Eur Respir J 2006; 28: 847-861
DOI: 10.1183/09031936.06.00138305
Copyright©ERS Journals Ltd 2006

REVIEW

Advances in the diagnosis and management
of chronic pulmonary aspiration in children

R.P. Boesch**, C. Daines**, J.P. Willging*’, A. Kaul**, A.P. Cohen®,
R.E. Wood** and R.S. Amin**

ABSTRACT: Chronic pulmonary aspiration (CPA) in children is an important cause of recurrent
pneumonia, progressive lung injury, respiratory disability and death. It is sporadic, intermittent
and variable, and often occurs in children with complicated underlying medical conditions and
syndromes that produce symptoms indistinguishable from CPA. For most types of aspiration
there is no gold-standard diagnostic test. The diagnosis of CPA is currently made clinically with
some supporting diagnostic evaluations, but often not until significant lung injury has been
sustained. Despite multiple diagnostic techniques, the diagnosis or exclusion of CPA in children
is challenging. This is of particular concern given the outcome of unrecognised progressive lung

injury and the invasiveness of definitive therapies.
Although new techniques have been introduced since the 1990s and significant advances in the
understanding of dysphagia and gastro-oesophageal reflux have been made, characterisation of

the aspirating child remains elusive.

KEYWORDS: Aspiration, bronchoscopy, children, fibreoptic-endoscopic evaluation of swallowing,

oesophageal impedance

hronic pulmonary aspiration (CPA)
‘ represents the repeated passage of food

material, gastric refluxate, and/or saliva
into the subglottic airways in a manner sufficient
to cause chronic or recurrent respiratory symp-
toms. These symptoms include chronic cough,
wheeze, recurrent pneumonia, failure to thrive,
choking on feeds or secretions, and radiological
signs of chronic lung injury [1-5]. CPA is
sporadic and intermittent, and in some children
may only occur coincidentally with other stres-
sors, such as an upper respiratory tract infection.
CPA often occurs in children with complicated
underlying medical conditions and syndromes
that produce similar respiratory symptoms. For
instance, a child with chronic lung disease from
pre-maturity and tracheomalacia may have
recurrent cough, wheeze and atelectasis and
may also chronically aspirate. Anatomic abnorm-
alities that create a direct connection between the
oesophagus and airway result in CPA. While
tracheo-oesophageal fistulas are often apparent at
birth, h-type fistulas or laryngo-oesophageal
clefts may be more difficult to detect. Other
craniofacial abnormalities may also disrupt the
coordination between swallowing and respira-
tion, and predispose to aspiration. CPA results in
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progressive lung disease, bronchiectasis and
respiratory failure, and is the leading cause of
death in children with severe neurological dis-
orders [6]. To date, therapeutic interventions for
CPA have associated morbidity and mortality
and often result in increased complexity of care
for these children.

As some nocturnal aspiration of saliva and
gastric refluxate occurs in normal healthy sub-
jects [7, 8], but clearly results in progressive lung
disease in others, the threshold of what constitu-
tes pathological aspiration in a given individual
may vary. Determining whether aspiration is a
significant cause of respiratory disease can thus
be challenging. There are no gold-standard
diagnostic tests for CPA. Currently, the diagnosis
of aspiration is made clinically with some
supporting diagnostic evaluations. Owing to the
complex nature of chronic aspiration, a multi-
disciplinary approach is optimal.

This review will present an overview of the
literature regarding CPA, discussing the cur-
rently available diagnostic tests and their limit-
ations, and management options. Management of
specific anatomic causes of CPA would require
its own review and, therefore, are not discusssed

VOLUME 28 NUMBER 4

AFFILIATIONS

*Aerodigestive and Sleep Center,
and,

Divisions of #Pediatric Pulmonary
Medicine,

YPediatric Otolaryngology and Head
and Neck Surgery,

*Pediatric Gastroenterology,
Hepatology and Nutrition, and
$Thoracic and Pediatric Surgery,
Cincinnati Children’s Hospital
Medical Center, Cincinnati, OH, USA.

CORRESPONDENCE

R.P. Boesch

Clinical Fellow

Pediatric Pulmonary Medicine
Cincinnati Children’s Hospital
Medical Center

Cincinnati

OH 45229

USA

Fax: 1 5136364615

E-mail: paul.boesch@cchmc.org

Received:

November 23 2005
Accepted after revision:
May 20 2006

European Respiratory Journal
Print ISSN 0903-1936
Online ISSN 1399-3003

847



CHRONIC PULMONARY ASPIRATION IN CHILDREN

here. Special emphasis will be given to newer techniques and
emerging diagnostic modalities designed to improve the
characterisation of this elusive disease.

PATHOPHYSIOLOGY

Pulmonary aspiration may occur as a result of swallowing
dysfunction, gastro-oesophageal reflux (GOR), or an inability
to protect the airway adequately from oral secretions. In
children with CPA, more than one mechanism is often
involved and the condition may be due to structural and/or
medical conditions.

Aspiration due to swallowing dysfunction

Normal swallowing is a complex process that requires the
coordination of voluntary and involuntary actions. After oral
acceptance and preparation, a food bolus is voluntarily
delivered to the pharynx. This triggers the involuntary
pharyngeal phase in which the soft palate seals the nasopharynx,
the larynx is elevated and tilted anteriorly, the true and false
vocal folds close and the pharyngeal constrictors sequentially
contract to propel the bolus into the oesophagus. The upper
oesophageal sphincter simultaneously relaxes and is pulled
open to accept the bolus through laryngeal elevation.
Peristalsis then transports the bolus to the stomach. An
intrinsic abnormality in the effectiveness, duration, or timing
of any of these components can result in aspiration.
Although CPA due to swallowing dysfunction most often
occurs in children with neurological disease, it should also
be considered in neurologically normal infants with recur-
rent pneumonia, recurrent wheezing, chronic cough or
stridor [9].

Reflux aspiration

Although an association between GOR and respiratory
symptoms, such as wheezing, chronic cough, nocturnal cough,
apnoea and recurrent lung infections, has been well docu-
mented [10-12], a causal relationship between GOR and
respiratory symptoms due to CPA is difficult to determine in
an individual child [13-15]. Several studies [12, 16-19] provide
evidence substantiating a cause-and-effect relationship
between GOR and CPA. Acid is clearly toxic to the respiratory
tract. Specifically, aspiration of acidic (pH 1-2) contents into
the lungs has been shown to cause desquamation of mucosa,
damage to alveolar lining cells and capillaries and acute
neutrophilic inflammation [20]. Pulmonary aspiration of
contents with pH >2.5 has caused pneumonitis in an animal
model [21]. Observational evidence suggests that medical and
surgical treatment of GOR may decrease lung infections [12].
Two small adult studies of simultaneous oesophageal and
tracheal pH monitoring have also demonstrated a temporal
relationship between a drop in oesophageal pH, tracheal pH
and peak expiratory flow [16, 17]. Also, exposure of laryngeal
mucosa to acid significantly decreases laryngeal sensation,
which increases the risk of aspiration [18].

MORTON et al. [19] evaluated the relationship between GOR and
recurrent lower respiratory tract infections in a group of
children with cerebral palsy in a study that highlights the
variable relationship between GOR and CPA. MORTON et al.
[19] found that severe GOR did not increase lower respiratory
infections without the coexistence of swallowing dysfunction
and that even mild GOR was associated with recurrent
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infections in the presence of swallowing problems. Despite
the evidence that GOR can cause respiratory symptoms as a
result of aspiration, GOR can cause similar respiratory
symptoms by other mechanisms. Stimulation of oesophago-
gastric reflexes can cause bronchospasm without actual
penetration of stomach contents into the airway [22], which
makes it difficult to determine whether or not a child with
chronic respiratory symptoms and GOR is aspirating.

Salivary aspiration

Chronic aspiration of saliva is the least-commonly recognised
form of aspiration and is usually not diagnosed prior to the
development of significant lung injury. The oral cavity
contains potentially pathogenic bacteria and yeast. These
organisms can cause recurrent pneumonia or pulmonary
abscess if aspirated in sufficient quantity [23]. Most neurolo-
gically impaired children who aspirate their saliva do so
because of severe swallowing incoordination and absent
laryngeal sensation rather than excess production of saliva
[24]. In children who continue to have symptoms of aspiration
despite cessation of oral feeding and treatment or diagnostic
exclusion of GOR, an evaluation for salivary aspiration is
warranted. In contrast, children with significant sialorrhoea;
choking on secretions; severe neurological impairment;
laryngotracheo-oesophageal cleft; vocal cord paralysis; colo-
boma, heart defects, atresia choanae, retardation of growth and
development, genitourinary problems and ear abnormalities
(CHARGE) association; Moebius, West or Pfeiffer syndromes;
or congenital high airway obstruction syndrome (CHAQOS),
should undergo evaluation for salivary aspiration earlier in the
diagnostic process. The current authors have found that
children with these conditions have a much higher likelihood
of salivary aspiration.

RADIOGRAPHIC EVIDENCE OF ASPIRATION

Plain chest radiographs and high-resolution computed tomo-
graphy (HRCT) are utilised in the evaluation of children
suspected of aspiration. They are not, however, considered
diagnostic tests for aspiration. Rather, they are useful
indicators of lung injury which may be seen in a distribution
characteristic of CPA. They may also document progression or
resolution of the disease process over time.

Chest radiograph

CPA typically presents radiographically as hyperaeration,
subsegmental or segmental infiltrates and peribronchial
thickening. Bronchiectasis may also eventually be seen. The
basilar and superior segments of lower lobes as well as
posterior upper-lobe segments are the most significantly
involved. Chest radiographs are not sufficiently sensitive to
detect the subtle changes that occur in early lung injury.

HRCT

HRCT of the chest is known to be more sensitive than plain
radiographs in the detection and definition of early airway and
parenchymal disease in paediatric patients [25, 26]. In a child
with a suggestive history, the combination of airway and
parenchymal findings in a distribution consistent with aspira-
tion can be interpreted as evidence of lung injury caused by
CPA. HRCT can detect bronchiectasis, centrilobular opacities
(““tree-in-bud”’), air trapping and bronchial thickening [26, 27].
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While these findings are not specific for CPA, they are
common in children who chronically aspirate.

DIAGNOSTIC PROCEDURES

Diagnosis of CPA due to swallowing dysfunction
Videofluoroscopic swallow study

Videofluoroscopic swallow study (VSS) has the ability to
evaluate the oral pharyngeal and oesophageal phases of
swallowing directly. Any abnormalities in bolus formation or
timing of swallow, as well as velopharyngeal insufficiency, can
be visualised. Premature spillage of the food bolus before the
swallow, residue after the swallow, penetration into the
airway, aspiration into the trachea with or without cough
clearance, impaired passage into the oesophagus caused by
cricopharyngeal achalasia, and regurgitation of swallowed
food can all be seen. A speech and language pathologist (SLP)
is integral to the examination, allowing detailed feeding
recommendations to be made at the time of the evaluation.
The examination can be tailored to provide consistencies
similar to those the child is already eating at home, and
optimal feeding position and food consistency can be assessed.

VSS expands upon the bedside clinical evaluation of swallow-
ing, which is excellent in the assessment of oral motor skills,
but insufficient to assess aspiration risk accurately. A recent
study [28] reported that clinical examination has a negative
predictive value of 89% to predict aspiration or penetration of
liquids on VSS, but a positive predictive value of only 54%. The
positive predictive value for clinical examination is even lower
(18%) for aspiration of solids. When swallowing abnormalities
are suspected on clinical examination, VSS is generally
adequate to detect those who are at risk of CPA during oral
feeding and to make effective feeding and rehabilitative
recommendations [29-31].

VSS also has limitations. Although feeding recommendations
based on VSS have been shown to decrease lower respiratory
tract infections in acutely brain-injured adults with dysphagia
[30], findings in other studies have suggested that VSS may
have an unacceptable false-negative rate in predicting those
who will progress to have aspiration pneumonia [32, 33]. The
reliability of VSS is also variable. Multiple prospective studies
[34-36] have documented poor inter- and intra-observer
reliability for all components of VSS except for detection of
actual aspiration events. Owing to the episodic nature of
aspiration, a normal VSS cannot entirely rule out aspiration of
feeds. The strengths and limitations of VSS are summarised in
table 1. Generally, VSS is a standard evaluation for direct
aspiration in children in whom clinical examination has
revealed abnormal swallowing.

Fibreoptic-endoscopic evaluation of swallowing

Since the introduction of flexible endoscopy for the assessment
of dysphagia in 1988, its use has continued to expand [37]. In
the current authors’ institution, fibreoptic-endoscopic evalua-
tion of swallowing (FEES) is performed by an otolaryngologist
in conjunction with an SLP. The study can be performed in
children of any age and requires no sedation or exposure to
radiation. A small flexible nasopharyngoscope is positioned
between the soft palate and epiglottis and multiple swallows
are visualised directly by the otolaryngologist, the SLP and the
child’s home caregivers via a video monitor. The oral and
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pharyngeal phases can be assessed but the scope is blind to
events occurring during pharyngeal contraction. As with VSS,
children can be fed the same food they are given at home, the
consistencies can be varied and the effectiveness of imple-
mented compensatory and therapeutic swallowing techniques
can be assessed at the time of examination. The ability of the
caregiver to observe the aspiration event as well as the
effectiveness of feeding techniques directly provides strong
feedback and reinforcement.

Comparisons between FEES and VSS

FEES has been found to be as sensitive as VSS at detecting
delayed initiation of swallow, penetration, aspiration and post-
swallow residue [38, 39]. LEDER and KARAS [40] found complete
agreement between the results of FEES and VSS in paediatric
patients and were able to make specific feeding recommenda-
tions based on FEES. A prospective, randomised trial in
dysphagic adults found no difference in pneumonia outcomes
whether feeding recommendations were made based on FEES
or VSS results [41]. The inter- and intra-observer reliability of
FEES is similar to that of VSS [42]. FEES has not been evaluated
in normal controls to determine how the presence of a
nasopharyngoscope might alter the swallowing mechanism.
FEES, however, has some advantages over VSS. A thorough
anatomic and functional evaluation of the pharynx and larynx
can be performed in a way that cannot be seen during VSS.
Other advantages include portability, variability in feeding
positions, and an ability to evaluate children who have severe
oral aversions or who are not feeding by mouth. Aspiration
risk can be evaluated in these children by assessing excessive
pooling of oral secretions and laryngeal sensation or by placing
a few drops of coloured food dye or chlorophyll on the tongue,
and observing for aspiration or penetration [43]. Both FEES
and VSS are useful and complementary owing to the different
types of information they provide (table 1).

Flexible bronchoscopy with bronchoalveolar lavage

The calculation of a quantitative index of lipid-laden macro-
phages in bronchoalveolar lavage (BAL) samples has repeat-
edly been evaluated as a test for CPA of various types and
conflicting results have been reported. Theoretically, an
increased prevalence of lipid-filled macrophages in the lower
airway suggests aspiration of food intake directly or following
reflux from the stomach. An early paediatric study by
CoLomBO and HALLBERG [44], in which children were classified
based on clinical suspicion of aspiration during feeding, found
that a lipid-laden macrophage index (LLMI) on a 0—400 scale
differentiated between the two groups. All of the children
suspected of aspiration had a LLMI >86; the highest LLMI in
the “nonaspirator”” group was 72. This is the only prospective
study designed to evaluate LLMI as a marker of CPA caused
by swallowing dysfunction in children. The two groups were
similar in regard to chest radiography findings and respiratory
symptoms and differed only as to whether or not they choked
on food. GOR was not consistently evaluated in either group as
a potential confounder. A retrospective study [45] attempted to
overcome some of the limitations of an absent gold standard
by determining chronic aspiration (of any type) by response to
treatment via telephone follow-up. Patients who improved
with treatment were regarded as “correctly diagnosed”.
Within the subset of patients correctly diagnosed, those
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ay:\:{BS8 B Summary of diagnostic tests of aspiration

Evaluation Benefits

R.P. BOESCH ET AL.

Limitations

Chest radiograph

time

HRCT
opacities and bronchial thickening
Less radiation than conventional CT

Assesses accumulation of injury over time
Evaluates all phases of swallowing

Evaluates multiple consistencies

VSS

Feeding recommendations made at time of study

FEES / with sensory testing Ability to thoroughly evaluate functional anatomy

Evaluates multiple consistencies

Can assess risk of aspiration in nonorally feeding child; airway protective

reflexes can be assessed
Feeding recommendations made at time of study
Visual feedback for caregivers
Can be performed at bedside
No radiation exposure
BAL Evaluates anatomy of entire upper and lower airways
Samples the end-organ of damage
Sample available for multiple cytological and microbiological tests
Becoming more widely available

Oesophageal pH
monitoring

Current gold standard for diagnosis of GOR
Established normative data in children

Oesophageal impedance
monitoring

Likely future gold standard for diagnosis of GOR with supra-
oesophageal manifestations
Able to detect acid and nonacid reflux events
Detects proximal reflux events
Able to evaluate for GOR without stopping medications
Gastro-oesophageal Performed under physiological conditions
scintigraphy
Radionuclide salivagram

Low radiation exposure
Child does not have to be challenged with food bolus
Low radiation exposure
Dye studies Can be constructed as screening test or confirmatory test
Can evaluate aspiration of secretions or feeds
Repeating over time allows for broader evaluation

Inexpensive and widely available, assesses accumulation of injury over

Sensitive in detecting lung injury, such as bronchiectasis, tree-in-bud

Insensitive to early subtle changes of lung injury

More radiation exposure than plain radiograph
Expensive

Information limited if child consumes only small quantities
Difficult to perform in child who has not been feeding by mouth
Radiation exposure proportional to study duration
Cannot be performed at bedside
Limited evaluation of anatomy
Evaluates one moment in time
Expensive
Blind to oesophageal phase and actual swallow
Invasive and may not represent physiological swallowing
conditions
Evaluates one moment in time
Not widely available
Expensive

Uncertainty regarding interpretation of lipid-laden macrophage
index
Index cumbersome to calculate
Requires sedation or anaesthesia
Invasive
Expensive
Blind to majority of reflux events
Difficult to establish causal relationship between GOR and
aspiration

Somewhat invasive

Evaluates one moment in time

Lack of normative data for children
Somewhat invasive
Expensive and cumbersome to interpret

Not widely available

Evaluates one moment in time

Poor sensitivity
May not differentiate between aspiration from dysphagia or GOR
Unknown sensitivity
Unknown relationship to disease outcomes
Evaluates one moment in time
Uncertainty in interpretation owing to variability of technique
Can only be performed in children with tracheostomies

HRCT: high-resolution computed tomography; VSS: videofluoroscopic swallow study; FEES: fibreoptic-endoscopic evaluation of swallowing; BAL: bronchoalveolar

lavage; CT: computed tomography; GOR: gastro-oesophageal reflux.

regarded as aspirators had a mean+sD (range) LLMI of
112+ 63 (20-233) whereas those regarded as nonaspirators
had a mean+sp (range) LLMI of 43+42 (0-170). The
sensitivity and specificity were 0.73 and 0.81, respectively,
for an index cut-off of 90.
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Although it seems logical that the presence of exogenous lipid
in the lower airways would be an indicator of aspiration of fat-
containing material, this finding is not specific for aspiration.
Using the same methodology for determining LLMI as
CoLomBO and HALLBERG [44], KNAUER-FISCHER and RATJEN [46]
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found high lipid indexes in children with various lung
diseases. KAzACHKOV ef al. [47] found the highest LLMI in
patients with cystic fibrosis. Endogenous lipid from surfactant
or cell membranes can also be engulfed by alveolar macro-
phages [48] and LLMI can be elevated by the use of i.v. lipid
preparations [49], pulmonary fat embolism in sickle cell
disease [50], and endogenous lipoid pneumonia from bron-
chial obstruction [51]. It is not possible to differentiate clearly
between exogenous and endogenous lipid on a lipid stain.
Table 2 illustrates the variability of the results of studies
performed to evaluate the utility of a LLMI to diagnose CPA.

Further complicating the interpretation of LLMI is a reported
lack of reproducibility. One study sought to formally evaluate
the inter- and intra-observer reliability of two methods of
calculating LLMI [55]. A biased difference between observers
was found, with the difference increasing as LLMI values
increased. The interobserver coefficient of variation was often
>50%. An LLMI may also vary depending on the amount of
time since the last aspiration event. In an animal study using
rabbits [56], the LLMI remained above 75 for 2 days in animals
receiving a single tracheal instillation of milk and 5 days in
animals having received weekly instillations.

Despite these significant limitations, an LLMI may provide
supporting evidence of aspiration in select patients. There is
insufficient evidence to support the notion thatan isolated finding
of increased lipid in BAL is sufficient for diagnosis of aspiration,
although a very large amount would be more suggestive.

Diagnosis of reflux aspiration

pH/Impedance monitoring

The “gold standard” for the diagnosis of GOR has been
considered to be 24-h oesophageal pH monitoring but this may

CHRONIC PULMONARY ASPIRATION IN CHILDREN

change owing to its increasingly recognised limitations.
Standard pH monitoring is unable to recognise superimposed
acid events that occur after a pH drop but before pH
normalisation [57, 58]. These superimposed reflux events
may represent up to 38% of acid-reflux events [57]. Also, a
large proportion of GOR is nonacidic and therefore undetect-
able by pH monitoring. Nonacid reflux material can also be
aspirated and cause lung disease. It is therefore unlikely that
detection of acid reflux alone is adequate in the diagnostic
evaluation of CPA.

Multichannel intraluminal impedance and pH monitoring
(MII-pH) has been increasingly studied for its ability to detect
both anterograde and retrograde passage of acid, nonacid and
gaseous material. By measuring changes in electrical impe-
dance at multiple levels of the oesophagus, the movement of a
fluid or air bolus can be detected. The pH is measured
simultaneously, allowing differentiation between an acidic or
nonacidic bolus. MII-pH studies have found that in contrast to
adults, infants with GOR have a much greater proportion of
nonacid reflux than acid reflux [57-59]. These events occur
most frequently within 2 h of a meal and are invisible to pH
monitoring owing to buffering from the food. MII-pH is able to
detect much more pharyngeal-level reflux than pH monitoring
and, therefore, it may be more able to predict those at risk of
reflux aspiration [59-62]. In one study of infants with
regurgitation and respiratory symptoms, 85.7% of impedance-
detected events correlated with respiratory irregularities on
polysomnogram and 73% of these reached the hypopharynx
[61]. Only 11.8% of events were acid and 90% were associated
with oxygen desaturation to <90%. This suggests that MII-pH
may become the technique of choice for evaluating supra-
oesophageal manifestations of GOR.

:\:18 8 Summary of evidence regarding lipid-laden macrophage index (LLMI)

First author [Ref.] Comparison groups Subjects n LLMI
CoLomBo [44] Respiratory symptoms without choking 23 21420 (0-72)
Respiratory symptoms with choking 22 139+ 46 (86-241)
BAUER [45] Not chronic pulmonary aspiration 62 43+42 (0-170)
Chronic pulmonary aspiration” 22 112+ 63 (20-233)
KNAUER-FISCHER [46] Surgical controls 18 60.2+23.6 (35-106)
Lung disease’* 18 119.6 +28.8 (74-178)
KazacHkov [47] Healthy adult controls 8 1.0+0.4
Non-CF, uninfected GOR and/or aspiration suspected clinically 21 19.2+45
CF, uninfected 24 6.9+3.5
MoRAN [52] Lactose assay negative 46 121+29
Lactose assay positive 18 204 +48
AHRENS [53] Surgical controls 20 6.7 (1-21)
Lung disease control® 14 4.8" (1-14)
Pulmonary symptoms and GOR? 32 24.3" (1-106)
Sacco [54] Respiratory symptoms, pH negative 9 12+ (3-50)
Respiratory symptoms, pH positive 11 52+ (5-105)

Data are presented as mean +sb (range) or mean (range). CF: cystic fibrosis; GOR: gastro-oesophageal reflux. #: Classified based on variable combinations of positive
upper gastrointestinal series, modified barium swallow and gastro-oesophageal scintigraphy and then “‘confirmed” by telephone follow-up documenting improvement
after intervention; ¥: 12 out of 18 subjects with pneumonia during antileukemic therapy; *: median values; ®: all with normal pH monitoring and barium oesophagram; i

GOR confirmed in all by pH monitoring, barium oesophagram, and/or oesophageal biopsy.
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There is still much to be investigated regarding the use of
oesophageal impedance as a diagnostic tool for aspiration. To
date, no studies have attempted to use MII-pH to predict CPA
from acid or nonacid reflux. The major limitation in the
validation of MII-pH is that although there is evolving
“normal” data in adults, there is no paediatric normative data.

Flexible bronchoscopy with BAL

The use of an LLMI to determine CPA caused by reflux is even
more difficult than diagnosing direct aspiration during
feeding. Three prospective studies attempting to compare
LLMI values in children with chronic respiratory symptoms
with and without documented GOR [52-54] have shown even
wider variability than studies for direct aspiration (table 2)
[42-44]. The most striking limitation of these studies is study
design. More specifically, these studies were designed to
evaluate the ability of LLMI to detect children with GOR
among a group of children with respiratory symptoms. This
seems implausible owing to the multiple mechanisms by
which GOR can produce respiratory symptoms. A noteworthy
study by MORAN et al. [52] employed an assay of lactose in the
trachea of intubated and ventilated neonates who were
receiving lactose-containing orogastric feeds, and used this as
confirmation of aspiration of enteral feeds. The authors found
that LLMI differentiated between neonates with positive and
negative assays. At an LLMI threshold of 100, they determined
a sensitivity of 100%, and a specificity of 22%, while at a
threshold of 150, sensitivity and specificity were 73 and 84%,
respectively. The relationship between LLMI and GOR
determined by MII-pH has not been investigated, but data
would be useful given the limitations of oesophageal pH
monitoring. Currently, in a child with GOR there is insufficient
evidence to support the diagnosis of reflux CPA using LLMI,
largely owing to the difficulty in establishing a causal link
between GOR and CPA.

Gastro-oesophageal scintigraphy and barium oesophagrams
Gastro-oesophageal scintigraphy (“milk scans”) has been
regarded as a physiological test for GOR and CPA [63].
Technetium-99-sulphur colloid is mixed into an infant’s
formula and the child is then allowed to eat ad lib. Serial
images are taken in order to detect tracer activity in the lung
parenchyma. This finding may signify aspiration but the
technique is not able to differentiate clearly between direct
aspiration and reflux aspiration. Milk scans are attractive in
that there is minimal radiation exposure and, if patients are
offered multiple feedings, these scans can offer a wider
window of opportunity to detect aspiration. Despite these
advantages, the sensitivity of a milk scan to detect aspiration is
questionable [63-66]. One recent test of children with severe
cerebral palsy found positive milk scans in only 6% [66]. This is
quite low considering the high prevalence of both GOR and
CPA in this population and the fact that VSS and salivagrams
were positive in 39 and 56% of the studied patients,
respectively. If other more sensitive tests are available, gastro-
oesophageal scintigraphy would not be an initial diagnostic
test of choice for CPA. Barium oesophagrams and upper
gastrointestinal series have also been used at times as tests for
evaluation for GOR and/or aspiration but they are not reliable
tests for either.
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Diagnosis of salivary aspiration

Radionuclide salivagrams

Radionuclide salivagrams are performed by placing a small
quantity of radiotracer in the buccal pouch and recording serial
images until there is clearance from the mouth. The presence of
activity in the trachea or bronchi indicates aspiration. This test
is commonly used as it is readily available, does not challenge
the patient with presentation of an oral bolus, and results in
minimal exposure to radiation.

Radionuclide salivagrams are repeatedly cited as the most
sensitive test for salivary aspiration despite the fact that there
have been no studies to evaluate their diagnostic accuracy.
Three retrospective reports [67-69] have shown a 26-28%
prevalence of positive salivagrams in children suspected of
aspiration, but no other confirmatory tests were performed. In
one study evaluating the ability of salivagrams to predict the
need for laryngotracheal separation, no correlation was found
between salivagram result and days hospitalised owing to
respiratory symptoms [70]. Radionuclide salivagrams show
poor agreement with other tests for aspiration [66]. In contrast,
one case series [71] documented the use of serial salivagrams to
successfully titrate tracheal continuous positive pressure to
eliminate aspiration. Further evaluation regarding the accuracy
of radionuclide salivagrams is needed.

FEES with sensory testing

As mentioned above, FEES can be a very useful examination in
children who are not feeding orally but continue to have
symptoms of aspiration. Aspiration of oral secretions can be
directly visualised or impending aspiration can be determined
by the presence of pooled secretions in the larynx and
diminished laryngeal sensitivity. Laryngeal sensation can be
quantified by applying graded bursts of air to the aryepiglottic
fold and documenting the threshold pressure required to elicit
the laryngeal adductor reflex. Both pooled oral secretions and
decreased laryngeal sensation predict aspiration without
challenging the patient with an oral bolus [43, 72-75].

Dye studies

The suctioning of dye-stained tracheal secretions in patients
with a tracheostomy who have been given dye on the tongue
or mixed into feeds has been used as a test for CPA. Several
authors [76-80] have compared the accuracy of dye studies
with those of VSS and FEES. Three studies [76-78] have
reported a false negative rate of 50-61% but specificities near
100%. In these studies, foods of various consistencies for VSS
or FEES were dyed blue and the tracheostomy tube was then
suctioned. Dye studies of this type were noted to be sensitive
in detecting children who aspirated more than trace amounts.
BELAFSKY ef al. [80] took a different approach. The authors
utilised three administrations of dyed feeds, with tracheal
suctioning 1h after eating, and then performed FEES.
Compared with FEES they found this dye test to have a
sensitivity of 82% but a specificity of only 38%. None of these
studies were performed in children. Dye studies with a small
volume administered may be useful as confirmatory tests
when positive, and larger more frequent administrations may
serve as a screening test to identify children with possible
CPA. There is no evidence regarding the accuracy of this test in
children.

EUROPEAN RESPIRATORY JOURNAL
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Difficult cases

Occasionally, children who have clinical histories suggestive of
recurrent aspiration, with radiographic evidence of lung
disease and increased lipid on BAL, yet who have multiple
negative evaluations for swallowing dysfunction or GOR are
encountered at the current authors’ institution. In these
children, the diagnosis of CPA due to incoordinated swallow-
ing is made only when a trial of no feeding by mouth and
nasogastric tube feeding results in improvement in respiratory
symptoms. These children highlight the difficulty in establish-
ing this diagnosis, and the importance of clinical judgment in
the evaluation of children with suspected CPA.

TREATMENT OPTIONS

Treatment of aspiration from swallowing dysfunction

For dysphagic infants and children, an initial plan for feeding
intervention is usually developed during a bedside clinical
evaluation, VSS or FEES. Implementing compensatory strate-
gies during these evaluations allows feedback to both
physicians and caregivers regarding the effectiveness of the
interventions. Compensatory strategies include positioning,
pacing, thickening liquids, stimulating swallows and improv-
ing pharyngeal clearance. It is important to recognise that
paediatric dysphagia is usually a mixed disorder caused by a
combination of structural abnormalities, neurological condi-
tions, cardiorespiratory problems, behavioural issues and
inflammatory/metabolic disorders [81]. As such, a multi-
disciplinary approach utilising the expertise of SLPs, occupa-
tional therapists, dietitians, otolaryngologists, psychologists,
neurologists, geneticists, surgeons, gastroenterologists and
pulmonologists is often necessary.

Cricopharyngeal achalasia is a specific cause of CPA from
swallowing dysfunction. Infants present with dysphagia,
drooling, choking, nasal reflux and hypersalivation. The
characteristic appearance on VSS is of a posterior “bar” and
manometry may show high pressure at the upper oesophageal
sphincter. Cricopharyngeal myotomy is the procedure of
choice and may result in immediate improvement [82]. If
performed early enough, cricopharyngeal myotomy may
prevent disruption of coordinated swallowing.

For children who are unable to consume sufficient calories
safely by mouth, percutaneous or surgical placement of a
feeding gastrostomy or jejunostomy may be performed.
Surgical gastrostomy tubes can be placed open, laparoscopi-
cally, percutaneously or endoscopically, with or without a
fundoplication. There has been considerable debate in the
literature regarding the benefit of a routine antireflux
procedure at the time of gastrostomy tube placement in
neurologically impaired children [83-91] (table 3). These
studies show worsening or de novo development of GOR after
placement of a gastrostomy in 5-67% of these children. This is
not predictable by pre-procedure pH monitoring, biopsy or
radiography. Based on these studies, 5-34% of children will
eventually require antireflux surgery, primarily to control
symptomatic GOR. There is little evidence that morbidity or
mortality are increased in neurologically impaired children
without GOR who do not undergo preventative fundoplica-
tion. This is further supported by a decision analysis study by
BURD et al. [92], who were unable to demonstrate a threshold of
risk at which preventative fundoplication would be favoured.
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It is generally accepted that children with neurological
impairment and CPA or symptomatic GOR should under-
go an antireflux procedure at the time of feeding tube
placement.

Treatment of CPA due to GOR

Medical and conservative therapies are initially chosen for
children with GOR. There are several options. WENZL et al. [93]
used MII-pH to show that thickened feeds significantly
decrease the frequency and height of nonacid reflux events
though not acid events. Effective prokinetic agents are limited.
In the USA, metoclopramide and erythromycin are most
commonly used. The efficacy of metoclopramide has not been
demonstrated and side-effects may be unacceptable [94].
Erythromycin acts as a motilin against and has been
investigated at anti-microbial and low doses. Clinical investi-
gations focusing on time to tolerance of enteral feeds in pre-
mature neonates have had conflicting results [95-98], but
adverse effects associated with low-dose erythromycin were
not reported. Another study evaluated the effect of erythro-
mycin on gastrointestinal motility and found a positive dose-
effect relationship with antral motility, but duodenal motility
was unaffected [99]. Domperidone, which is available outside
the USA, has not been shown to be clearly effective for the
treatment of GOR in children [100] and has not been evaluated
as a treatment of reflux aspiration. Proton pump inhibitors
(PPIs) have been widely used to decrease acid reflux and the
perceived risks are low. Although the efficacy of PPIs has been
established for oesophagitis, neither safety nor efficacy has
been established for CPA. For many children with CPA due to
GOR, medical therapy does not result in improvement in lower
respiratory tract injury. An inadequate improvement in
recurrent pneumonia is not surprising given the predominance
of nonacid reflux in children.

Fundoplication has become the antireflux procedure of choice
in children with persistent or severe respiratory symptoms and
GOR. The outcome of fundoplication is generally good.
Elimination of GOR occurs in almost all patients. Resolution
or improvement of respiratory symptoms occurs in 48-92% of
patients [101-104]. Four paediatric studies have specifically
described the impact of fundoplication on respiratory symp-
toms and their results are summarised in table 4. Recurrence of
GOR occurs in ~10% of patients but repeat procedures are
effective in almost all patients [103, 105-108]. Unfortunately, it
is in children with neurological impairment or oesophageal
dysmotility that there is a greater baseline incidence of both
GOR and CPA, as well as a greater likelihood of failure of
fundoplication (~27%) [101, 103, 105]. Care must be taken to
identify the presence of significant oesophageal dysmotility
before tightening the oesophagogastric junction, as this can
result in significant accumulation of oral secretions in the
oesophagus and thereby increase the risk of CPA. Even
without dysmotility, a ““too tight”” fundoplication can create a
barrier to anterograde passage and induce aspiration.
Evaluation for delayed gastric emptying is also sometimes
necessary; in such cases pyloromyotomy may be indicated.
Since children with neurological disease and oesophageal
dysmotility have an increased burden of CPA due to GOR,
fundoplication should be considered when there is coexistence
of GOR and recurrent lung infections.
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ay:.:{B 8 Summary of evidence regarding preventative antireflux surgery at time of gastrostomy placement in neurologically

impaired children

First author [Ref.] Study type Pre-gastrostomy GOR excluded by Patients Post-operative GOR ARS
MoLuiTT [83] P UG, scintigraphy and pH 16 4 (25)* 4 (25)
JoLLEY [84] P pH 9 6 (67)" 3 (33)
LANGER [85] R UGI 50 22 (44)" 17 (34)
WHEATLEY [86] P UGI and pH 43 6 (14)# 5 (12)
HEINE [87] P Symptoms, pH or biopsy 30 8 27! 5(17)
IscH [88] R Symptoms, scintigraphy or UGI 39 11 (28)1 8 (20)
SULAEMAN [89] R pH 22 5 (22)" 1(5)
PunTis [90] R Symptoms or pH 27 15 (56)" 2(7)
HAMENT [91] R pH 59 3 (5)*

Data are presented as n or n (%). GOR: gastro-oesophageal reflux; ARS: antireflux surgery; P: prospective; UGI: upper gastrointestinal series; R: retrospective. *: post-
operative GOR diagnosed by testing; ¥: post-operative GOR diagnosed by symptoms.

Owing to the controversy surrounding fundoplication, some
authors [109, 110] recommend jejunostomy tube placement
either as a primary procedure or after fundoplication failure
for neurologically impaired children. Jejunostomies allow
adequate feeding and may reduce respiratory infections but
do not guarantee elimination of GOR and therefore significant
aspiration may continue to occur. Feeding jejunostomies carry
a risk of intussusception and repeated displacement, and do
not allow the convenience of bolus feeding.

For children with severe neurological impairment or oesopha-
geal atresia, a procedure for oesophagogastric separation has
been described [111, 112]. This procedure allows for bolus
feeding through a gastrostomy while the oesophagus connects
directly to the jejunum. GOR appears to be well controlled by
this procedure; however, the incidence of subsequent respira-
tory infections remains high. In one study [111], salivary
secretion intolerance was noted by 50% of families, suggesting
that aspiration of saliva may be a cause of persistent CPA. This
procedure has not been extensively studied in paediatric
patients, particularly with regard to safety and, therefore,
consideration of a child for this procedure should be appro-
ached with caution.

Treatment for aspiration of saliva

Oral anticholinergic medications have been used in neuro-
logically impaired children to treat the symptoms of sialor-
rhoea. Glycopyrrolate administered orally at 0.04-0.1 mg-kg™

dose™! appears to be effective at reducing salivation [113], but it
is not known whether reduction of saliva persists beyond a few
weeks. In one study [113], nine out of 27 children experienced a
diminishing effect within 4 weeks. Anticholinergic treatment is
frequently associated with adverse effects, which are signifi-
cant enough for treatment to be discontinued in ~20% of
patients [113-115]. Side-effects include behavioural changes,
constipation, dry mouth and secretions, urinary retention,
flushing, nasal congestion, vomiting, and diarrhoea. There is
concern that excessive thickening of bronchial secretions might
result in atelectasis or life-threatening mucus plugging. There
have been no studies on the effect anticholinergics may have
on reducing CPA.

Recent clinical trials have evaluated the effectiveness of
botulinum toxin in controlling sialorrhoea in children with
cerebral palsy [116-118]. In a controlled clinical trial, JONGERIUS
et al. [116] found that a scopolamine patch and injection of
botulinum A into submandibular glands resulted in equivalent
reductions of salivary production. In 49% of patients, the
response was maintained through 24 weeks. In contrast, eight
out of nine children in another study needed repeat injections
at 1 month [118]. It is not known whether serial botulinum
injections would be needed indefinitely to achieve persistent
control over the long term. A near absence of adverse effects was
reported across all studies (table 5). No study of the effectiveness
of salivary gland injection of botulinum toxin has addressed a
change in respiratory symptoms associated with CPA.

gy 1B Summary of studies evaluating effect of fundoplication on respiratory symptoms

First authors [Ref.] Children with medically recalcitrant GOR undergoing fundoplication Patients Resolution

JoLLEY [101] Mixed group with recurrent aspiration pneumonia, choking and/or chronic cough 61 92

MarTioLl [102] Mixed group with recurrent aspiration, lower respiratory tract infections, recurrent pneumonia or 30 80
chronic cough

KAwAHARA [103] Neurologically impaired with recurrent respiratory infections or distress 31 48*

Esposito [104] Repaired oesophageal atresia with recurrent aspiration 21 86

GOR: gastro-oesophageal reflux. *: four subjects required laryngotracheal separation, three required tracheostomy.
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1 y::{BE8 Summary of evaluations for control of drooling

CHRONIC PULMONARY ASPIRATION IN CHILDREN

First author [Ref.] Procedure Patients n Complication rate % Parent-reported Follow-up
improvement %

JONGERIUS [116] Submandibular botulinum 39 8* 61 24 weeks

SAVARESE [117] Parotid botulinum 21 0 89 2 months

HAssIN-BAER [118] Parotid botulinum 9 0 68 4 months™

GERBER [119] Bilateral mandibular gland exci- 16 197 73 Tyr
sion and parotid duct ligation

STERN [120] Bilateral mandibular gland exci- 93 al 86 42 yrs
sion and parotid duct ligation

KLEm [121] Four-duct ligation 5) 0 100 13 months

SHIRLEY [122] Four-duct ligation 21 29" 81

#: transient swallowing difficulty; *: includes parotitis, sialocele and ranula; *: eight patients required booster injection at 1 month owing to lack of response to initial

treatment.

Another potential treatment for aspiration of oral secretions
involves the ligation and/or removal of salivary glands.
Bilateral ligation of submandibular and parotid ducts or
excision of submandibular glands with parotid duct ligation
have been reported in children [119-122]. Both procedures are
effective at reducing sialorrhoea (table 5). Saliva production
from minor salivary glands is sufficient to prevent xerostomia.
STERN et al. [120] reported persistent significant improvement
in both quality of life and sialorrhoea at a mean follow-up of
4.2 yrs. Two retrospective studies [119, 121] have documented
a significant decrease in numbers of hospitalisations and lower
respiratory tract infections following the procedure.
Prospective trials are needed to determine whether there is a
significant benefit of surgery to improve chronic salivary
aspiration and how this effect might compare with botulinum
injection.

Children with CPA (particularly salivary aspiration) often
receive a tracheostomy because of their underlying medical
conditions and for pulmonary toilet. Multiple studies [123, 124]
have suggested an association between the presence of a
tracheostomy tube and impaired swallowing. The presence of
a tracheostomy tube impairs laryngeal elevation during
swallowing. Alterations in timing, especially during the
pharyngeal phase, have been observed [123, 124]. None of
these studies evaluated swallowing prior to placement of a
tracheostomy. An adult study by LEDER and Ross [125]
evaluated patients before and after they received a tracheost-
omy. The authors concluded that dysphagia was evident prior
to tracheostomy in 60% of these patients and that de novo
aspiration developed in only 5%. To date, this has not been
studied in paediatric patients.

The definitive treatment for the elimination of CPA is
laryngotracheal separation or diversion [126, 127]. This
procedure eliminates all continuity between the respiratory
and digestive tracts by disconnecting the upper trachea from
the larynx and diverting it directly to a stoma. The diversion of
the proximal trachea to the oesophagus allows for drainage of
pooled secreations, but carries added surgical risk due to
creation of an anastomasis with the oesophagus. With a
laryngotracheal seperation, the proximal trachea is simply
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closed and oral secreations that accumulate in the larynx are
either orally expressed or swallowed. Although this procedure
generally eliminates aspiration, there are a number of adverse
sequelae. There is a complete loss of phonation and the child is
left with a permanent tracheostomy. Frequency of tracheo-
cutaneous fistula development ranges 0-38% [128, 129], and
stenosis of the stoma site has been reported [128, 130]. Even if
this procedure is performed without a complete laryngectomy,
laryngotracheal separation may not be reversible.

APPROACH TO DIAGNOSIS AND TREATMENT

A diagnosis and treatment algorithm is presented in figure 1.
This algorithm is based on the limited evidence available in the
literature as well as on the combined experience of the
subspecialists at the current authors’ quarternary care institu-
tion; 400 children each year are evaluated for potential CPA.
Based on the combination of presenting clinical signs and
symptoms, several invasive procedures are often carried out
simultaneously under a single administration of general
anaesthesia. This practice has a number of advantages. It
allows for an efficient evaluation of many types of aspiration; it
is cost-effective; and it decreases the burden on families of
multiple procedures spread out over time. Owing to the
variable presentation of CPA, this approach does not apply to
all patients and the limitations of each diagnostic test and
therapy must be kept in mind. As no single currently available
diagnostic test can entirely rule out CPA, the current authors
find it necessary to repeat evaluations when the clinical picture
is that of ongoing aspiration.

FUTURE DIRECTIONS

Due to the invasive nature of FEES, a novel method of
assessing vocal cord motion using glottic ultrasound is being
developed for the evaluation of dysphagia [130]. This
technique has been used to evaluate oesophageal-glottic
reflexes as well as reflexive pharyngeal swallowing in neonates
[131, 132]. Further development of this technique may allow
for the systematic study of pharyngeal and glottic reflexes that
favour airway protection in infants in a noninvasive way.

As the lung is the end-organ of disease in aspiration,
determining a valid BAL biomarker for CPA is of interest
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Child suspected of CPA
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Evaluation of swallowing dysfunction
VSS or FEES

Some may warrant anatomic evaluation at outset

Positive for swallowing
dysfunction

/

Trial of feeding intervention

proceed directly to anatomic evaluation

if suggested by FEES/VSS

Negative for
swallowing
dysfunction

4

Continue modified Persistant
feeding regimen, respiratory
serially re-assess swallow | symptoms

New vomiting
or respiratory
symptoms

Symptoms
resolved

Evaluation of anatomy for evidence
of lung disease
Flexible bronchoscopy
with BAL, HRCT,
and rigid bronchoscopy

< Surgical treatment

Continue evaluations
for other causes of

Increased
lipid or HRCT
changes

Normal
HRCT
No lipid

Evaluation for reflux aspiration

OGD with oesophageal MII-pH or pH monitoring

‘/\lo GOR

Trial of NG tube feeding

Symptoms
resolved

Gastrostomy

New or persistent
respiratory symptoms

GOR \

respiratory symptoms,
consider re-evaluation
of swallowing

Fundoplication or
jejunal feeds

Evaluation for salivary aspiration
FEES or salivagram

Positive
A

Salivary gland excision/ligation
or botulinum injection

Persistent symptomf/

Consideration of LTS,
evaluate effectiveness of salivary
reduction with nuclear parotid scan

4

Negative

Symptoms
resolved

Re-evaluate/re-assess

FEES if salivagram negative but drools
Evaluate if fundoplication intact

Repeat HRCT to evaluate progression

4

Ongoing monitoring,

progress with feeding

serially re-evaluate swallowing for ability to

A

Symptoms
resolved

FIGURE 1. A diagnosis and treatment algorithm for chronic pulmonary aspiration (CPA) in children. VSS: videofluoroscopic swallow study; FEES: fibreoptic-endoscopic
evaluation of swallowing; BAL: bronchoalveolar lavage; HRCT: high-resolution computed tomography; OGD: oesophagogastroduodenoscopy; MIl: multichannel intraluminal
impedance; GOR: gastro-oesophageal reflux; NG: nasogastric; LTS: laryngotracheal separation.
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and several have been investigated. Gastric pepsin assays on
BAL fluid have been evaluated as a specific test of aspiration
due to GOR [133-135]. KRISHNAN et al. [133] detected pepsin in
tracheal aspirates in 26% of children with GOR, 83.8% of those
with both GOR and chronic respiratory symptoms, and in no
children with neither GOR nor respiratory symptoms. WARD
et al. [135] found pepsin in BAL of all lung-transplant
recipients but not in controls. Immunocytochemical staining
for o-lactalbumin and B-lactoglobulin showed good specificity
and sensitivity in a mouse model [136] but a follow-up clinical
pilot study generated confusing results [137]. There has also
been a preliminary study of the use of polystyrene micro-
spheres as a potential test of aspiration [138]. After a single
instillation into the tracheas of hamsters, microspheres were
identifiable in alveolar macrophages through the end of the
study (90 days). The half-life for disappearance was 10 days.
The fact that this substance has no endogenous source makes it
attractive. The use of such a material could potentially
distinguish between aspirators and nonaspirators, as well as
between direct aspiration and reflux aspiration.

CONCLUSION

Despite the use of multiple diagnostic techniques, characteris-
ing the presence or absence of aspiration, what a child may be
aspirating and under what circumstances this child might be
aspirating is extremely challenging. This uncertainty is of great
consequence given the outcome of unrecognised progressive
lung injury and the invasiveness of definitive therapies. Since
the 1990s, new diagnostic techniques have been introduced
and significant advances in the understanding of dysphagia,
gastro-oesophageal reflux and airway protective reflexes have
been made. Nevertheless, many children are still not ade-
quately diagnosed or treated for aspiration until permanent
lung damage and disability have occurred. Certainly, more
research is needed to determine the accuracy of diagnostic
methods and appropriateness of interventions. Given the
complexity and heterogeneity of children affected, the variable
and episodic nature of aspiration and the coexistence of
various types of aspiration, conducting such research is
exceedingly difficult. Currently, conducting a thorough clinical
evaluation, using a multidisciplinary approach and utilising
evidence from multiple diagnostic procedures is the best way
to provide timely and appropriate care to children with
chronic pulmonary aspiration.
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