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ABBREVIATIONS

BMI Body mass index

DIORA Deglutitive inhibition of respiratory airflow
RDG Respirodeglutometer

[ABSTRACT]

AIM This ‘crosssectional investigation aimed to assess the value ofinvasive
measures of temporal respirateswallow coupling in individuals with ataxic
swallowings.

METHOD. Twenty participans with ataxia telangiectasiaere presented with water and
pudding boluses. Their 193 swallows were compared @200 swallows from 82 age
matcheds=healthy control3he two components of airway protection during swallowing
that wereanalyzed weredirection of perdeglutitive airflow and duration of deglutitive
inhibition of respiratory airflow (DIORA).

RESULTS Safe expiratory patterns of pateglutitive airflow occurred significantly less
often_in participants withataxia telangiectasihan in agematched controparticipans
(youngerp<0.015and olderp<0.00]). The frequency of an expiratory pattern of peri
deglutitiveairflow increased with age jparticipans in the comparison groufp=0.009,
but pet’in those witlataxia telangiectasigp=0.234. With age, mean duration of DIORA
decreased™in controlsp<0.001) but was unchanged iparticipants with ataxia
telangiectasigp=0.164.

INTERPRETATION Norrinvasive quantitative measures of respiratewallow

coupling capture temporal relationships that plausibly contribute to airway compromise
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from dysphagia. Changes in respiratewallow coupling observed with advancing age

in control participans werenot seen imparticipants withataxia telangiectasia. Measures

of perturbations may herald swallowing problems prior to development of pulmonary and
nutritional segelae

What this paper adds:
¢ Nortinvasive technologies can quantify respiratesallow coordination
associated with progressive ataxia.
e Ataxic dysphagia is characterized by aberraspiratory-swallow coupling.
e This @errant coupling is associatedth increased risk of aspiration.
e 'Perturbations in respiratergwallow coupling may signify impaired development

and/or neurodegeneration.
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[TEXT]

Ataxia telangiectasia is a genetic disease associated withpalnmmnary infections,
neurologi@l deterioration with concomitant bulbar dysfunctiamsreased sensitivity to
ionizing radiation, immunodeficiency, a decline in lung function, and early d&ath.
Pulmenary complications become more frequent by the second decade of life and are
leading cause of death imdividuals with ataxia telangiectasf€® Oropharyngeal
dysphagia is common, progressive, and a risk factor for frequent respiratory

infections?*® Early detectionand treatment of swallowing dysfunction appears to
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decrease morbidity associated with dysphagia, and improve quality of life in those
affected individuals we have followed over the last two decades atAtidvaa-
TelangiectasiaClinical Cente*° Standard means of swallowing assessment with
videofluoroscopic swallow studwre limited by concerns about radiation exposure,
particulaflysin patients with progressive conditions warranting serial evalutions.
Regrettably,~development of nimvasive standardized approaches for the detection of
dysphagia hee not evolved substantially, despite advancing appreciation of the high
impact that swallowing dysfunction has on health.

A norrinvasive means of swallowing assessment is especially appéalitigpse
individuals (e.g. children) who have enhanced sensitivitth&oill effects of ionizing
radiation. Moreover, a technique that permits repeated assessment of the temporal
relationships over multiple swallows, particularly under mareostnatuial conditions
than that-achievable in the radiology suite, is of special importance given the effects of
attentionsand examination conditions upon swallowing dynamics. Betagisefining
feature of ataxia i%ack of order, assessment of the variationswallowing coordination
is key. Disruptions in the temporal relationships between breathing and swallowing have
been linked to oropharyngeal dysphagia and are common in other diseases and
disordérs*° Clinical tools that provide valid and reliable methods for the serial detection
of perturbations imespiratoryswallow coupling are thus sorely needed, and may have
substantial-effect on therapy. Early detection and treatment may well preveagtlietae
of chranic swallowing dysfunction.

Two components ofespiratoryswallow coordination that contribute to airway
protection during swallowig are the direction of pedeglutitive 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 ofvthese t
componentsto swallowing safety araiot yet completely worked out, pestvallow
expiration is considered to be a facilitator of airway clearance that in turn limits
aspiration™from residue matter in the pharynx or supraglottic régfoithat these
variables are potentially meaningful is suggested by the observation that individilal
neurogenic dysphagia and chronic lung disease more frequently manifest both iyspirator

peri-deglutitive air flow and longer durations of DIORA®
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This study was conducted to evaluate the ability to assess thesevasive
measures ofespiratoryswallow coupling in a cohort of individuals at high risk for
advancing dysphagia and the potential value of identified changes relative to healthy
controls. We hypothesized thataxia telangiectasigarticipans would exhibit more
frequepnt disruptions in the temporal relationships between respiration and taeygluti
with advaneing age given the progression of their neurodeqféere disease.
Specifically, we hypothesized that peeglutitive expiratory patterns would occur less
frequently,.thereby causing an increase in the frequency of inspiratory airflemmpgat
and DIORA(durations would become longer and more varialkdéder participans with

ataxiafelangiectasia

METHOD
Participants
Respiratorgswallow patterns were recorded in children and young adults atétkia
telangiectasialuring routine visits to the Johns HopkiAtaxiaTelangiectasia Clinical
Center (2006-2007) and Neurology Workshop foktaxia-Telangiectasia(Chicago,
2007). “Criteria for diagnosis oftaxia telangiectasiancluded the presence of
characteristic neurologatfeatures (gait ataxia, oculomotor dysfunction, dysarthria, and a
movement disorder) and at least one of the following: oculocutaneous telangiectasi
elevatedslevels of alpHatoprotein in serum, or spontaneous eirradiationinduced
chrom@somal breakageAll participans fed orally. Body mass index (BMI) scores
within 2 years of respirodeglutometer instrumentatiBDG) recordings were obtained
from the medical records, when available. Dysphagia was determined by clinical
presentations anstideofluoroscopic swallow stud§indings as previously describéd.
Although*radiologial swallowing assessments were not part of the protocol for this
study, three'participans partook invideofluoroscopic swallow stues within 1 year of
respiratoryswallow recordings because of caregiver concerns about worsening
swallowing*function (Table I).

The Joint Committee for Clinical Investigationtbe Johns Hopkins Hospital and
the HumanParticipans Committee at the University of lllinois Urbar@hampaign

approved this study.
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I nstrumentation and initial measur ements

RDG instrumentation (DFI Enterprises, Indorrisville, NY, USA) provides non-
invasive_measuseof respiratoryair flow during swallowing‘*** RDG records multiple
temporal measures of respiration and swallowing, including the direction of aiasal
flow, onset of-laryngeal displacement, onset of surface electromyographic actvity f
submental muscles, and swallassociated acoustic signals from a surface microphone
affixed _to the neck. A'chatte channel records the examiner’'s instructions an
conversation, and a trigger channel is used to identify the occurrence of each event of
interest. Outputs from the analogue wave forms were simultaneouslyteshpoito
CODAS DATAQ Instrumentdnc., Akron, Ohio, USA at a per channel sampling rate of
1000 persecond. Recorded data were analyzed with WINDAQ (DATAQ Instruments
Inc., Akron;Ohio, USA)

Each: RDG examination was analyzed according to previously published
protocols:®*' DIORA duration was defined as the interval between nasal respiratory
airflow cessation and fenset. Preand postswallow respiratory airflow patterns were
determined, by direction of airflow immediately before and after DIOB#AG 1).

Protocol

Participans=with ataxia telangiectasia were seated, connected to the various RDG
recording instruments, anpartookin an evaluation protocol describday Klahn and
Perlmant®Participans were instructed to holdaeh water or pudding bolus in the mouth
until instructed to swallow. Eacparticipantwas presented with ten randomly ordered
boluses_(five premeasured 3ml boluses of water from a medicine cup and five 3ml
boluses*oftcommercially available pudding by spoon). Our experienpariitipans

with ataxia‘telangiectasisuggested the necessity of decreasing the offered bolus to 3ml,
becaus@articipantstypically split 5ml boluses into two swalloWsComparisons were
made to a“previously acquired data set of 5ml bolus swallows in healthypageed

control participarg.

Data analysis
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DIORA data were logarithmically transfoed to normalize data distribution. Statistical
tests were carried out to test significance of log respiratory inhibition durations by sub
groups. Becausesex effects were not seen in any subgrospx data were pooled
according_te pubertal status and bolus type (water or pudding). The PROCEDURE
MIXED#in"SAS 9.1.3 (SAS Inc., Cary, North Carolina, A)Swas used to implement the
tests andeach'participant’ was treated as random so that the correlation of the swallows
from the samgarticipantwas accounted for, and the variances were estimatedaxia
telangiectasiand controparticipans separately to account for the possible heterogeneity
of variance:

Comparison of waveform assessments by two graduate students experienced in
RDG protocts generated interater reliability measures. Kappa statistics of agreement
were computed for identification of the direction of pegplutitive airflow and on the
log transformation of the durations of DIORAs. Kappa values calculated from data
generatedby=10 controls for identification of direction of peheglutitive airflow were in
the substantial agreement range (ka@&®) and for duration of DIORAs were in almost
perfect agreement (kapp&97)>° For five participants with ataxia telangiectasia
agreement,scores for direction of péeglutitive airflow patterns were in the moderate
range (kappa&50) and duration of DIORAs were in the substantial range

(kappa=0.68}> Differences in BMI zscores were examined usintests.

RESULTS

Demogr aphics

Twenty participans with ataxia telangiectasiféll malesnine females) ranging in age
from_9 _to 21 vyears, participated in recordings of respiration during deglutition.
Characteristics of thparticipans, including dysphagia and mealtime conceans listed

in Table"l=All participans fed orally. At the time of this investigation, tyarticipans

had percutaneous gastrostomy tubes placed for nighttime supplemental nutrition. BMI z
scores fromathese twoarticipans were excluded from calculations. Mean BMdcores

were comparable for younger and oldéaxia telangiectasjaarticipans (~1.13 vs 4.15;
p=0.486.
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I nter face between respiratory airflow and deglutition

Using standardized RDG respiratesyvallowing protocols, 193 swallows recorded from
20 participants with ataxia telangiectasieere compared with 2200 swallows recorded
from 82 matched healthy contrpérticipants withtypical developmentAll participants
with ataxiatelangiectasia were abletaie partin this protocol; the average number of
swallows=recorded pgrarticipantwas 9.65 (range-80). Pubertal status was used to
assignparticipants withataxia telangiectasi® younger and older age groups and identify
corresponding controls. Rrand posfpubertal groupings ranged fromt®14 years and
13 to 21 years foparticipants withataxia telangiectasiandfrom 8 to 10 and 180 25

years forthose in the comparison group.

Direction of peri-deglutitive airflow

Four pessible patterns of pareglutitive airflow can be identified with RDG recordings:
expiratiorsswallow-expiration (ESw-E), expiratiorswallow-inspiration (ESw),
inspirationswallow-expiration (FSw-E), and inspiratiorswallow-inspiration (FSw)
(Fig. 1). Although E-Sw-E, the putative safest pattéfi®is observed most commonly
in both centrolparticipans and thosewith ataxia telangiectasidt occurred significantly
lessgoftenin.the younger and oldextaxia telangiectasigroups than theiage-matched
controls p<0.015 ang<0.001). It is notable that the frequency efS#~E coupling did
not increase with age/increasing neurolagienpairment in theataxia telangiectasia
cohortfas it\did inthe comparison groufp=0.234 andp=0.00§. The nost worrisome
pattern of respiratordeglutition coupling, +Sw-l, was equally frequent in older and
younger participast of both groupsataxia telangiectasigp=0.206;comparison group,
p=0.130, but was more common in the older group pmdrticipans with ataxia

telangiectasishan their controlsp<0.001).

DIORA duration

Group mean durations of DIORA were comparable in both age groupartdipants

with ataxia telangiectasigyounger 0.84 [SD 0.3X%] and older 0.94 [SD 0.2&],
p=0.164. In contrast, group mean DIORA durations decreased with age in controls
(0.91s[SD 0.6%] vs 0.72 [SD 0.1%], p<0.00]). DIORA durations were similar for

This article is protected by copyright. All rights reserved



youngerparticipants withataxia telangiectasiand their controls (0.814SD 0.3X] vs
0.91s[SD 0.65], p=0.219, but with the decrease of mean DIORA durations in older
healthy controls, a difference was observed between the older gretgsia(
telangiectasia0.91s [SD 0.28s] vs control, 0.72s [SD 0]19s0.005.

Withy, respect to bolus type, younger and oldearticipants with ataxia
telangiectasignad comparable individual mean DIORA durations during liquid €.80
[SD 0.3X] vs 0.8& [SD 0.27%], p=0.266 and pudding swallows (0.81SD 0.3G] vs
0.94s[SD 0.2%], p=0.235. For controlparticipans, individualmean DIORA durations
for liquid_swallows decreased with age (109D 0.8K] vs 0.75 [SD 0.18&], p<0.00)
but remained stable for pudding swallows 8.1SD 0.3%] vs 0.73 [SD 0.20,
p=0.65].

Variability of mean DIORA durations was greatest for younger controls during
liquid swallows and decreased with age. In contrast, variability of DIORA duratiass
greaterfor-oldeparticipants withataxia telangiectasithan controls during liquid and

pudding swallowsKig. 2).

DISCUSSION

Thist“investigation demonstrates that fAowasive assessment measurement of
respiratorydeglutitive coupling in a cohort oparticipans at risk for swallowing
incoordination is both possible and of potential chhigalue. Ourparticipans with
ataxiafelangiectasiere able tdake parin respiratoryswallow protocols that detected
aberrant respiratorgwallow relationships.

Perturbations identified in the direction of pdaglutitive nasal airflow and
durationof DIORAs have been associated with an increased risk of aspitafiGtOur
experiencersuggests that assessment of these temporal measasgsratoryswallow
coupling'may havepractical value in clinical assessment of individuals at risk for
dysphagia.

Fouruparticiparg (two were siblings) had no dysphagic concerns aricell
concerns associated with aspiration. This is an insufficient number for statistical analysis,

but age, neurologat z-score and BMI were not predictive. These observations may
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reflect the high degree of variability of neurolagligenotype or phenotype, or the small

sample size

Pre- and post-expiratory airflow patterns

Pre and postdeglutitive expiratory airflow coupling is the predominant respiratory
pattern-min®healthy adultsand is considered the safest pattern of coupling for
swallowing™*® Regardless of age,-Bw-E was the most common pattern for both
ataxia telangiectasiand healthyparticipanss. Those withataxia telangiectasidowever,
generated proportionately fewer&\E airflow patterns than their ageatched healthy
controls. Participants withataxia telangiectasigenerated more frequent inspiratory
airflow patterns either before deglutition, after deglutition, or both; the least safe pattern
I-Sw—I, occurred significantly moreftenin older participants witlataxia telangiectasia
than instheir-control&®’

Torconsidemre- or postswallowing inspiratory patterns individually, variability
in the direction of respiratory airflow before swallowing is welbwn and appears to be
less worrisome of the neB-Sw-E patterns. Expiratory airflow precedes swallowing (E
Sw) in 7846.t0 90% of swdbws in individuals without dysphagiaand 706 to 83% of
swalleWs..in, those with dysphagia or conditions associated with dyspHagfa®
Direction of airflow preceding swallows is influenced by multiple factorsumtioly the
swallowing-task (e.g. sefeeding vs being fed), the presence of oral phase problems, and
potentially delays in the initiation of complex volitional taskas haseen observed in
individualSwith ataxia telangiectasfe®®

In contrast, posswallow expiratory airflow (Swk) appears to be the better
marker. of swallowing safety, characterizingy®1o 100% of an individual’'s swallows
produced by adults without dysphadfé® In this investigation, the frequency of Sk
occurred=in 9% to 93% of the swallows in healthy controls and¥o8 80% of the
swallews in participants with ataxia telangiectasiaData extrapolated from other
investigations using similar protocols showed the prevalence ckpadiow inspiratory
airflow (Sw-l) coupling in the normal population is approximately 11% for children
between 2and 11 years of age and ranges fro®o Qo 8% in older children and

adults'**%% |n this investigation, the prevalence of -Svecoupling in healthy controls
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(9% younger and 7% older) was within the reported normal ranges. In contrast, Sw
patterns were more than twofold higher for participants witixia telangiectasithan
controls, occurring in 22% of swallows of younger and 20% of swallows of older
participants» with ataxia telangiectasia. These findings demonstrate that aberrant
respiratoryswallow coordination is present iparticipants withataxia telangiectasiand

may play-a‘role in their dysphagia.

Duration of DIORA

Our findings of DIORA durations and their variability in oldataxia telangiectasia
participan$s were consistent with previous reports of longer and more variable DIORA
durations 'in children and dalts with neurologial dysphagid:® Older ataxia
telangiectasigarticipans had the longest DIORA durations and they were significantly
longerthan= their agmatched controls. Nonetheless, DIORA durations for our older
ataxiatelangiectasigarticipans were within ranges (0-8.00s; median: 1s) for healthy
adults?®®* We suspect that the overlap of these findifgselatedto differences in
instrumentation and procedural protoci¥, age ofparticipans?? and bolus siz&*

Towour knowledge, this is the first study to characterize perturbations in
respiratoryswallow coupling as possible arrested development. Many features of
neurologi@l impairment in individuks with ataxia telangiectasiancluding the onset of
orophatyngeal dysphagia, become more apparent in the second decadéof\Vife.
anticipated ‘that measure of dysphagia would follow a similar course of increasing
manifestation with advancing age. As expectspiratoryswallow patterns for younger
participants withataxia telangiectasiand their agenatched controls were similar
Contrary. tosour expectations, the frequency of perturbationsespiratoryswallow
coupling'did' not increase significantly with agep@articipantswith ataxia telangiectasia
Instead;"measures of respirateswyallow coordination remained unchanged while those
of centrols changed with normal development. These findings fit either a model of
impaired development or one of degeneration, a quandary that has been apparent in other
neurologi@l dimensions ofataxia telangiectasfe® Selley et al. demonstrated that
respiratoryswallow interactions mature through the second decade of life and remain

stable thereaftéf’. Taken together, it is plausible that the expressiothefswallowing
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dysfunction is related to interactions between the type and severity of the
neurodegenerative insults and their timing relative to other developmental, growth, and
compensatory process&$> We speculate that compensations, which were successfully
used_by youngeparticipants withataxia telangiectasidoecame less advantageous with
disease progression or increased demands at older ages. Longitudinal studies that identify
and track=diseasspecific patterns ofespiratoryswallow coupling can increase our
understanding of the natural history of the dysfunction, elucidate the interfaceebetwe
neurodegenerative and developmental processes, and identify optimal timing for the
introduetion of treatments before the emergencgyaiptomatic lung injury or nutrition

compromise.

Study limitations and future directions
We acknowledge several methodological limitations. Weda crosssectional design to
modelshoew:=changes irespiratoryswallow coordination apply to individualsith ataxia
telangiectasiaver time. Another limitation is that we decreased the bolus size from 5ml
used inthe control to 3ml forataxia telangiectasiparticipans; this wasbecause our
previaus'ebservations showed thatralolus size is tolerated assingle bolus swallow
in thoSe withataxia telangiectasfaNonetheless, this difference in bolus size is unlikely
to influence our findings, given thaespiratoryswallow coupling is relatively invariant
for boluses-betweemd and 20ml swallows of thin liquids through syrup consisteriéies.
Noninvasive measures aespiratoryswallow coupling promiseto captue the
development of aberrant temporal relationships that potentially compromidevewgl
safety'and may provide information that increases our understanding of the ynterpla
betwegen_the timing of neurodegenerative and developmental processes. Altheugh th
RDG has"provided valuable insight into the aberrant physiological basesmfatory
swalloweoordination and potentially useful clinical measures, analysis of data is costly
and very labor intensive. Consequently, this technique is not part of rolitimal care
and at present is used primarily in research, including clinical trials.
In ataxia telangiectasiaaberrant patterns may represent arrested development,
neurodegeneration, or a combination of both. Detection of prolongation of DIORAs and

decreased frequency of expiratedeglutitive coupling may facilitate identification of
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swallowing problems in asymptomatic individualnd lead to prompt initiation of
treatment before development of sega in persons at increased risk for the

development of dysphagia.
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Figure 1. Schematic of expiratiesswallow-expiration (EESw-E) and inspiration
swallow-inspiration (FSw-l) respiratory airflow patterns bracketing deglutitive

inhibition of respiratory airflow (DIORA)
Figure2: “Distribution by box plots of duration of deglutitive inhibition of respiratory

airflow=(DIORA) produced by participants with ataxia telangiectasia and control

participans during(A) liquid and (B) pudding swallows.
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Table 1. Characteristics and dysphagic concerns for younger and pdecipans with

ataxiatelangiectasia

Age Sex Dysphagic concerns Mealtime Respiratory BMI z-
(y:mo) concerns concerns score
Youngersprepuberta)
1 9.0 M  Occasional and more frequent None Frequent 1.54
cough with very thin liquids URIs
Trouble with hareto-chew foods
Drooling whentired
2 77 F Occasional drooling Long meald None -0.02
Picky eating
3 9:9 M  Occasional mealtime cough Long meals None -1.00
10:7 Cough with very thin liquids None None 1.68
11.0 F Drooling when concentrating  Longmeals  None -1.68
135 Occasional cough with very thir None None A
liquids
G-Tube placed 9y 7mo of age
7 139 F Occasional cough with liquids None None -1.30
Older (ostpuberta)
1 12.6 F Intermittent cough with liquids Long meal$  Sinopulmona -0.27
and solids ry infections
Persistentdrooling
Dysphagia on VFSS
12:.9 F None None None 0.84
14:8 None None None —2.69
4 154 F Cough/choke with liquids and  None Yes, -0.37
solids increasing
Dysphagia on VFSS
5 16.0 F Occasional cough and None None -0.32

nasopharyngeal reflux with very

thin liquids
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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 A
9 18.9 M Cough withliquids None None A
Trouble chewing hartb-chew
foods
Dysphagia on VFSS
G-Tube placedi2y 7mo of age
10 1811 M Cough/ choke w/liquid None None A
Fatigue interferes with chewing
11 19.6 M None None None -1.28
12 20:2 M  Occasional cough with very thir None None -2.30
liquids Sensationf food
sticking in throat
13 20:7 M  Occasional cough and sensatio None None -1.23

of nasopharyngeal reflux with

very thin liquids

aMeals of 45 minutes or longePVFSS completed withirl year of RDG recordings. All were
positive for Stpraglottic penetration while drinking thin liquids by str&@astrostomy placed for
nutritional intake or BMI measures >2 years before or after acquigspiratoryswallow
coordination measuresBMI, body mass index; URI, upper respiratory infection; VFSS,

videofluoroscopic swallow study
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