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RALL, JACK A. Sense and nonsense about the Fenn effect. Am. J. Physiol.
242 (Heart Circ. Physiol. 11): H1-H6, 1982.—One of the most influential
papers in muscle physiology was published by W. O. Fenn (J. Physiol.
London 58: 175-203) in 1923. Fenn determined the quantitative relationship
between muscle energy liberation and work performance. Despite the
importance of this work, the implications of Fenn’s observations are some-
times misunderstood. In this review article, Fenn’s experiments are reex-
amined and the Fenn effect delineated in light of the viscoelastic model of
muscle contraction prevalent in the 1920’s. The generality of Fenn’s results
and conclusions are considered in view of more recent results from skeletal
and cardiac muscle. Factors responsible for the considerable deviation from
Fenn’s original results are discussed. Much of the confusion surrounding
the generality of Fenn’s observations seems to be attributable to the
problem of determining an energetic base line for comparing isotonic and
isometric contractions. Mommaerts (Physiol. Rev. 49: 427-508, 1969) has
suggested the use of an equivalent force base line, which appears to be a
useful and unifying concept.

skeletal and cardiac muscle; energetics; mechanics; isotonic and isometric

contractions

IN 1922 Wallace O. Fenn went to England to work in
A. V. Hill's laboratory on a problem in muscle energetics.
Hill suggested that Fenn redetermine the maximum ef-
ficiency of work production in skeletal muscle with the
improved myothermic techniques then available. These
experiments (4) constitute “one of the most notable
papers in muscle physiology” (16). Ironically, because of
an error in energy calibration (18), Fenn's (4) results
concerning efficiency of contraction are not considered
useful today, and the efficiency aspect as such is no
longer the main point. Despite the significance of Fenn’s
observations, it has been pointed out that these results
often are misunderstood and misquoted (8). Thus several
questions ought to be addressed. What did Fenn observe?
Why are his results held in high esteem? How universal
are these observations and conclusions? Of what signifi-
cance are these experiments today?

THE FENN EFFECT

Fenn (4, 5) devised experiments to determine the re-
lationship between energy (heat plus work) liberated
during isotonic muscle contraction and work perform-
ance. These experiments were conducted on frog sarto-
rius muscle, which, as is now known, is the most suitable
of preparations. It is an interesting aside that these
experiments were conducted in the basement of Hill’s

house where disturbances of the sensitive myothermic
equipment could be minimized and where “room tem-
perature” was often 6-7°C (4). Fenn studied afterloaded
isotonic contractions. In this type of contraction initial
or rest length is first fixed and then the muscle shortens
against various afterloads (a load which the muscle does
not support while at rest but is subjected to as it shortens
during contraction). Typical results are represented in
Fig. 1A in which energy liberation and work production
in afterloaded isotonic twitches are plotted as a function
of afterload at 0°C.! Clearly energy liberation is greater
as work production becomes greater. In fact energy lib-
eration in excess of that produced in the isometric con-
traction appears to be proportional to work done. This
result is shown more clearly in Fig. 1B where data from
different experiments (employing twitches or short te-
tanic contractions) have been plotted as energy in excess
of the maximum isometric value vs. work done. There is
a strong tendency for greater excess energy to be liber-
ated as work production increases. Also excess energy
liberation is greater than work production. (Dashed line
of Fig. 1B represents the case where excess energy equals
work done.) From these experiments Fenn (4, 5) con-
cluded that I) “whenever a muscle shortens upon stim-

' Heat data has been recalculated from Fenn (4) by multiplying by

0.65 to correct for a likely error in absolute energy calibration (18).
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ulation and does work in lifting a weight, an extra amount
of energy is mobilized which does not appear in an
isometric contraction.” 2) Further, “the excess energy
due to shortening in contraction is very nearly equal to
the work done....” These conclusions constitute what has
become known as the Fenn effect, i.e., energy (E) liber-
ated during a working contraction approximately equals
isometric (I) energy liberation plus work (W) done or E
=1 + W. The conclusion that the excess energy produced
in a shortening contraction is “very nearly equal” to the
work done does not fit well with data of Fig. 1B (and
even less well with the uncorrected data). But Fenn
argued that there was a tendency to overestimate energy
liberation for work production when the muscle relaxed
under the influence of the afterload. Indeed experiments
in which muscles didn’t relax under a load (o of Fig. 1B)
produced results closest to the unity slope (dashed line).
Nevertheless this point was not firmly established by
Fenn'’s experiments.

To appreciate the significance of Fenn’s results it is
necessary to understand the prevailing view of muscle
contraction in the 1920’s. The viscoelastic (or new elastic
body) theory of muscle contraction could be traced back
to the 1840’s (30). The view was held that, after a stim-
ulus, muscle acted like a stretched spring released in a
viscous medium. The stimulated muscle then would lib-
erate, in an all-or-none fashion, an amount of energy that
varied with initial length and which could appear as
either heat or work. The amount of potential energy that
could be converted into work depended on the skill of
the experimenter in arranging levers, and thus work
should bear no relation to total energy liberated (4). This
theory predicts that the amount of energy liberated in
an isotonic contraction would be independent of work or
load and equivalent to energy liberated in an isometric
contraction. Fenn’s results clearly were inconsistent with

this theory. Hill (17) states that Fenn’s conclusions “were
obviously the death warrant of the visco-elastic theory.”
It should be noted that Fenn’s repudiation of the viscoe-
lastic theory would only be valid if all of the potential
energy set free with stimulation appeared as heat and
work. If part of this potential energy reverted to chemical
energy at the end of an isometric contraction, then the
isometric contraction would liberate less energy than the
isotonic contraction, but the viscoelastic theory would
still be valid (25, 39). Such a reconversion does not occur
3).

Fenn’s main conclusion has been generalized (24):
“_.there is some internal ‘feedback’ in active muscles
whereby their total energy liberation is regulated by the
mechanical conditions during the contraction process.”
This conclusion has remained important because of an
historical interest in repudiating a long prevailing model
of muscle contraction and a contemporary significance in
demonstrating a phenomenon that must be explained in
molecular terms by any credible model of muscle con-
traction. It is an interesting historical note that Fenn’s
results (4) confirmed data and conclusions of Heidenhain
and Fick that were reached decades earlier. But the
earlier experiments did not possess the technical clarity
of Fenn’s experiments.

GENERALITY OF FENN’S RESULTS AND CONCLUSIONS

In general, results from experiments measuring energy
cost during afterloaded isotonic contractions are more
varied than Fenn’s conclusions would suggest. Figure 24
shows examples of some of this variability. Energy or
chemical change relative to the maximum isometric value
is plotted against force relative to the maximum value as
in Fig. 1A. These results were collated because 1) all
were from sartorius muscle, 2) different techniques were
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FIG. 2. Energy cost as a function of load in afterloaded isotonic
contractions of skeletal (4) and cardiac (B) muscle. Data plotted as
multiples of maximum isometric values. Techniques and sources: m,
high-energy phosphate metabolism, A (1), B (31); a, mitochondrial

employed, and 3) extremes of these data form an enve-
lope in which other data from skeletal muscle can be
included. The curve (w) that most closely resembles
Fenn’s data was derived from measurements of phospho-
creatine hydrolysis in repeated twitches at 0°C (1). Also
energy liberation was measured in parallel experiments,
and similar results were obtained (not shown in Fig. 24).
Thus these experiments confirmed Fenn’s results and
further showed that the extra energy liberation in excess
of the isometric value can be accounted for by high-
energy phosphate metabolism. Nonetheless, one does not
always see what Fenn observed. At the other extreme of
Fig. 24, data (x) are shown from experiments in which
energy liberation in twitches of frog muscle was measured
at 20°C (10). These results can be compared to those of
Fenn because they were obtained from frog sartorius
muscle by myothermic techniques. Other data from the
same study (10) where muscles were studied during brief
tentani at lower temperatures yield results when plotted
that are similar to the intermediate examples of Fig. 24.
Data shown as solid triangles (22) were obtained by
monitoring recovery metabolism noninvasively (by tran-
sient diminution of fluorescence of mitochondrial
NADH) in short tetani of isolated bullfrog muscle at
16°C. When the same technique was employed in studies
of twitches in toad muscle, results closely resembled the
energy production curve (x) of Fig. 24 (23). The final
example (o) is derived from oxygen consumption data
from repeated twitches in frog muscle at 11-13°C (7).
Data from other experiments on skeletal muscles that fit
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NADH fluorescence, A (22), B (8); ®, oxygen consumption, 4 (7), B (2);
x, energy utilization, A (10), B (11). Dashed line in B derived from
isometric contractions at various preshortened muscle lengths.

into the framework of Fig. 24 include results from
twitches in avian tonic and phasic contracting muscle at
21°C (34) and tetani in mammalian fast (37) and slow
(12) contracting muscle at 27°C. The emerging picture is
that there is a family of curves depicting the relation of
energy cost to relative force generation during contrac-
tion and that in general E # I + W, nor is E constant.

Experimental work on cardiac muscle gives consistent
results (2, 8, 11, 31, 38; Fig. 2B). As in Fig. 24, energy or
chemical change relative to the maximum isometric value
is shown as a function of force development relative to
the maximum isometric value. Symbols in Fig. 2B rep-
resent the same techniques (generally employed by other
investigators) as shown in Fig. 24. These results have
been derived from twitches of isolated papillary muscles
(from cats and rabbits) studied at 18-29°C (e, 31; a, 8; o,
2; x, 11). The dashed line is an isometric line to be
discussed later. Certainly E # I + W, and only rarely if
at all does any isotonic contraction liberate more energy
than the maximum isometric contraction. These results
are strikingly different from Fenn’s data and cannot lead
to the same conclusions.

What factors are responsible for the variability ob-
served in Figs. 1 and 2? Deviations from Fenn’s results
are greatest at lightest afterloads. Factors that tend to
decrease energy liberation at small afterloads in compar-
ison to the maximum isometric value include: shorter
initial length (smaller preload) (14); higher temperature
(19); a twitch instead of a tetanus (10); lower twitch-to-
tetanus ratio (10); increased compliance of muscle and
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connections; nonparallel fibered preparations (26); fa-
tigue (4); and deactivation of muscle at short lengths
(36). To duplicate Fenn'’s results one must study twitches
or brief tetanic contractions in frog sartorius muscle at
low temperatures. Further it seems that in Fenn’s studies
the muscles were initially stretched beyond the length
where isometric force was maximum. Contraction from
this longer initial length also contributed to the observed
results (10, 14). Thus it appears serendipitous, but not
completely so, that Fenn picked the optimum conditions
to defeat the viscoelastic theory of contraction. Any other
muscle, or even the sartorius, under any other conditions
probably would have produced equivocal results. The list
of factors contributing to the variability of these experi-
ments explains why data from cardiac muscle could fall
below skeletal muscle results. Cardiac muscle has been
studied almost exclusively at high temperatures, at short
initial lengths, under conditions where length deactiva-
tion would be considerable (21), in twitches, and with
preparations possessing a large compliance due to dam-
age (9). Thus it is not proven that cardiac muscle is
intrinsically different from skeletal muscle in the Fenn
effect.

UNIFYING CONCEPT

Is there a unifying concept that can be identified
amongst the diversity of results so far examined? Impor-
tant clues were elucidated by Hill (14) and Fischer (7).
Hill (14) showed that it was possible to reproduce the
variability similar to that shown in Fig. 24 by altering
the initial muscle length at which afterloaded contrac-
tions were induced. Shorter initial muscle lengths led to
results similar to the minimum values of Fig. 24, and
longer initial lengths led to results similar to the highest
values of Fig. 2A. According to Hill (14), “...there are two
factors involved: (a) an increase of total energy with work
done and (b) a dependence of energy liberation on muscle
length.” Employing oxygen consumption measurements,
Fischer (7) (e of Fig. 24) reached similar conclusions.
The issue was concisely stated, but as Woledge (40)
emphasizes, “Incredibly the results of these studies were
largely forgotton.” Fenn (6) also stated that “...the work
is so little with the small loads that the excess heat due
to work is easily overshadowed by the decrement due to
the diminution in length. We might express the matter
better by saying that work involves a liberation of heat
in excess of the equivalent isometric heat.”” Fenn went
on to suggest that the equivalent isometric heat or energy
be taken as the energy liberated in an isometric contrac-
tion at the various lengths concerned. Thus the maxi-
mum isometric energy liberation is not the appropriate
base line with which to compare energy liberation in
working contractions. To unmask the effect of work on
energy cost one must minimize effects of length per se on
energy liberation or compensate for length effects by
considering an equivalent isometric energy base line.
Mommaerts and colleagues (13, 19, 27-29) have investi-
gated these problems. The concept that evolved sug-
gested that the equivalent isometric-energy base line
should not be an equivalent length but rather an equiv-
alent force base line. Thus energy liberation during an
isotonic contraction should be compared to energy lib-
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eration during an isometric contraction where the muscle
developed a force equivalent to that of the isotonic
contraction. This comparison presumes that the energy-
yielding processes leading to force production occur to
the same extent if an equivalent force is developed at a
constant length or during shortening. The most appro-
priate estimate of the equivalent force base line was
thought to be derived from stretched muscle preparations
where isometric force was varied by changing muscle
length on the descending limb of the length-tension re-
lation (19, 20, 35). An example (19) of the utility of this
approach is shown in Fig. 3 where experiments similar to
those of Figs. 1 and 2 were conducted on frog muscles at
0°C (Fig. 3A) and 20°C (Fig. 3B). Energy liberation
relative to the maximum isometric value was measured
in twitches as a function of isotonic or isometric force
production relative to the maximum isometric value.
Work done during the isotonic contraction also is shown.
Results at 0°C are reminiscent of those of Fenn (Fig.
1A), iie., E = I + W. On the contrary, when muscle
temperature is raised to 20°C, isotonic energy liberation
is drastically reduced. Clearly these results do not resem-
ble Fenn’s. What caused this dramatic shift? Note that
work done in the twitch decreased when muscle temper-
ature was increased from 0 to 20°C. This occurs appar-
ently because the temperature sensitivity of reactions
leading to force and work production is less than the
temperature sensitivity of reactions leading to relaxation
(19). Does work lead to an extra production of energy?
In this experiment the answer seems to depend on muscle
temperature. But Mommaerts and colleagues (19) sug-
gest that work leads to extra energy liberation in both
cases once an equivalent force base line is considered.
The equivalent force base line as shown in Fig. 3 is the
isometric energy liberation determined from stretched
muscles. [The nonzero intercept of the isometric energy
vs. force relation in Fig. 3, A and B is thought to represent
the energetic reactions associated with the cyclic move-
ments of activator Ca’* during muscle contraction (20,
32, 35).] In both cases (0 and 20°C) energy is liberated
above the equivalent force base line in isotonic contrac-
tions under all afterloads. Further, more energy is liber-
ated than can be attributed to work done alone. This
extra energy may be related to the waste heat that
accompanies work production that is not 100% mechan-
ically efficient. The same logic has been applied to car-
diac muscle (2, 13). Figure 2B shows, as a dashed line,
the equivalent isometric energy liberation, i.e., isometric
energy liberation as force is altered by changing muscle
length on the ascending limb of the length-tension dia-
gram. (Cardiac muscle cannot be reproducibly stretched
to the descending limb of the length-tension diagram.)
Employing this base line as a reference, cardiac muscle
doing external work liberates more energy than the
equivalent isometric contraction. Mommaerts (28) has
summarized this equivalent force approach in the follow-
ing way: “ ‘a muscle doing work mobilizes, over and above
that needed for activation and the maintenance of ten-
sion, energy accounting for the work and for the dissi-
pation of energy accompanying the work process.””
Three retrospective points should be mentioned. First,
because Fenn observed that E = I + W, the impression
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FIG. 3. Energy cost at 0°C (A) and 20°C (B) as a function of
afterload in isotonic twitches (isotonic) and as a function of force in
isometric twitches at stretched lengths (isometric). Results plotted as
multiples of maximum isometric values. External work performed in
isotonic twitches (work) also shown. Dashed line labeled isotonic-work

was held by some that this implied that work was done
at 100% mechanical efficiency. But it has been pointed
out (27) that it would not be possible for 100% efficiency
to occur over widely differing shortening velocities. Also
it should be added that Fenn never suggested that work
was done at 100% efficiency (6): “This does not mean, of
course, that the work is accomplished with 100 percent
efficiency, but rather that extra energy must be mobilized
in proportion to the work done. All of the energy may
have been necessary, in one way or another, for the
performance of the work.” The second point concerns
the use of the maximum isometric energy liberation as
the base line to which results of all other contractions
are compared. It is clear that this approach was a rem-
nant of the viscoelastic theory of contraction. With the
demise of this theory there seems to be little justification
for comparing energetics of working contractions to the
maximum isometric contraction. The third point relates
to the Fenn effect as conceived from the viewpoint of
rates of energy liberation. It might be stated that in-
creased work production leads to an increased rate of
energy liberation (3, 15). There are complications with
this approach: only myothermic techniques can readily
measure rates of energy cost during contraction; energy
liberated from moment to moment during muscle
shortening cannot be attributed simply to phosphocrea-
tine or ATP hydrolysis (33); and cardiac muscle does not
exhibit an increase in the rate of energy liberation during
shortening (9). Thus it is not clear whether further insight
can be gained from this approach at the present time.
Nonetheless the view that increased work production
leads to an increased rate of energy liberation is not
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represents the energy liberation remaining after work is subtracted
from the isotonic energy liberation. This line is a best-fit relation drawn
through the actual data. In principle, isotonic and isotonic-work curves
should intersect at 0 load. The fact that they do not reflects variability
in the actual data. Data from Homsher et al. (19).

inconsistent with the approach suggested by Mommaerts
and colleagues (19, 27).

CONCLUSIONS

The following points should be emphasized. 1) It seems
debatable that any redefinition of the concept of the
Fenn effect will lead to greater clarification. One cannot
change Fenn’s results or conclusions. 2) Therefore, the
Fenn effect should be considered as E = I + W, and it
should further be recognized that this relation is not
generally valid and is thus of limited utility. 3) The
approach developed by Mommaerts (27, 28) to compare
energy liberated in working contractions to isometric
contractions generating an equivalent force is a useful
and unifying concept. Nonetheless this approach suffers,
as do all phenomenological views, in that in and of itself
it provides little insight into molecular mechanisms (9).
4) Fenn’s experiments on muscle energetics have been
and will continue to be remembered as a triumph over a
theory of muscle contraction that existed in one form or
another for three-quarters of a century. 5) Finally, Fenn's
results were the first to demonstrate beyond doubt that
muscle possesses a fundamental property that enables it
to adjust its energy cost to prevailing mechanical con-
straints after stimulation. Nearly one-half of a century
later this property, permanently linked to Fenn’s name,
still seeks a satisfactory molecular elucidation.

The author is most grateful to E. Bozler, B. A. Schottelius, and R.
C. Woledge for thoughtful criticism of this manuscript.
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