
Background

Study Design + Inclusion / Exclusion Criteria

Subject Characteristics

• Anesthesia induction & emergence alter respiratory function with 
associated risks of hypoxemia/ hypoventilation. 

• Electrical Impedance Tomography (EIT) provides real-time 
ventilation imaging and may hasten identification of respiratory 
compromise. 

• EIT captures immediate changes in ventilation distribution for 
correlation with specific maneuvers which effect ventilation. 

• The hypotheses of this study were that children with OSA show 
differential response to jaw thrust vs oral airway placement, as well 
as have increased propensity for post-extubation hypoventilation.

Prospective Observational Pilot Study

• Anesthesiologist decision to premedicate, free choice of peri-
intubation medication (neuromuscular blockade, opioid, propofol)

• No restriction on experience of airway management team

• Approved by Children’s Hospital of Philadelphia IRB, all data 
collected with parental consent, child assent where applicable.

Inclusion Criteria

• Male or Female children ages 2 to 18 years

• Receiving any anesthetic care in the CHOP main operating room

• ASA physical status 1-3 for non-emergent procedures.

• Weight > 10 kg

• Planned placement of an endotracheal tube for the procedure.

• Planned inhalation induction using volatile anesthetic agent

Exclusion Criteria

• Surgery site precluding placement of the EIT device

• Skin injury, irritation or wound on the chest or back

• Presence of pacemaker, defibrillator, or cochlear implant
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Background

Analyzed (to date):  n = 12

• Age: 4.5 y +/- 2 y

• ASA2: 8 (66%), ASA3: 4

• % T+A:  10 (83 %)

• BMT/Adenoid: 1 (8%)

• EGD/Dilation: 1 ( 8%)

• All outpatient surgery

Comorbidities: 

• Sleep Disordered Breathing: 6 
(50%) 

• OSA (With PSG):  4 (32 %)

• Asthma: 4 (33%)

• Recent Albuterol:  2 (16 %)

• Prior anesthesia: 3 (33%)

• No ex-prematurity

Data Acquisition and Pre-Processing

• Timpel Enlight 2100 band and in-line flow sensor placed prior to 
mask-induction, followed by IV access and airway management.  

• Two measurement periods: 
• Mask induction through 5 minutes after intubation
• Surgical close through post-extubation transfer from the OR.  

• Time series of ventilation, total impedance, and impedance 
distribution were quantified in relationship to discrete events.

• E.g. oral airway placement, jaw thrust, PPV, laryngoscopy

• Filtering, feature extraction and analysis using novel Matlab code.

• EIT tracings were extremely reliable during induction and pre-
extubation, however loss of flow sensor data post-extubation 
complicated analysis due to loss of ventilation map.

•  

•  

•  

•  

•  

•  

• Extraction of pulsatile components from impedance facilitates 
identification of breath-to-breath tidal changes in ventilation

• Spatial analysis is used to compute metrics of distribution and 
heterogeneity 

EIT Band Application Mask Induction Airway Management Surgical Prep/Drape Surgery EIT Band RemovalExtubationSurgical Closing Spontaneous Ventilation

Peri-Intubation Peri-Extubation

Representative Results from Peri-Induction and Peri-Extubation continuous EIT Measurement – 5 year old patient with PSG+ moderate OSA for T+A 

Limitations and Caveats

Limitations:

• Small sample size

• Limited patient diversity

• Relatively healthy 

• High incidence of OSA/SDB

• Observational study - no controls

• heterogenous timing and application 
of airway recruitment maneuvers

Caveats: 

• New, unvalidated methodology

• Offline analysis insufficient for 
intraoperative application at bedside

• Unclear relationship between 
impedance and tidal volume, especially 
when volumes are small

• Total lung volume impacts impedance

Conclusions

• Increase enrollment in children without OSA/SDB, other procedures, age < 2 years old

• Further computational method refinement

• Quantitative relationship between impedance and tidal volume

• Increase post-extubation measurement duration with inline sensor

• Determine signatures of adverse respiratory events (laryngospasm, bronchospasm, 
severe hypoventilation)

• Design of prospective studies to evaluate effects of extubation with differing FiO2, 
awake vs deep extubation, LMA vs ETT for surgery.

Fig 3: EIT, flow and ETCO2 reliability during induction.  
Percentage of peri-intubation period with reliable and 
high-quality signal were assessed.  Interrupted 
ventilation was the most common reason for signal 
loss for flow/ ETCo2, while motion artifact impacted 
EIT reliability.

Fig 4: Decreased impedance during induction is 
influenced by OSA Diagnosis and airway maneuvers.  
Children with diagnosed OSA have greater airflow 
reduction during induction, less well resolved by jaw 
thrust vs OPA placement.  ANOVA shows + SDB/OSA, 
airway maneuver and interaction effects.

Figure 5: Measured volume and impedance relationships for 6 subjects (left 3 panels, top and bottom) during 
spontaneous (black) and positive pressure ventilation (red). We have developed a preliminary approach to 
extracting the pulsatile component of Impedance and comparing to measured tidal volume.  The right-most panels 
show pooled data from the spontaneous breathing condition, with individual subjects coded by color on the top 
and a linear regression to the pooled data on the bottom. There is high intersubject variability and some subjects 
show marked difference in this relationship between fully spontaneous and positive pressure ventilation.

Quantitative Results from Peri-Induction EIT Measurement Change in Total Impedance and Impedance Heterogeneity
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Post-Extubation Impedance Responds to OPA and CPAP

A    B    C    D    E    F    G    H    I

Without OPA               With OPA

R
el

at
iv

e 
Im

p
ed

an
ce

(N
o

rm
al

iz
ed

 t
o

 P
re

ss
u

re
 S

u
p

p
o

rt
)

R
el

at
iv

e 
Im

p
ed

an
ce

Figure 6: Quantification of Impedance Change and Global Inhomogeneity during key 
events during the Peri-Intubation and Peri-Extubation Period (Indexed by number in 
Figs 1 and 2 above).  The top two panels show changes in tidal change in impedance 
normalized to the spontaneous breathing condition (n = 12, mean +/- SD). Reduction 
during induction reflects both effort and obstruction, which are challenging to isolate, 
however response to jaw thrust (n=12) and OPA placement (n=10) improve impedance 
and ventilation homogeneity. Positive pressure post intubation increases impedance 
and homogeneity.  Pressure support peri-extubation is associated with diminished 
impedance and increased heterogeneity, potentially due to lower tidal volumes vs. 
controlled mechanical ventilation and lower ventilation rates, which results in lower 
mean airway pressures, which may promote atelectasis.

Figure 7: Immediate decline in impedance post-
extubation is reversed by OPA placement and CPAP. 
Post-extubation decline in impedance improves with 
continued mask application and OPA placement.  
Patients which had OPA placement on average had 
greater initial impedance decline post-extubation, 
but similar overall improvement with OPA+CPAP.  It 
is unclear the interaction between CPAP and OPA 
placement as the kinetics were not evaluated.  The 
magnitude of the CPAP response in the OPA+ group 
can not be determined, though their combined 
efficacy was similar to CPAP only in the OPA – group.

Effect of Post Extubation CPAP / OPA

Future Directions

• EIT provides high quality continuous ventilation distribution information in 
anesthesized children during mask induction and peri-extubation.  

• Upper airway obstruction produces a discrete signature, differentially responsive to jaw 
thrust and OPA placement in children with OSA. The magnitude of this change appears 
non-linearly related to the magnitude of impedance change.

• Though upper airway obstruction was expected to produce homogenous ventilation 
change, impedance distribution mapping appears sensitive in detecting obstruction.

• Measured tidal volumes do not correlate with changes in impedance in all patients 
using current methodology to identify pulsatile impedance change.

• Induction and extubation are highly dynamic periods of altered respiratory function 
which alter ventilation distribution.
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