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(b) (constrictive pericarditis), (c) pericardial tamponade and
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examiner inflates the sphygmomanometer cuff fully, listens
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nary reservoir for blood. As a result of increased right
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left ventricle are mildly reduced. In expiration, these
changes are reversed, resulting in the septum bowing to the
right and a mild reduction in right ventricular filling. In the
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presence of cardiac tamponade, the reciprocal changes seen
in the normal heart are exaggerated when the pericardial
sac is filled with fluid, thus limiting distensibility of the
entire heart. This results in a more dramatic reduction in
filling of the left ventricle during inspiration, exacerbating
the normal inspiratory decrease in stroke volume and blood
pressure. (From Royetal. [28]) ........ ... Lt 142
Relationship of murmurs to LV, aortic, and LA pressure
waveforms and hemodynamics in various valve diseases.
(a) Aortic stenosis (AS). The gradient between the left
ventricle and aorta in AS is greatest in mid-systole and is
relatively small early and late in systole. The murmur
therefore has a diamond shape, i.c., starts soft and builds to
a peak in mid-systole and then becomes quiet in late systole
immediately before S2. In young AS patients, there may be
an carly ejection sound. In senile AS, A2 becomes
diminished or absent. An S§4 is common due to LV
noncompliance. (b) Aortic regurgitation (AR). The carly
diastolic murmur (EDM) begins with S2 and has a
decrescendo contour. The duration of the murmur continues
for a variable time in diastole, depending on severity and
acuity of AR, Notice that aortic diastolic pressure is low.

(¢) Mitral regurgitation. There is a pansystolic murmur
with a flat profile due to the regurgitant flow into the left
atrium. Note that the left atrial pressure rises during systole,
a “v” wave. An early diastolic S3 or flow rumble may

occur. (d) Mitral stenosis (MS). A loud S1 is heard since
the mitral gradient is high and the leaflets are not very
thickened or calcified. An important indicator of the
severity of MS is the time interval between the S2 and
opening snap (OS), which is the time it takes for L.V
pressure to fall from late systolic aortic pressure to early
diastolic left atrial pressure. The mitral valve snaps open
due to the increased gradient, causing an opening snap
(OS). The diastolic murmur correlates with the gradient
across the mitral valve, which is largest in early diastole,
and increases again in late diastole in this patient in sinus

The Doppler principle and Bernoulli equation. Bottom
right: The echo transducer sends ultrasound waves at a
given frequency (f;) to the heart, and the sound waves are
reflected back to the transducer at a different frequency (f)).
The difference between (fp) and (f) is the Doppler shift. As
shown in the cquation, the Doppler shift is directly
proportional to the transmitted frequency (f;), the cosine of
the angle of incidence & (angle between the ultrasound
wave and vector of the red blood cell), and the velocity of
the red blood cells, however, is inversely proportional to the
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speed of ultrasound in the medium (c). Rearrangement of
the equation allows one to determine the velocity of the red
blood cells. Top right: The Bernoulli equation enables one
to determine the pressure gradient across a stenosis, in this
case, a stenotic aortic valve. Flow accelerates just before
and at the level of the stenosis. The velocity proximal to the
stenosis is Vi, and the velocity distal to the stenosis is V,.
Based on certain assumptions (sce text), the Bernoulli
equation can be simplified to P1 — P2 = AP = 4(V,)~ In this
case, the peak gradient is 64 mmHg based on the peak
velocity across the aortic valve (V) of 4 m/s. Reprinted
with permission, Cleveland Clinic Center for Medical Art
& Photography © 2011. . ... ... o
Various forms of Doppler in echocardiography. (a) Pulse
wave (PW) Doppler of the mitral inflow with the sample
volume placed at the leaflet tips. In PW, the same
transducer crystal sends and receives waves to determine
the Doppler shift at a particular sample volume, marked by
the white arrow. Because PW obtains information about a
particular location, it is said to have “range specificity or
range resolution,” but it is prone to aliasing. Note that in
diastole there is early filling (£ wave) and Late Filling

(A wave). Diastasis is known as the period between the

E and the A wave. The E velocity is 68 cm/s. (b)
Continuous wave (CW) Doppler across the aortic valve. In
CW, one crystal sends sound waves continuously and
another crystal receives the sound waves. Because the CW
profile represents all the velocities along the path of
interrogation (represented by the dotted line), the peak
velocity cannot be localized based on the CW signal alone.
This phenomenon is known as “range ambiguity.” The y
axis is velocity and the x axis is time, and therefore the area
under the curve is the velocity time integral (VTI), or the
aortic valve VTI, in units of distance (cm). In this example,
the peak velocity is 1.3 m/s and the Aortic Valve VTI is

22 cm. (c¢) Tissue Doppler of the mitral annulus character-
izes annular velocities, with the corresponding annular ¢’
and a’ waves. These waves correspond temporally with the
E and A waves of the mitral inflow. Because E = 68 cm/s
and e’ = 13 cm/s, the ratio Efe’ is roughly 5, suggesting
normal PCWP pressures. (d) Color Doppler in which the
color pixels represent the mean velocity vector at a
particular location. . ....... ... ... ..
Right-sided pressures. (a) M-mode through the IVC from
the subcostal view. Note that the TVC size is <2.1 cm and
collapses greater than 50%, suggesting normal right atrial
pressure (0—5 mmHg). (b) Pulse wave (PW) Doppler of the
hepatic vein showing normal hepatic vein flow. Note that
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Fig. 11.4

Fig. 11.5

there are two antegrade waves (S and D) and one retrograde
wave (a reversal). The representative portions on the JVP
waveform are shown (S corresponds to the x descent, and D
corresponds to the y descent). The onset of the § wave
corresponds to the onset of the QRS (isovolumic
contraction), although the peak occurs in mid to late
systole. In this example, the velocity of the S wave is larger
than the D wave, indicating normal right atrial pressures.
(c) A plethoric IVC greater than 2.1 cm in width which
does not collapse, suggesting a right atrial pressure between
10 and 20 mmHg. (d) Systolic flow reversal in the hepatic
veins in severe tricuspid regurgitation. Notice that the

S wave is above the baseline, indicating flow reversal. This
corresponds to the blunted x descent and tall v wave in the
JVPwaveform. ........c. i 160
Pulmonary pressures and signs of pulmonary hypertension.
(a) The right ventricular systolic pressure can be estimated
from the peak tricuspid regurgitation velocity obtained in
the right ventricular inflow view (see Question 1). (b) The
continuous wave (CW) Doppler profile of the pulmonary
regurgitation jet. The early peak velocity can be used to
determine the mean pulmonary artery (PA) pressure by the
following formula: Mean PA Pressure = 4vy,,ppr”. In this
case, early pulmonary regurgitation (PR) jet velocity is

3.9 m/s and the end-diastolic PR velocity is 1.9 m/s.
Therefore, the mean PA pressure is roughly 39 mmHg.
Also, the pulmonary artery end-diastolic pressure (PAEDP)
can be determined from the end-diastolic velocity and
estimated right atrial (RA) pressure: PAEDP = RA +

4dvpnpr? (see Question 2). Note that in pulmonary
hypertension, there is absence of the typical end-diastolic
dip in the pulmonary regurgitation CW profile that nor-
mally corresponds to atrial systole. (¢) The sample volume
is in the RVOT, just below the pulmonic valve. In pulmo-
nary hypertension, there is a steep slope in early systole
(acceleration phase becomes shorter, upper left corner) and
there can be a mid-systolic dip in the RVOT profile (yellow
stars), due to high afterload. A simplified formula to
calculate the mean pulmonary artery pressure (MPAP) is
MPAP = 80 — 0.5 (acceleration time (ms)). Acceleration
time is roughly 90 ms, yielding a MPAP of 35 mmHg. (d)
Note the D-shaped septum during systole, suggestive of RV
pressurcoverload . ........... ... L oL 161
Stroke volume and aortic valve area (AVA) calculation
using the continuity equation. (a) Based on the continu-
ity equation, the flow through the left ventricular outflow
tract (LVQOT), or the volume of the blue cylinder, must
equal the flow through the aortic valve, or the volume of
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the red cylinder. The stroke volume (represented by the
blue cylinder) is estimated by multiplying the LVOT area
by the LVOT VTI. The LVOT area is obtained using the
equation Area = nr? = (Diameter)*+0.785, with the
diameter measured in the parasternal long axis view.
Because the LVOT diameter in this case is 1.9 cm, the
LVOT area is 2.84 cm?. From the apical 5 chamber or
apical long axis view, the LVOT VTTI is obtained, which
in this case is 28.1 cm (bottom right and (b)). Therefore,
the stroke volume = 28.1 cm*2.84 cm? = 79.8 cm?. The
product of the stroke volume and the heart rate (SV«HR)
can give an estimate of cardiac output. The volume of
the red cylinder is the product of the AVA and the AV
VTI (c, d). Because the volume of the blue cylinder
(LVOT ArecaxLVOT VTI) must equal the volume of the
red cylinder (AVA*AV VTI) to satisfy the continuity
equation, it follows that AVA = [LVOTVTI % (LVOTdia
meter)? * 0.7851/|AVVTI] = Strokevolume/AVVTI (see
Question 3). (b) Pulse wave Doppler Sample volume is
placed just below the aortic valve in the 5 chamber view,
and the LVOT VTI is traced. (¢) Continuous wave
Doppler measures the highest velocity along its path to
estimate the peak and mean gradient across the aortic
valve. The peak and mean gradients are 95/55 mmHg
from the 5 chamber view, which is an underestimation of
peak flow in this particular patient. Multiple views are
necessary to obtain the highest, most representative jet
velocity, as seen in (d). Right sternal border view obtains
peak and mean gradients of 119/74 mmHg, higher than
the peak gradient of 95 mmHg from the apical 5 cham-
bBEr VIEW . .. .. e
Shunt calculation in a patient with a secundum atrial septal
defect (ASD). (a) Color flow Doppler demonstrates left to
right flow across the ASD in this subcostal view. (b) Pulse
wave Doppler at the level of the ASD confirms that there is
left to right continuous flow. During peak systole, based on
the velocity of 1.2 m/s, the pressure gradient between the
right atrium (RA) and the left atrium (LA) is

4v? = 4(1.2)* = 5.8 mmHg. The RA pressure was estimated
at 10 mmHg, so the LA pressure during systole is estimated
at 15.8 mmHg (LA = RA + 4v%). (¢) Measurement of
systemic flow (Q;) based on the LVOT area and LVOT VTI
(pulse wave Doppler from the apical 5 chamber view, right
upper corner). (d) Measurement of pulmonary flow (Q,)
based on the RVOT area and the RVOT VTI (pulse wave
Doppler from the basal short axis view, right upper corner).
The Q,/Q; or shunt fraction is 1.3:1 (see Question 4 for
calculation of Q,, Q. and shunt fraction). ... .............

XXix
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Fig. 11.7 Assessment of mitral stenosis. (a) Continuous wave

Fig. 11.8

Doppler across the mitral valve yields the pcak and mean
gradient (14/7 mmHg). Given the irregular heart rthythm,
6-8 beats are measured and averaged to obtain the peak and
mean gradient. (b) The pressure half-time (PHT) is the time
for the pressure gradient to decrease by 50%, and is equal
to 0.29xDeceleration time. Again, multiple beats are
averaged (6-8) to obtain the PHT of 214 ms. The mitral
valve area (MVA) is estimated by the following empiric
equation: MVA = 220/PHT, giving a MVA of 220/214, or
1.0 cm?, by the PHT method. (¢) Calculation of MVA using
the continuity equation. The flow across the mitral valve
must equal the flow across the aortic valve, and therefore,
MVA x* MVVTI = LVOTarea * LVOTVTL In this case, the
LVOT diameter is 1.9 ¢m, the LVOT VTT 1s 20 c¢m, and the
MV VTI is 56.4 cm. Therefore, the calculated MV area is
1.0 cm?. Note that the MV VTI is measured using CW and
the LVOT VTI is measured using PW in this situation. (d)
Planimetry is another method of estimating the MVA. Note
the commissural fusion and “fish-mouth” appearance of the
mitral opening, characteristic of rheumatic mitral valve
discase. In this example, planimetry yields a MVA of

1.0 cm?, concordant with the PHT and continuity methods . . . 169
PISA (proximal isovelocity surface area) method for mitral
regurgitation and vena contracta. (a) Artistic rendition of
the PISA concept. As flow converges during systole toward
the regurgitant orifice, it accelerates and forms concentric
hemispheres of increasing velocity and decreasing radius.
For example, the velocity at the edge of the yellow hemi-
sphere is higher than the velocity at the edge of the blue
hemisphere. First the image should be optimized and
zoomed. Next, the color baseline is shifted downward
toward the direction of flow, from —65 to —40 ci/s,

creating the larger yellow hemisphere with a lower velocity
on the right. The velocity at the boundary between the
yellow and blue hemisphere is the aliasing velocity (V, =
—40 cm/s). The flow proximal to the orifice equals the
product of the hemisphere surface area (277%) and the
aliasing velocity (V,). This proximal flow should equal the
flow distal to the orifice, which is the product of the
regurgitant orifice areca (EROA) and peak MR velocity
(Vur). Therefore, EROA = (27/°%V,)/Vyg. (b) Similar to
panel A, after creating a zoomed-in image, the color
baseline is shifted toward the direction of flow, and a larger
hemisphere with a known radius (0.8 cm) and aliasing
velocity (V, = 38.5 cm/s) is created. Based on the above
equation, the proximal flow rate is 154.7 cm?¥s. (c)
Continuous wave Doppler across the mitral valve to obtain
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the peak mitral regurgitant velocity (Vyg) = 416 cm/s and
MYV VTI. The distal flow rate is Vyr*EROA. The EROA,
which is equal to (2ar**V,)/ Vi, is 0.37 cm?, consistent
with moderately-severe MR. Regurgitant volume can be
calculated with the information in this figure (see Question
5). Using the simplified PISA formula, r%/2, estimated
EROA is 0.32 cm?, likely slightly underestimated because
the aliasing velocity is 38.5 cm/s, not the 40 cm/s assumed
in the simplified formula. (d) The vena contracta, the
narrowest jet width at the orifice, measured in the paraster-
nal long axis view, is 0.6 cm, consistent with moderately-
severe MR . ... 173
Severe aortic insufficiency (Al). (a) Parasternal long axis
view color Doppler demonstrates a very severe, eccentric,
and posterior directed jet. Note that the M-Mode across the
mitral leaflet shows fluttering of the anterior leaflet due to
the aortic insufficiency jet (lower left corner inset). Given
the eccentricity, one cannot use the LVOT jet area to assess
severity. (b) Pulse wave Doppler with sample volume in the
upper descending thoracic aorta, demonstrating holodia-
stolic flow reversal, a sign of severe Al (¢) Continuous
wave Doppler across the aortic valve in the apical 5
chamber view. The PHT is 253 ms, consistent with severe
AL The aortic insufficiency VTI is 232 c¢m based on the
CW profile. (d) Application of the continuity equation
allows for the calculation of the regurgitant AT volume.
Flow across the mitral valve plus the regurgitant volume
should equal the flow across the aortic valve (Stroke
volume). The MVA is determined by measuring the mitral
valve diameter, and this area (5.3 cm?) is multiplied by the
MV VTI at the annulus (19 c¢m) to yield a flow of 101 cm?®,
Flow across the aortic valve is determined by the product of
the LVOT VTI and LVOT area, which yields a volume of
169 cm?, calculation not shown. Therefore, the aortic
insufficiency regurgitant volume is 169 cm® —~ 101 ¢cm? =

68 cm?, consistent with severe Al The regurgitant orifice
area (EROA) of the aortic valve is calculated by dividing
the regurgitant volume (68 cm?) by the AL VTI (232 cm),
which equals 0.3 cm?, also consistent with severe Al ....... 175

Fig. 11.10 Summary of intracardiac pressure calculations. RA right

atrial pressure, IVC inferior vena cava, RVSP right ven-
tricular systolic pressure, Vir peak tricuspid regurgitation
velocity, PASP pulmonary artery systolic pressure, RVOT
right ventricular outflow tract, PS pulmonic stenosis;
PAEDP pulmonary artery end-diastolic pressure, Veppr
end-diastolic pulmonary regurgitation velocity, PAP
pulmonary artery pressure, Ve,yper €arly diastolic pulmo-
nary regurgitation velocity, PVR pulmonary vascular
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resistance, VTI velocity time integral, LVOT left ventricular
outflow tract, D diameter, LA left atrial pressure, SBP

systolic blood pressure, Vyz peak mitral regurgitation

velocity, PCWP pulmonary capillary wedge pressure,

LVEDP left ventricular end-diastolic pressure, DBP

diastolic blood pressure, Vipas end-diastolic aortic insuf-
ficiency velocity, SVR systemic vascular resistance, Q,
pulmonary flow, Q, systemic flow. (Reprinted with permis-

sion, Cleveland Clinic Center for Medical Art &

Photography © 2011) .. ... . ... .o e 177
(a) Cardiac amyloidosis. Image at top are from representa-

tive phase-contrast image demonstrating manual contouring

of the ascending aorta, superior vena cava, and right upper
pulmonary vein. Flow curves in upper left panel demon-

strate systolic blunting consistent with diastolic

dysfunction. Images at bottom demonstrate tissue charac-
terization of myocardium in cardiac amyloidosis, with
associated circumferential pericardial effusion, through

multiple different cardiac MRI pulse sequences. (b)
Hypertrophic cardiomyopathy with severe systolic anterior
motion of the mitral valve (SAM). Representative phase-
contrast image (fop) demonstrating manual contouring of

the left ventricular outflow tract. Contours are propagated

to images from multiple cardiac phases. Image at botrom

left represents single cardiac-phase magnitude gradient

echo image at end-systole. Peak left ventricular outflow

tract velocity can be measured and converted to pressure

gradient through utilization of modified Bernoulli equation .. 186
Myocardial tagged image (short axis orientation) with

saturation lines depicted across the myocardium in both

systole (right) and diastole (Jeft). .. .. ... ... .o ... 187
ECG-gated cardiac computed tomography with iodinated
contrast axial image demonstrating atrial septal defect

(ASD), ostium secundum type (top). Cardiac MRI (bottom)
steady-state free precession 4-chamber image demonstrat-

ing ASD, ostium secundum type (right), and phase-contrast
image demonstrating left to right shunt across ASD (left) . . . . 190
Patent ductus arteriosus. Image at right is 3D, volume

rendered MR image of PDA (arrow). Image at left is MR
angiography sagittal image demonstrating PDA in an

alternate orientation (Arrow) . ... ... it 191
Scimitar syndrome patient (partial anomalous pulmonary

venous drainage). Image at left demonstrates 3D volume-
rendered MR image of anomalous pulmonary venous return

with right inferior pulmonary vein draining via antrum on

inferior vena cava. Image at right is coronal MR maximum
intensity projection (MIP) depicting same .. .............. 191
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Fig. 12.6 Aortic stenosis. Cardiac CT 3D reconstructed multi-planar

image of the aortic valve in short axis at end-systole with

planimetry of aortic valvearea . ........................ 193
Fig. 12.7 Constrictive pericarditis cardiac MRI. Images at fop

demonstrate real-time free-breathing gradient echo short

axis image of the left ventricle demonstrating ventricular

interdependence in patient with constrictive pericarditis.

Images at bottom are spin-echo “dark-blood” images in

multiple orientations demonstrating pericardial thickening . . . 195
Fig. 12.8 3D volume rendered MR angiography image of aortic

coarctation (arrow) with significant collateral vessels . ... ... 196
Fig. 12.9 Anomalous origin of the coronary arteries. Image at left

demonstrates a maximum intensity projection (MIP) image

of a common origin of both the left and right coronary

arteries from a single, common ostium with the circomflex

coronary artery passing retro-aortic (arrowhead). Image at

left is a 3D volume-rendered image depicting same (arrow) . . 197
Fig. 12.10(a) Coronary CT angiography image dataset, acquired

using standard imaging protocol. (b) Image segmentation

produces an anatomic model of the root of aorta and

epicardial coronary arteries including all second and third

order branchings to approximately 1 mm in diameter. (c)

Physiologic model of coronary flow with specified inflow

and outflow boundary conditions is created. Resting

coronary flow is based on left ventricular myocardial

volume extracted from CT image data and the microcircu-

lation model is based on epicardial vessel size. {d)

Computational fluid dynamics methods are used to simulate

coronary blood flow under maximal hyperemia with

simultaneous computation of coronary pressure and flow at

millions of discrete points throughout the coronary trec. (e)

Three-dimensional display of FFRcr values in each

coronary artery and its branches with color coding of

numerical FFR¢ values as shown on the scale. (Images

courtesy of Dr. Christopher Zarins, HeartFlow)............ 198
Fig. 12.11 CT-FFR. Case example. CCTA demonstrates heavily

calcified LAD lesion with >70% stenosis. HeartFlow FFR¢r

analysis shows functionally significant proximal LAD

stenosis with FER¢r 0.68. Coronary angiogram confirms

70% LAD stenosis with measured FFR 0.71. (Images

courtesy of Dr. Christopher Zarins, HeartFlow)............ 198
Fig. 13.1 The CardioMEMS™ HF implantable hemodynamic

monitoring system. (a) CardioMEMS sensor or transmitter;

(b) transcatheter implantation of the device into a distal

branch of the descending pulmonary artery; (c) patient is

instructed to take daily pressure readings from home using

the home monitoring unit; (d) information transmitted from
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Fig. 13.2

Fig. 13.4

Fig. 13.5

Fig. 13.6

Fig. 13.7

the monitoring system to the database is immediately
available to treating physicians for review; (e) transmitted
information consists of pressure trend information and
individual pulmonary artery pressure waveforms and are
available on the online portal for healthcare providers.

(Adapted from Abrahametal. [3]).......... ... ... ...

Relationship between LVEDP and impedance. Data shown
are for impedance recorded by left ventricular (LV) r—Can
in 12 dogs. Correlation coefficient is calculated using

Spearman rank order. (Adapted from Khoury et al. [36]). . ..

Relationship between LA pressure and Impedance. Data
shown are for impedance recorded by left ventricular (L'V)
r—Can in 1 dog at different time points of the experiment.
Correlation coefficient is calculated using Spearman rank
order. (Adapted from Khouryetal. [36]) ................
Tetrapolar system of electrodes, separating the current
pathway from the sensing pathway. After transmitting
electricity by way of the outer electrodes, the impedance to
flow of the current through the thorax along the path of

least resistance (i.e., the great vessels) is sensed by way of
the inner electrodes. (Adapted from Summers et al. [39]) . . .
Definition of cardiac and impedance waveforms during the
cardiac cycle. Waveforms Z, baseline impedance, A atrial
wave, Baortic valve opening, Cmaximum aortic flow
(dZ/dty.x), X aortic valve closing, Y pulmonic valve

closing, O mitral valve opening, PEP pre-ejection period,
VET ventricular ejection time, IVRT isovolumic relaxation
time, FT ventricular filling time. (Adapted from Summers

etal [39]) .o

Operational algorithm for detecting changes in impedance
over time. (a) Differences between measured impedance
{bottom; o) and reference impedance (solid line) are
accumulated over time to produce fluid index (top).
Threshold is then applied to fluid index to detect sustained
decreases in impedance. (b) Example of impedance
reduction before heart failure hospitalization (arrow) for

fluid overload and impedance increase during intensive
diuresis during hospitalization. Label indicates reference
baseline (initial refcrence impedance value when daily
impedance value consistently falls below the reference
impedance line before admission). Magnitude and duration
of impedance reduction are also shown. Days in hospital

are shaded. (Adapted fromYuetal. [34]).................
Overview of aortic flow as a function of time and its use to
measure cardiac hemodynamics. The basic principle of
stroke volume (SV) estimation from changes in the
bioimpedance (§2/5¢) or phase shift (d®/0t). ..............

210
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Harmonics in hemodynamic assessment. The aortic
pressure waves shown at the bottom are composed of
simpler sinusoidal harmonic waves. Each harmonic is a
multiple of the fundamental frequency, in this case 1.5 Hz.
The data contained within each harmonic contributes in
some way to the reconstructed waveform, depicted in this
illustration by color. Exclusion of one or more harmonics
by a monitoring system can produce a distorted, inaccurate
PIeSSUrE tTaCINEZ . . . oottt i i ie e m it ne e 222
(a) Catheter whip in a pulmonary artery (PA) pressure
tracing. Whip occurs when the catheter tip vibrates in
response to ventricular contraction or valvular motion.
Whip causes high-frequency distortion of the waveforms,
particularly at the high and low points of the complex.
Since the extremes of the waveform are equally affected,
the mean pressure obtained from a “whipped” tracing is
generally accurate. Whip can be attenuated by catheter
repositioning, the use of a high-frequency filter, or
increased damping. (b) Damping-related artifacts.
Overdamping results in a flat, low-amplitude waveform that
lacks contour detail. Overdamping can be caused by
catheter kinking, air bubbles or blood in the transducer
circuit, and the use of long, small-caliber catheters. It can
be overcome by removing kinked tubing, flushing of the
catheter and manifold, and use of shorter, large-caliber
catheters. Under-damping produces exaggerated waveforms
with overestimated amplitudes. It occurs when the natural
frequency of the catheter system approximates a harmonic
frequency in the pressure wave. This can be offset by
lowering the natural frequency of the catheter system
(longer, smaller-caliber cathcters) or the patient (treat
tachycardia). (c) Positional artifact. This is characterized by
flattening of the pressure tracing with a gradual rise in
pressure. It most often occurs when the catheter tip is
pressed against the wall of a vessel or chamber. Gentle
withdrawal and redirection of the catheter typically solves
the problem. (d) Transducer malposition. In this example,
the true mean right atrial pressure is 10 mmHg. When the
transducer is zeroed at a level 5 cm below the sternal angle
the catheter recording is accurate. When the transducer is
zeroed at a level above the chest, the pressure is underesti-
mated. When the transducer is zeroed at a level well below
the right atrium, the pressure is overestimated. (e)
Respiratory variation of right atrial pressure. The thin-
walled right-sided chambers are subject to respiratory
variation, particularly in subjects with underlying obstruc-
tive lung disease. Pressure measurements taken during a
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few seconds of breath holding at the end of normal expira-

tion (when intrathoracic pressure is theoretically zero) are
muchlessvariable. . .......... .. ... .. .. i i 224
Schematic representation of the major electrical and

mechanical events during the cardiac cycle: (a) atrial

contraction; (b) isovolumic contraction; (c) rapid ejection;

(d) reduced ejection; (e) isovolumic relaxation; (f) rapid
ventricular filling; and (g) reduced ventricular filling. . .. .. .. 228
(a—f) Normal cardiac pressure tracings. Descriptions of

each tracing are found within the chapter text. (g)

Abnormal pressure tracing obtained during selective

coronary angiography. In the presence of severe ostial

stenosis, the endhole catheter transmits a distorted wave-

form due to the reflected coronary wedge pressure and

appears as a hybrid between aortic and ventricular pressure
(ventricularized pressure) waveform. . ................... 228
Diagram of the pulmonary capillary wedge technique. . ... .. 230
Estimating the transaortic pressure gradient. The pressure

waves produced by simultaneous catheterization of the left
ventricle and proximal ascending aorta are superimposed.

The shaded area under the curve (AUC) is calculated,

providing the mean transvalvular gradient . . .............. 233
ECG demonstrating electrical alternans . . ................ 238
Echocardiogram with Doppler evaluation demonstrating
respiratory flow variation across mitral (a) and tricuspid

valves (b). ... .. e 238
Pre-pericardiocentesis (a) and post-pericardiocentesis
(b). (Reprinted from modification by LeWinter [9]) ........ 239

Intrapericardial pressure that is critical in determining the
transmural pressure is affected by the time course of fluid
accumulation. Rapidly developing effusions reach the
limits of the pericardial stretch sooner, whereas slowly
developing effusions are better tolerated due to the time
allowed for the pericardium to adapt to the changes
imposed by the effusion. (Adapted from Spodick [10])...... 241
Stages of pericardial tamponade showing pressures in the
right atrium, right ventricle, pulmonary capillary wedge
pressure, and intrapericardium (peri pericardium, RV right
ventricle, LV left ventricle, CO cardiac output, IFASP
inspiratory decrease in arterial systolic pressure). Initial
concept and its revision with further data are shown below
detailing changes in the pressures across stages of

tamponade. (Adapted from Reddy etal. [3]) .............. 242
Top panel showing tricuspid and bottom panel showing
mitral valve inflow pattern ............ ... ... ... ... ... 245

Hepatic vein tracing showing flow to the atrium predomi-
nantly during systole and blunted return in diastole. After
pericardiocentesis, flow to atrium during diastole is recovered . .246
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Fig. 15.8 Diastolic equalization of right atrial (mean), right

ventricular end diastolic, pulmonary arterial diastolic

pressures demonstrated as the PA catheter is pulled back

from the pulmonary artery . ........... ... ... . .. 246
Fig. 15.9 Right atrial pressure waveform with blunted y descent . . . ... 247
Fig. 15.10 Pericardiocentesis can be performed using paraxiphoid

approach where the needle is inserted between xiphoid

process and left costal margin at a 15° angle above the skin.

In apical approach, the needle is inserted 1-2 cm lateral to

the apex within the fifth, sixth, or seventh intercostal space.

(Adapted from Spodick [10]) .. ... ..o 248
Fig. 16.1 (a) Normal, full-thickness parietal pericardium is shown. It

consists of a layer of mesothelial cells and compact layers

of dense wavy collagen (yellow) with interspersed short

elastic fibers (black). (b) Fibroblasts with elongated nuclei

and scant thin blood vessels are normally present in the

parietal pericardium. CD34 immunostaining highlights the

endothelial cells of capillaries. (¢) The visceral pericardium

(also called epicardium) consists of a mesothelial cell layer

and a thin subepithelial layer of collagen with elastic fibers.

The mesothelial cells show distinct microvilli. Beneath the

visceral pericardium is epicardial adipose tissue. (d) In

other areas of the visceral pericardium (or epicardium),

only a thin layer of fibrous tissue (yellow) separates the

mesothelial cells from the myocardium with absence of

epicardial fat. Original magnifications 400x; (a, ¢, and d):

Movat pentachrome stain; (b): CD34 immunoperoxidase.

(FromKleinetal. [9])........ ... i, 253
Fig. 16.2 Pericardial pressure-volume curves are shown in which the

volume increases slowly or rapidly over time. (Blue curve)

Rapidly increasing pericardial fluid first reaches the limit of

the pericardial reserve volume (the initial flat segment) and

then quickly exceeds the limit of parietal pericardial

stretch, causing a steep rise in pressure, which becomes

even steeper as smaller increments in fluid cause a dispro-

portionate increase in the pericardial pressure. (Red curve)

A slower rate of pericardial filling takes longer to exceed

the limit of pericardial stretch, because there is more time

for the pericardium to stretch and for compensatory

mechanisms to become activated . ......... ... ... ... 254
Fig. 16.3 Echocardiography of patient with amyloidosis shows (a)

thickened myocardium with speckling or a granular pattern

and (b) biatrial enlargement with inter-atrial septal bulging

to the right. (c¢) Global longitudinal strain (GLS) study

shows a pattern of apical sparing suggestive of amyloidosis.

(d) The pulsed wave Doppler study of the mitral inflow

shows high E/A ratio of ~4.1 and short deceleration time of

~134 ms. Tissue Doppler imaging (TDI) of mitral annulus
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shows markedly reduced velocities in both (e) septal e’ of

3cm/s and (f) lateral e’ of demfs ... .. ..o 257
Fig. 16.4 Midventricular septal M-mode recording (parasternal long

axis) in a patient with constrictive pericarditis. There is

leftward ventricular septal shift in inspiration. Exp indicates

expiration and Insp inspiration . .. ... ... ... ... e 257
Fig. 16.5 Echocardiography of a patient with constrictive pericarditis.

(a) The pulse wave Doppler study of the mitral inflow

shows high E/A ratio which is ~2.3 and short deceleration

time of 125 ms. Tissue Doppler imaging (TDY) of mitral

annulus shows “annulus reversus” with (b) septal €’ of

10 cm/s and (c) latgral €’ of 5 cm/s. (d) There is significant

respiratory variation in the mitral inflow [(expiration —

inspiration)/expiration; (115~84)/115 x 100% = ~27.0%].

Insp indicates inspiration and Exp, expiration. (¢) M-mode

image shows plethoric inferior vena cava (IVC) with

diameter of 2.6 cm and <50% change in diameter during

respiration. (f) Global longitudinal strain (GLS) study

shows LV antero-lateral wall shortening strains were lower
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Fig. 16.6 Pulmonary venous flow during different phases of respira-
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Fig. 16.11 Left and right heart catheterization of a patient with

constrictive pericarditis. (a) Pressure tracing of the right

atrium shows prominent x- and y-descents. v indicates v

wave; a, a wave; X, X-descent; and y, y-descent. (b)
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shows “dip-and-plateau”/*square-root” sign and equaliza-

tion of both ventricular diastolic pressures. (¢)

Simultaneous recording of LV and RV pressure tracings

with respiratory variation shows ventricular interdepen-

dence. LV indicates left ventricle and RV, right ventricle. . . . . 264
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and Exp expiration. (b) There is significant respiratory
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expiration; (45-66)/45 x 100% = ~ —46.7%]. Tissue

Doppler imaging (TDI) of mitral annulus shows “annulus
reversus” with (¢) septal e’ of 12 cm/s and (d) lateral ¢’ of

9 cm/s. (e) Inferior vena cava is plethoric with diameter of

~2.9 cm and <50% variation in size during respiration. (f)

Pulsed wave Doppler of hepatic vein flow showed signifi-

cant end expiratory diastolic flow reversal with hepatic vein
expiratory diastolic reversalratioof ~0.9.......... ... ... 266
Calculation of aortic valve area (AVA) using the

continuity equation. Measurement of the left ventricular
outflow tract (LVOT) diameter (panel A), velocity time
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(AV) VTI (panel C) is necessary to calculate the AVA

(panel D). . .. ... . 273
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25mmHg) ...
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