“Objective”
measurement and monitoring of cough
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What is objective measure?




Measure and Monitoring

* Basic of evaluation of disease

* From understandable evidence

* Reliable information that can be shared by physicians or patients
» Affected by disease characteristics



For examples,

* COPD

* High symptom group: CAT 220 -2 Subjective

* PFT definition: FEV1/FVC < 0.7 post bronchodilator = Objective
* Asthma

e Asthma Control Test: 3-5-1-2-4 - Subjective
* Hyper-responsiveness: FEV1 decrease 15% by mannitol - Objective

* Lung cancer
* RECIEST PR: 2 30% decreased - Obijective
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Lack of objective measures in our guideline
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Lack of objective measures in our guideline

* Definition of chronic cough: > 8 weeks
* Cough VAS/NRS: severity

* Cough Symptom Score: frequency

* COAT: QoL

- Patient-reported, not objective



What is objective measure of cough?

* Subjective
* “decided by personal judgement, feeling, or opinions”
e Patient reported
» e.g.: Severity (NRS/VAS), frequency, diary, questionnaire (LCQ, COAT etc.)

* Objective
* “not influenced by personal factor”
e Quantifiable, consistently replicable
e e.g.: frequency, intensity, sensitivity

J Thorac Dis 2023;15(4):2288-2299 8



Subjective vs. Objective

Figure 1: Self-Reported Chronic Hypertension and Objective Hypertension by Age

* Not quantifiable

* Lack of consistency

* Personal aspect

* Not truly represent reality
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History of Subjective/Objective measures of cough

CHQ
Cough NRS/VAS LCQ HARQ
1990 1995 2000 2005 2010 2015 2020
i l l LCM l
. = Voluntary cough suppression HACC VitaloJAK
Objective ® ®
ici Mechanical challenge
Capsaicin challenge g LEO-sound

11
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Cough: Airflow

AIRFLOW

Expiration

Inspiration

>

Cough Peak Expiratory Airflow

Cough Expiratory Airflow
Acceleration Phase <

Inspiratory Cough Phase

N

CHEST 2021; 159(1):282-293

WJ

Cough Compression

e Blpteau Phase Area

. FE——
500 ms

NN

Cough Expiratory



Cough: Gastric and Esophageal pressure
DN Y

-
1 sec

ESOPHAGEAL
PRESSURE

B

GASTRIC
PRESSURE

AIRFLOW

CHEST 2021; 159(1):282-293 13
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Cough: threshold of trigger

—— Capsaicin, Cough ——— Capsaicin, No Cough
LT Saline, Cough ——— Saline, No Cough
Check contraindicatons Model N I

/, N

500 uM=END Saline nebulization

Start the challenge with
the 0.49-uM nebulization

% Signal Change

it 12 -8 -4 0 4 8 12 16 20 24
Increasing © \exé"e .
Time (seconds)

J Investig Allergol Clin Immunol . 2013;23(5):289-301.

Journal of Neuroscience 23 February 2011, 31 (8) 2948-2958 L



What is objective measure?
Cough intensity
Cough frequency

Cough reflex sensitivity

Future of cough measure and Summary
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Gastric / Esophageal pressure
- Manometry

A Pgasmax B Poesyax
Esophagus 200, 200,
Pint<0.001 Pint<0.001
o 150- o 150/
N o
T T
£ £
C) C)
o 100; o 100/
5 5
N (]
(72] (7]
o et
& 50 & 50 ® 90
= 60
& 30
Catheter * 10
: ‘ : 0 ‘ : ‘
Low Medium High Low Medium High
*ADAM. Effort level Effort level

Gastric (Pga) and oesophageal pressure (Poes)

Respiratory Physiology & Neurobiology 257 (2018) 42-5 18
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Gastric / Esophageal pressure
- High Resolution Manometry (HRM)

0

Proximal
Esophagus
E 10 r
Distal
15 i Esophagus

length along the esophagus (c

25

1
- 0 2 4 6 8 1 12 14 16 180 100 200
time (s) pressure
mmH
Pressure ! B g
(mmHg) 100 20 40 60 80 100 120 140 19



= L= 2ot

-

gf¥ THE CATHOLIC UNIVERSITY OF KOREA

Upper esophageal sphincter (UES)
*Mean basal Pressure (mm(UES) Hg)
| *UES residual pressure (mean) (mmHg)

Swallow 8
| |
| |
|
|
|

- 140

i
|
|

Proximal contraction
sLength (Ds)

*Mean pressure (mmHg) ;
sTime Dt) Proximal transition zone (PTZ)
«Length PTZ (Ds)

*Min pressure PTZ

*Max pressure PTZ

*Mean pressure PTZ

*Time inter PTZ (Dt)
*PTZ break pressure

Distal contraction
4] *Length (Ds)

- °Time (Dt)

4 «Wave amplitude (mean) (mmHg)
- 20 <Wave amplitude (mmHg)
*Wave duration (mean)(sec)
*Onset velocity (cm/s)

Intrabolus pressure (avg

max,mmHg)
*% effective wave

Lower esophageal sphincter
(LES)

*LES basal pressure, mean of
respiratory minima (mmHg)

*LES residual pressure (mmHg)
*LES residual pressure (highest in

group) (mmHg)
|

Set Rang{ *% ineffective wave
«Distal contractile integral (highest
in group) (mmHg/cm/s)
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HRM
- Objective marker for weak peristalsis

* Figure C: Long-break = weak peristalsis (=5cm)

Break: 6.2 cm | Break: 13.6 cm
DCI: 730 mmHg-cm - sec DCI: 396 mmHg - cm - sec

Figure 1. High-resolution manometry Clouse plots demonstrating (A) intact peristaltic contour in an effective swallow, (B) fragmented sequence
with a long (> 5§ ¢m) break, and (C) ineffective sequence with a long break.

J Neurogastroenterol Motil, Vol. 24 No. 3 July, 2018 21
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Long break in HRM

- Higher in Cough patient,

Percentage of patients

15 A

Predictor of poor outcome

Outcome of anti-reflux treatment in Cough patients

Predictors of linear ESI change

[ 1 Cough -3
Bl No cough
* * %
pd
=
2 3 Age
@
o Gender
% Testing off PPI
-1 35 AET
=
@ SAP
Long breaks*
T - 0 | T
Proportion of patients Number of swallows -10 -8

with long breaks

with long breaks

J Neurogastroenterol Motil, Vol. 24 No. 3 July, 2018

T T T t T T T

-6 -4 -2 0 2 Z 6

Odds ratio (95% confidence intervals)

22
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EMG for cough effort level

A

Relative amplitude

EMGyax

EMGyuc

1.5

Time (Seconds)

Respiratory Physiology & Neurobiology 257 (2018) 42
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Normalised EMG
=) o

©
il

0.0

Medial abdominalsayc

low med high
Effort level

1.5;

Normalised EMG

0.0

Lateral abdominals ayc

Medial abdominalsyax

n =N NNA
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med
Effort level
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D
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o
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0.0

Lateral abdominals yax

Lateral chestyyc
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Effort level

1.5;

Normalised EMG

o
il

-
d

0.0

Lateral chestyax

low med high
Effort level
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EMG for cough muscle threshold

Eur Respir J 1997; 10: 983-989 Copyright ©ERS Journals Ltd 1997 1 _2—
DOI: 10.1183/09031936.97.10050983 European Respiratory Journal
Printed in UK - all rights reserved ISSN 0903 - 1936
. . . 1.0
A noninvasive electromyographic study on threshold and
intensity of cough in humans )
o
G.A. Fontana*, T. Pantaleo**, F. Lavorini*, V. Boddi+, P. Panuccio*
0.8—
0.6—
| | I |
1.0 1.3 1.6 1.9
Multiples of T

Relationship of IEMGp (@) and IEMGp/tEC (A) and cough stimulus intensity (cough threshold values (T)), r2=0.754; p<0.01

Eur RespirJ 1997:10:983-989 26



EMG for distinguishing cough, huff, and swallowing

Huff Cough Swallow

Inspiration
//\\ / /’\A

Flow I 0 —5 4 ’ 2 L/s
Expiration \f rk//
EO W\«IVMWM\J\\NMNV MMMWMMW A AL M ‘ 0.02 mV

SCM W\r\v«w WMJWM% A AP\ o ’ 0.02 mV
EO, external oblique muscle

SH R ,J\/‘JM 008 mv SCM, sternocleidomastoid muscle
SH, suprahyoid muscles

TH MWWJJ\MW MMMM WMM 004 mV TH, thyrohyoid muscle

ls

PLoS ONE 2020. 15(12): e0242810. 27
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EMG for distinguishing cough, huff, and swallowing

A Duration

(s)  Total
4 -
3 -
2 _
l -
0 .
Huff Cough

B Velocity

(L/s)y  Insp
3 -
2 -
l -
0 -
Huff Cough

(s)
2 -

1.5
1 -
0.3

0

(L/s)
8 -

6
# .o
2
0

Insp (s) Com s) Exp (s) InspPeak (s)  ExpPeak
0.5 2 9 1.2 7 0.15 ~
L 5t TR5 09 | - 2 .
0.3 :
- 1 0.6
' 0.05 -
T 0 0 i 0 T 0 n
Huff Cough \ Huff Cough ) Huff Cough Huft Cough Huff Cough
C Volume
Exp (@/s?) InspAcc Lf/sz) ExpAcc ) (L) Insp
4 250 - 235 -
3 200 -+ 24 L
150 4 1.3 4
2
100 - 1
: 50 A 0.5 -
O 0 . O T
Huff Cough Huff Cough Huff Cough Huff Couglk Huff Cough)

\

J

PLoS ONE 2020. 15(12): e0242810.

Com: Compression phase

ExpAcc: Expiratory Acceleration

28
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Slope=cough volume

acceleration

Compression time

Peak cough flow

Flow L-min-1

* Evidence with peak expiratory flow
 Other chronic disease

Peak inspiratory flow rate ' |

......................................................................

Area=c;0ughinspiratcryi i :

volume
1

* Lack of evidence with cough as result

Pga CmH20

Slope=cough pressure
acceleration

' Time at max flow

L Max flow=PCFR

Lo i Area=cough expired volume

ime at max Pga

: Cough Pga=
i\ max Pga — baseline Pga

T
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PCF with other measures

~~
Q
o —

Cough flow,
L/min

P
O
p—

Cough sound
amplitude, mV

o
@)
N

Cough sound
pressure level, dB

1 )
—_— —
8 © o o
L1

90 —

70

50

M -
£
£
-
)
0
O

___CPSL

30

I |

|
02 04 06
Time, sec

Appl. Sci. 2020

800

600

400

200

R? =0.843

r=0.92, p<0.001

n =495

CPS =0.892 CPF +51.8

200

400 600

CPF, L/min

800
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Cough sound and cough efforts

" Soundpyc , Soundyax
1.5, pint<0-001 1.5, pint<0.001
[ D
) )
= =
21.0 210
£ S
(3] 3]
o ]
Q D
f 2
= =
£ 0.5 £ 0.5
o S ® 90
z Z 1 =60
A 30
L% 10
0.0 ' - ~ 0.0 . . ~
Low Medium High low med high
Effort level Effort level

Respiratory Physiology & Neurobiology 257 (2018) 42 33
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Phase of Cough Sound

Amplitude oo

Phase 1
(explosive)

Phase 2
(intermediate)

Phase 3
(voiced)

(arbitrary
units) -0.2
0.4+
-0.6-
-10 LE | L ] 1 L | ==l | A= | 1 LIS i T
0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Time (seconds)

BMJ Open Resp Res 2017;4

34
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RMS

Power
spectral
density

- Peak energy %
7
'~ 90%of Peak energy
ol e SR T
,, e e L S [ e o B S
(o) 0.1 P 0:2 0.3 0.4 0.5 0.6 0.7 0.8

Rise time

llllllIlllllllllllllllllll

0 500 A 1000

Time (seconds)

- 1% — Power (cumulative area) 100%

1500 2000 2500 3000 A 3500 4000

< : Bandwidth N Frequency
(frequencyrange (Hz)
. containing 95% of total .
Centroid frequency power) Peak frequency
(frequency at 50% of cumulative power) (frequency at 95% of cumulative power)

BMJ Open Resp Res 2017;4 35




Sound Power
(arbitrary units)

r=0.99
40- p<0.01
%
[ ]
304 & °
°
[ ]
20- &
10- o
0 1 I 1 I I
0 20 40 60 80 100

Cough intensity VAS (mm)

Cough sound power
(arbitrary units)

BMJ Open Resp Res 2017;4

60- p<0.001
. A
Pe .“ ®°
L] . L ] . L) ....‘
404 .o'. o2 .
.3
* . . .%. ..: . .
20- Lo
0 T T 1
0 100 200 300
Oesophageal pressure (cmH,0)
36



Cough sound has good repeatability

* |CC of Power and Frequency

ICC=0.93

30- p=0.001
 P1(ICC0.93 and 0.94) 204 .

P
e PO.5(ICC0.93 and 0.94) D'ﬁsgcgf N ggoscoeeeecccoeee B, e S e

T D Lo ®» .0

-20-

-30-

Average Power

Intraclass correlation coefficients (ICC)

BMJ Open Resp Res 2017;4 37



Objective measures of cough intensity - limitation

e Little is known to patient’s outcome

* No continuous measure or monitoring

* No study in ambulatory setting

* Not much comparing with subjective measure

38



What is objective measure?
Cough intensity
Cough frequency

Cough reflex sensitivity

Future of cough measure and Summary
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Cough frequency

* Not only as severity or frequency > Outcomes

* Recent advance in Technology
* Development of mobile device, loT technology, and Al

* e.g.: Leicester Cough Monitor (LCM), VitaloJAK, Hull Automatic Cough
Counter (HACC), and LEO sound syndrome etc.

40



Cough frequency

Total number of cough events: 311

Average cough events per hour: 13

—
o
(=

50 -

Cough frequency

21 48 5 .27 17 54 "12617
BEdsszllemis 2 2 [0

o

1314151617 181920212223 0 1 2 3 4 5 6 7 8 9 101112
Time of day, hour

Time distribution of cough events

(197 T T e T Y TR
3 14 15 16 17 18 19
bt il g R Gl
9 20 21 22 23 0 1
|| 1 : 1

1 2 3 4 5 6 7
| T T T P

7 8 9 10 i 12 13

Time of day, hour

* Benefit of device
* Cough attacks anytime
* Nocturnal cough
e Behavior associated cough
 Ambulatory evaluation
* 24 hours

41
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Validation of
@L © ’ User interface | .| Automatic analysis » automatic counts
(recognition) (user input)

o Select recording

o Run detection

o User input

o Review results

o Manage database

Review results
(manual)

File and database
management

rophone

Recorder I

Fig. 3. Overview of the cough analysis system.

Eur RespirJ 2008; 31: 1013-1018
IEEE Trans Biomed Eng. 2007 Aug;54(8):1472-9.

Start recording

< 10 min

Monitoring
session

up to 28 h

Add monitoring session
to database

< 10 min

Automatic
analysis

100-120 min

Refinement of
system output

10-20 min

Print / Save
final report

< 1 min
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Leicester Cough Monitor — 24hr, Ambulatory

validation 24 hours and ambulatory
351
150 1 x I I
: ol ]
Il LeTT I
p NNy Ry
o 4
- 100 - S ]
§ *gZO—
@ . (7]
5 75 5 151 I
iy ’Q 2
2 328 S
2 90 . iE 10
&)
25 - R 5 ﬂ
*,* |I|
.
0_ = 0008000 ’ 0 | I I | I | I I I|:I:| I | I
: : O o 9 9 9O 9 9 9 9 9 9 9o 9
o o o o o o o o o o o o o
Control subjects Chronic cough patients D = ® B N ® = O = O W o~ O®
o -~ - ~ -~ ~ N N o o o o o
Time h

FIGURE 4. Mean+sem automated cough counts-patient’-h™ in control

i i ; ; : *okok
subjects and chronic cough patients (6-h recordings). ***: p<0.001. FIGURE 6. 24-h ambulatory, automated cough frequency recordings in 50

chronic cough patients. Data are presented as mean+Sem.

Eur Respir J 2008; 31: 1013-1018 43
IEEE Trans Biomed Eng. 2007 Aug;54(8):1472-9.




Leicester Cough Monitor - Performance

Median IQR
Sensitivity 85.7 % 72.5-97.8 %
Specificity 99.9 % 99.6 — 100 %
PPV 94.7 % 85.0 -99.6 %
FP rate 0.8 0.1 -2.2

Eur RespirJ 2008; 31: 1013-1018 44
IEEE Trans Biomed Eng. 2007 Aug;54(8):1472-9.
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VitaloJAK

(a)

Fig. 2. (a) VitaloJAK® 24-hour cough audio recording device and (b) illustration of placement of non-contact and contact
microphones.

45
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VitaloJAK

—_

Amplitude (au)
=}

M T I’ T | T ) L |
! Cough2 ! 1 Patient 1
: : : Speech :
1 1 | 1
1 1 |
1 i o Ao mu—
| | |
1 1 1
| | |
1 | 1
I 1 1 l 1 1 I
0.5 | L5 2 25 3 35 4
Time (s)
_ . )
g 1.2 [ e— Epergy Spectral Centroid Voiced """*""* Energy Ratio |
N ¥ A 1
j \‘@' "'J\J\'Mr\n‘ -l..l.mw'\}‘ Ny
20 40 60 80 100 120 140 160 180

(a)

Non-Contact Microphone

Frame No.

6

3]

Energy Ratio

\\8
SN

Cough Monitoring

Vitalograph
Web Portal

A
—>

Cough Analysis
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VitaloJAK — Use in RCC RCT

Lung (2021) 199:121-129
https://doi.org/10.1007/500408-021-00437-7

Lung (2021) 199:121-129

COUGH

Characterization of Patients With Refractory or Unexplained Chronic
Cough Participating in a Phase 2 Clinical Trial of the P2X3-Receptor
Antagonist Gefapixant

Clinical Practice and applicable federal regulations. All
patients provided written informed consent before enroll-
ment and all sites received approval from institutional review
boards or independent ethics committees.

Analysis Measures

Baseline cough-related characteristics included objective
awake cough frequency and patient-reported outcomes.
Objective cough frequency was measured at baseline in a
24-hours sound recording using a VitaloJAK (Vitalograph®;
Vitalograph Ltd, Buckingham, United Kingdom) acoustic

47
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Peripheral Cough reflex sensitivity

Check contraindications

e e.g.: capsaicin, citric acid, ATP

, Spirometry

e Gradient escalation

500 uM=END  C5=END Saline nebulization
e C2: Solution inducing 2 cough .
* C5: Solution inducing 5 cough i3 Start the challenge with
$a the 0.49-pM nebulization
%% " L
% o% &0.,3
c2) <l

J Investig Allergol Clin Immunol 2013; Vol. 23(5): 289-301 49



Peripheral Cough reflex sensitivity

Capsaicin cough threshold test in diagnostics ) crossven

Teet Pullerits °, Ewa Ternesten-Hasséus °,
Ewa-Lena Johansson ", Eva Millgvist **

e Control vs. Chronic Cough patient (n=46)

 C5 reasonable cut-off

Respiratory Medicine (2014) 108, 1371-1376
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Central Cough reflex sensitivity

* Voluntary Cough Suppression Test 10000

* Modifying from capsaicin challenge test

e “try not to cough” B
e CS5: moderately correlated with é 100 -
objective cough frequency %
* In RCC: sensitivity (100%) and specificity 3
(91.3%) when 39 pmol/L as threshold é
0.1

Eur RespirJ 2019; 53: 1802203
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Central Cough reflex sensitivity

* Brain functional magnetic resonance imaging (fMRI)

* CC: Activation of the midbrain during airway irritation
* but not in healthy subjects

e Healthy: Activation in the medial prefrontal cortex during airway irritation
* but notin CC subjects

Thorax 2016;71:323-329. 52



* A: dorsomedial prefrontal cortex (DMPFC) in
healthy subject after capsaicin inhalation

e C:right anterior insula (Al) and right inferior
frontal gyrus (IFG) in cough patient

Thorax 2016;71:323-329. 53
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Future of cough measure

* Objective + Subjective
* Smaller, Al, anywhere

* Needs of validated objective measure for cough diagnosis, severity,
and monitoring

* In various chronic respiratory disease
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Summary - Objective measure and monitoring of cough

* Cough intensity
* Esophageal/Gastric pressure — Manometry, High resolution manometry
* About cough muscle - EMG
* Peak Cough Flow
* Cough sound: Sound power or intensity
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Summary - Objective measure and monitoring of cough

* Cough frequency
e 24 hours, Mobile, and automated
* Measure/monitoring value + outcome
* Leicester cough monitor, VitaloJAK, HACC, LEO sound etc.

* Cough sensitivity
* pph: capsaicin, citric acid, ATP
* Central: Voluntary cough suppression test, brain function MRI
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Thank you for listening
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