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CYSTIC FIBROSIS (CF) CAUSES

chronic lung disease in chil-
dren with recurrent bacte-
rial infections. Pseudomonas

aeruginosa is the most common viru-
lent respiratory pathogen1,2 and ap-
pears to be a major limiting factor in
overall survival in CF.3 Patients with CF
who acquire P aeruginosa have 2.6 times
higher risk of death,4 and P aeruginosa
cross-infection has caused early CF
deaths.5 Neonates with CF have struc-
turally normal lungs and no P aerugi-
nosa,1 but nonmucoid P aeruginosa is
acquired after variable time periods.6

Recent observations suggest that non-
mucoid P aeruginosa can possibly be
eradicated by aggressive anti–P aerugi-
nosa antibiotics,7,8 despite earlier views
to the contrary.1 Mucoid P aeruginosa,
a mutant phenotype of P aeruginosa, de-
velops at a subsequent stage9-13 and pro-
duces exopolysaccharide/alginate, caus-
ing mucoidy and conferring resistance
to phagocytosis14-16 and antibiot-
ics.17-19 Mucoid P aeruginosa appar-
ently cannot be eradicated by current
antibiotics,3,20 becomes predominant

with age,11 and predicts shortened CF
survival.21 Thus, the course of P aeru-
ginosa infection in patients with CF ap-
pears to occur in 3 distinct stages: no
P aeruginosa, initial nonmucoid P ae-
ruginosa, and mucoid P aeruginosa,3,6

whereby after colonization, P aerugi-
nosa undergoes phenotypic conver-
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Context Although Pseudomonas aeruginosa is the most common virulent respira-
tory pathogen in cystic fibrosis (CF), the longitudinal development of P aeruginosa
infection and its effect on antibody responses and lung disease progression in children
with CF remain unclear.

Objective To prospectively examine the epidemiology of P aeruginosa infection and
its impact on CF pulmonary morbidity.

Design, Setting, and Patients We prospectively evaluated 56 CF patients at 2 CF
centers in Madison and Milwaukee, Wis, from birth up to age 16 years between April
15, 1985, and April 15, 2004, with diagnoses made through the Wisconsin CF Neo-
natal Screening Project.

Main Outcome Measures Timing of nonmucoid P aeruginosa and mucoid P ae-
ruginosa acquisition was assessed by first positive result. Longitudinal development from
no P aeruginosa to nonmucoid P aeruginosa and from nonmucoid P aeruginosa to mu-
coid P aeruginosa was examined. Outcome measurements included antibody titers, res-
piratory symptoms, quantitative chest radiography, and pulmonary function tests.

Results Sixteen patients (29%) acquired nonmucoid P aeruginosa in the first 6 months
of life. The age-specific prevalence of mucoid P aeruginosa increased markedly from age
4 to 16 years. Nonmucoid and mucoid P aeruginosa were acquired at median ages of
1.0 and 13.0 years, respectively. In contrast with the short transition time from no P ae-
ruginosa to nonmucoid P aeruginosa, the transition time from nonmucoid to mucoid
P aeruginosa was relatively long (median, 10.9 years) and could be slightly extended by
brief/low anti–P aeruginosa antibiotic treatment. Antibody titers increased with both tran-
sitions, but the deterioration in cough scores, chest radiograph scores, and pulmonary
function correlated best with transition from nonmucoid to mucoid P aeruginosa.

Conclusions Early prevention and detection of nonmucoid and mucoid P aerugi-
nosa are critical because of early acquisition and prevalence. There is a window of op-
portunity for suppression and possible eradication (by aggressive anti–P aeruginosa
treatment) of initial nonmucoid P aeruginosa. Mucoid P aeruginosa plays a much greater
role in CF lung disease progression than nonmucoid P aeruginosa. Antibody titers, cough
scores, and chest radiographs are early signs of nonmucoid P aeruginosa and espe-
cially mucoid P aeruginosa stages.
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sion from nonmucoid P aeruginosa to
mucoid P aeruginosa.12 The timing of
transformation from nonmucoid P ae-
ruginosa to mucoid P aeruginosa in CF
patients, however, remains unclear, as
do the clinical consequences of such a
change and the antibody responses that
may protect against colonization.22

To understand fully and better treat
this virulent pathogen, the long-term
epidemiology of P aeruginosa infec-
tion in CF and its effect on CF mor-
bidity need to be delineated precisely.
Although there are some short-term and
cross-sectional studies on the acquisi-
tion of nonmucoid P aeruginosa and
mucoid P aeruginosa using analyses of
older and heterogenous CF patient
groups with a wide age range,23,24 one
of the greatest difficulties in gaining
more knowledge about P aeruginosa in
CF stems from the lack of longitudi-
nal studies that systematically acquire
information from early childhood. The
Wisconsin CF Neonatal Screening
Project,25-29 however, provides an op-
portunity to examine prospectively the
epidemiology of P aeruginosa and its im-
pact on CF pulmonary morbidity.
Herein we report unique information
on the longitudinal development of P
aeruginosa infection and its effect on an-
tibody responses and lung disease pro-
gression in children with CF from birth
to age 16 years.

METHODS
Study Design

In brief, the Wisconsin CF Neonatal
Screening Project25-29 is a randomized
clinical trial conducted to assess neo-
natal screening for CF using a stan-
dardized evaluation and treatment
protocol29 that prevented malnutri-
tion. Written consent was obtained
from parents, and the study was
approved by the institutional review
boards at University of Wisconsin,
Madison, and Medical College of Wis-
consin, Milwaukee. Half of Wiscon-
sin’s 650341 neonates born from April
15, 1985, through June 30, 1994, were
randomly assigned to a group to be
screened for CF and the other half to a
nonscreened group. In this article, we

report on the 56 CF cases from the
screened group whose diagnoses were
made through neonatal screening but
who did not have meconium ileus.
Any CF cases found subsequently in
the nonscreened group were not
included. We prospectively followed
up these 56 cases every 6 weeks for
their first year of life and every 3
months thereafter to age 16 years. At
the discretion of physicians, patients
could be treated with anti–P aerugi-
nosa antibiotics if there were clinically
significant infections, but patients did
not routinely receive anti–P aeruginosa
antibiotics after the first P aeruginosa
detection, in accordance with the pre-
vailing standard of care.

Outcomes

Respiratory secretions were obtained
from patients every 6 months by pro-
tocol and at all nonprotocol visits
requiring cultures. Before patients
could expectorate sputum, respiratory
secretion samples were obtained by
vigorous oropharyngeal swabbing.30,31

The secretion samples were cultured
and antibiotic susceptibility testing
was performed by disk diffusion. To
evaluate antibody responses to P aeru-
ginosa, serum samples were collected
every 6 months coinciding with cul-
tures. Antibody titers (expressed as
log2) were determined by an antibody
capture immunoassay with antigen
excess using cell lysate, exotoxin A,
and elastase as antigens.31 Combined
culture and serologic (cell lysate titer
� 8) positive results were used to
define the timing of the first appear-
ance of nonmucoid P aeruginosa and
culture for mucoid P aeruginosa. Lung
disease outcomes included respiratory
symptoms (cough and wheezing),
quantitative chest radiography, and
pulmonary function tests by spirom-
etry. At each visit, cough and wheez-
ing were reported by parents and
examined by physicians, then both
were scored.32 Chest radiographs were
obtained every 6 months from diagno-
sis to age 4 years and annually thereaf-
ter and were scored using the Wiscon-
sin (WCXR) and Brasfield (BCXR)

methods.26,27 Spirometry generally was
started when children reached age 4
years and was obtained every 6
months; forced expiratory volume in 1
second (FEV1), forced vital capacity
(FVC), FEV1/FVC ratio, and forced
expiratory flow between 25% and 75%
of FVC (FEF25%-75%) were ensured as
“acceptable” and calculated as per-
centage of predicted values.26,27

Statistical Methods

The age-specific prevalence1 of P aeru-
ginosa was calculated. Kaplan-Meier
survival curves and medians with 95%
confidence intervals (CIs) were esti-
mated for the timing of nonmucoid
P aeruginosa and mucoid P aeruginosa
acquisition and the transition time
from first nonmucoid P aeruginosa
acquisition to first mucoid P aerugi-
nosa appearance. The Cox propor-
tional hazards model was used to test
the effect of anti–P aeruginosa antibiot-
ics on the time to development of
mucoid P aeruginosa from nonmucoid
P aeruginosa, adjusting for center, sex,
genotype, and pancreatic status. This
was accomplished with a time-
dependent indicator variable that
switched from 0 to 1 at the time of the
first anti–P aeruginosa treatment. The
assumption of proportionality was
assessed by analyzing the smoothed
plot of the Martingale residuals vs
time. The log-rank test was used to
compare times for the transition from
nonmucoid P aeruginosa to mucoid
P aeruginosa between the anti–P aeru-
ginosa and non–anti–P aeruginosa
cohorts (children were initially classi-
fied as non–anti–P aeruginosa and
became classified as anti–P aeruginosa
when the previously mentioned time-
dependent indicator switched to 1).

The effect of P aeruginosa develop-
ment on outcomes was assessed by gen-
eralized estimating equations (GEEs)
with an independence working corre-
lation using the identity link33 and ad-
justing for center, sex, genotype, pan-
creatic status, and age. Status of
nonmucoid P aeruginosa and mucoid
P aeruginosa was 0 until the first posi-
tive result and 1 thereafter. Three vari-
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ables were used to incorporate the tim-
ing of P aeruginosa into GEE models30:
(1) duration–no P aeruginosa was the
time from birth to first nonmucoid
P aeruginosa acquisition; (2) duration–
nonmucoid P aeruginosa was the time
from first nonmucoid P aeruginosa ac-
quisition to first mucoid P aeruginosa
appearance; and (3) duration–mucoid
P aeruginosa was the time since first mu-
coid P aeruginosa appearance. Dura-
tion–no P aeruginosa, duration–
nonmucoid P aeruginosa, and duration–
mucoid P aeruginosa add up exactly to
and are confounded by age; conse-
quently, age was excluded from mod-
els with these 3 variables. Analysis of
these variables allowed us to deter-
mine whether the data were consis-
tent with abrupt or gradual changes in
outcomes after the first positive re-
sult. If there were abrupt changes, re-
gression coefficients for P aeruginosa
status would be significant and other-
wise would be nonsignificant; if P ae-
ruginosa status had no significant effect,
it was dropped from the model.
Whether duration with P aeruginosa
had a significant effect was assessed
by testing whether slope differences for
duration–nonmucoid P aeruginosa vs
duration–no P aeruginosa and duration–
mucoid P aeruginosa vs duration–
nonmucoid P aerug inosa were
significant.

Cox models adjusting for center, sex,
genotype, and pancreatic status were
used to test the effect of P aeruginosa
development on the time to change in
disease status using reported cough
score greater than 1 (ie, cough in morn-
ing or with postural drainage or fre-
quent productive cough), WCXR score
greater than 5 (ie, mild irreversible lung
disease),26 BCXR score less than 21 (ie,
mild irreversible lung disease),26 and the
percentage of predicted values of FEV1,
FVC, FEV1/FVC, and FEF25%-75% at less
than the lower limits of normal
(82.4%, 82.6%, 89.25%, and 67.9%,
respectively).26 Log-rank tests were used
to compare the subgroups with early
(�3, �5, or �7 years of age) anti–P
aeruginosa treatment to the subgroup
without anti–P aeruginosa on lung dis-

ease progression; ie, time to develop-
ment of a cough score greater than 1,
WCXR score greater than 5, BCXR
score less than 21, and percentage of
predicted values of FEV1, FVC, FEV1/
FVC, and FEF25%-75% less than 82.4%,
82.6%, 89.25%, and 67.9%, respec-
tively. SAS, version 8.00 (SAS Insti-
tute Inc, Cary, NC) and S-Plus, ver-
sion 3.4 (Mathsoft Inc, Seattle, Wash)
statistical software were used for sta-
tistical analyses. All tests were re-
garded as significant at P�.05.

RESULTS
The demographic and clinical charac-
teristics of the 56 children are shown
in the TABLE. As expected, they had a
younger-than-average mean (SE) age of
diagnosis (13.9 [5.1] [median, 6.9]
weeks) compared with 106.4 (1.8) (me-
dian, 33.9) weeks for 6692 patients born
during 1985-1994 and reported to the
CF Foundation Registry. A total of 1921
cultures were collected with an inter-
val of 4.04 (0.16) months between cul-
tures. As shown in FIGURE 1, during the

Table. Demographic and Clinical Characteristics of the 56 Patients From Birth to Age
16 Years

Characteristics No. (%)* P Value†

Center
Madison 28 (50)

Milwaukee 28 (50)

Sex
Female 21 (38)

Male 35 (62)

Genotype
�F508/�F508 33 (59)

�F508/other 23 (41)

Pancreatic status
Insufficiency/probable insufficiency 50 (89)

Sufficiency/probable sufficiency 6 (11)

Age of diagnosis, mean (SE) [median], wk 13.9 (5.1) [6.9]

Total cultures, No. 1921

Interval between cultures, mean (SE), mo 4.04 (0.16)

Ever use of anti–Pseudomonas aeruginosa
antibiotics‡

No P aeruginosa (n = 56) 13 (23)

Nonmucoid P aeruginosa (n = 53) 30 (57) �.001 for nonmucoid
P aeruginosa vs no
P aeruginosa

Mucoid P aeruginosa (n = 27) 19 (70) .23 for mucoid
P aeruginosa vs
nonmucoid
P aeruginosa

Hazard ratio (95% CI) for developing mucoid
P aeruginosa among 53 nonmucoid
P aeruginosa patients (adjusted for
covariates)

Receiving anti–P aeruginosa vs not
receiving anti–P aeruginosa

0.09 (0.02-0.39) .001

Time to mucoid P aeruginosa among
53 nonmucoid P aeruginosa patients
(based on log-rank), median (95% CI), y

Receiving anti–P aeruginosa 11.01 (8.61-15.12)
.31

Not receiving anti–P aeruginosa 9.48 (5.99-14.40)

Time to mucoid P aeruginosa among
47 nonmucoid P aeruginosa patients
(based on log-rank using culture results
only), median (95% CI), y

Receiving anti–P aeruginosa 9.02 (6.89-15.12)
.03

Not receiving anti–P aeruginosa 6.10 (4.47-8.21)
Abbreviation: CI, confidence interval.
*Data are expressed as No. (%) unless otherwise noted.
†No tests were performed for center, sex, genotype, or pancreatic status.
‡Based on aerosol, intravenous, and oral anti–P aeruginosa antibiotics.
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first 6 months of life, 71% of the pa-
tients had no P aeruginosa, but the per-
centage of patients with no P aerugi-
nosa decreased quickly, and all patients
reaching age 13 years acquired P aeru-
ginosa. Sixteen patients (29%) ac-
quired nonmucoid P aeruginosa in the
first 6 months of life. The age-specific
prevalence of nonmucoid P aerugi-
nosa increased from birth to age 4 years
(86%), then decreased when mucoid
P aeruginosa predominated. One pa-
tient developed mucoid P aeruginosa at
age 1.43 years (the earliest we ob-
served), after showing nonmucoid P ae-
ruginosa at 0.53 years. The age-
specific prevalence of mucoid P
aeruginosa increased from age 4 years
(4%) to 16 years, when 92% of all 13
patients reaching that age developed
mucoid P aeruginosa. All patients who
developed mucoid P aeruginosa had ac-
quired nonmucoid P aeruginosa first.

As shown in FIGURE 2A and 2B, non-
mucoid P aeruginosa was acquired at a
median age of 1.0 (95% CI, 0.6-1.5)
years, and mucoid P aeruginosa devel-
oped at a median of 13.0 (95% CI, 10.0-
14.9) years. In contrast with the short
transition from no P aeruginosa to non-
mucoid P aeruginosa, the transition
from nonmucoid P aeruginosa to mu-
coid P aeruginosa was relatively long,
with a median of 10.9 (95% CI, 8.6-
14.0) years (Figure 2C). As shown in
the Table, patients with nonmucoid
P aeruginosa had a significantly higher

rate of anti–P aeruginosa antibiotic use
than patients with no P aeruginosa,
while patients with mucoid P aerugi-
nosa had a nonsignificantly higher rate
than patients with nonmucoid P aeru-
ginosa. Among 53 patients with non-
mucoid P aeruginosa, those receiving
anti–P aeruginosa antibiotics had a sig-
nificantly lower hazard and a longer
transition time than those not receiv-
ing anti–P aeruginosa antibiotics
(Table). Even those not receiving an-
ti–P aeruginosa treatment, however, had
a relatively long transition time from
nonmucoid to mucoid P aeruginosa,
9.48 years (by culture/serology) or 6.10
years (by culture). The approximate in-
cidence rate of aminoglycoside resis-
tance to mucoid P aeruginosa in the an-
ti–P aeruginosa and non–anti–P
aeruginosa groups among nonmucoid
P aeruginosa patients was 27% vs 11%
of cultures (P=.02) and 43% vs 22% of
patients (P=.38).

Longitudinal patterns of antibody ti-
ters for 3 antigens (FIGURE 3) show that
there are abrupt elevations in anti-
body titers with transition from no P
aeruginosa to nonmucoid P aeruginosa
and second elevations with transition
from nonmucoid P aeruginosa to mu-
coid P aeruginosa. Longitudinal analy-
ses revealed that compared with pa-
tients with no P aeruginosa, those with
nonmucoid P aeruginosa had signifi-
cant abrupt increases (status differ-
ences) in antibody titers for cell lysate

(4.15; P�.001), exotoxin A (4.57;
P�.001), and elastase (2.63; P�.001);
compared with patients with nonmu-
coid P aeruginosa, those with mucoid
P aeruginosa had significant abrupt in-
creases in antibody titers for cell ly-
sate (1.59; P�.001), exotoxin A (1.26;
P=.007), and elastase (2.46; P�.001).

Cough and wheezing scores were as-
sociated with P aeruginosa develop-
ment. FIGURE 4 shows that transition
from no P aeruginosa to nonmucoid
P aeruginosa increased reported cough
scores, and transition from nonmu-
coid to mucoid P aeruginosa caused fur-
ther increase. Longitudinal analyses re-
vealed that compared with patients with
no P aeruginosa, those with nonmu-
coid P aeruginosa had nonsignificant in-
creases in cough scores by report/
examination; compared with patients
with nonmucoid P aeruginosa, those
with mucoid P aeruginosa had signifi-
cant abrupt increases in cough scores
by report (0.38; P=.005) and on ex-
amination (0.35; P=.003). Addition-
ally, the wheezing scores of patients
with nonmucoid P aeruginosa and those
with mucoid P aeruginosa were not
significantly different by report/
examination from wheezing scores of
those with no P aeruginosa and non-
mucoid P aeruginosa, respectively.

Chest radiograph scores varied with
P aeruginosa stages. As shown in
Figure 4, during the no P aeruginosa pe-
riod, WCXR and BCXR scores gener-

Figure 1. Age-Specific Prevalence of No, Nonmucoid, and Mucoid Pseudomonas aeruginosa From Birth to Age 16 Years
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ally remained normal over time, and
transition from no P aeruginosa to non-
mucoid P aeruginosa slightly wors-
ened chest radiograph scores; how-
ever, transition from nonmucoid P
aeruginosa to mucoid P aeruginosa led
to significant deterioration in chest ra-
diograph scores. Longitudinal analy-
ses revealed that the change from no P
aeruginosa to nonmucoid P aeruginosa
was associated with nonsignificant
worsening in WCXR scores (1.10;
P = .20) and BCXR scores (−0.48;
P=.21), while transition from nonmu-

coid P aeruginosa to mucoid P aerugi-
nosa caused significant/pronounced
abrupt deterioration in WCXR scores
(6.52; P�.001) and BCXR scores
(−2.34; P�.001).

Pulmonary function also changed
with P aeruginosa development.
FIGURE 5 reveals little influence of the
change from no P aeruginosa to non-
mucoid P aeruginosa, whereas transi-
tion from nonmucoid P aeruginosa to
mucoid P aeruginosa significantly al-
tered percentage of predicted FEV1,
FVC, and FEF25%-75%. Specifically, com-

pared with patients with no P aerugi-
nosa, those with nonmucoid P aerugi-
nosa showed only a gradual decline
(slope difference) in percentage of pre-
dicted FEV1/FVC (−0.49; P=.03). How-
ever, compared with patients with non-
mucoid P aeruginosa, those with
mucoid P aeruginosa had significant
abrupt declines in percentage of pre-
dicted FEV1 (−12.13; P=.02) and FVC
(−9.15; P=.007) and gradual declines
in percentage of predicted FEV1/FVC
(−1.42; P=.003) and FEF25%-75% (−4.65;
P�.001).

Figure 2. Time to Infection With Nonmucoid and Mucoid Pseudomonas aeruginosa and Transition Time From Nonmucoid to Mucoid
P aeruginosa
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Patients developed nonmucoid P aeruginosa at median age 1.0 year and mucoid P aeruginosa at age 13.0 years; the median transition time from mucoid to nonmucoid
P aeruginosa was 10.9 years.

Figure 3. Antibody Titers by Age for Patients With No, Nonmucoid, and Mucoid Pseudomonas aeruginosa
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The longitudinal outcomes during P aeruginosa development were plotted as a function of age using locally weighted regressions with smoothing. Patients contributed
measurements for no P aeruginosa prior to infection with nonmucoid P aeruginosa, then contributed nonmucoid P aeruginosa data after the first acquisition of non-
mucoid P aeruginosa, and contributed mucoid P aeruginosa data after the first appearance of mucoid P aeruginosa. Thus, at each age, the 3 lines represent measure-
ments taken from 3 different groups, ie, no P aeruginosa, nonmucoid P aeruginosa, and mucoid P aeruginosa.
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Patients with nonmucoid P aerugi-
nosa and those with mucoid P aerugi-
nosa had nonsignificantly higher haz-
ards of development of changes in
disease status than patients without P
aeruginosa and patients without mu-
coid P aeruginosa, respectively. The
brief/low anti–P aeruginosa antibiotic
exposures in our treatment regime did
not result in significant delays of lung
disease progression.

COMMENT
Our longitudinal study defines the long-
term epidemiology of P aeruginosa in-

fections in children with CF. To our
knowledge, this is the first longitudi-
nal study of P aeruginosa stages in CF
children from birth and the first to
evaluate antibody and clinical progres-
sion serially in such developmental
stages. Our findings on the interval from
nonmucoid P aeruginosa to mucoid P
aeruginosa and the chronological im-
plications of anti–P aeruginosa antibi-
otic therapy also provide new, clini-
cally important information. During the
longitudinal development of P aerugi-
nosa infection in CF patients from birth
to age 16 years, 16 patients (29%) ac-

quired nonmucoid P aeruginosa in the
first 6 months of life and 1 patient de-
veloped mucoid P aeruginosa, the
marker of poor survival in CF,21 at age
1.43 years. In those who reached age
16 years, 92% developed mucoid P ae-
ruginosa. These findings reveal that chil-
dren with CF can acquire nonmucoid
P aeruginosa and mucoid P aeruginosa
very early in life and that the preva-
lence of mucoid P aeruginosa in-
creases markedly as patients age. There-
fore, early prevention and detection of
nonmucoid P aeruginosa and mucoid
P aeruginosa are critical.

Figure 4. Respiratory Symptoms and Chest Radiographs by Age for Patients With No, Nonmucoid, and Mucoid Pseudomonas aeruginosa
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Figure 5. Predicted Pulmonary Function by Age for Patients With No, Nonmucoid, and Mucoid Pseudomonas aeruginosa
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Lower limits of normal were 82.4%, 82.6%, and 67.9%, respectively, for forced expiratory volume in 1 second, forced vital capacity, and forced expiratory flow
between 25% and 75% of forced vital capacity.

PSEUDOMONAS AERUGINOSA INFECTION IN CYSTIC FIBROSIS

586 JAMA, February 2, 2005—Vol 293, No. 5 (Reprinted) ©2005 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023



The median acquisition ages for non-
mucoid P aeruginosa (1.0 year) and mu-
coid P aeruginosa (13.0 years) suggest
that nonmucoid P aeruginosa occurs dur-
ing infancy and early childhood, while
mucoid P aeruginosa generally begins
later.Our longitudinalobservationonthe
timing of mucoid P aeruginosa agrees
with the mean age (12.5 years) found in
cross-sectional analyses by Ballmann et
al.23 The short transition time we ob-
served from no P aeruginosa to nonmu-
coid P aeruginosa (median, 1 year) and
the relatively long transition time from
nonmucoid P aeruginosa to mucoid P ae-
ruginosa (median, 10.9 years) further
suggest that patients with CF typically
acquire nonmucoid P aeruginosa soon af-
ter birth but that nonmucoid P aerugi-
nosa gradually develops into mucoid P
aeruginosa. Initial nonmucoid P aerugi-
nosa can possibly be eradicated by ag-
gressive anti–P aeruginosa treatment,7,8

but once mucoid P aeruginosa is estab-
lished, eradication seems impos-
sible,3,31 and a life-threatening situation
develops. In 1 study, 4 children with CF
died before age 7 years after acquiring
mucoid P aeruginosa.34 Therefore, the
relatively long interval from nonmu-
coid P aeruginosa to mucoid P aerugi-
nosa provides a window of opportunity
for suppression and possible eradica-
tion (by aggressive anti–P aeruginosa
treatment) of initial nonmucoid P aeru-
ginosa to prevent/postpone transition to
mucoid P aeruginosa.35,36 Our assess-
ment of anti–P aeruginosa antibiotics
suggests that such therapy slightly ex-
tends the window by prolonging the in-
terval from nonmucoid to mucoid P ae-
ruginosa. However, one must consider
the ratio of risk (antibiotic resistance) to
benefit of use of an antibiotic that may
not eradicate the organism. We found
that there was a trend for anti–P aerugi-
nosa antibiotic use to be associated with
development of antibiotic resistance.
Studies to compare the risk and benefit
of anti–P aeruginosa treatment are war-
ranted.

Our data show that patients with no
P aeruginosa had relatively normal chest
radiograph scores and pulmonary func-
tion, nonmucoid P aeruginosa acquisi-

tion slightly worsened these outcomes,
and transition from nonmucoid P aeru-
ginosa to mucoid P aeruginosa led to sig-
nificant deterioration in these out-
comes. Similarly, Ballmann et al23 and
Parad et al,24 in cross-sectional analyses
of older children and adults, found that
mucoid P aeruginosa infection was as-
sociated with decline in percentage of
predictedFEV1.Our findings suggest that
nonmucoid P aeruginosa does not cause
dramatically altered lung structure/
function and that preventing transfor-
mation to mucoid P aeruginosa might
help preserve these children’s lungs, but
patients with mucoid P aeruginosa have
dramatically impaired lung structure and
function. Furthermore, our examina-
tions of other pathogens, such as Staphy-
lococcus aureus and Haemophilus influ-
enzae, did not show such a unique
pattern or impact on lung disease. There-
fore, longitudinal P aeruginosa develop-
ment leads to lung disease progression
in children with CF, and mucoid P ae-
ruginosa plays a much greater role than
nonmucoid P aeruginosa.

Transitions both from no P aerugi-
nosa to nonmucoid P aeruginosa and
from nonmucoid P aeruginosa to mu-
coid P aeruginosa led to abrupt in-
creases in antibody titers, suggesting that
antibody responses closely correlate
with P aeruginosa stages. Antibody-
mediated immunity of P aeruginosa in-
fection may have been specialized to de-
fend against this virulent pathogen and
memory enhanced to recurrent/severe
P aeruginosa infection.22 During non-
mucoid P aeruginosa infection, B lym-
phocytes apparently recognize the pres-
ence of initial P aeruginosa antigens and
up-regulate antibody production. Thus,
patients with CF mount immediate but
moderate humoral responses to non-
mucoid P aeruginosa. At the mucoid P
aeruginosa stage, however, antibody-
mediated immunity may be memory en-
hanced against large amount of anti-
gens and promptly creates much greater
antibody production. Therefore, rising
antibody titers are early signs of non-
mucoid P aeruginosa and mucoid P ae-
ruginosa stages; ie, relatively low titers
indicate nonmucoid P aeruginosa and

high titers indicate mucoid P aerugi-
nosa. We also demonstrated that dra-
matic cough score and chest radio-
graph changes were associated with
progressive lung infections that led to
impaired pulmonary function. There-
fore, cough scores and chest radio-
graphs may also signal nonmucoid P ae-
ruginosa and, especially, mucoid
P aeruginosa stages and potentially guide
therapeutic decisions.

Early prevention and detection of
nonmucoid P aeruginosa and mucoid
P aeruginosa and prompt suppression
and possible eradication of nonmu-
coid P aeruginosa are critical in CF
therapy. At the time of diagnosis fol-
lowing symptoms, one third of CF pa-
tients in the United States are already
colonized with P aeruginosa.2 Neo-
nates with CF have histologically nor-
mal lungs and no P aeruginosa1 and can
be identified through screening, which
provides an opportunity for environ-
mental precautions,1 infection control
such as cohort isolation to eliminate
P aeruginosa cross-infection,19,37,38 an-
tibiotic prophylaxis,8,39 and/or immu-
notherapy40 to be implemented for pre-
vention at early ages. Screening and
routine monitoring also allow early de-
tection of P aeruginosa in CF and can
facilitate suppression and possible
eradication of initial nonmucoid P ae-
ruginosa.7,35,36 Thus, pulmonary ben-
efits can potentially be achieved,3 such
as prolonging the no P aeruginosa pe-
riod and postponing or preventing the
transition from nonmucoid to mucoid
P aeruginosa, thus potentially reduc-
ing lung disease progression in chil-
dren with CF. Because of the limita-
tion of available patients in our study,
we used a sample size of 56; thus, our
power for detecting small effect sizes
may be limited. Future studies with
larger populations would be helpful for
detecting lung disease progression in re-
sponse to P aeruginosa development.

In conclusion, early prevention and
detection of nonmucoid P aeruginosa
and mucoid P aeruginosa is critical be-
cause of early acquisition and preva-
lence. There is a window of opportu-
nity for suppression and possible
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eradication of initial nonmucoid P ae-
ruginosa. Mucoid P aeruginosa plays a
much greater role in CF lung disease
progression than nonmucoid P aerugi-
nosa. Antibody titers, cough scores, and
chest radiographs are early signs of the
stages of nonmucoid P aeruginosa and,
especially, mucoid P aeruginosa.
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