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Esophageal Function Testing :
State of the Art

* Discuss important technological advances in esophageal function
testing focused on dysphagia.

—CC4.0
—CC5.0- Impedance
—FLIP-Panometry

—In-silico modeling and machine learning

Esophageal Center at Northwestern



Esophageal Symptoms 2091536
Diagnostic Approach

*Heartburn, regurgitation, dysphagia, chest pain and food impaction.

* Differential Diagnosis:
— GERD, EoE, Obstruction, Motor Disorder, Functional Esophageal Disorder

* All roads lead to endoscopy

— r/o mechanical obstruction, reflux injury, EoE
— Negative- NERD, motility disorder, functional

Esophageal Center at Northwestern



Rome IV Diagnostic algorithm: Dysphagia
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Approach to patient with esophageal complaints:
-Dysphagia, Regurgitation, Chest pain, Food impactions
-Diff Dx: GERD, EoE, EMD/Achalasia- difficult to distinguish on history

Visit 1: potentially prescribe a 4-8 week course of PPl and schedule endoscopy

Assessed
during
endoscopy
visit

Esophageal Center at Northwestern

—

Visit 2:EGD
. . yes Escalate antireflux therapy
Esophagitis LA B or higher -may need pH-impedance on meds if fails
y no therapy
. yes Dilation therapy based on morphology and
Stricture > etiology
no
yes
Eosinophilic esophagitis D> Biopsies- target EoE treatments
v _no yes May cause reflux and dysphagia
Hiatus hernia >3 cm —> May require surgery- will need preop w/u
no motility and potentially reflux testing
Normal or suspect EMD
’ Visit 4 Visit 5: Debrief
L. isit 4: isit 5: Debrie
Visit 3: Follow up - <
> Esophageal Schedule endoscopy

in clinic

Function testing

or Surgery
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Chicago Classification 3.0

Disorders of EGJ
Outflow Obstruction

Major Disorders of

Peristalsis
* Entities not seen in normal

controls

Minor Disorders of
Peristalsis
* Impaired bolus clearance

Normal Esophageal
Motor Function

IRP 2 upper limit of normal AND 100% failed
peristalsis or spasm

Achalasia

Type I: 100% failed peristalsis [no
PEP]

Type Il: 100% failed peristalsis [+
PEP]

Type llI: >20% premature
contractions

IRP = upper limit of normal AND
sufficient evidence of peristalsis such that criteria
for type Ill achalasia are not met

EGJ Outflow Obstruction
* Incompletely expressed achalasia
* Mechanical obstruction

No

IRP is normal AND
reduced distal latency (DL)
OR DCI > 8,000 mmHg-cm-s

Distal esophageal spasm (DES)

» = 20% premature contractions
(DL<4.5s)

Jackhammer esophagus

* 2 20% of swallows with DCI >8,000
mmHg-s-cm and normal DL

IRP is normal AND
100% failed peristalsis

Absent Contractility

» No scorable contraction by DCI and DL
criteria (should consider achalasia with
borderline IRP and/or bolus

b o RUGSSUTZANON), e o o e o o o o o o

No

IRP is normal AND
> 50% of swallows are ineffective based on DCI
values or large breaks

Ineffective Motility (IEM)

» >50% ineffective swallows

Fragmented peristalsis

» >50% fragmented swallows and not
meeting criteria for IEM (mean DCI
>450 mmHg-s-cm)

IRP is normal AND
> 50% of swallows are effective without criteria
for spasm or jackhammer

Rapid contraction and Hypertensive
peristalsis are not considered distinct
clinical-pathological entities in CC v3.0




The Chicago Classification:4.0 AR

Key updates in CCv.4.0 revolve around:

1. A more rigorous and expansive protocol that incorporates different
positions and provocative testing.

2. Arefined definition of esophago-gastric junction (EGJ) outflow
obstruction (EGJOO).

3. Anincreased threshold for the diagnosis of ineffective esophageal
motility.
4. An inclusion of a description of baseline EGJ metrics.

5. Further, the CCv4.0 sought to define motility disorder diagnoses as
conclusive and inconclusive based on associated symptoms, the use
of provocative testing and corroborating supportive testing with
barium esophagram with tablet and/or functional lumen imaging
probe.



Disorders of Step 1: Perform 10 wet swallows (Primary position) Disorders of
EGJ Outflow Peristalsis
Abnormal median IRP
Yesi No Step 2: Wet swallows in
Yes| 100% Failed Peristalsis ¢ secondary position
without PEP +MRS/RDC
v
100% Failed Peristalsis 100% Absent Peristalsis )
Yes| Y Yes i
- with PEP in >20% @f===d Al swallows are either [ EIe\;z;tse;g(I)_:SSiR;;r;:taer;/mg
. 0 +
swallows failed or premature IBP/PEP,
No \ 4
] Absent
220% swallows with 100% Failed Peristalsis Contractility
[Advalesiaii = 00 e ™
contractions.
Failed peristalsis + PEP - - Distal
may be present » Z20sswallawshity Esophageal
premature contractions Spasm*
I~
Step 2: (if not done) ‘ ©
Wet swallows in X
secondary position + >20% swallows with Hypercontractil
. *
MRS/RDC hypercontractility e Esophagus
; No
Elevated LES IRP g
el LES [ No No evidence of Ineffective
persists in varying > EGJ outflow >70% ineffective or >50% oo
positions + elevated S e failed swallows phag
|BP/PEP1 - No Motility
v v
Yes - 1 No No evidence of
_4'—( Abnormal TBE or FLIP | disorder of peristalsis
Consider meal challenges

based on symptom*




Chicago Classification 4.0 Protocol

Generates the classic CC
3.0 Diagnosis

Will help refine peristaltic
contractile reserve and
deglutitive inhibition

Primary regurgitation and
belching
- achalasia ruled out

Place catheter and document
placement with at least 3 deep

breaths

10 supine swallows

5 upright swallows

2-3 MRS

2 solid swallows

Rapid Drink Challenge

Post-prandial meal

No

Attempt to reposition
Can use endoscopic
placement if needed

Can help with False (+) IRP
Vascular/contact artifact

May unmask subtle
obstruction
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The Chicago Classification:4.0

Key updates in CCv.4.0 revolve around:

* Further, the CCv4.0 sought to define motility disorder diagnoses as
conclusive and inconclusive based on associated symptoms, the use of
provocative testing and corroborating supportive testing with barium
esophagram with tablet and/or functional lumen imaging probe.

* These changes attempt to minimize ambiguity in prior iterations.
* Mostly related to issues around IRP

» Also related to motor patterns seen in GERD that may be related to subtle
obstruction or a small hernia.



Integrated relaxation pressure (IRP)

The biggest problem with the Chicago Classification

* Measures IBP driving the EGJ open [when it is open] or the LESP [when
it is closed].

* Mean of the 4 seconds (contiguous or non-contiguous) of maximal deglutitive relaxation in the 10s following
UES relaxation; referenced to gastric pressure

| S e

mmHg

15 mmHg

Length along the esophagus
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Integrated relaxation pressure (IRP)

The biggest problem with the Chicago Classification
* Measures IBP driving the EGJ open [when it is open] or the LESP [when
it is closed].

* Mean of the 4 seconds (contiguous or non-contiguous) of maximal deglutitive relaxation in the 10s
following UES relaxation; referenced to gastric pressure

Achalasia
EGJOO

—

1 S e Y A e e

Normal
10mmHg 15mmHg 30 mmHg



FUNCTIONAL LUMINAL IMAGING PROBE PANOMETRY:
A METHOD TO DISTINGUISH TRUE EGJOO

RAD-EGIOO:
Dilated Esophagus with
Liquid Barium Retention

A IRP 27.5 mmHg
* DL5.7sec

H g - | No RAD-EGJOO:

B IRP 20.7 mmHg k Abnormal Contractility
DL 6.8 sec | .? (Spasm/Tertiary Contractions)
No RAD-EGJOO:
C IRP 24.4 mmHg Liquid and Tablet Clearance
+ DL5.1sec

No abnormal Contractility



Summary

The Chicago Classification is not perfect.

Achalasia classification good and there are some subtle issues

EGJOO should never be diagnosed with manometry alone as most
are normal.

Jackhammer is a heterogeneous disorder and should be further
phenotyped as most are not a primary motor abnormality.

Weak peristalsis is a borderline motor disorder- but should not be
forgotten.

There are other patterns of motility occurring between and after
swallows that may be important.

So what is next?
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What is next?

e Chicago Classification 5.0 ?

* Bringing in impedance to study the interplay between bolus
transport and motor function.

* Better assess geometry and mechanics of bolus transport.

* FLIP-Panometry

* Assessing the response to volumetric distention- secondary
peristalsis

* Understanding EGJ Opening dynamics beyond LES relaxation



The 4 phases of Esophageal Bolus Transit
Redefining Esophageal Function

lI-Compartmentalization IlI- Esophageal Emptying I IV- Ampullary Emptying

mmHg -
150 — \| e ———— o

100

Bolus
present

Bolus

Absent EG) clifid EGJ
Compartment closed closed

Lin, Z. Am J Physiol Gastrointest Liver Physiol. 2014 Aug 15;307(4):G437-44.



Quantifying Bolus retention beyond HRIM

Assessing geometry-pressure changes using impedance

A. Pressure Topography Plot
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Using HRIM-to improve the IRP and define retention
Defining Flow Time and Ell using the HRIM Sleeve
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Comparison of maximal esophageal diameter and concurrent mean pressures at the landmark
measurement times. Distensibility, approximatad by diameter/pressure, was greatest during phase II

Pressure, nmHg  Diameter.mm  Diameter/Pressure, nm'mmHg
EndofPhase]  10067-145) 198(15.062250) 2.1(13-30)
EndofPhasell 89(64-121) 283235300 3502242

End of phase I 129(110-154) 275 (25.0—30.4)* 2.1(1.7-249)

“P<0.05 vs. upper esophageal sphincter;
"P<0.05 vs. contractile deceleration point (CDP).

Esophageal Impedance Integral

Bolus absent

Lin, Z. Neurogastroenterol Motil. 2015 Sep;27(9):1232-8.

ia
Lin, Z. Am J Physiol Gastrointest Liver Physiol. 2014 Aug 15;307(4):G437-44.



Quantifying Bolus Transit beyond HRIM
Distention Plots

(B) Di 1sion-Contr " Waveforms(Normal, 10cc)

(A) 'Dlstenslon Waveform-Contraction Topograph(Normal, 10cc) mmig
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Zifan et al. Neurogastroenterol Motil. 2021 Apr 5;e14138..



Quantifying Bolus retention beyond HRIM

Assessing geometry-pressure changes using impedance
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New metrics with 4D manometry
* Volume retention
* Patterns of emptying

% 16

&2 * More accurate measure of IBP
- * Length-tension curves and wall stiffness
o W * EGJ-DI and EGJ cross-sectional area

* Esophageal work and Power

5 5 Radlus(mm)

Kou et al. Therap Adv Gastroenterol. 2020 Oct 24;13:1756284820969050 .c




Approach to patient with esophageal complaints:

Visit 1: Dysphagia, Chest Pain, Food Impaction, Regurgitation not responding to PPI

Visit 2:EGD- Off PPI for 2 weeks

— Vv
yes Escalate antireflux therapy
ere R
Esophaglt|5 LA B or -may need pH-impedance on meds if fails therapy
highes
Strictu?e _YEE, Dilation therapy based on morphology and etiology
n
yes
Eosinophilic efophagitis —> Biopsies- target EoE treatments
A yes
Assessed H H May require surgery- will need preop w/u motility and
during 18t —=< Hiatus her:nla >3cm potentially reflux testing
endoscop
y visit Perform FLIP during EGD
Achalasia/EGJOO Treat EGJOO/Achalasia — PD/BoTox or if spastic or
EGJ-DI < 3.0 hypercontractile- try smooth muscle relaxants
) *Consider HRM/TBE for those not responding
Visit 3: Debrief at 1 week post-EGD FLIP Results
el * FLIP- NL [RACs/ EGJ-DI > 3.0]
Monitoring [? MI] -[Address GERD if pH positive- or Behavior Tx /Neuromodulators].
Placed for 96 hours and f/u * FLIP- Abnormal [ Not RACs] or not responding to Treatment

in 1 week in clinic - Perform HRIM with Test Meal and consider esophagram if diagnosis
Esophageal Center at Northwestern is unclear.



Response to Volumetric Distention- Distensibility
- Measuring Mechanical Properties of the Esophagus

Barostat

‘ Hydrostat ‘ Functional Lumen Imaging Probe

Renograffin

. Pressure
ﬁ transducer

Metul tie point » :

Barostat hag
(2,75 x 20 em]

Metal tic point ——

p: 19: 27993

Esophageal Center at Northwestern



Flip Panometry: Esophageal diameter topography
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Flip Panometry: Assessing Esophageal Function using Topography

N som 2 356mmHg

December 14

() 50ml e 160 mm 04:05:1

Esophageal Center at Northwestern



Esophageal Symptoms
What FLIP Panometry can do during the index EGD

* Assess peristalsis by triggering secondary peristalsis.

* Can separate motility into physiologic and clinically relevant patterns to assess
peristaltic function [Swallow type, DCl on HRM]

* Assess EGJ Opening dynamics.
* IRP on HRM, EGJ opening on TBE
* Provide an estimate of esophageal stiffness and determine the minimal
diameter for impaction risk for EoE patients and strictures.
* Determine minimal diameter similar to esophagram and compliance of the esophagus
* Potentially guide esophageal surgery.
— Intraoperative and post-operative evaluation



Rate of RACS: Rule of 6

* At least 6 repeating lumen occlusions longer than 6 cm at a consistent rate of 6 (+/- 3) per minute
* Governed by the the inhibitory gradient and refractory period of the esophagus
» ?Pacemaker

6 contractions per minute




FLIP Panometry
Contractile patterns

A
§

W

Normal Contractile RAC-Rule of 6s (Ro6s) S

Response 26 consecutive AC’s of
26 c¢m in axial length occurring at
6+/-3 AC per minute regular rate

o

Borderline Contractile Not meeting RAC Ro6 c
Response Distinct AC of at least 6-cm axial length
present g g
May have RCs - but not RRCs z H
No SOCs or sLESCs § §
Impaired/Disordered No distinct ACs e rup
Contractile Response May have sporadic or chaotic §§ §§
contractions not meeting ACs e 2
May have RCs- but not RRCs
No SOCs
bsent Contractile No contractile activity in the esophageal
Response body
A
Spastic-Reactive S0C or H H
Contractile Response sLESC or H H
RRCs- at least 6 RCs at rate > 9 RCs per é ‘z
minute

May have sporadic AC’s




FLIP Panometry
Contractile patterns in 706 patients with FLIP and HRM
Validation of contractile patterns using HRIM metrics.

Peristaltic vigor on high-resolution manometry Swallow types on high-resolution manometry (HRM)
(HRM) differed by FLIP Panometry contractile differed by FLIP Panometry contractile response pattern.
response pattern.

10000 B
E 1000 E &
ggm 8 é )
3 L

g

NCR BCR IDCR ACR SRCR NCR BCR IDCR ACR SRCR
FLP y contractile pattern

Swallow type on HRM:  m normal  weak W failed = hyp ctile [ ]




Assessing EGJ Opening Dynamics in the context of peristalsis
Balancing EGJ-DI and Max Diameter

Pressure (mm'Hg)

A

36-cm axial length
36.cmaxial length

36-cmaxial length
36-cmaxial length

16-cmaxial length
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EGJ-distensibility index {(mm2/mmHg)

EGJ-distensibility index (EGJ-DI) in Achalasia and EGJOO

* EGJ-DI =

Narrowest CSAgg, / intra-balloon pressure

DISTINGUISH ACHALASIA FROM NORMAL DISTINGUISH TRUE EGJOO
' 12
E *P<0.001
: ] 10 @
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.Achalasia .Control




Assessing EGJ Opening Dynamics in the context of peristalsis
Balancing EGJ-DI and Max Diameter

Association of FLIP Panometry esophagogastric junction (EGJ) opening parameters with
esophagogastric junction (EGJ) obstruction based on the Chicago Classification v4.0.

R ————— - T
A\bisorder of EGJ outflow* () Normal EGJ outflow REO | | BEO  NEO
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A ® ~O) % Q @ ®
3 po + Te® @ o @ %
AS, @ »® ©o%e e ©
: 2 A
A I g)‘ D L%O AA 2
A
1 ‘éD‘ﬂ oA A % e o

Maximum EGJ diameter (mm)



Assessing EGJ Opening Dynamics in the context of peristalsis
Balancing EGJ-DI and Max Diameter

Validation with Esophagram and Comparison to IRP

Association of high-resolution manometry (HRM; A and C) and Receiver operating characteristic (ROC) curves
FLIP Panometry (B and D) results with timed barium for identification of abnormal esophagram.
esophagram (TBE).
— | = EG)-DI === Maximur EGJ di IRP (supine) IRP (upright) |
HRM —IRP: FLIP Panometry EGJ classification:
M Consistent elevation []Isolated elevation [_JNormal HMRrEO [[IsEO [CINEO
A 100% B 100% — 10}
= 90% g o0%
§ 20% 8 so%
8 70% 8 70% 68
2 60% 2 0% 08]
&8 2
§ 50% § 50%
] ao0% 8 a0% C
% 30% g 30% - 208!
g 0% g 2o 5
e 10% o 10% -
o [
C 100% Abnormal TBE Normal TBE D 100% Abnormal TBE Normal TBE g 04
°0% 90%

80%
70%
60%
50%

64

02|

40%
30%
20%
10%

0%

32

Percent of patient by TBE result

Percent of patients by TBE results
w
£

00 02 04 06 08 10
1-Specificity

Abnormal TBE Normal TBE Abnormal TBE Normal TBE



FLIP Panometry: Contractile Patterns- Tempting to mimic CC

Normal Peristalsis with Type | achalasia Type Il Achalasia Type lll Achalasia Jackhammer
Esophagus

Normal EGJ relaxation Absent contractility Spasm

Pressurization

RACS with normal EGJ-DI Absent contractile Disordered contractile RRCs with a low EGJ DI Strotng tt)ccludl tg
Response/ Low EGJ-DI response/ Low EGJ DI °°“sm°rt':nn“$1;\"

mm



FLIP Panometry

How do we use Panometry in clinical practice

Perform EGD » Identify FLIP Pattern » Assess Obstruction -{ Clinical Decision

Normal [NEO + NCR/BDCR]

- Rule out GERD
- Consider functional disorder [CBT/GDH]

*  Mechanical

) Obtain Bravo and consider functional dx if Bravo (-)
Obstruction * NCR . NEO
* Inflammation ° BDCR . BEO Weak [NEO + ACR/IDCR]
* Large Hiatus Hernia * IDCR ™ . REO - SER'?d N
- onsider or
* EoE : ?FC{:ER *  Distensibility- Obtain Bravo and consider HRM to support DX
Body/EG)
v/ Non-spastic obstruction [REO + ACR/IDCR]
| - Achalasia- will not require tailored
*  EGD- Negative - Reactive LES [Based on EGD/Assess emptying]
Determine classification TBE and/or HRM for reactive LES or ? EGD correlation
based on EGD, FLIP —> (Evid ) :
. Spastic [Evidence of SRCR
Pattern and EGJ Openmg - Achalasia Ill, Spastic Disorder or Jackhammer

Obtain HRM to rule out type Il achalasia and assess
for spastic disorder, hypercontractile disorder

Indeterminate — Possible Mechanical EGJOO
[REO/BEO + NCR/BDCR or Abnormal DP]
Attempt targeted dilation and consider HRIM and/or
esophagram if no response

Indeterminate — Possible Achalasia

[BEO + IDCR/ACR]

Attempt targeted dilation [BoTox?]and consider HRIM
and/or esophagram if no response




B FLIP Panometry:
Proposed classification of esophageal motility

| RACs /

| High

. Normal LIS

: NCR+NEO 5
SPASTIC-REACTIVE® | | BDCR+NEO
* SOCs :

I BDCR :
. sRLRECSSC : " : Probability
. , :
*Obtain HRIM +/- ! of rform?I
TBE to further I peristalsis
assess motility and | : IDCR
rule out achalasia. : Non-spastic Weak

B obstruction

8l  IDCR+REO IDCR+NEO |

I ACR+REO ACR+NEO v

' ACR Low

| NEO

| Hioh i s s s > LOW

Northww rn
M Naneste *Correlate/ complement w/ HRIM +/- TBE

Esophageal Center at Northwestern




Changes in distensibility before and after Budesonide

Before Budesonide: No peristalsis, narrow and poorly distensible esophagus with

a distensibility plateau of 7 mm (red)

Diameter
(mm)
30

After Budesonide: Peristalsis returns and the esophagus is more distensible with a »

distensibility plateau of 13 mm yeIIow)

A |8

Carlson et al. Clin Transl Gastroenterol. 2017 Oct 5;8(10):e1 19

20

15




Axial position (mm)

Variations of EGJ work done (EGJW) and work to open the
EGJ (EGJOW) Across disease groups compared to controls.

Work done on the EGJ (EGJW) Estimated work required to open the EGJ (EGJROW)
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Bridging Physiologic Data and Machine Learning
| In-Silico Models- Virtual Esophagus

Base case Stiffer
Ratio = 1e-3 Ratio=1 No Mucosa
Z (10cm)
Pressur
e
( 18.75
)
15
- 3.75
I 0




Bridging Physiologic Data and Machine Learning
In-Silico Models- Virtual Esophagus

Z (10cm)

Pressure
(mmHg)

l 18.75

- 15 Normal PEP; both
esophagus ends
with EGJ cosed
tone

I 11.25
I 3.75
- 0




Using In-Silico Models- vEsophagus™

Testing effects of abnormal pathophysiology on function

vEsophagus- inputs are:
Full thickness myotomy

Standard 6 cm- with residual EGJ Tone

myotomy length and contractile pattern

NL
Peristalsis

Absent
Contractility




Esophageal Function Testing s
State of the Art

*The next 5 years will see an explosion of technology and advances in
esophageal function testing.
— CC5.0- Impedance- 4D HRM, Distention Plots and AIM
— High-resolution Manometry- Intelligent HRIM
— FLIP-Panometry- Intelligent FLIP

—In-silico modeling and Hybrid Physics Based Diagnostics
* vEsophagus

* FLIP-Mech



