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The Nature of Force Depression and Force Enhancement
in Skeletal Muscle Contraction

Walter Herzog

Here, we review the history-dependent phenomena associated with muscle force
production. Specifically, the depression of the steady-state isometric force following
muscle shortening, and the enhancement of the steady-state isometric force following
muscle stretching are discussed. First, we describe the observations that have been made
experimentally, then we introduce the primary proposed mechanisms for force depression
and force enhancement. Next, in view of the available results, we critically evaluate
specific hypotheses based on these mechanisms. Finally, we recommend further
discussion about some of the proposed mechanisms.
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Key Points:
•Isometric forces are decreased following slow-speed shortening.
•Isometric forces are increased following slow-speed stretching.
•Force depression is explained by an inhibition of cross-bridge attachment in the actin
myosin overlap zone formed during shortening.
•Force enhancement is comprised of an active and passive component. The active
component appears to be related to an increase in the number of attached cross-bridges;
the passive component is tentatively associated with the action of titin.

Introduction
According to Kuhn (29), science is governed by both “normal” science and scientific
“revolutions.” The last scientific revolution in the area of muscle contraction took place in the
1950s with the introduction of the sliding filament (23, 26) and the independent force generator,
or cross-bridge theory (22). Therefore, by definition, research on muscle contraction for the past
half century has been normal science—science that revolves around, and makes incremental
contributions to, an existing paradigm: the cross-bridge theory.

The initial formulation of the cross-bridge theory did not, and today typically still does not,
contain history-dependent force production. Specifically, the force produced, for any steady-state
situation, in the cross-bridge theory is predicted to be independent of the contractile history (22,
24)—this despite the fact that history–dependent phenomena like force depression following
muscle shortening, and force enhancement following muscle stretching, had been observed well
before the formulation of the cross-bridge theory (e.g., 1). Today, force depression and force
enhancement are well-recognized and well-accepted properties associated with muscle
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contraction; however, the mechanisms underlying these history-dependent phenomena are ill
understood and are the focus of intense scientific debate.

So, why are force depression and force enhancement not an integral part of the cross-bridge
theory, the current paradigm of muscle contraction? There are many possible explanations, for
example: (a) a scientific paradigm does not need to account for all observed phenomena (29);
therefore, history-dependent properties might have been ignored in favor of more important
properties; and (b) some of the proposed mechanisms for force depression/enhancement focus on
structural components, rather than the molecular interaction of actin and myosin, and therefore
would not manifest themselves in the cross-bridge theory but would be accounted for on a more
macroscopic level.

Here, I would like to revisit some of the evidence regarding force depression following muscle
shortening and force enhancement following muscle stretching. In the spirit of a lead article, I
will attempt to be rigorous but daring, hopefully so as to provoke discussion. I will attempt to be
logical, and follow Popper’s (36) approach of evaluating proposed mechanisms by hypothesis
testing—keeping in mind that hypotheses can be rejected, and so reject the proposed mechanism,
or can be accepted and so support (but not prove!) the proposed mechanism. Furthermore, I will
attempt to be critical, but (hopefully) not dogmatic; therefore, even the most basic ideas
regarding muscle contraction and history-dependent phenomena will (on occasion) be
questioned.

This article is organized as follows. I will first discuss force depression, then force enhancement.
For both these major sections, I will first attempt to summarize the existing results and
observations, then I will introduce mechanisms that have been proposed for explanation, and will
formulate specific, and testable, hypotheses that follow directly from the proposed mechanisms. I
will then attempt to reject these hypotheses, as rejection is a more powerful scientific weapon
because it allows for the rejection of the proposed mechanism, whereas acceptance of a
hypothesis merely provides support, but not ultimate proof. Finally, I will propose a “most likely
mechanism” for all observed phenomena, a mechanism that cannot be readily rejected by
hypothesis testing and therefore needs further consideration.

Force Depression
Definition
Force depression is defined here as the absolute (or percentage) decrease in the steady-state,
isometric force following a shortening contraction compared to the purely isometric force at the
corresponding length (Figure 1). For reasons of clarity and brevity, I will only consider single,
constant speed shortening contractions, and thereby leave out multiple step shortening tests,
stretch-shortening, or any other cyclic testing, and tests performed at variable speeds.

Observations
It is well-accepted, and has been observed repeatedly in preparations ranging from single fibers
to in vivo muscles, that the steady-state, isometric force following muscle shortening is
decreased compared to the corresponding purely isometric force. This force depression has been
shown to increase (a) with increasing magnitudes of shortening (16, 31), (b) with decreasing
speeds of shortening (1, 4), and (c) with increasing force during the shortening phase (16).
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Figure 1 — Illustration of force depression. The steady (top) line represents an isometric force at a given
muscle length. The unsteady (bottom) line represents an isometric force (0–3 s), followed by a shortening
contraction to the muscle length of the purely isometric contraction (3–12 s), followed by an isometric
contraction at the muscle length of the purely isometric contraction. ∆F represents the isometric, steady-
state force depression following the shortening contraction.

Figure 2 — Force depression as a function of the work performed during the shortening phase of muscle
contraction. Shown are the raw, non-normalized values for six cat soleus muscles and six experimental
protocols. Note that 85% of the variation in force depression is explained by the corresponding variation in
the mechanical work.

Combining observations (a) and (c) from the previous sentence, it is obvious that force
depression should also increase in proportion with the amount of mechanical work done during
the shortening phase, which it does (19; Figure 2). Finally, Sugi and Tsuchiya (38) provide
convincing evidence from work on single frog fibers that force depression following shortening
is associated with a proportional decrease in fiber stiffness, thereby suggesting that force
depression is caused by a decrease in the number of attached cross-bridges, rather than a
decrease in the average force per cross-bridge. The above observations are well-accepted and
have not been challenged seriously.

The next set of observations are controversial results, where similar experiments gave
contradictory results. Some researchers have found that force depression is long-lasting (>5 s; 1,
13, 18), while others have found it to be transient and short (<2 s; 6). Also, in one study, force
depression was found to be dependent on the development of sarcomere length non-uniformities
(7), while in an apparently similar study by Granzier and Pollack (13), force depression persisted
even when the development of sarcomere length non-uniformities was prevented. Finally, some
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researchers were unable to detect force depression on the ascending limb of the force-length
relationship (33), while others found systematic force depression on the ascending limb of the
force-length relationship (5, 16).

Mechanisms
There are four primary mechanisms that have been proposed for explaining force depression
following muscle shortening. These mechanisms will be reviewed below. For the first three of
them, it appears that specific experimental observations cannot be explained; therefore, they are
(tentatively) rejected. The fourth mechanism, so it appears, cannot be readily rejected and
deserves further attention.

First Primary Mechanism. The first mechanism is associated with the idea that force
depression is caused by sarcomere length non-uniformities that develop during muscle
shortening (7, 33). Sarcomere length non-uniformities are said to occur on the descending limb
of the force-length relationship (21) but not the ascending limb (2, 32, 33, 44) because of the
negative slope of the force-length curve in that region (Figure 3). From the sarcomere length
non-uniformity theory, the following testable hypothesis can be derived or have been proposed:
•Force depression cannot occur on the ascending limb of the force-length relationship;
•When sarcomere lengths are controlled to remain uniform during a shortening contraction, force
depression should not occur;
•Force depression should be associated with a slight increase in muscle (fiber) stiffness (33).

Hypothesis Testing.
•Regarding the first hypothesis, force depression has been observed on the ascending limb of the
force-length relationship (Figure 4; 5, 16).
•Regarding the second hypothesis, only two studies have been conducted in which fiber
shortening was performed while average sarcomere lengths were controlled to remain uniform
within a small segment of muscle fibers. Unfortunately, in these two studies conflicting results
were found. Edman et al. (7) found that force depression was completely abolished following

Figure 3 — Illustration of force depression according to the sarcomere length non-uniformity theory.
Imagine that the muscle is at a long length (open circle) and is shortened such that the average sarcomere
length is that shown as the filled square. According to the sarcomere length non-uniformity theory, some
sarcomeres will shorten much more than average and will fall onto the stable ascending limb of the force-
length relationship (left filled circle), while other sarcomeres will shorten less than average and remain on
the descending limb of the force-length relationship (right filled circle). At force equilibrium (horizontal,
dashed line), the force is smaller (depressed) than what one would expect based on the average sarcomere
length (filled square).
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Figure 4 — Illustration of an example of force depression following an 8-mm shortening step (at 4 mm/s)
on the ascending limb of cat soleus. There is a small but consistent force depression following the
shortening contraction that cannot be readily explained with the sarcomere length non-uniformity theory.

fiber shortening with uniform sarcomere length, whereas Granzier and Pollack (13) found that
sarcomere length uniformity was associated with approximately the same amount of force
depression as shortening in which sarcomere length uniformity was not artificially enforced.
•Regarding the third hypothesis, there are two studies in which stiffness measurements were
made while forces were depressed. In the first study, it was found that stiffness decreased in
proportion with force depression (38). In the second study, stiffness was found to be the same for
purely isometric reference contractions and isometric contractions following shortening that
produced force depression (17). Results from both studies are in conflict with the hypothesis
based on the sarcomere length non-uniformity theory (33).

Summarizing, several observations have been made that are incompatible with the predictions of
the sarcomere length non-uniformity theory. These include observations of force depression on
the ascending limb of the force-length relationship, force depression in situations where
sarcomere length uniformity was enforced, and a decrease in fiber stiffness while force was
depressed. Therefore, we conclude that the sarcomere length non-uniformity theory cannot,
alone, explain force depression of skeletal muscle following muscle shortening.

Second Primary Mechanism. The second mechanism that has been proposed to explain force
depression is associated with the idea that there is a great accumulation of protons and inorganic
phosphates during shortening that causes force depression (13). This mechanism is similar to a
fatigue effect and, if correct, force depression should persist for a long-time (minutes).
Therefore, one hypothesis arising from this theory is that force depression cannot be abolished
quickly; rather, it must persist for a long time (>60 s).
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However, Abbott and Aubert (1), as well as others (16), showed that force depression could be
abolished by a short (500-ms) interruption of muscle activation (Figure 5); therefore, the above
hypothesis, and the corresponding mechanism for force depression, must be rejected at this point.

Figure 5 — Illustration of an example in which force depression is abolished by a short interruption of
activation. The dotted line represents the isometric reference contraction at the final length. The solid and
dashed lines are shortening contractions to the final reference length that produce force depression (2.5–4.5
s). A brief deactivation (50 ms) will not abolish force depression (solid line); however, a deactivation of
500–1000 ms that allows force to go to zero will cause an immediate loss of force depression (cat soleus at
35°).

Figure 6 — Illustration of the idea that force depression is long lasting. Shown are an isometric reference
contraction (steady top line) and a shortening-isometric contraction, held isometrically for approximately
25 s following the end of the shortening phase. It is obvious that the two traces become parallel at about t =
20 s, and force depression is not recovered (cat soleus, 8 mm shortening, 35°).

Third Primary Mechanism. The third mechanism proposed to explain force depression
following muscle shortening is based on the idea that muscle shortening reduces the affinity for
calcium at the regulatory sites on the actin myofilament (6). This mechanism would be transitory
in nature (i.e., force depression should disappear within 1 or 2 s following the end of the
shortening phase) because calcium affinity should be restored as soon as the contraction becomes
isometric. From this mechanism, the following testable hypothesis can be formulated: Force
depression is transient in nature and should disappear within seconds following the end of the
shortening phase.
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However, there is ample evidence that force depression is long-lasting (Figure 6; 1, 4, 9, 18, 31,
33); therefore, the above hypothesis, and the corresponding mechanism, must be rejected.

Fourth Primary Mechanism. The fourth and last mechanism to be proposed here for force
depression following muscle shortening is the idea of a stress-induced inhibition of cross-bridge
attachment within the overlap zone newly formed during muscle shortening. This idea was first
proposed by Maréchal and Plaghki (31) who did not provide a plausible reason for the stress-
induced cross-bridge inhibition. However, with more recent evidence suggesting that the thick
and thin myofilaments might posses considerable compliance within the range of physiological
loads (12, 20, 27, 28, 34, 41), stress induced longitudinal and rotational deformation of
myofilaments could cause a stress-induced inhibition of cross-bridge attachment (15).

Stress-induced inhibition of cross-bridge attachment may be explained as follows: a muscle is
isometrically activated at some long length and then allowed to shorten. During activation, the
compliant thick and thin myofilaments are stretched because of the increasing stress. For the thin
filaments, which consist of two helically interwoven F-actin chains, such stretching would result
in an angular distortion of the filament, specifically its binding sites (3). The greater the stress,
the greater the angular distortion, and this angular distortion might cause an inhibition of cross-
bridge attachment. Such distortions would be greatest in areas of no support (i.e., cross-bridge
attachments): the I-band zone of the actin filament (11). If the muscle now shortens, and stress
on the thin filament is maintained, cross-bridge attachment in the newly formed overlap zone
containing these “deformed” actin filaments may be partly inhibited and cause a decrease in the
number of attached cross-bridges in the overlap zone that is formed during muscle shortening
(Figure 7).

Figure 7 — Schematic illustration of a sarcomere that has been shortening. After shortening, thick and thin
myofilament overlap becomes greater than it was before shortening. The newly formed overlap zone is
indicated by n, and it is in this newly formed overlap zone that cross-bridge attachments are assumed to be
inhibited because of the stress induced deformation of the myofilaments, particularly the thin filament.

Based on this theory, the following testable hypotheses can be formulated, all of which have
been shown to be correct:

•Force depression should increase with increasing shortening distance (shown by 1, 4, 31,
33).
•Force depression should increase with increasing force during the shortening phase
(shown by 16).
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•Force depression should increase with the amount of mechanical work produced during
the shortening phase. (This is merely a combination of the first two hypotheses, and was
shown to be correct by 19.)
•Force depression should be long-lasting (1, 18).
•Force depression should be abolished immediately upon full stress release. This has been
shown to be correct for stress release using deactivation protocols (1, 16, 31) but has not
been confirmed for mechanical stress release, an experiment that should be performed in
the future.
•Finally, force depression should be proportional to muscle (fiber) stiffness, which it
appears to be, at least for single fiber preparations in which stiffness measurements can
be made reliably (38).

There is no convincing experimental evidence to reject this last proposed theory, whereas there
are experimental data that appear to rule out any of the first three proposed mechanisms as the
sole mechanisms for force depression. Therefore, for the purpose of discussion, I propose that
force depression produced by a single, constant speed shortening step is caused by a stress-
induced inhibition of cross-bridge attachments in the actin-myosin zone formed during muscle
(fiber) shortening. The detailed mechanism is as outlined previously by Maréchal and Plaghki
(31) and Herzog (15), and as sketched roughly as the fourth and last mechanism under heading D
above.

Force Enhancement
Definition
Force enhancement is defined here as the absolute (or percent) increase in the steady-state,
isometric force following a stretch contraction compared to the purely isometric force at the
corresponding length (Figure 8). As for force depression, for reasons of clarity and brevity, only
single stretch contractions performed at a constant speed will be considered in the following.

Observations
It is well-accepted, and has been observed repeatedly in a variety of preparations that the steady-
state isometric force following muscle stretch is increased compared to the corresponding purely

Figure 8 — Illustration of force enhancement. The steady (bottom) line represents an isometric force at the
final reference muscle length. The unsteady (top) line represents an isometric force (0–2.5 s), followed by a
stretch (2.5–8 s), followed by an isometric contraction at the final reference length. ∆F represents the
isometric, steady-state force enhancement following the muscle stretch.
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isometric force. This force enhancement becomes greater for increasing amplitudes of stretch (8,
9) and has been shown to depend on the speed of stretch in whole muscle (1), but was found to
be independent of the speed of stretch in some fiber preparations (8). Furthermore, force
enhancement is long-lasting (1) and is not associated with a change in stiffness compared to
isometric reference contractions at the corresponding length (38).

Mechanism
In contrast to force depression, for which a variety of mechanisms have been proposed in the
scientific literature, force enhancement following muscle stretch has typically been explained on
the basis of the sarcomere length non-uniformity theory (21). This theory is based on the idea
that during muscle stretch, not all sarcomeres are stretched by the same amount. Rather, some
sarcomeres stretch more than average and some less. The sarcomere length non-uniformity
theory is typically thought only to work on the descending limb of the force-length relationship
(Figure 9), as force production and sarcomere lengths are assumed to be unstable on this part of
the relationship (21), whereas they are assumed to be perfectly stable on the ascending limb of
the force-length relationship (2, 32, 44).

Figure 9 — Illustration of force enhancement according to the sarcomere length non-uniformity theory.
Imagine that the muscle is at a short length (open circle) and is stretched such that the average sarcomere
length becomes that shown by the filled square. According to the sarcomere length non-uniformity theory,
some sarcomeres will be stretched more than average and will fall onto the passive force curve (right filled
circle), while other sarcomeres will be stretched less than average and will remain on the descending limb
of the force-length relationship (left filled circle). At force equilibrium (horizontal dashed line), the force is
greater (enhanced) than what one would expect based on the average sarcomere length (filled square).

Based on the sarcomere length non-uniformity theory, as mathematically formulated by Morgan
(32), Talbot and Morgan (39), Allinger et al. (2), and Zahalak (44), as well as qualitatively
derived and illustrated by Hill (21) and Morgan et al. (33), the following testable hypotheses can
be derived.

•Force enhancement cannot occur on the ascending limb of the force-length relationship,
as sarcomere length non-uniformities are not supposed to develop there.
•The steady-state isometric force following muscle stretch on the descending limb of the
force-length relationship should not exceed the purely isometric force at the length from
which the stretch was started, as stretching of the entire muscle (fiber) is associated with
stretching of all parts of the muscle/fiber (8). More rigorously, the steady-state isometric
force following muscle stretch cannot, under any circumstances, be greater than the
purely isometric force at optimal muscle (fiber) length.
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•Muscle/fiber stiffness should be decreased in the force-enhanced state compared to the
purely isometric state at the corresponding length (33).

All three of these hypotheses have been rejected by experimental observations. Force
enhancement has been observed on the ascending limb of the force-length relationship (5; Figure
10). The steady-state isometric force following muscle stretch has been shown to exceed the
isometric force at the muscle length from which the stretch was initiated (8, 9, 37, 42) and the
isometric force at optimal muscle length (9, 42). Finally, fiber/muscle stiffness following
stretching does not decrease, but has been reported to remain about the same (38) or increase (17,
30), as compared to the stiffness following a purely isometric contraction.

Figure 10 — Illustration of an example of force enhancement following a 8-mm stretch (at 4 mm/s) on the
ascending limb of the force-length relationship. There is a small but consistent force enhancement
following the stretch that cannot be readily explained by the sarcomere length non-uniformity theory.

Therefore, the sarcomere length non-uniformity theory must be rejected at this point, at least, it
must be rejected in the sense that it cannot explain the experimental results alone. It cannot be
excluded that sarcomere length non-uniformity may play some role in force enhancement
following muscle stretch.

Possibilities
A purely theoretical argument has been made (15) to reconcile the observations on force
enhancement with the traditional thinking of actin-myosin interaction and force production: the
cross-bridge theory (22, 24, 25). The argument was based on the idea that, according to the
cross-bridge theory, the steady-state isometric force in a muscle can only be enhanced in two
ways: by an increase in the number of attached cross-bridges or by an increase in the average
force per cross-bridge. Some of the stiffness results suggest that the number of attached cross-
bridges may be increased in the force enhanced state (17, 30). However, this idea needs further
investigation.

One idea that has been associated with force enhancement for a long time, but could not be
demonstrated directly, is the notion that force enhancement is associated with the “recruitment”
of an elastic element during active, but not passive, muscle stretch. To my knowledge, Paul
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Edman (9) was the first to hint at such a mechanism. Others have restated it (5, 10, 35) without
direct evidence, while still others used it for the theoretical modeling of force enhancement (11).

Recently, we found direct evidence for passive force enhancement. We observed, first in cat
semitendinosus, then in cat soleus (unpublished), human adductor pollicis (14), and single fibers
of frog tibialis anterior (42) that the passive force following an active muscle stretch was
considerably greater than the passive force following a passive muscle stretch or following a
purely isometric contraction (Figure 11). We think that the molecular spring titin might cause
this passive force enhancement, as it is known that titin can change its stiffness properties
depending on the mechanical (43) or physiological (40) environment and therefore might cause a
change in passive muscle force at a given length, depending on the contractile history of the
muscle/fiber.

Figure 11 — Illustration of passive force enhancement (∆P). Shown are the force-time histories of an
isometric contraction at the final reference length (middle, steady trace), an active stretch contraction (top
trace), and a passive stretch (bottom trace). After stretching, the active and passive muscle are at the final
reference length. Observe the steady-state, isometric force enhancement following the active stretch (∆F),
and the passive force that remains considerably greater following deactivation of the muscle after the active
stretch (passive force enhancement ∆P) compared to the passive force following the active isometric
contraction and the passive stretch.

Therefore, for the purpose of discussion on force enhancement following muscle stretching, I
would like to propose that force enhancement cannot be explained solely by the sarcomere length
non-uniformity theory. Rather, it appears that force enhancement following muscle stretching
has an active and a passive component. The passive component has not been observed at short
muscle lengths, particularly not on the ascending limb of the force-length relationship. Since
force enhancement occurs on the ascending limb (5), but sarcomere length non-uniformities do
not, it seems that the active component of force enhancement is not associated with the
development of sarcomere length non-uniformities but may be associated with an increased
number of attached cross-bridges (17, 30). Great passive force enhancement occurs at long
muscle length and following great amplitudes of stretching, particularly on the descending limb
of the force-length relationship. However, passive force enhancement was found to be smaller
than the total force enhancement in all situations tested. Therefore, I would like to propose, for
the purpose of discussion, that force enhancement following skeletal muscle stretching is
composed of an active and a passive component that contribute to varying degrees to the total
force enhancement, depending on the contractile history and muscle length. The origin of the
active component is thought to be associated with an increase in the number of attached cross-
bridges following stretching (17, 30) compared to the purely isometric force at the corresponding
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muscle length. The origin of the passive component is not known, but the molecular spring titin
seems like an ideal candidate.

Conclusion and Limiting Remarks
Force depression and force enhancement are well-recognized and well-accepted properties of
skeletal muscle preparations, ranging from single fibers to in vivo human muscles. The
mechanisms underlying these phenomena are not known. However, overwhelming evidence
suggests that the primary proposed mechanism for both these phenomena, sarcomere length non-
uniformity, does not appear viable, at least not as the sole explanation. For the purpose of
discussion, I would like to propose that force depression following muscle shortening is caused
by a stress-dependent inhibition of cross-bridge attachment in the overlap zone between actin
and myosin that is formed during the shortening phase. I arrived at this conclusion, not because
of direct experimental support, but because this mechanism cannot be easily rejected by the
existing experimental evidence. It is proposed that force enhancement following muscle
stretching is composed of two components: an active and a passive force enhancement. The
active component is associated with an increase in the number of attached cross-bridges. The
origin of the passive force enhancement has not been determined. However, for the purpose of
discussion, it is proposed that the passive force enhancement is associated with the molecular
spring titin.
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