Mathematical properties of fetal heart rate
variability: a journey to bedside fetal health
monitoring
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Summary: epistemological view

 “Nature is not economical of structures
- only of principles”
Abdus Salam
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Summary: bed-side view

 Clinical need for improved fetal heart rate (FHR) monitoring
of incipient infection and acidemia

- Fetal EEG — an old — new ancillary tool for fetal monitoring

« Fetal cholinergic anti-inflammatory pathway (CAP) and
acidemia

« FHRV monitoring promising tool

 (Candidates:

— fHRV: time domain, entropy and complexity measures
— EEG: amplitude/frequency properties

« Comprehensive (multivariate) approach needed (CIMVA)
. eal life utility: ultrasound-based fHRV/EEG technology




Summary: math view
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Physiology and Monitoring of
fHRV and EEG
« Before birth:

— Neural autonomic activity matures around 32" week (2 RMSSD, SDNN,
complexity, long-term correlations) and correlates with behavioural states

— RMSSD is reduced by atropine (vagal blockade) in fetal sheep near-term
— Higher vagal tone = more efficient homeostasis = multifractal FHR control

— Non-invasive Doppler (ultrasound) FHR monitoring (heart beat measurement)
Precision (sampling rate) BUT used in > 90% of North-American hospitals
— fMCG: non-invasive, precise BUT exotic

— Brain maturation: behavioural states; accessible via fetal MEG only and hence
exotic

» During birth:
— Fetal scalp ECG, derivation of HRV similar to adult ECG
— Possibility to validate Doppler versus fetal scalp ECG
— Fetal EEG can be recorded from the scalp

Hoyer et al. 2009 Early Hum Dev 85(6):379-86.
Frasch et al. 2007. J Physiol, 579(3):893-907.
Lake et al. 2003 Ped Res 53(6): 889-890.

Groome et al. 1999 Dev Psychobiol 35, 25-34. Cﬂ
Rosen & Scibetta. 1969 Am J Obstet Gynecol 104:1057-1060.
Thaler et al. 2000 Pediatr Res 48:340-345.

Peters et al. 2004 Physiol Meas 25, 585-593. S
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Clinical motivation: Pathophysiology

« Before birth: Hypoxic/asphyxic and inflammatory events impact brain
development in late-gestation fetus (fHRV and EEG)

« During birth: Uterine contractions during labour can restrict umbilical
blood flow:

fetal oxygenation ~ adverse neonatal outcome: newborn encephalopathy,
cerebral palsy

« After birth: Long-term neurodevelopmental sequelae in children
and adults:
= Cerebro-cardiovascular, neuroinflammatory and cognitive disorders

Saigal & Doyle 2008 Lancet 371, 261-269.

Gotsch et al. 2007. Clin Obstet Gynecol 50, 652-83.
Richardson et al. 2006. Am J Obstet Gynecol 195, 1357-65.
Rees et al. 2005. Early Hum Dev 81, 753-61.
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Clinical motivation: Need to detect

« Fetal asphyxia results in early vagal activation (2 RMSSD and adaptive brain
shut-down — specific EEG changes)

« Fetal inflammatory response may be controlled by vagal neural activity via
cholinergic anti-inflammatory pathway (CAP)

~ Non-invasive monitoring per fetal heart rate variability (fHRV)?

3 hlden?tify and test candidate markers RMSSD, ApEn, aAlF,, multifractal analyses,
others*
~ Implement comprehensive and real-life applicable fHRV and EEG algorithms (CIMVA)

Frasch et al. 2010 Repro Sci. 16, 137A and 243A.
Prout et al. 2010 Am J Obstet Gynecol 202(1): 82.e1-9.

Ahmad et al. 2009 PLoS One 4, e6642 Sloan et al. 2007 Mol Med 13, 178-84.
Frasch et al. 2009 Repro Sci. 16(5):509-17. Tracey 2007 J Clin Invest, 117(2):289-296.
Frasch et al. 2009 Am J Physiol Regul Integr Comp Physiol 296, R702-7 Pavlov et al. 2006 PNAS, 103(13):5219-5223.
Frank et al. 2006 Biomed Tech (Berl) 51(4): 233-6. Li et al. 2005 Acta Obstet Gynecol Scand, 84 (9):837-843
Yum & Kim 2003 Pediatr Res 53(6): 915-9 Tracey 2002 Nature, 420(6917):853-859.
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Next slides ...

|. Focus on fHRV
ll. Focus on fetal EEG

lll. Synthesis: A mathematical problem
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Suprabulbar control

Cardiovascular control

From mathematics to

Heart rate variability |
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Schmidt et al. 2001. Curr Opin Crit Care 7:314-322 H
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From mathemat

physiology

SYMPATHETIC NERVOUS SYSTEM PARASYMPATHETIC NERVOUS SYSTEM

Normal: HR acceleration | || L) Ll .l Normal: HR deceleration

MNeonatal sepsis: Neonatal sepsis:
Hacreaserd HFH variability bebedolill Lol L. Decreased HR variability with
occasional large decelarations
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Fairchild, K.D. and O'Shea, T.M. (2010). Clin Perinatol 37, 581-598




Acquisition & Analysis of HRV
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fHRV measures: aAlF

aAlF, . [bit]
aAlF

[bit]
aAlF.

int

[bit*s]

one heart beat T [s]
10 heart beats

Frasch et al. 2009 Am J Physiol Regul Integr Comp Physiol 296, R702-7.
Frank et al. 2006 Biomed Tech (Berl) 51(4): 233-6.
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fHRV measures: aAlF zoomed In
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Methods: fetal sheep model

— Late gestation fetal sheep are chronically prepared with arterial
catheters, ECG electrodes and vagal nerve stimulation electrodes

— 3 days post-op recovery and data recording
— Experiment: 3-30 consecutive days of recording ABP, ECG.

— Fetal arterial blood sampled for blood gases/pH, metabolites,
cytokines levels measured by ELISA.

— RMSSD calculated from ECG-derived FHRV.

— Brain immunohistochemistry: molecular components of CAP in
microglia, astrocytes, neurons
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Outlook (1):

clinical studies — fHRV monitoring
:alp ECG

Pilot study: A
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Outlook (3):
multivariate fetal monitoring

_ “Surface complexity arises out of

deep simplicity” ;;H
Murray Gellmann
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