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How giraffes prevent oedema

T.J. Pediey

A~ upright piraffe. by analogy with !
humans, ought 1o suffer massive oedema |
in ats {eet: moreover, when it lowers its
head to drink. the blood should rush down
into it and be unable to flow up again. New
pressure measurements reporied on page
59 of this issue' by Hargens er al. show
why neither of these things happens, and
also contain some surprising observations
of highly variabie venous pressure {P,) in
the leg and of a counter-gravitational
gradient of P, in the neck. which greatly
improve our understanding of the circul-
ation of blood in the giraffe. The latter
result, in particular. demonstrates con-
clusively that the jugular vein is normally
highly coltapsed and therefore the cir-
culation in the head and neck does not

resemble a siphon, despite recent opinion

10 the contrary”,

The pravitational (or hydrostatic)
gradient of pressure with height means
that. in an upright animal of height 3.5 m, |
the mean blood pressure in an artery in
the head is as much as 110 mm Hg (about
1.5 m H.O or 15 kPa) lower than at the
level of the heart, which is about 200 mm

+ Hg above atmospheric, double the human
value, 1o stop the carotid artery from
. collapsing. In the foot, mean arterial
« pressure (P} will be 110 mm Hg greater,
- that is, 310 mm Hg. which, if the peripheral
. circufation were the same as in man.
would lead to pooling of blood in the veins
~and 10 oedema.
I Hargens et al’ made radiotelemetry
measurements of P,. P, and tissue pres-
sure (P) (all relative 10 atmosphere) in

Giraffes in their "ani-gravily suils’,

free-ranging animals, and have addition-
ally recorded osmotic pressures and blood
flow in sedated animals standing still. The
means of the data in the feet of standing
snimals show P~260 mm Hg; P.~150
mm Hg; and P~44 mm Hgz. In moving
animals, however P, varies between 70
and 380 mm Hg; P, between —120 and
+80 mm Hg; and P, varies hugely, bet-
ween —250 and +240 mm Hg.

Features of the peripheral circulation
that inhibit oedema in a standing giraffe
are first, a high resistance to flow in the
thick-walled arterioles, which keeps P,
and hence capillary pressure P, well below
P, and second, & very tight skin and fascia
in the lower legs (an ‘anti-gravity suit™),
which allows P, to be much higher than in
man (where P ~0). Even 5o, there is a net
filtration pressure of more than 830 mm
Hg. and quietly standing giraffes will be
susceptible 10 some oedema although one
might expect P, to continue to rise as
ocdema proceeds, assuming the fascia 1o
be effectively inextensible.

In the ambulant giraffe, however, the
well-known ‘muscle pump’ comes into
play, as in man, squeezing biood up out of
the lower veins as the skeletal muscies
contract, and sucking 11 in again through
the capillaries as they relax, backflow in
the veins being prevented by the valves. A
high arteriolar resistance would then
explain the very low observed values of P,
(and hence P ), because it prevents the
compliant veins from filling rapidly; this
explanation can be checked from the
phase relations between P, and P, if the
radiotelemetry equipment aliows them to
be recorded as functions of time.

The siphon model' of the circulation in
the head and neck is based on the fact that
if the blood vessels are rigid, or at least
stiffly distended, gravitational pressure
changes are irrefevant. P,— P at the heart
being determined purely by a constant
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Phasic waveforms of carond pressure and flow
in the giraffe during spontaneous activity
(redrawn Fig. 6 from tef. 5).

viscous resistance. But blood vessels are
compiiant and can coliapse flat to a very
small cross-sectional area when the
internal pressure falls significantly below
the external. and even in man the jugular
vein is ofien in a collapsed state*. (Veins in

skull is a constant-volume box filled
with incompressible tissue and fluid, so
incipient collapse causes a corresponding
fall in extra-vascular pressure.) The
gravitational contribution to P, at the top
of a standing giraffe’s neck is around — 100
mm Hg (right atrial pressure being close to
atmospheric), not the observed +13 mm
Hg (ref. 1). The difference cannot be
accounted for by compartmentalization of
the vein, as although there are valves in
the jugular vein of a giraffe (unlike man),
they work the wrong way round. The
required mean pressure gradient of about
80 mm Hg m~' must come from viscous
resistance to flow in the vein itself. How-
ever, if the jugular vein were fully open,
with diameter 2.5 cm (ref. 2), it would
take a flow rate of above 1,500 | min*,
500 times the flow in the carotid artery’, to
generate this gradient, according to
Poiseville’s law, Realistic flow rates

require a much larger resistance which can '
come only from severe collapse of the
vein. The anaiogy is closer to a waterfall
than to a siphon*.

What about venous return with the
head down? This is where the valves come
in, but as in the legs it requires a muscle
pump to help move the biood up. and this
I believe comes from rhythmic movements
of the jaws.

All the data | have discussed above
refer to mean blood flow, averaged over
many heart beats. But, nearly 20 years
ago. Van Citters er al.' measured the
shapes of the pressure and flow-rate
pulses in the carotid arteries of frec
giraffes, and found dramatic differences
between prone, quietly standing and
walking animals (see figure). [ have seen
no published explanation of these dif-
ferences, atthough it should not be too
hard to find one as the giraffe carotid
artery is long and straight, so that relatively
simple fluid-mechanical theories’ should
be applicable. a
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f. Low Reynolds number flow in a collspsibls tube of slowly~varying ellipticsl

cross-section, Suppcss that & prassure-sresa relstioa p - r, w P(A) exiate
tor the tube, and that the shaps of the cross-vection wvaries with area in
such s way that the major axis of the sllipse reamains constant whon 4 < "o
“o is the ares at which the cross-section changes from circular to elli-
ptical)., Use lubricatiom theory to show that the differential equation for
A(x) when the tube is horisontal and the flow is stesdy is

2 b - fdhe s upuQateh I

AR Ax

voere p_ (x) 1is the distributiom of external pressure with longitudizal

distance, is the volume flow-rate and | 4is the fluid viscosity.
f:hfwr

Invontt;nto‘tho dtﬁrihutlon of A with x in realistic comditioms for
» prassure cuff: e.g. Let A = Lno st x =0, let Py APy trape-

zolidally, and take dP/dA to have & pimpls form,
-3/12

such as dP/dA = A tor A< Ao . dP/AA = A lP;—————\
tor A>A°.

[To ses the effect of a little fluid inertias, ' x
see my book section 6.2.}

2.. A rigid tube of length 2L has a circular cross-section of non-
niforn radius aoa(z) for -1 < z$ 1, vhere a i3 a typical radius and
: is the longitudinal distance made dimensionless with L. Flowing in it
‘s a viscous incompressible fluid of viscosity y and dansity p. The
;essure p at z = 1 is zero, while that at 3 & -1 is oscillatory with
tero mean and period T:

LuM, ' .

P = 1,1"(t) at s -1,

%
<here t is time divided by T and H {3 a scale for the velocity in the
tube. The ratio ¢ = aolL is small the Reynolds nu.mber Re = a, opln =0(1)
13 ¢ + 0, and the frequency parameter pa, 2/|.|'1' = '2 ¢ Re, whers a2 is
also 0{(1) as ¢ =+ 0. Analyse ths flow to first order in ¢, and calculate
the flow-rate through the tube as a function of time. Deduce that it has
4 non-zerc mean value if Pz(t) has non-zero mean and if a(1) § a(-1}).

———

. —~&
1. Incompressible fluid of density p flows steadily with flow rate Q@ &
in a collapsible tube of length L whose elastic propertles are represented

by the equation

2. 2
pll’pcz—'&_-P -1‘1..5.
QAZ 0 ﬁ‘\‘z

0

where p(:‘&\) is the internal pressure, A(;) is the cross-sectional area, A
is a refarence area, £ 1s the lanéitudlnnl coordinate, Co is a constant
velocity, P, is a constant pressure and T is a constant proportional to
the longitudinal tension in the wall., The external pressure is zero.
The ends of the tube at X = 0,L are hald cpen at area AO' and

&)

p(o} = hpc = Py, The viscous t-etarda.ng force at any X can be represented
by a pressure gradient -pR u A, /A . where R i3 a constant and u(%) is the
crossvsectionally averaged fluid velocity. Show that g s AIA is given
by the following ordinary differential equation:

dac do

- 2
ﬂdx ‘H(c-q,ua)-qlaz.o

vhere q = Q/CAy < 1, o ¥ TAR/pCy" and x = RA/C,. Write dowm the
boundary conditions on &,

(a) Show thar, when o » 1,

CY % 1(12-::2)

wvhere X = nL/co. and indicate how to dearive a more accurate approxxma:zon
(b) In the cesa ¢ %1, show that a good approximation for o is
given by

x » g G- a%) - q(1-0) (1)

as long as & < x<m, , where & is a small positive number and

1 & 3/2
x " mnE.?é- —q@_gq J

ia "the position at which the solution breaks down. Find e, = ﬁ(xl_).

(c)' In case (b}, show that if % = A, then in the neighbtourhood of
x s L, a is given by that solution of

2a 2
da _ a 1 a E
it ° (c - “1)(5 tg— - T 012 )

which equals 1 at £ = O, where € = G-I‘(x - %}

1



4_’t'write‘dcun the equations governing quasl-one-dimensional unsteady
flow in 'a straight blood vessel inclined at an angle ¢ to the horizontal
and possessing uniform elastic properties such that the difference
between the internal and extarnal pressures Is given by

2
pix,t} = p.(x) * P(A) E P+ % ncez E-iiisl
- By

wvhere A is the cross-sectional ares of the vessel and x,t are the longi-
tudinal coordinate and time; P is the blood density and Po' L An are
constants. The effect of viscosity can be represented by a longitudinal
resistive force, per unit langth of tube, equal to pAR(A)u, where uix,t)
is the average blood velocity across a cross-section (sssumed positive),

(i) When & = o.pQ = 0.72‘2r¢ is no mean flow, and the undisturbed
cross-sectional srea is K, find the speed of propagation and attenuation
facter of small amplitude waves of angular frequency w.

(ii) when 8 § o, Pe * 0» show that steady flow with volume flow-rate

quco and uniform cross-sectional ares A} is possible if

AL g sin @
1 * R(AD A gy °

(iii) ®ith upstream area and flow-rare held constant (at the values
dven in (i1i)) a cuff is inflared round the
‘xternal pressure given by

vessel and applies to it an

p, = Pe(l - %2y, Jxl<t

= 0 . |=|>¢
ssuming that t is sufficiently small for gravity and friction to be
ocally negligible, and that 9 < a1? where 2] = Ay/A

| . o0 show that steady
low remaing possible,

and the tube opens out to areas A) downstrean of
e cuff, if Pe < P_-whare
[+

- 1 2
Pc 3 oee, (q - a12)2/a|z .

-4 -

(iv) 1f Pe z Pc (with gravity and friction stjll negligible), show
that a steady transition is possible in

Cuff

which the area deacresses to Ay = oy A
o

vhere a; = q/a) ., Show that the flow

downstream of the cuff is supercritical,

i.e. its speed exceeds the local wave
propagation speed.

(v) Shov that a spontanecus elastic jump can occur from area Ay to
ares Ay r ay Ao' where

0z ajles? + ay 03 + a3?) 2 2,

and show that the flow downstream iz suberitical. {fosume that p - p_ =

P(A) throughout the jump, and that gravity and frictiorn are still negzi-

gible). <Calculate the total head loss across the whole eyff jump system,
(vi} wWhat happens if Pp > Pc?

s. Externd the analysis of the lumped parameter model of collapsible tube
oscillationg to take accoumt of cns or more additional effects, and report
on your findings.
E.g. Wall ipertia;

Wall viscoslssticity;

Phase lag hetwesn reduction in conatricted ares and separated flow
onargy loss;

Finite upstrean resistance and inertis (so u_ 1is mot constant);

1
Anything else you can think of,

[This 1s an open-ended opportunity to develop your owa simple modsel of &
complex physical phenomenon, taking wtcount of what Iou think to be the
important factors.]






