
For the bone-scan interpreter, the role played by
skeletal blood flow in tracer localization is an enigma:
although a decrease in uptake is readily identified (as in
the â€œphoton-deficientâ€•bone infarct) (1 ), what can be
said of the importance of skeletal blood flow with respect
to photon excess such as metastases, fracture, or Paget's

disease, where new bone formation can also account for
tracer uptake? Are there clinical situations in which
increases in blood flow are a dominant factor in scan
interpretation? In the past few years these and related

topics have been addressed by several research groups,
with some surprising results. This report will attempt to
summarize these findings and to put them in clinical
perspective.

ANATOMY OF SKELETAL BLOOD FLOW

Brookes (2) has summarized our state of knowledge
with repect to the anatomy of the circulation in long
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bones. The situation if complex, which has bearing on
experimental results and on scintigraphic interpretation.
The major blood supply to a long bone is through its
nutrient artery, which arborizes in the medullary cavity.
Arterial blood then enters the cortex to supply cortical
osteocytes, and then returns as venous blood to the
marrow, to fill the sinusoids. The venous blood is then
collected into a central sinusoid, which forms the vena
comitante draining the bone. Arterial blood also enters
through metaphyseal arteries, and in some cases through
the end of the bone as well. Arterioles also penetrate the
cortex from periosteal vessels to serve as a potential
collateral flow (2,3). Numerous unmyelinated (sym
pathetic) nerves accompany the small arterial vessels in
bone (4), and the influence ofthese on skeletal blood flow
will be discussed later. The roles of intramedullary
pressure, pH, CO2 and 02 concentrations, and of me
tabolites have been discussed (5) but will not be con
sidered further here.

From the brief outline just presented, it should be
apparent that the measurement of skeletal blood flow
under certain experimental conditions, and the inter
pretation of abnormalities, is hazardous at best. For
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example, unilateral occlusion of a femoral artery will not
result in tibial infarction if there are adequate periosteal
collaterals whose supply originates proximal to the oc
clusion; a moderate decrease in tibia! uptake of a bone
seeking tracer under these circumstances (6) is difficult
to interpret, since it reflects the relative supplies of the
nutrient and periosteal vessels and not that of the nu
trient artery alone, where flow is zero. Similarly, the
â€œisolatedlimbâ€•preparation, which removes all nervous
influences, is completely unphysiologic. Because of the
complex vascular anatomy of bone, it is exceedingly
difficult to measure directly, with accuracy, the blood
flow rate through even a single long bone. The relevant

literature has been summarized by Brookes (7).

MICROANATOMY OF BONE

All bone surfaces, osteocytes, and osteoblasts receive
nutrients (and tracers) from capillaries, but the capil
lanes do not directly abut upon the cellular or osteoid
surfaces. Between the vessels and the cells (or osteoid
surface) there exists an extravascular, extracellular space
(ECF), just asin any other bodily organ.This spacehas
been identified by electron microscopy (8,9) and auto
radiography (10), and its volume and composition
measured (1 1â€”13).The fraction of the body's ECF space

that is within bone is approximately the same as the
relative volume of the skeleton to the whole bodyâ€”about
10% in the rat (14) and 11% in man (15). The tracers
used for bone scanning must traverse this space to
reach the osteoid surface, where they concentrate
enough to be detected externally on a scan. Recent au
toradiographic studies have demonstrated Tc-99m
phosphate analogs on newly forming bone surfaces in
close relationship to the blood supply (16), as would be
expected. Interestingly, not all cortical vessels seem to
be open simultaneously (17), a phenomenon that auto
radiographers refer to as â€œhotspotsâ€•and that has im
portant clinical applications, to be discussed later. It has
not been demonstrated that capillaries abut directly on
osteoid surfaces without an intervening ECF space, an
other fact whose significance will soon be apparent.

MEASUREMENT OF SKELETAL BLOOD FLOW

From what has been said so far, it is clear that skeletal
blood flow cannot be measured directlyâ€”both because
of the dispersion of the skeleton in the body and its
complex vascular anatomy. A number of indirect tech
niques have been proposed over the past 40 years, one of
which appears to give accurate results and to be atrau
matic enough to be useful clinically, and the remainder
of this report will be devoted to that methodâ€”thecom
partmental-analysis approach. Recent studies with this
method have shed considerable light on skeletal blood
flow in health and disease, with important implications
for bone-scan interpretation.

Compartmental analysis. This is a mathematical
method for describing tracer flow between bodily regions
called compartments. Successful application requires
that the compartmental arrangement be known before
the mathematical technique is applied; readers familiar
with the solution of differential equations by classical
methods will recall that unless the correct form of the
solution (the â€œmodelâ€•)is known beforehand, the equa
tion cannot be solved. In fact, it can be shown that it is
impossible to determine the arrangement of the corn
partments by sampling only one compartment (e.g., the
blood compartment) for any system of three or more
compartments in which bidirectional flow occurs (18).
Thus, although the investigator wishes to discover the
compartmental arrangement from the data, it turns out
that this must be known before the mathematical ma
nipulations. Solving a compartmental model is therefore
analogous to solving a jigsaw puzzle: the picture is the
model, and the interlocking of the pieces is equivalent to
the mathematical solution. If the pieces interlock but the
picture is not the same as on the top of the box, the an
swer is wrong, i.e., a correct mathematical solution is a
necessary but not a sufficient condition to success. We
therefore begin with a description of the model.

For a number of reasons, fluoride (as F-18) is the ideal
agent for this work (15). Evaluation ofpublished blood
data in humans shows that as early as 2 mm after i.v.
injection, only about 27% of the dose is still in the blood
(15). Since fluoride is known to be freely diffusible (19),
it is logical to assume that the ion rapidly leaves the blood
to enter the ECF space of the body, including that in
bone. From knowledge of the microanatomy of bone

discussed above, we then arrange for a compartment
representing â€œexchangeableboneâ€•on the other side of
the bone ECF space, so to speak. The model is shown in
Fig. 1 (a compartment representing tubular urine is also
included, to account for tubular reabsorption of fluo
ride). It is in accord with anatomic facts and is the
equivalent of the picture on the puzzle box.

FIG.1. FIve-compartmentmodeloffluoridekinetics.Reproduced
with permission of J Nucl Med (19: 895â€”899,1978) and the au
thors.
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Before proceeding with the solution of the model, it
is necessary to point out an important consideration:
while the model is correct as it stands, it is only an ap
proxirnation to the real truth, for we have disregarded
certain facts (and, therefore, additional compartments)
in our simplification. Specifically, we have neglected
intracellular penetration by fluoride ion, and â€œaccretionâ€•
from the exchangeable bone on the osteoid surface into
hydroxyapatite. Hard data are not available for either
of these processes. Since the halogen congener chloride
is thought to penetrate cells to about 13% of its equilib
riurn value (20), our â€œECFâ€•compartments may be that
much too large. The rate of fluoride accretion into hy
droxyapatite is also not known, but is probably much
slower than the bone ECF-to-bone transfer rate if there
is an analogy with calcium transport mechanisms (21);
this restricts our model to a description of eventsfor only
afew hours after fluoride injection. Therefore the model
has certain constraints placed upon it even before it is
solved. A similar model, which includes accretion, has
been postulated by Hughes and colleagues using another

method to dissect the bone compartments mathemati
cally(13).

Mathematical analysis. Since diffusional processescan
be described by first-order kinetics (22), and since flu
oride ion is freely diffusible, we describe the intercom
partmental fluoride transfer rates by equations of the
type dq1(t)/dt k31q1(t),where the left-hand term rep
resents the instantaneous rateofchange in the amount

of fluoride presentat time t, and the right-hand term
contains the rate constant of transfer out of the ith
compartment into thejth compartment. Our model re
quires simultaneous solution of five such equations, a
task well suited to a computer. We have used the
SAAM-25 program (23) for this purpose and an IBM
370 digital computer, although we originally got a close

approximation by an analog computer (24). The SAAM
program generates the rate constants by an iterative,
least-squares best fit to the blood and urine values, which
are the only data entered. The rate constants arVhen
used to determine the amount of fluoride present in each
compartment, by means of a minicomputer program, for
times up to 2 hr after dose; the results of such an analysis
for human data are shown in Fig. 2.

The model was tested in several ways in rats, and
found to be in accord with the anatomic and physiologic
assumptions. These methods included simultaneous
determination of the distribution volumes of fluoride and
a known ECF tracer (bromide ion), measurements of the
skeletal fluoride content at different times after dose
administration, and evaluation of the physiologic in
formation content of the rate constants (described below)
(14). The model can also be perturbed to simulate
changes in blood flow, and it correctly predicted the re
suits found by direct experiments in dogs (25).

It has been known for some time that the ratio of the
rate constants between compartments will give, at
equilibrium, the ratio of their volumes (26). For exam
pie, in the bone model k21/k12is the ratio of bone-ECF
volume to the blood volume. The volume measurements
for bone ECF and total body ECF that we obtained by
this method in the rat were not significantly different
from direct measurements made with bromide (14). We
have recently shown that certain blood-flow relationships
are also inherent within the rate constants: namely,
cardiac output is the sum of the exit rate constants from
blood, multipliedby the bloodvolume(@kj1.BV)*;
skeletal blood flow is the product ofthe blood volume and
the exit rate constant from blood into bone ECF (k21.
BV); and fractionalskeletal blood flow is the ratioof the
two, k2i/@kj1 (27). Excellent agreement was found when
the results of this analysis were compared with estimates
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FIG. 2. Solutionof five-compartment
model of Fig. 1 for humans,corrected for
F-18decay,as percentageof administered
dose in each compartment.Means of
blood-datapointsare shownin solidcircles
Â±95%confIdencelimits.Reproducedwith
permission of J Nucl Med(19: 895â€”899,
1978) and the authors. 0
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in the literature obtained by other methods(14).
Physical significance of the rate constants. The results

ofthecompartmentalanalysiscouldstillbecalledmerely
â€œinformativeâ€•if not for the fact that the mathematics
involved is identical to that in common physical sys
temsâ€”mechanical, electrical, and hydraulic, for cx
ample. This is best appreciated by considering only two
compartments, such as 1 and 2 in Fig. 1. The differential
equation describing fluoride transfer between these
compartments is:

qâ€•(t)+ (k12 + k21)q'(t) + k12k21q(t) = 0,

qi(0+) 1;q2(0+) 0;t @0.

TABLE1. PHYSIOLOGICALFUNCTIONS
OBTAINEDFROMRATE-CONSTANTANALYSIS

No. bloodvolumes/mm 1.46 3.19

Cardiac output (mI/kg-mm) 102 201

Fractional skeletal blood flow 0.168 0.096

Skeletal blood flow
(ml/min/100gbone)
(ml/min/100 g body wt)

11.7
1.8

19.3
1.9

(1)

This equation is of the same form as that governing the
motion of a weight attached to a spring, current flow
through a resistor, inductance and capacitor in series,
and fluid flow through a tank with a drain and float
control. In particular, the coefficient of the q'(t) term,
i.e., the sum of the rate constants, is the equivalent of
mechanical friction, resistive heat loss, and viscous drag
in the other systems; it represents energy lostfrom the
system in running it. Thus it is an absolute requirement
that the compartmental model be bidirectional if such
transport is really presentâ€”otherwise the investigator
has constructed a system with insufficient friction. The
other terms in the equation govern the transfer of po
tential to kinetic energy within the system. Viewed in this
way,compartmentalanalysisisseento be a toolof great
power in dissecting the energy state of a biologic
system.

It is interesting and informative to note that equation
(1) can also be developed from basic considerations of
probability theory (28): the rate constant k@1expresses
the probability that a fluoride ion leaves compartment
i and enters compartment j during a finite time period.
Once in compartmentj, there is nowa finiteprobability
that the same ion will return to compartment i during an
equal time period, and this probability is given by k1@.The
ratio@ is then the probability of relative movement
from i to j which, at equilibrium (equal) concentration
in the two compartments, is given by the relative volumes
(and, therefore, number of ions) in the compartments.
The insightgainedfromthisapproachmakesit apparent
that bidirectional flow of diffusible tracers between
compartments is an absolute requirement for model
construction. The model in Fig. 1 therefore contains rate
constants representing flow into and out of each com
partment.

CLINICAL APPLICATIONS

The results of the compartmental analysis of the bone
model can be grouped into three categories: rate-con
stant analysis, perturbation studies, and experimental
blood-flow studies.

ECF volume (% body wt) 20.5 24.5

Bone ECF volume (% body wt) 1.9 2.4

a Includes plasma volume.

Rate-constant analysis. The findings we obtained in
humans and in rats are given in Table 1. Estimates of
cardiac output were not significantly different from those
published using the Stewartâ€”Hamiltonor Fick methods.
Skeletal blood flow, however, turned out to be a much
greater fraction of cardiac output than previously real
izedâ€”inman, this was 16.8%,about the same proportion
as that delivered to the kidneys or liver (hepatic artery),
although most likely for hematopoietic function rather
than for mineralization. When skeletal blood flow was
expressed in terms of milliliter per minute per body
weight, the fraction was almost identical for rat, rabbit,
and man, suggesting a biologic constant, as has been
described for many bodily functions (29).

Perturbation studies. When the rate constants gov
erning cardiac output or skeletal flow were perturbed
over a 50-fold range, important information was ob
tamed with respect to bone-scan interpretation. A de
crease in either systemic or skeletal blood flow resulted
in decreased bone uptake, as expected, which would be
visible on a scan as a decrease in contrast between the
bone image and the â€œsoft-tissueâ€•(i.e., blood and ECF)

background. This phenomenon probably accounts for
the â€œtechnicallypoorâ€•Tc-99m pyrophosphate images
seen in some patients referred for suspected or proven
myocardial infarctionâ€”a group with typically low car
diac output. Similar â€œtechnicallypoorâ€•scans have been
described in patients with amyloidosis (30), a disorder
known to cause a myocardiopathy in some patients. Thus
a scan with impaired contrast should lead the interpreter
to consider disorders associated with decreased cardiac
output. Focal decreases in skeletal blood flow are typified
by the â€œphoton-deficientâ€•bone infarct.

A simulated increase in cardiac output, on the other
hand, produced unexpected results: although there was
a modest increase in bone fluoride uptake at I5 mm after
dose, the uptake at 1 to 2 hr, when F-l8 scans are usually
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I

FIG.3. Effectsof simulatedfivefoldIn
crease in systemicbloodflow, skeletal
blood flow, and bone extraction on bone
fluoride uptake. Note that at 1â€”2hours after

dose, when scans are usually made with
F-18 as fluoride, only an increase in skel
etal extraction rate would increase bone
to-blood contrast sufficiently to be visible
as an abnormality.Reproducedwithper
missionof JMicIA,@d(19:895â€”899,1978)
and the authors.
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made, could not be distinguished from normal, and this
was true also of an increase in overall skeletal flow. The
simulation for a fivefold increase in both cardiac output
(the maximum attainable by humans) and skeletal blood

@ flow is shown in Fig. 3. Also plotted in the figure is the
effect of a fivefold increase in bone uptake, as might
occur in patients with cancer metastases, Paget's disease,
or fracture.A markedincreaseinskeletalfluorideuptake
is noted, which would be easily identified by scanning.
The model is in complete accord with clinical observa
tions.Similar effectscan bedemonstratedwhenTc-99m
phosphate analogs are used (unpublished observations).
The augmented contrast found on 15-mm F- 18 scans
made in patients with myelofibrosis was originally at
tributed to increased blood flow (31 ); Fig. 3 implies that
the greater osteoid surface found in some patients with
this disorder (32) could produce the same result. In a
study of five patients with myelofibrosis, Tc-99m
methylenediphosphonate scans made 3 hr after dose
showed generalized increased bone uptake in only one
patient, and that patient was the only one whose biopsy
showed new bone formation (33), in accord with the
model's prediction.

Metabolic disorders such as hyperparathyroidism or
hyperthyroidism, which increase skeletal tracer uptake
(34), should be detectable by scan by the increase in
contrast, and this has been demonstrated, in some pa
tients at least (35). Secondary hyperparathyroidism
appears to be more readily diagnosed by scanning than
the primary variety (36), probably because of the asso
ciated osteomalacia, but this is not certain.

Experimental blood-flow studies. The fluoride bone
model predicts that marked increases in skeletal blood
flow are without appreciable effect on tracer uptake in
bonesubstance1to 2 hr afterdose.To testthisfinding

experimentally, arterial blood flow to one hind limb of
a group of dogs was altered mechanically by means of
a variable pump, and the ratio of the Tc-99m(Sn)-
methylenediphosphonate content of the experimental to
the control limb was measured, 75 mm after dose (25).
Nutrient tibia! perfusion was also measured using la
beled microspheres and was found to be linearly related
to arterial flow.The results, shown in Fig. 4, show scatter
around the predicted curve, thereby supporting the
usefulness and validity of the model (but not indicating
that it is unique in this respect, since other, more detailed,
models could theoretically do as well or even better). The
shape of the curve suggests a saturation effect, but true
saturation is not the explanation, since subsequent tracer
doses would also be concentrated in bone substance.
Rather, the phenomenon is indicative of so-called â€œdif
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FIG 4. CorrelatIonof Tc-99mMOPtibial uptakeandfemoralarterial
bloodflow indogs,expressedas ratioof experimentalto control
tibia. Closed circles are for intact dogs, open circles for nerve
sectioned dogs. Curve shows computer prediction for intact
dogs.
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fusion-limited flowâ€•(37); tracer entry into bone ECF
from blood is so rapid in comparison with its concen
tration rate onto bone surface that even more rapid tracer
delivery to bone ECF is without appreciable effect.
Similar findings have been reported for calcium ion by
Bosch in more limited flow studies (38). Physiologically,
this makes sense, because if a direct proportionality did
exist between skeletaltracer uptake and blood flow, it
can be shown that a fivefold increase in cardiac output
would halve the serum calcium concentration 1mm later,
a dire change. As it is, serum calcium in fact shows no
change or rises with exercise (39), and the buffering
action of the bone ECF by the diffusion-limitation effect
undoubtedly plays an important role in maintenance of
calcium homeostasis.

In dogswho had undergonesectionof the sciatic and
femoral nerves (and therefore of the sympathetic sup
ply), an important difference was observed: at supra
normal flows, about one third more tracer accumulated
in the denervated tibia, suggesting that this fraction of
bone arterioles is normally closed (Fig. 4). This finding
can explain the microscopic nonuniformity of tracer
distribution in Haversian systems and the autoradi
ographic foci of increased radioactivity referred to ear
her. A proposed model (25), based on these results and
having clinical relevance, is shown in Fig. 5. Normally,
some capillaries are closed by sympathetic tone, and
osteocytes in these closed areas presumably get nutrients
and eliminate wastes by means of their long processes,
which end near open capillaries. If the sympathetic tone
is eliminated, the normally closed vessels open up, per
mitting a local increase in blood flow (â€œrecruitmentâ€•)
and thereforein tracerdelivery.Thismodel,an extension
of one proposed by Bosch (38), is in accord with these
and other experimental findings as well: sympathectomy
increases bone blood flow in the involved extremity (40),

FIG.5. Parallel-flowmodelof microcirculationin bone.Upperpanel:
normallyabout 1/3 of arteriolesare closedby sympathetictoneand
no tracer enters this extravascular space (stippled area) or ex
changeablebone(hatchedarea).Lowerpanel:effectof sympath
ectomy is to open normally closed arterioles (â€œrecruitmentâ€•),
thereby augmentingoverall perfusionby exposingadditionalareas
of extravascularfluid,andbone,to tracer.

and epinephrine or sympathetic stimulation (5) de
creases it. Alpha adrenergic receptors appear to be in
volved (5,40).

For the bone-scan interpreter, this model explains the
clinical observation of unilaterally increased tracer up
take throughout one or more long bones resulting from
stroke with hemiplegia (destruction of central sympa
thetic neurons) (41) or sympathectomy (42). Peripheral
neuropathies (diabetic, alcoholic) should show the same
phenomenon,but might go unrecognizedif bilateral.
Soft-tissue tumors and thrombophlebitis may also be
associated with the recruitment effect (43). It is un
doubtedly responsible for the bone-scan changes seen in
patients with the reflex sympathetic dystrophy syndrome
(44).

Focal abnormalities in bone that destroy or func
tionally impair intraosseous sympathectics may produce
a secondary recruitment (â€œhyperemicâ€•)effect. These
disorders include fracture, osteomyelitis, infarction, and
benign and malignant tumors (43). The scan appearance
shows a â€œhotâ€•focus and diffusely increased tracer ac
tivity within the bone. The foci are of interest themselves,
since they are associated with both neovascularization
and immature, new (reactive) bone (45). Injected tracers
concentrate in the bone ECF space surrounding the new
capillary network, and on adjacent osteoid surfaces
(16,45), an effect that can be explained by the model by
assuming loss of normal sympathetic tone in the neo
vasculature. Recent unpublished clinical studies in our
laboratory indeed demonstrate a marked expansion of
the bone ECF space in patients with extensive metastatic
cancer to bone, in keeping with this hypothesis.

Reference to Fig. 4 shows that the recruitment phe
nomenon produces no more than a threefold increase in
tracer uptake, even at supranormal flows. Thus, if the
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FIG.6. Schematicrepresentationofscintigraphicfindingsofre
cruitmentphenomenonin representativelongbone.(A)Normal.(B)
Diffuseincrease incountingrate (<3 X normal)resultingfromex
traosseousimpairmentof sympatheticfunction.(C)Diffuse increase
in countingrate(<3 X normal)resultingfrom intraosseousfocus
(shownas increasedfocus)that impairssympatheticfunction.
Counting rate in focus may be >3 X normal. â€œPhoton-deficientâ€•
lesion could have same effect.
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A. Systemic (fC.O.)
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2.LocalIzed

a. Extraosseous

tC.O.states tcontrast at 15 mm, normal at 1â€”2hr

tcontrast at 15 mm, normal at 1â€”2hr
â€œHyperemlaâ€•(recruitment phenomenon)

Countingrate <3 X normal

?myelofibrosis

Hemiplegia; sympathectomy;

neuropathy;soft-tissue tumors;
thrombophlebitis; RSDS1'

Tumor, fracture, Infarction, infection,
Paget'sdisease,myeloflbrosis

b. lntraosseous Reactive bone mechanism dominates

focally (counting rate may be >3 X

normal),superimposedupon
hyperemiceffect; â€œphoton-deficientâ€•
lesion less common

. Also seen with expanded ECF space (e.g., obesity, edema).

t Also seen with tumor, osteomyelltls.

* C.o. = cardiac output.
II Reflex sympathetic dystrophy syndrome.

local counting rate is greater than three times normal,
some other process must also be present. Such a process
is almost invariably immature reactive bone resulting
from one of the focal abnormalities described above,
where local tracer concentrations of up to 15 times nor
mal have been recorded (46). In rats with fractured long
bones, the recruitment phenomenon was demonstrable
but tracer uptake was increased less than threefold (6),
in keeping with the results of the dog experiments of Fig.
4.Our patientstudiesshowthat thequantitativeeffect
of the F-i 8 concentration in the reactive bone of meta
static depositsfar exceeds the increase in skeletal blood
flow and bone ECF space associated with the recruit
ment effect (unpublished observations), and Lavender
and associates have come to similar conclusions from
studies of fractures in dogs (47). Thus, although aug
mentation ofskeletal blood flow plays a role both in the
pathologic process and in the scintigraphic findings
within the focal abnormality, it is the increased tracer
concentration in the immature osteoid that gives the
lesion its characteristic appearance. â€œPhoton-deficientâ€•
lesions (1 ) could also produce a recruitment effect within
a long bone by destroying or impairing the function of
intraosseous sympathetic nerves.

A summaryof the inferencesthat may be drawnfrom
this analysis of skeletal tracer kinetics and experimental
observations, and of use to the bone scan interpreter, is
given in Table 2 and Fig. 6.

FOOTNOTES

C This relationship is valid under normal circumstances where

unidirectionalF-18efflux from bloodis 100%(48), but at high rates
ofdiffusion-Iimited flow (37), unidirectional efflux declines and car
diac output is therebyunderestimated.
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