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tentially hazardous situation for the 
patient. 

The severity of this problem could 
have been significantly reduced by 
monitoring plasma colloid osmotic 
pressure, pulmonary arterial pres- 
sure, and systemic venous pressure 
and by providing therapy that would 
maintain these parameters within 
acceptable limits. 

The use of colloids in this situation 
might have been more effective be- 
cause a smaller total volume could 
have been given, thus minimizing 
the increases in pulmonary arterial 
pressure and systemic venous pres- 
sure during infusion. Also, plasma 
colloid osmotic pressure would not 
have been reduced by direct dilu- 
tion. Along with colloid therapy, a 
pulmonary vasodilator could have 
been utilized to further lower pul- 
monary microvascular pressure. 

Such circumstances require the 
careful monitoring of fluid therapy 
while making every effort to main- 
tain pulmonary arterial pressure and 
systemic venous pressure as low as 
possible. 

It should be obvious from the pre- 
ceding discussion that basic physio- 
logical principles must be under- 
stood and applied when dealing with 
critically ill patients in order to op- 
timize their chances for recovery. 

This work was supported by National 
Heart, Lung, and Blood Institute Grants HL- 
27367, I-L-36115, and HL-27954 and by a grant 
from the American Heart Association, Texas 
Affiliate. 
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Carrying Loads: The Cost of 
Generating Muscular Force 
C. Richard Taylor 

African women can carry loads of 20% of their body mass on their 
heads without measurable metabolic cost. In contrast, trained or 
untrained humans and animals increase their metabolism by 20% when 
they carry loads of this magnitude. IWO possible mechanisms are 
proposed for the women’s economic means of load carrying, based on 
considerations of the cost of generating muscular force during 
locomotion. 

Economic load carrying by African 
women 

Women of the Luo and Kikuyu 
tribes of East Africa frequently carry 
large loads for long distances. These 
loads may equal up to 70% of their 
body mass. The Luo women balance 
the loads on the tops of their heads, 
while the Kikuyu women support 
them by a strap across their fore- 
heads (see Fig. 1). Both methods of 

C. Richard Taylor is Agassiz Professor at Har- 
vard University and Director of the Concord 
Field Station, OZd Causeway Road, Bedford, 
MA 01730, USA. 

carrying leave the hands free for 
other tasks, and it is not unusual to 
see a women nursing a baby sus- 
pended in a sling around her neck 
and knitting as she carries a load of 
firewood or water on her head. As 
these methods are learned as chil- 
dren, the women are extremely pro- 
ficient . 

We have recently found that both 
the Luo and Kikuyu women can 
carry loads of up to 20% of their body 
mass without increasing their rate of 
oxygen consumption (2). This find- 
ing is surprising because it differs 
from results on trained men carrying 

packs and untrained men and 
women carrying loads on their heads 
or backs. Furthermore, a variety of 
animals carrying loads on their 
backs (4) also increase their rate of 
energy expenditure in direct propor- 
tion to the mass supported by the 
muscles when they walk at a given 
speed; that is, a load of 20% increases 
energy expenditure by ZO%, a load 
of 30% by so%, and so on. This sim- 
ple direct proportionality suggests 
that it is the energetic cost of gener- 
ating muscular force that determines 
cost of locomotion with or without a 
load. 

Are the African women able to 
carry up to 20% of their body mass 
without increasing force generation 
by their muscles? Or have they hit 
on some way to reduce the cost of 
muscular force generation? Before 
attempting to answer this question, 
I will review the evidence that cost 
of force generation determines the 
costs of locomotion and of carrying 
loads. 

Energetic cost of generating 
muscular force during locomotion 

Most attempts to explain the en- 
ergetics of terrestrial locomotion 
have assumed that the major ener- 
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FIGURE 1. Women of the Luo tribe (Iert) and Kikuyu tribe (right) can often be seen carrying 
loads of wood, water, or other provisions supported by their heads. These loads normally 
represent up to 70% of the woman’s body weight. Drawing by D. Njoroge. From Maloiy et al. 
(2) reprinted by permission from Nature Lord., vol. 319, p. 668-669. Copyright 0 1986 
Macmillan Journals Limited.) 

getic cost occurs when muscles 
shorten and perform work, but re- 
cent studies of the mechanical work 
performed during locomotion as a 
function of speed and body size in- 
dicate that these assumptions are not 
justified (4). Metabolic cost of loco- 
motion can vary by more than lo- 
fold with speed and size, yet these 
large differences are not reflected by 
parallel differences in the mechani- 
cal energy that the muscles supply 
to the limbs and body. For example, 
a 30-g mouse uses approximately 10 
times as much energy as a loo-kg 
pony to move each gram of its body 
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a given distance along the ground, 
but the mechanical work that the 
muscles must perform to keep each 
gram of the body moving at a con- 
stant speed is the same for the mouse 
and the pony. How does one explain 
this discrepancy? 

Locomotion along the ground 
(with or without a load) is a regular 
cyclic process with the mechanical 
events repeated once during each 
stride. Active muscles are used for a 
variety of tasks: 1) stabilization, 
when muscles generate force, but 
little or no shortening occurs and 
therefore little or no work is per- 

formed; 2) when the muscles are al- 
ternately stretched and shortened 
while generating force, and there- 
fore work is alternately performed 
on the muscles as they are stretched 
and then the muscles perform work 
when they shorten; and 3) as ma- 
chines for performing mechanical 
work when they shorten and per- 
form work as they generate force. 

In all these tasks the muscles gen- 
erate force whether or not they per- 
form mechanical work, and the hy- 
pothesis that the metabolic cost of 
generating force determines the cost 
of locomotion and the cost of carry- 
ing loads seemed reasonable. Then 
cost of generating force should 
change in a manner that accounts 
for the large differences in metabolic 
cost of locomotion observed with 
speed and body size. How does one 
test this hypothesis? 

Experiments in which animals 
carried loads while metabolic energy 
consumption was measured pro- 
vided a way of determining the cost 
of generating muscular force: The 
rate of oxygen consumption (Vo,, a 
measure of metabolic rate) increased 
in direct proportion to the total mass 
(m) supported by the muscles at a 
given speed for small and large ani- 
mals, including humans (Fig. 2), i.e. 

iTO, = kAm (1) 

where k is a proportionality con- 
stant. 

The accelerations of the center of 
mass (a) of the loaded and unloaded 

Moss of animal, loodedhnlooded (kg /kg) 

FIGURE 2. Oxygen consumption increases 
in direct proportion to the mass of a load 
carried by large and small animals irrespec- 
tive of speeds of locomotion. From Taylor et 
al. (4)) 
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animals were found to be the same, 
and most (>9O%) of the force ( F) 
generated by the muscles was used 
to maintain the forward speed and 
height of the center of mass constant 
from stride to stride. With the use of 
Newton’s law 

F = ma, a = k’ 

AF = k’Am 

and combining Eqs. z and 3 

12) 

(3) 

AF = k”iTo, (4) 

An important consequence of this 
direct proportionality is that cost of 
supporting each gram of load should 
increase both with speed and with 
decreasing body size in the same 
manner as cost of locomotion, i.e., it 
can cost an animal 10 times as much 
to generate one Newton of force at a 
high speed as at a low speed, and it 
costs a small 30-g mouse 10 times as 
much as the loo-kg pony to generate 
one Newton of force when the ani- 
mals move at the same speed. 

Why does cost of carrying loads 
change with speed and body size? 

The large differences in cost of 
carrying loads and cost of locomo- 
tion with speed and size can be 
understood by considering the prop- 
erties of the force generators, the 
muscles. The maximum force per 
cross-sectional area (stress) exerted 
by a mammalian muscle is inde- 
pendent of body size (-300-400 kN/ 
m2 cross sectionof muscle fiber) be- 
cause of the basic similarity in the 
structures of the contractile pro- 
teins, actin and myosin. 

Muscle stresses during locomotion 
are the same for large and small an- 
imals at equivalent speeds (e.g., gait 
transitions, preferred speeds within 
a gait, top speed, etc.). However, the 
regular cyclic muscular activities of 
locomotion occur at higher frequen- 
cies in smaller animals. These 
higher frequencies require faster 
rates of cross-bridge cycling between 
actin and myosin (the energy-con- 
suming step in force generation) be- 
cause the forces must be generated 
and decay more rapidly. They also 
require more frequent activation- 
deactivation of the muscle, an event 
that involves actively pumping cal- 
cium and also consumes energy. Di- 
viding the cost of generating a given 

force (by using an equivalent speed) 
by the frequency of the cyclic mus- 
cular event (stride frequency) yields 
a constant cost per cycle (Table 1). 

Thus it appears that the higher 
frequencies of the complex muscu- 
lar events occurring during locomo- 
tion determine the higher cost for 
force generation in small animals. 
Similar considerations may also ex- 
plain the higher costs of force gen- 
eration at higher speeds. Although 
the average vertical force integrated 
over a number of strides will equal 
the weight of the animal plus any 
load it carries, this force will be ex- 
erted over a shorter portion of each 
stride. The peak force exerted will 
increase, and time of generation and 
decay will decrease with speed. 
These changes will require faster 
rates of cross-bridge cycling and 
higher cost for force generation. 

How do African women carry their 
loads more economically? 

At least two possibilities might ex- 
plain how African women can carry 
loads up to 20% of the body mass 
without any measurable metabolic 
cost. Perhaps an anatomic change 
has occurred as a result of carrying 
large loads since childhood that al- 
lows these women to support small 
loads using nonmuscular (i.e., non- 
metabolizing) structural elements. 
Another possibility would be an ad- 
justment of the time course of force 
generation so that slower and more 
economic muscle fibers are used for 
generating the force. It would be in- 
teresting to measure the magnitude 
and time course of forces applied to 
the ground by these women and to 
try to find out exactly how they do 
it. 

This work was supported in part by Na- 
tional Science Foundation Grant PCM-83- 

17800 and National Institutes of Health Grant 
5 Rol AM-18140-10. 
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