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 April 5, 2001      General Session–Grand GHIJ

7:30–8:00 AM Coffee and Pastries—Grand Assembly

Cases of the Day
Moderator: Melissa L. Rosado de Christenson, MD

7:30–7:45 AM Case of the Day
Santiago Rossi, MD

7:45–8:00 AM Case of the Day
Cristopher A. Meyer, MD

New Horizons: Functional Imaging in the Chest
Moderator: Jeffrey R. Galvin, MD

8:00–8:40 AM Image-based Functional Measurements in the Chest
Eric A. Hoffman, PhD

8:40–9:05 AM Functional Imaging of the Lung and Quantitative Analysis Using
Computed Tomography

Jonathan G. Goldin, MBChB, PhD

9:05–9:30 AM Functional MR Imaging of the Lung
Hiroto Hatabu, MD, PhD

9:30–9:55 AM Why and How Should Emphysema Be Quantified on CT?
Alexander A. Bankier, MD

9:55–10:15 AM Panel Discussion and Questions

10:15–10:30 AM Break

STR NASCI Cardiovascular Symposium:
Ischemia and Imaging
Moderator: Pamela K. Woodard, MD

10:30–10:50 AM The Role of Diagnostic Imaging in the Evaluation of Patients with
Acute Chest Pain

Jack A. Ziffer, MD, PhD

10:50–11:10 AM Helical CT and Electron-Beam CT Imaging of Coronary Calcium:
An Update

William Stanford, MD

11:10–11:30 AM Potential Role of MRI in Ischemic Heart Disease
Charles B. Higgins, MD
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11:30–11:50 AM Cardiac Imaging with Multidetector-Row CT
Geoffrey D. Rubin, MD

11:50 AM–Noon Panel Discussion and Questions

Noon–2:15 PM STR Lunch and Annual Business Meeting—Valencia

Cardiovascular Symposium (continued):
The Heart and Associated Blood Vessels
Moderator: Robert M. Steiner, MD

2:15–2:35 PM Cardiac Diagnosis: How to Approach the Chest Radiograph
Martin J. Lipton, MD

2:35–2:55 PM Teaching Cardiac and Great Vessel Anatomy with CT-derived 3D
Reconstructions

Anna Rozenshtein, MD

2:55–3:15 PM MRI of Congenital Heart Disease
Gautham P. Reddy, MD

3:15–3:35 PM Pericardial Imaging
Lynn S. Broderick, MD

3:35–3:55 PM MR Imaging in Right Ventricular Dysplasia
Joel E. Fishman, MD, PhD

3:55–4:25 PM Imaging the Patient with Pulmonary Hypertension
Aletta Ann Frazier, MD, Robert M. Steiner, MD

4:25–4:50 PM Helical CT for Pulmonary Embolism: Current Status
Ella A. Kazerooni, MD

4:50–5:15 PM Panel Discussion and Questions

Benjamin Felson Memorial Lecture
Moderator: Jeffrey R. Galvin, MD

5:30–6:30 PM Information Management: PACS, Patient Data, and Diagnosis
Paul J. Chang, MD

6:30–8:00 PM Reception—Grand Lawn
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Introduction
Lung disease is a leading cause of mortality in the

United States (2, 39). Chronic lung disease encom-
passes a spectrum of diffuse lung diseases including
emphysema, chronic bronchitis, asthma, respiratory
bronchitis, bronchiectasis, pulmonary thromboembo-
lic disease and interstitial lung disease. CT, currently
the best test to assess lung involvement in emphy-
sema and interstitial lung disease, relies on abnor-
malities being detected when there is sufficient mor-
phologic distortion to result in visually identified
changes that occur relatively late in the pathogenesis
of most disease processes. There is, however, poor
correlation with the conventional measure of lung
function and outcome. As a researcher highly re-
spected in aspects of chronic obstructive lung disease
recently reflected, “the simplicity of the lesion-holes
in the lung, some (too-small) small airways, and
bronchial gland enlargement, belies the functional
and pathogenic complexity” (51). The same limita-
tion likely applies to the reliance of visually evident
parenchymal distortions in the CT images of patients
with interstitial lung disease.

Functional Imaging of the Lung and
Quantitative Analysis Using Computed
Tomography
Jonathan G. Goldin, MD, PhD
Department of Radiological Sciences
UCLA Medical Center

Radiologists, however, have been slow to go be-
yond the description of structural changes and pro-
vide quantitative measures of function. Further, what
is needed is a method to distinguish the static and dy-
namic airway and parenchymal alterations exhibited
in lung disease and to assess regional variations.
High-resolution computed tomography is an estab-
lished technique for the detailed evaluation of the
pulmonary parenchyma and can characterize ana-
tomic details of the lung as small as 200 to 300 mm,
which corresponds to approximately the 7th to 9th
generations of the airways and lung segments (27,
31, 36, 57). The addition of volume scanning allows
data to be acquired through broad regions of interest
during different phases of respiration or under differ-
ent physiologic conditions providing critical insights
into the relationships between structure and function
(6, 7, 23). For quantitative image analysis to be use-
ful and applied clinically it needs to be easy to per-
form, reproducible, observer independent and offer a
valid measurement of disease presence and extent by
comparison with physiologic or pathologic criteria.
Further imaging protocols need to be tailored to

Image-based Functional Measurements
in the Chest
Eric A. Hoffman, PhD

At the time of publication, no abstract was available.
Disclosure Statement: Members of Marconi Medical Systems are co-investigators on our NIH-Bioengineering
Partnership Grant.



81

T
h

u
rs

d
a
y

ensure the validity and reproducibility of the quanti-
tative measures. The purpose of this chapter is to give
an overview of quantitative techniques used and their
application to various pulmonary diseases.

Imaging Protocols
The best imaging protocol for the quantitation of

diffuse lung disease remains unresolved. With rapidly
changing CT technology this remains an area of con-
stant evolution. Currently, there is the need to choose,
at the time of image acquisition, between sampling
the lungs with high resolution thin sections at se-
lected intervals and the use of a volume acquisition
technique to acquire a 3-dimensional CT data set.
The advantage of a rapidly acquired volumetric data
set is that the images can be acquired in a single stan-
dardized breathhold and the lung is completely
sampled allowing the creation of 3-dimensional mod-
els. Prior to the advent of subsecond multi-detector
and spiral CT scanners, thick sections (5-10mm)
were necessary to ensure a contiguous acquisition of
the entire lung in the same breathhold. As a conse-
quence, subtle abnormalities in the lung texture and
density due to emphysema, lung fibrosis or air trap-
ping were difficult to detect in the relatively large
voxel sizes. For this reason, thin section sampling at
intervals through the lung was preferentially chosen
to allow detection of greater lung detail. However,
with the advent of multi-detector scanners and
subsecond scanning it is now possible to obtain full
volume datasets in a single breathhold that can be re-
constructed with true thin section resolution of the
entire lung for the purpose of quantitative image
analysis.

Standardization of the lung volume to either Total
Lung Capacity (TLC), residual volume (RV) or a
known lung volume in between the two at the time of
scan acquisition is critical to ensure both the validity
of quantitative measures and ensure reproducibility
of measures on repeated studies. This is most accu-
rately achieved with spirometric gating, in which the
CT scan is triggered, and airflow mechanically inhib-
ited, at a predetermined user selected level of breathhold
(25). A similar technique using a pneumotachometer
allows the patient to breathe between acquisitions
and then upon return to a preselected inspiratory
level scanning is initiated (24). It is also possible to
obtain acceptably good reproducibility of lung vol-
umes without the use of electronically gated CT scan-
ners by the use of an incentive spirometer used dur-
ing the time of scanning. The availability of commer-
cial apparatus or spirometric gating or triggering is

scarce and, thus, most quantitative studies are per-
formed without such methods. It is possible with vol-
ume acquisition techniques to confirm lung volume
reproducibility without the need for spirometric gat-
ing (5) but this is only useful when the entire lung
volume is acquired in a single breathhold and not
when several high resolution images are obtained at
intervals through the lungs.

In addition to volume triggered scanning, the abil-
ity to acquire or reconstruct images at 50-100 msec
intervals, thus achieving real-time ciné  sequences
during the performance of respiratory maneuvers
without compromise of image quality by motion, can
also be useful (14, 17). Although the necessary tech-
nical parameters will vary according to the specific
application, degree of resolution required, and ana-
tomic region under examination, images of 1-3 mm
collimation obtained between 300-500 msec intervals
can be acquired as sequences that are triggered or si-
multaneously monitored by spirometry. ECG-gating
may also be used to study the lower lobes free of car-
diac motion artifacts (41). Similar results have been
reported using Fast CT (sub-second Helical and
multi-detector scanners). For most pulmonary func-
tional applications, sequences acquired through the
upper, mid and lower lungs provide an adequate sam-
ple of the lungs. By integrating the spirometric and
imaging data, changes in lung attenuation for isolated
regions of interest can be measured as a function of
time, airflow, and lung volume (Figure 1).
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Quantitative Image Analysis
The quantitative information obtained with HRCT

may advance our understanding of pulmonary patho-
physiology and offer insights into the potential mecha-
nisms involved in the progression of lung disease (1,
15-18, 26, 28, 30, 35, 36-38, 40, 42-44, 45, 48, 50, 52-
54, 58, 59, 61). Additional advantages of this tech-
nique are its non-invasive nature and ability to offer a
comprehensive regional assessment not possible with
conventional lung function tests. There has been an ex-
plosion in investigations to provide quantitative struc-
tural and functional information from digitally ac-
quired image data. These methods include visual
quantitation scoring systems, image display (such as
multiplanar reformations, surface shading for 3D and
volume rendering) (29, 40, 84), anatomic image quanti-
tation (e.g., area and volume of airways and lungs) (1,
3, 4, 8, 10, 13, 17, 24, 37, 38, 59, 60) and regional char-
acterization of lung tissue (analyzing attenuation,
changes in attenuation and texture patterns in the im-
aged lung) (9, 12, 18, 52, 53, 56). Approaches to CT
quantitation may be visual or computer aided.

Visual quantitation approaches utilize various
scoring systems that categorize different parenchy-
mal patterns and attempt to quantitate their extent and
severity using an assessment of the amount of lung
involved. In designing a visual scoring system it is
important to separately score the extent of different
CT patterns since these different patterns most likely
have different functional effects. Such visual scoring
CT systems have been developed for emphysema, id-
iopathic pulmonary fibrosis (IPF), scleroderma lung
disease, and chronic PE. In most studies, this final
score is calculated either by agreement between two
reviewers at a joint reviewing session or by obtaining
the mean of the reading scores for the two reviewers.
For the most part, they are relatively subjective and
lack reproducibility with larger inter- and intra-reader
variation. Thus, attention has turned to computer-
aided detection and quantitative techniques.

For computer aided techniques the anatomical
components of the cardiopulmonary system need to
be identified and segmented prior to quantitation.
Several approaches and software packages have been
developed to quantitatively assess the lung with vary-
ing degrees of complexity and overlap in functional-
ity (Figure 2). These packages consist of varying sets
of image segmentation and analysis tools written to
answer specific thoracic clinical and research ques-
tions (11, 12, 32-34, 47, 53). Image segmentation is
achieved using various combinations of threshold
and knowledge based algorithms to identify the lung

and contained airways and blood vessels. For the
most part the segmentation process is fully automated
but allows manual correction if needed.

Three basic types of measurements are made on a
segmented region of interest (ROI). The first category
is measures relating to the size and shape of the ROI.
The second category relates to attenuation (gray level)
statistics and the third to image texture within the
ROI. Much of the lung consists of intrathoracic gas
which, when referenced to specific phases of respira-
tion, can be used to assess parenchyma and airway in-
tegrity. An increase in either blood volume or in the
interstitial, cellular or fluid content of the lung paren-
chyma results in increased attenuation of pixels rela-
tive to the low attenuation of air. Thus, measures that
reflect changes in attenuation are indirect measures of
these parenchymal changes as well (16, 30, 45). The
greater the leftward shift of the “lung attenuation
curve” (e.g., reflecting a greater proportion of pixels
with low attenuation), the more extensive the lung de-
struction due to emphysema and/or expiratory airflow
obstruction. Conversely a rightward shift of the curve
(to a greater proportion of high attenuation) reflects
an increase in either blood flow or in the interstitial,
cellular, or fluid content of the lung parenchyma. By
integrating spirometric and imaging data, changes in
lung attenuation in defined regions of interest can be
measured as a function of time (attenuation/time
curves), airflow or lung volume. In addition, texture
measurements quantify the nature of the local attenua-
tion differences and take into account both the dis-
tance and direction of these differences (20, 21, 29,
49, 52, 54, 56). Measurements such as energy and en-
tropy examine the overall homogeneity or heteroge-
neity of lung attenuation. Measurements such as
autocorrelation and covariance may be derived from
the second order histogram of lung density. Fractal
analysis may also be applied to the analysis of the CT
patents (46). Total and regional lung volumes can also
be accurately calculated (8) (Figure 3).
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These techniques have been applied to distinguish:
(a) normal and severely emphysematous patients on
either a global basis (entire lung section) or regional
basis (portion of lung section) (52); (b) healthy non-
smokers, smokers and smokers with abnormal lung
function (COPD) on either a global or regional basis
(53); (c) airway reactivity and treatment response
(17, 19); (d) other patient populations such as inter-
stitial lung disease (i.e. IPF and sarcoidosis, asbesto-
sis, and cystic fibrosis) (22, 56); and (e) areas of nor-
mal parenchyma, vessels, bronchi, emphysema,
ground glass and lesions with intralobular fibrosis in
HRCT images of patients with UIP (12). QIA can
also be used as a measure of the efficacy of novel
therapeutic techniques due to their ability to detect
subtle regional variations not possible with conven-
tional lung function tests (19).
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Recent development of fast MR imaging tech-
niques opened a new window for functional assess-
ment of the lung.[1] The newer generation MR scan-
ner with its higher-strength gradient system and
echo-planar capability can control the gradient very
accurately and rapidly. The fast MR techniques,
which are facilitated by the emergence of these new
MR systems with enhanced gradient, are essential for
the MR imaging of the lung. The difficulties in MR
imaging of the lung have been posed by lung mor-
phology and its physiological motion. The fast MR
imaging techniques to overcome the problems of
lung imaging including recent applications of fast
MR techniques in pulmonary perfusion and ventila-
tion imaging will be discussed.

Morphology and Physiology of the
Lung and MR Signal

The lung has unusual morphological and physi-
ological characteristics.[2] The human lung contains
approximately 300 million anatomic alveoli measur-
ing 200–300 microns in diameter, with a total sur-
face area of 50–70 m2 . The overall density of the
lung is 0.3 g/ml at end-expiration, and 0.15 g/ml at
maximal inspiration. Minute ventilation at rest is
about 6 L/min, and cardiac output from the right ven-
tricle is about 5 L/min. This matching of ventilation
with perfusion implies an intimate association be-
tween the gas spaces of the lung and pulmonary cir-
culation. It is known that much of the hypoxemia and
carbon dioxide retention observed in patients with
various pulmonary diseases are caused by mismatch-
ing of ventilation and perfusion in the lung.[3] The
alveoli have very thin walls because oxygen diffusion
is particularly impeded by the low solubility of oxy-
gen in water (0.03 ml/L; 20 times less than the solu-
bility of carbon dioxide). The lung produces little
MR signal, and appears dark on conventional MR se-
quences. The principal reason for poor MR signal
from the lung is due to its unique alveolar architec-
ture; namely the presence of multiple air / soft tissue
interfaces. [4-6] The multiple interfaces of air and
soft tissue result in very heterogeneous magnetic sus-
ceptibility, which produces large local gradients. The
local gradients act to dephase the MR signal from the
lung. (very short T2* and T2'). [7,8] Therefore, when
conventional MR sequences are utilized, the MR sig-
nal from the lung decays extremely rapidly according
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to T2* time constant of about 1.4 ms before it is ever
observed. [9,10] . In addition, other factors also con-
tributing to the poor MR signal from the lung include
relatively low proton density in the lung, and signal
loss due to motion (cardiac and respiratory), pulmo-
nary blood flow, and molecular diffusion. [4-8]

Fast MR Imaging of the Lung
The fundamental approach to acquiring signal

from the lung, with its very short T2*, is to acquire
the signal before it decays, namely to sample the sig-
nal with minimal effective echo delay time (TE).
Promising methods to accomplish this reduction in
TE are [11]; 1) Reduced TE spin-echo (SE) imaging;
2) Projection reconstruction (PR) imaging; 3) Use of
multiple RF refocusing pulses as utilized in the
CPMG (Carr-Purcell-Meiboom-Gill) and fast SE im-
aging; 4) Gradient echo imaging with an ultra-short
TE; 5) Single-shot fast SE or HASTE (half-Fourier
single-shot fast SE) imaging.

Although historically interesting, improved meth-
ods of lung imaging emerged when fast MR imaging
techniques such as gradient echo imaging with an ul-
tra-short TE and single-shot fast SE imaging were
made available. Multiple images are now acquired
within a single breath-hold, dramatically decreasing
the image blurring due to physiological respiratory
motion.

Recently, a new technique to image the lung in
vivo with complete coverage of both lungs in a single
breath-hold has been reported using a multi-slice in-
terleaved submillisecond TE gradient-echo se-
quence.[10,12] The method requires a high-speed,
high-strength gradient system, and an optimized gra-
dient-echo sequence to image lung with TE as short
as 700 ms. The technique uses fractional echo sam-
pling, high bandwidth data acquisition, and a trun-
cated RF pulse to minimize TE. The signal from the
normal lung parenchyma diminished exponentially
with prolongation of TE. The measured T2* in six
normal volunteers ranged from 0.89 to 2.18 (1.43 ms
± 0.41 ms).

HASTE is a single-shot turboSE sequence where
data are acquired during a train of 180° refocusing
pulses. An echo spacing of 4.2 ms was used in this
study and image reconstruction was performed with a
half-Fourier method. The acquisition time for a 128 x
256 matrix was only 302 ms. The short echo spacing
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made the pulse sequence relatively resistant to the in-
homogeneous magnetic susceptibility of lung paren-
chyma, while the short data acquisition made the se-
quence insensitive to respiratory and cardiac motions.
In patients with pulmonary disorders, the HASTE se-
quence demonstrated abnormalities of the lung pa-
renchyma, including pulmonary edema, pulmonary
hemorrhage, and bronchiectasis. This MRI technique
might be utilized for the early detection of lung can-
cer or pulmonary metastasis in children, given the
lack of ionizing radiation.[13,14]

Functional Imaging of the Lung
Fast MR imaging techniques with a very short TE

are overcoming the problem of inhomogeneous mag-
netic susceptibility.[10,12] In addition, the single-
shot fast SE sequence can now depict the lung paren-
chyma, providing a platform for MR imaging of the
lung.[13,14]

Pulmonary perfusion can be assessed by the use of
T1 weighted ultra-short TE sequence and contrast
agents. [15] In an animal model, a perfusion defect
due to a pulmonary embolus was clearly shown and
confirmed by cine angiography. Based upon these in-
vestigations, we conclude that MRI of lung perfusion
is feasible. Recent preliminary reports showed the
feasibility of the MR perfusion technique in the
evaluation of patients with pulmonary embolism [16]
and unilateral lung transplantation.[17] This dynamic
MR technique may also be used for the characteriza-
tion of a single pulmonary nodule.[18] Another im-
portant application of the technique is the evaluation
of pulmonary emphysema before lung volume reduc-
tion surgery. [19-21] Moreover, by fitting a portion of
the time-intensity curve to a gamma variate function,
flow parameters such as peak time, apparent mean
transient time, and blood volume can be calcu-
lated[22]. The natural extension of this 2D technique
is breath-hold contrast-enhanced 3D MR technique
with short TR and TE.[23] With the implementation
of a short TE of 2 ms, both pulmonary perfusion as
well as the pulmonary vasculature were depicted in a
25-second breath-hold. Perfusion defects with ac-
companying obliteration of the regional pulmonary
vasculature were demonstrated in both a porcine
model and in patients with pulmonary embolism. Fast
MR techniques also drastically advanced 3D con-
trast-enhanced MR angiography. Preliminary study in
30 patients with suspected pulmonary embolism
demonstrated the feasibility of these techniques.[24]

Another approach for the evaluation of pulmonary
perfusion we have devised is the modification of
EPI-STAR sequence.[25] A modified fast gradient
echo or single shot turbo spin-echo pulse sequence
instead of echo planar imaging is utilized for image

acquisition, which is robust for magnetic suscep-
tibility artifacts. Within each breath-holding period,
two sets of images are acquired. In only one set of
the images an RF pulse is applied to the right ventri-
cle and main pulmonary artery in order to invert the
magnetization of blood within those structures. After
an inflow period (TI), which is on the order of a few
hundred milliseconds to seconds, data are acquired
using fast gradient echo or single-shot, half-Fourier,
turbo spin-echo (HASTE) pulse sequences. The sub-
traction of the two images results in the perfusion im-
age. [26-28] The merit of this technique lies in its po-
tential to provide a non-invasive method for the abso-
lute measurement of pulmonary perfusion by the
application of a mathematical model. [28]

The assessment of regional ventilation in human
lungs is important for the diagnosis and evaluation of
a variety of pulmonary disorders including pulmo-
nary emphysema, diffuse lung disease (i.e., sarcoido-
sis, pulmonary fibrosis), lung cancer, and pulmonary
embolism. Oxygen modulates MR signals of blood
and fluid through two different mechanisms; (1) a
paramagnetic property of deoxyhemoglobin and (2) a
paramagnetic property of molecular oxygen itself.
[29,30] Molecular oxygen is weakly paramagnetic
with a magnetic moment of 2.8 Bohr magnetrons.
[30,31] Young et al demonstrated reduction in T1 re-
laxation time of blood at 0.15 Tesla after inhalation
of oxygen. [30,32] After inhalation of 100% oxygen,
the concentration of dissolved oxygen in arterial
blood increases by approximately five times.

Recently, we have demonstrated the feasibility of
oxygen inhalation to evaluate regional pulmonary
ventilation and examined the effect of oxygen inhala-
tion on relaxation times in various tissues. [33,34]
Signal changes from the right upper quarter portion
of the right lung following alternate administration of
10L/min air (21% oxygen) and 100% oxygen via a
mask are demonstrated. Calculated T1 values of the
lung with various TIs before and after administration
of oxygen were 1336ÿ± 46 ms and 1162 ± 33 ms, re-
spectively. The observed change in T1 value con-
firms that molecular oxygen can be used as an effec-
tive T1 shortening agent in the assessment of ventila-
tion in humans. Single-shot fast SE sequence was
used to obtain MR signal from lung parenchyma,
which has very short T2* value. The sequence is T1-
weighted by the inversion recovery preparation pulse.

Laser-polarized Xe-129 and He-3 were proposed
for ventilation MR imaging.[35-38] These noble
gases can be hyperpolarized using optical pumping
technique. MR signal from these noble gases may be
increased by 100,000 times compared with the MR
signal in a thermal equilibrium state. The strong
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signal from the noble gases enable the acquisition of
the data from gas itself. A preliminary clinical study
by Kauczor et al demonstrated feasibility in assessing
various pulmonary diseases including chronic ob-
structive lung disease, bronchiectasis, and lung can-
cer.[39,40] Diffusion of these noble gases impeded
by alveolar structure can be measured. In addition,
Xe-129 can be dissolved in blood, which may enable
perfusion imaging as well as functional brain imag-
ing.[41] Recent spectroscopic technique with Xe-129
demonstrated the possibility of separating the signal
from lung parenchyma and blood.[42] Xe-129 may
be injected intravenously for delivery to the lung and
vasculature.[43] The hyperpolarized noble gas tech-
niques provide new exciting applications.[44]

Although extremely promising, these agents are
not ready for routine clinical use because of the high
costs of noble gases and the apparatus for laser-polar-
ization as well as the narcotic effects of large concen-
trations of inhaled noble gases. Any gases other than
oxygen utilized for ventilation study, i.e., radioactive
gases or hyperpolarized gases, are either heavier or
lighter than oxygen. Therefore, the behavior of these
gases may be different from oxygen in the lungs with
gravitational effect.

The oxygen-enhanced MR ventilation technique
utilizes conventional proton-based MR imaging.
Oxygen is available in most MR units for patients
and its administration is safe and inexpensive. Thus
the oxygen-enhanced MRI technique for assessing
pulmonary ventilation has the potential to provide a
noninvasive means of assessing regional pulmonary
ventilation at high resolution. Combined with the
MRI perfusion studies, this technique has the poten-
tial to have a major impact on the diagnosis and as-
sessment of a variety of pulmonary disorders.[45]

MR assessment of pulmonary ventilation-perfu-
sion is possible when combined with recent first-pass
contrast-enhanced MR perfusion technique using Gd-
DTPA.[15,23,45,46] The combination of ventilation-
perfusion techniques is particularly interesting when
airway obstruction and pulmonary embolism, two
classic disease models of the lung with contrasting
radiographic manifestations are studied. Airway ob-
struction causes regional hypoxemia, which elicits
hypoxic vasoconstriction, resulting in an accompany-
ing decreased regional perfusion. Therefore, matched
regional ventilation- perfusion deficit is expected
when a combined ventilation - perfusion imaging
study is performed. In contrast, pulmonary embolism
does not cause airway obstruction. Therefore, regional
perfusion deficit without ventilation deficit (mis-
matched ventilation-perfusion) is expected on the
combined ventilation-perfusion imaging study. [45]

New Horizons: Future of MR
Imaging of the Lung

MR ventilation-perfusion techniques have the po-
tential to play an import part in 21st century pulmo-
nary function testing. With the availability of high-
resolution CT, why do we pursue the development of
lung parenchymal imaging by MR? CT diagnosis is
based on morphological findings as well as limited
density information (calcium, fat, contrast enhance-
ment). MR, on the other hand, has the potential for
multi-parametric characterization of pathology based
upon relaxation times, perfusion, ventilation, proton
density (lung water determination), diffusion, suscep-
tibility-induced T2* changes as reflections of alveo-
lar architecture. Fast MR imaging is opening a new
exciting window to multi-functional MR imaging of
the lung. [1]

Quantification of pulmonary perfusion can be
achieved by first-pass contrast agent technique or ar-
terial spin labeling technique. The first-pass contrast
agent method is easy to be applied, and provide
pixel-by-pixel mapping of perfusion parameters.
However, there are issues to be solved theoretically
including deconvolution, leakage of contrast agent,
and definition of output function. Arterial spin label-
ing technique is non-invasive and can be repeated.
However, implementation and application are rather
difficult.

Imaging of ventilation can be performed using
hyperpolarlized noble gas technique or oxygen-en-
hanced MR imaging. Both methods are relatively
new and novel. Hyperpolarized noble gas technique
demonstrates the flow of gas itself, while oxygen-en-
hanced MR imaging shows transfer of molecular
oxygen indirectly through enhancement of protons in
lungs by paramagnetic effect of molecular oxygen.
The real premises of these methods are dynamic im-
aging of ventilation and physics-based approaches
for analyses of dynamic imaging data.

The registration of quantified ventilation/perfusion
images is crucial. However, the fact that ventilation
requires motion of lung indeed proposes a fundamen-
tal challenge for registration of ventilation/perfusion
images. At the same time, physics-based approach of
registration of lung imaging provides a unique math-
ematical description of lung mechanics.

Ventilation, perfusion, and biomechanics are three
major components of lung function. MR imaging
provides a powerful tool for 21st century functional
imaging of the lung.

Disclosure Statement: principal investigator, Phase
I study MR assessment of lung ventilation,  Nycomed-
Amersham Co.
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Learning Objectives
At the end of this lecture, the participants will
1. be aware of the epidemiological and socioeco-

nomic importance of pulmonary emphysema;
2. be familiar with the basic technical tools and

parameter used and required to accurately
quantify emphysema on CT;

3. have learned about the emerging role of func-
tional imaging and the use of advanced tech-
niques in the quantification of pulmonary em-
physema on CT.

Why Should Emphysema Be
Quantified on CT?
� Pulmonary emphysema is a very common disease

Pulmonary emphysema is defined as an “abnormal
permanent enlargement of the air spaces distal to the
terminal bronchioles, accompanied by destruction of
the alveolar walls, and without obvious fibrosis”. In
the western world, pulmonary emphysema is among
the most common respiratory disorders. Although es-
sentially linked to tobacco smoking, a variety of other
agents can contribute to the development of emphy-
sema. Emphysema thereby became a substantial public
health problem. As emphasized by G.L. Snider “in
many ways, emphysema is to the pneumologist of the
last half of the twentieth century what tuberculosis
was to the pneumologist in the first half of the twenti-
eth century.” (1)

��Pulmonary emphysema is a very expensive disease
Pulmonary emphysema is a chronic disorder. Pa-

tients suffer from emphysema for years, sometimes
for decades. This creates high costs for care and reha-
bilitation. Depending on epidemiological factors,
these costs may vary. In virtually all countries of the
western world, however, emphysema is among the
“top five” diseases in terms of morbidity associated
health care costs.

��We know relatively little about the in-vivo natural
history of emphysema in humans

Most studies investigating the development of em-
physema, notably in the early stages of disease, have
been conducted in animals. Also, many long-term
studies are based on animal experiments. It therefore
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remains unknown whether data obtained from those
studies will remain valid in the context of human em-
physema. This issue urges for a technology that allows
to detect and follow human emphysema in-vivo. CT
fulfills most of requirements that such a technology
should have. This substantially stimulated the interest
of researchers in CT as a modality used for the longitu-
dinal follow-up of patients with emphysema (2).

��Promising techniques and interventions for the
treatment of emphysema did recently arise

Lung Volume reduction Surgery (LVRS) is a
therapeutic option for patients with severe debilitat-
ing emphysema. LVRS consists of bilateral wedge re-
section of emphysematous lung by means of sterno-
tomy, bilateral thoracotomy, or video-assisted thora-
coscopic surgery. LVRS appears to improve lung
function, exercise tolerance, and quality of life im-
provement, peaking at 3-6 months after surgery and
maintained for about 2 years. The retrospective na-
ture of patient selection and the inability to accurately
quantify the amount of resected emphysematous lung
tissue are two major obstacles to define the criteria
for selecting LVRS candidates. Patients are usually
selected on the basis of clinical, physiological, and
plain radiographic criteria. Intolerable dyspnea and
exercise intolerance not palliated by therapy, and se-
vere airflow obstruction are clinical key criteria. On
the other hand, anatomic features such as the lobar
severity of emphysema, with a heterogeneous distri-
bution of emphysema, do contribute to determine the
clinical outcome. Upper lobe predominance, a high
amount of regional heterogeneity, and a larger per-
centage of normal or mildly emphysematous lung
show the strongest correlation with improvement of
the quality of life and exercise tolerance. In this con-
text, several studies have analyzed the relation be-
tween preoperative CT findings and postoperative re-
sults. Giereda et al. showed that the values of quanti-
tative CT indexes of global and regional emphysema
severity were related to outcome measures after LVRS
(3). Kazerooni et al. found that a high upper/lower
lung emphysema ratio was the best predictor of im-
provement in term of functional tests and 6-minute
walking distance until two years after bilateral api-
cal LVRS (4). Both studies thus indicate that CT
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quantification of emphysema could play an important
role in identifying the most suitable candidates for
LVRS and in standardizing the preoperative evalua-
tion of thee patients.

It was long thought that, once damaged, alveoli
could not be repaired in the adult lung. Recent stud-
ies, however, found that interventions focussing the
cellular and biochemical process of alveolar destruc-
tion could eventually stop alveolar destruction and
even partly restore or replace the destroyed alveolar
tissue or volume (5). Although all current knowledge
is based on animal studies, the therapy of emphysema
would very likely be revolutionized if the results
prove to be equally valid in humans. This would re-
quire intensive in-vivo monitoring of the drugs in
question, and CT might therefore be the technique of
choice.

How Should Emphysema Be
Quantified on CT?
• Subjective or objective quantification?

Subjective scoring systems of emphysema are
easy to apply and do not require a highly developed
technical environment. The main advantage of com-
puter assisted objective quantification is the repro-
ducibility of the technique across readers of varying
experience and expertise, and institutions, that allow
more accurate comparisons of results among different
medical centers. In a series of 62 patients who under-
went thin section CT prior to surgical lung resection,
Bankier et al. (6) compared both objective CT quanti-
fication and subjective scoring to a macroscopic ref-
erence method. Based on visual scoring by three
readers of varying experience in two reading session,
the authors found that subjective scoring was less
correlated to both the macroscopic reference and to
objective quantification by CT densitometry. Subjec-
tive grading also suffered from a systematic overesti-
mation of emphysema. Moreover, subjective grading
was compromised by only moderate interobserver
agreement. It also was noticeable that the strongest
correlation between subjective scoring and macro-
scopy was achieved by the least experienced reader.
This reader also showed the weakest inter-reader
agreement. This study suggests that subjective visual
grading should be supplemented with more reliable
objective methods whenever a precise and reader-in-
dependent quantification of emphysema is required.

� CT scanning in inspiration or expiration?
Based on comparisons between objective CT

quantification and pulmonary function tests, early
have suggested a potential role for expiratory CT in
the quantification of emphysema. Using a similar

technique, more recent studies found a substantial
difference between the accurate density thresholds
used to quantify emphysema in inspiration and in ex-
piration. It also was shown that expiratory CT under-
estimates the degree of emphysema as compared to
inspiratory CT. It therefore appears that expiratory
CT is not as accurate as inspiratory CT for the quanti-
fication of emphysema. Data derived from expiratory
CT, however, do more accurately reflect functional
airflow obstruction than data derived from inspira-
tory CT.

� “Thin” or “thick” CT sections?
Early CT studies of pulmonary emphysema were

based on thick (10mm) sections. Since the introduc-
tion of thin section CT, however, most CT research
has been conducted using thin (1-2mm) slices. There
is, indeed, a rationale for the use of thin sections.
Other that thick section CT, thin section CT often al-
lows a morphologic differentiation between centri-
lobular and panlobular emphysema. Thin section CT
is also more accurate in demonstrating the morphol-
ogy of emphysematous destruction with respect to
the secondary pulmonary lobule. Virtually all recent
validations with macroscopic and microscopic tech-
niques have been performed using thin section CT.
Moreover, the density thresholds currently used have
been validated on the basis of thin section CT. These
points thus favor the use of thin CT sections for the
quantification of emphysema.

� Which density threshold to choose?
CT scanning provides transverse anatomical pic-

tures in which the value of each picture element (i.e.,
pixel) is related to the X-ray attenuation of a defined
volume of tissue (i.e., voxel). The x-ray attenuation is
related to tissue density and is numerically expressed
in Hounsfield units (HU). The scale of attenuation
values ranges between -1024 HU to 3078 HU, zero
corresponding to the attenuation value of water.
Hayhurst et al., in the first pathologic-CT compara-
tive study, showed that the distribution curve of at-
tenuation values was significantly shifted toward
lowest attenuation values in patients with emphysema
compared to normal individuals (7).

In a CT-pathologic correlation study considering
microscopic measurements, Gould et al. (8) used the
lowest fifth percentile of the histogram of attenuation
values. The lowest fifth percentile depends on the ex-
tent of emphysema but is also influenced by the rela-
tive amount of higher attenuation values, correspond-
ing to airway walls, blood vessels, and any infiltrate,
which tends to displace the histogram to the right. To
overcome this limitation, an absolute threshold
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should be used and the relative area of lung occupied
by attenuation values lower than this threshold
should be considered. In 1988, Müller et al. (9) used
a CT program called “Density Mask” that highlights
voxels within a given density range and that auto-
matically gives the area of highlighted voxels. In
their study, Müller et al. compared the relative area
highlighted on a single 1-cm thick CT slice after in-
jection of contrast material with the corresponding
macroscopic section of the fixed lung cut in the same
plane as the CT scan and graded using a modification
of the picture-grading system of Thurlbeck et al.. The
highest correlation was observed by highlighting
voxels with attenuation lower than -910 HU. Signifi-
cant correlations, however, do only indicate that CT
and pathological scores are statistically linked, but
they do not imply that the percentage area obtained
by CT quantifications are equal to those obtained
from pathological assessment. Furthermore, the grad-
ing panel is a ranking method and does not represent
the extent of lung involved by emphysema. Finally,
the threshold proposed in the study of Müller et al.
could in part have resulted from the injection of con-
trast material.

Gevenois et al. (10, 11) used a program that auto-
matically recognizes the lungs, traces the lung con-
tours, determines histograms of attenuation values,
and calculates the lung area occupied by pixels in-
cluded in the predetermined range of attenuation
value. In this study, the relative areas of lung occu-
pied by attenuation values lower than various thresh-
olds were calculated. The 1-mm collimation scans
were performed without injection of contrast material
from the lung apices to the bases, with 1-cm inter-
vals. Indeed, emphysema has a heterogeneous distri-
bution throughout the lung, and no study has defined
the minimum number of scans necessary to provide
accurate results. On a first study using this method
based on 63 patients, Gevenois et al. demonstrated,
by comparison with pathologic measurements on
horizontal paper-mounted lung sections, that the
measure of the relative area of lung occupied by at-
tenuation values lower than -950 HU (RA

950
), calcu-

lated on thin section CT obtained at full inspiration,
appears to be a method allowing an objective quanti-
fication of macroscopic emphysema in-vivo and with
an acceptable error. In the same study, they failed to
recommend a maximal interval distance between the
CT slices valuable for every subject. In a later study,
Mishima et al. considered the influence of different
thin section CT scanning parameters on the percent
ratio of low attenuation area to whole lung field.
They compared the low attenuation area obtained
with various number of slices ranging from 3 to 10,
various slice thicknesses from 2 to 5-mm, and vari-

ous electric tube currents ranging from 50 to 250
mA. On the basis of correlations with lung function,
they suggested that three 2-mm thick CT sections, ac-
quired with 250 mA are the most appropriate CT
method in order to the follow-up of emphysema (12).

Mc Lean et al. recommended to measure emphy-
sema microscopically rather than macroscopically.
Subsequently, Gould et al. compared the lowest fifth
percentile of the frequency distribution curve of at-
tenuation values with the distal airspace surface area
measured by a microscopic image analysis system
(8). They showed that CT scan was able to quantify
mild to moderate emphysema. In a more recent study
based on 56 patients, Gevenois et al. measured mean
diameter and perimeter of alveoli and alveolar ducts
(10). They compared the percentage surface area of
lung occupied by attenuation values lower than vari-
ous thresholds to microscopic measurements and
they showed that the highest correlation corre-
sponded to -950HU. Both, the earlier macroscopic
study and the microscopic study performed by
Gevenois et al. suggested thus strongly that RA

950
 is a

valuable threshold to quantify pulmonary emphy-
sema. By calculating the upper 95% limit of pre-
dicted normal values on a small number of subjects
without emphysema, they also suggested that the nor-
mal upper limit for RA

950
 is ~7%. Nevertheless, the

normal value of RA
950

 could be influenced by various
parameters. Indeed, in another study, Gevenois et al.
also showed that RA

950
 is influenced by the lung size

assessed by the total lung capacity and, to a lesser de-
gree, by age but not by sex.

Several studies suggested that possible errors sec-
ondary to variability of lung volume at which CT
scans are obtained could be avoided by using a spiro-
metric control triggering the CT acquisition accord-
ing to a predetermined lung volume. In these studies,
the reproducibility, however, was assessed over a
short period of time. A recent study showed that
spirometric control during scanning is not successful
in keeping the inspiration level constant over the
years (13). The precision of the delineation of lung
contours may also influence the reproducibility of CT
lung parameters. In early studies, outlining of the
lung contours was made manually but more recently,
rapid as well as reproducible automated methods
were available on commercially available CT units.

� Further problems to be solved
According to current knowledge, CT plays an im-

portant role in the quantification of pulmonary em-
physema. Nevertheless, this technique is not yet stan-
dardized and important questions are still unsolved.
Further work is required to establish universal values
of reference; to investigate the long-term temporal re-
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producibility of CT measurements; to compare CT
techniques respectively based on a lowest percentile
histogram frequency distribution curve and on abso-
lute thresholding; to evaluate the accuracy of CT, not
only in the quantification but also in the characteriza-
tion of pulmonary emphysema; to further investigate
the influence of technical CT parameters on the quan-
tification of the disease; to validate new CT tech-
niques such as multidetector systems; to investigate
the ability of CT to reliably discriminate pulmonary
emphysema from other chronic obstructive respira-
tory disorders; to determine the capability of CT to
characterize the subtypes of pulmonary emphysema.
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Objectives
1. To understand the pathophysiology of coronary

artery atherosclerotic plaque development.
2. To understand the new advances in imaging of

coronary calcification.
3. To be updated on the current information rela-

tive to use of Electron Beam and Helical CT
scanning of coronary artery calcification.

Coronary Atherosclerosis-
Pathophysiology

Calcification within the wall of a coronary artery
is a recognized marker of atherosclerosis. Computed
tomography (CT), and especially the faster Electron
Beam CT (EBT) and helical-CT (HCT), are espe-
cially sensitive in detecting coronary artery calcifica-
tion. Thus, these imaging modalities are becoming
increasingly important in detecting preclinical coro-
nary artery disease.

The development of coronary atherosclerosis is
thought to occur secondary to an injury of the coro-
nary endothelium. This injury allows circulating his-
tiocytes to traverse the injured endothelium and lodge
in the arterial wall there they are transformed into
macrophages. As macrophages, these cells can accu-
mulate lipid and, by an active metabolic process, pro-
mote calcification and the proliferation of smooth
muscle cells. This early deposition of lipid can be
seen as “fatty streaks” beneath the surface endothe-
lium of the coronary vessel. As the lipid accumulates,
it may distort the vessel wall without encroaching on
the arterial lumen; this process is called remodeling.
In these instances, the coronary arteriogram may be
entirely normal.

The lipid accumulation is usually covered by a
thin fibrous cap. If the cap ruptures, and allows circu-
lating blood to come in contact with the lipid and
smooth muscle cells, an intense thrombogenic reac-
tion can occur. Depending upon the size of the artery,
location of the plaque, and extent of collateral circu-
lation, several events can happen. There could be a

Helical CT and Electron-Beam CT
Imaging of Coronary Calcium: An
Update
William Stanford, MD
Professor, Chest and Cardiovascular Imaging
Department of Radiology
University of Iowa College of Medicine

complete occlusion of the coronary artery with sud-
den myocardial infarction and death or an infarction
with survival but with residual myocardial damage.
Conversely, if collateralization is adequate, there may
be minimal to no residual damage after the occlusion.
However, with repeated episodes, the lumen fre-
quently narrows, and fixed stenoses develop.

Calcium Deposition and Plaque Rupture
Calcium hydroxyapatite is thought to precipitate

in diseased coronary arteries via a mechanism similar
to that found in active bone formation and remodel-
ing. Although there may be several mechanisms in-
volved in calcium deposition, a close relationship ap-
pears to exist between cholesterol and calcium depo-
sition. In fact there appears to be a correlation between
EBCT calcium and the total atherosclerotic plaque
burden. Rumberger et al have reported that the volume
of calcified plaque was approximately 1/5 of that of
associated noncalcified plaque. Hence, these data sug-
gest that calcified plaque can act as an indicator for the
presence of soft, relatively unstable plaque.

CT Imaging of Coronary
Atherosclerosis
IMAGING MODALITIES
Electron-Beam CT

The majority of published literature has targeted
the EBT detection of coronary artery calcium using
100 millisecond, 3 millimeter contiguous images and
with this technology calcified plaques are readily
seen. Scoring is by placing regions of interest manu-
ally around the plaques to measure the threshold of
pixels present in each individual plaque.

Calcifications are reported as the volume score or
the Agatston score. The Agatston score arbitrarily as-
signs values dependent upon the amount of calcifica-
tion present in the lesion. The sum of the Agatston
scores would represent the total calcifications within
a single artery or, if the score of all the arteries were
summed, the total calcium score would be reported.
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Helical CT
Helical CT scoring is done in a similar way, how-

ever, some investigators have suggested that a Helical
CT threshold of +90 HU gives better accuracy in cal-
culating the calcium score than a threshold of +130
HU. Since few other studies have supported these
thresholds and since EBT values of +130 HU are the
standards most commonly reported in the literature, a
+130 HU value is the most frequently utilized in re-
porting coronary calcium scores for both EBT and
HCT.

Calcium as a Predictor of
Atherosclerotic Disease and
Stenosis

In 1990, Agatston et al reported the first large
clinical series in which EBT was used to detect calci-
fication of the coronary arteries. At total of 584 con-
secutive patients (mean age, 48 years) underwent 3-
mm, 100msec EBT scans; 50 also underwent fluoro-
scopic examinations. One hundred nine patients had
coronary artery disease established by a history of
myocardial infarction (22 patients) or angiographic
evidence of more than 50% diameter narrowing on
coronary angiography (87 patients). The remaining
475 patients had no history of coronary disease. Pa-
tients with a history of coronary artery disease con-
sistently had more calcium than comparably aged in-
dividuals with no history of coronary artery disease
(p<0.0001). In this study a total calcium score of 300
had sensitivity of 74% and a specificity of 81% for
indicating obstructive disease. The negative predic-
tive value of a zero calcification score was 98%.

A larger multicenter study that examined coronary
calcification as an indicator of significant stenosis in-
volved 710 patients presenting with symptoms of
coronary artery disease. There were 456 men and 254
women (mean age, 56 years). In this group, the sensi-
tivity of EBCT in detecting calcification as an indica-
tor of significant stenosis (>50% narrowing) was
95%, and the specificity was 44%. The positive pre-
dictive value was 72%, and the negative predictive
value was 84%.

Although EBT is extremely sensitive in defining
coronary vascular calcification, the extent and loca-
tion of the calcification does not necessarily equate
with site-specific stenosis. Stanford et al examined
data from 150 patients undergoing EBT scans and
coronary arteriography and found only one patient
with greater than 50% narrowing in the absence of
calcification. Thus, the absence of calcification ap-
pears to negate the presence of significant stenosis.

Gender differences also play a role in the develop-
ment of coronary calcification. In a study evaluating

the prevalence of coronary calcification at intervals
of 5-10 years in 1,396 male and 502 female asymp-
tomatic subjects (age range, 14-88 years), Janowitz et
al found that the prevalence of coronary calcium in
women was half that of men until age 60 years when
the difference diminished. The calcium distributions
in men aged 40-69 years were virtually identical to
those in women aged 50-79 years.

Progression of calcified plaque was also evaluated
in a study by Janowitz et al. These investigators eval-
uated calcific plaque in 25 symptomatic and asymp-
tomatic individuals 406 days (mean) apart. Patients
with proven obstructive coronary artery disease by
angiography had a 48% increase in the calcium
scores as compared with a 22% increase in asymp-
tomatic subjects. Patients with obstructive coronary
artery disease also had 55 new calcific deposits on
the follow up study versus 18 in the asymptomatic
group.

Coronary Calcium as a Predictor
of Cardiac Events

Although the presence or absence of calcification ap-
pears related to overall atherosclerotic plaque burden, it
is event data that are important in establishing the true
clinical significance of coronary artery calcification.

A multicenter EBT calcium study reviewed event
data in 501 patients undergoing both an EBT calcium
study and coronary angiography. Most of these indi-
viduals had presented with symptomatic coronary ar-
tery disease. In this group, 1.8% died and 1.2% had
nonfatal myocardial infarctions during a mean fol-
low-up period of 31 months. A calcium score of 100
or greater was shown to be highly predictive in sepa-
rating patients with cardiac events from those without
events. In this study, logistic regression, which in-
cluded calcium score, age, gender, and coronary an-
giographic findings as independent variables, showed
that only the log calcium score predicted events.

A recent study at Arad et al has also shown a
strong correlation between coronary calcification and
the prediction of cardiac events in an asymptomatic
group of individuals undergoing catheterization for
other than suspected coronary artery disease. In this
study, 1,136 asymptomatic subjects were followed
for 3.6 years (mean). In that time period, there were
40 cardiovascular events including two deaths, 14
myocardial infarctions, 14 coronary bypass opera-
tions and 10 coronary angioplasties. For a coronary
artery calcium score of 600 (representing 50% steno-
sis), the sensitivity was 80%, and the specificity was
85% for predicting cardiac events and the odds for a
coronary event were 23 times greater (p=0.0001).
From this study Arad et al concluded that EBT had
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the potential to predict future cardiovascular events
in asymptomatic subjects. Other risk factors, such as
the presence of hypercholesterolemia, low high-den-
sity lipoproteins, hypertension, diabetes, and family
history, failed to predict subsequent events. Conven-
tional risk factors have odds ratios of 4.5 (age), 5.8
(diabetes), 3.7 (hypercholesterol), and 3.0 (hyperten-
sion) in predicting cardiac events.

Imaging of Soft (Noncalcified) Plaque
The speed and resolution of the CT scanners are

also allowing the identification and possible tissue
characterization of soft plaque. These applications
are showing great promise in the evaluation of coro-
nary artery disease.

Conclusions
CT has many applications in defining coronary

atherosclerosis and assessing ischemic heart disease.
Thus CT imaging can provide information for screen-
ing patients with coronary artery disease and has an
application in evaluating functional aspects in indi-
viduals who have sustained cardiac events.
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The major cardiovascular disease encountered in
North America is ischemic heart disease. Magnetic
resonance imaging (MRI) has not been used exten-
sively for the evaluation of ischemic heart disease be-
cause other imaging modalities are entrenched in the
informal diagnostic algorithms employed by clini-
cians. The typical approach is to use echocardiogra-
phy for ventricular function, nuclear perfusion imag-
ing for myocardial perfusion, and selective angiogra-
phy for coronary morphology. It is now evident that
magnetic resonance imaging (MRI) can provide eval-
uation of regional ventricular function, myocardial
perfusion, and myocardial blood flow (1). Some
studies have also shown the feasibility of MR angiog-
raphy for visualization of the major coronary arteries.

Ventricular Function
MR imaging has been used effectively for the

quantification of global and regional left ventricular
function. This has been done using cine MR imaging,
and more recently, using the breath-hold version of
cine MR imaging.

Several studies have demonstrated the correlation
between the site of left ventricular dysfunction as
demonstrated by MR imaging and the site of acute
myocardial infarction. At the site of prior myocardial
infarctions, the extent of systolic wall thickening has
generally been shown to be less than 2 mm.

The identification of ischemic myocardial dys-
function during pharmacologic stress has been used
as a method for demonstrating the presence of is-
chemic heart disease. Provocative pharmacologic
maneuvers have included the use of dipyridamole
and dobutamine. In most patients, cine MR imaging
performed in the basal state did not demonstrate any
regional contraction abnormality. However, perfor-
mance of the cine MR imaging after the administra-
tion of dipyridamole elicited a regional contraction
abnormality in most patients. In several studies, stress
cine MR imaging has demonstrated a diagnostic ac-
curacy for the detection of regional myocardial is-
chemic dysfunction equivalent to the diagnostic ac-
curacy of the stress radionuclide perfusion studies.

Stress echocardiography has been used substan-
tially in recent years for the identification of ischemic
myocardial dysfunction. Moreover, the assessment of
regional myocardial perfusion during exercise and in
response to coronary vasodilators using radionuclide

Potential Role of MRI in Ischemic
Heart Disease
Charles B. Higgins, MD

imaging has proven to be reasonably reliable and such
studies are easily conducted. It remains to be deter-
mined if cine MR imaging during stress will be com-
petitive with these other techniques for the purpose of
demonstrating regional myocardial ischemia. In the
environment of the MR imager, the performance of
stress studies is somewhat more complicated and these
studies may prove to be more expensive.

Myocardial Perfusion
Regional myocardial perfusion can be evaluated

using the fast cine MR imaging techniques after the
intravenous injection of MR contrast media. For the
monitoring of the first pass of MR contrast media,
fast cine MR imaging techniques are utilized using
inversion recovery prepared fast gradient echo imag-
ing or inversion recovery echoplanar imaging. T1-en-
hancing contrast media produced enhancement of
normally perfused myocardium but did not enhance
the region during the first pass of the contrast media.
Consequently, the ischemic region is demonstrated as
a region of low signal intensity (cold spot).

In an animal model of critical coronary stenosis
produced by controlled stenosis of the circumflex
coronary artery, inversion recovery prepared fast gra-
dient echo imaging was used to monitor the first pass
of T1-enhancing contrast media (2). In these animals,
Doppler flow meters on the left anterior descending
and circumflex coronary arteries continuously moni-
tored coronary blood flow, and the severity of the ste-
nosis was regulated so that reactive hyperemia was
completely ablated. This produced only a slight de-
crease in coronary blood flow in the basal state, but
ablated the increase in blood flow in response to
dipyridamole. The fast cine MR imaging after con-
trast media demonstrated equivalent enhancement of
all regions of the myocardium in the basal state.
However, in response to dipyridamole, which in-
creased flow in the normal coronary artery by several
fold, there was markedly decreased and delayed en-
hancement of the ischemic region compared to nor-
mal myocardium on fast gradient echo imaging.

In patients, regional myocardial perfusion has
been assessed using fast GRE imaging techniques
after the administration of MR contrast media. In
these studies, the peak enhancement and rate of rise
of signal intensity in the ischemic region was less
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than that of normal myocardium. A study in our labo-
ratory (3) combined the assessment of regional myo-
cardial function using breath-hold cine MR imaging
and first pass monitoring of the distribution of con-
trast media using inversion recovery prepared fast
gradient echo imaging in patients with perfusion ab-
normality as demonstrated by radionuclide perfusion
imaging. In this study, approximately 90% correla-
tion was demonstrated between the radionuclide per-
fusion study and the cine MR perfusion and/or re-
gional function abnormalities.

Coronary Anatomy
Manning, Edelman, and co-workers (4) have dem-

onstrated encouraging results with the use of modi-
fied versions of breath-hold cine MR imaging for
demonstrating the anatomy of the coronary circula-
tion in man. These investigators have shown high ac-
curacy between cine MR angiographic techniques
and X-ray coronary angiography for demonstrating
hemodynamically significant coronary arterial steno-
ses. Another report (5) has shown less success of cor-
onary MRA for detecting coronary arterial stenoses
and has pointed out some pitfalls for the MRA tech-
nique. However, it is clear that with sufficient experi-
ence, relatively long segments of the major coronary
arteries can be demonstrated using breath-hold cine
MR imaging techniques (6).

Coronary Blood Flow
Perhaps the most exciting possibility with cine

MR imaging techniques is the quantification of myo-
cardial blood flow and blood flow velocity. It is now

realistic to assume that if one can visualize the coro-
nary arteries on breath-hold cine MR images, then it
is possible to measure blood flow velocity in these
vessels. Using breath-hold velocity encoded cine MR
imaging, the blood flow velocity has been monitored
during the cardiac cycle. Moreover, using these tech-
niques, it has been possible to assess vasodilator re-
serve in the left anterior descending coronary artery
in response to dipyridamole and adenosine (7).

 Cine MR imaging techniques can also be used for
demonstrating the patency of coronary artery bypass
grafts. Moreover, flow and flow reserve in grafts can
be assessed using velocity encoded cine MR imaging
before and after the administration of vasodilators.
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The introduction of multidetector row CT has re-
juvenated interest in CT applications for cardiac im-
aging. This is due to several unique technical features
of multidetector- row MDCT scanners, which will be
described in this, abstract. Following a description of
these technical features, an overview of clinical ap-
plications for multidetector row CT in the heart will
be presented.

Technical Considerations
Although the advantages of multidetector row CT

for acquiring large extra-cardiac vascular data sets
are well recognized, the enhanced speed of acquisi-
tion, which is attributable to the use of high table
feed rates coupled with narrow section thickness,
does not specifically offer any advantages toward di-
minishing the motion of the heart. It is the combina-
tion of cardiac contraction, rotation, and translation
that occurs with every heartbeat that has traditionally
degraded the quality of cardiac CT. For CT to play an
important role in the assessment of the heart, the tem-
poral resolution must substantially improve over tra-
ditional values which prior to MDCT have corre-
sponded to the gantry rotation period of one second
or longer. Although shorter gantry rotation periods
can serve to diminish cardiac motion as has been
demonstrated by the electron beam CT scanner which
has a beam sweep time as low as 50 milliseconds, tra-
ditional MDCT scanners which like traditional CT
scanners rely on mechanically rotating gantries have
not achieved rotation times less than 0.5 seconds.

The reduction of the temporal resolution of
MDCT scans beyond that of the gantry rotation pe-
riod begins with the use of a half scan interpolation
algorithm. This algorithm, which has been called
‘segmented reconstruction’ by several CT scan manu-
facturers, uses 180 degrees plus the x-ray fan angle
of approximately 40-45 degrees for a total of ap-
proximately 225 degrees of data to reconstruct a
transverse section. Although this reconstruction ap-
proach is associated with image artifacts that present
as low attenuation shading across the image particu-
larly in regions of high attenuation differences. It can
reduce the temporal resolution of a one second gantry
rotation period CT scanner to 0.6 seconds and a 0.5
second gantry rotation period to 0.3 seconds.

This technique has been used in single-detector

Cardiac Imaging with Multidetector-
Row CT
Geoffrey D. Rubin,  MD

row CT (SDCT) scanners for the purpose of imaging
coronary calcium. Note however that this temporal
resolution is three times slower than the fastest 512 x
512 acquisition of the EBCT scanner (100 ms).

Nevertheless, this reconstruction strategy forms
the basis of “prospective” cardiac gating techniques.
Prospective gating is performed when an ECG wave-
form is available to trigger the CT acquisition during
some phase of the cardiac cycle, typically diastole.
This method requires a “step-and-shoot” mode typical
of conventional CT scanning. With a four detector
row CT scanner, four sections are acquired during di-
astole of the first heart beat. The table then advances
rapidly to acquire the second set of four images either
during the next heartbeat or after skipping a beat de-
pending upon the heart rate and the minimum interscan
delay time allowed by the CT scanner. This technique
is currently employed on commercially available
software packages for performing coronary calcium
screening with either MDCT or SDCT.

There are two primary limitations to performing
prospective triggering. One of these limitations is that
the acquired data are not helical and therefore do not
have the advantages of a helical CT data set such as
capability for overlapping reconstruction or continu-
ous data acquisition. The other limitation is that data
are only acquired during a single phase of the cardiac
cycle. This imposes substantial constraints for assess-
ing coronary anatomy of cardiac function.

 The alternative to prospective gating is “retro-
spective” gating of a helical acquisition. When per-
forming retrospective gating, the ECG tracing is re-
corded simultaneous with the helical acquisition.
Sections are retrospectively reconstructed at specific
time increments within the cardiac cycle to provide a
volumetric data set of the heart that corresponds to a
single time frame within the cardiac cycle. When us-
ing simple half-scan interpolation with a 0.5 second
gantry rotation to reconstruct the data, a 300 millisec-
ond window of time is retrospectively selected rela-
tive to the ECG tracing for each heart beat. There is,
however, one additional strategy that can be employed
to substantially reduce the temporal resolution of the
CT scan further. This has been called “multisector” or
“multiphasic” reconstruction. The basic principle of
multisector or multiphasic reconstruction is that the
entire 240 degrees of data required for half-scan



102

T
h

u
rs

d
a
y

interpolation are not acquired with a single gantry ro-
tation. Rather, a fraction of the required 240 degrees
is acquired during successive heartbeats. For ex-
ample, a two-sector reconstruction strategy would ac-
quire 120 degrees of information during beat one and
the complementary 120 degrees during beat two. As a
result, the temporal resolution of the scan is reduced
in half from 0.3 to 0.15 seconds. Further, a three sec-
tor reconstruction could be performed using three suc-
cessive heartbeats where approximately 80 degrees of
data are acquired resulting in a temporal resolution of
100 milliseconds. Note that this strategy is only pos-
sible with a MDCT scanner, as it mandates that after
the first sector is acquired with the leading row of de-
tectors, there are additional detectors in line to image
the successive sectors over the same position of the
heart.

Although the temporal resolution of multisector
reconstruction is theoretically very impressive, there
are two main limitations to this reconstruction strat-
egy. The first is based upon the assumption that the
cardiac cycle is identical during successive beats.
While this is clearly not the case for patients with ar-
rhythmia, it is unlikely to be the case in patients with
normal sinus rhythm simply due to typical beat-to-
beat variability. As a result, the two or three sectors
used to reconstruct a transverse section may be slightly
misregistered within the cardiac cycle resulting in
some degree of blurring or artifacts.

The second limitation of this approach is that very
low pitch values must be used in order to ensure that
all sectors can be acquired over the same region of
anatomy to reconstruct a transverse section. What
should hopefully be evident is that a three sector re-
construction with its 100 millisecond temporal reso-
lution requires a slower table feed than does a two
sector reconstruction or a full half scan, which have
lesser temporal resolution. The limitations of this
lower pitch include a lower table speed which sub-
stantially limits patient coverage and a substantial in-
crease in the radiation exposure due to the fact that
the same region of the anatomy is exposed during
two to three heart beats. While the specific radiation
exposure remains less than that of a typical fluoro-
scopically based contrast enhanced cardiac examina-
tion with cine filming, it is substantially higher than
standard CT scan dosages.

 In spite of these potential limitations, the use of a
helical acquisition coupled with MDCT and retro-
spective gating shows substantial promise for clinical
cardiac imaging. Prior to realizing many of these clini-
cal advantages, a number of technical issues need fur-
ther resolution. These include the optimization of the
implementation of the reconstruction algorithms, a
thorough understanding of the tradeoffs of using

higher or lower numbers of sectors to reconstruct the
data, and the design of CT scanners allow for suffi-
cient variations in gantry rotation period as well as
increasing numbers of simultaneous detector row
channels to allow coverage of the entirety of the heart
with diagnostic image quality independent of the
heart rate.

Coronary Calcium
Currently the only routine clinical application for

MDCT scanning of the heart is the detection of coro-
nary calcium. Substantial data have been collected re-
garding coronary calcium scores in both symptomatic
and asymptomatic individuals using electron beam
CT (EBCT) scanning. Preliminary investigations sug-
gest that there is no significant difference between
coronary calcium scores obtained using MDCT scan-
ners when compared to EBCT. These data suggest
that the results gleaned from EBCT studies of coro-
nary calcium can be applied to MDCT scanning;
however, further data are required to confirm this.
Currently the application of perspective triggering is
the only means used to score coronary calcium; how-
ever, as was previously stated this technique results
in substantially lower temporal resolution than
EBCT. This property is countered by improved spa-
tial resolution both in the transverse and longitudinal
directions when compared to EBCT. Available data
comparing MDCT and EBCT have been generated
using prospective triggering exclusively.

Preliminary analyses of retrospective triggering
suggest that the use of a multisector reconstruction
can substantially improve coronary calcium visual-
ization when compared to half-scan reconstruction
used for prospective gating. Because retrospective
gating is employed with a continuous helical acquisi-
tion and the multi-sector reconstruction requires a
low scan pitch, the radiation exposure associate with
retrospective is gating approximately six times higher
than that of prospective gating. Therefore, with the
current implementation, retrospective gating is im-
practical as a means of screening the coronary arter-
ies for calcification.

There are two clinical scenarios that may prove
useful for the application of coronary calcium scan-
ning. A detailed discussion of these applications is
beyond the scope of this presentation. In short, the
most commonly employed application is the assess-
ment of patients between the ages of 40 and 70 years
without documented coronary artery disease but
some degree of risk for the development of coronary
artery disease as determined by standard clinical indi-
ces. In this setting, coronary calcium screening has
been used as a means of risk stratification with the
outcome being that high-risk individuals would be
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treated more aggressively with lipid-lowering drugs
and encouraged to aggressively pursue lifestyle
modification. The second and more controversial ap-
plication is the assessment of patients with acute
chest presenting to the emergency room without de-
finitive evidence for acute myocardial infarction by
ECG tracing or serum troponin levels. There are pre-
liminary data that suggest that the absence of coro-
nary calcium in patients presenting with acute chest
pain has a very high negative predictive value for the
cause of the chest pain being related to coronary ar-
tery disease. The potential value of scanning this pa-
tient population is that these patients could be imme-
diately discharged from the hospital eliminating the
expensive practice of admitting patients with cryptic
causes of acute chest pain in order to perform further
diagnostic testing is inpatients upon presentation.

CT Coronary Angiography
Without doubt the greatest enthusiasm for cardiac

applications of MDCT centers on exciting prelimi-
nary data suggesting that MDCT can be applied to
perform direct coronary CT angiography. Compelling
visualizations of the coronary arterial tree have been
created using 1.25 mm section thickness acquisitions
that extend from the base of the heart through the
apex and demonstrate both normal and diseased first
and second order coronary arterial branches. Further,
data have suggested that MDCT provides noninva-
sive visualization of noncalcified mural atheroma and
thrombus allowing the delineation of atherosclerotic
disease that was previously only possible using highly
invasive intravascular sonography.

It is important that the medical community not be
overwhelmed by the enthusiasm of these initial anec-
dotal reports. Our experience applying MDCT angi-
ography to the coronary arteries in approximately 30
patients suggests that the image quality is substan-
tially dependant upon complex patient-related factors
including the heart rate and consistency of the car-
diac period, among other characteristics. Investiga-
tors with the most encouraging results routinely per-
form beta blockade to reduce the heart rate thereby
allowing for a lengthening of the cardiac period,
which allows for a longer diastolic phase, which in
turn allows the use of a reconstruction strategy that
relies upon less sectors for reconstruction. This ad-

vantage while diminishing the overall temporal reso-
lution diminishes the image degradation relating to
beat-to-beat variability.

Because coronary CT angiography requires a heli-
cal acquisition and therefore retrospective gating, it
has become evident that CT hardware with greater
flexibility than is currently available will be neces-
sary to provide images that are consistently diagnos-
tic in quality. The use of variable gantry rotation peri-
ods as well as an increase in the simultaneous acqui-
sition of eight or more detector rows of information
should substantially improve the reliability of this ex-
amination, which at this time should be considered
purely investigational.

Other Applications
The use of retrospective gating allows for the en-

tire cardiac volume to be reconstructed at arbitrary
positions within the cardiac cycle. As result, a four
dimensional recording of the heart can be acquired
within a 30 to 40 second time frame. This holds sub-
stantial promise for providing data for the analysis of
cardiac function. Post processing analytical tools will
need to be developed to quantify functional indices
from these data sets. It has further been suggested that
myocardial perfusion can be assessed as well using a
diastolic acquisition of first pass contrast-enhanced
phenomenon through the myocardium. Finally, the
technical advantages associated with MDCT for im-
aging the heart allow for an assessment of cardiac
masses, congenital anomalies, and other structural
changes within the heart with a high degree of clarity.

With further experience, cardiac CT is likely to
emerge as an important examination for the assess-
ment of many cardiac abnormalities, which are not com-
pletely characterized by echocardiography. While
magnetic resonance imaging has a substantially longer
history of investigation and far more resources di-
rected toward it for the assessment of cardiac disease,
the speed, simplicity, easy access and reduced cost of
CT scanning will likely make it a preferred alterna-
tive for some assessments in specific patient popula-
tions. While magnetic resonance imaging is capable
of providing information that is unattainable using
CT, it will ultimately be the relevance of this infor-
mation to therapy and clinical outcome that will drive
the relative use of these modalities.
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Objectives
� To describe a logical scheme for visual search of

the chest, focused on heart disease
� To demonstrate examples of cardiac findings on

chest images
� To explain how these can be analyzed to reach a

diagnosis
� To emphasize why radiologists should become

competent in cardiac imaging

Introduction
Traditional plain chest radiography provides the

earliest opportunity for diagnosing all forms of heart
disease. This technique is perhaps the most rapid,
cost-effective and safest screening procedure for di-
agnosing lung disorders, however its role in heart dis-
ease has been undervalued. Indeed, the most signifi-
cant limitation of the chest radiograph as a diagnostic
tool is the experience and knowledge of the physician
who interprets the examination. Furthermore, ad-
vances in digital imaging have made improved diag-
nosis possible by temporal and energy subtraction as
well as with magnification and computer aided diag-
nostic techniques.

Visual Search
Each radiologist should devise a systematic and

consistent approach for examining chest images in
order to identify cardiac and vascular abnormalities.
The following issues should be incorporated into a
visual search to evaluate the following:

1. Technical factors
2. Skeletal abnormalities and “hardware”
3. Situs–position of the gastric air bubble, cardiac

apex and aortic knob
4. Heart size, position and shape
5. Great vessels–relative size, shape and position
6. Lung fields and vascularity–compare zones

bilaterally
7. Identification of calcifications

Spectrum of Patient Presentations
Patients may present in the radiology department

at any phase of their illness. Diagnosis may be re-
quired for various reasons, such as screening, evalu-
ating the severity of a known disease, and assessing
therapy–medical or post-surgical.

Cardiac Diagnosis: How to Approach
the Chest Radiograph
Martin J. Lipton, MD

Heart Failure
One of the most valuable aspects of chest radiog-

raphy is identifying the presence and severity of heart
failure. Pulmonary haemodynamics can be elegantly
evaluated from the plain chest images; indeed pulmo-
nary edema may be seen before physical signs de-
velop.

Congenital Heart Disease (CHD)
CHD is increasingly seen in the adult population

as more successful surgical procedures are per-
formed. Over-circulation must be recognized to-
gether with changes in the cardiac chambers and
great vessels. Furthermore, radiologists should be
comfortable in offering a differential diagnosis and a
definitive opinion in this situation.

Cardiac Calcification
Calcification within the cardiac silhouette should

be actively sought. What is its location, character and
nature? Does it depict the walls of a cardiac chamber,
valve, or could it be in a coronary artery or the peri-
cardium? Vessel calcification usually appears like
tram tracks as two white parallel lines. Pericardial
calcification is usually multilayered and often more
obvious in the lateral projection, especially along the
diaphragm, where the inferior cardiac border lies.
Valve calcium is usually more dense, like a white
blob or diamond in appearance.

Lung Abnormalities
The lungs may demonstrate vascular malforma-

tions, which often look tubular, and have a broad spec-
trum; other lesions however must also be considered.

Summary
There is a great deal of information readily avail-

able from routine frontal and lateral chest images. An
organized and disciplined visual search will be re-
warded. Many patients, remember, will not be seen
by a cardiologist unless the radiologist suspects the
diagnosis and makes this recommendation. Patients
are often asymptomatic or have minimal disability.
Identifying the various abnormalities of cardiovascu-
lar disease from chest radiographs should be an en-
joyable exercise. Furthermore, it is becoming more
important, because cardiac disease still remains the
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commonest cause of morbidity and mortality in the
adult population. The dramatic advances in CT and
MR will be increasingly applied for diagnostic imag-
ing and managing heart disease in the future. Radi-
ologists are fortunate in being given this enormous
clinical, scientific and business opportunity. We must
embrace it with enthusiasm and interest. If radiolo-
gists fail to become actively involved in this field,
they will only be involved in diagnostic cardiac im-
aging in the future, as patients!
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We perform radiographic imaging to display nor-
mal and pathologic anatomy. When interpreting im-
agery for these purposes, there is an intellectual inter-
play between expected normality and the instant ap-
pearance of organs and tissues under study. That is,
our ability to identify and characterize the abnormal
is based to a large extent in our ability to recognize
the normal. Furthermore, our ability to identify and
characterize normality is based upon our expectation
of the appearance and anatomic relations of the or-
gans and tissues.

The intuitive understanding of the intimate rela-
tionships of organs inside the human body is inher-
ently three-dimensional. Until recently, the best study
aid was the dissection lab, where the three-dimen-
sional structures are presented in a three-dimensional
manner, as the layers are peeled off one by one. Un-
changed since the Renaissance, this lengthy process
allows ample time for familiarizing the student with
details. This method is expensive and therefore is not
generally available outside medical school anatomy
courses. In addition, even in the most experienced
hands the layers already removed may not necessar-
ily come back together easily for a repeat demonstra-
tion, and the postmortem and post-formaline effects
alter the organs in a notably non-physiologic fashion.

Outside the dissection room students of anatomy
rely on textbooks and atlases, which present the
three-dimensional information in a planar pictorial
format, supplemented by a descriptive text. The stu-
dents are, therefore, required to perform complicated
mental manipulations, factoring the planar drawings
and written text to achieve the three-dimensional im-
agery essential to understanding anatomy. Having
mastered anatomy in medical school to a various de-
gree, the radiology resident studying cross-sectional
imaging is faced with a counterintuitive and lengthy
process of stacking sequential axial images and men-
tally reconstructing the already familiar three-dimen-
sional relationships between organs.

Teaching Cardiac and Great Vessel
Anatomy with CT-derived 3D
Reconstructions
A. Rozenshtein, MD1

L. Boxt, MD1,2

1. St. Luke’s-Roosevelt Hospital Center, New York, NY
2. Beth Israel Medical Center, New York, NY

It would be highly desirable to shorten the time re-
quired to familiarize the junior residents with normal
and abnormal anatomy, and to be able to conduct ef-
fective demonstration of images for the referring cli-
nicians. The recent technological advances have
given the radiologists an invaluable teaching and
demonstration tool: the ability to manipulate CT and
MR acquisitions in three dimensions. This method is
ideally suited for instruction in cardiac anatomy and
pathology. The heart is a complex structure, which
does not respect the usual x, y, and z axes, choosing
instead an orientation at various angles off the axial,
coronal, and sagittal planes. In patients with cardiac
diseases, the disease processes themselves, as well as
intrinsic compensatory mechanisms to maintain ho-
meostasis result in chamber dilatation, wall thicken-
ing or thinning, and displacement or rotation of the
heart and great vessels. Recognition of these changes
is the basis for cardiac diagnosis.

 Multidetector CT imaging during administration
of a bolus of intravenous contrast results in a data set
containing the heart and the lungs in their “natural
environment”. The contrast-enhanced images are ac-
quired on a GE Lightspeed multidetector CT scanner
and reconstructed with 1.25 mm thickness with
0.6mm intervals. The data is then transferred to the
Vitrea workstation and reconstructed in the body and
cardiac axes with 50mm thick slabs, at 1mm inter-
vals. The result is a volume of anatomic data, pre-
sented to the viewer in an intuitive three-dimensional
format (dissection-like), where the spatial relation-
ships of the organs are underscored continuously. The
need to go up and down serial axial images is obvi-
ated by the volumetric nature of the presentation.

In this tutorial we present our approach to teach-
ing normal anatomy and variants, as well as some
pathologic entities, using 3-d volumetric reconstruc-
tions on a Vitrea work station. Computer reconstruc-
tion and multiplanar reformatting of this data set al-
lows direct demonstration of the relationships among
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their constituent parts. That is, the cardiac chambers,
valves, the coronary arteries and the great vessels and
their branches and tributaries are depicted explicitly.
Conventional mental manipulation of these data sets
in the head of the observer is no longer necessary. In
addition, that which was previously reconstructed only
in the observer’s head is now explicitly available to the
radiology residents and referring physicians.

The volumetric presentation of the data results in
relative degradation of detail, and therefore cannot be
used for diagnostic purposes without the axial source
images. For example, in the case of cardiovascular
system, distinguishing segmental pulmonary arteries
from pulmonary veins is best achieved on the con-
ventional axial thin section reconstructions. However,
the volumetric 3-d data sets are invaluable for teach-
ing gross anatomy and pathology. For the first time
since Michelangelo we have in our hands a three-di-
mensional substitute for the dissection laboratory.

Instant display of the reconstructed data on the
Vitrea workstation, which becomes the substrate for
clinical interpretation, is now immediately available
for view and analysis. In this presentation we display
the heart and great vessels in their natural format, and
demonstrate the normal heart and coronary arteries
are they appear in life. In particular, we emphasize
the left-to-right relationship of the mitral and tricus-
pid valves, the superior and inferior relationship of
the left and right atria, and the left-to-right relation-
ship of the pulmonary artery and aorta. Separation of
the tricuspid and pulmonary valves, and fibrous con-
tinuity between the mitral and aortic valves are dem-
onstrated. The origins and the course of the epicardial
coronary arteries, as well as their relationship to other
cardiac structures, are displayed. Recognition of the
“natural” anatomy of the heart will form the basis for
understanding tomographic anatomic representation
in CT, echo, MRI, as well as the projection tech-
niques, including plain chest radiography.
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The primary goal of imaging in congenital heart
disease (CHD) is the precise demonstration of anato-
my of the heart and great vessels. Because surgical
repair and palliation of highly complex congenital
cardiac lesions is now possible, exact depiction of the
abnormalities is imperative.

Magnetic resonance imaging (MRI) has proven to
be effective for morphologic assessment of CHD (1),
and more recently for quantitative functional evalua-
tion of the cardiovascular system (2,3). Its advan-
tages over angiography are its non-invasive nature,
its ability to depict extracardiac structures as well as
the heart, its absence of radiation, and its lack of need
for contrast media. Echocardiography is the primary
non-invasive imaging technique used in CHD, mainly
because it is widely available and because pediatric
cardiologists are familiar with this modality. However,
MRI has an important role as an alternative imaging
technique and as an adjunct to echocardiography.

Techniques
The multislice spin echo MRI technique with elec-

trocardiographic gating and respiratory compensation
is optimal for accurate depiction of anatomy in pa-
tients with CHD. Transverse images from the aortic
arch to the cardiac apex are usually obtained. On oc-
casion short- or long-axis MR tomograms of the
heart are acquired. The short-axis plane is defined
from the long-axis view, which in turn is prescribed
from the coronal or transverse planes. Coronal, sagit-
tal, or oblique sequences can complement the trans-
verse images. In general, 5 mm sections are used;
however, thin (3 mm) slices are required for more de-
tailed evaluation of conditions such as pulmonary ar-
tery stenosis and aortic coarctation. Gadolinium-en-
hanced MR angiography, performed in the sagittal
plane during continuous intravenous administration
of contrast agent, affords precise delineation of the
thoracic aorta (4).

Cine MRI is composed of multiple gradient echo
images obtained at different phases of the cardiac
cycle. This technique can demonstrate abnormal flow
in the heart and great vessels (5,6) permitting diagno-
sis of valvular stenosis or regurgitation, ventricular
outflow stenosis, or shunting across septal defects.
Cine MRI acquired through the ventricles allows as-
sessment of ventricular contraction and function. In
addition, cine MRI performed through the entire
heart can be used for quantification of ventricular
volumes and ejection fraction. Segmental K space

MRI of Congenital Heart Disease
Gautham P. Reddy, MD, MPH

(“breath hold”) cine MRI can also be used to assess
ventricular function. The velocity-encoded cine MRI
technique allows measurement of blood flow velocity
and volume in vessels and across shunts.

Specific Anomalies
Indications for MRI in CHD include anatomical

and functional assessment before surgery and in the
post-operative period. The most important clinical in-
dications are: (A) delineation of anatomy in patients
with situs abnormalities; complex ventricular anoma-
lies; or abnormalities of the pulmonary arteries, pul-
monary veins, systemic veins, or thoracic aorta; (B)
quantification of function, including estimation of
right and left ventricular masses; appraisal of collat-
eral blood flow and pressure gradients in coarctation;
and differentiation of flow between right and left pul-
monary arteries; (C) post-operative imaging, including
demonstration of morphology and post-surgical com-
plications; and functional evaluation, such as measure-
ment of conduit blood flow and pressure gradients.

Situs Abnormalities
MRI displays the characteristic features of the

atria and ventricles, thereby demonstrating the type
of situs and ventricular loop. The atria are differenti-
ated by the configurations of their appendages: the
left atrial appendage is tubular and has a narrow os-
tium; the right atrial appendage is triangular, with a
wider ostium. The inferior vena cava is almost invari-
ably connected to the anatomic right atrium. The
right ventricle can be identified most reliably by the
presence of a muscular infundibulum between the tri-
cuspid and semilunar valves. In the left ventricle,
there is fibrous continuity between the atrioventricu-
lar and semilunar valves. Other distinguishing fea-
tures of the right ventricle are its triangular shape,
coarse trabeculations at the apical septum, and mod-
erator band at the apex, in contrast to the oval shape
and smooth apical septum of the left ventricle.

In situs solitus, the anatomic right atrium is lo-
cated on the right, and the anatomic left atrium is on
the left. There is a D-ventricular loop, with the ana-
tomic right ventricle positioned to the right of the left
ventricle. In situs inversus, the morphologic right
(systemic venous) atrium is on the left, and the mor-
phologic left (pulmonary venous) atrium is on the
right. An L-ventricular loop is present, with the right
ventricle located on the left side of the left ventricle.

Isomerism can be diagnosed readily with MRI by
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demonstrating the symmetric relationship of the
bronchi and pulmonary arteries (7). CHD is usually
present in patients with isomerism; left-sided isomer-
ism is associated with polysplenia syndrome, and
right-sided isomerism with asplenia.

Abnormalities of Ventriculoarterial Connections
This class of anomalies includes transposition of the

great arteries, double-outlet right and double-outlet left
ventricle, and truncus arteriosus. MRI effectively delin-
eates the morphology of these anomalies, including the
connections of the ventricles to the great vessels and
the relationship of the arteries to each other (1, 8-11).

Transposition of the Great Arteries
In complete transposition, transverse images re-

veal the aorta anterior and to the right of the main
pulmonary artery. Transverse and coronal images
show the aorta arising from the normally-situated
right ventricle and the pulmonary artery from the left
ventricle (D-ventricular loop). MRI depicts the thick
walls and circular cavity of the right ventricle com-
pared to the thinner wall and elliptical shape of the
left ventricle, which are characteristic of d-transposi-
tion. Associated abnormalities such as a ventricular
septal defect (VSD) or pulmonary stenosis also can
be identified by MRI (10).

In corrected transposition (l-transposition, L-ven-
tricular loop), the aorta is anterior and to the left of
the pulmonary artery. Transverse and coronal MR
images demonstrate the origin of the aorta from the
anatomic right ventricle, which is connected to the
left atrium and is located to the left of the left ventri-
cle (12).

MRI can be employed in the post-operative as-
sessment of patients who have undergone arterial
switch (Jatene) procedure (11) or atrial baffle (Mus-
tard or Senning) procedure (13). After arterial switch
surgery, MRI can be used to demonstrate stenosis of
the right or left pulmonary arteries, an occasional
complication of this operation.

Double-Outlet Right Ventricle (DORV)
Transverse and coronal MR sections at the base of

the heart demonstrate the characteristic parallel rela-
tionship of the aorta and the pulmonary artery, both
of which originate from the right ventricle (14). Oc-
casionally, the aorta arises anterior to the pulmonary
artery. Transverse images reveal a circle of muscle
separating the mitral valve from the aortic and pul-
monic valves. Side-by-side rings of myocardium may
be seen in the right ventricular outflow tract. The lo-
cation and size of the VSD can also be evaluated on
transverse tomograms.

When valvular or subvalvular pulmonic stenosis is
present, DORV may be clinically and angiographic-
ally similar to tetralogy of Fallot. Transverse MR im-
ages can confirm the diagnosis of DORV by directly
demonstrating a rim of muscle interposed between
the aortic and mitral valves.

Truncus Arteriosus
Transverse, coronal, and sagittal scans depict a

truncus positioned over both ventricles, straddling a
VSD. Sagittal and coronal planes are employed to
show the origins of the pulmonary arteries from the
truncus. MRI can also provide additional pertinent
information, such as the relative sizes of the ven-
tricles.

In both truncus arteriosus and pulmonary atresia, a
single great artery arises from the heart. The diagno-
sis of truncus can be excluded with transverse MRI
by demonstrating a small infundibular chamber,
which establishes the diagnosis of pulmonary atresia.

After surgical repair of the truncus with a Rastelli
conduit, transverse and sagittal images can be used to
identify stenoses at the anastomosis or in the central
pulmonary arteries.

Tetralogy of Fallot and Pulmonary Atresia
An anteriorly located aorta overriding a perimem-

branous VSD, infundibular pulmonic stenosis, small
pulmonic annulus, and right ventricular hypertrophy
are the features of tetralogy of Fallot. Sagittal and
transverse MR tomograms depict the narrowed right
ventricular outflow region, the ventricular septal de-
fect, and the relative sizes of the aorta and the main
pulmonary artery (1,15).

Because it does not require opacification of the
pulmonary arteries with contrast material, MRI (with
thin transverse slices) is the definitive method for as-
certaining the existence of central pulmonary arteries
and of a central confluence of the right and left pul-
monary arteries in patients who have pulmonary atre-
sia with VSD. MRI is the favored modality for imag-
ing pulmonary arterial stenoses, which occur com-
monly in tetralogy. These stenoses are optimally
evaluated with oblique planes parallel to the pulmo-
nary arteries. Pulmonary arteries can sometimes be
more easily visualized on cine MRI than on a spin-
echo sequence.

Transverse tomograms in patients with this anom-
aly reveal a continuous band of myocardium in the
right ventricular outflow tract, reflecting infundibular
obstruction (16,17). The atresia can be focal (valvular
only), or it may involve a longer segment. Focal mem-
branous pulmonary atresia may be difficult to distin-
guish from critical stenosis on spin echo imaging, and
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cine MRI can be used to establish whether there is
flow across the valve. Pulmonary atresia can be di-
vided into two groups based on the presence or ab-
sence of a VSD.

Pulmonary atresia with VSD is a severe form of
tetralogy of Fallot. The aorta overrides the VSD in
this form of pulmonary atresia. The pulmonary arter-
ies are often stenotic, hypoplastic, or atretic; one of
the principal advantages of MRI in these patients is
the ability to assess the central pulmonary arteries
distal to the atresia. Transverse scans determine the
presence and length of atresia in the infundibulum
and in the main pulmonary artery. However, stenoses
and atresia in the left and right pulmonary arteries are
best defined with oblique imaging planes parallel to
these vessels. Collateral blood supply to the lungs
can be demonstrated by MRI, most effectively by
gradient echo images.

In patients who have pulmonary atresia with intact
ventricular septum, the pulmonary arteries are gener-
ally normal or almost normal in caliber, without ste-
noses. The appearance of the right ventricle is vari-
able, from marked hypoplasia to dilatation; transverse
and sagittal sections are well-suited for the evaluation
of right ventricular size.

MRI is effective for the pre-operative evaluation
of the size of the central pulmonary arteries and the
presence of a central confluence, factors that influ-
ence the decision to perform a Rastelli procedure. Af-
ter surgery, MRI can be employed to depict surgical
shunts and their anastomoses. The condition of the
pulmonary arteries is ideally evaluated by MR im-
ages in the transverse and oblique (parallel to the left
and right pulmonary arteries) planes.

Complex Ventricular Anomalies
A number of papers have shown the value of MRI

in the evaluation of complex cyanotic heart disease
(7, 18-21). Transverse images can readily delineate
situs, location of the cardiac apex, type of bulboven-
tricular loop, and relationship of the great arteries
(18-20). In patients with splenic and heterotaxy syn-
dromes, MR images of the upper abdomen demon-
strate absence of the spleen (asplenia) or the presence
of multiple small spleens (polysplenia). MRI also dis-
plays interruption of the inferior vena cava (poly-
splenia) or bilateral superior venae cavae (more com-
mon in asplenia).

MRI is capable of differentiating complex ven-
tricular anomalies, which are sometimes difficult to
distinguish by angiography. Two studies have shown
the advantages of MRI compared to angiography in
assessment of complex anomalies (18,19). These ab-
normalities include single ventricle of the double-
inlet type; atresia of an atrioventricular valve with

hypoplasia of its respective ventricle; common atrio-
ventricular valve; and common ventricle (absent ven-
tricular septum). MRI demonstrates the size of the
VSD, the thickness of the septum, the dimensions of
the ventricles, connections of the atrioventricular
valves, and the ventriculoarterial connections.

Left-to-Right Shunts

Ventricular Septal Defect
Spin-echo MRI can demonstrate VSDs with an ac-

curacy of greater than 90% (22). Transverse tomo-
grams are especially helpful because they demarcate
the inflow and outflow regions of the ventricular sep-
tum (23).

A perimembranous VSD, the most common type,
is identified on transverse images below the aortic
root. VSDs of the inlet septum, associated with en-
docardial cushion defect (also known as atrioven-
tricular canal), are readily identified by MRI (24).
The other constituents of the endocardial cushion de-
fect, an ostium primum atrial septal defect and a
common atrioventricular valve, also can be visual-
ized on transverse scans. Transverse, coronal, and
sagittal MR tomograms depict defects that involve
the outlet septum, such as subpulmonic VSDs and
malalignment VSDs, which are associated with tetral-
ogy of Fallot, truncus arteriosus, and DORV. The size
of the VSD is shown clearly on transverse images.

Infracristal and supracristal defects can be distin-
guished using short-axis or transverse sections through
the right ventricular outflow tract. Identification of
myocardium between the pulmonic valve and the
VSD is diagnostic of an infracristal VSD. Lack of
muscle indicates a supracristal VSD (25).

Atrial Septal Defect
MRI can identify and precisely define the location

of an atrial septal defect (ASD). Diagnosis of an ASD
is considered definitive if the defect is seen on two
consecutive transverse tomographic sections or if it is
observed during several phases of the cardiac cycle at
one anatomic level. The shunt across the ASD is de-
picted as a signal void with cine MR technique. One
paper has reported greater than 90% sensitivity and
specificity for MRI in the detection of ASD (26).

MRI depicts a sinus venosus ASD as absence of
the portion of the atrial septum between the superior
vena cava and the left atrium. MR images can also
reveal anomalous pulmonary venous connection,
which is associated with sinus venosus ASD. An ad-
vantage of MRI compared to echocardiography is the
greater accuracy for demonstrating partial anomalous
pulmonary venous connections. Secundum ASDs are
displayed as defects in the center of the atrial septum.
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The perimeter of the secundum defect is often thick-
ened, a feature useful in distinguishing a true defect
from signal loss due to septal thinning at the fossa
ovalis. Transverse sections through the atrioventricu-
lar valve plane demonstrates a primum ASD as a de-
fect in the inferior portion of the septum.

In patients with atrioventricular septal defect or
atrioventricular canal (endocardial cushion defect),
MRI shows a primum ASD, an inlet VSD, a common
atrioventricular valve ring, and lack of a cardiac crux
(24). Additional findings include elongation of the
left ventricular outflow tract and shortening of the in-
let ventricular septum. Spin echo MR images are usu-
ally unable to define the cleft mitral valve. Atrioven-
tricular regurgitation associated with an atrioventricu-
lar septal defect can be identified and graded using
cine MRI and velocity-encoded cine MRI.

Patent Ductus Arteriosus
MR imaging can readily depict a patent ductus arte-

riosus connecting the aorta and the pulmonary artery.
Associated findings include dilatation of the aortic
arch and focal aortic enlargement at the site of the duc-
tus. However, even with thin (3 mm) sections, MRI
might not detect a small ductus, especially in infants.

Pulmonary Venous Abnormalities
MRI is highly effective for evaluation of anoma-

lous pulmonary venous connection. Partial anoma-
lous pulmonary venous connection is associated with
atrial septal defect, occurring in almost all patients
with a sinus venosus ASD. Thus, pulmonary venous
return must be delineated in patients with ASD
(26,27). Transverse and coronal planes are best suited
for this purpose. In the most common type of partial
anomalous pulmonary venous connection, the right
upper lobe pulmonary vein drains into the superior
vena cava. A distended coronary sinus seen on trans-
verse images may reflect partial anomalous connec-
tion. Scimitar syndrome can be diagnosed with MRI
by identifying a common right pulmonary vein enter-
ing the inferior vena cava.

Absence of pulmonary veins emptying into the
left atrium indicates total anomalous pulmonary ve-
nous connection. Depending on the site of anomalous
connection, transverse tomograms may demonstrate a
common pulmonary vein superior or posterior to the
left atrium, an enlarged left superior vena cava, or a
dilated coronary sinus.

Cine MRI is an excellent technique for evaluation
of pulmonary varix. On spin echo images, however,
visualization of the varix may be difficult due to its
thin walls and lack of internal signal, which repre-
sents a flow void.

Systemic Venous Abnormalities
Thoracic systemic venous anomalies may have the

appearance of a mediastinal mass on chest radiogra-
phy. MRI is an ideal modality for confirming the
presence of a venous abnormality and excluding a
mass (28).

Persistent left superior vena cava is identified on
transverse images. The left superior vena cava most
frequently connects to the coronary sinus; the dis-
tended coronary sinus is easily seen on transverse
scans. Occasionally, patients with asplenia syndrome
may have an unroofed coronary sinus, in which the
left superior vena cava drains directly into the right
atrium.

Interruption of the inferior vena cava with azy-
gous continuation is associated with polysplenia syn-
drome and complex congenital heart disease, although
it can also occur in patients without congenital heart
disease. The dilated azygous vein may mimic a poste-
rior mediastinal mass on chest radiographs. MRI can ef-
fectively demonstrate the anatomy in this abnormality.

Thoracic Aortic Abnormalities
MRI is the technique of choice for imaging con-

genital anomalies of the thoracic aorta. Because it
furnishes more information than angiography in most
instances, MRI can usually replace the latter technique.

Aortic Arch Anomalies
MRI optimally demonstrates both the anatomy of

aortic arch abnormalities (vascular rings) as well as
airway compression, if present (29,30). Airway com-
promise is best seen on transverse and sagittal im-
ages.

The arch vessels are easily identified on MRI.
Sagittal and transverse sections readily depict a
retroesophageal subclavian artery. With a left aortic
arch, an aberrant right subclavian artery generally has
a normal caliber, and narrowing of the trachea or
esophagus is unusual.

In patients with a right aortic arch, imaging in the
transverse plane shows the arch on the right side of
the trachea and the proximal descending aorta to the
right of the spine. The descending thoracic aorta
commonly crosses over to the left side, and trans-
verse or coronal images clearly display the transition.
If an aberrant left subclavian artery is present, its
proximal segment is ordinarily dilated. This dilata-
tion, known as a diverticulum of Kommerell, can
compress the airway or the esophagus, resulting in
symptoms. Sagittal MR tomograms can demonstrate
this abnormal anatomy.

Double aortic arch is distinguished by the location
of the trachea and esophagus between two vessels at
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the level of the arch. MRI is ideal for visualizing
these structures. Sagittal and transverse MR images
display the dimensions of the two arches; the right
arch is larger in approximately 80% of patients. Dur-
ing surgical repair, the smaller arch is usually ligated.

Coarctation of the Aorta
MRI is well suited for evaluation of aortic coarcta-

tion, the most common congenital abnormality of the
thoracic aorta (31). Thin sections in the transverse,
sagittal, and oblique sagittal (parallel to the arch)
planes are highly accurate in defining the site of ste-
nosis, the caliber of the distal arch, post-stenotic dila-
tation, and the relationship of arch vessels to the nar-
rowed segment. Due to partial-volume averaging on
transverse sections, the site of coarctation and its di-
ameter and length are optimally depicted on sagittal
and oblique sagittal images. Velocity-sensitive cine
MR can be used to measure the pressure gradient
across the coarctation site (32). Spin-echo MR im-
ages can reveal the presence of enlarged collateral
channels, and velocity-encoded cine MRI is useful
for quantifying the volume of collateral flow (33,34).
Contrast-enhanced three-dimensional MR angiogra-
phy is another technique for depiction of the coarcta-
tion as well as the presence of collateral vessels (4).

After repair of focal coarctation, MRI can be used
to appraise the diameter of the aorta (32). In patients
with long-segment stenosis, the status of aortic by-
pass grafts can be assessed by MR imaging. Spin
echo technique can be employed to evaluate post-op-
erative complications such as mediastinal hematoma
and pseudoaneurysm formation. The outcome of bal-
loon angioplasty, used to treat recurrence of coarcta-
tion, can also be demonstrated with MRI.

Functional Assessment of
Congenital Heart Disease

Cardiovascular function in CHD can be evaluated
with various MR imaging techniques, including cine
MRI, breath hold (segmented K space) cine MRI,
and velocity-encoded cine vascular phase contrast
imaging.

To measure ventricular size and function, cine
MRI is performed through the ventricles, and a vol-
ume of data is acquired for multiple phases of the
cardiac cycle. The stacks of images obtained at end
systole and end diastole can be used to quantify ven-
tricular mass and volume and stroke volume (SV)
(SV = end systolic volume - end diastolic volume).
Ejection fraction (SV/end diastolic volume), the most
useful measure of ventricular function, can also be
calculated (35-37)

On cine MR images, flow voids can indicate val-
vular regurgitation or jet flow across a stenotic valve.

Regurgitant volume in aortic or mitral insufficiency
can be calculated by subtracting right ventricular SV
from left ventricular SV; for pulmonic or tricuspid re-
gurgitation, left ventricular SV is subtracted from
right ventricular SV (38).

Cine MRI provides two ways to quantify shunts.
In the first method, right and left ventricular SVs are
measured (6). In the absence of a shunt, the ventricles
have equal SVs (35). With a left-to-right shunt at the
atrial level (ASD or partial anomalous pulmonary ve-
nous connection), right ventricular SV exceeds left
ventricular SV by the volume of the shunt. If a left-
to-right shunt is due to a VSD or a patent ductus arte-
riosus, left ventricular SV will exceed right ventricu-
lar SV. The second technique uses velocity-encoded
cine MRI to quantify blood flow in the ascending
aorta and in the main pulmonary artery (2,39). Nor-
mally, flow is equal in these two arteries. In the pres-
ence of a left-to-right shunt in patients with atrial
septal defect, partial anomalous pulmonary venous
connection, or ventricular septal defect, blood flow in
the pulmonary artery exceeds flow in the aorta by the
quantity of the shunt. With a patent ductus arteriosus,
aortic blood flow is greater than pulmonary flow. The
opposite relationships are true for right-to-left shunts.

Velocity-encoded cine MRI is used to quantify
blood flow in the central vessels (2,3). Ideally, the
vessel of interest is scanned in a plane perpendicular
to the flow direction using a phase contrast sequence.
Flow velocity is calculated using a formula in which
velocity is proportional to change in phase angle of
protons in motion. Mean blood flow is estimated by
multiplying mean velocity and the cross sectional
area of the vessel.

Collateral flow in coarctation of the aorta can be
measured with velocity-encoded cine MRI (33,34).
Volume of flow is determined at two sites in the
aorta: just beyond to the coarctation and at the level
of the diaphragm. In the normal individual, the vol-
ume of blood flow is lower in the distal aorta. How-
ever, patients with coarctation may have higher flow
distally, indicating retrograde collateral blood flow
into the aorta via the intercostal arteries and the
branches of the subclavian arteries.

Velocity-encoded cine MRI has the distinctive ca-
pability of determining blood flow separately in the
left and right pulmonary arteries (40). This technique
can also be used to estimate pressure gradients across
stenoses of pulmonary arteries or surgical shunts (41)
and across aortic coarctations (32).

Evaluation of the Postoperative
Patient

As operative repair of CHD becomes more sophis-
ticated and highly successful even for complex
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anomalies, precise imaging is crucial for monitoring
post-surgical patients. MRI is an ideal modality for
evaluating these patients (18). Because it can readily
define extracardiac anatomy, MRI is most effective in
assessing patients who have undergone supracardiac
surgery. Such operations, involving shunts or anasto-
moses above the heart, include systemic-to-pulmo-
nary artery conduits; and the Jatene, Damas, Rastelli,
Norwood, and Fontan procedures (11,18,42,43). MR
imaging is also useful in monitoring individuals who
have had intracardiac procedures. Intracardiac opera-
tions that can be evaluated by MRI include right ven-
tricular outlet repair in tetralogy of Fallot; Mustard
and Senning reconstructions (14,44); and intraven-
tricular baffles for correction of double outlet right
ventricle.

MRI readily demonstrates post-surgical complica-
tions such as anastomotic stricture, closure, or pseu-
doaneurysm; pulmonary artery stenosis or distortion
(45); and hematoma, lymphocele, or seroma.

Velocity-encoded cine MRI is used for functional
evaluation of the post-operative patient to evaluate
shunt patency and flow (41), to estimate pressure gra-
dients across anastomoses and stenotic vessels
(32,41). to assess flow dynamics (46), to quantify
blood flow in the pulmonary arteries (40), and to cal-
culate the volume of pulmonic regurgitation after re-
pair of tetralogy of Fallot (47).
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Objectives
After attending the lecture “Pericardial Imaging”,

the attendee should be able to:
1. Describe the anatomy of the pericardium, in-

cluding pericardial recesses.
2. Describe developmental abnormalities of the

pericardium and their imaging findings.
3. Describe etiologies of pericardial effusion and

radiographic and cross-sectional imaging find-
ings.

4. Describe the diagnostic criteria for the diagno-
sis of constrictive pericarditis.

5. Describe pericardial neoplasms and their imag-
ing findings.

Anatomy
The pericardium is made up of two layers, the se-

rous visceral layer, also known as the epicardium,
which is adherent to the heart, and the fibrous pari-
etal layer, which is attached to the great vessels and
central tendon of the diaphragm. The pericardial
space lies between these two layers and normally
contains 20-25 ml of fluid. The pericardium can be
identified on the radiograph as well as CT and MR
images if outlined by sufficient subepicardial and an-
terior mediastinal fat. Normally the pericardium is
only 1-2 mm thick. The pericardium extends superi-
orly to cover the anterior aspect of the aorta at the
level of the aortic arch.

Pericardial Defect
Congenital pericardial defects are uncommon and

occur more frequently in males. Usually, there is only
a partial defect and it most commonly occurs on the
left. Although patients are often asymptomatic, her-
niation of the cardiac structures through the defect
can occur resulting in death. This is more likely to
occur in smaller defects than in larger defects. Most
patients (75%) with a pericardial defect will also
have a parietal pleural defect. Up to one third of pa-
tients will have other accompanying congenital ab-
normalities. A partial pericardial defect can be sus-
pected on chest radiograph when there is bulging of
the cardiomediastinal silhouette at the level of the
main pulmonary artery and the left atrial appendage.
If there is complete absence of the left pericardium,
the chest radiograph shows the heart is shifted to the
left, with a flattened left heart border. There is a long

Pericardial Imaging
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prominent pulmonary artery segment and lung is in-
terposed between the cardiac apex and the diaphragm.
CT can demonstrate the abrupt termination of the
pericardium. Aerated lung may be interposed be-
tween the main pulmonary artery and the ascending
aorta. The sternopericardial ligament will be absent.
If the patient is placed in the left lateral decubitus po-
sition, the heart will shift to lie against the left chest
wall.

Acquired pericardial defects are usually post-sur-
gical but can also recur as a result of trauma or peptic
ulcer disease eroding into the pericardium. The most
common post-surgical defect occurs following coro-
nary artery bypass surgery. Because the incision is
linear and lies beneath the sternum, there is usually
complete healing of the defect. The presence of a sur-
gical pericardial defect can by made by noting dis-
crete bulge in the cardiac silhouette or abnormal pas-
sage of fluid or gas between the pericardium and the
pleural space. Acute cardiac herniation can occur fol-
lowing surgery, usually in the first 24 hours. It is of-
ten preceded by a change in patient position or ma-
nipulation such as suctioning and coughing.

Pericardial Cysts
Most pericardial cysts are actually pleuropericardial

cysts. They are most commonly located in the right
cardiophrenic angle although they can occur any-
where along the pericardium. They occur in males
more frequently than females. Usually patients are
asymptomatic and the cyst is an incidental finding.
On chest radiograph, pericardial cysts appear as focal
areas of increased opacity, usually at the right cardio-
phrenic angle. On lateral view there will be increased
density overlying the heart. CT and MR will demon-
strate the cystic nature of these lesions and their di-
rect relation to the pericardium. Prominent pericar-
dial fat may give a similar appearance. CT and MR
will demonstrate the fatty nature of the mass and ex-
clude a soft tissue mass.

Pneumopericardium
The most common cause of pneumopericardium is

trauma. This is usually post-surgical but can also oc-
cur as a result of blunt or penetrating trauma or
barotrauma. Pneumopericardium has also been re-
ported as a result of tumor, infection or gastric or
duodenal ulcers eroding through the pericardium.
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Pericardial Fluid
The causes of pericardial effusion are quite nu-

merous. It can be difficult to detect pericardial effu-
sions of less than 200 cc on chest radiograph. With
larger pericardial effusion, the cardiac silhouette en-
larges and often forms a globular shape. If the sub-
epicardial fat is separated from the mediastinal fat by
more than 2 mm, it indicates that pleural thickening
or fluid is present. Absence of this sign, however,
does not exclude the presence of pericardial disease.
The displaced fat sign was first reported on the pos-
teroanterior view but is more commonly seen on the
lateral view. Although echocardiography is most
commonly used for evaluation of possible pericardial
effusion, it can be easily detected with CT and MR.
Knowledge of the pericardial anatomy is important in
distinguishing small collections of fluid within the
pericardial recesses from lymphadenopathy or other
pathology. The superior pericardial recess extends
anteriorly and superiorly to cover the main pulmo-
nary artery and the ascending aorta to the level of the
left brachiocephalic vein. It extends along the right
side of the ascending aorta and is in direct continuity
with the transverse recess. The transverse recess is
often crescentic in shape and lies just posterior to the
ascending aorta. Knowledge of its location and typi-
cal appearance will prevent it being confused with
adenopathy. The oblique pericardial sinus lies imme-
diately posterior to the left atrium. There is also a left
pulmonic recess located between the left pulmonary
artery and left superior pulmonary vein, a postcaval
recess between the superior vena cava and the right
pulmonary artery and right superior pulmonary vein
and a pulmonary venous recess, located between the
superior and inferior pulmonary veins.

Dressler syndrome is a condition originally de-
scribed in patients following myocardial infarction. It
can also occur following heart surgery and may be
better termed postpericardiotomy syndrome. The pa-
tient develops fever, myalgias, and chest pain and has
a pericardial friction rub. Chest radiograph shows
pleural effusion. Pericardial effusion can be sus-
pected on chest radiograph or documented by echo-
cardiography.

Constrictive Pericarditis
Constrictive pericarditis occurs when there is peri-

cardial thickening and/or calcification that prevents
the normal filling of the cardiac chambers. Patients
present with dyspnea, peripheral edema and ascites.
On echocardiography, there is elevation of the dias-
tolic filling pressures. However, these findings may
be present in patients with constrictive pericarditis or
restrictive cardiomyopathy. Echocardiography does

not reliably assess the pericardium and so these pa-
tients are often referred for CT or MR imaging. Al-
though CT and MR can reliably assess for pericardial
thickening, CT better depicts areas of calcification.
Rienmüller, et al, described the CT findings of con-
strictive pericarditis. They include pericardial thick-
ening and/or calcification, narrowing of the heart at
the level of the atrioventricular groove, enlargement
of the atrium or atria, and dilatation of the superior
vena cava (greater than or equal to the size of the de-
scending aorta) or inferior vena cava (greater than or
equal to twice the size of the descending aorta).
Oftentimes, the cause of the constrictive pericarditis
is unknown. It may occur as a result of infection,
connective tissue disease, neoplasm, trauma, radia-
tion injury, or uremia.

Pericardial Tumors
Metastatic disease is the most common cause of

neoplastic involvement of the pericardium. Most pa-
tients with metastases to the pericardium will have
evidence of metastases elsewhere in the body. The
most common tumors to involve the pericardium sec-
ondarily are lung and breast cancer and lymphoma/
leukemia. Although soft tissue nodules or masses can
be demonstrated by cross-sectional imaging, effusion
may be the only manifestation of pericardial metasta-
ses. Primary tumors of the pericardium include me-
sothelioma, sarcoma, lymphoma, teratoma and pheo-
chromocytoma.
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Objectives
1. To review the clinical, imaging, and pathologic

findings in arrhythmogenic right ventricular
dysplasia (ARVD).

2. To describe the MR pulse sequences and tech-
niques used in the evaluation of ARVD.

3. To review the published data regarding specific
MR findings in ARVD and identify the prob-
lems faced in evaluating these images.

Introduction
ARVD was first described in 1977 by Fontaine,

and consists of anatomic and functional abnormali-
ties of the right ventricle leading to arrhythmias of
right ventricular (RV) origin. In recent years, the
name ARVC (for cardiomyopathy) has been sug-
gested, because rather than being a developmental
defect, it is increasingly evident that it is a progres-
sive, non-ischemic atrophy of the RV myocardium.
This condition is most often identified in adolescents
and young adults, and is familial in 30-50% of cases
(autosomal dominant); some investigators have iden-
tified abnormalities on multiple chromosomes. It is
especially prevalent in northern Italians. The disease
may be clinically silent; symptoms suggesting ARVD
include palpitations and syncope or presyncope, par-
ticularly occurring during athletics. This reflects ven-
tricular arrhythmias in an LBBB morphology, which
can progress to VT or VF. Other electrocardiographic
criteria include epsilon waves, QRS prolongation,
and inverted T waves in the right precordial leads.
Unfortunately many cases are only diagnosed after
sudden cardiac death. Pathologically, there are two
main variants of disease. The fatty form consists of
replacement of RV myocardium by fat, primarily in
the apical and infundibular regions, without wall
thinning. The fibrofatty form includes fibrosis, usu-
ally with RV wall thinning (<3 mm), and dilatation of
the RV and RV outflow tract (RVOT). Findings in
both types can be focal or diffuse. Left ventricular in-
volvement has been described in a variable percent-
age of cases.

There is an overlapping entity termed idiopathic
right ventricular outflow tract tachycardia (RVOTT).
This condition, often exercise-induced, is nonfamilial

MR Imaging in Right Ventricular
Dysplasia
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and has a much lower risk of sudden cardiac death
than does ARVD. However, there are similarities in
the clinical and imaging features of this entity, and it
may be a milder form of ARVD.

Diagnosis
Many criteria have been proposed for diagnosing

ARVD, but it often remains problematic. An interna-
tional study group has proposed criteria for diagnosis
in six categories: family history, ECG depolarization
abnormalities, ECG repolarization abnormalities, ar-
rhythmias, biopsy, and global/regional dysfunction or
structural alterations (by imaging). A definitive diag-
nosis of ARVD is made if endomyocardial biopsy
shows full-thickness substitution of the RV wall by
fatty or fibrofatty tissue. Biopsy can be hazardous,
however, and can miss the diagnosis due to sampling
error. Only the septum can be safely biopsied, a re-
gion that is relatively unaffected by ARVD. In prac-
tice relatively few patients are biopsied.

Imaging Findings
Using echocardiography and ventriculography,

major imaging criteria for ARVD include severe dila-
tation and reduction of RV ejection fraction, localized
RV aneurysms (akinetic or dyskinetic), and severe
segmental dilatation of the RV. Minor criteria include
milder RV dilatation (global/segmental) and regional
RV hypokinesia. Neither of these methods can ad-
equately assess the RV wall for fat or fibrosis.

MR Technique
MRI has become a major component of the evalu-

ation algorithm for ARVD. It combines the functional
capabilities required above with the potential to iden-
tify fatty infiltration or thinning of the RV wall. How-
ever, there are no current standards for the perfor-
mance of MR in this setting. These studies can be dif-
ficult to perform, due to the presence of pulsation and
respiration artifacts and the high frequency of ar-
rhythmias. We prefer to use a surface coil with the
patient prone in order to optimize SNR over the RV
free wall. The axial plane generally yields the best
quality images, but short axis or sagittal images are
advisable to image the inferior RV wall. Most investi-
gators perform black-blood imaging (non-breathhold
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T1 and/or breathhold double IR), and cine gradient
echo imaging for wall motion. We find that fat-sup-
pressed black blood imaging yields better images of
the RV wall than non-suppressed methods. Presatura-
tion bands are very useful in the black-blood meth-
ods. We use a posterior band to suppress LV motion
and aortic pulsation; this also permits using a rectan-
gular field of view to shorten imaging time. Some
centers use presaturation bands above and below the
stack of images to suppress flow artifacts. The use of
presaturation bands generally increases imaging time
somewhat.

MR Findings in ARVD
MR findings of ARVD include abnormal myocar-

dial signal intensity (high on standard, low on fat-
suppressed images) consistent with fat in the RV
wall. Wall thinning is commonly seen in the fibro-
fatty form. Both of these findings, however, can be
difficult to make with assurance due to (1) the nor-
mally thin RV myocardium (3-4 mm, thinning even
more towards the apex) and (2) being able to distin-
guish epicardial fat (normal) from fat within the wall
itself. Identifying islands of fat within the wall, sur-
rounded by myocardium, enhances accuracy. In-
creased right ventricular trabeculation has also been
described as being associated with ARVD. Cine im-
aging is an important adjunct to the black-blood stud-
ies. The identification of wall motion abnormalities
(either aneurysmal or diffuse or focal in the areas of
wall thinning) increases suspicion for ARVD.

Despite the now widespread use of MRI in this
setting, there has been relatively little quantitative
analysis in the literature regarding sensitivity, speci-
ficity, and interobserver variation. In Auffermann’s
study from Germany, the most common abnormali-
ties in patients with ARVD were focal abnormalities
of RV morphology (78%), regional wall thinning
(67%), and dilatation of the RVOT (33%). Increased
signal in the RV wall suggesting fat was observed in
22%. They found agreement between MR findings
and angiography in 86% of patients. In a study from
Italy (Midiri et al), 14 of 30 patients (47%) with sus-
pected ARVD had evidence of fatty infiltration; this

was the most frequent finding among their patients.
Dilatation of the RV or RVOT was present in 43%. A
French study showed an even higher (90%) preva-
lence of high signal intensity in the RV or RVOT in
ten patients vs. ten controls (10%). Studies from the
US have not shown similarly high rates of suspected
fatty infiltration; this probably reflects many factors,
especially disease prevalence and severity. In a study
by White et al, of 46 patients with possible RVOTT
(and believed not to have ARVD), 24 (52%) of patients
had MR abnormalities of the RVOT and RV; 11(24%)
had abnormalities of the RVOT only, and 11 (24%)
were normal. Fatty infiltration was suggested in 25%.
With the high rate of RV abnormalities, it may not be
possible to distinguish ARVD and RVOTT by MRI.
Because the diagnoses of ARVD and RVOTT can be
problematic and without an accepted gold standard in
many cases, MRI efforts should emphasize improv-
ing image quality and documenting a high level of
interobserver agreement so as to provide maximal
added benefit in evaluating for this disease.
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Objectives of This Presentation
1. To place pulmonary hypertension within a con-

ceptual framework of pre-capillary (arterial)
and post-capillary (venous) disease conditions.

2. To understand the histopathologic features,
clinical presentation, current treatment, and
long-term prognosis of the idiopathic and sec-
ondary conditions which produce pulmonary
hypertension.

3. To recognize the classic radiologic manifesta-
tions of pre-capillary and post-capillary pulmo-
nary hypertension, and also the potentially dis-
tinguishing imaging features which may assist
in the differential diagnosis of pulmonary hy-
pertension.

4. To consider an algorithm for the diagnosis and
follow-up of clinically suspected pulmonary
hypertension.

Pulmonary Hypertension
Pulmonary hypertension is hemodynamically de-

fined as a mean pulmonary artery pressure greater
than 25 mm Hg at rest or greater than 30 mm Hg dur-
ing exercise, with increased pulmonary vascular re-
sistance. The diagnosis is made by clinical assess-
ment of hemodynamic parameters, medical history,
and histologic findings. Pulmonary hypertension is
the consequence of vascular changes within the arte-
rial (pre-capillary) or venous (post-capillary) pulmo-
nary circulation. These changes may be idiopathic, as
in primary pulmonary hypertension or pulmonary
veno-occlusive disease, but more commonly they
represent a secondary response to alterations in pul-
monary blood flow. The well-recognized etiologies
of pre-capillary pulmonary hypertension include
longstanding cardiac left-to-right shunt, chronic inter-
stitial lung disease, chronic thromboembolic disease,
and widespread pulmonary embolism arising from
intravascular malignant cells, parasites or inorganic
foreign materials. Post-capillary pulmonary hyperten-
sion develops when pulmonary venous drainage is
compromised, most often due to left ventricular fail-
ure, left atrial neoplasia, mitral stenosis, focal venous
constriction, or anomalous pulmonary venous con-
nections.

The histologic changes of pre-capillary pulmonary
hypertension are chiefly found in the walls of the

Imaging the Patient with Pulmonary
Hypertension
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muscular arteries. Findings include intimal cellular
proliferation and medial smooth muscle hypertrophy.
Necrotizing arteritis and plexiform lesions are addi-
tional histologic features exclusively found in PPH
and cases of left-to-right congenital cardiac shunt.
Regarded by cardiovascular pathologists as the hall-
mark of sustained and irreversible pulmonary arterial
hypertension, the plexiform lesion is a focal disrup-
tion of the internal elastic lamina by a “glomeruloid”
plexus of endothelial channels which have ramified
into alveolar septal capillaries. Complications of pre-
capillary pulmonary hypertension include central ar-
terial thrombosis, premature atherosclerosis of central
elastic and muscular pulmonary arteries, aneurysmal
dissection of pulmonary arteries, pulmonary infarc-
tion, and hypertrophy and dilatation of the right
heart.

The histologic findings of post-capillary pulmo-
nary hypertension are medial hypertrophy and inti-
mal proliferation of the pulmonary veins. Typically
there is marked prominence of the venous internal
elastic lamina. The unique histologic hallmark of pul-
monary veno-occlusive disease (PVOD) is the addi-
tional presence of webs, recanalized thrombosis and
intimal fibrosis within pulmonary veins. The compli-
cations of post-capillary pulmonary hypertension in-
clude capillary congestion (with adjacent vascular
proliferation), intra-alveolar hemosiderin deposition,
interlobular septal edema, and septal fibrosis.
Paraseptal venous infarcts may occur adjacent to a
complete venous occlusion, particularly when mark-
edly elevated pulmonary venous pressure is present.

Clinical Overview: Pre-capillary
Pulmonary Hypertension

Primary pulmonary hypertension (PPH) remains
an enigmatic condition which creates a hemodynamic
pattern of elevated right atrial and mean pulmonary
arterial pressures, normal pulmonary-capillary wedge
pressures, and decreased cardiac output. Patients
present with progressive dyspnea (60%), fatigue, an-
gina, syncope, cor pulmonale and/or Raynaud’s phe-
nomenon. Women are affected three times as often as
men. Patients with portal hypertension, collagen vas-
cular disease, or human immunodeficiency virus in-
fection have an increased risk of developing PPH al-
though no direct causal link has been established.
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Therapeutic agents include vasodilators, calcium
channel blockers, anticoagulants and diuretics to
counteract the unfavorable hemodynamics. Lung or
combined heart-lung transplantation may be per-
formed. The majority of patients succumb 2 to 5
years following diagnosis.

The radiologic manifestations of PPH include
prominent central pulmonary arteries, sharply taper-
ing peripheral vessels, and right ventricular enlarge-
ment. Computed tomography (CT) demonstrates
right ventricular hypertrophy, enlargement of central
pulmonary arteries, and abruptly diminished periph-
eral vascularity. A CT-determined mean PA diameter
of > or = 29 mm demonstrates 87% sensitivity and
89% specificity for predicting pulmonary hyperten-
sion. Specificity climbs to 100% when a mean PA di-
ameter of > or = 29 mm is accompanied by findings
of a segmental artery-to-bronchus ratio of >1:1 in
three of four pulmonary lobes. When the ratio of CT-
determined pulmonary artery diameter to aortic di-
ameter is greater than one (“rPA > 1”), a strong corre-
lation with elevated mean pulmonary artery pressure
has been shown, particularly in patients less than 50
years of age. On high-resolution CT (HRCT), both
idiopathic and secondary forms of pulmonary hyper-
tension may produce a mosaic pattern of lung attenu-
ation, suggesting regional variations in parenchymal
perfusion. Arteriography demonstrates symmetrically
enlarged central arteries with pruned subsegmental
vessels, filamentous peripheral arteries, and subpleu-
ral collaterals. Magnetic resonance (MR) imaging of
patients with pulmonary hypertension reveal central
pulmonary arterial dilatation, right ventricular hyper-
trophy, and reversal of septal curvature. Gated spin-
echo MR images have shown abnormal intravascular
signal corresponding to slow pulmonary arterial
blood flow, notably with a direct relationship to ele-
vated pulmonary vascular resistance.

Patients with sustained congenital cardiac left-to-
right shunt who develop secondary pulmonary hyper-
tension have shown adaptive anastomotic pathways
which connect pulmonary arterial vessels (containing
plexiform lesions) to bronchial arteries located within
terminal bronchioles and the vasa vasora of pulmo-
nary arteries. In such unusual cases when a congeni-
tal cardiac lesion is not detected at an early age, lung
biopsy may be performed to assess the potential
reversibility of pulmonary hypertension after correc-
tive surgery using the Heath and Edwards grading
system. Grades I and II represent mild, potentially re-
versible disease and are characterized by medial hy-
pertrophy, intimal proliferation and the abnormal
muscularization of the pulmonary arterioles. Features
of intimal laminar fibrosis and progressive vessel
obliteration advance the disease to grade III, which is

considered borderline for reversibility. The more se-
vere, largely irreversible grades IV, V and VI contain
plexiform lesions, aneurysmal muscular arteries and
sites of necrotizing arteritis.

The radiographic features of pulmonary hyperten-
sion due to chronic shunt physiology include the fa-
miliar complex of prominent central pulmonary arter-
ies and diminished peripheral pulmonary vascularity.
Although the right ventricle and atrium typically en-
large in proportion to the volume overload, a normal-
sized cardiac silhouette may actually reflect dimin-
ished intracardiac shunting due to a markedly elevat-
ed pulmonary vascular resistance. Linear calcification
and thrombus may be evident in the central pulmo-
nary arteries. In cases of patent ductus arteriosus, mu-
ral calcification or aneurysmal dilatation of the duc-
tus may be identified. Significant cardiac volume
overload may eventually produce superimposed find-
ings of secondary pulmonary venous hypertension.
MR imaging may reveal the septal defect in addition to
the characteristic changes of pulmonary hypertension.

Pulmonary embolism may be a complication of
deep venous thrombosis, right atrial neoplasia or
thrombus, intravenous catheters, or endocarditis of
the tricuspid or pulmonic valves. Although acute pul-
monary embolism may produce a temporary mild el-
evation of pulmonary arterial pressure (in 70-80% of
cases), verifiably sustained thromboembolic pulmo-
nary hypertension is attributed to chronic, recurrent
major vessel pulmonary thromboembolism. An esti-
mated 1-5% of patients with acute pulmonary embo-
lism go on to develop chronic thromboembolic pul-
monary hypertension (CTEPH). Pulmonary infarc-
tion is a well-documented complication. Clinical
onset is insidious and characterized by progressive
exertional dyspnea, nonproductive cough, atypical
chest pain, tachycardia, syncope and even cor pulmo-
nale. Women are affected more frequently than men.
Patients with underlying malignancy, cardiovascular
or pulmonary disease are at increased risk. The treat-
ment of choice is surgical thromboendarterectomy
(operative mortality 7-40%). Supplemental warfarin
anticoagulation therapy is also indicated, in some
cases combined with vasodilators, to treat the more
peripheral thrombotic occlusions which are beyond
the segmental arteries and not amenable to surgical
resection. One series has shown that a mean pulmo-
nary artery pressure of 30 mm Hg corresponds to
five-year survival in only 30% of patients with CTEPH.

The chest radiograph in CTEPH may be normal or
may demonstrate patchy oligemic vascularity. Con-
trast-enhanced helical CT often provides excellent vi-
sualization of emboli in the central pulmonary ves-
sels and segmental arterial branches, and has shown a
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greater sensitivity and accuracy for central disease
than either pulmonary angiography or MR imaging.
HRCT findings also include mosaic lung attenuation
accompanied by a marked regional variation in seg-
mental vessels, which can help to distinguish CTEPH
from the more diffuse pattern of findings in PPH and
other etiologies of pulmonary arterial hypertension.
Bronchial artery dilatation and tortuosity were ob-
served on HRCT in 77 % of patients with CTEPH in
one series and notably, these findings were statistically
significant predictors of patient survival immediately
following thromboendarterectomy. Pulmonary angiog-
raphy maintains greater specificity in the demonstra-
tion of central thromboembolic disease than either he-
lical CT or MR imaging, and outlines webs, bands,
and stenotic or pouch-like segments which are often
confined to one or two lung segments. On T1-weighted
MR images, chronic thrombi within the major pul-
monary vessels are visualized as discrete, fixed areas
of low-to-medium intensity abnormal signal on static
systolic spin-echo images which do not change in
configuration throughout the cardiac cycle. However,
spin-echo MR images demonstrating slow flow in cen-
tral vessels due to pulmonary hypertension may actu-
ally obscure the fixed signal due to central emboli.

Tumor thromboembolism develops in approxi-
mately 2-26% of patients with a known solid malig-
nancy, although the diagnosis is frequently missed
until postmortem examination. Tumor emboli oc-
clude the small muscular pulmonary arteries and pe-
ripheral arterioles, and may coexist with lymphan-
gitic carcinomatosis. Gastric carcinoma is the most
common clinically occult neoplasm to embolize and
produce pulmonary hypertension. Patients may pres-
ent with the same constellation of findings as in other
causes of pulmonary hypertension. Cor pulmonale in
these patients is an ominous sign and often heralds
death within 4 to 12 weeks.

Chest radiography may be normal, or may demon-
strate enlarged central pulmonary arteries and cardi-
omegaly compatible with pulmonary arterial hyper-
tension. Ill-defined nodular and confluent peripheral
parenchymal opacities are present when multiple pul-
monary infarcts have occurred. Radiologic manifes-
tations of lymphadenopathy, pulmonary venous hy-
pertension, and/or lymphangitic carcinomatosis may
be evident and suggest the diagnosis of tumor embo-
lism. CT may demonstrate filling defects in the main
pulmonary arterial branches, or multifocal beading
and dilatation of the peripheral subsegmental pulmo-
nary arteries.

Parasitic embolism is usually attributed to Schisto-
soma mansoni infection, endemic in the Middle East,
Africa, the Atlantic coast of South America, and the
Caribbean. In humans, Schistosoma eggs may travel

as emboli in the portal-systemic collateral pathways
to ultimately lodge in pulmonary muscular arteries
and arterioles. The trapped eggs produce an oblitera-
tive endarteritis, inciting intravascular and perivascu-
lar granuloma formation. Eventually, concentric col-
lagen deposition and fibrosis of pulmonary vessel
walls produces clinical pulmonary hypertension, typi-
cally in adults aged 25-35 years. Patients present with
worsening hepatosplenomegaly, dyspnea, cough, chest
pain, cyanosis, and digital clubbing.

In approximately 70% of patients with the clinical
manifestations of pulmonary hypertension, chest ra-
diography demonstrates cardiomegaly and central
pulmonary arterial enlargement. HRCT of pulmonary
schistosomiasis may show nodules, interstitial thick-
ening, and patchy ground-glass attenuation in addi-
tion to the typical changes of central arterial and right
heart chamber dilatation.

Pulmonary talcosis affects intravenous drug abus-
ers and advances with the chronic, repeated injection
of suspensions prepared from crushed tablet com-
pounds. Talc, a common insoluble pharmaceutical
binding agent, forms microemboli in the pulmonary
circulation and incites a widespread foreign body
granulomatous response. Histologic examination of
lung tissue reveals scattered granulomas which are
packed with doubly refractile talc particles that expand
the walls of muscular pulmonary arteries, arterioles,
perivascular connective tissue, and the alveolar septa.

Pulmonary talcosis in the early stage manifests ra-
diographically as diffuse, tiny (2-3 mm) well-defined
opacities. As the disease advances, conglomerate
masses may form in the upper lungs to produce hilar
elevation and hyperlucency at the lung bases. On CT
there is widespread ground-glass attenuation and
scattered fine micronodules. In advanced cases, CT
demonstrates lung distortion and confluent perihilar
masses which contain high-attenuation areas of accu-
mulated talc.

Clinical Overview: Post-capillary
Pulmonary Hypertension

Pulmonary veno-occlusive disease (PVOD) is a
rare idiopathic condition and the postcapillary coun-
terpart to PPH. The proposed initial insult in PVOD
is patchy or localized venous thrombosis, possibly
initiated by infection, toxic exposure or immune
complex deposition. PVOD produces distinctive find-
ings of normal or variably elevated capillary wedge
pressures. Normal left atrial and left ventricular pres-
sures are characteristic of PVOD and help to exclude
cardiac disease as the cause of venous hypertension.
One third of PVOD cases occur in children with equal
sex distribution, and there is a slight male predomi-
nance in adult patients. PVOD may be associated with
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pregnancy, bone marrow transplantation, or drug tox-
icity (BCNU, bleomycin, mitomycin). It is essential
for clinicians to distinguish PVOD from pre-capillary
pulmonary hypertension, because potentially fatal
pulmonary edema may be induced by the administra-
tion of vasodilator therapy for presumed pulmonary
arterial hypertension. While treatment with antico-
agulants has had limited success in PVOD, this dis-
ease is usually fatal within three years of diagnosis.

The diagnosis of PVOD is suggested radiographi-
cally when features of pulmonary arterial hyperten-
sion are accompanied by evidence of diffuse pulmo-
nary interstitial edema and a normal-sized left atrium.
CT in PVOD may demonstrate features of secondary
pulmonary arterial hypertension in addition to dis-
tinctive findings of markedly small central pulmo-
nary veins, central and gravity-dependent ground-
glass lung attenuation, smoothly thickened interlobu-
lar septa, pleural effusions, a normal-sized left
atrium, and centrilobular nodules. Pulmonary angiog-
raphy in PVOD shows enlarged central pulmonary
arteries, dilated right ventricle, prolonged parenchy-
mal phase enhancement, delayed filling of normal
pulmonary veins, and the outline of a normal to small
left atrium.

Left-sided cardiac disease is the most common eti-
ology of pulmonary venous hypertension, and under-
lying conditions include left ventricular failure, left
atrial thrombus or neoplasia (myxoma, sarcoma, me-
tastasis), mitral stenosis and congenital cardiac anom-
alies. Patients with left atrial myxoma commonly
present with dyspnea, tachyarrhymias, and pulmo-
nary venous hypertension due to interference with ei-
ther pulmonary venous drainage or mitral valve func-
tion. Both obstructive left atrial myxoma and severe
mitral stenosis have been shown to produce an abnor-
mal systolic reversal of the pulmonary venous flow
(measured by transesophageal and transthoracic Dop-
pler echocardiography, and phase-shift MR) due to
retrograde transmission of an elevated left atrial pres-
sure throughout the cardiac cycle. These findings il-
lustrate the underlying hemodynamics which may
lead to the development of pulmonary venous hyper-
tension in left-sided cardiac lesions.

Left-sided cardiac disease may mimic PVOD ra-
diographically with features of pulmonary interstitial
edema, Kerley B lines, pleural effusions, and second-
ary central pulmonary arterial prominence. However,
the presence of left atrial enlargement can distinguish
left-sided cardiac lesions, such as mitral stenosis,
from PVOD. Hemosiderosis due to longstanding pul-
monary venous hypertension produces fine reticular
opacities on chest radiographs, and tiny (1-3 mm)
calcified ossific nodules are the hallmark of mitral
stenosis. Rarely, a left atrial myxoma manifests as a

heavily calcified mass. Angiography has been re-
placed by echocardiography in the evaluation of in-
tracardiac lesions to delineate the size, configuration,
mobility, attachment site, and relationship to the
atrioventricular valve. CT often complements echo-
cardiography by demonstrating an intracardiac soft
tissue mass with additional evidence of extracardiac
extension, interstitial edema, vascular congestion,
pleural effusions, and enlargement of central vessels
due to secondary pulmonary arterial hypertension.

Mediastinal fibrosis is a progressive proliferation
of fibrous tissue and collagen in the mediastinum at-
tributed to various causes, most importantly prior
granulomatous (especially Histoplasma capsulatum
and tuberculosis) infection. It may constrict or com-
pletely occlude vital mediastinal structures including
the superior vena cava, central airways, esophagus,
pericardium, central pulmonary arteries and draining
pulmonary veins. Pulmonary vascular occlusion is
produced by fibrous encasement of the pulmonary ar-
teries and/or veins in a non-uniform pattern. The
clinical presentation of dyspnea, hemoptysis, and
signs of pulmonary arterial involvement by mediasti-
nal fibrosis is often mistaken for chronic large vessel
thromboembolic disease. Surgical resection of the fi-
brotic tissue has been effective in focal pulmonary
venous obstruction; steroid therapy has met with lim-
ited success.

Radiographic features consistent with the diagno-
sis of mediastinal fibrosis (producing pulmonary ve-
nous constriction) include asymmetric mediastinal
widening and/or a hilar mass with calcifications ac-
companied by ipsilateral Kerley B lines. CT may re-
veal mediastinal and hilar nodal masses of soft tissue
attenuation containing contain coarse calcifications,
which helps to distinguish mediastinal fibrosis from
unilateral chronic thromboembolism. An area of ve-
nous infarction may be visualized as a peripheral
wedge-shaped consolidation on CT. Pulmonary angi-
ography may show unilateral or asymmetric narrow-
ing of central pulmonary arteries and distal arterial
cut-offs when mediastinal fibrosis affects the arterial
side of the pulmonary circulation; with involvement
of pulmonary veins, the venous phase shows non-
uniform pulmonary vein obstruction, stenosis or focal
dilatation near the left atrium.

Summary
Pre-capillary pulmonary hypertension affects the

arterial side of the pulmonary circulation, chiefly at the
level of the muscular arteries. The marked hemody-
namic changes of elevated pulmonary arterial pressure
and high vascular resistance are associated with histo-
logic findings of medial hypertrophy, intimal cellular
proliferation, thrombosis, and in certain conditions,
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“plexiform” lesions. Diseases implicated in the devel-
opment of pre-capillary pulmonary hypertension in-
clude idiopathic primary pulmonary hypertension,
sustained cardiac left-to-right shunt, chronic intersti-
tial lung disease, chronic thromboembolic disease,
and pulmonary emboli arising from tumor cells, para-
sitic organisms, or talc particles.

The radiologic manifestations of pre-capillary pul-
monary hypertension reflect central pulmonary arte-
rial enlargement with sharply diminished peripheral
vascularity, mosaic perfusion, and right heart hyper-
trophy and chamber dilatation. Findings are charac-
teristically diffuse in distribution with the exception
of chronic thromboembolic disease, which may be
limited to a few segmental or subsegmental vessels.
Pulmonary infarcts, calcified plaques of the larger
pulmonary arteries, and dissection or massive throm-
bosis of the central pulmonary arteries are complica-
tions which may be evident radiologically. Certain ra-
diologic findings are helpful in distinguishing the
causes of pre-capillary pulmonary hypertension and
pulmonary infarction. Coexistent lymphangitic carci-
nomatosis suggests tumor embolism as the underly-
ing mechanism. Hepatosplenomegaly is associated
with cardiopulmonary schistosomiasis. Pulmonary
talcosis manifests with distinctive micronodular
opacities and diffuse ground-glass attenuation, which
may eventually converge into perihilar fibrotic
masses containing high density material.

Post-capillary pulmonary hypertension affects the
venous side of the pulmonary circulation and pro-
duces either a uniform or widely variable elevation of
pulmonary capillary wedge pressures. The hemody-
namic derangements of precapillary pulmonary hy-
pertension also may be present when the elevated
pulmonary venous pressure is transmitted retrograde
across the capillary bed. The histologic changes in-
clude venous medial hypertrophy and intimal prolif-
eration, thickening of the venous internal elastic
lamina, capillary congestion and proliferation, inter-
lobular septal thickening, lymphatic dilatation, and
occasionally venous infarction. Etiologies include
pulmonary veno-occlusive disease (diagnosed by
unique microscopic findings of recanalized thrombo-
sis within the pulmonary veins), left-sided cardiac le-
sions which compromise pulmonary venous drain-
age, and extrinsic lesions compressing the pulmonary
veins such as mediastinal fibrosis.

The radiology of post-capillary pulmonary hyper-
tension typically demonstrates features of pulmonary
interstitial edema, often accompanied by findings of

pre-capillary pulmonary hypertension. Prominent
central pulmonary arteries, Kerley B lines, thickened
pleural fissures and small effusions are characteristic
findings which may be accompanied by a wedge-
shaped consolidation when macroscopic venous in-
farction is present. The CT features which suggest
PVOD are marked narrowing of the central pulmo-
nary veins and a normal-sized left atrium. A left atrial
mass obstructing pulmonary venous outflow is often
revealed by echocardiography or contrast-enhanced
chest CT. Remarkable left atrial enlargement in post-
capillary pulmonary hypertension suggests severe un-
derlying mitral stenosis. Mediastinal fibrosis is distin-
guished by a soft tissue mediastinal or hilar mass
containing coarse calcifications, accompanied by a
regional distribution of Kerley B lines.
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