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Abstract 

Flow-energy dissipation reduces hemody-
namic efficiency of a Total Cavopulmonary 
Connection (TCPC), or Fontan-modified cir-
culation.  Anatomical obstructions within the 
systemic venous-to-pulmonary arterial path-
way are often associated with small (<1 
mmHg) measured pressure changes.  Never-
theless, the associated flow disturbances 
can give rise to prominent alteration in flow 
velocity, an important determinate of energy 
loss.  We used a computer-based description 
of non-pulsatile fluid flow through a conduit 
taken to simulate blood traversing a nar-
rowed portion of a Fontan cavopulmonary 
passage.  Fluid pressure distributions and 
flow-velocity fields were determined from 
numerical solutions (finite element analysis) 
of the Navier-Stokes equations for the flow 
transitions.  Our findings indicate significant 
fluid energy loss for flow (1.65*10-5 m3/s or 
1L/min) crossing wedge-like or circumferen-
tial obstructions, each chosen to produce a 

40% reduction in conduit cross-sectional 
area.  Pressure drops were calculated, and 
found to average only ~ 26.7 N/m2 or ~ 0.2 
mmHg.  Despite these small pressure 
changes, prominent regions of flow stagna-
tion and flow reversal were identified distal to 
the obstructions. By analogy, the conse-
quence such flow patterns may have on per-
fusion through TCPCs is discussed.  Based 
on our analysis, a treatment strategy in car-
ing for post-Fontan patients would be to opti-
mize cavopulmonary blood flow pathways to 
obliterate flow disturbances, thereby helping 
to conserve flow energy. 

Introduction 

The Total Cavopulmonary Connection 
(TCPC), commonly referred to as the Fontan 
procedure, has become the surgical treat-
ment of choice for children with functional 
single-ventricle heart disease [1-3].  The 
TCPC entails creating direct superior and/or 
inferior vena cava-to-pulmonary artery tubu-
lar connections that channel blood flow di-
rectly to the lungs [4-6].  An important factor 
governing successful hemodynamic perform-
ance following Fontan completion is the ca-
pacity of the surgically-crafted cavopulmon-
ary pathway to conserve the traversing blood 
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ary system that may impede pulmonary blood flow.  Since 
there is so little ventricular vis a tergo in a TCPC, flow is 
largely passive, and of low velocity.  Therein, a clinically 
measurable pressure change across a suspected, or an-
giographically identified, obstruction often is quite small (< 1 
mm Hg), see Fig. 1.  Nonetheless, the associated hemody-
namic disturbance can give rise to prominent alteration in flow 
velocity (both in magnitude and direction), a critical determi-
nant of fluid energy loss. 

The purpose of this investigation is to employ a computation-
based description of non-pulsatile fluid flow through a conduit, 
chosen to simulate blood crossing an obstructed portion of a 
Fontan cavopulmonary pathway.  Two anatomical forms of 
obstruction are considered.  The first is a wedge-like occlu-
sion, Figs. 1A and 2a, and the second a circumferential con-
striction, Figs. 1C and 2b.  Both types of obstructions were 
taken to have the same cross-sectional area for flow.  We 
postulated, under systemic venous perfusion conditions, en-
ergy-depleting flow disturbances can be created, even with 
minimal overall pressure loss, as a consequence of fluctuating 
fluid pressure and re-distribution of flow velocity in the region 
of obstruction.  Using pressure distributions and velocity fields 
determined from numerical solutions (using finite element 
analysis) to the Navier-Stokes equations for the proposed flow 
transitions, pressure recovery and flow energy losses were 
assessed along the downstream fluid pathway.  Regions of 
flow stagnation and flow reversal are identified.  By analogy, 
the clinical consequence such flow patterns may have for ef-
fective perfusion through TCPC’s are discussed. 

Rational 

In our model, incompressible, non-pulsatile fluid flow through 
a conduit was considered to satisfy the energy-balance equa-
tion: 

(1) 

 

The quantity ΔWi,,f  represents the energy dissipated per time 

or power loss for the flow transition (i to f).  The subscripts (i) 

and (f) designate the initial (or incoming) and final (or outgo-

ing) portions of the fluid pathway, respectively.  Rho (ρ) is the 

fluid density and Q the flow rate.  The terms <P>  and  

represent flow-averaged pressure (P) and kinetic energy         
(              ) respectively, where:  

(2A) Pressure      

 

(2B) Kinetic Energy       

 

(2C) Flow Rate          .        

flow’s motional energy.  Therefore, anatomical configurations 
depleting energy from the flow, such as those producing acute 
change in pathway size – either larger or smaller [7-9] – and/or 
direction [7-8], can severely reduce efficiency of the Fontan 
circulation. 

In post-Fontan patients, cardiac catheterization is often em-
ployed to help delineate abnormalities within the cavopulmon-

Figure 1 (A - D):  Clinical examples of obstructed portions of Fontan 
cavopulmonary pathways. (A) Angiogram showing the  inferior vena 
cava-to-pulmonary artery pathway in a patient having undergone 
surgical palliation for hypoplastic left heart syndrome.  A wedge-like 
obstruction is seen occluding the intracardiac conduit at the level of 
the diaphragm (arrow).  Early systemic venous collaterals can be 
seen proximal to the obstruction. An approximately 0.3 mmHg     
pressure drop was measured across the obstruction by direct       
pullback; the distal conduit mean pressure was 12 mmHg.  Pressure 
measurements were performed using a Phillips, Mac-Lab 7000    
System.  Pressure tracings were recorded on scale 0-to-20 mmHg 
using 41 reference gridlines.  Note the previously placed intravascular 
stent in the proximal left pulmonary artery (double arrow). (B)       
Angiogram showing the intracardiac conduit to be widely patent after 
placement of an (18-26 mm) x 26 mm balloon-mounted intravascular 
stent  (Intra Therapeutics, St Paul, MN).  No residual pressure drop 
was detected across the newly stented region. (C) Angiogram    
showing the superior vena cava-to-right pulmonary artery pathway    
in a patient having undergone surgical palliation for hypoplasia of the 
right ventricle, ventricular septal defect and straddling tricuspid valve.  
A circumferential ridge of tissue is seen constricting the bidirectional 
Glenn anastomosis (arrow).  Early systemic venous collaterals can  
be seen proximal to the obstruction.  An approximately 0.4 mm Hg 
pressure drop was measured across the obstruction by direct       
pullback; the right pulmonary artery mean pressure was 12 mmHg.  
Same pressure recording system as in (A).  (D) Angiogram showing 
the anastamosis site to be widely patent after dilatation with a (14 mm 
x 20 mm) balloon catheter (XXL. Boston, MA).  No residual pressure 
drop was detected across the ballooned region. 
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performs work on fluid crossing (A); Eq. (2B) designates the 

rate kinetic energy is carried by fluid crossing (A).  The quan-

tity ΔWi,f  may further be written as  ΔEi,f  Qf, where the flow 

energy loss term ΔEi,f  describes the power loss of the fluid 

system per unit of fluid flow.  The pressure contribution to ΔEi,f   

is: 

(3A)               (ΔE i,f  )P = ( <P>i -<P>f  ) 

The kinetic energy contribution to ΔEi,f  is: 

 

(3B)     

Note, (ΔEi,f )KE, will be negative when the flow’s final kinetic 
energy exceeds its initial kinetic energy, as occurs when flow 
undergoes contraction.  These quantities combine to form the 
flow energy loss term, ΔEi,f , for the fluid system: 

(3C)           ΔEi,f   =( ΔEi,f   )P+( ΔEi,f   )KE    

Equation (3C) may be re-arranged to read as follows: 

(3D)            ( ΔEi,f   )P=( ΔE,f,i  )KE+ΔEi,f         

This form of Eq. (3C) shows that (ΔEi,f)P, which also repre-

sents the overall pressure change for the fluid transition, is 

determined by the change in flow kinetic energy and the flow 

energy loss.  If pressure and flow-velocity are constant over Ai 

and Af, and energy dissipation is negligible, Eq (3D) reduces 
to the commonly-used form of the Bernoulli equation,              

.  The various ΔEs represent energy per unit of 

fluid volume and thus carry equivalent units of pressure. 

Methodology 

The computational package FEMLAB 3.1 (Comsol, Inc.,    
Burlington, MA) was used to create 3-dimensional models of 
non-pulsatile fluid flow through a rigid cylindrical conduit with 
a partial occlusion of length (L) (Figs. 2a and 2b).  The con-
duit walls were assumed rigid because most surgically-
constructed tubular passages are composed of non-compliant 
Gortex.  The flow rate was fixed at a value, typical of that in a 
Fontan cavopulmonary pathway, namely 1.65*10-5 m3/s or 
1L/min.  Similarly, the pressure in the conduit distal to the 

Here p and v denote the local pressure and magnitude of the 

velocity (v) associated with flow (dq) crossing a differential 

area (da).  The elemental flow satisfies dq = vN da, where vN   

is the velocity component normal to da. The symbol           . des-

ignates the summation (weighted by the flow) or integration 

(with respect to the flow) of p and            , as flow is distrib-

uted over the conduit’s cross-sectional area (A).  In general, 
the pressure distributions and velocity fields will be dissimilar 

over Ai and Af.  Thus, the corresponding bracketed terms < >i 

and < >f , in Eq. (1), which are to be evaluated over the en-

trance and exit areas Ai and Af , respectively, will take on dif-
ferent values.  Equation (2A) reflects the rate pressure force 
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Figure 2. Schematic representation of a cylindrical conduit used to 
computationally describe fluid flow across a wedge-like (a) and 
circumferential (b) obstruction (shaded regions).  The shaded areas 
represent 40% of the unobstructed conduit’s cross-sectional area. 

Figure 3. Color-coded flow-velocity, in m/s, distributions (a and c)  
and flow-velocity profiles (b and d) characterizing fluid crossing 
wedge-like obstructions of length 0.002 m and 0.01 m.  The orange 
segments indicate regions of increased fluid velocity arising as a  
consequence of the flow traversing the narrowed segment of the  
conduit.  The dark-blue areas designate adjacent regions of flow  
stagnation and flow reversal.  Note flow’s contracted velocity profile 
as it emerges from the obstruction and propagates downstream.  
Short obstructions result in smaller stagnation regions distal to the 
obstruction. 
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nian fluid under high rate-of-strain conditions, as occurs in 
the systemic venous system.  The reader wishing to skip over 
the discussion of Numerical Analysis Techniques used for FEM-
LAB calculations may advance directly to the Results Section.   

Numerical Analysis Techniques 

The computer-simulated conduit consisted of domains com-
bined to create the modeled vessel.  The multi-domain con-
struction technique allowed for greater flexibility in mesh 
resolution, a key element for accurate finite element analy-
sis. For the wedge-like obstructions, the domain representing 
the conduit for the regions proximal to and distal to the inter-
posed obstruction were described using the FEMLAB-
defined “fine” mesh.  The fine mesh entails a maximum ele-
ment growth rate of 1.35, a maximum element size-scaling 
factor of 0.8, and curvature and cut-off factors of 0.35 and 
0.008, respectively.  The wall boundaries defining the region 
of obstruction required an “extra-fine” mesh, which de-
creases the element growth rate to 1.25, and the curvature 
and cut-off factors to 0.15 and 0.001, respectively.  For the 
circumferential obstructions, the proximal and distal domains 
were described using the FEMLAB-defined “normal” mesh, 
while the region of obstruction again required the extra-fine 
mesh.  

Results 

Figures 3 and 4 compare color-coded flow-velocity distribu-
tions (a and c) and flow-velocity profiles (b and d) along the 
fluid pathway corresponding to the wedge-like (Fig. 2a) and 
circumferential (Fig. 2b) obstructions, of lengths 0.002m and 
0.01m.  The elongated orange segments emanating from the 
orifice of the obstructions signify higher values of fluid veloc-
ity arising as a consequence of flow having undergone con-
traction. The dark-blue areas along the walls of the conduit, 
distal to or in the shadow of the obstructions, define regions 
of flow stagnation and flow reversal, which are particularly 
prominent for the wedge-like occlusions.  These features are 
also reflected in the flow-velocity profiles. Both the velocity 
distributions and their respective profiles are consistent with 
a more contracted, or collimated, fluid stream beyond the 
elongated (0.01m) compared to the short (0.002 m) obstruc-
tions.  Moreover, the downstream velocity profiles display 
delayed recovery to a distribution indicative of uniform flow 
(pre-obstruction pattern), for the elongated compared to the 
short obstructions, again the effect being more pronounced 
for the wedge-like occlusions. 

Figures 5a and 5b show flow kinetic energy traces for the 

various obstruction lengths.  These graphs describe the rate 

with which kinetic energy is carried by fluid crossing succes-

sive planes distal to the obstructions, i.e.           

from Eq 2B.  In the absence of obstruction, there is no 

change in downstream kinetic energy (dashed line).  How-

ever, kinetic energy steadily decreased with advancing dis-
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obstruction was taken as a common value of 1600 N/m2 or 12 
mmHg, as for the examples in Fig. 1.  The fluid pressure dis-
tributions and the flow velocity fields were determined along 
the conduit length in increments of 0.01m. 

The accuracy of FEMLAB was assessed by first solving the 
problem of steady pipe flow (Poiseuille flow).  The computer-
generated overall pressure change between the ends of the 
pipe, flow axial velocity, flow rate and flow-induced wall shear 
stress were compared to corresponding values obtained from the 
exact analytical expressions for these quantities.  The wall shear 
stress was determined to confirm that viscous contributions to 
fluid motion would be accurately assessed.  The FEMLAB gener-
ated values were within 1% of the analytically-derived results.   
After confirming the accuracy of FEMLAB to solve the problem 
of non-obstructed Poiseuille flow, flow rate through a conduit 
containing an obstruction of length 0.005 m was calculated in 
0.01m increments.  Tracing the flow rate (conservation of 
mass), to within 1% of the predicted value, along both the un-
obstructed and obstructed portions of the conduit, verified that 
our numerical approach was of sufficient resolution to provide 
accurate results.   

Model Parameters 

A cross-sectional area and a length (L) defined the wedge-like 
and circumferential obstructions, as shown in Figs. 2a and 2b.  
The flow cross-sectional area was the same for both types of 
obstruction.  The obstructions produced a 40% reduction in 
conduit cross-sectional area.  Alternatively stated, the flow 
cross-sectional area was 60% of that for the unobstructed 
conduit.  The length (L) was varied from that to produce thin 
(0.002 m) membrane-type obstructions to that for elongated 
(0.02 m) segments of narrowing.  The remaining model pa-
rameters are as follows: conduit length = 0.07m, conduit di-
ameter = 0.012 m, fluid density = 1050 Kg/m3 and fluid viscos-
ity = 3.5 x 10-3 N-s/m2. The density and viscosity values were 
selected to allow blood to be treated as a Newtonian fluid.  
This transformation is valid since blood behaves as a Newto-

Figure 4.  Color-coded flow-velocity, in m/s, distributions (a and c)    
and flow velocity profiles (b and d) characterizing fluid crossing  
circumferential obstructions of length 0.002 m and 0.01 m.  The      
orange segments indicate regions of increased fluid velocity arising    
as a consequence of flow traversing the narrowed segment of the  
conduit.  The dark-blue areas designate concentric regions of flow 
stagnation.  Note flow’s contracted velocity profile, as it emerges    
from the obstruction and propagates downstream. 
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tance beyond an obstruction (solid lines).  Moreover, kinetic 

energy was higher for wedge-like compared to circumferential 

obstructions of the same length, and increased with increasing 

obstruction length.  If one compares kinetic energies at 

equivalent distances from the orifice, rather than the center, of 

the obstructions, the kinetic energies continue to assume 

higher values for greater obstruction lengths (not shown). 

The calculated overall pressure changes,(ΔEi,f  )P, for the vari-
ous transitions were greater for the wedge-like obstructions 
[ranging from 27.5 N/m2 or 0.21 mmHg (L= 0.002 m) to 38.7 
N/m2 or 0.29 mmHg (L= 0.02 m), average ~ 32 N/m2 or ~ 0.24 
mmHg] compared to the circumferential obstructions [ranging 
from 16.8 N/m2 or 0.13 mmHg (L= 0.002 m) to 28.1 N/m2 or 
0.21 mmHg (L= 0.02 m), average ~ 21.9 N/m2 or ~ 0.16 
mmHg].  The average pressure change characterizing all the 
transitions was ~ 26.7 N/m2 or 0.2 mmHg.  The pressure 
drops increased uniformly with obstruction length.  The in-
crease with respect to length was essentially the same for 
both types of obstructions, namely ~ 0.7 N/m2/mm or ~ 0.005 
mmHg/mm. 

Figures 6a and 6b show fluid pressure traces.  These graphs 

describe the average pressure exerted by fluid over succes-

sive planes distal to the obstructions, i.e..              . In the 

absence of obstruction, there is a minor decrease in down-

stream pressure (dashed line), as a consequence of the un-

derlying viscous resistance to flow.  For both types of obstruc-

tions, pressure increased (recovered) with advancing distance 

beyond the obstruction (solid lines).  The final values ap-

proached the imposed constraint of a distal conduit pressure 

of 1600 N/m2 or 12 mmHg. 

Figure 7 shows color-coded representations of the quantity    

( pvN ), associated with flow through a fluid pathway containing 
a wedge-like (a) and circumferential (b) obstruction.  

This quantity is used in the calculation of < P >, i.e..           . 

from Eq 2A.  The distribution of ( pvN ) over the cross sectional 

area describes how the pressure ( p ) and the axial compo-

nent of flow velocity ( vN ) combine to transport energy to fluid 
flowing along the conduit.  The orange segments denote en-

ergy contributions to forward flow and the dark-blue areas to 

reverse flow. 

Figure 8a shows the overall percent increase in flow kinetic 
energy arising as a result of the transitions (i to f).  The gain 

                                                                             

Figure 5.  Flow-kinetic energy traces, in Nm/s, i.e. calculated values of 

kinetic energy                         associated with flow crossing successive planes 

distal to the wedge-like (a) and circumferential (b) obstructions of   

various lengths, 0, 2, 10, and 20 mm.  Dashed line indicates  absence 

of and solid lines presence of obstruction. 

∫
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univentricular heart has undergone modifications directed at 
conserving cavopulmonary blood flow’s motional energy in 
order to enhance pulmonary perfusion, minimize systemic 
venous pressure and decrease ventricular workload.  Accord-
ingly, de Leval et al. [4, 10] and Puga et al. [11] advocated a 
“Total Cavopulmonary Connection (TCPC)”: the combination 
of a bidirectional Glenn shunt and an intracardiac conduit 
from the inferior vena cava to the right pulmonary artery.  
These groups postulated direct bicaval connections to the 
pulmonary arteries would result in more energy-sparing blood 
flow patterns.  More recently, analytical [8-9, 12], empirical or 
in vitro [4, 13-18] and computer-based [10, 19-22] fluid-
dynamics studies have suggested refinements of cavopulmon-
ary connections, such as caval offsets [18], flaring of caval-to-
pulmonary artery anastomosis sites [9], an extracardiac rather 
than an intracardiac conduit joining the inferior vena cava to 
the right pulmonary artery [16], etc., to further improve hemo-
dynamic efficiency within the systemic venous portion of the 
Fontan circulation. 

Nevertheless, several segments along the Fontan blood flow 
pathway remain at risk for developing obstruction.  These por-
tions include: the branch pulmonary arteries – especially the 
proximal left pulmonary artery due to compression by the 
neoaorta following Stage I of palliation for hypoplastic left 
heart syndrome (Fig. 1A), the superior vena cava-to-right pul-
monary artery anastomosis (Fig. 1C), the portion of the infe-
rior vena cava-to-right pulmonary artery intracardiac conduit at 
the level of the diaphragm (Fig. 1A), etc.  Such obstructions 
within the cavopulmonary system may exacerbate effects as-
sociated with systemic venous hypertension, such as: hepa-
tosplanchnic congestion, which can impair venous return from 
the gastrointestinal tract; and elevated superior vena cava 
pressure, which can restrict lymphatic resorption due to tho-
racic duct congestion.  Both conditions have been implicated 
in protein losing enteropathy. 

in kinetic energy increased with increasing obstruction length, 
and was greater for wedge-like compared to circumferential 
obstructions of the same length.  The flow kinetic energy con-
tribution, (ΔEi,f )KE, to the energy loss term, ΔEi,f , is within a 
multiplicative factor the percent increase in kinetic energy.  
Thus, a plot of the magnitude of  (ΔEi,f )KE  vs. obstruction 
length would be identical to that in Fig. 8a, except in overall 
scale.  Figure 8b shows the corresponding energy loss term, 
ΔEi,f.  Energy loss was greater (~ 50%) for wedge-like com-
pared to circumferential obstructions of the same length, and 
increased with increasing obstruction length.        

Discussion 

Features of TCPC Pathways 

Since its inception in 1971 [1], the Fontan operation for 

Figure 6.  Fluid pressure traces, in N/m2, i.e. calculated values of   

average pressure       over successive planes distal to the wedge-

like (a) and circumferential (b) obstructions of various lengths, 0, 2,10, 

and 20 mm.  Dashed line indicates absence of and solid lines presence 

of obstruction. 

Figure 7.  Color-coded distribution of ( pvN ), in N/m-s, characterizing 
flow crossing successive planes along a fluid pathway containing a 
wedge-like (a) and a circumferential (b) obstruction.  The orange  
segments depict the pressure-velocity contributions to forward flow 
and the dark-blue areas to reverse flow.  
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.  or 4Vf
2, where ΔPi,f   is expressed in mmHg and Vf in 

m/s.  For a ΔPi,f  of ~ 0.2 mm Hg, the post-obstruction velocity 

would be ~ 0.2 m/s, a low value, but typical for systemic ve-

nous return.  In the presence of energy dissipation, however, 

Small Overall Pressure Changes Across Cavopulmonary   
Obstructions to Flow 

Cardiologists commonly use pressure gradient to assess se-
verity of intravascular obstruction.  However, in Fontan pa-
tients, pressure tracings obtained at cardiac catheterization 
often show minimal variation across the caval veins and the 
intracardiac conduit [15, 23-24], even in the presence of well-
defined obstruction.  Moreover, pressure assessment yields 
little information about flow velocity [22, 25-29], an important 
factor governing flow energy loss [7, 28].  Recently, it has 
been shown [7,28] that multidimensional phase-velocity mag-
netic resonance imaging can become an important tool for 
evaluating in vivo blood flow dynamics in Fontan patients, 
because flow velocity can be mapped along the systemic ve-
nous-to-pulmonary arterial pathway.  The cases presented in 
Fig. 1 illustrate the typically low-pressure gradients (0.3-0.4 
mmHg) encountered in angiographically-narrowed systemic 
venous pathways created by modified-Fontan procedures.  
The associated flow perturbations resulted in only an ~ 2% 
overall reduction in cavopulmonary pressure.  Collateral ve-
nous communications between the caval veins may contribute 
to such small pressure losses.  The azygous-lumbar venous 
system provides an extensive network of alternative channels 
for blood flow to bypass occlusions of the superior and/or infe-
rior vena cava.   

An important finding from our computational study is that for a 
passively perfused fluid system, taken to simulate blood flow 
through a stenotic portion of a Fontan systemic venous pas-
sage, obstructions causing marked re-distribution of flow ve-
locity and significant energy dissipation, can be associated 
with small overall pressure changes [30].  For the flow transi-
tions considered in this study, our calculated pressure drops 
averaged ~ 26.7 N/m2 or ~ 0.2 mmHg, which constituted an ~ 
2% decrease in conduit pressure.  Although these pressure 
drops seem low, they are at least 3-fold higher than the pres-
sure difference (0.06 mmHg) required to drive flow at 1 L/min 
through the unobstructed conduit, and more than 2-fold 
greater than the kinetic energy (0.09 mmHg) of the incoming 
fluid stream.  These small transitional pressures largely reflect 
the low velocity of flow found in a cavopulmonary system. 

In general, pressure drop across an obstruction is determined 

by the change in flow kinetic energy and the associated flow 
energy loss, Eq. (3D).  In the absence of dissipative effects, 

the pressure drop (ΔP) can be estimated from the downstream 

kinetic energy using the simplified Bernoulli equation, i.e.          

Figure 8. (a) Percent increase in flow kinetic energy (KE) arising as a 

consequence of fluid crossing wedge-like (red circles) and circumfer-

ential (blue squares) obstructions of various lengths, i.e. . 

(b) Comparisons between flow energy loss terms, ΔEi,f , in N/m2,         

associated with fluid crossing wedge-like (red circles) and           

circumferential (blue squares) obstructions of various lengths. 
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the conversion of pressure-generated 

energy into energy of motion can be 

markedly reduced.  In this case, ΔP  re-

flects mainly flow’s energy loss.  In our 

examples, the energy loss term, ΔEi,f , 

averaged ~ 19 N/m2 or ~ 0.14 mmHg, 

which constituted ~ 70% of the overall 

pressure decrease associated with the 

fluid reactions. 

Phenomenological Description of 
Flow Energy Loss 

The calculated energy loss, ΔEi,f , for the 

various flow transitions averaged ~  0.14 

mmHg.  This value should reflect a fac-

tor common to all the obstructions; e.g., 

the ratio of the conduit’s cross-sectional 

area (A)-to-the obstruction’s orifice 

area (a), or.            ..Although a fluid 

can speed up efficiently, it slows down 

inefficiently, and, in doing so, largely 

through viscous dissipation.  Let us as-

sume the energy loss is caused primarily 

by re-expansion (deceleration) of the 

flow, downstream from the obstruction.  

Using the pressure forces acting on and 

the momentum changes associated with 

the fluid mass from a vena contracta, of 

area ac, to the distal conduit where expan-
sion is essentially complete, of area A, the 

energy loss ΔEi,f  , may be approximated by                 

. [31].  Here, ac = Cc a, Cc being 
the coefficient of contraction.  The pa-

rameter Cc is ~ 0.6 for sharp-edged, mem-
brane-like and ~ 1.0 for elongated obstruc-

tions.  By calculation, ΔEi,f    is .0.15 mmHg 

for a flow of 1 L/min, consistent with the 

computer-generated values. 

Pressure and Kinetic Energy            
Contributions to Flow Energy Loss 

The total energy loss, ΔEi,f , has pressure, 

(ΔEi,f  )P , and kinetic energy, (ΔEi,f )KE, con-

tributions.  Despite small overall pressure 

drops, the pressure term is dominant, 

which underscores the importance of work 

performed by pressure forces to overcome 

the impairment to flow imposed by viscous 

interactions.  The kinetic energy compo-

nent reflects changes in fluid-velocity aris-

ing from re-distribution of flow.  For the 

types of obstructions considered, flow un-

dergoes contraction (and hence accelera-

tion), as it negotiates the narrowed segment 

of the conduit.  Thus, (ΔEi,f  )KE         becomes 

negative over the length of the conduit, i.e.                   

. exc eed s .       . It is important 

to note that although flow kinetic energy is 

gained throughout the region of obstruction, 

a portion of this energy is subsequently lost 

distal to the obstruction, as shown in Fig. 5, 

due to viscous dissipation.  Moreover, the 

overall gain in kinetic energy may be consid-

erably less than would be achieved in the 

absence of dissipative effects.  If all the work 

performed by pressure forces went into 

changing flow’s kinetic energy (i.e. no energy 

loss), the expression for the percent increase 

in kinetic energy  becomes                                               

For . 0.2 mmHg and a flow of 1 

L/min, the increase in kinetic energy 

amounts to ~ 230%, compared to the ~ 

50% shown in Fig. 8a.   

We find the downstream kinetic energy to 
be greater for increasing obstruction 
length.  This result is plausible if one con-
siders the nature of the fluid’s motion 
through the obstruction.  As flow enters 
the obstruction, its velocity profile has a 
parabolic shape indicative of laminar flow 
(Figs. 3 and 4).  At this point, there is a 
balance between pressure, viscous and 
inertial (acceleration) forces.  Directly after 
entering the obstructed region, a blunt 
velocity profile exists.  As fluid advances 
along the narrowed conduit, viscous fac-
tors cause fluid to slow near the walls, 
forming a boundary layer.  Continuity de-
mands a concomitant acceleration of the 
axial component of the flow in the central 
region of the channel.  Interplay between 
these factors leads to narrowing of the 
width and elongation of the mid-portion of 
the velocity profile.  If the obstruction is of 
sufficient length, flow develops a nearly 
parabolic velocity profile that merges 
readily with the distal fluid.  In contrast, if 
the obstruction’s length is short, flow exits 
directly into the surrounding fluid.  In this 
case, flow advances through the contigu-
ous reach with a more rectangular (plug-
like) velocity profile, which reduces the 
fluid’s integrated energy of motion.  Al-
though flow rate is constant throughout 
the conduit, kinetic energy, which de-
pends on  <V2>, may vary substantially, 
depending upon changes in the velocity 
profile.  A pure rectangular profile, for ex-
ample, would yield a kinetic energy one 
half that for a parabolic profile with an 
equivalent flow rate. 

Anatomical Obstructions and         
Flow-Energy Loss 

The modest anatomical obstructions con-
sidered in this study provided important 
substrates for fluid energy loss.  Elon-
gated obstructions (20 mm) created 
greater energy wastage (and higher pres-
sure drops) than highly-localized (2 mm) 
occlusions of equivalent flow cross-
sectional area.  Although both types of 

“The treatment strategy in 
post-Fontan patients 
should be to anatomically 
streamline cavopulmonary 
passages, either by        
surgery or interventional 
catheterization procedures, 
in order to achieve the most 
gradual alterations of flow 
characteristics possible, 
and thereby materially     
reduce energy wastage” 
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sion is due to inertial effects that are dissi-
pated by shear stresses, now within the 
fluid rather than along the walls of the con-
duit. 

Delay in flow’s return to a state of uniform 
motion can have important implications for 
subsequent perfusion of the downstream 
fluid pathway.  We found a considerable 
distance (about 10x conduit diameter) may 
be required for a flow velocity profile to 
achieve a distribution characteristic of the 
pre-obstruction state.  Furthermore, plug-
like velocity profiles (such as those origi-
nating from short obstructions) possess 
large lateral (outward) velocity gradients 
near the boundary of the expanding jet.  
This allows the central flow to diffuse more 
quickly toward the walls of the conduit 
(Figs. 3 and 4).   

For the clinical cases depicted in Fig. 1, 
protracted delay in hemodynamic recovery 
would imply disordered flow enters the 
branch pulmonary arteries.  This condition 
would exacerbate the kinetic energy loss 
encountered as flow undergoes the acute 
change in angulation required to perfuse 
the lungs [9].  Another consideration is the 
development of flow stagnation (Figs. 3, 4 
and 7), either proximal or distal to an ob-
struction.  Impaired forward flow in the 
shadow of a wedge-like occlusion, for ex-
ample (Fig. 1A), could lead to dispropor-
tionate hepatic venous return to the 
branch pulmonary arteries; a condition that 
has been implicated in the development of 
pulmonary arteriovenous fistula [32].  Re-
gions of flow stasis also predispose to 
thrombus formation in post-Fontan pa-
tients, since they often possess an under-
lying coagulation factor deficiency [33-34]. 

Conclusions 

In a passively perfused fluid system, im-
portant flow energy can be lost across 
anatomically-significant obstructions, in 
the presence of small overall pressure 

impairment to flow resulted in energy dissi-
pation from re-expansion of fluid down-
stream from an obstruction, extended re-
gions of conduit narrowing may be accom-
panied by entrance and wall-frictional en-
ergy losses. 

Since fluid cannot instantaneously turn the 
sharp-edged opening to an obstruction, 
flow is said to separate from the corners 
and a vena contracta, with area, ac <a, is 
formed just beyond the entrance to the 
obstruction.  However, the extra kinetic 
energy gained by flow within ac is partially 
lost due to viscous interactions within the 
contracted fluid stream.  This causes an 
entrance energy loss (and pressure drop).  
Likewise, the greater the distance between 
the ends of the obstruction, the more pro-
nounced become frictional effects, now 
between the moving fluid and the walls of 
the conduit.  This boundary layer interac-
tion leads to a wall-frictional energy loss 
(and pressure drop).  In any case, with 
Fontan anatomy, an abnormal drain on 
systemic venous flow’s energy becomes 
critical, since pulmonary blood flow does 
not receive a direct impulse from ventricu-
lar contraction or gain an additional energy 
supply from elastic recoil of the pulmonary 
arteries [23]. 

Characterization of Flow Recovery 

As flow emerges from the imposed ob-
structions, it encounters the more slowly 
moving fluid in the downstream portion of 
the conduit.  Flow initially retains its con-
tracted structure as it enters the larger 
segment of the conduit.  As flow’s expan-
sion cannot be accomplished in an infini-
tesimal distance, it proceeds as an enlarg-
ing jet from the vena contracta to the distal 
portion of the conduit where uniform condi-
tions are re-established.  In the process, 
kinetic energy decreases (Fig. 5) and 
pressure increases (Fig. 6), a reflection of 
the Bernoulli effect.  The majority of the 
energy loss associated with flow’s expan-

change.  This process is relevant in the 
low-velocity, sometimes tortuous cavopul-
monary pathway of post-TCPC patients.  
Using a computer-based description of 
steady fluid flow through an obstructed 
conduit, we identified energy-depleting 
flow disturbances characterized by promi-
nent regions of flow stagnation and flow 
reversal, with pressure drops averaging 
only ~ 0.2 mm Hg.  Approximately 70% of 
these pressure changes were found to be 
due to flow energy dissipation.  The treat-
ment strategy in post-Fontan patients 
should be to anatomically streamline cavo-
pulmonary passages, either by surgery or 
interventional catheterization procedures, 
in order to achieve the most gradual al-
terations of flow characteristics possible, 
and thereby materially reduce energy 
wastage.  We believe that maintaining an 
energy-efficient cavopulmonary circulation 
will undoubtedly improve long-term clinical 
outcome of modified Fontan patients. 
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By Richard Van Praagh, MD 

 

Stella Van Praagh, MD was a world re-
nowned pediatric cardiologist and patholo-
gist of Children's Hospital Boston and 
Harvard Medical School who died follow-
ing a very brief illness on June 3rd, 2006.  
The author of more than 100 scientific 
publications on pediatric cardiology, con-
genital cardiac pathology, and congenital 
heart surgery, she played a key role in 
developing the diagnostic approach to the 
understanding of complex heart disease in 
infants and children that is now used 
worldwide.  In addition, Dr. Stella Van 
Praagh clarified the pathologic anatomy 
and embryology of many different forms of 
structural heart disease in infants and 
children, which led in turn to more accu-
rate diagnosis and more successful surgi-
cal management. 

Born in Rethymnon, Crete, Greece and 
née Stella Zacharioudaki, she graduated 
from the School of Medicine of the Univer-
sity of Athens, Greece in 1952.  Following 
9 years of postgraduate work, almost all in 
the USA and Canada, she was invited to 
join the Pediatric Cardiology staff of the 
Buffalo Children’s Hospital, Buffalo, NY, in 
1962.  In the same year, she married 
Richard Van Praagh, MD, beginning a 
lifelong love affair and professional col-
laboration.  Richard and Stella were a 
team of investigative pediatric cardiolo-
gists and pathologists, who were invited to 
join the staff of Children's Hospital Boston 
in 1965 and have worked there ever 
since.  Richard was Stella’s first teacher of 
a then new anatomic and developmental 
approach to the diagnostic understanding 
of congenital heart disease.  In recom-
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pense, Stella has been teaching Richard 
ever since.  As Stella once said with a 
twinkle in her eye, “Dickie, you and I have 
proved that husbands and wives really can 
work together.” 

The family of Drs. Stella and Richard Van 
Praagh consists of 3 children ─ Andrew, 
Helen (who died in 2001), and Alexander 
─ plus 5 (soon to be 6) grandchildren.  In 
addition to being a superb clinician and 
medical scientist, she was also a remarkable 
cuisinière.  Her baklava and bread were 
legendary.  Adored by her patients and her 
many students and colleagues, she was a 
second mother to many of them. 

In addition to modern Greek, Dr. Stella 
Van Praagh was also conversant with  
Byzantine Greek and ancient Greek.    
Aristotle had written that the human heart 
normally has three ventricles.  (“Everyone” 
now knows that the human heart normally 
has only two ventricles.)  The problem of 
Aristotle’s “triventricular” heart had re-
mained unresolved for the past twenty-two 
hundred years.  Consequently, Dr. Stella 
Van Praagh translated Aristotle’s ancient 
Greek text, to check on the accuracy of 
the translation by Oxford classicists, and 
to correct their errors.  Suffice it to say that 
her accurate translation proved to be an 
important part of the solution of this long-
standing mystery. 

At the urging of friends, Dr. Stella Van 
Praagh led an ancient Greek studies 
group in Wellesley, fondly known as the 
Mythology Club.  She was that very rare 
combination:  a physician ─ philosopher.  
As these words are being written, the My-
thology Club is meeting ─ to celebrate the 
life of Dr. Stella Van Praagh.   

Many friends and colleagues sensed that 
there was something very different about 
Dr. Stella.  Some saw her as a visionary.  
Others were awed by her great inner 
strength and her fearless integrity.  She 
was also modest, self-effacing, and al-
ways anxious to help others.  The last act 
of her life was to make a hot dinner, that 
only she in our family knows how to make 
(pasticcio), and she took it to her son  
Andrew’s home because Catherine,    
Andrew’s wife, is now full-term and await-
ing delivery.  Abigail, Andrew and      
Catherine’s first child, loves pasticcio. 

Dr. Stella Van Praagh was the embodi-
ment of what Socrates and Plato called 
virtue.  She had the courage and the in-
tegrity always to call it as she saw it, no 
matter how difficult or unpopular that 
might be. 

Dr. Stella Van Praagh wore many hats, all 
of them well:  cardiologist, pathologist, 
philosopher, wife, mother, grandmother, 
incomparable friend, and wise counselor. 
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underwent a complete echocardiogram, 
with an Acuson Cypress machine.  Over 
1500 children were evaluated and over 
300 echocardiograms were performed.  
The fact that over twenty percent of the 
children underwent echocardiograms dem-
onstrates the heavy representation of chil-
dren who had been previously diagnosed 
with congenital heart disease or had a his-
tory of a murmur in the screened population. 

This screening was the third such large-
scale endeavor since September 2003. 
However, Kirk Milhoan, MD, PhD, had 
made six previous trips to Ullaan Baatar, 
in conjunction with    Samaritan Purse’s 
Children’s Heart Project, beginning in De-
cember 2000.  The purpose of his first trip 
was to train Mongolian pediatric cardiolo-
gists on the use of color doppler echocar-
diography, performed with a Hewlett Pack-
ard 1000 donated by Samaritan’s Purse 
(SP), as this technique had not been previ-
ously used in Mongolia.  The purpose of 
his subsequent trips has been to:   

By Kirk A. Milhoan, MD, PhD; Kimberly 
D. Milhoan, MD; Ariuntsatsral            
Erdenebileg, MD 

 

During the last two weeks of October 
2005, thirty people from all across the 
United States traveled to Ulaan Baatar, 
Mongolia to search for children with con-
genital heart disease and begin a new 
chapter in pediatric cardiac surgery there.  

During the first week, a large-scale 
screening, called Searching for the Broken 
Hearts, was carried out in five Ulaan 
Baatar district hospitals and one Mongo-
lian rural hospital by the volunteers from 
For Hearts and Souls, a non-profit medical 
mission organization, in cooperation with 
many Mongolian physicians and nurses.  
Children were evaluated with vital signs 
and complete cardiac exams by physi-
cians.  Those children who had murmurs 
that were thought to be pathologic were 
further evaluated by a pediatric cardiolo-
gist.  If the physical exam was consistent 
with a pathologic condition, the child then 

1) identify children with operable con-
genital heart disease, before they 
become inoperable or die from their 
heart disease; 

2) increase awareness among          
Mongolian physicians of the need for 
children thought to have congenital 
heart disease to receive complete 
evaluation early in life to make early 
repair possible before irreversible pul-
monary obstructive disease develops;  

3) provide continuing medical      
education for Mongolian pediatric 
cardiologists and cardiac surgeons 
on diagnosis and management    
of children with congenital heart 
disease; and  

4) raise awareness of the need for fur-
ther development of the medical infra-
structure to increase the ability to care 
for vulnerable children with congenital 
heart disease in Mongolia.   

The magnitude of the need in Mongolia 
inspired him to organize the large scale 
screenings in conjunction with For Hearts 
and Souls, an organization he started with 
his wife, Kimberly   Milhoan, MD.  Other 
locations visited on these large-scale trips 
have been the rural Mongolian provinces 
of    Darkhan, Bulgan, Erdenet, and Tuv.  
The total number of children screened to 
date exceeds five-thousand. 

Since June 2000, SP’s Children’s Heart 
Project has brought over seventy Mongo-
lian children identified during these 
screenings to the U.S. and Canada for 
cardiac surgery.  The current state of pedi-
atric cardiac surgery in Mongolia consists 
of ether anesthesia with hypothermic cir-
culatory arrest without cardiac pulmonary 
bypass.  The Mongolian cardiothoracic 
surgeons usually will not operate on chil-
dren younger than age three.  The cardiac 
lesions they will attempt are atrial septal 
defects (ASD) and ventricular septal de-
fects (VSD).  These limitations are due in 
part to lack of medical team training, oper-
ating room equipment, intensive care unit 
facilities, and financial resources.  Mongo-
lian hospitals, who receive very limited 

SE A RC H I N G FO R  A N D  ME N D IN G B R O K E N  HE A R T S IN  MO N G O LIA  

Team Photo:  Mending the Broken Hearts Team: From left to right;  Back: Dr. Galsumiya, Rita 
Browning, Bart Hensler, Kim Milhoan, John Kupferschmid, David Bush, Gail Fox. Middle:  Dr. 
Byambasuren, Dr. Tsegeenjav, Dr. Baasanjav, Tammy Amidon, Dr. Bolormaa, Dr. Arriuntsatsral, 
Nelia Doegenes Front: Bayarjavkhlan Browning, Kirk Milhoan and Dr. Boldsaikhan. 
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perfusionist, Bart Hensler, CCP; a pediat-
ric cardiac intensivist, Minette Son, MD; 
pediatric cardiologists, David Bush, MD, 
PhD and Kirk Milhoan, MD, PhD; a pediat-
ric nurse practitioner, Cathy Woodward, 
PNP; a cardiac scrub nurse, Gail Fox, RN; 
four pediatric cardiac intensive care 
nurses, Nelia Doegenes, RN, Cindy Eck-
hardt, RN, Tammy Amidon, RN, and Debi 
Lammert, RN; and two biomedical techni-
cians, Jim Moore and Todd Poore.  The 
Mongolian team consisted of four pediatric 
cardiologists, four cardiothoracic sur-
geons, and two anesthesiologists. 

The team performed eight cardiac surger-
ies, four of them utilizing cardiac bypass, 
in four days.  The first ever pediatric car-
diac surgery with cardiac bypass per-
formed in Mongolia was on an 11-year-old 
female with a VSD who had received a 
pulmonary artery band from an Australian 
team that had visited in 1998.  The VSD 
was closed and the pulmonary band was 
removed.  The other three bypass cases 
were ASD closure in two symptomatic 
patients (a 3-year-old and a 13-year-old) 

government financial assistance, are le-
gally prohibited from charging children’s 
families for medical care, although they 
can charge adult patients.  Thus, bypass 
procedures are traditionally only per-
formed on adults that are able to provide 
for the cost of the bypass circuit and the 
other consumables for the surgery.  The 
operative mortality for pediatric cardiac sur-
gery in Mongolia is a difficult figure to obtain, 
but is estimated to be between 10 and 50%. 

These screenings have obviously revealed 
many more children in need of cardiac 
surgery than could be handled by sending 
them to the U.S. or Canada.  The goal of 
the Mending the Broken Hearts team was 
to bring pediatric cardiac surgery with car-
diac bypass to Mongolia, working side by 
side with the Mongolian physicians and 
nurses.  This project was co-sponsored by 
Samaritan’s Purse Children’s Heart Pro-
ject, World Medical Mission (the medical 
arm of Samaritan’s Purse) and For Hearts 
and Souls.   Close to $500,000 worth of 

equipment, including a cardiac bypass 
machine, an anesthesia machine, moni-
tors for the intensive care unit, and con-
sumables needed to perform cardiac sur-
geries, was sent and given to Mongolia.  
The team consisted of a pediatric cardio-
thoracic surgeon, John Kupferschmid, MD; 
a pediatric cardiac anesthesiologist, Kim-
berly Milhoan, MD; a pediatric cardiac 

OR Nurses:  Gail Fox, an OR nurse from San 
Antonio, with a group of Mongolian OR 
nurses. 

First pediatric bypass patient:  Dr.       
Milhoan with Munkhdelger, the first patient  
to undergo pediatric cardiac surgery in   
Mongolia with cardiac bypass. 

First balloon septostomy in Mongolia: 
Echo-guided balloon atrial septostomy by  
two Mongolian pediatric cardiologists.  Dr. 
Arriuntsatsral is performing the                   
echocardiogram while Dr. Bolormaa is       
performing the septostomy.  The balloon can 
be seen partially inflated in the left atrium. ICU: Cathy Woodward teaching Mongolian 

nurses on post-operative bedside care in the 
Surgical Intensive Care Unit at the Shastin 
Memorial 3rd Hospital in Ulaan Baatar  

Hypothermic circulatory arrest:  Patient is 
wrapped in ice and cooled to 28 C prior to 
closure of an ASD using hypothermia alone. 
In the background a nurse can be seen 
functioning as the ventilator for this patient 
who is being maintained on ether            
anesthesia. 

and aortoplasty in a 15-year-old with 
supravalvar aortic stenosis.  The four 
non-bypass procedures were ligation of 
PDAs in three patients with very large 
and symptomatic ducts and one pulmo-
nary artery band in a 2-year-old child with 
a very large VSD.  It was deemed too 
high risk to close this last child’s VSD 
given the state of post-operative inten-
sive care.  All eight children did very well 
post-operatively. None remained intu-

http://www.CongenitalCardiologyToday.com
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to return to Mongolia in September 
2006. 
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bated overnight and all were discharged 
from the hospital prior to the team leaving 
Mongolia.  The team was also able to as-
sist two Mongolian pediatric cardiologists 
in performing, with echo guidance, the first 
two atrial septostomies performed in   
Mongolia, one on an infant with transposi-
tion of the great arteries and the other on a 
neonate with tricuspid with a restrictive 
ASD.  Although the procedures were suc-
cessful, unfortunately both infants died 
within two months from complications of 
their congenital heart defects. 

The Searching for and Mending the 
Broken Heart teams from the U.S. plan 

First pediatric bypass surgery: Operating 
room at the Shastin Memorial 3rd Hospital 
during the first pediatric heart surgery in  
Mongolia utilizing cardiac bypass. 

Anesthesiologist and surgeons working 
together: Drs. Milhoan and Kupferschmid 
working side by side with Mongolian         
physicians during pediatric cardiac surgery. 
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technology provides significantly better 
acoustic properties for a radical leap 
forward in 2D image quality. 

Dedicated to your pediatric cardiology 
clinical and workflow requirements, our 
commitment goes beyond the system 
and its technologies.  Global educational 
programs, outstanding service and 
worldwide centers of excellence help 
you to get the most out of your system 
every day. 

Pediatric echo from Philips…                     
it just makes sense. 

different environments.  Pediatric analy-
sis follows your workflow.  And ad-
vanced technologies provide best-in-
class 2D imaging and Live 3D Echo and 
give clinicians and surgeons structural 
information to make decision making 

more efficient and 
outcomes more 
effective. 

A full complement 
of cardiac trans-
ducers, including 
pediatric and adult 
TEEs, enables you 
to image a com-
plete range of pa-
tient types – re-
gardless of age, 
disease state or 
body composition. 

In addition, a 
unique analysis 
package truly fol-

lows the patient the way you do – so you 
don’t have to fit your requirements into 
an analysis package designed for adult 
echocardiography. 

The biggest breakthrough in transducer 
material in 40 years, PureWave crystal 

In the last 20 years, there has been a 
revolution in caring for children with con-
genital heart disease. Thanks to ad-
vances in diagnostics, surgery and treat-
ment, many of these children are living 
into adulthood and enjoying active lives.  
With dedicated pedi-
atric cardiology capa-
bilities, the iE33 echo 
system answers your 
need  f o r  h i gh -
performance, non-
invasive diagnostic 
imaging for these pa-
tients. 

From fetal echo to 
mature adult, the iE33 
system supports the 
assessment of con-
genital heart disease 
through every stage 
of life and provides 
new diagnostic infor-
mation that is chang-
ing patient management. Everything 
about the system is designed to meet 
the specific needs of pediatric cardiol-
ogy.  Unique ergonomic features make it 
possible to successfully image the tiniest 
premie or the largest teenager in many 

IE33  –  INT E LL IGE N T  E C H O  F O R  E V E RY  S TAG E O F  L I FE  

SPE CI AL S PO NSO R ED N EW PRO D UCT IN FO R MAT IO N 

FOR MORE INFORMATION 

Philips Medical Systems                 
22100 Bothell Everett Highway            
Bothell, WA 98021                                  
+1 (425) 487 7000                                            
1 (800) 285-5585     

 www.medical.philips.com/ultrasound 

Live 3D Echo           . 

PureWave Crystal Technology.. 

Pediatric cardiology         
imaging capabilities from 
fetal echo up to the mature 
adult for complete          
Congenital Heart Disease 
assessment with analysis 
capabilities that looks at 
inflow and outflow of      
information within the     
pediatric heart.  Listen       
to the Podcast:                    
http://tinyurl.com/s42k6 


