
Understanding Hemodynamics: 
Optimizing the Cardiac Catheterization 

Laboratory in Complex Conditions

Bryan H. Goldstein, MD
Professor of Pediatrics

Director, Cardiac Catheterization Laboratory
Heart Institute

UPMC Children’s Hospital of Pittsburgh



Disclosures

• W.L. Gore & Associates: Consultant and Proctor
• Medtronic, Inc: Consultant and Proctor
• Mezzion Pharma: Consultant and Scientific Advisory Board 

Member
• PECA Labs: Consultant



Outline

• Ground rules
• Assumed vs. measured data
• Static vs. dynamic assessment
• Measurements we didn’t know we could obtain
• Conclusions



A common scenario

• 4 yo M with DCM undergoing pre-OHT evaluation
• Sats: PA 63%, DAO 96%
• Pressures: PA mean 16 mmHg, PCWP mean 6 mmHg
• Hgb 12.3, HR 115
• Assumed VO2 165 ml/kg/min

• Qp=Qs=2.94 L/min/m2

• Rp=2.72 U*m2



A common scenario

• 4 yo M with DCM undergoing pre-OHT evaluation
• Sats: PA 63%, DAO 96%
• Pressures: PA mean 16 mmHg, PCWP mean 6 mmHg
• Hgb 12.3, HR 115
• Measured VO2 97 ml/kg/min

• Qp=Qs=1.76 L/min/m2

• Rp=5.68 U*m2



Ground Rules

• Catheterization reflects a moment in time
• Measured data are measured whereas assumed data are not
• Hemodynamic data are typically acquired in a 

sedated/anesthetized, supine, and somewhat volume unloaded 
state

• Airway management strategy, sedation/anesthetic agent 
selection, ventilation/acid-base homeostasis, extra-cardiac 
organ pathologies can all impact measured hemodynamics



Data are data, not truth



Accuracy in the measurement of 
cardiac output



Determination of Cardiac Output

• Integral to assessment of the critically ill patient 
• Necessary for determination of vascular resistance
• Plays a major role in care delivery and decision making 
• And yet…thermodilution determination of cardiac output (gold 

standard) cannot be used in the setting of very low output, 
shunt lesion(s) or valvar regurgitation

• Thus, we frequently rely on the Fick principle for determination 
of cardiac output



Determination of Cardiac Output

CO =             VO2
(AO-PA)([Hgb])(1.36)(10)

VO2



Oxygen Consumption

• Infrequently measured
• Difficult to assess in smaller/younger children or with GETA
• Historical reliance on formulae from LaFarge
• LaFarge data from 1960’s

• No GETA
• No single ventricle palliation
• No percutaneous interventions
• No neonates, infants and young children

• Recent work has demonstrated LaFarge formulae to be 
inaccurate

LaFarge and Miettinen. Cardiovasc Res. 1970.



Seckeler et al. Congenit Heart Dis. 2014
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Oxygen Consumption
< 3 Years ³ 3 Years

Seckeler et al. Heart. 2014
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The Seckeler Equation for VO2

Seckeler et al. Heart. 2014
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Examples from UPMC Children’s in 2023

Diagnosis Age Weight Assumed VO2
(LaFarge)

Assumed 
VO2

(Seckeler)
Measured 

VO2
Difference

Truncus 
(repaired), 
s/p CVA

19 
months 16.2 kg 176    

ml/min/m2
147 

ml/min/m2
84 

ml/min/m2
-92 ml/min/m2

-63 ml/min/m2

Truncus 
(repaired), 
ex-25 week 

GA

4 
months 3.0 kg 210    

ml/min/m2
186 

ml/min/m2
278 

ml/min/m2
+68 ml/min/m2

+92 ml/min/m2

Directly measure oxygen consumption whenever possible.



Resting hemodynamics may not 
be adequate in certain cases or 

populations



Dynamic Assessment

• Many limitations to hemodynamic assessment in the volume 
unloaded, anesthetized, supine and paralyzed state

• Stress hemodynamics may unmask underlying pathology that is 
otherwise concealed

• Exercise hemodynamics – well described but frequently 
unachievable  

• Other stressors include inotropic/chronotropic agents or volume 
loading



Restrictive Physiology: Classic Example



Restrictive Physiology: Classic Example



Volume Loading in CHD

• Limited role in hemodynamic assessment
• Fontan circulation offers an intriguing potential case for rapid 

volume expansion 
• Population may be particularly prone to falsely low 

hemodynamics after NPO 
• Patients are often symptomatic despite normal EDP, low PVR 

and preserved ventricular systolic function
• Only recently has diastolic dysfunction (FHFpEF) become 

accepted as frequent



Impact of Volume Loading in Fontan

15 yo DILV Fontan, referred for fenestration 
closure due to exertional dyspnea



Impact of Volume Loading in Fontan

Repeat hemodynamics 5 minutes after rapid 15 
ml/kg NS fluid bolus



Occult Diastolic Dysfunction: Fontan

Averin K et al. Heart. 2016

N=46

35% of patients 
demonstrated 
ODD, as defined by 
EDP ³ 15 mmHg



Occult Diastolic Dysfunction in Fontan

• In univariate analysis, higher baseline EDP (p<0.001), longer 
duration of Fontan circulation (p=0.02) and lower baseline CI 
(p=0.03) were associated with higher fluid challenge EDP

• Longer duration of Fontan circulation (p=0.04) was associated 
with greater change in EDP

• In multivariable analysis, only higher baseline EDP (p<0.001) 
was significantly associated with higher fluid challenge EDP

Averin K et al. Heart. 2016



Occult Diastolic Dysfunction in Fontan

Peck D et al. J Am Heart Assoc. 2023.

N=84



Occult Diastolic Dysfunction in Fontan
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Occult Diastolic Dysfunction in Fontan

Peck D et al. J Am Heart Assoc. 2023.

ODD+

ODD-



Occult Diastolic Dysfunction in Fontan

Peck D et al. J Am Heart Assoc. 2023.

< 10 Year Fontan Duration ≥ 10 Year Fontan Duration



Dynamic Evaluation of Fontan Circulation



Dynamic Evaluation of Fontan Circulation

Goldstein B et al. Am J Cardiol. 2011
Navaratnam and Veldtman et al. Am J Cardiol. 2016



Use of novel technologies to 
acquire standard data



Fetal Critical AS with Evolving HLHS

Freud et al. Circulation. 2014. 
Goldstein et al. Pediatr. 2011

LV Ao

Ao

AoAo

Following the onset of aortic hypotension 
and lack of pulsatility, it took a full minute 
before bradycardia developed.  
Epinephrine was then provided with return 
of aortic pulsatility.  In the absence of 
routine fetal aortic monitoring during fetal 
cardiac intervention, this represents an 
unknown period of high risk without 
opportunity for treatment



Zampi J et al. Congenit Heart Dis. 2013.



Hybrid PA Band Placement in HLHS

Pacella J and Batlivala SP et al. In Preparation.
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Hybrid PA Band Placement in HLHS

Pacella J and Batlivala SP et al. In Preparation.

In 10/23 cases (43%), PA band 
adjustment was performed following 

initial placement.  In least 4/10 
cases (40%), indication for PAB 

adjustment was abnormal pressure 
data alone (in isolation from 

angiography).



Conclusions

• “There is no magic in magic, it’s all in the details”
-Walt Disney

• Catheterization data are highly dependent upon the 
circumstances (state) at the time of data acquisition

• Assumed data are just that
• Dynamic testing (volume, exercise, pharmacologic) increases 

the likelihood of identifying occult pathology – e.g. Fontan ODD
• Even in an era where catheterization-related “press” is 

dominated by interventional procedures, nuanced 
hemodynamic interrogations still matter
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