 65 Neisseria gonorrhoeae isolates at the STI Outpatient Clinic Amsterdam,
the Netherlands, from January 2008 through September 2015a
Cluster Total Resistant Susceptible Years

HIVpositive

NG-MAST (n)b 23S rRNA (n)

1

34

31 (91.2)

3 (8.8)

2009–2012; 17 (50.0)
2015

G2992 (15);
G5108 (15);
G4544 (2);
G14375 (2)

C2611T (4 alleles, 27);
C2611T (3 alleles, 2);
wild-type (5)

2

11

1 (9.1)

10 (90.9)

2010–2011;
2013–2014

4 (36.4)

G2400 (8);
G5031 (1);
G21 (1);
G11072 (1)

C2611T (4 alleles, 1);
wild-type (10)

3

8

2 (25.0)

6 (75.0)

2009–2011

3 (37.5)

G1407 (6);
G3806 (1);
G14345 (1)

C2611T (4 alleles, 2);
wild-type (6)

4

6

5 (83.3)

1 (16.7)

2010–2012

2 (33.3)

G2992 (3);
G5108 (2);
G14347 (1)

C2611T (4 alleles, 3);
C2611T (3 alleles, 2);
wild-type (1)

5

6

6 (100.0)

0 (0.0)

2008

0 (0.0)

G359 (6)

C2611T (4 alleles, 6)

Data are presented as n (%) unless otherwise indicated.
b
NG-MAST genogroups, assigned to sequence types with at least one identical allele, and a difference of ≤4
bp (tbpB) or ≤5 bp (por) for the other allele.
HIV, human immunodeficiency virus; MIC, minimum inhibitory concentration (geometric mean); MLVA,
multilocus variable-number tandem repeat analysis; NG-MAST, N. gonorrhoeae multiantigen sequence
typing; rRNA, ribosomal ribonucleic acid; STI, sexually transmitted infection.
a

DISCUSSION
We describe the molecular epidemiology and 23S rRNA mutations of 69 azithromycin
resistant N. gonorrhoeae isolates and 74 susceptible isolates from Amsterdam, the
Netherlands, collected from January 2008 through September 2015. Our data show
that 92.8% of resistant strains had a 23S rRNA mutation, which consisted of a C2611T
mutation in almost all cases; A2059G mutations occurred infrequently. These results
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are similar to those of three recent studies analysing azithromycin resistant strains
using whole genome sequencing (WGS).13,14,16 While the study by Jacobsson et al.
reported 23S rRNA mutations in all azithromycin resistant strains, we found five
resistant strains with a wild-type 23S rRNA (7.2%).13 This is in marked contrast to the
reported 43.5% among strains with reduced susceptibility by Grad et al., and to the
31.8% among resistant strains by Demczuk et al.14,16 Remarkably, most of these strains,
including those from our study, had MICs just above the breakpoint. Given the slight
differences in MIC depending on the method used (agar dilution or Etests), it is
possible that these low-level resistant strains were not equally frequently included in
the different studies.29,30 Another explanation could be resistance due to mutations in
the mtrR gene (encoding for mtrCDE-efflux pumps) or its promotor.10,11,14,16,31 We did not
include testing for mtrR mutations, and therefore we cannot confirm or exclude this as
a possible explanation for the resistance in our isolates.
A strength of our study was a direct comparison between resistant strains and
susceptible control strains. Five NG-MLVA clusters were identified: three consisted
predominantly of azithromycin resistant isolates, and two of susceptible isolates.25,26
Resistant isolates were significantly more often included in a cluster than susceptible
isolates. Despite this clear distribution, four of the five clusters included both resistant
and susceptible isolates. Moreover, some of the resistant strains in clusters dominated
by susceptible strains were assigned to the same NG-MAST genotype as the susceptible
strains, and vice versa. Both the distribution of resistant strains within clusters and
susceptible strains outside of clusters, as well as the combination of susceptible and
resistant strains within genetic clusters have been previously reported by WGS-based
methods.13,14,16
We noted a considerable overlap between NG-MLVA clusters and NG-MAST
genogroups: the larger clusters (1 and 4) were significantly associated with G2992
and G5108 (both P <0.001). Combined with C2611T mutations of resistant isolates,
and the inclusion of both susceptible and resistant strains in NG-MLVA clusters, this
implies that susceptible N. gonorrhoeae isolates can accumulate resistance (by C2611T
mutations) without significant changes to the ‘background genome’. Furthermore, the
finding that 34.8% of resistant isolates did not belong to an NG-MLVA cluster, suggests
that 23S rRNA mutations frequently occur de novo.

8
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The association between azithromycin resistance and NG-MAST genogroups G2992,
G5108, and G359 in our study was significant. This was also reported for G2992 in a
European study,13 but not in other studies.5,11,12,28,32,33 The association between G5108
or G359 and resistance was not reported before.5,12,13,16,28,32,33 Whereas in our study
strains with genogroup G2400 were significantly more often susceptible, this was
associated with resistance in another European study.13 However, in this latter study by
Jacobsson et al. only resistant stains were characterized. Genogroup G1407 has been
associated with resistance to third generation cephalosporins.27,34 The association with
azithromycin resistance was reported by some studies,5,13,27,28,33,35 but a recent study
in France reported an association with susceptibility.12 Although genogroup G1407
was common among our isolates, we found no significant association with either
resistance or susceptibility to azithromycin. These differences indicate that NG-MAST
genotypes not only differ between geographic regions, but also that azithromycin
resistance evolves separately from the ‘background genome’.13,36
The NG-MLVA clusters not only represent genetically related N. gonorrhoeae isolates,
but could also reflect sexual networks of patients. This is important because four of
the five cluster included strains from both HIV-negative and HIV-positive patients,
and HIV status was not associated with azithromycin resistance. This adds further
evidence that both azithromycin resistance and sexual networks do not occur in
strict association with HIV status.37 As was previously described using whole genome
sequencing in Europe and Canada,13,16 most of our clusters included isolates from
different calendar years. The largest cluster contained isolates from 2009 through
2015, indicating both that azithromycin resistance evolves through time, and that
this sexual network could still be active. Patients belonging to this sexual network
may be at continued risk of acquiring an N. gonorrhoeae infection which is resistant to
azithromycin.
There are some limitations of this study. We included only isolates from Amsterdam,
the Netherlands, which could limit the generalizability in other parts of the world,
where different types of sexual networks exist. Also, because we selected all available
resistant isolates, and only a selection of susceptible isolates from a larger population,
resistant isolates were more likely to be from the same sexual network, and thus
genetically more related than susceptible isolates.
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In conclusion, azithromycin resistance of N. gonorrhoeae isolates from Amsterdam
was associated with C2611T mutations of 23S rRNA, NG-MAST genogroups G2992,
G5108 and G359, and three NG-MLVA clusters, but it was not associated with HIV
status. Azithromycin resistance was also observed in isolates with wild-type 23S rRNA.
Moreover, NG-MLVA clusters included both resistant and susceptible strains. This
suggests that azithromycin resistance develops independently from the ‘background
genome’. Because azithromycin is the preferred treatment option for C. trachomatis and
urethritis, exposure in patients potentially (co)infected with N. gonorrhoeae is high.4,38,39
This could induce accumulation of resistance mutations in susceptible strains, and
increase spread of azithromycin resistance within sexual networks. A further increase
of azithromycin resistance will threaten the use of azithromycin as part of dual therapy
for gonorrhoea.
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SUPPLEMENTARY DATA
Dutch
Surinamese/Antillean
Other
Unknown

1
5

4

3

2

Supplementary Figure 1. Minimum spanning tree of 143 N. gonorrhoeae isolates based on NG-MLVA, by ethnic
origin
Each circle represents a different NG-MLVA type, the size of the circle represents the number of isolates, a solid
line represents a difference of one locus, a dashed line represents a difference of two loci. A cluster (grey area) was
assigned for NG-MLVA types that differed on one locus and contained at least five isolates.
NG-MLVA, Neisseria gonorrhoeae multilocus variable-number tandem repeat analysis.
Supplementary Table 1. NG-MAST sequence types of 143 N. gonorrhoeae isolates of patients visiting the STI
Outpatient Clinic Amsterdam, the Netherlands from January 2008 through September 2015, by susceptibility
to azithromycina
NG-MAST ST
Total
Resistant
Susceptible
n = 65
n = 143
n = 69
n = 74
2
1
0
1
21
3
2
1
51
2
0
2
205
1
1
0
210
1
0
1
225
1
0
1
359
8
7
1
436
1
0
1
951
1
0
1
1407
6
1
5
1419
1
0
1
1478
1
1
0
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Supplementary Table 1. continued
NG-MAST ST
Total
Resistant
Susceptible
n = 65
n = 143
n = 69
n = 74
1582
1
0
1
1666
1
0
1
2210
2
2
0
2322
2
2
0
2400
11
1
10
2487
1
0
1
2992
21
18
3
3003
2
0
2
3128
1
1
0
3307
2
0
2
3629
1
0
1
3806
1
1
0
3811
1
0
1
4198
1
1
0
4234
1
0
1
4249
1
0
1
4544
2
0
2
4589
1
0
1
4751
1
0
1
4914
1
0
1
4995
1
1
0
5031
1
0
1
5108
17
17
0
5475
1
0
1
5520
2
0
2
5533
3
3
0
5553
1
1
0
5793
1
0
1
6327
3
1
2
7574
1
0
1
8919
1
0
1
10257
1
0
1
10567
1
1
0
11072
1
0
1
11461
1
0
1
11594
1
1
0
12212
1
0
1
13155
1
0
1
14338
1
0
1
14339
1
0
1
14340
1
0
1
14345
1
0
1
14346
1
0
1
14347
1
0
1
14348
1
0
1
14349
1
0
1
14350
1
0
1
14354
1
0
1
14361
1
1
0
14369
1
1
0
14370
1
1
0
14375
2
2
0
14377
1
0
1
14379
1
1
0
14391
1
0
1
Missing
4
0
4
a
Data are presented as number of isolates.
NG-MAST, N. gonorrhoeae multiantigen sequence type; ST, sequence type; STI, sexually transmitted infection.
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Steadily, antimicrobial resistance (AMR) in Neisseria gonorrhoeae has emerged for
all types of drugs that have been used as first-line treatment.1 As mentioned in
the introduction of this thesis, AMR to either component of the internationally
recommended dual therapy, consisting of azithromycin and ceftriaxone, has been
reported since 2011.2-14 An outbreak of high-level azithromycin resistance has been
observed in the United Kingdom since 2015,15 which was followed in 2016 by the first
report of dual therapy treatment failure.16 Because no new antimicrobials are expected
shortly, these trends threaten the future treatment of patients with gonorrhoea.17
The first reports of ceftriaxone resistance prompted the World Health Organization
(WHO) to publish an action plan with recommendations to stop resistance in
gonorrhoea.18 The main suggested strategies included: effective diagnosis and
systematic monitoring of treatment failures, strengthened AMR surveillance,
improved networks of laboratories to perform culture, molecular methods to detect
AMR, and new treatment strategies. With the studies in this thesis we aimed to provide
knowledge on three main topics recommended by the WHO: 1) the improvement
of diagnostics for N. gonorrhoeae, 2) surveillance of AMR, and 3) the improvement
of treatment strategies. In this last chapter, the main conclusions of the studies in
this thesis are compared to existing literature. The implications are discussed, and
recommendations for further steps in research are provided.

Improvement of diagnostics for N. gonorrhoeae
In most settings gonorrhoea is diagnosed using a syndromic approach based on
symptoms, culture of N. gonorrhoeae, or a nucleic acid amplification test (NAAT).19- 22
Currently, the only way to determine resistance in N. gonorrhoeae is to culture the
bacteria and expose them to drugs in vitro.20 Until molecular methods to determine
AMR are widely available, and reliable, successful culture techniques are essential
to monitor resistance and individualize treatment. The use of culture is complicated
by the required logistics and technical expertise.20 Many low-income countries and
remote settings do not have either, and therefore culture results, and the subsequent
antimicrobial susceptibility data are very limited.23 Yet, even in high-income countries
the logistic distance between collection site (an STI or general practitioners clinic)
and laboratory creates difficulties for successful cultures. To improve success rates of
culture and allow time for transport of samples, a medium is needed that keeps the
sample viable during storage. Several previous studies have shown that the ESwab
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medium could be used for this purpose, but none used clinical samples to evaluate
this.24-26
In Chapter 2 we demonstrated a method of targeted deferred culture from the Eswab
medium, which was stored for up to 3 days. After selection of samples positive for N.
gonorrhoeae in NAAT, culture success rates were 69% and 56%, after storage for 1 and 2
days, respectively. After storage for 3 days urogenital samples (cervical and urine) still
resulted in 44% successful cultures, compared to 22% for rectal samples. These results
not only show that N. gonorrhoeae samples can be stored and refrigerated prior to
culturing, but also that culture from urine samples is successful. All three procedures
were previously thought to be detrimental for N. gonorrhoeae cultures.20,27,28 The
method we presented will enable care providers to transport samples from remote
locations to laboratory facilities. By obtaining culture and resistance data, these
settings could improve their diagnostic methods, individualize treatment if resistance
increases, and contribute to AMR surveillance in their population. Our method of
targeted deferred culture could also improve diagnostic procedures in settings with
fully equipped laboratories on site. Selection of stored samples for culture, based on
NAAT results (potentially available within 24 hours), can avoid many unsuccessful
cultures, and improve cost-effectiveness of gonorrhoea diagnostics.
To implement this method in routine diagnostics and AMR surveillance, further
studies should be performed to confirm our results in routine practice. These studies
should include analyses of the transport times, and success rates of deferred culture
from samples collected by general practitioners, in remote settings, or in low-income
countries. Another aim should be to perform NAAT and culture from the same
medium, allowing care providers to obtain only one sample from patients, and limiting
discomfort to patients.
Before the use of extended-spectrum cephalosporins (ESC), treatment failures caused by
antimicrobial resistance could be diagnosed by performing a test of cure (TOC). A TOC
consisted usually of a culture obtained around 1–2 weeks after treatment, and a negative
result was interpreted as a cured infection.20,29,30 This method was complicated by imperfect
sensitivity (around 80%), and false-negative results of cultures.31 When treatment with
ceftriaxone was commenced, and based on its high efficacy, TOC were no longer deemed
useful.32,33 In addition, diagnostics for gonorrhoea had improved and were now performed
using high-sensitivity NAATs.29,30 With the looming AMR to ceftriaxone, a TOC could again
prove helpful. Ideally a TOC would be performed using NAAT.
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In Chapter 3 we analysed the appropriate timing of a TOC for N. gonorrhoeae, using
modern ribonucleic acid (RNA)- and deoxyribonucleic acid (DNA)-based NAATs
and daily sampling up to 28 days following routine treatment. The median time
to clearance was 2 days, and all patients had cleared RNA within 7 days, and DNA
within 15 days. The few previous studies, that used either different molecular tests or
single time point testing, showed a median time to clearance of 2 days, or complete
clearance between 14 and 21 days.34-37 Despite the use of different tests or frequency of
testing in these studies, their results are in line with those of Chapter 3. Our results also
confirm previous reports of intermittent NAAT-positive results in 18% of gonorrhoea
patients after treatment.34 Although we used a different molecular test method, we
noted these ‘blips’ in 0.8% and 1.5% (RNA and DNA, respectively) of post-clearance
samples. This corresponded to 10% and 16% of patients in our study, respectively.
Because NAAT only determines the presence of genetic material, positive results could
represent viable infections, shedding of dead bacteria, or the deposition of genetic
material. We did not consider blips as reinfections, because positive results were
often solitary, not persistent, and not positive for both RNA and DNA. We also noted
that test levels (relative light units or cycle threshold) of blips were significantly lower
compared to pretreatment samples, suggesting lower genetic load in blips. Some blips
were preceded by sexual contact, which suggests that these blips could represent
depositions by a partner, although power was too small for statistical analysis.
Currently, a TOC is not recommended for anogenital gonorrhoea in routine practice,
but this could change if resistance to azithromycin and ceftriaxone continues to
increase.20,21,29,30 If a TOC is indicated, we recommend performing it at least 1 or 2 weeks
after treatment, when using RNA- or DNA-based NAAT respectively. Our results
suggested faster clearance in rectal samples, or in those treated with ceftriaxone plus
doxycycline, but these differences were not statistically significant, possibly due to
insufficient sample size.
Because this study is the first using modern NAATs and daily testing, our results
should be confirmed by other studies, preferably including pharyngeal infections, and
different commercial types of NAAT. Future studies should have a larger sample size,
thereby providing more power to analyse associations of clearance with anatomical
site or treatment regime, and of blips and sexual contact. A main focus of future
studies should be to determine the origin and meaning of blips, confirming if blips
occur, how often, and for how long after treatment. Preferably, a test should be
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designed to establish if test results represent viable or dead bacteria, for instance by
testing messenger RNA (mRNA). Until further research sheds more light on the origin
of blips, we recommend that a positive TOC should not immediately be interpreted as
a treatment failure, but is confirmed with a second sample. Especially if no explanation
for reinfection exists, will this help to differentiate between a blip and a treatment
failure. When a TOC result suggests a treatment failure, it is important to obtain a
culture and determine AMR for the infecting strain.
Coinfections of both N. gonorrhoeae and Chlamydia trachomatis occur in 2–5% of patients
at high-risk of having an STI.38-42 Among patients with gonorrhoea, the percentage of
coinfections with chlamydia is much higher at 10–40%.21 Therefore, most clinics test for
both infections simultaneously, and many NAATs give results for both N. gonorrhoeae
and C. trachomatis from a single test. While AMR has been a longstanding problem
for N. gonorrhoeae, this has not been reported for C. trachomatis. However, there is
increasing concern about the effectiveness of azithromycin as first-line treatment
in urogenital (and often rectal) chlamydia. Treatment failures of azithromycin for
urogenital and rectal chlamydia are occasionally seen, and treatment efficacy is
reported to be between 83–97%.43-47 A TOC is currently not routinely recommended for
C. trachomatis, but suggested to be performed 3–4 weeks after treatment, for specific
indications.30,48 However, if efficacy of azithromycin decreases further in the future, a
TOC could be helpful to identify patients with treatment failures.
In Chapter 4 we analysed the NAAT results of a subpopulation from Chapter 3,
coinfected with C. trachomatis and N. gonorrhoeae. The median time to clearance of
C. trachomatis was 7 days (RNA) or 6 days (DNA), and all patients cleared within 13
days (RNA) or 15 days (DNA). These results are in line with previous studies showing
clearance within 3–4 weeks, although these studies used different molecular tests or
frequency of sampling.49,50 However, some reports describe persistence or intermittent
positivity of C. trachomatis up to 51 days.51,52 Because in those studies testing was
not daily, it is unclear whether positive test results represent persistent infection,
reinfection, or intermittent positive results (blips) without clinical significance. In
some studies 5–18% of patients had positive results preceded by negative results,
suggesting that these represent blips.50-54 This is similar to our results of 2% and 4%
blips in post-clearance samples, representing 22% and 35% of patients (DNA and RNA,
respectively). However, because we performed daily sampling, we could exclude that
chlamydia reinfections occurred. Since blips in our study were preceded and followed
by a large number of negative test result, persistent infections were also less likely.
164
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Even though our results are similar to previous studies, and add new knowledge by
using modern RNA- and DNA-based NAATs and daily sampling, the sample size of our
study was small. Future studies aimed at confirming our results need to have a larger
sample size, and include monoinfections with C. trachomatis. It is also important for
future studies to assess possible associations between clearance and anatomical site,
human immunodeficiency virus (HIV) status, or treatment regime (azithromycin or
doxycycline), and between blips and sexual contact, coinfections or immune status.
Because C. trachomatis is an intracellular growing organism, it is important that the
origin of blips is studied in more detail. Especially whether blips represent viable or
dead bacteria, and if they are caused by genetic, but non-viable, deposits from a sex
partner, or are the result of shedding in the patient. The viability of bacteria could
be determined by testing for mRNA. Currently such tests are not yet available, but
studies are being performed in this field. Furthermore, it is important to affirm the
effectiveness of azithromycin and doxycycline in anogenital chlamydia, by double
blind randomized controlled trials. If indicated, we recommend performing TOC for
chlamydia at least 2 weeks after treatment. If a TOC is positive, and a reinfection is
unlikely, it needs to be confirmed with a second sample.

Surveillance of antimicrobial resistance in N. gonorrhoeae
As mentioned before, in recent years AMR to ceftriaxone and/or azithromycin has
increased12,17 Most worrying is the first reported treatment failure to dual therapy
of azithromycin and ceftriaxone.16 In Chapter 5 we determined susceptibility to
azithromycin and ceftriaxone in N. gonorrhoeae isolates from patients of the STI
Clinic Amsterdam, between 2012 and 2015. We found no resistance to ceftriaxone in
Amsterdam yet. Resistance to azithromycin was stable at around 1.2%, while this was
5% across Europe in 2013.12 Although the lower resistance in Amsterdam is a fortunate
situation, we did see a rise in isolates with decreased susceptibility to azithromycin
(from 4% in 2012, to 9% in 2015), or to ceftriaxone (from 4% in 2012, to 8% in 2015).
This rise of decreased susceptibility was significantly associated with more recent year
of infection for both azithromycin and ceftriaxone in MSM, but only for ceftriaxone
in heterosexuals. Among heterosexuals, decreased susceptibility to either drug was
associated with high-risk behaviour, i.e. by more sex partners in the previous 6 months.

9

Our results confirm the need for continued monitoring of AMR. Many countries have
already established national gonococcal AMR surveillance programs, but in others this
needs to be set up as well.22,55-60 It is important that methods and results of surveillance
programs are comparable. Currently, the isolates that are selected for surveillance, and
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the testing methods can differ per county, and sometimes per laboratory. For instance,
two different growth media are used (Mueller-Hinton and GC chocolate agar),
antimicrobial susceptibility can be determined with agar dilution or Etest methods,
and resistance breakpoints used in Europe are not identical to those used in the United
States.61-63 For the future it is very important that surveillance is improved, increased
and standardised. The effort to establish national surveillance programs in developing
countries needs to be continued and expanded. In countries with strong first-line care
such as the Netherlands, AMR surveillance should not be limited to STI clinics, but
also include data from general practitioners and outreach programs. Future research
should aim at continued reporting of surveillance data, and include essential patient
characteristics such as age, gender, sexual orientation, HIV status, and data on sexual
risk behaviour. These data are necessary to asses which patients are at highest risk
for resistance. Future studies could also help to determine which methods to collect,
culture, and determine resistance are most suitable to use for surveillance.
Resistance to azithromycin has been strongly associated with specific genetic
mutations. As a result of mutations in any of the four 23S rRNA genes, azithromycin
can no longer bind effectively to 23S rRNA, and its inhibitory effect on protein
synthesis is limited.64,65 Mutations at position 2059 or 2058 are associated with highlevel azithromycin resistance, while mutations at position 2611 are associated with
moderate-level resistance.14,65,66 Furthermore, mutations in one allele are associated
with the rapid introduction of mutations in other alleles, and the cumulative number
of C2611T mutated alleles is associated with higher MICs.64,65 Specific strains have also
been associated with resistance, as demonstrated by the occurrence of ESC resistance
in sequence type (ST) ST1407 strains from different geographical regions.5,10,67-70
In Chapter 8 we showed that 90% of azithromycin resistant N. gonorrhoeae isolates
had at least one C2611T mutation, while all susceptible isolates had a non-mutated
wild-type 23S rRNA; this difference was highly significant. These results confirm
the previously reported association between azithromycin resistance and 23S
rRNA mutations.14,64-66,71 Using N. gonorrhoeae multilocus variable-number tandem
repeat analysis (NG-MLVA), we noted that resistant isolates were significantly more
often included in any NG-MLVA hierarchical cluster, and three of the five NG-MLVA
clusters consisted predominantly of resistant isolates. This could indicate that these
clusters represent sexual networks in which resistant isolates are transmitted.
However, four clusters included both resistant and susceptible isolates, suggesting
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that resistance occurs independently from NG-MLVA type. NG-MLVA is an in-house
developed PCR method that is not widely used, which complicates the comparison
of results to those of other studies.72,73 A more commonly used typing method is N.
gonorrhoeae multiantigen sequence typing (NG-MAST).74 Previous studies have linked
azithromycin resistance (among others) to NG-MAST genogroups G2992, G2400 and
G1407.13,14,71,75 No correlation has been reported for G5108 or G359.14,71,76-78 In Chapter 8,
azithromycin resistance was significantly associated with genogroups G2992, G5108,
and G359, whereas G2400 was significantly associated with susceptibility. We found
no association of G1407 with either resistance or susceptibility. Our results, and those
from previous studies, suggest that common STs differ by geographical region, and
that azithromycin resistance develops independently from the ‘background’ genetic
profile, but that such resistant strains can subsequently spread clonally.
This again stresses the need for continued and improved regional AMR surveillance,
which should include epidemiological characteristics to identify risk groups. The
association between azithromycin resistance and 23S rRNA mutations allows for fast
and targeted analyses of resistance. Other molecular markers are associated with
resistance to other antimicrobials. For instance, PenA mosaic types are associated
with ESC resistance, and gyrA mutations with ciprofloxacin resistance.72,79-84 However,
these associations are not always very strong, and for many antimicrobials molecular
markers associated with resistance have not yet been described.85 Future studies could
help to identify molecular markers, or a combination of markers, in strong association
with resistance to different antimicrobial drugs. Combining this knowledge with
improving techniques such as whole genome sequencing (WGS) could improve the
quality and efficiency of AMR surveillance in gonorrhoea.14,76,86 When high-definition
methods like WGS are used for genetic linkage studies the discriminatory power
should be taken into consideration. Too much discriminatory power could limit the
possibility to identify clusters and determine risk groups. Another important factor is
that many current molecular methods require large quantities of DNA, that are only
obtainable after culture. It would be a great improvement to be able to perform cluster
analysis on samples directly derived from patients, for instance from NAAT samples,
without the need for culture. The determination of AMR by molecular markers also still
requires cultured strains. Even when molecular AMR markers will be determined and
available for routine testing in the future, this will never cover new mutations that occur
spontaneously in the population. Genetic markers of resistance to new gonorrhoea
treatment strategies will require cultured strains, that are exposed to antimicrobial
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drugs, to detect the phenotypic AMR. To allow rapid AMR determination, molecular
methods need to be improved and expanded, but culture should not be discarded
from AMR surveillance

Improvement of treatment strategies in N. gonorrhoeae
To overcome AMR and subsequent treatment failures, various strategies have been
used in the past. Treatment options proved effective for a while, but eventually
AMR against the new regime emerged, leading again to treatment failures. This
was followed by steps to increase the antimicrobial dosage, and then to switch from
antimicrobial class. Currently, dual therapy consisting of ceftriaxone plus azithromycin
is recommended.17,21,30 Several reasons were put forward to motivate dual therapy.
First, in chronic infections such as human immunodeficiency virus (HIV), leprosy and
tuberculosis, combination therapy is effective against AMR, because it is harder for a
pathogen to develop resistance to multiple drugs with different modes of action at
once. Second, if the bacterial strain is resistant to only one of the components of dual
therapy, it will still be treated effectively by the other component.30 Third, gonorrhoea
often coincides with chlamydia, for which the preferred treatment is azithromycin.30,48,87
Therefore the current dual therapy could also treat a possible chlamydia coinfection.
Finally, some drug combinations have shown to act synergistically; each drug
enhancing the effect of the other, and the combination is more effective than the mere
sum of both effects. This effect had been reported for ceftriaxone and azithromycin
in N. gonorrhoeae in one study prior to the recommendation of this dual therapy.88
However, in Chapter 6 we found different results.
Using various strains and two testing methods, we determined that the combined
effect of ceftriaxone and azithromycin was indifferent, meaning that there was no
synergy. However, there was no antagonism either, indicating that the combined
effect was not less than the effects of monotherapy. Several other studies have since
confirmed our results, refuting the hypothesis that synergy could be a justification for
using ceftriaxone and azithromycin.89-92 We also tested 65 other antimicrobial dual
combinations, and found no synergy in any of them. For some of the combinations
we tested, and several new combinations, the lack of synergy was confirmed by
other in vitro studies.89-92 However, we did identify in vitro efficacy for several existing
antibiotics, that have not yet been first-line choices for gonorrhoea, such as ertapenem,
fosfomycin and gentamicin. These drugs are good candidates for future therapy in
gonorrhoea, and need to be evaluated further in clinical trials.
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Although the lack of synergy between ceftriaxone and azithromycin has been
confirmed by several studies, and resistance to either drug is increasing, the addition
of azithromycin is still recommended by international guidelines.29,30 Azithromycin
is widely used; not only for chlamydia, but also for the syndromic management
of urethritis, and for many respiratory and cutaneous infections.30,93,94 Therefore,
the population exposure to azithromycin is high, especially in patients at risk of N.
gonorrhoeae infections. Exposure to antimicrobial drugs is the strongest risk factor to
develop resistance.95 The correlation between exposure to macrolides and resistance
has been demonstrated for azithromycin and erythromycin in different microorganisms.96-98
In Chapter 7 we showed that N. gonorrhoeae isolates from patients who were
treated with azithromycin in the 30 days before diagnosis, had minimum inhibitory
concentrations (MICs) that were 2.7 times higher than those of strains isolated from
patients who had not been treated with azithromycin. This effect was significant,
also when adjusted for year of infection, age, ethnic origin, and anatomical site of
infection. These results suggest that exposure to azithromycin induces or selects
for azithromycin resistance in N. gonorrhoeae. The causative factors for this effect of
exposure on MIC remain unresolved. We performed WGS for a subset of samples and
noted significantly more mtrR A39T and G45D mutations in those recently exposed.
Despite the low number of resistant isolates in our study, these mtrR mutations could
possibly explain the increase in MIC. Future studies are needed to determine the effect
of exposure to azithromycin on resistance, and the mechanisms by which this effect
is achieved. Whether exposure causes selection of resistant isolates that are already
present, or if exposure induces resistance in susceptible strains needs to be elucidated.
Especially the influence of exposure on 23S rRNA and on mtrR mutations needs to be
examined, as well as the effect of mtrR mutations on azithromycin MICs.
The lack of synergy between ceftriaxone and azithromycin, the long half-life of
azithromycin, and the evidence that exposure to azithromycin could induce resistance,
calls for a re-evaluation of the use of azithromycin in dual therapy for gonorrhoea.99
Future studies should focus on in vitro identification of antimicrobial drugs that are
effective against N. gonorrhoeae, and on the correlation between in vitro susceptibility
and clinical effect. Antimicrobial drugs with promising in vitro results should be
clinically evaluated as soon as possible. Several trials of currently existing drugs
have recently been completed, showing clinical effect of gentamicin, gemifloxacin
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and fosfomycin on N. gonorrhoeae.100,101 Randomized controlled trials should first
evaluate promising antimicrobials as monotherapy to establish their effectiveness
and adverse events, and only subsequently evaluate these in combination with other
drugs. In addition to evaluating existing treatments,102 it is very important that new
antimicrobial drugs are developed and tested for gonorrhoea.
Several new drugs, such as modithromycin, delafloxacin, and a new fluoroquinolone
(WQ3810), are being investigated for in vitro efficacy in N. gonorrhoeae.103-105 Currently,
only three new drugs have progressed from in vitro studies to clinical evaluations. The
oral ETX0914 (AZD0914) is a new class antimicrobial drug, acting as a DNA gyrase/
topoisomerase II inhibitor. Promising in vitro results have been reported by several
studies,106-111 and a phase 1 clinical study in human volunteers showed favourable
pharmacokinetic and -dynamic profiles, whereas adverse events were mild.112 The
results of a completed open-label phase 2 study in patients with gonorrhoea have
not yet been published (clinicaltrials.gov identifier: NCT02257918). This is similar to
the progress of gepotidacin; after promising in vitro results,113 an open-label phase 2
study is now completed (NCT02294682). The development of solithromycin, a new
fluoroketolide, is most advanced. After showing promising in vitro results,114,115 and
good clinical effectiveness in a phase 2 study,116 an open-label phase 3 trial is currently
ongoing (NCT02210325).
Because N. gonorrhoeae is such a fast changing organism, it is to be expected that
AMR will occur in the future for new types of drugs. A vaccine reducing or preventing
infections in high-risk populations, might prove more effective in stopping the spread
of gonorrhoea without causing the induction of AMR. Several bacterial antigens
have been identified as possible targets for a vaccine,117-120 enhanced by the use of
proteome mining,121 but this is complicated by the variability of gonococcal surface
antigens.119,121-123 A transgenic mouse-model is also available to test potential vaccines,
but clinical tests in humans have so far been unsuccessful.119,121,122 The lack of an innate
immune response after infections with N. gonorrhoeae, and insufficient knowledge of
protective immune responses further complicate vaccine development.119,122,123

Concluding remarks
Based on previous research and the results of studies in this thesis it is to be expected
that antimicrobial resistance in N. gonorrhoeae will further increase in the near future.
To keep up with, and preferably stay ahead of, this development it is crucial that
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AMR surveillance is intensified across the world. Surveillance should focus on the
identification of molecular markers for resistance, and rapid, effective test methods to
determine their presence in circulating strains. However, while molecular methods are
increasingly used, the knowledge and implication of culture should not be abandoned.
Research on alternative treatment options should focus on three topics: reappraisal
of existing antimicrobial drugs and their effectiveness against N. gonorrhoeae,
determined both in vitro and in clinical trials, the development of new antimicrobial
drugs, and the development of a vaccine for high-risk groups. This requires laboratory
techniques, time, and effort. Moreover, the required funding for large studies and
the development of new techniques and treatments is absolutely indispensable. By
improving international collaborations, and gaining the attention of governments, the
funding for AMR research in N. gonorrhoeae could be improved.
Before novel treatment strategies are available, we could already improve the care of
patients with gonorrhoea by focussing on individualized treatment. By using culture
or molecular testing, we could identify strains that are still susceptible to previously
used antibiotics, such as penicillin, spectinomycin, or ciprofloxacin, and treat patients
accordingly. Finally, education of high-risk populations, and continued promotion
of condom use could prevent many infections, and thereby limit the spread of
antimicrobial resistance.
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SUMMARY
“Neisseria gonorrhoeae: testing, typing and treatment in an era of increased
antimicrobial resistance”
The theme of this thesis is the management of Neisseria gonorrhoeae infections, during
a time when antimicrobial resistance (AMR) forms a serious threat to the control and
treatment of gonorrhoea. Two main topics of gonorrhoea management are discussed:
part I) the improvement of diagnostic methods and the evaluation of treatment, and
part II) antimicrobial resistance threatening current and future treatment options.
Chapter 1 is an introductory chapter to the studies described in this thesis. It briefly
provides information on N. gonorrhoeae, diagnostic methods, historic and current
treatment, and the causative history of AMR in this infection.
Part I focusses on diagnostics of N. gonorrhoeae. In Chapter 2 we demonstrated a new
method of targeted deferred culture. Despite improved molecular methods, a culture
of N. gonorrhoeae remains the preferred method to determine AMR. However, due
to lower sensitivity compared to nucleic acid amplification tests (NAATs), a culture is
less suitable to diagnose gonorrhoea. With the method we described, per patient one
sample for NAAT and one sample for deferred culture using the ESwab medium were
collected. The NAAT was used for diagnosis, and if the result was positive the ESwab
sample was used for culture. This targeted deferred method showed positive cultures
in 69% of samples when cultured 1 day after collection, and 56% after storage for 2 days.
This method will allow for the current sensitive diagnostics, without compromising on
the ability to determine antimicrobial resistance. In addition, it will allow for extra time
to transport samples from settings without immediate access to laboratory facilities.
This will help to make susceptibility data available for AMR surveillance from these
settings in an effective way.
Because NAAT is the most sensitive method to diagnose gonorrhoea, it would also
be the preferred method to test if treatment has been successful. The evaluation of
treatment effectiveness is currently of importance because 1) many infections are
asymptomatic, 2) we are facing the dawn of increased AMR, and 3) susceptibility
data for the infecting strain are often not available. Treatment evaluation could
be determined with a test of cure (TOC). In Chapter 3 we determined the time from
treatment to the clearance of N. gonorrhoeae infection when using an RNA-based NAAT,
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and a DNA-based NAAT. We showed that gonorrhoea is cleared after a median of 2
days. All patients had cleared their infection after 7 days (RNA-based NAAT), and after
15 days (DNA-based NAAT). In addition, we showed that after clearance, tests results
are occasionally false-positive. The risk of one of these false-positive ‘blips’ during the
28 days of follow-up in our study was 0.8% for the RNA-based NAAT, and 1.5% for the
DNA-based NAAT. Based on the results of this study we advised to perform a TOC for
gonorrhoea after at least 7 days if the laboratory uses an RNA-based NAAT, and after
at least 14 days in case of a DNA-based NAAT. In addition, we advised caution when
interpreting positive TOC results due to the occurrence of blips.
Many patients are infected with N. gonorrhoeae and Chlamydia trachomatis
simultaneously, and are often diagnosed by NAAT simultaneously as well. Although
no resistance for C. trachomatis has been reported yet, concern exist about the
effectiveness of the first-line treatment for urogenital chlamydia, azithromycin,
making a TOC to evaluate treatment outcomes ever more urgent. In Chapter 4 we
therefore determined the time to clearance of C. trachomatis using the data presented
in Chapter 3. We showed that in patients with both infections, C. trachomatis is cleared
after a median of 7 days (RNA-based NAAT), and 6 days (DNA-based NAAT). All tests
were negative after 13 and 15 days, respectively. We showed that blips occurred for C.
trachomatis as well. The risk of blips after clearance until the end of follow-up was 4.4%
in the RNA-based NAAT, and 1.7% in the DNA-based NAAT. We advised that if a TOC
for chlamydia is to be performed, it should be after at least 14 days when using either
the RNA- or the DNA-based NAAT. Caution when interpreting the results of a TOC was
also advised, due to the occurrence of blips.
Part II focusses on AMR in N. gonorrhoeae. To limit the spread of AMR, many international
guidelines recommend treatment with dual therapy. The advised components are
azithromycin and ceftriaxone. However, resistance to either drug, and treatment
failure to both have been reported. In Chapter 5 we analysed the susceptibility of N.
gonorrhoeae isolates to azithromycin and ceftriaxone in Amsterdam from January
2012 through September 2015. We showed that azithromycin resistance remained
stable around 1.2%, but decreased susceptibility rose from 4% to 9%. Consequently,
the year of infection was significantly associated with decreased susceptibility in men
who have sex with men (MSM), as was being infected at two anatomical sites. Among
heterosexual patients only the number of sex partners in the previous 6 months was
associated with decreased susceptibility. With respect to ceftriaxone resistance, we
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showed resistance has not yet been documented in Amsterdam. However, decreased
susceptibility rose from 4% to 8%, and the year of infection was significantly associated
with decreased susceptibility among both MSM and heterosexuals. Other associated
factors were: two infected anatomical sites in a patient, and HIV status for MSM, and
female gender, and the number of sex partners for heterosexuals.
The rise in decreased susceptibility for both components of the recommended dual
therapy is cause for concern. The historical course of AMR in gonorrhoea suggests
that wide spread resistance will eventually occur for all antimicrobials that are used
to treat gonorrhoea on a large scale. As azithromycin and ceftriaxone are currently
the last resort first-line therapies for gonorrhoea, this will render the infection
untreatable in the future, if no new evidence-based modalities are developed. In
Chapter 6 we investigated if combining different antimicrobial drugs could work
synergistically against N. gonorrhoeae. Synergy in this case means that the effect of a
combination of two antibiotics greater is than the sum of the effect of each individual
drug. We evaluated 65 dual antimicrobial combinations using two different testing
methods: Etest and agar dilution. The Etest method consists of a plastic strip with a
concentration gradient of antibiotic, that can be placed on inoculated growth medium.
With agar dilution can different concentrations of antibiotics be dissolved into the
growth medium itself, on which N. gonorrhoeae is then cultured. Our results indicated
no synergy for any of the combinations. Most importantly, there was no synergy for
the recommended combination of azithromycin and ceftriaxone, when using either
method. In addition, adding any concentration of azithromycin to ceftriaxone did not
significantly improve the susceptibility of a ceftriaxone highly-resistant strain. These
results showed that the presumed synergistic effect of azithromycin and ceftriaxone,
as suggested in a previous study, could not be confirmed. Therefore synergy to justify
the use of this combination as dual therapy is erroneous.
The main risk to induce AMR is exposure of the pathogen to antimicrobial drugs.
Especially drugs with a long half-life, such as azithromycin, will remain in the body
for substantial periods in sub-therapeutic concentrations. A new infection in the
presence of sub-therapeutic drug concentrations could induce resistance or selection
of resistant strains. This association has been reported for gonorrhoea only in case
reports. In Chapter 7 we hypothesised that the increased use of azithromycin as
part of dual therapy, in the absence of synergy, but in the presence of pre-existing
resistance could increase azithromycin resistance in N. gonorrhoeae. We compared
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susceptibility data from N. gonorrhoeae isolates collected from patients who had been
exposed to azithromycin in the 30 days prior to their infection, to those of patients who
were exposed to azithromycin longer than 30 days before infection, and to those of
patients who were not exposed to azithromycin. We showed a significant influence of
azithromycin exposure on susceptibility. Azithromycin susceptibility of N. gonorrhoeae
strains was 2.7 times lower for patients who were treated with azithromycin in the
previous 30 days, compared to the two other groups. A subset of 28 isolates (14 were
exposed and 14 were unexposed) was analysed with whole genome sequencing
(WGS). These data were used to determine genetic sequence types (STs) and molecular
markers associated with azithromycin resistance. Phylogenetic analysis showed no
correlation of azithromycin exposure and STs. We noted significantly more A39T or
G45D mutations of mtrR among isolates from patients exposed to azithromycin. These
results suggest that the frequent use of azithromycin in patients with a high risk of
gonorrhoea may indeed induce resistance, possibly caused by mtrR mutations. This is
an argument for prudent, evidence-based use of azithromycin.
With the switch from culture to molecular techniques to diagnose gonorrhoea, and
improved methods for molecular typing of bacteria, associations between genetic
patterns and AMR can be made. In N. gonorrhoeae associations have been reported for
resistance to extended-spectrum cephalosporins (such as ceftriaxone) and penA mosaic
types, and for resistance to azithromycin and mutations of 23S rRNA. In Chapter 8 we
used different genetic typing methods and molecular markers to find associations with
azithromycin resistance in N. gonorrhoeae strains from Amsterdam. We included isolates
that were resistant to azithromycin and matched controls that were susceptible. These
were tested for N. gonorrhoeae multilocus variable-number of tandem repeat analysis
(NG-MLVA), multiantigen sequence typing (NG-MAST), and mutations of 23S rRNA.
We showed that 90% of resistant isolates had C2611T mutations of 23S rRNA, which are
associated with moderate-level azithromycin resistance. This was significantly more
often than in susceptible isolates. In addition, three NG-MAST genogroups (G2992,
G5108, and G359) were significantly more common among resistant isolates compared
to susceptible isolates. A hierarchical cluster analysis of NG-MLVA showed five clusters:
three were dominated by resistant isolates and two by susceptible isolates. However,
four of the five contained both resistant and susceptible isolates. These results confirm
the association between 23S rRNA mutations and azithromycin resistance. In addition,
they show associations of azithromycin resistance with NG-MLVA clustering and NGMAST genogroups occurring in the Amsterdam population. The fact that NG-MLVA
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clusters included both resistant and susceptible strains, suggests that azithromycin
resistance develops independently from the ‘background genome’.
Chapter 9 provides an overview of the results from the studies in this thesis, and the
added value of these findings in the light of recent literature. Based on these results
we recommend that future research should focus on improving and extending AMR
surveillance worldwide. Focus should also be on improving molecular methods
to detect AMR and risk-groups, but the use of culture should not be excluded from
surveillance. In addition, efforts should be made to rekindle the use of empirically used
antimicrobial drugs used in individualized treatment based on AMR determination.
Future research aiming to improve treatment of gonorrhoea should focus on the
determination of in vitro, and the clinical effectiveness of existing antimicrobial drugs
against N. gonorrhoeae, and the development of a vaccine. Most importantly, funding to
develop new antimicrobial drugs is urgently needed.
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“Neisseria gonorrhoeae: diagnostiek, typering en behandeling in een tijdperk van
toenemende antibiotica resistentie”
Het onderwerp van dit proefschrift is management van Neisseria gonorrhoeae
infecties, in een tijd waarin antibiotica resistentie een grote bedreiging vormt voor
de behandeling van gonorroe. Twee belangrijke onderdelen van het management
van gonorroe worden besproken: deel I) het verbeteren van diagnostiek en evaluatie
van behandeling, en deel II) de gevolgen van antibiotica resistentie die huidige en
toekomstige behandelingen bedreigen.
Hoofdstuk 1 geeft een introductie van het onderwerp en de studies die beschreven
worden in dit proefschrift. Er wordt informatie gegeven over Neisseria gonorrhoeae,
diagnostiek, historische en huidige behandelmogelijkheden, en de geschiedenis van
antibiotica resistentie bij deze infectie.
Deel I betreft de diagnostiek van N. gonorrhoeae. In Hoofdstuk 2 bespraken we een
nieuwe methode voor geselecteerd uitgesteld kweken. Ondanks verbeterde moleculaire
testmethoden, is het kweken van N. gonorrhoeae nog steeds de voorkeursmethode om
antibiotica resistentie te bepalen. Echter, vanwege lagere sensitiviteit vergeleken met
nucleïnezuur amplificatie testen (NAATs), is een kweek minder geschikt als diagnosticum
voor gonorroe. Bij de methode die wij beschreven werd zowel een monster voor NAAT, als
een monster voor uitgestelde kweek in het ESwab medium afgenomen. De NAAT werd
gebruik voor het stellen van de diagnose, en als deze positief was voor N. gonorrhoeae,
werd het ESwab monster gebruikt voor een kweek. Geselecteerd en uitgesteld kweken
resulteerde in succesvolle kweken in 69% van de gevallen na opslag gedurende 1 dag,
en in 56% na opslag gedurende 2 dagen. Met deze methode wordt het diagnosticum
met de momenteel hoogste sensitiviteit gebruikt, en tegelijkertijd de mogelijkheid om
antibiotica resistentie te bepalen niet verloren. Daarnaast zorgt het uitgesteld kunnen
kweken voor extra tijd om monsters te vervoeren naar een laboratorium. Hierdoor
kan, op een effectieve manier, antibiotica resistentie ook bepaald worden in praktijken
zonder eigen laboratorium, zoals bij de huisarts. Resistentie data uit deze klinieken is een
belangrijke toevoeging voor resistentie surveillance.
Aangezien NAAT het diagnosticum is met de hoogste sensitiviteit, heeft deze methode
ook de voorkeur bij de bepaling of een behandeling succesvol was. Het monitoren van
behandeleffectiviteit wordt steeds relevanter, omdat 1) veel infecties asymptomatisch
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zijn, 2) we in de toekomst meer resistente stammen kunnen verwachten, en 3)
informatie over de gevoeligheid voor antibiotica vaak niet beschikbaar is. De bepaling
van behandeleffectiviteit kan met behulp van een ‘test of cure’ (TOC). In Hoofdstuk 3
bepaalden we de tijd tussen behandeling en klaring van N. gonorrhoeae infecties,
wanneer dit getest werd met een NAAT op basis van ribonucleïnezuur (RNA) of op
basis van desoxyribonucleïnezuur (DNA). Uit onze resultaten bleek dat gonorroe na
een mediane tijd van 2 dagen was geklaard. Bij alle patiënten was sprake van klaring
na 7 dagen bij gebruik van de RNA-NAAT, en na 15 dagen bij gebruik van de DNA-NAAT.
Daarbij toonden we aan dat testresultaten na klaring soms vals-positief kunnen zijn.
Het risico op een vals-positieve 'blip' tijdens de follow-up in onze studie was 0,8% voor
de RNA-NAAT en 1,5% voor de DNA-NAAT. Op basis van deze resultaten adviseerden
wij om een TOC pas uit te voeren tenminste 7 dagen na behandeling, indien het
laboratorium een RNA-NAAT gebruikt, en na tenminste 14 dagen bij een DNA-NAAT.
Daarbij adviseerden we, vanwege het voorkomen van blips, voorzichtigheid bij de
interpretatie van een positief TOC resultaat. Naast therapie falen of een herinfectie
kan er ook sprake zijn van een blip.
Veel patiënten zijn tegelijkertijd geïnfecteerd met N. gonorrhoeae en Chlamydia
trachomatis. Daarbij wordt vaak een gecombineerde NAAT gebruikt om deze
infecties gelijktijdig te diagnosticeren. Hoewel resistentie voor C. trachomatis nog
niet is beschreven, bestaat er wel zorg over de effectiviteit van het eerst keus
antibioticum: azitromycine. Het uitvoeren van een TOC voor het monitoren van de
behandeleffectiviteit van chlamydia wordt daarom steeds relevanter. In Hoofdstuk 4
bepaalden wij daarom de tijd tot klaring van C. trachomatis, gebruikmakend van de data
uit Hoofdstuk 3. We toonden aan dat in patiënten met beide infecties, C. trachomatis
geklaard is na een mediane tijd van 7 dagen bij de RNA-NAAT, en na 6 dagen bij de
DNA-NAAT. Alle testen waren negatief na 13, respectievelijk 15 dagen. We toonden aan
dat ook voor C. trachomatis blips kunnen voorkomen. Het risico op een blip vanaf klaring
tot het einde van de follow-up was 4,4% voor de RNA-NAAT, en 1,7% voor de DNANAAT. We adviseerden dat indien een TOC voor chlamydia wordt uitgevoerd, deze
tenminste 14 dagen na behandeling dient plaats te vinden, voor zowel de RNA- als de
DNA-NAAT. Aangezien blips kunnen voorkomen, dient men ook hier voorzichtigheid
in acht te nemen bij het interpreteren van de resultaten van een TOC.
Deel II is gericht op antibiotica resistentie in N. gonorrhoeae. Om de verspreiding
van resistentie te stoppen, adviseren verschillende internationale richtlijnen een
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behandeling met duo combinatietherapie. De geadviseerde combinatie bestaat
azitromycine en ceftriaxon. Echter, resistentie voor beide middelen afzonderlijk, en
therapie falen van de combinatie zijn reeds beschreven. In Hoofdstuk 5 analyseerden
we de gevoeligheid van N. gonorrhoeae stammen voor azitromycine en ceftriaxon
in Amsterdam, van januari 2012 tot en met september 2015. We toonden aan dat
azitromycine resistentie stabiel bleef rond 1,2%, maar dat het percentage stammen
met verminderde gevoeligheid toenam van 4% naar 9%. Factoren die significant
geassocieerd waren met verminderde gevoeligheid in mannen die seks hebben
met mannen (MSM) bestonden uit: het jaar van de infectie, en een infectie op twee
anatomische locaties. Bij heteroseksuele patiënten was alleen het aantal sekspartners
in de voorafgaande 6 maanden geassocieerd met verminderde gevoeligheid. Wat
betreft ceftriaxon, toonden we aan dat resistentie nog niet is gevonden in Amsterdam.
Desalniettemin steeg het percentage stammen met verminderde gevoeligheid van
4% naar 8%. Het jaar van infectie was significant geassocieerd met verminderde
gevoeligheid bij zowel MSM als heteroseksuelen. Andere significant geassocieerde
factoren waren: twee geïnfecteerde anatomische locaties in een patiënt en HIV-status
bij MSM, en vrouwelijk geslacht en aantal sekspartners bij heteroseksuelen.
De stijging van verminderde gevoeligheid tegen beide componenten van de
aanbevolen combinatietherapie is reden tot zorg. Op basis van de geschiedenis
van antibiotica resistentie bij gonorroe, kan verwacht worden dat wijd verspreide
resistentie uiteindelijk voor zal komen voor alle typen antibiotica die op grote
schaal gebruikt worden. Azitromycine en ceftriaxon zijn momenteel de laatst
beschikbare eerste keus medicatie voor gonorroe. Indien er geen nieuwe evidencebased therapieën ontwikkeld worden, zal gonorroe in de toekomst onbehandelbaar
worden. In Hoofdstuk 6 onderzochten we of combinaties van verschillende antibiotica
synergistisch kunnen werken tegen N. gonorrhoeae. Synergie betekend in dit geval dat
het effect van de combinatie groter is dan de som van de individuele effecten. We
evalueerden 65 duo antibiotica combinaties middels twee verschillende testmethoden:
Etest en agar dilutie. De Etest methode bestaat uit een plastic strip met een concentratie
gradiënt antibioticum die op een kweekbodem gelegd wordt. Bij agar dilutie kunnen
verschillende concentraties antibiotica opgelost worden in de kweekbodem zelf,
waarna N. gonorrhoeae hierop gekweekt wordt. Met deze studie konden wij voor geen
enkele combinatie het bestaan van synergie aantonen. Belangrijker is dat er geen
synergie aantoonbaar was voor de geadviseerde combinatie van azitromycine en
ceftriaxon, ongeacht welke methode werd gebruikt. Daarbij bleek dat het toevoegen
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van verschillende concentraties azitromycine aan ceftriaxon, de gevoeligheid van een
ceftriaxon hoog-resistente stam niet voldoende verbeterde. Met deze studie kon het
synergistische effect van azitromycine en ceftriaxon, zoals in een eerdere studie was
gesuggereerd, niet bevestigd worden. Hierdoor vormt de veronderstelde synergie
onvoldoende rechtvaardiging voor het gebruik van deze combinatie als duo therapie.
Het grootste risico voor het induceren van antibiotica resistentie is blootstelling van het
pathogeen aan antibiotica. Met name medicatie met een lange halfwaardetijd, zoals
azitromycine, zullen gedurende langere perioden in het suboptimale concentraties in
het lichaam blijven. Bij een nieuwe infectie die opgelopen wordt in de aanwezigheid
van een suboptimale concentratie kan resistentie geïnduceerd worden, of kunnen
resistente stammen geselecteerd worden. Voor gonorroe is dit verband tot nu toe
slechts aangetoond in case reports. In Hoofdstuk 7 stelden we de hypothese dat de
toename van azitromycine gebruik, als onderdeel van duo therapie, in de afwezigheid
van synergie, maar in de aanwezigheid van al bestaande resistentie, voor een
toename van azitromycine resistentie bij N. gonorrhoeae kan zorgen. We vergeleken
de gevoeligheid van N. gonorrhoeae stammen die geïsoleerd waren uit patiënten die
blootgesteld waren aan azitromycine in de 30 dagen voorafgaande hun infectie,
met stammen van patiënten die langer dan 30 dagen voor hun infectie azitromycine
hadden gehad, en met stammen van patiënten die geen azitromycine hadden
gehad. We vonden een significante invloed van blootstelling aan azitromycine op de
gevoeligheid van gonorroe. Bij patiënten die in de voorafgaande 30 dagen blootgesteld
waren, was de azitromycine gevoeligheid van N. gonorrhoeae 2,7 keer lager vergeleken
met de andere twee groepen. In een subgroep van 28 stammen (14 waren blootgesteld
aan azitromycine en 14 niet) werd het hele N. gonorrhoeae genoom in kaart gebracht
met whole genome sequencing (WGS). Deze data werden gebruikt om het genetische
type en moleculaire markers gerelateerd aan azitromycine resistentie te bepalen.
Fylogenetische analyse liet geen relatie zien tussen blootstelling aan azitromycine
en het genetische type. We zagen wel significant meer A39T en G45D mutaties van
het mtrR gen bij stammen van patiënten die blootgesteld waren aan azitromycine.
Deze resultaten bevestigen de hypothese dat veelvuldig gebruik van azitromycine in
patiënten met een hoog risico op het oplopen van gonorroe inderdaad resistentie kan
induceren, mogelijk veroorzaakt door mtrR mutaties. Dit is een argument voor het
voorzichtiger en evidence-based inzetten van azitromycine.
Door de overstap van kweek naar moleculaire technieken om gonorroe te
diagnosticeren, en de verbetering van moleculaire typeringsmethoden, kunnen
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verbanden gelegd worden tussen genetische types en antibiotica resistentie. Voor
N. gonorrhoeae zijn relaties gevonden tussen resistentie tegen breed-spectrum
cefalosporinen (zoals ceftriaxon) en mozaïek types van het penA gen, en tussen
azitromycine resistentie en mutaties van 23S rRNA. In Hoofdstuk 8 hebben we
verschillende genetische typeringsmethoden en moleculaire markers gebruikt
om verbanden te vinden met azitromycine resistente N. gonorrhoeae stammen uit
Amsterdam. We hebben stammen geïncludeerd die resistent waren voor azitromycine,
en op aantal gematchte controles die gevoelig waren. De stammen werden getest met
N. gonorrhoeae variable-number of tandem repeat analyse (NG-MLVA), multiantigen
sequence typing (NG-MAST), en mutaties van 23S rRNA. We toonden aan dat 90%
van de resistente stammen C2611T mutaties van 23S rRNA hadden, welke geassocieerd
zijn met matige azitromycine resistentie. Dit was significant vaker dan bij gevoelige
stammen. Daarnaast vonden we drie NG-MAST genogroepen (G2992, G5108, en
G359) die significant vaker voorkwamen bij resistente stammen dan bij gevoelige
stammen. Een hiërarchische cluster analyse van NG-MLVA types liet vijf clusters
zien: drie bestonden voornamelijk uit resistente stammen, en twee uit gevoelige
stammen. Echter, vier van de vijf clusters bestonden uit zowel resistente als gevoelige
stammen. Deze resultaten bevestigen de eerder gerapporteerde associatie tussen
23S rRNA mutaties en azitromycine resistentie. Daarnaast laten de resultaten zien dat
er een verband is tussen azitromycine resistentie en zowel NG-MLVA clustering als
NG-MAST type in de Amsterdamse populatie. Het feit dat NG-MLVA clusters zowel
resistente als gevoelige stammen bevatten, suggereert dat azitromycine resistentie
zich onafhankelijk van het achtergrond genoom ontwikkelt.
Hoofdstuk 9 geeft een overzicht van de resultaten van de studies in dit proefschrift,
en de toegevoegde waarde van deze bevindingen ten opzichte van recente literatuur.
Op basis van onze resultaten, en in het licht van recente literatuur adviseren we dat
toekomstig onderzoek gericht moet zijn op het verbeteren en uitbreiden van antibiotica
resistentie surveillance wereldwijd. Daarnaast moet het gericht zijn op het verbeteren
van moleculaire methoden om resistentie aan te tonen en daarmee risicogroepen te
herkennen, terwijl het gebruik van kweken niet uit de surveillance mag verdwijnen.
Verder moet geïnvesteerd worden in het hernieuwd gebruik van empirische medicatie
voor geïndividualiseerde behandeling gebaseerd op resistentie patronen. Toekomstig
onderzoek naar de verbetering van gonorroe behandeling zou gericht moeten zijn op
het bepalen van de in vitro en klinische effectiviteit van bestaande antibiotica tegen N.
gonorrhoeae, en het ontwikkelen van een vaccin. Bovenal is voldoende financiering voor
onderzoek naar de ontwikkeling van nieuwe antibiotica onontbeerlijk.
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Vienna, Austria
- In vitro synergy determination for dual antibiotic therapy against resistant
Neisseria gonorrhoeae using Etest® and agar dilution, Annual Scientific Meeting,
Nederlandse Vereniging voor Experimentele Dermatologie (NVED), Lunteren, NL
- In vitro synergy determination for dual antibiotic therapy against resistant
Neisseria gonorrhoeae using Etest® and agar dilution, SOA/HIV Expert Meeting,
RIVM, Bilthoven, NL
- Test of cure after anogenital Neisseria gonorrhoeae, Spring Meeting, Nederlandse
Vereniging voor Medische Microbiologie (NVMM), Arnhem, NL
- Test of cure after anogenital Neisseria gonorrhoeae, STI & HIV World Congress,
Brisbane, Australia
- Time to clearance of Chlamydia trachomatis RNA and DNA after treatment in
patients coinfected with Neisseria gonorrhoeae – a prospective cohort study,
Annual Amsterdam Chlamydia Meeting, Amsterdam, NL
- Decreased azithromycin susceptibility of Neisseria gonorrhoeae isolates in patients
recently treated with azithromycin, International Union against STI (IUSTI) World
Congress, Marrakech, Morocco
- Wat is de bijdrage van recente azitromycine inname op het ontstaan van
resistentie in gonorroe-stammen? SOA/HIV Expert Meeting, RIVM, Bilthoven, NL
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Poster presentations
- Successful delayed culture of Neisseria gonorrhoeae after storage using the
ESwab™ system for up to 48 hours, Spring Meeting, Nederlandse Vereniging voor
Medische Microbiologie (NVMM), Arnhem, NL
- Aptima Combo 2 combined with delayed Neisseria gonorrhoeae cultivation using
the ESwab™ system, STI & HIV World Congress, Vienna, Austria
- Aptima Combo 2 combined with delayed Neisseria gonorrhoeae cultivation
using the ESwab™ system, Annual Meeting, Nederlandse Vereniging voor
Experimentele Dermatologie (NVED), Lunteren, NL
- Aptima Combo 2 combined with delayed Neisseria gonorrhoeae cultivation using
the ESwab™ system, AMC Graduate School Awards, Amsterdam, NL
- Decreased azithromycin susceptibility of Neisseria gonorrhoeae isolates in patients
recently treated with azithromycin, European Congress on Clinical Microbiology
and Infectious Diseases (ECCMID), Amsterdam, NL
(Inter)national conferences attended
- Spring Meeting, Nederlandse Vereniging voor Medische Microbiologie (NVMM),
Arnhem, NL
- STI & HIV World Congress, Vienna, Austria
- Symposium Infectious Diseases, AMC, Amsterdam, NL
- 15th Annual Scientific Meeting, Nederlandse Vereniging voor Experimentele
Dermatologie (NVED), Lunteren, NL
- National Congress STI*HIV*SEX, Amsterdam, NL
- STI & HIV World Congress, Brisbane, Australia
- 11th Annual Amsterdam Chlamydia Meeting, Amsterdam, NL
- 17th International Union against STI World Congress, Marrakech, Morocco
- European Congress on Clinical Microbiology and Infectious Diseases (ECCMID),
Amsterdam, NL
Organizing Committee
- Triple I PhD retreat on Immunology and Infectious Diseases, Kamerik, NL
- Annual GGD Amsterdam Research Day, Amsterdam, NL
Teaching
Supervision
- Esther de Vries, Master Student Biomedical Sciences (UvA), internship:
“Antimicrobial susceptibility of Neisseria gonorrhoeae strains in patients previously
treated with azithromycin” (12 months)
Lectures
- Guest lecture at Hologic Masterclass on Diagnostics, Utrecht, NL
- Guest lecture at Department of Medical Microbiology, UMC Utrecht, NL
Parameters of Esteem
Grants and scholarships
- STI & HIV World Congress: Full bursary
- International Union on STI World Congress: Scholarship
- New AntiBiotic treatment Options for uncomplicated GOnorrhoea (NABOGO
trial) – a double-blind randomized controlled non-inferiority trial. (Co-applicant)
The Netherlands Organisation for Health Research and Development (ZonMw).
2016: €418K
Awards and Prizes
- 15th Annual Scientific Meeting, Nederlandse Vereniging voor Experimentele
Dermatologie (NVED): Best poster presentation
- AMC Graduate School Awards: Second prize best PhD Poster
- STI & HIV World congress: Best oral presentation
Publications about my research
- “When to perform a test of cure for gonorrhea: controversies and evolving
data” Editorial by Lindley Barbee and Matthew Golden, in Clin Infect Dis.
2016;62(11):1356-9.
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