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Background. Klebsiella pneumoniae causes serious, life-threatening infections in humans in endemic and epi-
demic settings. The objective of this study was to determine whether the incidence of K. pneumoniae bloodstream
infection (BSI) was higher during warm months.

Methods. We analyzed surveillance data from 2001-2006 at 4 hospitals located on 4 continents. Incidence rates
(IRs) and IR ratios (IRRs) were determined using multivariable Poisson regression.

Results. In total, 1189 cases of K. pneumonia BSIs occurred during 6,671,337 patient-days. The IR of K. pneu-
moniae BSI during the 4 warmest months of the year was 2.23/10,000 patient-days, whereas the IR of K. pneumoniae
BSI for the other 8 months was 1.55/10,000 patient-days (IRR, 1.46 [95% confidence interval, 1.04-2.06]; P = .03).
In contrast, no seasonal variation was identified in rates of BSI due to Enterobacter or Serratia species. Using Poisson
regression, we showed that temperature (P < .0001) and dew point (a marker for relative humidity; P < .0001) were

both linearly predictive of increasing rates of K. pneumoniae BSI.
Conclusions. Environmental pressures may lead to an increase in the IR of K. pneumoniae BSI during the warmest

months of the year.

Klebsiella pneumoniae is a ubiquitous environmental or-
ganism and a common cause of serious gram-negative
infections in humans, including bloodstream infection
(BSI), ventilator-associated pneumonia, and urinary
tract infection [1-3]. Infections due to K. pneumoniae
occur in both endemic and outbreak settings [3, 4]. Iso-
lates of K. pneumoniae are becoming increasingly resis-
tant to antibiotics and subsequently may become even
more difficult to treat. For example, 21% of K. pneu-
moniae infections in US intensive care units were resis-
tant to third-generation cephalosporins in 2003 [5].
Some gram-negative organisms, including Acineto-
bacter [6] species, Aeromonas species [7, 8], and Burk-
holderia pseudomallei [9], have seasonal variations in
rates of infection. Although veterinarians have noted
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that K. pneumoniae intramammary infections in cows
are increased during summer [10], seasonal variation in
the incidence of K. pneumoniae infection in humans has
not, to our knowledge, been reported. By a systematic
examination of the incidence of pathogens in a large
hospital in Marseille, we found a significant increase in
BSI caused by K. pneumoniae during the summer
months. The objective of the present study was to eval-
uate this observation further and specifically to deter-
mine whether K. pneumoniae BSI has a higher incidence
during warm months in 4 countries located on 4 conti-
nents. In addition, we examined the rates of Serratia and
Enterobacter BSIs to assess whether similar seasonal vari-
ations occurred with these organisms.

METHODS

We conducted a retrospective ecological study using mi-
crobiological data from 4 tertiary referral institutions on
4 continents: Duke University Medical Center (DUMC)
in Durham, North Carolina (35°59' N, 78°54' W); Assis-
tance Publique-Hopitaux de Marseille (APHM) in Mar-
seille, France (43°18' N, 5°23' E); the Bayside Health
(BH) hospital network in Melbourne, Australia (37°49'
S, 144°57" E); and Koo Foundation Sun Yat-Sen Cancer
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Figure 1. Monthly rates of Klebsiella pneumoniae bloodstream infection (BSI) and average monthly temperatures at 4 study institutions on 4
continents. A, Duke University Medical Center, Durham, North Carolina. B, Assistance Publique—Hopitaux de Marseille, Marseille, France. C, Bayside
Health, Melbourne, Australia. 0, Koo Foundation Sun Yat-Sen Cancer Center, Taipei, Taiwan. pt-days, patient-days.

Center (KFSYSCC) in Taipei, Taiwan (25°01' N, 121°27" E). All
study institutions are located in temperate regions of the globe
with distinct seasons throughout the year. Taipei, however, has a
perennial mild subtropical weather pattern that is interrupted
briefly by summer typhoons.

DUMC is a 753-bed university-affiliated center with 8 inten-
sive care units, a trauma unit, and a bone marrow transplant
unit. Patient-day and BSI incidence data for the 3 study organ-
isms (K. pneumoniae and Enterobacter and Serratia species) were
available at DUMC from January 2001 to December 2006.

APHM is a network of 3 hospitals (Hopitaux de la Timone,
Conception, and Sud) with 2864 beds. K. pneumoniae BSI and
patient-day data were available at APHM from January 2001 to
September 2006. Enterobacter and Serratia BSI data were avail-
able from January 2002 to December 2006.

BH is a network of 3 hospitals (Alfred Hospital, Sandring-
ham Hospital, and Caulfield Hospital) with 796 beds. The
Alfred Hospital offers statewide specialty services that include
intensive care, burn, trauma, and transplantation units.
Sandringham and Caulfield Hospitals comprise a total of 446
beds that provide community-level obstetrics, emergency
medicine, hemodialysis, rehabilitation, and assisted accom-
modation. K. pneumoniae BSI and patient-day data were
available at BH from January 2002 to November 2006. Enter-
obacter and Serratia BSI data were available from June 2002 to
November 2006.

KFSYSCC is a 352-bed university-affiliated cancer center lo-
cated in Taipei, Taiwan. K. pneumoniae BSI, Enterobacter BSI,
Serratia BSI, and patient-day data were available at KESYSCC
from January 2002 to December 2006.
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Table 1. Incidence rates (IRs) and IR ratios (IRRs) for Klebsiella pneumoniae
bloodstream infection (BSI) during the warm season compared with the rest of
the year, for 4 hospitals on 4 continents.

IR (95% Cl)
Hospital Warm season Rest of year IRR (95% Cl) P
KFSYSCC 13.1 (4.13-22.9) 9.18 (0-21.7) 1.41 (1.02-1.95) .04
DUMC 2.56 (0.65-4.63) 1.78 (0.48-3.32) 1.44 (1.11-1.87) .006
BH 1.79 (0.36-4.29) 1.07 (0-2.62) 1.49 (1.00-2.22) .05
APHM 1.56 (0.55-3.70) 1.05(0.19-2.23) 1.47 (1.13-1.89) .004

NOTE. IRs were calculated as the no. of K. pneumoniae BSIs/10,000 patient-days; IRs,
IRRs, 95% confidence intervals (Cls), and P values were obtained using Poisson regression.
The warm season was defined as the 4 warmest months of the year at each location. APHM,
Assistance Publique-Hoépitaux de Marseille (Marseille, France); BH, Bayside Health (Mel-
bourne, Australia); DUMC, Duke University Medical Center (Durham, North Carolina);

KFSYSCC, Koo Foundation Sun Yat-Sen Cancer Center (Taipei, Taiwan).

Variables and definitions. A BSI was defined as =1 blood
culture from a patient that was positive for a study organism (K.
pneumoniae, Enterobacter species, or Serratia species). A patient-
day was defined as any portion of a day during which a patient
received inpatient care at a study institution. Incidence rates
(IRs) of BSI were calculated per 10,000 patient-days. The warm
season was defined as the 4 warmest months in a calendar year at
each institution. In Durham, Marseille, and Taipei, the warm
season spanned June—September; in Melbourne, the warm sea-
son included December—March. To calculate composite
monthly rates, the Southern Hemisphere calendar was trans-
posed to equate the Northern Hemisphere calendar. For exam-
ple, January in Australia was considered to be equivalent to July
in the United States or France.

Average monthly temperatures, average monthly dew point
(the temperature at which water vapor condenses—a marker of
relative humidity), average monthly precipitation, and average
monthly barometric pressure for 2001-2006 were obtained from
local airport almanac data at each site.

Statistical analysis.  All analyses were performed using SAS
(version 9.1). Rates were compared using the z statistic; 95%
confidence intervals (ClIs) were calculated for each rate. Linear
regression was used to determine trends among rates of K. pneu-
moniae BSI and relative rates. Multivariable linear regression
was performed using a Poisson distribution with stepwise selec-
tion. Stepwise selection is a method for determining the best
model fit by sequentially adding individual variables to the basic
model (dependent and independent variable) and determining
partial contribution of each variable to the overall model. The
final model consisted of all variables that made a significant con-
tribution to the overall model (P < .05). Patient-days were nor-
malized by log transformation, and quadratic terms were in-
cluded in the model. Effect-measure modification was evaluated
using interaction terms. For all tests, differences were considered
significant at P < .05.

RESULTS

A total of 1189 cases of K. pneumonia BSI were identified during
6,671,337 patient-days during the study period (overall IR, 1.78/
10,000 patient-days). Data were available for a total of 260
months. The overall mean monthly IR was 3.60/10,000 patient-
days (95% CI, 0.18-15.8). The mean monthly IRs for the 4 in-
stitutions were as follows: KESYSCC, 10.5/10,000 patient-days
(95% CI, 0.97-22.5); DUMC, 2.04/10,000 patient-days (95% CI,
0.49-4.36); BH, 1.30/10,000 patient-days (95% CI, 0-3.45); and
APHM, 1.23/10,000 patient-days (95% CI, 0.35-2.57). The
mean monthly IR was significantly higher at KFSYSCC than at
the other 3 institutions (P < .0001, for all comparisons). Simi-
larly, the mean monthly IR was significantly higher at DUMC
than at BH (P = .0002) or APHM (P <.0001); the mean
monthly IRs at APHM and BH were not significantly different
(P =.83).

Trends in monthly rates for each institution and the average
monthly temperatures are summarized in figure 1A—1D. The
average = SD monthly temperatures during the study period
were 23.1°C = 5.0°C at KFSYSCC, 15.6°C = 7.7°C at DUMC,
15.2°C = 6.9°C at APHM, and 13.9°C * 3.7°C at BH. IRs of K.
pneumoniae BSI were consistently 1.5 times higher during the
warm season than during the rest of the year at all 4 hospitals
(table 1).

The composite rates were highest during the 4 warmest
months of the year (figure 2). The IR of K. prneumoniae BSI dur-
ing the warm season was 2.23/10,000 patient-days, compared
with 1.55/10,000 patient-days for the other 8 months of the year.
Opverall, the rate of K. pneumoniae BSI was ~1.5 times higher
during the 4 warmest months of the year (IR ratio [IRR], 1.46
[95% CI, 1.04-2.06]; P = .03).

Multivariable linear regression with stepwise selection was
performed to determine predictors for increases in the IR of K.
pneumoniae. Temperature (P < .0001) and dew point (a
marker for relative humidity; P < .0001) were both linearly
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Figure 2. Multivariable regression curve and composite monthly inci-
dence rates for Klebsiella pneumoniae bloodstream infection (BSI) at 4
hospitals on 4 continents. A multivariable linear regression model with
stepwise selection was created to determine composite rates of infection
while controlling for temperature, humidity, and hospital. Months at the
Bayside Health hospitals in Australia were transposed to mirror months
in the Northern Hemisphere; for example, July in the Southern Hemi-
sphere was made equivalent to January (month 1) in the Northern
Hemisphere. pt-days, patient-days.

predictive of increasing rates of K. pneumoniae BSI. Barometric
pressure, rainfall, and month were not predictive and were not
included in the final model. No other predictor variables were
analyzed.

Neither Enterobacter nor Serratia BSI showed seasonal varia-
tion in IRs (figure 3). The IR of Enterobacter BSI at the 4 study
institutions was 1.39/10,000 patient-days during the warm sea-
son and 1.15/10,000 patient-days during the rest of the year
(IRR, 1.22 [95% CI, 0.92-1.63]; P = .16). Similarly, the IR of
Serratia BSI at the 4 study institutions was 0.39/10,000 patient-
days during the warm season and 0.32/10,000 patient-days dur-
ing the rest of the year (IRR, 1.23 [95% CI, 0.86-1.77]; P = .26).

DISCUSSION

Our epidemiological analysis of 1189 cases of K. pneumonia
BSIs during 6,671,337 patient-days is the first to describe a
seasonal variation in the IR of K. pneumoniae BSI in humans.
The rate of K. pneumoniae BSI was 1.5 times higher during the
4 warmest months of the year at 4 institutions located on 4
continents. In contrast, no seasonal variation was identified
in rates of BSI due to Enterobacter or Serratia species, organ-
isms in the family Enterobacteriaceae believed to be most
similar to Klebsiella species.

Our data suggest that rates of K. pneumoniae BSI were signif-
icantly associated with changes in temperature and humidity.
Several previously described characteristics of K. pneumoniae
support our findings. First, K. pneumoniae is the most heat tol-
erant of all enteric pathogens [11]. Second, the specific growth
rate of K. pneumoniae is maximal at temperatures approaching
36.9°C [12, 13]. Finally, K. pneumoniae survives better at higher
humidity, as experimental models have shown that dehydration
is an important factor in inactivating the organism [14].

The exact cause for the observed higher rates of K. pneu-
moniae BSI during warm months remains elusive. K. pneu-
moniae is found naturally in 2 habitats: in environmental set-
tings, such as water, sewage, soil, and plants, and on the mucosal
surfaces of mammals [1, 3]. The density of K. pneumoniae in the
environment (e.g., in freshwater ponds) is higher during warm
months [15]. Furthermore, the density of K. pneumoniae is
higher in cow feces during the summer [16], and K. pneumoniae
mammary infections in cows are more common during summer
[10]. Thus, it is reasonable to hypothesize that humans also have
higher levels of colonization with environmental K. pneumoniae
during warm months. These environmental K. pneumoniae iso-
lates are just as virulent as clinical isolates from hospitals and can
produce important virulence factors [17, 18]. Furthermore, in-
testinal colonization typically precedes infection in humans
[19], and hospitalized patients with K. pneumoniae colonization
are at 4-fold higher risk of K. pneumoniae infection than noncar-
riers [20]. Thus, increased colonization leading to infection may
explain the observed increase in infection rate in summer.

Our study has limitations. The majority of our data were ob-
tained from tertiary referral centers. Thus, conclusions from our
study may not be generalizable to all hospitals, because of refer-
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Figure 3. Monthly incidence rates of Enterobacter and Serratia blood-
stream infection (BSI) at 4 study institutions on 4 continents. pt-days,
patient-days.
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ral bias. Our study includes data from health networks that
served different populations and may have adhered to dissimilar
standards of medical practice. In particular, KFSYSCC is an on-
cology specialty center. Patients with either solid-organ or he-
matologic cancers are at higher risk for infection due to K. pneu-
moniae [21]. Furthermore, this hospital is located in Taiwan,
where K. pneumoniae is a leading cause of infection [22]. Never-
theless, our results had remarkable internal consistency, because
the IRRs comparing warm months with the rest of the year were
similar at all hospitals. Finally, our study represents an epidemi-
ological survey. As such, we were unable to analyze specific pa-
tient characteristics or diseases that might have contributed to
the observed trends.

Future studies are needed to determine the reasons for the
seasonal variation of K. pneumoniae BSI that we observed. For
example, future studies of the epidemiology of K. pneumoniae
infection should include season, temperature, and humidity as
important covariables and possible confounders. Furthermore,
future investigations of outbreaks of K. pneumoniae should con-
sider the environment as either a source of clonal spread in the
hospital or a contributing factor. Finally, groups at high risk for
colonization with gram-negative organisms, such as alcoholics
(23], those with diabetes [24], and intubated patients [25], could
be analyzed prospectively to determine whether rates of K. pneu-
moniae colonization vary with temperature as well.

Clinicians and infectious disease physicians alike must remain
informed about the infections that affect their patients, as the
epidemiology of infections will continue to change in the 21st
century. K. pneumoniae is becoming more resistant and more
difficult to treat. Our large survey adds novel information to the
changing epidemiology of K. pneumoniae. Our data suggest that
K. pneumoniae is an important pathogen in hospitals worldwide
and that rates of K. pneumoniae BSI vary seasonally. Finally, this
study resulted from the implementation of surveillance tools to
detect abnormal events in infectious disease. This method of
surveillance may lead to other surprising discoveries.

Acknowledgments

We thank Xavier Cianfarani for assistance with data acquisition at the
Assistance Publique—Hoépitaux de Marseille.

References

1. Bagley ST. Habitat association of Klebsiella species. Infect Control 1985;
6:52—-8.

2. Fridkin SK, Welbel SF, Weinstein RA. Magnitude and prevention of
nosocomial infections in the intensive care unit. Infect Dis Clin North
Am 1997; 11:479-96.

3. Podschun R, Ullmann U. Klebsiella spp. as nosocomial pathogens: epi-
demiology, taxonomy, typing methods, and pathogenicity factors. Clin
Microbiol Rev 1998; 11:589—-603.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Einhorn AE, Neuhauser MM, Bearden DT, Quinn JP, Pendland SL.

Extended-spectrum beta-lactamases: frequency, risk factors, and out-
comes. Pharmacotherapy 2002; 22:14-20.

. National Nosocomial Infections Surveillance (NNIS) System Report,

data summary from January 1992 through June 2004, issued October
2004. Am J Infect Control 2004; 32:470—85.

. McDonald LC, Banerjee SN, Jarvis WR. Seasonal variation of Acineto-

bacter infections: 1987-1996. Nosocomial Infections Surveillance Sys-
tem. Clin Infect Dis 1999; 29:1133—7.

. Burke V, Robinson J, Gracey M, Peterson D, Partridge K. Isolation of

Aeromonas hydrophila from a metropolitan water supply: seasonal cor-
relation with clinical isolates. Appl Environ Microbiol 1984; 48:361-6.

. Picard B, Goullet P. Seasonal prevalence of nosocomial Aeromonas hy-

drophila infection related to Aeromonas in hospital water. ] Hosp Infect
1987; 10:152-5.

. Currie BJ, Fisher DA, Howard DM, et al. The epidemiology of melioid-

osis in Australia and Papua New Guinea. Acta Trop 2000; 74:121-7.
Todhunter DA, Smith KL, Hogan JS, Schoenberger PS. Gram-negative

bacterial infections of the mammary gland in cows. Am J Vet Res 1991;
52:184-8.

Okada S, Gordon DM. Host and geographical factors influence the ther-
mal niche of enteric bacteria isolated from native Australian mammals.
Mol Ecol 2001; 10:2499-513.

Esener AA, Roels JA, Kossen NWF. The influence of temperature on the
maximum specific growth rate of Klebsiella pneumoniae. Biotechnol
Bioengineering 1981; 23:1401-5.

Esener AA, Roels JA, Kossen NWEF. The influence of temperature on the
energetics of Klebsiella pneumoniae. Biotechnol Bioengineering 1983;
25:2093-8.

Theunissen HJ, Lemmens-den Toom NA, Burggraaf A, Stolz E, Michel
MEF. Influence of temperature and relative humidity on the survival of
Chlamydia pneumoniae in aerosols. Appl Environ Microbiol 1993; 59:
2589-93.

Al-Harbi AH. Faecal coliforms in pond water, sediments and hybrid
tilapia Oreochromis niloticusX Oreochromis aureus in Saudi Arabia.

Aquaculture Res 2003; 34:517-24.

Munoz MA, Ahlstrom C, Rauch BJ, Zadoks RN. Fecal shedding of Kleb-
siella pneumoniae by dairy cows. ] Dairy Sci 2006; 89:3425-30.

Struve C, Krogfelt KA. Pathogenic potential of environmental Klebsiella

pneumoniae isolates. Environ Microbiol 2004; 6:584-90.

Podschun R, Pietsch S, Holler C, Ullmann U. Incidence of Klebsiella
species in surface waters and their expression of virulence factors. Appl
Environ Microbiol 2001; 67:3325-7.

Montgomerie JZ. Epidemiology of Klebsiella and hospital-associated in-
fections. Rev Infect Dis 1979; 1:736-53.

Selden R, Lee S, Wang WL, Bennett JV, Eickhoff TC. Nosocomial Kleb-

siella infections: intestinal colonization as a reservoir. Ann Intern Med
1971; 74:657—64.

Korvick JA, Bryan CS, Farber B, et al. Prospective observational study
of Klebsiella bacteremia in 230 patients: outcome for antibiotic com-

binations versus monotherapy. Antimicrob Agents Chemother 1992;
36:2639-44.

Ko WC, Paterson DL, Sagnimeni AJ, et al. Community-acquired Kleb-

siella pneumoniae bacteremia: global differences in clinical patterns.
Emerg Infect Dis 2002; 8:160—6.

Fuxench-Lopez Z, Ramirez-Ronda CH. Pharyngeal flora in ambulatory
alcoholic patients: prevalence of gram-negative bacilli. Arch Intern Med
1978; 138:1815-6.

Mackowiak PA, Martin RM, Smith JW. The role of bacterial interference
in the increased prevalence of oropharyngeal gram-negative bacilli
among alcoholics and diabetics. Am Rev Respir Dis 1979; 120:589-93.
Northey D, Adess ML, Hartsuck JM, Rhoades ER. Microbial surveillance
in a surgical intensive care unit. Surg Gynecol Obstet 1974; 139:321-5.

756 « JID 2008:197 (1 March) « Anderson et al.

$20z udy 0L uo 1senb Aq 06€£8£8/2G2/G/.6 L /e01ue/pil/woo dno-ojwepede//:sdiy wolj pepeojumoq



