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Hemodynamic Analysis-Based Therapeutic Intervention
for Circulatory Failure in Pediatric Patients

Hirofumi Saiki
Department of Pediatrics and Pediatric Cardiology, Iwate Medical University School of Medicine, Iwate, Japan

Circulatory failure is a life threating condition for which every pediatric cardiologist should be prepared to
perform physiological analyses, make optimal therapeutic decisions, and secure the best outcome. The correct
approach for determining the cause of circulatory failure can accelerate the patients’ recovery from a critical
condition, as well as mitigate in allowing their outcome, whereas patients can rapidly deteriorate if their man-
agement is inadequate. The integrated concept of cardio-vascular interactions, the pressure-volume relationship,
is not novel, but it is vital in allowing clinicians to understand the underlying physiology of circulatory failure.
Furthermore, the pressure-volume relationship has the advantage of describing both cardiac function and its
loading condition in the same dimension. Accordingly, the pressure-volume relationship can help clinicians to
determine the best available therapeutic intervention. This review aimes to convey the initial steps involved in
assessing hemodynamic issues in children with circulatory failure.
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Fig. 1 Frank-Starling curve

The relationship between ventricular preload and
cardiac output is shown. Cardiac output increases
(A—B) with increasing ventricular preload, whereas
it is no longer the same as before with excessive
ventricular preload (B—C). Black line: heart with
normal contractile function, red line: heart with
impaired contractile function
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Fig. 2 Simplified conceptual model of interactions
among the heart, blood vessels and the

systemic body

A: Circulatory response to volume load. With
increasing ventricular preload, cardiac ventricular
movement (i.e., cardiac output) and pressure
increases, assuming vascular properties remain
the same. Corresponding to the increase in cardiac
output, systemic body perfusion increases. B:
Circulatory response to vascular dilatation. With
vascular dilatation, ventricular movement increases
as blood pressure decreases, resulting in increased
cardiac output. Red arrow: ventricular pressure,
black arrow: ventricular wall motion
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Fig. 3 Simultaneous measurement of ventricular pressure and volume constructs pressure volume loops

Left: Simultaneous measurements of ventricular pressure and volume. Right: Pressure-volume loops are shown. As
the volume load reduces, the pressure-volume loops shift to the left and a lower position. The end systolic points also
linearly shift to the left and a lower position (C=C'—C"), to give the end-systolic pressure-volume relationship line.
Similarly, the end diastolic point produces a curve, and also shifts to the left and a lower position (A—~A’—A"), to give
the end-diastolic pressure volume relationship curve. A: end-diastolic pressure-volume, A—B: isovolumic contraction,
B—C: ejection from ventricle to the blood vessels, C: end-systolic pressure-volume, C—D: isovolumic relaxation, D—A:

diastolic filling the ventricle
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The concept of the pressure-volume relationship

a) Ventricular properties in the pressure-volume curves are shown. The volume axis intercept of the ESPVR indicates
volume VO where the ventricular pressure approximated to zero. With increasing ventricular contractile function, ESPVR
becomes steep (solid line—~>dashed line). With decreasing ventricular stiffness, the EDPVR becomes flat (solid line—>
dashed line). b) Loading conditions in the pressure-volume curves are shown.In the solid pressure-volume loop, Ea,
the surrogate of ventricular afterload, is represented by the slope calculated as ESP/SV, which is shown as a solid
line. The intercept of the volume axis represents the ventricular preload, which is equivalent to EDV. With decreasing
afterload, the slope of Ea becomes shallow, as shown by the red dashed line. The example of a decreased afterload is
shown as a red dashed loop. The preload for this loop was the same as for the solid loop (EDV). With increasing preload
and the same afterload (dotted loop), Ea shifts as shown by the green dotted line. The increase in preload is shown by
the rightward shift of the Ea slope. The afterload is preserved as represented by the same slope as the solid line. The
ventricular preload is the EDV, which is described as the intercept of the volume axis by the Ea line. Ea: effective arterial
elastance, EDPVR: end-diastolic pressure-volume relationship, EDV: end diastolic volume, ESP: end systolic pressure,
ESPVR: end-systolic pressure-volume relationship, SV: stroke volume.

pressure pressure

volume
EDV: 100%N EDV: 130%N volume

Integrated ventricular-arterial relationships in a healthy individual (left) and a patient with
suppressed contractile function (right) are shown

As shown in both graphs, ventricular end-systolic pressures and stroke volumes are the same, whereas eccentric
remodeling with reduced EF is observed in the patient shown on the right as compared with the results of the
patient shown on the left. Although the EDPVRs and effective arterial elastance in both models are the same, EDP
increases with increasing preload (EDV). As the contractile function in the patient shown on the right is assumed to
be suppressed, the ESPVR on the right is less steep. In this setting, afterload augmentation (i.e., Ea, solid black line—
dotted red line) increased ESP less and ESV (and thus reduced EF as well) more markedly in the right as compared with
the left. Similarly, afterload suppression (ie: Ea, solid black line—dotted blue line) decreased ESP less and ESV (and thus
reduced EF as well) more markedly in the right as compared with the left. These findings suggest similar vasodilatation
in the individuals with suppressed cardiac contractile function possess a greater advantage in increasing SV with less
suppression of blood pressure. Conversely, afterload augmentation had a less significant effect in increasing blood
pressure and strongly suppressing SV in the right as compared with the left. Ea: effective arterial elastance, EDPVR:
end-diastolic pressure-volume relationship, EDV: end-diastolic volume, EF: ejection fraction, ESP: end-systolic pressure,
ESV: end-diastolic pressure, SV: stroke volume.
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Fig. 6 Chest X-ray images before (left) and after (right) treatment

A patient with dilated cardiomyopathy, who was refractory to medications including diuretics, enalapril and carvedilol,
was treated with digoxin, pimobendane and water restriction based on the concept of the pressure-volume relationship.
Reverse remodeling, of which there was much more than expected, was introduced, as shown in the chest X-ray.
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Fig. 7 How to assume the pressure-volume relationship in the clinic (Case 1)

A: End-systolic blood pressure coupled with an echocardiogram suggested the idea of ESV and ESP (®). Based on an
echocardiogram, increased EDV with augmented EDP was also suspected (). B: The concept outlined above allows
physicians to draw an Ea line (EDV and slope of ESP/SV). The lines for ESPVR and EDPVR can also be assumed.
For trainees, the additional point(s) of both lines can be obtained using a mild volume loading or mild abdominal
compression. Alternatively, any echocardiographic index can be utilized including tissue Dopplar images, tissue tracking
images, or even the single beat elastance method 4, 6). Clinicians should reassess the response of hemodynamics
once therapeutic interventions have been made. C: Cardiovascular response to inotropes is shown. With the increase in
steepness of the Ees, end-systolic pressure-volume point shifts to the left and a higher position, resulting in increased
stroke volume and blood pressure. D: The cardiovascular response to volume reduction is shown. With the leftward shift
of the Ea slope, end systolic and diastolic pressure-volume points transit downward with a shift to the left, resulting in
the marked suppression of both stroke volume and systolic pressure. The advantage of this intervention is the reduction
in EDP, which may ameliorate respiratory conditions. E. The cardiovascular response to afterload reduction is shown.
With a milder transition of the Ea slope with the same volume axis intercept, a marked increase in stroke volume with
mild suppression of blood pressure is anticipated. Ea: effective arterial elastance, EDPVR: end-diastolic pressure-volume
relationship, EDP: end-diastolic pressure, EDV: end-diastolic volume, EF: ejection fraction, ESP: end-systolic pressure,

ESV: end-diastolic pressure, SV: stroke volume.
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Fig. 8 Pressure-volume relationship with diastolic
dysfunction

Diastolic dysfunction is a type of cardiac dysfunc-
tion where proper ventricular preloading cannot be
assured with operable end-diastolic pressure, due
to stiffness in the ventricle. In the pressure-volume
relationship, a steeper EDPVR represents increased
ventricular stiffening (solid line—~>dashed line).
One must consider the contribution of ventricular
relaxation, which is often delayed in systolic heart
failure, to the diastolic stiffening.
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Fig. 9 Simultaneous measurement of ventricular diastolic pressure and central venous pressure during

abdominal compression in Case 2

With abdominal compression, which mobilizes the hepatic blood pool to the systemic circulation, a marked increase
in EDP (dotted red line) close to the level of CVP (dotted black line) was observed, suggesting a markedly decreased
pressure gradient between the ventricle and the central vein under an excessive volume load. CVP: Central venous

pressure, EDP: end-diastolic pressure.
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Fig. 10 Blood flow patterns before and after atrial pacing in Case 3

In Case 3, atrial pacing markedly improved pulmonary venous (PV) as well as inferior vena cava (IVC) flow patterns
while central venous or systemic blood pressures were unchanged. IVC: inferior vena cava, PV: pulmonary venous.
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Table 1T Hemodynamic response against atrial

pacing
PMR PMR SR
130bpm 100bpm 95bpm

Cl (Fick), L/min/m? 3.00 2.74 2.20
LVp, mmHg 77/EDP 6  80/EDP8  72/EDP 8
PA wedge, mmHg 4 6 7
CVP, mmHg 7-8 8 10
SvO,, % 55 45

Cl: Cardiac Index, CVP: central venous pressure, LVp:
Left ventricular pressure, PA: pulmonary artery, PMR:
pacemaker rhythm, SR: sinus rhythm, SvO,: central venous
pressure in central vein.
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