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Regulation of Blood Flow in Paget's Disease of Bone
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A B S T R A C T Previous studies have demonstrated an
increase in blood flow to extremities involved by Paget's
disease of bone. It has been assumed that the increase
in blood flow is through bone, but warmth of skin
overlying Pagetic bone suggests that cutaneous blood
flow might be increased. In three patients with Paget's
disease involving one extremity, we compared blood
flow in "Pagetic" extremities with flow in the contra-
lateral normal extremities. Resting blood flow (mea-
sured with water plethysmographs) was 14.2±2.9 (mean
±SE) ml/min X 100 ml extremity in the Pagetic limbs
and 2.5±0.7 ml/min in the contralateral normal limbs.
The contribution of cutaneous flow to the increase in
extremity blood flow was evaluated with epinephrine
iontophoresis, which suppresses flow to skin but not
to underlying tissue. Epinephrine iontophoresis of the
Pagetic extremities decreased blood flow from 14.2±2.9
to 3.6±1.5 ml/min.

Local heating (which increases cutaneous flow only)
failed to increase blood flow in the Pagetic extremities
as much as it did in the normal extremities. This sug-
gests that cutaneous vessels in the Pagetic extremities
were already dilated. During heating, blood flow in
the normal extremities was similar to resting flow in
the Pagetic extremities; this indicates that increases in
cutaneous flow could account for most of the increase in
total blood flow in the Pagetic extremities.

Adrenergic control of blood flow to the Pagetic ex-
tremities was compared with that of the normal ex-
tremities. Vasoconstrictor responses to reflex stimuli
in the Pagetic extremities were reduced; when vaso-
constriction occurred it was gradual and sustained
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after termination of the stimuli, which suggests an
exaggerated humoral response but reduced neural re-
sponse to the stimuli. Intravenous epinephrine produced
vasoconstriction in the Pagetic extremities and vaso-
dilatation in the normal extremities.

In summary, responses to epinephrine iontophoresis
and heating suggest that the increase in blood flow in
Pagetic extremities is primarily the result of cutaneous
vasodilatation.

INTRODUCTION

Blood flow to extremities involved by Paget's disease
of bone may be increased to nine times normal values
(2). It has been suggested that the increase in blood
flow can be explained by arteriovenous fistulas in bone
(3), since the oxygen tension in venous blood from
"Pagetic" extremities is elevated (2). Although there
is proliferation of vessels in bones with Paget's dis-
ease (2), neither histologic studies (3), arteriograms
(4), nor injection of isotope-labeled microspheres (5)
has demonstrated arteriovenous fistulas.

In the present study we attempted to clarify the
mechanism for the increased blood flow to extremities
in patients with Paget's disease. Warmth of skin over
Pagetic bone suggested that cutaneous blood flow might
be increased. Blood flow to skin of the abnormal ex-
tremities was suppressed by epinephrine iontophoresis to
determine the extent to which the increase in blood
flow to extremities involved by Paget's disease is the
result of increased cutaneous blood flow.

Responses to local heating of the extremities were
also measured. Heating increases blood flow in cutane-
ous vessels (6). If cutaneous vessels in the Pagetic
extremities are dilated, the increase in blood flow in the
Pagetic limbs would be expected to be less than normal.

Finally, adrenergic control of blood flow to the
extremities involved by Paget's disease was compared
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TABLE I
Clinical Data in Patients with Paget's Disease

Extremity
Patient Age Sex Radiographic findings Alkaline phosphatase studied

C. F. 61 M Cortical irregularity, sclerosis, and bowing of radius 60 mU/ml (normal Forearm
typical of Paget's disease; contralateral arm normal. 30-85 mU/ml, IU)

J. S. 63 M Patchy densities and radiolucency with separation >305 mU/ml (normal Calf
of tables of skull and basilar invagination; 30-85 mU/ml, IU)
cortical irregularity and patchy radiolucency of
tibia; contralateral leg normal.

H. W. 53 M Cortical irregularity and patchy changes of femur, 6.1 (normal 0.8-3.0 Calf
with old fracture; cortical expansion and Bessey Lowrey U)
irregularity of tibia, with coarse trabecular
markings; contralateral calf normal.

with that of the normal extremities. Vascular responses
to reflex and humoral stimuli were examined.

METHODS

Three patients with Paget's disease were studied (Table I).
Each had typical radiographic findings of Paget's disease
of an extremity, with a radiographically normal contra-
lateral extremity. One patient had a normal serum alkaline
phosphatase, perhaps because the skeletal involvement was
limited.

Three experiments were done on each patient. The studies
were done with the patient supine in a warm room. Skin
temperature was measured over the Pagetic bone and at a
comparable location on the contralateral extremity, using
thermistor probes. Blood flow was measured with water
plethysmographs (7). Forearm blood flow was measured
in both arms in one patient and calf blood flow was mea-
sured in both legs in two patients. A plethysmograph was
placed around the extremity over the area of bony involve-
ment (as indicated by X ray), and another plethysmograph
was placed at a corresponding location on the contralateral
normal extremity. Pneumatic cuffs placed distal to the
plethysmographs were inflated to suprasystolic pressures
during the measurements to exclude the contribution of
venous return from the hand or foot to changes in volume
of the forearm. Pneumatic cuffs were also placed proximal
to the plethysmographs and inflated intermittently for 6-10 s
at pressures sufficient to produce venous occlusion. Blood
flow to the forearm or calf was calculated from the rate
of increase in volume of the forearm or calf during venous
occlusion and expressed in ml/min X 100 ml of extremity.

In the first experiment on each patient, resting measure-
ments of extremity blood flow were obtained. The plethys-
mographs were then removed, and epinephrine iontophoresis
was performed on the Pagetic extremity by the technique
of Collins and Ludbrook (8). The extremity was cleaned,
shaved, and washed with acetone. The extremity was
wrapped in gauze soaked with epinephrine hydrochloride
1: 2,000 (pH 4.5), covered by aluminum foil, and wrapped
with an elastic bandage. Another extremity was similarly
wrapped, but saline was used rather than epinephrine. The
Pagetic extremity served as the anode and the other ex-
tremity as the cathode. Iontophoresis at a current of 20 mA
was maintained for 20 min. Iontophoresis has been shown
to cause nearly complete suppression of blood flow to the

skin (9) and in these patients caused blanching of the
Pagetic extremity. There was no evidence of systemic ab-
sorption of epinephrine during the procedure, as blood
flow in the normal extremity and heart rate did not in-
crease. After epinephrine iontophoresis, water plethysmo-
graphs were placed at the same location around both ex-
tremities, and blood flow was again measured.

In the second experiment, the response to local heating
was observed. Blood flow in the normal and Pagetic ex-
tremities was measured first when the temperature of the
water in the plethysmographs was 32.50°C. Then the water
in the plethysmographs was warmed to 440C for 20-30 min,
and blood flow was again measured.

In one patient (C. F.), bradykinin activity in blood from
the normal and Pagetic arms was assayed to determine
whether release of bradykinin by Pagetic bone might ac-
count for cutaneous vasodilatation. Venous blood samples
from each antecubital fossa were drawn into syringes con-
taining 0.4 N perchloric acid and assayed by a modification
(10) of the method of Webster and Gilmore.

In the third experiment responses to reflex vasoconstrictor
stimuli and to an intravenous infusion of epinephrine were
measured. Blood flow in the normal and Pagetic extremi-
ties was measured. Arterial pressure was measured by aus-
cultation in J. S. and H. W. and with a polyethylene can-
nula (PE 60) in the brachial artery in C. F. Responses
to reflex stimuli were observed by measuring the response
to lower body negative pressure (11) in C. F. and to
application of ice to the forehead in all three patients. Re-
sponses to lower body negative pressure could not be mea-
sured in the two patients in whom calf blood flow was
measured. The response to a humoral stimulus was evalu-
ated in C. F. and J. S. by infusing epinephrine hydro-
chloride intravenously at 5 and 10 Ag/min.

Because the results indicated that resting blood flow was
increased and vasoconstrictor responses to reflex stimuli
were impaired in the Pagetic extremities, we considered the
possibility that there might be interruption of the sym-
pathetic nerves in the Pagetic extremities. If this were the
case, one would expect impaired reflex responsiveness of
vessels distal to the site of Paget's disease. To test this
possibility we measured finger blood flow in C. F. An air
plethysmograph was placed on the middle finger on the
Pagetic and normal sides. Changes in volume of the finger
were measured during venous occlusion. Congesting pneu-
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matic cuffs were placed around the finger proximal to the
plethysmographs and inflated intermittently for 6-10 s to a
pressure sufficient to produce venous occlusion (about 40
mmHg). Blood flow in the fingers was measured at rest
and during a deep breath, which is a potent reflex vaso-
constrictor stimulus.

RESULTS

Skin temperature and resting blood flow. Skin
temperature and blood flow were higher in the Pagetic
than in the normal extremities. Skin temperatures on
the normal and abnormal sides were 33.60 and 35.20C,
respectively, in C. F.; 32.80 and 34.90C in J. S.; and
32.80 and 33.80C in H. W. Before epinephrine ionto-
phoresis, resting blood flow averaged 2.5±0.7 (mean
+SE) ml/min X 100 ml extremity in the normal limbs
and 14.2±2.9 ml/min in the Pagetic limbs.

Response to epinephrine iontophoresis. Suppression
of blood flow to the skin by epinephrine iontophoresis
decreased blood flow in the Pagetic extremities from
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FIGURE 1 Changes in volume in Pagetic and normal fore-
arms of patient C. F. before and after epinephrine ionto-
phoresis of the Pagetic forearm. The slopes of the increase
in forearm volume during venous occlusion were used to
calculate blood flow to the forearm in ml/min X 100 ml of
forearm, as indicated by the numbers below or above the
slopes. Calibrations of the plethysmographs are indicated by
the arrows. Addition of 2-ml increments of water to the
plethysmographs caused similar deflections, indicating com-
parable sensitivity of the plethysmographs on both arms
before and after epinephrine iontophoresis. Iontophoresis
caused a sevenfold decrease in flow in the Pagetic fore-
arm, indicating that most of the blood flow to the Pagetic
forearm is cutaneous.

TABLE II

Effect on Blood Flow of Epinephrine lontophoresis
Performed on Pagetic Extremities

Normal extremity

After Pagetic extremity
ionto-

phoresis After
Control of Pagetic Control ionto-

Patient state side state phoresis

ml/min X100 ml extremity ml/min X1OOml extremity

C. F. 1.3 1.3 18.0 2.6
J. S. 2.6 2.2 16.1 6.6
H. W. 3.6 3.3 8.5 1.5

Mean 2.5 2.3 14.2 3.6
SE i0.7 ±t0.6 ±2.9 ± 1.5

14.2±2.9 to 3.6±1.5 (Fig. 1, Table II). Blood flow in
the normal extremities which were not iontophoresed
did not increase, which suggests that there was minimal
systemic absorption of epinephrine.

Response to heating. Local heating of both ex-
tremities increased blood flow by 8.3±3.0 ml/min in
the normal extremities and only 3.3±1.7 ml/min in
the Pagetic extremities (Fig. 2, Table III). Blood flow
in the normal extremities during heating was similar
to resting flow in the Pagetic extremities.

Bradykinin activity. There was no detectable brady-
kinin activity in the venous blood of either arm in
patient C. F.

Responses to vasoconstrictor stimuli. Lower body
negative pressure decreased blood flow in both fore-
arms in patient C. F. (Fig. 3). Maximal vasoconstric-
tion was achieved more rapidly in the normal arm than
in the Pagetic arm. After release of lower body nega-
tive pressure, blood flow was restored promptly and
exceeded control values in the normal forearm but
vasoconstriction was maintained in the abnormal fore-
arm. Vasoconstrictor responses to application of ice
to the forehead were minimal in the Pagetic extremi-
ties (Fig. 4). Mild vasoconstriction occurred in C. F.
but the vasoconstriction was sustained after the ice was
removed. During infusion of epinephrine, there was
vasodilatation in the normal extremities and vasocon-
striction in the abnormal extremities (Fig. 5).

Reflex vasoconstrictor responses distal to the site
of Paget's disease were preserved in C. F. On the
normal side, finger blood flow was 8.0±0.8 ml/min X 100
ml finger at rest and 2.9±1.0 ml/min during a deep
breath. On the Pagetic side, finger blood flow was
9.3±1.0 ml/min at rest and 1.0±1.0 ml/min during
a deep breath.
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FIGURE 2 Effect of local heating in patient C. F. The left
panel is a record of forearm blood flow before heating the
forearms and the right panel indicates the responses to
warming the water in both plethysmographs to 44°C.

DISCUSSION

Previous studies have demonstrated an increase in blood
flow to extremities involved with Paget's disease and
it has been assumed that the increase in flow is en-
tirely through bone (2, 3). The warmth of the skin
overlying the "Pagetic" bone, noted in our patients
and in other studies (2), suggested that cutaneous
blood flow might contribute significantly to the increase
in extremity flow. The major finding in this study was
the profound decrease in blood flow to the Pagetic ex-
tremities after epinephrine iontophoresis, which indi-
cates that most of the increase in blood flow in the
extremities with Paget's disease was the result of
increased cutaneous blood flow.

We considered the possibility that absorption of epi-
nephrine during iontophoresis might allow epinephrine
to enter the systemic circulation and decrease extremity
blood flow by constricting vessels to bone (12). This
possibility is excluded by the absence of systemic effects
of epinephrine, as blood flow in the contralateral ex-
tremities and heart rate did not increase during the
period of measurements after iontophoresis. It is also
unlikely that epinephrine penetrated the skin and muscle
to constrict vessels to bone during iontophoresis, since
a previous study indicated that epinephrine iontophore-

TABLE III
Effect of Local Heating on Blood Flow

Normal extremity Pagetic extremity

Increase Increase
Control During during Control During during

Patient state heating heating state heating heating

ml/min X100 ml extremity ml/min X100 ml extremity
C. F. 2.2 16.5 +14.3 13.0 19.7 +6.7
J. S. 1.5 7.1 +5.6 11.5 12.7 +1.2
H. W. 2.7 7.6 +4.9 7.3 9.3 +2.0

Mean 2.1 10.4 +8.3 10.6 13.9 +3.3
SE ±0.4 13.0 ±3.0 ±1.7 43.1 ±1.7

sis suppresses cutaneous blood flow but does not pene-
trate subcutaneous tissue or muscle (9).

It seemed possible that bradykinin, a potent vasodila-
tor substance, might be released locally and dilate cu-
taneous vessels. However, bradykinin was not found in
the venous blood from the Pagetic arm in one patient.
Wewould like to suggest the possibility that excessive
heat production from increased metabolic activity of
the Pagetic bone might cause vasodilatation in the
skin. Heating causes vasodilatation in skin but not
muscle (6) so we would not expect excessive heat pro-
duction in bone to dilate vessels in muscle.

The increase in blood flow in skin overlying Pagetic
bone could be the result of either proliferation of vessels
in the skin or of dilatation of preexisting vessels. We
are not aware of histologic evidence which relates to
either of these possibilities, but the present study pro-
vides indirect evidence which favors the latter possi-
bility. The smaller increase in blood flow in the
Pagetic extremities than in the normal extremities dur-
ing heating suggests that the cutaneous vessels in the
Pagetic extremities were already dilated and thus sup-
ports the concept of vasodilatation in skin overlying
Pagetic bone. During heating, blood flow in the normal
extremities was similar to resting flow in the Pagetic
extremities. This indicates that dilatation of normal cu-
taneous vessels could account for most of the increase
in total blood flow in the Pagetic extremities.

There is close proximity between skin and underlying
bone in the forearm and calf, which may contribute to
the pronounced increase in cutaneous flow when Paget's
disease involves the extremities. It is likely that in-
creases in cutaneous flow would not be as great in
parts of the body where the skin is separated from
bone by a thick layer of muscle.
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FIGURE 3 Values for forearm blood flow during lower
body negative pressure in patient C. F. Each point is the
average of two consecutive measurements.
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The major finding of this study was the increase
in cutaneous blood flow in the Pagetic extremities, but
we also should mention the studies of vascular re-
sponsiveness. The vasoconstrictor response to intra-
venous epinephrine in the Pagetic extremities contrasts
with the vasodilator response in the normal extremities.
The normal limb vascular response to epinephrine is
dilatation (13) since flow to muscle predominates and
epinephrine causes vasodilatation in muscle. The normal
response to epinephrine in blood vessels in skin and
bone is constriction (12, 13). Thus the vasoconstrictor
response to intravenous epinephrine in the Pagetic ex-
tremities reflects the predominance of blood flow to
skin and bone.

Although the abnormal extremities demonstrated
vasoconstrictor responses to lower body negative pres-
sure and ice on the forehead, the constriction appeared
delayed (compared with the normal extremities) and
was sustained after removal of the stimuli, suggesting
a major humoral rather than neurogenic component in
the vasoconstrictor response. It is possible that neuro-
genic responses are reduced in the cutaneous vessels
of the Pagetic extremities because of the local increase
in temperature (14). The increase in resting cutaneous
blood flow and impairment of reflex vasoconstrictor
responses in the Pagetic extremities raised the possi-
bility that sympathetic nerves to the skin might be
interrupted in the Pagetic limbs. Because reflex re-
sponses were preserved in the finger, distal to the site
of Paget's disease, this possibility is unlikely.

This study provides no direct evidence concerning
blood flow to bone in Paget's disease. Previous studies
(4, 5) indicate that bone flow is increased in Paget's
disease, but quantitative estimates of the increase in
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FIGURE 4 Extremity vascular resistance during the ap-

plication of ice to the forehead. Each point is the average

of values obtained during 30 s. The symbols used for the
three patients are C. F. (a), J. S. (A), and H. W. (0).
Values for vascular resistance, rather than blood flow, are

presented in this graph because there was a significant
increase in arterial pressure during ice on the forehead.
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FISURE 5 Intravenous infusion of two doses of epinephrine
increased blood flow in the normal extremities and de-
creased flow in the Pagetic extremities of two patients.
Each point represents the average of values obtained during
1 min.

flow to bone have not been reported. We suggest that
there probably is a modest increase in blood flow to
bone in Paget's disease (as indicated by previous stud-
ies), but that most of the increase in blood flow to ex-
tremities is the result of cutaneous vasodilatation.

The elevated oxygen tension in venous blood from
Pagetic extremities (2) could be the result of arterio-
venous fistulas in bone (3). However, several studies
utilizing different techniques have failed to demon-
strate arteriovenous fistulas (3-5). The present study
may provide an alternative explanation for the elevated
venous oxygen tension in Paget's disease. Venous
blood from cutaneous vascular beds has a high oxygen
tension (6), so the elevated oxygen tension in venous
blood from Pagetic extremities may be the result of
the increase in cutaneous blood flow.
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