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By Beverly Cusick, PT, MS, COF/BOC

I n Part 1 of this series, we reviewed the
influences of normal, strain-inducing
mechanical loads on developing bone
geometry and joints. Here, we’ll briefly
examine the connective and muscle tissues

C erebral palsy (CP) is an “umbrella term”
for a group of non-progressive, but often
changing, motor impairment syndromes
secondary to abnormalities of the brain arising
in the early stages of its development. ' P> It is
the most common movement disorder in
children. Its prevalence is 2 to 2.5 cases per 1000
live births *7 and is increasing due to better

as they mature.* Speech deficits associated
with CP have significant functional conse-
quences including difficulties in academic
advancement, social and emotional devel-
opment, eventual independent living, and
work force participation. There are limited
reports on the efficacy of speech treatment
for children with CP, so there is a great need

in similar contexts, with a discussion of
the relationship between the history of
muscle recruitment and clinical evidence
of muscle imbalances and soft tissue trans-
formation. In Part 3 in a future issue of
Network, T'll discuss the normal neonatal
soft tissue constraints described here as
they influence the skeletal and joint
modeling process.

for research in this
area.""” The neuromotor
bases of speech and
voice disorders, which
may guide treatment
delivery models in
children with spastic CP,
are not well under-
stood.>"*" Physiological
studies of children with
spastic CP to test the
plasticity of their senso-
rimotor systems are
virtually non-existent.
Pharmacological (e.g., Botulinum toxin,
Baclofen) and surgical (e.g., selective dorsal
rhizotomy) interventions can alleviate some
of the positive motor signs associated with
spastic CP. *** Behavioural approaches have
been used to treat motor and sensory
function in children with spastic CP. Of these,
neurodevelopmental treatment (NDT)"*
has been the predominant form of inter-
vention. There is however, a growing body

survival rates of very low
birth  weight
Spastic CP is the most
common type. Spastic CP
generally correlates with a
lesion(s) in the motor
cortex and its descending
white matter tracts.
Affected individuals exhibit
a constellation of motor
signs such as: (a) increased
tone, (b) hyperactive
reflexes, (c) discordant
mass activation of muscles,
(d) weakness, (e) decreased speed of movement,
and (f) decreased endurance.* Although motor
signs are often discussed in relation to limb and
body movements, these signs can negatively
affect the speech of children with spastic CP.
Associated speech disorders include hyper-
nasality, breathy voice quality, monotonous speech,
reduced loudness, uncontrolled rate and rhythm
of voice, disordered respiration, weak respiratory
muscles, and disordered articulation.” ™ Children
with spastic CP are at risk for deteriorating speech

infants.

Speech deficits
associated with CP have
significant functional
consequences including
difficulties in...social
and emotional devel-
opment...and eventual
independent living.

MUSCLE TISSUE MODELING
AND GROWTH

Nutrition, hormones, electrical activity,
and the application of mechanical
forces—particularly tension—combine
to regulate the configuration and size of
skeletal muscle. Active and passive
mechanical forces significantly influence
muscle tissue morphology, though the
operative physiologic mechanisms are
poorly understood. Muscle growth rate
is tightly coupled to bone growth rate.'
The rapidly growing embryonic skeleton
applies tension to the attached muscles.
The tensile strain contributes to muscle
fiber formation—  (continued on page 9)

(Speech Motor Control continued on page 16)
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(Pediatric Orthopedics Part Il continued from page 1)

with increases in sarcomere (muscle cell)
number, length, and cross-sectional width—
and to muscle fascicle (fiber bundle) organ-
ization. Only Type I (tonic) muscle fibers
are present in early gestation. By the end of
gestation, Type I and II (phasic) muscle
fibers are about equal in number.”
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The postnatal, innervated and activated
skeletal muscle endures a variety of patterns
of normally-applied tensile (elongation)
strains that regulate longitudinal and cross-
sectional myofiber growth.* Neonatal skeletal
muscle contains less than 20% of the normal
adult number of sarcomeres that align in
series to form a muscle fiber. Prostaglandins
might be the most significant of all physio-
logical factors in the relationship of
mechanical forces and growth as they
influence both muscle and bone. Sarcomere
length, size, and number are continually regu-
lated by means of total protein
(prostaglandin) synthesis and degradation.

The muscle growth center is at the muscu-
lotendinous junction. Muscle fiber differen-
tiation is followed by muscle growth in cross-
sectional area, as existing fibers hypertrophy,
and by growth in length with the addition of
sarcomeres.” Muscle fiber properties become
tailored to their history of activation, resulting
in a relatively homogeneous population of
fiber types within a normal motor unit.®

FIBROUS TISSUE MODELING

The main component of the fibrous tissue
matrix is Type I collagen, which consists of
tropocollagen molecules with fixed lengths,
assembled in variable quantity and config-
urations that alter tissue length, weight, and
tensile strength. As occurs in bone and
muscle, predetermined growth in fibrous
tissue length occurs at the ends of the
tendons, ligaments, and fascia, rather than
in the middle. Growth in length responds

primarily to circulatory and systemic, rather
than mechanical, factors. As fibrous tissue
is made, existing tension loads and strains
direct the organization of the collagen fibers
to align parallel to the major loading vectors.
They therefore model in response to
mechanical usage.”

Fibrous tissues model into three kinds of
structures’:

I. Fascial sheets, like cloth, provide
tension, rigidity, and strength in various
directions within the plane of the structure,
and can transfer tensile loads (example: the
intermuscular septae).

2. Ligaments or tendons confine the
same rigidity and strength as fascial sheets
to a single axis or line, to transfer tensile
loads between bones, or from muscle to bone
(examples: the iliotibial band and the plantar
aponeurosis).

3. Loose, three-dimensional networks
or mesh bind together the various cells
and noncollagenous intercellular compo-
nents of organs such as subcutaneous tissue
(example: the perimysium surrounding
muscle fibers)

Loose Connectlyve Tissue

The tropocollagen fibers are bound
together by cross-links that provide the
mature tissue with tensile strength and
stiffness. Repeated dynamic tension loads—
of normal magnitude, yet greater than the
tissue’s threshold for activating the
modeling process—bring about an increase
in both the diameter of assembled fiber
bundles and the number of crosslinks.
Thus, strength and stiffness increase
throughout the structure.®

Infants show ligament laxity as
intrauterine soft-tissue constraints resolve.

In a British study of more than 3000 nondis-
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abled children age 1 week to 18 years, 50%
showed evidence of generalized joint laxity
at age 3 years; 5% at age 6 years; and less
than 1% at age 12 years’. Females showed a
higher incidence of joint laxity than males
at all ages. However, 2 other studies found
that 10% to 12% of participating school-
aged children showed evidence of gener-
alized ligament laxity.'*""

Clinical implications of fibrous tissue
modeling deficits

Jaffe et al'* identified joint hypermobility,
with no evidence of other problems such as
generalized developmental delay, in 126 of
715 infants, ages 8 to 14 months. Of the
infants with hypermobility—particularly
into hip abduction, elbow hyperextension,
and ankle dorsiflexion (DF)—30.2% showed
early motor delay. Of the 569 remaining
subjects with normal joints, 10.9% showed
motor delay. Six months later, 65% of the
delayed hypermobility group, and 79.2% of
the delayed infants in the other group had
resolved their motor delays.

The reported prevalence of persistent or
excessive ligament laxity in children of all
ages warrants the clinician’s attention. Joint
hypermobility has been associated with pain,
an increased incidence of ligament injuries
in sporting activities, and premature
osteoarthritis in adulthood." The attending
physical therapist might suggest specific
strengthening postures and activities,
perhaps with the judicious use of taping, or
elastic or orthotic joint support systems, to
promote muscular stability at joints that
exhibit ligament laxity.

Example: An infant with ligament laxity
might routinely distribute her weight antero-
medially on her feet, or exhibit predominantly
static, rather than dynamic and variable, foot
postures in standing positions. In such cases,
the arch-supporting ligaments can be
protected from enduring accelerated creep
deformation with the use of appropriately
designed and fitted heel stabilizing cups or

41516 such as those from

shoe inserts
SureStep™ Dynamic Stabilizing System

(www.surestep.net).  (continued on page 10)
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(Pediatric Orthopedics Part Il continued from page 9)

THE LENGTH-TENSION
RELATIONSHIP

Muscle can generate contractile force of
varying magnitudes, depending upon:

+ The joint angle

+ The length of the moment arm
connecting the joint axis and a line of
muscle tension, intersecting perpendi-
cular to the line of pull

+ The cross-sectional area of the muscle
fibers

+ The overlap of contractile filaments
within the sarcomeres

+ The angular velocity occurring during
the motion

+ The existing coefficient of friction.

+ The speed of a precontractile elongation

The active and passive length-tension
relationships are functionally interrelated
in the lower extremities. Resting muscle
length (RML) occurs on the arc of passive
muscle extensibility (the passive length-
tension curve) at the length at which the
muscle first exhibits resistance to stretch."”
This first encounter with resistance to rapid,
passive elongation is described by various
authors as “L,” and “L, >'"'***“R, 7 “initial
end range,”*"” “AOZ},” “functional” or
“spastic” end range,” “dynamic length,”**
and, commonly, “first-catch” end range.
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For recording convenience and consistency,
T use Maitland’s terms: R, end range describes
this clinically evident indicator of RML, and
R, end range indicates the maximum length
both available and tolerable.”

The passive length-tension relationship
normally exhibits a relatively easy excursion

Figure 1. Normal passive |

« Figure 2. Normal active |
and passive length tension |
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through the first half of applied elongation,
revealing more gain in length than in tensile
resistance, and appears as a low slope on the
length-tension curve (Figure 1). The last half
of the range of available extensibility demon-
strates increasing resistance to passive elon-
gation compared with a diminishing gain in
muscle length, and appears as a steeper slope
on the curve.

The relationship between joint angle,
existing muscle length, and the capacity to
generate isometric contractile force, is
described as the active length-tension rela-
tionship (Figure 2). The active length-tension
curve is bell shaped. Resting muscle length
(RML) describes the joint angle and muscle
length at which a muscle or muscle group
can generate maximum isometric contractile
force, and is evident as the peak of the active
length-tension curve. At RML, actin and
myosin filaments are overlapped for
optimum tensile force generation.'”*!

Neonates exhibit “physiologic flexion™—
aresistance to passive extension—revealing
the presence of adaptive shortening and
elevated muscle tone (resistance to passive
stretch) in the shortened musculature and
associated soft tissues located on the concave
side of all flexed joints.”

As the lacks
movement, the force generation potential of

neonate volitional
physiologic flexion is unknown, though one
might consider that there is some associ-
ation with survival by clinging (in flexion)
to a tree-climbing, branch-leaping mother.

Physiologic flexion resolves most
notably—though not entirely—in the first
two postnatal months. Nondisabled children
between ages 1 and 3 years usually exhibit
no discernable R, end range during tests of
muscle extensibility. Physiologic adaptation
to the typical history of lower-extremity
muscle use appears to set the R, end range on
the slope of passive extensibility, and is a
developmental characteristic that generally
appears in hamstring and calf musculature
at about age four years. The length of muscle
at which R, occurs gradually diminishes, and
the magnitude of resistance encountered at
R, end range increases with growth in the
context of appropriate physical activity.
Children who are highly active show higher

magnitudes of resistance at R, end range
than their less active peers.

A developmental reduction in extensibility
between R, and R, end ranges also occurs
normally in response to the history of muscle
use. The normal ankle dorsiflexes to about 30
degrees in children less than age four years
who are positioned comfortably in prone
with the knee extended to 0 degrees and the
foot joints aligned in congruity. This R, end
range diminishes to a more common 10
degrees in adults.

Clinical implications of use-related
development of soft-tissue stiffness

The RML is the strongest point in the range
of available muscle length for generating
isotonic force, and corresponds with a
discernable clinical finding of resistance to
lengthening applied quickly, lightly, and
passively (R, end range). Therefore, R, end

A
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Figure 3. Passive Length-Tension Curve for hypoex-
tensible muscle and soft tissues.

range is a meaningful and measurable clinical
observation.”*

Tardieu et al (1987) suggest that R; end
range, in children with CP and shortened soft
tissues, indicates the presence of connective
tissue elaboration and strengthening, and that
the growth-potential, length, and health of
the muscle fibers are evident in the extensi-
bility to maximum end range. Based on
reports of animal studies of in vivo cast immo-
bilization effects, these authors hypothesized
that an observed gain in R, extensibility repre-
sents increased connective tissue and/or
tendon length, and that an increase in the
excursion between R, and R, end range
implies that the (continued on page /1)
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(Pediatric Orthopedics Part Il continued from page 10)

sarcomeres were added in series to the muscle
fiber. Furthermore, a clinical observation of a
lack of excursion past R, end range indicated
a dysfunctional trophic capacity and a poor
prognosis for a lasting effect of conservative
soft-tissue lengthening measures, such as
casting, stretch splinting, or positioning.

EFFECTS OF EXCESSIVE
RECRUITMENT AND
IMMOBILIZATION IN
SHORTENED STATE

The adaptive changes in structural configu-
ration at the cellular level of muscle and soft
tissues with extraordinary functional and
length demands are a relatively recent obser-
vation. These transformations that increase
soft tissue stiffness are often misconstrued
as “spasticity”. The presence of spasticity can
increase the magnitude of stiffness, but
stiffness is not evidence of—and can develop
without—spasticity. *****

Figure 4.
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sound exami-
nation of lower
extremity muscle fascicles **° and sophisti-

cated histological examinations of biopsied
tissues of children with and without cerebral
palsy.”*>* Researchers using these tech-
nologies have led the medical community to
reconsider accepted theories—drawn from
small mammal studies—regarding the
length-changing behavior of human muscle
and connective tissues. For example, we now
know that serial sarcomere number adap-
tation to imposed changes in muscle length
and activation appears to occur in small
mammal muscle, and not in human muscle
unless the tendon has been surgically
lengthened.” Sarcomeres lose extensibility at
shorter lengths.”*** Collagen proliferation,

TISSUE

primarily in the perimysium, remains a major
human transformation trait (Figure 4).”
Peripheral nerves can become entrapped,
and blood vessels, nerves, and skin adapt to
the shortened state of the transformed
muscle.”®” Gracies (2005a and b) reviews
the literature describing the patho-physi-
ology of the cycle of spastic paresis leading
to disuse leading to paresis following UMN
lesion and chronic, excessive muscle activity
vs. immobilization. The scope and detail of
this two-part review article exceed the scope
of this work. Readers of this essential resource
might keep in mind the current evidence
suggesting that the small mammalian striated
sarcomeres do not appear to behave like
comparable human muscle. I interpret the
common, age-related increase in stiffness
between R, and R, end ranges in individuals
with CP that features either excessive, tonic-
type muscle recruitment, with or without
spasticity, as evidence  (continued on page 12)
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(Pediatric Orthopedics Part Il continued from page 1)

of progression of the process of pathologic
soft tissue and muscle transformation.

Clinical implication: Herbert long ago
differentiated between the capacity of muscle
and soft tissues to exhibit increased exten-
sibility and ROM by way of transitory
viscous deformation—a common event in
the context of a therapeutic exercise session
that reveals the transient, elastic properties
of the tissues—and the conditions that are
required for true physiologic adaptation to
occur in the same tissues."” The effects of
prolonged, low-load (gentle) elongation on
animal striated muscle are well-docu-
mented.” Clinical observations of improved
extensibility following routine positioning
and serial casting interventions support the
premise that long, gentle stretch over time
fosters lengthening physiologic adaptation.
Though we have learned that sarcomere
number loss occurs in calf muscles in
children with CP who have undergone
surgical tendon lengthening, we have yet to
learn the characteristics of lengthening
changes at the cellular level in human muscle
after casting and positioning.”

MUSCLE BALANCE THEORY
AND THE DEVELOPING
ACTIVE LENGTH-TENSION
RELATIONSHIP

Sahrmann (2002) describes in detail the
physiologic and kinesiologic effects of
muscle recruitment strategies on muscle and
soft-tissue extensibility, though she does not
address the pediatric developmental aspects
of this process.” However, Bly (1994) has
elegantly and (I expect inadvertently) illus-
trated Sahrmann’s principles as they apply
to early neuromotor development. For this
reason, I refer the reader to both sources as
essential reading, and present a brief
overview of Sahrmann’s principles here. The
relationship between Sahrmann’s and Bly’s
principles will be made evident in the next
article in this series.

Sahrmann’s fundamental observations
and hypotheses pertaining to muscle balance
and muscle imbalance are these:

+ Resting postures influence muscle
recruitment strategies—for better or worse.

All muscles operate in force couples.
Force couple balance maintains kinesio-
logically correct joint alignment and
longevity.

Force couple imbalances feature dominant
(over-recruited) and dominated (under-
recruited) muscles.

Figure 6
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Sahrmann observed that dominant

muscles in a force couple:

Lose extensibility over time, and appear
shortened or hyperactive in a passive
ROM assessment

Are recruited first in the activation
sequence—which is also true of Type-1
(tonic) muscle fibers

Reveal the significance of the role of that
muscle or group in the existing functional
recruitment strategy. Shortened or “irri-
table” muscles (pre-shortened) tell you that
they are used a great deal.

Lead the clinician to identify the under-
recruited, dominated muscles by postural
observation (underused muscles permit
postural convexities), and by deduction
(i.e. if the rectus femoris is dominant, the
quadriceps and iliopsoas are evidently
dominated; if the triceps surae are
dominant at the ankle, the anterior tibilais
and long toe extensors are dominated).
Lead the clinician to identify relative flex-
ibility site(s), where the person draws
compensatory motion. Examples: The
dominant rectus femoris imposes mobility
demands on the lumbosacral joint and the
patella (Figure 5). Or the dominant triceps

TISSUE

surae restricts ankle dorsiflexion, imposing
mobility demands on various neighboring
joints, including the midtarsal joint, the
metatarsophalangeal joints, the knee joint,
and the first ray.

Force couple imbalances induce joint
malalignment at the site at which they
operate, and eventually, microtrauma and
pain at the primary site and/or at rela-
tively flexibile site(s).

Force couple imbalances produce length-
tension alterations revealing weakness in
both the dominant and the dominated
muscle when compared with the normal-
length muscle (Figure 6).* Shortened
(dominant) muscle — though it activates
first in the recruitment sequence,
generates less maximum force than
normal-length muscle. Overlong (domi-
nated) muscle generates more force at its
RML, but less than normal maximum
force at the kinesiologically correct length.

Implication: Strengthening both short
(weak) and long (weak) musculature is an

essential

component of therapeutic

management and of lifelong body care.

Muscle imbalances can develop in the
presence of:

Disturbances in muscle recruitment due
to CNS dysfunction, e.g. synergistic
action, mass action, coactivation, and
altered activation timing.
Pathomechanical resting postures, e.g.
reclined in an infant seat, or sitting with
a rounded spine.

Inappropriate or excessive distances
between load-bearing joints and the
vertical body weight load lines in sagittal
(Figure 7) and/or frontal (Figure 8) planes.
Inappropriate distribution of the body
center of mass (COM) over the feet, e.g.
anterior displacement of the torso, results
in chronic and excessive recruitment of
the dorsal musculature in order to remain
upright. This is a key concern for children
for muscle and soft-tissue status and
function in children with diplegic CP.

Sahrmann s Principles for Managing
Muscle Imbalance

Optimize resting postural alignment;
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(Pediatric Orthopedics Part Il continued from page 12)

Figure 7

Figure 8

Fig 7. A: 2 year-old nondisabled girl

Fig 7. B: 2 year-old girl with diplegia:
excessive distance between joints and
vertical load lline

Fig 7. C: 4 year-old boy with diplegia:
anterior CoM placement.

Fig 8. 7 year-old boy with diplegia;
frontal plane CoM placement shows
lack of lateral shift, with compensatory

lateral lurching.

A. 4-year-old with right Obstetric Brachial Plexus Injury, post 3 surgeries shows many postural compensations
thatare seen in children with hemiplegic CP. B. Pelvis strapped to reduce deviation to right (shortening the long
abductors). C.Thorax strapped to reduce left upper trunk deviation, restoring alignment over pelvis. Right arm
strapped for shoulder retraction, lateral rotation, and forearm supination. D. Scapular stabilization straps assist with

the plan to gain scapulo-humeral disassociation.

improve postural alignment and use of
the base of support.

+ Address relative flexibility sites.

+ Work toward optimum muscle length.

+ Give a more effective strategy before you
remove an existing one.

+ Shorten long muscles before you lengthen
short muscles.

+ Work toward optimum gravitational force
acting on limb segments.

+ Integrate optimum performance during
functional activities into the therapy
program.

+ Identify functional strategies, and change
them gradually.

Most of these principles are inherent in the
current Neuro-Developmental Treatment
approach. Sahrmann’s principles suggest that
the patient is able to selectively operate and
control his/her musculature. I advocate
adapting Sahrmann’s principles to the popu-
lation of children and adults with CNS
dysfunction to promote live-in practice in
functional circumstances by using appro-
priate posting on orthotic devices, adapted
furniture, positioning programs, Kinesio-
Taping or orthopedic taping, and TheraTogs™

strapping systems as training and assistive
aids where selective motor control is defi-
cient. TheraTogs strapping applications
collectively address all of Sahrmann’s prin-
ciples when used for improving standing and
sitting posture, for increasing body awareness,
for facilitating targeted movements, and for
enhancing postural and functional
performance during and between treatment
sessions. The primary operative principle of
TheraTogs strapping systems is that they
shorten the long muscle—providing sensory
awareness of the underlying muscles, and of
the improved position—to provide more
effective stability and movement strategies
before attempting to reduce existing,
deformity-producing strategies.

The following images of a TheraTogs
strapping system for a child with right
Obstetric Brachial Plexus Injury demon-
strates these principles. The same approach
applies to children with hemiplegic CP. The
Tank Top and Pelvic Anchor provide Velcro®
“real estate’ for attaching elasticized strapping
that mimics the underlying musculature.

NEXT TIME IN THIS SERIES
The normal length-tension relationship

TISSUE

evolves with the developmental progression
of voluntary, antigravity muscle recruitment
over time. The neonatal flexion constraints
and kyphotic spinal configuration present
an original resting posture that directs the
course of development, resulting in
optimum and long-lasting upright function
against gravity. In Part 3 of this series, we’ll
begin to examine the relationship between
neonatal postural and soft tissue constraints
and the skeletal modeling process. |

Beverly Cusick, PT, MS, COF/BOC, is pres-
ident of Progressive GaitWays, LLC, in
Telluride, Colorado. She can be reached at
bevc@gaitways.com.
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