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AIM This cross-sectional investigation aimed to assess the value of non-invasive measures of
temporal respiratory—swallow coupling in individuals with ataxic swallowing.
METHOD Twenty participants (11 males, 9 females; range 9-21y) with ataxia telangiectasia

were presented with water and pudding boluses. Their 193 swallows were compared with

ABBREVIATIONS

DIORA Deglutitive inhibition of respira-
tory airflow

RDG Respirodeglutometer

2200 swallows from 82 age-matched healthy controls. The two components of airway
protection during swallowing that were analyzed were: direction of peri-deglutitive airflow
and duration of deglutitive inhibition of respiratory airflow (DIORA).

RESULTS Safe expiratory patterns of peri-deglutitive airflow occurred significantly less often
in participants with ataxia telangiectasia than in age-matched control participants (younger

p<0.015 and older p<0.001). The frequency of an expiratory pattern of peri-deglutitive airflow
increased with age in participants in the comparison group (p=0.006), but not in those with
ataxia telangiectasia (p=0.234). With age, mean duration of DIORA decreased in controls
(p<0.001) but was unchanged in participants with ataxia telangiectasia (p=0.164).
INTERPRETATION Non-invasive quantitative measures of respiratory-swallow coupling
capture temporal relationships that plausibly contribute to airway compromise from
dysphagia. Changes in respiratory-swallow coupling observed with advancing age in control
participants were not seen in participants with ataxia telangiectasia. Measures of
perturbations may herald swallowing problems prior to development of pulmonary and

nutritional sequelae.

Ataxia telangiectasia is a genetic disease associated with
sino-pulmonary infections, neurological deterioration with
concomitant bulbar dysfunction, increased sensitivity to ion-
izing radiation, immunodeficiency, a decline in lung func-
tion, and early death."® Pulmonary complications become
more frequent by the second decade of life and are a leading
cause of death in individuals with ataxia telangiectasia.’’
Oropharyngeal dysphagia is common, progressive, and a
risk factor for frequent respiratory infections.”*® Early
detection and treatment of swallowing dysfunction appears
to decrease morbidity associated with dysphagia, and
improve quality of life in those affected individuals we have
followed over the last two decades at the Ataxia-Telangiec-
tasia Clinical Center.”>*® Standard means of swallowing
assessment with videofluoroscopic swallow study are limited
by concerns about radiation exposure, particularly in
patients with progressive conditions warranting serial
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evaluations.® Regrettably, development of non-invasive stan-
dardized approaches for the detection of dysphagia have not
evolved substantially, despite advancing appreciation of the
high impact that swallowing dysfunction has on health.

A non-invasive means of swallowing assessment is espe-
cially appealing for those individuals (e.g. children) who
have enhanced sensitivity to the ill effects of ionizing radia-
tion. Moreover, a technique that permits repeated assess-
ment of the temporal relatonships over multiple swallows,
particularly under more familiar conditions than that
achievable in the radiology suite, is of special importance
given the effects of attention and examination conditions
upon swallowing dynamics. Because the defining feature of
ataxia is ‘lack of order’, assessment of the variation in swal-
lowing coordination is key. Disruptions in the temporal
relationships between breathing and swallowing have been
linked to oropharyngeal dysphagia and are common in
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other diseases and disorders.” ' Clinical tools that provide
valid and reliable methods for the serial detection of per-
turbations in respiratory—swallow coupling are thus sorely
needed, and may have substantial impact on therapy. Early
detection and treatment may well prevent the sequelae of
chronic swallowing dysfunction.

Two components of respiratory—swallow coordination
that contribute to airway protection during swallowing are
the direction of peri-deglutitive airflow and the duration of
deglutitive inhibition of respiratory airflow (DIORA) — i.e.
the interval of breathing cessation while a bolus passes
through the pharynx. While the relationships of these two
components to swallowing safety are not yet completely
worked out, post-swallow expiration is considered to be a
facilitator of airway clearance that in turn limits aspiration
from residue matter in the pharynx or supraglottic
region.>'" That these variables are potentially meaningful
is suggested by observations that individuals with neuro-
genic dysphagia and chronic lung disease more frequently
manifest both inspiratory peri-deglutitive air flow and
longer durations of DIORA.*'°

This study was conducted to evaluate the ability to
assess these non-invasive measures of respiratory—swallow
coupling in a cohort of individuals at high risk for advanc-
ing dysphagia and the potential value of identified changes
relative to healthy controls. We hypothesized that partici-
pants with ataxia telangiectasia would exhibit more fre-
quent disruptions in the temporal relationships between
respiration and deglutition with advancing age given the
progression of their neurodegenerative disease. Specifically,
we hypothesized that peri-deglutitive expiratory patterns
would occur less frequently, thereby causing an increase in
the frequency of inspiratory airflow patterns, and DIORA
durations would become longer and more variable in older
participants with ataxia telangiectasia.

METHOD

Participants

Respiratory—swallow patterns were recorded in children and
young adults with ataxia telangiectasia during routine visits
to the Johns Hopkins Ataxia-Telangiectasia Clinical Center
(2006-2007) and Neurology Workshop for Ataxia-Telan-
giectasia (Chicago, 2007). Criteria for diagnosis of ataxia
telangiectasia included the presence of characteristic neuro-
logical features (gait ataxia, oculomotor dysfunction, dysar-
thria, and a movement disorder) and at least one of the
following: oculocutaneous telangiectasia, elevated levels of
alpha-fetoprotein in serum, or spontaneous or x-irradiation-
induced chromosomal breakage.” All participants were fed
orally. Body mass index (BMI) scores within 2 years of
respirodeglutometer instrumentation (RDG) recordings
were obtained from the medical records, when available.
Dysphagia was determined by clinical presentations and
videofluoroscopic swallow study findings as previously
described.® Although radiological swallowing assessments
were not part of the protocol for this study, three partici-
pants partook in videofluoroscopic swallow studies within 1
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What this paper adds

* Non-invasive technologies can quantify respiratory—swallow coordination
associated with progressive ataxia.

e Ataxic dysphagia is characterized by aberrant respiratory—swallow coupling.

* This aberrant coupling is associated with increased risk of aspiration.

* Perturbations in respiratory—swallow coupling may signify impaired develop-
ment and/or neurodegeneration.

year of respiratory—swallow recordings because of caregiver
concerns about worsening swallowing function (Table I).

The Joint Committee for Clinical Investigation of the
Johns Hopkins Hospital and the Human Participants
Committee at the University of Illinois Urbana—Cham-
paign approved this study.

Instrumentation and initial measurements

RDG instrumentation (DFI Enterprises, Inc, Morrisville,
NY, USA) provides non-invasive measures of respiratory
air flow during swallowing.'”'* RDG records multiple
temporal measures of respiration and swallowing, including
the direction of nasal air flow, onset of laryngeal displace-
ment, onset of surface electromyographic activity from
submental muscles, and swallow-associated acoustic signals
from a surface microphone affixed to the neck. A ‘chatter’
channel records the examiner’s instructions and conversa-
tion, and a trigger channel is used to identify the occur-
rence of each event of interest. Outputs from the analogue
wave forms were simultaneously inputted into CODAS
(DATAQ Instruments Inc, Akron, OH, USA) at a per
channel sampling rate of 1000/second. Recorded data were
analyzed with WINDAQ (DATAQ Instruments Inc).

Each RDG examination was analyzed according to pre-
viously published protocols.'** DIORA duration was
defined as the interval between nasal respiratory airflow
cessation and re-onset. Pre- and post-swallow respiratory
airflow patterns were determined by direction of airflow
immediately before and after DIORAs (Fig. 1).

Protocol

Participants with ataxia telangiectasia were seated, con-
nected to the various RDG recording instruments, and par-
took in an evaluation protocol described by Klahn and
Perlman.'? Participants were instructed to hold each water
or pudding bolus in the mouth until instructed to swallow.
Each participant was presented with ten randomly ordered
boluses (five pre-measured 3mL boluses of water from a
medicine cup and five 3mL boluses of commercially avail-
able pudding by spoon). Our experience in participants with
ataxia telangiectasia suggested the necessity of decreasing
the offered bolus to 3mL, because participants typically split
SmL boluses into two swallows.® Comparisons were made
to a previously acquired data set of SmL bolus swallows in
healthy age-matched control participants.

Data analysis

DIORA data were logarithmically transformed to normal-
ize data distribution. Statistical tests were carried out to
test significance of log respiratory inhibition durations by



Table I: Characteristics and dysphagic concerns for younger and older participants with ataxia telangiectasia

Age Mealtime Respiratory
(y:mo) Sex Dysphagic concerns concerns concerns BMI z-score
Younger (pre-pubertal)
1 9:0 M Occasional and more frequent cough None Frequent URIs 1.54
with very thin liquids
Trouble with hard-to-chew foods
Drooling when tired
2 7:7 F Occasional drooling Long meals?® None —0.02
Picky eating
3 9:9 M Occasional mealtime cough Long meals? None —1.00
4 10:7 M Cough with very thin liquids None None 1.68
5 11:0 F Drooling when concentrating Long meals?® None —1.68
6 13:5 M Occasional cough with very thin liquids None None ¢
G-Tube placed: 9y 7mo of age
7 13:9 F Occasional cough with liquids None None -1.30
Older (post-pubertal)
1 12:6 F Intermittent cough with liquids and solids Long meals?® Sinopulmonary -0.27
Persistent drooling infections
Dysphagia on VFSSP
2 12:9 F None None None 0.84
3 14:8 M None None None —2.69
4 15:4 F Cough/choke with liquids and solids None Yes, increasing -0.37
Dysphagia on VFSS®
5 16:0 F Occasional cough and nasopharyngeal None None —0.32
reflux with very thin liquids
Sensation of food sticking in throat
6 16:0 F Occasional cough with liquids None None —1.38
7 18:2 M None None None —2.49
8 18:8 F Drooling when tired None None ¢
9 18:9 M Cough with liquids None None ¢
Trouble with hard-to-chew foods
Dysphagia on VFSSP
G-Tube placed: 12y 7mo of age
10 18:11 M Cough/choke with liquid None None ¢
Fatigue interferes with chewing
11 19:6 M None None None —1.28
12 20:2 M Occasional cough with very thin liquids None None -2.30
Sensation of food sticking in throat
13 20:7 M Occasional cough and sensation of None None -1.23

nasopharyngeal reflux with very thin liquids

aMeals of 45 minutes or longer. PVFSS completed within 1 year of RDG recordings. All were positive for supraglottic penetration while
drinking thin liquids by straw. °Gastrostomy placed for nutritional intake or BMI measures >2 years before or after acquiring respiratory—

swallow coordination measures. BMI, body mass index; URI, upper respiratory infection; VFSS, videofluoroscopic swallow study.
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Figure 1: Schematic of expiration-swallow-expiration (E-Sw-E) and
inspiration—swallow-inspiration (I-Sw-l) respiratory airflow patterns
bracketing deglutitive inhibition of respiratory airflow (DIORA).

sub-groups. Because sex effects were not seen in any sub-
group, sex data were pooled according to pubertal status
and bolus type (water or pudding). The PROCEDURE
MIXED in SAS 9.1.3 (SAS Inc, Cary, NC, USA) was used
to implement the tests and each ‘participant’ was treated as
random so that the correlation of the swallows from the

same participant was accounted for, and the variances were
estimated for ataxia telangiectasia and control participants
separately to account for the possible heterogeneity of vari-
ance.

Comparison of waveform assessments by two graduate
students experienced in RDG protocols generated inter-
rater reliability measures. Kappa statistics of agreement
were computed for identification of the direction of peri-
deglutitive airflow and on the log transformation of the
durations of DIORAs. Kappa values calculated from data
generated by 10 controls for identification of direction of
peri-deglutitive airflow were in the substantial agreement
range (k=0.79) and for duration of DIORAs were in almost
perfect agreement (k=0.97)."° For five participants with
ataxia telangiectasia, agreement scores for direction of
peri-deglutitive airflow patterns were in the moderate
range (k=0.50) and duration of DIORAs were in the sub-
stantial range (k=0.68)."° Differences in BMI z-scores were
examined using 7-tests.
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RESULTS

Demographics

Twenty participants with ataxia telangiectasia (11 males,
nine females) ranging in age from 9 to 21 years, partici-
pated in recordings of respiration during deglutition. Char-
acteristics of the participants, including dysphagia and
mealtime concerns, are listed in Table I. All participants
fed orally. At the time of this investigation, two partici-
pants had percutaneous gastrostomy tubes placed for
nighttime supplemental nutrition. BMI z-scores from these
two participants were excluded from calculations. Mean
BMI z-scores were comparable for younger and older
participants with ataxia telangiectasia (—1.13 vs —1.15;
1=0.486).

Interface between respiratory airflow and deglutition
Using standardized RDG respiratory—swallow protocols,
193 swallows recorded from 20 participants with ataxia
telangiectasia were compared with 2200 swallows recorded
from 82 matched healthy control participants with typical
development. All participants with ataxia telangiectasia
were able to take part in this protocol; the average number
of swallows recorded per participant was 9.65 (range 5-10).
Pubertal status was used to assign participants with ataxia
telangiectasia to younger and older age groups and identify
corresponding controls. Pre- and post-pubertal groupings
ranged from 9 to 14 years and 13 to 21 years for partici-
pants with ataxia telangiectasia, and from 8 to 10 years and
18 to 25 years for those in the comparison group.

Direction of peri-deglutitive airflow

Four possible patterns of peri-deglutitive airflow can be
identified with RDG recordings: expiration—swallow—expi-
ration (E-Sw—E), expiration—swallow—inspiration (E-Sw-I),
inspiration-swallow-expiration (I-Sw—E), and inspiration—
swallow—inspiration (I-Sw-I) (Fig. 1). Although E-Sw-E,
the putative safest pattern,''® is observed most commonly
in both control participants and those with ataxia telang-
iectasia, it occurred significantly less often in the younger
and older groups with ataxia telangiectasia than their age-
matched controls (p<0.015 and p<0.001). It is notable that
the frequency of E-Sw—E coupling did not increase with
age/increasing neurological impairment in the cohort with
ataxia telangiectasia as it did in the comparison group
(p=0.234 and p=0.006). The most worrisome pattern of res-
piratory—deglutition coupling, I-Sw—I, was equally frequent
in older and younger participants of both groups (ataxia
telangiectasia, p=0.206; comparison group, p=0.130), but
was more common in the older group of participants with
ataxia telangiectasia than their controls (p<0.001).

DIORA duration

Group mean duratons of DIORA were comparable in
both age groups of participants with ataxia telangiectasia
(younger 0.81s [SD 0.31s] and older 0.91s [SD 0.28s],
p=0.164). In contrast, group mean DIORA durations
decreased with age in controls (0.91s [SD 0.65s] vs 0.72s
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[SD 0.19s], p<0.001). DIORA durations were similar for
younger participants with ataxia telangiectasia and their
controls (0.81s [SD 0.31s] vs 0.91s [SD 0.65s], p=0.212),
but with the decrease of mean DIORA durations in older
healthy controls, a difference was observed between the
older groups (ataxia telangiectasia, 0.91s [SD 0.28s] vs con-
trol, 0.72s [SD 0.19s], p<0.005).

With respect to bolus type, younger and older partici-
pants with ataxia telangiectasia had comparable individual
mean DIORA durations during liquid (0.80s [SD 0.31s] vs
0.88s [SD 0.27s], p=0.266) and pudding swallows (0.81s
[SD 0.30s] vs 0.94s [SD 0.29s], p=0.235). For control par-
ticipants, individual mean DIORA durations for liquid
swallows decreased with age (1.09s [SD 0.81s] vs 0.71s [SD
0.18s], p<0.001) but remained stable for pudding swallows
0.73s [SD 0.32s] vs 0.73s [SD 0.20s], p=0.651).

Variability of mean DIORA durations was greatest for
younger controls during liquid swallows and decreased
with age. In contrast, variability of DIORA durations was
greater for older participants with ataxia telangiectasia than
controls during liquid and pudding swallows (Fig. 2).

DISCUSSION

This investigation demonstrates that non-invasive assess-
ment measurement of respiratory—deglutitive coupling in a
cohort of participants at risk for swallowing incoordination
is both possible and of potential clinical value. Our partici-
pants with ataxia telangiectasia were able to take part in
respiratory—swallow protocols that detected aberrant respi-
ratory—swallow relationships.

Perturbations identified in the direction of peri-deglutitive
nasal airflow and duration of DIORAs have been associated
with an increased risk of aspiration.*'”'® Our experience
suggests that assessment of these temporal measures of respi-
ratory—swallow coupling may have practical value in clinical
assessment of individuals at risk for dysphagia.

Four participants (two were siblings) had no dysphagic con-
cerns or clinical concerns associated with aspiration. This is an
insufficient number for statistical analysis, but age, neurological
z-score, and BMI were not predictive. These observations may
reflect the high degree of variability of neurological genotype or
phenotype, or the small sample size.

Pre- and post-expiratory airflow patterns

Pre- and post-deglutitive expiratory airflow coupling is the
predominant respiratory pattern in healthy adults, and is
considered the safest pattern of coupling for swallow-
ing.“’16 Regardless of age, E-Sw-E was the most common
pattern for both ataxia telangiectasia and healthy partici-
pants. Those with ataxia telangiectasia, however, generated
proportionately fewer E-Sw—E airflow patterns than their
age-matched healthy controls. Participants with ataxia
telangiectasia generated more frequent inspiratory airflow
patterns either before deglutition, after deglutition, or
both; the least safe pattern, I-Sw—I, occurred significantly
more often in older participants with ataxia telangiectasia
than in their controls.®!’
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Figure 2: Distribution by box plots of duration of deglutitive inhibition of respiratory airflow (DIORA) produced by participants with ataxia telangiectasia

and control participants during (a) liquid and (b) pudding swallows.

To consider pre- or post-swallowing inspiratory patterns
individually, variability in the direction of respiratory air-
flow before swallowing is well-known and appears to be
less worrisome of the non-E-Sw-E patterns. Expiratory
airflow precedes swallowing (E-Sw) in 76% to 90% of
swallows in individuals without dysphagia, and 70% to
83% of swallows in those with dysphagia or conditions
associated with dysphagia.®'®'*!? Direction of airflow pre-
ceding swallows is influenced by multiple factors including
the swallowing task (e.g. self-feeding vs being fed), the
presence of oral phase problems, and potentially delays in
the initiation of complex volitional tasks — as has been
observed in individuals with ataxia telangiectasia.™*”

In contrast, post-swallow expiratory airflow (Sw-E)
appears to be the better marker of swallowing safety, char-
acterizing 91% to 100% of the swallows produced by
adults without dysphagia."*'® In this investigation, the fre-
quency of Sw—E occurred in 91% to 93% of the swallows
in healthy controls and 78% to 80% of the swallows in
participants with ataxia telangiectasia. Data extrapolated
from other investigations using similar protocols showed
the prevalence of post-swallow inspiratory airflow (Sw-I)
coupling in the normal population is approximately 11%
for children between 2 years and 11 years of age and
ranges from 0% to 8% in older children and adults.'*'%*°
In this investigation, the prevalence of Sw-I coupling in
healthy controls (9% younger and 7% older) was within
the reported normal ranges. In contrast, Sw—I patterns
were more than twofold higher for participants with ataxia
telangiectasia than controls, occurring in 22% of swallows
of younger and 20% of swallows of older participants with
ataxia telangiectasia. These findings demonstrate that aber-
rant respiratory—swallow coordination is present in

participants with ataxia telangiectasia and may play a role

in their dysphagia.

Duration of DIORA

Our findings of DIORA durations and their variability in
older participants with ataxia telangiectasia were consistent
with previous reports of longer and more variable DIORA
durations in children and adults with neurological dyspha-
gia.”? Older participants with ataxia telangiectasia had the
longest DIORA durations and they were significantly
longer than their age-matched controls. Nonetheless,
DIORA durations for our older participants with ataxia tel-
angiectasia were within ranges (0.6-2.00s; median: 1s) for
healthy adults.'*?" We suspect that the overlap of these
findings is related to differences in instrumentation and
procedural protocols,'?!” age of participants,”> and bolus
size.!*

To our knowledge, this is the first study to characterize
perturbations in respiratory—swallow coupling as possible
arrested development. Many features of neurological
impairment in individuals with ataxia telangiectasia, includ-
ing the onset of oropharyngeal dysphagia, become more
apparent in the second decade of life.*® We anticipated that
measure of dysphagia would follow a similar course of
increasing manifestation with advancing age. As expected
respiratory—swallow patterns for younger participants with
ataxia telangiectasia and their age-matched controls were
similar. Contrary to our expectations, the frequency of per-
turbations in respiratory—swallow coupling did not increase
significantly with age in participants with ataxia telangiecta-
sia. Instead, measures of respiratory—swallow coordination
remained unchanged while those of controls changed with
normal development. These findings fit either a model of
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impaired development or one of degeneration, a quandary
that has been apparent in other neurological dimensions of
ataxia telangiectasia.**® Selley et al.”° demonstrated that
respiratory—swallow interactions mature through the second
decade of life and remain stable thereafter. Taken together,
it is plausible that the expression of the swallowing dysfunc-
tion is related to interactions between the type and severity
of the neurodegenerative insults and their timing relative to
other developmental, growth, and compensatory pro-
cesses.”*?* We speculate that compensations, which were
successfully used by younger participants with ataxia telang-
iectasia, became less advantageous with disease progression
or increased demands at older ages. Longitudinal studies
that identify and track disease-specific patterns of respira-
tory—swallow coupling can increase our understanding of
the natural history of the dysfunction, elucidate the interface
between neurodegenerative and developmental processes,
and identify optimal timing for the introduction of treat-
ments before the emergence of symptomatic lung injury or
nutrition compromise.

Study limitations and future directions

We acknowledge several methodological limitations. We
used a cross-sectional design to model how changes in res-
piratory—swallow coordination apply to individuals with
ataxia telangiectasia over time. Another limitation is that
we decreased the bolus size from 5ml used in the control
to 3mL for participants with ataxia telangiectasia this was
because our previous observations showed that a 3mL
bolus size is tolerated as a single bolus swallow in those
with ataxia telangiectasia.® Nonetheless, this difference in
bolus size is unlikely to influence our findings, given that
respiratory—swallow coupling is relatively invariant for
boluses between 3mL and 20mL swallows of thin liquids
through syrup consistencies.'”

Non-invasive measures of respiratory—swallow coupling
hold promise of capturing the development of aberrant
temporal relationships that potentially compromise swal-
lowing safety and may provide information that increases
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