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Children with brain injuries or
cerebral palsy (CP) comprise a
large percentage of pediatric

clients served by physical therapists.
There is no consensus on what the
basic parameters should be for dif-
ferent treatment protocols. A very
important parameter of intervention
that is pivotal for treatment efficacy
is dosing. Dosing decisions are com-
plex. To date, the minimum doses
for changing structure and function,
activity, and participation in children
with various disabilities are
unknown. This article describes the
process and outcomes of a research
summit with the goals of: (1) foster-
ing a critical debate that would result
in recommendations for the develop-
ment of large-scale, second-
generation research proposals to
address thresholds for effective dos-
ing of interventions for children with
brain injuries or CP and (2) enhanc-
ing the research capacity of pediatric
physical therapists through collabor-
ative research networks. The summit
brought together an interdisciplinary
cadre of researchers (physical thera-
pists, basic and clinical scientists),
representatives from funding agen-
cies, and consumers to an intensive
2.5-day think tank. The summit tar-
geted questions of treatment dosage
related to 3 areas: practice and
neuroplasticity, structure-behavior
connections, and clinical trial design.
The consensus was that the interven-
tion must demonstrate some evi-
dence of effectiveness before opti-
mal dosing can be investigated.
Constraint-induced movement ther-

apy (CIMT) is used as an example of
an intervention that has demon-
strated effectiveness and that
requires dosing-related research.
Summit results, including factors
that merit special consideration and
recommendations for future dose-
related studies, are highlighted.

Physical therapy is an important ser-
vice for children with physical dis-
abilities, particularly those with an
injured brain resulting in neuro-
motor impairments and functional
limitations.1 These children typically
have multiple health complications
that often result in complex func-
tional limitations and require exten-
sive health care, education, and
vocational training. The costs of
interventions result in substantial
financial and social challenges for
families and society.2 Although phys-
ical therapists frequently provide
continuous interventions for chil-
dren with physical disabilities,
including CP,3 there remains limited
empirical support for these services.4

Dosing represents a critical and
pressing aspect of intervention that
is central for treatment efficacy. In
this article, dose is defined as the
frequency, intensity, time, and type
of an intervention.5 Frequency refers
to how often, such as the number
of sessions for a given intervention
per day, week, or month. Intensity
refers to how hard the child works
within the intervention session and
is recorded as the number of repeti-
tions per minute, day, or week or

amount of work (eg, 75% of maximal
heart rate). Time refers to the dura-
tion of the intervention. Type refers
to the kind of intervention and can
be focused at any of the dimensions
of the International Classification
of Functioning, Disability and
Health (ICF): body functions and
structures, activity, or participation.6

Within types, variation exists. For
example, task practice can vary in
the type of behavioral shaping (ie,
structured versus unstructured train-
ing) and amount of feedback or
reward.

Type of intervention is central to the
discussion because determining the
“salient” or “active” ingredient of
an intervention strategy is intimately
related to the question of dosing.
What is “it” that should be dosed?
Intervention strategies also involve
interactions with biomechanical,
neuromuscular, and psychological
elements of a child’s behavior,
necessitating insight into the mecha-
nism leading to a change in behavior.
Consequently, the nature of optimal
dosage can be expected to vary with
different types of interventions.

Intervention-related dosing is a
source of disagreement among ser-
vice providers, policy makers, insur-
ers, and researchers, whose recent
findings show the potential for high
dosing intervention to be the catalyst
for positive intervention outcomes.7

The cost related to high dosing is
one impediment to implementa-
tion. Another is uncertainty about
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the minimal dose that is effective and
sufficient. Some of the most promis-
ing targeted interventions that seek
to promote plastic changes in the
brain and muscle, such as training
on a treadmill,8 CIMT,9–12 and
strength training,13,14 have used vary-
ing doses. The findings from these
studies have highlighted a complex
dosing knowledge gap, namely, a
disconnect between structural and
behavioral changes, where changes
that are seen at one dimension of the
ICF are not always incorporated into
others.

The disconnect between structural
and behavioral changes15 provides
a compelling argument for revisiting
hypotheses regarding mechanisms
for adaptive motor learning and for a
critical examination of dosing at the
cellular, structural, activity, and par-
ticipation levels. Collectively, these
findings and the question of dosing
suggest that scientific exploration of
the effect of dosing in pediatric phys-
ical therapy and its interaction with
other aspects of intervention will
be a challenging enterprise. The find-
ings suggest that for the field of pedi-
atric physical therapy or rehabilita-
tion to move forward, the dosing
question will require an interdisci-
plinary coordinated effort, using
sound conceptual frameworks and
a systems perspective.

Research Summits
A research summit offers a plausible
launching pad for promoting an
interdisciplinary coordinated effort
and addressing some of these com-
plex questions related to dosing. In
this article, we define a research
summit as a think-tank mechanism
whereby different parties can con-
tribute to the development of well-
crafted research programs or action
plans designed to move science on
a specific topic to the next level.
For the past 9 years, the Section on
Pediatrics of the American Physical
Therapy Association (APTA) has

used interdisciplinary research sum-
mits developed by the first author
and colleagues to foster develop-
ment of large-scale research propos-
als on a topic of great importance to
pediatric practice and simultane-
ously increase the research capacity
of pediatric physical therapists. The
results have shown that, with cre-
ative and meaningful collaborations,
short-term intensive meetings can
help increase the numbers of pediat-
ric therapists with postprofessional
doctoral training who are successful
in securing funding to conduct
research on a targeted topic that
advances practice.

The first research summit (RS I), in
2004, addressed physical fitness in
children with CP and secondary
complications.16 To date, this sum-
mit has resulted in 71 publications,
36 presentations, and 29 funded
grants, 6 of which were from the
National Institutes of Health (NIH),
totaling more than $2 million. The
second summit (RS II), in 2007,
focused on early intervention for
children with or at risk for disabili-
ties. It has resulted in 34 publica-
tions, 34 submitted grants, and 14
funded grants, 2 from NIH and 2
from the National Institute on Dis-
ability and Rehabilitation Research
(NIDRR), totaling more than
$900,000. Many of the grant pro-
posals have involved collaboration
between several physical therapists
and non–physical therapist summit
participants.

The current research summit (RS III)
was modeled after these 2 highly suc-
cessful summits to direct research
attention to the critical issue of dos-
ing of interventions for children with
an injured brain. The goals of RS III
were: (1) to foster a critical debate
that would result in recommenda-
tions for the development of large-
scale, second-generation research
proposals to address thresholds for

effective dosing for children with
an injured brain or CP and (2) to
enhance the research capacity of
pediatric physical therapists by facil-
itating collaborations, information
exchange (cross-fertilization), and
networking among physical thera-
pists, other researchers (basic, neu-
roscience, movement, and clinical
scientists), consumers, and funding
agencies in the area of dosing of
interventions for children with an
injured brain or CP. The summit was
held in Alexandria, Virginia, in Octo-
ber 2011.

This article summarizes the high-
lights of the summit deliberations,
factors that merited special consider-
ation regarding dosing interventions,
and recommendations for dosing
studies that will help advance this
area. The emphasis was on 3 body
structures known to be affected by
injury to the brain, rehabilitation,
and dosing: muscle, bone, and
brain.17–19 We used the ICF6 as an
organizing framework. In addition
to discussing issues related to direct
intervention strategies, we also
emphasized patient and family edu-
cation and addressed the importance
of activity, participation, and family
dynamics. We illustrate the need for
sequential and systematic studies
of dosing and the salient features
of intervention upon which dosing
parameters should be based by sum-
marizing the findings from an inter-
vention with known efficacy (CIMT)
that still requires dosing-related
research.

Summit Organization
Participants
A total of 48 individuals (see Appen-
dix) participated in the summit. The
planning committee, with the help
of other researchers and representa-
tives of funding agencies, identified
12 scientists with relevant expertise
in neuroscience, movement science,
pediatrics, muscle and exercise
physiology, imaging, bone health,
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neurology, occupational therapy, and
statistics. Also invited were represen-
tatives from APTA, funding agencies
and foundations, and 4 consumers.
The committee identified 2 physical
therapy researchers with established
research agendas and a history of
federal funding (Dr Stuart Binder-
Macleod and Dr Diane Damiano) to
serve as facilitators. Details of partic-
ipants are listed in Table 1.

Participation by additional pediatric
physical therapists was through an
application process. An independent
review committee selected 17 phys-
ical therapist participants who met
one or more criteria: history of
funded research in the area of inter-
ventions or measurement for chil-
dren with neurological disorders,
currently conducting research
(funded or unfunded) in this area,
or postprofessional physical thera-
pist students who are mentored by
researchers conducting clinical trials
or intervention research.

All participants submitted a 3-page
biographical sketch and a 2- to

4-page position or perspective paper
that focused on the subject of dosing
and expectations from the summit
and highlighted their own research.
The biographical sketches and posi-
tion or perspective papers were dis-
seminated to all participants before
the summit to maximize informa-
tion sharing and help participants
become familiar with one another’s
research and expertise, thereby facil-
itating networking and communica-
tion during the summit.

The planning committee applied for
and received funding from APTA’s
Section on Pediatrics, the National
Institute of Child Health and Human
Development, and the National Insti-
tute of Neurologic Disorders and
Stroke to support the cost of the
summit.

Format
The RS III was a 3-day conference
designed to systematically address
the current state of clinical research
in the area of intervention dosing
and to create research networks and
goals. The first day focused on infor-

mation exchange and identification
of knowledge gaps. The second day
built on the information presented
on the first day by formulating
scientific questions and considering
research designs to explore dosing.
The third day was dedicated to the
development of recommendations,
action plans, and research priorities.
The Figure presents the organization
of the summit.

The format included formal presen-
tations and small- and large-group
discussions. Formal presentations
consisted of 2 keynote addresses,
presentations by representatives
from funding agencies, and 5- or
10-minute platform presentations
by participants. The first keynote
address was delivered by Dr Edward
Taub, an established researcher
experienced in multisite clinical tri-
als. The goals of this keynote address
were to “frame the summit” and to
present “state of the science” in the
area of intervention dosing. A panel
of 2 family members and 2 individu-
als with CP gave the second keynote
address. All were from the Washing-

Table 1.
Characteristics of Research Summit Participants

Physical therapist researchers (23) Clinicians (5)
Faculty (12)
Planning committee (4)
Facilitators (2)

Invited non–physical therapist researchers (12) Genetics
Medicine
Movement science
Neurology
Neuroscience
Occupational therapy
Physiology
Psychology
Epidemiology

Funding agencies (5) Eunice Kennedy Shriver National Institute of Child Health and Human Development
(National Center for Medical Rehabilitation Research)

National Institute of Neurological Disorders and Stroke
Maternal and Child Health Program
Foundation for Physical Therapy
Shriners Hospitals for Children

Consumers (4) Parents (2)
Adults with cerebral palsy (2)

American Physical Therapy Association (3) President, Section on Pediatrics
Senior Director and Associate Director, Research, Data, and Information Resources

Agencies serving children with disabilities (1) Shriners Hospitals for Children
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ton, DC, metro area and diverse in
terms of ethnicity, socioeconomic
status, and age. The goals for the
consumer panel were to highlight
the realities of being on the receiving
end of clinical practice and the impli-
cations of overdosing or underdos-
ing for families.

Overall, the keynote presentations
were intended to provide a catalyst
for discussions and planning, expand
recognition and appreciation of the
impact of dosing and its complexity,
and highlight potential research
questions. Presentations by all partic-
ipants were intended to define the
scope of inquiry by exposing the
group to the breadth and themes of
research activities in which partici-

pants are engaged, exchange infor-
mation on current and past research
efforts, and highlight potential areas
for collaborations and strategies for
funding.

Small- and Large-Group
Discussions
The goals of these group discussions
were: (1) to promote the formation
of partnerships, (2) to synthesize
research findings, (3) to generate
research questions that would lead
to multisite research projects, and
(4) to promote discussion of prelim-
inary research proposals, action
plans, and recommendations. Expe-
rienced researchers were grouped
with less experienced investigators
based on areas of interest or exper-

tise. There were a total of 3 small-
group discussion sessions, each
consisting of at least 10 participants:
(1) practice and neuroplasticity or
muscle plasticity and recovery in
children with injured brains or CP,
(2) linking structural and behavioral
changes and measuring outcomes,
and (3) designing clinical trials.
These 3 target areas were believed
by the planning committee to be the
crux for advancing the study of inter-
vention dosing and emphasized
muscle, bone, and brain. Participants
were preassigned for the first 2
small-group sessions and allowed to
self-select for the third small-group
session based on research interests
and potential areas of collabora-
tion. Each small group discussed
the same topic simultaneously.
Reports of small-group discussions
were presented to the large group
for an entire group discussion and
consensus for future collaborative
research efforts.

The facilitators oriented the group
to the charge and tasks at hand,
maintained the focus and integrity of
the summit goals, facilitated large-
group discussions, helped the group
adhere to time guidelines, provided
guidance when needed, and summa-
rized discussions. Four members of
the planning committee served as
small-group facilitators to maintain
the integrity of the goals of the small-
group discussions relative to the
summit goals and to record the small-
and large-group discussions for later
transcription.

Proceedings
In the sections that follow, we high-
light and summarize deliberations
from small- and large-group discus-
sions, specific aspects that merited
critical consideration on the topic
of dosing, and recommendations
for research generated by the sum-
mit participants. Examples from the
target areas of bone and brain behav-
ior are used to offer models of

Opening Large Group:
Keynote Address

Funding Agency Panel
Participant Platforms

Consumer Panel
Entire Group Discussion

4 Small Groups
Session 1

Practice and 
Neuroplasticity or
Muscle Plasticity

4 Small Groups
Session 2

Linking Structural and
Behavioral Changes;
Measuring Outcomes

4 Small Groups
Session 3

Designing Clinical
Trials

Collaboration
During Meals

and Breaks

Large-Group Session Following Each Small-Group Session:
Small-Group Presentations

Entire Group Discussion
Consensus

Final Large Group
Entire Group Discussion

Final Consensus
Action Plan

Figure.
Format and organization of Research Summit III.
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dosage-related research that were
discussed in the summit.

Opening Large Group
The consensus from the first entire
group discussion that followed the
keynote addresses and presentations
by research participants and repre-
sentatives from funding agencies
was that dosing is a complex,
multifactorial construct. Participants
acknowledged that the minimal and
optimal dosage effects of certain
interventions would depend on the
cognitive, neuromuscular, and bio-
mechanical resources of the children
served, the nature of the interven-
tion strategy, the type of functional
goals to be acquired and sustained,
and environment influences. A major
challenge cited by Dr Taub in his
keynote address was to identify the
salient components of the interven-
tion itself that lead to changes in
motor function and greater indepen-
dence. Aspects to be considered
included: repetitions of movement
required per hour, hours of inter-
vention per day, days per week, total
number of days, and amount of inter-
vention. From the point of view of
clinical practice, questions of inten-
sity of intervention, distribution of
intervention, and total time of inter-
vention are related but empirically
separate issues, as are their interac-
tions. The sentiment was that each
of these variables would require its
own set of quantitative studies or
that the interaction effects of these
variables should be considered sepa-
rately in comparative effectiveness
research. Another challenge, corrob-
orated by the information presented
by the panel of consumers, was to
determine the interaction of dose
with other environmental influences.
Caregivers carry over many interven-
tions used in pediatric rehabilitation,
often within nonclinical or nonlabo-
ratory settings. The group acknowl-
edged that because dosing may need
to be determined for each unique

intervention, a systematic explora-
tion of dosing would be a vast enter-
prise requiring research over many
years.

Large- and Small-Group
Discussion: Practice and
Neuroplasticity or Muscle/Bone
Plasticity and Recovery in
Children With
Injured Brains or CP
Reports from the first small-group
discussions coalesced around the
need to understand the effectiveness
or mechanism of recovery for spe-
cific types of interventions within
and across patients and disorders.
Mechanistic explanations must seek
to address the question of why some
changes are sustainable and some
are not. Dose-related mechanistic
studies also must address exogenous
and endogenous factors likely to
interact with plastic changes in the
nervous system, bone, and muscles.
Studies of the integrity of the bone
architecture of children with CP
or injured brains offer a model for
considering specific exogenous and
endogenous factors.20

Dosing research questions targeting
bone architecture in children with
CP should consider exercise that pri-
marily targets the bone-forming cells
(osteoblasts) in the growing skele-
ton. Osteoblasts are most responsive
to novel, high-impact activities com-
pared with low-impact activities and
are more responsive when rest is
included between repetitions.21–24

The magnitude of impact loading
may be modified based on a child’s
severity of impairment and may
change as a child adapts to the exer-
cise program. Because the skeleton
prefers fewer repetitions with more
rest between exercise sessions to
maximize the skeletal benefits, fre-
quency of dosing will be another
important parameter. Bone tissue
has a saturation point at which
osteoblasts stop responding.25 Cer-

tain exogenous factors that have
the potential to both enhance and
restrict the osteogenic potential of a
particular exercise, such as calcium
and vitamin D, bisphosphonates, or
anticonvulsants,26 also need to be
considered. In addition, the skeleton
requires a longer duration (typically
a minimum of 3 months) to generate
a measurable response to exercise
compared with other organ systems
such as cardiac and skeletal muscle
tissue.27 Specific dose-related mech-
anistic questions were suggested to
be different depending on the focus
of the inquiry. Examples of mecha-
nistic questions discussed are pre-
sented in Table 2.

Large- and Small-Group
Discussion: Linking Structural
and Behavioral Changes and
Measuring Outcomes
Three perspectives emerged from
the entire group discussion based
on reports from small-group discus-
sions on structure-behavior relation-
ship: (1) that current dose-response
intervention studies have reported
outcomes that do not always trans-
late directly to valid life situations,
(2) that changes reported appear
to be short-lived, and (3) that the
results attained through intervention
are context specific (ie, you get what
you train). Examples of these per-
ceptions include reports that the
cortical reorganization observed fol-
lowing high doses of upper limb sen-
sorimotor stimulation for children
with CP has not necessarily led to
improvement in functional use of
the affected arm.11 Changes in mus-
cle structure have been associated
with limited changes in gait.28,29

Other studies have demonstrated sig-
nificant improvements in unimanual
capacity in children who received
unilateral training and improved
bimanual performance in those who
received bilateral upper extremity
training.9,30 Table 2 presents exam-
ples of research questions indepen-

ProfessionWatch: Dosing in Children With Brain Injury or Cerebral Palsy

July 2014 Volume 94 Number 7 Physical Therapy f 911



dently identified by the small groups
that, if addressed, would help to elu-
cidate answers to dosing questions
and structure-behavior disconnect.

Pertinent to the need to understand
structure-behavior connections was
the consideration that although out-
comes measured in the laboratory
are deemed important, the patient’s
life situation also must be measured
to capture the intervention effect.
Improvements in the laboratory do
not matter if the patient’s life situa-
tion does not change. Furthermore,
outcomes must include determina-
tion of retention and whether perma-
nent change has occurred. The
conclusion was that valid studies of
intervention dosing must discern
the minimum and optimal doses that
can achieve effects across all levels
of the ICF that are sustainable and
generalizable to new contexts. The
group also highlighted the impor-
tance of using and analyzing mea-
sures of patient engagement and
performance-based data in addition
to global measures of intervention
intensity and frequency.

The paucity of multilevel outcome
measures that span ICF levels and
the challenge of balancing the use of
many measures with children’s toler-
ance and cost were acknowledged.

Given lessons gained from the few
clinical trials, combined with greater
knowledge of the neural mecha-
nisms underlying brain organization
or reorganization in children with
CP,31,32 dose-related research also
must involve use of valid markers of
body structure and function that pre-
dict changes in activity and partici-
pation. The existence of many mea-
sures of performance at the activity
level of the ICF was acknowledged.
These measures could be correlated
with data from recent advances in
imaging techniques such as voxel-
based morphometry33 and diffusion
tensor imaging.34

The greatest paucity of measures is
at the participation level. The group
discussed newer, “smarter” out-
comes such as computer adaptive
testing (CAT), which tailors items
that adapt to the child’s ability level.
Several CATs have been developed
and validated to measure physical
function.35,36 Discussion included
the use of the Patient-Reported
Outcomes Measurement Informa-
tion System (PROMIS�), which was
developed by NIH to provide a sys-
tem of highly reliable, precise mea-
surement of patient-reported health
status for physical, mental, and social
well-being.37 The use of CAT and
PROMIS� with children with CP has

been the focus of several recent
investigations.36,38,39

Large- and Small-Group
Discussion: Designing
Clinical Trials
The small-group discussion session
on clinical trials and other comple-
mentary research designs identified
3 areas of research: (1) minimal
dose and optimal dose for clinically
important upper extremity function;
(2) optimal dose to improve and
sustain functional ambulation in chil-
dren with CP (Gross Motor Func-
tion Classification System [GMFCS]
levels II and III), which included
examining the optimal dose of phys-
ical activity to load the skeleton to
increase muscle and bone architec-
ture and bone health; and (3) the
relationship between utilization and
outcomes in longitudinal studies or
comparative effectiveness research
(ie, what works for whom and when
and the potential benefits and harms
of an intervention). A summary of
the extensive discussions on dose-
related study designs, challenges,
and opportunities as they pertain
to these 3 areas are outlined below.
The summary also serves as recom-
mendations for future dose-related
research designs.

Table 2.
Examples of Dose-Related Research Questionsa

Questions For All Interventions
For Personal Capacity

to Change
For Interventions With
Demonstrated Efficacy

Mechanistic questions What are the minimal structural and
behavioral changes that should be
considered therapeutically
meaningful?

What are the biomarkers?
Are there clinical prediction rules?

What is the threshold of change at a
structural level that translates to
function?

What is the optimal bone, muscle,
and CNS integrity necessary to
improve activity and participation?

What is the impact of age/stage/
severity?

What are the salient elements of the
intervention?

Research questions to
address structure-
behavior connections

1. What is the minimal and optimal dose of CIMT for clinically important change in upper extremity function? How is
the change attained and sustained?

2. What is the optimal dose of physical activity needed to increase muscle architecture, load the skeleton, and increase
participation in adolescents with GMFCS levels IV and V?

3. What are the minimal and optimal doses of gait training needed to improve and sustain functional ambulation in
children with CP (GMFCS levels II & III)?

a CNS�central nervous system, CIMT�constraint-induced movement therapy, GMFCS�Gross Motor Function Classification System, CP�cerebral palsy.
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Multisite trials. Collaborative mul-
tisite trials and longitudinal studies,
including comparative effectiveness
designs, were recommended as nec-
essary strategies for attaining a criti-
cal mass of data to address the dosing
questions and challenges described
previously. Investigators should pro-
pose and only study interventions
that have the potential to generate
meaningful change for the child and
family and that are clinically feasible,
cost-effective, and both tolerable and
safe.

Dosing threshold. Determining
effective dose must involve a sequen-
tial set of related hypotheses and
studies. Demonstration of effective-
ness in achieving a meaningful out-
come should come first, followed
by carefully planned studies to deter-
mine the minimal dose for eliciting
or maintaining the same desired out-
come. The sequential approach
should further require identifica-
tion of the salient components of
the intervention itself that lead to
changes in ultimate independence of
the participants and questions of
frequency, intensity, and timing of a
type of intervention (dosing), which
are related but empirically separate
issues, as well as including covariates
such as child characteristics.40

Sustainability. For the interven-
tion to be considered effective, gains
achieved at the end of an interven-
tion regimen must be sustainable,
which would require at least one
follow-up evaluation after more
temporary effects would have dissi-
pated. Promoting sustainability would
need to incorporate strategies such
as a “transfer package,” which is a
detailed home program to facilitate
transfer of therapeutic gains to daily
life activities.41,42

Uptake of the intervention.
Related to sustainability is the con-
cept of intervention uptake. This

concept refers to tracking changes
at different time points during an
intervention to gather information
on the dose-response relationship,
determine at what points different
outcomes were achieved, and estab-
lish whether continued interven-
tion beyond that produced led to
continued improvements. This rec-
ommendation suggests that dosing-
related studies will require repeated-
measures designs rather than pretest-
posttest designs.

Child and family engagement.
Although all agreed that it would
be useful to evaluate optimal dosing,
it was recognized that other factors
beyond the dose would affect the
response and, therefore, would need
to be measured as well. Because
personal and environmental factors
will moderate or mediate the dose-
response relationship, they must
be clearly defined, measured, and
included in analyses. Personal factors
must include motivation, self-efficacy,
level of engagement, and environ-
mental family resources. The group
agreed that the onus should be on
all investigators to study only inter-
ventions that have the potential
to generate meaningful change for
the child and family and that are
feasible, cost-effective, tolerable, and
safe. Because variability in response
to dosed interventions is due, in part,
to individual differences that are
social, cultural, psychological, and
genetic, the complexity of teasing
out the influence of individual differ-
ences will be confounded by the
interrelationships among these fac-
tors and the biological factors out-
lined previously. The question for
researchers should be: What aspects
of the family, beyond socioeconomic
status and ethnicity, interact with
intervention doses to influence out-
comes? The consumer panel raised
concerns about discontinuities of
therapy, especially as children grow
older, and elaborated on the impor-

tance of tailoring the intensity of
therapy to the child’s current age-
related interests, such as sports or
work. Therefore, dose-related stud-
ies will require use of multivariate
designs and clear theoretical or
conceptual frameworks. The panel
strongly advocated for an increased
level of consumer input in research
and training projects and that such
input should be solicited early in
the process of grant proposal or pro-
gram planning.

Common outcomes. The group
discussed the need to consider hav-
ing an agreed-on minimal dataset or
consistent set of outcomes for stud-
ies with similar aims, such as those
with the goal of improving ambula-
tion or upper limb function. Exist-
ing resources such as the NIH
Toolbox43,44 and PROMIS�35 warrant
consideration and further explora-
tion as standard outcomes for dosing
investigations. Because meta-
analyses are one approach to deter-
mine the effectiveness of existing
interventions, the use of common
outcomes was viewed as being of
great importance in addressing dos-
ing questions.

Overall, the consensus was that the
intervention must demonstrate some
evidence of effectiveness before
optimal dosing should be investi-
gated. An example of an interven-
tion that has demonstrated effective-
ness and that requires dosing-related
research is CIMT with children.45

This intervention also was selected
as a future focus area by one group
during the small-group discussions
to address the question of a minimal
dose and optimal dose for clinically
important upper extremity function.
What follows is a brief account of
the modified CIMT findings, summa-
rized in Table 3, that underscores
dosing cannot be considered sepa-
rately from the various other param-
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eters of intervention that it interacts
with closely.

Initially, children with CP and hemi-
plegia (aged 7 months to 8 years)
were given 6 hours of intervention
per day involving functional task
practice with shaping (ie, training
with positive reinforcement) for
15 consecutive weekdays.47 Subse-
quently, in children with CP and
hemiplegia aged 2 to 6 years, it was
found that just 3 hours per day, for
15 days, yielded results that were
equivalent.42 Further research showed
that reducing the duration of train-
ing from 15 to 10 consecutive week-
days while keeping the number of
hours of training per day at 3 hours
did not reduce the therapeutic out-
come.48,49 However, restraint of the
less affected arm, accomplished by
casting, was maintained 24 hours per
day in each of the studies. Another
early CIMT research model, devel-
oped in parallel, demonstrated motor
learning after extensive practice.50

In this paradigm, modified restraints
and age-appropriate activities (play)
with the more affected upper
extremity were used. It should be
pointed out, however, that despite
there being nearly 70 studies of pedi-
atric CIMT, until recently almost all

of these studies compared the inter-
vention with a no-intervention or
usual and customary care group at
normal dosing schedules,51 suggest-
ing that improvements following
CIMT may be a reflection of time
rather than the type of intervention
itself. Following the development of
hand-arm bimanual intensive therapy
(HABIT),46,52 randomized controlled
trials of HABIT and modified CIMT
have shown that both groups dem-
onstrated similar improvements in
unimanual dexterity and use of
the impaired upper extremity as a
bimanual assist.30,53 Improvements
in spatiotemporal coordination of
the upper extremities during a
bimanual task54 suggest the impor-
tance of specificity of practice
(type). Overall findings30 show that
90 hours of training resulted in bet-
ter improvements and better reten-
tion of improvements at subsequent
follow-up than 60 hours of training.
This example highlights the impor-
tance of research to understanding
the specific therapeutic ingredients
and their relationship to sustained
changes.

Outcomes
The primary goal of this summit was
to foster a critical debate that would

result in recommendations for the
development of large-scale research
proposals to address dosing for chil-
dren with injured brains or CP. Infor-
mation presented in the preceding
sections suggests that the summit
was successful in fostering a critical
debate on this topic and proposing
recommendations for advancing
research on this topic. The next
steps for moving intervention dosing
forward are summarized in Table 4
and outline what RS III participants,
physical therapists, and different
entities can do to advocate that inter-
vention dosing be a research priority
and to foster collaborations on a
broad scale.

The second goal of enhancing the
research capacity of pediatric physi-
cal therapists by facilitating collabo-
rations and networking was partially
realized, as evidenced by how the
groups self-selected for the third
small-group discussion. Some of the
groups went on to plan and submit
2 interdisciplinary planning grants
that were funded by the Section on
Pediatrics in 2012. Pediatric physical
therapists served as principal inves-
tigators. As observed in previous
summits, we expect the benefits of
this summit to increase with time.

Table 3.
Chronology of the Modified Constraint-Induced Movement Therapy (CIMT) Studies and Relation to Dosinga

Sequence of
Investigations Type Frequency and Time Comparison Main Outcomes

CIMT (initially) Restraint: cast for 24 h/d 6 h/d, 5 d/wk, 15 wk
3 h/d for 15 d
3 h/d for 10 d

Usual care (no protocol;
doses lower than
CIMT)

Improvements in UE function;
lower doses equally effective

Modified CIMT (parallel with
earlier CIMT studies)

Restraint: sling–only
during intervention

6 h/d, 5 d/wk, 15 wk
3 h/d for 21 d

Usual and customary
care

Improvements in UE function;
indication of improvement
across ICF; improvements at
various ages; continual
improvements with repeated
bouts; more is better

HABIT (later and in response
to characteristic of child)

No constraint; bimanual
training; specificity of
practice

3 h/d for 21 d Modified CIMT Improvements in UE function;
bimanual coordinations
indication of task-specific
effects

a A retrospective analysis of more than 100 children undergoing either 60 or 90 hours of modified CIMT or hand-arm bimanual intensive therapy (HABIT)46

show that 90 hours of training resulted in better improvements or better retention of improvements at subsequent follow-up than 60 hours of training.
UE�upper extremity, ICF�International Classification of Functioning, Disability and Health.
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Summit participants will be surveyed
every 2 years about submitted grants,
funded research, and publications
that resulted from this summit.

Conclusion
This research summit was consid-
ered the first and necessary step in a
systematic and in-depth analysis of
dosing questions and an interdisci-
plinary approach toward second-

generation dose-related research.
The overall consensus is that an
intervention must demonstrate effec-
tiveness before dose-related studies
can be undertaken. In this article,
we summarized the process and out-
come of the group discussions, high-
lighted several factors that merit spe-
cial consideration for dosing studies,
and proposed recommendations for
clinical trials and other strategies to

advance research on this topic. The
recommendations are intended to
facilitate second-generation interven-
tion research questions and targeted
interdisciplinary multisite protocols,
influence funding, foster understand-
ing of dose-response rehabilitation
protocols at all levels of the ICF, and
ultimately improve the lives of chil-
dren with an injured brain or CP.

Table 4.
Recommendations for Advancing Research on Dosinga

Strategy Explanation

Summit goal 1: to foster a critical debate that would result in recommendations for the development of large-scale, second-generation research
proposals to address thresholds for effective dosing for children with injured brains or CP.

Complete a meta-analysis for CIMT in
children and find patterns in existing
datasets

Carrying out secondary analysis in datasets that already exist was considered important to assimilate
knowledge and is easier in some cases than conducting another small RCT. A meta-analysis for CIMT in
children with hemiparesis should be done immediately. As of 2012, there have been more than 13 RCTs
using similar outcome measures. However, differences in methods should be taken into consideration.

Develop and disseminate guidelines and
recommendations for dosing studies
(including a policy statement)

The guidelines must include the use of common outcome measures, address sustainability of effects, and
include recommendations for input from consumers.

Conduct a metric review before the
next small sample size RCT

An example is treadmill training. Similar to CIMT, there have been a good number of RCTs of treadmill
training in children with CP. Despite the relatively high number of RCTs, the inconsistency and variety of
outcome measures used is likely too broad to do a meta-analysis at this time.

Start a national database for pediatric
rehabilitation

For databases that already exist and those that will be implemented, improvements in adherence to supply
data (eg, electronic medical records) is paramount. Reports of too much missing information or data are
commonplace. The recommendation was to reduce the number of data elements and report the elements
of dosing in a similar way, such as F (frequency), I (intensity), T (type), and T (timing). The database also
would help address the utilization questions proposed by groups focusing on health services research.
Retrospective datasets could drive prospective studies.

Summit goal 2: to enhance the research capacity of pediatric physical therapists by facilitating collaborations, information exchange (cross-
fertilization), and networking among physical therapists, other researchers (basic, neuroscience, movement, and clinical scientists), consumers, and
funding agencies in the area of dosing of interventions for children with injured brains or CP.

Encourage the training of students,
clinicians, and researchers in issues
and research related to dosing

Training could be accomplished through continuing education, didactics in entry-level and postprofessional
education programs, postdoctoral experiences, and research practicums.

Work with funding agencies to increase
grant support on topic of dosing with
large-scale, small-scale, pilot, and
planning grants

Some of the proposed strategies were: (1) include and advocate for requests for proposals in area of
dosing, (2) identify potential reviewers for grants to recommend to funding agencies, (3) request funding
from the APTA Section on Pediatrics to support at least one dose-related planning grant to enable
investigators to plan larger-scale grants, (4) encourage formation of working groups or networks to tackle
questions related to dosing, (5) lobby AHRQ or other funders to support CE research on this topic, and (6)
ask APTA to partner with organizations such as the CPIRF, Shriners Hospitals for Children, or other groups
to do a CE study on motor interventions in children with brain injury.

Identify community advisory boards of
consumer groups to partner with
researchers

The boards would provide input to grants and continuing education and serve on review panels. The
summit consumer panel provided valuable information, and their guidance is needed to enhance second-
generation research designs on dosing.

Work with journal editors Work with editors of Physical Therapy and Pediatric Physical Therapy to implement suggestions that
intervention studies should describe dose characteristics and key patient/family characteristics that may
mediate dose response and should include participation outcomes.

Encourage APTA to develop a data
repository/central database on
individuals with an injured brain or
CP

One avenue would be to take advantage of the Clinical Translational Science Awards, which are committed
to funding studies in bioinformatics through large grants. Because reports of too much missing information
or data are commonplace, another strategy would be to reduce the number of data elements and report
the elements of dosing in a similar way, such as F (frequency), I (intensity), T (time), and T (type).

a CP�cerebral palsy, CIMT�constraint-induced movement therapy, RCT�randomized controlled trial, AHRQ�Agency for Healthcare Research and Quality,
CE�comparative effectiveness, APTA�American Physical Therapy Association, CPIRF�Cerebral Palsy International Research Foundation.
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Developmental Disabilities Council

Washington DC mathew.mccollough@dc.gov

Christopher, Joan Parent Washington DC jchristopher1226@yahoo.com

Baldwin, Melissa
MA, CRC

Consumer Washington DC

Agencies Serving Children With Disabilities

Bagley, Anita
MPH, PhD

Shriners Hospital for Children Sacramento CA abagley@shrinenet.org

a The Research Summit III (Dosing and Motor Learning for Children With an Injured Brain or Cerebral Palsy) was sponsored by the American Physical
Therapy Association (APTA) Section on Pediatrics, the National Institutes of Health’s Eunice Kennedy Shriver National Institute of Child Health and Human
Development (NICHD), and the National Institute of Neurological Disorders and Stroke (NINDS); October 28–30, 2011; Alexandria, Virginia. Participants’
affiliations at the time of Research Summit III are listed.
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