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Dosing of pediatric rehabilitation services for children with cerebral palsy (CP) has
been identified as a national priority. Establishing dosing parameters for pediatric
physical therapy interventions is critical for informing clinical decision making,
health policy, and guidelines for reimbursement. The purpose of this perspective
article is to describe a path model for evaluating dosing parameters of interventions
for children with CP. The model is intended for dose-related and effectiveness studies
of pediatric physical therapy interventions. The premise of the model is: Intervention
type (focus on body structures, activity, or the environment) acts on a child first
through the family, then through the dose (frequency, intensity, time), to yield
structural and behavioral changes. As a result, these changes are linked to improve-
ments in functional independence. Community factors affect dose as well as func-
tional independence (performance and capacity), influencing the relationships
between type of intervention and intervention responses. The constructs of family
characteristics; child characteristics (eg, age, level of severity, comorbidities, readi-
ness to change, preferences); plastic changes in bone, muscle, and brain; motor skill
acquisition; and community access warrant consideration from researchers who are
designing intervention studies. Multiple knowledge gaps are identified, and a frame-
work is provided for conceptualizing dosing parameters for children with CP.
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The purpose of this perspective
article is to describe a path
model for evaluating the dos-

ing of interventions for children with
cerebral palsy (CP) that may inform
clinical effectiveness research. First,
we describe the immediate need for
clinical effectiveness or dosing-
related research, particularly in pedi-
atric physical therapy, and clarify
dosing terminology. We highlight
the variability in published dosing
parameters of interventions with
known efficacy, including stretch-
ing, strengthening, skeletal loading,
treadmill training, and upper extrem-
ity training. Second, we synthesize
evidence on the interrelationships
between structural and behavioral
changes for specific interventions in
children with CP. This evidence is
particularly important because dos-
ing related outcomes occur across
multiple domains of the Interna-
tional Classification of Functioning,
Health and Disability1 (ICF) model.
We use published study results to
highlight differential intervention
effects across the ICF domains.
Third, we introduce a path model as
a framework for researchers to sys-
tematically study the complex inter-
actions of dosing pediatric physical
therapy for children with CP. Our
path model accounts for contextual
and individual variation, allowing
researchers to study dosing and
advance the field toward establishing
guidelines for clinically effective
pediatric physical therapist practice.
We conclude by discussing the impli-
cations and use of the path model.

CP and Dosing
Cerebral palsy is the most common
motor disorder in childhood and
results in abnormal tone and move-
ment.2 Clinical effectiveness
research identifies which interven-
tions work for which patients and
under what circumstances and
involves both clinical- and patient-
relevant outcomes.3 Establishing a
clinically effective dose of pediatric
physical therapy for children with
CP would ideally yield positive
changes perceptible both clinically
and to the children. Dosing is a key
component of clinical effectiveness
in the field of physical therapy. Dos-
ing of pediatric physical therapy and
other rehabilitation services for chil-
dren with CP and other developmen-
tal disabilities has been identified as a
national priority.3

Pediatric physical therapy services,
which promote motor development
and independent function, can play
an important role in mitigating the
effects of lifelong chronic disability
as a result of CP on the individual,
the family, and society.4 The lifetime
cost of care for children with CP is
approximately $1 million per per-
son.5 Understanding how to effec-
tively dose pediatric physical ther-
apy interventions has the potential
to result in improvements in the
health, motor, and independent skill
development of children with CP.
Yet, in most cases, we are unable to
accurately prescribe an optimal dose
of physical therapy interventions for
a child with CP.

Improvements in outcomes follow-
ing interventions designed to
improve bone health,6 muscle
strength,7 and functional perfor-
mance8 of children with CP suggest
that dosing may need to reach a spe-
cific threshold to create change.
Research over the past 20 years also
has demonstrated the powerful
influence of family,9 environment,10

and comorbidities11 on outcomes.

Given the multiple influences (eg,
variation in age, level of severity,
environment, other characteristics)
on the outcomes, hypothesis-driven
research about dosing is a necessary
next step for pediatric physical
therapy.

Dosing, in this article, is operation-
ally defined within the context of its
parameters, which include: (1) fre-
quency, or the number of sessions a
week and number of weeks; (2)
intensity, or how strenuous the exer-
cise is each session; (3) time, or the
amount of time per session; and (4)
type, or the type of exercise that is
performed.12 Parameters can be var-
ied to individualize an exercise pro-
gram for a patient’s needs and pref-
erences. For example, aerobic
exercise for heart conditioning of a
lower intensity for a longer time can
produce the same benefit of a higher
intensity for a shorter time.13 A sim-
ilar concept is true with exercise
that targets muscle and bone.13,14

CP and the ICF Model
The ultimate goal of physical ther-
apy for children with CP is func-
tional independence to the best pos-
sible extent. Functional indepen-
dence includes aspects of activity,
the execution of tasks, and partici-
pation or involvement in life situa-
tions.15 Functional independence
also includes aspects of perfor-
mance, that is, what a person actu-
ally does in everyday life.15 To max-
imize functional independence,
physical therapy interventions usu-
ally target 1 or more of the 3 domains
of the ICF (Fig. 1): body structures
and function (eg, musculoskeletal or
central nervous system), activity (eg,
walking), and participation (eg, abil-
ity to play community sports). Phys-
ical therapy interventions also target
changes in capacity (ie, a person’s
inherent abilities).15

Improvements in 1 domain of the
ICF may have a “ripple effect” and
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can be associated with improve-
ments in other domains. For exam-
ple, interventions aimed at improv-
ing muscle length are expected to
affect gait, and improved gait has
implications for wellness, muscle
mass, bone mass,6 and cardiorespira-
tory fitness.16 Similarly, increased
levels of activity are associated with
increased levels of participation.17

Satisfaction with participation is
associated with increased quality of
life, promotes self-concept and phys-
ical health, and is an important
patient-centered outcome.17–20 Yet,
how interventions influence the rela-
tionships among these levels, such as
muscle length, and gait or physical
function remains unclear.21

The interrelationships among ICF
domains are not linear, which com-
plicates delineating optimal dos-
ing parameters. For example, an
improvement in quadriceps muscle
strength does not always result in
improved knee biomechanics during
gait22 or improvements in commu-
nity ambulation.21 Franki et al23

described 20 strengthening inter-
vention studies that demonstrated
improvements in the body structures
and function and to a lesser extent in
activity and participation. It is plau-
sible that the effect of interventions
may not directly and uniformly affect
outcomes across all levels of the ICF
as a result of mediating and moder-
ating factors. Mediating factors are
the intervening variables through
which the intervention indirectly
affects outcomes.24 Moderating vari-
ables are those factors that may mod-
ify the form, strength, or direction of
the relationship.24 Hence, dosing
thresholds for changes at the differ-
ent levels of the ICF and for different
children may be variable. As such,
studying optimal dosing requires
capturing more information about
mediating and moderating factors.

Dosing studies need to establish dos-
ing parameters for pediatric physical

therapy interventions aimed at 1
domain of the ICF that can be
“dosed” to effect meaningful, sus-
tainable changes in other domains.
For example, how much dosing and
for whom can reducing spasticity
improve activity and participation?
To increase understanding of com-
plex interrelationships among the
factors that influence optimal dosing
of physical therapy interventions,
we have designed a multivariate
model to conceptualize dosing
parameters of interventions for chil-
dren with CP. This model is intended
to expand the types of inquiry for
clinical effectiveness studies that
may be useful for increasing knowl-
edge about what interventions work
for whom, and when.

Path Model of Dosing
The path model is intended to
frame questions and guide designs
for pediatric physical therapy effec-
tiveness studies. Our model was
developed through: (1) synthesis
of the literature of efficacious inter-

ventions in children with CP, (2)
discussion among the authors, and
(3) discussion with basic science
and pediatric physical therapy
researchers (Kolobe and colleagues,
unpublished research). The model is
intended to inform research design
and analysis and lends itself to sta-
tistical modeling techniques, such
as structural equation modeling,
that are well suited for the complex
dosing parameters discussed pre-
viously. Ultimately, this model is
intended as a framework to advance
knowledge on mediating and mod-
erating factors that shape dose-
response relationships.

Any investigation of dosing parame-
ters and the effectiveness of pediat-
ric physical therapy interventions
must take into account the amount
and type of gains made by the child,
as well as outcomes in body struc-
tures and function, activity, and par-
ticipation. Using the ICF as a frame-
work, with functional independence
as the desired outcome, the pro-

Figure 1.
Pediatric physical therapy interventions framed by the International Classification of
Functioning, Disability and Health. Interventions are targeted at body structures and
function, activity, and participation. Adapted and reproduced with permission of the
World Health Organization from: Toward a Common Language for Functioning, Health,
and Disability: The International Classification of Functioning, Disability and Health.
Geneva, Switzerland: World Health Organization; 2002:9.
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posed path model includes potential
mediating and moderating factors of
the dose-response relationship.

The path model for examining dos-
ing parameters is presented in Figure
2. The premise of the model is that,
for the pediatric population, how a
type of intervention (focused on
body structures, activity, or environ-
ment) imparts its influence on a
child is mediated through the family,
and its impact is moderated by the
dose (frequency, intensity, time), to
yield plastic structural and behav-
ioral changes and improve functional
independence. Family characteris-
tics may mediate both the interven-
tion type and dosing levels. Plastic
structural changes in brain, muscle,
and bone and behavioral changes
in motor skill capacity may both
be moderated by the child’s char-
acteristics. Community effects are
exerted on the dosing parameters,
family, and functional independence
and, therefore, may mediate the rela-
tionship among type of intervention,

dosing, and child outcome. Func-
tional independence is what the per-
son does with the newly acquired
structural and behavioral (activity
and participation) changes.15

In the following paragraphs, we
present selected findings that sup-
port and inform the constructs of the
path model. Our discussion will fol-
low the model presented in Figure 2.
We begin with different types of
interventions, family, dosing param-
eters, community, and child charac-
teristics that mediate or moderate
the treatment responses in struc-
tures and function, capacity, and
functional independence. In Figure
2, dashed boxes represent features
of each construct that warrant con-
sideration in studies designed to
identify specific dosing parameters.
We also underscore the importance
of each construct in assisting physi-
cal therapy researchers and clini-
cians in identifying effective dosing
parameters given variability in indi-

vidual, family, and community
characteristics.

Type of Intervention
The path model begins with the type
of intervention (Fig. 2). Most inter-
ventions (strengthening, gait train-
ing, or learning to use a power chair)
have a primary focus on changing
body structures and function, activ-
ity, or participation outcomes. The
“ripple effect” of positive outcomes,
most often not uniform in magnitude
of change or gain, can occur in other
domains. Hence, an intervention
must demonstrate that it is effective
at least on 1 level of the ICF before
studies about optimal dosing are
undertaken. Another attribute of
type of intervention is the mecha-
nism by which change occurs. For
example, did the strength training
(body structures and function)
include open-chain or loaded func-
tional exercise? In this section, we
will discuss the findings of various
types of interventions that target the
domains of body structures and func-
tion, activity, participation and that
may be effective in producing
change in 1 or more domains of the
ICF.

Interventions focused on changes
in body structures and function.
Stretching has demonstrated
improvements in at least 1 domain of
the ICF in children with CP, and mul-
tiple methods are used to apply
stretch. In 7 studies on the effective-
ness of passive stretching on range
motion or spasticity25–31 in children
with CP of varying levels of motor
ability, only 1 study25 reported out-
comes in the activity domain (gait
speed). Passive stretching demon-
strated improvements in spasticity
and gait speed, but not passive range
of motion.32,33 However, a combina-
tion of passive and active stretching
demonstrated changes in passive
range of motion, strength, selective
motor control, spasticity, balance,
and gait speed in ambulatory chil-

Figure 2.
Path model for evaluating dosing parameters for children with cerebral palsy. Dashed
boxes represent characteristics of the constructs that warrant consideration.
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dren with CP.34 Despite the benefits
demonstrated among these studies,
the stretching interventions were
delivered in various ways—either
passively or actively, with electrical
stimulation, or with the assistance of
a robot, splints, or a positioning
device—making dosing comparisons
across studies difficult. Passive
stretching alone has not conclusively
demonstrated effectiveness at any
level of the ICF.35 Whether using
robotics or positioning devices,
stretching that combines active task-
directed movement and passive
range of motion shows promise.36

A variety of methods, including
free weights, isometric, open- and
closed-chain isotonic, body weight,
weighted backpacks, pulley systems,
isokinetic,7,37,38 and electrical stimu-
lation,38 have been used to increase
muscle force production. System-
atic reviews of strengthening inter-
ventions with children with CP
suggest that muscle force produc-
tion can be improved,7,37 although
a meta-analysis demonstrated a neg-
ligible effect.38 Nonetheless, the
impact of strengthening interven-
tions on the domains of activity
and participation is inconclusive.
Clinically meaningful effects on gait
speed,38 gait kinematics,22 or gross
motor function ability38 in ambu-
latory children with CP have not
been consistently demonstrated.
There are limited reports of the pos-
itive impact of strengthening on self-
concept or quality of life.38,39

Skeletal loading interventions have
produced inconsistent results in
improving bone mineral density of
children with CP.6,40,41 Type of skel-
etal loading may be an important fac-
tor. Types include static activities,
vibrating platforms, use of static or
dynamic standers, and a combina-
tion of weight-bearing and strength-
ening activities. These interventions
may or may not be given in conjunc-
tion with growth hormone treat-

ment, calcium and vitamin D sup-
plementation, or bisphosphonates.
Observed treatment effects are often
greater in children who are ambula-
tory compared with children who
are nonambulatory,6,40,41 suggesting
that this characteristic of the child
moderates the impact. For the pre-
vention of osteoporosis and hip and
spine deformity later in adult-
hood,42,43 it is not clear which type
of skeletal loading is most effective
for children who are ambulatory
compared with those who are
nonambulatory. Most reports on
skeletal loading interventions have
not reported changes at the level of
activity or participation.6,40,41

Interventions focused on changes
in activity. Activity-based inter-
ventions such as treadmill training23

and upper extremity training8 in chil-
dren with CP have demonstrated
improvements in the domain of
activity, and to a lesser extent partic-
ipation and body structures and
function. In general, treadmill train-
ing can affect endurance, gait speed,
and community ambulation.23 Upper
extremity training has demonstrated
positive, but not always simultane-
ous, effects on all 3 domains of the
ICF—changes in body structures
and function,44 activity level,45 and
participation.46 Yet, great variability
exists in the way the interventions
are applied. Treadmill training proto-
cols utilize a self-selected pace, pre-
set pace, or fast pace and include
varying amounts of body-weight sup-
port.23 Variability in upper extremity
training includes utilizing bimanual
activities or constraining the use of
the affected arm by putting the unaf-
fected arm in a cast or mitten during
constraint-induced movement ther-
apy (CIMT).8

Interventions aimed at changing
participation. There is emerging
evidence to support that participation-
based interventions can affect body
structures and function47 or activ-

ity.48 Examples of participation-
based interventions with a positive
impact on other domains of the ICF
include powered mobility cars for
infants,47 community-based fitness
programs,49 and “context-focused”
interventions.50 A randomized con-
trolled trial compared outcomes of
child-focused interventions (activi-
ties to improve range of motion and
joint alignment and to promote nor-
mal movement patterns) compared
with context-focused interventions
(activities that modified the task or
the environment).48 The results
were inconclusive; gains in activity
and participation in both groups
were significant and equivalent. Law
et al48 asserted that more informa-
tion is needed about the dosing
thresholds for improving outcomes
across all 3 domains of the ICF for
different types of interventions.

Family Characteristics
Family characteristics mediate the
type of intervention and dose
(Fig. 2), as all interventions are fil-
tered in some way through the fam-
ily to the child. Families serve as
vehicles for many professional-
mediated interventions, and their
roles are not only a critical dosing
parameter but also are all-
encompassing. The family environ-
ment reflects each caregiver’s emo-
tional and behavioral responses to a
child’s condition as well as the phys-
ical environment of the family home.
Follow-through by families on inter-
ventions aimed at strengthening,
stretching, skeletal loading, and task-
specific training is an example of
how families mediate dosing.

Some known family characteristics
that may influence dosing parame-
ters and treatment effectiveness are
parental physical, psychosocial, and
socio-economic status.9,51–53 Attri-
butes such as the quality of
caregiver-child interactions are
dynamic in nature and modify how
the parent conveys and adapts vari-
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ous types of intervention to match
the child’s temperament and level of
engagement. Therefore, these inter-
actions may result in explicit or
implicit changes in dosing levels and
have major implications for long-
term outcomes for child health and
behavioral outcomes.9

Another mechanism that may
explain familial influence is epige-
netics. Epigenetics is defined as a
functional modification of the deoxy-
ribonucleic acid (DNA) that does not
involve alteration of the sequence
but rather changes in the chroma-
tin environment or the histone pro-
teins that regulate the operation of
the genome.10 Transcription of the
genome is regulated through sig-
nals or transcription factors that
bind to specific DNA sites.10 Tran-
scription factors are responsive to
environmental stimuli.54 Through-
out the life span, adaptation to both
intrinsic and environmental stim-
uli may create a disposition for dis-
ease55 or influence rehabilitation
outcomes,9,56 suggesting that epige-
netics may be embedded in familial
characteristics and, therefore, inter-
act with dosing.

Community Characteristics
The community can mediate dosing
parameters and functional indepen-
dence outcomes (Fig. 2). Social sup-
port; respite; accessible transporta-
tion, buildings, and after-school
activities; and access to health care
and information can act as additional
mediators of functional indepen-
dence. Funding sources for health
services (private, public, or both),
number of health and rehabilitation
services a child receives, and popu-
lation density of the child’s commu-
nity may directly influence the fre-
quency and duration of pediatric
physical therapy services. Positive
intervention approaches that pro-
mote community involvement and
family-centered care can enhance
overall parental satisfaction, empow-

erment, and mental health,4 which,
in turn, can positively influence
child outcomes. Community sup-
ports, such as accessible recreational
programs, are positively related to
participation outcomes57,58 (Fig. 2).

Dose
The dose attributes of frequency,
intensity, and time are modifiable
components of the model and are
moderators of outcomes at the dif-
ferent levels of the ICF. Variability
in frequency, intensity, and time is
pervasive among intervention stud-
ies of all types and is a major limit-
ing factor in developing guidelines
for dosing parameters. Thresholds
for frequency, intensity, and time for
specific types of interventions to
create sustainable changes have not
been established. Guidelines exist
for frequency, intensity, and time
of specific types of interventions to
increase muscle length,59 strength,60

and skeletal structure61 for chil-
dren with typical development.
These guidelines should be consid-
ered when developing parameters
for frequency, intensity, and time for
individual children with CP.

The American College of Sports Med-
icine recommends 60 minutes of
daily physical activity, including
stretching and strengthening activi-
ties 2 to 3 times a week, for children
who are developing typically.60 Fre-
quencies of 4 times a week of passive
stretching for 9 months have demon-
strated effective results in increasing
hamstring muscle length in children
with typical development.59 Results
from 3 systematic reviews of inter-
ventions with children with CP with
varying levels of severity23,35,62 and 5
additional studies28,34,63–65 demon-
strated the frequency of passive or
active stretching interventions, rang-
ing from a one-time session, 3 to 5
times per week for 4 to 10 weeks, or
1 or 2 times per week for 9 months,
with intensity and time spent
stretching varying given the type of

stretching performed. Reported
strengthening interventions7,23,37,38

with children with CP who are
ambulatory are generally 3 times a
week for 6 weeks, although some are
for 2, 4, 8, or 10 weeks, with vari-
ability among studies in intensity and
time per session.

Similarly, variability in frequency per
week, number of weeks, and inten-
sity was a limiting factor in studies
of skeletal loading for children with
CP.40,41 Frequencies of reported skel-
etal loading interventions include
30 minutes 5 times a week for 2
months to twice a day for 30 minutes
for 6 months,6,40,41 with no studies
reporting the approximate amount
of ground reaction force produced
by the intervention. Frequency,
intensity, and time (3 times a week,
8 times body weight, 8 months)61

of skeletal loading are important
factors in producing sustainable
treatment effects in skeletal struc-
ture in children who are developing
typically. Longer-duration and higher-
frequency interventions may be
needed for children with CP who
cannot tolerate similar ground reac-
tion forces.14

Time spent practicing and practice
in everyday life also may be critical
factors in the link between capacity
and performance. For example, in a
randomized control trial comparing
10 days of 60 hours or more of either
CIMT or bimanual training, similar
gains were observed in the domain
of activity for both interventions,
and barriers to participation were
reduced in both groups.46 Gordon et
al66 reported similar improvements
in capacity with similar treatment
times of CIMT and bimanual training,
with the bimanual training produc-
ing greater improvements in perfor-
mance. Practicing activities at home
with caregiver guidance67 is a way to
increase practice time. Synthesis of
evidence68 suggests more practice
was better (eg, 90 hours over 15 days

Dosing Parameters for Children With Cerebral Palsy

416 f Physical Therapy Volume 94 Number 3 March 2014



resulted in better improvement than
60 hours over 10 days). Time spent
practicing also may be a factor in
effectiveness of treadmill training. A
30-minute session, either twice a day
for 2 weeks69 or twice a week for 6
weeks or more,16,70 improved endur-
ance and gait speed. Frequency and
time in treatment appeared to be
critical to the success of either child-
or context-based interventions.48

Thresholds for time to produce
changes in performance given varia-
tion in age, level of severity, and
intensity of work in a session war-
rant further investigation.

Child Characteristics
Identifying the optimal dosing
parameters of any type of interven-
tion also is dependent on each
child’s personal characteristics. The
child’s characteristics can moderate
dose-related responses. Age, level of
severity, comorbidities, preferences,
and “readiness to change” can be
important moderators of the dose-
response relationship (Fig. 2).
Higher levels of severity may be asso-
ciated with decreased parental well-
being51,71 and poor child health.11

Children with more severe involve-
ment or comorbidities may have
more motor abilities to gain in order
to be even with their peers without
CP or other health comorbidities
compared with children with milder
involvement.16,72,73

Children with CP who have severe
cognitive or motor deficits have bar-
riers to practicing and learning tasks
and have poorer social and health
outcomes.11 Treatment outcomes for
children who are more severely
involved may or may not include
improvements in activity, such as
improved gait speed or transfers,72

but may include improvement in
other domains, such as bone density6

or quality of life.23 Conversely, a
greater treatment effect may or may
not be observed in children with
more moderate motor deficits com-

pared with children with mild defi-
cits.46 Children with moderate
involvement have the potential to
improve more than children with
mild deficits. Level of severity may
be a key determinant of treatment
outcomes and effectiveness, and the
relationship may be curvilinear, not
linear. Dosing based on level of
severity should be a focus for
upcoming investigations.

The interaction of level of severity
and age has important implications
for the timing of interventions to
promote changes in motor skills.
Established developmental skill
acquisition trajectories for children
with CP of varying Gross Motor
Functional Classification System
(GMFCS)74 levels can be used to
identify critical ages for skill devel-
opment or prognosis and expected
benefit of interventions given the
child’s age at the time of treatment.

Age of the child and level of severity
also have major implications for
moderating the impact of treatments
targeting the musculoskeletal system
as a result of critical periods for plas-
ticity of the system, the impact of
brain injury on the development of
the musculoskeletal system, and the
ability of the child to tolerate inter-
ventions of high intensity and long
duration. Two systematic reviews of
interventions for increasing bone
density in children with CP40,41 con-
cluded that the heterogeneity in age,
level of severity of CP, and the inten-
sity of skeletal loading masked treat-
ment effectiveness. Optimizing dos-
ing of skeletal interventions must
carefully consider how to modify fre-
quency given differences in age,
level of severity, and the ability of
the child to tolerate different levels
of loading.

A child’s readiness to change—the
combined effect of temperament,
motivation, internal drive, willing-
ness to please, and ability to follow

directions and carry over/learn50,75

—has important implications for
timing of interventions and may
moderate outcomes. The Canadian
Occupational Measure (COPM) has
been used to assist with goal setting
and designing interventions to max-
imize “readiness to change.”48 The
COPM enables parents and children
to determine activities that are per-
sonally important and that may max-
imize motivation and internal drive.
No matter the level of motivation
and internal drive, children with a
difficult temperament can affect
parental behavioral and emotional
responses,51 which may confound
delineating treatment effectiveness.

When evaluating the dose-response
relationship in the domain of perfor-
mance, preferences for and satisfac-
tion with activities76 may moderate
treatment effects. Participation in
daily life is highly variable given dif-
ferences in children, families, and
environments.53 Individual prefer-
ences for participation may be a rea-
son interventions that target body
structures and function or activity
differentially affect participation. Sat-
isfaction with level of participation
also is critical for interpreting the
impact of an intervention.53,58

Structural Changes
For children with CP, pediatric phys-
ical therapy interventions that tar-
get body structures and function
primarily focus on changes in the
nervous, muscular, or skeletal sys-
tems (Fig. 2). Pediatric physical ther-
apy interventions capitalize on the
plasticity of these systems and the
critical periods for growth, devel-
opment, and repair. Intervention
studies of stretching, strengthening,
and skeletal loading should con-
sider critical periods for develop-
ment of the musculoskeletal system
and known parameters for positive
plastic responses into dosing param-
eters.60,77,78 Critical periods of devel-
opment for refinement of neural cir-
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cuits79–81 and differentiation of the
corticospinal tract82 offer poten-
tial for motor skill development.
Interventions to combat disuse atro-
phy of systems from mobility restric-
tions during the life span should be
considered.83

Changes in Capacity and
Functional Independence
Motor skill changes, such as the abil-
ity to stand and cruise along furni-
ture or sit upright independently,
result in changes in capacity (Fig. 2).
Changes in capacity can lead to
improved performance and
improved activity and participa-
tion,15 or increased functional inde-
pendence. A disconnect between
capacity and performance often is
observed when a child with CP may
be able to perform a skill in the clinic
at the request of a therapist but fail
to do so in real life. Thus, gains
observed in the clinic as a result of
an intervention may not be realized
in everyday life. Explanations for this
phenomenon include thresholds for
motor learning, or the processes
associated with practice or experi-
ence that lead to relatively perma-
nent changes in the capability for
movement,84 as well as contextual
factors.85

Dose-related investigations and deci-
sions about dosing parameters must
reconcile the disconnect between
changes in capacity and perfor-
mance. Investigations of activity-
based interventions such as treadmill
training and upper extremity train-
ing demonstrate inconsistencies
among studies in evaluating changes
in both activity and participation or
inconsistent treatment responses.

Implications for Research
The proposed model to evaluate
dosing parameters highlights at
least 2 important considerations for
researchers interested in effective-
ness research: (1) operationalizing
the variables of interest for each

component in the model and (2)
obtaining a large enough sample size
to ensure statistical power. The con-
structs in the path model should be
operationalized and measured using
valid tools. Because the potential
exists for the number of measures
to be high and cumbersome, consen-
sus needs to be developed among
researchers, clinicians, and families
about which measures provide the
most meaningful information.3 Mea-
sures also should be comparable
across studies and should minimize
the burden of data collection for
research teams and participants.86

Observational studies that track char-
acteristics deemed important in the
proposed model will require large
heterogeneous samples and most
likely will require multicenter
involvement. Study designs should
include stratification by level of
severity and age, either in sampling
or in analysis, to account for the
effects of severity and age. A mini-
mum sample size of 200 participants
is recommended for structural equa-
tion modeling24; however, given the
large number of variables and the
need for stratification, much larger
sample sizes (eg, more than 400 par-
ticipants) may be needed. Large-
scale practical clinical trials87 that
document child, family, environmen-
tal, and intervention characteristics
may be more cost-effective com-
pared with randomized controlled
trials for delineating dosing parame-
ters for each distinct intervention
type.

Implications for Clinicians
Clinicians may find the path model a
useful framework for clinical deci-
sion making about dosing parame-
ters. Clinicians can use the path
model as a framework to consider
characteristics of the intervention,
family, child, and community in con-
junction with what is known about
current intervention responses to
guide decision making. Because path

models are intended to guide scien-
tific inquiry, at this time not enough
evidence exists about the magnitude
of the relationships proposed in the
model to guide prioritization of dos-
ing decisions. Structural equation
modeling is well suited for evaluat-
ing the relationships among the con-
structs of the path model, and until
such time that data are available, cli-
nicians can use the model during
assessment, interpretation of the
assessment findings, and program
planning to ensure that recom-
mended interventions are likely to
address the goals of individual fami-
lies and children in meaningful and
effective ways.

Conclusion
A multivariate model is proposed to
expand the knowledge base about
parameters for dosing interventions
for children with CP, all of whom
have their own unique set of individ-
ual, family, and environmental char-
acteristics. The path model is ecolog-
ical. It examines the child’s response
to interventions in a biopsychosocial
framework and accounts for impor-
tant factors that influence outcomes
either directly or indirectly.

Studies designed to evaluate dosing
need to consider components of the
model to effectively move knowl-
edge forward. Studies should focus
on outcomes across all 3 domains of
the ICF for impairment-focused,
activity-based, or context-focused
interventions while accounting for
contextual and individual variation.
More information about mediating
and moderating factors of the dose-
response relationship and the link
among changes in body structures
and function, activity, and participa-
tion on functional independence is
foundational knowledge for develop-
ing effective practice guidelines.
Multiple gaps in knowledge have
been described, and a framework for
conceptualizing dosing thresholds
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for individual children with CP has
been proposed.
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