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We evaluated antimicrobial resistance in Neisseria gonorrhoeae isolated from men enrolled in a randomized
trial of male circumcision to prevent HIV. Urethral specimens from men with discharge were cultured for N.
gonorrhoeae. MICs were determined by agar dilution. Clinical and Laboratory Standards Institute (CLSI)
criteria defined resistance: penicillin, tetracycline, and azithromycin MICs of =2.0 pg/ml; a ciprofloxacin MIC
of =1.0 pg/ml; and a spectinomycin MIC of =128.0 pg/ml. Susceptibility to ceftriaxone and cefixime was shown
by an MIC of =0.25 pg/ml. Additionally, PCR amplification identified mutations in parC and gyrA genes in
selected isolates. From 2002 to 2009, 168 N. gonorrhoeae isolates were obtained from 142 men. Plasmid-
mediated penicillin resistance was found in 65%, plasmid-mediated tetracycline resistance in 97%, and 11%
were ciprofloxacin resistant (quinolone-resistant N. gonorrhoeae [QRNG]). QRNG appeared in November
2007, increasing from 9.5% in 2007 to 50% in 2009. Resistance was not detected for spectinomycin, cefixime,
ceftriaxone, or azithromycin, but MICs of cefixime (P = 0.018), ceftriaxone (P < 0.001), and azithromycin (P =
0.097) increased over time. In a random sample of 51 men, gentamicin MICs were as follows: 4 pg/ml (n = 1),
8 pg/ml (n = 49), and 16 pg/ml (n = 1). QRNG increased rapidly and alternative regimens are required for
N. gonorrhoeae treatment in this area. Amid emerging multidrug-resistant N. gonorrhoeae, antimicrobial
resistance surveillance is essential for effective drug choice. High levels of plasmid-mediated resistance and
increasing MICs for cephalosporins suggest that selective pressure from antibiotic use is a strong driver of

resistance emergence.

In sub-Saharan Africa, gonorrhea prevalence in the adult
population is estimated at 2 to 3%, with incidence rates esti-
mated at 58 cases per 1,000 males and 65 per 1,000 females, the
highest among developing countries (37).

Antimicrobial resistance in Neisseria gonorrhoeae has been
an ongoing issue since the discovery of plasmid-mediated
penicillin resistance (PPNG) in 1976; clinically important chro-
mosomally mediated penicillin and tetracycline resistance
emerged in the early 1980s, and plasmid-mediated tetracycline
resistance (TRNG) emerged in 1985. Oral fluoroquinolones
(quinolones) became the first-line recommended therapy for
gonococcal infection in 1993 (6). However, quinolone resis-
tance rapidly developed, initially in the western Pacific (42),
and by 2007 became so widely prevalent that the CDC re-
scinded this recommendation (9). Resistance to previously rec-
ommended ciprofloxacin and ofloxacin regimens currently ex-
ceeds 40% in some Asian countries (42). Substantial quinolone
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resistance has been identified only in South Africa, but ongoing
systematic data collection and analysis are limited, and there
are no surveillance data from Africa similar to the gonococcal
surveillance programs in the United States, the western Pacific,
Europe, or Australia (37).

We conducted a randomized trial of male circumcision to
prevent HIV acquisition in men aged 18 to 24 years old in
Kisumu, Kenya (3). The trial took place from 2002 through
2006, with continued follow-up of participants through 2010.
Men were routinely tested and treated for ulcerative and non-
ulcerative sexually transmitted infections (STIs) at 6-month
intervals as well as whenever symptomatic episodes occurred.
This provided a unique opportunity to study the prevalence
and types of antimicrobial resistance for urogenital N. gonor-
rhoeae isolates in a systematic sample over this time period and
to study the emergence of quinolone resistance.

MATERIALS AND METHODS

Study design and participants. This is an analysis of data collected between
February 2002 and July 2009 from men aged 18 to 24 enrolled in a randomized
controlled trial of male circumcision to reduce HIV acquisition in Kisumu,
Kenya. Details of recruitment and enrollment have been previously described
(3). Briefly, for inclusion in the study men had to be uncircumcised, HIV nega-
tive, sexually active in the last 12 months, aged 18 to 24 years, have a hemoglobin
level of >9.0 mmol/liter, and be resident in Kisumu District with no plans to
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move away for the duration of follow-up (2 years). Men were excluded if their
foreskin covered less than half the glans or if they had hemophilia or another
bleeding disorder, a medical condition contraindicating surgery, or an absolute
indication for circumcision. This study was approved by the Institutional Review
Boards of the University of Illinois at Chicago, the Kenyatta National Hospital,
RTI International, and the University of Manitoba.

Data collection. All consenting participants underwent a standardized medical
examination and history and a personal interview in the participant’s language of
choice (English, Dholuo, or Kiswahili) to obtain sociodemographic and behav-
ioral risk factor data. All exposure variables except age and residence at baseline
were taken from the preceding visit closest in time to the culture-positive isolate
(see below).

Detection of N. gonorrhoeae. Participants were asked to provide first-void urine
specimens which were tested for N. gonorrhoeae and Chlamydia trachomatis by
PCR assay (Amplicor CT/NG test; Roche Diagnostics, Montreal, Canada). Men
with urethral discharge on physical examination had a urethral swab taken for
PCR testing for N. gonorrhoeae and C. trachomatis and for culturing of N.
gonorrhoeae. Urine and urethral swabs were sent to the University of Nairobi
Department of Medical Microbiology for PCR testing. All tests were conducted
according to the manufacturer’s instructions. Culturing was performed in the
study lab in Kisumu. Urethral swabs were inoculated directly onto Thayer-
Martin chocolate agar and incubated at 35°C in a moist atmosphere containing
5% CO, for 24 to 48 h. N. gonorrhoeae isolates were identified by colony
morphology, Gram stain, and oxidase test and then subcultured on plain choc-
olate agar for 24 h and frozen at —80°C.

Treatment. Men presenting with urethritis were presumptively treated with
doxycycline at 100 mg twice daily for 7 days and 400 mg of oral norfloxacin as a
single dose, which was accordant with the Kenyan national guidelines for treat-
ment of STIs (31). Asymptomatic men testing positive for N. gonorrhoeae or C.
trachomatis by PCR were traced and treated with the same regimen. Trichomo-
nas infection was treated with oral metronidazole at 2 g as a single dose. Begin-
ning in February 2009, the presumptive treatment for urethritis changed to
doxycycline at 100 mg twice daily for 7 days and 400 mg of cefixime as a single
dose, with cefixime also used for the treatment of laboratory-detected N. gonor-
rhoeae infection. Infected men were given coupons to give to their sex partners
for free treatment. However, there was no follow-up of these coupons, and it is
unknown how many partners were treated.

Antimicrobial susceptibility testing. Antimicrobial susceptibilities of N. gon-
orrhoeae to azithromycin (compliments of Pfizer, Pointe-Claire/Dorval, Québec,
Canada), cefixime (compliments of Wyeth-Ayerst Laboratories, Mason, MI),
ciprofloxacin (compliments of Bayer, Etobicoke, Ontario, Canada), spectinomy-
cin (compliments of Pharmacia & Upjohn, Kalamazoo, MI), ceftriaxone, eryth-
romycin, penicillin, gentamicin, and tetracycline (Sigma-Aldrich Canada Ltd.,
Oakville, Ontario, Canada) were determined by the National Microbiology Lab-
oratory, Public Health Agency of Canada (Winnipeg, Canada) using the agar
dilution method with a GC medium base (Difco Laboratories, Detroit, MI)
containing 1% Kellogg’s defined supplement and 2-fold dilutions of antibiotic. N.
gonorrhoeae ATCC 49226 and World Health Organization (WHO) strains B, C,
and D were used as controls. Breakpoints were in accordance with the Clinical
and Laboratory Standards Institute (CLSI): MICs of =2 pg/ml (penicillin), =2
pg/ml (tetracycline), =1 pg/ml (ciprofloxacin), and =128 pg/ml (spectinomycin)
were considered resistant, and MICs of =0.25 pg/ml for cefixime and ceftriaxone
were considered susceptible (11). The breakpoint for resistance for erythromycin
and azithromycin was =2 pg/ml (14, 38). A random sample of 51 specimens
underwent susceptibility testing for gentamicin. Isolates were subcultured on GC
medium base containing 0.2% BioX and incubated for 24 h at 35°Cin a 5% CO,
atmosphere with or without antibiotics and maintained in brain heart infusion
(BHI) medium containing 20% glycerol and stored at —80°C. Auxotyping was
performed for nutritional requirements. Plasmids were isolated using the Pro-
mega Wizard Plus SV Minipreps DNA purification system (Fisher Scientific,
Ottawa, Ontario, Canada) according to the manufacturer’s instructions, and
plasmid profiles were determined by agarose gel electrophoresis. The presence
of the tet(M)-containing plasmid was confirmed using PCR (44).

When agar dilution testing was conducted in 2009, it was discovered that 63
isolates (1 from 2003, 1 from 2004, 23 from 2005, 24 from 2006, 9 from 2007, and
5 from 2008) were nonrecoverable. Therefore, to assess quinolone resistance,
these specimens underwent PCR amplification at The Johns Hopkins Bayview
Infectious Diseases Division to detect mutations in the parC and gyr4 genes of
the quinolone resistance-determining region, as previously described (17). Pre-
vious studies have shown these mutations in these genes to have a high corre-
lation with increased fluoroquinolone MICs (27, 45-46).

Data analysis. We examined the prevalence of N. gonorrhoeae (detected by
culture and PCR) and quinolone and other antimicrobial resistance by year
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FIG. 1. Prevalence of N. gonorrhoeae (NG) over time with propor-
tions of ciprofloxacin and penicillin resistance. Penicillin resistance
(Pen-R) was defined by MIC of =2 pg/ml, and ciprofloxacin resistance
(Cipro-R) was defined by MIC of =1 pg/ml or gyr4 or parC mutation.

(2002 to 2009) as well as changes in MICs for each antimicrobial assessed. The
statistical significance of trends over time was assessed by a nonparametric trend
test. To better understand the epidemiology of resistant infection and how it may
have spread within the community, we compared characteristics of men with
quinolone-resistant infection to men with quinolone-susceptible infection and
made similar comparisons for other antibiotics showing increased MICs. In-
creased MICs of cefixime (=0.016 pg/ml), ceftriaxone (=0.016 pg/ml), azithro-
mycin (=0.25 pg/ml), and gentamicin (=16 pg/ml) were selected based on
previous publications (5, 12, 20, 36, 39). Differences between categorical vari-
ables were assessed by chi-square test and with Fisher’s exact test when 1 was <5.
Descriptive analyses include frequencies and MIC 50th and 90th percentiles for
each antimicrobial, presented by time period (2002 to 2006 versus 2007 to 2009),
to examine the putative changes in MICs at the time that quinolone resistance
emerged. Data were analyzed using STATA/SE 10.0 for Windows (Stata Corp.,
College Station, TX).

RESULTS

Between February 2002 and September 2005, 2,784 men
were enrolled and randomized as to circumcision (n = 1,391)
or delayed circumcision (n = 1,390). Follow-up visits, baseline
sociodemographic characteristics, sexual risk behaviors, and
STI infection were well balanced between the two arms (3).
From February 2002 through July 2009, the prevalence of N.
gonorrhoeae infection decreased from 3.8% in 2002 to 2.7% in
2009 (Fig. 1), representing 331 N. gonorrhoeae infections de-
tected by PCR and/or culture. Of these, there were 168 cul-
ture-positive N. gonorrhoeae results occurring in 142 men. Melt
curves for the parC and gyr4A genes failed for 2 of the 63
nonviable isolates, and PCR testing was not performed. Re-
sults then are restricted to 166 isolates, of which 26 (16%) were
second infections. All 140 initial infections were treated; hav-
ing more than one N. gonorrhoeae culture-positive visit was not
correlated with quinolone or penicillin resistance or demo-
graphic or behavioral characteristics, and the median time
from initial to subsequent infection was 301 days. Therefore,
these 26 repeat infections were treated as independent obser-
vations (i.e., new infections) for statistical analysis of MIC and
resistance. Demographic and behavioral characteristics, year
of recovery, and auxotype are shown in Table 1.

Quinolone resistance. Over the period from 2002 to 20009,
the MICs, and MIC,,, for ciprofloxacin were 0.004 pg/ml and
2 ng/ml, respectively (range, 0.001 to 4) (Table 2), but the
MIC,,, increased from 0.004 pg/ml to 4.0 pg/ml from the pe-
riod 2002 to 2006 to the period 2007 to 2009. Resistance to
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TABLE 1. Demographic and behavioral characteristics of culture-
positive N. gonorrhoeae episodes

Characteristic ( Nn:( ?20)“
Age group (yr) at baseline
T8-200 ottt 67 (48)
2124 e 73 (52)
Residence at baseline
KASUMU oottt nes 60 (43)
Other 80 (57)
Circumcision status at time of infection
CITCUMCISEA ..ottt se e seeseacnes 71 (51)
Uncircumcised 69 (49)
Condom use at last sexual intercourse
INO ettt 68 (51)
Yes. ... 66 (49)
Gave gifts or money to a woman for sex in
past 6 months
110 (87)
.............................................................................................. 17 (13)
106 (79)
.............................................................................................. 28 (21)
130 (93)
.............................................................................................. 10 (7)
Year of culture-positive isolate
identification (n = 166)
18 (11)
. 19(11)
17 (10)
27 (16)
.. 28(17)
.. 21 (13)
.. 22 (13)
14 (8)
48 (46)
Proline 47 (45)
MIXE. ettt ettt aseneacne 7(7)
Other 2(2)
URLEYPEADIE ...ttt eeaeseaseacsesseseacnes 1(1)

“ Not all cells sum to N (total number of cases) due to missing data.

> Auxotyping was performed for nutritional requirements for leucine, orni-
thine, citrulline, proline, arginine, hypoxanthine, uracil, and methionine. Strains
that did not have requirements for these amino acid supplements were desig-
nated nonrequiring. Mixed is proline (n = 6) in combination with ornithine (n =
2) or hypoxanthine (n = 4); one isolate was methionine/hypoxanthine.

ciprofloxacin (MIC = 1 pg/ml) or the presence of mutant parC
or gyrA was first detected in November 2007. Overall, 15/166
(9.0%; 95% confidence interval [CI]: 4.6 to 13.4%) specimens
were quinolone resistant: 13/105 (12.4%) by agar dilution test-
ing and 2/61 (3.3%) by PCR (one gyr4 mutant/parC mutant;
one gyrA mutant/parC wild type). The trend of increasing pro-
portions of resistant specimens (Fig. 1) in 2007 (9.5%; 95% CI:
1.2 to 30%), 2008 (27.3%; 95% CI: 10.7 to 50.2%), and 2009
(50%; 95% CI: 23 to 77%) is statistically significant (P <
0.001). The increase in MIC over time was also statistically
significant (Fig. 2D) (P < 0.001).

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 2. Results of agar dilution testing: distribution of MICs by
antibiotic and time

MIC (pg/ml) at indicated time
of isolate recovery

Antibiotic MIC %“
2002-2006 2007-2009
(n = 62) (n = 43)
Penicillin 50 8.0 16.0
90 128.0 128.0
Ciprofloxacin 50 0.004 0.004
90 0.004 4.0
Azithromycin 50 0.064 0.064
90 0.125 0.25
Cefixime 50 0.008 0.008
90 0.008 0.016
Ceftriaxone 50 0.004 0.008
90 0.008 0.016
Tetracycline 50 32.0 32.0
90 64.0 320
Erythromycin 50 0.25 0.25
90 0.5 1.0
Spectinomycin 50 16.0 16.0
90 32.0 320

“ For MIC %, 50 and 90 represent MICs, and MICy,, respectively.

MIC profiles of other antimicrobials. Overall, 68 (65%)
isolates exhibited penicillin resistance (MIC = 2 pg/ml). All of
these were plasmid related (66 were 3.2 MDa and 2 were 4.5
MDa). All isolates exhibited the 2.6-MDa cryptic plasmid. The
auxotype was primarily nonrequiring (46%) or proline (45%)
and did not vary over time. The increase in MIC over time was
statistically significant for cefixime (P = 0.018) and ceftriaxone
(P < 0.001) (Fig. 2A and 2C, respectively). There were 12
(11%) isolates with cefixime MICs of =0.016 pg/ml and 6 (6%)
isolates with ceftriaxone MICs of =0.016 pg/ml. The increases
in MIC over time for penicillin (P = 0.069) and azithromycin
(P = 0.097) were marginally statistically significant (Fig. 2B
and 2E, respectively). There were 2 (2%) isolates with in-
creased azithromycin MICs (0.5 pwg/ml, 0.64 pwg/ml). There was
no change over time in the erythromycin (P = 0.280), spec-
tinomycin, and tetracycline MICs (results not shown for
spectinomycin or tetracycline). All isolates were susceptible
to spectinomycin. Three (3%) exhibited erythromycin resis-
tance (MIC = 2 pg/ml), and 97% (n = 102) exhibited the
25.2-MDa plasmid and were resistant to tetracycline
(MIC = 2 pg/ml). Of the 51 specimens with gentamicin
susceptibility testing results, 1 (2%) had an MIC of 4 pg/ml,
49 (96%) had an MIC of 8 pg/ml, and 1 (2%) had an MIC
of 16 pg/ml.

Comparison of participant characteristics by MIC. A
greater proportion of isolates with ciprofloxacin resistance
(MIC = 1 pg/ml), increased azithromycin MIC (=0.25 pg/ml),
and increased ceftriaxone MIC (=0.016 pg/ml) occurred
among residents of Kisumu District versus residents of neigh-
boring districts: 92% (12/13) versus 48% (44/92) for ciprofloxa-
cin (P = 0.003); 83% (10/12) versus 50% (44/88) for azithro-



VoL. 55, 2011 ANTIMICROBIAL RESISTANCE EMERGENCE IN N. GONORRHOEAE 3885

A. Cefixime MIC Over Time, p=0.018 B. Penicillin MIC Over Time, p=0.069 C. Ceftriaxone MIC Over Time, p<0.001

0.125
20021 I oos| 2002 025 2002 ] - o002
I 0.016 98 I0.008
2003 . 0.032 2003 " 2003 0016
]
2004 2004 =16 20044 I
32
2005 2005 =?ge 20054
—356
2006 2006 20064 .
2007 2007 20074
2008 2008 2008
20091 2009 20094
T T T T T T T T T T T T T T T
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

D. Ciprofloxacin MIC Over Time, p<0.001 E. Azithromycin MIC Over Time, p=0.097 F. Erythromycin MIC Over Time, p=0.280

0.001 0.032 0.064
20024 0.002 2002 l 0.064 2002+ 0.125
0.004 0.125 0.25
20034 0.008 2003 [Eo.25 2003 o.5
— 1 0.5 |
— 2 O .64 —H
2004 — 20044 . 2004
2005 20054 2005 I
2006 2006 2006

20074

2007 I 2007

2008 2008
2009 - 2009
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
FIG. 2. (A to F) MICs (pg/ml) by year: cefixime (A), penicillin (B), ceftriaxone (C), ciprofloxacin (D), azithromycin (E), and erythromycin (F).
The x axis indicates the number of specimens and the legend indicates the MIC. The statistical significance (P value) of the nonparametric test

for a trend of increasing MIC over time is presented after each caption.

2008+

2009+

mycin (P = 0.034); and 11% (6/56) versus 0% (0/49) (P =
0.029) for ceftriaxone. Compared to patients producing iso-
lates with cefixime MICs of <0.016 pg/ml, having two or more
sex partners was more common among patients producing
isolates with cefixime MICs of =0.016 pg/ml (42% [5/12] ver-
sus 20% [18/90], P = 0.092), and condom use was less common
(17% [2/12] versus 49% [44/90], P = 0.061). When data exam-
ined were restricted to those obtained upon initial visits, only
the association between Kisumu District residence and cipro-
floxacin resistance remained significant at the P level of <0.05.

Age at baseline, circumcision status, exchange of gifts or
money for sex, and antibiotic use during the previous 6 months
were not associated with MIC as a continuous or categorical
variable for any antibiotic. Antibiotic prescription or dispen-
sation in 32,039 medical visits was as follows: penicillins at
4,225 (13.2%, including augmentin [n = 469]) visits, doxycy-
cline at 950 (3.0%) visits, cephalosporins (cefixime or ceftriax-
one) at 108 (0.3%) visits, quinolones (norfloxacin and cipro-
floxacin) at 1,043 (3.3%) visits, spectinomycin at 65 (0.2%)
visits, erythromycin at 311 (1.0%) visits, and azithromycin at 34
(0.1%) visits. Antibiotic prescribing at the cohort level (fre-
quency of prescription of penicillins, tetracyclines, macrolides,
quinolones, cephalosporins, and spectinomycin; examined in-
dividually) did not change significantly over time and was not
associated with MIC levels for any antibiotics.

Increased MIC, by either trend or cutoff, was not associated
with having multiple N. gonorrhoeae culture-positive visits for
any of the antibiotics assessed. Quinolone resistance did not
differ by single infection or reinfection (13.7% single/initial
visit versus 9.4% at reinfection, P = 0.750), nor did penicillin
resistance (81% at single/initial versus 79% at reinfection, P >

0.99). By nonparametric trend test, an increasing MIC was not
associated with reinfection for any antimicrobial.

DISCUSSION

The levels of Neisseria gonorrhoeae antimicrobial resistance
measured in our sample of young men in Kisumu, Kenya, from
2002 to 2009 are some of the highest reported. Of note, the
resistance observed was entirely plasmid related, making it
among the highest prevalences of plasmid-mediated penicillin
and tetracycline resistance observed (2, 12, 41). The differences
in mechanisms giving rise to plasmid-mediated and chromo-
somal resistance indicate that this is in response to intense
selective pressure.

Our findings are not surprising in light of the high preva-
lence of quinolone resistance worldwide (37) and increasing
reports of quinolone resistance in South Africa. In response to
clinical failures in patients treated with ciprofloxacin in Dur-
ban, South Africa, Moodley et al. measured a 22% prevalence
of quinolone resistance in 139 N. gonorrhoeae isolates by using
molecular methods (32). Among men attending health clinics
in Cape Town and Johannesburg, the prevalence of ciprofloxa-
cin resistance increased from 7% and 11%, respectively, in
2004 to 27% and 32%, respectively, in 2007 (25), while a
2004-2005 study in the Pretoria region found 7% quinolone
resistance (13). Additionally, similar prevalences of quinolone
resistance observed in North America and Europe are not
accompanied by high levels of plasmid-mediated resistance
(12).

We observed statistically significant increases in cephalospo-
rin MICs over time, which is in keeping with increased MICs
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for cefixime and ceftriaxone in N. gonorrhoeae isolates from
Southeast Asia, Europe, and Australia (10, 18, 41). The shift in
MIC over time for cefixime and ceftriaxone appears to have
been preceded by an increase in penicillin resistance (Fig. 1),
which is consistent with what is known about mechanisms of
beta-lactamase resistance. A correlation between chromo-
somally mediated penicillin resistance and increased MIC for
cephalosporins has been observed, and they appear to be
linked by mosaic and nonmosaic penA and penB alleles (21, 22,
33). Conversely, studies by Whiley et al. (40) and Takahata et
al. (35) support a nonclonal link between resistance emergence
in cephalosporins and penicillin. Other genetic loci may be
involved (4), and the mechanism by which the mutations are
acquired is not completely understood, though genetic mate-
rial is possibly acquired from other Neisseria spp. (1, 48). Dis-
pensation of cephalosporins in our cohort was rare. While this
is not a measure of community-level use of these drugs, the
men in the cohort were unlikely to seek care outside of the
study, as medical care was provided for free to study partici-
pants. The much higher cost of cephalosporins relative to quin-
olones (28) is likely a barrier to generalized use in the com-
munity. Increases in cephalosporin MICs in N. gonorrhoeae
isolates from men in our cohort in this time period may not be
the result of generalized overuse of cephalosporins. Sequenc-
ing of additional genetic loci may further our understanding of
origins of cephalosporin and other antimicrobial resistance
emergence. Epidemiologic study of factors associated with
quinolone resistance and with increased MICs of other anti-
microbials can augment surveillance to allow early anticipation
of emergence of resistance.

The increased MICs for cephalosporins we observed con-
tribute to the growing concern regarding multidrug-resistant
N. gonorrhoeae. In areas of Japan and Korea, up to 40% of
isolates show tetracycline, penicillin, fluoroquinolone, and
multiple oral cephalosporin resistance (29). A decreased abil-
ity to treat N. gonorrhoeae is a serious public health concern
because of the high burden of disease, the important sequelae,
the risk for continued transmission through increased duration
of infectiousness, the contribution to HIV transmission and
acquisition (26, 37), and the potential for shared resistance
with other Neisseria spp. Acquisition of extended-spectrum
beta-lactamase resistance is even more alarming, as the resis-
tance plasmids can be transferred to other bacterial species.
Suggested strategies to stem antimicrobial resistance in N.
gonorrhoeae include multiple dosing, increased dosing, and
drug cycling (10). However, the extremely high levels of plas-
mid-mediated resistance we observed suggest that selective
pressure coming from community antibiotic use is a stronger
driver of resistance emergence than suboptimal N. gonorrhoeae
treatment. Strategies from the WHO for containing antimicro-
bial resistance more broadly aim at the root of resistance
emergence, primarily the appropriate use of antimicrobials,
improved infection control practices, and the reduced use of
antimicrobials in food animal production (43). The Antimicro-
bial Resistance Containment and Surveillance approach rec-
ommends that interventions simultaneously address procure-
ment and management at the regulatory level, as well as
demand and use at the individual level (34). With high levels of
quinolone resistance, if cephalosporins become ineffective, the
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future of N. gonorrhoeae control will be in a dire state, espe-
cially in limited-resource settings.

Results of por sequencing suggest that recombination and
diversity may be increased within high-risk groups as individ-
uals are exposed to multiple gonococcal strains (16, 30). The
association between fluoroquinolone resistance and high-risk
groups is echoed by findings of increased quinolone resistance
among men who have sex with men (7, 15). While resistance
was not more common among men with repeat N. gonorrhoeae
infections in our cohort, increased cefixime MIC was associ-
ated with multiple recent sex partners and lack of condom use,
providing suggestive epidemiologic data that core transmitter
sexual behavior may accelerate the emergence of resistance.
The association between residence in Kisumu District and
increased MICs for ciprofloxacin, azithromycin, and ceftriax-
one may reflect different circulating gonococcal strains, as
other explanatory variables examined in this analysis did not
vary by residence.

Spectinomycin is an effective alternative drug choice for the
treatment of uncomplicated N. gonorrhoeae (8), and we ob-
served no resistance in this study. However, delivery by injec-
tion makes spectinomycin unfavorable for resource-poor
settings and for administration by lower-skilled health care
workers, and spectinomycin is not recommended for pharyn-
geal infection (9). While MIC values that define resistance in
documented treatment failure have not been determined for
aminoglycosides, only one (2%) of our isolates had a gentami-
cin MIC that might be considered raised. Results of studies
from the 1970s through the 1990s demonstrate a curative ef-
ficacy of 92 to 98% for gentamicin against N. gonorrhoeae (5,
20, 36). While several studies from the 1990s found N. gonor-
rhoeae sensitivity to gentamicin ranging from 94 to 100% by
using an MIC breakpoint of 16 (19, 23-24), a study of 47 men
with N. gonorrhoeae-positive urethral discharge in Malawi in
2000 and 2001 found 7 (15%) had gentamicin MICs of >16
(47). Gentamicin may prove a relevant potential alternative
therapy if cephalosporin resistance emerges, and it should be
included in routine antimicrobial resistance surveillance.

Fluoroquinolones are no longer recommended as the first-
line therapy when resistance exceeds 5% (37, 42). However,
the average wholesale prices of 250 mg of intramuscular (i.m.)
ceftriaxone (the lowest unit dose commercially available, which
is commonly used) and a 400-mg tablet of cefixime are several
times higher than those of the equivalent doses of norfloxacin
or ciprofloxacin (28). In developing countries, where resources
are limited, the higher cost of newer antimicrobials can be a
significant financial burden. The geographic variability in the
prevalence and type of gonococcal antibiotic resistance (37, 42)
presents a challenge for adequate drug choice and dosing.
Currently, there is no regular gonococcal antimicrobial suscep-
tibility testing in Kenya. Selectively applying antimicrobial reg-
imens in different geographic locales in an effort to minimize
costs would require local and timely susceptibility testing. At a
minimum, sentinel or periodic surveillance programs in select
geographic locations should be implemented. In addition to
identifying the most effective drug class and member, surveil-
lance can be used to evaluate the effects on antimicrobial
susceptibility of altered pharmacological regimens, and should
incorporate measures of community-level antibiotic prescrib-
ing and bacterial burden. The rising rates of quinolone resis-
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tance and associated treatment failure will lead to gonococcal
disease progression and continued transmission (37), making
alternative regimens necessary. Unfortunately, the replace-
ment of quinolones with cephalosporins may be only a tempo-
rary solution to improved N. gonorrhoeae management, in light
of the growing potential for multidrug-resistant N. gonor-
rhoeae.

Limitations. Our ability to identify factors associated with
antimicrobial resistance and MIC shift over time was limited by
sample size. Nevertheless, the 7.5-year observation period pro-
vides insight into the occurrence of quinolone resistance over
time, as well as a suggestion of the possibility of decreased
susceptibility of Neisseria gonorrhoeae to cephalosporins and
macrolides. The interpretation of trends in MIC over time is
impeded by the lack of data from 2005 and 2006. Thus, our
power to detect changes is decreased, and the increase in MICs
may have occurred earlier than observed. However, we were
able to assess quinolone resistance in all isolates by augment-
ing detection with PCR analysis. Finally, while this was not a
probability sample of the Kisumu District population, our co-
hort was sampled from the community and sexual partners are
located locally. Therefore, we believe the high prevalence of
quinolone resistance we observed is strongly suggestive of lev-
els of quinolone resistance in the community.

Conclusions. The level of quinolone resistance we detected
(26% in 2007 to 2009) in Kisumu, Kenya, is greater than the
level (5%) (37) at which an alternative antibiotic regimen is
recommended, and this indicates that clinicians should not be
using ciprofloxacin or norfloxacin to treat gonorrhea. A non-
quinolone antibiotic such as cefixime or ceftriaxone would be
appropriate to treat diagnosed or suspected gonorrhea in this
area, as indicated by the low MIC,,, values we observed. The
coexistence of multiple other types of resistance and increased
MICs for cephalosporins contributes to a growing concern
about multidrug-resistant N. gonorrhoeae. Ongoing surveil-
lance for antimicrobial resistance in Kenya is lacking and is an
essential public health capacity to ensure timely response to
emerging cephalosporin and multidrug-resistant N. gonor-
rhoeae and the selection of pharmacological regimens offering
effective cures. The prevention of antimicrobial resistance
emergence will require a population-level approach rather
than a disease-specific approach.
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