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STUDIES OF BONE BLOOD FLOW DISTURBANCES AFTER FRACTURE OF
THE ADULT TIBIAL DIAPHYSIS

Paul D Triffitt

Union of fractures of the adult tibial shaft is often
delayed after high energy accidents, and this may result
from greater devascularisation of the bone in these
injuries. The aim of this study was to develop a
radioactive microsphere technique for the measurement of
bone blood flow in the adult rabbit in order to investigate
quantitatively the routes of bone blood supply after
fracture and the effects of fracturing force on blood flow
after blunt trauma.

After demonstrating that two isotope labelis could be
reliably separated in the tissue samples, the optimum size
of microsphere and the number of microspheres allowing two

measurements of flow in each animal were tested. This
technique was employed to show that unilateral
immobil isation of the hindlimb in a cast did not result in
any differences between the limbs in tibial flow after one
or two weeks. :
After unilateral surgical osteotomies of the ¢tibial
diaphysis immobilised in a cast, cortical flow increased

but that to the marrow did not, indicating that the flow
response in the cortex is mediated by a supply parallel to
that to the marrow. The cortical blood flow changes were
abolished by the exclusion of the periosteum and soft
tissue by a sheath, suggesting that this parallel supply is
principally from these tissues. The cortical flow was not
significantly reduced by one or two weeks after exclusion
of the marrow circulation by an intramedullary nail.

Fractures of the tibial shaft were produced by
percussion. The blood flow changes after fower and higher
energy injuries were not significantly different, and were
similar to those found after a surgical osteotomy although
at one week the marrow flow was depressed. No evidence was
therefore found in this study that higher energy fractures
produced by blunt trauma are associated with a depressed
blood flow response.
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P1

PREFACE

The time to union of fractures of the adult tibial shaft is
commonly prolonged, and this has long been attributed to
vaécular factors. However, until the development of the
radiocactive microsphere technique, the measurement of bone
blood flow has presented problems, and a non-invasive
method for use in humans has yet to be perfected. As a
result, the quantitative information available on the
changes in blood flow after tibial diaphyseal fracture is
limited in scope and reliability. In the work presented in
the following pages, an animal model for the measurement of
tibial blood flow by the microsphere technique has been
developed, and this method applied to quantify bone flow
after experimental fractures. This has enabled more
detailed study of the flows to the different parts of the
diaphysis, and the réles of the main routes of blood
supply. Further, the method has been extended for the first

time to the study of fractures caused by blunt trauma.

The project was completed with the assistance of a

number of members of this and other departments.

First and foremost | am indebted to Prof PJ Gregg,
Professor and Head of the Department of Orthopaedic
Surgery, University of Leicester, for giving me the
opportunity of Jjoining the Department to undertake this
work. He has supervised the project at every stage, and
assisted in the drafting of this manuscript. His support

has made the project possible.

Dr David Morton, former Director of the Biomedical
Services Unit, University of Leicester, gave useful advice
at the inception of the work, and was instrumental in the

obtaining of the relevant Personal and Project Licences.
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His support has been continued by his $uccessor, Dr Derek

Forbes.

Jenny Rees, former deputy Director of the the Unit,

assisted in the development of the catheterisation
technique, and with Linda Reid, veterinary nurse, was
responsible for animal anaesthesia during the earlier

experiments. The recovery experiments were undertaken with
the valuable assistance of Cathy Cieslak, veterinary nurse,
who provided the anaesthesia and radiography, and
maintained a close watch over the animals. Peter Willan,
Chief Technician, was responsible for the ordering of
animals from the suppliers, while Lin Scrimshire was
responsible for their day to day care, and on occasion
assisted with anaesthesia and radiography. Mr Olusola Oni,
Lecturer in the Department of Orthopaedic Surgery,
demonstrated to me his techniques of tissue exclusion,

which were used in the study of experimental fractures.

Hilary Stafford, Chief Technician of the Department 8?
Orthopaedic Surgery, under took the ordering of the
microspheres and other consumables, and advised on the use
of l|laboratory equipment. Sue Gardner and Sujatta Dutt, of
the University Department of Medicine, acted as Radiation
Protection Supervisors and assisted with the Iloan of
equipment. Dr Bob Bing, Senior Lecturer in Medicine, kindly
consented to act as Departmental Radiation Protection
Officer, and permitted the use. of the departmental gamma

counter.

John Baker, University Radiation Protection Officer,
gave unstinting help in the difficult task of running the
project within the limits of the isotope disposal capacity.
Steve Bruce, of the Biomedical Services Unit, overlooked

the disposal of carcasses within these limits.

Dr John Thompson, Lecturer in Epidemiology of the
Department of Ophthalmology, gave valuable advice on the

statistics used throughout the work.

Colin Morrison, Principal Experimental Officer of the

University Department of Engineering, drew up the plans for
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the fracture rig, and supervised its manufacture by the
departmental workshop. Dr Dick Stephen, Senior Lecturer in

Clinical Physiology, advised on the assessment of

fracturing energy in vivo.

. The microsaw used for osteotomy was I|oaned by the
Zimmer company, and the casting materials were donated by

Johnson and Johnson.

Finally, I am grateful to my wife Jane, for reading the
manuscript, assisting in the preparation of the figures,
and for her patience and forbearance during my preoccup-

ation with the project.
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INTRODUCTION




1.1

FRACTURES OF THE ADULT TIBIAL DIAPHYSIS

1.1.1 FRACTURE UNION IN THE TIBIAL DIAPHYSIS

The best treatment for closed fractures of the adult tibial
shaft remains controversial. While most such fractures
managed either conservatively or by operation proceed to
union, others heal very slowly or apparentiy not at all.
The reasons for this are not known, and this makes the
choice of treatment for an individual fracture the more

uncertain.

While no clinical series can give the 'natural history'
of healing, inasmuch as all the fractures considered have
been treated, those fractures managed by closed methods
give the most wuseful information about those factors
affecting time to union that depend principally on the
nature of the injury rather than on the nature of the
treatment. However, defining the end point of fracture
healing is not without difficulty even in the absence of

the internal splintage provided by operative fixation.

In clinical practice, union is wusually defined as
having occurred if the fracture site is painless, with no
tenderness or instability on manual examination, and with
bony trabeculae crossing the fracture site on radiological
examination. While the shaft of the tibia is among the
easiest of long bones to test manually, as it is
subcutaneous throughout its length, manual examination may
not detect small movements at the fracture site, and it is
not practicable to examine the patient every day. The
assessment of union is thus performed at intervals, often
of several weeks, rather than continuously. Radiologically,

reliable conclusions on the presence or otherwise of bony
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trabeculae crossing the fracture site can be made only if
the fracture is in one plane and the X-ray beam is in that
plane, a combination which virtually never occurs in
clinical practice. Radiological healing often lags behind
clinical union, and a fracture may remain very obvious on a
radiograph despite restoration of function to the |imb.
Techniques devised to give an objective assessment of
union, such as vibration transmission and stress testing
(Sekiguchi and Hirayama 1979, Nokes et a/. 1985, Hammer
1985), are yet to be widely accepted and available, or to

be applied to a large detailed series of fractures.

In studies of closed management, union is commonly
defined as having occurred when the patient is allowed full
weightbearing without splintage. With this definition, the
average time to union of closed fractures of the aduit
tibial diaphysis is of the order of sixteen to twenty weeks
(Nicoll 1964, Johnson and Pope 1977, Austin 1981, Digby et
al. 1983, Sarmiento et al/. 1984), but the distribution
about this mean is skewed. Up to 14X of fractures take over
twenty six weeks to heal, and some take over a year (Nicoll
1964, Sarmiento et al/. 1984). This delayed union represents

considerable morbidity.

1.1.2 CLINICAL STUDIES OF TIBIAL DIAPHYSEAL FRACTURE UNION

The factors affecting the incidence of delayed union may be
considered in the light of the results of studies performed
over the past thirty years (Ellis 1958, Nicoll 1964,
Johnson and Pope 1977, Austin 1981, Digby et al/. 1983,
Keller 1983, Sarmiento et a/. 1984, Oni, Hui and Gregg
1988) .

Fracture pattern

The pattern of a tibial shaft fracture reflects the
mechanism of injury (Johner and Wruhs 1983). Three basic

types are generally recognised (Figure 1.1.1 a-c):
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1. Transverse - sustained by a direct blow without
axial loading.
2. Oblique - sustained by a direct blow during axial

loading. The magnitude of the angle of the fracture to
- the .long axis of the shaft that differentiates an
oblique from a transverse fracture is arbitrary and
often not stated, but is Ffequently taken as 45° (Bauer
and Edwards 1965, Edwards 1965a, Johnson and Pope
1977). |

3. Spiral - sustained by a twisting force about the
long axis. This type is differentiated from an oblique
fracture by the presence of a longitudinal limb linking
the upper and lower ‘extents of the fracture (Johnson

and Pope 1977, Johner and Wruhs 1983).

All three types may be comminuted, /e, comprise more than
two fragments, and this occurs in at least two

circumstances:

(a) when the fracture is caused by more than one force
acting in different directions. For example, an oblique
fracture may have a 'butterfly' fragment if a bending
force is combined with the axial loading (Figure

1.1.1 d).

(b) when higher forces are applied over a greater area.
A special example of this is a segmental fracture or
‘bumper' double fracture caused by a relatively wide

object such as a car bumper (Figure 1.1.1 e).
In some cases, a portion of the shaft may actually be lost.

The proportions of the various types in each study
group depends on the exposure of the population studied to
different causes of tibial shaft fracture. Different
workers have also grouped fracture types differently.
However, the fracture pattern per se has not been found to
be correlated with delayed union, but rather the presence
or degree of comminution of the fracture (Ellis 1958,
Nicoll 1964, Johnson and Pope 1977, Digby et a&a/. 1983, Oni,
Hui and Gregg 1988).
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Fracture /evel

The position of the fracture along the tibia is usually
assigned to the upper, middie or lower third, accounting
for 3 to 16%, 28 to 55%, and 36 to 58X of fractures
respectively (Nicoll 1964, Johner and Wruhs 1983, Oni, Hui
and Gregg 1988). There is no generally agreed method of
assigning a fracture that crosses the dividing |ine between
thirds. Further, segmental and extensively comminuted
fractures do not readily fit into such a classification,
but these have often been treated operatively and therefore

not included in the studies in question.

While it is generally believed that fractures of the
distal third heal more slowly, clinical studies indicate
that the location of the fracture has no independent effect
on the rate of union (Ellis 1958, Nicoll 1964, Johnson and
Pope 1977, Sarmiento et al/. 1984),

Fracture displacement

The distal fragment of a shaft fracture may be angled,
shifted or rotated with respect to the proximal fragment,
and if shifted by at least the width of the bone at the
fracture site it may override the proximal fragment so as
to result in shortening. However, in clinical studies,
shift alone has generally been considered, no doubt because
it is easier to quantify from a radiograph than rotation,
and significant shortening can occur only with concurrent
shift. All types of displacement are likely to be
underestimated because of the partial reduction resulting
from first aid measures taken before the radiographs are
obtained. It is thus not surprising that in general only
the more severe degrees of displacement have been found to
have a consistent relationship to the time to fracture
union, having an association with prolonged healing time
(Ellis 1958, Nicoll 1964, Johnson and Pope 1977, Austin
1981, Digby et a/. 1983).
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Associated fibular fracture

It is commonly believed that an intact fibula will slow
healing by 'Jjacking' apart the tibial fracture surfaces. In
these clinical studies, this factor has been considered
without controlling for other factors, and it has been
found that the opposite is the case, /e, a fractured fibula
is associated with longer times to union. This effect is
probably dependent on the cohcurrently increased
displacement of the tibial fracture (Nicoll 1964, Digby et
al. 1983, Sarmiento et al/. 1984, Oni, Hui and Gregg 1988).

Soft tissue injury

Soft tissue injury associated with a shaft fracture varies
from a minor contusion to major loss of skin and muscle
combined with neurovascular injury. Géading systems that
have been developed to quantify these injuries general.ly
include compound fractures only, as no reliable method yet
exists to assess clinically the soft tissue involvement in
closed fractures (Oestern and Tscherne 1984). Compounding
is found to be associated with delayed union, particularly
if severe (Ellis 1958, Nicoll 1964, Digby et al/. 1983,
Sarmiento et a/. 1984).

These studies have shown that the factors associated with
s |l owed heal ing include fracture comminution, initial
displacément. associated fibular fracture, and compounding.
These features are in turn related to the degree of force
causing the fracture (Hulth 1980), and it has been shown
that, as a group, closed fractures sustained in higher
energy accidents have a higher incidence of the delay of
union beyond twenty weeks than lower energy injuries when
treated by closed methods (Oni, Hui and Gregg 1988). This
effect may be related to a higher level of injury to the

blood supply of the bone and its surrounding tissues.
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1.1.3 TIBIAL DIAPHYSEAL BLOOD SUPPLY AND FRACTURE UNION

It is commonly believed that a good blood supply is a
necessary requirement for the healing of fractures (Brookes
et al. 1970, Trueta 1974, Rhinelander 1974, Gustilo et al.
1990). The high rate of delayed union of the tibial shaft
in comparison with that of the femur is in turn said io
result from the relatively poor coverage of the bone by
vascular muscular tissue, particularly over its distal
third (Trueta 1974), and the greater degree of vascular
derangement expected in fractures caused by.higher energy
impacts may constitute the principal mechanism of delayed
union. Comminuted fractures will have one or more bony
fragments that are partially or complietely denuded of soft
tissue and marrow and thus of their blood supply, while the
more severely displaced fractures will have a complete
interruption of the medullary circulation and will be
subject to a variable degree of muscular and periosteal
stripping, with or without the avulsion of the nutrient
vessels entering the shaft. The degree of devascularisation
is probably greatest in severe compound fractures
associated with Iloss of soft tissue, and these are the

fractures that are most prone to delayed union.

Richards and Schemitsch (1989) studied the importance
of the soft tissue by creating a devascularised segment of
the canine tibia by removing and replacing a length of the
diaphysis between two osteotomies. After one month, a
higher proportion of the osteotomies were united when the
segment was covered by a muscle flap rather than by the
original skin, and this was thought to be related to the
greater blood flow found in muscle flaps (Fisher and Wood
1987). Similarly, union is delayed by temporary devascular-
isation of the muscle surrounding an excised and replaced
segment of the rabbit radius (Holden 1972), by exclusion of
the periosteum and soft tissue around an osteotomy of the
rabbit radius or tibia by a sheath (Cavadias and Trueta

1965, Oni 1987), and by simple separation of the muscle
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from the periosteum at the site of an osteotomy of the dog

radius (Kolodny 1923).

This effect is especially marked if the nutrient
vessels are also destroyed (Kolodny 1923, Cavadias and
Trueta 1965, Whiteside and Lesker 1978b, Oni 1987). Haw et
al. (1978) studied upper diaphyseal segments of the canine
tibia replaced in their beds and internally fixed with a
plate. Those segments with their nutrient vessels
reanastomosed wunited earlier than those left devasc-
ularised. However, this difference was probably principally
related to the difference in the rate of infection, which
reached 75% in the devascularised segments. Teissier et al.
(1985). in a similar study of the rabbit fibula, found that

on average the revascularised shafts united one week

earlier, a relatively long period of time in an animal
whose |long bone fractures normally heal in four to six
weeks.

Union after <clinical fracture often occurs normally

despite severe ischaemia of the neighbouring muscles (Owen
and Tsimboukis 1967). This ischaemia results from rises of
pressure within the osteofascial compartments of the leg
after fracture, causing the closure of veins and small
arterial vessels and constituting a compartment syndrome
(Rorabeck and Macnab 1976, Moore and Cardea 1977, Halpern
and Nagel 1980, Allen et a/. 1985, Gershuni et al/. 1987).
Such syndromes might depress tibial blood flow in the short
term by occlusion of osseous venous drainage, and in the
longer term by the inhibition of the revascularisation of
the fragments by subsequent fibrosis of the muscle. Court-
Brown and McQueen (1987) claim that delay in union fol lows
such syndromes, but their study was retrospective and
dependent on the diagnosis made at the time of surgical
decompression, so that all fractures were surgically

compounded.

Presently there is no non-invasive method of measur ing
absolute bone blood flow in man. The measurement of bone

uptake of fluorine-18 by positron emission tomography has
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been reported as giving a measure of blood flow to
vertebral bone, but only if combined with arterial blood
sampling (Nahmias et al/. 1986). Laser doppler flowmetry
(LDF)>, the measurement of the doppler shift imparted to a
laser beam by its reflection from moving blood cells
(Swiontkowski et al/. 1986), gives an index of cell flux as
an electrical voltage, but no absoiute figure for flow can
be derived, and when applied to the measurement of tissue
blood flow no differentiation is possible between the
arterial or venous side of the circulation. Using this
technique, Sanders et al/. (1987) reported a comparative
study of delayed unions of different long bones undergoing
operative intervention. The hypertrophic type, character-
ised by an 'elephant's foot' appearance on radiographs in
which new bone is produced at the fracture margins but not
across the fracture site, were found to have significantly
higher red cell fluxes at the bone ends than the atrophic
type, in which no attempt at healing is apparent (Figure
1.1.2). The uptake by bone of the scanning agent methylene
diphosphonate has been found to correlate with bone blood
flow during the F{rst minute (Nutton et a/. 1984, Nutton et
al. 1985), and over longer periods if flow is in its normal
range or decreased (Siegal et al. 1976, Sagar et al. 1979,
Riggs et al/. 1984), but neither early nor later scans have
been found to correlate closely with the time to wunion
(Gregg et al. 1983, Gregg et al/. 1986, Oni 1987, Oni,
Graebe and Gregg 1988).

An attempt to predict delayed union by visualisation of
the bone vasculature has been made using osteo-
medul lography, the injection of contrast medium into the
tibial marrow to give indirect information concerning the
intramedul lary circulation (Puranen and Kaski 1974). These
workers, in a selected group of patients, found that the
passage of medium into the veins of the proximal fragment
after injection into the distal fragment was associated
with subsequent consolidation of the fracture, but this may
be related to the presence or otherwise of a barrier to

union rather than to the level of bone blood flow.
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Thus, while there is qualitative experimental evidence
to support the importance of blood supply in long bone
healing, there is little evidence available from studies in

man.

It follows from the vascular hypothesis of delayed‘
union that management of tibial shaft fractures should be
tailored to maximise the vascular response, but at present
there is little quantitative information as to the relative
importance of the soft tissue and of the marrow circulation
in this process, and there is no experimental evidence that
increased vascular damage .in higher energy fractures is
associated with a significant reduction in the subsequent
bone blood flow. The measurement of this flow is made
difficult by the complicated vascular arrangement in bone,

the functional details of which remain unsettled.
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&

(a) transverse (b) oblique (c) spiral

-

(d) butterfliy (e) segmental

Figure 1.1.1 Patterns of fracture of the adult tibial
diaphysis (after Johner and Wruhs 1983).
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Figure 1.1.2

Radiographs of hyper-
trophic and atrophic
delayed union of the

tibial diaphysis.

(a) hypertrophic

(b) atrophic

11
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1.2

THE INVESTIGATION OF THE BLOOD SUPPLY OF LONG BONES

The methods available for the investigation of the
circulation of long bones fall into the two main groups of
form aﬁd function, ie those demonstrat1ng the arrangement
of the blood vessels, and those giving an estimate of the
blood flow under varying conditions. The quantitative
methods are closely dependent on the anatomical studies, as
the interpretation of the figures obtained will rely on the
understénding of the vascular relationships of neighbouring
tissues. The principal methods of bone blood flow
estimation have been radio—-isotope clearance, hydrogen or
iodo—antipyrine washout, and the microsphere technique. The
anatomy of the osseous circulation has been studied by

vascular perfusion studies.

1.2.1 PERFUSION STUDIES OF THE BLOOD SUPPLY OF LONG BONES
The blood vessels to and within Ilong bones may be
demonstrated by intravascular injection with opaque dyes
followed by clearance of the tissues for microscopy by the
Spalteholz technique (1911). An alternative is the use of
radiological contrast media as the injectate, followed by
radiography of cut sections of bone. With either technique,
which vessels are demonstrated will depend upon the

injection pressure, the viscosity of the injectate, and the

-

size of the injected particles. In particular, capillary
and venous filling after arterial injection will require an
injectate of low viscosity and small particle size (of the

order of the size of red cells, 7-8um). Retrograde venous
injection may be added to show the venous side of the

circulation.
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Using these methods, there is general agreement as to
the main routes of blood supply to an adult long bone, and
as to the principal vascular structures within the bone.
However, controversy remains as to the functional

relationships of these elements.

Three major sources of blood supply are described
(Brookes and Harrison 1957, Morgan 1959, Go&éthman 1960a,
Nelson et al. 1960, Brookes 1971). The nutrient circulation
arises from one or more nutrient arteries that pass
obliquely into the shaft. Once in the medulla, ascending
and descending branches pass towards the metaphyses, giving
off radial branches towards the cortex. The vessels of the
periosteal network communicate with those of the cortex
over its entire surface, and are supplied by longitudinal
vessels connecting circumferential anastomoses around the
extremities of the bone. The network is further supplied by
vessels arising from the neighbouring skeletal muscle and
by those passing along fascial planes perpendicularly to
the bone surface (Simpson 1985). The epiphyseo—-metaphyseal
supply comprises multiple branches of the periarticular
anastomoses. In the adult, the circulations of the
epiphyses, metaphyses and diaphysis freely communicate

(Gothman 1960a).

The venous drainage of the bone comprises multiple
vessels situated in greatest numbers in the metaphyses. In
the diaphysis emissary veins arise from the peripheral
marrow and pass directly through the cortex to the systemic
venous system (Lopez-Curto et a/. 1980, Oni et al/. 1987). A
céntral venous sinus runs the length of the diaphysis,
emptied by terminal branches passing out of the metaphysis
and by one or more 'nutrient' veins leaving the diaphysis
(Brookes and Harrison 1957, Morgan 1959). The sinus can
therefore be described as constituting the tributaries of
the nutrient vein, analogous to the branches of the
nutrient artery (Nelson et al/. 1960). These veins contain
no valves, and thus may be filled by retrograde venous

infusion (Brookes 1987). The principal direction of venous



1.2 BONE BLOOD SUPPLY 14

drainage of the diaphyseal cortex, whether centrifugal from
the endosteal aspect to the periosteal veins, centripetal,

or a combination of the two, is the subject of dispute.

Within the diaphyseal medulia lie radial arrangements
of the branches of the nutrient vessels and of sinusoids
aligned around the central venous sinus. The sinusoids
comprise a fenestrated endothelial wall lacking a basement
membrane (Brookes 1987), and are joined to the central
sinus by Jlarger collecting sinusoids (de Bruyn et al.
1970). Within the cortex, the Haversian and Volkmann canals
each contain one or two small vessels, most of which have
walls of single-cell thickness with no muscular eilements.
The arrangement is predominantly of oblique vessels passing
between the periosteal and endosteal surfaces, with
connecting transverse anastomoses (de Bruyn et a/. 1970,
Brookes 1987). Vessels may be seen passing between the
cortical and periosteal circulations, and between the

cortical and medullary circulations.

Perfusion studies do not indicate the direction of flow
within the vessels demonstrated, and this has given rise to
much of the controversy as to the functional relationships
of the vessels described. Brookes and Harrison (1957)
compared the results obtained with post mortem arterial and
venous injection of barium sulphate suspension (Micropaque)
in the tibia and femur of the rabbit. The medullary
sinusoids filled only after venous infusion, and only the
inner cortical vessels were shown by antegrade infusion.
From these findings it was concluded that the sinusoids
were entirely on the venous side of the capillary bed, and
that the cortex received no arterial supply from the
periosteum. However, both findings may have been at least
partly influenced by the relatively high viscosity of the
contrast medium (a 50% suspension) which would be expected
to reduce penetration of the smallest vessels. Further
studies using retrograde injections of Thorotrast resulted
in filling of vessels throughout the thickness of the

cortex, and this supported the view that the periosteal
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circulation drained the cortical lattice rather than
supplied it. On the basis of these studies, these workers
postulated a predominantliy centrifugal system of blood
supply, with the cortex supplied from the medulla and
draining into the meduilary sinusoids and the periosteal
vessels, but predominantly into the latter. This view was
supported by a further study in which unilateral division

of the tibial and femoral nutrient vessels in the rabbit

resulted after two weeks in marked filling of cortical
vessels from the periosteal surface, thus demonstrating
that the lack of this filling on the control side was not

due to technical problems (Brookes 1960a). Similar findings
were reported in human tibiae studied after amputation for

peripheral vascular disease (Brookes 1960b).

From micropaque and Indian ink perfusion preparations
of the human tibia, together with histological studies,
Nelson et al/. (1960) concluded that the periosteum gave
only a small capillary supply to the outer cortex, as no
arterioles could be observed entering from the periosteal
side. A few arterioles were, however, seen arising from the
nutrient circulation. They further concluded that the
predominant direction of venous drainage was centripetal,
as venules were seen accompanying the radial branches of
the nutrient artery as they entered the cortex, while fewer

vessels were seen traversing the cortex to the periosteum.

De Bruyn et al/. (1970) perfused guinea pigs, rabbits
and rats with intracardiac Indian ink under pentobarbitone
anaesthesia, and examined the circulations of the femur,

tibia and humerus. The branches of the nutrient vessels

were seen to reduce to capillary size before entering the
cortex, with only occasional branches to medul lary
sinusoids lying peripherally. The cortical lattice

communicated freely with both the sinusoidal system and
with periosteal capillaries, and direct anastomoses between
peripheral sinusoids and the periosteal network were seen.
A further observation was that the sinusoids were well

demonstrated only in sections where the cortical vessels
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were also well filled. These findings lent support to the
concept of the medullary sinusoid system as an essentially
venous structure, but also indicated that the cortex
received at least part of its arterial supply from the

per iosteum.

Rhinelander (1968) perfused the radii and ulnae of dogs
with 30% Micropaque, but found that cortical filling was
sparse unless the circulation was stimulated by a fracture
of the other limb. Under these pathological circumstances,
the outer one-quarter to one-third of the cortex appeared
to be filled from the peEiosteaI network, and there was
free anastomosis between the medullary and periosteal
cortical supplies. However, these conclusions were based on
the premise that no venous filling was present, and this is

unlikely in the presence of the claimed capillary filling.

Trias and Frey (1979) carried out post mortem perfusion
of the tibial nutrient artery in dogs using Indian ink.
They described nutrient vessels entering the cortex
transversely and branching in its middle third. This
corresponds with the finding of an increased density of
cortical vessels seen at this site by Brookes and Harrison
(1957) using retrograde Thorotrast infusion. Most of the
cortical structures that were thought to be venous were
seen to pass between the cortex and medulla, suggesting a

predominantly centripetal venous drainage.

Lopez—Curto et a/. (1980) used particles of silicone
rubber (Microfil) sized 0.1 to 5.0pum to infuse the tibias
of dogs under anaesthesia. The infusion was pulsed at 70
cycles a minute, and at a pressure of 100 to 150mmHg, in
order to mimic physiological conditions. The venous
structures passing between the cortex and medulla were
described as vessels passing through the cortex between
peripheral sinusoids and the periosteal network, and thus
it was concluded that the bulk of the venous drainage of
the cortex and peripheral sinusoidal system was

centrifugal. These workers also found direct connections



1.2 BONE BLOOD SUPPLY 17

between nutrient vesselis and sinusoids, and their findings

are essentially similar to those of de Bruyn et a/. (1970).

Thus, while there is much agreement over the structures
that may be demonstrated by perfusion studies, there is
dispute regarding the principal directions of flow between
the medulla, cortex and periosteum. One approach to this
problem is to observe blood 'Flow in vivo, and this was
performed in an elegant and careful exper iment by
Branemark (1959). The vessels at the interface of the
cortex and medulla of the rabbit fibula were observed
microscopically under controlled conditions of temperature
by grinding down the outer cortical layers. A parallel
system of supply was described, with marrow arterioles
branching into capiliaries that supply medullary sinusoids
or which enter the cortex. The sinusoids were drained by
venules into the centratl sinus, while the cortical
capillaries drained into peripheral sinusoids. According to
this description, venous flow is centripetal, although the

cortical findings apply only to the inner 10 to 30upm.

Another approach to the problem is to study the routes
of supply separately by exclusion experiments. These give
information as to the domains of the principal arterial
sources, although these exper imental domains are

necessarily facultative rather than physiological.

Trueta and Cavadias (1964), following a modification of
the method of Johnson (1927), studied the radius of the
rabbit. The periosteal, nutrient and epiphyseo-metaphyseal
supplies were excluded from the bone in pairs by the use of
polythene sheets or plugs, and the bone examined
radiologically, angiographically and histologicaliy. In
adult animals, the periosteal vessels, when left as the
sole source of supply to the diaphysis, were unable to
prevent cell necrosis in the inner half to two-thirds of
the cortical thickness, and across virtually the entire
marrow. The nutrient artery, however, supported a normal
marrow, but not the outer one—-quarter to one-third of the

cortical cells. The epiphyseo~-metaphyseal supply was able,
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by virtue of its anastomoses with the intact intra-osseous
parts of the nutrient vessels, to support the marrow and
the inner cortex, although to a lesser extent than by the
intact nutrient artery. Thus, division of the nutrient
arterY alone, leaving the other two supplies intact, was
found to have no effect whatsoever upon the bone. The
findings of these studies closely matched those of Johnson

(1927) in the dog tibia.

Brookes (1987) differentiates the vessels of the
cortical lattice into two types on the basis of |light and
electron microscopy. The bulk of the vessels are described
as sinusoids, having the same structure as the medulliary
sinusoids, while vessels that are histologically terminal
arterioles and are derived from the nutrient circulation
Join the lattice in the inner two-thirds of the cortex.
Similar vessels are not seen from the periosteal side,
although capillaries penetrate the outer cortex and appear
to arise from periosteal arterioles (Nelson et al/. 1960).
These findings, together with the difficulty in filling
cortical vessels from the periosteal circulation, are taken
to indicate a purely nutrient supply to the cortex with a
purely centrifugal venous flow. The inability of the
nutrient vessels to support the outer cortex in exclusion
exper iments might thus be the result of venous infarction
following the 1lifting of the periosteum, a possibility
envisaged by Trueta and Cavadias (1964). However, the

studies of Bré&nemark indicate that the medullary sinusoids

drain blood from the inner cortex as well as receiving an
arterial input, and, contrary to Brookes' assertion, a
lattice is capable of supporting flows in differing
directions within its different limbs, as BrAnemark

observed in the marrow. It thus remains possible that the
venous drainage of the cortex is in both directions, with
the predominant direction of flow determined by prevailing

physiological and pathological conditions.

Anatomical studies using vascular perfusion allow two

important conclusions. Firstly, the diaphyseal cortex does
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not appear to be supplied by a portal circulation from the

marrow, although the evidence regarding the periosteal
capillaries is less clear. Thus it may be assumed that the
concentrations of tracers in precapillary arterial blood

are the same in the cortex as in the marrow. Secondly,
anastomoses are already present between the nutrient and
epiphyseo—metaphyseal arterial supplies, and between the
medullary and periosteal venous systems, and these may
assume particular importance after disruption by a

fracture.

In view of the multiple arterial and venous vessels
comprising the blood supply of a long bone, it is not
practicable to measure blood flow quantitatively by direct
methods such aé by flowmeters or venous effluent
collection. Studies have relied therefore on the use of
tracers, using the principles of indicator clearance,

washout, or fractionation.

1.2.2 RADIO-ISOTOPE CLEARANCE STUDY OF BLOOD FLOW IN LONG
BONES

This technique measures the uptake of anm indicator into the
bone F}om the blood after a bolus injection. By the Fick
principle, tissue flow equals the indicator content of the
tissue divided by the integral of the arteriovenous
difference in indicator blood concentration across the
tissue. Dividing each side of the equation by the volume of

the tissue gives

Qtissue = ltissue 7/ f(la - Iv) dt c1.1)
where Qtissue = tissue blood flow per unit volume
It issue = tissue concentration of indicator

la = arterial concentration of indicator

Iy = venous concentration of indicator

’
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The clearance of the indicator is a virtual figure that
represents the amount of arterial blood that is completely

relieved of its tracer in unit time

Ctissue = ltissue / j la dt (1.2)

where Ctissue = tissue clearance of tracer per unit volume.

This obviates the requirement of representative venous
sampling. If the extraction of the tracer is compliete, so
that its venous concentration is zero, then the clearance
by a tissue is equal to its blood flow. In practice,
extraction is incomplete, and the exfraction ratio is less

than 100%

E!i..ue = j(l. - lv) dt / j ,. dt 1.3)

where Eiissve = tissue extraction ratio. Substituting for

JCla = Iy) dt from equation 1.1 gives

Etissue = ltissuve 7/ (otilsuc'f la dt) (1.4)

or Etiosue = Ctissue 7/ Qitissue (1.5)

The extraction ratio for the tissue must be known for a
blood clearance to be corrected to a blood flow. Many

studies, however, assume a ratio of 100%.

The tracers may be diffusible ions such as potassium—42
and rubidium-86 (Kane and Grim 1966, 196%9), or ions that
are taken up specifically by mineralised bone, the so-
cal led bone-seeking isotopes. | These have included
calcium-47 (Weinman et al/. 1963), calcium—45 (Shim et al/.
1967, Bosch 1969, Schoutens et a/. 1979), fluorine—-18
(Wootton 1974, Lemon et al/. 1980, Wootton and Doré 1986,
Nahmias et al/. 1986), and strontium-85 (Copp and Shim 1965,
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Shim et al/. 1967, Shim et al/. 1968, Sim and Kelly 1970,
Cofield et al/. 1975, Lemon et al/. 1980, Tothill and Hooper
1984). '

The technique has the advantage of avoiding surgical
exposure of the bone, although this is as a result of the
technical impracticality of collecting representative
osseous venous samples. It also allows the study of more
than one bone simultaneously. However, it suffers from

several major disadvantages.

I. Only one measurement is possible per animal. The
isotopes are subject to back-diffusion into the blood both
during and after the experiment (Copp and Shim 1965,
Cofield et al. 1975, Lemon et al. 1980), and the

preparation is therefore unstable.

2. Marrow flow —cannot be estimated by bone-seeking
isotopes. Bone-seeking isotopes have a negligible
clearance by the non-calcified marrow (Bosch 1969, Wootton

1974) .

3. Tracer diffusion continues post mortem. The indicator
is not fixed, and is able to move into the bone from the
surrounding tissues post mortem until the bone is excised
and cleaned. This is a particular problem with bone-seeking
isotopes. Tothill and MacPherson (1978) found the bone
contents of Sr85, Ca47 and F!'8 to increase progressively
during the first hour after death in rats and rabbits. For
the period commencing three minutes after death in the
rabbit, Wootton and Doré (1986) found on the basis of a

linear analysis that the apparent extraction ratio of Fit8

increased at the rate of approximately 0.01 per minute
while the bone remained in situ. This is likely to be an
underestimation, as about three—-quarters of the

measurements used to calculate this figure were obtained
beyond ten minutes after death, and the rate of post mortem
uptake will probably be greatest in the first few minutes

while local extra-osseous tissue levels of tracer are high.
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The uptake of tracer by bone before death may be
measured by the use of external counters, but these
measurements will be affected by counts in the surrbunding
tissue, which may be substantial even with bone-seeking
isotopes. After intravenous injection in dogs, 40X of Sr85s
was found in skeletal muscle at ten minutes (Sim and Kelly

1970).

4. Counts of bone radiocactivity include indicator remaining
in blood within the bone. This effect results in an
overestimation of bone uptake, particulariy if the
extraction ratio is low. The blood volume for tibial and
femoral cortex is of the order of 0.33 ml|l/100g in the dog,
while in cancellous bone it approximates 3.0 ml/100g
(Tendevold and Eliasen 1982b), representing approximately
0.6 to 6X of bone volume. An attempt has been made by
Wootton and Doré (1986) to estimate the amount of F18
remaining in the blood vessels of the rabbit tibia and
femur by the use of erythrocytes labelled with chromium-51,
in an experiment where recirculation was almost completely
prevented. Their calculation did not include any figures
for bone F!18 activity, and no derivation of their equation
is given. According to their figures, more than half the
fluorine in these bones lay intravascularly, but this
appears high in view of their claim of an extraction ratio

approximating unity.

5. The transit times for the bone circulation probably
exceed the minimum systemic recirculation time. To calc-
ulate clearance, the amount of tracer in the arterial blood
presented to the tissue of interest must be known (equation
1.2). This integral is calculated from withdrawal samples
taken from a major artery away from the |imb. However, as a
result of differences in local transit times, these samples

may not match the arterial blood in bone.

Tothill and MacPherson (1980) found the minimum
systemic recirculation time in the rabbit to approximate
ten seconds, while labelled erythrocytes injected into the

abdominal aorta with recirculation effectively prevented
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were still found in the rabbit femur and tibia 45 seconds
after injection (Wootton and Doré 1986). The minimum
recirculation time in the dog is under one minute (Kane and
Grim 1969), but albumin injected into the tibial nutrient
artery of the dog continues to be washed from the bone for
some twovto four minutes (Cofield et al/. 1975, Lemon et al.
1980). This time will have been prolonged to an unknown
extent by Jleakage of the albumin into the extravascular
space. Tothill and Hooper (1984) attempted to show in rats
and rabbits that the proportion of labelled 'intravascular'
albumin in bone did not fall to negligible amounts before
rising again from recirculation, but the small proportions
of the cardiac output distributed to single bones, and the
very short minimum recirculation times in these animals,

makes accurate measurements against time very difficult.

Kane and Grim (1969) claim that at one minute after
intravenous injection in the dog the amounts of K42 and
Rb8é delivered to the tissues as a result of recirculation
equal those lost into the venous outflow. In other words
the isotopes are in equilibrium between tissues and blood.

From equation 1.1

Qtissue = Itissue / f(ln + Japr - Iv) dt 1.6
where Iar is the arterial concentration of indicator
arising from recirculation. At equilibrium, Isr, equals I,
and comparing with equation 1.2 it can be seen that flow

now equals clearance (Kane 1968). To obtain [ I. dt the
downslope of the arterial dilution curve is extrapolated
beyond the point where it is interrupted by recirculating
tracer, and the area under the resulting curve measured.
Using this method, these workers found that the isotope
clearances for the isolated canine hind |imb closely
matched the total venous outflow. However, the technique
assumes both that the extraction ratios of different

tissues are the same, and that all tissues are in
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equilibrium with the isotope. This may cause errors when
flows to individual tissues are measured, although good
agreement was found between the distributions to bone of
Rb86 and 1éum or 25pm glass microspheres (discussed below

in Section 1.2.4).

Bone-seeking isotopes do not appear to have been
investigated along similar |ines. Rather, the problem posed
by recirculation has led to efforts to measure extraction
ratios of these isotopes during their 'first pass' thrdugh

the bone circulation.

One method is to inject the tracer into the tibial
nutrient artery and divert all the osseous venous outflow
to a cannula in the ‘femoral vein by the use of a
tourniquet. Thus recirculation is prevented. Correction for
the dilution of the tracer by venous blood from other parts
of the hindlimb <can be made by the addition of an
intravascular marker to the injectate (Copp and Shim 1965,
Bosch 1969, Cofield et al. 1975, Lemon et al. 1980).
However, injection into the nutrient artery, with or
without occluding this vessel, results in the measured
ratios applying to only part of a disturbed circulation.
Further, the 'intravascular' marker in these studies has
been albumin, which has been shown to have a significant
extravascular volume of distribution in bone within ten
minutes of its administration (Tendevold and Eliasen
1982b). Apart from these problems, the ratios are found to
vary with time after injection, possibly as a result of
exchange with more than one osseous compartment (Bosch

1969) .

An alternative is to stop the <circulation before
recirculation can occur, but as recirculation. time will
vary with changes in cardiac output and tissue flow, and
extraction ratio varies with time after injection, these
measurements are of questionable value. Tothill and
MacPherson (1980) compared the proportions of F18, Sr85 and
label led microspheres distributed to the tibia and femur of

rabbits and rats within the minimum systemic recirculation
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times, but this calculation suffers +from the further
disadvantage of not accounting for the avidity of bone
mineral for the ionic tracers which does not affect
microsphere distribution. Wootton and Doré (1986) undertook
the same comparison for F18 in the rabbit while surgically
preventing recirculation. These workers found extraction
ratios of unity or greater using corrections for post
mortem migration of tracer, although, as discussed above,

this was probably underestimated.

As a result of the apparently long transit times in
bone, the estimation of extraction ratios in the absence of
recirculation will not allow accurate —correction of
measured clearances to bone flows on the basis of arterial
sampling unless the experiment in question also exciudes
recirculation. In general, in the application of the
clearance technique to investigate osseous vascular

pathology, the disturbances required for this exclusion

will be better avoided.

6. Extraction ratios may vary with flow rate. From the
above discussion, it can be seen that unless the tracer is
in equilibrium between blood and bone, the apparent
extraction ratio will vary with time even with a constant
flow rate. Changes in flow are |likely to affect the time

course of changes in the ratio. In addition, at high flow
rates, uptake of tracer by bone may become I|imited by
factors other than flow, so that the flow is no longer
reflected by the tracer clearance. Such factors may include
the transfer of bone-seeking tracers into bone mineral from
the extravascular bone fluid (Charkes et al/. 1979) or the
opening up at higher flows of arteriovenous shunts

(Friedman 1968).

Estimates of the extraction ratios of Ca45, F18 and
Sr8s by the method of nutrient artery injection and
collection of femoral venous blood in the dog have shown
small drops in the ratios with increasing flow, over small
ranges of the latter (Bosch 1969, Cofield et al/. 1975,

Lemon et al/. 1980). A more marked effect was seen over a
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wider range of flows with comparison of Sr85 clearance with
flows estimated by the microsphere technique (Tothill et
al. 1985). Schoutens et al/. (1979) found the clearance of
Ca45 to approximate 50%X of the flow obtained with 15um
microspheres under control conditions in the whole tibia
and femur of the rat. Bone blood flow was varied over a
wide range by raising and lowering the ambient temperature
of the hindlimbs, and the extraction ratio of the tracer in
the tibia dropped from 0.77 to 0.27 with increase in flow
from below six to above twelve mi/min.100g. Thus increases
in flow above control levels was not matched by increases

in tracer clearance.

In summary, the measurement of bone blood flow by
clearance methodsiis subject to inaccuracies resulting from
the avidity of bone for many of the tracers used, and from
the apparent variations in extraction ratios. These ratios
are difficult to quantify, particularly if the isotope is
not in equilibrium between blood and bone. The problems
posed by blood-bone tracer exchange also apply to another

method of flow measurement, indicator washout.

1.2.3 INDICATOR WASHOUT STUDY OF BLOOD FLOW IN LONG BONES

In principle, the measurement of blood flow by the washout
of a tracer is the reverse of a clearance measurement. The
disappearance of the tracer from a tissue is assumed to be
the result purely of uptake into the blood perfusing that

tissue, and has the general form of exponential decay

I¢ = lpe-kt 1.7)
where /¢ = tissue concentration of tracer at time ¢
lo = tissue concentration of tracer at zero time
e = the base of natural logarithms

and k is a constant
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The constant k may be obtained by a semilogarithmic plot of

I+ against time

loge /¢ = logelo - kt (1.8)
This has the form of a |inear equation with kK as the slope.
Two simplifying assumptions are made. Firstly, it is

assumed that the arterial concentration of the indicator is

zero. Secondly, it is assumed that the tissue tracer is in
equilibrium with end-capillary blood, and thus with venous
blood. Under these conditions, the 'extraction ratio' |is

constant, and is expressed as a partition coefficient (\)

of the tracer between tissue and blood.

X = I¢ /Iy (1.9)

An expression for blood flow may be obtained by the reverse

of the Fick principle (equation 1.1)

Qtissue = lo = I¢e /7 [CI, = Ia) dt (1.10)

By substituting I¢/X for I, (equation 1.9) and equation 1.7

for I+ this may be reduced to

Giissuve = kh c1.11)

The tracers that have been used for the study of bone blood
flow have included radio-iodide (Brown-Grant and Cumming
1962), radiolabelled iodo-antipyrine (Kelly et al. 1971,
Semb 1971, Kelly 1973, McElfresh and Kelly 1974), xenon-133
(Semb 1971, Lahtinen et a/. 1979), and hydrogen (Whiteside,

Lesker and Simmons 1977, Whiteside, Simmons and Lesker
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1977, Whiteside et al/. 1978, Weiland et al/. 1982, Kita et
al. 1987). Most tracers are adminiétered by local
injection, and the tissue levels measured by external
counting of the isotope. I|abel. This method gives the
fractional disappearance of the tracer rather than the fall
in tissue concentration, but this is simpjy equivalent to
dividing equation 1.7 on both sides by Io. Hydrogen may be
administered with the inspired gases, and subsequently
measured locally by the use of a platinum tissue electrode

(Aukland et al/. 1964).

The value for A for each tissue may be obtained by
measuring uptake into a sample of tissue placed into a
solution of the tracer in vitro (Aukland et al. 1964,
Whiteside, Lesker and Simmons 1977). The finding that small
sections of ©bone do not take up any hydrogen from
surrounding muscle in vivo (Whiteside, Lesker and Simmons
1977) suggests, however, that in this tissue the 'uptake'
during the measurement of A is by exchange of water between
the bone fluid and the hydrogen solution rather than by
simple hydrogen diffusion. Possibly this is the main

mechanism of exchange of tracer between tissue and blood.

Kelly's group has given estimates of the coefficient
for iodo-antipyrine in bone on the basis of measurements
made during nutrient artery infusion in vivo (Kelly et al.
1971, Kelly 1973, but the problem of obtaining a
representative sample of osseous venous blood to give I,
(equation 1.9) means that these figures must be viewed with

caution.

Measurement of tracer washout overcomes some of the
problems of the clearance method. Firstly, once the tracer
has been washed out of the tissue, a repeat measurement may
be made. Secondly, flow to the marrow may be estimated if
the appropriate partition coefficient is known. Thirdly, as
the measurements are made purely in vivo, movements of
tracer post mortem are irrelevant. Indeed, there is no need
to sacrifice the animal, and thus further measurements may

be made at some remote time. However, the problems posed by
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tracer situated in blood within the tissue, recirculation,

and the time course of blood-tissue exchange remain.

1. Counts of bone radiocactivity include tracer within blood
and other tissues. Whichever method is used, the tracer
that has passed into the capillary blood will be measured
in addition to that remaining in the tissue. Electrodes
inserted into bone will be surrounded by blood mixed with
tissue fluid, and external counters will pick up emissions

from both blood and non-osseous tissues.

Attempts have been made to avoid the presence of tracer
in non—osseou§ tissue by the use of local injection,‘either
directly into the bone (Brown-Grant and Cumming 1962, Semb
1971, Lahtinen et al. 1979) or into the nutrient artery
(Kelly et al. 197t, Kelly 1973, Lavender et a/. 1979). Both
methods involve local trauma, and the latter distributes

tracer to only part of the bone circulation while at the

same time <causing interference with that circulation.
Injection of iodo-antipyrine into the anterior tibial
artery of dogs near the nutrient artery, rather than

directly into it, resulted in only 20% reaching the tibia,
with the remainder found in the nearby muscle (McElfresh

and Kelly 1974).

A further potential problem with external counting is
that the washout curves for cortex, muscle and marrow are
superimposed. In the dog tibia, however, the curves for
iodo—antipyrine in cortex, surrounding muscie and marrow
have been found to be the same (Kelly et al. 1971,
McElfresh and Kelly 1974).

2. Recirculation may result in an arterial concentration of
tracer above zero. Any recirculation will slow the net
washout of the tracer. Aukland et a/. (1964) used intra-
arterial electrodes during hydrogen washout measurements in
the dog kidney, and found that femoral arterial levels of
inspired hydrogen took approximately 40 seconds to drop to
negligible amounts. Measured kidney cortical blood flow

matched its venous outflow only after this time period.
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Whiteside, Lesker and Simmons (1977) found the equivalent
time in the rabbit to be 20 seconds. The apparentiy long
transit times in bone will exaggerate this effect, which
may be sufficient to obscure any early fast component of

the washout (Aukland et al/. 1964).

Kelly et al. (1971) found negligible levels of external
emission over the contralateral tibia in dogs after
vnutrient artery injection of iodo-antipyrine, suggesting
that local injection of small amounts of tracer resulted in
insignificant recirculation. Hughes et a/. (1978), after a
similar injection of radiolabelled methylene diphosphonate,
found the radioactivity of the contralateral tibial shaft
to be four to five per cent of that of the injected tibia
after five minutes, but any recirculation of this bone-
seeking tracer will be concentrated in bone, unlike

antipyrine.

3. Tissue tracer may not be in equilibrium with end-
capillary blood. As with the clearance technique, problems
are posed by the time-course of equilibration and the
possibility of diffusion l|imitation of exchange at high
flow rates. This is wunlikely with hydrogen, which s
lipophilic and of a very low molecular weight, but data is

lacking for the other tracers.

4. Measurement of tracer by tissue electrodes may be
subject to diffusion Iimitation within the surrounding
tissue. The tissue immediately surrounding an electrode
may be subject to circulatory disturbance that will slow
the washout of the tracer. At low flow rates, diffusion of
the tracer across this tissue from well-perfused areas will
be sufficient for the rate of washout to be measured
accurately, albeit after an initial delay. However, at high
flow rates this diffusion may be Ilimiting. The high
diffusibility of hydrogen results in this effect being
apparent only with flow rates above 150 mi/min.100g
(Aukland et a/. 1964). In bone, Whiteside, Lesker and
Simmons (1977) found that the vessels adjacent to the drill

holes made for the electrode remained patent on
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histological sections, but this gives no indication of the
rate of flow in these vessels with respect to the remainder

of the bone.

5. Multiexponential washout. Washout curves with more than
one component have been found in the kidney, skeletal
muscle, femoral cancellous bone, and tibial diaphyseal

marrow (Aukland et al/. 1964, Semb 1971, Whiteside, Lesker
and Simmons 1977, Lahtinen et a/. 1979). This effect may
arise from heterogeneous tissue blood flow, or Ffom
diffusion |imitation of movement of tracer from one or more
tissue compartments. Again, the latter explanation appears
unlikely in the case of hydrogen, particularly as
circulatory arrest results in abrupt cessation of washout

(Whiteside, Lesker and Simmons 1977) which would be

expected to continue for a short period if it is not
entirely flow |limited.
Heterogeneity of blood flow will have important effects

on the distribution of tracer after its administration.
Aukland et al/. (1964) found that the shape of hydrogen
desaturation curves of kidney cortex was dependent on the
duration of hydrogen respiration used for the initial
saturation. In the case of tracers administered by local
intravascular injection, those areas of tissue with very
low flows may not have time to take up significant amounts
of tracer before washout exceeds uptake. In this way, the
average tissue flow may be overestimated. The direct

injection of tracer may be less subject to this effect.

In summary, the use of tracer washout to measure bone
blood flow thus has some advantages over the clearance
technique, while retaining some of its problems. The
necessity to measure tissue l|levels of tracer in'vivo adds
specific disadvantages, those of the local trauma of tissue
electrodes or of the use of external monitoring. Much of
the difficulty of the interpretation of tracer movements
between tissue and blood relate to the time course of such
movements, particularly in relation to recirculation. These

problems may be overcome by the uze of a flow indicator
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that does not leave the circulation while at the same time
undergoing physical integration of its distribution. These

properties are supplied by radiocactive microspheres.

t.2.4 THE STUDY OF BLOOD FLOW IN LONG BONES WITH
RADIOACTIVE MICROSPHERES

According to the indicator fractionation principle,
particles injected into the left side of the heart will be
distributed throughout the body in proportion to the
distribution of the cardiac output. If on first pass they
impact in the precapillary vessels and capillary bed, then
physical integration of the 'dilution' curve results
(Wagner et al. 1969, Heymann et al. 1977). Tissue blood

flow is therefore simply calculated as

Qtissue = Q . (Nitijggsue 7/ Ntotail) (1.12>
where @ = cardiac output
Ntissue = Nnumber of particles in the tissue
Ntotat! = total number of particles injected
If the particles, or microspheres, are l|labelled with a
radio—isotope, and if the frequency distribution of
radiocoactivities of the microspheres is the same in the
tissue as in the injectate, this calculation may be

expressed as

Qt issue = @ . (Countiissue 7/ Countiotai ) (1.13)

where Count represents the radioactivity count. Cardiac
output may be estimated by an independent method, or by the
use of a surrogate 'organ' of known flow. If a reference
sample is withdrawn from a major artery at a known rate

during the distribution of the microspheres, then
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Qref = Q@ . (Countrer /7 Countioter?) (1.14)

where the subscript ref refers to the reference sample.

Solving for Q@ gives

Q = Qref . (Countiotal 7/ Countrer) (1.15)

Substituting equation 1.15 for Q@ in equation 1.13
O{i"ug = Or.f . (COUnt{i..u. / Countpgf) (1.'6)

Thus, the number of microspheres injected does not need to

be known.

Using this method, no surgical interference with the
bone or its blood supply is required, and the problems
inherent in methods relying on blood-tissue tracer exchange

are avoided. It relies on three assumptions.

/1. It is assumed that the microspheres are sufficiently
evenly mixed in the arterial blood to be distributed in
propor}ion to regional flows. This requires both adequate
mixing at the injection site and absence of significant
arterial streaming. If cardiac mixing is complete or nearly
so, then flows to paired organs should be equal, and this
has been found in the kidneys (Neutze et al/. 1968, Mendell
and Hollenberg 1971, Sasaki and Wagner 1971, Warren and
Ledingham 1974, Malik et al. 1976), cerebral hemispheres
(Sasaki and Wagner 1971), and hindlimb bones (Syftestad and
Boelkins 1980, Jones et al/. 1982). Morris and Kelly (1980)
found that evenness of mixing to the |imbs was less
complete in supine dogs than in those conscious and

standing, although no figures were given.

A further test of central mixing is to compare samples

of blood taken from different major arteries, which should
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contain similar numbers of microspheres regardliess of their
site. This has been confirmed in the dog (Morris and Kelly
1980, Moore et al/. 1981) and in the rabbit (Neutze et al/.
1968, Syftestad and Boelkins 1980). Kaihara et al/. (1968)
found no differences in the distribution of microspheres
label | ed with two different isotopes and injected

simul taneousliy.

Streaming of microspheres within the aortic arch has
been found with the larger sizes of microsphere (50um) in
the rabbit, where these spheres were preferentially
distributed to the head (Warren and Ledingham 1974). They
also tend to be distributed towards the centre of the

lumens of smaller arteries (Phibbs and Dong 1970), reducing

the likelihood of their entering small side-branches. Only
microspheres of 10um or Iess were found to be evenly
distributed, and thus the use of larger spheres is likely
to introduce a smal | error at this level of the

circulation.

2. It s assumed that there s no recirculation of
microspheres. Recirculating microspheres will be re-
distributed to the tissues in proportion to regional blood
flow, where on subsequent passes they may be trapped, but
inaccuracy in their final distribution will result if the
degree of non—-entrapment on each pass varies between

different regions.

Non-entrapment arises from passage through arterio-
venous shunts and through the <capillary bed, if the
microspheres are sufficiently small. In the case of shunts,
filow through these channels is not, by definition, measured
by clearance or washout methods either, and the measured
flow is that of the 'nutritive' capillary circulation.
Thus, shunting presents a problem with the microsphere
‘technique only if the shunted micréspheres are not trapped
by the pulmonary circulation and are allowed to
recirculate. Zanick and Delaney (1973) injected
microspheres sized 18 to 34um into the femoral arteries of

dogs and found 4% of the dose in the lungs but no spheres
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in the kidneys, confirming the lack of pulmonary shunting
of this size range. Kaihara et a/. (1968)‘Found 99.7% of an
intravenous dose of 15 ¢ 5 pm (SD) microspheres trapped in
the lungs in the dog, while Warren and Ledingham (1974) did
not detect any pulmonary shunting of similar spheres in the
rabbit. By sampling arterial blood after right atrial
injection in dogs, Fan et al/. (1979) obtained pulmonary
shunting rates of less than 1% for 15 %+ | um spheres and
3.5% for spheres of 9 t 0.6 um. Thus it appears that
recirculation is insignificant for microspheres of greater
diameter than approximately 9um, a result which might be

expecied on the basis of the size of erythrocytes.

Microspheres of |ess than this size passing through
peripheral capillary beds are unlikely to be trapped in the
lungs, and this will lead to inaccuracies in the
calculation of blood flow. The extent of non—entrapment in
any tissue is best assessed by examination of the size
distribution of the microspheres in a representative venous
sample. In the kidney, no spheres of 10um or greater pass
into the renal vein (Katz et al/. 1971, Archie et al/. 1973)
and the same is true in isolated skeletal muscle (Gaehtgens
et al/. 1976). In human placental cotyledons in vitro, less
than 5% of microspheres larger than 10pm pass (Penfoid et
al. 1981). Thus, the assumption of complete trapping of the
microspheres in the capillary circulation has been found to

be reliable in soft tissue studies if the microspheres are

all greater than 10pum in size.
In bone, representative venous sampl ing is not
possible, and non—-entrapment has been assessed both by

nutrient artery injection and by comparison of simultaneous
calculated flows. Measurements after tibial nutrient artery
injection have been carried out only with 15um
microspheres, and suffer the usual disadvantages of this
approach. Morris and Kelly (1980) found over 14% of the
injectate appearing in. the femoral vein in a single
experiment, while Tothill, Hooper, Hughes and McCarthy
(1987) found a rate of 0.86%X. The higher figure of the
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former workers might be explained by the finding of Tothill
et al. that non-entrapment was increased to 20% or more by
previous ischaemia. Gross et al. (1979) obtained counts in
the tibial nutrient vein amounting to 11X of those in

arterial samples after intracardiac injection.

Comparison of flows to bone obtained with
simultaneously injected microspheres of different sizes
have been used to assess the relative degree of non-
entrapment of the smal ler spheres. To date, these
compar isons have been confined to 15um and Pum microspheres
(Niv and Hungerford 1979, Gross et al/. 1979, Jones et al.
1982), and have. shown calculated blood flows 30 to 50%
lower with the smaller spheres in samples from the femoral
head and in mixed bone samples. These results suggest a
considerable degree of non-entrapment of %um microspheres,

as would be expected from the soft tissue studies.

While small microspheres are more likely to behave in
the manner of erythrocytes in the arterial circulation,
non—-entrapment studies suggest that a minimum size of 10um
is required to avoid inaccuracies arising from

recirculation.

3. It is assumed that the frequency distribution of the

radicactivities of the microspheres in the tissue is the

same as that in the injectate. Microspheres may be
labelled by an isotope coating or by incorporation of
isotope into the substance of each sphere. In the first
case, the radioactivity of each sphere will approximate a

function of the square of its radius, while in the second a

function of the cube. It can be seen that small variations
in size of the microspheres will be associated with large
variations in their activity. For example, a batch of
microspheres sized 15 t | uym with incorporated isotope will

have a size range of the order of 12 to 18um. Very few

spheres will be of the extreme size, but limiting
consideration to those of 13 to 17um still implies that the
largest spheres will carry more than twice the amount of

isotope as the smallest. This will not affect the
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calculation  of blood flow <(equation 1.16) unless the
frequency distribution of the microsphere size in the
tissue is different from that in the injectate, and

therefore also from that in the reference sample.

Such a difference will arise from non—-entrapment of the

smal lest microspheres, or from hindrance of the entry of

larger spheres into the tissue sample. This steric
restriction (Merkrid et al. 1976) will arise at the
microvascular level, and is unlikely to affect the

measurement of flow to whole organs. An extreme example of
the effect is the case of a postcapillary circulation, such
as that of the renal medulla (Katz et a/. 1971). Here, any
microspheres small enough to reach the medul la pass through
into the venous blood, and the tissue count rates are
negligible. Within the cortex, the site of microsphere
trapping is dependent on the microsphere size, so that
while almost all 15um spheres are trapped in the glomeruli,
virtually all 35um spheres lodge elsewhere in the larger
vessels. The corollary of this is that the calculated local
tissue flow rates at different depths within the cortex
will vary according to the size of microsphere used - the
larger spheres may l|lie outside the tissue whose flow they.

represent.

In order for the third assumption to be valid for the
measurement of blood flow within an organ, therefore, the
microspheres must be sized as tightly as possible, cliose to
but greater than 10um so as to avoid non-entrapment while

minimising steric restriction.

While the three basic assumptions of the microsphere
technique may be satisfied, it must also be shown that the
embol isation caused by microsphere injection does not
adversely affect the circulation, by effects either on the
central nervous system or on the local microvasculature.
Central effects have been found to be more common in
conscious animals, and with both administration of large
numbers of microspheres and increasing microsphere size

(Warren and Ledingham 1974). Such effects include transient
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hypotension and bradycardia. In the anaesthetised rabbit,
between 2 and 100 x 10¢é spheres of 15um have been injected
without apparent central effects (Hierton 1983, Aalto and
Slatis 1984, Davis et al. 1990), while in the dog up to 157
x 10¢ have been given (Morris and Kelly 1980).

Local effects of microspheres have been assessed by
comparing the distributions of injections given sequent-
ially, on the premise that these will be comparable in the
absence of excessive embolisation. With 15um microépherés.
matching distributions have been found in the kidney,
heart, spleen, skin, and gut after injections of wup to
3 x 105 microspheres in the rabbit (Warren and Ledingham
1974), and in femoral bone after injections of
approximately 2 x 10¢ in the dog (Gross et al. 1979, Jones
et al. 1982) and 3.5 x 105 in the rat (Schoutens et al.
1979). Clearly, such studies should be carried out in any

proposed animal model.

The microsphere method is based on assumptions that are
amenable to experimental testing, and allows measurement of
bone blood flow without surgical interference. Before its
use in any animal model, however, the constraints on the

size of the microspheres and their number must be known.

1.2.5 QUANTITATIVE STUDIES OF BLOOD FLOW TO THE DIAPHYSIS

A compilation of the results from quantitative studies of
the overall flow rate to the adult tibial diaphysis using
the principal indicators is given in Table 1.2.1. There
appear to be no figures available for the cortex alone as
measured by the isotope clearance technique, but as the
uptake of bone-seeking isotopes by the marrow is very low
(Bosch 1969), the whole-bone flow rate given in the table
will be close to cortical flow. There is general agreement
that the rate of flow to the diaphyseal cortex is very low,
of the order of | to 5 ml/100g.min. The marrow flow is low

in the dog, in which it comprises mostly adipose tissue,
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but higher in the rabbit where it remains more actively

haematopoietic.

Exclusion studies using quantitative methods have been
carried out in acute but not in chronic experimental
models. Shim et al/. (1968) measured strontium clearance by
the femur in the rabbit during the first five minutes after
ligation of the nutrient artery. The differences between
the contro!l and experimental |imb gave the 'least rate' of
supply by this vessel, as a part of its domain may have
been supplied after |ligation by other vessels. The flow
rate to the diaphysis dropped by 71%. Tothill et al.
(1987), using 15 £ 5 pum microspheres in dogs, found that
occlusion of the tibial nutrient artery in three animals
resulted in a drop of approximately 80X in the flow rate to
the middle half of the tibia, or 66X allowing for the drop
in flow to the control |imb during the experiment. In
studies in dogs using microspheres sized 8 to 15um, Kunze
et al. (1981) found a drop of 75X in the fiow rate to the
cortex of the tibial diaphysis after medullary reaming,
which destroys the arterial and venous nutrient circulation

and the anastomoses with the metaphyseal supply.

These results contrast with those of hydrogen washout
studies. The flow rate to the middie third of the tibial
cortex measured by hydrogen washout in the rabbit and dog
was not affected by reaming of the medulla (Whiteside et
al/. 1978). Weiland and Berggren (1981), who claim that the
routes of blood supply to the canine rib are similar to
those of the diaphysis, found that blocking the medul lary
circulation by subtotal osteotomy and plugging with bone
wax did not have a significant effect on the flow rate to
the inner third of the cortex as measured by hydrogen
washout. This disagreement as to the relative importance of
the contribution of the nutrient circulation to the flow
rate of the diaphysis may arise from differences in the
volume of bone studied. Thus, while the clearance and

microsphere studies give an average flow for whole segments
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of cortex, the platinum electrodes of the hydrogen washout

method probably reflect changes much more locally.

Removal of the diaphyseal periosteum appears to have
less effect, as ‘might be expected from the results of
perfusion studies. Kunze et al/. (1981) found cortical flow
to drop only 31X after periosteal stripping, while.
Whiteside et al/. (1978) found no effect. In both studies,
combined stripping and reaming virtually abolished flow.
Lifting of the periosteum will disrupt both arterial and
venous channels, and no conclusions may be drawn from these

studies as to the relative importance of either.

Presently, quantitative methods have done little to
advance knowledge of the functional relationships of the
components of diaphyseal blood supply. This arises from the
difficulty in manipulating the network of vessels, and in
particular the difficulty of controlling the arterial and

venous channels independentiy.
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Table 1.2.1 Previous estimates of blood flow to the adult
tibial diaphysis. Flows are expressed as ml/min. 100g
Animal Method Cortical. Marrow Ref.
flow flow
rabbit Hz washout =3.5 ¢+ 0.1 (SD) =27-104+% 1
" " =4.1 ¢+ 0.25 (SD) - 2
" " =2.5% ' - 3
dog ms 8-15um 1.02 ¢ 0.05 (SE) - 4
" " 15%5pm 3.0 ¢+ 0.8 (SED - 5
u " 15um 1.96 - 6
" " 15pm 2% 7% 7
" " 15pm 3.7 ¢+ 0.7 (SED - 8
" " 15¢5pm 1.0 t 0.4 (SBE) - 9
" " 15um 2.1 - 4.7 - 10
" " 15pm - 7.4 1
" " 15um 4.89 - 12
" " 15um 1.6 - 13
" Sr clearance 3.57 ¢ 0.68 (SBE) - 14
" 1Ap washout =0.8 =6.7 15

Hz = hydrogen

Figures preceded by
the density of cortical

assuming

ms = microspheres

Sr = strontium

IAp = iodoantipyrine

'x' have been converted from units of ml/min.ml

diaphyseal marrow | g/ml

bone

to be 2 g/mli

and that of

t Double component washout curves from upper diaphyseal marrow
t Figure read from histogram or diagram of results

fcont.
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Table 1.2.1 (cont.) References

10

1

Whiteside, Lesker and Simmong 1977
Whiteside, Simmons and Lesker 1977
Whiteside et a/. 1978

Kunze et a/. 1981

Okubo et al. 1979

Richards and Schemitsch 1989
Schnitzer et a/. 1982

Tendevold and Eliasen 1982a
Tendevold and Eliasen 1982b
Tothill, Hooper, McCarthy and Hughes 1987
Morris and Kelly 1980

Li et al. 1989

Tendevold and Biilow 1984

Rand et a/. 1981

McElfresh and Kelly 1974

42
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1.3

THE CHANGES IN BLOOD FLOW TO THE DIAPHYSIS AFTER FRACTURE

The changes in blood flow after experimental fracture of a
long bone have been investigated using the methods

discussed in the previous section.

1.3.1 QUALITATIVE CHANGES IN VASCULARITY AFTER FRACTURE

Changes in the calibre of periosteal blood vessels occur
aimost immediately after fracture (Wray 1963), and an
increase in vascularity as seen on microangiography is
apparent within four days (Cavadias and Trueta 1965,
Rhinelander 1968). While this change includes the medullary
vessels, periosteal callus supplied by vessels from the
periosteum and surrounding soft tissue is more prominent
than endosteal cal lus in the first days, and this
predominance of extraosseous supply to the callus continues
until the medullary circulation is re-—-established across
the fracture site (Rhinelander and Baragry 1962,
Rhinelander 1968,1974, Rhinelander et al/. 1968).

The timing of this change appears to depend on the
stability of the fracture (Rhinelander 1974) . Rigid
fixation with a plate allows medullary vessels to cross the
fracture within a week (Rhinelander 1968), while with a
'stable' but unfixed reduction this process takes three or
more weeks (Rhinelander et a/. 1968, Holden 1972, Chidgey
et al. 1986). In the absence of fixation, it is the
periosteal callus that supplies the stability required to

allow the medullary circulation to regenerate.

Early movement at the fracture site appears to

encourage the formation of cartilage in the vascular
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external callus, which iﬁ other circumstances appears to
arise in areas of decreased vascularity (Rhinelander 1974,
Trueta 1974). Holden (1972) found that temporary devasc-
ularisation of the muscle around a double osteotomy of the
rabbit radius resulted in delay of the re—-establishment of
the medullary circulation and an increase in the level of-
cartilage formation. The appearance of a plate of cartilage
~along the fracture line, surrounded by a rich vascular
network, presumably also results from excessive fracture
motion rather than from a deficiency in the blood supply

(Rhinelander 1968).

The height of microangiographic vascularity occurs at
about four weeks after fracture in the rabbit (Cavadias and
Trueta 1965, Brookes et al. 1970), at which time the
medu! lary circulation begins to take over the supply of the
external callus by branches running through the cortex
(Rhinelander and Baragry 1962, Rhinelander 1968, Chidgey et
al. 1986).

Internal fixation of the osteotomy has been noted to
affect vessel perfusion with contrast medium. In fractures
of the dog forelimb Rhinelander (1968) has observed that
the cortex under a tightly applied plate becomes devoid of

perfused vessels throughout its depth, presumably as a
result of blockage of the venous outflow, while an
intramedul lary nail does not prevent vessel filling in the

outer third. The periosteal supply, or rather that arising
from the soft tissue, proliferates to compensate for any
damage to the medullary circulation from an intramedul lary
nail or by interruption of the nutrient artery (Trueta and
Cavadias 1955, G&8thman 1960b,1961, Cavadias and Trueta
1965, Oni 1987), and union occurs by external callus. The
other bone blood supplies are not so efficient in
supporting healing in the absence of this external supply.
Exclusion of the periosteum by a sheath was attempted by
Cavadias and Trueta (1965) after osteotomy of the rabbit
radius but only two adult animals did not sustain damage to
the nutrient artery. Endosteal callus appeared only in the

proximal fragment, and union was delayed with respect to
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control fractures in both>cases. These workers also found
that exclusion of both the periosteum and nutrient artery
results in delayed union unless both proximal and distal
nutrient vessels are filled via anastomoses between the
epiphyseo—metaphyseal supply and the nutrient circulation.

These findings were confirmed by Oni (1987).

1.3.2 QUANTITATIVE CHANGES IN BLOOD FLOW AFTER FRACTURE

After the observation that an osteotomy of ¢the rabbit
humerus resulted in a doubling of blood flow to the
osteotomy site at four weeks when compared to the control
limb (Brookes et al/. 1970, microsphere technique), a number
of quantitative studie§ have been carried out after
exper imental fracture, most taking the form of the

comparison of one form of fixation with another.

Blood flow changes immediately after an osteotomy have
been measured in the dog femur using 8-15um microspheres
(Kunze et a/. 1981). Flow to the cortex dropped only
slightly proximal to the osteotomy, but distally flow
dropped from 1.61 ¢ 0.15 (SD) to 0.62 %+ 0.08 mi/min.100g,
probably reflecting division of the nutrient circulation.
Internal fixation by plating or by screws further reduced
cortical flow. The standard deviations in this paper are
artificially low, as several cortical samples were taken
from each animal, and they do not all, therefore, represent

independent observations.

Without differentiating between bone proximal or distal
to an osteotomy, Smith et a/. (1987) found flow to a 5cm
segment of tibial cortical bone in the dog measured with
microspheres (presumably of 15um) to drop from 6.10
0.30 (?SE) to 3.06 2'0.66 mli/min/100g at ten minutes after
a transverse osteotomy through its centre. After four
hours, flow had dropped further to 1.77 ¢t 0.68, possibly as
a result of deterioration of the preparation during the

prolonged anaesthesia.
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Blood flow during healing to a length of bone
containing an osteotomy fixed by various methods has been
studied in the dog by Kelly's group using strontium
clearance, iodo—antipyrine washout, and the microsphere
method (Laurnen and Kelly 1969, Paradis and Kelly 1975,
Barron et al/. 1977, Hughes et al/. 1979, Rand et al/. 1981,
Lewallen et al/. 1984, Wu et al. 1984, Hart et al/. 1985,
Nutton et a/. 1985, Smith et al/. 1987). The results of
these studies are summarised in Tables 1.3.1 and 1.3.2,
with the addition of the one other similar study, performed

by Chidgey et al/. (1986).

The only such study on osteotomies not treated by
internal or external fixation comprises a control group
sub jected to osteotomy of the ulna (Barron et al/. 1977,
Table ref 1). Strontium clearance of the fracture site in
this group rose from 3.88 % 1.50 (SE) mi/min.100g at one
day to a peak of 30.00 + 7.18 at fourteen days. At forty-

two days clearance was still raised.

From the remaining series it is apparent that surgical
fixation of the fragments is associated with changes in the
subsequent levels of bone blood flow. Smith et a/. (1987,
ref 6) found flow to the cortex of the tibial shaft over
the first two weeks to be statistically significantly lower
in those osteotomies treated by intramedullary nailing
compared to those held by a plate or by external fixation.

Plating was found to reduce flow to the underlying cortex,

but not to the same degree as caused by nailing. Barron et
al. (1977, ref 1) found lower strontium clearances after
nailing in the ulna, which appeared to be largely due to

rises in flow to plated osteotomies greater than in those
left unfixed, with flow to nailed osteotomy sites remaining
insignificantly different from the controls. However, Rand
et al. (1981, ref 2) noted clearances to nailed tibiae to
be significantly higher than those to plated bones at
forty—-two and ninety days. In general, flow appears to peak
between seven and twenty-one days after osteotomy, which is

earlier than might be expected from perfusion experiments.



1.3 BONE BLOOD FLOW AFTER FRACTURE 47

Evidence for recruitment of soft tissue blood supply to
the cortex after disruption of the nutrient circulation by
an osteotomy has been found two weeks after plated
osteotomies of the tibia in dogs (Strachan et a/. 1990).
Ligation of the nutrient artery at this time resulted in no
drop in cortical flow, while marrow flow was reduced by
more than half. This contrasts to the large reductions in
diaphyseal cortical flow seen after nutrient artery
ligation in intact bones in this study and others (Shim et
al. 1968, Tothill, Hooper, McCarthy and Hughes 1987), and
emphasises the importance of the periosteal and soft tissue
supply to the cortex during the early period of fracture

healing.

After an osteotomy, flow to the bone as a whole is
found to increase in addition to that to the fracture site
(Laurnen and Kelly 1969, Paradis and Kelly 1975, Barron et
al. 1977, Rand et al/. 1981). Counting of serial sections of
bone for microspheres injected into the tibial nutrient
artery of dogs ten days after an osteotomy (Lavender et al/.
1979) suggests that the changes in flow are greater near
the osteotomy but are also found throughout the length of
the tibial shaft. While perfusion studies show that the
contralateral intact bone shows increases in vessel filling
(Rhine'lander 1968, Brookes et al/. 1970), there appears to
be no consistent variation from normal strontium clearances
in the control tibia of dogs (Laurnen and Kelly 1969,
Paradis and Kelly 1975), while with the microsphere
technique the control flows '"changed Ilittle" after the
creation of a tibial diaphyseal cortical defect (Nutton et
al. 1985). One consequence of a'generalised increase in
bone blood flow would be that any differences between
control and fractured |imbs will be reduced, but at present

there is no strong evidence for this.

These quantitative studies share several features in
common. Firstly, blood flow has been measured at the
fracture site as a whole, without differentiating between
the proximal and distal fragments. Secondly, except for one

part of one study, some form of internal or external
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fixation has been used in all, although the effects of
exclusion of the marrow and soft tissues by implants has
yet to be adequately defined. Thirdiy. most have relied on
the techniques of indicator clearance or washout which are
subJect to several major disadvantages (Sections 1.2.2 and
1.2.3). Finally, they have all been performed after
surgical osteotomies rather than after a fracture produced
by external trauma, and no effort has been made to assess
the effect of different degrees of blunt trauma on
subsequent bone blood flow. The present study aims to
extend the quantitative study of - tibial shaft blood flow

after fracture in these four areas.
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Table 1.3.1 Mean estimates of bone blood flow at the
fracture site in the first two weeks after osteotomy in the
dog. Flows are expressed as ml/min.100g.

bone/method i1 day 2 days 7 days 14 days ref
ulna Sr control 3.88 - - 30.00 i
rod 1.74 - - 24.26
plate 1.72 - - 28.10
tibia Sr rod 0.79 - - 20.23 2
plate 1.1 - - 23.12
tibia Srt plate 4.7 - 6.1 19.4 3
tibia Sr plate - - 3.03% - 4
tibia IAp plate - - 3.21% - 4
tibia T1Ap#* plate - - - 6.65 5
tibia ms rod - 1.52 - 14.09 6
plate - 2.87 - 17.05
EF - 2.60 - 19.51
tibia ms# defect - - 25.10 25.43 7

Sr = strontium clearance, marrow and cortex

IAp = cortical flow by iodo-antipyrine washout

ms = cortical flow by the microsphere method (15um)
control = no fixation

rod = intramedullary nail fixation

plate = plate internal fixation

EF = external fixation

defect = cortical defect, not osteotomy

t = flow to whole bone, read from graph of data
t+t = flow at five days
# = flow to cortex and marrow combined

References (ref) are given in Table 1.3.3
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Table 1.3.2 Mean estimates of bone blood flow at the
fracture site beyond two weeks after osteotomy in the dog.
Fiows are expressed as ml/min. 100g.

bone/method 21 days 42 days 90 days 120 days ref
ulna Sr control - 15.12 - - 1
rod - 19.61 2.26 -
plate - 24.44 5.20 -
tibia Sr rod - 19.72 14.31 7.94 2
plate - 13.20 5.65 5.92
tibia Srt plate - 11.3 4.8 - 3
tibia Sr EF:
axial compression - - 11.96 - 8
no compression - - 13.11 -
tibia Sr EF:
4-pin - - - 12.7 4
6-pin - - - - 10.2
tibia Sr plate - - - 10.0 10
EF - - - 13.2
tibia Sr plate 6.77 4.96 1.63 - 4
tibia 1Ap plate 3.59 2.82 2.804% -
tibia 1Ap* plate - - 4.77% - 5
radius ms pinned:
cor tex 36.05 6.18 - - 11
marrow 67.70 14.48 - -

Key as for Table 1.2

pinned = fixation by transfixion to ulna

t = flow to whole bone, read from graph of data
= flow at eighty-four days
* = flow to cortex and marrow combined

References (ref) are given in Table 1.3.3
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Table 1.3.3 References for Tables 1.3.1 and 1.3.2

i Barron et al. 1977

2 Rand et al/. 1981

3 Laurnen and Kelly 1969
4 Paradis and Kelly 1975
5 Hughes et al/. 1979

6 Smith et al/. 1987

7 Nutton et al/. 1985

8 Hart et al/. 1985

9 Wu et a/. 1984
10 Lewallen et al/. 1984

11 Chidgey et al. 1986

The figures from Paradis and Kelly (1975) have been

calculated from the individual data given, using the
fracture-site specific gravity of 1.48 found by the
authors.

The figures from Chidgey et al/. (1986) have been calculated
from their figures for 1cm segments either side of the

osteotomy.
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1.4

SUMMARY AND OBJECTIVES OF THE STUDY

Delayed union of fractures of the tibial shaft is a
significant cause of morbidity in the young adults Who
commonly sustain this injury. The definition of union is at
present imprecise, and the factors associated with its
delay may be assessed most appropriately from clinical
series of fractures treated without internal fixation.
These factors are found in turn to be associated with the
degree of the force causing the fracture. The underlying
mechanism of this effect may be the increased vascular
damage and subsequently retarded vascular response that

might be expected in higher energy injuries.

However, the measurement of bone blood flow presents
severe difficulties in the clinical setting. In animals,
qualitative models both of bone grafting and of vascular
damage in combination with fracture have given support to
the hypothesis that the rate of union is related to the
available blood supply, but no quantitative study has
assessed either fractures caused by blunt trauma or the

effects of damage to the principle routes of blood supply.

The measurement of bone blood flow is complicated by
the diffuse arterial supply and venous drainage of this
tissue. Of the methods available, those that rely on the
exchange between bone and blood of an indicator suffer
several disadvantages that are overcome by the rédioactive

microsphere method.
The aims of the present study were therefore

1. To develop a technique to measure tibial diaphyseal
blood flow in an animal model wusing the radiocactive

microsphere method.



1.4 SUMMARY AND OBJECTIVES 53

2. To quantify the effects of the exclusion of the marrow
or soft tissue supplies on the blood flow to the proximal
and distal fragments of an experimental fracture of the

tibial diaphysis.

3. To quantify the changes in blood flow to the proximal
and distal tibial diaphysis during the healing of fractures

caused by blunt trauma of differing forces.



PART 2

VALLIDATION OF ANIMAL MODEL
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2.1

TECHNICAL CONSIDERATIONS

2.1.1 EXPERIMENTAL ANIMALS

2.1.1.1 Choice of experimental animal

The ideal anima! for quantitative studies of tibial shaft
blood flow during fracture healing would have hindlimbs
sufficiently large to enable the reproducible use of blunt
trauma to produce fractures near a specified site along the
bone. Further, it should be moderate in cost. This second
requirement excluded the use of the dog, and while the rat
is inexpensive it was considered too small. Between these
extremes is the rabbit, which has been extensively used in
perfusion studies of changes in vascularity during
immobilisation and fracture healing (Trueta and Cavadias
1955, Geiser and Trueta 1958, Hulth and Olerud 1960a,b,
Géthman 1960a,b, 1962, Ferguson and Akahoshi 1960, Trueta
1963, Trueta and Cavadias 1964, Mohanti and Mahakul 1983,
Oni 1987, Oni et al/. 1989).

The rabbit tibiofibula differs from that of man by the
fusion of the distal parts of the bones during growth. As
the majority of clinical tibial shaft fractures are
accompanied by a fracture of the fibula, the absence of a
separate bone is not a significant disadvantage. It is also
easier to obtain reproducible fractures by blunt trauma

when only one bone is to be fractured.

Little information is available as to the comparability
of the left and right tibiofibulae. Mechanically, left and
right rabbit tibiofibulae appear to respond similarly to
torsion (White et al/. 1974), although they were tested in
opposite directions. It has been claimed that one bone is

usually heavier than the other and that this difference is
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statistically significant, but the side of this 'dominance'
varies (Singh 1971). Critically, the age of the animals
used in this experiment was not stated. The blood flow to
left and right femurs of the rabbit have been found not to
differ significantly using the microsphere method (Syftes-
tad and Boelkins 1980, n=6), but there do not appear to
have been any such studies of the tibiofibula. In the
present study, the experimental |imb was selected randomiy
whenever possible to minimise the effects of any left to

right differences.

There have been no reports of microsphere estimation of
absolute blood flow to the normal rabbit tibia. Microsphere
estimations of flow to the rabbit femur have been made by
Lunde and Michelson (1970) and by Syftestad and Boelkins
(1980). The former workers, using microspheres sized 15 %
5 um (SD), found the flow to the diaphyseal cortex to be
10 £ 0.7 (SD) ml/min.100g, and to the diaphyseal marrow
25-0 ¢ 14.6 mlI/min.100g. The latter workers, also using
microspheres with an average diameter of 15um, give a
figure of 29.7 £ 5.7 (SD) for the diaphyseal marrow. These
results are similar to those obtained in the rabbit tibia
using hydrogen washout, and in the dog using a variety of
methods (Table 1.2.1, Section 1.2). There appear to be no
fundamental differences between the two species with regard
to diaphyseal cortical blood flow, while the differences in
marrow flow probably result from differences in

haematopoietic activity.

2.1.1.2 Maturity of the experimental animals

There is evidence that tibial blood flow drops upon
skeletal maturity and with increasing age, and that this
change affects diaphyseal bone as well as bone near the
growth plates. Schnitzer et a/. (1982) have measured tibial
diaphyseal cortical flow in conscious dogs using the
microsphere technique. In immature animals aged four
months, flow was é6 ml/min.100g, while in skeletally mature
animals it had reduced to 2 ml/min.100g. In the rabbit,

upper tibial metaphyseal flow was found to drop
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progressively with age 6ver at |east the first thirty
months (Kita et al/. 1987, using hydrogen washout). The
proportion of cardiac output to the rat tibiofibula, as
estimated by the relative distribution of 15um micro-
spheres, declines over the age range of two to seventeen

months (MacPherson and Tothill 1978)."

Studies of growth and tib.ial epiphyseal closure in the
New Zealand White rabbit (Masoud et a/. 1986) have shown
that in females, the sex used in this study, the distal
growth plate fuses radiologically at 14 to 20 weeks (mean
17 weeks), whereas the proximal plate fuses later at 22 to
30 weeks (mean 25 weeks). Beyond 22 weeks of age, any
further growth of the tibia is very slight, at l|less than
0.5 mm per fortnight. This age corresponds with a body
weight of 3.5kg. As far as possible, animals above this
weight were used in the following studies, although, as
some animals lost weight in the first few days after
detivery from the supplier, lighter animals were not

necessarily immature.

2.1.1.3 Animal husbandry

The details below are given according to the recommend-
ations of the Working Committee for the Biological

Characterization of Laboratory Animals (1985).

Adult female New Zealand White rabbits of conventional
microbiological status were obtained from Shrubacre Rabbits
(Beccies, Suffolk). Before recovery experiments the animals

were acclimatised for at least 2 weeks in free-range rooms.

Room temperature was maintained at 20 to 22° centigrade
with a relative humidity of 50 to 65%. Lighting was
artificial, from fluorescent tubes, and turned on from 8am
to 8pm each day. Diet comprised Rabma pellets (SDS, Witham,
Essex) supplemented with green vegetables and carrots, with
tap-water ad /ibitum. Bedding was provided by Beta-Bed
wood-chip litter (Datesand Ltd, Manchester).
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2.1.2 CATHETERISATION OF THE RABBIT

2.1.2.1 Anaesthesia

The method of anaesthesia selected by the staff of the
Biomedical Services Unit comprised premedication with
intravenous midazolam, induction with intramuscular Hypnorm
(fentany!l and fluanisone) and maintenance with halothane
breathed spontaneously. The use of spontaneous ventilation
avoided the use of either neuromuscular blocking agents or
the deep plane of anaesthesia necessary to allow positive
pressure ventilation, and also avoided the requirement for
tracheal intubation which is difficult in the rabbit. A
tracheotomy was not considered suitable for experiments

with recovery.

The induction agents used in high doses without
halothane give a period of surgical anaesthesia in the
rabbit of approximately 100 minutes (Flecknell and Mitchell
1984). At this dosage there is no significant effect on
arterial blood pressure or heart rate, but the Hypnorm
results in marked respiratory depression associated with a
drop in arterial oxygen tension to approximately &6.5KPa or
45mmHg (Flecknell et al/. 198%9). In the present study, the
use of halothane enabled the dosage of Hypnorm to be
reduced to approximately one third of that otherwise

required.

Wyler (1974) has studied the changes in cardiac output
and organ flows in rabbits anaesthetised with halothane
alone. Cardiac output dropped to 63% of control values, and

mean arterial pressure was reduced to 75%. The organ flows

tended to decrease in line with the changes in cardiac
output, with no changes in their vascular resistance,
ie there was no unphysiological redistribution of blood

flow despite the fact that measurements were taken after a
minimum anaesthetic time of almost two hours. This lack of
a major sympathetic outflow response differentiates the
hypotension of halothane anaesthesia from the effects of
haemorrhage. The stability of the peripheral vascular

resistances indicates that this agent has |ittle effect on
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arteriovenous anastomoses, which contrasts with the effects
of the commonly used barbiturate pentobarbitone (Kazmers et

al. 1984).

Wear et al/. (1982) have shown that the baroreceptor

reflexes are still present but blunted in rabbits given
different multiples of the mean inspired anaesthetic
concentration of halothane. Increasing halothane con-
centrations resulted in an increasing delay before the

heart rate response to rises in arterial pressure produced

by phenylephrine, and the response was also slowed.

The predominant!y central location of the effects of
halothane make it a suitable anaesthetic for the study of

the peripheral circulation.

2.1.2.2 Catheter sites

While injection of microspheres into the distal aorta
provides adequate mixing to the hind!limbs (Gregg and Walder

1980) and reduces the number of microspheres necessary in

the injectate, in {he rabbit this technique requires a
laparotomy if catheterisation via a hindlimb vessel, with
consequent interference with the flow to that Iimb, is to

be avoided. Catheterisation from the neck is prevented by
the anatomical arrangement of the aortic arch, which lies
virtually in the sagittal plane with the origins of the
carotid vessels lying anteriorly. Thus a catheter
introduced retrogradely into either carotid artery will
always enter the ascending aorta and left ventricle. As a
ma jor surgical procedure such as laparotomy is prejudicial
to the maintenance of an undisturbed peripheral circulat-

ion, a central site for microsphere injection was selected.

The three possible central sites are the left atrium,

the left ventricle, and the ascending aorta. In the absence
of facilities for a trans-septal approach (Simkin et al.
1990), left atrial injection requires a thoracotomy, and

while this can be carried out at a time remote from the
injection of the microspheres if the catheter is implanted

chronically (Warren and Ledingham 1972), this offers little
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advantage if in any event catheterisation of a peripheral

artery is required for the taking of withdrawal samples.

The left ventricular site provides adequate mixing as
assessed by comparing flows obtained from paired hind!limb
bones in the dog (Jones et al/. 1982, Nutton et a/. 1984,
Riggs et a&al/. 1984, Li et .al. 1989), and is easily
accompl ished by retrograde catheterisation of either common
carotid artery in the rabbit. However, it precludes the
monitoring of arterial pressure during withdrawal saﬁpling
unless a third catheter is introduced. Positioning the
injection catheter in the ascending aorta overcomes this
problem, and also removes the requirement for warming the
injectate to prevent ventricular dysrhythmias (Heymann et

al. 1977).

The potential problems with aortic injection are uneven
distribution of microspheres to the major vessels, and
streaming of the microspheres within the blood distributed,
giving rise to inaccuracies of measurements within organs.
Such problems can be investigated by comparing the counts
in paired organs, and by comparing counts in blood samples

taken simultaneously at different sites.

In the rabbit, Aalto and Slatis (1984) give figures for
tibial counts after injection into the ascending aorta of
15 &t 3 pm microspheres. These show no statistically
significant difference on the paired t test (n=4).
Injection of 15um microspheres into the thoracic aorta via
the left brachial artery was found to give fess than 2%
variation between tibial counts in two animals (Court-Brown
1985), while injection _just above the aortic bifurcation
gave femoral counts not differing significantly on the
paired t test for either 15um or 50um microspheres (Gregg
and Walder 1980, =10).

The difference in counts between blood samples taken
from the saphenous arteries of opposite hindlimbs after
injection of 11.1 ¢t 0.3 pum microspheres into the abdominal
aorta was 5.9 t+ 4.8 (S5D) X% (Wootton and Doré 1986),
although no statistical analysis was carried out, and the

small number of microspheres injected (5 x 10%) is likely
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to result in large random variation. Lunde and Michelson
(1970) found the variation between samples taken from two
branches of the same posterior tibial artery to remain
under 10X after abdominal aortic injection of 15 ¢ 5 um
microspheres. The number of microspheres injected was not

stated.

Thus the current evidence is that aortic injection in
the rabbit gives mixing of microspheres of 15um or more in
size adequate to allow comparison of estimated flows in
paired bones of the hindlimb. As smaller microspheres are
more evenly distributed across arterial lumens (Phibbs and
Dong 1970) it is probable that their mixing will be better

rather than worse.

Catheterisation through a common carotid artery
necessarily results in occlusion of that vessel, with a
consequent drop in the pressure acting on the carotid sinus
baroreceptors. Edwards et a/. (1959) studied the effects of
carotid occlusion in conscious rabbits, and found that
unilateral occlusion led to a rise of some 10mmHg in mean
systemic arterial pressure, but no change in cardiac output
as measured by dye dilution. Occlusion of both carotid
arteries led to a rise in mean pressure of approximately
20mmHg, but again no change in cardiac output was observed.
These rises in arterial pressure had not been seen in
anaesthetised animals, and it appears that the collateral
circulation of the rabbit is sufficient to obviate any

significant circulatory effects of carotid occlusion.

The brachial artery was selected as the site for the

withdrawal catheter, as it is readily accessible without a

ma jor surgical exposure, and it enables sampling from a
vessel not involved in supplying blood to the lower | imbs.
It has been shown that virtually all microspheres have

passed through the brachial artery of the rabbit by one
minute after an injection made over 30 seconds into the

left atrium (Thomas 1983).
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2.1.2.3 Catheter type

The catheters chosen for this study were 116G epidural
catheters, supplied by Portex of Hythe. These catheters are
fine enough for ready cannulation of the brachial artery of
the rabbit, their rounded ends assuring easy passage. Each
catheter has three side orifices, directed at 120° to each
other, and thus injected microspheres are distributed more
evenly across the width of the aorta than with a single
outlet. An adaptor to allow direct connection to a standard

syringe or three-way tap is supplied with each catheter.

2.1.2.4 Withdrawal pump calibration

The rate of withdrawal of the blood sample during and after
microsphere injection must be known in order to allow
calculation of absolute blood flows. The most accurate
method is probably to weigh the syringe before and after
sampling, with division of the difference by the time and
the specific gravity of whole blood, but a sufficiently
accurate balance was not available at the Biomedical
Services Unit. This was not a significant disadvantage, as
the pump used was found to give reproducible rates of
withdrawal, and by calibrating the pump the precise timing

of the sampling was not necessary.

The pump was of type 871104, supplied by B Braun of
West Germany. The rate of withdrawal was selected to
approximate 2:5 ml/min, being less than 1% of the cardiac
output of an adult rabbit (Edwards et a/. 1959, Cumming and
Nutt 1962, Syftestad and Boelkins 1980), and thus small
enough not significantly to interfere with the circulating
volume while being large enough to reduce proportionate

variation in withdrawal rate.

Calibration was carried out during access to an
accurate balance (type O0OB152, Oertling, Birmingham). The
20m!| syringe to be used for the measurement of blood flow
was weighed to 0.01g after drawing up approximately Iml of
water, the volume of heparinised saline used for the animal

exper iments, and mounted on the pump. Water was withdrawn
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from a container through a withdrawal catheter for a two
minute period. The syringe was then disconnected and
reweighed. The difference in weight divided by two gave the
withdrawal rate in ml/min. This process was carried out ten
times and the average rate calculated. It was found that

the coefficient of variation remained less than 1%.

2.1.3 RADIOACTIVE MICROSPHERES

2.1.3.1 Microsphere type

For the measurement of bloéd flows over periods of several
days or weeks, the microspheres must be non-biodegradable
and must retain their label. Further, to enable accurate
flow measurement they must be sized as closely around the
stated mean as possible (Section 1.2.4). The Nen-Trac
microspheres supplied by DuPont and used in this study are
manufactured from styrene-divinyl benzene ion—exchange
resin, which is not metabolised, and the size distribution
of most lots has a standard deviation of only O:tum. The
microspheres are coated with a polymeric resin to reduce
aggregation and isotope leaching. The company were unable
to supply information as to the degree of leaching in vivof
and therefore a pilot study was undertaken to determine

this (Section 2.5).

The specific gravity of the microspheres is approx-—
imately 1.4. Microspheres varying in specific gravity from
1.1 to 1.6 show no tendency to gravitate to the lower half
of the Ilumen of arteries of 0.7 to 1.75mm in internal

diameter (Phibbs and Dong 1970).

The microspheres were supplied suspended in physio-
logical saline, with 0.01%X Tween 80 detergent added to

reduce further any aggregation.
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2.1.3.2 Choice of isotopes‘

The factors considered in the choice of labelling isotopes
were half-life, emission energy spectrum, availability, and
cost.

A long half-life is desirable for the study of bone
blood Fiow during fracture healing, as this process takes
place over a period of weeks. A long half-life also confers
the advantage of a long shelf |ife both for the stock
suspension of microspheres and for the exper imental
samples. Further, any corrections for delays between
different counts are reduced in magnitude and accuracy made

easier to maintain.

The spectral distributions of the emission energies of
different isotopes must be sufficiently widely separated to
be distinguishable within the same experimental sample. To
separate the spectra, each energy peak must be clear of any
interference from the next less energetic isotope (Heymann
et al. 1977). This practice of spectral 'stripping' |is

discussed in Appendix 1.

The magnitude of emission energy must be sufficient to
prevent significant quenching by the tissue of the
experimental samples. However, it has been found that the
radiation of even very weak y-emitters, such as iodine-125
with a peak energy of 35 KeV, is not attenuated by cortical
bone (Gross et a/. 1979, Toendevold and Eliasen 1982b).
While Morris and Kelly (1980) dispute this, they provide no

direct evidence.

The commercial availability of different labels for
microspheres is |imited to about twelve (as supplied by
DuPont and the 3M Company), ranging from iodine-125 with an
emission energy peak of 35 KeV to scandium-46 with peaks of
889 and 1120 KeV. Over this range the cost of the more
expensive |abels is approximately 40% above that of the
cheapest. Further, the labels are not universally available

across the whole range of microsphere sizes.

For this study gadolinium-153 (Gd'53) and tin-113

(Sn113) were selected for their long half-lives, having
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shelf-lives sufficiently long to offset the initially
higher cost. Samples of the stock suspensions were counted
on the two-channel counter to be used for the subsequent
exper iments (Type 80000 Gamma Samp le Counter, LKB
Instruments Ltd, UK), and the energy windows of the counter
ad justed to cover the respective energy peaks of 97-103 KeV
and 393 KeV. While the former ‘'region of interest!'
contained counts from both isotopes, the latter was
ad justed to exclude any counts from the Iless energetic
Gdi53, This enabled subsequent stripping of experimental
counts, in order to distinguish the two isotopes

(Appendix 1).

2.1.3.3 Microsphere dispensing

As they are not in solution, it is impossible to dispense a
precise number of microspheres from the stock suspensions.
The number drawn up into a syringe for injection can be
found by counting the syringe in a gamma counter, but no
counter was available at the Biomedical Services Unit where
the animal studies were carried out. An alternative is to
deliver a sample into a vial, counting the sample both
before and after as many microspheres as possible have been
drawn into the syringe at the Unit, with the syringe washed
out into the vial after the experiment to retrieve any
microspheres not injected. However, this is both time-
consuming and wasteful of an expensive commodity, as it is
not possible to draw up into a syringe every one of the

microspheres from a vial.

With the reference sample technique, the precise number
of microspheres injected does not need to be known, and
therefore they were dispensed by volume. From the
information supplied with each batch by the manufacturer,
the approximate number of microspheres contained in Iml of
the stock suspension could be calculated, and to obtain an
approximate number of microspheres in an injectate, the

required volume was drawn up after agitation of the
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suspension to ensure even distribution of the microspheres

in the saline.

2.1.3.4 Microsphere disposal

Almost all the microspheres used in this study came to lie
in the carcases of the experimental animals, and these are
disposed of by burning in an incinerator. With the
exception of iodine, the isotopes ‘used as labels for
microspheres are those of heavy metals, with the result
that most of the radiocactivity remains in the ash rather
than being dispersed into the atmosphere (Brekke et al.
1985). The |imits imposed on the disposal of these isotopes

are thus stringent.

During the course of this work, the manufacturer
discontinued without warning the supply of low-activity
microspheres (3-7 mCi/g), and subsequently only high-
activity batches could be used (7-15 mCi/g). This
effectively cut by half the number of injections that could
be carried out, and therefore for most of the recovery
experiments only one measurement of blood flow was obtained

in each animal.
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2.2

SIMULTANEOUS MEASUREMENT OF BLOOD FLOW TO THE TIBIAL
DIAPHYSIS OF THE ADULT RABBIT USING MICROSPHERES LABELLED
WITH TWO DIFFERENT RADIO-ISOTOPES

2.2.1 INTRODUCTION

Before the use of the rabbit tibia as an experimental model
it is necessary to investigate the appropriate size and
number of microspheres to be injected for the measurement
of bone blood flow (Section 1.2.4). These requirements in
turn depend on an injection technique that gives reliable
mixing of the microspheres, and also on a counting
technique that gives reliable separation of two isotopes,
so that two microsphere injectates can be compared directiy
in the same animal. Subsequently, the technique can then be
used to obtain two measurements of flow in the same animal

at different times.

An assessment both of mixing and of isotope separation
can be obtained by the simul taneous injection of
microspheres of the same size distribution but labelled
with the two different isotopes. This allows paired
analysis of the flows to matching samples in the two
hindlimbs to investigate mixing, and of the flows to each
tissue sample calculated with the two isotopes to assess
separation. I|If mixing and separation are accurate, there

should be no differences between the paired flows.

2.2.2 METHOD

The principles of the anaesthesia, catheter placements,

catheter type, withdrawal pump calibration and choice of
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microspheres used in this study have been discussed in

Section 2.1.

2.2.2.1 Animal preparation

The study was performed on 12 adult female New Zealand
White rabbits weighing 3.00 - 4.25 kg. General anaesthesia
was induced with 5-0 mg of midazolam (Roche, Welwyn Garden
City) via an ear vein and 0.3 ml of intramuscular Hypnorm
(fentany!l O0-:315 mg/ml with fliuanisone 10 mg/ml, Janssen
Pharmaceutical Ltd., Oxford), and maintained with halothane
administered via a snout mask. The animals were positioned
supine on a bead-bag moulded to maintain the neck in
extension, this position being maintained by evacuating air
from the bag. The electrocardiogram was monitored by
cutaneous needle electrodes connected to a Diascope DS5521

monitor (Simonsen and Weel, Denmark).

After shaving the front of the neck and the medial
aspect of the left forelimb, the left common carotid artery
was exposed through a longitudinal neck incision. Two
ligatures were passed beneath the artery, the cranial
ligature tied and a bulldog clip applied caudaily. The
artery was opened with fine scissors and a 16 gauge
epidural catheter (Portex, Hythe) filled with heparinised
0.9% saline (20 units/ml) introduced, and passed caudally
into the left ventricle. The arterial pressure was
monitored by connecting the catheter to a pressure
transducer (Model 800, Bentley Laboratories, Uden, Hol land)
via a three-way stopcock that allowed injection through the

catheter via its side port. The pressure waveform and the

mean pressure were displayed on a Type 128A monitor
(Kontron Medical, Watford). The catheter was withdrawn
until the pressure wave-form indicated that its side-ports

lay Jjust above the aortic valve, allowing monitoring of
mean arterial pressure, and secured in place. If the aortic
catheter could not be passed into the ventricle, it was
left at the position where the resistance of the aortic

valve could be clearly felt. Post mortem studies showed
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that this procedure also reliably situated the side-ports

of the catheter in the ascending aorta.

The left brachial artery was cannulated with a similar
catheter which was attached to a calibrated withdrawal pump
(Type 871104, B Braun, West Germany) set to 2.529 + 0.006
(SE) ml/min for the first eight experiments. For the last
four experiments a new withdrawal syringe was used

calibrated at 2.634 * 0.007 (SE) ml/min.

2.2.2.2 Microsphere injection

A mi*ture of approximately 5 - 6 x 106 microspheres sized
11.3 £ 0.1 (SD) pm and labelled with Gdi53 and the same
number of microspheres of the same size distribution
labelled with Sn!113 was drawn up into an insulin syringe.
The mixture was placed on a vortex mixer for 30 seconds to
distribute the spheres evenly, and the syringe agitated by

hand until the spheres were injected.

The withdrawal pump was started and épproximately
30 seconds later the mixture of microspheres was injected
via the aortic cafheter, followed by a flush of heparinised
saline. The total injection period, including the flush,
was approximately 30 seconds. The withdrawal sampling was

continued for a further 2 minutes.

The animals were then killed by an overdose of pento-
barbitone, and the tibiae excised together with their
anterior musculature. The blood sample was emptied into
counting tubes, and the withdrawal syringe rinsed into the
tubes with heparinised water, both to clear it of micro-
spheres and to lyse the blood cells. Lysis was facilitated
by the addition of ammonium hydroxide solution, sufficient

to give a final concentration of approximately 1X (w/v).

2.2.2.3 Preparation of bone and muscle samples

The tibiae were stored in a cold room at 3 * 1t °*°C, and

prepared within 72 hours of excision.
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A combined sample of the tibialis anterior and exténsor
digitorum muscles, which are closely apposed, was obtained
by removing the upper part of the muscles containing the
neurovascular pedicle and the Ilower part of the muscles
containing the tendons, together with any remaining deep
fascia, to leave a middle section comprising muscle tissue

only.

The proximal ends of the bones above a point icm distal
to the lower end of the tibial tuberosity were removed with
a Imm hacksaw, together with the distal ends below a poiht
lem proximal to the medial malleolus. The fibula was

removed at the distal tibiofibular Jjunction.

The length of shaft obtained was cleared with a scalpel
of all soft tissue, including the periosteum, and sawn
transversely into halves. The marrow from each half was
evacuated by hand. The resuliting cortical samples were
washed using a Jjet of tapwater to remove any remaining
extracortical microspheres. All samplies were placed in pre-
weighed counting tubes and the tubes re-weighed to 0:0lg

using OB152 electronic scales (Oertling, Birmingham).

The soft tissue samples were difficult to place evenly
in the bottom of a counting tube, and therefore they were
centrifuged at 3000 rpm for 10 minutes. Their heights
within the tubes were then measured. The heights of the

cortical samples were also recorded.

Before counting, a drop of Decon detergent (Decon
Laboratories Ltd, Hove) was added to each of the tubes
containing blood from the withdrawal sample, in order to
reduce adherence of the microspheres to the sides of the
tubes. They were then centrifuged at 3000 rpm for 15
minutes to bring the microspheres down to the =zero

reference height.

2.2.2.4 Counting of samples

All samples were counted. with the 80000 y-counter (LKB

Instruments Ltd., Selsdon) with windows set to maximise
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counts at the Gd!53 and Sn"3 energy peaks of 97-103 and
392 keV respectively. At least | x 104 counts were obtained
for each sample in each channel, to reduce the coefficient
of variation to 1%. Background counts for each channel were

obtained simitlarly.

2.2.2.5 Analysis of results

Counts were 'stripped' with correction for specimen height,
as described in Appendix 1. The heights of the blood

samp les were taken to be zero.

Blood flow was calculated by equation 1.16

Fs = (Cs / Cref).Frer

where Fs = specimen flow
Cs = specimen count
Cref = reference sample count

Frefr = reference sample flow

All flows were expressed as m!/min.100g. The number of
microspheres in each sample was calculated by dividing the
count for each isotope by the specific activity per

microsphere, after correction for decay (Appendix 1).

The blood flows obtained with the two microsphere
labels were subjected to Student's paired t test, and
linear regression analysis was performed to express the
flows obtained with the Sn!'13 J|abel as a function of those

obtained with the Gd!'S3 |jabel.

2.2.3 RESULTS

The mean flows obtained for the different tissue samples
are given in Table 2.2.1. Tables of the full data are given

in Appendix 3, Tables A.3.1 to A.3.3.
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2.2.3.1 Animal preparation

The microsphere injections were administered at 33 - 45
minutes from induction of anaesthesia (mean 39.7 t 1.50
(SE)). Heart rate at the time of injection varied from 182
to 283 beats per minute (mean 226.7 + 7.68 (SE)), and mean
arterial pressure from 45 to 84 mmHg (mean 59.9 * 3.58
(SEY). In no animal did the injection of the microspheres

cause any detectable disturbance of these parameters.

2.2.3.2 Microsphere mixing

There were no statistically significant differences between
the flows obtained in paired left and right samples, either
with the microspheres labelled with Gdi53 or with Sni13,
Thus the microspheres appeared to be evenly distributed to

the hindl imbs.

2.2.3.3 Microsphere numbers

The numbers of microspheres lodged in each sample varied
widely (Table 2.2.2). While over 92% of muscle and proximal
marrow samples contained at least 150 microspheres of each
isotope, with the cortex and distal marrow samples this
proportion was 50% and 63% respectively. Table 2.2.3 gives
the resulits of combining the flows to the samples of the
different tissues to give composite samples containing at

least 150 microspheres.

2.2.3.4 Separation of the two isotopes

The differences between the flows obtained simultaneously
with the two labels were not significantly different in the
marrow and muscle samples, while the flows obtained with
the Sn113 {abel were significantliy greater in the cortical
samples. With all samples, regression analysis gave very
high correlation coefficients (Table 2.2.4) and high
degrees of statistical significance of correlation, but

with the cortical samples the regression coefficients, or
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slopes, were not as close to unity as with the soft tissue

samples.

2.2.4 PRELIMINARY DISCUSSION

This study has shown that the present technique gives even
microsphere mixing, with no marked perturbation to the
circulation after microsphere injection. The isotopes were
satisfactorily separated in the marrow and muscle samples.
The proximal marrow in the rabbit is macroscopically red,

and thus this part of the marrow receives two to three

times the blood flow of the distal marrow, which is
predominantly adipose. Two problems were, however,
identified.

Firstly, the low flows to the cortex and distal marrow,
and the small amounts of the latter, resulted in many of
these samples containing small numbers of microspheres.
When smaller numbers of microspheres reach a tissue, random
variation in their numbers increases, and thus the
calculated flow rates are more variable (Katz et a/. 1971,
Buckberg et al/. 1971). It is thus more difficult to
demonstrate differences between two groups of flows. The
flow to each tibia as a whole in the rabbit accounts for
approximately 0.12% of cardiac output (Tothill and
MacPherson 1986), and thus a dose of 5 x 10é microspheres
would be expected to result in approximately 6,000
microspheres lodging in each tibia. The average numbers
found experimentally in the diaphysis were 1484 and 1599
for the microspheres labelled - with Gdi53 and Sn113
respectively. These are less than might be expected, and
this, together with the wide variability in microsphere
numbers, demonstrates the difficulty of dispensing and

delivering a stated dose (Section 2.1.3.3).

As the number of microspheres injected is large, and
the probability of any sphere entering the tibia is small,
the distribution of the microspheres to a tibial sample

will approach a Poisson distribution, which is approximated
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by a normal distribution having a standard deviation
equalling the square root of the mean (Godfrey et al.
1 1988). The 'true' number of microspheres that should be in
the sample to represent the 'true' blood flow therefore has
a 95X probability of lying within the range n t 1.96./n,
whefe n is the number of microspheres found in the sample
experimentally. For this range to be within 10X either side

of n the number of microspheres in each sample must be at

least 384 (Katz et al. 1971, Buckberg et al/. 1971).
However, if the number of microspheres is only 150, the 95%
interval will increase only to *16X of n, and it has been

shown experimentally with tibial samples in the dog that
this number of spheres gives comparable calculated flow
rates to those obtained with greater numbers (Li et al.
1989). The combined results for the different tissues are
based on microsphere numbers always in excess of 150 (Table
2.2.3), and the statistical analysis gives similar results

to that performed on the individual samples.

The second problem raised by this investigation is that
the flows obtained with the Gd!53 and Sn't!3 |abels did not
match in the cortical samples. This may have arisen from
quenching of the weaker y-emission of Gd153 by the bone
mineral, or by problems with the geometry of the samples.
Facilities for the decalcification of radioactive bone
samples were not available, and so quenching was assessed

by another method.

The cortical bone of the rabbit tibia contains
approximately 250mg of calcium per gramme dry weight (Paav-
olainen 1978). All the cortical specimens in the present
study had & wet weight of less than 3g, and therefore an
overestimate of their calcium content is given by 3 x 250
or 750mg. There will be much less calcium than this between
each microsphere within a cortical sample and the counting
crystal. An aliquot of microsphereé labelled with Gd!153 at
the base of a counting tube was counted both before and
after the addition of 2.08g of calcium chloride, containing
750mg of calcium, dissolved in 10ml of de-ionised water.

The calcium was not found to decrease the count rate. This
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crude assessment of quenching matches the results of other
studies of vy-emitting isotopes (Gross et al. 1979,
Tendevold and Eliasen 1982b).

The narrow tubular geometry of the cortical samples
differs from that of the mdscle and marrow samples and from
that of the gelatin columns used for the calibration of the
counter (Appendix 1). To overcome this, they were dissolved
in acid in order to reproduce the configuration of the
microspheres in the reference blood samples, and the method

and results of this technique are described below.

2.2.5 CORTICAL SAMPLE REPREPARATION

2.2.5.1 Method

Hydrochloric acid was selected for dissolution, as it has a

relatively low specific gravity of 1.18 that should not
prevent successful centrifugation of the microspheres
(specific gravity 1.4). However, in testing aliquots of
stock microspheres in acid, it was seen that full-strength

acid inhibited the action of the Decon detergent, such that
the microspheres tended to aggregate to the sides of the
tube. Therefore 50% (5.8 N) acid was used for the first six
groups of specimens, while full strength acid (11.6 N) was
used for the remaining six groups, to be followed by

dilution.

Four millilitres of the acid was added to each specimen
in its counting tube. No further dissolution appeared to
occur beyond 24 hours, but it was noted that the specimens
were incompletely dissolved in the half-strength acid, and
that samples heavier than approximately 2g were incomp-
letely dissolved in the full-strength acid. Each solution
was made up to 10ml by the addition of de—-ionised water,
and a drop of Decon added to each tube. They were
centrifuged at 3000 rpm for 15 minutes, and recounted. The

heights of the specimens was taken as zero.



To be appended to Section 2.2.5.2

the samples dissolved in
are shown

The combined results for 11.6 N

acid, together with those for marrow and muscle,

in Figure 2.2.1.
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To assess the effect of the acid on the leaching of
label from the microspheres in vitro, aliquots of
microspheres were placed in the bases of counting tubes and
counted. Acid was added at the same time as to the bone
samples, and at the time of sample counting these standards
were = centrifuged and a Tml sample taken of the
supernatants. These supernatant samples were counted, and
the calculated activity of the whole supernatant was

related to the original activity of the aliquot.

2.2.5.2 Results

The results of fhe recounts of the cortical samples are
given in Tables 2.2.5 and 2.2.6. One of the left distal
cortical samples of the 5.8 N acid series was lost in the
centrifuge. The flows obtained with the two labels remained
significantly different after dissolution in the half-
strength acid, but after dissolution in full-strength acid
only the results for the right proximal cortical samples
remained significantly different. The slope of the
regression equation for the cortex as a whole was reduced

after full-strength dissolution to 1.093 (Table 2.2.7).

The in vitro leaching of Gd153 was 0.072 + 0.024 (SE) %
in the half-strength acid (n=4), and 0.26 £+ 0.13 %X in the
full-strength acid (n=5). The figures for Sn113 were 0.090
+ 0.043 X and 0.79 £ 0.26 % respectively.

2.2.6 DISCUSSION

This further study of the cortical samples has found that
dissolution of the bone in 11.6 N acid followed by dilution
will give calculated flows for the two labels that are not
statistically significantly different when these are
injected simultaneously. It appears that the problem posed
by the intact samples was one of geometry rather than
quenching, and the anomaly of the right proximal cortex is

almost certainly due to the incomplete dissolution of some
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of the heavier samples, which were always proximal rather
than distal. The corrections applied to allow for specimen
geometry resulted in an overestimation of cortical flow
when the samples were counted intact, with lower calculated

flows found after dissolution.

The ability to accept the null hypothesis of no
difference between two groups of Figures'depends upon the
. sample numbers (Lieber 1990). With the present numbers,
caution is necessary in accepting the hypothesis. While the
cortical flows obtained with the Sn'13 label tended to be
higher than those obtained with Gdt53, the mean differences
between the flows were less than 0.75 ml/min.100g in all
four types of cortical sample. A persistent smal |
difference between two isotopes has been noted by other
workers (Bell et al/. 1976), and might be allowed for in
subsequent work either by correcting one or other flow by
the mean difference, or, in experiments measuring flow
sequentially rather than simultaneously, by aliternating the

order of use of the isotopes.

Few laboratories appear to have published details of
the accuracy of their isotope separation in biological
samples. Bell et al. (1976), using Ce'41 and Sr85 in a-
single animal, found flows to tissues of the hindlimb
obtained with the first isotope to approximate 87X of those
with the second, on the basis of |inear regression
analysis. Kaihara et al/. (1968) obtained a figure of
approximately 90X using a similar approach for the isotopes
Sc4é and ©Sr85 in four animals. In this study, the
regression coefficients, or slopes, for GdiS3 and Snt13
were consistently closer to unity than in these studies,
with very high degrees of correlation between the two

isotopes.

As the best correlation between the two isotopes in the
cortex was found in the more completely dissolved samples,
it was noted that in future experiments a slightly larger
volume of full-strength acid would be required for dissol-

ution, and this volume was accordingly increased to 5ml for



2.2 SIMULTANEOUS TIBIAL FLOWS 78

the remaining studies. Subjecting the microspheres to
strong acid resulted in very low levels of l|leaching over
the period of the bone preparation. Leached isotope will,
of course, be included in the specimen count, but leaching
will tend to undermine the assumption that all the isotope
is. at zero height. With the present technique such

interference will be negligible.

The microspheres used in this study were smalier than
those of 15um commonly used for bone blood flow estimation.
Soft tissue experiments and studies of the pulmonary
circulation suggest that microspheres greater than 10pm are
not subject to capillary non-entrapment (Section 1.2.4),
and no microspheres of the present batches will have been
below this size. While  facilities for measuring micro-
spheres to O.lum were not available, microscopical
examination of the spheres with a 1pum graticule indicated
that they were sized closely around the mean stated by the
suppliers. For the purposes of this experiment, the
absolute size was not critical, but rather the
comparability between the batches labelled with the two
different isotopes. These smaller microspheres had the
advantage of costing approximately one third the price of

15um microspheres.

Absolute rates of blood flow in the normal rabbit tibia
obtained with the microsphere technique have not previously
been reported. Hierton (1983), using 15um microspheres,
quotes rates of 0.5 to 4.0 mi/min.100g in the cortex and 16
to 75 ml/min.100g in the proximal marrow, but his
measurements were carried out after at least one week of
immobilisation of the opposite hindlimb in full extension,
and so cannot be considered to reflect baseline flow. Lunde
and Michelson (1970), also with 15um microspheres, give
figures of 1 and 25 ml/min.100g respectively for femoral
diaphyseal cortex and marrow. The results of this study are
comparable to these figures, and also to flow rates
obtained with hydrogen washout in the rabbit and with 15um

microspheres in the cortex of the dog (Table 1.2.1). Marrow
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flows in the dog are |low, as it is comprised mostly of

adipose tissue.

By studying the blood flows obtained in vivo with
microspheres labelled with the two isotopes, it has been
shown that the present technique gives results that allow
compar ison between opposite limbs, and between flows
obtained in the same animal with the two l|abels. The
difficulty has been demonstrated in the obtaining of
statistically adequate numbers of microspheres in samples
of bone that are both small and the recipients of Ilow

levels of blood flow.
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Table 2.2.1 Blood flows to the tibial diaphysis and the
muscle of the anterior compartment, measured with 11.3 2
0.1 (SD) um microspheres labelled with Gdi153 and Sn113.
Flows are expressed as mean * SE ml/min.100g (n=12).

Gd153 Snt13 P
proximal cortex R 2.60 + 0.52 3.54 t 0.73 <0.002
L 2.64 0.58 3.38 0.72 <0.01
distal cortex R 3.21 0.89 4.23 1.15 <0.01
3.31 0.86 4.45 1.21 <0.02
proximal marrow R 40.17 6.14 42.70 6.27 NS
37.86 7.15 40.42 7.23 NS
distal marrow R 13.73 2.85 12.58 2.73 NS
12.66 2.05 12.62 2.24 NS
skeietal muscle R 12.24 2.13 13.22 2.53 NS
11.56 1.78 11.50 1.83 NS

R =right L = left NS = not significant at 5X level (paired t test)

Differences between |imbs all NS
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Table 2.2.2 The number of microspheres l|labelled with Gdt53
and Snt13 counted in samples of the tibial diaphysis and
skeletal muscle (mean to nearest integer & SE, n=12).

Gdi153 Sni 13
proximal cortex R 209 t 38 263 t 48
211 33 263 48
distal cortex R 217 49 261 53
L 226 46 269 49
proximal marrow R 827 132 865 134
870 159 893 151
distal marrow R 207 35 190 31
200 27 194 28
skeletal muscie R 894 239 928 234
L 803 213 836 236

R=right L = left



2.2 SIMULTANEOUS TIBIAL FLOWS 82

Table 2.2.3 Blood flows to the tissues of the tibial
diaphysis and the muscle of the anterior compartment,
measured with 11.3 2 0.1 (SD) pm microspheres labelled with
Gd153 and Snt13, Flows are expressed as mean % SE
ml/min.100g (n=12).

Gdi153 Sni13 P
cortex 2.90 + 0.68 3.86 + 0.90 <0.01
marrow 27.70 4.42 28.85 4.52 NS
muscle 11.93 1.90 12.46 2.03 NS

NS = not significant at 5X level (paired t test)
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Table 2.2.4 Linear regression analysis of the relationship
between the flows obtainmed with microspheres labelled with
Gdi1s3 and Sntt3 (n=12). The dimension of flow is
ml/min. 100g.

Snt13 flow = intercept + (slope x Gd1S53 flow)

Intercept Slope r o)
proximal cortex R ~-0.020 1.369 0.985 <0.001
L 0.254 1.186 0.956 <0.001
distal cortex R 0.191 1.260 0.981 <0.001
-0.161 1.394 0.989 <0.001
proximal marrow R 2.889 0.991 0.972 <0.001
2.814 0.993 0.982 <0.001
distal marrow R 0.364 0.889 0.929 <0.001
-0.633 1.047 0.960 <0.001
skeletal muscle R 0.007 1.080 0.911 <0.001
0.082 0.988 0.961 <0.001
whole cortex 0.061 1.307 0.987 <0.001
whole marrow 0.978 1.006 0.984 <0.001
whole muscle 0.256 1.022 0.959 <0.001

R =right L = left r = linear correlation coefficient
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Table 2.2.5 Blood Flowé to the cortex of the tibial
diaphysis measured with 11.3 % 0.1 (SD) um microspheres
label led with Gd153 and Sn!1t3, counted after dissolution in

5.8 N hydrochloric acid. Flows are expressed as mean % SE
ml/min.100g (n=6).

Gd153 Snt13 p
proximal cortex R 1.95 + 0.54 2.44 t 0.61 <0.02
L 1.86 0.41 2.45 0.60 <0.05
distal cortex R 2.42 0.80 2.77 0.69 NS
Lt 2.43 0.74 3.01 0.81 NS

R=right L = left NS = not significant at 5X level (paired t test)

t n=5 (one specimen lost in centrifuge)
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Table 2.2.6 Blood Flowé to the cortex of the tibial
diaphysis measured with 11.3 * 0.1 (SD) pm microspheres
labelled with Gd153 and Sn113, counted after dissolution in

11.6 N hydrochloric acid. Flows are expressed as mean + SE
ml/min.100g (n=6).

Gd153 Sni13 p

proximal cortex R 1.75 ¢ 0.50 2.15 ¢t 0.55 <0.05
L 1.87 0.67 2.03 0.59 NS
distal cortex R 2.75 1.51 3.25 1.58 NS
2.72 1.25 3.45 1.61 NS

R =right L = left NS = not significant at 5% level (paired ¢ test)
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Table 2.2.7 Linear regression analysis of the relationship
of cortical flows obtained with microspheres labelled with
Gd!53 and Sn!13 after dissolution in 11.6 N hydrochloric
acid (n=6). The dimension of flow is ml/min.100g.

Snti3 flow = intercept + (slope x Gd153 flow)

Intercept Slope r P
proximal cortex R 0.252 1.083 0.975 <0.001
L 0.380 0.883 . 0.997 <0.00t
distal cortex R 0.3%94 1.038 0.992 <0.001
L -0.038 1.284 0.998 <0.001
whole cortex 0.230 1.093 0.995 <0.001

R =right L = left r = linear correlation coefficient
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Figure 2.2.1 Blood flows to the tissues of the tibial
diaphysis and the muscle of the anterior compartment,
measured with 11.3 * 0.1 (SD) pm microspheres labelled with
Gdl 53 and Sni 13. The figures for <cortical flow are those
obtained after dissolution in 11.6 N hydrochloric acid.

Flow mean +/- SE ml/min.100g

Cortex Marrow Muscle

C]Gd163 oo Sn 113
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2.3

A COMPARATIVE STUDY OF BLOOD FLOWS TO THE TIBIAL DIAPHYSIS
OF THE ADULT RABBIT OBTAINED WITH 10pm AND 15um RADIOACTIVE
MICROSPHERES

2.3.1 INTRODUCTION

Almost all microsphere studies of bone blood flow have been
undertaken using 15um spheres. This size was originally
selected in preference to the then popular 50pm by Lunde
and Michelsen (1970), on the basis of Bréanemark's figure
for Haversian canal diameter in the rabbit tibia (Branemark

1959) .

In this animal, 50um microspheres have been found to be
sub ject to streaming in the aortic arch (Warren and
Ledingham 1974) and to axial streaming in a branch of the
femoral! artery (Phibbs and Dong 1970). They are more likely
to cause central nervous system side—-effects than 15um
microspheres (Warren and Ledingham 1974), and they are
considerably more expensive. A more recent study comparing
50uym to 15um spheres showed that the distribution between
cortex and marrow was shifted in favour of the cortex with
1Sum spheres, suggesting hindrance of the passage of the
larger spheres in the nutrient circulation (Gregg and

Walder 1980).

Little information is available as to the calibre of

intra-osseous vessels. The problem is compounded by the
uncertainty as to which vessels any circulating
microspheres will first encounter. De Bruyn et al. (1970),

in an ink perfusion study of the long bones of guinea pigs,
rats and rabbit