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Abstract 

Background: Uvulopalatopharyngoplasty (UPPP) and coblation channeling of the tongue (CCT) are 

oropharyngeal surgeries used to treat obstructive sleep apnea syndrome. The extent to which UPPP 

and CCT affect pharyngeal swallow has not been determined. We therefore conducted a novel case 

series study employing high-resolution impedance manometry (HRIM) to quantify the swallowing-

related biomechanics following UPPP and/or CCT surgery. 

Methods: Twelve patients who underwent UPPP+CCT or CCT only were assessed an average 2.5 

years post-surgery. Swallow function data were compared with ten healthy controls. All patients 

completed the Sydney swallow questionnaire (SSQ). Pharyngeal pressure-flow analysis of HRIM 

recordings captured key distension, contractility and pressure-flow timing parameters in relation to 

swallowing of 5, 10 and 20ml volume thin and thick consistencies.   

Key Results:  Post-operative patients had more dysphagia symptoms with five returning abnormal 

SSQ scores. Swallowing was biomechanically altered compared to controls consistent with 

diminished swallowing reserve, largely driven by elevated hypopharyngeal intrabolus pressure due 

to a reduced capacity to open the upper esophageal sphincter to accommodate larger volumes.  

Conclusions & Inferences: Patients who have undergone UPPP and/or CCT surgery appear to have 

a deficiency in normal modulation of the swallowing mechanism and a reduced swallowing 

functional reserve. We speculate that these changes may become relevant in later life with onset of 

age-related stressors to the swallowing mechanism. This case series strikes a note of caution that 

further studies are needed to determine the role of pre-operative swallow assessment in patients 

undergoing UPPP and/or CCT surgery. 

Key Words: Dysphagia; High-Resolution Manometry; Impedance; Upper Esophageal Sphincter; 

Swallowing; Obstructive Sleep Apnea. 



Key Points:  

 Oropharyngeal surgery treats obstructive sleep apnea syndrome. In some patients, 

oropharyngeal surgery causes dysphagia, the pathophysiology of swallowing in this context 

is not understood. 

 Swallow function is described for a case series of patients post oropharyngeal surgery and 

detection of sub-clinical changes in swallowing function that may become relevant with 

ageing.  

 Oropharyngeal surgery patients have reduced swallowing reserve due to impaired sensory 

modulation of the swallow response to volume challenge. Measuring swallowing reserve 

pre-operatively may inform therapeutic approach. 

 

 

  



Introduction 

Uvulopalatopharyngoplasty with Coblation Channeling of the Tongue (UPPP+CCT) are used to 

treat obstructive sleep apnoea syndrome (OSAS) 1. The UPPP “widens” the pharyngeal space while 

CCT ablates columns of tissue within the tongue base. Oropharyngeal areas resected and ablated are 

richly innervated with sensory afferent neurons3, 4, 5 and dysphagia has been previously reported 

following UPPP2. The surgery is typically performed in middle aged patients and the potential 

exists for mild deglutitive dysfunction to become relevant later in life, due to deterioration of the 

swallowing mechanism 6, 7, 8.    

Afferent inputs to the primary motor cortex and brain stem control and modulate oropharyngeal 

swallowing9. The afferent modulation of the swallow motor mechanism enables an appropriate 

swallow response tailored to the bolus characteristics. For example, to swallow larger bolus 

volumes, earlier and larger increases in upper esophageal sphincter (UES) diameter are required10, 

11, 12, 13. Sensory dysregulation can lead to inappropriate swallow responses, such as delayed and/or 

reduced UES relaxation and opening, leading to biomechanical changes such as raised intra-bolus 

pressure14.  

The impact of UPPP and CCT on swallowing physiology have not been characterized. Our aim was 

to assess swallowing-related biomechanics and swallowing functional reserve in patients who had 

undergone these procedures. We hypothesized that patients receiving UPPP and/or CCT would be 

less able to modulate their swallowing in response to changes in bolus volume. 

  



Methods 

Study Participants 

Patients were enrolled under Southern Adelaide Clinical Human Research Ethics Committee 

Protocol No.283.11, which is a broad-based study of biomechanics in relation to dysphagia. We 

included 12 patients (7 male, 5 female) aged 28 – 63 years (mean 51 years) who had received 

UPPP+CCT surgery (n=11) or CCT only (n=1) and were between 0.8 - 5.8 years post-surgery 

(mean 2.5 years).  

Data from ten healthy subjects (6 male: 4 female; mean age: 28yrs, range 24 – 33 years) were used 

for comparison. All were non-smokers with no gastro-intestinal medical history reported (no 

dysphagia, no gastro-esophageal reflux disease, or previous gastro-intestinal surgery). All subjects 

gave informed consent to participate in the study. Some data from this series of controls has been 

previously published13. 

Clinical Assessments 

Eight of the patients had a primary diagnosis of OSAS based upon excessive sleepiness, defined by 

an Epworth sleepiness scale (ESS) score >1015, and a severe apnea hypopnea index (AHI ≥ 30/h) 

recorded during a polysomnography16. Of the remainder, three patients had primary snoring and one 

reported globus sensation and was included in this case series due to reported significant dysphagia 

symptoms post CCT.    

All patients were reviewed by a speech pathologist (Author MS) and completed the Sydney 

swallow questionnaire (SSQ), a validated self-reporting swallowing assessment tool for oral-

pharyngeal dysphagia17. A SSQ score >234 is abnormal18, 19. The SSQ scores of the patient cohort 

were compared to data from normal cohort of 73 asymptomatic individuals (established by Author 

MMS18). 



As part of standard clinical practice, any patients who reported an elevated SSQ also underwent 

routine videofluoroscopic swallow study (VFSS). The VFSS protocol included swallowing thin and 

moderately thick liquids, diced fruit and bread with liquid barium (Polybar barium sulfate 

suspension, Bracco Diagnostics Inc. USA) used for radio opacity. Aspiration status was based upon 

the 8-point penetration-aspiration scale (PAS) of Rosenbek and colleagues20. The presence of 

valleculae and pyriform sinus residue was assessed using the normalized residue ratio scale (NRRS) 

21. To derive NRRS values, post-swallow videofluoroscopy images were analysed using open-

source image analysis software (Image J, National Institutes of Health, USA). The scale 

incorporates the ratio of post swallow residue in proportion to the space, valleculae (NRRSv) and 

pyriform sinus (NRRSp). Abnormal vallecular residue was defined by NRRSv > 0.1 and pyriform 

residue defined by NRRSp > 0.2. 

High Resolution Impedance Manometry  

Pressure and impedance recordings were made using an 8 French HRIM catheter, incorporating 32 

pressure sensors and 16 adjoining impedance segments (Unisensor AG catheter, Attikon 

Switzerland). Each catheter was positioned trans-nasally with sensors straddling the entire 

pharyngo-esophageal segment. A lignocaine spray (5%) was used topically within the nose. The 

pressure and impedance data were acquired at 20 samples/s (Solar GI acquisition unit Medical 

Measurement Systems, Enschede, The Netherlands). Participants were seated upright in the head 

neutral position. After a 5 minute accommodation period, boluses were administered to the mouth 

using a syringe (3-5 repeats of 5ml, 10ml and 20ml volumes). Participants swallowed thin and thick 

bolus media (0.9% NaCl at IDDSI Level 0 and EFT Viscous IDDSI Level 4, Sandhill Scientific, 

Denver CO, USA).  

Analysis of Pharyngeal Pressure-Impedance Recordings  

Analysis of swallows was performed via the open access web-based portal Swallow Gateway 

(swallowgateway.com; version © 2017). To analyze, the entire HRIM study was exported from the 



acquisition system as a single ASCII file (.asc) which was then uploaded onto the website (de-

identified). Analysis of the study required navigation to and selection of the relevant swallows. This 

was done by drawing a box spanning the region from velopharynx to transition zone and duration of 

4-5s (Figure 1).  Selected swallows could then be viewed as a pressure topography plot and 

analysed individually by manual  placement of six landmarks defining; 1.UES opening and 2.UES 

closure and the positions of  3.velopharyngeal proximal margin, 4.hypopharyngeal proximal margin 

(tongue base distal margin), 5.UES apogee and 6.UES distal margin.  

Following landmark selection the pressure-impedance profiles of the hypo-pharynx and UES were 

plotted and data for 14 swallow function measures were calculated. Descriptions of how these were 

derived and their physiological/functional meaning are listed and explained in Figure 1 (See also 

Supplementary Table 1 provided as supporting material). The methods for objective derivation of 

all variables are also described in detail in recent articles22, 23. The “swallow risk index” (SRI) is a 

measure of global swallowing dysfunction that combines variables known to biomechanically 

denote abnormal swallowing. The SRI has previously been shown to correlate with aspiration on 

simultaneous radiology24.  

Statistical Analysis  

Per participant averages for swallow function variables were determined for each volume and 

consistency combination. Statistical Package for the Social Sciences (SPSS Statistics for Windows, 

v. 22.0 Armonk, NY: IBM Corp) was used to investigate the data. Data were predominantly 

normally distributed, data failing Shapiro-Wilk normality testing were transformed (Log10).  

ANOVA was performed using General Linear Modelling with bolus volume conditions and/or 

bolus consistency as repeated measures and groupings as fixed factors. A p-value <0.05 was 

considered to indicate statistical significance. Statistical inference on non-parametric SSQ scores 

was performed using two-sample Wilcoxon rank-sum test. In the assessment of individual SSQ 



questions following Šidák correction for multiple tests a p-value of <0.003 was considered to 

indicate statistical significance. 

  



Results 

Clinical Assessments  

Of the 12 post-surgical patients enrolled, six received VFSS on clinical grounds. For these patients 

SSQ scores ranged from 218-933, for five SSQ was >234. None had evidence of aspiration (all PAS 

1-2), four had abnormal vallecular post-swallow residue (three with solid only) and one had 

abnormal pyriform bolus residue with fluids only (Table 1). One patient, who had an SSQ of 218 

and significant vallecular residue (solid NRRSv 0.79), declined investigation by HRIM, hence 11 

patients and 10 healthy participants were investigated by HRIM. Ten of the 11 patients completed 

HRIM assessment with the full bolus protocol (3-5 repeats 5, 10 and 20ml volume of thin and thick 

consistency), whilst 1 patient, who had SSQ 933 and significant vallecular residue (solid NRRSv 

0.28), was unable to swallow 20ml thick boluses. All controls completed assessment with the full 

bolus protocol. 

Sydney Swallow Questionnaire 

The SSQ scores of patients were elevated when compared to previously published18 cohort of 73 

normal asymptomatic individuals (Figure 2 A; median 196, IQR [87, 498] vs median 76 [58, 94], Z 

= -3.3, p = 0.001). When individual SSQ questions were examined there were no significant 

differences in the raw scores between patients and the control cohort (Figure 2 B). However, 

expressing each question as a percentage to the total score, revealed that question 16 (How do you 

rate the severity of your swallowing problem today?) and question 17 (How much does your 

swallowing problem interfere with your enjoyment or quality of life?) provided a greater 

contribution to the final score in the patients compared to the controls (Figure 2 C). SSQ score was 

not significantly different between patients with and without severe OSAS (median 156 [54, 527] vs 

median 280 IQR [168, 643]). 

 



Effects of Bolus Volume and Consistency on Swallow Function  

When elevated, the swallow risk index (SRI) denotes abnormal swallowing and, amongst the 

patients and controls combined, the SRI increased significantly with increasing bolus volume 

(Figure 3 A) reflecting the overall additional demands placed on the swallow mechanism by larger 

boluses. Increased bolus volume was associated with higher pressures in the velopharynx/tongue 

base region (VTBI, Table 2) whilst the contractile pressures in hypopharyngeal region (HPCI and 

Peak P) were unchanged by bolus volume. UES post-relaxation contractility (UESCI) and proximal 

esophageal contractility (PCI) increased with larger bolus volumes (Table 2). UES distension 

pressure, opening diameter and timing variables also increased with bolus volume (Table 2).   

Thicker bolus consistency did not alter lumen occlusive pressures other than the contractility of the 

proximal esophagus (PCI), which was higher for thick bolus. Distension pressures (IBP, UES IRP) 

were higher for thick bolus while timing variables (DCL, UES Open T) were shorter (See 

Supplementary Table 2 provided as supporting material). 

Swallow Function in Controls vs. Patients   

Amongst patients the SRI was below the working cut-off for dysfunction predisposing to aspiration 

risk (liquid swallow SRI >1524). This finding was consistent with nil aspiration recorded for the 

patients who underwent videofluoroscopy in conjunction with HRIM assessment. The SRI was, 

however, significantly elevated in patients when compared to controls (Figure 3 A), suggesting loss 

of functional reserve in the patient group. As controls were younger on average, we investigated 

elevated SRI with age as a covariate, SRI remained significantly different between the groups (F 

7.607, p = 0.014). For both consistencies, SRI was highest overall in the patients returning 

abnormal SSQ scores (Figure 3 B). SRI was not different between patients with and without severe 

OSAS (SRI 4.7 [1.5, 7.9] vs. 3.4 [-0.5, 7.3], F 0.097, p = 0.764). Amongst those with severe OSAS, 

the SRI to any bolus was not correlated to OSAS severity (vs. AHI, p 0.148 - 0.589). 



Swallow function variables were then individually interrogated to explore the potential mechanistic 

basis underpinning the global SRI differences. Four swallow function variables stood out as most 

different between patients and controls when accounting for volume (Table 2) and bolus thickness 

(Supplementary Table 2 provided as supporting material). The patients had a significantly higher 

IBP and UES IRP, indicative of greater pharyngeal emptying resistance, lower pre-swallow UES 

basal pressure and narrower UES distension area (lower UES Max Ad). Altogether the factors 

which differentiate patients from controls relate to elevated flow resistance in the context of reduced 

UES opening diameter. Additionally, we observed diminished neutrally mediated pre-deglutitive 

tone of the UES (UES BP, Table 2).   

For the flow-timing variable, DCL, and UES opening variable, UES Max Adm, the effect of 

volume was found to be dependent on the group (see Vol. x Group, Table 2). Therefore, we 

examined the effects for bolus volume on these parameters within each group separately. In 

controls, both parameters showed a highly significant increase in relation to volume overall. There 

were highly significant pairwise differences amongst all volume combinations (Figure 4 A and D). 

In contrast, the patients demonstrated a dampened response to volume challenge; whilst 

significantly increasing with volume overall, they showed lower levels of statistical confidence 

(reduced effect size, np2) amongst comparisons (Figure 4 B and E). UES Max Ad also showed a 

significantly diminished change with 10ml and 20ml volumes relative to 5ml (Figure 4 F).  

For 10ml and 20ml bolus volumes, the effect of bolus thickness on hypopharyngeal contractile 

pressure (HPCI and PeakP) was found to be dependent on the group (Supplementary Table 2 

provided as supporting material). When the effect of thickness was evaluated within each group 

separately, controls showed an increase in contractile pressure with the thick bolus compared to 

thin (estimated marginal mean HPCI (95CI) thin 97 (64, 130) vs. thick 146 (96, 196) mmHg.s.cm, F 

8.526, p <0.05). In contrast the patients demonstrated a decrease in contractile pressure with thick 

bolus compared to thin (HPCI thin 128 (94, 164) vs. thick 113 (79, 148) mmHg.s.cm, F 5.889, p 

<0.05).  



Discussion 

We conducted an observational study of dysphagia symptoms and swallowing function in a case 

series of patients post UPPP and CCT surgery. Patients reported greater dysphagia symptoms and 

had impaired swallowing function when compared to controls.  

Our study results show that patients, most who had undergone UPPP and CCT, have altered 

swallowing function, manifesting predominantly as UES flow resistance. This can be a consequence 

of reduced UES opening compliance, secondary to long term upper airways obstruction and/or 

CPAP use, or the consequence of sensory dysregulation of the swallow mechanism, due to loss of 

sensory afferent inputs13, 14, 22.   

Swallow challenges using increasing bolus volumes lengthened the distension-contraction latency 

(DCL) and increased UES opening, but to a lesser extent in patients when compared to that seen in 

controls. We postulate that this attenuation in swallow response reflects alterations to sensory 

neurons due to oropharyngeal surgery. A detailed Example Case (Case 11, Table 1) of a patient 

reporting nil dysphagia pre-operatively who now has significant dysphagia post-surgery is provided 

in Figure 5; this further illustrates the altered swallowing biomechanics that we have observed in 

the group overall. Similar changes have been reported in overtly dysphagic patients with sensory-

motor deficits 25 and healthy subjects exposed to opioid drugs14, 26. In relation to other sensory 

mechanisms, a 7-13% prevalence of taste, smell and voice disturbances are also reported following 

UPPP27.  

Whilst disruption of sensory nerves in the palate and tongue seems likely, it may also be the case 

that limiting the ability of the soft palate and tongue to touch the posterior pharyngeal wall may in 

turn alter the ability of the bolus stimulus to effectively deform the relevant structures causing 

swallowing initiation to be delayed.   Furthermore, the fact that surgery aims to limit contact 

between structures may alter length tension properties and therefore pharyngeal pressure generation. 

This may explain the paradoxical reduction in hypopharyngeal contractility we observed when 



patients received heavier consistency bolus challenges which may represent de-compensation of the 

pharynx. That is, the ability of the pharyngeal constrictors to bring the lumen to a point of occlusion 

and then generate post-occlusive pressure may be reduced, particularly during circumstances of 

high flow resistance such as those associated with the thickest consistencies. These factors may 

further contribute to dysphagia symptoms.   

Most of the patients had received the oropharyngeal surgery for treatment of severe OSAS, a 

clinical syndrome affecting at least 2-4% of the adult population28 and confirmed based on 

polysomnography during sleep16, 29. OSAS can be treated with nonsurgical options such as 

continuous positive airway pressure, however treatment compliance is often poor30 leading to 

consideration of surgical options. The clinical benefits of surgery are now well established31. 

However, post-operative dysphagia has been reported in the literature and impairment in global 

measures of swallow function has been shown in our results. OSAS patients can be young; therefore 

the impact of the aging process needs to be considered. Our study suggests that the ‘dysphagia 

limit’, the level of bolus challenge causing the swallowing system to fail35, may be substantially 

reduced. Therefore, conducting a pre-operative swallow assessment and obtaining a patient’s 

swallow reserve may contribute to the risk-benefit analysis during the decision-making process for 

surgical intervention. In a previous clinical study pre-operative dysphagia per se did not predict 

post-operative dysphagia following UPP/UPPP2. However, it is important to recognize that our 

novel method is reliable32, 33, 34 and allows characterization of subtle, often sub-clinical, changes to 

swallowing biomechanics.  

There are several limitations of our pilot study and these require acknowledgement. Most 

importantly we recognize that our findings were subject to a selection bias towards patients 

experiencing swallowing problems. Whilst enabling our study to elucidate potential dysphagia 

producing mechanisms, this would have increased the incidence of dysphagia symptoms (in this 

study an abnormal SSQ score) than would have otherwise been encountered. Whilst post-surgical 

onset dysphagia has been directly attributed to UPPP and/or CCT by others2, 27, 36, the neuro-motor 



processes altered in relation to obstructive sleep apnea and that lead to pharyngeal collapse during 

sleep are not well understood. Thus, even though worsening swallow function was not associated 

with a background of more severe OSAS, we should not assume that the pharynx of OSAS patients 

is normal at baseline. This determination would require further studies including both complete pre- 

and post-operative assessments and a non-operated patient group (e.g. patients receiving CPAP 

only). The patient cohort was also not homogenous for OSAS and therefore the patients may have 

had different pharyngeal physiology. Our main result for difference in the global SRI was 

sufficiently robust to survive inclusion of participant age as a covariate, however, given that healthy 

participants were both younger and of less variable age, the enrollment of age matched healthy 

participants would have been preferable. A larger prospective cohort study, including standardized 

pre- and post-operative measurement time points and patient controls, is therefore necessary to 

confirm our findings and to determine the true incidence and extent of swallow changes due to 

surgery that may lead to iatrogenic dysphagia over time, and determine the factors that may help to 

mitigate these outcomes.  

In conclusion, we report dysphagia symptoms and subtle aberrations of swallowing function in 

patients post UPPP and CCT surgery. We speculate that these features may represent altered UES 

compliance and/or loss of afferent inputs to the motor cortex and central pattern generators 

rendering the swallow mechanism less responsive to volume modulation. Hence the swallowing 

system may suffice, however with reduced functional reserve and increased swallow risk. If 

confirmed, then these changes may have impact in later life, with onset of age related stressors to 

the swallowing mechanism.  
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Tables 

  

Study 

  Years 

Post 

  Video-fluoroscopic Swallow Study 

  Fluid Bolus Solid Bolus 

Case Age/Sex AHI ESS Op. Investigations SSQ PAS NRRSv NRRSp PAS NRRSv NRRSp 

1 57/M 73* 6 4.1 VFSS only 218 1/8 .10 .00 1/8 .79* .00 

2 28/F 88* 14* 3.9 HRIM only 80 - - - - - - 

3 61/M 42* 17* 0.8 HRIM only 94 - - - - - - 

4 57/F 36* n/a 3.0 HRIM only 6 - - - - - - 

5 55/F 57* 4 4.0 HRIM/VFSS 608* 1/8 .00 .00 1/8 .00 .00 

6 53/M 89* 9 4.6 HRIM only 46 - - - - - - 

7 30/F 16 n/a 5.8 HRIM only 174 - - - - - - 

8 57/M 44* n/a 0.9 HRIM/VFSS 306* 1/8 .00 .00 1/8 .35* .00 

9 54/M 22 8 1.0 HRIM only 161 - - - - - - 

10 63/M n/a n/a 1.2 HRIM/VFSS 387* 2/8 .43* .39* 1/8 .49* .00 

11 59/M 41.5* 5 0.8 HRIM/VFSS 933* 1/8 .00 .00 1/8 .28* .08 

12 48/F n/a n/a n/a HRIM/VFSS 899* 1/8 .00 .00 1/8 .00 .00 

 

Table 1. Summary of twelve patients enrolled.  High resolution impedance manometry 

(HRIM) was performed in 11 patients, video-fluoroscopic swallow study (VFSS) in six patients, 

and eight had severe OSAS defined by apnea-hypopnea index (AHI) ≥30/h. Abbreviations: ESS, 

Epworth sleepiness scale; SSQ, Sydney Swallow Questionnaire; NRRS, normalized residue ratio 

scale (v, vallecular; p, piriform); PAS, penetration aspiration scale (maximum 8; 1 = none, 2-5 = 

penetration, 6-8 = aspiration). *indicates an abnormal result.  



Swallow 

Variable 

Bolus 

Type 

Patient vs. Control Main effect of 

Volume 

Interaction 

(Vol. x Group) 

VTBI Thin 

Thick 

- 

- 

↑F 5.373, p .009 

↑F 15.158, p .000 

- 

- 

IBP Thin 

Thick 

↑F 15.437, p .001 

↑F 8.007, p.011 

↑F 6.361, p .004 

↑F 4.996, p .012 

- 

- 

DCL Thin 

Thick 

- 

- 

↑F 16.618, p .000 

↑F 24.540, p .000 

- 

F 4.173, p .023 

BPT Thin 

Thick 

↑4.627, p .045 

- 

- 

↑F 13.748, p .000 

- 

- 

UES BP Thin 

Thick 

↓F 4.395, p .050 

↓F 12.099, p .003 

- 

- 

- 

- 

UES Open T Thin 

Thick 

- 

- 

↑F 44.102, p .000 

↑F 23.919, p .000 

F 2.879, p .069 

- 

UES Max Adm Thin 

Thick 

↓F 14.122, p .001 

↓F 7.342, p .014 

↑F 74.759, p .000 

↑F 43.239, p .000 

F 10.462, p .000 

F 3.814, p .031 

UES IRP Thin 

Thick 

↑F 7.625, p .012 

↑F 3.813, p .067 

↑F 7.089, p .002 

↑F 45.003, p .000 

- 

- 

UES Peak P Thin 

Thick 

- 

- 

↑F 3.864, p .030 

- 

- 

- 

UESCI Thin 

Thick 

- 

- 

↑F 4.698, p .015 

↑F 11.280, p .000 

- 

- 

PCI Thin 

Thick 

- 

- 

↑F 9.315, p .001 

↑F 15.811, p .000 

- 

- 

Table 2. Main effects and interaction effects in relation to group and bolus volume on 

swallow function variables. Statistics for RM-ANOVA. ‘–‘indicates no effects; ↑↓ indicates the 

directionality of the significant effects in relation to being in the UPPP+CCT group and for larger 

volumes. Variables showing no effects have been omitted, these were; HPCI and Peak P.  Non-

parametric variables were log10 transformed, these were; BPT, UES BP, UES PeakP and PCI. 

  



Supplementary Tables 

Swallow Function Variable Abbreviation      

(units) 

Meaning when abnormal 

Swallow Risk Index calculated as:  

SRI=((IBP*BPT)/((DCL+1)*PeakP))*100 

SRI High = global dysfunction 

predisposing to aspiration 

Hypopharyngeal Intrabolus Pressure            

(at 1cm above UES) 

IBP                  

(mmHg) 

High = Pharyngeal outflow 

resistance 

Mean Distention Contraction Latency DCL                   

(sec) 

Short = Aberrant flow timing 

Hypopharyngeal Bolus Presence Time BPT                    

(sec) 

Long = Early arrival of bolus / 

poor oral control 

Velopharyngeal to Tongue Base          

Pressure Integral 

VTBI       

(mmHg.s.cm) 

Low = Weak lumen occlusive 

pressure 

Hypopharyngeal Contractile Integral HPCI    

(mmHg.s.cm) 

Low = Weak lumen occlusive 

pressure 

Mean Pharyngeal Peak Pressure Peak P          

(mmHg) 

Low = Weak lumen occlusive 

pressure 

Mean UES Basal Pressure UES BP        

(mmHg) 

Low = Weak basal tone 

UES Open Time UES Open T      

(sec) 

Short = Short opening 

UES Maximum Admittance UES Max 

Adm   (mS) 

Low = Reduced opening 

UES 0.25s Integrated Relaxation Pressure UES IRP       

(mmHg) 

High = Restriction, impaired 

relaxation 

Post-Deglutitive UES Contractile Integral UESCI  

(mmHg.s.cm) 

Low = Weak lumen occlusive 

pressure 

UES Post-Deglutitive Peak Pressure UES Peak P  

(mmHg) 

Low = Weak lumen occlusive 

pressure 

Proximal Esophageal Contractile Integral PCI      

(mmHg.s.cm) 

Low = Weak lumen occlusive 

pressure 

Supplementary Table 1. Swallow function variables derived by AIMplot. 

  



 

Swallow 

Variable 

Bolus 

Volume 

Patient vs. Control Main effect of  

Bolus Thickness 

Interaction 

(Bolus x Group) 

HPCI 5ml 

10ml 

20ml 

 

- 

- 

- 

- 

- 

- 

F 4.131, p .056 

F 9.19, p .007 

F 16.874, p .001 

Peak P 5ml 

10ml 

20ml 

 

- 

- 

- 

- 

- 

- 

- 

F 11.117, p .003 

F 16.187, p .001 

IBP 5ml 

10ml 

20ml 

 

↑F 13.062, p .002 

↑F 10.779, p .004 

↑F 4.910, p .040 

↑F 13.550, p .002 

↑F 17.653, p .000 

↑F 14.307, p .001 

- 

- 

- 

DCL 5ml 

10ml 

20ml 

 

- 

- 

- 

↓F 20.155, p .000 

↓F 15.080, p .001 

↓F 6.411, p .021 

- 

- 

- 

UES BP 5ml 

10ml 

20ml 

 

↓F 5.291, p .033 

↓F 10.918, p .004 

↓F 7.952, p .011 

- 

- 

- 

- 

- 

- 

UES Open T 5ml 

10ml 

20ml 

 

- 

- 

- 

↓F 13.364, p .002 

↓F 10.497, p .004 

↓F 5.744, p .028 

- 

- 

- 

UES Max Adm 5ml 

10ml 

20ml 

 

↓F 7.387, p .014 

↓F 13.103, p .002 

↓F 13.209, p .002 

↓F 68.464, p .000 

↓F 96.680, p .000 

↓F 96.976, p .000 

F 4.272, p .053  

F 8.784, p .008 

F 10.837, p .004 

UES IRP 5ml 

10ml 

20ml 

 

↑F 5.934, p .025 

↑F 7.436, p .013 

↑F 4.398, p .050 

↑F 9.813, p .005 

 ↑F 49.898, p .000 

↑F 50.078, p .000 

- 

- 

- 

PCI 5ml 

10ml 

20ml 

- 

- 

- 

↑F 13.629, p .002 

↑F 23.594, p .000 

↑F 16.874, p .001 

- 

- 

- 

Supplementary Table 2. Main effects and interaction effects in relation to group and bolus 

thickness on swallow function variables. Statistics for RM-ANOVA. ‘–‘indicates no effects; ↑↓ 

indicates the directionality of the significant effects in relation to being in the UPPP+CCT group 

and for the thicker bolus. Variables showing no effects have been omitted, these were; VTBI, BPT, 

UESCI and UES Peak P. Non-parametric variables were log10 transformed, these were; PeakP, 

UES BP and PCI.  



 

Figures 

 



Figure 1. AIMplot analysis of swallows using the Swallow Gateway™ website. A. The 

appearance of the HRIM study once uploaded. The relevant swallows were selected from the 

pressure topography map by drawing regions of interest boxes (ROI) from velopharynx to 

esophageal transition zone.  B. The selected swallows could then be viewed on an expanded 

pressure topography plot and analyzed individually by manual placement of the six landmarks; in 

sequence order these were; 1.UES opening point and 2.UES closure point and the positons of 

3.velopharyngeal proximal margin, 4.hypopharyngeal proximal margin, 5.UES apogee and 6.UES 

distal margin. Hypopharyngeal and UES pressure and admittance time profiles are shown in 

subplots below the pressure topography plot. The axial pressure profile along the pharynx at the 

time of maximum UES opening is shown in the subplot to the right of the main plot. Following 

course placement, the landmarks were fine adjusted, such as to align the UES opening point with 

UES admittance upstroke and UES closure point with UES pressure upstroke. Swallow function 

variables were automatically generated and displayed for the swallow (see ‘Swallow Properties’; 

lower left). These were defined as follows (see also Supplementary Table 1): Hypopharyngeal 

intra-bolus pressure (IBP), the discrete pressure value recorded at 1cm superior to the UES apogee 

at the time point of maximal admittance (maximal bolus distension). Distension-contraction latency 

(DCL), the average time from maximum admittance to peak pharyngeal contraction. Bolus presence 

time (BPT), the total period of time that the hypopharyngeal admittance is above the level of 

admittance recorded at closure point set for the UES. Mean pharyngeal peak pressure (Peak P), the 

average maximum contractile pressure recorded for the pharyngeal stripping wave. Mean UES 

basal pressure (UES BP), the average pre-relaxation UES pressure (along UES position line). UES 

opening time (UES Open T), the time from open to closure point set for the UES. UES maximum 

admittance (UES Max Adm), the maximum admittance reading recorded within the UES region 

during UES opening. UES 0.25s integrated relaxation pressure (UES IRP), the median of minimum 

pressures recorded over 0.25 contiguous or non-contiguous seconds within the UES region. UES 

post-deglutitive peak pressure (UES Peak P), the maximum pressure generated by the UES 



following UES closure. All contractile/pressure integrals were determined by the average pressure, 

within the relevant domain, multiplied by duration and span, these were; Velopharyngeal to tongue 

base pressure integral (VTBI), Hypopharyngeal contractile integral (HPCI), UES contractile 

integral (UESCI) and Proximal esophageal contractile integral (PCI). 

 

  



 

Figure 2. Sydney Swallow Questionnaire findings. A. Distributions for total SSQ score 

(*p<0.05 by Wilcoxon rank-sum test). B. Scores for the individual questions that comprise the SSQ.  

C. Individual SSQ question scores expressed as parentage of the total score. Bars are box and 

whisker plots, *identifies that two of the questions achieved statistical significance following Šidák 

correction for multiple tests (p<0.0012): Q16, How do you rate the severity of your swallowing 

problem today? Q17, How much does your swallowing problem interfere with your enjoyment or 

quality of life? 

 

  



  



 

Figure 3. Swallow Risk Index, defining global swallowing function. A. Per volume least 

estimated marginal mean SRI is shown (Log 10 transformed with standard error bars) for control 

subjects and UPPP+CCT patients when given thin and thick bolus consistencies. RM-ANOVA 

statistics (F, p) are provided (group as a factor and the volume bolus conditions as within subject 

repeated measures). B. Individual data from controls and patients, with patients further stratified by 

SSQ score (abnormal SSQ >234). RM-ANOVA statistics (F, p) are provided (group as a factor and 

the volume bolus conditions as within subject repeated measures). Pairwise significance of SSQ 

groups vs. controls is shown above bars.   

  



 

Figure 4. Effect of bolus volume on swallow function variables showing volume*group 

interactions. Graphs show volume effects separately for controls (A, D) and patients (B, E) and the 

change relative to 5ml volume boluses (C, F). Data are estimated margins means (standard error 

bars) from separate RM-ANOVA with volume and consistency as within subject repeated 

measures. The F statistic for overall effect and pairwise comparisons are also shown. Partial eta 

squared (np2) are provided to allow comparison of effect size.  

 

  



 

Figure 5. An example 59 year old male patient who was studied 9 months post 

UPPP+CCT reporting nil dysphagia pre-operatively now with significant dysphagia (SSQ 

933).  A. Pressure topography plots of different volume swallows. The blue horizontal bar defines 

the period from UES initial opening (O) to UES closure (C) and the point ‘a.’ is the UES apogee 

position at the time of maximum UES opening (defined by admittance peak). The three plots are 

temporally aligned to UES closure time; note that the timing of initial UES opening and maximum 

UES opening occur progressively earlier with increasing volume leading to a longer overall period 

of UES opening. B. Pharyngeal axial pressure profiles at the time of maximal UES opening for the 

three volumes swallows (‘a.’ in each pressure topography plot); note that the distension pressures 



above the UES apogee position (region corresponding to pressure sensors 25-28) read higher as 

volume increases. C. Hypopharyngeal pressures during the swallows at 1cm proximal of the UES 

apogee position; note that the distension pressures preceding lumen occlusive contraction increase 

with volume swallowed, however the contractile pressure waveform is not obviously modified with 

increasing volume. D. UES pressures during the swallow; note that the distension pressures during 

UES relaxation increase with volume swallowed. Pre-relaxation basal pressures are much lower 

than the post-relaxation contraction peaks and, again, the contractile pressure waveform is not 

obviously modified by increasing the volume. E. UES admittance during the swallow; note that the 

admittance waveform is broader and has a higher peak when larger volumes are swallowed. F. 

Graphs of key swallow function variables determined for this patient. Bars show the patient 

averages and are filled grey when values are outside normal values based on controls data (10th or 

90th percentile used depending on whether the variable is known to decrease (↓) or increase (↑) in 

relation to pathology).  The global swallow risk index (SRI) is elevated in this patient at all volumes 

suggesting loss of functional reserve. Of individual measures, peak pressure generated by the 

hypopharynx (Peak P) is normal while intrabolus pressure (IBP) is high across all volumes. As the 

volume swallowed increases to 20ml, both the distension contraction latency (DCL) and the UES 

maximum admittance (UES Max Ad) diverge from the normal pattern seen in controls. This is 

consistent with swallowing being poorly modulated to accommodate the larger volumes with the 

consequence being increase bolus flow resistance (high IBP). A high bolus presence time (BPT) is 

seen for 5-10 volumes suggesting pre-swallow bolus presence in this case. 




