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Modern endodontic therapy shows a
high success rate (16), but a nonvital
tooth is brittle and thus prone to fractu-
res. Every precaution should therefore be
taken to preserve the vitality of the pulp.
The vitality of the dental pulp depends
on its blood supply. To understand the
pathological changes in the pulpal circu-
lation and to treat them, the normal mag-
nitude and regulation of pulpal blood
flow (PBF) should be known.

A large number of studies has descri-
bed the morphology and histology of the
pulpal vessels (5, 6, 11, 18, 30, 31). The
pulp is abundantly vascularized and its
vessels arise from and drain into the same
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vessels as in the periodontium and jaw
bone marrow (4). No arteries, only ter-
minal arterioles, enter the pulp and the
collateral circulation is distinctly imited.
The walls of arterioles and venules within
the pulp are particularly thin in relation
to the diameter of the lumen (21).

The pulpal circulation has been stu-
died by a number of techniques, includ-
ing local isotope clearance (8, 13), iso-
tope clearance as a fraction of cardiac
output (20, 28) and isotope labelled
microspheres (20, 28), giving resting flow
rates in the dental pulp of dogs and cats
varying from 0.2 to more than 2 ml/min
per gram tissue. Qualitative variations in
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PBF have also been estimated from
photoplethysmography (2) and from
changes in linear velocity of erythrocytes
in exposed pulpal vessels (29).

The results of previous studies on the
regulating mechanisms of PBF are in
part controversial (19, 23, 34, 37, 38, 39).
The discrepancies may partly be due to
problems in interpreting the results from
experiments where different parameters
are measured. Thus, changes in hydro-
static pulp pressure (19, 37, 38) are im-
possible to evaluate in terms of PBF,
since either a fall in precapillary resist-
ance or a rise in postcapillary resistance
may give the same changes in pulp press-
ure, but opposite effects on PBF. Con-
flicting findings concerning the effect of
vasoactive drugs on PBF may be due to
whether the drugs are applied intraven-
ously, by arterial infusion or locally. In-
travenous drug infusion (22) may effect
the systemic circulation and secondarily
cause changes in PBF. On the other
hand, intra-arterial infusion (I, 9, 35)
can change blood flow in the tooth’s as-
sociated structures and thereby alter the
pulp perfusion pressure. Furthermore,
local application of drugs to the exposed
pulp (24} may give widely varying drug
concentrations and also mechanically
traumatize the pulp and change the PBF.

Studies of the magnitude and regula-
tion of PBF by the use of guantitative

" flow measurements are rare, partly due to
methodological difficulties caused by the
pulp’s good protection within dentinal
walls and also because of the small
dimensions of the tissue. The applica-
bility of the local H: gas desaturation
method for measurements of PBF was
therefore tested in the present study (1).
The aim was to adapt this method for
studies of the regulating mechanisms of
PBE.

The greatest vascular resistance, and
thereby the most powerful control mech-
anisms of blood flow, is generally located
in precapillary vessels. In the pulp, how-

ever, a relatively high tissue pressure (3,

33) indicates that a considerable part of

pulpal vascular resistance is located in

postcapillary vessels. In order to localize
the segmental vessel resistance, a direct
method for measurements of blood
pressure in the different pulpal vessel

segments was used (40).

The specific aims of the study can be
summarized as follows:

1. To adapt the local H: gas clearance
method for repeated quantitative
measurements of blood flow in the
dental pulp, with simultaneous
measurements in several teeth with or
without anesthesia.

2. To study the local, nervous and
humoral regulating mechanisms of
PBF.

3. To examine the segmental vascular re-
sistance in the pulpal blood vessels.

MATERIALS AND METHODS

The methods used have been described in
the different papers and only a brief sum-
mary will be presented here. All experi-
ments were conducted on canine teeth.
For the studies reported in papers [-1V a
total of 61 mongrel dogs were used as
experimental animals. In paper V, 36 cats
were used. The animals were anesthe-
tized with sodium pentobarbital with
supplements when necessary. In the
dogs, a tracheal cannula was inserted,
and rectal temperature was maintained at
about 38°C. An estimation of local arte-
rial pressure was obtained by cannulat-
ing a small artery close to the experimen-
tal tooth, usually the lateral nasal artery
(11, 11T). Blood flow in the common or
external carotid artery was measured by
electromagnetic flowmeter (I11, 1V).

Measurements of blood flow in the dental
pulp (1-1V)

The uptake or removal of an inert sub-
stance solely by blood flow is given by
the Fick principle (I). Assuming diffusion
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equilibrium between tissue and venous
blood, the regional blood flow can be
measured by recording the arterio-tissue
concentration difference of an inert sub-
stance during saturation or desaturation
(17).

The present measurements of local
blood flow in the dental pulp were made
by continuous recording of tissue hydro-
gen gas concentration during desatu-
ration (1). Hz2 gas concentration in the
dental pulp was recorded polarographi-
cally by platinum electrodes implanted in
the pulp. A potential of +0.2V versus a
Ag/AgCl reference electrode was ap-
plied to the platinum electrode. The elec-
trode current generated by oxidation of
molecular hydrogen to hydrogen ions at
this potential is proportional to hydrogen
concentration. Hz gas was supplied by in-
halation; when the inhalation was stop-
ped, the hydrogen concentration of arte-
rial blood fell rapidly to zero as hydrogen
was removed by the lungs. Blood flow
was calculated from the rate constant of
the H: desaturation curve. The rate con-
stant was obtained by plotting the elec-
trode current caused by oxidation of H»
on a logarithmic scale against a linear
time scale (I).

Pulpal blood pressure measurements (V)

Blood pressure in microvessels in the ex-
posed coronal or apical pulp of upper
canine teeth was measured directly with a
modified Wiederhielm (40) servo-con-
trolled counter-pressure technique (15).
The pressure transducer consisted of a
glass micropipette with a sharpened tip
of 1-4 um diameter which was inserted
into the vessels with a Leitz-Wetzlar
micromanipulator. Exposure of the pulp
and micropuncture of the vessels were
performed under a Wild M5 stereo
microscope, illuminated by a two-armed
fiber-optic lamp.

Drug administration (11, 1V)
In general, the lingual artery was cannu-

lated in the retrograde direction for drug
infusion. In the study reported in paper
IV, atropine and phenoxybenzamine
were injected intravenously. All drugs
were diluted in 0.9 % saline and infused
at a constant rate of 0.5 or 1.0 ml/min.

Nerve stimulation (1V)

The cervical sympathetic, the mandibular
and inferior alveolar nerves were cut and
stimulated in the efferent direction using
a bipolar silver gap electrode with mono-
phasic square wave pulses. The impulse
duration was 0.5-6.0 msec, intensity 4-30
V, and the frequency was varied between
1-20 Hz. The stimulation periods were of
4 to 12 min duration.

RESULTS AND DISCUSSION

Resting blood flow

Measurements of PBF during Nembutal
anesthesia averaged 0.15-0.17 ml/min - g
(I-1V) which is in the same range as
blood flow in cerebral white matter and
four times as high as in resting skeletal
muscles. Any overstimate of resting PBF
by H: gas seemed unlikely because loss of
H: gas from the pulp by routes other than
blood flow was negligible (I) and inflam-
matory reactions caused by the electrode
were not found by histological examin-
ation 5 and 10 days after implantation (I).
An underestimate of PBF due to diffu-
sion of H: gas from tissue and outflowing
blood into the arterioles in the root canal,
so calted counter-current exchange, see-
med more probable. The three to six
times higher pulpal flow rates measured
by microspheres (28, Tonder unpub-
lished) and from the uptake of #Rb (20)
might suggest a marked counter-current
exchange of H: in the pulp. However, a
possible counter-current exchange would
involve all diffusible substances, includ-
ing oxygen. The «effective nutritive»
blood flow might therefore be closer to
the H: desaturation rate than to absolute
blood flow.
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The pulp is a loose connective tissue
and is basically similar to connective tis-
sue elsewhere in the body (21). The pre-
sent resting flow values of 0.15-0.17 ml/
min - g therefore seemed relatively high
when compared to resting blood flow in
more cellular tissues, suggesting the PBF
to be in excess of the pulpal metabolic
requirements. Due to the small tissue vol-
ume it was considered unlikely that the
pulpal circulation plays an important
role in the thermal homeostasis of the
body as a whole. However, the pulp has
the same embryologic origin as the skin
and the possibility of its participation in
thermoregulatory reflexes cannot be
completely ignored. Measurements of
PBF in conscious dogs during ambient
variations in temperature large enough to
cause panting or shivering did not, how-
ever, give decisive evidence for a ther-
moregulatory control of the pulpal circu-
lation {Tender, unpublished obser-
vations).

In general, the pulpal circulation see-
med to have much in common with skin
circulation. The pulp may survive fairly
prolonged severe reductions of blood
flow without permanent damage. Thus,
Olgart & Gazelius (25) have found that
the pulp in cats recovered normal sen-
sory nerve activity and blood flow in
spite of several hours’ severe reduction of
PBF caused by adrenaline. Furthermore,
it has been claimed that replanted teeth in
yvoung dogs may survive, even when
parts of the pulp were without blood sup-
ply for days (32).

The primary task of the pulp is dentin
formation and the profuse circulation is,
no doubt, valuable in the repair of local
insults or trauma to which the pulp is fre-
quently exposed. But it appears unlikely
that the slow formation of secondary
dentin in healthy pulps, which reduces
the size of the pulp chamber by some mm
throughout life, should need resting flow
rates of 0.15-0.17 ml/min - g. The excit-
ability of the sensory units in the tooth is

shown to be strongly modulated by chan-
ges in pulpal circulation (10), thus de-
creased PBF produced a fall in excit-
ability. This seems to be the only known
pulpal function which is influenced by a
transient fall in resting blood flow.
Hence, the metabolic or functional re-
quirements of high resting blood flow in
the pulp remain partly unexplained.

Control of pulpal blood flow

Since cardiovascular mechanisms tend to
keep the systemic arterial pressure fairly
constant, the blood flow in any tissue is
mainly regulated by changes in vascular
resistance, according to Poiseuille’s law.
Vascular resistance ts mainly determined
by the radius of the blood vessels. Chan-
ges in vessel radius are therefore of deci-
sive importance for the tissue blood sup-
ply. Vessel radius may be changed in two
ways: passively, due to altered transmu-
ral pressure across the walls of the
vessels, and actively by changed activity
in the smooth muscles in the vessel wall.
The latter is the principal regulator of
vascular resistance. An inherent activity
in the smooth muscles is responsible for a
basal vascular tone which keeps the
vessels in a state of partial constriction.
The vascular tone is under control of
local, nervous or humoral mechanisms.

The finding that papaverine infusion
nearly doubled PBF (I11) showed that the
pulpal resistance vessels did have a rest-
ing smooth-muscle tone. In other words,
the pulp had the ability to actively in-
crease its blood flow. On the other hand,
due to the fairly high pulpal tissue press-
ure, which has been claimed to vary in
proportion to arterial pressure (3), pass-
ive changes in vessel radius might also be
of importance.

Intrapulpal vascular pressure

Arteriolar blood pressure both in apical
and coronal pulp was found to be rela-
tively low, on an average 43 mm Hg (V).
Blood pressure in the pulpal venules
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averaged 19 mm Hg (V), which was a re-
latively high venous pressure when com-
pared to the 3-5 mm Hg pressure in the
veins which drain most other tissues. Ca-
pillary pressure averaged 35 mm Hg (V).
The pressure drop from the arterioles en-
tering the dental pulp to the venules leav-
ing was only one fifth of the total arte-
rio-venous pressure difference. App-
roximately 65% of the total arterioven-
ous pressure difference was located on
the arterial side before the vessels entered
the pulp, and about 15 % was located in
the draining veins after leaving the pulp
(V) (Fig. 1) The pulpal perfusion pressure
was therefore low, indicating that the
vascular resistance within the pulp itself
is small, and that a considerable arterial
as well as venous resistance was located
extrapulpally. Accordingly, PBF may
also be altered by changes in extrapulpal
resistance, either pre- or postpulpally. At
unchanged intrapulpal resistance, every
fall in extrapulpal resistance in the arte-
ries directly feeding or in the veins
directly draining the pulp (series coupled
vessels) will increase PBF, and every rise
will decrease PBF. However, changes in
vascular resistance in the vessels of
neighbouring tissues which are supplied
by the same arteries as the pulp, so called
parallel coupled vessels, may also change
PBF. Changes in parallel coupled resist-
ance may alter PBF since the pressure
gradient from the central arteries to the
arterial ramification of the parallel coup-
led vessels will always be proportionate
to the flow proximal to the ramification.
Thus, a fall in parallel coupled vascular
resistance will increase flow in the main
common proximal artery and decrease
pulpal feeding pressure and thereby
cause a fall in PBF (111), in spite of un-
changed intrapulpal resistance. A rise in
parallel coupled resistance would have
the opposite effect on pulpal feeding
pressure and increase PBF. To what ex-
tent such changes in resistance will alter
PBF depends on the ratio of the parallel
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Fig. 1. Blood pressure profile along the extrapulpal
and intrapulpal vessels.

coupled resistance (R2) to intrapulpal re-
sistance (R ) and on the relative magni-
tude of the common series coupled resist-
ance (R1) as exemplified in Fig. 2. Obvi-
ously, the schematic analogue in Fig. 2 is
extremely simplified as only one resist-
ance is coupled in parallel (R2) and one
in series (R1) to the intrapulpal resistance
( RP). However, the illustration shows that
by unchanged R, a fall in R: decreases
PBF and the greater the common series
coupled resistance (Ri1), the more the
PBF will fall. It seems reasonable to as-
sume that only larger parallel coupled
vessels with a relatively high perfusion
pressure will play any significance in
«stealing» pressure, while every flow in-
crease will lower the perfusion pressure
of the «stealing» tissue as well.
Inter-individual differences in syste-
mic arterial pressure in the range of 90 to
150 mm Hg were not associated with
consistent changes in pulpal arteriolar or
venular pressure (V). Hence, the pulpal
perfusion pressure seemed to be main-
tained in the face of arterial pressure
variations above 90 mm Hg. While no
simultaneous flow measurements were

" made, these findings suggested a fall in

prepulpal resistance relative to intra- and
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postpulpal resistance at reduced arterial
pressure. Depending on whether intra-
pulpal resistance was increased or re-
mained unchanged, PBF may fall or re-
main unchanged.

The high tissue pressure (33) and the
fow arteriolar pressure (V) indicate an ar-
teriolar transmural pressure of about 25
mm Hg. Even a moderate increase in
pulp tissue pressure or fall in arteriolar
blood pressure might therefore lead to a
temporary «shut-otl» of the arterioles
(12). Apparently the pulpal arterioles
may to some extent be protected against
a luminal reduction due to passive elastic
recoil of outer smooth muscle sheath by
autoregulation of the feeding arteriolar
pressure. The particularly small wall/
radius ratio of the pulpal arterioles (21)
would tend to reinforce this protection
(12).

A rise in local tissue blood flow is
generally due to a fall in precapillary re-
sistance promoting increased capillary
pressure and filtration. Because of the ri-
gid encasement of the pulp, a low com-
pliance, or low «distensibility» of the in-
terstitial space, must be assumed. Hence,
precapillary pulpal vasodilation with in-
creased capillary pressure and filtration
may cause a rise in pulpal interstitial
pressure. A rise in tissue pressure would
tend to compress the softwalled venules
and thereby counteract a flow increase.
However, the findings of the relatively
constant pulpal arteriolar and venular
pressure and the approximate equal dis-
tribution of intrapulpal pre- and postca-
pillary resistance (V) (Fig. 1) suggest that
pulpal capillary pressure may stay app-
roximately constant in spite of intrapul-
pal vasodilation or vasoconstriction. A
proportional fall or rise in pre- and post-
capillary resistances would leave capil-
lary pressure and filtration unchanged. A
selective fall in postcapillary resistance
would thus increase flow and tend to re-
duce capillary pressure and favour fluid
absorption. 1t might be speculated that
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Fig. 20 A schematic, simpiified analogue of the of-
feet af vartations in extrapulpal series-coupled (Ry)
and parallel coupled vascular resistance (R2) on pul-
pal blood flow (PBF) at constant intrapulpal resist-
ance (Rp). Pulpal blood flow (PBFo) at an assumed
Ra/Rp of 0.2 is defined as 1.0.

the physiological significance of the high
tissue pressure in bone marrow and teeth
would be to prevent fluid accumulation
during local inflammatory postcapillary
vasodilation with increased capillary per-
meability.

Local control

Observations of a marked postobstruc-
tive hyperemia (I) suggest that local met-
abolites may influence vascular tone and
possibly participate in pulpal flow regu-
lation. Pulpal vasodilation induced by
warming of the enamel surface (9) sup-
ports this view. However, PBF was not
autoregulated when local arterial press-
ure was reduced (I1I). On the contrary,
PBF was reduced proportionally more
than local arterial pressure indicating in-
creased pulpal vascular resistance. The
increased resistance was not caused by
nervous reflexes, as denervated teeth sho-
wed similar responses (11). Since there is
no valid reason to suspect an increased
vascular muscle tone, it seems most likely
that the increased resistance is caused by
lowered transmural pressure and passive
reduction of the vessels’ radius. PBF fell
proportionately more than pressure in 15
out of 18 measurements, the average rise
in resistance was 25 % compared to the
controls (). It might be objected that
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local arterial pressure was reduced below
the autoregulatory range (I1I). However,
while this might lead to a fail in PBF the
calculated resistance should in any case
be lower than the controls if autoregu-
lation did exist. The measurements (II)
did not rule out the possibility of autore-
gulation of PBF at local arterial pressures
above 120 mm Hg.

Nervous control

The vasomotor nerves exert a remote
control of blood flow in most tissues, se-
curing an optimal distribution and ad-
justment of the circulating blood. The
most important participants in this re-
spect are the sympathetic adrenergic ner-
ves. ‘

Cutting of the cervical sympathetic
nerve caused no change in PBF (1V) sug-
gesting that the basal tones in the resting
pulp were primarily due to inherent myo-
genic activity (III) and did not reflect
sympathetic vasoconstrictor influence.
Any pulpal vasodilation caused by reflex
inhibition of resting vasoconstrictor dis-
charge would therefore not be possible. A
marked fall in PBF was observed during
electrical stimulation of the cervical sym-
pathetic nerve (IV) The pronounced va-
soconstriction was ascribed to activation
of w-receptors (IV.8) which were also
shown to be activated through the carotid
baroreceptor reflex (I1). A vasodilation
caused by activation of pulpal adrenergic
-receptors was not found, neither by
sympathetic stimulation (IV) nor by close
intra-arterial infusion of isoprenaline
(IT1). On the contrary, infusion of iso-
prenaline gave a reduction in PBF, due
to reduction of local arterial pressure
(I1D).

However, as shown by micropuncture
(V) the pressure fall from aorta to the pul-
pal feeding arterioles during control con-
ditions, was much larger than. previously
assumed. The possibility exists, therefore,
that the pressure drop in the pulpal feed-
ing arterioles during isoprenaline infu-

sion was on an average greater than 19 %
of the controls, which was the average
fall in PBF (IV). If this should be the case,
isoprenaline must have reduced intrapul-
pal or postpulpal resistance correspond-
ingly. The present measurements there-
fore seem inadequate to definitely ex-
clude B-receptors in the pulpal vessels.

Atropine had no effect on PBF during
stimulation of the cervical sympathetic
nerve, thus providing no evidence of
cholinergic sympathetic vasodilator fi-
bers in the pulp (IV). In contrast, atro-
pine consistently reduced the pulpal va-
soconstrictor response caused by stimu-
lation of the inferior alveolar nerve, indi-
cating a cholinergic mechanism in the
pulp, though not of sympathetic origin. If
cholinergic vasodilation was induced in
the extrapulpal tissues, atropine would
cause decreased blood flow in these tis-
sues, and a reversed «steal» effect could
explain the rise in PBF. However, if the
increased PBF should be caused by an
inhibition of extrapulpal vasodilation, a
near doubling of pulpal perfusion press-
ure compared to pressure during stimu-
lation without atropine would be re-
quired (1V).

Antidromic stimulation of the trigemi-
nal mandibular nerve caused pulpal va-
sodilation (IV) suggesting release of a va-
sodilatory substance at the sensory nerve
endings in the pulp. This finding is in
agreement with results recently reported
by Olgart, Gazelius & Brodin (27). They
found that inferior alveolar nerve stimu-
lation after a-adreno-receptor blockade
increased PBF, regardless of pretreat-
ment with propranolol, atropine or me-
pyramine. An axon reflex, similar to that
involved in the triple response in skin,
would therefore seem possible also in the
pulp, and might be activated following
local insults to the pulp, as suggested by
Edwall (7).

Remarkably high concentration of
Substance  P-Like  Immunoreactivity
(SPLI) has been found in dental pulps
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from dog, cat and man (14) and antidro-
mic stimulation of the inferior alveolar
nerve has been shown to increase the
concentration of SPLI in superfusate of
the dental pulp (26). These findings may
indicate that SPLI is involved in the pul-
pal vasodilation associated with sensory
nerve stimulation.

Humoral control

Humoral control of blood flow is exerted
through blood borne vasodilator and va-
soconstrictor substances. In the dental
pulp of dogs, close intra-arterial infusion
of noradrenaline (NA) (IV) caused a
marked vasoconstriction. The vasoconst-
rictor response of NA was shown to be
clearly dosedependent (1V): Doses of 5
ug/min completely stopped the H: wa-
shout rate, while does lower than 0.01
ug/min gave no measurable effect on
PBF. The vasoconstriction was partly
bloked by a-blockers but was never re-
placed by a vasodilator response. Thus,
the vasoconstriction was caused by occu-
pying the a-receptors and NA infusion
gave no evidence of pulpal B-receptors
(IV). Adrenal medullary hormones,
therefore, would be expected to decrease
PBF. However, the quantitative import-
ance of the humoral control of PBF sce-
med to be insignificant in relation to the
sympathetic nervous control. The lower
doses (0.01 to 0.5 ug/min), correspond-
ing well to the catecholamine secretion
during extreme asphyxia in cats (4a),
gave only trivial pulpal vasoconstriction
compared with that evoked by sympathe-
tic nerve stimulation. In comparison, Ce-
lander (4a) observed that the vasoconst-
riction in cutaneous blood vessels ob-
tained by direct sympathetic innervation
was roughly 10 to 20 times greater than
those elicited by the adrenal medullary
output.

Vasodilator agents such as bradykinin
(111) or histamine (9) have been shown to
have little effect on PBF. This lack of di-

lating effect might possibly be explained
by a reduction of pulpal feeding arterio-
lar pressure caused by increased flow to
the tooth’s neighbouring tissues, or by in-
creased intrapulpal resistance caused by
a rise in pulpal tissue pressure due to in-
creased capillary permeability and in-
creased capillary filtration (36).

CONCLUSIONS

a) The hydrogen gas clearance method
seems to be a reproducible indicator of
blood flow in the dental pulp. The main
advantages of the method are that re-
peated measurements can be performed,
and that PBF can be measured simulta-
neously in several teeth. H2 desaturation
rate may not equal absolute blood flow in
the pulp but rather indicate effective flow
with respect to diffusible substances.

b) The pressure drop between incom-
ing arterioles and draining venules
within the pulp is only 20% of the total
systemic arteriovenous pressure differ-
ence. Since the resting puipal blood flow
is relatively high, the low pulpal perfu-
sion pressure indicates a low vascular re-
sistance within the pulp itself. A con-
siderable arterial as well as venous vascu-
lar resistance to pulpal blood flow exists
extrapulpally, and changes in extrapul-
pal resistance may also alter PBF.

¢) Regulation of blood flow in the den-
tal pulp seems to be dominated by nerv-
ous control. Activation of sympathetic
adrenergic fibers causes vasoconstriction.
Any pulpal vasodilation caused by sym-
pathetic activation of B-receptors or re-
flex inhibition of resting sympathetic va-
soconstrictor discharge was not found.
Antidromic stimulation of the sensory fi-
bers causes pulpal vasodilation. An axon
reflex, similar to that involved in the
triple response in skin therefore seems
possible also in the pulp. Except for a
postischemic reactive hyperaemia, there
is little evidence for local control of vas-
cular resistance in the dental pulp.
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