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Purpose: Objective measures in videofluoroscopic swallow studies (VFSSs) can
quantify swallow biomechanics. There are a wide array of validated measures
studied in infants, children, and adults. There is a need for a pediatric VFSS
protocol that consists of a small number of vital, time efficient, and clinically rel-
evant measures. In this study, we aimed to establish a standard protocol for
quantitative VFSS analysis in children.
Method: Protocol development began with a systematic literature review, which
identified 22 quantitative and eight descriptive measures available in the litera-
ture. A pediatric VFSS database of 553 children was collected using a standard-
ized VFSS protocol. Studies were evaluated using the 30 previously reported
measures covering displacement and timing parameters as well as penetration–
aspiration and residue. Measures were tested for rater reliability and internal
consistency. Measures meeting acceptable values for protocol inclusion were
included in the final protocol (Cronbach’s alpha > .53).
Results: Interrater and intrarater reliability of 17 measures met acceptable reli-
ability levels. During internal consistency testing, we removed six further mea-
sures based on Cronbach’s alpha levels indicating that two or more measures
were equivalent in measuring the same aspect of swallow biomechanics in chil-
dren. A VFSS protocol of reliable, valid, and obtainable objective quantitative
(n = 6) and descriptive measures (n = 3) with separate protocols for young
infants (≤ 9 months) and older children was established.
Conclusions: A standardized quantitative VFSS protocol for children has been
developed to suit two age groups (≤ 9 and > 9 months old). Consistent VFSS
administration and reporting support assessment over time and across disease
groups. Future research should focus on how this information can be used by
clinicians to produce individualized treatment plans for children with swallowing
impairment.
The videofluoroscopic swallow study (VFSS) is the
most common instrumental assessment used to visualize the
dynamic mechanism of swallowing in children (Arvedson,
2008). Possibly due to the absence of normative data across
the life span and poor utilization of standardized mea-
sures, interpretation of VFSS remains largely subjective
(Henderson et al., 2016; Leonard et al., 2004). Reliability
of subjective observations is often found to be low
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(Gibson et al., 1995; Lee et al., 2017; Scott et al., 1998),
reducing the quality of information gathered.

To improve objective interpretation, clinicians need
quantifiable and reproducible measures (Lee et al., 2017).
MBSImP (Martin-Harris et al., 2008) uses criterion-based
ratings of VFSS observations in adults to provide a level of
quantification to swallowing biomechanics across phases of
swallowing from mouth through to esophagus. Recently,
BaByVFSSImP, a pediatric prototype of MBSImP for
bottle-fed infants, with features unique to bottle-feeding,
has been validated (Martin-Harris et al., 2020). These tools
improve interrater reliability through raters using the same
structure and terminology. However, the BaByVFSSImP
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still utilizes criterion-based observation ratings of VFSS to
select each rating value by the clinician.

Objective, quantitative timing and displacement
VFSS measures for adults have been established and vali-
dated over decades (Kendall et al., 2000; Leonard et al.,
2004). However, validated quantitative measures for chil-
dren are in their infancy. A normative data set of quanti-
tative VFSS measures for children is challenging to obtain
due to ethical concerns with exposing healthy children to
radiation. There are a few recently published studies that
expand our understanding of obtaining quantitative
VFSS measures in children (Dharmarathna et al., 2020a,
2021a, 2021b; Gosa et al., 2015; Henderson et al., 2016;
McGrattan et al., 2019; Riley et al., 2018; Sales et al., 2017;
Weckmueller et al., 2011).

In 2015, our lab conducted a systematic review of
quantitative VFSS swallow measures available in the liter-
ature (Dharmarathna et al., 2018, 2020b). A panel of
three researchers and three clinicians reviewed the list for
clinical relevance and repetition/replication. We found 22
quantitative swallow measures and eight descriptive mea-
sures of swallowing. We found that penetration–aspiration
scale (PAS; Rosenbek et al., 1996), postswallow residue,
nasopharyngeal reflux, and esophagopharyngeal reflux
were the most commonly reported descriptive measures of
swallow impairments in pediatric VFSS studies (Gosa
et al., 2015; Henderson et al., 2016; McGrattan et al.,
2019; Riley et al., 2018; Sales et al., 2017; Weckmueller
et al., 2011).

In our previously published work, we established
preliminary construct–content validity and criterion valid-
ity for these measures (Henderson et al., 2016). In 146
infants (0–9 months old), we found that infants with more
than three sucks per swallow and significantly longer total
pharyngeal transit times (TPTs) were at higher risk of
aspiration compared to infants with only one to three
sucks per swallow and shorter TPT (Dharmarathna et al.,
2020a). In a larger follow-on study, bolus clearance ratio
(BCR), pharyngeal constriction ratio (PCR), TPT, and
duration of maximum hyoid elevation (Hdur) were pre-
dictive of penetration–aspiration in 533 children aged
0–21 years (Dharmarathna et al., 2021a). We studied
postswallow residue in relation to swallow biomechanics
in the same 533 children using the BCR (Leonard,
2017). BCR was correlated with PCR, TPT, pharyngoe-
sophageal segment maximum opening (PESmax), and
PAS (Dharmarathna et al., 2021b). These studies establish
predictive and construct–content validity, demonstrating
that quantitative measures are capable of measuring swal-
low biomechanics in children.

Due to time constraints in clinical settings and the
large number of quantitative measures available in the lit-
erature, it is challenging for clinicians to decide which
quantitative measures should be prioritized, if any. A
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standardized protocol with a feasible and valid set of
selected quantitative measures would assist uptake in busy
clinical settings. A quantitative assessment tool has merit,
but tool development takes time and needs to be con-
ducted with care (Schoenfeldt, 1984). Building on our
foundational validity work, the overall aim of this study
was to create a feasible and reliable quantitative measure
protocol with acceptable rater reliability and established
internal consistency.
Method

Ethical approval for this study was received from
the University of Auckland, New Zealand (University of
Auckland Human Participants Ethics Committee: 9263).

Standardized VFSS Administration

In 2015, we designed and validated a standardized
pediatric fluoroscopic methodology to obtain 20-s video
loops of stable feeding using continuous fluoroscopy to
achieve a recording at 30 frames per second to optimize
reliable, quantitative VFSS measurement ensuring no
increase in radiation dose or exposure time (Henderson
et al., 2016). The mean total radiation time recorded for
the full clinical procedure was 1.58 min (range: 0.15–
3.47 min, SD = 0.66 min), and the mean radiation expo-
sure dose was 30.1 cGycm2 (range: 6.5–85, SD = 15.3). In
this study, VFSS was conducted in the radiology suite on
a Siemens Sireskop radiographic unit. Children were
placed in lateral view in their usual or recommended feed-
ing posture with or without the support of a caregiver
capturing the oral cavity, pharynx, larynx, and cervical
esophagus. Either a radiopaque ring of a known diameter
was placed in the child’s chin with tape, or a ruler-like
tool (in pixels) was present in digitalized VFSS images to
allow displacement measures to be made. An in-house
speech pathologist was present to guide the caregiver and
to cue older children to swallow when required. A radiolo-
gist activated the fluoroscope.

As described in our previous work (Dharmarathna
et al., 2020a, 2021a, 2021b), all the children were adminis-
tered Varibar barium sulfate contrast (40% w/v; E-Z-EM
Canada, Inc.) in a concentration of 50:50 with water/
preferred milk/juice:barium to create Level 0 thin fluids
using the International Dysphagia Diet Standardisation
Initiative (2016) flow test. Infants were fed in their usual
feeding position by their usual feeder wherever possible. A
20-s video loop of “midfeed sucking” was obtained in
bottle-fed infants using the infant’s usual nipple and either
breast milk or the infant’s usual formula combined with
barium contrast. Midfeed was defined as “midway
through the feed,” ensuring that children have established
Miles et al.: Quantitative Analysis of Pediatric Swallowing 1245
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Table 1. Demographics/clinical information (Dharmarathna et al.,
2021a, 2021b).

Demographic n %

Sex Female 212 38.3
Male 341 61.7

Agea 0–9 months 146 27.5
9.1–12 months 38 7.2
1.1–3 years 183 34.5
3.1–5 years 61 11.5
5.1–12 years 72 13.6
12.1–18 years 29 5.5
18–21 years 1 0.2

Volume of contrast Midfeed cup drinking 214 38.7
Midfeed bottle-feeding 210 38.0
Thin liquid–5 ml 99 17.9
Thin liquid–10 ml 30 5.4

Primary medical
etiology

Respiratory 114 20.6
Neurological 165 29.8
Anatomical 71 12.8
Cardiac 25 4.5
Chromosomal 62 11.2
Multiple 32 5.8
Other 13 2.4
Unknown 71 12.8

Respiratory
complications
at present

Yes 217 39.2
No 336 60.8

Tracheostomy Yes 35 6.3
No 518 93.7

Alternative feeding at
time of procedure

NGT 107 19.4
PEG 51 9.2
None 395 71.4

Penetration–
aspiration

No penetration/aspiration
(PAS 1–2)

326 58.9

Penetration (PAS 3–5) 69 12.5
Aspiration (PAS 6–8) 158 28.6

aClassification of age recognized by the American Academy of
Pediatrics (Hardin & Hackell, 2017).
their stable, typical feeding pattern (Henderson et al.,
2016). Midfeed cup drinking of sequential swallowing
from a sipper cup was recorded for younger children
who had grown out of bottle drinking but had not yet
established open cup drinking skills. For children with
open cup drinking skills, swallowing of two Level 0
bolus sizes (5 and 10 ml) by an open cup was observed.
Only the smallest bolus volumes were obtained from
children to follow the standard procedure of safe and
manageable bolus for administration (Martin-Harris
et al., 2000). The in-house speech pathologist used their
clinical judgment in continuing the study with explora-
tion of compensatory strategies and other texture trials.
These recordings were kept in the hospital internal clini-
cal records and were not included in analyses. The mid-
feed 20-s loop was recorded on a USB external drive in
.avi file format at 30 frames per second rate for frame-by-
frame analysis.

Pediatric VFSS Database

Our database holds VFSS data, demographic data,
and medical history information on 533 children consecu-
tively referred for VFSS due to concerns related to feeding
and/ or swallowing from 2016 to early 2020. The American
Academy of Pediatrics has identified the upper limit of
pediatrics as 21 years (Hardin & Hackell, 2017), and the
children’s hospital adheres to this classification to care for
children and adolescents with complex disabilities until a
developmentally appropriate transition to adult care. From
a total of 572 fluoroscopic videos of children obtained dur-
ing this period, 553 videos of children were included. Chil-
dren who refused the standardized VFSS procedure or did
not swallow thin liquids were excluded from the database.

Primary medical diagnoses were categorized as neuro-
logical (e.g., cerebral palsy and stroke), chromosomal (e.g.,
Prader-Willi syndrome and trisomy 21), anatomical (e.g.,
tracheomalacia and tracheoesophageal fistula), respiratory
(e.g., chronic lung disease and bronchiolitis), cardiac (e.g.,
Tetralogy of Fallot and congenital heart disease), gastro-
intestinal (e.g., toxic ingestion-related injuries and gastro-
enteritis), multiple (a combination of medical etiologies),
and unknown (no known medical etiology). Pulmonary
dysfunction has been previously identified as a significant
cofactor in children with swallowing difficulties (Tutor
et al., 2015). Therefore, children were grouped according
to the presence or absence of respiratory complications for
statistical analysis. Respiratory complications were defined
as any respiratory sign that can result in morbidity and/
or mortality of children (Carroll & Agarwal, 2010; von
Ungern-Sternberg, 2014). Laryngospasm, bronchospasm,
severe persistent cough, partial/complete airway obstruc-
tion, apnea, oxygen desaturation, bronchiectasis, and stri-
dor were common respiratory complications identified.
1246 American Journal of Speech-Language Pathology • Vol. 31 • 12
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Demographic data of the cohort of children studied are
displayed in Table 1.

VFSS Image Analysis

All videofluoroscopic data were analyzed using a
software program specifically designed for quantitative
analysis of VFSS (Swallowtail, Belldev Medical). This
software application allows frame-by-frame analysis and
uses integrated tools to obtain objective timing and dis-
placement measures of the swallow. Swallowtail extracts
mechanical measures from VFSS data accurately and
expediently (Leonard & Kendall, 2019) and was developed
based on quantitative measures described by Leonard and
Kendall (Kendall et al., 2000; Leonard, 2017; Leonard
et al., 2004, 2011). Swallow gesture times can be marked
in the software allowing frame-by-frame analysis of the
VFSS data (see Figure 1). Calibration is used to allow dis-
placement measures, and timing and displacement measures
can be calculated by the software. We understood that
44–1263 • May 2022
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Figure 1. Frame-by-frame viewing pane of Swallowtail to record swallow gesture times. Child aged 9 years. Printed with permission from
Swallowtail.
not all selected measures could be obtained from every
child. In particular, measuring timing and displacement
measures of the hyoid bone in children younger than
9 months is not reliable, as visibility of hyoid movements is
poor (Riley et al., 2018). Due to the unique mechanism of
suck–swallow–breathe in bottle-feeding milk-sucking infants
(Matsuo & Palmer, 2008; Morris, 1990; O’Hare et al.,
1995), a set of suck–swallowtiming measures was addition-
ally obtained from bottle-fed infants. Operational defini-
tions of all the selected measures that were extracted from
published literature are described in Table 2.

For each infant, one swallow was selected from their
20-s loop. If the infant aspirated, their swallow with the
highest PAS scale score was selected. This supported the
objective of the research program, which was to develop a
VFSS protocol that could predict swallow risk factors such
as aspiration and residue. If the infant did not aspirate, the
Downloaded from: https://pubs.asha.org 103.77.64.194 on 09/29/2022, T
researcher analyzed the first swallow in the 20-s loop. For
children who took measured bolus volumes, their largest
volume was measured. The frame that the swallow chosen
commenced (B1) was collected for interrater reliability pur-
poses. Analysis took < 20 min per child in line with our
previous work in adults (Nordin et al., 2017).

Rater Reliability Testing

Rater reliability was used to determine whether the
selected measures were replicable (Shipley & McAfee, 2020).
Selected quantitative measures were tested for reliability,
except for sucks per swallow (SSw ratio) and the number of
sucks within a 20-s loop, as they require no specialized train-
ing and are commonly calculated measures. Three raters
were trained to obtain the measures to achieve satisfactory
reliability. All three raters (I.D., L.F., and M.J.) were speech
Miles et al.: Quantitative Analysis of Pediatric Swallowing 1247
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Table 2. Operational definitions of all the selected measures extracted from the literature.

Objective quantitative measure Definition

Timing(s)/coordination
Total pharyngeal transit time (TPT)a Represents the total time of the bolus passage through the pharynx, from when the

bolus head passes the posterior nasal spine (B1) to the time at which the bolus
tail completely clears the PES (BP2).

TPT = BP2 − B1
Time to airway closure (Airwaycl)a Time taken to total arytenoid-epiglottis approximation to close the supraglottic airway.

Airway start (AEs) − airway close (Acl)
Airway closure duration (ACD)a The duration of total airway closure, from the approximation of the elevated arytenoids

with the down folding epiglottis (AEc) to the first frame in which the epiglottis has
returned to its preswallow position (Em).

Airway closure time = Em − AEc
PES opening duration (PESdur)a The duration of PES opening from the first frame in which it opens (Pop) to when it

closes behind the bolus tail (Pcl).
PES opening time = Pcl − Pop

Coordination of airway closure with bolus
transit (BP1AEcl)a

Airway closure time (AEcl) in relation to bolus reaching PES (BP1).
Coordination of airway closure with bolus transit = BP1 − AEcl

Stage transition duration (STD)b,c First upward movement of the hyoid (H1) in relation to bolus head passes the posterior
nasal spine (B1).

Laryngeal elevation (LE)a,c First upward movement of the hyoid (H1) in relation to the first upward movement of
the arytenoids.

Duration to hyoid maximum elevation (Hdur)a,c The duration from the first upward movement of the hyoid (H1) to its maximum
anterior–superior displacement (H2).

Hdur = H2 − H1
Duration of maximum hyoid displacement
(Hm)a,c

The duration hyoid bone remains in its maximum elevation. From the first frame of
maximum elevation (H2) to the first frame hyoid begins to retract from its maximum
elevation (H3).

Hm = H3 − H2
Suck timed,e Begins with the frame at the initiation of downward mandibular movement and ends

with the frame at the initiation of the base of tongue propulsion. The difference
between these two measures is the time spent sucking.

Tongue and soft palate cycle (T-SP)e,f The first contact of the soft palate with tongue (SP) in relation to the first downward
motion of the back of the tongue (BT).

T-SP = SP − BT
Duration of velopharyngeal closure (VCD) The number of video frames exhibiting contact of the velum to the posterior pharyngeal

wall multiplied by the duration of one video frame.
Number of sucks per swallow (SSw ratio)d,e Downward motion of mandible to mandible returning to the neutral position is counted

as one suck. The total number of sucks per swallow is counted.
Number of swallows in the 20-s segment
(Sucks20)e,g

Count number of swallowing in the 20-s midfeed loop.

Oropharyngeal swallow efficiency (OPSE)h,i Represents a global measure of swallow function, taking into account all the aspects
or effects of oropharyngeal dysphagia.

OPSE = percentage of bolus transported into the esophagus / oral transit time +
pharyngeal transit time (oropharyngeal transit time)

Displacement measures (cm)
Maximum pharyngeal area at rest (PAhold
or PAs)a

Measured when the pharynx is at rest, either prior to or following a swallow. The
pharyngeal area is outlined by the posterior pharyngeal wall extending from the
midportion of the tubercle of the atlas to the top of the arytenoid cartilages
anteriorly over the arytenoids to outline the epiglottis, valleculae, and tongue base
up to the soft palate (Yip et al., 2006).

Pharyngeal area at maximum constriction
(PAmax)a

The same pharyngeal area, as outlined in the maximum pharyngeal area, is measured
again, but at the point of maximum constriction during a swallow.

Pharyngeal constriction ratio (PCR)a,j The ratio of pharyngeal area at its maximum constriction to the area of the pharynx
at rest.

PCR = PAmax / PAhold
PES max opening (PESmax)a The width of the PES is measured at the point of maximum opening during the swallow.
Bolus clearance ratio (BCR)j,k Ratio between the bolus area in the pharynx before a swallow and the residual bolus

area in the pharynx after a swallow.
BA1 = bolus area during a swallow immediately prior to the UES opening.
BA2 = bolus area/any residual material in the pharynx immediately after the UES

closure.
BCR = BA2 / BA1

Maximum elevation of hyoid bone (Hmax)a,c The change in hyoid position from a referent frame (hold) to its maximum anterior–
superior displacement (H2).

Maximum approximation of the hyoid and
larynx (HL)a,c

The difference in distance between hyoid bone and larynx at hold position and at their
point of maximum approximation (HLmax) during a swallow.

(table continues)
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Table 2. (Continued).

Objective quantitative measure Definition

Descriptive/binary observations
Penetration–aspiration scale (PAS)l 1–8 rating scale
Presence of penetration–aspiration < 3 PAS, 3+ PASh

Frequency of penetration–aspirationc,g Number of times a bolus enters the airway in a 20-s loop (PAS = ≥ 3).
Time of airway violationm 1 = preswallow, 2 = midswallow, 3 = postswallow, 4 = multiple
Postswallow residued Yes or no in response to whether there was residue after the swallow, marked as (+)

or (−).
Bolus residue scale (BRS)n 1–6 rating scale
Nasopharyngeal reflux (NPR)m Presence or absence of NPR, marked as (+) or (−).
Esophagopharyngeal reflux (EPR)m Presence or absence of EPR, marked as (+) or (−).
Suck/swallow bolus controld,e Reviewer to mark yes = controlled suck/swallow or no = not controlled suck/swallow,

as (+) or (−).

Note. PES = pharyngoesophageal segment; (+/−) = (present/absent); UES = upper esophageal sphincter.
aLeonard and Kendall (2019). bByeon and Koh (2016). cMeasured in children above 9 months old only. dGosa et al. (2015). eMeasured during
midfeed sucking of bottle-fed infants only. fGoldfield et al. (2013). gHenderson et al. (2016). hRademaker et al. (1994). iConsists of a subjective
variable. jUnitless measures. kLeonard (2017). lRosenbek et al. (1996). mDodds et al. (1990). nRommel et al. (2015).
pathologists with a minimum of 3 years of work experi-
ence. They completed a comprehensive 3-hr face-to-face
training on quantitative swallow measures and use of the
specialized software from the lead researcher (A.M.).
The raters completed weekly 1-hr peer supervision ses-
sions for 4 weeks to develop precision, consistency
(intrarater reliability), and agreement (interrater reliabil-
ity). In-house manual and video tutorials were available.

Due to significant differences in visibility of anatom-
ical locations on fluoroscopy between young infants
(≤ 9 months old) and older children, reliability was tested
separately. One investigator (I.D.) completed the analysis
of all videofluoroscopic data (n = 533). VFSS data of 50
infants (≤ 9 months old) and 124 children (> 9 months
old) were randomly selected for interrater and intrarater
reliability, which was 30% of the database. Measures for
interrater reliability were obtained from two further raters
(L.F. and M.J.) for infant and older children groups, respec-
tively. The raters were blinded to each other’s scores and to
medical history and clinical characteristics of the children.
One investigator (I.D.) measured the same data set of 50
infants (≤ 9 months old) and 124 children (> 9 months old)
twice, with at least 10 months between repeat analyses to
calculate intrarater reliability. Intraclass correlation coeffi-
cient (ICC) was used to determine reliability. An ICC of ≥
.7 was considered a satisfactory agreement for interrater and
intrarater reliability for ratings (Koo & Li, 2016).

Internal Consistency

Internal consistency “reflects the extent to which
items within an instrument measures various aspects of the
same characteristic or construct” (Revicki, 2014). To exam-
ine the internal consistency of the protocol, we used two
statistical methods: average interitem correlation and Cron-
bach’s alpha (Glen, 2016). Average interitem correlations
Downloaded from: https://pubs.asha.org 103.77.64.194 on 09/29/2022, T
were used in deciding which measures should be removed
when more than one variable was capable of describing a
particular phenomenon. When two or more measures were
found to have strong interitem correlation, we selected the
measures that offered construct–content and criterion valid-
ity. We performed Pearson product–moment correlation
coefficient test to determine the interitem correlation of the
protocol. A Pearson correlation coefficient (r) between .3
and .5 is considered a moderately strong correlation, and a
Pearson correlation coefficient between .5 and .1 is consid-
ered a strong correlation (Hinkle et al., 2003; Mukaka,
2012).

Cronbach’s alpha was used to identify how closely
related the list of measures were as a group (Glen, 2016). In
conventional subjective questionnaire development, Cron-
bach’s alpha above .7 is considered acceptable internal con-
sistency (Tavakol & Dennick, 2011). However, the purpose
of using Cronbach’s alpha here was to identify whether more
than one variable measured the same aspect of swallow bio-
mechanics in children. We did not expect the list of measures
to achieve a higher Cronbach’s alpha if the measures rep-
resented distinct and unique phenomena in the swallowing
mechanism. We aimed to reduce the total number of mea-
sures included to make the protocol time efficient.
Results

Raw descriptive statistics of the quantitative swallow
measures obtained from the children are reported in
Appendix A.

Rater Reliability

For both young infants and older children, all tim-
ing measures had absolute agreement (ICC = 1), whereas
Miles et al.: Quantitative Analysis of Pediatric Swallowing 1249
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Table 3. Interrater reliability of quantitative swallow measures.

Objective quantitative
swallow measure

Infants (0–9 months) Other children (9 months–21 years)

ICC

95% CI

Sig. (p)a ICC

95% CI

Sig. (p)aLower bound Upper bound Lower bound Upper bound

TPT .845 .733 .901 .001 .928 .794 .993 .032
Airwaycl .726 .824 .901 .005 .899 .808 .967 < .001
ACD — — — — .832 .702 .954 < .001
PESdur .828 .756 .900 < .001 .771 .685 .834 .012
BP1AEcl .757 .664 .912 .045 .805 .712 .908 < .001
STD — — — — .810 .608 .900 .005
LE — — — — .774 .698 .885 < .001
Hdur — — — — .890 .784 .913 .010
Hm — — — — .875 .756 .950 < .001
VCD .821 .687 .914 .032 .920 .758 .959 .015
PCR .764 .567 .868 .033 .890 .781 .942 .010
BCR — — — — .860 .740 .961 < .001
PESmax .805 .688 .899 < .001 .910 .875 .955 .011
Hmax — — — — .859 .754 .911 .003
HL — — — — .798 .688 .898 < .001
Suck time .720 .608 .774 .002 — — — —
T-SP .856 .724 .911 < .001 — — — —

Note. Em dashes indicate data not completed. ICC = intraclass correlation coefficient; CI = confidence interval; TPT = total pharyngeal
transit time; Airwaycl = time to airway closure; ACD = airway closure duration; PESdur = pharyngoesophageal segment opening duration;
BP1AEcl = coordination of airway closure with bolus transit; STD = stage transition duration; LE = laryngeal elevation; Hdur = duration to
hyoid maximum elevation; Hm = duration of maximum hyoid displacement; VCD = duration of velopharyngeal closure; PCR = pharyngeal
constriction ratio; BCR = bolus clearance ratio; PESmax = pharyngoesophageal segment maximum opening; Hmax = maximum elevation of
hyoid bone; HL = maximum approximation of the hyoid and larynx; T-SP = tongue and soft palate cycle.
aA p value (significance) of < .05 is considered statistically significant (95% confidence interval).
displacement measures had excellent agreement (ICC ≥
.98, 95% confidence interval [.98, 1.00], p < .001). Interra-
ter reliability was greater in older children compared to
infants (ICC range in infants: .72–.84 vs. ICC range in
older children: .77–.92; see Table 3). Oropharyngeal swal-
low efficiency (OPSE; Rademaker et al., 1994) was
removed from the proposed VFSS protocol due to early
concerns in achieving satisfactory intrarater reliability dur-
ing the training. Out of 100 videos in which OPSE was
measured, intrarater reliability was tested for the first 20,
with poor agreement (ICC = .24). Even though this mea-
sure is considered to offer a global measure of oropharyn-
geal swallowing (Logemann et al., 2005), it requires subjec-
tive VFSS observation to assume the percentage of bolus
passed down to the esophagus, resulting in poor agreement
between our raters.

Internal Consistency

As the list of statistically significant interitem corre-
lations was lengthy, only the associations with strong cor-
relations are reported. The list of all statistically signifi-
cant correlations can be found in Appendix B. Duration
of PES opening significantly correlated with PESmax,
r(552) = .28, p < .001. PESmax was significantly larger in
children with a larger pharyngeal area at rest, r(552) =
.386, p < .001. Time to airway closure, r(552) = .176, p <
1250 American Journal of Speech-Language Pathology • Vol. 31 • 12
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.001, and coordination of airway closure with bolus transit
(BP1AEcl), r(552) = .451, p < .001, were significantly lon-
ger in children with longer TPT. A strong positive correla-
tion was observed between two timing measures of the air-
way, where airway closure duration was significantly lon-
ger in children with longer stage transition duration (first
movement of hyoid in relation to the position of the bolus
head), r(552) = .974, p < .001.

We removed items that did not contribute a unique
weighting to the model, and this left six items in the final
model with a Cronbach’s alpha of .531. In older children
(> 9 months old), the following measures were included in
the model: BCR, PCR, TPT, Hdur, BP1AEcl, and PESmax.
For infants (≤ 9 months old), SSw ratio replaced the Hdur in
the model. The list of measures was not reduced further due
to the uniqueness of the six measures, which were found to
be worthy of retention in the final protocol, resulting in low-
ering the alpha if deleted.

Establishing the Protocol

The final protocol included 12 swallow measures
(see Figure 2). We removed suck time, the number of
sucks within 20-s loop, maximum hyoid elevation (Hmax),
velopharyngeal closure duration (VCD), maximum
approximation of hyoid bone and larynx (HL), tongue–
soft palate cycle, and Hdur, as these measures did not
44–1263 • May 2022
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Figure 2. Developing a protocol of objective quantitative measures of videofluoroscopic swallow studies for children. TPT = total pharyngeal
transit time; Airwaycl = time to airway closure; ACD = airway closure duration; PESdur = pharyngoesophageal segment opening duration;
BP1AEcl = coordination of airway closure with bolus transit; STD = stage transition duration; LE = laryngeal elevation; Hdur = duration to
hyoid maximum elevation; HL = maximum approximation of the hyoid and larynx; Hm = duration of maximum hyoid displacement; VCD =
duration of velopharyngeal closure; T-SP = tongue and soft palate cycle; PCR = pharyngeal constriction ratio; PESmax = pharyngoesopha-
geal segment maximum opening; BCR = bolus clearance ratio; Hmax = maximum elevation of hyoid bone; OPSE = percentage of bolus
transported into the esophagus/oral transit time + pharyngeal transit time (oropharyngeal transit time); SSw = sucks–swallow ratio; Sucks20 =
number of swallows in the 20-s segment.
show strong potential to describe swallow dysfunction in
children in our previous validity testing (Dharmarathna
et al., 2020a, 2021a, 2021b). We then reduced the number
of quantitative measures to six measures each for older
children (> 9 months old) and infants (≤ 9 months old)
through internal consistency and reliability testing.

In addition to quantitative swallow measures, we
tested eight descriptive swallow measures. These measures
were not studied for validation, as they are already estab-
lished and commonly used to describe swallowing symp-
tom severity. Of these eight measures, PAS, bolus residue
scale, and binary observation of presence of nasopharyn-
geal reflux reached clinical validity for inclusion in the
final protocol due to significant associations with quanti-
tative swallow measures (p < .05) and a prediction accu-
racy of > 60% in our previous work (Dharmarathna
et al., 2020a, 2021a, 2021b). Table 4 presents the finalized
pediatric VFSS protocol for objective analysis in infants
and older children.
Discussion

We were able to develop a standard pediatric video-
fluoroscopic assessment protocol through systematic test-
ing and validation using a large heterogeneous, cross-
Downloaded from: https://pubs.asha.org 103.77.64.194 on 09/29/2022, T
sectional cohort of children referred for VFSS. In the
proposed protocol, we aimed to refine the number of
swallow measures while still including essential aspects of
swallow biomechanics for clinical feasibility. Although
our focus was on the exploration of quantitative mea-
sures, the final protocol includes both quantitative and
well-known descriptive measures of swallow impairments
such as aspiration. Our intention here was to provide cli-
nicians with a benchmark minimum data set to improve
the quality of the VFSS information we gather in the
clinical context but to prevent overburdening a clinician
with excessive measurements. As recommended by the
American Psychological Association, we established the
construct and content validity, criterion validity, and
internal consistency for credibility of the protocol
(American Psychological Association, 1995). Due to
developmental differences between milk-sucking infants
and children with eating and drinking skills (Matsuo &
Palmer, 2008; Logemann et al., 1994; Morris, 1990;
O’Hare et al., 1995), we developed two different protocols:
one for bottle-fed infants/children and another for children
who were cup-drinking. This protocol can be followed at
the VFSS suite during administration of the fluoroscopic
swallow study, and clinicians can decide what measures to
report in each child depending on their chronological age
and swallow abilities.
Miles et al.: Quantitative Analysis of Pediatric Swallowing 1251
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Table 4. Final pediatric videofluoroscopic swallow study (VFSS) protocol.

VFSS administration

VFSS view Lateral view.
The boundaries of the fluoroscopic frame can be:
child’s lips – cervical spine (anterior–posterior)
nasopharynx – cervical esophagus (superior–inferior)

Calibration Required. Any radiopaque ring/disk of known diameter can be secured to the child’s chin or to a place
visible on the screen.

Frame rate 30 frames per second
Recording of swallows Required
Swallow acts Bottle-fed infants Other older children

Midfeed sucking of bottle-feeding during
20-s midfeed loop. Bolus volume is
not calculated.

If able: Open cup drinking: 5, 10, 20, and 100 ml (using
a straw). Measure the remaining volume in the cup to
determine the swallowed bolus size.

Alternative: Midfeed drinking of sequential swallowing
(sipper cup/bottle) during a 20-s midfeed loop. Bolus
volume is not calculated.

Bolus viscosity Level 0, thin liquid bolus (International Dysphagia Diet Standardisation Initiative [IDDSI], 2016). Barium
sulfate contrast made by different manufacturers come with specifications to meet IDDSI levels.

Selection of the swallow/s to
be measured

Measuring the swallow with the highest PAS score allows clinicians to assess swallow safety
(Hedström et al., 2017). If penetration/ aspiration is not present during the 20-s loop, measuring
the largest bolus swallowed is recommended (Leonard & Kendall, 2019).

Objective quantitative analysis

Age groups Objective quantitative measures Descriptive measures

Bottle-fed infants (0–9 months
old or older bottle-feeding
children)

Total pharyngeal transit time (TPT) Penetration–aspiration scale (PAS)
Coordination of airway closure with bolus

transit (BP1AEcl)
Bolus residue scale (BRS)

Number of sucks per swallow (SSw ratio) Nasopharyngeal reflux (NPR) (+/−)
Bolus clearance ratio (BCR)
Pharyngeal constriction ratio (PCR)
Maximum opening of PES during a

swallow (PESmax)
Older childrena (> 9 months

to 21 years)
Total pharyngeal transit time (TPT) Penetration–aspiration scale (PAS)
Coordination of airway closure with bolus

transit (BP1AEcl)
Bolus residue scale (BRS)

Duration of maximum hyoid elevation
(Hdur)

Nasopharyngeal reflux (NPR) (+/−)

Bolus clearance ratio (BCR)
Pharyngeal constriction ratio (PCR)
Maximum opening of PES during a

swallow (PESmax)

Reference values/key events of swallowing to look for, to identify swallow risk in children

In bottle-fed infants (0–9 months) In all children (0–21 years)

PAS ≥ 3 indicates airway violation. PAS ≥ 3 indicates airway violation.
When the bolus arrives at the PES before airway is closed, the risk

of airway violation is higher (longer BP1AEcl).
When the bolus arrives at the PES before airway is closed,

the risk of airway violation is higher (longer BP1AEcl).
Risk of penetration–aspiration is higher if TPT is > 0.5 s. Risk of penetration–aspiration is higher if TPT is ≥ 2 s.
Risk of penetration–aspiration is higher if more than three sucks per

swallow are present.
Risk of penetration–aspiration is higher if BCR is ≥ 0.1.

Risk of nasopharyngeal reflux is increased in children with narrower
PESmax.

Risk of penetration–aspiration is higher if PCR is ≥ 0.2.

Risk of nasopharyngeal reflux is higher if the PCR is ≥ 0.2. Risk of penetration–aspiration is higher if Hdur is > 1 s.
Risk of esophagopharyngeal reflux is higher if the BCR is ≥ 0.3. Nasopharyngeal reflux is more prevalent in children with

elevated BCR.
Nasopharyngeal reflux is more prevalent in children with

narrower PESmax.
Risk of penetration–aspiration is higher in children with

residue in the posterior pharyngeal wall or pyriform
sinuses than in children with no residue (BRS).

Risk of penetration–aspiration is higher in children with
residue in valleculae, posterior pharyngeal wall, and
pyriform sinuses than in children with no residue (BRS).

Note. PES = pharyngoesophageal segment.
aChildren from 9 months old to 21 years old.
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Reliability

We found the selected measures to have high inter-
rater reliability. This adds to the growing literature dem-
onstrating good reliability of objective measures in chil-
dren (Dharmarathna et al., 2020a, 2021a, 2021b; Gosa
et al., 2015; Henderson et al., 2016; McGrattan et al.,
2019; Riley et al., 2018; Sales et al., 2017; Weckmueller
et al., 2011). Previously, both Henderson et al. (2016) and
Gosa et al. (2015) have reported satisfactory interrater
reliability in obtaining timing and displacement measures
of children through VFSS. Newman et al. (1991)
reported good interrater reliability in temporal measures
of swallowing in bottle-fed infants. In addition, Riley
et al. (2018) reported excellent interrater reliability in
measuring the displacement of the hyoid bone in chil-
dren above 9 months. To our knowledge, this is the larg-
est cohort studying the reliability of objective VFSS
measures in children.

Validity

Satisfactory reliability of measures does not neces-
sarily mean they are valid (Tavakol & Dennick, 2011).
Earlier commendable work has been done to explore the
possibilities of objective analysis in children (Henderson
et al., 2016; McGrattan et al., 2019; Sales et al., 2017;
Weckmueller et al., 2011), studying quantitative measures
to describe swallowing in different groups of children. It is
noteworthy that most of these measures were previously
studied in adults and have proved their ability in describing
adult swallowing mechanism (Johnson & McKenzie, 1993;
Kendall & Leonard, 2001; Kendall et al., 2000; Leonard,
2017, 2019; Leonard et al., 2000, 2004, 2006, 2011;
Molfenter & Steele, 2013; Steele et al., 2011; Yip et al.,
2006). Our recent work aided us in identifying key quanti-
tative measures that are beneficial in describing or identify-
ing signs of swallow impairment such as penetration–
aspiration and residue in children (Dharmarathna et al.,
2020a, 2021a, 2021b).

Internal Consistency Reliability

Although a typically acceptable Cronbach alpha
score is > .7, we accepted a lower rate at .531 because
each valid item contributed uniquely to describing a differ-
ent aspect of swallowing. The internal consistency testing
indicates the individual value of each of these measures in
a battery of VFSS assessment. Interestingly, some key
measures in adult swallow evaluation, such as Hmax and
HL, did not show significant impact in describing pediat-
ric swallow biomechanics or aspiration (Leonard, 2019).
In neurotypical adults, the influence of bolus volume on
hyoid displacement has been well documented (Dodds
Downloaded from: https://pubs.asha.org 103.77.64.194 on 09/29/2022, T
et al., 1988; Nagy et al., 2014; Ueda et al., 2013). It could
be that lack of control of bolus volume in this pediatric
cohort may have led to poor statistical power, resulting in
statistical insignificance. This may be because the hyoid
bone sits elevated in children already due to incomplete
laryngeal descent; therefore, the range of motion may be
constricted, and thus, variation in range may have less clin-
ical impact. It is possible that hyoid movement has a lesser
part to play in swallowing in infants in comparison to
adults and older children. This highlights the uniqueness of
pediatric feeding biomechanics in comparison to adults.
With the exception of SSw ratio, additional measures of
SSw coordination such as suck time and tongue–soft palate
cycle did not have strong interitem correlation and were
removed from the final protocol. These findings question
the use of obtaining these measures, as they show poor
ability in describing infant swallow biomechanics, even
though they are feasible and reliable.

Feasibility

As the final step to protocol development, we consid-
ered clinical feasibility of obtaining objective quantitative
VFSS measures under four sections; technical resources, eco-
nomic, logistical, and operational aspects (Rajadhyaksha,
2010).

Technical
A specialized commercial software was used in this

study for the quantitative analysis of VFSS. However, there
are many no- or low-cost tools available for obtaining quan-
titative timing and displacement measures. Appendix C
includes a list of options available for measurements at
the time of writing. Frame rate and pulse rate of the
videofluoroscopic data have a significant influence on the
precision of objective quantitative swallow measures.
Thirty frames per second is recommended for best detec-
tion of pharyngeal changes during VFSS analysis, particu-
larly given the swallow rate in sucking children (Azpeitia
Armán, 2017; Belafsky & Kuhn, 2014; Bonilha et al.,
2013; Cohen, 2009; Mulheren et al., 2019). Clinicians
should ensure they understand the screening and recording
equipment in their radiology suite and understand the
pulse rate they are recording at. A recommended rate for
pharyngeal measures is 30 frames per second due to the
total oropharyngeal swallow duration being less than 1 s.
For some suites, screening in continuous rather than
pulsed mode is required to achieve recording at 30 frames
per second. This frame rate avoids missing airway viola-
tion and optimizes information that may be obtained from
the 20-s loops. Moreover, reducing the overall recording
time ensures minimal radiation exposure in developing
children (Henderson et al., 2016; Hiorns & Ryan, 2006;
Weir et al., 2007).
Miles et al.: Quantitative Analysis of Pediatric Swallowing 1253
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Economic
VFSS is a commonly used instrumental swallowing

assessment tool, and the quality of information obtained
through VFSS can be improved by using quantitative
analysis. It is extremely important that we obtain the max-
imum amount of information that can aid our clinical
decision making to be mindful of both the radiation risk
and the cost. Appendix C provides the cost of adding
tools to facilitate objective analysis to an already-
established VFSS suite at the time of writing.

Logistical
Training in objective quantitative VFSS measure-

ment and interpretation for timing and displacement mea-
sures is essential. Training and practicing of quantitative
VFSS analysis may take time, as it requires precision in
measuring. Expertise increases with familiarity, and the
use of specific tools will aid in reducing the time spent on
analysis. Nordin et al. (2017) reported improved interrater
agreement and reduced measuring times in a group of
novice and experienced clinicians following 8 weeks of
once-weekly training in objective VFSS analysis. Appen-
dix D provides instructions on how to obtain the key
objective quantitative measures including demonstration
videos.

Operational
VFSS exposes children to ionizing radiation. VFSS

administration should be done thoughtfully and only if
necessary. If VFSS is selected, clinicians and researchers
have ethical and clinical responsibility to obtain the maxi-
mum amount of information possible from fluoroscopic
studies to aid clinical decision making in treating children
with swallowing difficulties. Minimizing unnecessary radi-
ation exposure and adhering to ALARA (as low as rea-
sonably achievable) principles must be observed at all
times during VFSS performance (Tolbert et al., 1996). We
followed a standard protocol for VFSS administration in
this study, which is proven to limit radiation dose in chil-
dren (Henderson et al., 2016) while still obtaining all
needed information. This approach reduces the risk of
adverse events while obtaining clinically reliable and use-
ful information on swallow biomechanics compared to
subjective VFSS evaluation.

Limitations

We acknowledge a number of limitations to this
study. We are observing one swallow from videofluoro-
scopic recordings of limited time portions (20-s loops and
volume-based single bolus swallows) to limit radiation
exposure of children. Therefore, some signs/ observations
of swallow impairments may not have been identified.
Volume control in bottle-feeding infants was not possible,
1254 American Journal of Speech-Language Pathology • Vol. 31 • 12
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and this should be taken into consideration in view of the
volume effect on biomechanics reported in the literature
(Lau et al., 2003). Fatigue testing and texture evaluation
is not part of this protocol, and it is expected that clinicians
use their clinical judgment to add these after the protocol
as required for each child. Full medical history and details
of preterm births were unavailable, and we do not know
the potential impact of this on our interpretations. As we
are unable to study healthy swallowing in children through
VFSS, all our interpretations are based on swallow bio-
mechanics observed in children with suspected swallowing
difficulties, and conclusions on normal biomechanics should
be guarded.
Conclusions

This study addresses the need for a clinically vali-
dated, standardized VFSS protocol that provides objective
findings, quantification, and interpretation of swallow bio-
mechanics in children. By following an evidence-directed,
comprehensive process, we have established rater reliabil-
ity and internal consistency of a VFSS protocol for objec-
tive interpretation of swallowing in children. We antici-
pate that clinicians may use these valid and reliable swal-
low measures in their decision-making process. Implemen-
tation of such a protocol will allow for meaningful com-
parisons of swallowing skills of children across time,
clinics, laboratories, and therapeutic strategies. Future
research should focus on how this information can be used
by clinicians to produce individualized treatment plans for
children with swallowing impairment.
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measure

M SD

Bottle-fed Cup Bottle-fed C

Timing (s)
TPT 1.283 1.246 1.006 1.
Airwaycl 0.110 0.126 0.986 0.
ACD — 0.476 — 0.
PESdur 0.381 0.405 0.214 0.
BP1AEcl 0.065 0.067 0.410 0.
STD — −0.479 — 1.
LE — −0.119 — 0.
Hdur — 0.302 — 0.
Hm — 0.063 — 0.
VCD 0.215 0.196 0.138 0.
Suck time 0.568 — 0.254 —
T-SP 0.146 — 0.122 —

Displacement
PCR 0.214 0.192 0.199 0.
BCR 0.026 0.036 0.115 0.
PESmax (cm) 0.440 0.545 0.206 0.
Hmax (cm) — 1.134 — 0.
HL (cm) — 0.495 — 0.

Note. Em dashes indicate data not completed. TPT = total pharyngeal tr
duration; PESdur = pharyngoesophageal segment opening duration; BP
stage transition duration; LE = laryngeal elevation; Hdur = duration to hyo
ment; VCD = duration of velopharyngeal closure; T-SP = tongue and so
clearance ratio; PESmax = pharyngoesophageal segment maximum ope
approximation of the hyoid and larynx.
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Appendix A

Descriptive Statistics
Minimum Maximum

up Bottle-fed Cup Bottle-fed Cup

106 0.0200 0.240 8.160 10.500
153 0.0200 0 0.900 1.500
224 — −0.030 — 1.870
159 0.040 0.020 2.000 1.867
588 −0.840 −0.600 4.400 9.467
077 — −0.960 — 0.020
175 — −0.120 — 0.240
128 — 9.9 — 0.640
078 — 0.001 — 0.060
149 0.030 0 1.000 1.500

0.06 — 1.34 —
0.03 — 0.7 —

190 0 0 0.986 0.998
143 0 0 0.728 0.973
244 0.011 0.118 1.415 1.641
718 — 0.12 — 3.886
242 — 0.011 — 1.618

ansit time; Airwaycl = time to airway closure; ACD = airway closure
1AEcl = coordination of airway closure with bolus transit; STD =
id maximum elevation; Hm = duration of maximum hyoid displace-
ft palate cycle; PCR = pharyngeal constriction ratio; BCR = bolus
ning; Hmax = maximum elevation of hyoid bone; HL = maximum
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Appendix B

Interitem Correlations Between Timing and Displacement Swallow Measures
Measure r (Pearson correlation) p

PESdur BCR −.100 .023
HPT .183 < .001
TPT .101 .022
PESmax .280 < .001
VCD .105 .018
Hdur .194 .004

Airwaycl BRS .144 .001
Hm .174 .010
HPT .188 < .001
TPT .176 < .001
BP1AEcl .197 < .001
STD −.148 .029
ACD −.231 < .001
VCD .399 < .001
Hdur .476 < .001
Hm .155 .022

OPT PESmax −.116 .015
STD −.305 < .001
ACD −.330 < .001

HPT VCD .110 .013
Hdur .168 .013

TPT BCR .174 < .001
BRS .196 < .001
BP1AEcl .451 < .001
STD −.683 < .001
ACD −.621 < .001
Hdur .187 .005

HL Hm −.267 .002
Hdur −.238 .007

PESmax BCR −.109 .023
PAs .386 < .001
VCD .135 .005

PCR BCR .219 < .001
BRS .220 < .001
PAmax .626 < .001

STD BCR −.263 < .001
BRS −.244 < .001
LE .148 .029
ACD .974 < .001

LE BCR −.139 .039
Hm .201 .003
Hdur .169 .012

ACD BCR −.153 .001
BRS −.180 < .001
VCD −.099 .026
Hdur −.165 .015

VCD Hm .182 .007
Hdur .416 < .001

Hdur Hm .503 < .001

Note. Degree of freedom is 552 (n − 1). PESdur = pharyngoesophageal segment opening duration; BCR = bolus clearance ratio; HPT =
hypopharyngeal transit time; TPT = total pharyngeal transit time; PESmax = pharyngoesophageal segment maximum opening; VCD = dura-
tion of velopharyngeal closure; Hdur = duration to hyoid maximum elevation; Airwaycl = time to airway closure; BRS = bolus residue scale;
Hm = duration of maximum hyoid displacement; OPT = oropharyngeal transit time; BP1AEcl = coordination of airway closure with bolus
transit; STD = stage transition duration; ACD = airway closure duration; HL = maximum approximation of the hyoid and larynx; PAs = pha-
ryngeal area at rest; PCR = pharyngeal constriction ratio; PAmax = pharyngeal area at maximum constriction; LE = laryngeal elevation.
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Appendix C

Range and Cost of Instruments Available for Quantitative Videofluoroscopic Swallow Study (VFSS) Analysis, Sourced July 2021
Instrument/equipment Purpose
Approximate
price (USD) Source

Radiology setup
Equipped videofluoroscopic
suite, including fluoroscopic
machine, camera, and
recording

For radiographic visualization or oral,
pharyngeal, and esophageal phases
of swallowing

600,545a

excluding
room hire and
personnel

American College of Radiology

Protective equipment package
for personnel

Lead aprons, gloves, goggles, screen
for administration procedures

500 American College of Radiology

Videofluoroscopy viewing
PACS professional
workstation

Data archiving and reviewing system 15,255 American College of Radiology

TIMS workstation
Recording and reviewing VFSS data
Has in-built timing and displacement

measurement tools

22,000–26,000 https://inline.com.au/shop/medical/
software-archiving/tims-recording-
editing-solution-msa/

PharyDoc workstationb Recording and reviewing VFSS data
Including in-built timing and displacement

measurement tools

35,500–39,500 https://www.bildteknik.com/
pharydoc/

Objective timing and displacement measurement equipment
ImageJ Allows line measurements for displacement

swallow measures
Mac and Windows compatible

Free Download at https://imagej.nih.gov/
ij/docs/install/index.html

Universal desktop ruler
(Universal On-Screen
Digitizer)

Allows line measurements for displacement
swallow measures

Windows compatible only

24 Purchase at https://avpsoft.com/
products/udruler/

Swallowtail Specialized software for objective VFSS
analysis

Windows compatible only

1200c http://www.belldevmedical.com/
swallowtail#TOC-WHAT-IS-
SWALLOWTAIL-

Quintic biomechanics
software

Analyzes timing measures of swallowing
Windows compatible only

390–4,550 https://www.quinticsports.com/

Horita VS-50 Video
Stopwatch

Online time display for timing measures
of swallowing that can be attached
to the recording equipment in the
radiology suite

650–750 https://horita.com/vs-50

aAnnual subscription for research use and clinical use (only in New Zealand and Australia). bClinically used in Sweden and Middle Eastern
countries. cMay need to replace after 8–10 years.
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Appendix D (p. 1 of 4)

Manual for Obtaining Objective Quantitative Swallow Measures

All operational definitions are as described by Leonard (2019).

Total pharyngeal transit time (TPT)
Instructional video demonstrating TPT in an 8-year-old child in Quintic, Swallowtail, and TIMS https://youtu.be/
OJusaNdSDEg
Instructions:
– Select the frame in which the bolus head passes the posterior nasal spine (B1) and mark the time.
– Move the video forward and select the frame in which the bolus tail clears the pharyngoesophageal segment (PES)
completely (BP2) to mark the time.
– Calculate the time difference between B1 and BP2, which is the total pharyngeal transit time (TPT).

Note. In case of premature spillage, still use it to mark B1.
Bolus head passing posterior nasal spine (B1) Bolus tail clearing the PES (BP2)
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Appendix D (p. 2 of 4)

Manual for Obtaining Objective Quantitative Swallow Measures
Pharyngeal constriction ratio (PCR)
Instructional video demonstrating PCR in an infant using universal desktop ruler: https://youtu.be/lWssICKlSFc
Instructions:
– Select a frame when the pharynx is wholly relaxed at rest or when a 1-cc bolus is held in the oral cavity.
– Measure the pharyngeal area of this frame (PAhold).
– Move forward and observe pharyngeal constriction during the swallow.
– Select the frame in which the pharynx is maximally constricted in order to push the bolus down. Move the frames back
and forth to compare the pharyngeal relaxation.
– Measure the area of the pharynx, including pharyngeal bolus residue, in its maximally constricted position (PAmax).
– Calculate PCR = PAmax / PAhold.

Note. When there is no bolus residue/air cavity in the frame of maximum pharyngeal constriction, the pharyngeal area is
considered “0” in the calculation.
Pharyngeal area at rest Pharyngeal area at maximum constriction
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Appendix D (p. 3 of 4)

Manual for Obtaining Objective Quantitative Swallow Measures
Bolus clearance ratio (BCR)
Instructions:
– Select the frame just before the PES opening for bolus entrance.
– Measure the bolus area in that frame (bolus area preswallow).
– Move the frames forward to select the frame just before the PES closure after the swallow.
– Measure the bolus area in that frame (bolus area postswallow).
– Calculate the BCR using the two area measures, BCR = bolus area postswallow / bolus area preswallow.

Note. When there is no bolus residue after a swallow, the bolus area is considered “0” in the calculation.
Bolus area preswallow Bolus area postswallow
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Appendix D (p. 4 of 4)

Manual for Obtaining Objective Quantitative Swallow Measures
Maximum opening of PES during a swallow (PESmax)
Instructional video demonstrating PESMax in an infant using universal desktop ruler: https://youtu.be/lfjhtB7v6QA
Instructions:
– PES is defined as the narrowest point in the opening between C3 and C6 (commonly C4–C6) when the PES is maximally
distended during the swallow.
– Move the bolus forward to identify the frame in which the PES achieves its maximum displacement.
– Measure the distance between the anterior and posterior borders of the lumen, not the tissue area.
– Measurement should be taken perpendicular to the bolus flow. This distance is PESmax.
Maximum opening of the PES during a swallow (PESmax)

Coordination of airway closure with bolus transit (BP1AEcl)
Instructional video demonstrating BP1AEcl in 4-yr-old child:
In Swallowtail https://youtu.be/6UkxQzelNtM
Instructions:
– Identify the frame in which the bolus enters the PES and mark the timing (BP1).
– Select the first frame in which arytenoids and epiglottis close the supraglottic airway and mark the timing (AEcl).
– BP1AEcl = BP1 − AEcl.
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