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Macefield VG, Knellwolf TP. Functional properties of human muscle spindles.
J Neurophysiol 120: 452–467, 2018. First published April 18, 2018; doi:10.1152/
jn.00071.2018.—Muscle spindles are ubiquitous encapsulated mechanoreceptors
found in most mammalian muscles. There are two types of endings, primary and
secondary, and both are sensitive to changes in muscle length and velocity, with the
primary endings having a greater dynamic sensitivity. Unlike other mechanorecep-
tors in the somatosensory system, muscle spindles are unique in possessing motor
innervation, via �-motoneurons (fusimotor neurons), that control their sensitivity to
stretch. Much of what we know about human muscles spindles comes from
studying the behavior of their afferents via intraneural microelectrodes (microneu-
rography) inserted into accessible peripheral nerves. We review the functional
properties of human muscle spindles, comparing and contrasting with what we
know about the functions of muscle spindles studied in experimental animals. As
in the cat, many human muscle spindles possess a background discharge that is
related to the degree of muscle stretch, but mean firing rates are much lower (~10
Hz). They can faithfully encode changes in muscle fascicle length in passive
conditions, but higher level extraction of information is required by the central
nervous system to measure changes in muscle length during muscle contraction.
Moreover, although there is some evidence supporting independent control of
human muscle spindles via fusimotor neurons, any effects are modest compared
with the clearly independent control of fusimotor neurons observed in the cat.

�-� coactivation; fusimotor neurons; �-motoneurons; stretch reflexes

INTRODUCTION

Proprioception (“proprio” � self) is the sense of position
and movement of parts of the body relative to one another, and
the sense of force and effort associated with muscle contrac-
tion; kinesthesia is also used to describe this, but strictly
speaking it only refers to the sense of movement. It is also clear
that the sense of balance, although primarily subserved by the
vestibular apparatus, requires input from the somatosensory
system to allow head position relative to the body to be
determined (Lackner and DiZio 2005). Proprioception is
achieved through a summation of peripheral sensory input
describing the degree of, and changes in, muscle length and
tension, joint angle, and stretch of skin (Proske and Gandevia
2009, 2012). This sensory input originates from a number of
sources. It is known that low-threshold mechanoreceptive units
in the glabrous skin of the hand respond to isotonic movements
without incidental excitation via direct touch (Hulliger et al.

1979). The sense of muscle tension has been largely attributed
to Golgi tendon organs, responding to force generated by the
muscle (Houk and Henneman 1967). Although joint receptors
were initially viewed as important contributors to joint position
sense at all angles (Mountcastle and Powell 1959), it has since
been shown that their contribution to kinesthesia only extends
to that of being limit detectors, detecting only extreme posi-
tions within the normal range in both the cat (Burgess and
Clark 1969; Clark and Burgess 1975) and humans (Burke et al.
1988; Macefield et al. 1990). The most important contribution
to proprioception is made by muscle spindles, stretch-sensitive
mechanoreceptors found in virtually all skeletal muscles. In-
terestingly, they are particularly dense in muscles where accu-
rate proprioception is important. For instance, in the intrinsic
muscles of hands of the bonnet monkey, which are responsible
for fine manipulative tasks, up to 42.3 spindles per gram (wet
weight) were identified (Devanandan et al. 1983). They are
also abundant in the neck of the cat (Richmond and Abrahams
1975) and human (Cooper and Daniel 1963), where they play
important roles in integrating information on the position of the
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head with respect to the body. It is beyond the scope of the
present review to deal with the many psychophysical studies on
human proprioception and the relative roles of muscle spindles
and cutaneous afferents in proprioception, and the reader is
directed to two excellent reviews on proprioception, referred to
above (Proske and Gandevia 2009, 2012). Although the aim is
to provide the reader with an up-to-date appraisal of how
human muscle spindles operate, where necessary we refer to
data obtained in experimental animals. Accordingly, to set the
stage, we shall commence with a brief review of the structural
and functional properties of the mammalian muscle spindle, as
studied primarily in the cat.

STRUCTURE OF THE MAMMALIAN MUSCLE SPINDLE

Much of what we have learnt about the structure of the
mammalian muscle spindle comes from detailed observations
made in the cat (Barker 1948; Boyd 1962; Hulliger 1984). The
spindle’s function as a length sensor arises essentially from its
anatomical relationship with its parent muscle. It consists of a
bundle of specialized, striated, intrafusal (“fusiform” � spindle
shaped) muscle fibers lying in parallel with the fascicles of the
regular, force-producing, extrafusal (skeletomotor) muscle fi-
bers. Any length changes in the muscle therefore result in
stretch of intrafusal fibers that is then detected by sensory
receptors located on the equatorial and polar regions of the
muscle spindle. For a detailed treatise on how muscle spindles
transduce stretch into action potentials, the reader is referred to
a recent review by Bewick and Banks (2015). Whereas the
majority of each intrafusal fiber is contractile, the equatorial
regions are less so. This divides the spindles into two, inde-
pendently acting, polar regions. The small cross-sectional area
of the intrafusal fibers in the adult means that their contraction
makes an insignificant contribution to the total external force of
the muscle while being sufficient to deform the sensory termi-
nals (Kuffler et al. 1951). It is by this means that, through the
motor innervation normally supplied to both polar regions of
the spindle, via �-motoneurons (fusimotor neurons), the central
nervous system is able to actively modulate the muscle spin-
dle’s stretch sensitivity. Figure 1 shows a transverse section of
a cat muscle spindle, illustrating the relationships between the
primary afferent, the intrafusal muscle fibers, and capsular
elements.

Detailed anatomical studies of human muscle spindles were
first performed on excised human intercostal muscles, largely

corroborating what has been documented in the cat (Kennedy
1970). However, human primary endings appear not to possess
an annulospiral structure, and the secondary ending innervates
nuclear bag as well as nuclear chain muscle fibers. An example
is shown in Fig. 2. Detailed investigations of spindle structure
also have been made from intrinsic and extrinsic finger muscles
(Sahinen and Kennedy 1972; Van Gorp and Kennedy 1974).

Subdivision of intrafusal muscle fibers. The muscle fibers of
the spindle are subdivided both structurally and functionally.
The fibers were first distinguished histologically in the cat, into
nuclear bag fibers and nuclear chain fibers, by the arrangement
of nuclei in the equatorial cross section: bag fibers reveal
multiple visible nuclei, whereas chain fibers would consistently
have only one, due to the fact that chain fiber nuclei would be
arranged in a single-file “chain” (Barker 1948). Bag fibers are
of appreciably greater diameter and length than chain fibers,
often extending beyond the spindle capsule (Boyd 1962; Coo-
per and Daniel 1963). Additionally, the fibers have been
distinguished by the band structure of their myofilaments (Adal
1969; Corvaja et al. 1969) and through histochemical testing
(James 1968; Spiro and Beilin 1969). Later studies further
subdivided bag fibers into bag1 and bag2 types, based on
variations in their ultrastructure and histochemical response
profile (Banks et al. 1977; Ovalle and Smith 1972). An impor-
tant observation was the variability between all three fibers in
their reaction to staining for myofibrillar ATPase. Indeed, the
structural differences between the fibers are enough to suggest
some functional differences. Typically, bag1 fibers have the
slowest contraction rates, followed by bag2 and, finally, chain
fibers. These differences in response at different frequencies
were explored in depth by Boyd (1976). Human muscle spindle
fibers were later histochemically distinguished by the presence
of variants of myosin heavy chains and M-band proteins
(Eriksson et al. 1988). For more detail on the specific delinea-
tions and techniques used, the recent review by Thornell et al.
(2015) should be observed.

The suggestion of functional duality is supported by the
variations in afferent and efferent innervation, the properties of
which will be discussed below. In terms of afferent innerva-
tion, primary afferents fibers innervate all three fiber types,
whereas secondary fibers supply only bag2 and chain fibers.
Static fusimotor fibers also only supply bag2 and chain fibers,
whereas dynamic fusimotor axons innervate bag1 fibers exclu-
sively (Boyd et al. 1977; Proske 1997). When the significant

Fig. 1. Simplified diagram of the central
region of a muscle spindle in the cat, show-
ing a single “bag” intrafusal muscle fiber and
a single “chain” intrafusal muscle fiber. Typ-
ically, muscle spindles in the cat contain 2 or
3 bag fibers, 4–6 chain fibers, and a complex
motor innervation. Reproduced with permis-
sion from Matthews (1964).
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functional differences between these �-motoneurons are con-
sidered (see below), it can be appreciated that the subdivisions
of intrafusal fiber types work largely independently of one
another.

Sensory innervation of the muscle spindle. There are two
types of afferents that innervate muscle spindles. They are, like
intrafusal fiber types, distinguished by structure and function
into primary (type Ia) and secondary (type II) endings. As
documented in the cat, primary endings have a larger diameter
than secondary fibers (12–20 and 4–12 �m, respectively;
Eccles and Sherrington 1930) as well as a faster conduction
velocity (Hunt 1954). Our understanding of the anatomical
differences comes largely from the work of Boyd (1962). Each
spindle has only one primary sensory nerve ending (group Ia
afferent). The ending consists of number of spirals, supplying
all of the intrafusal fibers in the spindle at the equatorial region,
with one spiral per fiber. It is deformations of this ending that
allow the detection of changes in length of the parent muscle.
The number of secondary (group II) afferent endings in a
spindle varies from zero to five, and they often supply one fiber
each. They predominately terminate on nuclear chain intrafusal
fibers. The endings consist of smaller spirals than primary
endings that terminate on the polar ends of the spindle.

Muscle spindle afferents have been contrasted functionally
by examining the response of mean firing rate to various
changes in muscle length, commonly involving ramp-and-hold
tests. This involves a muscle being held at a constant length
(static component) before being stretched at a constant velocity
(dynamic component) to a new length, at which it is again held
constant. Primary afferents are sensitive to dynamic stretch,
demonstrate an irregular spontaneous or volitionally main-
tained discharge, and exhibit an off-response at the point of
relaxation (i.e., muscle stretch) following a slow ramping
isometric contraction. They are silenced during rapid voluntary
contraction when the fusimotor drive (discussed below) is
insufficient to overcome the unloading effects of the extrafusal
contractions. Secondary afferents generally exhibit a regular

tonic discharge tonic discharge, decelerate during an unloading
contraction, and do not exhibit an off-response at the termina-
tion of a voluntary ramp-and-hold contraction (Edin and
Vallbo 1990a).

Motor innervation of the muscle spindle. Muscle spindles
are unique among proprioceptors for possessing their own
motor supply in addition to afferent innervation. This motor
innervation may originate from small-diameter (4–8 �m),
myelinated �-motoneurons, also referred to as fusimotor fibers,
or from axons branching from larger fibers that also supply
extrafusal muscle, known as �- or skeletofusimotor fibers.
These fibers supply both intrafusal fibers via trail endings at the
polar ends. Similarly, in humans, extensively branched small-
diameter axons were found to innervate the intrafusal fibers at
the poles of the muscle spindle (Kennedy 1970). Stimulation of
�-motoneurons produces no overt tension in the muscle but
does result in considerable excitation of both primary and
secondary spindle afferents. It is known from the cat that
stimulation of motoneurons supplying regular, extrafusal fiber,
known as �-motoneurons, results in coactivation of �-mo-
toneurons (Severin et al. 1967). Hunt and Kuffler (1951)
outlined the role of fusimotor drive for spindle function.
During extrafusal muscle contraction the muscle shortens,
leading to an unloading of the spindles, which reduces their
spontaneous discharge. As stated above, �-motoneuron activity
is coactivated. This results in contraction of the polar ends of
the intrafusal fibers, restoring tension and therefore sensitivity
of the spindle to stretch. Thus it can be said that �-motoneuron
function is essential for controlling the sensitivity of muscle
spindle afferents as length detectors.

Fusimotor motoneurons have been differentiated into static
and dynamic fusimotor axons from ramp-and-hold experiments
performed by Matthews (1962). Dynamic axons have a weak
effect on primary afferent firing in muscles held at a constant
length but are markedly sensitized to dynamic stretch, resulting
in bursts at the beginning and end of the dynamic phase.
Conversely, static axons are largely ineffective during the

Fig. 2. Drawing from a histological speci-
men of a human muscle spindle, sampled
from an intercostal muscle. Only 2 bag and 2
chain intrafusal muscle fibers are repre-
sented. The number of entering nerves, par-
ticularly the degree of branching and number
of endings, has been limited to a few of each
type for clarity. Reproduced with permission
from Kennedy (1970).
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dynamic phase but create a powerful excitatory action while
the muscle is at constant length, increasing the overall response
to a change in length. Static axons have a great influence on
both primary and secondary fibers, whereas dynamic axons
show little to no effect on secondary endings, even if a primary
ending of the same fiber is stimulated (Appelberg et al. 1966).
In the decerebrate cat there is significant resting fusimotor
outflow, primarily in static �-motoneurons (Matthews and
Stein 1969a).

FUNCTIONAL PROPERTIES OF HUMAN MUSCLE SPINDLES

The first neurophysiological recordings from human muscle
spindle afferents were made in vitro, again from excised
intercostal muscles, and appeared in a brief report (Davis
1973); more detailed investigations of excised human spindles
were undertaken by Kennedy and colleagues (Kennedy et al.
1974; Poppele and Kennedy 1974). As expected, human spin-
dle afferents responded to direct passive stretch of the organ
with a velocity-dependent increase in firing rate, their behavior
largely paralleling that observed in the anaesthetized cat. How-
ever, it was not until the development of microneurography, by
Karl-Erik Hagbarth and Åke Vallbo at the Academic Hospital
in Uppsala, Sweden, in the mid-1960s, that it became possible
to study the functional properties of human muscle spindles in
vivo, and during active contractions as well as passive condi-
tions. Indeed, the primary motivation of Hagbarth and Vallbo
to use metal microelectrodes to record from peripheral nerves
in awake human subjects was to study muscle spindles during
voluntary contractions, to examine their potential role in the
servo-loop model of motor control, postulated by Merton
(1953).

Microneurography allows one to record from single myelin-
ated axons, both afferent and efferent, applying reductionist
principles (single-unit analyses of type-identified neurons) in a
holistic fashion (intact nervous system, no anesthesia); one can
also record from single unmyelinated sensory and motor (sym-
pathetic) axons, both afferent and efferent. However, it is
worth pointing out that microneurography is limited to periph-
eral nerves that are accessible via insertion through the skin
and are not too deep, such as the median and ulnar nerves at
the wrist or upper arm, the radial nerve in the upper arm, and
the tibial and common peroneal nerves in the lower limb. In the
context of the present review, this also limits the muscles that
can be accessed; whereas distal muscles in the forearm and
hand, and the lower leg and foot, can be examined, proximal
and axial muscles are out of reach. Moreover, the types of
active movements that can be studied are also limited, because
of the risk of losing the recording site during brisk and/or
forceful movements, a criticism that has been raised when data
from conscious cats and conscious humans are compared (e.g.,
Prochazka 1989). The microneurographic approach is shown in
Fig. 3. Myelinated axons generate positive-going spikes when
the tip of the microelectrode is located close to (or embedded
within) the myelin sheath of an axon, whereas those of C-fibers
are negative-going because the action potentials are recorded
from the exposed axolemma. Accordingly, one would think it
would be possible to record directly from fusimotor neurons in
humans, given that they have a larger diameter than C-fibers.
Indeed, �-motoneurons are myelinated, so they should, like
other myelinated axons, generate positive-going spikes. How-

ever, surprisingly little is known about them in humans, and
only one study claims to have recorded from �-motoneurons
directly, identifying them as “motor” because they did not
respond to vibration and their activity could be modified
according to criteria established in experimental animals (Ribot
et al. 1986). Nevertheless, changes in fusimotor drive can be
reliably inferred from changes in the firing of muscle spindle
afferents, from which single-unit recordings can readily be
obtained in awake humans. This will be considered further
below.

Identification of muscle spindles. Muscle spindle afferents
are found in muscle fascicles of peripheral nerves and supply
a specific muscle. Identification is based on behavioral prop-
erties, similar to those used in studies in experimental animals.
Many are spontaneously active at rest, with the mean fre-
quency of the tonic discharge increasing during stretch of the
receptor-bearing muscle and decreasing during passive short-
ening (unloading) of the parent muscle. These spontaneously
active spindles are further subdivided into presumed primary or
secondary endings: primary endings show a characteristic si-
lent period following release of the stretch (passive shortening)
and have a high dynamic sensitivity to passive stretch. Con-
versely, secondary endings typically decelerate, without ceas-
ing completely, when the stretched muscle is returned to its
resting length. In addition, Ia afferents typically show an
increase in firing (off-discharge) during the relaxation phase of
a volitionally generated ramping contraction and brisk relax-
ation; this off-discharge is absent for II afferents (Edin and
Vallbo 1990a, 1990c). For example, for recordings from the
common peroneal nerve, silent spindle endings are discovered
by passively stretching the receptor-bearing muscle by plan-
tarflexion of the ankle (for muscle spindles in tibialis anterior)
or toes (extensor hallucis longus or extensor digitorum longus)
or by inversion of the foot (for spindles in the peronei mus-
cles). Subjects are asked to intermittently dorsiflex the foot or
toes during the search procedure to facilitate the isolation of
fusimotor-driven spindle afferents.

Initially, human muscle spindles were only classified as such
if they were silenced during an electrically evoked brief con-
traction (twitch) of the parent muscle (in which the intrafusal
muscle fibers are unloaded) and increased their background
discharge (or were recruited) during the subsequent relaxation
phase of the twitch. Although the “twitch-test” is considered
the gold standard for identification of human muscle spindles,
it is now not used routinely. It does require an amplifier that
allows intraneural stimulation to be delivered without inter-
rupting the recording (Burke 1997), although transcutaneous
electrical stimulation over the muscle is also effective at
inducing muscle twitches without disturbing the spindle affer-
ent recording (Edin and Vallbo 1987). However, although
muscle spindles respond during the relaxation (stretch) phase
of the twitch, and Golgi tendon organ (Ib) afferents respond
during the contraction phase, some muscle spindles do behave
in an in-series fashion (i.e., like Golgi tendon organs) during a
twitch contraction (Burke et al. 1987), and some � motoneu-
rons may be reflexly recruited during the twitch (Inglis et al.
1995). As will be discussed below, many spindles are active
during a voluntary contraction, which also recruits Golgi ten-
don organ afferents and, of course, motor axons. Spike-trig-
gered averaging of surface electromyography (EMG) has been
used to differentiate between Ib sensory and �-motor axons
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during active contractions, with motor axons being defined as
such if the spike-triggered average EMG shows a clear time-
locked response that follows the spike; conversely, Ib afferents
either exhibit no time-locked EMG response or the EMG
response precedes the spike (Fallon and Macefield 2007).

Sensitivity of muscle spindles to stretch. Spindle primary
endings in the cat are exquisitely sensitive to small changes in
length of their parent muscle (Brown et al. 1967); some
endings can be driven up to 500 Hz with vibrations as small as
5 �m in peak-to-peak amplitude. Given their high dynamic
sensitivity, Ia afferents in the cat respond ~90° in advance of
the peak of the vibration cycle, which fits with their role as
velocity receptors (Matthews and Stein 1969b); the same has
been shown for human primary afferents (Kakuda 2000; Roll
and Vedel 1982). Accordingly, many argue that Ia afferents
primarily encode changes in relative muscle length, with the II
afferents serving as absolute length detectors because of their
lower sensitivity to small-amplitude, high-frequency vibration.
However, we know that there is considerable overlap between
the two types of spindle endings when the muscles are relaxed,
and especially when the muscles are contracting (Burke et al.
1976a, 1976b; Fallon and Macefield 2007). Indeed, when
muscles are active, the Golgi tendon organs, which are insen-
sitive to length changes in the passive state but respond to the
increase in muscle force, now become very sensitive to low-

amplitude vibration (Fallon and Macefield 2007). A recording
from a primary afferent located in the extensor hallucis longus
(EHL) muscle is shown in Fig. 4. It can be seen that the ending
exhibits a high dynamic sensitivity to brisk stretch of the
muscle, produced by passive plantarflexion of the big toe at the
metatarsophalangeal joint (Fig. 4A). Moreover, applying vibra-
tion to the toe nail showed that the ending was sensitive to the
small-amplitude vibrations transmitted through the tendon to
its location within the muscle belly (Fig. 4C), although it was
only partially entrained to the vibration cycle. Depending on
their location in the muscle, spontaneously active muscle
spindles, both primaries and secondaries, may exhibit a mod-
ulation of their discharge that is related to the pulsation of
blood vessels in their immediate vicinity (Birznieks et al. 2012;
McKeon and Burke 1981); some primary endings can even be
driven or phase-locked to the pulse, generating one or two
spikes that are time-locked to the heart beat (Birznieks et al.
2012).

All muscle spindles in humans, regardless of their identity as
primary or secondary endings, are dynamically sensitive to
imposed stretch of the parent muscle, usually produced by
rotation about the joint on which the muscle acts. Muscle
spindles faithfully encode joint angle when the muscles are
relaxed, there being a linear relationship between joint angle
and firing rate (Cordo et al. 2002; Day et al. 2017; Edin and

via tungsten microelectrodes inserted 
percutaneously into common peroneal nerve instantaneous frequency

0

20

Hz

muscle
fascicle

sponteously active muscle 
spindle primary ending

muscle sympathetic 
(vasoconstrictor)
bursts10 Hz

ECG

1 s

2 s

microneurographic recording from
muscle spindle afferents and
muscle sympathetic postganglionic
axons in awake human subjects

Fig. 3. Schematic representation of a cross section of a human peripheral nerve. The nerve is composed of distinct bundles of nerve fibers, some innervating
muscle (motor fascicles) and others supplying skin (cutaneous fascicles). Within each fascicle are large- and small-diameter sensory fibers (afferents) and
small-diameter (unmyelinated) postganglionic sympathetic fibers. Motor fascicles also contain large-diameter (�) motor axons supplying muscle fibers and
smaller diameter (�) fibers to the muscle spindles. At top right is an example of a recording from a spontaneously active muscle spindle afferent located in
extensor digitorum longus responding to passive plantarflexion of the toes. At bottom right is a unitary recording from a postganglionic muscle sympathetic axon
and concurrently recorded electrocardiographic activity (ECG). Reproduced with permission from Macefield (2005).
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Vallbo 1990a; Kakuda 2000; Peters et al. 2017), as well as
between joint angle velocity and firing rate (Grill and Hallett
1995), but there are no such relationships when the parent
muscles are actively holding a joint position (Hulliger et al.
1982, 1985; Vallbo et al. 1981). It was recently argued that
muscle spindles also can encode, to a certain extent, force
within the muscle. Blum et al. (2017) showed that the initial
burst response of muscle spindles in the cat to an imposed
passive stretch followed changes in the rate of rise in force
(dF/dt) as well as acceleration, although later components
correlated better to dF/dt. They conclude that the transient
increase in dF/dt at the onset of lengthening reflects an increase
in short-range stiffness due to actin-myosin cross-bridge dy-
namics. However, it should be pointed out that, like most
investigations of muscle spindles, changes in muscle fascicle
length were not recorded directly in this study and had to be
estimated from changes in joint angle.

Recently, ultrasonography was used to monitor changes in
muscle fascicle length of the tibialis anterior muscle during
passive sinusoidal rotations of the ankle joint in humans (Day
et al. 2017). An example of stretch-evoked firing of a primary
ending is shown in Fig. 5. It can be seen that the spindle
discharge approximated the sinusoidal changes in joint angle
and muscle fascicle length and velocity. Across all spindles

examined, the firing of the spindle could be approximated by a
sine wave that had the same characteristics of the underlying
fascicle length changes, regardless of the amplitude or velocity
of stretch imposed by sinusoidal rotation of the ankle. Al-
though this had been observed directly in the cat (Hasan and
Houk 1975a; 1975b; Matthews and Stein 1969b; Poppele and
Bowman 1970) and in human spindles studied in vitro (Pop-
pele and Kennedy 1974), as well as inferred from studies that
estimated muscle length from joint angle in humans (Kakuda
2000), it had never been directly measured in humans until this
recent study using ultrasonography. During passive rotations of
the ankle, the firing of muscle spindles in tibialis anterior
muscle is highly correlated with changes in fascicle length,
occurring at relatively small, physiological changes in muscle
length and being independent of changes in the muscle-tendon
unit. Given that the tibialis anterior muscle is essentially
quiescent during standing, muscle spindles in this muscle
would serve as ideal proprioceptors, given that they are sig-
naling changes in length of passive muscle (Day et al. 2017).
Muscle spindles in the calf muscles, which are actively en-
gaged in keeping us upright when standing without support,
also have been shown to be sensitive to the types of low-
frequency, low-amplitude angular excursions associated with
standing (Peters et al. 2017).
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Fig. 4. Microelectrode recording from a sponta-
neously active muscle spindle primary ending
located in the extensor hallucis longus (EHL)
muscle. A: the afferent increased its firing dur-
ing stretch of the receptor-bearing muscle in-
duced by passive plantarflexion of the digit at
the metatarsophalangeal joint. B: during a weak
voluntary contraction, the spindle was unloaded
during the first 2 contractions but overcame this
unloading during the third contraction. C: the
spindle responded to vibration (~90 Hz) applied
via a handheld stimulator over the receptive
field within the muscle belly (left) as well as
over the toe nail (right); the latter indicates that
the vibratory stimulus was transmitted ade-
quately through the digit and, via the tendon, to
the muscle. Reproduced with permission from
Macefield (2005). EMG, electromyography;
rmsEMG, root-mean-square electromyography.
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Muscle spindles, unlike cutaneous and joint receptors, re-
spond in only one axis of joint rotation (Burke et al. 1987), that
which causes stretch of the receptor-bearing muscle. Individual
muscle spindles possess a directional sensitivity that allows
them to encode changes in muscle length even during active
contractions (Jones et al. 2001b). Moreover, fitting the firing of
human muscle spindle afferents to various models demon-
strated that the information content in the velocity signal was
~10 times higher than that of the displacement signal (Malik et
al. 2016). Indeed, it has been argued that, given that the
discharge of human primary endings precedes the rate of
change in muscle length, they essentially act in the capacity of
a “forward sensory model,” influenced both by fusimotor drive
during a contraction and future kinematics of the muscle
(Dimitriou and Edin 2010). As a population, muscle spindles in
the different muscles acting about the wrist joint, each of which
has a preferred directional sensitivity, are able to encode
multidirectional changes in joint angle (Jones et al. 2001b).
The same is true for the ankle joint (Bergenheim et al. 2000;
Ribot-Ciscar et al. 2002, 2003; Roll et al. 2000, 2004). This is
shown for the ankle joint in Fig. 6, in which mean spindle firing
in each muscle was fitted to a cosine (A) and the individual
vectors for each muscle computed (B and C). Moreover,
muscle spindles in these muscles can faithfully encode com-
plex movements (Roll et al. 2000), including those emulating
cursive writing (Albert et al. 2005; Roll et al. 2004).

Effects of immediate history on spindle discharge. It is well
established that the discharge of muscle spindle endings is
affected by previous stretch of the receptor bearing muscle
(Edin and Vallbo 1990c) and by previous fusimotor activation
during a voluntary contraction (Macefield et al. 1991; Proske et
al. 2000; Ribot-Ciscar et al. 1991; Wilson et al. 1997. Muscle
spindle discharge can remain elevated for long after a volun-
tary contraction (Wilson et al. 1997). This is not evidence of
ongoing fusimotor drive but of “thixotropy,” the persistence of
actin-myosin bonds formed in intrafusal fibers by the fusimotor
activity that accompanied the contraction but ceased with it. As
noted above, persistence of actin-myosin bonds may allow
muscle spindles to encode the rate of change of intramuscular
force (Blum et al. 2017). Muscle thixotropy has been shown to

have significant effects on proprioception, with knowledge of
joint position being affected by whether the muscle had pre-
viously contracted or was passively held in a lengthened or
shortened position (Proske et al. 2000; Proske and Gandevia
2009, 2012). Sustained vibration applied to the muscle tendon
has been shown to decrease resting spindle firing rate as well
as reduce sensitivity to passive stretch immediately after the
cessation of vibration (Ribot-Ciscar et al. 1998). This phenom-
enon lasted up to 40 s before there was a complete recovery. It
was posited that the changes in spindle activity observed
account for the kinesthetic illusions observed following vibra-
tory stimuli (Roll and Vedel 1982).

Resting fusimotor outflow to human muscle spindles. Be-
cause many muscle spindles are active at rest, due to the
prevailing degree of muscle stretch in the receptor-bearing
muscle, a fall in firing rate during a voluntary contraction is
interpreted as unloading of the spindle by shortening of the
extrafusal muscle. Conversely, if the firing rate is maintained
or increases (or a muscle spindle is recruited) during a volun-
tary contraction, it can be concluded that fusimotor neurons
have been activated. In addition to firing rate, discharge vari-
ability is a useful measure of the effects of fusimotor drive on
muscle spindles. In the decerebrate cat there is significant
resting fusimotor outflow, primarily in static �-motoneurons,
that causes an increase in discharge variability of both primary
(25%) and secondary (6.4%) endings; when the ventral roots
have been cut, and hence fusimotor outflow interrupted, dis-
charge variability decreases to 5.8% and 2.0%, respectively
(Matthews and Stein 1969a). As in the cat, discharge variabil-
ity is higher for the primary than for the secondary endings in
humans, but there is overlap (Burke et al. 1979b; Nordh et al.
1983); mean variability is 3.6% and 8.3% for the secondary
and primary spindle endings, respectively (Nordh et al. 1983).
Matthews and Stein (1969a) noted that there is little difference
between the discharge variability of deefferented muscle spin-
dles in decerebrate cats and that in humans, suggesting that
resting fusimotor drive to spindles is absent in relaxed human
muscles (Burke et al. 1979a, 1981; Nordh et al. 1983). Muscle
spindle discharge and the response to stretch do not change
significantly following complete nerve block (Burke et al.

Fig. 5. Representative tibialis anterior spindle and
fascicle behavior during passive rotations of the
ankle. Recording is from a spontaneously active
primary muscle spindle ending from the tibialis
anterior during 5 passive rotations of the ankle. The
instantaneous firing rate of the identified unit is
shown along with ankle angle and fascicle length
and velocity of a tracked muscle fascicle from the
same tibialis anterior. Reproduced with permission
from Day et al. (2017).
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1979a, 1981). There is some evidence of resting activity in
dynamic �-efferents, which may be increased by reflex action
of cutaneous afferents (Aniss et al. 1990; Gandevia et al.
1994). However, the spontaneous firing rates of muscle spin-
dles recorded from paralyzed leg muscles in people with spinal
cord injury (~10 Hz) were no different from those recorded
from intact individuals; the same was true for discharge vari-
ability (~7%; Macefield 2013). Again, this supports the con-
clusion that there is negligible fusimotor drive to human
muscle spindles at rest. Whether this can be changed in a
task-dependent manner will be discussed below.

Muscle spindle behavior during voluntary contractions.
During a nerve block that preferentially affects �-motor axons,

a greater central drive (effort) is required to contract the
paralyzed muscle; this increases the discharge of spindle end-
ings, presumably because it activates �-efferents (which are
intact during the selective block) directed to the paralyzed
muscle (Burke et al. 1979a). This supports the idea that static
�-motoneurons are activated when subjects volitionally con-
tract a muscle (Vallbo 1974; Vallbo and al-Falahe 1990;
Vallbo et al. 1979). When the contraction is isometric, the
fusimotor activation is usually sufficient to enhance the back-
ground firing of spontaneously active spindles, increase their
discharge variability, increase their static response to stretch,
and reduce the pause in discharge that occurs on muscle
shortening (Burke et al. 1979b; Vallbo 1971, 1973, 1974).

Fig. 6. A: mean discharge frequency of the whole sample of muscle spindle afferents for each differently oriented and maintained target position and for each
recorded muscle. The direction of the target relative to the home position is given on the abscissa. Each of the muscle spindle populations coded the different
positions according to a cosine-tuned function whose equation and coefficient of determination are given above each graph. B: the neuronal population vector
model. Each diagram gives the result in one maintained position. The origin point of the vectors represents the target. Thin lines correspond to the population
vector of each muscle; i.e., the direction of each vector corresponds to the preferred sensory direction of the muscle, and the length corresponds to the mean firing
rate of the population of afferents of that muscle. The sum vector of all 6 population vectors is shown in bold. The center diagram gives the mean activity of
each muscle population at the home position (foot in neutral position). C: individual and sum population vectors for all muscles. EDL, extensor digitorum longus;
EHL, extensor hallucis longus; TA, tibialis anterior; PL, peroneus lateralis; GS, gastrocnemius soleus; TP, tibialis posterior. Combined from Figs. 3 and 4 of
Ribot-Ciscar et al. (2003) and reproduced with permission.
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There is also a suggestion that voluntary effort also activates
dynamic �-efferents (Kakuda and Nagaoka 1998), and some
indirect evidence that � (skeletofusimotor)-efferents can be
activated both by voluntary effort (Aniss et al. 1988) as well as
during transcranial stimulation of the motor cortex (Rothwell et
al. 1990).

When voluntary contractions produce muscle shortening, the
enhanced fusimotor drive can be sufficient to maintain or even
increase spindle discharge, but this occurs only if the move-
ment is slow or if the muscle is contracting against a load
(Burke et al. 1978a, 1978b). This can be seen in Fig. 4B, in
which the muscle spindle is unloaded during the slow contrac-
tion on the left but maintains its discharge during the longer
contraction on the right. The increase in spindle discharge
usually occurs after the onset of EMG activity in the contract-
ing muscle, at a latency of some 20–50 ms when the contrac-
tions are rapid and phasic (Hagbarth et al. 1975; Vallbo 1971).
The latency of spindle acceleration can vary with contraction
speed and is consistent if the contraction is performed precisely
the same way each time (Burke et al. 1978c, 1980; Wilson et
al. 1997). In slow ramp contractions, it is likely that most
spindle endings activated in the contraction will increase their
discharge relatively early in the contraction (Edin and Vallbo
1990b; Wilson et al. 1997). This implies that at least some of
the fusimotor neurons innervating a spindle are recruited early
in the contraction. In isometric contractions, spindle discharge
increases in proportion to contraction strength (Vallbo 1974),
largely because the discharge rates of the activated spindles
increase with contraction strength. Although there has been
clear evidence of �-� coactivation in all voluntary contractions
examined so far, there has been some evidence that the balance
between the � and � drives can be varied (Burke et al. 1980;
Hulliger et al. 1985). This would be expected given that
different descending pathways have quantitatively different
effects on �- and �-motoneurons, and many peripheral afferent
inputs have different reflex effects on �- and �-motoneurons
(Aniss et al. 1990; Gandevia et al. 1994). However, one thing
is clear: there is no evidence of spindles being recruited, or
increasing their background discharge, before the onset of
EMG, a pattern that would be expected from the servo-control
theory of Merton (1953). Indeed, it was the seminal work of
Vallbo (1971) that conclusively demonstrated that spindle
discharge lags behind the activation of �-motoneurons, as
evidenced from the latency of firing from the onset of EMG in
the contracting muscle.

As noted above, in passive conditions, human muscle spin-
dles can faithfully encode angular position. However, during
voluntary contractions, this sensitivity to length changes is
essentially lost, particularly during movements that cause
shortening of the muscle but even during lengthening move-
ments (Jahnke and Struppler 1989). When subjects are asked to
actively hold a constant position, there is no relationship
between joint angle and spindle firing (Hulliger et al. 1982;
Vallbo et al. 1981), with spindle firing being better related to
load rather than angular position (Vallbo et al. 1981). More-
over, during fast voluntary movements, most spindles are
silenced during shortening contractions, although some exhibit
an increase in firing that reflects an increase in fusimotor drive
as force is built up in the contracting muscle (al-Falahe et al.
1990a, 1991). Nevertheless, whereas muscle spindles in the
agonist muscle may be poor at encoding position during

contraction, those in the antagonist muscle are not: as the
agonist muscle shortens, the antagonist lengthens, providing
spindles in the stretched muscle with length and velocity
information that they can faithfully encode (Dimitriou 2014;
Ribot-Ciscar and Roll 1998). When the agonist and antag-
onist co-contract, however, spindle firing is higher; this may
possibly reflect the smaller length changes (to which muscle
spindles are more sensitive) in this condition (Nielsen et al.
1994).

Muscle spindle behavior during complex motor tasks. Al-
though most studies of human muscle spindles have used
simple, and usually isometric, contractions of the receptor-
bearing muscle, there have been some studies in which more
complex volitional movements have been examined. When
subjects were asked to grip an instrumented manipulandum
between finger and thumb using the precision grip, randomly
occurring increases in tangential force at difference amplitudes
and rates generated automatic long-latency increases in grip
force that prevent slip and loss of grip of the manipulandum:
this caused increases in muscle spindle firing in the finger
flexor muscles during the evoked increases in grip force,
increases that reflected the rate of rise in grip force, but there
was no evidence of an increase in spindle firing in anticipation
of the movement and no increases in spindle firing because the
imposed tangential load increased before the generation of the
grip response (Macefield and Johansson 1996). When subjects
were asked to reach, grasp, and lift objects (blocks of different
size), both primary and secondary muscle spindle endings in
the finger extensor muscles increased their activity in a manner
that reflected the velocity of the finger kinematics, with pri-
mary afferents also signaling acceleration, but neither class of
spindle encoded the changes in muscle length or provided
information on the size of the grasped object (Dimitriou and
Edin 2008a).

Likewise, primary spindle endings in the wrist extensors
encoded velocity and acceleration of the wrist kinematics
during a key-pressing task, with secondary endings signaling
velocity, but neither class of spindle afferent encoded changes
in muscle length (Dimitriou and Edin 2008b). Mean data from
15 primary and 8 secondary spindle endings, located in the
extensor carpi radialis muscle, are shown in Fig. 7. Subjects
used their middle finger to press keys on a 3 � 3 keyboard,
resulting in the parent muscle being either long or short during
the task. For the key sequences shown, both acceleration and
velocity influenced the primary afferents, but only velocity
affected the secondary afferents. The authors suggested that for
the central nervous system to estimate the length or velocity of
a muscle from the firing of muscle spindles, additional infor-
mation would be required not only about the central command
to the extrafusal and intrafusal muscle fibers but also about the
mechanical properties of the load, including muscle-tendon
compliance on which the muscle acts. Indeed, volitional con-
traction of a finger against a viscous load revealed no specific
signals in the spindle afferents that could encode the decrease
in compliance (McNulty et al. 2008). Again, the central ner-
vous system presumably disambiguates information on load by
comparing the central command required to perform the move-
ment with the resultant sensory feedback and the expected
sensory feedback.
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INDEPENDENT CONTROL OF HUMAN FUSIMOTOR NEURONS

Despite the obvious links established in animal studies,
including the elegant chronic recordings from muscle spindle
afferents in awake behaving cats (Prochazka and Gorassini
1998a, 1998b), there are relatively few studies in humans that
support significant independent modulation of spindle gain via
the fusimotor system. Nevertheless, reflex connections of hu-
man fusimotor neurons with cutaneous and muscle afferents

(Aniss et al. 1990; Gandevia et al. 1994), as well as visual
inputs (Jones et al. 2001a), have indicated the potential sub-
strate for such independent control to exist. Vestibular stimu-
lation is a potent stimulus for fusimotor neurons in the
hindlimbs of the cat (Carli et al. 1967; Diete-Spiff et al. 1967;
Grillner et al. 1969, 1970; Lund and Pompeiano 1965; Rubin et
al. 1977), but studies in relaxed (Bent et al. 2007; Gandevia et
al. 1994; Ribot-Ciscar et al. 2000) and active (Aniss et al.
1990; Bent et al. 2013; Jones et al. 2001a; Nafati et al. 2004)
muscles have yet to demonstrate independent fusimotor
changes in response to vestibular stimulation. Even in the
near-vertical position, in the presence of ongoing EMG in the
leg muscles (and presumably an increase in vestibulospinal
drive), no evidence of independent fusimotor-driven changes
in spindle sensitivity has been found (Knellwolf et al. 2016),
although whether the same will be true when subjects are
standing freely and exposed to postural perturbations re-
mains to be seen. Recently, a small change in dynamic
sensitivity of muscle spindles in the leg to passive rotations
about the ankle joint was found when subjects listened to
emotionally charged but not emotionally neutral music
(Ackerley et al. 2017). A recent immunohistochemical study
provided morphological evidence for the presence of sym-
pathetic innervation of human muscle spindles, identifying
neuropeptide Y receptors on intrafusal fibers (Radovanovic
et al. 2015). However, experimentally it has been shown that
sustained increases in muscle sympathetic outflow have no
effect on spindle firing rate or discharge variability (Mace-
field et al. 2003). There also have been investigations into
the effect of noxious stimuli on fusimotor drive. A model for
chronic musculoskeletal pain syndromes was established in
anesthetized animals based on the reflex activation of
fusimotor neurons by nociceptor response (Johansson and
Sojka 1991). Unfortunately, following the same trend as
other candidates for independent control, when this poten-
tial reflex excitation of fusimotor drive was investigated in
awake human subjects, during the deep pain produced by
injection or infusion of hypertonic saline into the tibialis
anterior muscle, no net change in the spindle firing was seen
(Birznieks et al. 2008; Fazalbhoy et al. 2013).

It is generally accepted that fusimotor and skeletomotor
neurons are coactivated during voluntary contractions in hu-
mans, with little evidence of independent control of the two
motor systems, a point first made by Vallbo (1971). Many
studies have since shown that the �- and �-motoneurons are
coactivated (Al-Falahe et al. 1988; al-Falahe 1990a, 1990b;
Kakuda et al. 1996; Wilson et al. 1997). However, it is
reasonable to think that changes in the gain of human muscle
spindles are likely to occur in a task-dependent manner. In-
deed, there has been some evidence to suggest that fusimotor
neurons can change the sensitivity of muscle spindles indepen-
dently of changes in EMG, and hence the activity of �-mo-
toneurons. When subjects perform a precision aiming task that
had to be adapted to changes in visual feedback, the firing of
muscle spindle afferents did not increase, but rather decreased,
which the authors suggested allows the central nervous system
to resolve the conflict between proprioceptive and visual feed-
back during the task (Jones et al. 2001a). Whereas some
investigators have found no evidence of selective recruitment
of fusimotor neurons (Gandevia and Burke 1985; Gandevia et
al. 1997; Kakuda et al. 1996, 1997; Wessberg and Vallbo

Fig. 7. Ensemble responses of muscle spindle afferents from the radial wrist
extensor (RWE) muscle. A: averaged muscle length, velocity, acceleration
(Accel), and EMG signals, along with the corresponding ensemble discharge
rates (impulses/s) of type Ia (n � 15) and type II afferents (n � 8) from the
RWE, for a “long” key 3 and a “short” key 7. Shaded areas around means
represent � SD. B: qualitative comparisons of ensemble discharge profiles and
acceleration (red) and velocity (blue). C: reconstructions of the observed
ensemble discharge rates shown in A. Continuous lines represent the observed
values, and circles represent the values predicted from linear regressions using
the kinematics signals and RWE EMG as independent predictors. Reproduced
with permission from Dimitriou and Edin (2008a).
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1995), others have when attention to the task is required
(Hospod et al. 2007; Ribot-Ciscar et al. 2000, 2009). Kakuda et
al. (1996, 1997) found that fusimotor activity was higher
during a precision task involving the fingers but that the effect
was not independent of the increase in skeletomotor activity.
Conversely, Ribot-Ciscar and colleagues found evidence for an
increase in spindle sensitivity during reinforcement maneuvers
(Ribot-Ciscar et al. 2000) and as a function of task requirement
(Ribot-Ciscar et al. 2009). Hospod et al. (2007) examined the
effects of attending to either the movement or final position of
an imposed ankle movement on spindle firing, showing that the
balance of dynamic and static fusimotor drive to the spindle
was shifted by directing one’s attention to the foot. However,
it must be emphasized that the observed changes that support

independent fusimotor drive were very small, and certainly not
as impressive as those documented in the cat. There is evidence
that human muscle spindles also receive � innervation, i.e., a
common axon that supplies both extrafusal and intrafusal
muscle fibers (Kakuda et al. 1998), a mechanism that ensures
coactivation of �- and �-motoneurons. Nevertheless, modeling
does suggest that selective control of the dynamic and static
�-motoneurons is required to fully generate the repertoire of
human movement and posture (Li et al. 2015). Indeed, most
recently, Dimitriou (2016) showed that changes in spindle
behavior during a visuomotor learning task cannot be fully
explained by differences in muscle activity, but rather reflect
an increase in fusimotor drive in the stage at which subjects
have learnt (adapted) to the task.

Fig. 8. Intraneural recordings from muscle fascicles of
the common peroneal nerve (CP) during muscle stretch
in a control subject (A), a patient with hereditary sen-
sory and autonomic neuropathy type III (HSAN III; B),
and a patient with HSAN IV (C). A: single-unit record-
ing from a muscle spindle secondary ending located in
the extensor hallucis longus muscle; the afferent re-
sponded during passive plantarflexions of the big toe. B:
complete absence of muscle spindle afferent activity in
the peronei fascicle during muscle stretch induced by
passive inversion of the foot. C: recording from a
muscle spindle primary ending located in the extensor
digitorum longus muscle; the afferent responded dy-
namically during passive plantarflexions of the toes. In
all traces, black horizontal bars indicate periods of
passive stretch of the receptor-bearing muscle. Subject
ID is represented by initials in top right corner of each
panel. Reproduced with permission from Macefield
et al. (2011).
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EFFECTS OF MUSCLE SPINDLE ACTIVITY ON MOTOR
ACTIVITY

It is well known that muscle spindles exert short-latency
positive feedback onto �-motoneurons in the spinal cord,
although the synaptic strength of individual muscle spindles is
weak; the same is true for individual muscle spindles in
humans, as assessed using spike-triggered averaging of EMG,
whereas the synaptic coupling of tactile afferents to motoneu-
rons is strong (Fallon et al. 2005; McNulty and Macefield
2001, 2002). In long, fatiguing contractions, muscle spindle
discharge is maximal initially at the beginning of a contraction
and then decreases by about one-third at the end, which implies
that feedback support to the contraction is initially maximal but
subsequently falls (Macefield et al. 1991). A further implica-
tion is that, contrary to initial views, the �-efferent system is
not mobilized to compensate for fatigue. When a motor nerve
is blocked distal to the recording site, recordings can be made
from �-motoneurons deprived of feedback support from end-
ings in the now-paralyzed muscle (Gandevia et al. 1990, 1993;
Macefield et al. 1993). The discharge rates of motor axons
reach roughly two-thirds of those of normally intact motor
units, a finding that suggests significant feedback support to the
contracting motoneuron pool. However, whether this occurs
through segmental, suprasegmental, or cerebral pathways (or
all) is not known. Nevertheless, despite it being more difficult
to maintain motor unit firing in the absence of muscle afferents
feedback, subjects can still recruit and de-recruit motoneurons
and modulate their firing rates given only knowledge of the
central command (effort) that they are sending to the muscle.

What happens to motor control when spindle input is absent?
Patients with complete large-fiber sensory neuropathy are crit-
ically dependent on vision to control the positions of their
limbs in space, having lost input from large-diameter afferents
originating in both muscle and skin (Cole and Sedgwick, 1992;
Lajoie et al. 1996; Rothwell et al. 1982). It was recently shown
that patients with hereditary sensory and autonomic neuropathy
type III (HSAN III), also known as familial dysautonomia or
Riley-Day syndrome, are devoid of functional muscle spindles
in the legs, which fits with the loss of tendon and H-reflexes in
these individuals (Macefield et al. 2011). They also have
greatly elevated pain thresholds. Conversely, patients with
another congenital sensory and autonomic neuropathy (HSAN
IV), also known as congenital insensitivity to pain with an-
hidrosis (CIPA), have intact muscle spindles, as shown in Fig.
8. Unlike individuals with large-fiber sensory neuropathy,
those with HSAN III and HSAN IV have preserved large-
diameter cutaneous afferents, although small-diameter cutane-
ous afferents are greatly reduced (Macefield et al. 2011).
Nevertheless, their proprioception is greatly affected in these
individuals, as is their gait and capacity to point at a target
(Macefield et al. 2013), arguing for an important role of muscle
spindles in many aspects of human motor control.

CONCLUDING REMARKS

Microneurographic studies of muscle spindle behavior in
awake human subjects have contributed much information that
corroborates what we know from studies in experimental
animals. Muscle spindles provide length and velocity informa-
tion in passive conditions, but this is largely lost in active
conditions, suggesting that the central nervous system must

disambiguate the sensory feedback provided by muscles spin-
dles (and Golgi tendon organs) and central command during a
voluntary contraction. Whether there is independent control of
fusimotor neurons in humans is still debated, and it is highly
likely that such independence is critically dependent on the
task and on the muscles being investigated. Indeed, one would
expect motor control strategies in the hand, involved in precise
movements, to differ from those in the leg, engaged in postural
and locomotor activities. Nevertheless, when evidence has
been provided, the independence of fusimotor and skeletomo-
tor outflows has been shown to be much weaker than that in the
cat.
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