Hindawi Publishing Corporation
International Journal of Otolaryngology
Volume 2015, Article ID 764709, 6 pages
http://dx.doi.org/10.1155/2015/764709

Research Article

Hindawi

Pressure Flow Analysis in the Assessment of Preswallow
Pharyngeal Bolus Presence in Dysphagia

Lara Ferris,"” Taher Omari,"” Margot Selleslagh,>* Eddy Dejaeger,>® Jan Tack,’
Dirk Vanbeckevoort,*” and Nathalie Rommel**

! Gastroenterology Unit, Child, Youth & Women'’s Health Service, Adelaide, SA, Australia
2School of Medicine, Flinders University, Adelaide, SA, Australia

*Translational Research Center for Gastrointestinal Disorders, KU Leuven, Leuven, Belgium
4ExpORL, Department of Neurosciences, KU Leuven, Leuven, Belgium

Geriatric Medicine, University Hospital Leuven, Leuven, Belgium

SCenter for Swallowing Disorders, University Hospital Leuven, Leuven, Belgium

"Radiology, University Hospital Leuven, Leuven, Belgium

Correspondence should be addressed to Lara Ferris; lara.ferris@health.sa.gov.au

Received 19 November 2014; Accepted 20 December 2014

Academic Editor: Peter S. Roland

Copyright © 2015 Lara Ferris et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Objectives. Preswallow pharyngeal bolus presence is evident in patients with oropharyngeal dysphagia. Pressure flow analysis (PFA)
using high resolution manometry with impedance (HRMI) with AIMplot software is a method for objective interpretation of
pharyngeal and upper esophageal sphincter (UES) pressures and bolus flow patterns during swallowing. This study aimed to
observe alterations in PFA metrics in the event of preswallow pharyngeal bolus presence as seen on videofluoroscopy (VESS).
Methods. Swallows from 40 broad dysphagia patients and 8 controls were recorded with a HRMI catheter during simultaneous
VESS. Evidence of bolus presence and level reached prior to pharyngeal swallow onset was recorded. AIMPlot software derived
automated PFA functional metrics. Results. Patients with bolus movement to the pyriform sinuses had a higher SRI, indicating
greater swallow dysfunction. Amongst individual metrics, TNadImp to PeakP was shorter and flow interval longer in patient groups
compared to controls. A higher pharyngeal mean impedance and UES mean impedance differentiated the two patient groups.
Conclusions. This pilot study identifies specific altered PFA metrics in patients demonstrating preswallow pharyngeal bolus presence
to the pyriform sinuses. PFA metrics may be used to guide diagnosis and treatment of patients with oropharyngeal dysphagia and

track changes in swallow function over time.

1. Introduction

Preswallow pharyngeal bolus presence is viewed on vide-
ofluoroscopic swallow study (VFSS) or fiberoptic endoscopic
examination of swallowing (FEES) amongst many patients
presenting with oropharyngeal dysphagia. There are two
main causes for this presentation: poor oral bolus contain-
ment with premature bolus spillage and/or a delayed pha-
ryngeal swallow trigger. Poor oral bolus containment results
in passive or ineffective movement of a liquid or viscous bolus
from the oral cavity into the pharynx prior to pharyngeal
swallow onset [1]. By definition this occurs whilst the oral
preparatory or oral stage of swallow is still underway [1],

that is, before or during lingual propulsion. Separately, a
delay in the pharyngeal swallow trigger is defined by a failure
of a coordinated and timely pharyngeal response following
a purposeful transfer of the bolus into the pharynx [2].
Poor oral containment leading to premature bolus spillage
can occur in isolation or in combination with a delayed
pharyngeal swallow trigger [1-3]. Preswallow pharyngeal
bolus presence puts a patient at risk of aspiration.

High resolution manometry with impedance (HRMI)
with automated Pressure Flow Analysis (PFA) is a new meth-
od to diagnostically interpret pharyngeal and UES function.
Pressure sensors detect activity of swallow musculature whilst
impedance electrodes provide measures which indicate bolus



flow. PFA derives a range of swallow metrics that indicate
bolus flow timing, intrabolus pressure, contractile vigour,
bolus presence, and UES luminal diameter, making it possible
to measure and describe the function of different mechanical
components of pharyngeal swallowing. A global swallow
risk index (SRI) generated from PFA metrics as a means to
amplify dysfunction has shown to correlate with the presence
of aspiration and/or postswallow residue as seen on videoflu-
oroscopy [4, 5]. Following on from this previous work, the
purpose of this study was to use HRMI in combination with
automated PFA to objectively describe pressure-flow patterns
in the pharynx and UES in the event of preswallow pharyngeal
bolus presence as seen on videofluoroscopy. We hypothesised
that specific PFA metrics would be altered in patients with
preswallow pharyngeal bolus presence compared to patients
without preswallow pharyngeal bolus presence and controls.
The aim of this study was to identify the altered PFA metrics
which may provide a means to describe functional changes
in the pharynx in the event of preswallow pharyngeal bolus
presence.

2. Materials and Methods

2.1. Subjects. We analysed VESS investigations performed in
40 adult patients with broad dysphagia (24 males, mean age
46 yrs, and age range 23-95 yrs) and 8 adult controls (3 males,
mean age 38yrs, and age range 24-47 yrs). At the time of
initial investigation, all subjects were enrolled in study pro-
tocols that were approved by the Research Ethics Committee,
University Hospital Leuven, Belgium. After understanding
the study information, all subjects gave their consent freely.
In patients with dysphagia, underlying diseases/conditions
were identified through a review of medical records. Eighteen
patients had a neurological history (10 patients were post
stroke, 2 had Parkinson’s disease, 1 Huntington’s disease, 1
Multiple Sclerosis, 2 Dementia, 1 Spina Bifida and 1 post-
neurosurgery). Of the remaining four patients 1 was post-
cervical surgery, 1 Wegener disease, 1 postseptic shock, and 1
Diabetes. This database of patients with broad dysphagia has
previously been reported on [4-9], and the diverse clinical
presentations and dysphagia severity have been purposeful in
order to concept-test PFA metrics in relation to radiological
measures from VEFSS. Previously this has included aspiration
status, postswallow residue, UES opening, and in this case
preswallow pharyngeal bolus presence.

2.2. Measurement Protocol. Studies were performed in the
Radiology Department, University Hospital Leuven, with a
3.2mm diameter solid state high resolution manometry and
impedance catheter incorporating 25 1cm-spaced pressure
sensors and 12 adjoining impedance segments, each of 2 cm
(Unisensor AG catheter, Attikon Switzerland). Subjects were
intubated after topical anaesthesia (lignocaine spray) and
the catheter was positioned with sensors straddling the
entire pharyngoesophageal segment (velopharynx to proxi-
mal esophagus). Pressure and impedance data were acquired
at 20 Hz (Solar GI acquisition system, MMS, Netherlands)
with the subject sitting upright. Most subjects were tested
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with at least 5 boluses in the lateral view: liquid (x3),
semisolid (x1), and solid boluses (x1). A standard liquid
contrast material (MicropaqueH) was given as liquid bolus
and used with thickener (Thick & Easy) for semisolid boluses.
A low osmotic hydrosoluble Iodium compound (UltravistH)
was used when aspiration was suspected. The viscosity of
the administered boluses was determined by a Rheomat
115 Viscometer. The Bingham viscosity of the liquid barium
(MicropaqueH) was 0.22 Pascal seconds (PAs), 4.50 PAs for
the semisolid bolus. All controls were given boluses of 10 mL
volume while patients were given either 5mL or 10 mL
volumes as determined on clinical grounds by the attending
specialist. Solid boluses consisted of a 4 cm? piece of bread
soaked in the appropriate radiological marker which was
chewed and swallowed. All swallows were prompted and the
first swallow following bolus administration was marked for
analysis. All bolus stock contained NaCl to enhance bolus
conductivity, improving the impedance measurement.

2.3. Videofluoroscopic Assessments. Continuous videofluo-
roscopy sequences (25 frames/sec) of swallows were analysed
by a speech pathologist (Author Lara Ferris) who was
not present during acquisition and was blinded to study
functional measures, patient history, and clinical reports.
Only primary, lateral view swallows were analysed. Swallows
with poor image quality were excluded from analysis. Each
primary bolus swallow was reviewed to determine movement
of the bolus and the level reached from the oral cavity into the
distal pharynx prior to the onset of the pharyngeal swallow,
defined by onset of rapid laryngeal excursion [1, 10, 11]. The
levels reached were defined as follows: still in the oral cavity,
base of tongue, valleculae, or pyriform sinuses. Discussions
between authors ensured interrater agreeability before the
analysis proceeded.

We applied conservative criteria to define clinically signif-
icant bolus presence. Bolus head location within the pyriform
sinuses was used as the pathological benchmark.

Based on the results for all the analysed swallows patients
were classified as follows:

(1) Group I: patients who never demonstrated bolus
movement to the pyriform sinuses prior to swallow
onset.

(2) Group 2: patients who demonstrated bolus movement
to the pyriform sinuses at least once prior to swallow
onset.

Note: amongst controls, at swallow onset bolus movement
was observed in the mouth or at the base of tongue for all
swallows.

2.4. Pressure Flow Analysis. Pharyngeal PFA was performed
using automated impedance manometry software (AIMplot)
to calculate PFA metrics and two global indices which have
been previously validated against VFSS, namely, the SRI,
indicative of global dysfunction, and the integrated ratio
of nadir impedance to impedance (iZn/Z), indicative of
postswallow residue. The calculations used to derive PFA
metrics have been previously described [4-9, 12]. In brief,
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FIGURE 1: Pharyngeal HRMI and derivation of AIM analysis metrics. (a) Videofluoroscopic images of the catheter in situ in 43-year-old male
subject. Consecutive images of a 10-liquid bolus swallow at 0.5 sec before swallow, at swallow onset, and at 0.5 ms after swallow onset. (b) A
pressure topography plot of the swallow with impedance waveforms and an example of a PFA metric: PNadImp and PeakP superimposed on
the plot. Landmarks defined for AIMplot analysis are marked (1: swallow onset time, 2: position of UES proximal margin post swallow, and
3: position of velopharynx). (c) An illustration showing calculation of the main PFA analysis metrics in the pharynx region. Note: a similar
analysis was also applied to the UES region to derive UES Nadir Impedance.

pressure impedance recordings are displayed as pressure
topography plots with embedded impedance recordings
which show bolus flow movements, the pharyngeal stripping
wave, and relaxation and movement of the UES pressure
zone (Figure 1(b)). On selection of specific landmarks on
the pressure topography space-time plot (with embedded
impedance recordings), specific regions of interest (ROI) are
mapped. The landmarks identified are (1) time of onset of
pharyngeal swallow, (2) position of the UES proximal margin
postswallow, and (3) position of the velopharynx during the
swallow (numbered 1-3 in Figure 1(b)). There are three ROI
encompassing (1) the pharynx, (2) distal pharynx, and (3)
UES.

Within each of the ROI, PFA metrics were derived from
pressure and impedance waveforms using automated algo-
rithms. Specifically, identification of peak pressure defines
the maximum contraction in space and time, the nadir
impedance (NadImp) defines the centre of the swallowed
bolus in space and time (Figures 1(b) and 1(c)), and the

pressure at nadir impedance (PNadImp, Figure 1(c)) defines
pharyngeal intrabolus pressure. The time interval from nadir
impedance to peak pressure (TNadImp to PeakP, Figure 1(c))
measures the time from bolus passage to pharyngeal contrac-
tion; the flow interval (FI) correlates with pharyngeal bolus
transit time. The UES nadir impedance (UES Nadlmp) is
measured as a correlate of UES opening diameter [7] and
the UES intrabolus pressure (UES IBP) is measured using the
established method of Ghosh et al., 2006 [13].

2.4.1. Global Assessment of Pharyngeal Dysfunction. The
swallow risk index (SRI) was empirically derived and
designed to amplify difference in swallow metrics previously
shown to be altered in relation to swallow dysfunction and
aspiration risk [4, 5]. These validation studies using concur-
rent VESS showed that the SRI for liquid and viscous swallows
is significantly higher in patients demonstrating penetration-
aspiration compared to patients with no penetration or
aspiration [4, 5]. Therefore the SRI quantifies the overall



level of swallowing dysfunction potentially predisposing to
aspiration risk [4, 5].

2.4.2. Impedance Based Detection of Post Swallow Residue. A
postswallow residue score was designed using the integrated
ratio of nadir impedance to impedance (iZn/Z ratio) which
relates postswallow impedance to the impedance during
bolus passage. This measure has shown to be significantly
elevated in patients with postswallow residue [8].

2.5. Statistical Analyses. Statistical analysis was performed
using IBM SPSS Statistics 22. Data gathered from multiple
swallows were averaged for each subject. Only liquid boluses
(5 or 10mLs) were assessed. Volume was dependent on
clinical decision. Data distribution across the study cohort
was nonparametric and therefore medians (interquartile
range) are presented. Mann-Whitney U tests were used to
compare controls and patients grouped on VESS assessment
with Bonferroni correction for multiple comparisons, P <
0.017.

3. Results

Amongst controls a total of 24 liquid swallows were analysed
and 102 swallows were analysed from 40 broad dysphagia
patients. Controls showed bolus in the mouth or at the base
of tongue at the time of swallow onset in all cases. 20 of 40
patients showed bolus to the pyriform sinuses at least once
and this was the most frequent bolus position at swallow
onset in 75% of this patient group.

As shown in Figure 2 using Mann-Whitney U tests, in this
cohort of broad dysphagia patients the SRI, a global measure
of swallowing dysfunction, was higher in relation to evidence
of bolus to the pyriform sinuses prior to the pharyngeal
swallow onset compared to controls (P < 0.001), and a trend
was observed compared to patients who did not spill to the
pyriform sinuses (P = 0.02).

The TNadImp-PeakP (poor ability for the bolus to be pro-
pelled ahead of the pharyngeal stripping wave) was shorter
in both patient groups (group 1 P < 0.002 and group 2 P <
0.001) compared to controls; the flow interval (suggesting
extended pharyngeal bolus dwell time) was longer in both
patient groups (group 1 P < 0.001 and group 2 P < 0.002)
compared to controls; and the iZn/Z (postswallow residue
metric) was significantly higher in both patient groups (group
1P < 0.000 and group 2 P < 0.000) compared to controls
(Figure 2).

Two individual metrics in this data differentiate the
patient groups: group 1: patients without preswallow bolus
presence to the pyriform sinuses prior to swallow onset and
group 2: patients with preswallow bolus presence to the
pyriform sinuses prior to swallow onset. Pharyngeal mean
impedance (correlating with reduced pharyngeal distension)
was significantly higher (P < 0.002) in group 2 compared
to group 1 and controls (P < 0.001) and the UES mean
impedance (correlating with reduced UES opening) was
higher (P < 0.000) in group 2 compared to group 1 and
controls (P < 0.001).
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4. Discussion

Collectively this pattern of pressure-flow differences is con-
sistent with impairment of the mechanisms that drive bolus
propulsion, pharyngeal distension, and relaxation and open-
ing of the UES in accordance with laryngeal excursion.
Inefficient bolus transfer into the esophagus is the net result.

As has been shown previously, a higher UES impedance
recording correlates with reduced UES opening diameter [7]
and therefore, in the case of preswallow pharyngeal bolus
presence to the pyriform sinuses, an explanation for the
increase in pharyngeal and UES mean impedance: bolus
movement to the pyriform sinuses before swallow onset leads
to a greater loss of bolus volume of the remaining propelled
bolus. A smaller bolus volume for propulsion results in
reduced distension of the pharynx and UES during the
swallow.

VESS and FEES are currently the most widely used
instrumental swallow assessments; however differential diag-
nosis of oropharyngeal dysphagia can be difficult based on
visualisation alone [10]. The use of pharyngeal manometry for
the assessment of dysphagia has its limitations and has been
described by Nativ-Zeltzer et al. in 2012 [14]; however the
integration of concurrent high resolution manometry with
impedance allows for dynamic swallow function assessment,
and its potential to assist in the evaluation of swallow function
is beginning to emerge, as has been demonstrated in this and
a number of other recent studies [4-9, 12].

Within the adult population, there is discussion in the
literature regarding normal variability for the presence of the
bolus lower in the pharynx prior to swallow onset [15-19].
However, the spillage or propulsion of all or part of the bolus
to the pyriform sinuses prior to pharyngeal swallow trigger
is a pathological event [1-3, 20] suggesting markedly altered
mechanics of bolus transport through the pharynx. The
clinical relevance in detecting preswallow pharyngeal bolus
presence lies in the fact that recognising the causes for bolus
presence in the pharynx prior to pharyngeal swallow onset
is important for treatment of oropharyngeal dysphagia. Our
findings demonstrate how specific PFA metrics are altered in
relation to a general pathological observation of preswallow
pharyngeal bolus presence in dysphagia patients.

5. Conclusion

This pilot study presents specific pressure flow analysis
metrics (using integrated high resolution manometry and
impedance) which are significantly associated with a known
pathological presentation of oropharyngeal dysphagia, that
is, preswallow pharyngeal bolus presence to the pyriform
sinuses. These results provide reason to further explore the
potential differences in pressure flow analysis metrics that
may distinguish the causes for preswallow pharyngeal bolus
presence, that is, poor oral containment and/or delayed
pharyngeal trigger. This will be the focus for future studies.
Pressure flow analysis with AIMplot software deriving met-
rics and a global measure of dysfunction, the swallow risk
index, have the potential to guide diagnosis and treatment of
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FIGURE 2: Pressure flow analysis metrics recorded in relation to bolus presence to the pyriform sinuses prior to swallow onset. Group 1:
patients NEVER demonstrating bolus to the pyriform sinuses at the time of swallow onset. Group 2: patients demonstrating bolus to the
pyriform sinuses AT LEAST ONCE at the time of swallow onset. Controls: in all cases bolus was in the mouth or at base of tongue at time of
swallow onset. Data are median (IQR) for liquid swallows. P values are from Mann-Whitney U tests with Bonferroni correction for multiple

comparisons, P < 0.017.



patients with oropharyngeal dysphagia and may be used to
track patient changes in swallow function over time.

Conflict of Interests

Authors Nathalie Rommel and Taher Omari hold a patent on
Pressure Flow Analysis, AIMplot methods. All other authors
have no conflict of interests to declare.

Acknowledgments

This work was supported by project grants acquired by Taher
Omari from the Thrasher Research Fund and the National
Health & Medical Research Council.

References

[1] J. Logemann, Evaluation and Treatment of Swallowing Disorders,
Pro-Ed, Austin, Tex, USA, 2nd edition, 1998.

[2] W. J. Dodds, E. T. Stewart, and J. A. Logemann, “Physiology
and radiology of the normal oral and pharyngeal phases of
swallowing;” American Journal of Roentgenology, vol. 154, no. 5,
pp. 953-963,1990.

[3] R. A. Cassiani, C. M. Santos, L. C. Parreira, and R. O. Dantas,
“The relationship between the oral and pharyngeal phases of
swallowing,” Clinics, vol. 66, no. 8, pp. 1385-1388, 2011.

[4] T. I. Omari, E. Dejaeger, D. van Beckevoort et al., “A method
to objectively assess swallow function in adults with suspected
aspiration,” Gastroenterology, vol. 140, no. 5, pp. 1454-1463, 2011.

[5] T. I. Omari, E. Dejaeger, D. van Beckevoort et al., “A novel
method for the nonradiological assessment of ineffective swal-
lowing,” The American Journal of Gastroenterology, vol. 106, no.
10, pp. 1796-1802, 2011.

[6] T.I. Omari, A. Papathanasopoulos, E. Dejaeger et al., “Repro-
ducibility and agreement of pharyngeal automated impedance
manometry with videofluoroscopy;” Clinical Gastroenterology
and Hepatology, vol. 9, no. 10, pp. 862-867, 2011.

[7] T. I. Omari, L. Ferris, E. Dejaeger, J. Tack, D. Vanbeckevoort,
and N. Rommel, “Upper esophageal sphincter impedance as
a marker of sphincter opening diameter,” American Journal of
Physiology: Gastrointestinal and Liver Physiology, vol. 302, no. 9,
pp. G909-GI13, 2012.

[8] T. I. Omari, E. Dejaeger, J. Tack, D. Vanbeckevoort, and
N. Rommel, “An impedance-manometry based method for
non-radiological detection of pharyngeal postswallow residue;”
Neurogastroenterology ¢ Motility, vol. 24, no. 7, pp. €277-¢284,
2012.

[9] T. I. Omari, E. Dejaeger, J. Tack, D. van Beckevoort, and N.
Rommel, “Effect of bolus volume and viscosity on pharyngeal
automated impedance manometry variables derived for broad
dysphagia patients,” Dysphagia, vol. 28, no. 2, pp. 146-152, 2013.

[10] T. Nishino, “The swallowing reflex and its significance as an
airway defensive reflex,” Frontiers in Physiology, vol. 3, no. 489,
pp. 1-6, 2013.

[11] K. Matsuo, S. Kawase, N. Wakimoto, K. Iwatani, Y. Masuda,
and T. Ogasawara, “Effect of viscosity on food transport and
swallow initiation during eating of two-phase food in normal
young adults: a pilot study;” Dysphagia, vol. 28, no. 1, pp. 63-68,
2013.

International Journal of Otolaryngology

[12] L. Noll, N. Rommel, G. P. Davidson, and T. I. Omari, “Pha-
ryngeal flow interval: a novel impedance-based parameter
correlating with aspiration,” Neurogastroenterology & Motility,
vol. 23, no. 6, pp. e551-206, 2011.

(13] S. K. Ghosh, J. E. Pandolfino, Q. Zhang, A. Jarosz, and P. J.
Kahrilas, “Deglutitive upper esophageal sphincter relaxation: a
study of 75 volunteer subjects using solid-state high-resolution
manometry, American Journal of Physiology: Gastrointestinal
and Liver Physiology, vol. 291, no. 3, pp. G525-G531, 2006.

[14] N. Nativ-Zeltzer, P. J. Kahrilas, and J. A. Logemann, “Manoflu-
orography in the evaluation of oropharyngeal dysphagia,” Dys-
phagia, vol. 27, no. 2, pp. 151-161, 2012.

[15] S.Daniels and M. Huckabee, Dysphagia Following Stroke: Plural
Clinical Dysphagia Series, Plural Publishing, San Diego, Calif,
USA, 2008.

[16] J. R. Stephen, D. H. Taves, R. C. Smith, and R. E. Martin, “Bolus
location at the initiation of the pharyngeal stage of swallowing
in healthy older adults,” Dysphagia, vol. 20, no. 4, pp. 266-272,
2005.

(17] B. Martin-Harris, M. B. Brodsky, Y. Michel, E-S. Lee, and B.
Walters, “Delayed initiation of the pharyngeal swallow: normal
variability in adult swallows,” Journal of Speech, Language, and
Hearing Research, vol. 50, no. 3, pp. 585-594, 2007.

[18] B. R. Pauloski, A. W. Rademaker, C. Lazarus, G. Boeckxstaens,
P.]. Kahrilas, and J. A. Logemann, “Relationship between mano-
metric and videofluoroscopic measures of swallow function in
healthy adults and patients treated for head and neck cancer
with various modalities,” Dysphagia, vol. 24, no. 2, pp. 196-203,
20009.

[19] H. Miyaji, T. Umezaki, K. Adachi et al., “Videofluoroscopic
assessment of pharyngeal stage delay reflects pathophysiology
after brain infarction,” The Laryngoscope, vol. 122, no. 12, pp.
2793-2799, 2012.

[20] L.Flanagan, The validity of a three-part criteria for differentiating
between delayed pharyngeal swallow and premature spillage sec-
ondary to poor oro-lingual control on videofluoroscopy [M.S. the-
sis], UC Research Repository, 2007, http://ir.canterbury.ac.nz/
handle/10092/1407.



MEDIATORS

INFLAMMATION

The Scientific Gastroenterology Fou Journal of .
World Journal Research and Practice Diabetes Research Disease Markers

et
International Journal of

Endocrinology

Journal of
Immunology Research

Hindawi

Submit your manuscripts at
http://www.hindawi.com

BioMed
PPAR Research Research International

Journal u,f
Obesity

Evidence-Based p : _ {:

Journal of Stem Ce”S Complementary and 8 ' 1 3 Journal of
Ophthalmology International Alternative Medicine < ) Oncology

Parkinson’s
BINEENE

Computational and . z
Mathematical Methods Behavioural AI DS C dicine and

in Medicine Neurology Research and Treatment



