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ABSTRACT

.We have develoﬁed a morphometric technique for measuring regionalﬁ-
myocardial blood flow distribution with a high spatial resalution in rats.
The techniQue‘igvolves injection .of non-radicactive microspheres and
subsequent sectioning of thé tissue to be studied, alldﬂing for direct
visualization of microspheres and mus¢le fibers. Because m;crosphere
aggreg;tion has been shown to be a signifi;ant ﬁroblem, and may alter both
estimates of total fyocardial blood flow and its transmural distribution, we "\\\\\\
evaluated the effect of injection site (left ventricle vs. left atrium), the
number of microspheres injected (5 x 106 vs. 1.5 x 105), and lef;lventricular
hypertrophy (ébdominal aortic co;;:rictioﬁ) on microsphere aggregation in the
left ventricle ;f anesthetized rats. e

In normai myocardium, aggregation vgfigd around 28% following left
ventricular or left atrial injection of the larger microsphere dose, and was
more pronouhced in the subendocardium, especially following left ventricular
injection. With left atrial injection of the smaller microsphere dosé;—ihe
degree of aggregation was much lower (7Z), but the uneven distribution of
aggregates persisted. In animals.with left ventricular hypertrophy, when
compared with theirrggém-operated controls, the degree of aggregation was
significantly higher (31% vs. 25%, p < 0.03), and the tramsmural gradient of
aggregation was steeper following left atrial injection of the larger micro-
sphere dose. This was attributed, in part, to an increased coronary blood
supply, especially to the innermost subendocardial layers.

These results suggest that the degree of apgregation and the transmural
distribution of aggregates must be considered when interpreting data which
are based on measurements of tiifﬁé radicactivity following injection of

radioactive microspheres. )

\

p—————




INTRODUCTION

Interest in the investigation of transmural myocardial perfusion in
normal and pathological states derives from the well documented phencmenon -

of the vulﬁérqbility of the left ventricular subendocardium to ischemia and

e,

infarction (Mallory et al., 1939; Horn et al., 1950; Jenniﬁggmét al,, 1960;
Griggs et al., 1972). ,This could be due to a discrepancy between subendo-
cardial oxygen demand and blood supply;

A transmural gradient of*intramyocardial tissue pressure exists in
normal hearts, with systolic pressure being equal to or exceeding intra-
cavitggy pressure in the subendocardium, and approximating atmospheric
pressure in the subepicardium (Johnson and Di Palma, 1939; Kirk and Honig,
1964; Brandi and McGregor, 1969; Baird et al., 1970;. Armour and Randall,
1971). Systolic subendocar@ial blood flow is, therefore, impeded in the
presence of a high oxygen demand, while the subepicardium remains adequatgly

perfused (Downey and Kirk, 1974; Downey et al., 1974; Hess and Bache, 1976,

.19796), This sys:qliq transmural gradient of coronary blood flow has been

‘

described by a vascular waterfall mechanism (Permutt and Riley, 1963; Downey
and Xirk, 1974; Hess and Bache, 1976); i.e., flow is determined by vasomotor
tone when coronary perfusion pressure exceeds the surrounding tissue pres-
sure, but becomes a function of tissue pressure when tissue pressure exceeds
coronary perfusion preséure. .The complex pattern of local stresses that

occur within the left ventricular wall during contraction (Streeter et al.,

- 1969; Fenton et al., 1978) may also partially affect blood Tlow gradients.
N

Although regional differences in myocardial oxygen needs may explain why
left ventricular ischemic lesions are more likely to occur in the subendocar-

dium, the majority of studies of transmural myocardial blood flow distribution
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indicate adeéuate or overperfusion of the subendocardium relative to the
subepicardium over the entire cardiac cycle under normal, resting conditionms.
Moir and DeBra (1967) have postulated that local autoregulatory adjustmeﬁt;

in vasomotor tone during diastole, the predominant period of subendocardial
flow.(Buckberg et al., 1972), compensate for the enhanced subendocardial
extravascular compression during systole, resulting in adequate subendocardial -
perfusion as long as normal coronary perfusion pressure and blood flow are
maintained. Since the dilatory reserve oﬁ subendoé?rdial vessels is decreaged,
maximal vasodilation in response to ischemia will agolish the transmural
gradient in céronary vascular resistance, resulting in relative subendocardial
underperfusion. This was confirmed by Griggs and Nakamura (1968), Becker et -

< al. (1971), and Buckberg et al. (1972). However, Downey et al. (1975) fﬁiled

to observe a redistribution of blood flow following maximal vascdilation in
normal hearts, suggesting that autoreéulaﬁion is not the only mechanism that
—c;mpensates-for the decreased perfusion duration and perhaps higher tissue
diastolic pressuré (Rouleau et al., 1979) in the subendocardium. A gradient
of vascularity favouring the subendocardium was proposed as an additional
means for ensuring adequate subendocardial perfusion (Moir, 1972; Downey et
al., 1975; Wasten et al., 1977; Archie, 1978; Rouleau et al., 1979; Eliasen
.et al., 1982); Transmural coronary bloed flow distribution is, therefore,
constant over a wide range of coronary perfusion pressures‘(Rouleau et al.,
"1979: Haunso, 1981), although coronary vascular resistance may be actively
Tﬁ-cﬁanging (Dole and Bishop, 1982). Only when coronary perfusion pressure is .
significantly decreased does subendocardial flow become inadequate, while

subepicardial flow remains uncompromised until a much lower pressure levgl is

reached (Haunso, 1981).
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Clinicél evidence of myocérdial_ischemia in patients with left ventri-
Cular'hypertrophy in tﬁe absence of coronary obstructive disease suggests
that myocardial perfusion.may be insufficient to satisfy the increased
metaboliésdeménd of the hypertrophied heart. Various experimental models
of left ventricular hypertrophy have"feeg used to determine the adequacy of
myocardial blood flow. Morphological aspects'of cardiac hypertrophy are
reviewed in detail by Ferrans (1984) and Wikman-Coffelt et al. (1979).

Since vascular, biochemical, and ultrastructural differences between models
have been observed (Ljungqvist and ¥nge,” 1973; Lund 'and Tomanek, 1978), which
would in parf accoﬁnt for any discrepancies in myocardial blood flow determi-
nations, this discussioﬁ will be limited to studies relevant to this thesis,
namely those of pressurc-induced left veﬁtricular hypertrophy.

Studies by Holtz et al. (1977), Marcus et al. (1976), Mittmann et al.
(1980), vueller et al. (1978, 1979), O'Keefe and Hoffman (1976), and O'Keefe
et al. (1978) have demonstrated that coronary vascular resistance per-ﬁnit
mass of myocardium in animals with left ventricular‘hypertrophy is elevated
at rest and/or during maximal vasodilaiion, resulting in a decreased coronary
flow reserve that is most pronounced-in the subendocardium. It was, therefore,
suggested that the cross-sectional area of the coronary vascular bed does not

increase proportionately with the degree of hypertrophy. Direct measurements

. confirm that capillary density is decreased in hypertrophied hearts, especially

in the subendocardial layers (Rakusan and Poupa, 1966; Lund and Tomanek, 1978;
Rakusan et al., 1980; Tomanek et al., 1986). This may be attributed to absent
or negligible capillary proliferation during hypertrophic gronh of the heart.
Although capillaries do not contribute substantially to resistance, ;ﬁe lower

capillary density increases diffusion distance and decreases capillary surface

area per unit of tissue, limiting tissue oxygen delivery.
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Additional factors have also ﬁeen proposed to contribute to the increased
coronary vascuiar resistance in 1;ft ventriculér hypértrophy. These include
enhanced extravascular -compressive forces (Mugller et al.,, 1978; Tomanek et &al.,
1986), an increase in medial thickness of the small coronary arteries (0'Keefe
et ai.. 1978), enhanced development of diastolic tissue préésure (0'Keefe et
al., 1978), especiaily in the subendocardium (Domenech, ;978):‘and arteriolar
rarefaction (Tomanek et al., 1986). Although it is reasonable that all of
thesesfactors would have an éppreciable effect on the total'quss—sectional
" area of the coronary vascular bed and, thus, on coronary Qascular resistance,
there is no substantial evidence to designate any one of ?hese factors as-the
basis for the decreased resistance in left ventricular hypertrophy. Data are

presently either unavailable, insufficient, or controversial. For example,

Tomanek et al. (1986) did not observe vascular hypertrophy in the early stages

of pressuxe-induced left ventricular hypertrophy, although they did recognize
thdt luminal narrowing of coronary arterioles and arteries due to medial
ypertrophy may ‘contribute to the elevated coronary vascular resistance with -
ong-term hypertension.

Anatohical and functional changes may explain the vulnerability of
hypertrophied hearts to ischemia. However, left ventricular hypertrophy due
to pressure overload is generally not associated with‘éignificant limitations
of total or regional myocardial blood flow under resting conditions. Only
when hypertrophy is severe (Bache ét al., 1981; Bishop et al., 1974; Johnson
et al., 1978), or the heart is in failure (Zile et al., 1985) does subendo-
cardial flow become inadequaté, although this finding is not consistent (Holtz
et al., 1977). - Coronary blood flow remains autoregulated as in normal hearts
because left ventricular function and myocardial oxygen consumption are not -

altered (Holtz et al., 1977; Malik and Geha, 1977; Marchetti et al., 1973;
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Sasayama et al., 1976). The éoronary blood supply is not limited even under
conditions of increased metabolic demgnﬂ (Marcus et al., 1976) as long as the -
flow reserve %? adequate., However, maximal coronary vasodilation occurs

earlier in alf;layers of the hypertrophiéd left ventricle, with subendocardial
flow becoming compromised initially, while further vasodilatory capacity remains.
in normal hearts (Mueller et al., 1979; 0'Keefe et al., 1978):

-

The transmural distribution of ;yo&ardial blood flow, and its regulation
in normal and hypertrophied myocardium, are presented in several reviews
(Hoffman and Buckberg, 1976; Marcus, 1983; Weber et al., 1983; Wicker and
Tarazi, 1982). A Survey.of fifty selected studies which have used current
methods (for a brief description, see "Methods of MéaSuring the Régional
Distribution of Myocardial Blood Flow") to determine regionél myocardial
‘blood flow distribution under various experimental conditions is also
presented in Table 1A in the Appendix.' Studieg are carried out exclusively
on large animals due to” technical %imitations, and results arelgenerally
expressed by the sﬁbendocardial/subepicardial blood flow ratio, i.e., the
ratio of flow in the inner- and outermost "layers" of the left ventricular
wall obtained by multiple tissue sampling. The interested reader is advised
to consult these and/or other references for details, but is cautioned that
both inter- and intramethod variation may influence the results, as .
demonstrated by the wide range of variation in the myocardial blood flow

measurements presented in this survey.
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The radioactive microsphere technique is the most accurate method

" currently available for measuring the regional distribution of myocardial

blood flow in experimental animals. Carbonized, plastic microspheres
incorporated with a nuclide epitting a Qparacteristic gamma energy spectrum
are injected into thé artérial circulation. Micfosphgres are assumed to be
rhéologically similar to req blood cells and, thcrefore. to distribute in
proportion to regional myocardial blood flow if the basic cfiteria of the
technique are satisfied (for a detailed discuséion.'see "The Microsphere
Technique"), but are trapped in the microvascular bed. At the end of the
experiment, the heart is removed and secticned; and the blood flow in each
myocardial tissue sample is determined by measuring the tissue radioactivity,
and converﬁing this activity to,a'fley rate by comparing it with the activiﬁy'
of an arterial reference sample withdrawn at a known flow rate (Makowéki_et
al., 1968).

The large variation in regional myocardial blood flow measurements
obtained using the radioactive microsphere technique; as mentioned above,
raises the question as to whether the assumption of uniformity between
microsphere and red blood cell flow distribution in the coronary vasculature
is accur;te. Using vital micrcscop}, Harell et al. (1977) have shown that
microsphere distribution differs from that of red blood cells in the micro-
vascular bed of the hamster cheek pouéh. If this difference between the
flow behavior of microspheres and red bléod cells also exists in the coronary
vasculature, estimates of regional myocardial blood flow distribution which
are based on measurements of tissue radiocactivity may be misleading, as will
be demonstrated in the present study. ) : - |

Although simultaneous, direct visualization of microsphere and red blood

cell flow in the coronary vasculature is not possible at present, the flow

s

-



-

-

behavi;>\gf microspheres could be inferred from microscopic studies of the
localization of'individual microspheres in the myocardium. The few studies

that have examined myocardial tissue on a global basis following microsphere g
injection (Consigny et al., 1982; Eng et al., 1984; Yigintsoi et al., 1973),
however, have been inconclusiqg. Clearly, the‘Fyocardial distributio?/of
individual microspheres requires detailed analysis. Unfortunately, such an
approach is not feasible in large animal studies because of the extreme time
requirement, and the difficulty in obtaining appropriate tissue samples for
microscopic analysis. Therefore, it was our intent to develop a morﬁhbgetric——-\\
technique that would allow, for the first time, an accurate, detailed inyesti- ,;
gation of the distribution of individual microspheres in various small regions /
of the rat myocardium, and to drag ;éasonablé inferences, based on our results,
concerning the flow behavior of microspheres in the coronary vasculature and,
therefore, the accuracy of the radioactive microsphere technique. Particular
consideration was given to the effect of injection site (left.ventricle vs.

left atrium), the number of microspheres injected (5 x-lda vs. 1.5 x 105), and

left ventricular hypertrophy induced by chronic pressure overload on microsphere

Iaggregation.

We have used carbonized non-radioactive polystyrene microspheres in our
experiments because a radioactive label was not required. Therefore, we have
eliminated several poteﬁézél problems associated with measurement of regional
myocardial blood flow distribution using the radiocactive microsphere technique,
e.g. radiation hazards, radioactivity leaching into the suspending medfum,
energy overlap between different labels, and tissue sectioning. Determination.

of regional microsphere distribution also does not require calculation of

absolute flojéz:lIhég;fore, two factors coémmon to the radicactive microsphere
4
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of the total number of microsphe:jes injected and arterial reference sample
withdrawal. By omitting the second factor, we have minimized the‘ potential
hemodynamic alterations associated with injection of a large number- of micro-
spheres, especially in smaller animals."

/

/ .




-
-

~ METHODS OF MEAéﬁRING THE REGIONAL DISTRIBUTION OF MYOCARDIAL BLOOD FLOW

The distribution of blood flow within the myocardium has been iﬁtensely

investigated. Many contradicting results have been obtained, and some of

: <
these appear to depend on the method used.

Only the QQ31C principles of the conventional methods used are described
in this section. Detailed descriptions of these methods, including their
advantages and disadvantages, are presented in several reviews (e.g. Schaper,

1979; Marcus, 1983). ’ 4

Diffusible Indicator Technique J

1oy Intramyocardiali Isotope Injection Medsurement of the externally

: 1
monitored clearance of diffusible radioisotopes (e.g. hydrogen, 33Xg)x

injected into the myocardium indicates inadequate subendocardial perfusion
under normal conditions. Of all the methods available for measuring regional
myocardial blood flow distribution, this is the least accurate (see review by

Moir, 1972).

e

-

ii. Intravascular Isotope Injection Following injection of a diffusible

indicator into the circulation, regional myocardial perfu'sion is estimated
from the concentration of indicator in different myocardial tissﬁe-samples.
The indicator (e.g. 42K, 86Rb, 133Xe, radicactive antipyrine) must be phygio—
logically inert, tissue uptake should be independent o% metabolic processes,
and corrections should be made for recirculation. Furthermore, the inverse

proportlonallty between the rate of blood flow and tissue extraction must be

considered.

-/ -
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iii. Inert Gas Clearance Only two methods are currently used for measuring

L%
regional myocardial blood flow, neither one of which can measure the transmural

distribution of left ventricular perfusion. ¢

————

i .
a. A non-radiocactive inert gas (e.g. helium, hydrogen, argon) is, inhaled,
and the integrated difference in arterial and coronary sinus Qés concentra-

—~-tions, assumed to be proportional to myocardial blood flow per unit weight,

is detected with gas chromatography. 3

b. Xe is injected into a coronary artery, and the fadioactivity in the
myocarhium is,detected with a multicrystal gémma camera., Two~digens;opal
images of the heart.are obtained, making accurate measurement of regional
myocardial perfusion di?ficult. ~

Radioactive Microsphere Technique”

This technique is based on the principle that labelled microspheres .
. -~
injected into the arterial circulation have rheological characteristics
/ﬁ‘similar to red blood cells, but are trapped in systemic capillary vascular

beds. Tissue radiocactivity will, therefore, be proportional to tissue blood

L)

flow.

“

Positron Emission Computerized Tomography-

This approéch is the most recent development in cardiac imaging, and may
potentially be an extremely accurate tool, both clinically and in research,
for rapid; sequertial, noninvasive quantification of regional myocardial
blood flow. The method involves intravenous injection of a positroq;émitting
radionuclide (e.g.-13N-ammonia) and timed arterial/klood sample withdrawal.
The absolute amount of indicator in multiple regions of the myocardium is

———

-

-
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measured with a .positron camera gated to the cardiac and respiratory cycles.
The positron emissions are then corrected for attenuation, radioactive decay,

and myocardial wall thickness. : 7~

These methods, with the exception of the one involving isotope injection
directly into the myocardium, indicate adequate or overperfusion of the
subendocardium relative to the subepicardium over the entire cardiac cycle

. ("_
in normal hearts. Although problems are inherent to all the techniques,

‘they have permitted extensive insight into the regulation of the coronary

circulation in normal and pathological states. . -

+

The most accurate method cuprently available for measuring transmural

distribution of left ventricular perfusion in experimental animals is the

-

-
radiocactive microsphere technique, which is discussed in detail in the

o p—
subsequent section. : ——

——

- e
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THE MICROSPHERE TECHNIQUE | | -

' The radioactivé microsphere - arterial reference sémple technique hag
been uséﬁ by many investigators for simultaneousfdetermination of cardiac
output and regional blood filow iﬁ both large and small animal models, and
their distribution within specific organs and tissues in large animal models.
It has been the preferred method of such studies since its introduction by
Rudolph and Heymann in 1967. Most commonly used are insoluble, isotopically
labelled, carbonizeq, plastic microspheres; these_ha;e a relative density of
1.30. Even more appealing are Sephadex (dextran) micrOSpHeres, since their
reiative dénsity (1.12) is very close to that of réd-blood cells (1.10)
(Heymann et al., 1977).. However, Idvall et al. (1979) found a very good

correlation between organ blood flows determined with carbonized and with

‘ . _
dextran microspheres (r = 0.997).

N Fl

Since intravascularly injected microspheres are figid and’lérger than
red bloo& cells, they are trapped in the microvascular bed where they meet
their 1imiting vascular diameter; sphgres have been observed, by cinemicro—
graphy, to firmly lodge in either the arteriolar or capillﬁ£§ network (Hales
and Cliff, 1977). The distribution pattern of microspheres closely correlates
with actual blood flow distribution (Heymann et al,, 1977). The precision of
the microsphere method primarily depends on the number of microspheres in
organs and in the reference sample (Buckberg et al., 1971), and not on the
radioactivity as was once believed; radionuclide labelling only allows for
accurate calculation of the microsphere number (Heymann et al., 1977).

When correctly applied, the radioactive microsphere method is relatively

simple, accurate, and reliable (Heymann et al., 1977). The basic'requirementé

that must be fulfilled are:

12
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8.

microspheres must Se uniformly disﬁributed in the suspension medium prior
to intravasculﬁr injectioﬁ

immedigtely following injectioﬁ, microspheres must be well mixed with and
evenly distributed in the circulation such that the concentration of

microspheres reaching all arterial branch sites is equal

each sample (organ, tissue speczmen, or arterial reference sample) must

contain an adequate number of microspheres to assure acceptable errers
and confidence limits
the total number of microspheres injected must be accurately determined
microspheres must be efficiently trapped during their first passage
through the microcirculation such that recirculation is insignificant

E Y
microspheres must remain entrapped until counted
microsphere injéction, embolization, an¢ reference sample withdrawal
should produce insignificant hemodynamic effects

the microsphere method must be reproducible and correlate well with

others .

(Buckberg et al., 1971; Archie et al., 1973; Heymann et al., 1977);

If these criteria are satisfied, microsphere distribution will be proportional

to regional blood flow.

-

r

(NOTE: the following discussion of the above conditions deals mainly with

aspects applicable to both radicactive and non-radicactive microspheres.

Radicactivity aspects are omitted since our study involves the use of

unlabelled microspheres.) \&

13
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1. Microsphere Suspension To disperse microsphere aggregates, and to b
further ensﬁre that condition 2 (see ﬁelow) will be met, the microsphere
. suspension is ultrasonically agitated (times reported vary from 30 sec
(Flaim et al., 1984) to at least 1 hr (Neill et al., 1973)) and/or vigorously
" mixed using a vortex shaker for several minutes prior—to-iqjection. The
suspension must be injected immediately after ﬁixing to avoid sedimentation
of the spheres in the injection syringe (Bartrum et al., 197&). A drop of
the suspension is mic}oscopicallyfgfgmined to verify complete dispersion and
uniform distribution of the q}grasphéges (Hess and Bache, 1979). n

Tween 80 (polyoxyethyiene (20) sé:bitan mono-oleate) is a surfactant

[specific gravity approximately equal/éo that of microspheres (Wicker and

Tarazi, -1982a)] often added to the suspension to prevent\microsphere'aggre—
gation. However, when used in concentrations of 0.05% or greater it induces
small but significant hemodynamic alterations in conscious dogs (Millard et
al., 1977) and rats (Flaim et al., 1978). The use of 10% ﬁextran, another
microspheré suspending agent, is not recommended since it has severe hypo-
tensive effects (Flaim et al., 1978) and causes anaphylaxis in the Sprague-
Dawley rat (Voorhees et al., 1951).

| Electron microscopy has shown that occasionally microsphere aggregates
are the result of plastic bridges between the spheres and are, therefore,
-permanent (Heymann et al., 1977). Deterrent observations regarding manufac-
turers' specifications are not infrequent; other examples include inconsistent

sizes and shape irregularities of microspheres (Warren and Ledingham, 1974;
- 4

Flaim et al., 1684). Bacterial or fungal contamination of the microsphere

suspénsion also increases the probability of aggregation (Heymann et al.,

1977). This necessitates careful examination of the microspheres prior to

. o

14
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2. Mixing of Microspheres The three major factors affecting the uniformity

of microsphere distribution in the circulatory vessels are the iqgection site,
microsphere size, and the total number of microspheres injec;gd (Heymann et
'il., 1977). Only random differences in thg michSphere concentration between
different arteries should exist if mixing of microspheres with the blood is
even and a sufficient number of microspheres are injected; regions with the
same blood flow are highly unlikely to receive %he same number of microspheres -
due to random variation of microsphere distribution (Foster and Frydman, 1978;?R\n~-
Nonrandom distribution, probably due to incomplete mixing, is often seen, but
is not a major concern as long as the minimum number of microspheres required
for accuracy is preseat (see condition 3). Heymann et al. (1977) report that
only when measuring blood flow within specific organs should microspheres
distribute similarly to red blood cells; microsphere size and radial distri-
bution within the cross-section of major blood vessels have no significant
influence on measurements of blood flow distribution to-major areas.

Controversy exists regarding the most appropriate microsphere injection
site. In the first report using radiocactive microspheres to study relative
blood flow di;ﬁribution (Rudolph and Heymann, 1967), injection of 50 pm

diameter microspheres suspended in 207 dextran into various venous sites in

Essa&fsheep and goats was considered to result in adequate mixing and even
L =

distribution of microspheres within the circulation. This view was based on
several observations: bilateral organs received similar blood flows, blood
flow measurements obtained by this method closely correlated with those
obtained using electromagnetic flowmeters, and microsphere aggregation was
absent in thick kidney -sections. However, measurements of the percentage

of cardiac output delivered to the major vascular areas showed considerable

variation, cardiac outpuf'values were higher than those generally reported,

15
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and the survival Yate was low, probably as a result of inadequate mixing, the
inappropriate size Jf microspheres used, and the hypotensive effects of dextran.
- Subsequent methodological improvements have substantiated the someghgt i1l-
founded nature of the view held by Rudolph and Heymann (1967).

An injection site most distant to the first arterial Branching theore-
tically should result in the most adequate mixing. Significant variability
in myocardial perfusion following injection by percutaneous left ventricular
punéture was reported by Kaihara et al. (1968). Complete mixing of micro-
spheres with ;he blood was observed with lefﬁ atrial injection (Kaihara et
al., 1968; Domenech et al,, 1969; Archie et al.,'1§73; Stanek et al., 1983}.

Wicker and Tarazi (1982a) found that left ventricular microsphereu
injection in anesthetized rats consistently led to significantly greater
variabiliéy of coronary blood flow measurements than d{d left atrial injec-
tion, although mean coronary blood flow values from each approach were not .
significantly differeﬁt. Mean values and variability of systemic hemodynamic
indices wére similar following both atrial and ventricular injection. There-
fore, they advocate that left atrial injections be used for accurate coronary
flow determinations in both anesthetized and congcious (Wicker and Tarazi,
1982b) animals, whereas left ventricular injections are satisfactory only for
determination of systemic blood flow and regional flow to relatively distal
beds.

Factors interfering with adequate mixing during left venﬁricular injec-
tion, especially in smaller animals, include thé proximity of the injection
site to the coronary circulation, induction of preferential streaming of
microspheres with the catheter placed in the outflow tract or against thé
myocardium, and blockage of the coronary ostium by the catheter, thereby

decreasing coronary flow (Wicker and Tarazi, 1982a).



More recent evidencé indicates that the catheter position, ra%her than
the injection site, is the major factor influencing the degree of mixing of
microspheres in the anesthetized rat preﬂa:ation (Kobrin et al., 19é4).
Variability of coronary flow measurements was significantly greater with
aortoventricular (left ventricular injection) than with atrioventricular
(left ventricular\Qr left atrial injection) catheterization. Furthermore;
this difference 1 fvariabilitY.was alleviated in the absence of anesthesia,
indicating that 1:>§ ventricular injecﬁion provides adequate mixing for
accurate coronary Blood flow measurement in the consciogs rat (Kobrin et
al., 1984; Flaim et al., 1984).

Other studies also indicate that microspheres injected into the left
ventricle are distributed systemically in proportion to regional blood flow.

Although Buckberg et al. (1971) were aware that greater variability can

result with left ventricular iﬂjections due to inadequate mixing, they found

no significant difference in coronary blosd flow with left atrial or left
ventricular injections. To determine whether left ventricular injection
introduces microspheres subendocardially, two different isotopically-labelled
microspheres were simultaneously injected in two dogs, é;; type into the left
ventricle and the other type into the ascending aorta just distal to the
aortic valve (Neill et al., 1973). Distribution of myocardial blood flow was
similar with both types of injections, and not significantly different froﬁ
that observed with left atrial injection, suggesting that left ventricular
injectien results in adequate microsphere dispersion.

" Foster and Frydman (1978) also found that left ventricular injection
resulted in complete mixing of spheres in the aortic root of rats, based on

their observation that microsphere distribution from rat to rat and between

successive injections was not significantly variable. If mixing was inade-

17



quate, variation would be significant.

The same conciusion was reached by Idvall et‘al. (1979) following left
ventricular injection in unanesthetized rats., However, they élaim that with
this injection some microspheres may be deposited on the endocardial surface
of the left ventricle, giving uﬁﬂredictabiy high values of coronary blood flow.
Therefore, to determiﬁe doronary flow, excision of the inner lining of the
left ventricle prior to measurement was recommended. In contrast, Fortuin et
al. (1971) found no evidence of adherence of microspheres to the endocardial
surface during their transit through the canine-left ventricular cavity.

Although there is less variability with left atrial injection, transmural
left ventricular blood flow can be accurately determined with either left
atrial or left veatricular injecticn (Buckbérg et al., 1971), This cqulusion
was supported_Bg the finding that control left ventricular subendocardial/
subepicardial blood flow ratios determined with left ventricular injection of
15 pm diameter microspheres in anesthetized dogs (Einzig et al., 1980) were
similar to those reported following left atrial injection of IS pm diameter
spheres in either conscious or closed-chest anesthetize& dogs. Einzig et
al. (1980) also found significant heterogeneity of regional left ventricular
subendocardial/subepicardial blood flow ratios féllowing left ventricular
injection; this is comparable with other studies (Ball et al., 1975; Cobb et
al., 1974). If microspheres were not adequately mixed, this reproducibility
should not have occurred. Distribution of blood flow to the right and left
kidney and to the right and left cerebral cortex was equal, also suggesting
uniform mixing of spheres with blood after left ventricular injection.
Comparison of flow to symmetric organs or to two arterial catheters distal

to the aortic root has been used by many investigators to verify adequate

mixing, but even if similar blood flows are found, uniform mixing at the

18
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level of the coronary ostia is not implied (Warren and Ledingham, i974).
Bartrum et al. (1974) also suggested that_left ventricular injection
results in accurate blood flow measureants in all major organs of the rabbit,
lbut the myoccardial flow vélues obtained were higher than usually reported by
other methods, ﬁrobably due to inadequate mixing. Left atrial catheterization,
however; was'not recommended due to the instrumentation difficulties'involved

when using a small animal model.

If the radial distribution of microspheres within the blood vessel lumen
is uneven, the problem of axial strgaming has severe consequences. Specifi-
cally when studying cor;nary blood flow, spheres that are oriented toward the
centre of streaming blood will be less likely to énter branches of the blood
vessel and, therefore, more likely to lodge in the subendocardium, resulting
in inaccurate determination of the_subendocardial/subepicardial blood flow
ratio (Domenech et al., 1969; Neill et al., 1973)1 Axial streamigg is more
pronounced with larger microspheres, with a direct proportionality between
mié;?sphere diameter and centripetal flow, and much less apparent with
7.5-10 pm diameter spheres, wﬁich have a radial distribution more closely
approaching that of erythrocytes (Phibbs and Dong, 1970). The greater inter-
action between microspheres at higher concentrations would also influence
their radial distribution within the blood vessel (Phibbs and Dong, 1970).
Spatial restriction of 15 pm diameter, but not 10 pm diameter microspheres,
may also result in inappropriate subendocardial/subepicardial blood flow
ratios;‘lS‘pm dianeter sﬁheres may be too larée to enter a perfused blood
vessel, and that vessel will, therefore, be considered to be unperfused with
this technique (Clausen ét al., 1981), Alternatively, Fortuin et al. (1971)

postulated that both 15 pm and 50 pm diameter microspheres distribute in
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proportion to myocardial blood flow in diastole. During systole, however,
the larger microspheres tend to become trapped in tﬁ; subendocardium whereas
the 15 pm diameter microspheres more readily distribute to the subepicardial
layers as do red blood cells. Therefore, 15 um diameter microspheres may
refléét actual myocardial blood flow whereas 50 um diameter microsbheres may
reflect only diastolic floy. The improbability of this hypothesis, however,
could bet:easoned from the finding that measurements of the transmural
distribution of myocardial blood flow using 7—16‘pm diameter microspheres
ane similar whether myocardial flow occurs over the entire cardiac cyclg or
is limited to an equivalent period in diastole (Hess and Bache, 1976, 1979).

The degree of microsphere aggrega;ipn may also indicate the degree of
mixing of microspheres with the blood. If serious, microsphere aggregation
due to inadequate mixing may cause alteraéions.in hemodynamic indices (see
condition 7). Overestimation of argan blood flow is alsc a serious consequence.
However, microsphere aggregation was histologically determined not to{be a \\\\
significant problem in skeletal muscle following aortic injection of 15 pm ' '\\\\
diameter microspheres in rats. Most spheres were located singly (83-99%), but
some existed as pairs (1-12%7) or multiples greater than two (0-5%) (Laughiih
et al., 1982). Because of the concern of dislodgement of microspheres due to
the thinness of the tissue sections, results using both 20 pm and 60 ym thick
sectiong were compared; no.significant,differences were found between.mi;;::ﬁ\
sphere distribution in the two different sections. The absencé,of significant
microsphere aggregation in skeletal muscle, however, does not- imply that mixing
of microspheres with the blood is adequate proximal to the site of injection.

Nevertheless, similar resultérof microsphere aggregation were obtained from

cleared myocardial specimens following left ventricular injection in dogs -
’ .

(Eng et al., 1984). The grouping of microspheres was
. Y

suggested to represent



inadequate.microsphere dispifsion, or to be a consequence of the vascular
anatomy; a blood vessel with brancheé in close proximity mey have micro-
spheres embolized at the ostia of the bdranch points, gi%%ng the appearahce of
an aggregate, ﬁﬁeven microsphere distribution was also observed by Consigny
et al. (1982) in 0.5-1.0 mm thick cleared tissue samples from the posterior
left ventricular and septal walls, where microsphere distribution was great-
est following sequential injection of two microsphere samples, one containing
0.5-1.5 x 106 9 pm diameter spheres, the other 0.5-1.5 x 10° IS‘jm diameter
spheres, into the left circumflex coronary artery in dogs. The majority of
-Spheres were located singly, although short chains of 2-6 spheres were observed.
In contrast, one study has shown that microsphere aggregation in the
myocardium is a significant problem. In vitro microscopic examination of
fixed myocardial ﬁi;;ué revealed a large amount of short microsphere chains
in capillaries (Yipintsoi et al., 1973). ‘However, this may have been the
consequence of injecting a very lar ount of microspheées into Langendorff,
perfused, nonworking dog hggrts. Thus, based on the few studies that have
examined myocardial tissue following microsphere injection, it would appear
that microsphere aggregation due to inadequate mixing is negligible, and
would not affect coronary blood flow measurements provided that a relati&ely
small number of microspheres are igjected. ‘Nevertheless, by directly visua-
lizing red blood cell and microsphere flow in the microvasculature of the
hamster cheek pouch using vital microscopy, Hargll et al. (1977) have also
shown that the microsphere chain phenomenon is significant, and occurs in
vivo. Although microspheres were occasionally Sbserved to enter blood vessels
'as aggregates, probably as a result of inadequate mixing, most chgins'were
';aused by the interaction of single spheres. In general, a single sphere

a—

would impact and protrude into an arterial blood vessel of a larger diameter
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than its own. 'Red blood cell flow was not significantly obstructed. allowing
more microspheres to flow into the vessel and collect behind the lodged sphere,
‘thus forming a chain. The re}ationshiﬁ between the number of microspheres in
the microvascular bed and the percentage of microspheres fourd in chains was |
approximately linear. That microspheres are not always completely.-occlusive
to blood éell and/or plasma flow has been reported by othgfs (Hales and Cliff,
1977 iE.ii!Q detection of microspheres and red blood cells in the rabbit

ear using cinemiérography; Eng et al., 1984: in vitro microscopic detection
-of microspheres in the canine myocardium following postmortem injection of a
corrosion cast material (Microfil) into a coronary artery). Thus, microsphere
distribution may diff;f from red bloocd cell flow, at least in some microvascular
beds. Since a detailed analysis of regional microsphere distribution has
never been completed, the Glgw that coronary blood flow measurements are not
influenced by microsphere aégregation due to eithér inadequate mixing and/or
microsphere interaction, as mentioned above, remains unresolved.

——

3. Minimum Number of Microspheres per Sample To have a distribution varia-

bility within 10% of the actual flow at the.95% confidence level, each sample
must contain 384 miérosPheres (400 chosen) of each type injected. Nonrandom
distribution (probably due to inadequate mixing) is indicated if the 95%
confidence limit is exceeded; however, as long as each sample containsg at
least 400 spheres this nonrandomness does not present much of a prpblem.
Variability between left atrial and left ventricular injection is not signi-
ficant ié at least 400 microspheres are present per sample. Only when less
than the required number of spheres are present per sample are errors high
(Buckberg et al., 1971). i

However, this mathematically derived determination may be overestimated.

L



Ishige et al: (1980) found ghaf Eardiaq,gutput in the rat can be accurately
determined when more than 200 microspheres are present per sample; with this
value, cardiac output determined with the radioactive microsphere techniqué"/
correla;ed very well wiﬁh caraiac output determined with an electromagnetic
flow probe (r = 0.96). Therefore, for blood flow studies, at least 200
microspheres must be present per sample to ensure that the variability
related to random distribution of microspheres is minimal.

Recently, Flaim et ai. (1984) proposed that under certain experimental
interventions resulting in a large change in magnitude of the measured
parameter(s), less than 10% accuracy can be sustained, i.e., fewer than the '

required amount of microspheres can be injected, without losing the ability

to detect the change.

"

To deé‘gﬁne the minimal amount of microsphefes to be injected to assure
acceptable errors and confidence limits, specifically when measuring perfusion
of a given organ, ié is important to estimate blood volume, cardiac output,
organ bloed flow, and the number of tissue samples to be used (Hoffman and

Buckberg, 1976). The*foliowing equation can then be applied:

A x (# of samples) x (CO/OBF) = B

where A = minimum number of microsplieres
required per sample o
B = minimum number of microspheres to be
) injected
. €0 = cardiac output
OBF = organ blood flow

Since OBF = (organ's fraction of CO) x CO (Buckberg et al., 1971), the

eqﬁation can be simplified to:

[A x (#-of samples)] / [organ's fraction of CO} = B



The radioactive microsphere technique has been successfully applied in
the small animal model. While this model has obvious advantaées (Flaim et
al., 1984), it is not withou; }imitations. In addition to the technical
problems involved, a very large microsphere aliquot may ﬁave to be injected
to assure delivery of an adequate number of-;icrospheres to each sample. The
hemodilution and potential altered peripheral vasc:1ar resistance associatgd
with suc@ a large injection (see condition 7) places reétraints on the number
of micr63pheres that can safely be injected. This necédssitates an increased
number of experiments to compensate for the lérger degree of variabilify 1
data associated with injecting less microspheres (Buckberg et al., 1971).
Howéver, even with injection of a large number of microsphereé: only a small
péécentage of capillaries will be occluded since capiilary density of myocar-
dial tiés;é is approximéfely 3,000 capillaries/mm2 (i.e., 6,000 capillaries/mms,
assuming a capillary length of approximately 0.5 mm) (Ludwig, 1971; Rakusan,
1971).- Finally, for studying transmural myocardial blood flow distribution,
the radicactive microsphere té;hnique is restricted to larger animals since
relatively large tissue sections from Yg;ious myocardial regions must be
obtained to assure the minimal number of microspheres required for accuracy

is present. To date, transmural myocardial blood flow in the rat has not

been studied with this technique due to this limitation.

t]

4. Total Number of Microspheres-Injected For determination of regional

blood flow, cardiac output, and its fractional distribution using the radio-
active microéﬁhere technique, and to ensure that condition 3 (see above) is
satisfied, especially in organs and tissues with low perfusion rates, the
total number of microspheres injected must be carefully calculated (Heygann

et al.,, 1977). The total amount of radicactivity administered, which is



,

proportional to the tot::al number of microspheres injected, is accurately
determined by counting the injection syringe and cannula before and aftqf
injection (1a;ée animals), or by counting the whole adimal in a scin:i;IQtion
detector (small animals) (Idvall et al., 1979). However, such accurat;\\

)

determinations cannot be made when non-radioactive microspheres are used; S

-

the total number of microspherég injected cen only be approximated baéed on
their concentration in the suspension. ' Flushing the cannula with isoésnic
saline immediately after injection to direct the microspheres-remaining in
the\syringe and cannula into the circulation increases the probability that

all the microspheres have been injected. Fortunately, when studying trans-
mural distributiqn of myocardial blood flow with a non-radiocactive microsphere
technique, knowledge of the total number of spheres injected is not essential
since éne is interested only in their relative distribution within the coronary

microcirculation. s

Injection of a very large\number of microspheres is beneficial since

K,accuracy of the microsphere technique increases with increasing numbers of

microspheres injected (Buckberg et al., 1971). An upper limit to the number

of microspheres that may safely be, jAijected without altering hemodynamics

has not been firmly established; At will vary with microsphere size, animal
size, and probably organ blood Flow (Buckberg et al., 1971). Multiple
injections of the maximal or nggﬁximal number of microspheres per injection
appear to be advantageous over single microsphere injections of the maximal
number of microspheres since the accumulation of microspheres is greatér,
provided that regional blood flow distribution remains constant throughout

D
the duration of the series of injections. For a detailed discussion, see

condition 7.



5. Recirculation One principle used to measure cardiac output distribution o

o involves the injection of an appropriate indicator into the circulation, and

-

measurement of its distribution during the first transit within the organ(s)

of interest (Sapirstein, 1956). The amount of indicator entering an érgan

—~during its ﬁi;st transit is proportional to the organ blood flow. Similarly,

to accuréteiy measure regional coronary blood flow with radiocactive micro-
spheres,-tﬁe spheres should be completely tfappe& in the myocardium during
their initi;;*;ransit 50.as not to underestim;te the flow. Microspheres
passing through artero-venous shunts must be permanently entrapped in the
lghgélto preveﬁt recirculation.

Downey et al. (1983) estimatg? that microspheres lodge very quickly in
the canine myocardial vasculature following left atrial injection, based on '
their finding that Evans blue dye injected intra-atxially in‘*dogs completeif‘
stéined the left véntricular free wall within 2.5 sec. More variable transit
times have been reported to hamster ﬁheek pouch (2-20 sec) (Harell ét al.,
1977), canine femoral arter?al sampling sites (to 60 sec) (Bucﬁberg et al.,
1971), and rabbit ear (2-120 sec) {Hales and Cliff, 1977) following left
ventricular injection. This is possibly éttributable’to any one or a combi-
nation of factors: nature of flow, type of tissue (Hale§ and Cliff, 1§3%):
injection rate (Buckberg et al.,, 1971), or transit distance.

‘ Whether microspheres remain entrapped is questionable. Since diameters
of - capillaries and arterio-venous anastomoses may vary between organs and
animal models (Heymann ét al., 1977), and may b; altered under varying experi-
mental conditions (e.g.\anesthesia. Kaihara et al.,®1968; Warren and Ledingham,
1974), microsphere size must be carefully considered. In addition, increased

sphere dislodgement from myocardium has been suggested to occur when coronary

artery pressure-exceeds aortic pressure (Consigny et al., 1982).
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Nonentrapment™ of microspheres greater than 25 pm in diameter is virtually
negligible (Kaihara et al., 1968; Creasy et al., 1974; Warren and Ledingham,

1974). However, since their rheological properties significantly differ from_

'those of red blood cells, numerous problems are associated with their use

&
(see conditions 2, 7).

With decreasing microsphere diameter, shunting is expected to increase;
microspheres recovered from venous reference blood samples or in lungs are
smaller in diameter than those collected in arterial reference blood samples

(Archie et al., 1973; Consigny et al., 1982). . However, findings are not

}/ﬁgﬁfistent. Whereas substantial losses (1-8%) of 15 pﬁ diameter microspheres

from myocardium were found by Neill et al. (1973) in tranquilized dogs, 1es§
than 12 of microspheres 15 um (Fortuin et al., 1971) and 8-10 um (Buckburg et
all, 1971) in diameter entering the myoéardial vasculature were recovered
from the'coronary sinus in anesthetized animals. Archie et al. (1973) also )
reported negligible shunting of 15 pm diameter microspheres. However, for
smaller spheres (4-12 pm diameter), nonentrapment averaged 3.6% in myocardium.
This was attributed to microspheres less tﬁan 7 pm in diameter. Consigny et

al. (1982) reported similar results, noting also that microsphere loss from

the myocardium continued for 1 hr following injection.

/,ﬂn~’ Microspheres not trapped in peripheral vascular beds are recovered in

the lungs. Reported values for the fraction of 15 pm diameter microspheres
reaching the lungs following injection into the arterial circulation vary
from less than 1% to 30% (Archie et al., 1973; Bartrum et al., 1974; Foster’
and Frydman, 1978; Idvall et al., 1979; Kaihara et zl., 1968; Neill et al.,
1973; Warren and Ledingham, 1974), with no correlation between the degree

of nonentrapment and animal size.

Although one study reported a 3.7% loss of 9 and 15 pm diameter micro-

P
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spheres from lungs over 2 hr (Consigny et al., 1982), entrapment in the
pulmonary vascular bed appears to be virtually complete (Archie et al., 1973;
Hales and CIliff, 1977). Fortunatelyy when studying regional distribution of
cofgnary blood flow, recirculation is not a major concern since recirculating
micrOSphefés should distribute within the myocardiuﬁ as during their first
transit, provideé that experimental conditions influencing coronary blood

flow distribution remain constant over the duration of microsphere circulation.

6. Permanency gg.Location Carbonized microspheres are composed of a biolo-

gically inert plastii matrix and, therefore, should remain entrapped in the
microvasculature where they initially lodged almost indefinitgly. This view is
supported by a study (Kaihara et al., 1968) in which the radioact{;ity in the
heart and kidneys, as Qggsured with an external detecto;, remained unaltered
over a period of 2'weeks following injection in anesthetized dogs of micro-
spheres 50 pm in diameter. In addition, negligible radiocactivity appeared in
the urine and feces over this, period, indicating that the spheres initially
injected had not been metabolized.

Hales and Cliff (1977) also reported that microspheres are not metabo~
liz;d or lost from the tissue in which’ they were first trapped (following an
initial loss within 5 min after injection). However, over the 8 week obser-
vation period, movement of -microspheres within the tissue was revealed from
still pictures of precisely defined fields. Within 2 days following injectionm,
70% of the microspheres (13.7 um diameter) lodged in the rabbit ear microvascu-

lature were displaced by a maximum of 150 pm. New microspheres occasionally

entered a field, and an average of 20% were lost from fields within 5-25 days.

After 3 weeks, most microspheres were extravascular, but there was no noticeable

2

evidence of tissue damage.
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In contrast, late microsphere losses from left ventricg&g; myocardium
were as high as 40% (average 13.8%), 28% (average 5.7%), and 11% (average
3.3%) for 9, 12, and 15 pm diameter microspheres, respectively, over 5 wéeks
in conscious dogs (Consigny et al., 1982). Losses of 12 and 15 pm diameter
spheres were not significantly different. The majority of spheres leaving'
the heaft, 98% of which be?ame permanently trapped in the lungs, were less
than 10.3 pm in diameter.

Long-term microsphere behavior may, therefore, véry under different
physiological conditions (e.g. anesthesia), in different tissues, or for

microspheres of different diameter.

7. Hemodynamic Effects The use of microspheres vields measurements most
closely resembling capillary blood flow (Hales'and.Cliff,-1977). Whethe:
the assessment of blood flow to small tissue regions is accurate has been
qué;tioned (Harell et al., 1977). Transient hemodynamic changes may occur
during, or shortly after microsphere injection, thereby influencing both the
qbserved values of total blood flow and the relative distribution of micro—
spheregzﬁn_gnd_uithin the individual organs. According to Ishise et al.
(1980), the hemodynamic steady state is affected only under conditions of
low cardiac output and a high sampling rate. However, the incidence of
pémodynamic changes also depends on animal size (cross—secﬁional area of
4/€he microcirculation), microsphere size, the total number of microspheres
injected, and the occurrence of large microsphere aggregates (Heymann et
al., 1977). Transient hemodynémic changes are more frequent the larger the
size and number of microspheres injected.
The temperature of the injectate is also critical. Microspheres have

been suspended in warm (37°C) isotonic saline prior to injection (Archie et
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al., 1973; Henry et al., 1978), and injection syringes have been prewarmed

to 37°C (Warren and Ledingham, 1974) :

For myocardial blood flow distribution
studies, Heymann et al. (1977)-fecommend that the injectate be warm, especially

when injecting into eft ventricular chamber, since a sudden cold flush can
prﬁduce ectopic yentricular beaﬁs which may significantly alter the myocardial

blood flow disféi:ution pattern. An electrocardiogram or an arterial pressﬁre

pulse should,)therefore, be monitored during the injection.

el
i. Llarge Animals Left ventricular injection of 25 pm diameter

———

ft3 X 105 microspheres/kg) and ?0 pm diameter (3.6 x 104 microspheres/kg)
£m55f0§gheres in dogs (18-33 kg) resulted in an increased mean aortic pressure
(significant ih dogs with microsphere—inducéd cardiac lesions (sge below):;

not significant in the absence of lesions) and left ventricular diastolic
pressure, with no significant chanée in heart rate (Eng et al., 1984).
Histdlogical assessment of tﬁe left ventricle occasiq&%lly revealed discrete
necrotic foci surrounding embolized spheres. Microfil (silicone rubber
solution) subsequently injected into the coronary circulation generally did
not pass around the occlﬁsions. Xt sites of embolization where micronecrosis
was absent, microspheres were not totally occlusive, as Microfil passed

around the spheres té £ill the distal part of the vessel. Prevention of
”nécrosis produced by embolization of 25 pm, but not 50 pm diameter micro-—
spheres, by o4-blockade implies that an qq-adrenérgic tonic mechanism is

also involved in occluding the vascular lumen, po;éibly by preventing local
metabolic vasodilation, and may persist long enough to produce cellular damage
and necrosis. A spastic mechanism occurring at the microcirculatofy level, as

observed by Wiedeman and Tuma (1979) in the hamster cheek pouch and bat wing

circulation following injection of 9 and 15 pm diameter microspheres, was also
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suggested, Necrotic lesions were more frequent and significantly larger in -
the epicardium and midwall, despite a g}eater‘ﬁquer of microspheres in the
endocardium, indicating transmural variability in\fympathetic innervation
and/or in «y—density in the left_vemtricles—These transmural differences may
also be a consequence of the greater collateralization in the ocuter canine
myocardium (Schaper, 1971); i.e., an_arteriole in thé outer myocardium may
have more branches than one located endocérdially, so that its occlusion
would have more significant consequences.
_7 It_is conceivable that occlusion with smaller diameter microspheres
q would produce similar results at the capillary level since intramural capil-
\?<:\&aries receive substantial sympatheti; innervation (Forbes.et al., 1977).
Ld/(ﬁowéver, in a study by Consigny et al. (1982), microscopic examinaéion of
fixed canine hearts did not reveal any tissue damege in the left ventricular
free wall around microspheres (9, 12, and 15 pm diameter) embolized 1-5 weeks
earlier, slthough macrophages were occasionally observed surrounding the
spheres.

When a dose equal to, or greater than, 4 x 105 15 pm diameter micro-
spheres was injected into the canine left ventricle, a temporary small
decrease in aortic and left ventricular end diastolic pressure was observed,
although no deﬁectable effects on the electrocardiogram or coronary venous

~ blood P02 were determined 2-3 min following injection (Neill et al., 19?3).”
The tradQ;ent hypotension was probably mediated by dextran.

Each of three consecutive left atrial iﬁjections of 15 pm diameter micro-
spheres, in doses of 5 x 105 or 4 x 106 per injection, caused an immediate,
insignificant, transient increase in canine coronary blood flow (Fortuin et

al., 1971). Hemodynamic parameters measured 15 min after injection were

unchanged for the lower dose. With injectibn of 4-12 x 106 microspheres, the
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only significant chenge was an increase in mean aortic pressure. Since peak
reactive hyperemic coronary blood flow following transient coronary artery
occlus&on was unaltered, thé authors cléimed that the reactivity of the
coronary vascular bed remains unchanged following microsphere embolization.
'Considering the increase in driving pressure (significant) an&‘coronary blood
flow (not significant) associated with successive injections of the larger
microsphere &6se, peak reactive hyperemic fiow in the presence of microsphere
emboli was probably- overestimat%

Similar observations ngarding coronary vascular reactivity were reported
by Monroe et al. (1971). Coronary blood flow progressively increased with ’
repeated embolization of the vasculature of isolated dog hearts with 0.5-1.0
ml of a 2% suspension of microspheres averagiﬁg 10 pym in diameter, suggesting
effective vasodilator release. However, when a "critical amount" of spheres
'(valﬁe not specified) had‘actumulated, there was an abrupt decrease in coronary
blood flow to control levels concomitaqt with a sustained, significant increase
in left ventricular end-diastolic pressure, indicating decreased ventricular
perfofmance; this was attributed to both edema of the left ventricular wall
and to focal shortening of sarcomeres where the circulation was compromised.

No significant hemodynamic alterations were observed following simulta-
nebus injection of approximately 3 x 106 15 pm diameter microspheres'in dogs
(Einzig et al., 1980), and five sequential injections of more than 1 x 106
15 pm diameter microspheres/injectiéﬁ in fetal lambs (Heymann et al., 1977).
Successive left atrial injections of 15 pm diameter microspheres in dogs,
with a total accumulation of 4.8 x 107 microspheres, also had no significant
effect on systemic hemodynamics (Baer et al., 1984). Although approxiﬁately
3.5% (in-autoregulating hearts) and 14.2% (in maximally vasodilatedAhearts)

of the microspheres lodged in the myocardium, coronary pressure-flow

32 i




_relationéhips-were not altered. No gross redistrﬁén;idﬁ'of blood flow between
A,
the right ventricle, the left ventricle, and the interventricular septum was
| observed. Transmural distribution of blood flow across the left ventricular
wall did not significantly change from control with serial injections.

'The majority of investigators advocate the use of 15 pm diameter
microspheres to study myocardial blood flow afd its distribution, with the
assumption that they satisfy all the criteria necessary for the mlcrosphere
technique, provided that they are not iqjgcted in critical doses. However,
the in vivo rheology of smaller spheres (7-10 pm diameter) is closest to that
of red blood cells (Phibbs and Dong, 1970). Up to 3 x 107 7-10 pm diameter
microspheres have been injected in dogs without any apparent hemodynamic
effects (Ellis and Klocke, 1979; Falsetti et al., 1975; Hess and Bache, 1979).
Since larger values have been reported for 15 pm diameter microspheres (see
above), it is reasonable to assume that this value can be exceeded in large

animals.

4
ii. Small Animals Injection of up to 8 x 10 35 pm diameter microspheres

did not change pulse rate or contour, blood pressure, or cardiac output
distribution in rats (Mendell and Hollemberg, 1971). Similar findings were
reported following two consecutive left atrial injections of 15, 25,_or 50 pm
diameter microspheres (5 x 104/injection) in conscious rabbits (Warren and
Ledingham, 1974). For larger doses (3 x 105/injection), two consecutive
injections of only 15 pm diameter microspheres yielded similar blood flow
distribuﬁibn measurements; significant hemodynamic changes with larger
spheres included a transient decrease in blood pressure and cardiac output,
transient bradycardia and/or irregular cardiac rhythms, acute hypertension

(sometimes associated with convulsions and death with 50 pm diameter micro—
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spheres), and occasional transient neurological signs.

Left ventricular injection of 2-4 x 10° 15 pm diameter microspheres_did
" not afféct arterial pressure of heart rate in anestﬁetized rats (Nishiyama
et al., 1976). However, with the same injection protocol in conscious rats,

increased left ventricular systolic pressure associated with tachycardia was

sometimes observed following injection.

Tsuchiya et al. (1977) reported that adverse hemodynamic effects,
including decreased cardiac output, mean arterial pressure, and myocardial
oxygen consumption, and increased heart rate, total peripheral resistance,
and myocardial oxygen extraction, resulted when more than 1 x 105 15 pm
diameter microspheres had accumulated in rats. They suggested that a
cumulative total not exceeding 1 x 105 ﬁicrospheres may, therefore, be
safely injeéted in rats, allowing at least 2 x 104 microspheres/injection
for accuracy. Howevér, thelmicrospheres were;suspended in 10% dextran, and
part of the hemodynamic disturban;es may have been a direct result of its
hypotensive effects (Flaim et al.,-1978).

The upper limit to the number of microspheres which may be safely
injected in rats as suggested by the previous authors was exceeded by Foster

~and Frydman (1978) and Idvall et al. (1979); simultaﬁeous injection of up to

4.5 x 105 15 pm diameter microspheres did not significantly alter systemic
hemodynamics in conscious rats. Rarely, the only symptoms observed during
injection were minor, transient arrhythmias{ cardiac output distribution was
not significé;tly changed with repeated microsphere injections (Idvall et
al., 1979).

Flaim'et al. (1978) suggested that-the upper limit to the number of

15 ym diameter microspheres that can be administered in a single injection

in conscious rats without producing significant changes in heart rate or
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mean arterial pressure is 8.5 x 105. Howéver, measurements wkre madg 10 min
following microsphere injection, and acute hemodynamic disturbances may have
been missed. More recently, Flaim et al. (1984) claimed successful adminis- -~
tration, iﬁ a similar rat preparation, of a maximum of four microsphe
injections, each containing approximately 1.5 x 105 15 pym diameter micro-
spheres, without significantly altering hemodynamics.

Ishise et al, (1980) observed that injection of 15 pm diameter micro-
spheres (3-3.6 x 105 microspheres/injection) into the left ventricle of
conscious rats resulted in good reproducibility of regional blood flow

distﬂfbution to all organs. _Following three consecutive injections at

i

10 min intervalg,.héart rate, mean arterial pressure, cardiac output, and
total peripheral resistance remained unaltered; reproducibility of regicnal
distribution of cardiac output was poor only to the liver, spleen (increased
organ flow), stomach, and skin (decreased organ flow). It was speculated
that central hemodynamics are maintained with multiple microsphere injec—”
tions and reference sample withdrawals at the expense of altered cardiac
output distribution to the splanchnic "organs and skin.

Rat hemodynamics were not significantly éltered with injection of
3.6 x 105 15 pm diametér microspheres (Stanek et al., 1983). However, single
injections of 7.2 x 105 microspheres significantly, although transiently,
lowered cardiac output and heart rate during the injection peridd. After
four serial injections of the smaller microsphere dose, the only significant
hemodynamic disturbance was a decreased heart rate; a 10% decrease in cardiac
output, and a 20% increase in total peripheral resistance were also observed,
but these changes were not statistically significant. - -

Injection of 3 x 106 non-radiocactive microspheres, with an average

diameter of 11 pm, into the aortic arch of anesthetized rats had no signifi-

4
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cant influence on whole'kidney GFR. Ho&éQer, when 1 x 106 15 pm diameter
spheres were injected, a 50% reduction in GFR was observed (Poujeol et al.,

1975).

Arterial blood pressure transiently increased by Zéiﬁa'mmﬂg, while

-

heart rate remained unchanged, with injection of 7 x 106 15 pm diameter
unlabelled microépheres into the aortic arch of anesthetized rats (Wisnes
and Kirkebo, 1976). With a similar injection of smaller diameter spheres,
transient hemodynamic dis£urbénces may have been avoided.

Using cinemicrography, Hales and CLiff (1977) have shown that micro—
spheres do not adversely influence the microcirculation in small animals.
Approximately 8 x 106 13.7 pm diameter microspheres were injected into the
left ventricle or central ear artery in rabbits: Microsphere embolization
resulted in the immediate formation of collaterals in the ear microcircula-
tion. Neither a spastic phenomenon nor necrosis was evident. Adherence of
red blood cell ghosts, but not of leukocytes or platelets, was occasionally
observed. Intravascular microphage activity was absent up to 2 months
following embolization. After 4 months, electromicrographs revealed macro-

phage accumulation around spheres located extravascularly.

It is apparent fr&m the foregoing review that microspheres 7-15 um in
diameter can be safely administered in relatively large amounts without
significantly alte;ing the hemodynamic steady state of both large and small
animals. With few exceptions, central hemodynamic changes were insignificant
or transient with injection of up to 4.8 x 107 microspheres in large animals,
and up to 7 x 106 microspheres in small animals. However, whether cellular
damage results from mechanical blockade of the vasculature is questionable.

It is probable that microcirculatory events accompanying microsphere emboli~
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\\zation vary betweeJ/different organs and animal models, and are Affected by
) : “

4

the:size and number of spﬁeres injected.

8. Reﬁroducibili;xrand Correlation with Other Techniques Since the limits

of variability decrease as the number of micrOSpﬁeres per sample increases
(see condition 3), greatest reproducipflity is obtained when the largest
number of microspheres thét can be embolized without producing alterarions
in coronary or systemic hemodynamics is injected.

Techniques currently used to determine regional myocardiai perfusion have
been discussed elsewhere. Inter- and intramethod discrepancies in regional
blood flow determinations (refer to Table 1A in the Appendix) suggest that
further evaluation and possible modification of the radioactive microsphere

.technique is necessary.

.
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- : METHODS AND MATERIALS

—n

Experimental Design |

’ 'I'hrée series of exper;[ments were carried out. The purpose of th‘e first
series was to develop and verify a practical method to determine regional -
myocardial blood flow distribution in a small animal model using non-
radioactive microspheres. The-second series involved the application of the
methpd to regioﬁél myocardial perfusion studies in animals with pressure-
induced left ventricular hypertrophy. In both series, a large percentage of
microsphere aggregates was found, and shown to distort estimates of myocardial
blood flow distribution. This may have resulted from injection of a very
large nﬁmber of spheres. Thus, the occurrence of aggregation following
injection of a "standard" number of spheres (approximately the medign of the

values reported for studies on rats) was the basis for the final experimental

series.

DEVELOPMENT AND VERIFICATION

The final version of the methodological approach-is described here.
Details of, and the ratjonale behind the extensive preliminary studies

conducted to determine the appropriate techniques are describat—ImThe

Results.

Animal Model

Normal, Sprague-Dawley rats unselected for sex were used. Body weights
ranged from 230-494 g at the time of the surgical intervention. Animals

were housed in plastic cages, with 1-3 animals per cage, and had free access
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to food (Standard Purina Rat Chow pellets) and tap water. Housing facilities
were maintained on a 12 hr light/12 hr dark cycle, -at 22°C,_and a relative’

humidity of 50Z.

Surgical Procedures -

i. DPreparation Prior to surgery, the animals were anesthetized with

sodium pentobarbital (Somnotol, 45 mé/kgx i.p.). Anesthesia was maintained

throughout the experimental procedure with supplementary doses as required.

~

Surgery'was performed under antiseptic conditions.

ii. Left Ventricular Catheterization With the animal piaced supine,

limbs extended agd restrained, a smooth-tipped polyethylene cannula (PE-10},

.stabilized by a metal stylet, was intfbduced into the right carotid artery

3

and secured with a 4-0 silk ligature. The cannula was then advanced into
the left ventricular cavity for subsequent injection of microspheres. To
ensure proper placement, the cannula was advanced until its tip contacted

the endocardial surface of the left ventricular apex. At this point large

resistance to further advancement was met. The cannula was then slightly

retracted into the cavity and, with the metal ;tylet removed, was flushed
with 0.2 ml of-heparinized saline (12.5 mg%). A minute volume of blood was
withdrawn to ensure thét the cannula tip was not positioned directly against’
the myocardial wg;l. The blood was immediately replaced (this process of ™

withdrawing and replacing blood was repeated immediately prior.to, and

'intermittently during, microsphere injection). Proper placement of the

cannula was further verified at necropsy.

<
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iii. Left Atrial Catheterization This surgical procedure follows Wicker

and Tarazi's (1982a) method of left atrial catheterization for the purpose
of microsphere injection in anesthetized rats, with moderate modifications.
With the animal placed supine,;the limbs extenhed and restrained, a bevel-
tippeq 14 gauge radiopaque teflon catheter was inéeftéd'into the trachea
through a,tracheostdmy and_secured with a 4-0 silk ligature. The animal was
. connected to a :gspirétor (Type A.C. Smail_Animal Respirator, C.F. Palmer
(London) Ltd.) and ventilated with room air. Nexg, the position of the left
atrium was approximated by palpation, and the left atrium was exposed by
small lateral thoracotomy through a left intercostal space. The pericardium
" was opened, and the left atrium gently supported with forceps. A bevel-
tipped, ballpon;tippedIpolyethylehe cannula (PE-10), 14.5 cm in length and
stabilized by a mekal stylgt,.was inse}ted into the left a;rinm by puncture
for éhe purpose of-microSphere injection. A small drop of cyancacrylate:
glue (Instant Krazy-Glue) at the point of insertion further secured the
cannula in place. The metal stylet was then removed, and the cannula was
flushed with 0.2 ml of heparinized saline (12.5 mgZ). The chest wall was
closed with a 4~0 silk suture, takiag care not to disturb the protruding
cannula, as quick turns of the cannula can result in obstruction of its tip:
or in complete displacement. The lungs were then expanded by positive
prgssure, and the animal disconnected from the respirator. If the animal
failed to breathe spontaneously, it waé reconnected to, and maintained on
the respirator for the remainder of the experiment. To ascertain a properly
positioned and unobstructed cannula tip, a minu;e.volume of blood was with-
drawn and immediately replaced (this verification pfocess was repeated prior
to, and intermittently during, microsphere injection). Proper placement of
the cannula was further verified at Recropsy.
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- Microsphere Suspension

Non-radioactive, carbonized, plastic microspheres (9.3 + 0.4 pm in
diameter (Mean + SD)) were obtained frof the Ne# England Nuclear Corpofation
(Boston, MA) in a concentration of 1.5 x 106 microspheres/mg, suséepdgd,in
1.0 ml of 0.9% saline and 0,01% Tween 80. -

To certify the microsphere size specifications, a dilute suspension of
microspheres was sized (Coulter Counter Mddel Zf, 100 pm aperture, Coulter
Channelyzer 1000, Coulter Electronics Inc., Hialeah, FL, USA) 1 hr following

yltrasonication (Bransonic 220 Ultrasonic Cleaner).

i. Composition of the Microsphere Injectate

a. Single Injection The stock solution (1.0 g/ml) was diluted to

10.0 ml with 0.9% saline. 0.1 ml of this solution was diluted to 3.0 ml
with 0.9% saline and 1 drop of Tween 80 to obtain a final solution containing

5x 106 microspheres/ml. .

b. Multiple In1ect10ns 0.1 ml of the diluted stock solution (1. 5 x 10

micrOSpheres/ml) was further dlluted to 6.0 ml w1th 0.9% saline and 2 drops

of Tween 80 to obtain a final solution containing 2.5 x 10 microspheres/ml.

ii. Preparation of the Microsphere Suspension for Injection The final micro-

sphere suspension‘was vortexed for approximately 5 min to break up microsphere
aggregates, and then placed in an ultrasonic bath for 45-60 min of furthe;
agitation., Complete microsphere dispersion was verified by iight microscopic
- examination of a drop of the micrOSphere suspension. The tempefature of the
suspension was approximatély 37°C at the time of injection. |

When not in use, the microsphere suspension was refrigerated to prevent

-
‘3
.
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bacterial contamination.

. Microsphere Injection

\
i.' Single Injection Immediately after mixing, 1.0 ml of the micro-

sphere suspension {5 x 106‘micr05pheres/ml) was withdrawn into a prewarmed
(37°C) 1.0 mi tuberculin syringe connected to a 30 gauge needle, This was
vortexed for appréximately 30 sec, and immediately injected into either the
left ventricular or left atrial ca%ity, as apﬁlicable; over 1 min. The
cannula was then flushed over a 1 min period with 1.0 ml of warm (37°C),
isotonic saline drawn into the same syringe used for.microspherg injection.
Care was taken to execute all injections in a smooth and consistent manner.

-

ii, Multiple Injections- Two-130 ml volumes of the microsphere suspension

(2:5 x 106 microsphefes/ml) were carefully injected into the left ventricular '
cavity by means of a prewarmed (37°C)_1,0-ml_tubércu}in syringe connected;to

a 30 gauge needle over a period of 1 min/injection, with a stabilizing period
‘of 2-3 min beéween consecutive injections. Immediately prior to injection,
eaéh.ﬁiéfagphere suspension volume was vortexed for approximately 30 sec.

The cannula was flushed as above to di;ect any remaining spherés in the

syringe and cannula into the circulation.

Morphometrié Analysis

i, Tissue Preparation Approximately 5 min following injection, the }

hearts were arrested bysan intra-arterial injection of saturated KCl and
wexcised, The atria, and the ventricular apex and ‘base were removed. The
remaining tissue was gently blotted to remove excess blood, coated with

‘0.C.T. Compound (Tissue Tek II), immersed in liquid nitrogen for 45~60 sec



for quick freezing, and placed in a cryostat (IEC Minotome Microtome-Cryostat)

for equilibration at -18° to -20°C for 30-60 min.

3

ii. Sampling Technigue The sampling technique is shown in Figure 1.

Four transverse sections of 16 pum thickness were obtained non-sequentially
from the midventricular level of each heart (Figure 1i), placed on geiatin—
coated slides, and dried at room temperature for 24 hr. Tﬁe sections were
then fixed (5% acetic acid, 957 absolute alcohol) for 1 min, and stained
;ith periodic acid-Schiff (PAS) (see Table 2A in the hppendix).

Tezuka's (1982) method for counting the number of muscle fiber layeré
across the left ventricular free wall has been modified to examine micro-
sphere distribution at the myocfte level. Data from animals‘receiving
either left ventricuiar (n=10) or left atrial (n;lO)'microsphe;e injection
were collected and Subgequently analy;ed. Each of the 4 sections sampled
per heart was projected (Carl Zeiss Jena Projector) from a distance of.3.3 m
onto a vertical surface (mag. 120X). Three regions of the left ventricular
féee wall (anterior, lateral, and Rosterior) were sampled per section (Figure

1i1). Papillary muscles were excluded from this study.

——

A transparent, polyethylene measuring device, 3 mm in. thickness, was

constructed for the purpose of sampling data. Its dimensions and demarcations

are shown in Figure 27

-

5 en] -lj 0 ;m

} . 79 cm i

Figure 2. Schematic representation of the measuring device._ The length is
slightly greater than the average left ventricular wall thickness at a mag-.

nification of 120X. The width (10 cm) corresponds to approximately 850 pm
of myocardial tissue.
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The_meésuring device was placed along each sampling site with the central

line running perpendicular to the axis of the longitudinal wmusele fibers.

For ease in counting, the number of microspheres within the 10 em wide range
(including the microspheres intersecting the outer 2 lines), and their
position relative to the muscle fibers intersected bf the central line were
labelled directly onto the measuring device. The mode of occurrence of the
microspheres, whether.singly or as aggregates, was noted. Starting from the
Vsubendocardium, and proceeding to the subepicardium, the number of muscle
fibers intersected by the central line was counted. Microspheres were counted
concurrently and, therefore, a measure of their distribution relative to the .
muscle layer numh;r was also obtained. The muscle fibers were then subdivided
according to their orientation:. subendocardial, transitional, midwall (longi-
tudinal), transitional, and subepicardial The layers in each tran51t10na1
zone ‘were divided proportionally among the adjacent zones, thereby obtaining
the number of layers in each ma jor orientat?on (subendocardial, midwall, and

subepicardial).

iii. Celculations Distribution of myocardial blood flow across the left
ventricular free wall was expressed by: |
a. the numbér of non-radioactive microspheres in subendocardial, midwall,
;nd subepicardial layers divided according to muscle fiber orientation
(Figure Iiii)
b. the number of non—radioaétive microspheres in deciles of the wall
thickness according to the total number of layers, irrespective of

muscle fiber orientation (Figufe liv)

c. the subendocardial/subeplcardial microsphere dlstrlbution ratio

(SEN/SEP’)/
_/

-
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a. Orientations The number of microspheres in each orientation was
determined for each sampling site. Two separate data sets were compiled.
For one data set all the microspheres counted, Whether they occurred singly
or as aggregates, were recorded, with the assumption that aggregation was
due to random distribution of single spheres within the capillaries. For
the Qecond data set each aggregate was counted as 1 microsphere, with the
assumption that it entered the capillary as an aggregate due to inédequate
mixing either prior té, or following injection.

Therefore, 144 parameters were recorded for each heart, as summarized

in Figure 3.

Aggregates Sections Regions Orientations Parameters

1 base ant SEN MS
all MS N
counted layers
— " | Tat MID
OR i 3
counted as 4 apex ) ¢ SEP
1 MS p pos

Figure 3. Parameters recorded for each heart by the orientation method.
MS = microsphere; ant = anterior; lat = lateral; post = posterior;
SEN = subendocardium; MID = midwall; SEP = subepicardium

Relative microsphere distribution was expressed by the ratio of the
number of microspheres to the number of layers (MS/layer) in each orienta-
tion. The transformed parameters (72 parameters/heart) were averaged for
animals receiving either left ventricular (n=10) or left atrial (n=10)
microsphere injection. All data (main effects, 2-5 way ih&eractions) were

calculated from these averaged values, and expressed as Mean + SEM.




b. Deciles The muscle fiber 1ayer§ across each sampling éite were
subdivided into 10 zones, each zone containing an equal number of layers.
These zones were referred to as deciles 1-10, with decile 1 comprising the
innermost subendocardial layers, and decile 10 the outéémost suﬁepicardial
layers. The number of microspheres in each decile was then recorded (MS/
decile), and taken to be a measure of the relative microsphere distribution.
All microspheres were counted, or microsphere aggregates were counted as
single spheres as mentioned ?reviously. -

For each heart, 240 parameters were recorded (Figuré 4)9

Aggregates Sections Regions Deciles Parameters

-

1 base . ant 1 SEN MS
all MS ) 2 .
counted i .
— - 1at 5 -
OR 3 — 6 i
S 7 .
counted as : g .
1MS 4 apex post SHSEP—

Figure 4. Parameters recorded for each heart by the decile method. Refer
to Figure 3 for abbreviations.

Parameters were averaged for animals receiving either left ventricular
(n=10) or left atrial (n=10) microsphere injection. Averaged values were

used to calculate all data (main effects, 2-5 way interactions), which were

expressed as Mean + SEM.

c. SEN/SEP Since values of relative microsphere distribution were
obtained both in major orientations of the left ventricular wall and in
deciles of the wall thickness, 2 corresponding SEN/SEP ratios were calcu~

lated for each sampling site.

47



orientations From direct observation, the left ventricular wall was

divided into 3 zones according to muscle fiber orientation as previously .
described. The SEN/SEP ratio was determined from the distribution of micro-
spheres in subendocardial and subepicardial layers according to the following

equation:

MS/layer in SEN _
MS/layer in SEP ' )
'S

where MS = microspheres
SEN = subendocardium
SEP = subepicardium

SEN/SEP =

deciles The left ventricular wall was divided into 2 equal zones
' éccording to the total number of muscle layers across it, with the inner
halg repfesenting the subendocardium and the outer half representing the
subepicardium, The SEN/SEP ratio was determined from the distribution of

microspheres in the 2 zones according to the following equation:

5 R .
I MS/decile
- d=1
~~ SEN/SEP =
10

T MS/decile
d=6

where MS = microspheres
d = deciles

Each data set (24 parameters/heart) was treated separately.’ All data
(main effects, 2-4 way interactions) were calculated as above, and expressed

as Mean + SEM.



I3

Statiétical Ahalysi§

_Paramete;s were analyzed using a split—plot'factorial analysis oﬁ variance
(Kifk,‘1982). The ma2in plot treatment (grouping factor) was the microsphere
injection site (left ventricle vs. left atrium). The subplot factors (within
subject factors) common to all the parameters were aggregatés (2 levels),
sections t& levels), and regions (3 levels). Additional subplot factérs were ’
. deciles (10 levels) for ﬁarameters recorded by the decile method, ang orienta-

tions (3 levels) for parameters recorded by the orientﬁtion method. ' The
- variation between left ventricular and left atrial microsphere injection was
observed at all possible combinations of the subplot factors.
The equality of variances was determined by the Levene test (BMDP
Statistical Software Manual, 1985), in which an analysis of variance is
performed on the absolute deviation of each parameter from its mean. This

test is relatively insensitive to the assumption of normality.

A p level of < 0.05 was considered to indicate statistical significance.

v

PRESSURE-INDUCED LEFT VENTRICULAR HYPERTROPHY

Animal Model

Ten pregnant Sprague-Dawley rats were obtained from Charles River
Laboratories (Montreal, PQ) at 16-17 days of gestation. They were housed in
individual plastic cages, and maintained on a standard diet of Purina Rat
Chow pellets and tap watér. Housing facilities were as previously described.

Litters were born at 21-23 days of gestation. To avoid an insufficiency
of the milk supply essential for the young, litter size was ad justed to

approximately 8 neonates/litter, regardless of the original litter size
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.(range: 4-12 neoggtes/litter). Only male rats were used in this study.

Induction of Left Ventricular Hypertrophy

i. Surgical Préparatiéh Forty male rats aged 15-18 days, and weighing
16-36 g at the time of surgery, were arbitrarily assigned to one of two
groups: one gfoup (n=28) was subjected to experimental aortic constriction,
and the other (n=12) sefved as their sham-operated controls.

Ane§§hesia was induced with ether and mainfained throughout the surgical

t
procedure as required. Surgery was conducted under semi-sterile conditions.

ii. Surgical Procedure The animal was placed supine, limbs extended

and gently restrained, on a warﬁ plate (37°C). A midline abdominal incision
extending approximately 3 cm downward from the xiphoid process was made.
The intestinal tract was reflected to oﬁe side to access the abdominal aorta,
covered with sterile gauze, and kept moist with warm (37°C), isotonic saline.
The aorta was isolated proximal to the ieft renal artery. A blunt 26 gauge
hypodermic needle, 9 mm in length, was positioned in parallel with the isolated
aorta, and the two were secureq together with silk, therebf constricting the
aorta by approximately 40-50%7 (Rakusan and Korecky, 1985). The needle was
then removed. In the sham-operated control éhimalé, a silk ligature was
passed under the isolated abdominal aorta proximal to the left renel artery,
and then removed. The intestinal tract was returned and molstened with
isotonic saline. The wound was closed by suturing the epidermal layer with a
4-0 silk, cleaned with isotqnic saline, and treated with an antibacterial
agent (V-Sporin Aerosol). ' /
The animal was allowed to recover on a warm plate (37°C). After regaining

consciousness, the animal was returned to its mother.
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Pogst-Surgical Maintenance

Surgery was accompanied by an overall mortality rate of 36%. Ten
animals with experimental aortic constriction and 2 sﬁhm—ope;ated contTols
died within 10 days following surgery, presumably due to bleeding, infection
aﬁd/or cardiac failure. In.addition. 2 animals with aortic constriction
died 25 and 2? days post-surgery, respectively; both animals exhibited acute
weight loss énd cyanosis 1-2 days prior Eo death, indicating cardiac failure.

Body weights were measured at the ‘same time evéry day to determine and
.éssure a proper rate of growth, At 27-28 days of age, female neonates were
killed, and the males (n=28) were weaned. Bodf weiéhts at the time of
weaning ranged from 32~81 g. Animals from the same litter were caged together.
They had free access'fo food (Standard Purina Rat Chow pellets) and tap water.

Body weights were monitored daily.

Regional Microsphere Distribution Study

i. Animal Model This study was conducted on animals with experimental

aortic constriction (n=16) and their sham-operated controls (n=10) 29-45 days
after the initial surgéry. Body weights at the time of microsphere injection

ranged from 178-267 g.

]

ii. Experimental Procedure With the animals under sodium pentobarbital

anesthesia (45 mg/kg, i.p.), non-radicactive microspheres (S‘x 106 microspheres/
ml) were injected into the left atrium following the technique previously
described. An additional heparinized polyethylene cannula (PE-50) was posi-
tioned in the right carotid artery and connected to a Gould pressure transducer.
Heart rate (ECG) and mean arterial b}ood pressure were continuously recorded

(Grass Model 7 Polygraph) before, during, and after the microsphere injection
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and saline flush. Animals were sacrificed with an intra-arterial injection
of a concentrated KC1 solution.

Foilowing excision, the hearts were blotted, trimmed of atria, and
weighed (Mettler PE 360). Prepafation for histological examination vas .
similar to the technique previously described. .Modifications wére made to
improve fréezing‘of the hearts, and thereby m;nimize tissue distortions. -

\\&ifgffgégz;;;ular myocardiai samples were sliced transversely into ;ﬁo
approximately equal portions before freezing. In addition, tissue samples
were covered with a fine film of talcum powder prior to being coated with
0.C.T. Compound, as this has been shown to greatly accelerate the large
tissue fréezing rate with liquid nitrogen (Moline and Glenner, 1964).

The methods developed for collecting, calculating, and analyzing'data
were appliedqto héarté from selected animals with experimental aortic
constrictioﬁl(n=7) and their sham-operated controls (n=7). {Tﬁe degree of
left ventricular hypertrophy in animals with experimental aortic constriction
was evaluated by comparing their heart weight to the expected Fontrol heart
weight for comparable body weight by the heart weight (HW) - body weight (BW)
regression equation, which is based on measurements on a large number of

animals from our Animal Care Facility:
log HW (mg) = 0.772 log BW (g) + 0.947  (r = 0.986)

Only hearts whose weight was greater than 150% of the expected control heart

weight for comparable body weight were considered sufficiently hypertrophic,
If this condition was not met, the heart and associated data were rejected.

The average left ventricular muscle fiber diameter in animals with‘.

abdominal aortic constriction and their shamoperated controls was estimated
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from measurements of wall thickness (MOP-3 Image Enalyzer, Carl Zeiés, Inc.)

and ‘the total number of muscle layers across the wall.

EFFECT OF INJECTION OF A STANDARD NUMBER OF MICROSPHERES ON MICROSPHERE

AGGREGATION

-

Animal Model

Norﬁal, male Sprague-Dawley rats (175-200 g) were ob¥ained from Charles
River Laboratories (Montreal, PQ). They were housed in individual plastic
cages in the Animal Care Facility. Food (Standard Purina Rat Chow pellets) |

and tap water were supplied ad libitum.

Composition of the Microsphere Injectate ;

£

0.05 ml of the diluted stock solution (1.5 x 108 microspheres/ml) was
[~

further diluted to 25.0 'ml with 0.9% saline to obtain a final solution
i

containing 3 x 105 microspheres/ml.

. 1
Anesthetized animals (sodium pentobarbital, 45 mg/kg, i.p.) were surgi-"

Microsphere Injection

cally instrumented for intra-atrial microsphere injection as described pre-

viously. Immediately prior to injecthﬁ! the microsphere suspension was

vortexed for 5 sec, and then sonicated for 30 sec. One drop was viewed
microscoﬁically to ascertain adequate mixing.. 0.5 ml of the susﬁéhsion was
withdrawn into 2 -1.0 ml tuberculin syringe attached to a 30 gaﬁge neédle,
carefully injected over & 15 sec interval, and flushed in with 1.0 ml of

isotonic saline over the next 15 sec. This protocol for rigorous miiing,
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microsﬁhere injection, and saline flush follows the technique developed by
Flaim et al. (1984) for injecting radioacfive microspheres intraventricularly
in conscious rats. Heart rate énd mean arterial blood pressure were conti-
nuously recorded before, during, and after .the microsphere injection and
saline flush. Five min following injection, the heart was arrested by

injecting a saturated KCl solution via the arterial cannula, and excised.

Morphometric Analysis

=

i. Tissue Preparation ]Hearts were weighed, trimmed, and frozen by the,

usual procedures. The ventricular myocardium was cut transversely (IEC
Minotome Microtome-Cryostat) into 20 pm thick sec;ions. Every fourth section
was placed on gelatin-coated slides, and dried at room temperature for 48 hr.
Fixagion and staining procedures were as previouslf described, with staining
times adjusted for the muscle fibers to be of lower intensity.

-

ii. Samplimg Technique Six hearts were used in this study. Each of 45

serial séctions per heart was projected (Carl Zeiss Jena Projector) onto a
vertical surface, The left ventricular free wall and interventricular septum
were.diﬁided into 3 zones according to the muscle fiber orientation (subendo-
cardial, midwall, subepicardial). In the septal portion, the subendocardium,
midwall, and subepicardium consisged of left ventricular subendocardial
fibers,ﬁleft ventricular midwall fibers, aﬁd right ventricular subendocardial
fibers respectively. All microspheres in each zone were'counted, and whether
they occurred singly or as aggregates was notedl The number of guscle fiber

layers in each orientation was not considered. -

L
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iii. .Calculations The number of microspheres. located singly and as

aggregates in each orientation of the léft.ventricle (free wall ~ septum)
was averaged for 6 animals. All data (main effects, 2—3 wa; ingeraétions),
expressed as Mean + SEM, were calé&iated from these averaged values. The
percentage of the.total numb;r of miéroépheres counted in each orientation
which were present as aégregétes was ‘then determined. The percentage of
aggregates present as pairs, and groups of 3, 4, or more was also caleulated.

~

Statistical Anaiysis

y—

A general mixed mi?el analysis of variaﬂée (EyDP Statistical Software ~
Manual, 1985)‘was used to analyze the data. The grouping factor was micro~.
spheres (single vs. aggregated). The' within subject factors were Sepfions
(45 lévels) and orientations (3 1evels)._ The variation between single and
aggregated microééﬁeres ;as obsérved at all possible combinations of the

within subject factors. The criterion for statistical significance was

p < 0.05. . S
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RESULTS

PRELIMINARY STUDIES

To develop a method for assessing regional myocardial blood flow

distribution morphometrically in a small animal model, geveral important

factors were considered:
1. microsphere size
2. total number of microspheres injected

3. histological preparation for data analysis

Microsphere Size

Microspheres 7.5-15 um in'diametér are appropriate for use in smaller
animals. However, microspheres within the 7:5—10 pm diamefer range were
desired for our experiments because they‘are considered to be rheologically
similar to red blood cells (Phibbs and Dong, 1970) a?d. therefore, tc more
accurately estimate regional myocardial blood flow distribution (Buckberg
et al;, 1971 Domenech‘ét al., 1969; Utley et al., 1974). The size of the
ﬁicrospheres supplied by the manufacturer was specified éé 9.3 + 0.4 pm in
diameter (Mean + SD). Subsequent evaluation using a coulter counter-
chanﬁelyzer showed that the microspheres exceeded their specified size, as
deﬁcribéd beiow.

’

i. Coulter Counter-Channelyzer Analysis Upon receipt, microsphere

size was evaluated following 1 hr of ultrasconication of a dilute microsphere
suspension. Microsphere diameter averaged 12.2 pm (range: 8.3-16.5 pm).

Modal microsphere diameter was 11.4 pm; while 83% of the total number of
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microspheres sized were normall} distributed around this value (range: 8.3~
12.9 pm), and probably were single, a few were &@Stributed with an approxi-
mately equal frequency in the larger diameter range. These abn&rmally large
spheres were,brobébly single as wéli, since the ﬁresgnce of micfosphere pairs
due to microsphéré interaction and sedimentation in the suspénding medium is
not likely ;onsidering the low microsphére concentration, the long ultrasoni-
cation period, and the upper and lower limits of the microsphere size range.
It is possible, however, tha{ some of the smallest microsﬁhe;éﬁ could have
been permanently-coupled.(Heymann et al,, 1977).

Although the average microsphere diameter differed‘from the manufacturer's
.size specifications, it was believed that the microspheres would adequately
meet the standards necessary for accurate dete;minétioﬁ\quzf?ionél myocardial

-~

biood flow distribution. Published resuits of regional myoca#dial perfusion
following injection of 7.5-15 pm diapeter microspherés often-gre not sigﬁifi—
cantly different (refer to Table 1A in the Appendix). Furthermore, micro;phe;es
15 pm in diameter have been used successfully for measurements of cardiac output
and its distribution to various tissues in rats (e.g. Flaim et al., 1984; Stanek
et al., 1983; Tuma et al., 1986; Wicker and Tarazi, 1982a, 1982b).

ii. Light Microscopic Examination Immediately after ultrasonication

(1 hr}, 2 1.0 ml volume of a suspension containing 5 x 106 microspheres was
withdrawn into a 1.0 ml tuberculin syringe, and a 30 gauge needle was attached.
Light microscopic exéminatiqn of é drop of the microsphere suspension revealed
microspﬁeres of uniform, spherical shape, but of varied size. The méjority of
microspheres were single, . However, microsphere pairs, and to a lesser extent,
triplets, were. occasionally obsérved. Microsphere interaction and sedimentation

in the syringe are unlikely. Aggregates are probably the consequence of
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manufacturing defects and/or are artifacts of the wet-mount preparation and,
therefore, not representative of the situation witg injection into the arférial
system. All microspheres existed as large a regétes:when the same preparation
was viewed 1 hr Jlater.

Identical observa;ions were made froﬁ a drop of the microsphere suspen-
sion after it had been in the syringe for 1 and 2 min, indicating that micro-
sphere aggregation in'ﬁhe syringe is absent or insignificant, at least during
this time‘period.

Ts-verify the effect of repeated-ultrasonication on microsphere integrity,

the microsphere sﬁspension was examined after sevefal months of use. No
significant changes were noted; microsphere fragmentéﬁion was absent.

.Total Number of Microspheres Injected

For adequate sampling, a protocol was required to deli?er a large number
of microspheres to the coronary microvasculature without significantly dis-
turbing the hemodynamic state and regional distribution of myocardial blood
flow in the experimental animal. To éafely inject-a large number of micro-
spheres, a relatively large suspending Qolume was necessary to prevent
obstruction of the syringe/cannula, aggregation, and rapid mass coronary
embolization, without causing hemodilution. This necéssitates a relatively
long injection period. The 3 interdependent factors considered were the~
composition of the microsphere suspension, and the rate and mode of injection.

For these studies, microspheres were injected intraventricularly; an
electrocardiogram was monit&red during the microsphere injection and séline
flush. -

When more than 7 x 106 microspheres were injected, regardless of the

concentration of the suspension, or the mode or rate of injection, mortality

hl
-~

-
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was high. Histological examination revealed massive co}onary eﬁbolization,
a large degree of aggregation, and coronary artery blockage, with large
areas of the left ventricular wall being voi& of miﬁrOSpheres. Decreasing
the total number of microspheres injected to 1-5 x 106 increased survival.
Therefore.‘theﬁgpper limit to the total number of microspheres which may be
injected in anesthetized‘rats'approximates 5x 106.

Rapid (15 sec) injection of a 1.0 ml volume of saline plus 1 drop of
Tween 80 did not alter the hemodynamic state as evidenced by a stable
electrocardiogram and breathing pattern. A single injection (15 sec) of
S x 10s mi;rospheres suspended in a 1.0 ml volume of saline plus 1 drop of
Tween 80 resulted in a transient increase i heart rate,-and the rate and
depth of breathing. When the injection rate ;as prolonged to 1 min, no
significant hemodynamic alterations were observed. Therefore, a microsphere
suspending volume of 1.0 ml, and an injection rate of 1 min were chosen.
With this injection protocol, microsphere aggregation in the sfringe is
insignificant (see above). Unfortunately, a certain degree of hemodilution
is unavoidable. Total blood volume in male Sprague-Dawley rats averages
6.0 m1/100 g body weight (Rakusan and Rajhathy, 1973). With injection of a
1.0 ml microsphere suspension and a 1.0 ml saline flush in the first 2
experimental series, and of a 0.5 ml microsphere suspension and a 1.0 ml
séline4flush in the last series, tpe estimated total blood volume was
tempofarily increased, on the average, by 12Z (range: 6-19Z) (n=40).
Although this could have been minimized by omitting the saline flush,
since knowledge of the exact number of microspheres injected is not
necessary, experimental conditions similar to those of the conventional

radicactive microsphere technique were desired for comparison.
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?here were no significant differences in regional michSphere distribu-
tion between animals recéiving single microsphere injections (n=7) and those
receiving multiple microsphere injections (n=3); therefore, the data were
pooled. Single ihjéctions were chosen to minimize any potential spatial and
tempo;ai fluctuations of regional myocardial blood flow that may occur between

consecutive injections (Falsetti et al., 1975; Sestier et al., 1978).

" Histological Preparation for Data Analysis

i. Tissue Preparation Glutaraldehyde fixation, although shown to

stabilize myocardial structure without causing gross distortion (Yoran et
al., 1973), and infiltration and embedding (paraffin, plaétic) techniques
were not chosen for this study because of the time factor involved. Histo-
logical preparation by freezing fresh tissue is a relatively short procedure,
and can be used with relative success to maintain myocardial integrity if
properly applied.

An optimal freezing rate is one_at_which cell water is transported
across the cell membrane at a rate sufficient to prevent intracellular ice
formation, yet not so fast as to make dehydration a problem {Mazur et al.,
1972). Coating the tissue with an insulating material has been suggested for
better, more homogeneous freezing, with decreased tissue distortion (Luyet,
1961). In the present study, slow freezing in a cryostat (-20°C) for
several hours of tissue specimens coated in 0.C.T. Compound was inadequate,
making sectioning difficult. Very fast freezing in isopentane cooled in
liquid nitrogen resthed in extensive tissue fracturing. Adequate sections
were obtained with fast freezing in liquid nitrogen for 45-60 sec, depending
on tissue sample size. Mild distortion, most common in midmyocardial lﬁggrs,

« R
was occasionally observed, indicating inhomogeneous freezing and intracelliilar
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ice formation. When freezing time was extended for more complete freezing,
tissue fracturing was a problem. Therefore, although undistorted sections

could not always be obtained, this mode of freezing provided the best¥Sections.

1i. Sectioning To determine whether microsphere distribution in trans-
verse myocardial sections is a reliabie measure of regional myocardial
perfusion, data from both transverse and sagittal sections were obtained
from the same heart (n=3). Transmural microsphere distribution was similar’J
regardless of the sectiocnal plane. |

With tissue sectibning. regardless of the thickness, microsphere slicing
is inevitable. However, microsphere loss appears to be negligible since
microspheres very small in diameter, probably the consequence ofisectioning,
were also observed. If losses due to cutting are sustained, results are not
expected to be significantly affected, as losses would be random. To minimize
any possible error, however, sections were cut thicker than the average
microsphere diameter. With thicker sections (greater than twice thé average
microsphere diameter), microspheres deeply embedded may be migsed. Therefore,
sections of 16 pm thickness were chosen.

| B
iii. Staining 'Contrast stains for capillaries and muscle fibers, which

would not alter microsphere integrity while making them easily visible, were

desired. PAS stain modified for frozen sections met these requirements.

-
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GENERAL MICROSCOPIC OBSERVATIONS .

Microsphere aggregates were observed following left ventricular and
left atrial injéction in both control and experimental animals (Figure S),
Whether the occurrence of aggregates was the result of inadequate micro-
sphere disPeréion prior to entry into the coronary vasculature, and/or of
random microsphere interaction within the vasculature, is not possible to
distinguish with the present technique. Single spheres lodged in very close
proximity at tgé ostia of branching vessels may also appear as aggregates in
cross—section'(Eng et al., 1984).

Occasionﬁlly with left ventricular injection, but not with left'atrial
injection, very largéﬁ;icrosphere aggregates were observed bloéking a coronary
artery. The myocardium supplied by this artery was consequently void of
spheres. These hearts were omitted from the study.

It -should also be noted that microspheres were never oﬁserved oﬂf:;;

endocardial surface of the left ventricle, contrary to the postulation by

Idvall et al. (1979).
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Figure 5. Photomicrographs demonstrating microsphere emboliza-
tion in 16 pm thick sections of rat left ventricular myocardium.
Although many microspheres are located singly (i), microsphere
aggregates are also present, mainly in the subendocardium (ii,
i1i), and to a lesser extent in the midwall (iv) and subepicar-
dium. Stain: PAS. Counterstain: Fast Green.

Magnification: X400.
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EFFECT OF INJECTION SITE ON MYOCARDIAL MICROSPHERE DISTRIBUTION

‘ The'adequacy of mixing of microspheres injected into the left ventricle

or the left atrium may be determined from the data presented in Figure 6 and

-

Table 1, The following were observed: ' ’

.1. The average number of micrbspheres per decile of the left ventricular
wall thickness was higher following left ventricq&gr injection compared wé;h
left §£r131 injection, although the total number of microspheres injected was
sinilar for both -injection sites. Body weights between the 2 groups of animals
were also similar (302 £ 55 g (Mean + SD), left ventricular injection;

342 + 86 g (Mean + SD)}, left atrial injection). It is, therefore, assumed
that heart weights were comparable. .-

2. The differenge in the number of microspheres was more pronounced
when all the microspheres per aggregate were counted. This may be attributed
to the significant}y greater degéee of microsphere aggregation with left
ventricular injection (33%) than with left atrial injection (24%) (p < 0.01).

3. Variability in the data was significantly greater with left ventri-
cular injection than with left atrial injection (p < 0.001). For either site

of injection, va;iability was higher when all the microspheres per aggregate

were -counted.
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Figure 6. Variation in the distribution of the number of micro-
spheres per decile of the left ventricular wall thickness in
control animals receiving left ventricular (n=10) and left atrial

(n=17) microsphere injection. Data from animals receiving left’

atrial microsphere injection in the first experimental series
(n=10) were combined with data from sham-operated animals in the
second series {(n=7). Each curve represents the average of 120
observations. LV = left ventricular injection; LA = left atrial
injection; (~) = each aggregate was counted as 1 microsphere;’
(+) = all microspheres per” aggregate were counted; MS = micro-
spheres )
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Table 1. The average number of microspheres per decile of the lefta
ventricular wall thickness in control animals receiving left ventricular
(n=10) and left atriasl (n=17) microsphere injection. Data from animals
receiving left atrial microsphere injection in the first experimental
gseries (n=10) were combined with data from sham-operated animals in the

_ second series (n=7).

INJECTION SITE

Left Ventricle- _ Left Atrium
AGGREGATES . : :
all MS counted 12.1 + 2.7 (22.3%) 8.0 + 1.3 (16.3%)
counted as 1 MS 8.1# 1.5 (18.5%) 6.1 + 0.9 (14.8%)

.

Mean + SD. Values in parentheses are SD expressed as the percentage of
the mean (coefficient of variation). MS = microspheres
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The effect of iﬁ}ection site on microsphere distribution in sections of
¢3thé left %gntricle is présented in Figure 7. When ;11 the microspheres per
aggregate were counted, uniform distribution in sections was observed
following left.atrisl injectioﬁ. However, with left ventricular injection,
significantlf moég microspheres were located in-the hogt basal sggiion
Eompared with the most apical section. When microsphere aggregatgs were
counted as single spheres, uniform microsphere distribution in sections was

indicated for both ‘sites of injection.

The effect of injection site on microsphere distribution in regions of
. ‘ : ™
_the left ventricular wall is presented in Figure 8. When all the micro-
spheres per aggregate were counted, no significant differences in their

distribution to the anterior, lateral, and posterior wall were found for

either dite of iﬁjection. When microsphere aggregates were counted as

single spheres, uniform distribution in fegions was observed following left
atrial injection. However, with left ventricular injection, microsphere
distribution to the anterior wall was significantly greater;than to the

. lateral and posterior walls, with no difference in the distribution between

the latter regions.
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Figure 7. The average number of microspheres per decile of the
left ventricular wall thickness in 4 sections from the mid-
ventricular level in animals receiving left ventricular (n=10)
and left atrial (n=10) microsphere injection. Mean + SEM.
Standard error bars which are not represented are smaller than
thé symbol corresponding to the mean. LV = left ventricular
injection; LA = left atrial injection; (-) = each aggregate was
counted as 1 microsphere; (+) = all microspheres per aggregate
were counted; MS = microspheres
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LY .
Figure 8. The average' number of microspheres per decile of the
left ventricular wall thickness in 3 regions of the left ventri-
cular wall in animals receiving left ventricular (n=10) and left \
atrial (n=10) microsphere injection. Mean + SEM. Standard error
bars which are not represented are smaller than the symbol
corresponding to the mean. LV = left ventricular injection;
LA = left atrial injection; (-) = each aggregate was counted as
1 microsphere; (+) = all microspheres per aggregate were counted;
MS = microspheres; Ant = anterior; Lat = lateral; Post = posterior
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The effect of injection site on microsphere distribution in deciles of
the left ventricular wall thickness is preséﬁted in Figure 9 (upper panel).
When all the microspheres per aggregate were gounted, minor fransmural
inequalities of microsphere distribution were observed following left atrial
injection, but these were not statistically significant. With left ventricular

injection, the pattern of microsphere distribution approximated a sine wave;

microspheres were predominant in the subendocardium, with a slight decrease

m

in the number of spheres in the deepest subendocardial layer, and were present
in the least amount in the subepicardium, with a slight increase in the number
of spheres in the outermost subepicardial layer. However, significant
differences were not indicated, probably_due to the large variability in
measurements in the deepest subendocardial layers.

When microsphere aggregates were. counted as single spheres, transmural
microsphere distribution was uniform following both left ventricular and
left atrial injection. Thus, %he proportion of microspheres present as
aggregates was highest in the subendocardial layers and decreased gradually
towards the subepicardium, as shown in Figure 9 (lower panel). The decrease
was more pronounced following left ventricular injection (r = -0.93; slope
of regression line = -1.03) than with left atrial injection (r = -0.72;

slope of regression line = -0.71).

" The effect of injection site on microsphere distribution to the sub-
endocardial, midwall, and‘ghbepicardial layers of the left ventricular wall
divided according to orientation is presented in Figure 10 (upper panel).
Uniform transmural microspﬂere distribution was observed following both left

ventricular and left atrial injection whether all the microspheres per aggre-

gate were counted, or microsphere aggregates were counted as single spheres..

n



Figure 9. upper panel: The number of microspheres in deciles
of the left ventricular wall thickness in animals receiving left
ventricular (n=10) and left atrial (n=10) microsphere injection.
Mean + SEM. Standard error bars which are not represented are
smaller than the symbol corresponding to the mean. lower panel:
. Percentage of the total number of microspheres per decile present
as aggregates. Data were calculated from mean values shown in
the upper panel, LV = left ventricular injection; LA = left
atrial injection; (-) = each aggregate was counted as 1 micro-
sphere; (+) = all microspheres per aggregate were counted;

MS = microspheres; SEN = subendocardium; SEP = subepicardium
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Figure 10. upper panel: The number of microspheres in 3 zones
of the left ventricular wall divided sccording to muscle fiber
orientation in animals receiving left ventricular (n=10) and
left atrial (n=10) microsphere injection. Mean + SEM. Standard
error bars which are not represented are smaller than the symbol
corresponding to the mean. lower panel:. Percentage of the total
number of microspheres per orientation present as aggregates.
Data were calculated from mean values shown in the upper panel.
LV = left ventricular injection; LA = left atrial injectien;

(=) = each aggregate was counted as 1 microsphere; (+) = all
microspheres per aggregate was counted; MS = microspheres;

SEN = subendocardium; MID = midwall; SEP = subepicardium
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Subendqcardial/subepicardial microsphére disuribution ratios are
summarized in Table 2. - Microspheres were uniformly distributed between
subendoéardial'and subepicardial layers when microsphere aggregates were
counted as single sphéres, irrespective of injection site. With both left
ventricular and left atrial injection, subendocardial/subepicardial ratios
were higher when all the microspheres per aggregate were counted, indicating
a predominance of aggregates in the subendocar@iai layers. mThe difference

ﬁ, . -
was staétstically significant only with left ventricular injection (p < 0.01).
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Table 2. The ratio of subendocardial/subepicardial microsphere distri-
bution (SEN/SEP) in animals receiving left ventricular (n=10) and left
atrial (n=10) microsphere injection.

W . LA
=) (+) (=) -+

0.05 1.29 + 0.06 1.06 + 0.07 1.09 + 0.04

decile data 1,17

1+

orientation 1.19 £ 0.09 1.49 + 0.15 '0.98 £ 0.05 1.06 + 0.08.
data : ‘ : .

Mean + SEM. LV = left ventricular injection; LA = left atrial injection;
(-) = each aggregate was counted as 1 microsphere; (+) = all microspheres
per aggregate were counted . ;

>



_ Iﬁ Summary, micrqsphere distyibution following left.atrial injection
was uniform in all areas of theuleft‘ventriéular wall in.normal, arfesthe—
tized rats. ConQefsely. less cénsistent results were obtaineq following
left ventriculér micr&spbere injgction. This may be éttributed to a higher
degree of microsphere aggregation, with preferential lqcation of agéregﬁtes
in the subendocardial layers, and to the increased variability in the number
of microépheres per unit of tissue. Microspheres were, therefore, injectéd

into the left atrium in the remaining series of experiments.

-

-

MICROSPHERE DISTRIBUTION IN HYPERTROPHIED HEARTS - R

- ' \

Heart weight,*hﬁgrt rate, and mean arterial pressure were-significgntly
elevated inJaniﬁals with abdominal aortiﬁ éonstriction compared wﬁ%h.the%; .
sham-operated controls (Table 3). The increase in heart weight was dﬁe t;
‘significant enlargemenf of left ventricular muscle fAbers; the estimated
average fiber diameter was 22.1 pm in animals with aorkic constriction and
16.6 pm in tﬁé control group. Neither signs of hypetblaéia nor a redistzi-
bution of musc1e fiber layers in sections, regioné, or orientations of the
left ventricular freé wall were seen (Table 4).

Micro;phere injection and salinq.flush had no apparent hemodynamic

_effects as evidenced by a stable heart rate and mean arterial pressure;

\



Table 3. Basic parameters at the time of ElcrOSphere injection for
animals with abdominal aortic constriction (n=7) and their sham-

operated controls (n=7).

_ Controls Experiﬁental

Bod{ Weight (g) %4 214+ 9 228 + 10
Heart Weight (mg) 559 + 54 1040 + 73*%
(mg/100 g BW) 258 + 16 440 + 25*
Heart Rate\(bpm) 370 + 11 430 t 6%
Mean Arterial Pressure (mmHg) 110 + &4 165 + 13*

-

Mean + SEM. * = significantly dlfferent from controls (Student's t-
test; p < 0.05); BW = body weight
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Table 4. The number of subendocardial, midwall, and sﬁbéﬁicardial
muscle fiber layers in 3 regions of the left ventricular free wall
in animals with abdominal aortic cogstriction (n=7) and their sham-

operated controls (n=7). . .
- ' - REGION
- anterior - .lateral " posterior _average
Controls
SEN . 95 + 6 73 + 14 87 + 11 85 + 8
MID - 89 + 8 ?4)1'1’1 104 + 11 9648
SEP | 36 + 10 29+ 5 28 + 4 31 + 4
total 219 & 4 196+ 11 218 + 13 211 + 9
. Experimental
SEN . '99+8 64 + 10 82 + 10 "8t 47
MID 78 + 11 90 + 16 100 + 11 .90 # 12
SEP 3B+5  £4616 _ 284 36 + 4
/! total 210 + 15 201 + 18 210 + 16 207 + 15

(4

Mean & SEM. SEN = subendocardium; MID

midwall; SEP = subepicardium
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The overall effect of left atrial injection on microsphere distribution

in deciles of the left ventricular-wall thickneés in contrel and hypertrophied

hearts is summarized in Table 5. The observations are:

-\‘1; The "average number of microspheres per deéile‘was significantly
greater in énimals with left ventricular hypertrophy compared with their
sham-operated controls (p < 0.05). This difference was more pronounced
when all the microspheres per aggregate were counted.

2. Microsphere aggregafion was significantly greater in hypertrophied

hearts (31%) than in control hearts (25%) (p < 0.03).

3. Variabilify~in the data was significantly greaté;\in hypertrophied
hearts..than in chErél hearts (p < 0.001). For each heart, variability was

higher when 211 the microspheres per aggregate were counted. .

-

[

Microsphere distribution -in sections (Figure 11, upper panel) and

regions (Figure 12, upper‘panel) was uniform in animals with left ventricular

hypertrophy and their sham-operated controls. The pattern of microsphere

aggregation in sections (Figure 11, lower panel) and regions (Figure 12,

Hver panel) had no significant effect on the distribution profiles.

T e =R
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Table 5. The average number of microspheres per decile of the left
ventricular wall thickness in animals with left ventrlcular hypertrophy
(n=7) and their {ham-operated controls (n=7).

=
Controls - Experimental
AGGREGATES A '
all MS counted . 10.4 + 2.4 (23.17) 17.9 + 5.1 _(28.5%)
counted as I\MS 7.8 + 1.6 (20.5%) 12.4 + 3.0 (24.2%)

«

Mean + SD. Values in parentheses are SD expressed as the percentage of-
the mean (coefficient of variation). MS = microspheres

- /
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Figure 11. upper panel: The average number of microspheres
per decile of the left ventricular wall thickness in & sections
from the mid-ventricular level in animals with left ventricular
hypertrophy (n=7) and their sham-operated controls (n=7).
Mean + SEM. Standard error bars which are not represented are
smaller thean the symbol corresponding to the mean. lower panel:
Percentage of the total number of microspheres per section
present as aggregates, Data were calculated from mean values
shown in the upper panel. SHAM = sham-operated controls:
LVH = left ventricular thertrophy; (~) = each aggregate was

’\

counted as 1 microsphere} (+) = all microspheres per aggregatée ~
‘were counted; MS = microspheres
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Figure 12. upper panel: The average number of microspheres

per decile of the left ventricular wall thickness in 3 regions

of the left ventricular free wall in animals with left ventri-
cular hypertrophy (n=7) and their sham-operated controls (n=7).
Mean + SEM. Standard error bars which are not represented are
smaller than-the symbol corresponding to the mean. lower panel:
Percentage of the total number of microspheres per region
present as aggregates. Data were calculated from mean valueg
shown in the upper panel, SHAM = sham-operated controls; _
LVH = left ventricular hypertrophy; (-) = each aggregate was )
counted as 1 microsphere; (+) = all microspheres per aggregate -

were counted; MS = microspheres; Ant.= anterior; Lat = lateral; “_ .
Post = posterior
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Microsphere distri::fipn in deciles of the left ventricslar wall thick-

ness in animals with left ventricular hypertrophy and their sham-operated

controls is shown in Figure 13 (upper panel). Whereas transmural microsphere
distribution was uniform i;—the control grOup; the_number'of microspheres in
 the innermost subendocardial layers (decile 1-2) tended to be higher with
left ventricular hypertrophy. This difference was moreApronoﬁnced when all
the microspheres per aggregate were counted.
The transmural gradient of microsphere aggregation (Figure 13, lower
" panel) as previo;;iy described in normal hearts (Figure 9, lower.panel) was -
more ﬁronounced in hypertrophied hearts (r = —5.92; slope of regfession line
= —1.15).than in control hearts (r = -0.84; slope of regression line = -0.85),
Similar results were obtained_wﬁen transmural microsphergrdigtribution

was measured in subendocardial, midwall, and subepicardial layeré of the left

ventricular wall divided according to muscle fiber orientation (Figure 14).

The subendocardial/subepicardial microsphere distribution ratios which
are summarized in Table 6 are similar between animals with left ventricular
hypertrophy and their sham-operated controls. Although mean values for both
groups indicate greater microsphere distribution to the subendocardial layers
of the left ventricular wall, this being most evident when all the microspheres

per aggregate were counted, significant levels were not reached.



Figure 13. upper panel: The number of microspheres in deciles
of . the left ventricular, wall thickness in animals with left
ventricular hypertrophy (n=7) and their sham-operated controls
(n=7). Mean + SEM. Standard error bars which are not repre-
sented are smaller than the symbol corresponding-to the mean.
lower panel: Percentage of the total number of microspheres
per decile present as aggregates. Data were calculated from

* mean values shown in the upper panel., SHAM = sham-operated
controls; LVH = left ventricular hypertrophy; (-) = each
aggregate was counted as 1 microsphere; (+) = all microspheres
per aggregate were counted; MS = microspheres; SEN = subendo-
cardium; SEP = subepicardium
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Figure 14, upper panel: The number of microspheres in 3 zones
of the left ventricular wall divided according to muscle fiber
orientation in animals with left ventricular hypertrophy (n=7)
.and their sham-operated controls (na7). Mean + SEM. Standard
error bars which are not represented are smaller than the symbol
"correspqending to the mean. lower panel: Percentage of the
total number of microspheres per orientation present as aggre-
getes. Data were calculated from mean values shown in the upper
panel, SHAM = sham-operated controls; LVH = left ventricular
hypertrophy; (-) = each aggregate was counted as 1 microsphere;
(+) = all microspheres per aggregate were counted; MS = micro-
spheres; SEN = subendocardium; MID = mi&wall; SEP = subepicardium
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Table 6. The ratio of subendocardial/subepicardial microsphere distri-

bution (SEN/SEP) in animals with left ventricular hypertrophy (n—7) and
their sham-operated controls (n-?)

Y SHAM LVH
) (+) (=) (+)

decile data  1.21 + 0.05 1.30 + 0.07  1.27 + 0.03 1.36 + 0.03

orientation 1.32 £ 0.11  1.47 + 0.13 1.24 + 0.05 1.35 + 0.07
data - 7

Mean + SEM. SHAM = sham-operated controls; LVH = left ventricular
hypertrophy, (~) = each aggregate was counted as 1 microsphere;
(+) = all microspheres per aggregate were counted .
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EFFECT OF INJECTION OF A STANDARD NUMBER OF MICROSPHERES ON MICROSPHERE
AGGREGATION

-

The preferential location of“mi€Tosphere aggregates in the subendocar-
dial layers that was found in the previous experiments could have resulted
from myocardiai blood flow alterations which may occur secondary to injection .
of a very large nuﬁber of spheres in rats (Stanek et al., 1983; Tsuchiya et
al., 1977; Tuma et al., 1986). The purpose of this experimental series was
to determine whether the injection protocol generally used for coronary blood
flow determinations in rats with the radioactive migrosphere technique also
results in uneven distribution of microsphere aggregates. For adequate
microsphere sampling, the number of sections was increased from 4 to 45.

Due to the time factor involved, the number of musclebfiber layers across
the left ventricular wall was not determined as in thé previous experiments
and, thus, a measure of microsphere distribution in decileé of the wall
thickness was not obtained.

The animals supplied for this study-unexpectedly had a significantly
higher mean arterial pressure (Table 7).compared with the sham-operated
animals in the second experimental series (Table 3). Histological examina-
tion occasionally reveale& left ventricular hypertrophy. These generalized
findings imply a mixéure of both normal and spontaneously hypertensive rats,
However, for the purpose of this stuéy, this condition does not present a
preblem.

Heart rate and mean arterial pressure were not significantly altered
with the microsphere injection and saline flush..

The distribution of microspheres located singly and as aggregates in the

subendocardium, midwall, and subepicardium of the left ventricle (free wall +
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. septum) is summarized in Table 8. Of the total number of microspheres counted,

93,1% were found as individual sphereé. and 6.9 (maximum 9.1%) were present
as aggregates. Most aggregates consisted of two spheres (83.8%), but'qggre—
gates of up to a maximum of 6 spheres were also observed.

There were no statistically significant differences between the distri-
bution of microspheres located singly or as aggregates among the 45 Jtransverse

sectlons. However, the tranéﬁural distribution of single spheres was slightly,

L}

but 91gn1ficant1y, different from that of microsphere aggregates (p < 0305).

Of the total number of microspheres present in each muscle fiber orientation,

aggregation was highest in the subendecardium (7.2%) as compared to the midwall

(6.8%) and subepicardium (6.7%).



)
Table 7. Basic parameters for control animals

(n=6) receiving left atrial injection of a
standard number of microspheres.

Body Weight -(g) 363 + 30
Heart Weight (mg) 893 + 62
(mg/100 g BW)) 248 + 10
Heart ﬁate (bpm) 335 + 9
Mean Arterial Pressure (mmHg) 124 + 6

Mean + SEM. BW = body weight
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.- Table 8. The number of microgpheres located singly
and as aggregates in 3 zones/of the left ventricular
wall divided according to muscle fiber orientation.

MICROSPHERES
3ingle Aggregated

ORIENTATION .
subendocardium 23.5 + 0.4 1.8 + 0.1
midwall 26.2 + 0.5 1.9 + 0.1
subepicardium : 17.6 + 0.3 1.3+ 0.1
average 22.4 + 0.4 1.7 + 0.1
/\
Meéan + SEM.

b

"
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DISCUSSION

The radioactive microsphere technique has been used to determine cardiac
output and its fractional distribution to various organs in the rat (Idvall et
al., 1979; Ishise et al., 1980; Malik et al., 1976; McDevitt and Nies, 1976;

- Mendell and Hollenberg, 1971;’Rakusan aﬁd Blahitka, 1974; Sasaki and Wagner,

1971). However, the technique has not been applied to studiés of blood flow
distribution within specific organs of the rat due to it; low Sp&tial resolu-
tion. This limitation may be overcome with the use of non-radioactive micro-
spheres since their distribution is detected microscopiéally, eliminating the
need for multiple tissue sampliné;

A methed to determine the-regional distribution of non-radioactive
microspheres with a high spatial resolution in rat myocardium has been
proposed by “etterlein (1975)7 This method involves counting and mapping
of un¥abelled spheres in various planes of 1 mm thick tissue sections made
trafisparent with sodium hydroxide. Unfortunately, the pét;ern of microsphere
distribution cannot_be related to the myocardial morphology. This may be
limiting, especially when measuring regional myocardial perfusion under
conditions in which the myocardial morphology is altered (e.g. hypertrophy,
infarction). Furthermore, the tissue thicknesé ﬁecessitates constant focus-
sing and_refocussing of microspheres in the various planes, Data collection,
may, therefore, be subject to error. Vetterlein (1975) did not report
quantitative data on regional micrOSphére distribution, and we are not aware
of any subsequent use of this technique. Therefore, the present morphometric
method was developgd to accurately measure reglonal myocardial perfusion in _
rats by ensuring that the structural integrity of the myocardium was main-

tained, and that other potential sources for error were eliminated.
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To minimize thé variability related -to random microsphere distribution,
it was necessary to“injéct a very large number of spheres. The greatest
amount, of spheres reported to be administered in a single injec;ion in rats
without significantly altering c;;Eiovascular hemodynamics, apart from a.
transient increase in mean arterial pressure during the injection peried, is
7 x 106 (Wisnes and Kirkebo, 1976). However, the micrbspheres,were injected
into the aortic arch. Based on anatomical considerations, the number of-
'spheres which enter the coronary circulation following intra-aortic injection
is probably smaller compared with a similar injection into the left atrium
or ventricle. The lower mean coronary biood flow values reported for intra-
aorti; compared with left ventricular injection in rats (Tuma et al., 1986)
~support this vigw. Thus, potential hemodynamic disturbances associated with -
injection of a'éef? large number of microspheres may have been avoided with
intra-aortic injection in the above study. It is likely, however, that the
relatively low values reported as the upper limit to the number of micfo-
spheres that can be administered in a single injection into the left atrium
or ventricle of rats {1 x 105: Tsuchiya et al., 1977; Tuma et al., 1986;

3.6 x 105: Stanek et al., 1983) are underestimated. With serial left atr;al
injections:‘§lanek et al. (1983) found that significanf hemodynamic changes“;
were absent until 1.44 x 106 microspheres had accumulated in the rat. The
rapid coronary embolization and the pronounced occurrence of aggregation that
are expected with the small injection volumes and rapid injection rates used
in these studies may account for the heﬁodynamic changes which are observed
when the "upper limit" is exceeded. By increasing the microsphere suspension
volume and prolonging the injection period, we found that a maximum of 5 x 106
microspheres may be injected in the anesthetizéd‘rat without evidence of

4

dysfuncti?g due.to embolization of the coronary vascular bed. The use of
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relatively smaller microspheres in the present study may have alsc increased
the probability Sf maximizing the number of spheres which may be injecté&

o ~ (Poujeol et al., 1975). lThus, hemodynamic events accoqpanying microsphere
injection and embolization are affected not only by the‘size and number of
microspheres injected (Heymann, et al., 1977), but also_by the microsphere
céncenfration and injection rate. ,

Accurate determination™of myocardial blood flow distribution also
requires that microspheres be completely mixed witﬁ the blood before,entering.
the coronary circulation. Wickgr and Tarazi (1982a, 1982b) have showq that
microspheres injected into the left ventric;e are iné@equately mixed, based
on their finding that coronary blood flow determinaéions in rats are signifi-
cantly less variablé with left atrial injection compared with left vgntriculaf

injection. However, this finding has not been universally accepted (e.g. Flaim

et al., 1984).. Since the above observations were based on measurements of '

c

tissue radioactivity, we reassessed the effect of injection site on microsphere

distribution. ——

) A

Regional Myocardial Disﬁributidn of Nopn-radioactive Microspheres Following

Left Ventricular and Left Atrial Injection

The results of the_first experimental series confirm that microspheres
-+ injected-into the left atrium are more uniformly distributed in the ;;rtic
ro@t, resulting in more accurate determination of regional myocardial blood
flow distribution. Inadequate mixing with left ventricular injection is
indicated by 1) the greater delivery of microspheres to the coronary circu-
lation, 2) the greater variability in the number of microspheres per unit ;f
tissue, and 3) the greater degree of microsphere aggregation, with preferen-

tial location of aggregates in the subendocardium.
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Prege}ihtial streaming of a large number of microspheres due to inade-

quate mixing may in part explain why mean values of coronary blood flow are

-
Y

generally higher with 1eft ventricular injection cempared with left atrial
injection (Kobrin et al., 1984; Wicker and Tarazi, 1982b), especially at
fast injection rates (Tuma et al., 1986). The greater interaction between
 microspheres at higher concentrations (Phibbs and Dong, 1970) would also
increase the percentage of the ﬁicrospheres injected entering the coronary
circulation es aggregates, Microsphere aggregates, in turn, would preferen-—

tially lodge in the subendocardial layers due to axial streaming, resulting

in overestimation of subendocardial flow. Aggregation due to random distri- °

bution of single spheres within the coronary vasculature also increases with

increasing numbers of microspheres entering the coronary circulation (Harell .

et al., 1977)-. This would, at least in part, account for the 31gn1f1cant1y
higher degree of aggregatlon across the left ventricular wall ollow1ng left

ventricular injection. Single spheres lodged in very close proximity at the

N
\

ostia of branching vessels may also appear as aggregates in cross—-section
(Eng et al., 1984). Although it is not possible to distinguish the cause of
microephere aggregation following left ventricular injection with the present
technique, it is probable that all of these factors are involved, and resuit
in overestimation of coronary blood flow.

The sighifie;hce of the "redistribution" of microspheres in sectionms
and regions of the normal left ventricular wall following left ventricular
injection is less apparent, and may require further investigation. It is
possible that the tiseue sampling protocol used in this study was inadedhate
to compensate for the significamt™honrandom component oﬁ microsphere distri-

bution associated with left ventricular injection, resulting in misleading

distribution measurements. If this was the case, however, distribution
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differences would have been more pronounced fdliowing left atrial injection

due to the presence of significantly fewer micrespheres per unit of tissue.

~ Further evidence supporting the adequacy of tissue sampling is presented in

a subsequent section (see "Advantages and Disadvantages of the Technique').
The. absence of significant hemodynamic disturbaqus during the injection
period suggests,that the mechani;; by which microspheres are "redistributed"
in sections and regilons is also not related to significant alterations in

total myocardial flow. \EEfEral hemodynamics are speculated to be maintained

~with left ventricular injection-of a large number of microspheres (-1 x 106)

in rats at the expense of blood flow alterations in the sﬁlanchnic organs and
skin (Ishise et al., 1980). However, this conclusion is based on measurements
in conscious rats. It is possible that the lower cardiac output in aﬁesthetized
rats may increase the susceptibility of the heart to flow changes folloﬁing

occlusion of the coronary vasculature with a relatively large number of micro-

.spheres, This-is indicated from a recent study that reported a significagt

reduction in total myocardial flow following left ventricular injection of

3.75 x 105 microspheré§ in anesthetized rats (Tuma et al., 1986). However,
the rapid injection of a c&ncentrated microsphere suspension in this study
probably resulted in occlusion by microsphere aggregates of a large coronary
vessel(s), th;reby decreasing total flow. In contrast,” when a—significantly
greater number of microspheres (5 x 106) were injected slowly in a similar
rat preparation in the present study, coronary occlusion by microspheres did
not appear to alter the delivery of additional spheres to the coronary
circulation, as suggested from the absence of large unperfused areas in the
hearts used for data analysis. Without appropriééé tests, however, this

possibility cannot be excluded.

-An alternative, and the most likely explanation for these distribution



differences, is based on the flow behavior of single and aggreéated micro-
spheres iﬁ the coronary vasculature, several aspects of which havé been
discussed previously. Although ggeric restriction of the incoming aggregates
could alone account for the apparent overperfusion in the most basal section
sampled, .a selective decrease of the blood flow rate in this area dge_t; the
fesultant increased resistance to fiow would promote further aggregﬁtion of
the disproportionately large number of single spheres entering the coronary
circulation. Similarly, the predominance of single spheres in.the anterior
wall could be explained entirely on the basis of their entry in a concentrated

stream. However, the apparent decregsed interaction of these sphefes, as
evidenced by the absence of regional &;stribution differences when all the
microspheres per aggreégate were counted, suggests a selective increase of the
flow rate in this region.- Since distribution differeﬁces in sections and
regions were abéent'folloygpg'le&t atrial injection, inadequate mixing of
microspheres with left ventricular injection, apd not injection of a large
number of microspheres, may be respon;;ble for this potential redistribution
of flow. Whether the microsphere distribution pattern reflects the volume flow
of red blood cells is tentati#e, although certain differences are expected on
the basis of red blood cell deformabiiity and the larger microsphere diameter
(see Chien et al., 1984), Finally, the inconsistency between these results
and those of other studies brovides further evidence for the inadequacy of
mixing of microspheres with left ventricular ihjectidn.

It has been suggesteéd that the catheter position, rathér than the
injection site, is the-critical factor influencing the degree of mixing of
microspheres in anesthetized rats (Kobrin et al., 1984). However, the |

relatively large diameter catheter (PE-50, ¢.d. = 1 mm) used for left

ventricular injection in the above study may have modified the patfern of
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blood flow in the aortic root to some degree, resulting in more variéble
streaming of microspheres. Differences between the variability of coronary ~
blood flow measurements é;termined by left‘ventricular and left atrdal .
microsphere injection may, thereforé, not be detected when the spheres are
injected simultaneously (Flaim et al., 1984). Smaller catheters (PE—lO,.
o.d. = 0.6 mm), as used in the ﬁresent study, appear to have a negligibie
effect on microsphere streaming; variability in coronary blood flow measure-
ments follgwing left atrial injection is unaltered wheh a second c;theter

is placéd in the leff ventricle via the-right carotid artery (Wicker, P.,
ﬁersonai communication).

Although mixing of microspheres following left ventricular injection
was shown to be inadequate for accurate measureménts of regional myocardial
perfusion, the significant degree of aggregation observed following left
atrial injection of a large number of spheres was also more pronounced in
the subendocardial layers. It may be inferred that left atrial injection
also results in incompié;e mixing of microspheres in the éor;ic Toot.
Alterﬁatively, the uneven distribution of microsphere aégregates could
result £:om myocardialxslood flow alterations that may occur secondary to
left atrial injection of a large number of spheres in rats (Stanek et al.,
1985), as suggested previously from our microsphere distribution data for

'left ventricular injection. Therefore, we examined the transmural distribution

of aggregates following an injection .protocol generally used for myocardial

blood flow determinations in rats with the radioactive microsphere technique.“

P

Although the percentage of microspheres present as aggregates was significantly
lower with this injection, the ‘uneven pattern of aggregation still persisted.

Thus, the transmural distribution of microsphere aggregates does not appear

to be_influenced by the number of microspheres injected. However, we do not
’
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have sufficient data td?ieject the possibility that left atrial microsphere

injection alters myocardial flow, although this seems an unlikely consequence

with injec:ioﬁ of a small number of microépheres. Similarly, without directly

Lobserﬁing mic;osphere flow at the entrance to the coronary ostia, we cannot

suppert the alternative_bossibilitynof inédequate mixing of microspheres with

left atrial injection. ' o
. A more reasonable approach to explain the uneven transmural distributio?

of microsphere aggregates with left atrizl injection is to assume that micro- -—-=

sphere ‘aggregates enter the coronary circulation when injected at this site,

not due to inadequate mixing, but to microsphere interaction in the gortic

root'gand possibly, although less dikely, in the left atrial or ;entricular

cavity).. Preferential accuﬁulation of aggregates in the subendocardial

layers due to axial streaming would account for the uneven transmural
——

pattern of aggregation observed with left atrial injection. Aithough micro-

sphere interactions are more pronounced at higher microsphere concentrations,

it is reasonable that such interactions would also be responsible for the

— =

slight, but significant gradient of‘aggregation observed with injection of

a relatively small number of microspheres. The results from our study of
regional microsphere distribution following 1eft atrial-injection in animals
with_left ventricular hypertrophy also raiée the possibility that microsphere
aggrégation iﬁ thg coronary vasculature mayﬁE? function—dependent. A shift
in the trénsmuraligradient of aggregation was observed in hypertrophied
hearts, with a pFedéminance of aggregates in the subendocardial layers. It
is speculated that'myocardial shear forces and/or extravascular compressive
forces during left ventricular contraction result in aggregation of micro-
spheres lodged in orlffaveréing the same vessel, egpecially in the subendo-

cardium.. The altered pattern of aggregation in hypertrophied hearts could

-
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then, in part, be explained by enhancement of these forces due to hypertension.l‘

Further "discussion of these r gults is allocated to the following section.

quﬁii::?\sv In conclusion, éstimates of myocardial blood flow distribution which

J

are based on measurements of tissue radioactivity following injection of
radicactive microspheres may be distorted by various degrees dﬁe to the
uneven distribution of microsphere aggregates. The degree of error, which
indicateé the adequacy of mixing of microspheres with blood, was shown to
depend on the site of microsphere injection. In addition, ﬁhe_occurrence
of aggregates within the coronary vasculature and, thus, the srobability ' -
of overestimating total myocardial blood flow values, also increases with

increasing numbers of microspheres entering the coronary circulation. This
M)

" was shown to be a function of both the injection site and the total number

of microspheres injected., If a sufficient degree of aggregatién occurs in

the larger coronary vessels, total myocardial blood flow may actually be
decreased. Therefore, the résults of the present study indicate that left
ventricular injection of microspheres is unsuitable for determining myocardial
blood flow and its regional distribution. For -more accurate measurements,
left atrial injection is recommendgd. Furthermore, the number of microspheres
injected should be minimized, while assuring delivery of an adequate nﬁmber of
microspheres to each tissue sample. However, this necessitates an increased .

number of experiments to compensate for the larger degree of variability

associated with injecting less microspheres.
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Regional DisEribﬁtion'gg Non-radioactive Microspheres in Hypertrophied

Myocardium

The results of the second‘hxperimental series indicate that 'the trans-
mural pattern of microsphere aggregation in the left ventricular myocardium
is -not exclusively a function of the injection site. Structural and functional

.

alterations of the left ventricle in respense to a chronic pressure overload

~ also appear to have a significant affect on the distribution of microspheres

in the coronary vasculature.
The significantly higher degree of aggregation across the wall of the
hypertrophied left ventricle implies delivery of a greater number of micro-
spheres to the coronary circulation. Estimates of the average number of
microspheres per unit of tissue in control and hyp;}trophied myocardium
support the idea of an increased resting coronary bloee supply. Sim}lafly, .,
the shift in the transmural éradient of aggregation implies a concentrating '
effect of the increased wall thickness on streaming aggregates and/or a
disproportionate increase of the coronary blood supply to the subendocardizl
layers. Estimates of the transmural distripetion of "single" microspheres
per unit of tissue (eaeh aggregate was counted as 1 microsphere) suggest an
increased subendocardial flow that is limited to the innermost two deciles
of the wall thickness. A higher resting coronary blood flow imﬁlies that
myocardial oxygen requirements are increased in left ventricular hypertrophy.
As a result, the coronary flow reserve at any given coronary perfusion
pressure is decreased, especially in the subendocardium.. Unfortumately,
.actual coronery blood flow values could not be calculated to allow for
quantitative comparison between‘the animal.g ups.
In normal hearts, in vivo measurements have demonstrated large, complex

deformations within the midventricular wall as the muscle fibers shorten
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during left vehtricular contraction;:whereas the outer 2/3 of the wall +
deformed very similarly, exhibiting linear displatéments'only. the subendo-~
cardium was dominate& by large, anéular deformations or shear (Fenton et al.,
1978). Differential distortion of the coronary vasculature by myocardial
shear forces could cause mic;ospﬁereé lodged in or E;gversing éﬁe same vessel
to aggregate. If such a mechanism of aggregate formation also exists in
hypertrophied hearts, the faste; heart rates in animals with left ventricular
hypertrophy may have conéributed subspantialfy to the shift in the transmural
gradient of aggregation by iq;rggfing tﬁg rate éf systblic distortion of the
subendocardial vasculature. Extenéion of\Fhis effect over 2 relatively
greater wall thickness is also possiﬂle Fﬁe to the pronounced hypertrophy of
subgndocgrdial muscle fibers (Lund and Tomanek, 1978; Rakusan et al., 1980:
Tomanek et al., 1986). If the pattern of vascular distortion is maintained
with hypertrophy, the flow behavior of aggregates formed in relatively
larger vessels alone would contribute to the greater variability in the
number of microspheres-per unit of tissue. However, histometric analysis of
the muscle fiber orientation in normal and hypertrophied ventricles (Tezuka,
- 1975; Tezuka and Takahashi, 1976) suggests an altered pattern of vascular
distortion, especially in the innermost two deciles of the wall thickness.
If this structural adaptation ensures, in part, the most effective contractile
force of individual fibers during systole, not only will aggregate formation
be displaced, but it may also be enhanced. Thus, although anatomical (Borg
and Caﬁlfield, 1981) and physiological (Downey et al., 1974; Hess and Bache,
1979) sﬁudies suggest that myocardial shear forces have a negligible e%fect
on the distribution of blood flow, one cannot exclude the possibiliéy of a
significant effect on the distribution of microspheres. KT\\\
‘

Systolic vascular compression due to intramyocardial tissue pressure
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development and muscle fiber contraction (Downey et al., 1974) represents

another possible mechanism for intracoronary aggregate f&rmation. Unliker

myocardial shear forces which, if effective, 1limit aggregate formation to

theﬁéubendocardium, vascular compression is expected to Increase aggregate
—  formation with inereasing wall depth in paraliel.with the transmural tissue

pressure gradient and, to a smaller extent, cause uniform aggregate formation

across the wall in parallel with contraction. The direct contribution of e;Eﬁ\

compressive force to aggregate formation, however, is relatively indepeﬂ@ent \‘\\\‘
of wall thickness (Spaan et al,, 1983)., The variation between normal and
hypertrophied ventricles in the amount and transmural distribution of
aggregates fo;med by vascular compression must, therefore, be related to a
concentraﬁing effect of the increased wall thickness on streaming aggregates,
as previocusly discussed, and to altered[vascular compression. Specifically,
if compressive forces are stronger in hypertrophy (Tomanek et al., 1986), the
resultant increase im aggregate formation across the wall would be greater
than that expected with tachycardia alone.

—
It should be noted that this interpretation of our data is based on

microsphere distribution measurements of a high spatial resolution. 1In

co?zzggg, low resolution measurements, i.e., the subendocardial/subepicardial

raZios, indicated normalization of the flow behavior of microspheres and,
5 re@ blood cells, in pressure-overloaded, hypertrophied ventricles,
Bince regional myocardial blood flow data which are based on measurements of
tissue rad;oactivity are similar-gbr comparable experimental conditions (see
Table 1A in the Appendix), a definite limitation of the radiocactive micro-

sphere technique is indicated, namely the inability to detect localized

changes of myocardial flow. s
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Advantages and Disadvantages gg_Ehe Technique

To dete;mine regional myocardial blood flow distribution with the
~radioactive micrbsphere technique, multiple tissue sampling is required.
The degree of resolution will be determined by the numﬁer of pieces into
which the myocardium is sectioned (Malsky eg al.,.19775. Although one
study reported transmural myocardial blood flow profiles in deciles of the
left ventricular wall ‘thickness in porcine hearts (Hearse et al., 1986),
the degree of resolution of transmural myocardial perfusion measurements
obtained in larger animals is generally much lower (2-4 transmural tissue
samples). To aécurately measure transmural myocardial perfusion in smaller
animals is Fechnically difficult with the radioactive microsphere technique
The average left vefitricular wall thickness of the control rats used in the
present study approximated only 3.5 mm (assuming an average mugcle fiber
diameter of 16.6 pm and“a total of 211 muscle fiber layérs across the left
ventricular wall (Table 4)}). Thus, with‘the exception of Vetterlein and
Schmidt (1980) and Wicker et al. (in press) who measured rat myocardial flow
in subendocardial and subepicardial halves of the left ventricular wall,
transmural myocardial perfusion has not been determined in rats with the
conventional methods used. With the morphometric technique described in
this study, a continuous representaticn of non-radiocactive microsphere
distribution across the left ventricular wall may be obtained, allowing for
measurement of regional myocardial perfusign in rats with a high spatial'
resolution.

Another advantage of the present technique is that the muscle fibers
and their orientation across the left ;Entricular wall are visible, The

regional distribution of microspheres may, therefore, be related to the

myocardial morphology. The structural compléxity of the left ventricular
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wall has been well characterized (Streeter et al., 1969; Fenton et al.,
1978; Greeﬁbaum et al., 1981). For examﬁle, regional variability in the
wall thickness and.in the distribu;ion of mu;cle fiber layers among the
three major orientations (subendocardial, midwall, and subepicardial).is
. considerable, Similar observations were made in the present study (Table
4); subendocardial anﬁi?idwall fibers predominated, and were present in
approximately equal PrEportions, while subepicardial fibers were present in
the smallest proport?on. Thgsﬂ by direct observation of the microsphere
distribution to the major muscle fiber orientations, a more sensitive index
of transmural myocardial perfusion (i.e., SEN/SEP by the orientation method;
see pg. 48) may be obtained, whereas calculation of the SEN/SEP blood flow
ratio from radicactivity measurélents in "subendocardial” and "subepicardial”
layers‘of the left ventricﬁlar wall obtaiped by cutting tﬁé\tissue may be
misleading.- . |

The advanfage of visualizing the muscle fibers when determining trans-
mural myocardial perfusion is also apparent when one considers the morpholo-
gical changes accompanying various experimental interventions. For example,
although the muscle fiber arrangement in pressure_qverl&aded hypertrophied
ventricles remains essentially the same as in normal hearts (Table 4; Korecky
and Rakusan, 1983; Tezuka, 1975; Tezuka and Takahashi, 19765, subendocardial
muscle fibers have been observed to undergo greater hypertrophy than thoge
of the midwall and subepicardium (Lund and Tomanek, 1978; Rakusan et al.,
1980; Tomanek et al., 1986). Thus, the "subendocardial" and "subepicardial"
tissue samples from the hypertrophied ventricles may not correspond to those
from the control ventricles when identical tissue sampling protocols are
applied with the radioactive microsphere technique. Consequently, inaccurate

comparisons may be made.
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A third advantage of the present technique is that the distribution of
.myocardial‘blood flow is determined by'microscopic‘counting of non-radioactive
- miEEOSpheres rather than by measurement o%\tissue radiocactivity. The radio-
active microsphere technique assumes a direct proportionality between the
tissue radioactivity and the microsphere number (Heymann et al., 1977) and,
therefore, of the blood flow. However, the‘size of the microspheres injected
may -vary (see ﬁicrosphere Size i. Coulter Counter-Channelyzer Analyg?s, PE.
56), a finding that is consistent with other reports (e.g. ?laim et al.,
1984). Thus, it is more reasonable to presume that the tissue radioactivity
is proﬁortional to the microsphere volume rather than the number. By micro-
scopic counting of non-radioactive microspheres, one can avoid the faults
following radioactivity detection of microspheres (and of microsphere aggre-
gates) varying iﬁ volune, Additionél problems associated with a radiéactive
 label (e.g. radiation hazards, radioactivity leaching into the suspending
medium, and energy overlap between different labels) are also eliminated.

The accuracy of megburements of myocardiaL blood flow distribution is,

therefore, increased.

Variable myocardial regions void-of microspheres were occasionally
observed following left ventricular injection of a very large number of
microspheres (> 5 x 106). This was attributed to blockage by a large
microsphere aggregate(s) of a coronary vessel(s) supplying this region.
Consequently, the myocardial blood flow distribution pattern wo&id be
.éignificantly altered. Additional microspheres entering the coronary
vasculature would either become trapped behind the microsphere aggregate(s},
further aggravating the problem, or be diverted to regions of altered flow.
It is speculated that this accurrence is independent of the total number of

microspheres injected, based on the finding that the transmural gradient of

’
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microsphere aggregation was not significantly altered f;iiowiné injection of
a relatively small number of'microspherés (1.5 x 105) into the left atrium;
i,e., the a&unacy of mixing:ﬁf micréspheres with the blood does not appear
to depend on the number of microspheres injected. The degree to which the
myocardial blood flow distribution pattern would be altered with left
ventricula; injection of a smaller number-of microspheres, however, would
probably decline. If .blood flow is measuréd in relati;gi} large myocardial
" tissue samples, as is normélly done with the radioactive microsphere tech-
nique, a region lacking microspheres may not be detected. Consequently,
mean myocardial blood floﬁ values for that region will be underestimated,
while blood flow to other regions will be overestimated. The variability of
regional flow measurements will also increase. With the non-radioactive
microsphere technique described in this s;udy, such errors can be avoided.
There also are disadvantages of applying ;ur mqrphometric technique
using non-radicactive microspheres to measure rgg}onal myocardial blood flow
dist;gbution. One problem concerns the accuracy of the results. According
to Buckberg et al. (1971), when a sample (organ, tissue specimen, or arterial
reference sample) receives only a small fraction of the cardiac output, the
variability of microsphere distribution to that sample should approximate a
Poisson distribution if the experiment is repeated many times under identical
conditions. Therefore, to assure a measurement of flow correct to within 10%Z
of the actual flow at the 95% confidence level, at least 400 microspheres of
each type injected must be present per sample.‘ That is, errors in calculated
flow aée expected in 52 of microsphere injections; if the minimal number of
microspheres required for gccuracy (400) is present, the error of measurement

should not exceed 10%. Smaller numbers of microspheres, however, are associated
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with larger errors and lower precision. Therefore, to increase ‘the accuraéy
of the regional non-radioactive microsphere distribution measurements in‘the
present study, a very large number of spheres was injected. Since most
measurements were of a high spatiél regglution, however, their reliability_
may be questioned.- Tables 3A~5A in the Appendix list the average total
number of microspheres counted in each myocardial region sampled per heart
as estlmatéd from the mean values shown in Table 1 and Figures 6-8, 9-10
(upper panels), Table 5 and Figures 11-14 (upper panels), and Table 8, for
experimental series 1-3 respectively. Also shown is the corresponding
pergﬁntage error of measurement calculated by tﬁe following equation (see
Buckberg et al., 1971):

éf

1.96VR
error = ( H—)IOO

where x = mean number of micro-
spheres per sample
- X = standard deviation

Measurements of low spatial resolution, and those that had required extensive

tissue sampling, were the most accurate. The least accurate measurements were

-

of transmural non-radicactive microsphere distribution in deciles of the left

ventricular wall thickness, with errors of measurement ranging from 15.3%-

26.,9% in the first experimental series, and 11,27-22.3% in the second series.

Errors were most pronounced when each eggregate was counted as 1 microsphere,
. :

especially following left atrial injection in control rats. Despite these

large errors, which exceed the accepted standard for accuracy described

above, the mean number of non-radioactive microspheres in deciles of the

left ventricular wall thickness may not necessarily over; or underestimate

the flow provided that a sufficient number of experiments have been carried
. $
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éut (Buckberg eg_gl.; 1971). In the present study, the standard error of
measured values-did not exceed 9.2Z. Furthermore, empirical studies have
shown that 8 minimum of 400 microspheres is not required per tissue sample
to accurately measure cardiac output and its regional distribution (Ishise
et al., 1980: 200 microspheres per tissue sample), or to demonstrate the
\significance of any given difference in flow (present study: < 310 micro-
spheres per tissue sample; Meyer et al., 1982: < 100 microspheres per
tissue sample). Therefore, the present results of regional microsphere

- distribution in the left ventriCu;§; myocardium, which are in agreement
with measurements of regional myocardial perfusion generally reported-by
others using the radioactive microsphe;g technique (see Table 1A in the
Appendix), are considered valid.

Increasing the total number of microspheres injected will increase
the accuracy of measurements with the present technique,‘provided that
myo;ardial function or flow is not alterzed. When 5 x 106 microspheres
were injected, the smallest number of spheres delivered to a myocardial
sampling region (i.e., section, region, decile, orientation) was 67 when
- all the microspheres per aggregate were counted (Table 34 in the Appendlx)
Therefore, to ensure delivery of a minimum of 400 microspheres to each
myocardial sampling region while maintaining the tissue sampling protocol
descrigggyin’fhis study would require injection of approximatel} 3 x 107
microspheres. However, the percentage of capillarigg_occluded by micro-

pheres with this injection, as estimated from the capillary density of
~ the myocardium and the number of "single" microsphéres per volume of tissue
(each aggregate was counted as 1 microsphere), will approximate 92% as
opposed to 15% with injection of the smaller microsphere dose, assuming a

similar degree of microsphere aggregation with either injection. The actual
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fraction of occluded capillaries with injection of the larger miﬁfosphere

" dose will obviously b; lower than 927 due to the higher degree Qf aggregation
with injection of a greatér number of microspheres. Nevertheless, occlusion
of the coronary vasculature following injection of the smaller microsphere
dose Qas tolerated by the majority.of exp;rimental animals. Injection of
larger numbers of microspﬂeres. however, generally resulted in death; Thus,
accuracy withfthe present technique may be increasgd oh}y by inc?easing the
.size and/or the number of sampling Sites. A greate;:' number of experiments
may also be required. This would, however, aggravate another problem
assqciated'with this technique, namely the extensive time required for data
coilection. .

To appreciate the extent of this problem, the total time required to
collect data for the first experimental series (n=20) is cqmpared to that for
a hypothetical series (n=20) in which the sampliné area has been adjusted to
ensure a minimum of 400 microspheres per unit of tissue (Table 9). The times

reported are based on my éxperience with the sampling technique ( ~1 hr/

sampling site), and apply to a regular work schedule.

F
[

IRy
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Table 9. Approximate duration of data collection-for the first
experimental series, and for a hypothetical series in which the

sampling area was adjusted to ensure a minimum of 400 microspheres
per unit of tissue.

First Experimental Hypothetical
Series Series

minimum number of 67% . - 400
microspheres per
unit of tissue
tiséue volume (mms) 0.0571%* 0.3410‘.
sampling. sites 12 72%%%
n 20 20
total time required 1.5 9
for data collection .
(months)

*¥ gee Table 34 in the Appendix -

** egtimated tissue volume = (left ventricular wall thickness/10) x
section thickness x width of sampling
site x number of sampling sites

= 0.35 mm x 0,016 mm x 0.85 mm x 12

’

<oy
*&* ostimated number of sampling sites = 0.341 mo°/(0.35 mm x
. 0.016 mm x 0.85 mm)
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It is evident ﬁhat the present technique for determining regional myocardial
perfusion in smaller animeals is both- time and cost inefficieﬁt. Thus, if
the tecynique is to be used in future studies, the data collection pfotocbl
should be modified. Possible improvemenfs are listed in the following
section entitled MTechnical Recommendations".

Another disadvantage of the present technique is that serial determina--.
tions cannot be made in the same animal using carbonized non-radioactive
microspheres. This necessitates an increased number of experiments for
comparing two (or more) experimental conditions. Recently, however, Shefgj/}B
et al. (1985) have made available polystyrene non-radiocactive microspheres
coloured with water inscluble dyes. Nine distinct colours were produced,
allowing for 9 discrete determinations per experiﬁentgl animal. Ugfortunatély
several precautions must be taken when using these microspheres for multiple
flow determinations. As for any microsphere type, consistency in size and
shape is necessary for microsphere distribution to be proportional to red
blood cell flow. Secondly, the mixing/injection/staining protocols must not
interfere with the integrity of the spheres, as this will preclude data
collection.- Thirdly, multiple microsphere injections must not significantly
alter systemic hemodynamics or regional myocardial flows. Heart rate and
mean arterial pressure should, therefore, be monitored during the injection
period. Constraints imposed in smaller animals on the total volume of fluid
which may ﬁe introduced into tﬁzlcirculation during microsphere injection and
saline flush, and on the total number of microspheres which may be injected
(present study: 5 x 106)”;111 limit the number of flow determinations per
experimental animal. To compensate for the greater degree of variabili;y
associated with injecting less microspheres of one colour, the tissue sampling

area and/or the number of experiments will have to be increased. Thus, it is
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doubtful whether studies of regional myocardial perfhsion using coloured, as

opposed to carbonized non-radioactive microspheres willj require less time for

data collection. However, several considerations favouring the use‘ﬁf‘é?loured

spheres inZRude the decreased between-heart variability in measured valué§ when

experimental animals are used as their own controls, the shorter time spent on

surgical instrumentation, microsphere injection, and histological preparation,
and the decreased cost requirements for'microspheres and animals. In additiqn,
the distribution pattern of coloured ‘spheres may uncover information concemihg
thei ow behavior. Recently, Reeves and Rakusan (in press) found that
sequential left ventricular injection of two distinct microsphere suspensions,
each suspension containing microspheres of one colour, resulted in the occur-
Tence of two types of aggregates within the cdronaf} vasculature: aggregates
containing microspheres of one colour, and aggregates containing microspheres
of both colours. This supports our view that the occurrence of aggregates
within the corohary vasculature may, in part, be the coqse&uence of random
Alistribution of single microspheres. -
Finally, because a relatively long time interval is necessary to inject
a large number of microspheres susperdded in a large volume of fluid, the
frequency response of the present/technique is relatively slow. Therefore,
~

transient alterations in regional myocardial blood flow distribution (e.g.

Sestier et al., 1978) cannot be je’gsured.
v
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Technical Recommendatibns

y

i. General Application Our success with the present technique in obtﬁining

reliable estimates of regional myocardial blood flow distribution at a level.
of resolution previously unattained in rats justifies its use in future -
Shudies., With proper application and the necessary refinements, flow méasurg—

s 4 .
merlts with thi37§echnique should permit a detailed characterization of the-

coronary circulation in the various models of disease that have been develoﬁed. -

it , .
in the rat. With appropriate tests, it is probable that this technique will -

also allow accurate measurement of regional blood flow distribution in other
. .

organs and small animal models.

’ "
ii. Data Collection Semi- and fully automated particle counter/image

processing systems offer a readily available solution to considerably imprdve
the accuracy and efficiency of the data sampling technique'déécribéd in this
study. These systems range from the re%atively inexpensive digital- image
analyzer which permits either direct ;ounting and mapping of non-radiocactive
microspheres by the operator or distribution analysis when coupled with a
computer, to the extremely expensivé, automated video image data processor.
In all practical consideration, the system of préference will depend on the
available financial resources.

By relating the data output to the corresponding histological sectiéns,
the relationship between organ flow-and structure may then be defined, It

> .

should be realized, however, that neither microsphere distribution measure-

ments obtained by counting all the microspheres nor those obtained by counting

each aggregate as one microsphere accurately represent actual organ flow.
G

Until the direct contribution to the distortion of organ flow by each of the -
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various factors which have been implied to affect the flow behavior of

 microspheres is known, a measurement of microsphere distribution midway

between the range of measurements that may be obtained with this technique

should provide a reliable flow estimate.

-

— a

iii. Caiéulation of the Subendocardial/Subepicardial Blood Flow Ratio

The standard index of transmural myocardial perfusioﬁ, i.é:, the subendocardial/
subepicardiai blood -flow ratio, is generally determined from measurements

of flow in the inner- and outermost "layers" of the left ventricular wall.
Unless flow is uniformly distributed ac?oss the-;all, however, the calculated
énﬁaﬁéocardial/subepicardial ratioc may véry depending on which portions of

the wall are sampled. - Variable tissue sampling may, in part, explain the
discrepancies in transmural myocardial blogd £low determinations obtained

by different laboratories. Several studies support/fg; concept that a more -
sensitive measure of transmural myocardial perfusion should be adopted

unless measurements are of a high resdlution.

Usiné aﬁ‘autoradiographic technique for assessing the continuous distri-
bution of regional myocardial blood flow at a high level of resolution in dogs,
Malsky et al. (1977) found that the flow reduction in tissue made ischemic by
co;qury a:terj occlusion was accompanied by flow redistribution favourihg the
subepicardium. This is consistent with other studies in‘which transmural blood
flow distribution in ischemic myocardium, as expressed by the subendocardial/
subepicérdial blood flow ratio, was measured at a relatively low level of
resolution using the radiocactive microsphere technique (Becker et al., 1971;
gross et al,, 1984). Unlike these studies, however, Malsky et %1. (1977)
observed that the greatest reduction in flow occurred approximétely one-third

. N _
¥ the distance from the subendocardium to the subepicardium. Significantly
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higher flows were found at the subendocardial surface. Probably to avoid
masking the severity of this localized blood flow deprivation, a subendocardial/

subepicardial blood flow ratio was not calculated as for normal hearts with

uniform transmural perfusion.

For accurate determination of coronary blood flowﬁin rats following
left ventricular injection of microspheres, Idvall et al. (1979) recommended
that the inner lining of the left ventricle be excised (5-102 of myocardial
tissue) prior to measurement. The inappropriately high coronary blood flow
values gé;erally obtained in rats following left ventricular, but not left
atrial injection of microspheres (Bartrum et a .,'197§; Idvall et al,, 1979;
Kobrin et al., 1984; Wigier and Tarazi, 1982%) were believed to arise from
adherence of microspheres to the endocardial surface of £he left‘ventricle
(Idvall et al., 1979). This was not observed in the present study. As
previously discussed, however, we have found indirect evidence to suggest
that microspheres do not accurately measure flow to the innermost subendo~
cardial layers of the left ventricular wall, especially foldowing left
ventricular injection. Therefore, we still support the recomméﬁaégion by
Idvall et al. (1979), although for different reasons. d

Using a Doppler system to measure bleod flow velocitieg in an epicardial
and intramural artery in open-chest, anesthetized dogs, Chi}ian ahd Marcég
(1982) hypothesized the existence of a signifisgnt‘coronary capacitor in the

rd
epicardium. This capacitance was believed to influence measurements of phasic

coronary blood flow, thereby distorting the actual flow. Some supportive data
have been obtained from analysis of transmural microsphere distribution in the -
present study. Although a capacitive influence of epicardial arteries on the

distribution of microspheres is not evident from our measurements in normal

hearts, the significant variability in the number of microspheres in the
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outermost‘decile of the lefi.véhtricular wall thickness in hypertrophied -
hearts suggésés that the capacitance of epicardial arteries is elevated with
hypertrophy to a level which would significantly influence microsphere flow.
This elevated capacitance, which may be ascribed t§ luminal enlargement
(Tomanek et al., 1986), could cause microspheres to be "stored" temporarily
in the epicardial arteries, probably during systole, but how this affects
'microsphefe flow to the epicardial capillaries is unclear. Nevertheless,
this unexpected finding suggests that the outer 10Z of the left yentricular
wall thickness should also be excised before the subendocardial/subepicardial -
blood -flow ratic is determined.

Finally, because significant changes ir transmural myocardial blood
flow appear to be localized, at least with pressure-induced left ventricular
hypertrophy (present study) and experimental myocardial infarction (Malsky
et al., 1977), myocardial tissue with intermediate flow should not be incor-
porat;d into the calculation of the ratio of subendocardial/subepicardial
flow, as this may also decrease the sensitivity of the measurement. Our
data sh;w that this aE;a of intermediate flow is located approximately half
of.the distance between the subendocardium and the subepicardium, and occupies
approximately 20%Z of myocardial tissue. |

Therefore, a sensitive measurement of transmural myocardial perfusion
can be obtained, even if the measurement is of a low spatial resolution, by
_94£ising approximately 40%Z of myocardial tissue prior to calculation of the
subendocardial/subepicardial blood flow ratio: 10Z of the innermost subendo-
cardial layers, 10% of the outermost subepicardial layers,_énd 20% of the

midwall,
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SUMMARY

Measurements of regional myocardial blood flow obtained using the radio-
active microsphere technidue a;e subject to variation, and may be misleading.
There is some evidence to suggest that this variation may, at least in part,
be due to a difference in the distribution of microspheres and red blood
cells. quortunately, an appropriate method to analyze microsphere flow in
the coronary vasculature is lacking due to technical li@itations. Therefore,
we have developed a morphometric technique that has permittigj for the first
time, a deta%led investigation of the distribution of individual microspheres

in various regions of the left ventricular myocardium in anesthetized rats.

Based on our results, we could draw reasonable inferences concerning micro-

sphere flow.

»

Non-radiocactive microspheres wefe injected, and their gistribution_in
cross-sections of the left ventricular myocardium was dé%ermined by direct
observation. Our results have shown that microsphere aggregation in the
coronary vasculature is a significant problem, and may influence measure-
ments of total myocardial Blood flow and its transmural distribution when
data are based on measurements of tissue radioactivity foilowing injection
of radioactive microspheres. Specifically, it was sho#n that left ventri-
cular injection is unsuitable for myocardial blood flow determinations due
to inadequate mixing of microspheres with the blood. Inadequate mixing
resulted in delivery of a greater number of microspheres to the coronary
circulation, and an increased degree of microsphere aggregation that.was
more pronounced in the subendocardial layers, probably due to axial streaming.
For greater accuracy, left atfiai injection is recommended., However, uneven

transmural distribution of microsphere aggregates is also a problem following .

S
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left atrial injection, but this is less pronouﬁced compared with left ventri-

cular injection. Although we cannot rule out the possibility that left atrial
injection also results in incomplete mixing of micrpspheres with the blood, it
appears more likely that aggregation witE_ESEEJEEEESI injection is dependent

only on random microsphere Epté?gg;;;;;\proximal to the coronary ostia and

-

within the coronary vasculature. Injection of -a relatively small number of

microspheres resulted in a lower degree of aggregation, indicating that these

interactions are more bronounced with increasing numbers of microspheres

entering the coronary circulation. Aggregates that enter the coronary circu-
H? lation would thén accumulate mainly in the subendocardial layers due to axial
ﬂ skreaming. This interpretation of our data is supported by our study in which
\?hzﬁ§ distribution of microspheres was determined in hearts made hypertrophic by'
Lg/chronic pressure overload. The higher degree of aggregation observed in
these hearts may be explained by a higher resﬁing'coronéry blood supply that
was most pronounced in the innermost subendocardial layers and/or greater
accumulation of aggregates in the subendocardium due to the e#tended axial
streaming that is expected with left ventricular wall thickening.

.in conclusion, morphometric analysis of the regional distribution of non-
radicactive microspheres in sections of the left ventricular myocardium from
anesthetized rats has shown that measurements of myocardial blood flow distri-
bution obtained using the radioactive microsphere technique may be distorted
by the uneven distribution of microspﬂere aggregates. To minimize errors in

A .
myocardial flow determinations, we recommend that left atrial injections of a -

relatively small number of microspheres be used.
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APPENDIX

Table lA. Summary of data from several selected sﬁudies which have used
current methods. to measure the regional distribution of myocardial blood
flow in the left ventricular wall under various experimental conditions.

Abbreviated Terms:

LV = left ventricle, left ventricular

LA = left atrium, left atrial

LVFW = left ventricular free wall

ant, lat, post = anterior, 1@31, posterior LVFW
SEN, MID, SEP = subendocardium, midwall, subepicardium
SEN/SEP = subendocardial/subepicardial blood flow ratioc
LMCA, RMCA = left and right main coronary artery

LCA = left coronary artery

LAD = anterior descending branch of LCA

Lc -lcircumflex branch of LCA

MBF = myocardial blood flow

t™MBF = regional distribution of MBF

LVH = left ventricular hypertrophy

RH = reactive hyperemia

- RM, NEM = radioactive and mon-radioactive microspheres
hr = heart rate

sig = significant

ns, nsd = not significant, not significantly different
+, ¥+, + = increase, decrease, no change

<, > = less than, greater than ' e
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DIFFUSIBLE INDICATIOR TECHNIQUE

1) Intramyocardial Isotope Injection

—r

Tethnique Results Reference
dog {anesthetized): MBF at least 257 lower in Kirk and Honig,
' SEN compared to SEP 1964a
131 .
Nal clearance
dog (anesthetized): MBF 307 lowet in SEN com- Andersen et al.,
‘ pared to SEP; progressive 1969

133Xe cleérance

+ of MBF frfm SEN to SEP

rabbit (anesthetized):
-hydrogen clearance

-arterial 0, content + 307
by inspirat%ou of CO or

low 02 gas mixture

SEN/SEP Kleinert et al.,
control 0.88 1980.
8% 0, 0.81*

1st CO exposure 0.83
2nd CO exposure 0.76*
* = gig from control

-under both nypoxic condi-
tions MBF +, but to a lower
extent in SEN

dog (paralyzed):
133Xe clearance at
various coronary
perfusion pressures
(CPP)

CPP rMBF Haunso, 1981

74-119 -autoregulation of
MBF present in SEN
~ and SEP
" —SEN/SEP ns from 1.00
60-74 -SEP MBF -+ ; SEN MBF +
(sig)
45-59 -SEN and SEP MBF +
{sig), but + more
pronounced in SEN

11) Intravascular Isotope Injection

.dog (tranquilized):
“Rb uptake following
aortic root injectionm,
vena cava infusion, and
intravenous injection/

infusion

ast uptake highest near Gillespie and
SEN surface, with a pro- Love, 1967
gressive ¥ towards SEP

(SEN/SEP > 1.00)
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Technique

Results

Reference

dog (anesthetized):

133Xe uptake following

bolus LV injection

-MBF 15T higher in SEN
compared to SEP-

—correcting for probability
that acf}gity in LVFW partly
due to Xe uptake d%ggctly
from LV cavity or to e

contalning blood on SEN sur-
face, uniform rMBF suggested

-rMBF nsd between myocardium
supplied by LAD and LC, or
between base and apex

Bagger, 1972

dog (anesthetized):

. 133Xe uptake following
bolus injection into
aortic root

l33Xe uptake between SEN

and SEP (SEN/SEP = 0.98),
between base and apex, or
between LAD- and LC-perfused
nyocardium nsd

Bagger, 1977

dog (conscious):
=" C-antipyrine uptake
following LA iInfusion

~frozen tissue samples
sectioned for macroauto-
radiography, providing

a continuous graphic
representation of
radiocactivity from which
quantitative rMBF measure-
ments were obtalned

~SEN/SEP = 1.12 (ns from
1.00)

-minor transmural ineﬁua-
lities of MBF

Malsky et al.,
21977

131dog {anesthetized):
I-lodoantipyrine

uptake following

IMCA infusion

area SEN/SEP
base 1.00
apex 1.00
ant 1.10
lat 1.07
post ' 1.12

Griggs and
Nakamura, 1968

dog (anesthetized):

uptake of 86Rb injected
as a2 bolus into the
coronary circulation when
MBF limited to systole

MBF highest in SEP, with
a progressive { towards
SEN (SEN/SEP = 0.52)

Downey and .
Kirk, 1974
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Technique

-

Results

Reference

dog (anesthetized):

uptake of 86Rb or azK

injected as a bolus into

the coronary circulatton

when MBF limited to systole

in

A) control hearts

B} hearts ejecting into

. a severed aorta (LV

pressure absent)

C) isovolumetrically
contracting hearts
(LV pressure present)

-with perfusion over the
entire cardiac cyecle,

MBF highest in SEN, with

a progressive + towards
SEP (SEN/SEP = 1.40)

-when MBF limited to systole,

SEN/SEP
A 0.37
B 1.00
c 0.62

Downey et al.,
}974

.dog (anesthetized):

-1in normal myocar&ium, IvPp

Cutarelli and

122

“3Db uptake was compared at changes did not affect the Levy, 1963
different mean arterial uniform rMBF (SEN/3EP ns
(MAP) or intraventricular from 1.00)
(IVP) pressure levels in -
normal, ischemic (LC -in ischenmic myocardium,
ligation), and f£ibrillating
myocardium ' MAP (mmHg) SEN/SEP
40 1.25%
100 0.83%
152 0.57*%
* = gio from each other
-in f£ibrillating myocardium,
IVP GrmHg) SEN/SEP
5 1.00%*
16 0.91
26 0.83*%
’ * = gig from each other
/-:;"l
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Technique Results Reference

ey
PR

dog (anesthetized): SEN/SEP . Moir and
86 A 1 0.94 DeBra, 1967
uptake of "~ Rb infused i1) 1.07%%
into LMCA in iii) 0.28*% *
A 1) control [normal B N H
coronary perfusion 1) 1.15%* 1.19% &%
pressure (CPP), normal 1i1) 1.04 T 1,12k R
left intraventricular . 111) 1.07% *% 1, 09% **
pressure (LIVP)] C 1) 1.23% %% 1,20k %%
11) LV hypertension
[normal CPP, 4 LIVP] * = gig from 1.00
iii) ischemia [ ¢ TPP, kk m gig from control
. normal LIVP] N = normotensive
B with injection of coronary H = hypertensive
vasodilators

1) dipvridamole
i1} noradrenaline
1i1) vasopressin
C with injection of B-blockers
i) propranclol .

dog (anesthetized): T45en LAD not occluded, Bagger, 19772
133 Xe activity between

uptake of Xe injected SEN and SEP in LC-perfused

as a bolus into azortic myocardium nsd

root during optimal 133

stenosls (LC progressively -when LAD cccluded, Xe

constricted, producing activity in SEP ~ 2X higher

vasodilation of area it than in SEN in LC-perfused

supplies, until diastolic myocardium

RE to 10 sec occlusion

disappeared)

111i) Inert Gés Clearance

human (anesthetized}: -small inhomogeneities of Cannon et al.,
133 rMBF in representative 1975

uptake of Xe injected patient without coronary

as a bolus into LMCA or artery disease

RMCA

-analysis could not dig-
tinguish between SEN and
SEP MBF, but provided
index of average MBF
across LVEW
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INTRAVASCULAR ISOTOPE INJECTION VS RADIOACTIVE MICROSPHERE TECHNIQUE

—

Technique Resulte Reference

isolated, Langendorff, perfused, nonworking dog heart preparationm:

RM of different sizes, ~all tracers showed Yipintsoi et
1251—antipyrine (I-4p), relativelv higher MBF al., 1973
42 , or 86, injected in SEN compared to SEP
into aortic inflow (SEN/SEP > 1.00)
- \

_42K' I-Ap, and small
diameter RM showed similar
results; large diameter -RM
were deposited preferentiazlly
- _.-in a\?as of high MBF,
exagferating the apparent
heterogenelity of rMBF

dog, sheep (anesthetized): -total MBF values were Utley et al.,

=LA injectlon of RM (25, 15, independent of RM size 1974
9, 1-10 (filtered) pm when % of untrapped RM

diameter; 0.5-3.0 x 10 ﬂ"“”ﬁkno:;\\

injection) N

\ -with any pair of RM injected,
-radioactive-antipvrine larger RM were in excess in

 sometimes simultaneously—' SEN, except for 25 pym diameter

infused over 15-60 sec - RM, which were in excess of -
. 15 ym diameter RM in areas of
higher MBF, whether it was in
SEN or SEP

-tMBF v uniform with 9 um
diameter RM and antipvrine
/gﬁﬁN/SEP ns from 1.00)

dog (anesthetized):133 -in controls, both tracers Bagger, 1978
bolus injection of Xe showed uniform rMBF :
and RM (g m diameter; (SEN/SEP = 1.14; RM)
6-9 x 10 /injection) into
aortic root following SEN/SEP133 '
A) progressive hemodilution M “Xe
until diastolic RH A 0.58% 0.55% —
response to 10 sec LC B 1.14 1.03
occlusion disappeared * = gfo from 1.00
(optimal hemodilution),
and LAD ccclusion
B} 10 sec LCA occlusion to
produce maximal coronary
vasodilation (rMBF deter-
mined at peak diastolic RH) \
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RADICACTIVE MICROSPHERE TECHNIQUE

Technique Results

Reference

dog (conscious; anesthetized) :RM diameter (pm) SEN/SEP
. injection of RM (14-6] um
$iameter; 0.07-1.60 x 107/ 51-61

Domenech et sl.,
1969

- 2.5
injection, depending on 6 20-23 1.4
radioactivity; tylce, 8 x 10 14 1.3
RM with low acti¥iLty were .9 “1.0
injected)
dog, -sheep, lamb (anesthetized):
LV or LA RM injection -equal concentration/g of Buckberg et al.,
(8-50 um diameter) 8 um diameter RM in SEX 1971

and SEP

¢ —with 14-50 um diameter RM,

the larger the RM size, the
greater the distribution to

SEN

dog (anesthetized): RM diameter (um)  SEN/SEP Fortuin et al.,
LA injection of 15 and 1971
50 ym diageter M 15 1,12%
(< &4 x 107 /injection) 50 1.45% **

* = gig from 1.00

** m gig compared to

15 um diameter RM

dog (conscious; anesthetized): ' RM (25 um)/g Eng et al.,
RM and NRM (25 and 50 um 1984
diameter) injected into LV to SEN 259 + 120
determine rMBF (RM) and MID 183 * 87
focal myocardial necrosis SEP 167 * 68
(NRM)

-SEN/SEP = 1.55

~highest wvarlability in SEN
‘—-necrotic lesions larger and
more frequent in MID and SEP
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Technique ' Results Reference

dog (anesthetized): 7 AREA normalized MBF (T) Falsetti et al.,
1.15-21.6 x 10" RM ) ) sim seq 1975
(7-10 ym diameter) injected = base 1 105.2 103.4*
simultaneocusly (sim) or 2 97.9 ~_96.8*
sequentially (seq) into LA 3 97.6 97.9
) apex 4 99.1 102.0
* = gig from each other
ant 103.0 97.7%
lat 103.0 102.6*
' post 96.1 100.8
* = gig from each other
SEN 104.4*% 104 ,9%*
) _ MID 100.0*  100.0%*
T~ SEP 95.5% 95, 2%* .

* %k = gig from each other

-SEN/SEP (avg) = 1.15
—variability of MBF to SEN,
MID, and SEP was 28.7 = 10.2%,
30 = 11.3%, and 34.5 * 12747
(%t SD) respectively

dog (anesthetized): -MBF rates and intravas- Eliasen et al.,
3.3 x 10" labelled cular blood volume 4 from 1982

bumén albumin micro- - SEP to SEN (sig), and from

aggregates (15 um diameter) Tbase to apex in both SEN and

injected into LV SEP (sig)

-SEN/SEP = 1.24 in basal,
middle, and apical myocardium

dog (anesthetized): -in contrel, SEN/SEP (avg) Einzig et al.,
RM (15 ym dizmeter) 6 = 1.37; heterogeneity in 1980

injected into LV (3 x 10/ SEN/SEP across different

injection) before and after LVEW regions (sig) (range:

CO poisoning 1.17-1.57)

p—

-with CO poisoning, SEN/SEP N
< 1.00 (sig)
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Technique

Results

Reference

dog (consciofis}:

EM (7-10 ym diameter)
injected Into LA

(3 x 107 /injection)

A) over entire cardiac cycle
B) when MBF limited to
systole,

during subsequent RHE
(B > 20 sec)

when MBF limited to
equivalent period in
diastole

©)

D)

SEN/SEP
A 1.29%*; progressive + MBF
from SEN to SEP
B 0.38% ®*; SEP MBF - ;
progressive + MBF from
SEP to SEN

C "6.4% **; SEP MBF = ; SEN

Hess and Bache,
1976

MBF + (sig); [for equivalent

peak RH following coronary

occlusion, SEN/SEP = 1,73

over entire cardiac cycle]
D ns from A

~ * = gig from A
**% » gig from 1:.00 -

|
Y

dog (conscious): SEN/SEP

RM (7-10 ym diameteg) injec-

ted into LA (3 x 10 /injec- A 1.13

tion B 0.34% *=*
A) over entire cardiac cycle C 1.15

B) when MBF limited to systole D 0.28% *=*
C) when MBF limited to diastole * = gig from A

D)
occlusion

during total coronary artery

*% = gig from 1.00

Hess and Bache,
1979

dog (conscious):

RM (15 im diameter)
injected intoGLA;
(0.8-2.0 % 10 /injection)
at 3 of the following
times: control (preccclu-
sion), and 0.1, 2, 6, 24,
or 96 hours after LAD or
LC occlusion

SEN/SEP
A B
C 1.28 1.04%
D 1.30 1.12%
sig from A

conscious (control)
anesthetized, open-chest
LAD-perfused myocardium
LC-perfused myocardium

OgOwE %
| I D B B

-after sudden LAD or LC
occlusion, MBF + (sig) in
ischemic tissue;
in SEN, less ‘so in SEP, and
least in marginal region of
the infarct; MBF * (sig) to
nonischemlic tissue

-by 24 hours postdcclusion,
MBF + (moderate) in all areas
except central SEN core, with

Bishop et al.,
1976

+ most severe

further 4+ 96 hours postocclusion
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Techniqﬁe Results Reference

2 - SEN/SEP

A = nonischemic tissue
. B = marginal region
Cm= ische?ic tissue
con = control
0.1, 2, 6, 24, 96 = time post-

occlusion (hoursy

dog (apesthetized): spatial heterogeneity of Sestier et al.,

3 %x 10 RM (15 um diamerer) rMBF: -. 1978
injected into left carotid SEN/SEP
artery.or LC when A 1.20
A) autoregulation intact * B 0.63
B) autoregulation absent C 1.20
. C) autopregulation absent;
MBF and coronary per- -not a component of
fusion pressure restored  autoregulation
to normal '
" temporal heterogeneity
) - . of rMBF:
-periodicity from high to
low MBF of 735-90 sec in
small myocardial reglons;
phenomenon is random; MBF
cycles in SEN and SEP have
- different periodicities
—component of autoregulation;
P . when autoregulation abolished,
temporal heterogeneity ¥
-

-because spatial heteroge-
neity exists, temporal hete-
rogeneity must occur to
assure adequate rMBF
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Technique ‘Results Reference

dog (conscious; anesthetized):

LA injection of RM A)circumferential SEN and Cobb et al.,
(7-10 um diameter) . SEP MBF ™ homogeneous; 1974
A) in controls (conscious) transmural gradients in most

B) with.anesthesia, thoraco~ ~reglons; SEN/SEP = 1.06-1.16
tomy, and pericardiotomy B)SEN and SEP MBF + ; trans-

C) during adenosine infusion mural gradients only in
in dosages that produced paplllary muscle regions;
maximum MBF + in A (1) SEN/SEP = 0.95-1.13
and B (ii) C)-SEN and SEP MBF + ; SEN MBF <
SEP MBF

—=circumferential SEP MBF
homogeneous; SEP MAF + in

" Ci and Cii nsd
-circumferential SEN MBF not . \\“
homogeneous; SEN MBF + higher
in Ci than in Cii
[SEN/SEP (Ci) = 0.81-0.99;
SEN/SEP (Cii) = 0.63-0.78]

isolated, unloaded, diastolic-arrested, dog heart preparation:

RM injection (15 and -SEN/SEP = 1.62 (range: Wisten et al.,
3 tm diameter; ~ 1.11-1.85) 1977
2 x 107 /injection) T )

" during maximal . -measurements in 8 lavers

vasodilation (adenosine) showed successive + in
‘ maximal- MBF from SEP towards
deeper layers, with a slight
+ 1in deepest SEN layers
{layers 7-8); greatest
. variability in SEN

dog (anesthetized): —in LC-perfused myocardium, Ellis and
LA injection of RM SEN/SEP ¥locke, 1979
(8-10 ym diameters; : A -~ 0.76 o
3 x 10" /injection) duting © B 0.55*

maximal vasodilation ) * = sig from A

(carbocromen) at . ‘

A) normal preload -control SEN/SEP (A) probably

B) * preload underestimated; untrapped RM in

large arteries may lodge in SEP
-LC cannulated and perfused during systole; to test this,

{diastole only) through an  external perfusiom circuit was

external circuit of rigid vented to the atmosphere during

tubing originating fn left systole to prevent untrapped RM

subclavian artery from being redistributed to SEP -

during systole [SEN/SEP (A) =
0.99; SEN/SEP (B) = 0.80%]
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Technique Results Reference

dog (anesthetized): : SEN/SEP Kjekshus,
RM (14 um diameter) 6 A B 1973
injected into LA (1.2 x 107/ N 1.06 1.14
injection) in normal (N) I 0.71 0.45
and ischemic (I) myocardium at
A) normal LV end-diastolic

pressure (normal preload)
—+ L I-and-diastolic

pressure (t+ preload) .
dog (congcilous): A) rMBF remained essentially Bache and Cobb,
LA injection of RM uniform with hr * 1977
“(7-10 diameter; ) B) rMBF uniform at 100 bpm;
3 x 107 /injection) during with hr + (150-250 bpm),
ventricular pacing under SEP MBF + , while SEN MBF
A) control conditions {and SEN/SEP) ¥ in propor-
B) maximal coronary vaso- tion to hr *+ ; SEN MBF + most

dilation {adenocsine) marked in deepest layer

SEN/SEP

100 150 200 250
A 1710 T 17I8% 1713 1704
B 1.00 0.81* 0.56% 0.40%

100, 150, 200, 250 = hr (bpm)
* = gig from values at 100 bpm

dog (tranquilized): A) SEN/SEP = 1.26 (sig Neill et al.,
. LV injection of RM 5 > 1.00) 1973

(15 um diameter; 2 X 10 B) total MBF + ; SEN/SEP +
(range: 0.05-5 x 107)/ *in proportion to hr *

injection) during o (sig from control only at
A) control conditions 193 bpm); SEN/SEP 2 1.00
B) tachyecardia (151,

193 bpm) ' -rMBF nsd between basal, middle,.

: and apilcal myocardium

dog (conscious);/// —-at rest, SEN MBF > SEP Ball et al.,
LA injection of RM MBF in all regions of LVFW 1975
(7-10 ym diameter) at (range: 1.12-1.33)
rest and during 3 levels
of treadmill exercise -wlth exercise, MBF + to all

regions in proportion to hr +4;
transmural MBF gradient was
abolished (SEN/SEP ns from 1.00) -
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Technique : Results

Reference
dog (anesthetized): ' ‘~with lidocaine, + local Marzilli et al.,
LAD injection of RM contractility and coronary 1979
(9 umsdiameter, extravascular resistance
8 x 107 /injection) during '
maximal vasodilation -with isoproterenol, *

{adenosine} in controls (A), systolic wall thickening
and following LAD injection

of lidocaiune (B) and SEN/SEP

isoproterenol (C) A 1.02
B 1.28%
A 1.08
c 0.75%

* m gig from A

dog (anesthetized): SEN/SFEP

M (8-10 im diameter) control 1.01

injected into LA (6-8 x 10 ! A 1.11*

injection) during B 0.37*

A) distal aortic constric- C 0.98 .
tion (systolic and * = gig from 1.00

diastolic hypertension)

B) proximal aortic comstric- -when SEN/SEP sig from 1.00,

tion (4 LA pressure) MBF to MID intermediate to
C) ventricular pacing MBF to SEN and SEP
(shortened diastole)

Buckberg et al.,
1972

dog (anesthetized): . : SEN/SEP
-mild LVH induced by control 1.11
banding of ascending aorta LVH 1.13 <

-after 6 weeks, LA injection
of RM (9 _um diameter)

0'Keefe et al.,
1978

dog: - with AS, SEN/SEP + (sig)
“chronic aortic stenosis compared to control

(AS) produced with a Jacobson

cuff, resulting in moderate/

severe LVHE (LV weight 677

higher than in control)

LA injection of RM .
H1S ym diameter) N )

Bishop et al.,
1974
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Reference

Technique Results
dog (conscious): SEN/SEP Zile et al.,
-LVH induced by aortic A 1.21 1985
banding at 7 weeks of age Bi 1.10 -
‘ Bii 0.89%

-rMBF studied 1 year later in

A) controls °

B) LVH 1) compensated [frac-
tional sﬁorteniug and peak

* m gig from A

systolic pressure ns from A]
11) cardiac failure [frac-

tional shortening + (sig) and

peak systolic pressure + (sig)

compared to Al .

dog (conscious):
-moderate LVH (LV weight
507 higher compared to
controls) induced by 1
kidney-Goldblatt hyper-
tension

-rMBF determined in the.
absence (A) or presence (B)
of maximal coronary
vasodilation (adenosipe)'

SEN/SEP
A B
control 1.30 0.80
LVH 1.20 0.90

B) 5-6X LV MBF 4 in bo
control and LYH

th

Marcus et al.,
1976

dog (anesthetized):
-LVH induced by supra-
valvular aortic cons-
triction

-after 6 weeks, RM
injected into LA under
normal conditions, and in
presence of vasodilation
(adenosine, carbochromen)

total SEN and SEP MBF
(ml/min/g LV) + in LVH
in both normal and
vasodilated states

total MBF SEN/SEP

Normal

control 1.33
LVH 1.00
Vasodilation
contrel 5.23
LVH 3.02

0'Keefe and
Hoffman, 1976
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Technique

Results Reference
dog (anesthetized): SEN/SEP Mueller et al.,
-moderate LVH (LV weight A B - C 1978

507 higher than in control)
induced by single kidney
renal vascular hyper-
tension

-1A injection of RM
(7-10 and ISGUm diameter;
3.5-5.5 x 10 /injection)
A) at rest
B) during LV pacing
(200 bpm) ’ .
€) during maximal vaso-
dilation (adenosine)

control 1.32 1,29 0.95
LVHE + HT 1.40 1.17% 0.94
LVH 1.38 1.01

HT = hypertension
* = sig in paired comparison
between control and pacing

-MBF between sections (base
to apex), between regions
(ant, lat, post, septal) or
between lavers (SEN, MID, SEP)
nsd between control and LVH;
SEN perfused homogeneously

-progressive ¢ MBF from SEN

J

dog {conscious):

-severe LVH (heart weight
877 higher than in control)
induced by banding of
ascending aorta at 6

weeks of age

~rMBF determined (9 um
diameter RM) 1 year later
at rest (A) and during
moderate exercise (B)

to SEP
SEN/SEP Holtz et al.,
A B 1977

control 1.32 1.21

LVH 1.26 1.05%

* = gig from control

dog {(conscious):

RM (15 ym diameter)
injection at various
levels of treadmill
exercise in controls
and in animals with LVH

—8'!:‘ Test,

Mueller et al.,
SEN/SEP 1979
control 1.34
LVHE 1.27

-with exercise, SEN/SEP ¢ in
proportion to hr + ; in both
control and LVH, SEN/SEP »>1.00,

\\eveﬁ during heavy exercise

dog (conséious):
-LVH induced by perine-
phritic hypertension

-rMBT determined at rest
*(A; hr = 98 bpm) and at

2 levels of treadwmill *
exercise (B; hr. = 201 bpm)
(C; hr = 248 bpm)

¥

SEN/SEP Bache et al.,
A B ¢ 1985
control 1.24 1.30 1.21

LVH 1.19 1.18*% 1.07%

* = gig from control
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POSITION EMISSION COMPUTERIZED TOMOGRAPHY

Technique

Results

Reference

dog (anesthetized):

H 150 clearance following
LﬁCA injection

uniform rMBF

Parker et al.,
1978

g

dog (anesthetized):
-following intrigenous bolus
injection of H, 70, data
from 7 simultanecus
transaxlal planes were
collected

-data corrected for
vascular pool radiocactivity
with use of tomographic
data obta}ged after inhala-
tion of C°70

-uniform rMBF

—tfgographic distribution of
H, "0 correlated closely
with tomographic distribution
of macroaggregated albumin
RM (10335 um diameter;

& x 107 injected into LV)

(r = 0.93), and with MBF
determined by postmortem
analysis with carbonizeg RM
(15 pm diameter; 4 x 10
injected into LV) (r = 0.95)

Bergmann et al.,
1984

dog (anesthetized):

-LA injection of ~ C-human
albumin RM (10-20 %m
diameter; 4-5 x 107/
injection)

-myocardial tissue samples
matched to tomographic
slices were well-counted
for calculation of relative
TMBF

-rMBF uniform 2, 20 and
40 min after injection

-with LAD occlusion, MBF to
ant 517 of normal flow

-rMBF correlated closely with
results obtained with
carbonized RM (9 ym diameter;
4-5 x 10" injected into LA)

Wilson et al.,

1984
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Table 2A, Fixation and staining procedure for frozZen tissue sections.

—Periodic Acid Schiff (PAS)

hydrochloric acid, 1.0 N 50,0 ml
potassium metabisulfite 5.0, g

activated charcoal 1.88 g

Continued...
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‘Sdiution Staining Time
{min)
1. Fixative ‘ 1
acetic acid 5.0 ml A
absolute alcohol 95.0 ml
distilled water 100.0 ml
2. Running tap.water 5
3. 1% Periodic acid - 10
periodic acid 1.0 g=»
distilled water 100.0 ml
4. Running tap water 5
5. Schiff reagent \ 25
distilled water 450.0 ml
' -boil.  Slowly add:
basic fuchsin 2.5¢g

—gwirl 1 min. Filter
through 2 filter papers
into dark flask. Cool
to 50°C. Slowly, while
stirring, add:

-swirl 2 min., Stopper and-
refrigerate 24 hr. Remove
from refrigerator, warm to
room temperature, and add:

-shake vigorously 1 min.
Filter immediately through

2 filter papers. Reagent
should be clear and colour-
less; 1f not, repeat charcoal
step. Keep away from light.
Store in refrigerator.



10.

11.

12.

13.

14,

13,

16.

17.

18.

0.42 Sodium metabisulfite (repeat X 2)
sodium metabisulfite 0.4 g
distilled water = 10070 ml

Running tap water

Saturated alcoholic picric acid
picric acid 7.0 g

- absolute alcohol 142.5 ml
distilled water 7.5 ml

Running tap water

Mordant

phosphomolybdic acid 10.0

phosphotungstic acid 10,0

distilled water 400.,0
Fast green

“fast green 2.5¢g

acetic acid 2.5 ml

distilled water 197.5 ml
1% Acetic acid

acetic acid 1.0 ml

distilled water 99.0 ml
50% Alcohol

absolute alcohol . 50.0 ml

distilled water 50.0 ml
70% Alcohol (repeat)

absolute alcohol 70.0 ml

distilled water 30.0 ml
95% Alcohol '

absolute alcohol 95.0 ml

distilled water 5.C ml
Absolute alcohol (repeat)

absclute alcohol 50.0 ml

xylene 50.0 m1
Xylene (repeat) -

2
-use fresh solution
5
2
—stir, Filter through 2 filter
papers. : ’
5
1
g
g8
ml
~prepare 24 hr zhead.
Filter through 2 filter
papers.

15-18
~stir. Heat in oven (55°C) 1 hr.
Filter. -

0.5
7
1
2
2
2
2
2-3
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Table 3A. The average total number of microspheres counted in each
myocardial region sampled per heart as estimated* from the mean values
shown in Table 1 and Figures 6-8, 9-10 (upper panels) for animals
receiving left ventricular (n=10) and left atrial (n=10, except for
overall values (n=17)) microsphere injection.

The corresponding
percentage error of measurement is shown to the right.

LV (-) LV (+) LA (=) LA (+)

Overall

972 6.3% 1452 5.1% 732 7.2% 960 6.3%
Sections . ‘
1 base 256 12.3% 395 9.,9% 154 15.8% 198 13.9%
2 243 12.6% 365 10.3% 150 16.0% 189 14.3%7
3 247 12.5% 355 10.4% 143 16.4% 182 14.5%
4 apex 228 13.0%. 338 10.7% 149 16.1% 187 14.372
Regions -
anterior 367 10.2% 536 8.5% 201 13.8% 249 12.47
lateral . 309 11,2% 451 © 9,2% 181 14.6% 224 13.1%
posterior 299 11.3% 466  9.1% 215 13.4% 283 11.7%
Deciles . -
1 SEN 95 20.1% 153 15.8% 53 26.9% 67 23.9%
2 105 19.1% 164 15.3% 55 26.4Z 72 23.1%
3 104 19.2% 160 15.5% 59 25.5% 79 22.1%
4 105 19.1% 159 15,5% 57 26,02 73 22.9%
5 g9 19,77 146 16,27 63 24,72 84 21.4%
6 82 20.4% - 140 16.6% 65 24,37 81 21.8%
7 89 20.8%7 133 17.0% 60 25.3% 76 22.5%
8 89 20.8% 130 17.2% 58 25.7% 73 22.9%
9 93 20.3% 127 17.4% 60 25.3% 74 22,87
10 SEP 102 19.4% 142 16.4% 66 24.1% 78 22.2%7
Orientations
SEN 422  9.5% 673 7.6% 229 13.0% "206 11.4%
MID 473  9.0% 722 7.3% 258 12.2% 336 10.7%
SEP 157 15.6Z% 224 13.1% a5 20.1% 116 18.2%

'LV = left ventricular injection; LA = left atrial injection;
(~) = each aggregate was counted as 1 microsphere; (+) = all
microspheres per aggregate were counted; SEN = subendocardium;
MID = midwall; SEP = subepicardium

Continued...
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* For mean values expressed as "MS/decile" (overall, sections, regions,
deciles), where MS = microspheres,

total number of MS counted = (MS/decile) x number of sampling sites

where number of sampling sites:
(overall) = 120 (4.sections x 3 regions x 10 deciles)
(sections) = 30 (3 regions x 10 deciles)
(regions) = 40 (4 sections x 10 deciles)
(deciles) = 12 (4 sections x 3 regions)

For mean values expressed as "MS/layer" (orientations),

—

total number of MS counted = (MS/layer) x numbef of layers (Table &)
x number of sampling sites

where number of sampling sites:
(orientations) = 12 (4 sections x 3 regions)
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Table 4A.

|

The average total number of microspheres counted in each

] ) 7 .:g..:z":*

myocardial region sampled per heart as estimated* from the mean values

entricular hypertrophy (n=7) and their sham—operated controls (n=7).

3:own in Table 5 and Figures 11-14 (upper panels) for animals with left

e corresponding percentage error or measurement is shown to the right.

SHAM (~) SHAM (+) LVH (=) LVH (+)°
Overall . ’
\/ 936  6.4% - 1248 S.52 1488 5.1% 2148  4.2%
‘ ections . ) .
1l base 238 12.7% 317 11.0% 375 10.1% 529 8.5%
2 . 227 13.0% 298 11.4% 370 10.2% 532 8.5%
3 230 12.9% 310 11.1% 378 10.1% *561 8.3%
4 apex 236 12.8% 318 11.0% 367 10.2% 530 8.5%
Regions
anterior 294 11,47 394 6.9% 458 9.2% 662 7.6%
lateral 302 11,.3% 401 9.8% 508 8.7% 727 7T.3%
posterior 335 10.7% 448  9.3% 525 §.6% 763  7.1%
Deciles '
1 SEN f 99 19.72 __ 138 16.7% 191 14.27 .294 11.4%
2 119 18.02 164 15.3% 198 13.9% 309 11.2%
3 104 19.2% 137 16.7% 168 15.1% 252 12.3%
4 "92 20.4% 130 17.2% 147 16.2% 214 13.4%
5 92 20.4% 125 17.5% 127 17.4% 176 14.87
6 87 21.0% 118 18.0% 121 17.82 172 14.9%
7 77 22.3% 99 19.7% 120 17.9% 168 15.1%
8 79 22.1% 102 19.4% 135 16.9% 183 14.5%
9 32 21.6% 104 19.2% 124 17.6% 166 15,2%
10 SEP 100 19.6% " 125 17.5% 160 15.5% 219 13.2%
Orientations
SEN 416 9.6% 568 8.2% 679 7.5% 1001  6.2%
MID 370 10.2% 491 8.8% 560 8.3% 785 7.0%
SEP 142 16.47 176 14.82 263 12.1% 354 10.47

SﬁAM = gham-operated controls; LVH = left ventricular hypertrophy;
(~) = each aggregate was counted as 1 microsphere; (+) = all micro-~
spheres per aggregate were counted SEN = subendocardium; MID = mid~

wall; SEP =

subepicardium

* refer to Table 3A for details
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Table 5A.

The average total number of microspheres counted in each

myocardial region sampled per heart as estimated* from the mean values
shown in Table 8 for animals receiving left atrial microsphere injection
(n=6). . The corresponding percentage error of measurement is shown to

the right.

Single Aggregated Total
Orientations
SEN < 1058 6.0% 81 21.8% 1139 5.8%
MID 1179 5.7% 86 21.1% 1265 5.5%
SEP 792 7.0% 59 25.5% 851 6.7%

SEN = subendocardium; MID = midwall; SEP = subepicardium

* total number of MS counted = (MS/orientation) x number of sampling

where number of sampling sites

sites

45 {45 sections)
microspheres

n
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