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THE CIRCULATION OF THE BLOOD b1

quite accurately what occurs in them all within certain limits.
This is done by means of average numbers. But when we
reason from average and not from absolute numbers, the ultimate
conclusion applies only in any individual case according as the
average numbers assumed correspond more or less exactly with
the actual numbers in the case referred to. The average
numbers are worthy of complete reliance when they are de-
duced from a large number of exact observations. Such in
every society where accurate records of births and deaths are
kept are the mortuary numbers applicable to the whole com-
munity, or to persons of either sex, or of whatever age ; such
numbers having been shown by experience to form a secure
basis for the vast pecuniary transactions contingent on the
duration of human life. But such numbers cannot be obtained
with respect to many physiological phenomena which do not
admit of being subjected to exact observations. In all such
cases much judgment is requisite to select numbers which are
certainly within the range of what actually occurs, and pro-
bably not far from the true average; and as minute accuracy is
unattainable, a simple number forming a convenient coefficient
in the computations into which it enters, is to be preferred to a
complex number of doubtful certainty. Thus the duration of
the systole of the heart was held by the physiologists of last
century to be one third of the period from one pulse to
another, or of a complete cardiac revolution. Some modern
physiologists, aided by the increased facility of observation
which the stethoscope supplies, have preferred the proportion
of two fifths of the whole period, which is just one fifteenth
longer than one third. As the difference is very minute, when
the whole period is no more than five sixths of a second ; and
as it is impossible to have much reliance on the observations by
which so minute a difference is established, either proportion
may be taken—the former having the preference for the most
part when the number of the pulse is not defined; but the
latter being sometimes preferable, as for instance, in giving the
time of the systole at exactly one third of a second, when the
pulse is seventy-two.

We have now first of all to explain the objects to which our
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have been deduced. But they have, nevertheless, been received
universally ever since by all those who could neither refuse
their assent to the experiments of Hales nor deny the validity
of his arguments.

The third problem is that of Kiel, which I have on a former
occasion enunciated to be, to determine the effective force of
the heart in carrying on the ecirculation of the blood, or in other
words to determine the work done by the heart, which is mani-
festly a problem totally different from the two former. It is
in this sense solely, as corresponding to the problem just stated,
that I employ the very convenient term effective force of the
heart, which cannot be confounded with the term absolute force
employed in either of the two significations indicated above.

The estimates of the effective force of the heart made by Kiel,
by the Rev. Dr Haughton, and by myself are very moderate
in amount compared with the absolute forces just mentioned ;
the former being expressed in ounces and the latter in pounds.
But they agree remarkably with each other; the numerical
differences being easily explained. Kiel’'s estimate is too
low, because he has greatly under-estimated the largest ele-
ment in the calculation, viz., the resistances opposed to the
heart’s action. In aletter inserted in the ¢ Lancet,” Novem-
ber 12th, 1870, and now reprinted in Appendix, I pointed
out the coincidence of Dr Haughton’s results and my own,
and the different methods by which they were obtained. Tt is
highly gratifying to me to find my own results so nearly in
accordance with those of a man who has contributed so largely
to advance our knowledge of the mechanical actions of the
human body.

We are, then, to confine our attention to the two last of the
problems indicated above, and commence with the last. To
calculate the effective force of the heart we must know before-
hand the mass of blood to be moved, the velocity with which
it moves, and the obstacles which oppose its progress. More
particularly we must know—I1st. In what quantity, and with
what velocity, the blood issues from the left ventricle of the
heart : 2nd. What is the amount of the resistances or obstacles
which oppose the movement of the blood; and possibly, also,
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per minute, and that of Hales is 493. I assume, therefore,
50 feet per minute, or 10 inches per second, as a convenient
number, certainly within the limits of truth, to denote the
velocity of the blood as it issues from the left ventricle of the
heart.

We have experimental evidence in confirmation of these
estimates. The researches of Hering made by injecting chemi-
cal substances, easy of detection, into the blood-vessels of living
animals, and noting the time when they could be detected in
blood drawn afterwards, at distant parts of the sanguiferous
circuit, show at least that the assumed velocity is not too high ;
while the experiments of Volkmann and of Vierordt, made with
instruments fitted to measure directly the velocity of the current
of blood, show that in the carotid of the dog the blood moves
very nearly at the rate indicated above.

The second element which requires to be taken into account
in estimating the force of the heart is the obstacles which the
blood meets with as it passes along the sanguiferous circuit.
After raising the aortic valves, it passes along a series of elastic
tubes diverging from each other at various angles, gradually
diminishing in size, and becoming more tortuous in their course
as they diminish, till it arrives at the capillary system of vessels
destined for the nourishment of the various tissues of the body,
where it has to force its way through a network of canals so
minute that in many of them not more than a single blood-
corpuscle can pass at a time. From these canals the blood
passes into the veins—a more capacious and distensible system
of vessels, which bring it back to the heart. From this brief
deseription it is easy to perceive the nature and magnitude o1
the obstacles which oppose the progress of the blood. It is
useless to attempt to analyse them more minutely, as we are
altogether unable to estimate the effect of any one of them,
much less to determine in that way their total amount. The
problem might, therefore, have remained long insoluble but
for the ingenious experiments of the Rev. Mr. Hales,* who has
taught us how to estimate the total amount of the resistances to

*  Hemastaticks,” being vol. ii of * Statical Essays,’ by Stephen Hales, B.D.,
F.R.8. London, 1738.
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THE CIRCULATION OF' THE BLOOD 11

small arteries, must, by diminishing their area, act as an
obstacle to the progress of the blood, and will add to the
height of the heemastatic column, so that no separate estima-
tion of it requires to be made. Neither does the other
auxiliary force, the atmospheric pressure towards the chest and
heart, require any separate account; for it signally diminishes
the resistance to the progress of the blood, and so renders the
hamastatic column less high than it would otherwise bhe.

Having now examined all the questions which we pointed
out as necessarily preliminary, we are prepared to calculate the
effective force of the left ventricle of the heart.

We have found that whenever the ventricle contracts, it has
to put forth a force capable of balancing a resistance of nearly
23 oz. ; but that force serves merely to make the valve yield
before any additional pressure, and so permit the passage of
more blood: but we have still to estimate the force necessary
to give the blood which passes a velocity of 10 inches per
second, which we found to be the velocity with which it flows
at the beginning of the aorta.

If the blood moved with a velocity such as its own weight,
that 1s, the force of gravity would communicate, it would pass
over 16'; feet in a second, and acquire at the end of it a
velocity of 32} feet per second; and if in any vessel filled
with liquid to the depth of 16;.; feet, an aperture be made at
the bottom, the liquid will issue from it with a velocity of 32:%
feet per second. But the blood only moves with a velocity of
50 feet per minute, or 10 inches per second. Now, as the
velocities of liquids issuing from apertures at different depths
are as the square roots of the depths, a column of no more
than *129533 of an inch in height will give an eflux with a
velocity of 10 inches per second. Hence, if in the apparatns
(Fig. 1) the long branch of the tube were filled to the height
90°1295 inches, the branch A, being full or containing 90
inches, if the liquid in the long branch were maintained con-
stantly at the same level, the valve would be kept open, and a
constant efflux of 10 inches per second would be maintained,
or a current equal to that emitted from the heart.

But an apparatus of which the moving power is a column of
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Poisenille estimates the haemastatic column in man as equal
in weight to 7 feet 1 inch=285 inches water==80-952 blood.

80952
1165797

0z. gr.

Total column, 82:117797 =203 419, or 21 oz. nearly.

Keeping between the estimates of these two trustworthy
observers, we shall assume 22 oz. as the weight and 87
inches as the height of the hemastatic column — numbers
deviating from perfect equivalence only by a minute fraction,
but which it is very important to retain as whole numbers,
for the convenience of speech and facilitating our conceptions
of the mode of action of the heart. Our conclusion so ex-
pressed, is that the heart at each contraction exerts a force
which would be in equilibrium if counterbalanced by a weight
of 22 oz. + 129 grs.; and that the mode in which this force
is expended is most easily understood by supposing that we
have a tube 87 inches in height, and ‘4187 of an inch in base,
that this tube is exactly filled with blood, and that at each
contraction of the heart two additional ounces of blood are
forced into it at the lower end, lifting the whole column over
a space of 8 inches, and causing an equal overflow at the top.
This represents accurately the labour of the human heart, and
supplies us with two numbers to express it: the one, 22 oz.,
being the weight of the column of blood, and the other, 8 inches,
the space over which the column is lifted. The former of
these numbers denotes the resistance that has to be overcome
in forcing 2 oz. of blood into the aorta and pushing before
it the whole mass of blood in the blood-vessels; the latter,
again, denotes the velocity with which the blood issues from the
heart. Multiplying those two numbers together we obtain the
momentum which the heart communicates to the blood ; 220
oz. moving with a velocity of 8 inches during the period of
a pulsation, or of 10 inches per second, or 50 feet per minute.
This is equivalent to 176 oz. (22 x 8) lifted one inch, or 14-66
oz. lifted one foot, during the period of a pulsation, or of 659
foot-pounds in a minute, or 42'3 foot-tons in twenty-four hours.
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is, according to his measurement, equal to 15 square inches.
Now, when the heart contracts every part of this surface, equal
to *4187 of an inch is pressed upon by a weight of 22 oz., and
must react with a force capable of overcoming that resistance.
In 15 square inches there are 35'82 such spaces. Multiplying,
therefore, 35-82 by 22 oz., we obtain a total force of almost
exactly 49 1b. Hales’ own calculation gives 51 lb., and Dr
Arnott’s 60 1b,

I join with the speculative philosophers in the full convietion
that there must be some error underlying the ingenious applica-
tion which Hales has made of his own experiments to demon-
strate the above proposition. But it is more easy to suspect
than to point out and rectify that error.

In the experimental demonstration of the hydrostatic paradox
it would be a fatal error if, in the vessel into which is inserted
the tube regulating the hydrostatic pressure and which ought
to be a vessel everywhere shut, there existed an opening of
4187 of an inch in size; for in that case the liquid would flow
out through the opening, and the lateral pressure, being
diminished, the column of liquid in the tube would subside.
Now, this is exactly what happens in the heart. If, as we have
supposed, the length of the systole of the heart be one third of
a second, and no blood were to escape from the ventricle during
that period, the calculation of Hales would be exact. But if
the blood escape, as it actually does, throngh an aperture of
*4187 of an inch, then the lateral pressure upon the walls of the
ventricle must become gradually less as the blood flows away,
and the hemastatic column must subside in proportion. Now,
according to the testimony of Hales himself, and of all subse-
quent observers, the hemastatic column rises to its full height
at the commencement of the contraction of the ventricles, and
then immediately begins to subside. Observation thus proves
the truth of what reasoning suggests, that the blood escaping
along the aorta must gradually diminish the tension on the
walls of the ventricle. There is at first an enormous strain
upon the heart till it communicates the impulse to the blood
and sets it in motion, and much less force is thereafter required
to keep it going : just as we see a loaded waggon require at first
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human system comparatively insignificant, while the first and
last divide between them the labour of carrying on the circu-
lation of the blood in proportions not differing much, as we
shall hereafter endeavour to show, from 3 to 2.

The central propulsive power consists in a triple series of
muscular contractions,—those of the great venous trunks, of
the auricles, and of the ventricles, which take place rhythmi-
cally in the order of succession just indicated. The first two
of those forces are expended in maintaining the circulation
throngh the heart itself. We have therefore only to con-
sider the propulsive force of the ventricles, and chiefly that of
the left ventricle, which is more powerful than the right, as
might be expected from its structure, and from the greater
distance and more numerous and denser tissnes to which it
has to propel the blood. Our most certain information, with
respect to the relative force of the right ventricle, is derived
from an observation of Hering, which he had the opportunity
of making on the heart of a calf affected with congenital ectopia
of that organ. He found the height of the haamastatic column
in the right ventricle to be to that of the column in the left as
1 to 1'7; so that the propulsive power of the left ventricle
must be to that of the right as 10 to 7'64 nearly. We know
also that the area of the pulmonary artery is greater than that
of the aorta, so that the blood must move more slowly through
it in the same proportion. To the force of the left ventricle,
the mode in which it is expended, and the veloeity with which
the blood issues from it, we need not return. '

We cannot, however, but advert to this same force as it
appears under an altered form after the blood has been in-
jected into the arteries, and comes under the influence of the
elastic coat of these vessels. The elasticity of the arteries
never can be regarded as a primary moving power of the blood,
as it imparts no new force, but merely reflects the force im-
parted by the heart. In this way it serves two most important
purposes. In the first place, it equalises and renders con-
tinuous the intermittent force of the heart, substituting for it
an uniformly acting force, which controls the irregnlar move-
ment of the blood, and propels it in an uniform stream through
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sides it revolves in eddies or completely stands still. It will,
however, be seen hereafter that the pneumatic forces exercise
an important influence over the circulation through the capil-
laries.

The second moving power, above mentioned, is the muscular
contractility of the blood-vessels. Whether the arteries, in
addition to the physical contractility which enables them to
refleet and modify the force of the heart, possess also a
vital contractility capable of communicating an original and
independent impulse to the blood, was much discussed among
the physiologists of the last age. The numerous arguments
adduced on the affirmative side had already, in general esti-
mation, decided this question, when the discovery of muscular
fibres in the coats of the blood-vessels, and more especially in
the smaller arteries, finally removed all doubt with respect to
it. Still further, recent investigations have shown the mus-
cular fibres of the blood-vessels to be, like other muscles, under
the control of the nervous system. Muscular fibres are found
in the coats both of the arteries and of the veins, but most
abundant in the former. They are likewise much more abun-
dant in the small arteries than in those of larger size. The
capillary vessels alone are devoid of them. Hence, these last
vessels are regarded as mere passive channels of transmission,
except in so far as they are modified by the relaxation or con-
traction of the tissues in which they are distributed, while all
the rest are believed to possess more or less of a vital con-
tractility, capable of imparting a fresh impulse to the blood as
it passes through them. The action of the muscular fibres of
the blood-vessels, like that of other unstriped muscles, is of
the tonic kind, persisting for a certain period after being once
excited. The effect of it is in the first instance to empty out
the blood-vessels of a certain guantity of the blood which they
contain, and thereafter to make them receive a less quantity of
blood so long as the contraction continues. The muscular
fibres of the arteries act by increasing or diminishing the ten-
sion of the elastie coat, but the effect on the movement of the
blood is the same, for it is so distributed in the neighbouring
arteries as to maintain everywhere among them an equilibrium
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in the latter cases than in the former. Whenever a liquid is
impelled through a set of tubes by vascular contraction aided
by valves, those valves will be found thickly set in the whole
or great majority of those tubes. Such is the structure of
the lymphatic vessels, and, in consequence, we infer that the
lymph is propelled mainly in these vessels by the contraction of
their muscular fibres; which, among reptiles, are assisted by
the organs named lymphatic hearts. In the blood-vessels, on
the contrary, we find valves almost only in the superficial
veins which are exposed to external pressure or the compres-
sion of contracting muscles, while the absence of valves in the
deep-seated veins, in the capillaries, and in the arteries, dis-
proves in so far the action of the muscular fibres of the vessels
as a cause of the progressive movement of the blood; and the
disproval becomes complete when we find that there is no
rhythmic movement of the fluids in the veins, capillaries, and
smaller arteries. The only rhythmic movement observed in
the vascular system is that originating in the heart. It is
counteracted by the elasticity of the arteries, and does not
usually extend to the end of the arterial system, unless the
vessels be distended with blood, when it stretches into the capil-
laries, as may be at any time seen under the mieroscope in the
web of the frog’s foot, by obstructing the flow of blood through
the veins of the limb.

The conclusion here drawn, that the use of the muscular
fibres of the blood-vessels is to regulate the local distribution
of the blood, 1s quite in accordance with the recent experi-
ments on the nervous system, which have been interpreted as
producing palsy of the vaso-motor nerves of particular parts;
for the effect is not to obstruect the circulation in these parts,
but to cause a permanent afflux of blood towards them, which
they are no longer able to get rd of.

The doctrine of Bichéit, that the force of the heart extends
no farther than the end of the arteries, and that the blood
receives a mew impulse from the capillary vessels to carry it
onward to the heart, is disproved by the structure of those
vessels, which shows them to be incompetent for such an
action. It is disproved also by the experiments of Magendie,
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tion of the nutrient fluid, and the conversion of it into tissues
and other products of nutrition.

Passing over the less perfect vegetable forms, it is enough
for our purpose to speak of the movement of the sap in the
trees of our own country, in which it has been most success-
fully investigated. In these it exhibits, annually, three
remarkable phases,—differing from each other in the season of
their occurrence, in the physiological objects which they serve,
and in the mechanism by which they are effected.

The first occurs in the spring, and serves for the develop-
ment of the buds, the elongation of the stem and branches, and
the evolution of the leaves. It is effected almost entirely by
the force of osmosis. All that capillarity has to do with it is
to take the first step by introducing water into the tissues of
the root, expanded by the first heat of the season. But no
sooner is the liquid introduced than it acts through the inter-
vening membrane on the inspissated juice, deposited for that
very purpose at the end of the preceding year in the cells of
the plant; an active osmosis ensues, the ligmd rising in the
sap vessels and other pervious channels exactly as it does in
the tube of an osmometer. Such is the force with which it is
pressed upward that in the vine it has been found, in the
spring, to counterbalance a column of mercury 38 inches in
height, equal to 43 feet 8% inches of water*—a performance
quite equal to that of a good osmometer. If, again, a branch
of any size be wounded, as by cutting it across, a copious dis-
charge of sap ensues, sometimes so great as even to endanger
the life of the plant, and hence the period, when this move-
ment is going on, has been named the bleeding season. This
movement does not cease entirely on the exhaustion of the
inspissated sap contained in the stem, for it may continue
during the whole season, the leaves first developed supplying
the inspissated juice by which the further growth is kept up.
This is what happens in annual plants, in which, when they
begin to grow, the supply reposited in the cotyledons of the
seed acts the same part as the annual deposit in the stems of

* Hales, vol. i, p. 124.
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goes to form the new layers of wood and bark, in whicli the
superfluous portion of it is reposited in preparation for the
osmosis upward in the ensuing spring. A portion of the sap,
however, goes upward to form the seeds, and the whole of it
may do so, as in annual plants. An interesting result as well
as an evidence of the descending current being caused by
osmosis, is that the phenomenon of bleeding from wounds
again presents itself, but with this difference, that the flow 1s
from above and not from below, as in the spring. This is well
seen in the process for collecting the resinous juice of the pine
by cutting the trunk of the tree near the ground about half-
way across and obliquely downward, while a chamber is ex-
cavated in the part of the trunk beneath to receive the
descending juice.

But to return to our argument. Of the three phases of
the circulation in plants described above, the first and the last,
which are the results of osmosis, are not attended by any
sensible movement of the sap unless there be some accidental
outlet for it, as by a wound, which bleeds upward in the spring
and downward in the antumn. But in normal circumstances,
when once the vessels have been filled, there is merely an
insensible movement of the sap, which is urged by a powerful
expansive force into the soft substance of the growing tissues.
Such a movement cannot be compared with the continuous
movement of the blood in animals. The second or summer
phase again presents a continuous flow of the sap from the
roots to the leaves, and can be readily compared with the
circulation in animals. Now, the quantity of sap which flows
upward depends entirely upon the quantity of vapour which is
exhaled from the leaves, and by measuring this exhalation
vegetable physiologists have been enabled to determine the
quantity of sap which flows along the stem in a given time.
Thus, in a sunflower 84 feet in height, and having a transverse
area of a square inch in the middle of the stem, Hales found
20 ounces of sap to pass upward through the stem in twelve
hours during the day.* Now, the lungs are to animals what

* ¢ Vegetable Staticks,” p. 7.
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THE CIRCULATION OF THE BLOOD 515

the pump so employed is signally effective in promoting the
flow of liquid through the tube, whatever may be its length,
however great may be its thickness, and whatever, within
certain limits, may be its tenuity, or to whatever extent it may
be divided into branches, and these again united into a single
tube, the whole constituting two arborescent systems of tubes,
like the blood-vessels of an animal body. The time taken up
with this discussion is not, therefore lost, since it enables us to
determine the general laws according to which pneumatic forces
operate within the living body ; or, in other words, under what
physical conditions, and with what mutunal limitations, a propul-
sive and a pneumatic force can be of use in promoting the flow
of liquid through membranous tubes.

Physical conditions under which pneumatic forces act on flac-
cescent tubes,

(1) As auxiliaries to a propulsive force—The first general
law is that already stated, that every pneumatic force must
necessarily be accompanied by a constantly acting propulsive
force. Hence it is clear, that a pnenmatic force never can be
more than an auxiliary force, and never can be the prime and
sole moving power ; for there must necessarily be a propulsive
force acting from behind ; or, what is usually termed a vis d
tergo, to keep the flaccescent tubes from collapsing, as they must
necessarily do 1f the propulsive force were to cease altogether or
become too feeble to keep the tubes distended.

(2) Limit of momentum communicated to liguid is that given
by propulsive force—A second general law is, that pneumatic
forces, or, in other words, the pressure of the atmosphere, never
can give to the blood a momentum greater than the propulsive
force alone is capable of communicating. The propulsive force
keeps the coats of the vessels distended ; the pressure of the
atmosphere forces them inwards in the opposite direction ;
and if the latter force predominate over the former, immediate
shrinking, and at length collapse, must ensue. We have only,
therefore, to determine the amount of the propulsive force, to
determine also the limit within which the atmospheric pressure
can promote the circulation without the risk of interrupting it.
Now, the propulsive force in any blood-vessel is accurately
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THE PNEUMATIC FORCES

Section II.—Pnreumatic Forces in the Human Body considered
indwidually

Pneumatic forces enumerated—The pneumatic forces we
have to consider are those of the chest, of the heart, and of the
arteries, and the force of a complex apparatus, to which we give
the name of pleuro-cardiac. The forces of the heart and of
the arteries are the most widely diffused throughout the animal
kingdom. They seem to be modifications and a higher develop-
ment of the force of the pulsatile vessels, more allied to veins
than to arteries, which exist in animals destitute of a heart.
The force of the chest exists in its most perfect state in
mammalians and birds, in which it is the most powerful
anxiliary to the propulsive force of the heart in carrying on
the circulation of the blood ; and for that reason we shall speak
of it in the first place.

I. Pneumatic force of chest.—All the pneumatic forces depend
on the alternate amplification and contraction of a hollow
organ, to the interior cavity of which the blood has free access,
and is forced into the enlarging cavity by the pressure of the
atmosphere. It is unnecessary to describe the cavity of the
chest, or the complicated muscular action by which it is
amplified. Nearly the whole venous blood of the body flows
into it on its way to the heart—which, with the great veins
leading towards it, and the whole blood-vessels of the pulmo-
nary circuit, are situated entirely within the cavity. No doubt
could be entertained that when the chest enlarged the blood
must be forced into 1t by the atmospheric pressure, were it
not that the chest is not aceessible to blood alone, but has also
a free communication with the external air which unquestion-
ably rushes into it as soon as it begins to enlarge, and con-
tinues to do so till it is fully expanded. What, then, are the
physical principles which come into play when a liquid and an
aérial fluid have both {ree access to the same expanding cavity ?
It is under these conditions that the chest expands in inspi-

ration ; but the physical principles involved will be better
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Pump destitute of valves; draws in water bul does not expel
it —If now the water-tube be left open, the apparatus becomes
a pump of a peculiar structure, admirably adapted to the pur-
poses it is intended to serve in the living economy. In the
first place, it has no valves, which are essential to the operation
of a common pump. But it is obvious that the interposition
of valves where the great veins enter the chest would have been
disadvantageous to the circulation ; for whenever these valves
were shut, they would have been a barrier to the current of
venous blood, destroying whatever power that current has in
dilating the cavities of the right side of the heart; just as the
valves upon the right side of the heart destroy that power
altogether, and so prevent the influence it would otherwise
have in filling the pulmonary vessels. In the second place, the
respiratory pump (as I shall name it), while it draws in liqgmd
to its cavity during the ascent of the piston, does not expel it
during the descent of the piston,—the expulsive force telling
solely upon the air in the air-sac, and not affecting the liquid
in the water-chamber. A common pump, deprived of its valves,
becomes a mere syringe, in which, whatever quantity of liquid
be drawn in during the ascent of the piston, it is again expelled
as the piston descends. The peculiarity of our apparatus is,
that although destitute of valves, and drawing in liquid like a
syringe during the ascent of the piston, it does not, if properly
worked, expel the liquid as the piston descends. Just so the
act of inspiration draws blood into the chest, while the act of
expiration, in all ordinary circumstances, has no power to expel
it. This obviates what has always been considered the most
formidable objection to the pneumatic agency of the chest upon
the cirenlating blood.

Action depends on elasticity, weight, and position of membrane
of sac.—The peculiar action of the respiratory pump, to which
it owes its utility, depends upon the properties of the membrane
forming the air-sac,—that is to say, surrounding the pulmonary
cavity and separating it from the cirecum-pulmonary. These
properties are of two kinds. In the first place, it must oppose
a certain resistance to the entrance of the air by which the sac
1s distended ; for that resistance is at once the source and the
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of a foot-ball, if the sac be properly placed, with the orifice
downmost, the weight of the sac will co-operate with its elas-
ticity in expelling the air after inflation; while, 1n less favorable
positions, the weight of the sac might be a great impediment
to the expulsion of the air. This was at first a difficulty in
constructing a working model of the respiratory pump ; but the
most essential condition to be observed is to follow nature in
not permitting the expulsion of the air to be carried too far,
but restricting the quantity of air expelled at each respiration
to a small fraction of the whole amount, as explained above.
The weight of the lungs, from the vast network of blood-vessels
they contain, and the quantity of blood contained in them,
must be very considerable ; but, in whatever position the body
18 placed—upright, supine, prone, or on the side—it seems to
contribute to the expulsion of the inhaled air.

To resume, then:—The utility and special action of our
apparatus depend mainly on the properties of the membrane
forming the air-sac, in virtue of which it first opposes the
entrance of air into the sac, and again immediately expels it on
the distending force ceasing to operate. To explain its mode of
action in detail, we must consider separately three different
cases ; in which the action of the apparatus varies acéording as
the water enters the water-chamber from the same level, or from
a higher or a lower level.

Action of pump wodified by level of inhaled waler—The
blood entering the chest may be considered as virtually, in all
normal circumstances, coming from a higher level of about
nine inches ; for we have found a column of blood of that height
to be the measure of the force of the heart remaining at the
end of the jugular vein, and we have found that such a force is
indispensable to the action of a pneumatic force on flaccescent
tubes. The only use of a pump in such circumstances must be
to accelerate the entrance of the blood. If, again, the liguid
were to come from the same level, which would be nearly the
case in the veins without and within the chest, if we made no
account of the remaining impulse derived from the heart, and
as actually occurs when the force of the heart is very feeble, or
arrested in a fainting fit—then the liquid would have no tendency
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THE PNEUMATIC FORCES

Secrion III.—Physiological Phenomena by which the Influence
of Pneumatic Forces in the Living Body is atlested.

While the foundation of the doetrine of pneumatic forces
must consist in a demonstration of the physical principles on
which they rest, a still more interesting and equally convine-
ing part of our argument consists in pointing out and explain-
ing the numerous physiological phenomena which attest the
influence of these pneumatic forces operating within the living
body.

The phenomena here in question are peculiar conditions of
the circulation, indicating the operation of a pneumatic force;
some of them indefinitely, merely pointing to the existence
of such a force at or near the centre of the circulation, while
others are manifestly connected with the act of respiration.

Without pretending to give a complete analysis of these
phenomena, I shall advert to and endeavour to explain some of
the most striking, and in doing so I shall adopt the twofold
division of them indicated above, beginning with the latter
as the most remarkable,

I.—Pneumatic Phenomena referable to the act of Respiration.

Inspiration and expiration—effects of, on the veins, arteries,
and capillaries.—The changes produced on the whole vascular
system by the act of respiration are of the most remarkable
kind, and serve strikingly to illustrate and confirm the explana-
tion here adopted of them.

When any of the great veins which enter the chest—the
sub-clavian, the jugular, or the inferior cava—are exposed to
view in a living animal, they are seen at every inspiration to
shrink in size, losing their cylindrical shape, becoming flattened,
and as if so far emptied of their blood as to be no longer dis-
tended. This change takes place just at the same moment
that the external air begins to enter the mouth and nostrils,
and continues exactly the same time as the inhalation of the

o
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diameter of a vein that is visible to the eye, and that the dia-
meter is as the square root of the area. Whence the visible
contraction and dilatation of the veins at every point is inversely
as the square root of the aggregate area of the veins at that
point, and this rapidly decreasing ratio must soon render these
changes in the veins altogether imperceptible. We are here
therefore obliged to part company with M Magendie and the
physiologists of his school, who, relying solely on their experi-
ments made upon living animals, maintain that the aspirative
power of the chest over the blood extends no farther than
the veins which visibly diminish in size during deep in-
spiration. In opposition to that view we would appeal to
purely physical experiments, of which the eonditions can be
rigorously determined. Such is the experiment detailed above
in which the aspirative power of a caoutchoue bag extended
over the whole of a piece of lamb’s gut, twelve feet in length,
as it would have done had the gut been ten times or any number
of times longer. Another experiment bearing equally on this
subject is that in which the liquid was sucked without impedi-
ment through capillary apertures in a brass dise. Such experi-
ments as these remove all difficulties from our path in adopting
the opinion that the aspirative power of the chest extends over
the whole sanguiferous system—veins, capillaries and arteries ;
and physiological evidences are not wanting in support of it.
The arteries are affected by the act of respiration as well as
the veins, but it is not indicated in the same way. There is
no visible shrinking of the arteries during inspiration, or expan-
sion of them during expiration and the period of repose. But
changes in the interior of an artery, of which the eye cannot
inform us, are discriminated by the touch. Thus the blood
injected into the radial artery by each stroke of the left ven-
tricle of the heart occasions no visible augmentation of its dia-
meter, but communicates to the finger the very distinct sensa-
tion which we denominate the arterial pulse. Now, according
to the united testimony of all physiologists, the pulse is less
voluminous and feebler during inspiration, and recovers its
volume and strength during expiration and the period of repose.
To explain these changes of the pulse it has been supposed
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