Deep Breathing Intelligence:
Inhaling Data, Exhaling Digital
Respiratory Health Models.

Professor Dr habil.

Bjorn W. Schuller

FAAAC, FACM, FBCS, FDIRDI, FELLIS, FIEEE, FISCA
TUM University Hospital ARI T

lllllllllllllllllllll
eeeeeeeeeeeeeeeeeeeeeeeeeeee

Imperial College London IMPERIAL
Audio based Al for Respiratory Health Monitoring, Cambridge, 2025




UAR [%)] Addressee Cold Snoring

1 Dev Test Dev Test Dev Test
COId & Snorlng M e2e: CNN + LSTM

2 598 60.1 59.1 600 37.0 379
3 609 59.1 58,6 59.6 403 403
C COMPARE functionals + SVM
10°° 558 658 629 639 293 484
107° 605 6777 640 702 31.1 514
1074 61.8 676 617 665 40.6 58.5
1073 594 646 58.1 619 392 556
1072 574 609 588 595 392 556
107t 574 596 600 584 392 556
N COMPARE BoAW + SVM
125/125 632 675 559 628 438 487
250/250 614 666 628 665 466 499
500/500 624 682 639 667 442 512

1000/1000 622 672 642 673 428 50.0
2000/2000 634 677 64.1 673 41.0 483
4000/4000 634 682 638 672 398 482
8000/8000 633 683 64.0 69.7 36.6 47.8
Models Late fusion

e2e+func 663 690 626 648 389 558
e2e+BoAW 67.8 684 6277 625 451 46.0
func+tBoAW  62.8 68.7 642 70.1 42.1 524
All (conf.) 664 70.2 66.1 70.7 435 53.0
All (maj.) 64.0 680 652 T71.0 434 556

“The INTERSPEECH 2017 computational paralinguistics challenge: Addressee, cold & snoring”, Interspeech, 2017.



Breathing & Masks

E B M
UAR [%] T UAR [%]

Dev (A/V) Test(A/V) Dev Test Dev Test

C OPENSMILE: COMPARE functionals+SVM
10°° 39.1/33.3  47.9/33.3 244 442 568 59.8
1074 38.7/36.4  43.5/35.1 234 435 603 67.7
1073 34.1/40.4  42.4/417 175 333 623 67.8
1072 26.4/457  33.8/39.0 081 212 626 669
N OPENXBOW: COMPARE BoAW+SVM
125 42.0/389  40.6/37.7 .185 357 598 587
3 0.2 250 40.5/333  49.1/31.5 201 349 615 627
>3 500 41.0/38.9  46.6/31.7 209 367 63.1 65.0
£ 00 1000 39.0/38.7  42.2/324 226 366 63.6 66.1
< 2000 39.7/40.6  42.2/33.8 215 355 642 677
-0.2 Network DEEPSPECTRUM+SVM
0.0 2.5 5.0 75 100 125 150 175 200 ResNet50 35.031.6 | 50.4/40.3 — - 634 708
X [dB] AUDEEP: S2SAE+SVM
1.0 30 36.2/35.4  43.8/32.4 - -~ 60.1 574
- -45 34.9/36.7  44.3/33.8 - - 613 603
23 -60 41.6/35.1  40.7/32.6 - - 619 616
5%o05 75 40.4/32.77  42.9/33.4 —~ - 616 622
>5 Fused 36.3/29.2  43.5/32.0 - - 644 66.6
Block LIFE: Transformer+SVM
0.0 GMax 39.6/542  37.9/413 - - - -
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 BLACtt 40.6/49.2 44.0/49.0 _ _ _ _
BLAt+POS | 33.3/51.9  34.3/44.5 - - - -
Fused 34.1/56.1  34.3/44.5 - - - -
N, RNN End2End: CNN+LSTM RNN
128 - - 498 727 - -
256 - - 507 731 - —
Fusion of Best
— 47.9/39.8 - 621 - 718

“The interspeech 2020 computational paralinguistics challenge: Elderly emotion, breathing & masks”, Interspeech,



COVID-19
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“An Overview on Audio, Signal, Speech, & Language Processing for COVID-19”, arXiv, May, 2020.



Audio-based?

Symptom COVID-19 Influenza Cold
Breathing: Dypnea (Shortness) +++ ++ +
Breathing: Difficulty +++ ++ +
Rhinorrhea (Running nose) + ++ +++
Nasal congestion + + +++
Coughing dry ++ dry ++ +
Sneezing + + + 4+ +
Sore throat + ++ + 4+ +
Pain: Body + + 4+ 4+
Pain: Head (Headache) ++ 4+ 4+ + +
Fatigue, Tiredness mild ++ +++ +
Appetite loss + ++ + +
Onset gradient + + 4+ +

wll ¥ @)

< TestFlight
))) AlsympT
Haben Sie heute eines oder
mehrere der folgenden

Svmntome?

WEITER

“COVID-19 and Computer Audition: An Overview on What Speech & Sound Analysis Could Contribute in the
SARS-CoV-2 Corona Crisis”, Frontiers in Digital Health, 2021 / arXiv, March 2020.



Diagnosis via Sypmptom Histograms?
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2. April 2020
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Asthma
Diese ) zeichnet eine oder mehrere
Stunden Audiomaterial iiber Nacht auf.
Dieses ermoglicht eine bessere Verlaufs-
Erkranung der

und Erkennung von Symptomen.
Al SoundLab il el gvon Symp
Al voice tracker Atemwege?

. 6 Husten (7 Aufnahmen)
) I Aktuelle Allergie
Deine Soundanalyse fiir mit Atemwegs-

Dein Wohlbefinden beschwerden

(z.B. Heuschnupf...
START

o Niesen (4 Aufnahmen)

00 : 15 min
Sprache (2 Aufnahmen)

Wie lange soll die Aufnahme sein?

13 Einzelaufnamen (1:32 Min)
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Diagnosis via Speech?

COVID-19 %AUC

2-way Diagnosis 84.6

1. Spectrogram Extraction 2. Convolutional Neural Network

o+ !

Breath % \ 128 256 512 128 8 50
b — > . COVID-19
£ — —>1 — — — — — — —_— .
] ++ Detection
= Cough % /

v
+ L N _f_> j Conv Batch Norm

RelLU Fully Connec ted

SAEEERATENBETRITSMAMBEXMAR,
(I agree to use my voice for coronavirus-
related research purposes.)

“End-2-End COVID-19 Detection from Breath & Cough Audio®, BMJ Innovations, 2021.
“COVID-19 Detection from Audio: Seven Grains of Salt”, The Lancet Digital Health, 2021.



Can You Hear it?

UAR by prompt and rater group

1.0
B human
P machine
0.8 1
o
©
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coughing read vowel-a vowel-e vowel-i vowel-u aggreg
prompts

“Speaking Corona? Human and Machine Recognition of COVID-19 from Voice”, Interspeech 2021.
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‘A Summary of the ComParE COVID-19 Challenges”, Frontiers in Digital Health 2023 / arXiv, 2022.
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‘A Summary of the ComParE COVID-19 Challenges”, Frontiers in Digital Health 2023 / arXiv, 2022.



UKHSA.

Providing
COVID-19
expertise to the
UK government

c. Survey completion rate

Privacy confirmation
Participation agreement |
Barcode entry
Symptoms -

Smoker status |
Respiratory conditions |
First language

Height -

Weight

Mask |

Sentence audio
Exhalations audio
Single cough audio -
Three coughs audio

Processed Data Set -

B NHS Test and Trace
B ReacT

0%

99% 99%

68% 96%

68%

(3

68%

68%

68%

68%

68%

64% 87%
63% 86%
63% 86%
63% 85%

57% 84%

d.

Percentage of particpants

Percentage of particpants

Do you have any of the
following symptoms?

Select the options that currently apply to you. You can select multiple

[ —
(] oadacte

D Fatigue

D Abdominal pain

(] arross

] cownom

D A new continuous cough

[ e

[

[

D Other symptom(s) new to you in the last 2 weeks

] Nosymptoms

o

D Prefer not to say
m

Record a 'ha' sound

Please make this recording in a
quiet environment.
1. Press the Record button, and breathe out loudly three times,

making a *ha’ sound, as if you were trying to fog up a window,
or see your breath in cold weather

2. Use the Stop button to stop recording. You will see an audio
player, which you can use to playback your recording,

3. (Press Record again, if you want 1o try again.)

4. Once you are happy with your recording, press the Save
recording and continue button

Breathe out loudly three times, making a
‘ha’ sound, as if you were trying to fog
up a window, or see your breath in cold
weather.

Press the Record button to begin recording.

m P————

Survey participation by week

m Test Taken 1
Test Processed

10%
REACT
COVID Negative
REACT
COVID Positive
5% NHS Test and Trace
COVID Negative
~ NHS Test and Trace f\
COVID Positive - A
—
0% T T T T T T
Mar 2021 May 2021 Jul 2021 Sep 2021 Nov 2021 Jan 2022 Mar 2022
Survey submission date
- REACT NHS Test and Trace
< | Survey ! Survey
= Symptom Onset I submission I submission

-15 -10 -5 0

Days relative to survey submission

0% —+ T
-15 -10 -5 0

Days relative to survey submission

“A large-scale and PCR-referenced vocal audio dataset for COVID-19”, Nature Scientific Data, 2024.



UKHSA.

Negative Participants {1281

30000 -

Positive Participants
800

600
20000 -

Intersection size
Intersection size

10000

0 4
12 Prefer not to say 42| Prefer not to say
913] No symptoms @ 304 Fever
23201 Abdominal pain 394| Loss of taste
2344 Diarrhoea 546| Diarrhoea
3536l Other new symptoms(s) 598| A new continuous cough
4560l A new continuous cough 616 Other new symptoms(s)
53231 Loss of taste @ 669| Abdominal pain

5806 [l Shortness of breath 840|A sense of smell or taste

61221 Fever 1748] Shortness of breath [
8875 A sense of smell or taste [ ] 2849] Sore throat [ ]
9899 Sore throat 3073] Headache Q
14732 Headache © 4316 Fatigue ® I
: :
. !

15429l Runny or blocked nose 48521 Runny or blocked nose @ I
16069 NN Fatigue : 61141 Cough (any) [ J
18554 NI Cough (any) 34330 I No symptoms @

—— ——
100000 25000 0O

“COVID-19 Detection from Respiratory Audio using Artificial Intelligence: Lessons learnt from a large scale
study involving 67,895 participants”, Award 3rd Imperial Computing Conference (ICC), 2022.
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PR HRTRI

UKHSA.

COVID-19 %AUC
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“Audio-based Al classifiers show no evidence of improved COVID-19 screening over simple symptoms checkers,
Nature Machine Intelligence, 2023.
“Bias and privacy in Al's cough-based COVID-19 recognition”, The Lancet Digital Health, 2021.



YouTube for COVID?
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Spectrograms of utterances produced by one and the same speaker (gender: female, nationality: Greek, age at
T+: 43) at a point in time without COVID-19 infection (T-) and at a point in time with COVID-19 infection (T+).

“COVYT: Introducing the Coronavirus YouTube and TikTok speech dataset featuring the
same speakers with and without infection”, Biomedical Signal Processing and Control 2024 / arXiv, 2022.



YouTube for COVID?

Receiver operating characteristic (speaker disjoint)
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“COVYT: Introducing the Coronavirus YouTube and TikTok speech dataset featuring the
same speakers with and without infection”, Biomedical Signal Processing and Control 2024 / arXiv, 2022.






COPD?

Step 1:
Hospitalisation t, t, Data collection
: | -8 U
Exacerbation | = Fpf . :v | Discharge
(at home) | 48h Treatment period : 24h
T : : T >
| : . 1
I : . |
- | Study enrolment Study completion
Recording 1 Recording 2 W
CAT/BORG CAT/BORG
PFT
_____________________________________________________________ e Step 2:
Repeatforeach | | Database | Modelling
. Recording 1 P ationt | (all patients) |
i "”“’“M eGeMAPS —L_ | |
Feature : : __+ . Machine
Extraction P A o Learning
! Recordlng 2 LGDV S ? Decision:
' P | ecision:
P During vs after
: : exacerbation

“Assessing the Clinical and Functional Status of COPD Patients Using Speech Analysis During and After Exacerbation”,
International Journal of Chronic Obstructive Pulmonary Disease, 2025.



Across the Board?

Speaker Count

1400

1200

1000

800

600
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200

Time domain
features

— | Phase domain
I features
|

1319 1214

————71

Healthy Asthma BD Cold Cough
Respiratory Disorder

Pre-Built Model
(Breathing

pattern
extractor)
SBreathNet

Speech Representation

1217 e
Batch N ! |
Unhealthy Class ||
|

618
681
620
180
211 180
l‘ I 44 39 39 45 37 37
I ==

Covid

W # Speakers W # Fast Speech # Normal Speech
“Analysis of Respiratory Health Indicators in Speech-Breathing-Patterns”, EUSIPCO, 2024.

Breathing
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Forest
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Across the Board?

4 065

0.45

0.25

0.05

Breathing Values
o

DA:4.83
50 99 148 197 246
—Healthy =——Asthma

DA: 3.56
50 99 148 197 246
——Healthy ——Cold

DA: 8.56

50 99 148 197 246
——Healthy =——Pneumonia

0.45 DA: 4.09

0.25

0.05

0.15 1 50 99 148 197 246
——Healthy ——BD

0.65

0.45 DA: 2.56
0.25

1 50 99 148 197 246

-0.15
——Healthy ——Cough

0.65

0.45 DA: 4.39
0.25

1 50 99 148 197 246

——Healthy ==—ST

Timesteps (Each breathlet = 5 seconds)

0.45 DA: 8.07

1 50 99 148 197 246

=—Healthy ——CLD

045 DA: 2.31

1 50 99 148 197 246

—Healthy = Covid

043 DA: 6.56

0.05

1 50 99 148 197 246
-0.15

——Healthy ——Others

“Analysis of Respiratory Health Indicators in Speech-Breathing-Patterns”, EUSIPCO, 2024.



Across the Board?

0.9
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Asthma Cold Cough Covid Pneumonia
Respiratory Disorder

M Breath-Fast m MFCC-Fast ™ Combined-Fast

“Analysis of Respiratory Health Indicators in Speech-Breathing-Patterns”, EUSIPCO, 2024.
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Facial Mask?

(a) No Mask. (b) Surgical Partial. (c) Surgical Total. (d) FFP2 Fartial. (e) FFP2 Total.

% BEWS/N 10.5% 8.1% 10.8% 15.3%
32.6% 21.0% ; 37.1% 33.5% 29.3%
& 19.2% 2.3% 21.3% 16.9%
© © ©
é wn 27.4% 37.7% 35.0% é [-% 13.8% 64.3% 21.9% t’:, G 132.7% 155% 7.3% 19.7% 24.8%
< < <
8-222% 14.6% 6.7% 21.3% -k ¢
w- 8.8% 25.6% 65.6% - 18.4% 48.0% 33.6%
T 16.6% 7.7% 5.8% 13.8%
NM S F NM P T NM SP ST FP FT
Predicted Predicted Predicted
(a) NM: No Mask, S: Surgical mask, F: FFP2 (b) NM, P: Partial coverage (only mouth), T: (c) NM, SP: Surgical Partial, ST: Surgical To-
mask. Total coverage (mouth and nose). tal, FP: FFP2 Partial, FT: FFP2 Total.

“Face Mask Type and Coverage Area Recognition from Speech with Prototypical Networks”,
IberSPEECH, 2024.



Alcohol Use
Disorder

Somat. Disord.

Semen Motility

Asthma

Eating
Disorder

COVID-19

o Abnormalities of breathing A L S

Allergic rhinitis

Asthma Fragile X Syndrome
Influenza

H&N Cancer
Angelman syndrome C 5 - =
Fragi Xeyndiome - ) Multiple Sclerosis

Rett syndrome

Rett Syndrome

Parkinson’s
£ Cardiovascular
o Pulmonary heart disease D iseaSQS

Autism spectrum disorder .. ¥ . \4:, Iﬁha:r?;'r?s?ve:rdti:'esaia:se .
Neurocognitive disorders - % % = A T P D emen tl a

epressive disorders - . Epilepsy
Stuttering

B | pOIar D ISorder Multiple sclerosis

Alzheimer disease ; Arthropathies A u t ISsm
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Many More...

Facial Action Units

Height Frustration
Defensiveness Articulatory Muscle Activity
Humour
Abusive & Hate Speech ATYER Mask Type

Blood Volume Pulse
Heart Rate

Cortisol Level

Skin Conductance
Menstrual Cycle Phase

Suicidal Risk Motor Neuron Diseases






Augment

Spectrogram |§ ' 43
PANNSs h 4 v 4 v
(Feature 1 J (Feature 2 ) (Feature 3 ) (F eature 4 )
Classifier V7 v 4 v

Decisions (Positive:0.3) (Positive:0.6) (Positive:O.S) (Positive:O.S)

Feature level Aggregation

Aggregation Operation
* Mean
* Max

« Attention

=

v

Aggregation Operation
* Mean

* Max

v

I } Positive:0.55

CCS (CSS)

Y% UAR Sensitivity Specificity
STFT 65.6 (70.6)  50.0 (53.5) 86.0 (66.7)
Trimming 67.6 (74.6) 81.2 (92.9) 90.2 (78.7)
Augmentations

Frequency mask 69.2 (74.3) 75.0 (99.9) 87.4 (90.4)
Time mask 68.5 (74.7)  86.2 (98.9) 87.2 (86.9)
White noise 68.4 (74.3) 85.4 (100.0) 88.1 (84.3)
Amplitude change 67.5 (73.7) 88.8 (94.4) 90.5 (81.8)
Random erase 68.5 (73.5) 83.3 (95.5) 87.4 (80.4)
Time stretch 69.3 (73.1) 94.6 (99.6) 91.6 (86.2)
Pitch shift 65.9 (75.3) 87.1 (87.7) 93.8 (80.9)

“An Investigation on Data Augmentation and Multiple Instance Learning for Diagnosis of COVID-19 from Speech

and Cough Sound”, ICCE-Taiwan, 2023.
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COVID-19 detection
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Audio Enhancement
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(a) Cold cascade + data augmentation

@D -
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W COVID-19 detection
-
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(b) Multi-task learning

@‘ ----------------- @

COVID-19 detection

[ .. YR

t

Wi
enhanced audio T

f

sttt o

noisy audio T
+ —

!

Audio Enhancement (

clean audio

(c) Iterative optimisation

Methods Inf 25dB 20dB 15dB 10dB 5dB 0dB Average
Original 81.85 74.16 73.48 69.22 65.69 61.85 56.67 66.84
Cold Cascade - 70.93 70.70 68.01 65.72 64.99 58.08 66.57
Cold Cascade + DA - 78.42 76.33 73.65 70.02 68.48 66.74 72.27
MTL - 81.73 80.62 76.98 74.59 74.45 71.15 76.59
Iterative Optimisation - 81.35 81.01 76.49 74.48 74.73 73.12 76.87

“COVID-19 Detection from Speech in Noisy Conditions”, ICASSP, 2023.



Percentage of same predictions

Explain?

Temporal Spectral Loudness

Temporal: percentage of predictions leading to same Spectral: percentage of predictions leading to same Loudness: percentage of predictions leading
class for k out of 7 components over 5 runs class for k out of 7 components over 5 runs to same class for given percentage of flipped components
T.00 : : - 1.00
100.0% | —— Most relevant components flipped first —— Most relevant components flipped first b 100.0% [
—— Random components flipped —— Random components flipped
05,00 90.0% A 97.5% A
B 0
wn w
c
g g 95.0%
90.0% 1 5 £
% -
€ 80.0% £ 92.5% -
o ]
85.0% | E £
a S 90.0%
5 0.6 ‘5
70.0% 1
80.0% - % %‘ 87.5% 1
o o
75.0% - o g 85.0%
60.0%
0.7 0. 82.5% A
70.0% 1 0.69 o —— Most relevant components
80.0% 1 —— Random components
1 3 5 7 1 3 5 7 0.10 0.25 0.50 0.75 1.00
Percentage of components included Percentage of components included Percentage of components flipped to 0

“CoughLIME: Sonified explanations for the predictions of COVID-19 cough classifiers”, EMBC, 2022.



Mobile?

Equal UAR Size/MB %Rdtcn
Squeezing by Uncompressed 229 -
o _ _ Quantised 55 76
Quantisation, Pruning, Teacher-Student Architectures Pruned 48 79
Quantised + 12 95
2.7831237 | -2.8960736 | 4.000346 ===,
11066585 | -4.8258014 | -2.8570464
Fully Connected Network Pruned Network
-3.9000013 | -1.7565128 | 3.135015
2 ) 4
1 4 5)
Neutral
-3 1 3

“Squeeze for Sneeze: Compact Neural Networks for Cold and Flu Recognition”, Interspeech, 2020.



Deployment.

A text-based conversational agent for asthma support: Mixed-methods feasibility study”, SAGE Digital Health, 2014.

11:49 all 6
{1 (g Brisa-Asthma Assistant
(You can also type help if you get

stuck or menu to see options at any
time) 16:21

What can | help you with? 5.,

I'd like to track my symptoms

16:21/

I can help you track your asthma
symptoms over time.

Just answer 5 questions to measure
how well-controlled your asthma is
and I'll store your scores.

(These are the same questions
doctors use) 1691

Do you want to track now? Or view
your tracking history?

You can also download a report you
can use to discuss your asthma with

your GP. 1691

<N Track now

<X History

11:49 all T 6

{1 [g Brisa-Asthma Assistant

No problem. | can still calculate your
level of risk based on the information
you've already provided. 11:41

When to call 999 or 11|
Asthma + Lung UK

Find ou need to cal

@ You seem to be at low risk of
having an asthma attack within 3
months. That's good news.

However, based on your
symptoms, your asthma is not as
well controlled as it could be.

« Remember, if you're ever very
unwell and struggling to speak,
you should seek urgent medical
advice. Find out when to call 999
or 111 here:

https://www.asthma.org.uk/advice/

manage-your-asthma/when-to-go-

to-hospital/ 11:41

Now, would you like to explore some
ideas for improving your asthma?
11:41

@ A Yes

< No

©

Demonstration of the Brisa dialogue during the asthma tracking function (left) and risk calculation (right) - WhatsApp version.
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“An Overview on Audio, Signal, Speech, & Language Processing for COVID-19”, arXiv, May, 2020.
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Audio Al for Respiratory Health Monitoring :

Useful and Ready for the Next Pandemic.



