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Passive range of motion exercise to enhance growth in infants
following the Norwood procedure: a safety and feasibility trial
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Abstract Objective: The aim of this study was to evaluate the safety and feasibility of a passive range of motion
exercise programme for infants with CHD. Study design: This non-randomised pilot study enrolled 20 neonates
following Stage I palliation for single-ventricle physiology. Trained physical therapists administered standar-
dised 15–20-minute passive range of motion protocol, for up to 21 days or until hospital discharge. Safety
assessments included vital signs measured before, during, and after the exercise as well as adverse events recorded
through the pre-Stage II follow-up. Feasibility was determined by the percent of days that >75% of the passive
range of motion protocol was completed. Results: A total of 20 infants were enrolled (70% males) for the present
study. The median age at enrolment was 8 days (with a range from 5 to 23), with a median start of intervention at
postoperative day 4 (with a range from 2 to 12). The median hospital length of stay following surgery was 15 days
(with a range from 9 to 131), with an average of 13.4 (with a range from 3 to 21) in-hospital days per patient.
Completion of >75% of the protocol was achieved on 88% of eligible days. Of 11 adverse events reported in six
patients, 10 were expected with one determined to be possibly related to the study intervention. There were no
clinically significant changes in vital signs. At pre-Stage II follow-up, weight-for-age z-score (−0.84± 1.20) and
length-for-age z-score (−0.83± 1.31) were higher compared with historical controls from two earlier trials.
Conclusion: A passive range of motion exercise programme is safe and feasible in infants with single-ventricle
physiology. Larger studies are needed to determine the optimal duration of passive range of motion and its effect
on somatic growth.
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GROWTH IMPAIRMENT IS COMMON IN INFANTS

with CHD, especially those with single-
ventricle physiology. These infants usually

undergo three palliative surgeries, with the first Stage
I palliation, also called the Norwood surgery,
typically within the 1st week of life. Haemodynamic

compromise, inadequate nutrition, and hypoxaemia
following surgical repair place a heavy burden on the
neonate with limited metabolic reserves.1 From birth
through 3 years of life, growth rates in children
with CHD fall below the norm.2,3 Growth failure
is manifested by impairment in both length and
weight, but initially weight is affected to a larger
degree than length. Growth of children with single-
ventricle physiology has the most dramatic decline
with respect to weight-for-age z-scores occurring
between birth and discharge after the Norwood
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procedure, up to about 3 months of age, with a
relative plateau during the interstage period – that is,
the time between Stage I and Stage II palliations.3,4

The second palliative surgery – Stage II palliation,
also called the Glenn or superior cavopulmonary
anastomosis – performed at ~3–6 months of age –
reduces volume load on the ventricle and leads to
improved growth trajectories;5 however, this can
result in catch-up growth that predisposes the child
to an increased risk of obesity, diabetes mellitus,
hypertension, cardiovascular disease, and osteopaenia
later in life.6

Comparing infants with a variety of CHD, growth
failure is most severe in infants with congestive heart
failure and cyanosis.7 In infants with hypoplastic left
heart syndrome, this appears to be related in part to
higher energy expenditure.8 Nutritional management
alone does not ensure adequate weight gain following
the Norwood operation.3,9 This is a critically important
problem as poor growth and nutrition in early infancy
may adversely affect outcomes during subsequent sur-
gical palliation,3,10 linear growth,11 and impact long-
term neurodevelopment.12,13

Growth challenges in infants born with single
ventricles are similar to those of preterm infants who
also experience feeding difficulties, failure to thrive,
and subsequent neurodevelopmental impairment.
Assisted exercise, passive range of motion therapy, in
preterm infants has been shown to increase bone
mineral acquisition and bone strength and enhance
weight gain.14–16 Exercise therapy in preterm infants
is also associated with increased somatic growth,17,18

improvements in the distribution of sleep–awake
states, and decreased behavioural signs of stress.19–21

Data regarding the effects of exercise on growth and
development are not available for infants with CHD.
In fact, most preterm studies have excluded infants
with CHD from participation; furthermore, the
safety and feasibility of passive range of motion and
increased handling of these high-risk infants, often
medically unstable, are unknown.
Interventions to increase growth in the single-

ventricle population have focussed on aggressive
nutritional strategies and/or drug therapy with
varying degrees of success; however, it is not until
Stage II palliation that catch-up growth actually
starts to occur.3–5 Enhanced growth in the neonatal
period may be crucial to favourably impact neuro-
development, behavioural state, and time to hospital
discharge. Changing how caregivers interact with
these neonates and tailoring interactions to improve
neonatal response may have a positive impact on their
development.22 Passive range of motion therapy is
non-invasive and easy to deliver without adverse
effects in premature infants. We hypothesised that a
passive range of motion exercise intervention would

be safe and feasible in neonates with single-ventricle
physiology in the immediate postoperative period
after Stage I palliation.

Methods

Patients
The “Training in Exercise Activities and Motion for
Growth” – TEAM for Growth – study protocol
developed by the nursing research committee of the
Pediatric Heart Network was approved by the Insti-
tutional Review Boards at each of the three Pediatric
Heart Network participating centres. The Pediatric
Heart Network is a collaboration of clinical sites and
a data coordinating centre that conducts research
studies on children with CHD or acquired heart
disease. Patients were screened for eligibility before
approaching the parents for consent (Fig 1). Inclusion
criteria included patients >37 weeks gestation and
<30 days of age with hypoplastic left heart syndrome,
who had undergone a Norwood procedure for Stage I
palliation.
Patients were considered eligible for enrolment

once they were haemodynamically stable, as assessed
by the attending physician, after surgical interven-
tion with a closed sternum, irrespective of remaining
intubated, use of inotropes, and chest tubes and
intracardiac lines being in place; feeding status did
not play a role in decision making. Exclusion criteria
included additional surgical intervention before the
Norwood procedure, intrauterine growth restriction,
a chromosomal or recognisable phenotypic syndrome
associated with growth failure – for example,
Trisomy 21, Noonan, or Turner syndromes – a
non-cardiac diagnosis associated with growth failure,
severe neurological injury resulting from stroke or
intracranial haemorrhage confirmed by head CT/MRI
or cranial ultrasound, and anticipated discharge
within 14 days of screening.

Study design and measures
This study was a non-randomised, pilot study of an
exercise programme in patients with single-ventricle
physiology. The primary aim was to determine
whether an exercise programme of passive range of
motion was safe and feasible in infants with single-
ventricle physiology following Norwood surgery.
Data collection and time points. Data collected at

the time of enrolment included age, race, ethnicity,
sex, birth history, and the shunt type used during the
Stage 1 operation. Anthropometric measurements
such as length and weight were performed by trained
nurses using a standardised measurement protocol23

at four time points: baseline, 14 days after enrolment,
21 days after enrolment, and at the pre-Stage II
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palliation visit. Day-21 length and weight were
collected at the time of hospital discharge if dis-
charge occurred earlier than 21 days. Patients were
considered to have completed the study following
their anthropometric measurements collected at the
pre-Stage II palliation visit.
Passive range of motion exercise. An exercise protocol

and training video were developed to assist physical
therapists in training. At each site, a lead physical
therapist was designated and responsible for training a
small group of participating therapists. This physical
activity programme was based on the protocol developed
by Moyer-Mileur et al16 and adapted by McQueen
et al24 as a caregiver-assisted exercise programme for
preterm infants. The intervention consisted of a total of
80 repetitions on upper and lower extremities, which
included systematic flexion and extension with gentle
compression at the end of the movement performed
10 times at each wrist, elbow, shoulder, ankle, knee,
and hip joint with adduction and abduction performed
10 times at the shoulder and hip joints. The assisted
exercise was performed by a physical therapist 7 seven
days a week for 21 consecutive days or until hospital
discharge. This once daily, 15–20-minute intervention
over 21 days was based on multiple factors. First, there

is evidence that a once-a-day regimen is effective in
preterm infants.16,17,24 Second, the median length of
postoperative stay at two of the centres conducting this
pilot was at least 24 days. Third, in a fragile single-
ventricle population, a brief intervention was anticipated
to minimise adverse events. Finally, to encourage
participation and successfully conduct this study in
busy cardiac ICU, any intervention must not be seen as
intrusive.
Safety. Infants were monitored before, during,

and after the intervention. The infant’s heart
rate, blood pressure, and oxygen saturation were
recorded as a measure of tolerance to the study
intervention.
Adverse events were collected up to the final study

visit. The number of adverse events was considered a
highly clinically relevant measure of safety for this
study; however, given the myriad of complications
expected to occur during the patients’ normal medi-
cal course, those that were possibly or probably rela-
ted to the intervention or those noted to occur during
the intervention or for 1 hour after intervention
were evaluated to determine the safety of this inter-
vention. At the time, an event was initially reported,
and determination of causality was made by the

Assessed for eligibility (n=59) 

Excluded (n=39) 
♦ Not meeting inclusion criteria (n=34) 
♦ Declined to participate (n=5) 

Completed pre-Glenn or 3-month follow-up 
(n=18)

Completed intervention and analyzed (n=19) 

Allocated to intervention and initiated 
intervention (n=20) 

Allocation 

Analysis

Follow-Up

Enrolled (n= 20) 

Enrollment 

Withdrew (n=1) 
♦ Parents withdrew on day 1 

Did not survive (n=1) 
♦ Out-of-hospital interstage death 

Figure 1.
CONSORT flow diagram: passive range of motion in infants following the Norwood procedure: a safety and feasibility trial.
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designated site principal investigator in consultation
with the physical therapist and/or nurse coordinator.
The Pediatric Heart Network Medical Monitor
independently adjudicated all adverse events for this
study and made the final determination of causality
and expectedness, which was used in the analysis.
Feasibility. Adherence to the study regimen was

assessed daily. The physical therapist recorded the time
at which the intervention began and ended, as well as
the number of repetitions performed on each extremity.
Feasibility was measured by the ability to complete the
exercise protocol, and was characterised each day as
follows: high completion, defined as ⩾75% of the
intervention performed; medium completion, defined
as 50–75% of the intervention performed; and low
completion, defined as <50% of the intervention
performed.
Anthropometry and growth. Preliminary efficacy

of the intervention was considered by assessing
anthropometry throughout the study period.
Weight-for-age and length-for-age z-scores were
calculated using the World Health Organization
child growth standards algorithm. Differences in
mean weight-for-age and length-for-age z-scores at
the pre-Stage II palliation visit were compared with
previous Pediatric Heart Network cohorts enrolled in
the Infant Single Ventricle Trial and Single Ventricle
Reconstruction Trial.25,26 Changes in weight-for-age
and length-for-age z-scores from baseline to day 21
or discharge, baseline to pre-Stage II, and day 21 or
discharge to pre-Stage II were also compared between
the three cohorts.

Statistical analysis
Logistic regression was used to test potential pre-
dictors of high/medium versus low completion rate.
Changes in vital signs from pre-intervention to
during-intervention and from pre-intervention to
post-intervention periods were calculated, and a
1-sample t-test was used to determine statistically
significant differences from 0; two-sample t-tests
were used to compare anthropometry and change in
anthropometry between studies. All analyses were
conducted using SAS v9.3 (SAS Institute Inc., Cary,
North Carolina, United States of America), and sta-
tistical significance was tested at the 0.05 level.
Owing to the challenges in interpreting the sig-
nificance of multiple testing, we focus on comparing
the number of significant results with that expected
because of chance alone. We made 10 vital sign
comparisons, eight z-score comparisons, and con-
sidered six predictors of completion rate. In these
24 statistical tests, we expect 1–2 significant differ-
ences due to chance alone.

Results

Neonates were enrolled at three Pediatric Heart
Network institutions between September, 2013 and
September, 2014; 20/25 eligible patients consented
(80%) to participate and 70% of them were males
(Table 1). After 3 days of intervention, one patient
was voluntarily withdrawn by the parents. Another
patient died before the 3-month visit after complet-
ing 13 days of the intervention and being discharged
home. The remaining patients were followed-up
through the pre-Stage II palliation visit. Table 2
describes enrolment and duration of the intervention.
Patients were enrolled at a median age of 8 days
(with a range from 5 to 23), with the first passive
range of motion starting on a median postoperative
day 4 (with a range from 2 to 12). The median hos-
pital length of stay following surgery was 15 days
(with a range from 9 to 131), allowing for an
average of 13.4 in-hospital days/patient (with a range
from 3 to 21) for attempted passive range of motion
exercise.

Safety
Of 11 adverse events reported in six patients, all were
adjudicated to be “expected” by the Pediatric Heart
Network Medical Monitor. Only one adverse event, a
midsternal wound dehiscence, was determined by the
medical monitor to be possibly but not probably
related to the study intervention. The top of the
incision was noted to be open and draining, with no
erythema. The principal investigator related the
wound change to a probable suture granuloma or fat
necrosis. This patient completed all 21 days of the
exercise protocol and had total resolution of the
wound complication.
Vital signs were monitored before, during, and

after intervention. Although heart rate changes from

Table 1. Demographics of the Training in Exercise Activities and
Motion for Growth cohort (n= 20).

Characteristics n (%) or Median [range]

Male (n (%)) 14 (70%)
Race (n (%))
Caucasian 12 (60%)
African-American 1 (5%)
Asian 2 (10%)
American Indian or Alaska Native 1 (5%)
Unknown 4 (20%)

Ethnicity (n (%))
Hispanic or Latino 2 (10%)

Birth weight (kg) 3.31 [2.3–4.59]
Birth length (cm) 50 [44.0–57.0]
Right ventricle-to-pulmonary artery
conduit (n (%))

14 (74%)
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before the intervention to during the intervention
were statistically significant (p= 0.05), they were
not clinically significant with a mean increase of
2.56 beats per minute. There were no other sig-
nificant changes in vital signs or oxygen saturations
(Table 3).

Feasibility
There was a total of 268 eligible days for passive
range of motion exercise across the cohort. High
completion of the exercise protocol (>75% of the
exercise) across all patients was achieved on 88% of
the eligible days (237) and medium completion
(>50% of the exercise) was achieved on an additional
2% of the days (5) (Fig 2). The inability of the phy-
sical therapist to complete 100% of all daily repeti-
tions on both upper and lower extremities was largely
related to the placement of a peripheral intravenous
or arterial line in one of the extremities. On 18/
268 days, the intervention was deferred by medical or
nursing staff, parents, or due to lack of physical
therapy staff availability. Birth length, birth weight,
gestational age, ICU days, length of stay, and venti-
lation days were not significantly associated with
high versus low completion.
The passive range of motion intervention was

stopped a total of 15 times, out of 268 attempts, in
8 of the 20 patients. In one patient who completed
21 days of the intervention, the daily exercise was
stopped a total of seven times because of irritability
and drop in oxygen saturations. A second patient’s

parent deferred initiation of the exercise on two
occasions as the baby was observed to be distressed
when feeding earlier in the day. A third patient
became irritable during the intervention, having
tolerated it 2 days earlier, and the parent withdrew
the patient from the study. In four other patients, the
daily exercise was stopped once each because of
irritability and heart rate changes (n= 2) or infant
“state” (n= 2). Only one patient was noted to have a
chest tube leak, unrelated to the intervention, and
thus the exercise was stopped at once. Of the 20
patients, 12 completed all the daily passive range of
motion protocol, without any interruptions.

Table 2. Timing and duration of the study intervention (n= 20).

Characteristics Median [range]

Age at enrolment (days) 8 [5–23]
Postoperative day on which the passive range of motion exercise was started 4 [2–12]
No. of days after enrolment range of motion exercise started 1 [0–3.0]
Hospital length of stay (days) 15 [9–131]
Average range of motion (days/patient) 13.4 [3–21]
Ventilated days receiving range of motion 1 [0–21]

Table 3. Change in vital signs.

Change from before intervention to during
intervention

Change from before intervention to after
intervention

Variables Mean (SD) p-value* Mean (SD) p-value*

Heart rate (beats per minute) 2.56 (5.37) 0.05 1.02 (4.00) 0.27
Respiratory rate (breaths per minute) 0.53 (4.81) 0.63 −0.20 (6.50) 0.89
Systolic blood pressure (mmHg) 1.51 (5.71) 0.25 0.57 (3.45) 0.47
Diastolic blood pressure (mmHg) 1.29 (3.04) 0.07 0.71 (3.23) 0.34
Oxygen saturation (%) −0.60 (2.16) 0.17 0.14 (1.52) 0.68

*One-sample t-test

Figure 2.
Feasibility. Determined by the proportion of days where <50%
(low), 50–75% (medium) or >75% (high) of the passive range
of motion (ROM) exercises were performed.
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Anthropometry and growth
At the pre-Stage II visit, weight-for-age z-scores
(−0.84±1.2) and length-for-age z-scores (−0.83±1.31)
were higher than previous reports in Pediatric Heart
Network-studied single-ventricle cohorts enrolled
in the Single Ventricle Reconstruction and Infant
Single Ventricle trials (Fig 2). Compared with the
Single Ventricle Reconstruction population, our
cohort had less decrease in weight-for-age z-scores
from baseline to discharge (−0.18 (±1.49) versus
−1.40 (±0.82)) and from baseline to pre-Stage II
(−0.56 (±0.81) versus −1.50 (±1.14)). We also
noted an improved change in length-for-age z-scores
from baseline to discharge (0.05 (±1.22) versus −1.3
(±1.23)) and baseline to pre-Stage II (0.05 (±1.59)
versus −1.48 (±1.66)) when compared with the
Single Ventricle Reconstruction population. There
were no differences between our cohort and the Single
Ventricle Reconstruction cohort in changes from
discharge to pre-Stage II and no differences in z-score
change at any time points between this cohort and
the Infant Single Ventricle cohort.

Discussion

This study is the first to describe the safety and feasi-
bility of a daily passive range of motion exercise proto-
col in neonates immediately following the Norwood
operation for single-ventricle palliation for CHD. The
results support that this intervention can be executed
safely, without significant adverse events or changes in
clinical status, in this high-risk, fragile population.
Achievement of the daily passive range of motion
exercises was feasible in this population with high
completion rates. The pre-Stage II anthropometry in
this pilot cohort suggests that passive range of motion
should be investigated for its potential to improve
growth in single-ventricle CHD.
Although daily compliance with the protocol was

high, the duration of the intervention was shorter
than anticipated. Not achieving the target of 21 days
of passive range of motion per patient was driven by
the shorter-than-expected hospital length of stay
(median 15 days), rather than intolerance to exercise,
as patients were discharged earlier than the average
length of stay (24 days) seen in previous Pediatric
Heart Network studies involving single-ventricle
patients. Moreover, one might speculate that an era
effect may impact the length of stay, with the
emphasis on high-risk clinics and home monitoring
contributing to these babies being discharged earlier.
To reach the goal of 21 days, it may be possible to
train caregivers to continue the exercise at home. In
an exercise-assisted programme for preterm infants,
caregivers, mostly mothers, were taught by nurses,

occupational therapists, and other healthcare provi-
ders to perform daily exercise for 3 weeks with their
infants at home. The caregivers were willing and able
to perform the exercises correctly and expressed
belief that the intervention had positive effects on
their babies and on caregiver–infant interactions.24

Although interventions in preterm infants have
shown promising effects, the benefit may be
enhanced when continued at home after discharge.
Movement in utero and early neonatal life may be

an important modifier of growth and neurodevelop-
ment. The last trimester of pregnancy sees a striking
increase in fetal body mass and physical activity,
where the fetus moves in an increasingly restricted
intrauterine environment; however, it has been a
tenet of neonatal care of high-risk infants that all non-
growth related energy expenditure such as normal
activity should be minimised, so that caloric intake
would be used primarily for growth27 and to avoid
the hypoxic episodes that can occur with frequent
handling.28 The benefit of handling these infants on
caregiver–infant interactions likely starts much ear-
lier than at the time of hospital discharge. Infants
born with CHD can experience prolonged hospitali-
sation for weeks or even months, characterised by
altered sensory and physical stimulation. Sedation
and paralysis may be implemented for respiratory
support, haemodynamic instability, or bleeding,
further diminishing normal movement. Therefore, it
is important to identify strategies to safely increase
activity and movement to potentially enhance
growth in infants with single-ventricle physiology
and prevent neurodevelopmental delays and other
adverse outcomes.
Previous studies in preterm and low birth weight

infants, excluding CHD infants, have demonstrated
that moderate-pressure massages or passive range of
motion exercises increase somatic growth when per-
formed in a systematic, standardised manner by
trained individuals.17 Although the mechanism by
which this intervention works on growth is
unknown, several hypotheses have been suggested.
Some investigators suggest that changes in vagal tone
and secretion of catecholamines may play a role29 or
that increased gastric motility and vagal activity
may innervate the digestive system.30 Alternatively,
weight gain with infant massage may occur as a result
of reduced energy expenditure,8 despite the observa-
tion that infants appeared to be more active during
and after the exercise intervention. Field et al31 pro-
posed that massage therapy may lead to increased
weight gain by increasing insulin and Insulin-like
growth factor-1 levels, as insulin promotes the
conversion of glucose to both short-term – glucagon –
and long-term – lipids/fats – storage. Insulin-like
growth factor-1 also plays an important role in
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promoting growth by stimulating cell growth and
inhibiting apoptosis.
Stress can be common in infants in ICU. This

correlates with poor glucose metabolism, leading to
hyperglycaemia and insulin resistance, which may be
decreased with massage therapy. Massage therapy
may increase more restful and calmer states in neo-
nates, likely the result of a parasympathetic response
elicited by the stimulation of pressure receptors,
which both decreases cortisol levels and increases
vagal activity. Guzzetta et al32 found that massaged
infants demonstrated significantly decreased cortisol
levels at the end of the massage protocol compared
with control infants. Increased vagal activity may
lead to greater weight gain by increasing gastric
activity and promoting the release of insulin.
This study did not include a control group and was

not powered for growth outcomes. Nevertheless, we
did compare growth in this small cohort with two
historical cohorts studied by the Pediatric Heart
Network. The two previous trials, the Infant Single
Ventricle Trial25 and the Single Ventricle Recon-
struction Trial,26 both enrolled neonates with single-
ventricle physiology with similar inclusion/exclusion
criteria and obtained length/weight at similar time
points. Acknowledging that even the small differ-
ences in time of enrolment, discharge, and pre-Stage
II evaluation may skew growth comparisons, Figure 3
is encouraging in that the neonates in this study were
heavier and longer than infants in the other two
studies at the pre-Stage II evaluation, even with a
median of 15 days of passive range of motion, which
was below the target duration. The optimal duration
of passive range of motion is unknown. It may be that
a longer duration of the exercise protocol is needed to
improve or sustain growth as evidenced by no

difference between the cohorts in the discharge-to-
pre-Stage II time frame. It may also be that the ICU is
the critical window for benefit from passive range of
motion exercise. Although the preliminary anthro-
pometric findings are encouraging, appropriately
controlled studies are required to understand the
efficacy as well as the effect of passive range of
motion and handling on cortisol, Insulin-like growth
factor-1, and insulin.

Limitations
This non-randomised study was a pilot to assess the
safety and feasibility of a passive range of motion
protocol in 20 infants with single-ventricle physio-
logy, and was not powered to evaluate increased
growth. It is possible that healthier babies were
preferentially invited to participate in this study or
parents of healthier babies were more likely to
consent, but efforts were made to enroll all babies
who met inclusion criteria and none of exclusion
criteria.

Conclusions

A passive range of motion exercise programme is safe
and feasible in infants with single-ventricle physio-
logy. Although the mechanisms of action are not well
defined, previous studies demonstrate that assisted
exercise is a promising strategy for enhancing somatic
growth in neonates at risk for growth failure. This
study confirms that a once-daily, passive range of
motion exercise programme in single-ventricle
infants in the immediate postoperative period is safe
and can be executed in the demanding environment
of the cardiac ICU. Larger studies are required to
explore the optimal duration of passive range of
motion exercise and its effect on somatic growth and
neurobehaviour.
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