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Clinical Need




Respiratory Rate

* Physiological state
e Marker of deterioration

* Hospital, home and community




Wearable Sensors

e Few monitor RR
e Chest bands
e Accelerometers

e PPG and ECG
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Literature

e Over 100 RR algorithms
* Performances not compared

* Limitations:
— Different statistical measures
— Small sample sizes
— Repeated measures
— No standard implementations

— Ventilated subjects

* Which algorithm, if any, is suitable?






Primary Aim

Determine how closely algorithms agree with a gold standard
reference RR under ideal conditions
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Secondary Aims

Compare performance to impedance pneumography

Compare performance when using ECG or PPG

Provide a toolbox of algorithms and data






Structure of Algorithms
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Structure of Algorithms

RR =17 bpm RR =18 bpm
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Structure of Algorithms
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Constructing Algorithms
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Constructing Algorithms
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Verification of Implementations

 Simulated data
e RR=18 bpm, HR =30:5:200 bpm
e HR=80bpm, RR=4:2:60 bpm

* 314 (85%) of algorithms accurate, two techniques removed
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Participants

* 182>age<40
* Healthy
* Exclusions:

— Co-morbidities or medications that affect cardiac, respiratory or
autonomic nervous systems
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https://clinicaltrials.gov/ct2/show/NCT01472133
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Reference RRs

* Oral-nasal pressure
* Positive-gradient crossings
* Threshold determined using annotated breaths

e Performance:
— Bias: 0.0 bpm
— 2SD: 1.3 bpm

i.e. 95% of errors in reference RRs would be

expected to be smaller than 0.0 £ 1.3 bpm



Statistics

e Limits of agreement: (i) bias, (ii) 2SD (95% Cls)

e Random effects model:

. ) . within between within
algorithm’s subject’s . : :
RRest | = ) + : + [ subject |+ | subject | + | subject
bias bias o L A
similarity variability variability
\ )
Y
bias 25D

* Coverage probability: proportion of errors < 2 bpm

* Ranked algorithms by 2SD, followed by bias.






Dataset

e 39 subjects included
— Age: 29 (26, 32)
— BMI: 23 (21, 26)
— 54% female

* Number of 32 s windows analysed:
— ECG: 37 (34,40)
— PPG: 36 (34,39)
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Performance of Algorithms
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Performance of Algorithms

Overall 2SD  Bias 95% LOA Proportion of windows CP5

Signal Algorith N _
1Ha SO Rank  [bpm] [bpm] (bpm] with RR estimate [%]  [%]

P Clinical Monitor 5 54 02 -56-52 100.0 76.0
Xp1osEriFan 1 47 0.0 47 47 73.8 80.5
Xg123Er2Fn 2 52 14 -38 64 72.3 72.6
Xp12sEms P 3 52 20 -33-72 75.4 69.1
Xg123EmsFan 4 53 14 -38-6.7 72.5 73.0

poa b 6 56 -02 5854 100.0 75.2
XpoFrs 7 57 02 -59-54 100.0 74.3
Xpo Frpa Fry 8 57 02  -6-55 100.0 69.3
XpoFrs 9 57 05 -52-6.3 100.0 74.9
XpoEraFry 10 58  -02  -6.0-56 100.0 69.8
XpiosErFPnFr 11 59 00  -59-6.0 100.0 66.6
Np12sEraFa 15 62 1.0 -51-72 54.2 71.5
Np12sEm Fa 17 65 -1.0 -75-55 62.1 62.1
NprosEnFnFrn 35 70 -13 83 5.7 100.0 54.2
Xpa2Ers Fri 46 75 30 -45-105 100.0 44.3

ppe XesEriFn 48 76 07 -69-83 100.0 57.0
Xpo B Frry 53 76 27 -49-103 100.0 A7.2
XprosEpFnFr 54 78 11 -68-89 97.3 57.2
Xp12sErsFn 55 78 38  -40-115 70.9 498
XpoEr4Fry 56 79 03 7.7 82 100.0 60.5
XpiosErFnFr 58 79 37 42115 100.0 60.5
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Performance of Algorithms

Overall 2SD  Bias  95% LOA  Proportion of windows CPs
Rank  [bpm]| [bpm] [bpm] with RR estimate [%]  [%]

Signal Algorithm

P Clinical Monitor 5 54  -02 -56-52 100.0 76.0
Xg1.25E7:Fun 1 47 00 4747 73.8 80.5
Xpi123Er2Fan 2 52 14 -38 64 72.3 72.6
Xg1.23B7sFan 3 52 20 -33 72 75.4 69.1
Xp123Frs P 4 53 14 -38-6.7 72.5 73.0

poa ApeEm 6 56 -02 -58 54 100.0 75.2
Xp2Ers 7 57  -02 -59- 54 100.0 74.3
XpoFraFry 8 57 -02  -6-5.5 100.0 69.3
Xpa Fs 9 57 05 -52-6.3 100.0 74.9
XpyFrsFry 10 58  -02 -6.0 56 100.0 69.8
XpiosEriFFrr 11 59 00  -5.9- 6.0 100.0 66.6
Xg1.25E74Fun 15 62 10 -51-72 54.2 71.5
Xg123B71 Fa 17 65 -1.0 -75-55 62.1 62.1
XprosErFanFPri 35 70  -1.3 83 5.7 100.0 54.2
XpaFrs Fr 46 75 30 -45-10.5 100.0 44.3

ppe ABsETiFr 48 76 07 -6.9 83 100.0 57.0
XpoFroFry 53 76 27  -49-10.3 100.0 A7.2
Xp1osBrFauFPri 54 78 11 -6.8 -89 97.3 57.2
Xp12.3FErsFan 55 78 38 -40-115 70.9 49.8
XpoFrsFry 56 79 03 -T.7-82 100.0 60.5
XprosBraFynPri 58 79 37 42115 100.0 60.5
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Performance of Algorithms

Overall 2SD  Bias  95% LOA Proportion of windows CP,

Signal Algorith N _
1SHa S Rank  [bpm] [bpm] [(bpm] with RR estimate [%]  [%]

P Clinical Monitor 5 54  -02 -5.6-52 100.0 76.0
Xi103EmiFn 1 47 00 47 47 73.8 80.5
Xi123EmeFn 2 52 14 -38 6.4 72.3 72.6
Xi103EmsFan 3 52 20 -33-72 75.4 69.1
Xi123EmsFn 4 53 14  -38 6.7 72.5 73.0

poa XoPr 6 56 -02 -58-54 100.0 75.2
XpoErs 7 57 02 -59-54 100.0 74.3
Xp3o B Fry 8 57 02 -6-55 100.0 69.3
Xpo Ers 9 57 05 -52-6.3 100.0 74.9
Xp3o B3 Fry 10 58  -02 -6.0-56 100.0 69.8
XeiosBrabnFri 11 59 0.0 5.9 6.0 100.0 66.6
Xp123EmaFan 15 62 10 -51-72 54.2 71.5
Xi123Em P 17 65 -1.0 -7.5-55 62.1 62.1
XprosEmiFnFr, 35 70 -13 -83-57 100.0 54.2
Xppo Ers Py 46 75 3.0 -45- 105 100.0 44.3

ppa XmsEriFn 48 76 07 -69-83 100.0 57.0
Xpyo B Fry 53 76 27 49 103 100.0 47.2
XprosEmFnFr 54 78 11 -6.8-89 97.3 57.2
Xi123F1s Fany 55 78 38 -40-115 70.9 49.8
Xy By Fry 56 79 03  -7.7-82 100.0 60.5
XprosBreFuFr, 58 79 37 42115 100.0 60.5
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Performance of Algorithms

Overall 2SD  Bias  95% LOA Proportion of windows CPy
Rank  [bpm] [bpm] [bpm] with RR estimate [%]  [%]

Signal Algorithm

P Clinical Monitor 5 54 02 5652 100.0 76.0
Xp123Ema P 1 47 00 4747 73.8 80.5
Xp123Er2Fn 2 52 14 38 6.4 72.3 72.6
Xp123EmsFn 3 52 20 3372 75.4 69.1
Xp123EmsFn 4 53 14 38 6.7 72.5 73.0

poa XeEm 6 56 -02 -58-54 100.0 75.2
XpoErs 7 57  -02 -5.9-54 100.0 74.3
Xpo Ero Fry 8 57 02  -6-55 100.0 69.3
X Frps 9 57 05 -52-6.3 100.0 74.9
Xpo ErsFry 10 58  -02  -6.0-5.6 100.0 69.8
XpiosBrhnFri 11 59 00  -5.9-6.0 100.0 66.6
Xg123EmaFn 15 62 1.0 -51-72 54.2 71.5
Xp103Em Fan 17 65 -1.0 -75-55 62.1 62.1
XpiosEriFnFr, 35 70  -13 -83-57 100.0 54.2
Xpa Brs Fry 46 75 30 -45-105 100.0 44.3

ppe  XmsEriFn 48 76 07 6983 100.0 57.0
Xpo B Fry 53 76 27 49103 100.0 472
XpiosErFnFr, 54 78 11 -6.8-89 97.3 57.2
Xp12sErsFn 55 78 3.8 -40-115 70.9 40.8
Xpo By Fry 56 79 03 7.7 82 100.0 60.5
XpiosErsFnFr 58 79 3.7 42115 100.0 60.5
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Performance of Algorithms

Overall 2SD  Bias  95% LOA  Proportion of windows CPy

Signal Algoritl
1gna gorithum Rank  [bpm] [bpm] [bpm] with RR estimate [%]  [%]

IP Clinical Monitor 5 5.4 -0.2  -56 52 100.0 76.0
Xp12sEraF v 1 4.7 0.0 4.7 - 4.7 73.8 80.5
Xp12s3EroF v 2 5.2 1.4 -3.8 - 6.4 72.3 72.6
Xp12sErsF 3 5.2 2.0 -3.3-72 75.4 69.1
Xp12s3ErsF 4 5.3 1.4 -3.8 - 6.7 72.5 73.0

BECG XpoETo 6 5.6 -02 -58-54 100.0 75.2
XpoErs 7 5.7 02 -59-54 100.0 74.3
XpoEroF'ry 8 5.7 -0.2 -6 55 100.0 69.3
XpaoErs 9 5.7 0.5 -5.2-6.3 100.0 74.9
XpoErsF'ry 10 5.8 0.2  -6.0-56 100.0 69.8
Xp1osEraFanFm 11 5.9 0.0 -5.9-6.0 100.0 66.6
XBi23ETaF v 15 6.2 1.0 -5.1-7.2 54.2 71.5
XBi23ETi v 17 6.5 -1.0  -75-55 62.1 62.1
XpiasEriFvi T 35 7.0 -1.3 -83-5.7 100.0 54.2
XpoErsF'm 46 7.5 3.0 -45-10.5 100.0 44.3

PPG XpsEr1F11 48 7.6 0.7 -6.9 - 8.3 100.0 57.0
XpoFEroF'm1 53 7.6 27 -49-10.3 100.0 47.2
Xpi2s3ETaFwnFma 54 7.8 1.1 -6.8 - 8.9 97.3 57.2
XBi23ETsFwn 55 7.8 3.8 -40-11.5 70.9 49.8
XpoFEraF'm 56 7.9 0.3 -7.7-8.2 100.0 60.5
Xpi2s3EToFanF'ma 58 7.9 3.7 -42-11.5 100.0 60.5
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Performance of Algorithms

Overall 2SD  Bias 95% LOA Proportion of windows CPsy
Rank  [bpm| [bpm] [(bpm] with RR estimate [%]  [%]

Signal  Algorithm

P Clinical Monitor 5 54 02 5652 100.0 76.0
Xp123EraFn 1 47 0.0 4747 73.8 80.5
Xp12sEraFu 2 52 14 -38 64 72.3 72.6
Xp123EmsFn 3 52 20 -33 72 75.4 69.1
Xp123EmsFn 4 53 14 -3.8 6.7 72.5 73.0

D 5 6 56 -02 -58 54 100.0 75.2
XpoFrs 7 57  -02 -59 54 100.0 74.3
XpoEroFry 8 57 02  -6-55 100.0 69.3
XpoFErs 9 57 05 -52-6.3 100.0 74.9
XpoErsFry 10 58  -02  -6.0 5.6 100.0 69.8
XpiosErFbnFr 11 59 00  -59-6.0 100.0 66.6
Xp12sBEraFn 15 62 10 -51-72 54.2 715
Xp123BEmi Fn 17 65 -10 -75-55 62.1 62.1
XprosBriFAnFr 35 70 -13 83 57 100.0 54.2
XpoErs Fry 46 75 30 -45-105 100.0 44.3

ppe ABsETiFr 48 76 07 -69 83 100.0 57.0
XpoEroFry 53 76 27 -49-103 100.0 472
XprosBEmaFnFr 54 78 11 -6.8-809 07.3 57.2
Xp12sErsFan 55 78 38 -40-115 70.9 49.8
Xpo By Fry 56 79 03  -T.7- 82 100.0 60.5
XprosBrFnFr 58 79 37 42 115 100.0 60.5




ECG vs PPG

e Significant difference in 2SD (median):
— ECG:11.6 bpm
— PPG:12.4 bpm

* 64% of algorithms more precise on ECG

* Different physiological mechanisms






Limitations

* Not all algorithms implemented
* Invite contributions
e Statistics based on normally distributed errors

* Cannot extrapolate to other scenarios



Future Work

* |nvestigate effects of:
— Subject population
— Recording equipment

— Movement artifact

* Weighting modulations according to signal quality



Conclusions

314 algorithms assessed under ideal conditions

According to these results ...

— feature-based respiratory signal extraction,
— time-domain RR estimation, and

— fusion of estimates

... resulted in superior performance.
Four ECG-based algorithms outperformed IP

ECG preferable to PPG

Toolbox of algorithms and dataset publicly available



Acknowledgments

The authors are grateful to ...

Data collection:
J Brooks, | Schelcher, R Yang, K Lei and J Smith

Algorithm implementations:

M Pimentel and C Orphanidou

Statistical analysis:

J Birks and S Gerry

Funders:

EPSRC, NIHR, Wellcome Trust, Royal Academy of Engineering

The views expressed are those of the authors and not necessarily those of the EPSRC, NHS, NIHR,
Department of Health, Wellcome Trust, or Royal Academy of Engineering.

A complete list of acknowledgments is available here.


http://iopscience.iop.org/article/10.1088/0967-3334/37/4/610#acknowledgements

References and Resources

Charlton P.H. and Bonnici T. et al. An assessment of algorithms to estimate
respiratory rate from the electrocardiogram and photoplethysmogram,
Physiological Measurement, 37(4), 2016. DOI: 10.1088/0967-3334/37/4/610

The complete table of results is available in the Supplementary Material

A complete list of references is available here.

The dataset is available here.

The algorithms and user manual are available here.

This presentation is part of the Respiratory Rate Estimation Project at:

http://peterhcharlton.github.io/RRest/



http://dx.doi.org/10.1088/0967-3334/37/4/610
http://dx.doi.org/10.1088/0967-3334/37/4/610
http://dx.doi.org/10.1088/0967-3334/37/4/610
http://iopscience.iop.org/0967-3334/37/4/610/media
http://iopscience.iop.org/article/10.1088/0967-3334/37/4/610#references
http://peterhcharlton.github.io/RRest/vortal_dataset.html
http://peterhcharlton.github.io/RRest/algorithms.html
http://peterhcharlton.github.io/RRest/

Additional Acknowledgments

Thanks also to:
* Jason Long for Cayman Theme which inspired this presentation template

* Open Clipart for some of the images in this presentation



