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FOREWORD

This report is the culmipnation of a study ipitiated in 1972

under ERGA (then AEC), Contract E{11-1}-2208.

The study described

in this report, as well as other specific studies under this same
contract and separately reported, were conducted in the Department
of Artificial Oryans, Division of Rassarch, Cleveland Clinfc Founda-
tion. Dr. Y. Nosé, Department Head, was Principal Investigator and
R.J. Kiraly was Co=-investigator. Mr, G, B. Jacobs was Project Leader

and the major contributor to the study.

The authors acknowledge the substantial contribution of a mmbear
of Individuals who provided effort to obtain and analyze the data:
Drs. 0. Sudilovsky, M. Taslitz and R. Seale provided the cadaver
data. Drs. K. Hayashi and T. Meaney provided radiographs of living
humans. Dr. T. Agishi extracted and digitized the radiographic data,
Data compilation and analysis was performed by R. Ccker, R. Loufe,

R. kobetic, B. Xluger and H. 3ullivan.
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ABSTRACT

The objective of study is to define the human thorax in a quanti-
tative statistical wanner such that the information will be useful to
the designers of cardiac prostheses, both total replacement and assist
devices. This repert pertains specifically to anatomical parameters rele-
vant to the total cardiac prosthesis, This iaformation will also be
clinically useful in that the proposed reciplent of a cardiac prosthesis
can by simple radiography be assured of an adequate fit with the prosthesis
prior to the implantation.

Methods have been developed for generating an integrated, statistical
madal of the anatomical structures within the human thorax relevant to
artificial heart jmplantation. These methods involve definition of anratomy
in four arpas: chest wall, pericardium, vascular connectiom locatians,
and great vessels.

A model for the prediction of thorax features from radiograms is
finalized. The models have been combined with radiograms to arrive at a
stze distribution representing the adult male and female populations.

Results are presented in three scale views of the human thorax showing
the main features relevant to cardiac prosthesis implantation. Data is
available for size distribution as a function of the population having
specific sizes. Data was obtained from a number of sources and represents
both normal and diseased patients. The ERDA total artificial heari was
shown to successfully fit the fifty percentile adutt male human,
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1.0 INTRODUCTION AND MOTIVATION

Research and development efforts on cardiac prostheses have been
underway by a large number of investigators for almost two decades. Even
with a fairly well standardized experimental animal, the calf, present
day devices have experienced failures due to mismatches in the geometry,
kinking at the vascular connections, and pumps that are oversized for the
animal's anatomy (1). In hindsight, it is obvious that progress could
have been much greater had a comprehensive, quantitative study of the
calf anatomy been done at the start. As a result of the prostheses develop-
ment programs without the bepefit of this data, current devices are being
implanted in larger and larger animals in order to obtain a reasonable fit
(2, 3). Clearly, many of these cannot be fitted into even the largest of
human patients. We cannot lose sight of the fact that the goal is to have
devices for use in humans and that the calf serves only as a test bed for
the human-fitting device. With the approach of the first clinical applica-
tions of total replacement and assist devices, it is necessary to lay the
groundwork so that dangerous anatomical mismatches be avoided in humans.

Figure 1 shows a mockup of the ERDA thermal converter and blood pump.
This report concerns only the available thorax space for the pump.

Figure 1

BLOOD PUMP

The problem can be broken down into two main areas according to the
mode of geometrical mismatch between the mechanical heart and the recipient.
After excising the natural heart, the surgeon is presented with four vascular
connection points with varying distances and orientations (direction of a
vector parallel to blooed flow in the vessel) between them. The first category
(mode 1) of failure can occur if either the distances between the connection
points of the artificial heart are incorrect, or if the orientation of a




connection point on the prosthesis does not match the orientation of the
corresponding blood vessel. This results in stretching (and possible
tearing) or kinking at the anastomosis points, ending in either a fatal
experiment or sharply curtailed blood flow.

A second mode of failure can occur even if perfect joints are made;
this happens when the heart, hanging from its four bonds, encounters
either relatively hard structures (chest wall, aorta) or soft structures
(vena cava). The first failure mode defines dimensional relationships
between connection points on the surface of the blood pump, while the
second failure mode dictates constraints on the external boundaries of the
device.

In Figure 2 is shown a transverse section of the thorax at the approxi-
mate leve] of the mitral and tricuspid valves. This is also a close esti-
mate to the connection points for the mechanical heart, since it is antici-
pated that as much natural atrium as possible will be retained in actual
implants. Also shown (in hatched region) is the lower edge of the Tung hilus
area. As can be seen, overly large dimensions for the anterior wall of
the cardiac prosthesis will result in a mode 2 failure, in which the heart
is forced posteriorly against the two atria, decreasing the effective volume
and possible cutting off flow altogether (heavy arrows). In Figure 3 is
pictured the same failure in the lateral view. Again, excessive dimensions
in the anterior direction will either compress the sensitive hilus region or
possibly cause a counterclockwise rotation, pivoting around this same point.
Figure 4 indicates a mode 2 fajlure occurring in the lower region of the
chest. Here, an abnormally large heart will be forced backwards (heavy
arrow), perhaps compressing fatally the inferior vena cava. Aortic compression
while highly unlikely due to its relative rigidity, could occur if blood pump
dimensions are excessive.

APPROXIMATE
CONMNECTION
FOR ARTIFICIAL
HEART

Figure 2

TRICUSPID VALVE

TRANSVERSE SECTION IN UPPER REGION OF PERICARDIUM
{Heovy orrows indicale possible compression)
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To summarize, two failure types must be concentrated on:
A. Kinking or twisting caused by a mismatch at the connection points.

B. Compression of vital soft structures due to abnormally large
anterior boundary of theé mechanical prosthesis.

Consequently, the region where most of the effort should be directed is
enclosed between the dotted lines and the chest wall, as shown in Figures
2 and 3. Structural relationships outside of this area, though not so
important, are relevant in that two additional phenomena may occur:

A. Extension of the blood pump's flexible atrium beyond
the normal pericardium will result in a decreased atrial compli-
ance (the pliant wall will simply acquire the compliance of
surrounding tissue). In such a case, its elasticity will be a
function of how far into the Tung the atrium extends, and the
average lung compliance, which in turn is governed by the lung
inflation. Too great a decrease in atrial compliance severely
:$?uces its effectiveness as an accumulator buffering a pulsa-
e pump.

B. Excessive pressure on the lung by a pump protruding beyond the
pericardial Timits may cut into the Tung's residual volume.
In addition, compression of the lung tissue between the thorax
wall and the pump may cause necrosis of the lung parenchyma.




2.0 OVERVIEW OF METHOD FOR CEFINING THE HUMAN THORAX

2.1 PREVIOUS WORK

Sources Tor portions of the necessary data are available in the liter-
ature; primarily from the fields of apatomy, vadiology, and cardiology.
Anatomy texts, especially those with fixed cadaver sections, have proved
particularly valuable {4-12). Even if no absolute dimenstons are avaiiable
from these sections, ratic and shape information has been very usefyl, In
the fleld of radiology, two particular siudies have provided valuable raw
dimensfons on the pericardium for verifying parts of our own data (13-£8).
These are: first, attempts to estimate total cardiac voiume from a limited
nunber of dimensions taken off radiograms, and second, development of
wethods to correlate certain of these dimensions {cardio-thoracic ratio
for example} to specific disease states. However, mosi of this data repre-
sents maximal measurements and contains no shape information. We have
therefore used it only as input to our normalizing parameter information,
Several recent works of an interdisciplinary nature (29-33) {involving
cardiology, radiology, and anatomy) have 1lkewise contributed to Substan-
tiating the statistical significance of sections of our data. Other papers,
containing subjective informatfon on the spatial arrvangement of human heart
valves (34-36) have helped in fornwlating an intravalwular model. Published
tomographic data {37), although of limited quantity, has provided a valuable
source of measurements for certain aspects of the pericardial and chest wall
shape models. A number of general texts (38-40) have helped to 1dentify
pessible artifacts in our method. Papers relevant to both the mathematics
and hardware for defining amorphous, biological shapes have been scarce, Two
noteworthy works, however, have general application to the specification of
thorax anatomy (41-42).

2.2 CURRENT METHODOLOGY

Because reliable dimensional information is lacking in the literature,
some method must be devised for avolding mode 1 and 2 failures discussed
earlfer. The approach used must generate not only a set of average dimensions
for both the vascular connection points and external boundary of the heart,
but tolerances as well, so that the final punp chosen will Fit a majority
of prospective candidates.

The method finaily used was based on the assumption that most organs
and structures in the human body have similar configurations, and variations
of a particular organ from person to person are due mainly to differences
in size. This implies that §f these size differences were normalized out
of the specific organ under fnvestigation, the organ's "shape,* or geometrical




configuration would be the same from parson to person. For instance, if
various size elVipses displayed symmetrically on the same set of cartesian
coordinates {cylindrical coordinates have fewer degrees of freedom} are
normaltzed in both the x and y directions, a single circle with its center
at zeroc and passing through the (1,0) and (0.1} points resuTts. This medns
that this particular shape. and ellipse in this case, can be characterized
by a circle after normalization. Further, the average size of an entire
family of ellipses can be expressed by both this circle and the average of
the maximum x and maximum y dimensions of the ellipses under investigation.

In Figure 5 is shown the application of this concept to the left pos-
terior boundary (solid Yine) of a typical transverse sectiom of the human
thorax. Maximum x and y values in this quadrant are approximately 8.0 cm
and 5.0 cm respectively. The curve, after discretization, consists of a
series of pointss f.e., (V, .7), {2, 2.4}, {3, 3.9}, etc. Dividing the
coordinates of each of these points by the maximum x and y values respec-
tively {called “normalizing parameters" in this report), results approximately
in the middle curve of Figure 5. In the particular case of a thorax section,
these "normalizing parameters” were carefully chosen to be observable
dimensions in either lateral or P-A radiograms. Specifically, maxioum y
value in the axample appears in lateral view, while greatest x dimens{on
is observed in P-A photo. HNote that the maximum x value is the largest
dimension in the entire left half of the chest, and may appear in either the
posterior or anterior quadrant. For this reason, the end point may not pass
through the {1,0) point. This normalized curve, then, represents the “shape”
of the left posterior thorax section after sfze variability has been &liminated.
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In order to verify this, a statistically significant mmber of these
normalized curves must be averaged together. However, normalization of a
second left postericr curve may not result in identical x values, making
direct averaging impossible, To avoid this problem, the normalized curve
is interpolated to yield a y value for each incremental x value, as shown
in the lower curve of Figure 5. A guadratic interpolation scheme that
successively straddled each x value in increments of .1, up to 1.0, was
found to give excellent resylts.

The generation of a shape model depends on an accurate interpolation
of the normalized data. To check this interpolation method, the following
was done. For each integer value of x, there exists the interpolated y vaiue.
These were then multiplied by Xmay @nd ymax and compared with the original
curve. This was especially important for shapes similar to the left
anterior "type,® since there was some discrepancy between these chest wall
predictions and the actual outlines {Figures 7-9 in Appendix C). As shown
in Fiqure &, there is excellent agreement, and the intervpolation procedure
appears correct.

LEFT ANTERIOR
LEFT ANTERIOR TAZLTI P,
DOYEN P,
Figure 6
LEFT ANTERIO® LEFT ANTERIOR
NISt P, MORTON R




Following interpolation, an average "shape" for any mmber of samples
can be calculated by averaging all y values corresponding to each Tneremental
x value (typical example is Figure 7). 1If the standard deviation for this
curve is sufficiently small, then 1t can be said to constitute the “shape
model" for this particular quadrant of the chest,

Having finalized & ¢onfiguration for each quadrant, at each Jevel in
the chest, the tnvestigator can now medsure the "mormalizing parameters™
from a large number of A-P and latera] radiograms. &ing average values
of these parameters in conjunction with the shape model allows the reconstruc-
tion of the average thorax.

The above is a simple example of a concept that is applied throughout
the entire program. A small sample of hard-to-get data 1s used to determine
the form of an organ or structure in terms of normalizing parameters that
are easily observed on standard radiograms, a relatively abundant source of
data. Final vesults yield a meaningful average, along with & variabflity
factor (i.e., standard deviation) that can be used for design purposes.

In Figure 8, within the dotted Tine, appears a general block diagram of
tne thought processes itnvolved in arriving at a final result. As can be
seen, the end product {blood pump sha!i'-e} 1s a function of both hard structure
(thorax wall) and soft structure {pericardium, great vessels} information.
Figure 9 illustrates the application ¢f normalization to a2cquiring both
kinds of fnformation. Average thorax wall definition is generated by com-
bining statistical distributions of "normalizing parameters” (A, 8, and C,
obtained from A-P and lateral X-ray photagra.phsc)l with a shape model derived
from silastic thorax molds poured in human cadavers. A typical soft struc-
ture, the pericardfum, is shown to be a function of parameters: level, B, E,
Fy and G, {Level is the percent vertical distance between an upper and
lower reference point located within the thorax {44}}. Specifying chest
levels in this manner is intended to normalize out variations in chest height
encountered from patient to patfeat. Using certain portions of the ribs to
locate high and low reference points follows from the clinical practice of
locating heart valves and aspiration points via the rib dependent inter-
costal spaces (53).

VERTICAL VARIARNATY M A SMNGLE WOLD

T WOLD HH 1312
LEFT  GIeE
PTEROR

Figure 7




PROGRAM TO DETERMINE SPACE FOR BLOOD PUMP
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The box in the upper right of Figure 9 represents the spatial model
for the vascular connection point definition. The question that must be
answered is: "What observable points or structures in two-dimensional radio-
grams should be ysed as input for a model to predict vascular connections
and location of relevant great vessels (both invisible) with respect to the
pericardial sac and the chest wall?" Solutions to this problem will be
presented in later sections,

A breakdown of the total problem is shown in Figure 10. This includes
four basic areas of investfgation: chest wall, pericardium, valve and great
vesse]l anatony. VYalves are studied only insofar as they indicate the
approximate connection point with the artificial heart. Except for the
great vessels, each arga is further subdivided into a "shape model™ and
pertinent normalizing parameters, Dimensions H, I, J, and K are not normalizing
parameters in the true Sense of the word and will be explained in the detailed
section on the valve model.

Figure 10

The form of a final integrated model used for design is portrayed in
Figure 11. Average values for chest wall, pericardium, vaives and great
vessels (aorta and vena cava) will be shown with their corresponding tolerances
at specified levels in the chest. Vascular connection points in these trans-
verse sections also have vertical tolerances. A complete, reconstructed
thorax is generated by stacking each of these sections on top of one another,
bistance between sections is simply the average vertical chest length (distance

10
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f Figure 11

TOLERANCES FOR

AVERRGE LOCATION
OF TRICUSPID{T) &
AVERAGE MITRAL VALVES(M]
CHEST QUTLINE

AVERAGE PERI-
CARDIAL QUTLINE

FORM OF FINAL RESULTS AT A PARTICULAR LEVEL IN THE CHEST

between wpper and lower reference points) divided by 10. Location of
sections with respect to each other is determined by positioning the chest
reference point {most anterior porticn of vertebra) of each section on the
typical curve of a spinal column. This curve is generated from both our
onn data and published results,

2.3 REFERENCIRG SYSTEH

Some potential data sources were not usable using our imitial
referencing system because the ribs were not visible. This vefersnce system,
as shown in Figure 12, requires a clear picture of rib location and was chosen
to enhance the analysis of radiograms in which vertebrae were not visibhle.
To solve this problems, a correlation was made between the midpoint of each
thoracic vertebra and vertical reference level using sources that allowed a
good picture of both rib location and vertebra. Seven anatomy texts, seven
angiograms, and one cadaver were employed as data banks for deriving a
correlation. The accumulated data has been graphed in Figure 13. From this
curve, one can estimate accurately vertical reference level if vertebra nuwher
is known. This regression line has permitted the inclusfon of frozen cadaver
data and other sources where rib locatfons are not available for scrutiny.
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2.4 DATA SOURCES AND VARIABLES

Two broad categories of data had to be gathered; first, shape informa-
tion and secondly, absolute measurements to determine a statistical distri-
bution for the structure. Typical data sources are shown in Figures 14 to
17. These include molds from cadavers, frozen cross sections of cadavers,
published data, and radiograms of 1iving patients. Figure 18 summarizes
these sources.

Figures 19 and 20 portray the variables that were recorded and analyzed
from this raw data. Because thorax structures are three dimensional, a
complete description must necessarily invelve dimensions from both the
transverse and vertical planes.

These figures will be referred to throughout the report for variable
jdentification.

Figure 14: Mold from cadaver thorax.
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Figure 15
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Figure 17
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Figure 18
DATA SOURCES FOR RESULTS

30 Radiograms 11 Cadavers 100 Radiograms¥
2 Cadavers (Patients with (9 Males (80 Males, 20 Females
5 Published data heart disease) 2 Females) w/o heart disease)
Pericardium Dimensions Chest wall Dimensions
Shape model from A-P, Lat. Shape model from A-P, Lat.
Radiograms Radiograms

7/ Published data

Z Cadavers 1
Great vessel Integrated model
orientation 1. Chest wall

with respect =1 2. Pericardium

to pericardium 3. Valve locations
and chest wall 4. Great vessel

S —

Valve orientation] JDimensions

mode] from A-P, Lat.
radiograms
2 Cadavers (Artificial

5 Published data Valves)

30 Radiograms

* For some results, 30 radiograms of patients with heart disease were used
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2.5 POSSIBLE ARTIFACTS IN THE MCTHOD

One of the final goails is the variazbiiity of anatomical relation
ships Within the thorax. There are two sources of this variability: Gne
is the actual, raéndom differences between patfents, and the second is
error inherent in the method of analyzing the anatomical structures.

Dissimilarities in the thorax region between individuals are signifi-
cant and qualitatively well docymented. Pericardial sac differences alone
can be quite remarkable. The sac in an asthenic individual {very low dia-
phragnm) is Tong and narrow, while that of the sthenic (high diaphragm) 1s
short and broad. Somewhere in between is a so-called “average® individual
{13.38). Similarly, there can be great variation in the layout of the great
vessels, apd an individuat can still be considered quite normal {39). '

Sources of variability that might be termed artifact, in that they do
not reflect purely genetic differences between individuals, may enter the
analysis simply because the system under investigation is highly dynamic.
This can happen especially in radicological measurements. Cardiac silhouetie
is known to be highly dependent on respiration ohase; hence, standard radfo-
graphic proceduve dictates that all photos be taken during full inspiration.
There may be, however, many different patient views on what constitutes
“full fnspiration.” Cardiac phase has a negligible effect on results for
both the cardiac siThouette and valve Tocationm {38, 40). However, accidental
breathholding by the subject results im the classical valsalva maneuver,
resuiting in decreased blood inflow to the heart and subsequent marked reduc-
tions in cardiac size.

A third source of variability -- disease == can be considered either
an artifact {in dealing with normals), or an important correlation parameter
if one is deliberately studying patients with abnorwal hearts. prime candi-
dates for an artificial blood pump. The effects of abmormal) hemodynamics
on pericardiat size, valve location and, to some extent, vena cava location,
is marked and non-negligible. A detailed discussion of -such effects is
beyond the present scope of this report, but excellent source materiails can
be feund in references 13, 38, 39 and 52.

In the following sections. the detailed methods used in investigating
each of the four main areas outlined in Figure 10 will be discussed. At
the same time, the current status of each, and specific methods for detecting
errors in the results (if applicable} will be presented.
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3.0 DEFINITION OF CHEST WALL AND DIAPHRAGH

The- purpose of this section is to define the chest cavity of an adult
human. This effort is only the first stage in accomplishing the ultimate
goal, that of defining not only the chest cavity, but the relative lecation
of pertinent soft structures within this cavity in the human. :

A shape model was made from data taken from transversely sectioned
molds of the chest cavity of human cadavers {Figure 21). The normalized
shape and curvature of the human chest cavity was determined by amalysis
of this dats on a computer,

The shape model was then combined with the measurements of dimensfons
¢n & large number of human plane chest radiographs to determine a distri-
butfon of the size of the chest cavity as a funciion of the percentage of
the population having these dimensions.

The uitimately developed technique of the modeling and analysis is also
expected to be applicable to ¢linical cases of artificial heart implantation

where standard chest radiographs of the proposed recipient will insure that
tha prosthesis will fit in the particular patient. ' .

METHOD FOR MOLDS SLICING

Section 1

Section 2

Section 3

Section 4

LATERAL VIEW  FRONT VIEW

Figure 21




3.1 GENERATION OF SHAPE MODEL

A detailed descriptfon of the essential concepts in the model develop-
ment are included in an earlier report (45). Sriefly, shapes generated from
molds cast in cadaver thorax cavities were used to determine chest wall
curvature after individual size vartations had been normalized out of the
data (wsing normalizing parameters A, B, and C, Figure 22}, Kine male molds
and two female molds have been analyzed and the resulting data used to generate
a vertically dependent model. This model conmsists of & normalized curve for
gach quadrant {i.e., left anterior, left posterior, etc.) at a known level
in the thorax. The vertical level under investigation is specified in terms
of the percent vertical distance between two reference points identifiable
on the radiograms. Because the individual vertebrae were not distinct in
the fiims, these reference points are specified in terms of rib number and
certain X-rvay dimensions. They are Jocated roughly at the T4 and T10 regions
of the chest (Figure 12, described earlier}. A typical normalized curve
is shown in Figure 23. This curve represents the model {11 standard devia-
tion} for the ileft anterior portion of a transverse section 2t approximately
the T10 region, Data for this curve 15 shown at the top of Table 1 under
“left anterior."” Comparison of Flgure 24 with Figure Z3 demonstrates
graphically the reduction in error when a vertically dependent mode] is used.
Data for the T6é and T4 regions is shown in Tables 2 and 3 respectively. A
comparison of the left and right anterior and posterior sections of all
mode] data averaged in the vertical direction i= shown in Figures 25 and 26
and clearly demonstrates symmetry of the thoracic wall shape. An example
of médel use is demonstirated in Appendix A.

To determine a statistical distribution of thorax sizes for the
adult population, average values for A, B, and C at eéach level in the
thorax must be determined from a reasonably large sample of X-ray measure-
ments, The procedure psed 1o extract this data from B0 majes and 20
females 18 described next.

21




REFERENCE PONTS

* RIGHT SIDE LEFT SIDE

ul

NORMALIZING PARAMETERS FOR
A TYPICAL MOLD CROSS SECTION

Figure 22

22




v AXIES

¢

Y

DEVIATION ) AT AFPROXIMATELY
TIO LEVEL

LEFT ANTERKR WODEL -

1£]1 STANDARD DEVIATION
MEGLECTING YERTICAL DEPENDENCY
N THE THORAX

I

23

Figure 23

Figqure 24




FROM SPEC.
LEFT SIDE
ANTER1DR

¢ 3.00TO SPEC,

F 2.0

# ELICES USED IN AVERACE= 7.00

ZINT
D.o00B
0.1000
0.2000
D.3000
0.44000
D.5000
D.6000
D.7000
p.@lon
0.9006
1.0008

FROM SPEC.
LEFT S1DE
POSTERIOR

AVG
0.9794
0.9951
D.S%ER
0.984%
0.9644
0.9276
0.8897
0.58160
07075
D.S260
D.0623

# 3.00T0 SPEC.

ESTDEY
0.0261
d.0511
.0040
0D.00%95
O.014%
D.0208
D.0E34
n.03ce
B.9355
B.047E
0.9777
*» S.0Q

# SLICES USED IN AVERAGE= 7.40

XINT
6.0004
D.lcoOC
0.2000
B.3000
0.4004%
G.5000
0.6000
t.7000
0.8000
0D.90040
l.0004

FROM EPEC.
RIGHT SI1DE
ANTERIDR

AVE
B.E0D0
9.1257
0.5089
0.6067
b.9322
0.5%942
0.5851
0.9252
¢. 7777
0.5168
0.8900D

¢ 3.00T0 SPEC.

STDEV
B.O00GO0
0.9400
D.1189
D.10B2
B.0660
.02
D.0205
b.0634
d.1122
.1377
f1.0000
# D00

# SLICES USED IN AVERAGE= 7.4D

AINT
d.0000
0.10%9
d.208Q0
d.3009
g.adp0
g.50¢40
p.e000
d.7004
J.g000
a.9d0na
1.00010

FRDOM SPEC.
RIGHT SIDE
FOSTERIOR

¥ SLICES U

XINT
Jd.0000
0.10040
D.2000D
0.3000
D.45000
Bp-5000
0.5000
0.7000
0.BODD
g0.9000
1.0040

AVGE
b.2882
0.9934
D.9%53
D.5500
B.9724
D.9330
g.8p12
D.g020
0.6%04
D.Sd14
0.0215

# 3.00TD SPEC.

SED 1N AVERAGE=

avi
0.0900
0905
D.4789
D.B222
B.9425
D.9BEx
0.9600
0.9169
0.767T
a.5022
D-000D

STDEV
a.010e6
1.0058
B.0078
G.0110
0.01&5
0.0237
D.1273
0.0380
D.1551
D.A551
0.R0367
# 9.01

T-01

STDEV
0.0000
0.0474
b.0E820
G.0459
f§.0232
2.007%7
D.0220
D.0426
G.0594
D.hi4B
0.04080

PRCT
2.8736
101420
0.3995
D.9620
L5497
Z.216>
2.6251
3.767e
S-0LiB
2.077%8
124.7309

PRCT
a.00490
d1.B83an
23.3615
13.4112
T.29810
2.1358
2.0777
6.8308
14.8€15
JA.3EE9
a.pong

PRCT
F.077)
0.5BBE
0.7861
1.1108
1.94a67
2.5399
3.1027
4., T3I6E
T.-9E26
12.9820
171.15%4

FRCT
g.0000
S52.2826
17.1t02
5. 3651
2.48653
D.3760
2.24l2
4.6479
7.-7394
22.8625
g.c000

VERTICALLY
DEPENDENT MODEL

AT T10 REGION
(LEVEL 9.0 TO 13.0)

TABLE




LEFT SIDE

ANTERLOR
# SLICES USED IN AVERAGE= %.00
HINT AVG SYDEV
D.0000 0.9703 0.0160
g.100¢ 0.9%i18 D,01340
D.2000 1.00]% C.L0E6
l.3000 b.9%26 a.0077
D.S00D 0.9339 0.0275
D.&£000 0.88B5& 0,0397
a.700Q $.21009 0.0555
0.8000 4.7087 a.0707
0.90010 B.54E51 0.0781
L.0000 0.1214 0.0875
FROM SPEC. # 1.080TQ SPEC. # 9.00
LEFT SI1DE
POSTERIDR
F SLICES USED IN AVERAGE= 9.1
XINT HAVE LSTBEV
0.0000 D.0000 D.0040D
D.1000 D.1835 D.04%5
B.20900 0.5039 D.1058&
D.3010 n.8107 t.0790
n.4040 0.9525 B.0353
n.5008 0.9971 b.0O75
n.&000 D.9694 h.0097
¢.7000 D.BEDT 0.0315
g.BOOD D 6T21 k.0698
a.%0080 d.34656T d.1078
1.0000 . G000 a.006G4
FROM SFEC. # 1.00T0 SFEG. # %.09
RIGHT SIDE
ANTERIOR
# ELICES USED IN AUERACE= %.00
XInT AVE ETDEVY
B.0001% 0.9749 g.0193
d.10600 a.9938 0.0I0%
da.2400 0.9959 b.00E6
d.34000 G.9882 0.00653
D.aG00 0.9606 g.0170
0.5000 0.9171 0.0293
g.6008 d.8527 0.0540
0.70040 $.7800 D.l447?
0.8000 J.567a4 D.0534
0.2000 J.4B&69 0.05629
1.0000 d-04al1d D.LGB73

FROM SPEC. # ).D0T0 SPEC. @ 9.010
RIGHT SIDE

POSTERIDR
# SLICES USED IN AVERAGE= 9.0(

XINT AVG STDEV
0.0000 2.0000 0.9000
0, 1860 0.1701L 0.0273
D.2400 #.5550 0.0868
0.3000 0.8415 1.0573
0.4060 0.9581 0.0419
0.5000 0.9943 1. 0094
B.6%00 be92670 0.0214
0.7000 0.8738 00391
0.8000 . 6894 0.0628
0.9000 D.3T47 1.0799
1.0008 0.0004 B.000

PRGT
l.53602
1. 2139
b.5564
4.77486
1.7728
2.9398
4.4808
6.8409
9.9781
14.2568
T2.070%

PRCT
Q.0000
30.2595
20.9877
Q.7H97
3.7034
r.74598
0.9959
3.6547
10.3852
a0.6625
b.O0DB

PRCT
1.9746
t.0533
b.6655
1.5317
1+7672
3. 1929
Se 1565
5.7313
79174
12.9124
213.0066

PRCT
0.0B009
16.0352
15.6374
&.8071
4. 37166
0.947C
E.2081
Gy 3784
P.118)
£)1.3225
a.00ce

VERTICALLY
DEPENDENT

MODEL

AT T6 REGION
ILEVEL 3.0 TO 6.0)

TABLE -
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FROM SPEC. # 1.007T0 SPEC. # 9.0

LEFT S5IDE
ANTERIOR
# SLICES USED IN AVERAGE=12.00
XINT RUG STPEY PHCT
0.0000 0.9896 D.015] 1.5275
0.1000 0.9872 0.0153 1.5502
0.2000 0.9768 0.0260 2. 6569 VER"CALLY
0,3000 P.9511 0. 0063 4.0255
0.4000 0.9107 0.0482 5, 295 ]
.5000 0.8567 0.0566 6.6048 DEPENDENT MODE
0.6000 0.7904 0, 0628 7.9407
0.7000 0.7068 0.D653 s.saer AT T4, REGION
0.B000 0.5996 B.0754 12,5707
0.9060 b. 4424 0.8781 17.6478 (LEVEL -0.5 1O 30]
1-B000. 0.,0539 0.08¢1 165,3323
EROM SPEC. # L.00TO SPEC. # 9.01
LEFT SI1LE
POSTERIOR
s SLICES USED IN AVERAGE=12,09
XINT AVG STDEV PRCT
B.ODDG F.00010 0.0004 2.0040
G.5000 D.1267 0.0517 40.6214
p.2000 0.4759 0. 1042 21.9033
1.3080 4.7603 0,0513 12, 0087
b.4000 0.923% 0.6557 6.0337
1.5000 1.5855 0.0237 2, 4021
0.6000 0.9308 0.0155 1.6771
0.7000 4.9084 0.0451 4.9602
0.8000 9.7766 '  D.0BSS 11.5013
0.9000 - 0.5366 B.18B6 21.4188
l.00010 0.036% 0.0878 235.9217
FROM SPEC. # 1.0OTD SPEC. # 9.00
RiGHT SI1DE
ANTERIOR
# SLICES USED IN AVERAGE=12.00
KINT AVG $TDEV PRCT
1.0060 B.5853 0.017a 1.76B5
g.1000 8.9824 0.0225 2, 2945
3.2080 0.9695 0.8348 3.5867
0.3000 0.9453 n.0436 4.6169
B. 4000 0.9077 9.0450 4,98%19
B.SO008 D.BELL 0.04T& 5.5254
0.6000 0.7988 D. 0545 6.8254
0.7080 0.7200 0.0646 8.9760
6.8000 D.6182 9.0789 12,7604
0.9000 0.4661 6.1070 22.9528
1. 8800 0. 0782 b.1)B4 151.3346
FROM SPEG. # 1.00TD SPEC., # 9.00
RIGHT SIDE
FOSTERIOR
¢ SLICES USEP IN AVERAGE12.00
XINT AVG STDEV PRET
9. 0000 2.0050 B.00R0 2.0000
0.1000 3.1208 0.0648 53,6008
9.20600 0.4587 0.1295 26,2308
0.3000 0.7475 0.0940} 1. 0465
0. 406D 0.9027 0.0524 S.8018
p.5000 0.9776 D.0D250 2.5585
0.6000 0.9822 1.0186 1.B953
1.7060 0.9194 0.03B2 4.1509
D.BODG 0, 7688 1.0679 B.6062 TABLE -
0.50060 0.5439 0.1324 24,3376 26

1.GQDE 0,088 £.1293 159.966%
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3.2 RADIOGRAPHIC DATA

One hundred radiographs were read and measured. Efghty of them were
chosen from males and twanty from females, since comparison between the
male and female chest cavity regarding the shape as well as the size was
considered useful. Al1 radiographs ware obtained from outpatients of the
Cieveland Clinic and were diagnosed "no findings" as far as the thorax was
concerned. Thefr ages ranged between 40 and 55.

Figures 27 and 28 show the front and side view radiographs and the
measuring points used. Appendix B gives the detafils of the masurin?
method. Approximately 80 measurements are made from each set of radio-
g;azgs.h Sof:e of the data pertains to the Tocation of the outside surface
of the heart.

Several assumptions ware made relative to the radiograph measurements.
Eese as?umptinns were necessary to so0lve the probiem while not compromising
e rasylts.

1. A magnification effect of T0% was assumed at all portions of the
radiographs. Theoretically, it varies according to location on the body,
ralative to the film. ﬁ‘

2. The chest cavity 15 assumed symmetric on a postero-anterior radio-
graph, The chest is not perfectly symmetrical, as 15 wsual 1n other struc-
tures of the living body. If all vertebrae clearly appear on a radiograph,
a midiine can be pointed out without difficulty. Very often, however, some
of the thoracic vertebrae, particularly those overlapped with the heart
silhovette, are not shown clearly, Therefore, a midline was obtained, not
anatomically, but by dividing the width of the chest cavity by two.

3. Al1 bones are covered with relatively radiotransparent, soft
tissues. On radiographic measurements, dimensions are obtained as distances
between twg radiopaque bony structures. However, the mold data yields
smaller inside dimensions due to the thickness of these tissues.

4. It was assumed that all patients held a deep inspiration and were
standing perpendicular to the floor when the radiographs were made. This
§$ usually the instruction given to the patient. Level of the diaphragmatic
dome changes depending upon respiratory phase, while configuration of the
chest changes dependin? upon posture, 'This again accounts for differences
between cadavers -and 1iving patients.

At each level (where a level represents 10% of the distance between
the two refersnce points), the average value and standard deviation was
calcuiated. Also the standard deviation, expressed as a percent of the
average, is shown. Tables 4 and 5 summarfze this data for males and females,
respectively. Distance between the two reference points was 16,57 ¥ 1,31 cm
for males, and 15.77 £ .73 o for females,
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TABLE A

SUMMARY OF MNALE X-RAY DATA

Hormalizing Parameter

B C A
Level Pvy. a 'Aﬁ. x 100 Avg. a E?E. x 100 Avy. a “F:_g. x 100
w2 4.74 [ 0.69] 14.7 1.03 | 0.68 66.5 1.80 | 0.09 0.0
-1 7.14 | 1.432 19.9 4.91 | 2.62 c3.4 3.36 | 1.39 41.5
0 Refy 9.18 | 1.02 11.1 7.4 1 2.1 269 4.7010.79 16.9
1 10.52 | 0.88 8.3 9.79 | 1.81 18.5 4,97 | 0.72 14.4
2 11.26 | 0.848 7.5 19.97 { 1.61 14.7 5.1510.64 12.3
3 11.70 | 0.82 6.8 11.84 { 1.62 13.7 5.28 | 0.60 11.3
4 12.13 | 0.77 6.3 12.47 | 1.7 13.9 5.41 | 0.59 11.0
3 12.38 | 0.78 b.3 12.87 | 1.83 14.2 5.53 | 0.6] 11.1
6 12.63 | 0.83 6.6 12.13 { 1.71 14.6 5.651 0.63 1.1
7 12.86 | 0.83 6.5 13.23 | 2.02 15.3 5.77 { 0.a3 11.0
8 13.08 | 0.39 6.8 13.22 | 2.1 15.8 £.89 1 0.65 11.0
9 13.23 | 1.04 7.9 13.07 | 2.13 16.3 5.99 1 0.68 11.4
10 Ref ] $3.585 | 0.95 7.0 12.85 [ 1.98 15.4 6.0410.70 11.5
1 13.91 | 0.83 6.0 12.48 | 1.99 16.0 6.121 0.69 1.3
12 14.05 .87 6.2 12.12 | 1.20 15.7 £.1910.79 12.8
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TABLE 5

SUMMARY OF FEMALE X-RAY DATA

Hormalizing Parameter -

B C A
evel Avg. | o %g,x 100 Avg. |- o ﬁ—g_x 100 § Avg. | a lﬁ_g’f 100
-2 .92 (045 w.a fossoo! 0.0
-1 6.50 | 1.62| 157 | 207 | v.7a| saa 79 loes| 367
O Ret} 8.52 | 0.83 9.7 [ 6.32| 1.80| 28.4 1.31 {o.48 | 14.6
1 9.71 | 0.73 7.5 g8.51 [ 1.28| .0 | 3.780.80] 0.6
2 16.33 | 0.73 7.0 fo83| vz 138 farz|oas] 107
3 10.61 | 0.73| 6.9 f30.31 | 1.50| 146 § 4.37 Jo.as| 104
2 w0 fo.7s) 6.9 J10.91] 1.a8f 13.5 § a.58 0.46| 10.0
5 fnazfoes| 6.8 |vangoszj 137§ 476 |0.49] 0.3
6 1.22 | 0.79 7.0 j1as {144 129 fsooos| 103
7 1.3 | 0.82] 7.2 fn.oz| 15| 13.6 [ saslose| w3
8 11.45 | 0.89 7.7 Yross {153 14§ s.28fo.es| 12
9 fn.stjo.e7| - 7.6 Jro71] v.ea]| 5.4 5.3 [o.61] 11
10 Ref  11.58 | 0.87 7.5 Q1.6 | 1.65| 6.2 f s.42]o.62] 11.4
1 11.76 | 1.08 9.2 f 9.52 0.97] 10.2 ? 5.36 |0.66| 12.3
12 Brzasfozo] s8I seoozs| 32 557 10.6

0.59

32




3.3 INTEGRATION OF SHAPE MODEL AND RADIOGRAM DATA

Applying the vertically dependent model {summarized in Tables 1-3} to
the X-ray data results in the statistical chest size distributions shown
in Figures 29-32. These figures are to scale and represent the average
X-ray parameters (plus and minus two standard deviations} for the upper,
middie, and Yower thorax regions. Hence, the inner and outer two dotted
Yines include 95% of the male adult population. Also shown are the percent
values for that portion of the population smalier than the indicated curve.
He anticipate that meaningful externmal design constraints for an artificial
heart can be determined when these curves are combined with the relative
Tocation of vital soft structure,

Figure 32 shows the male thorax size distribution superimposed on
the cress section of the prototype ERDA heart, at approximately the T6 region
in the chest. The actual orientation and vascular connection are described
later in the report, but this figure indicates the ralative sizes involved.

~ In the case of the female thorax, a model hased on two molds was
obtained for leve]s ~3 to 13. Though based on only two molds, horizontal
variabi1ity was considerably Jess than the individual vertical variability
of each mold. Hodel data for lewels @, 5, and 1G are shown in Tables 6-8.
This model data was then combined with the X-ray data from 20 normal female
radfograms (Table 5). These distributfons, shown fn Figures 33, 34 and 35,
though based on a limited amount of data, can be compared with male distri-
butions der{ved earlier, at the same levels. MNote that different shapes
for both left and right sides were allowed for the female model. A comparison
of the male and fewmale distributions shows considerable differences (Figures
36 and 37). Implantation of the ERDA heart within the average female chest
sy be more difficult than in the larger male chest. More female X-ray
data must be obtained to verify this conclusively. ' _

Patients with some form of heart disease (valvular replacement) demon-
strated larger. thoraxes as shown in Figures 38 and 39, These are also
shawm later along with pericardium information.

¥alidation and verification of the chest wall data 1s shown in
Appendix C. .
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FROM SFEC., ¢ 1.00T0 SPEC. # Z2.U1D
LEFT SICE
ANTERICR
# SLICES USED IN AVERAGE= 2.00
XINT AV STDEV
f0.0007° 0.9%44 Q.an7%
0.1D00 0.9230 0.08%5
d.20040 0.9827 1.0178
0,3000 B.96237 M.01&%5
d4.4004 p.92347 a.00a4
d0.50040 0.BB9E 1.01%54
p.&0040 0D.B357 0.DLT2
0. 7TEOD D.7703 D.00ay
1.8000 4.6851 0.42%7
0.%000 0.5523 0.0924
I1.0000 4,137% 0.195]
FROM SPEC. # 1.060TO SPEC. # 2.00
L EFT SILDE
pOSTERIOR
§ SLICES USED IN AVERAGE=s 2.0{
XINT AVG STDEV
0.-0600 D.abag D.0BOOCG
0.1i000 0.1359 0.a017
Q.2000 0.a479% 0.9365
g.3000 0.800a $.0311
d.abioo §.%537 B.0063
0.5900D 0.9%02 .0031
0.60060 4.9725 4.9325
0. 700D D.&94% b.0567
g.581000 {4.Te82 0.b0628
0.9900 N.5156%9 b.as521
l.B000 f.0604 D.O000
FROM SPEC. # 1.00TD SPEC. # 2.00
RIGHT SI1IDE
ANTERIDR
# SLICES UISED IN AVERAGE= 2.00
XINY AVE STDEV
Jg.qanaoa 1.0000 b.0pan
o.1008 J.9972 0.00560
0.2004 0.9Baa 0.n039
Jg.30040 0D.9637 0.0032
g.4anod 0.9375 0.0121
0.50%0 B.Gas d.0207
0.5000 G.8653 0.G6216
0.70060 b.BD2s 0.0488
0.5000 0.73a0 0.65903
0.2000 t.6azi d.1508
1.0000 G.1167 0.1650
FROM SFEC. # 1.00TO SPEC. # 2.00
gi1G6HT SIDE
POSTERIDR
# SLICES USEP IM AVERAGE= £.00
KINT AVG STDEV
g.0008 d.0000 D.o0o0G
g.1000 D.1031 D-5198
0.2000 0.aB26 t.0507
4.3000 0.8023 0.9641
0.4004Q 0.9403 g.0L99
D.S5010 1.00408 1.d912
G.5000 0.9886 g.0043
o.70010 01.321%9 .010%
0.85001 0.5085 G.004&
0.200¢0 1.5983 0.04840
1.0004 0.4000 De.1a14

PRCT
- 7901
0.9567
L. 7218
L7099
N.4710
F.7325
2.0589
1.8753
4.0391
16.T2249
14t.4214

PRCT

0.0000
}.24748
T.68054
3.8847
f.56574
0.3123
3. 34862
T+4517
B8.1733
18,0766
0.0000

PRCT
0.91¢0
B.560&63
0.3964
0.3354
1.2692
2. 2646
2. 5976
6.9757
12,3747
23.4796
1414214

PRCT
6.0000
19.2102
10.5008
7.9934
2.1173
b.1185
0.4309
i« LESQ
b.5714
T.3609
141.4214

FEMALE

VERTICALLY
DEPENDENT MODEL
(LEVEL -3.0 TO 1.0)
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FROM SPEC. # 1.08TO SPEC. # 2.00
LEFT 31DE

ANTERI1OR

# SLIGES USED 1N AVERAGE= 2.00
XINT AVG STDEV
6.8004 D. 9648 0.0125
D.1000 0.5643 0.0001
0.2000 L.00} 9.co1Lt
0.3000 0.9900 0.0060
0.4000 0.9580 0.0073
0.5000 0.9139 . 0.0091
9.6000 0.859% G.0260
0.7000 0.7904 B.0548
n.sede 0.56763 B.ELD3
0.9000 0.4968 B.1997
1.0000 0.212a B.1752

FROM SPEC. # 1.00TG SPEC. # 2.00
LEFT SIDE

pOSTERIOR

s SLICES USED IN AVERAGE= 2.00
XINT AVG STOEV
0.0000 8.0000 0.0000
0.1000 0.1703 b.0015
t.2060 0.6651 B.0)9E
b.3000 0.8923 B.0000
0.4000 0.9656 9.0072
0.5000 0.9955 p.0132
0.600¢ 0.9220 0.0544
0.7000 0.8145 B.1690
0.2000 D.£230 D-0402
0.9000 B.3148 B.1G26
1.0000 D-F000 B.0000

RIGHT S1DE T

ANTERIOR

s SLIGES USED IN AVERAGE= 2.00
KINT AVE S5TDEV
2.0000 B.9572 0. 0062
$-1060 b.96E37 6.013%
B.2000 D-9960 0.00a4
$-3000 0.9895 0.0093
f.a0p0 0.9606 0.0013
p.s00¢ D.9294 D.0026
D.6000 6.8853 0.01647
R 7OG0 B.851B5 0.03s58
0.8000 0.7386 0.0655
8.90460 p.5512 B.!438
1.0000 0.2539 G.2257

FROM SPEC. # 1.0070 SPEC. # 2.00
RIGHY SIDE

POSTERIOR

f SLICES USED IN AVERAGE= 2.01
XINT AVG STDEV
6.0000 0.0000 D.co00
n.1000 0.17568 0.0345
0.2000 0.7796 0.02&9
0.3000 9.9281 a.a0cvy
n.40010 0.987I T H.9053
o.5009 0.9838 D.01O1
b-60010 g.9320 B.0127
070010 0.83080 0.0229
t.80040 J.6332 D-0174
D.9000 0.2879 D.04%50
L.0oD¢Q g.0000 0.c0d000

FRCT
L+ 2974
0-00%7
D.1054
0.56071
0.7608
0.9945
3.2542
6.9388
1£.3139
40.0438
B2.4958

FRCT
0.0009
D.859464
2.9841
Q.0052
0.7335
§.3238
£.8362
g.4712
6-4551
32.&e0i2
1.0000

PRCY
0.5432
1.4137
b.a3B3
k.9402
N.13%4
k.2745%
L.B850
4.36%4
B.g755
24,7431
88.8747

PRCT
0.0000
1%.3105
24519
0.0737
G.534)
1.026])
1.3592
2.7552
2.7422
15.6316
0.o00D0

FEMALE

VERTICALLY
DEPENDENT MODEL
(LEVEL 3.5 TO 6.5)
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FEOM SPEG. # 1.00T0 SPEG. # B.00
LEFT SIDE
ANTERIOR
# SLICES USED LN AVERAGE= 2.00
XInT AVGE STDEVY
p.00d0 D.9713 0.0055
t.1009 1.%939 0.0013
t.20010 1.9%935 000340
0.3008 0.9209 0.0129
t.anod D.9825 D.0149
d.50060 0.9514 1.D0118
a.6000 d.9019 p.0232
0.7000 0.8alg p.DL1S3
0.8000 0.7475 7.06121
q.9000 0.6030 0.0059
1.0000 0.0407 t.0575
FROM SPEG. # 1.007TD SPEC. 4 2.00
LEFT S51DE
pPOSTERICR
4 SLICES USED IW AVERAGE= 2.04
XIiNT AUG STDEV
0.00AD 0.0000 0.3000
6.10017 4.0848 f.0093
0.2000 B.3650 .14510
1.3004 4.833% 0.011%8
0.4004 B.2510 g.011%s
0.cs800 ft.oB50 0.06G24
0.50040 01.9931 g.oD6D0
J0.7000 4.2113 a.0011
i.80048 0.7317 0.0257
0.9000 0.4677 n.0189
1.00100 1.9906 0.0000
FROM SPEC. § L.00TO SPEC. # Z.00
RIGHT SI1DE
ANTERIOR
# SLICES [SED IN AVERAGE= 2.{0
®IKT Ay STDEV
D.00a0 0.97714 0.0063
0.1000 1.9916 0.0124
b.2000 0.99C0 0.0839
a.30048 G.2240 b.0131
g.a000 0.9801 0.0068
g.50400 2.9530 0.0107
B.&000 0.9185% o.0097
0.70a39 t.B658 6.01D1
b.BROD h.781%2 a0.0078
0.2000 0.6585% p.04012
1.4000 0.2035 D.D307
FROM SPEC. # 1.00T0 SPEC. # Z.00
RIGHT S1EE
FOSTERIUOR
# SLICES YSELD IN AVERAGE= 2.00
XINT ayo STDEV
4.960% D.0000 0.0000
0.1000 0.1244 0.0501
f.2800 0.56%1 0.0432
G.3000 0.87749 l.0216
G.400Q00 0.%634 f1.G121¢
0.5000 0.924% o.qRo7
G.&000 1.2790 D.Ro77?
6.7600 0.87&8 0.4384
0.BO9D 0,694l 1.08879
0.2000 b.x378 0.0794%
1.08c00 o.0D00 6.0000

PRLCT
0.5625
0.1385
k.3001
l.2996
1-5121
1.2353
2.5729
P.B205
2.5549
B.9B44
141.4214

PRCT
O.C00G
ID.9162
39.723%
1.4153
1.2076
0.23%8
p.00310
0.1258
2.5189
4.0410
G.0060

FRCT
0.6399
L2465
4.3943
1.3187
0.6921
1.1287
1.06010
L.1&8RE
G.9985
b.¥735
15.0812

PRCT
0.0000
40,2937
65041
2.8630
F-8573
0-0707
0.7832
4.3772
12.6709
t8. 01317
g.pedp

FEMALE

VERTICALLY
DEPENDENT MODEL
(LEVEL 9.0 TO 13.0)

TABLE & =
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4.0 DEFIKITION OF PERICARDILM
4.1 THTROGOUCTIGW

The pericardium, though roughly ellipsoidal in shape, i3 unsymmetrical and
with a major axis that can vary from cone person to the next. As described
in Section 2.2 {Current Methodology), and shown schematically in Figure 18,
the approach finally selected combined shape information with two dimensional
data taken from tateral amd PA vadiograms., Without the shape model, standard
X-ray data could never be reconstructed into a three dimensional map of the
pericardium and its ourientation within the thorax.

The shape model, as the name implies, i5 a s5et of average dimensional
data describing the pericardium after size variations have been normalized
out. Consequently, data {from published sources for example} can be utilized
even though the actual dimensions are unknowr. Efferis to relate normalized
pericardial shape to vertical levels within the overall chest coordinate
system proved fruitless (44). Conclusfons from these resultis indicated that
heart height and location within the thorax did net corvelate with Yoy max.
The method finally chosen followed directly frem this conclusion and is pic-
torically presented in Figure 19.

The top of the heart silhouette {ranial side of pulmonary artery} is
considered as 0% and bottom of the heart as 100%, with the distance between
these two points weasured at ¥yuay (waximum heart height)}. A “Tevel” is
defined ¢ ; 10% of Vimax- The heart outline, then, has 1ts own normalized
vertical coordinate system and s referenced to the chest coordinate system
by measurement YR. [Cevelopwent of a pericardium shape model proceeded by
searching for similarities in “shape® at identical percent distances between
the top and bottom of the heart.

As with vertical morsalization, it was hoped that within a given trans-
verse section of the thorax there could be a direct correlation between the
chest wall outline and the pericardial outline {i.e. a constant ratio of chest
depth to pericardium depth). A cursory examination of even normal data showed
that heart outline was quite independent of the chest in which it was located.
Subsequently, the following referencing method was chosen and will be used in
gererating the pericardial shape model using data from amatomical teats, pub-
Jished tomographic data and actua’l cadavers.

Showr in Figure 40 i35 a transverse section ai a known normalized distance
between the top and bottom of the heart., A coordinate system for the pericardium
with respect to the chest {X, Y) is generated by dimensions Xp and Yp. bath
chservable in an X-ray film {Xg = D, Yr = F). Alsc cbservable are the extreme
points of the sac, defining variables Xpgay and Ypmay (¥omax = D + E, Yppax =
F - G). However, these points have no “tags" on them in normal radiograms and
gﬁgte m:st be defined from the shape model. This information is provided by

ratios:
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and constitutes the first component of the “shape® model.

In addition, the shape of the pericardium over each of the four regions
defined by four secondary coordinate systems is normalized and constitutes
the second component of the pericardial “shape” model. Each of these secondary
coordinate systems is shown in Figure 40 and labeled by the section of the sac
that it defines, For example, T LA outlines the left anterior portion of the
right ventricle and is defined by & coordinate system originating at Xa/X e
Additional sections are 2 LP which covers most of the left ventricle or le
ventricle or left atrium depending on the vertical level, 3 RA which covers
the remainder of the right ventricle not described by 1 LA, and 4 RP which
outlines either the right atrium or right ventricle, again depending on the
vertical level. Once the "shape" model is finalized, inputting the four observable
data points on a rediogram, XRs YRs Xpmax» and Ypp.,s allows the regeneration
of the pericardial outline. Hence, a canmbination 8% this model with a large
array of pericardium data {Xg, Yp, etc.) from abnormal P-A and lateral radio-
grams will define the space avai?abIe for an artificial heart {(Figure 11,
shown earlier). HNote that to Tocate this average pericardium within the
thorax, which has already been defined, correlations have to be deterwined
between thorax normalizing parameters (A, B, and C} and pericardium normalizing
parameters (Xbpay. Vpmax. €tc.}.

CHEST REFEREMOE POSMT

) ‘L ¥,
~ 'y &
" rmoy
REFERENZ IMG STSIEM FOR FERICARDIUM MODEL
Figure 40 -
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4.2 PERICARDIAL SHAPE MODEL RESULTS

In this section numerical vesults for the pericardial shape model will
be presented. Sources for these results (Figure 18) include two actual
cadavers and five published works based on 3liced, frozen cadavers. As
described above, there are two components to the shape model; ratio informa-
tion for Jocating the secondary axis amd shepe information for each quadrant
of the pericardium.

A1l the ratfo data is in¢luded in Table 1 of Appendix D. for example,
at Level 3, would just be the product of Xpp,, and ,548. Yz would equal .492 times
YPmax+ ¥p and ¥p are determined din a similar manner,

The second componment, shape data, fs in¢luded in Tables 2-5 and Figures
1-1& of Appendix D. To generate the perimeter of the left anterior quadrant
of the pericardial sac, 1 LA, XINT would vary from 0,0 t¢ (Xpmax - X3}, while
YINT varies correspondingly from {Yppax - Ya) to 0.0. At level 3 then, per
table 21 in Appendix 0, the second datiz point for 1LA would he:

(XINTys YINT2) = [.7 {Xpmax- %a)» -987 {Ypmax - Ya)) 1)

Because of the minimal number of sources for this shape information (data from
Pelta scanner has not been incorporated yet), male and female were averaged
tegether,

4,3 PERICARDIUM RADIOGRAPHIC DATA

Still not presented for the pericardium definition ave the values for
Hﬁm? and Ypg,y necessary to complete the ctlculations 1n Equation 1 above.
Add %ional necessary data include the variables “q, YR, A, B, and £, These
"absolute"” measurements are summarized in Tables 9 and 10 and represent data
averaged from patfents with some form of hear{ disease., Table 9 includes both
male and female resulis, while Table 10 45 maile data only. Note that some
:ttuaI gagaver data has also been included. HNDAPTS refers to the number of
ata points,

4.4 JNTEGRATION OF PERICARDIAL SHAPE MODEL AND RADIOGRAPHIC DATA

Using Equation 1 above, shape information in Section 4.2 was combined
with the dimensional data in 4.3 to proeuce outlines of the pericardium
within the human thorax. Some results are displayed in Figures 41 and
42. Variability of the curves in these figures includes only the standard
deviations of Xpmax and Ypgay. Shape model variations were excluded.

However, Xpmax #nd Ypmax must be correlated with each other in order to
show pericardial variability correctly. That is, a wider heart must also be
& deeper heart. If it was found that a wide heart did not correspond to &
deep heart, then Figures 4) and 42 would be invalid as a representation of
pericardial variability. This was checked vsing data from X-rays of heart
diseased patients and simply plotting Xpmax ¥S. Yomax 8t pericardial levels
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4 and B, The graphs are shown in Figuras 43 and 44.

levels are found to be signiffcant.

a deeper heart at levels 4 and 8.
variability is correct,
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MALE PERICARDIAL VARIABILITY AT
PERICARDIAL LEVEL 4

Figure 4]

MALE PERICARDIAL YARIABIUTY AT
PERICARDIAL LEVEL &

Figure 42
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5.0 VASCULAR CONNECTION PCINT DEFINETION

Because the anastampsis points for TAH iwmplantations will most likely
be just distal to the matura) valves, it is extremely important to identify
these locations precisely. An averly large artificial heart that extended
beyond the boundary imposed by these points and the thoracic wall would obviously
compress sensitive venous structures (Figures 2-4, shown earlier). To insure
reliability of this data, measurements were taken from djfferent kinds of
sources and then compared.

5.1 METHODS AND DATA SOURCES

A general description of data sources and the recorded variables was
presented in Section 2.4, Specifically, Figures 18-20 summarize the coordinate
systems used along with & breakdown of the data sources. Heasurements were
gathered from 30 radiograms of adult patients with one or more prosthetic
valves, two actual cadavers and five textbooks of frozen cadaver slices. The
radiograms and two cadavers provide a source of dimensional data that is correct
in an absolute sense [ABS); that is, the absolute value of the numbers are correct.
The third source {published sections of cadavers), however, because the photographs
have not been scaled, provide only rétio information and will be labeled as
non-absolute {MABS) in this report. Referring to Figure 20, a tynical absolute
reasurement would be HﬂHHI?, the measured distance from the mitral valve {center
of orifice) to the chest midline. .

A typical ratio measurement taken off a NABS source would be Xw/XpMax., the
ratio of the distance fram right margin of the pericardium to the mitral valve
divided by the tota) width of the pericardial sac at that level in the thorax.

Ratios were calculated for a number of reasons. Valve measurements
referenced to pericardial width for example, hopefully would be independent
of size variztions and also could be determined from either ABS or NABS type
sources. In some cases where the pericardium was not ¢learly defined, viive
distances to chest midline were referenced to thorax wall dimensions; i.e,
Acymip/8, or in the Y direction, ¥u/C. Such ratio measurements were then compared
with ABS data, such as the direct distance to chest wall or the actua) distance
between valves., A1l of these calculations, using numbers derived from the three
main types of data banks, constitute & direct approach for determining vascular
connection pofnt locations {see Figure 45).

Because very few radiograms of patients with pulmonary or tricuspid valve
replacements are available, a supplementary indirect method was devised to pre-
dict their locatfon. An explanation of the method along with results are pre-
sented in Appendix E. However, for comparison purposes, some of these results -
are displayed in Figure 46 {discussed fn the text below).

5.2 RESULTS OF DIRECT METHOD

Overall results for ratios referenced to the pericardium from the direct
approach are shown in Table 11 for each of the four valves and 1n all three
dimenstons. In Table 12, ratio values are shown referenced to the chest wall
{dimension B and C). In Figqure 46, three of these sets of data are compared
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Table 11

Valve Data Referenced to Pericardium

{Males only}

Pulmanmary Valve
Yariables KP ?P PH
]¥EEE EF"I“]E idlﬂ
MEAN . 689 .335 291
& §.D. .0R7 . D61 .04]
o
= | HDAPTS g 5 4
Tricuspid Valve
Yariables IT fT TH
Ip.iﬁ_ X ‘I’EWZH ?HEEI
MEAN .353 .389 730
$.0. 070 .0az 053
o
= HOAPTS 10 7 5
MEAN .353 420 .650
s.D. - - --
5
) NDAPTS 1 1 1
MEAN 353 .393 A7
5.0, 066 045 .058
L2 ]
m (%] .
2+3 NDAPTS 1 3 &

* HABS = non absolute
** A5 = absolute
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Table 11 (continued)

Mitral Valve

Yariables Ka L ?A TA Ay AH
in cm XX in cm ?;W inem VMK
MEAN — (563 meen 726 ——-- .554
5.D. — 'L — 1% — S
a
= NDAPTS|  =wem 6 — 5 ——— 1
MEAN 8.03 - 320 7.03 .593 8.29 .91
5.0, 1.38 048 1.33 .084 094 057
E NDAPTS 11 1 n 11 1 11
MEAN 8.03 5315 7.03 .634 8.29 518
" s.D. 1.38 .057 1.33 .095 .094 .056
<+ S s N 17 on % N 12
Aortic Valve
Variables Xa Xy TA L Ay Ay
in cm XX in cm VMY in om vV FRY
MEAN — .Y S— L5 — 443
9’ S.0. —— (-1 J— 1 J— .08
= NDAPTS [ --——- 6 ——— 7 ——-- 3
MEAN 6.07 466 5.12 .443 6.01 . 386
5.0, 1.85 .66 570 053 1.07 .69
E NDAPTS 13 13 13 12 13 13
MEAN 6.07 A7 .12 .449 6.01 .397
- s.D. 1.85 . 060 570 .63 1.07 .068
=+ Showers| 13 19 13 19 13 16
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Tahle 12

¥Yalve Data Referenced to Chest
(males only)

Aortic ¥Yalve
Variables ﬁ“ My Acmm Ao
in cm T in ¢m B
MEAN - . 336 --—- .0938
5.0. R~ i) I J— —
§ NDAPTS | © 3 0 1
MEAN 5.12 . 367 1.3 .120
5.0, . 795 .40 1.24 .86
2 | woaets | 13 131 12
MEAN 5.12 361 1.3 A1
5.D. . 195 039 1.24 081
E’% NDAPTS 13 16 14 14
Mitral Valve
Varfables "y " Tomn Mowmn
in ¢m T in ¢cm B
MEAH 7.03 .23 2.69 .207
s.D. 1.33 073 .452 043
2 Iwoaers | M 13 m "
Tricuspid Valve
Variables Teumto * * male and
_ in cm femzle .
MEAN -, 333
E :I;J:F:‘TS ;‘Du?
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in the P-A view only. As would be expected, the scatter for the aortic and
mitral valves is considerably smaller than that for the tricuspid and puimon-
ary valves. HMove accurate data for the latter two might reduce this dispersion.

Figure 46
YALYE LOCATION
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5.3 RESULTS OF INDIRECT METROD

The open circle amd star {artist's sketches of cadavers and anatomy overlay)
refer 10 ratio information used in the indirect method described in Appendix E.
Integrated resuits showing the relative location of the valves to other struc-
tures in the human thorax are discussed in Section 8.0,

2.4 VALVE YARIABILITY

The data. spread is shown in the P-A view Figure 47. This picture gives a
measure of variability in the vertical {Z} amd width (X} dimensions and is
derived from Tables 11, 12 and Appendix E. Apatomy overlay deviation is valid
only in the X dimension because of lack of data in the Z dimension.

Transverse slices at pericardial levels 4 and 8 show valve variability in
the width {X) and depth {fg dimensions {Ffgures 48 and 49). Anatomy overlay and
the artist's sketches variability {(indirect approach} is valid in. the X-dimen-
sion only because of lack of data in the ¥ dimension. Chest midline variability
- is valid only in the X dimension.
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Figure 47
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Figure 49
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6.0 GREAT YESSEL DEFINITION

Data relevant to the problem of defining the great vessels is derived
from seven published anatomy texts of cadaver slices amd two s1iced cadavers
obtained by us. Ratlo methods were used because they enable both absolute
(two cadavers} and non-absolute {seven anatomy text cadavers) to be combined.
Likewise male and female ratio information can be mixed assuning there are
no significant differences between male and female intermal thoracfc cavity
shapes.

As in valve locations, two referenceing systems (for checking validity
of the data) were empioyed to locate great vessels., Ratios referenced to
both the pericardium and chest allowed locatfon of a vessel within the vertical
referencing system. Fov eath slice in which a particular great vessel was
present, varfous parameters were measured with respect to both the thest and the
pericardium. For example, in order to locate the descending aorta at a certain
vertical level, the parameters BAE. c, ﬂﬂﬂ, and DAL were measured along with
B, [, XpMAX, and YpMAX. With respect To the chest H¥ this particular vertical
level, ratios DAR/B and /L locate the descending aorta in two dimensions.
Ratios SXpHMAX and DAZ/YDHAX locate the descending aorta in two dimensions .
with respbct to the pericardivm at this level. Using the same procedure,
syperior and inferior vena cavae and the ascending aorta were defined at any
desired vertical level.

Each sTli¢e hac beep tagged with a certain pericardial nuwber, This number,
between 0 and 10 inclusive, represents the % distance between the top and the bot-
tom of the heart (VyMAX)., Pericardial reference level 1 means this slice is at
10% of the total distance between the upper pericardial reference point (top of
the pulmonary artery) and the lower pericardial reference point {bottom of the
heart) measured frow the upper pericardial reference point. In addition, negative
levels have been used where great vessels extend above the heart and Tevel num-
bers greater than ten are slices below the pericardial reference point.

The ratios mentioned above have been tabulated along with their corresponding
pericardial reference level number. Al] the data for each ratic has been
plotted vs, the pericardial reference number corresponding to that data point.
These graphs are shown in Appendix G. The points have been curve fitted by
estimation. From these curves, vatios have been obtained at each integral
pericardial reference level. The data is displayed in Table 13.

Data from this table has been ysed to locate great vessels in P-A and lateral
views {Figures 50 and 51). From these figures results of the twe referencing
systems, chest and pericardial, c¢an be observed, The pericardial veference laca-
tions are generally to the left of the chest referénce locations in the P-A view.
This ¢an be partially explained by the fact that this figure represents an
abnormally sized heart within a normal chest. Thus XpMAX is proportiomally
greater than B, hence increasing DAB, This will tend to push the pericardial
referencing system o the left producing the difference between the two points,
Egzse?uenglgi data with respect to chest was used in the integrated results

c¢tion 8.0).




Table 13
Great Vessel Location Data

¢

Sup. Ve Sup. ¥Cy  Swp. ve§  Sup. ve
Pericardial Level N < YpHAX Vpax
Superior -5 27 .63
Vena -4 .28 - .59
Cava -3 3 + 57
-2 .29 .56
_] ’ I !EE 155 -
0 - | .54 .16 54
1 .28 .52 .16 .bb
é .2 .48 . 145 .74
3 .15 .44 .12 .79
Inf. VOy Inf. VC§  Inf. vCi  Inf, v}
B T XpHAX YpMAX
Inferior 7 .19 .39 .18 .85
Yena 8 .18 37 14 94
Cava 9 .19 .33 .09 1.07
10 39 3 ‘
11 .19 .26
12 2 .02
. 13 .21 A7
C C P P
DA, DAy DA DAy
B ¢ XpHiAxX YoHAX
- Descending -4 . A2 -.29
' Pd.'l'l‘tﬂ B -3 : -15 "'a]g
: -2 ' 16 =13
-1 .19 -.07 -
D 1195 -102 -5? . 1;6
1 M lg -GI}E : 1.'5? .I.'- 45
2 18 B4 6B 1.33
3 ¥ 01 .64 1.21
4 ' 16 i) 62 1. 14
& N [ D .59 .1
b N [ & -1 .14
7 14 b .5 1.2
E -]2 --uz t## ]|3
. g 1-11 "'ou_a -35 ]-52
10 09 -.05 :
n .07 -.07
12 .06 -.08
13 ' 05 -.09
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. Ascending
Aorta

Table 13 (con't.}

Paricardial Level

C C P p
A Ay K Ay
B T YpARY YpAAX
1 72
205 .67
0 .64

.05 -625

-.03 61

02 61 43 .53
‘07 ‘62 .46 a7
2 65 .28 43
16 i Y T
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Figure 50
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Figure 51

COMPARISON OF CHESYT AND PERICARDIUM
REFERENCING SYSTE FOR GREAT VESSELS
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7.0 VERTEBRAL COLUMN DEFINITION {MALE)}

Nineteen male Jateral X-rays (absolute data) were used. The most ventral
point on the backbone between the reference point and the 1Z2th reference level
was ysed as the basaline. Measyrements were taken at each vertical reference
level. The numbers tabulated are with 10% taken off for X-ray magnification.
See Figure 52 for method of referencing.

FRefarence point

Figura 52

0 ———— sanwramant W cm.

-

A summary of the fesults is displayed in Table 14. Also inchuwded is

the average Y(Hu,, variable, the distance in cm between the upper ‘and lower
reference points of the chest.
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Table 14
Backbone Curvature Data

Average distance

cm)

-0.81

-0.6
0,233
0,952
1.525
1.956
2,28
2.52
2.62
2.63
2.4%
2.27
1.98
1.53
1.03
n.769
0.36

<0.1356

b3

Standard deviation
fem)

0.0
0.527
0.45
0.577
N.617
0.779
0.905
0.995
1.04
1.10
1.12
1.16
1.22
1.23
1.28
1.27
0.61
1.53




8.G¢ INTEGRATED RESULTS

3.7 RESULYS

Using the data presented in the earlier sections of this report, a com-
posite integrated thorax can be defined. Features include chest wall, pericardium
outl{ne, vascular connection points represented by the natural valve locations,
and the aorta and venz cava. The results have been shown to be quantitative
and generally enough data has been processed to allow a statistical distribution
of feature sizes as a funcifon of the percentage of the human papulation.

In order te generate elther the lateral or P-A wiew of the human thorax,
certain overall measurements are necessary. On both the 8) normal maTe and
20 abnormal male radiograms, V¢ was measured. This is the distance between
the upper and 1ower chest reférgngé points as determined from the P-A skeletal
structure. Vg, the distance from the Tower chest reference point to the hottom
aof the pericardial outline, is necessary to locate the heart within the chest.
This has only been measured on the 20 abnormal radiograms. A third dimension,
YHpay» 15 the heighth of the heart and locates the top of the pericardium {which
in %ﬁis report is defined as the top of the pulmonary artery}. All three vari-
ables are summarized in Table 15.

Tahle 15

Dimensions Hecessary to Locate Pericardium within the Thorax™*
{Abnormal malae X-rays + 2 cadavers}

1) ) ¥
EHMB: R HHax
Mean 15.94 om 7.39 cm 15,37 cm

Standard deviation 1.03 cm 2.14 cm 1.79 cm

Number of data
paints 19 19 20 .

*Abnormal male X-rays + 2 cadavers,

An example of the definition in three dimensions is shown in Figures 53
through 56 for the fiftieth percentile (average) adult male. Superimposed
on Figure 53 is the outline of the ERDA pump. Two transverse sections through
the thorax are shown in Figures 54 and 55 showing the sections of the pump
in these planes. As observed, the current pump configurations fits easily
into the fifty percentiles adult male. Compartsons with thoracic representa-
tions of smaller segments of the population have not been performed as yetl.
Figures 57 to 60 show similar data except that the thoracic wall was determined
using measurements from heart disease patients only. (Figures 53-56 are similar
excapt chest wall dimensions were derived from patients with no heart disease).
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rigure 53
P-A VIEW OF AVERAGE MALE THORAX
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Figure 54

MALE THORAX AT VERTICAL REFERENCE LEVEL ¢ (4),
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Figure Gh

~ MALE THORAX AT VERTICAL REFERENCE LEVEL 12 (8)p

S o o0~
o/' \u\ ST /o/ \o
| : : S&-/D IBESCENDIENG AORTA = \ :
5 % 10 5 ] 5 10 1 15 em
INFERIOR |
VENA Xb !:
1 _|_CAVA |
\ ~ PUMP /
. (o]
\ /
y
Y 4*='/ 4
) b
. v
N
\\"'--.. XPrgy = 13.97
— YPmay = 9.61

15-1




"PERICARDIUM REFERENCE LEVELS

Figure 5

" LATERAL VIEW OF AVERAGE MALE THORAX
(REFLECTS DATA OF HEART DISEASE PATIENTS)
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8.2 DISCUSSION

Until more data ¥s gathered, a detatled comparison of our results with
the 1iterature would not be relevant. However, it should bhe pointed out that
comparison of this data with cadaver data will demonstrate a definite difference.
For example, Eycleshymer (4} places the bottom of the heart at the junction
between T10 and T1), while our data shows it to be closer to T1Z2. This is
understandable since the key dimension for placement is Vg, which we derived
from radiograms of Tiving patients during the inspiratory phase of breathing.
Radipgraphic data from other sources also indicate large variations in averall
placement of the heart within the thorax. Xaneko et al {32) demonstrated
a maximum difference of 10 cm between heart placement in the vertical direction
based on 140 cases. Heart width from his results were 14.55 cm ¥ a standard
deviation of 2.05 cm, which agrees quite well with our width of 14,76 ¥ 1,61 cm.

The present shape model and bank of statistical measurements is continually
being updated, most recently by using data cbtaired on a total body scanner
from 1iving patients at the Cleveland Clinic. This new technique will be the
most accurate data obtainable and i$ applicable to all the connectton points
except vascular,
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APPENDIX A

EXAMPLE OF MODEL USE ANU COMPARISON
WITH SONE CLASSICAL DATA

Assume - that the Atlas projections shown in Figures Al amd A2 represent
the actual structure of a patient wnder investigation for a possible pros-
- thesis. The transverse section shown in Figure Al is labeled with a set
" of axes determined by one reference point on the vertebral columm and arother
on the distal point of the inner side of the sternum, The dimensions A, B,
and  rdpresent those measurements of the chest cavity visible on the radiogram
{Figure A3). These simulated X-ray dimensions are shown at the top of Table
Al as A', B', and €', Assuming T10 region of the symmetrical model 43 used, .
=y coordinates of the predicted thorax are generated by simple multiplication;
i.e., for the left anterior quadramt, the norwalized x values {X,) are multi-
plied by C'. The total predicted curve for this simulated patient is shown
in black squares in Figure A2. '
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Table Al

TRANSFORMATION OF SIMULATED X-RAY MEASUREMENTS FROM FIGURE 21
INTO THE PREDICTED THORAX CAVITY

Simulated X-ray Dimensions: A,

Note: Y below is the model for approximately the T9 region

—— Left Anterior — | —— Left Posterior

% d Bl N FY 0 K R ] A, [N

0 .0 979 | 8.42 | 0.0 | 00| 0.0
A .96 | .995 | 8.56 8 | .126 | .58
.2 1.92 | .999| 860 | 1.72 | .509 | 2.34
.3 2.88 | .985| 8.47 | 2.58 | .807 | 3.7
.4 3.84 | .94 | 8.29 | 3.44 | .932 | 4.29
.5 4.8 937 | 8.06 | 4.30 | .994 | 4.57
5 576 | .889 | 7.64 | 5.16 | .985 | 4.53
o2 6.72 | .816| 7.02 | 6.02 | .928 | 4.27
.8 7.68 | .708| 6.09 | 6.88 | .777 | 3.57
.9 8.64 | .527| 4.53 | 7.7 | .517 | 2.38
1.0 9.6 .062| .53 : - :
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APPENDIX B

RADIOGRAPH MEASUREMENT TECHNIQUE
(Chest Wall Data)

MEASUREMENTS ON POSTERO-ANTERIOR RADIOGRAPHS (Figure B1)
1. Define the median 1ine (I), assuming that the chest is symmetric.
2. Locate the fourth and tenth ribs of both sides.

3. Draw the lines, which cross perpendicularly to (I) and pass through
??e p?}?ts at which the fourth (I1) and tenth rib (111) is farthest from
ne ’

4., Draw a line from the midpoint of Line 1I, parallel to (I), to Point
éiv} on the dorsal shadow of the fourth rib. Do the same and obtain Point
V) on the tenth rib.

5. Define the upper reference point (Pg) on Line (I) where a line perpen-
dicular to Line (I) passes through Point (IV). Define the lower reference
point (Pyg) on Line (I) from Point (V).

6. Measure the distance between Point (Pg) and (Pyg). This is VYehmax

7. Divide VChmax into ten divisions and name divisional points in an order
of Pgs P1» P2 ... Pyg and extend these points on Line (I) upward to Py, P2...
and downward to Pyy, P12 with the same divisional distance.

8. Measure distances By, B, B2 ... Bjgp and B.1, B.2 ... B11s B12 ...
as many as exist in such a manner as By is a distance between Point (P,) and
a point at which a perpendicular to Line (I), passing through P, crosses
the internal margin of the chest cavity on a radiograph.

9. Measure distances Dg, Dy, D2 ... which are defined by the distances
from Pgs P1, P2 ... to points at which 1ines perpendicular to Line (I) and
passing through Pgs Pis P2 ... cross the right margin of the heart silhouette.

10. Measure Eg, Eys Ep ... which are defined as the same as Dg, D7, D2 ...
but to the left margin of the heart silhouette. An upper and Tower 1imitation
of the pericardial cavity are confirmed on a corresponding lateral view of
chest radiograph.

If any upper and/or lower limitation of structures to be measured are
not on exact divisions, half the divisional scale is set and indicated on a
chart. (For example (3.5) in Column D in Table B1). The level of each side
of the diaphragm is individually noted in Table B1 since very often it differs.
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Figure Bl

78



MEASUREMENTS ON LATERAL RADIOGRAPHS (Figure B2)

1. Locate and define the reference point (Qy) on the anterior 1ine of
the vertebral column which has already been determined as the corresponding
point (P0) on the postercanterior view. Point (Pg = Qp) usually positions
itself at a lower rim of the third thoracic vertebra.

2. Define point (Ry) which is marked on a posterior edge of the film
and at the same horizontal level to (Qp).

3. Make point (Ryn) on a posterior edge of the film with a distance of
Vehmax from Rg. Qo cdfl ‘be marked by tracing a horizontal line passing through

Ryg on the anterior line of the vertebral column.

4. Divide the distance between Rp and Ry, into ten divisions and name
divisional points in an order of Ry, Ry, Rz ... Ryg and extend these points
upward to R_y, R_2 ... and downward to Ry1. Ry ... with the same divisional
distance.

5. Mark Q1. Q, ... Qg on the anterior line of the vertebral column so
as to be at the samé horizontal level to the corresponding points of Ry, Re

sx e R

6. Measure distances Cp, Cy ... Cyp in such a manner as C, is defined
by a horizontal distance between (), and %he anterior internal margin of the
chest cavity.

7. Measure distances AQ, A} ... Ajg and A-1, A-2 ... A-11s A-j2 .-
in such a manner as A is defined by a horizontal distance between a
the posterior internal margin of the chest cavity.

8. lleasure distances ... F2, F3 ... F5, Fg ... in such a manner as Fp
is defined by a distance between Q, and the point where a horizontal line
through Qn crosses an anterior line of the heart silhouette.

9, Measure distances ... G2, 63 ... Gg» Gg ... in such a manner as G,
is defined by a distance between Q, andithe point where a horizontal line
through crosses a posterior line of the heart silhouette. A tvpical
case of the measurements is presented in Table Bl.
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Figure B2




Table Bl

NO. 74 NAME: B.J.R. SEX: Male
AGE: 54

A B c D £ F G
-5
-4
-3 N " .
2 W 30
-1 | 3.0 6.8 8.0
0 | 5.0 9.6 10.1
1 [5.4 11.6 13.2
2. 156 12.7 13.6
3 |s5.8 13.3 13.6 LR Sl
4 | 6.1 14.0 13.8 2.6 | 2.2 | 10.8 | 6.5
5 6.5 14.1 13.5 3.0 | 2.4 | 12.5 [ 41
6 | 7.2 14.6 13.2 3.4 | 3 | 13.2 | 3.1
7 7.5 14.7 12.9 3.6 | 4.2 | 12.9 | 2.8
8 | 7.5 14.8 12.5 4.3 | 6.1 | 12,5 | 2.5
9 |7.6 14.8 12.4 4.5 | 8.0 | 12.4 | 2.5
10 | 7.6 15.4 12.4 4.5 | 9.0 | 12.4 | 3.2
1 | 7.6 15.4 12.4 4.5 |10.0 | 12.4 | 5.0

(12.0) (12.0) | (12.9) (12°0)

12 |7.6 | 9.0 1.0 | 7.0 7.0 |4.5 |10.5
13
14
15
16
Vmax { 18.0

( ) indicates a divisional scale.

Numbers indicate actual distance in cm.
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APPENDIX C

VALIDATION AND VERIFICATION OF CHEST WALL
DATA

Comparison of X-ray and Mold Data

To check the assumption of dimensional symmetry in the thorax, as opposed
to the symmetry of “shape" described earlier, left and right measurements for
the normalizing parameters A and B were taken from the mold data and plotted
against each other in Figures C1 and C2. Regression lines (solid) were calcu-
lated and are shown compared with the dotted identity line. Slopes of these
regressions were .92 for A (y intercept = .51) and .83 for B (y intercept = 1.85).
Perfect symmetry would have resulted in a slope of 1 and y intercept values
of 0. This minor lack of symmetry, however, besides being within the expected
error in the process of generating molds (they are used primarily for "shape"
information rather than absolute measurements), would result in a negligible
error in the overall predicted distributions.

Besides the dimensional symmetry check on the raw mold data, comparisons
vwere made between X-ray and mold data at various vertical levels in the chest.
The mold measurements should be approximately from the same statistical distri-
bution as the X-ray data. Parameters A and B showed very close correlations
between mold and X-ray data, although on the whole, mold dimensions were slightly
less than corresponding radiogram measurements. This discrepancy probably reflects
the fact that soft tissue between the actual chest cavity and the rib cage does
not show up on X-ray film. Parameter C, shown in Figure C3, showed the largest
difference (again the mold data smaller than X-ray data). The difference could
be due to the fact that X-rays are taken during inspiration, while cadavers
represent practically full expiration. Considering the "pump handle" action of
the ribs during respiration, the somewhat larger difference is not surprising.
Figures C4 through C6 demonstrate the auite marked difference between male and
female chest dimensions. The smaller size, especially in the heart region, could
be a limiting factor in the design of a universal cardiac prosthesis.

Checking of Shape Model

Additional comparisons of the model with some classical transverse thorax
sections (3) are shown in Figures C7 through C9. Greatest errors are in the
anterior region of the chest, on either side of the sternum. Fortunately, it
results in an underestimation rather than an overestimation of available space.
Source of the error probably stems from the fact that this is precisely the
region where the cadaver chest wall section was removed in order to empty the
thorax and pour in the silastic. Even though the section was replaced during
curing, some error could be present in repositioning the section.

Additional factors that may affect the standard deviation of the thorax
model are illustrated in Figure A4. These include absolute values of the normalizint
parameters, ratio of certain normalizing parameters, and qualitative data, such
as mesomorph or ectomorph designations. These correlations have not been pursued,
since pericardium and valve data were considered more important.
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Examination of Correlation between Normalizing Parameters (A, B, and C) Obtained
from 80 Male X-Rays.

In these final results, terms A+ 20, B + 20, and C + 20 are combined. Sim-
ilarly, points A - 26, B - 2d, and C - 20 are also connected. This implies
that there is a direct correlation between these three parameters; and hence
the "shapes" outlined by these curves indicate actual statistical distributions.
If there is no correlation between these parameters (and the data is normal),
then the standard deviation still has meaning, but actual chest shapes may
have any random shape between the plus and minus two standard deviation lines.

Plots of these transverse X-ray variables versus each other are shown in
Figures C10 and C11. When these sections are reconstructed to form a generalized
total thorax, Vepmax (chest height) will also have a tolerance assigned to it.
Again, the meanfﬂg of connecting Vehmax + 20 to A + 26, B + 26, etc., must be
determined. Hence, plots of V x VS. width (B), total depth (C + A) and the
anterior depth (C) are shown in Figures C12-C14. Very little correlation can
be seen in any of the five graphs. Numerical values supporting this visual
assumption of scatter follow:

For level 10, male (80 radiograms):

Cvs A R*= - 25 (*R = Spearman Rank
B vs A R= .1897 correlation coefficient)
Bvs C R = _1566
In another test, where simple linear regressions were tried:
Bvs C Correl. = .2307 B=6.94+ .48 - C
Cwvs A Correl. = -.1998 C=7.79 - .0719 - A
Bwvs A Correl. = .1766 B=4.765+ .133 * A

the normality of A, B, and C was approached by determining if the skewness of
the data was significant. Again, level 10, from the 80 male radiograms:

Results
Parameter Data Points Skewness Significant
A 79 1.57 yes
B 68 LA15 no
C 69 .063 no

the only parameter not normal was A, the posterior measurement. Since this
dimension is not relevant to the heart location, the lack of normality is not
serious. As a result:

1. Data is normal, and hence the standard deviation has meaning. However,

2. No correlation exists between the normalizing parameters A, B, and
C. This means that the area enclosed by the ¥ 2¢ lines in Figures 29 to 31
represents the limits of random curves, and that the closed curves shown have
no real meaning; e€.g., @ curve going from B + 26 to C + 26 is just as probgble
asdnge going from B + 26 to C - 26. The same holds true for Vepmax vs A, B,
and C.
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Figure C7
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APPENDIX D
PERICARDIAL SHAPE ITNFORMATION
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Table 1
PERLCARDIAL SHAPE MODEL INFORMATION
FEMALE AND MALE DATA

Pericardial Refarence Level 3

X J{h 'fﬁ \'b
e L G o R

Yean .48 493 492 .493
Standard

Deviation 061 14 132 1594
Number of

Data Points 4 4 4 4

Pericardial Reference Level 4

xa xh a : vh

o v S A S A

Mean 465 .454 442 450
Standard

Deviation 092 10 .050 .106
Number of

pata Points 7 7 7 7

Pericardfal Reference Level 5

xa xh ?a |I|rh
R XGMAX TR Y MAR
Mean 50 - 496 407 -423
Standard
Daviation 134 074 .081 .053
Number of
Data Points 7 7 7 7
Pericardial Reference Level B
xa Ih va fh
WX LR TR T
Mean 441 .493 -394 . 361
Standard .
Deviation 15 097 102 094
Number of .
Data Points 7 7 7 7
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APPENDIX E
INDIRECT METHOD FOR VERIFYING VASCULAR CONNECTION LOCATION

The scarcity of radicgrams of patients with prosthetic tricuspid and
pulmonary valves necessitated development of a supplementary method for
locating these particular anastomosis points for a total artificial heart.
Applicatian of the method depends upon accurate knowledge of two valves in
each of the three dimensions. Using these dimensions (for mitral and
aortic valves) and an "intravalvular model* described below, the other two
valve locations were calculated. A flow chart of the technique is shown
in Figure E1. Blocks 1 and 2 provide data for the absolute distance between
the aortic and mitral valves, while both cadavers and published anatomy
data provide a base for the intravalwvular model.

A. Description of Intravalvular Kodel

The purpose of this model is to establish a three dimensional spatial
relationship between the valves so that knowledge of two valves aTTows
predictions to be made on the other two. Figure EZ will be used to help
describe the approach for the x direction. Three eguations define the
following varfiables:

(Equation 1) M =T - T,

(Equation 2) RII = Ta

Tw

x -
{Equation 3) R," » TF

Ty

whera M and R refer, in general, to absolute measurements and ratios
raspectively. M, has been determined from cadavers or radiograms with

two or more prosthetic valves visible in both the P-A and lateral views.
The ratios R*} and RX; are derived from either cadavers or published
sections of frozen cadaver slices in which a1l four valves are superimposed
("overlayed") into each of the three dimensions. The three equations can
now be solved for the three unknowns (Ty, Tp and Tg).

First, eliminating Ty using equations T and 2:°

M =T, =T, = -1, l=7 1 -
X M A A A A
] =

- x
(Equation 4) T, = M, Ry
%
]"'R-I
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ANATOMY OVERLAY METHOD

Transverse slice

Figure €2

107




e

This locates the tricuspid valve. Equation 3 can then be used to solve
for Ty, the dimension specifying the pulmonary valve.

X
(Equation 5) T, = R, T, = R T,
: X
&

- The same method is used in the y and 2 dimensions {Figure E3).
Hecessary additional ratio information {211; R»Y, R1Z and RoZ) are
defined below, along with the accompanying equation for the M variable,

"

(Equation 6) M =P - P,

(Equation 7) R =P,/ P

=
Neg
]

" (Equation 8) = PPy

{Equation 9) M, =% -7,
{Equation 1) Ry
(Equatfon 11) azz = Po/Pr

B. Results

For the sake of comparison, data for the intravalvular was divided
into two groups: overtays of frozen cadaver sections and overlays of
artists drawings of cadavers. Hence, ratio values for the model (RyX%,
RyX, etc.) can-be found in Tables El and E2. Distances between t
values {(My, My, etc.) are shown in Table E3. Predictions based on these
Jast three tables are presented in Section 5.0. Table E4 shows overlay
results when referenced to the chest wall {n the x direction only., This
allows some estimatfon of the values if pericardium §s not visible,
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ANATOMY OVERLAY METHOD

Fiqure E3
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Table E]

Intravalvular Model

Anatomy Overlays
{male and female)

x dimension y dimension z dimension
varfables | RX=T, RX=Tp, | Ry =Py RY =Pp | RF =P, R =Py
Tu Ty Pu Pn Pr Pr
mean . 21 .955 581 .1B83 397 684
5.0, . 286 .409 - - - -
NDAPTS 8 8 1 1 1 1
Table E2
Intravalvalar Model
Published drawings of cadavers
x dimension y dimension z dimension
Variables | R =T, RX=T, | RY=P RY=Pp | RF=0, RTavP,
i T P Pu Pt T
nean .565 .554 -39 .54 .304 612
$.0. .16 083 - - .073 .ﬂﬁﬁ
NDAPTS 5 5 1 1 9 g
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Table E3

Distance Between Valves

Radiograms of patients with prosthetic valves

Yariables

Aortic to mitral {(males gnly} inem

Tricuspid to mitral {male and female) in cn

Hx H}“ H > 4 F 7
mean 1.26 2.47 1.46 3.08 3.14 .V
5.0. 1.1& .633 .536 1.58 905 738
NDAPTS 9 8 9 3 2 3
Tabla E4

Valve Locations Referenced to Chost Wall

x direction only (male and female)

¥ariables

maan
5.0,
NDAPTS

Aot | Ponmio
13 5
«.0075 | +.156
061 077
8 8

-.029
.95
8

Teumin
~ChatD

Meumin
~cii

+.17
.09
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APPENDIX F
VALVE ORIENTATION METHOD

Data for the angle or orientation of the valves is swmarized in Table F1.
Figures tn Section 8.0 du not refelet this data. As shown in Figure F1, Mangle,
11: }:he ani_{j'le between the central flow axis (i.e., direction of flow) and the -

rizontal. : -

Tal:yle F1

¥alve Orientation Data
{Males Only)

N ricuspid - Pulmenary
Aortic Valve Mitral Valve Valve Valve

Variables |[A ANGLE, [A ANGLEy [ M ANGLEy [ M ANGLE, | T ANGLE x | P ANGLE,

Mean 125 | 90.6 [ 150.9 9.8 | 167 100.5
|

S.D. 1.4 12.2 | 9.2 6.6 | 6.09 14.01

HDAPTS 16 15 12 0o 4 4

VALVE ORIENTATION METHOD

Figure fI

Mitral valve {P-A view)

nz




APPENDIX G
GREAT VESSEL RATIO DATA
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