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Abstract

Objectives: Primary ciliary dyskinesia (PCD) is a rare congenital disease with defective mucociliary clearance
causing frequent and often persistent pulmonary infections. Achromobacter species are opportunistic pathogens
renowned for the difficulty of effective treatments and deteriorating effects on lung function. We aimed to describe
the occurrence, treatment, and rate of successful eradication of Achromobacter species in patients with PCD.
Methods: We retrospectively reviewed |8 years of historical microbiological samples and 10 years of electronic
health records for PCD patients in Denmark. Results: We included 136 patients. Twenty-six patients had isolates
of Achromobacter species. On average, 5% of the cohort had at least one annual isolate. Infections became
persistent in 38% with a median length of 6.6 years leading to a significant number of antibiotic treatments.
Resistance toward tobramycin and ciprofloxacin was prevalent. Overall, successful eradication was achieved in 62%
of patients. We found the course of lung function significantly worse during persistent Achromobacter species
infection than during the two preceding years, but not different to the course in unaffected age-matched controls.
Conclusion The prevalence of Achromobacter species in patients with PCD is in line with what has been reported
in cystic fibrosis and can occur transiently, intermittently, or develop into a serious persistent lung infection
associated with long-term antibiotic treatment.
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Primary ciliary dyskinesia (PCD) is a genetic, congenital,
and heterogenous disorder. Dyskinetic multiple motile cilia
lining the airways cause impaired mucociliary clearance
leading to recurrent and chronic infections of the upper
and lower airways further resulting in destructive in-
flammation and bronchiectasis, and with time decline of
lung function." The development of bronchiectasis,
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often seen already in childhood, provides an even more
favorable environment for persistent infection of Gram-
negative microorganisms such as Pseudomonas aeruginosa
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(PA), Achromobacter species (AS), Burkholderia spe-
cies, (BS) and non-tuberculous mycobacteria (NTM)
(Gram-positive) of the lungs. These infections cause a
potentially further downward spiral with destruction and
significantly increased treatment burden and reduced
quality of life.*”” Due to a general lack of evidence-based
treatment in PCD, care is typically extrapolated from the
care of cystic fibrosis (CF), which, only to a limited
extend, resemble the lung conditions in PCD.*? Im-
portant differences exist, not only in the pathogenesis
but also in the microbiological phenotypes, which
emphasize the need for disease-specific treatments.”'°
An important first step toward a more specified adap-
tation of PCD treatments is a solid foundation of
knowledge on the conditions in PCD as well as how
they differ from CF.

AS are Gram-negative, nonfermentive opportunistic
pathogens.'' The effect of AS infection on lung function
in CF is considered both of significance and concern as
chronic infection with AS in CF is associated with re-
spiratory decline, increased frequency of exacerbations,
and lung inflammation,'*'* as well as patient-to-patient
transmission.'* ' In addition, AS is renowned for its
resilience and intrinsic and acquired multidrug resistance
traits that challenge the effectiveness of treatments.'” The
rarity of positive AS cultures from patients with PCD
across PCD centers worldwide and the resulting lack of
experience have so far left AS colonization in PCD an
unexplored field with a concern that AS infection may
play a significant but ignored role in PCD.?® In this
paper, we present a review of the prevalence and col-
onization of AS, including the distribution of early and
persistent infections, as well as an overview of the
associated antibiotic treatments, and the rate of suc-
cessful eradication in a national cohort of patients with
PCD.

Methods

This is a retrospective, single-center, nation-wide descrip-
tive study of patients with PCD in Denmark. Historic
sputum samples were reviewed for the previous 18 years
and electronic health records reviewed for antibiotic
treatments during infections with AS.

Data collection

Data was obtained from the Danish PCD registry'®
(patient demographics), MiBa (microbiology samples),
and from reviews of individual health records (antibiotic
treatments).

Patient demographics. The Danish PCD registry is asso-
ciated with the Danish PCD center, a nationwide center

facilitating the management, monitoring, and general
care of pediatric and adult patients with PCD in Denmark.
One hundred and forty-three patients with PCD are af-
filiated with the center and are intentionally scheduled for
four annual visits to the outpatient clinic, including
routine spirometry and sputum samples for microbio-
logical examination.

Microbiology samples. All sputum samples analyzed for
microorganisms are registered in an electronic microbiology
database (MiBa), dating back to year 2002.

Antibiotic treatments. Systems used for electronic health
records were replaced with a new national system in
2016 leading to limitations on how far back in time
records were available, hence records were only re-
viewed from 2010 and onward. Records were reviewed
manually, for prescribed antibiotics together with any
deviations due to poor compliance or adverse effects
during the course of infection. Due to the retrospective
design and the challenge of designating antibiotics only
targeted AS, the listed covers all antibiotics given during
the period including antibiotics possibly aimed at other
targets. The review and noting continued until AS had
not been cultured for 1 year, as well as resumed if growth
reoccurred.

Detection of AS

Achromobacter species is detected routinely in the
clinical microbiology laboratory. All sputum samples
and airway secretions are Gram-stained to ensure the
origin from the lower airways and cultured on selective
media. These media include a Sabouraud plate, a 7%
NaCl plate, a B. cepacia plate containing colistin and
gentamicin, a “blueplate” (modified Conradi Drigalski’s
medium) selective for Gram-negative rods, and non-
selective media including 5% Danish blood agar and
chocolate agar (Statens Serum Institute, Copenhagen,
Denmark). Before 2011, isolated bacteria were identi-
fied using biochemical profiling based on API 20NE
(bioM¢érieux, France), and from 2011, MALDI-TOF MS
(Bruker Daltronics, Germany) was used.'?

Treatment regimens for AS in Denmark

In Denmark, we have currently no specific guidelines for the
treatment of AS infections in patients with PCD. In general,
the choice of treatment follows the same guidelines as for
patients with CF, with the infection treated according to the
same standards as infections with PA.?® At initial isolation,
the first choice of treatment is 3 weeks of inhaled colistin
as well as oral amoxicillin with clavulanic acid.”' With
continued growth, 14 days of intravenous antibiotic
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therapy either with piperacillinttazobactam, meropenem
or ceftazidime in combination intravenous tobramycin,
oral trimethoprim/sulfamethoxazole, or chlorampheni-
col, or inhaled colistin, or ceftazidime is applied followed
by 3 months of inhaled ceftazidime in combination with
oral trimethoprim/sulfamethoxazole. However, the treat-
ment is often hampered due to acquired resistance and
adapted accordingly. One important exception is in vitro
resistance to ceftazidime where we, based on primary
antimicrobial susceptibility testing, continue inhalation
treatments.

Inclusion and exclusion criteria

We included patients with a verified diagnosis of PCD
according to the latest guidelines from the European Re-
spiratory Society (ERS).?? Patients with fewer than four
microbiological samples or less than 1 year of continuous
samples were excluded.

Infection state

Infections with AS were classified as persistent when more
than three isolates of AS, at least 1 month apart, had been
cultured within the preceding 12 months and otherwise
classified as intermittent. Infections were regarded as
eradicated when there had been no isolates of AS for
6 months, requiring a minimum of three samples with a
minimum of 1 month between samples.

Lung function

Historical lung function data was used to assess lung
function. The progression of lung function 2 years prior to
infection in patients who became persistently infected was
compared to the lung function during the first 2 years of
infection. Further, subjects were matched 1:1 to age-
matched (£2 years) controls without significant infection
in order to compare the evolution of lung function to un-
affected individuals.

Statistics

Discrete data is reported as counts and percentages while
continuous data is reported as medians including
interquartile and/or ranges. Fishers exact/Pearson’s Chi-
squared test was used to calculate p-values for propor-
tions, while the Wilcoxon signed rank test was used for
continuous variables. Linear mixed effects models with
random intercepts were applied to assess changes in lung
function, with z-tests performed to compare slopes. p-values
<0.05 were considered significant. R version 3.6.3 was used
for statistical analysis.

PCD patients in registry
N =148

Not in microbiology database
N=8

Did not meet inclusion criteria
N=4

A
Subjects included
N =136

Subjects with isolates of
Achromobacter spp.
N =26

Subjects without isolates of
Achromobacter spp.
N =110

Subjects with Subjects with
intermittent infection chronic infection
N =16 N=10

Figure |. Flow diagram of patient inclusion and allocation
according to sample results. The Danish PCD registry contained
information on 148 patients with PCD of which |2 had insufficient
microbiology samples and were excluded, leading to a total of 136
patients included for further review.

Results

Study population

The Danish PCD registry currently contains data of 148
patients with PCD. We successfully managed to link 140
[95%)] of these patients with data from MiBa. We excluded
four patients that did not meet the inclusion criteria (<4
samples and/or <12 months of data) and included 136
patients in the study (Figure 1). Microbiologic data was
available for a median (range) of 14.6 (1-18.6) years with
72 (4-244) samples per patient, corresponding to 6 (1-25)
samples per year. The median follow-up time for patients
with positive AS was 17.5 (1-18.6) years (Table 1).

Occurrences of AS in patient samples

In total, 26 patients had cultures of AS in airway secretions. The
annual prevalence (new and ongoing AS infections) ranged
from 1.4 to 9.1% (median 4.6%), while the annual incidence of
new infections ranged from 0 to 3% (median 1.2%) (Figure 2).

Characteristics of the AS infections

Patient demographics at first isolation within the study are
presented in Table 2. More than one third of infections
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Table I. Patient demographics at first sample.

Characteristic N =134
Gender
Male 65 (49%)
Age, years 12 (6, 25)
Follow-up time 14.6 (10.5, 18.0)
No. of samples 72 (34, 110)
Forced expiratory volume, first second (%-predicted) 81 (65, 91)
Not performed® 42
Forced vital capacity (%-predicted) 89 (75, 102)
Not performed® 42
Age at referral to PCD center, years 8 (2, 16)
Laterality defect 50 (38%)
PCD gene identified 103 (77%)
Transmission electron microscopy
Abnormal 92 (69%)
Normal 12 (9.0%)
Not performed 29 (22%)
High-speed video microscopy of cilia
Abnormal 121 (90%)
Not performed 13 (9.7%)
Immunofluorescence staining for ciliary components
Abnormal 57 (72%)
Normal 22 (28%)
Not performed 55
Mucociliary clearance
Abnormal 44 (33%)
Inconclusive 13 (9.7%)
Not performed 77 (57%)
Nasal nitric oxide, nl/min 15 (7, 26)
Not performed 32

’n (%); Median (IQR).
b

N = 36 patients were too young to perform spirometry at their first sample.

(38.5%, n = 10) became persistent within the study period
(2002-2020, median follow-up time is 17.5 years). In pa-
tients with intermittent infection, 62.5% (10/16) had only
one isolate of AS. However, 37.5% (6/16) of patients
classified as intermittently infected failed to fulfill the
eradication criteria within the study period and hence had an
unknown prospective course of infection with a potential of
becoming persistent. Patients with a persistent infection,
when compared to patients intermittently infected, were
older, had a higher age at diagnosis, a lower lung function,
and a higher incidence of co-infection with PA. However,
among these findings, only lung function in terms of FEV,
%-predicted showed statistical significance (Table 2). The
median length of chronic infections within the study period
was 6.6 years, but at the end of the study period, eradication
had been unsuccessful for 40% (4/10) of patients and the
infection must be presumed to continue. Three patients died
during the study period, of which two died with an ongoing
persistent infection with AS.

Association with lung function

The progression of FEV, percent predicted in patients
persistently infected was significantly different during in-
fection (63.7 with an annual change of —2.2) when com-
pared to the two preceding years (59.7 +1.2 per year), p =
0.017. The course prior to infection differed significantly to
the course in unaffected controls (68.8—1.8 per year), p =
0.045, while the course during infection did not, p = 0.241
(Figure 3).

Antibiotics and eradication success

Antibiotic resistance. Resistance patterns during the first
2 years of persistent infection are presented in Figure 4. In
general, low levels of resistance were seen for piperacillin/
tazobactam, amoxicillin/clavulanate, meropenem, imipe-
nem and colistin, while most strains were resistant to to-
bramycin and ciprofloxacin.
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Figure 2. The observed proportion of patients (%) with Achromobacter species infection reported annually. The proportion of patients
who within a given year have had a positive culture with AS (prevalence) as well as the proportion of patients where the culture had not
been preceded by positive samples in the previous year. Data are calculated on an annual basis, and the horizontal dotted lines indicate

the average values.

Table 2. Infection characteristics.

Characteristic Overall, N = 26*  Persistent, N = 10°  Intermittent, N = 16*  p-value®
Infection length, years 0.7 (0.0, 3.3) 6.6 (1.8,9.3) 0.0 (0.0, 0.6) <0.001
Gender, male 12 (46%) 4 (40%) 8 (50%) 0.7
Age at first isolation, years 34 (13, 51) 47 (20, 58) 28 (14, 42) 0.2
Age at referral to PCD center, years 13 (7, 30) 25 (8, 31) 13 (6, 24) 0.4

P. aeruginosa cultured during infection 13 (50%) 7 (70%) 6 (38%) 0.11
Forced expiratory volume, first second (%-predicted) 74 (61, 87) 65 (58, 74) 80 (66, 90) 0.049
Not performed 5 I 4

Forced vital capacity (%-predicted) 90 (78, 96) 79 (77, 90) 94 (82, 98) 0.13
Not performed 5 I 4

*Median (IQR); n (%).

Wilcoxon rank sum test; Fisher’s exact test; and Pearson’s Chi-squared test.

Eradication. Successful eradication of AS was achieved in
61.5% (16/26) patients. For patients with intermittent infec-
tion fulfilling the eradication criteria, 70% (7/10) only had AS
cultured once (i.e., one positive sample), while the remaining
three patients had a median (range) infection length of 0.8
(0.6-1.2) years. Eradication of persistent infections was
achieved in 60% (6/10) of patients after a median (range) of
4.5 (0.7-7.8) years (at least three samples more than 1 month
apart for six consecutive months without any isolates). The
amount of prescribed antibiotics according to patient records
(available from 2010 and onward) is visually illustrated as a
timeline in Figure 5. Five patients had eradication prior to
2010 and hence these patients are missing.

Intravenous antibiotics. A total of 81% (17/21) patients re-
ceived intravenous antibiotics, 1-10 times (median of 2)
with a median (range) duration of 14 (5-41) days.

Meropenem was the most frequently administered intra-
venous antibiotic used 64.1% (34/64) of times, followed by
a combination of meropenem/tobramycin used 10.9% (7/
64) of times.

Inhalation antibiotics. Nearly all patients (85.7%, 18/21)
received inhalation antibiotics. The total quantity ranged
from 1 to 19 (median of 4), with a median (range) duration
of 79 (8-724) days for each treatment. Colistin was the most
prevalent antibiotic used in inhalation therapy (68.5% of
treatments 61/89), followed by tobramycin (16.9% of
treatments, 15/89).

Oral antibiotics. Orally administered antibiotics were pre-
scribed to 95.2% (20/21) patients a varying number of times
ranging from 1 to 38 courses (median of 3). Treatment
durations ranged from 5 to 947 days (median 27).
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Figure 3. Impact of persistent Achromobacter infection on lung function. Lung function in cases who became persistently infected with
AS reported as FEV | percent predicted. The rate of decline during the first 2 years of infection is compared to the decline during the

2 years prior to infection, as well as decline in |:| age-matched uninfected controls. The slope was significantly different between cases
prior to and during infection (p = 0.017) as well as between cases prior to infection and controls (p = 0.045). The rate of decline during
infection was not different from the rate of decline in uninfected controls (p = 0.241).

Amoxicillin and clavulanic acid accounted for 51.7% (62/
120) treatments and was the most frequently used oral
antibiotic followed by azithromycin and ciprofloxacin, both
accounting for 15.8% (19/120) of treatments.

Discussion
Summary of main findings

This is the first study in which respiratory infections with
AS in patients with PCD are directly compared with clinical
and treatment data. Calculated annually, we found that an
average of one percent of our patients contracted a respi-
ratory infection with AS, and that an average of five percent
of the patient cohort each year had had at least one positive
sputum culture with AS. The chance that an initial positive
culture of AS remained a stand-alone event even without
treatment was quite high. This often gives rise to a dilemma
also given the typically high rate of antibiotic resistance in
AS, as to whether treatment should always be initiated at the
first culture or whether one can wait for the next positive
culture. Some studies have indicated that infection is
commonly lost without specific eradication attempts.*
However, we found that the chance of eradication in the
early phase of positive cultures during the intermediate term
is quite high. However, one-third remained intermittent with
an unknown outcome, and another one-third developed
persistent infection with a long duration (median of 6.6
years), and a high rate of antibiotic treatments that in two-
thirds led to successful eradication of the infection. We
addressed potential differences at first isolation between
patients that managed to clear the infection and patients in
whom the infection became chronic. We found no differ-
ences in age but observed a significantly lower FEV,

percent predicted at first isolation. However, this should be
interpreted with caution due to the small number of patients
included but is nevertheless consistent with what has
previously been reported in patients with CF both con-
cerning PA and AS.** We did not find a significant impact
of AS on lung function when comparing the course of
FEV, percent predicted in patients with persistent in-
fection to uninfected age-matched controls. However, the
course of lung function prior to infection within the group
of patients with persistent AS did differ to the course
during infection (Figure 3), and our study does rise minor
concerns toward low FEV, and risk of contracting AS
since significantly lower FEV, percent-predicted at first
isolation was associated with definite established or
unambiguous development toward evolution of persistent
infection.

In CF, AS is considered an opportunistic pathogen that
causes healthcare-associated infections. In the US, 42% of
Achromobacter-infected patients were infected with Ach-
romobacter xylosoxidans while the rest were infected with
other AS.'® Since 1996 AS—in the CF population—has
shown increasing prevalence from a few percent to ap-
proximately 5 percent in 2019, and virtually absent until
school age showing increasing prevalence to between 5 and
10 percent in adolescence and beyond.**

A previous study of the Danish PCD cohort found a
median annual prevalence of A. xylosoxidans of 5.3%,’
which is slightly different from the figures we present in this
report. This may be explained by the fact that we did not
limit the search exclusively to xylosoxidans but possibly
also by a continuous review and revision of patient diag-
noses according to updated guidelines and the greater
availability of genetic analysis. "’
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Figure 4. Antibiotic resistance patterns in patients with persistent infection. Resistance patterns for patients who became persistently

infected reported at approximately |12-month intervals for the first 2 years.
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Figure 5. Treatment courses with antibiotics during and one year after Achromobacter species isolation. Overview of the amount,
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period prior to this is not covered.

Perspectives, to treat or not to treat AS infection, and
patient segregation

Our segregation and treatment strategy for PCD rely heavily
on the way we manage AS infection in patients with CF. The
start-up approach to CF is inspired by recommendations
from Infection Prevention & Control (IP&C) guidelines in
CF but also our own experiences and studies of the sig-
nificance of AS infection for deteriorating development of
CF lung disease.'®*° For patients with PCD, this implies a
strict segregation from first culture of AS and initiation of
the treatment regimen explained earlier. Furthermore, it is
interesting that the impact of AS infection is considered
rather controversial since there was no possibility of
reaching a consensus on the management of AS infection in
arecent IP&C PCD consensus document,”® which probably
reflects a large variation in experience with and opinion
regarding AS infection among the PCD experts in the
consensus panel. This is indeed highly contrasting the [P&C
consensus concerning AS infection in CF.'®

Treatment overview

According to the varying degree of infection persistence, we
showed that the treatment intensity varied correspondingly.
Many aspects of the treatment regimen are inspired by the
evidence from antibiotic treatment of pulmonary PA in-
fection in CF patients and our own experience with AS
where it is highly recognized that AS has a natural innate
resistance and, in most cases, even multi-drug-resistance as
recognized already in the first isolate and with further

development of increasing resistance. This is of great im-
portance and influences our choice of prescribed antibiotics,
which often include intravenous administration which is
reflected in our findings of resistance patterns and the large
armamentarium of antibiotics used in the treatment of this
relatively small group of patients.

Strengths and the limitations of this study

Strengths. The strength of this study is the long observation
period of 18 years (median 14.6 years) with a compre-
hensive thorough registration of all pathogenic bacteria,
where in this study we have focused exclusively on AS
occurrence, persistence, and treatment. The latter has
consisted of a meticulous review of all patient records and
notes regarding the detection of AS and antibiotic treatment.
As all patients are associated with our center throughout life,
it is possible to track all patients in terms of outcomes.

Limitations. A weakness of this study, though it is a built-in
known premise, is the relatively small number of patients in
the cohort and the small number of positive cultures for AS,
which makes incidence and prevalence calculations rela-
tively uncertain. Interestingly, however, we demonstrate a
fairly stable prevalence comparable to what has been shown
in CF. Age is severely left skewed (many young patients),
but this is a common observation in all data set including
registries as recently reported.'® Further, information on
treatments relies on patient records, that is, only our best
guess of what really happened in terms of treatment duration
and not everything is always reported. Changes in electronic
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health record systems and databases over the time-period of
this study have also resulted in lack of data concerning
treatment, which was only accessible from 2010, while
microbiology could be tracked back to 2002. Finally, we
often found contemporary overlap with other infections,
which potentially could render treatment data as slightly
non-specific particularly in cases where it was not explicitly
stated which drugs were prescribed for which bacteria.

The implications for future research or
clinical practice

Future studies of the prevalence, treatment, and potential
influence of various bacteria on the development of PCD
lung disease should be performed under controlled pro-
spective circumstances. For this purpose, the new FOLLOW-
PCD initiative where the clinical visits are recorded
systematically for several parameters including microbiology
and prescribed treatment is of great importance in combi-
nation with ongoing registration of clinical data in well-
functioning registries.'*"-*®* In this way, far more valid data
from many PCD centers can contribute, among other things,
to a greater understanding of the influence of AS and other.

In conclusion, Achromobacter species give rise to re-
spiratory infections in patients with PCD with a prevalence
comparable to what has been shown in patients with CF.
Achromobacter can occur transiently, intermittently, or
develop into a serious persistent lung infection associated
with long-term antibiotic treatment. We recommend larger
prospective multicenter studies to clarify the significance of
both AS, but also other bacterial lung infections for the
development of PCD lung disease.
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