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Abstract
Muscle wasting in burn injury is associated with increased morbidity and
mortality. Burn-induced muscle cachexia is partly attributed to lack of physical
activity imposed by standard of care. Moreover, evidence supports that muscle
tissue is catabolized to provide amino acids necessary for wound healing and
production of acute phase proteins. However, there is a paucity of data concerning
acute body composition changes in response to burn trauma, or factors that
influence burn-induced muscle wasting.
The objectives of this dissertation are 1) to quantify the extent of body tissue
remodeling and 2) assess the determinants of skeletal muscle protein turnover in
children with severe burns. This is a retrospective analysis of data collected
prospectively from two cohorts of patients: 24 patients who underwent dual-energy

xi

x-ray absorptiometry (DEXA) scans from 2000 to 2016 and 268 patients who
underwent metabolic studies from 1999 to 2008. All patients were treated and
studied at Shriners Hospitals for Children, Galveston. Tissue remodeling was
assessed using two DEXA scans per patient performed within 2 weeks of injury
and discharge, respectively. Muscle metabolism kinetic parameters were
calculated from mass-spectrometry data generated during a 5-hour stable isotope
infusion study.
Our key findings were that severely burned children show significant central
fat accumulation and reductions in whole-body in lean mass, which were more
pronounced in upper relative to lower limps, in the acute period post injury. Patient
characteristics such age, sex, weight and burn severity are associated with several
parameters of muscle protein metabolism. Specifically, protein turnover was
related to time post injury, body mass and sex. Further, muscle protein turnover
may have greater contribution to burn-induced hypermetabolism than previously
thought.
These findings indicate some important directions for future research.
Studies are required to examine potential benefits from rehabilitation schemes
focusing more on upper extremities and individualized pharmacological/nutritional
treatments based on patient characteristics. Finally, stable body weight combined
with profound tissue remodeling suggests the need for further research on the
understudied field of macronutrient requirements of severely burned children.
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CHAPTER 1: INTRODUCTION
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Introduction
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EPIDEMIOLOGY OF BURN INJURY
Accidental injury is one of the leading causes of death and disability
globally. The World Health Organization (WHO) estimates that 5 million people
die every year as a result of injury; poisoning, falls, drowning, road traffic accidents,
interpersonal violence and burns (1). This number represents about 9% of deaths
worldwide, which is higher than the percent of deaths attributed to tuberculosis,
HIV and malaria combined (1).

Moreover, this number does not include the

millions of injuries that result in extended hospitalizations and temporary or
permanent disability.
Burn injury refers to trauma to the skin or other tissue due to thermal
exposure. It can be caused by contact with hot solids, hot liquids or flame. Injuries
to the skin caused by electricity, radiation or chemicals are also burns. Burns are
commonly classified by the degree, depth and extent of the injury. First degree
burns are restricted to the outer layer of the skin and typically resolve within a few
days without any permanent damage to the epidermis. Second degree burns
extend beneath the epidermis and require several weeks to heal. Third degree
burns extend to all elements of the skin; the epidermis, dermis, subcutaneous
tissue or even the bone, while the skin loses its ability to regenerate. The extent of
a burn is calculated as the proportion of the body surface area (TBSA) burned and
is one of the most important prognostic factors for recovery and survival.
Burn trauma accounts for more than 5% of injury-related deaths worldwide
and disproportionately affects low to middle income countries, as well as children
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and the elderly (1). In children burn injury is one of the 10 leading causes of death
(2). In the United States about 1 million people every year require burn – related
medical care, where about 50,000 are hospitalized and 4,500 of those die as a
result of burns (3).
In the last few decades, both the incidence of burn injuries and the
associated mortality have decreased substantially due to preventive efforts as well
as advances in burn wound treatment and enhanced infection control. Since 2007,
the incidence of burn in the US population has been between 125 and 142 cases
per 100,000 people, while the mortality rate has decreased below 1% (
Figure 1,
Figure 2).
In children less than 5 years old however, the incidence of burns is more than
double that of the general population (
Figure 3). Young children are curious by nature while their motor skills are
not fully developed, thus making them more prone to injuries. Furthermore, young
children’s skin is thinner than adults’ and therefore a severe burn can develop in
significantly less time upon contact with a hot object (4).
While most burns are not fatal, they can still have a detrimental impact on
quality of life. Data on the prevalence of disability after burn are generally lacking,
however the Global Childhood Unintentional Injury Surveillance study undertaken
by the WHO in four cities, showed that 17% of burned children had long term
disability and for another 8% the disability was permanent (6). Preservation of
function and prevention of disability are areas that have received limited attention
in the past, but could substantially improve the life of burn survivors.
4

Figure 1. Burn incidence in US from 2007 to 2017.
Data retrieved from the WISQARS database maintained by the Centers for
Disease Control and Prevention (6)

Figure 2. Burn mortality rate in US from 2007 to 2017.
5

Data retrieved from the WISQARS database maintained by the Centers for
Disease Control and Prevention (4)

Figure 3. Burn incidence by age group in US.
Data retrieved from Herndon DN (2017) Total Burn Care, 5th edition (5)
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THE HYPERMETABOLIC RESPONSE AFTER BURN INJURY
Burn injury does not only cause local damage to the skin and tissues, but
initiates a number of molecular, biochemical and physiological sequelae that are
not typically seen in other types of severe injuries. Within a few hours from burn a
marked elevation in catecholamines, stress hormones and cytokines drives the
inflammatory and metabolic response that can persist from a few weeks to up to 3
years depending on the severity of injury (7). This profound physiological reaction
manifests with catecholamine levels increased up to 10 times compared to normal,
resting energy expenditure 120% – 180% higher than predicted, persistent
elevation in pro and anti-inflammatory cytokines, increased lipid turnover and
insulin resistance (7–9). These perturbations are accompanied by a significant and
not easily reversible loss of muscle and bone mass that not only inhibits recovery
but can also have long-term negative implications for survivors’ quality of life.
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SKELETAL MUSCLE CACHEXIA AFTER BURN INJURY
Skeletal muscle is essential for a number of functions; creating movement
by contracting and pulling the bones and tendons, breathing, supporting the
skeleton, as well as maintaining homeostasis of whole body protein, lipids and
glucose. Skeletal muscle is necessary for life and thus maintaining or restoring
depleted muscle mass is of paramount importance for survival.
In health, muscle protein synthesis and breakdown occur continuously with
increased protein breakdown during the fasted state being balanced by increased
protein synthesis during the post-absorptive state. Plasma aminoacidemia
observed after meal consumption provides the signal for the switch from negative
to positive net protein balance(11,12). Indeed, increased availability of essential
amino acids and in particular, the branch chain amino acid leucine, activate the
mammalian target of rapamycin (mTOR). mTOR is a protein kinase activated by
increase cellular leucine levels, initiating protein synthesis in muscle cells through
the activation of signaling cascade. Protein breakdown in fasted conditions
provides amino acids (AA) essential to various organs, but is restored with the
anabolism of new protein in response to dietary AA’s. Burn injury distorts this
equilibrium by increasing demand for AA. After severe burn injury there is
increased demand for amino acids for wound healing and production of acute
phase proteins (10). It is speculated that skeletal muscle tissue – the main amino
acid depot in the body - is catabolized in order to provide the building blocks for
these functions(13–15). Even with increased external provision of amino acids,
skeletal muscle wasting cannot be readily reversed in burn survivors(16,17). This
8

heightened and unsatisfied demand for AA leads to excessive muscle protein
breakdown and wasting that can persist up to one year from injury (14). Contrary
to expectations, the muscle protein synthesis rate also increases after burn injury.
In a study of 19 severely burned patients and 18 controls using isotopically labelled
AA, it was estimated that protein synthesis was 50% higher in burn compared to
non-burn individuals, while protein breakdown was 83% higher, resulting in an
overall negative balance (15). It is likely that increased muscle breakdown and AA
availability in turn stimulates synthesis, but not enough to counteract the elevated
rate of proteolysis. Burn induced muscle wasting is further intensified by extended
immobilization, hyperglycemia and elevated cortisol levels, which have been
shown to correlate with negative muscle protein balance and depletion of muscle
mass (16,17).
In children with severe burns, changes in body composition appear to begin
within a few weeks of injury and continue for several months. A decline in lean
muscle mass with concurrent fat accretion has been found to persist for at least 9
months post burn (18). Even 3 years after the injury, lean mass continues to be
lower on average for burn children compared to non-burn controls (7). Evidence
suggests that even a 10% decrease in muscle mass can impede wound healing
and increase susceptibility to surgical complications (10). However, the extent and
location of lean mass reduction in pediatric burn patients is unclear based on the
current literature.
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BONE CATABOLISM AFTER BURN INJURY
Similar to the muscle, bone is in a constant process of formation and
resorption that is essential for growth and repairing of micro-damage. Severe burn
injury disrupts this remodeling process by increasing bone resorption while limiting
formation. The exact mechanism of this disruption is not known, but it has been
suggested that it results from the elevation of pro-inflammatory cytokines, cortisol
and glucocorticoids, that signal apoptosis of osteoblasts simultaneously with
osteoclastogenesis (19). Further, the prolonged immobilization subsequent to
severe injury appears to be linked to increased bone resorption, perhaps due to
skeletal muscle unloading (20,21).
Bone mineral density and bone mineral content begin to decrease within
two weeks of injury in severely burned children, and continue to decrease for
months or even a year post burn (18). Despite the fact that recovery in bone indices
seems to begin after the first year, Przoka et. al., found that at 24 months after
injury, burned children had not yet reached levels comparable to age-matched
healthy controls (18). Another retrospective cohort study showed that the loss in
bone mineral content was not recovered at three years post burn (7). Klein et. al.
evaluated a cohort of 68 children at 5.8 years after burn on average, and reported
that 60% of those children with severe burns and 31% with moderate burns
remained osteopenic (22). It is important to determine both the magnitude and the
bodily areas most affected by alterations in bone composition in children; this
information could assist in determining whether these patients are at risk for future
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osteoporosis or fractures in specific bone depots, while also potentially allowing
for rehabilitation to be tailored to at-risk regions of the body.
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FUNCTIONAL IMPACT OF BURN – INDUCED MUSCLE AND BONE CACHEXIA
Studies assessing the functional capacity of burn survivors after several
years, as well as the potential link between early body composition changes and
long-term morbidity, are limited. In two surveys of self-reported health several
years after the initial injury, burn survivors were more likely than non-burn controls
to have an overall lower quality of life, indicated by lower scores in physical and
mental health, increased fatigue, limited independence and range of motion
(23,24). It is not known whether the extent of initial muscle and bone wasting
contributes to worse quality of life, it is however established that muscle cachexia
has detrimental and lasting effects on strength and endurance.
In the study of 33 children with severe burns (involving >40% of their TBSA),
Alloju et. al., completed isokinetic dynamometry tests 6 months post-burn and were
compared with healthy controls (25). It was found that burn children had 68% lower
peak torque and 64% lower total work than controls, indicating a significant loss of
muscular force. St-Pierre et. al., evaluated burn survivors on average at 38 months
after burn and similarly reported that muscle strength remained significantly lower
than controls (26). Therefore the negative impact of muscle cachexia and loss of
lean mass appears to persist even after the injury is healed.
The long term impact of changes in bone density and content on functional
capacity is also unclear. Height delay in burn children persists for several years
after the trauma and may lead to reduced peak bone mass, thus increasing the
future risk of osteoporosis (27). In fact, there is evidence of an elevated risk of
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fractures post-burn in children with burns covering over 40% of total body surface
area (22). A large retrospective study that assessed the health of 13,224
individuals that had suffered burn injuries in childhood, reported that they were
significantly more likely to present with bone density disorders and be hospitalized
longer compared to non-burned controls, even decades after the initial trauma
(28).
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SPECIFIC AIMS
It is clear that severe burn injury is more than a life-threatening acute
trauma; it also represents a chronic condition that affects the entire body, functional
capacity and an individuals’ overall quality of life for many years. Thus, as
advances in burn care have allowed for patients to survive even the most extensive
burn trauma, more attention needs to be given on preserving muscle and bone
mass and strength in order to hasten recovery and improve the quality of life of
burn survivors.
The work included in this dissertation aims to be a first step towards
improving the long-term musculo-skeletal health of burn survivors by assessing
the magnitude of muscle and bone changes in severely burn children during the
acute period post injury and determining the factors associated with these
metabolic alterations. Specifically this study will address the following aims:
Aim 1: Quantify the extent of tissue remodeling after severe burn in children
during their acute hospitalization. To do this, we will study changes on body (lean,
fat and bone mass) composition in acutely burn-injured children
Aim 2: Assess the determinants of skeletal muscle protein kinetics in
severely burned children using stable isotope metabolic studies. We will leverage
a large cohort of prospectively collected data from stable isotope infusions studies
aimed at quantifying muscle protein kinetics in severely burned children.

14

CHAPTER 2: QUANTIFICATION OF THE EXTENT OF
TISSUE REMODELING AFTER SEVERE BURN IN
CHILDREN DURING ACUTE HOSPITALIZATION USING
BODY COMPOSITION MEASUREMENTS.

15

Introduction
Immobilization due to mechanical ventilation and sedation (29) inevitably
leads to physical inactivity, giving rise to muscle and bone loss and prolonged
morbidity in patients in the intensive care unit (ICU) (12,31), including those with
severe burn patients (30). Muscle mass degradation manifests within 48 hours of
burn injury and is greatest between 2 to 3 weeks post-burn (32). Between 1% and
5% of muscle strength is lost every day, and as much as 40% muscle strength loss
occurs during the first week in the intensive care unit (ICU) (33). This effect is more
pronounced in burn patients because of ongoing protein catabolism which can
persist for weeks and even months post injury (34). Limb weakness is directly
correlated with positive pressure ventilation (35), which the majority of severely
burned patients undergo (36). Furthermore, the severity of limb weakness
correlates with the duration of the ventilation (37). Bone mineral density (BMD) has
also been shown to decrease in patients with long ICU stays. This decrease is not
fully reversed after 6 months of return to normal life in non-burned patients (33).
Severe burn injuries are associated with long ICU stays in adult and
pediatric patients (36). However, the extent of tissue remodeling in burn patients
in the ICU is poorly defined. Further, whether regional anatomical differences in
the degree of muscle cachexia exist occur in acutely injured burn patients remains
unknown. Such information is important, as it may inform the development of future
ICU-related exercise programs aimed at reducing recovery time after burns. This
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study was undertaken to evaluate the degree of body composition changes in
different anatomical regions of severely burned children during ICU stay.

17

Methods
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PATIENTS
Twenty-four severely burned children admitted to SHC-Galveston between
2000 and 2015 were enrolled in this study, which was approved by the Institutional
Review Board (IRB 04-157). Parents or legal guardians provided informed consent
and children provided assent, as applicable, prior to study participation. All children
underwent the usual acute standard of care treatment during hospitalization.
The final sample of 24 patients was derived from 210 burned children with
burn severity greater than or equal to 30% of their total body surface area (TBSA)
who underwent dual-energy x-ray absorptiometry (DEXA) whole-body scanning
during their acute hospitalization. From the initial sample, 165 patients were
excluded because DEXA scans were not performed during the desired period (1st
scan within 2 weeks of injury and 2nd scan within 2 weeks of discharge or with at
least 2 weeks after 1st scan). From the remaining 45 patients, 21 had received
anabolic agents as experimental intervention (Oxandrolone, Growth Hormone)
and were excluded on the basis of their potential effect of body composition (Figure
4).
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N = 210
Patients with ICU stay
DEXA’s (2000 – 2016)

N = 45
Patients with DEXA’s within 2
weeks of injury and discharge

N = 24
Patients not receiving
experimental anabolic
intervention

Figure 4. Cohort derivation.
Adapted from (44)
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DUAL-ENERGY X-RAY ABSORPTIOMETRY
Body composition was determined by dual-energy x-ray absorptiometry
(DEXA) using a Hologic model QDR-4500-W instrument (Bedford, MA) and
pediatric-specific software. The software generates body composition data based
on the different intensities of x-ray beams passing through patient tissues (38). The
machine was calibrated daily using a phantom. All scans were obtained with the
patient lying completely motionless. Otherwise, they were repeated. DEXA scans
were performed within 2 weeks after burn injury and within 2 weeks before
discharge. The minimum period between the 2 scans was set at 2 weeks. Bone
mineral content (BMC), BMD, total mass, total fat mass, and total lean mass were
analyzed for the whole body. In addition, total mass, total fat mass, and total lean
mass were determined for the upper and lower extremities as well as for the truncal
region. For the upper and lower extremities, the total of each parameter was
calculated by adding the values of both sides. The change in each parameter with
time was evaluated taking in account the total weight (total mass at each
examination), the time between the 2 examinations, and patient age. Analysis of
the differences in compositional changes between the upper and lower extremities
took in account the time between the 2 examinations, patient age, and lean mass
of the reciprocal extremity.
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STATISTICAL ANALYSIS
Patient demographics were summarized as means, standard deviations,
counts or percentages, as appropriate. Mixed linear regression models were used
to assess within subjects’ body composition changes during acute hospitalization
including subjects as random effect. In each model the main predictor was timepoint of each scan as binary variable; early (close to admission) vs. late (close to
discharge). Time between body composition measurements differ among patients,
therefore time between the two scans was included in our models to account for
this variation. Demographics and clinical characteristic such as age, sex, burn
type, burn size and burn depth were added to the models and were assessed
based on their impact on the accuracy and precision of effect of the main predictor
on the outcome. In the final models only the covariates age and time between
scans were included. The effect of the main predictor on the outcomes was
assessed by the Likelihood Ratio Test (LRT) on deletion.

To test the main

hypothesis, that post-burn lean mass loss is greater in the upper relative to the
lower limbs, arms’ lean mass was modeled as described above while adding legs
lean mass as a covariate. Adjusting for the expected loss of lean body mass in leg,
the hypothesized differential effect of time on arms lean mass can be assessed. R
programming language was used for statistical analyses.

22

Results
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PATIENT CHARACTERISTICS
Demographics are summarized in Table 1. The most frequent burn type
was flame burn (21/24; 88%), followed by electrical injury (3/24; 12%). On average
the 1st DEXA scan took place within 10 ± 3 days and the 2nd scan within 34 ± 20
days of injury. Patients were ventilated for 4 ± 4 days and remained in the ICU for
39 ± 24 days.

24

Table 1: Patient Characteristics
Characteristic

Value

Sex, n
Female

6 (25%)

Male

18 (75%)

Ethnicity, n (%)
Hispanic

20 (83%)

Caucasian

4 (17%)

Age, years

10 (5)

TBSA burned, %

59 (17)

TBSA burned full thickness, %

48 (25)

LOS, days

39 (24)

Ventilation, days

4 (4)

Drugs, n
None

8 (34%)

Propranolol

7 (29%)

Insulin

3 (13%)

Glucagon-like-peptide

2 (8%)

Fenofibrate

2 (8%)

Ketoconazole

2 (8%)

Abbreviations: LOS, length of stay; TBSA, total burn surface area.
Characteristics are described as mean (SD) for continuous variables and count
(percentage) for counts. Adapted from (44)
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WHOLE BODY
Total mass was numerically reduced by 0.46 kg (1%) after the 34 days of ICU stay,
though this was not significant. Total fat mass increased by 0.99 kg (13%), and
total lean mass decreased by 0.86 kg (3%) (P < 0.001 for both). BMC and BMD
showed a small non-significant decrease of 9% and 7%, respectively.
All body composition changes occurring in the burned children over the 34 days of
ICU stay are summarized in
Figure 5.

Figure 5. Whole body composition changes in lower extremities. Error intervals
represent the SE of the difference of means (pre vs post).
Adapted from (44)
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TRUNCAL REGION
There was a 0.65 kg (23%) increase in trunk total fat mass and a 0.75 kg (5%)
increase in trunk total mass (p < 0.0001 for both). Although total lean mass showed
a slight increase, this was not significant (
Figure 6). There was no change of BMC and BMD in the truncal region (p
> 0.05).

Figure 6. Composition changes in truncal region.
Error intervals represent the SE of the difference of means (pre vs post). Adapted
from (44).
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LOWER EXTREMITIES
There was a 0.49 kg (6%) loss in lower extremity total lean mass (p < 0.05).
On the other hand, total fat mass increased by 0.28 kg (9%; p < 0.05) (Figure 7).
There was no change of BMC and BMD in the lower limbs (p > 0.05).

Figure 7. Composition changes in lower extremities.
Error intervals represent the SE of the difference of means (pre vs post). Adapted
from (44).
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UPPER EXTREMITIES
There was a considerable reduction in total lean mass and consequently total
mass following burn injury. Total lean mass was reduced, on average, by 0.55 kg
(16%; p < 0.0001) and total mass by 0.52 kg (12%; p < 0.0001) (
Figure 8). Total fat mass increased by 4%, though this was not significant.
There was no change of BMC ad BMD in the upper limbs (p > 0.05).

Figure 8. Composition changes in upper extremities.
Error intervals represent the SE of the difference of means (pre vs post). Adapted
from (44).
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UPPER VS. LOWER EXTREMITIES
Reduction in total lean mass (p = 0.0007) and total mass (p = 0.0028) in
the upper extremities remained significant even when including in the model the
corresponding lean and total mass of lower extremities (Figure 9). When the
reverse relationship (lower extremities being the outcome) was modeled while
adjusting for upper extremities composition, there was a statistical significant
increase in lean and total mass of lower extremities (data not shown). No
differences in the change in total fat mass were noted between the upper and lower
extremities.

Figure 9. Composition changes in upper extremities adjusted for changes in lower
extremities.
Error intervals represent the SE of the difference of means (pre vs post). Adapted
from (44).
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Discussion
To our knowledge, this is the first study to characterize the acute impact of
severe burn injury on body composition. We show that there is a significant
reduction of lean mass in the upper and lower limbs during the first month post
burn, and effect which is more pronounced in the upper limbs relative to the lower
limbs. Additionally, we show that a significant accumulation of body fat (23%
increase) occurs in the truncal region during the first month post burn injury.
Body composition changes were determined using DEXA technology. This
approach lends itself to pediatric research given that it is relatively fast and noninvasive, radiation doses received by the patients are fairly low, while the
operational costs are reasonable (39,40). While there are evidence that DEXA
scan may not be appropriate for body composition measurement in burn patients
(41), Branski et. al., showed recently that DEXA scans could differentiate between
body water compartment and injury-induced edema (40). Moreover, the 1st DEXA
measurement took place on average around 10 ± 3 days post burn when major
edema in response to burn and subsequent fluid resuscitation has largely resolved
(42).
The age of the patients in our sample ranged from 0 to 18 years. The impact
of absolute differences in body composition mass changes between patients
across this age range will have a very different functional effect due to the
concomitant difference in patients’ size. Limiting the analysis to a narrower age
range would have significantly reduce the sample size. However, we accounted
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for age variation by including patient’s age among other covariates our statistical
models. The results displayed in figures 5 to 9 represent average body composition
changes in a patient having age and TBSA equal to the mean of the sample and
are weighed according to sex distribution in the sample.
Our results showed more pronounced muscle deterioration in the upper
relative to lower extremities. We suspect this is due to the standard of care
mobilization programs which mainly focus on restoring ambulatory capacity
without sufficiently targeting the upper limbs (43). This is highlighted by studies
indicating that burn-induce muscle breakdown is not limited to large muscle groups
(44,45).
Our finding of increased central fat accumulation confirms previous studies
reporting increased lipolysis following burn injury, likely caused by beta 2 receptor
stimulation (46), which is thought to redistribute peripheral lipids to the viscera and
splenic organs. Regarding BMC and BMD, we were unable to detect any
significant changes, a finding consistent existing literature suggesting that
significant (and measurable) changes in BMC/BMD become evident at several
months post injury, rather than during the more acute time frame examined here
(33).
Following burn injury, increased serum levels of pro-inflammatory
cytokines, glucocorticoids and catecholamines in juxtaposition with patient
immobilization, are major factors contributing to muscle deterioration of severely
burned pediatric patients (47). The detrimental impact of immobilization can be
mitigated through physical activity starting as early as 5 days after burn injury (48).
32

Mitigating loss of lean mass is essential, since a reduction 40% increases mortality
rates dramatically (49). Finally, limiting the extent of muscle and physical strength
deterioration has the additional benefit of faster and more efficient patient
rehabilitation (50–52).
In the process of cohort derivation 21 patients who received anabolic agents
as experimental intervention (Oxandrolone, Growth Hormone) and were excluded
on the basis of their potential effect on body composition. However, in the final
sample were included patients who received agents with anti-catabolic effects
such as insulin, as part of the standard of care, and Propranolol (59), as
experimental intervention (Table 1). Exclusion of those patient would significantly
reduce the sample size and limit our ability to observe statistically significant
changes in body composition. A sensitivity analysis revealed that body
composition changes in patients who receive insulin and propranolol were similar
to the ones observed in the rest of the cohort and the decision was made to keep
them in the analysis.
The major limitation of this study is the small sample size and the large
number of patients excluded from the analysis. Many patients were excluded
because there were enrolled in clinical trials testing the efficacy of anabolic agents.
Since experimental treatment was randomly assigned, exclusion of those patients
is not likely to have introduced systematic error into our analysis. On the other
hand, most patients were excluded because they did not undergo a DEXA scan
within 2 weeks of burn injury. Lack of a measurement during the critical two weeks
post injury may be attributed to direct clinical decision regarding patient health
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condition or other un-observed factors that cannot be considered random hence
our findings are exposed to potential bias and generalization to pediatric burn
population may not be applicable. Indeed, while DEXA scans are non-invasive and
fairly simple to perform in otherwise healthy individuals, performing such scans for
research purposes in critically ill patients receiving life preserving treatment is not
trivial. Thus, while our sample size may be limited, these data are novel and offer
important data to the burn care community.
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CHAPTER 3: ASSESSMENT OF THE DETERMINANTS
OF SKELETAL MUSCLE PROTEIN KINETICS IN
SEVERELY BURNED CHILDREN USING STABLE
ISOTOPE METABOLIC STUDIES
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Introduction
Developments in the understanding of the pathophysiology stress response
to massive burns have resulted in several significant advances in patient care, that
have ultimately led to a significant reduction in morbidity and mortality (8).
However, while almost all patients now survive the initial burn trauma, burn
survivors go on to develop several metabolic abnormalities (53) that may last more
than two years after injury (7,41,54,55). These abnormalities include lipid (56–58)
and

glucose

metabolic

dysregulation

(7,41,55,59–62),

hypermetabolism

(7,12,41,63–68) and arguably most detrimental, excessive muscle wasting
(12,13,75–80,15,66,69–74) Indeed, muscle mass loss after severe burn injury
leads to reduced body strength, delayed return to work or normal daily activities
(69), and increased morbidity and mortality (49).
Restricted physical activity of burn patients during acute hospitalization
likely also mediate muscle loss (81), but cannot fully explain the extend of muscle
wasting. After severe burn injury there is increased demand for amino acids for
wound healing and production of acute phase proteins. It is speculated that
skeletal muscle tissue – the main amino acid depot in the body - is catabolized in
order to provide the building blocks for these functions (13,44,82). Even with
increased external provision of amino acids, skeletal muscle wasting cannot be
readily reversed in burn survivors (83,84).
This study is a retrospective analysis of data obtained from stable isotope
infusion studies conducted in Shriners Hospital for Children, Galveston over
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several years. Measurement of protein kinetics are optimal for mechanistic
investigations on the molecular mechanism of muscle wasting. Given the
invasiveness and high cost, stable isotope methodology is employed in well
balanced experimental studies to evaluate the acute effect on protein turnover of
various therapeutic agents. To prove causality those studies are carefully designed
to increase homogeneity of participants in every possible aspect, and optimally
allow only for the experimental manipulation (treatment) to vary. Therefore, the
influence of patients’ characteristics, which is the objective of the current study,
could not be examined.
Over the period of investigation, several well-balanced randomized trials
have been performed in our institution employing the same stable isotope
metabolic study design while patients were under similar care and nutritional
support. Pooling together protein kinetics data obtained from those studies
resulted in large dataset with considerable variability in patient characteristics.
Given the large sample size, we believe the analysis of this dataset is a unique
opportunity to provide important insights into the factors that influence burninduced muscle wasting. Further, this large sample size allows for the detection of
associations even in the highly heterogeneous population of severely burned
children thus providing better insight into the factors which influence burn-induced
skeletal muscle wasting. Accordingly, the objective here is to examine the effect of
basic patient characteristics and time post burn on skeletal muscle protein kinetics
on severely burned children during their acute hospitalization.
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Methods
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PATIENTS
Children (<18 years) admitted to Shriners Hospitals for Children –
Galveston with burns encompassing >30% of their total body surface area (TBSA)
were studied. The Institutional Review Board at the University of Texas Medical
Branch in Galveston approved this study. Informed consent was obtained from
patients’ guardians prior to enrollment in the study. Patient recruitment was
inclusive of August 1999 through January 2008. Cohort selection is displayed in
Figure 10.
Pediatric patients admitted
from 08/1999-01/2008 with
TBSA > 30%
(N=844)

N = 473 patients consented
to participated in research
protocols involving metabolic
studies

N = 268 patients studied during
acute hospitalization, under the
identical metabolic study design
and nutritional conditions

Figure 10. Cohort selection of patients with available metabolic studies yielded a
final sample size of n=268.
Adapted from (88).
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TREATMENT AND NUTRITION
Upon admission to the hospital patients received the standard burn care.
This included antibiotic treatment, continuous enteral feeding, and total burn
wound excision and grafting as soon as possible after admission. Additional
surgeries were performed every 6 to 10 days until all wounds were covered with
homologous skin. Patients were confined to bedrest for 5 days after each surgical
procedure, and they were then ambulated and underwent physical and
occupational therapy until the next surgery. For each patient, constant enteral
nutrition was initiated upon admission and was maintained until patients could
consume sufficient nutrition ad libitum. The elemental enteral formula used,
Vivonex TEN (Sandoz Nutritional Corp., Minneapolis, MN), has the following
macronutrient composition: 82% carbohydrates, 15% protein, 3% Fat. The rate of
Vivonex TEN infusion was adjusted to deliver the estimated energy needs, which
according to the Galveston formula are the following: 1,500 kcal per m 2 TBSA
burned plus 1,500 kcal per m2 TBSA.
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METABOLIC STUDIES
Patients were fed enterally during the stable isotope infusion studies. Background
phenylalanine (Phe) enrichment was determined from baseline blood samples.
Then, a primed (2 μmol/kg) constant (0.07 μmol/kg/hr) infusion of d-5-Phe was
initiated and continued for 5 hours (
Figure 11). For the determination of Phe enrichment and concentration
blood samples from femoral vein and artery were drawn simultaneously at 240,
260, 280 and 300 minutes. Constant infusion of indocyanine green (ICG) between
hours 3 and 4 was used to determine leg blood flow where blood samples were
drawn simultaneously from femoral artery and vein, and the absorbance of the
samples, which is proportional to IGC concentration, were determined
spectrophotometrically at 805nm. Blood flow of each patient was standardized by
leg volume. For the determination of leg muscle Phe enrichment muscle biopsies
were taken from m. vastus lateralis at the 300 minutes time point using a 5-mm
Bergstrom needle (Stille, Stockholm, Sweden). An additional muscle biopsy was
taken at 120 minutes for the calculation of leg muscle fractional synthetic rate
(FSR). Muscle samples were washed with cold saline to remove visible blood and
other non-muscle tissue and were immediately frozen with liquid nitrogen and
stored to -80 C for future analysis.
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Figure 11: Metabolic study design showing the continuous infusion of isotopically
labelled phenylalanine for 5 hours, during which blood (venous and arterial) and
muscle samples were collected, and blood flow calculated.
Adapted from (88).
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CALCULATION OF KINETIC PARAMETERS
Leg blood flow was calculated using the modified Fick’s equation
Equation 1: Modified Fick's equation

𝐵𝐹 =

𝐼𝐶𝐺 𝐼𝑅
𝐶𝐹 − 𝐶𝐶

CF is the femoral venous indocyanine green concentration in leg and C C is
the central venous indocyanine green concentration. The infusion rate of
indocyanine green was manipulated experimentally and was infused at a constant
rate of 0.5 mg/min. Blood flow was normalized for leg volume of each patient.
The essential amino acid Phe is not synthesized de novo in the body.
Moreover, it is only oxidized in the liver and not in peripheral tissues such as
skeletal muscle. Thus, the difference in concentration of Phe between the femoral
artery and vein represents the net balance of protein synthesis and breakdown
across the leg. Both the two and three pool models were used to quantify Phe
kinetics. Phe kinetic rates were normalized to leg volume. For the determination of
leg muscle protein fractional synthetic rate (FSR) the precursor-product method
was used. The leg muscle intracellular enrichment was used as precursor and the
bound muscle protein enrichment as product enrichment.
Equation 2: Leg protein Net Balance

𝑁𝐵 = (𝐶𝐴 − 𝐶𝑉 ) × 𝐵𝐹
Equation 3: Phenylalanine Rate of Disappearance

𝑅𝐷 = 𝐵𝐹 × [(

𝐶𝐴 × 𝐸𝐴
) − 𝐶𝑉 ]
𝐸𝑉
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Equation 4: Phenylalanine Rate of Appearance

𝑅𝐴 = 𝐶𝐴 × 𝐵𝐹 × [(

𝐸𝐴
) − 1]
𝐸𝑉

Equation 5: Phenylalanine Inflow Rate to femoral artery

𝐹𝑖𝑛 = 𝐶𝐴 × 𝐵𝐹
Equation 6: Phenylalanine Outflow Rate to femoral vein
𝐹𝑜𝑢𝑡 = 𝐶𝑉 × 𝐵𝐹
Equation 7: Phenylalanine Inward Transport Rate
𝐸𝑀2 − 𝐸𝑉
𝐹𝑀𝐴 = [
× 𝐶𝑉 + 𝐶𝐴 ] × 𝐵𝐹
𝐸𝐴 − 𝐸𝑀2
Equation 8: Phenylalanine Outward Transport Rate
𝐸𝑀2 − 𝐸𝑉
𝐹𝑉𝑀 = [
× 𝐶𝑉 + 𝐶𝑉 ] × 𝐵𝐹
𝐸𝐴 − 𝐸𝑀2
Equation 9: Phenylalanine Shunting Rate of artery to vein
𝐹𝑉𝐴 = 𝐹𝐼𝑁 − 𝐹𝑀𝐴
Equation 10: Muscle Protein Synthesis Rate
(𝐶𝐴 × 𝐸𝐴 − 𝐶𝑉 × 𝐸𝑉 )
𝐹𝑂𝑀 =
× 𝐵𝐹
𝐸𝑀
Equation 11: Muscle Protein Breakdown Rate
𝐸𝐴
𝐹𝑀𝑂 = 𝐹𝑀𝐴 × (
− 1)
𝐸𝑀2
Equation 12: Fractional Synthesis Rate
𝐸𝑃𝑡2 − 𝐸𝑃𝑡1
𝐹𝑆𝑅 =
𝑡2
1
𝑡2 − 𝑡1 ∫𝑡1 𝐸𝑀(𝑡)𝑑𝑡
NB, FMA, FVM, FOM, FMO are expressed as nmol/min/100ml leg. BF is leg
blow flow in ml/min/ 100ml leg, CA and CV are the average femoral arterial and
venous Phe concentrations over hours 4 and 5 and expressed in nmol/ml, EA and
EV are the average Phe arterial and venous enrichment for the same study period.
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EM is intracellular Phe enrichments and t is time between 2- and 5-hour time-points.
Similarly, EB1 and EB2 are bound Phe enrichments at 2- and 5-hour time-points
respectively. All Phe enrichments are expressed as tracer-to-tracee ratio.
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SPECIMEN ANALYSIS
Arterial and venous blood samples were deproteinized by mixing with 15%
sulfosalicylic acid. An internal standard (L- [U-13C9, 1-15N] Phe) was added to
determine blood Phe concentrations. After deproteinization, blood AAs were
separated using cation exchange chromatography. The enrichments and the
concentrations of Phe in arterial and venous blood samples were determined in
tert-butyldimethylsilyl (t-BDMS) derivatives using gas chromatography-mass
spectrometry (GC-MS HP 5989; Hewlett- Packard, Palo Alto, CA) with electron
impact ionization. Muscle samples were weighted and gently homogenized in a
plastic tube containing 800 μL of perchloric acid. After the addition of internal
standard, samples were centrifuged and supernatant, representing the intracellular
pool of AAs, was collected and exchange chromatography was used to isolate the
AAs. To extract the bound AA pool, the remaining skeletal muscle tissue pellet was
washed and placed in oven at 50°C overnight. The next day the muscle pellet
hydrolyzed in 6M HCL at 110°C for 24 hours. Exchange chromatography was used
to isolate the bound AA pool. Both intracellular and protein bound Phe enrichment
were measured by GC-MS in electron impact mode.
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STATISTICAL ANALYSIS PLAN
Patient demographics were summarized as means and the standard
deviations, or medians and interquartile ranges, or counts and percentages, as
appropriate. Because metabolic studies among different patients were performed
at various time points after burn injury mixed multiple regression models were
explored for each outcome (FSR, NB, RA, RD, FMO, FOM) with relation to age, sex,
admission and study weight, burn type, total and 3rd degree TBSA, time from injury
to admission (B2A) and to metabolic study (B2S) while blocking on subject to
control for repeated measures. FSR was log-transformed to an improved
approximation of normality. B2S and B2A were log-transformed to reduce
skewness. The models were compared by Bayesian Information Criteria (BIC),
wherein a smaller BIC is indicative of a superior model. Likelihood ratio tests were
used for pairwise model comparison. Statistical analyses were performed using R
statistical software (R Core Team) and the “mgcv” package.
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Results
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DESCRIPTIVE STATISTICS
Patient demographics for all subjects are summarized in Table 2. 268
patients who collectively underwent 499 stable isotope infusions were studied. This
included a total of 862 muscle biopsies. Several patients underwent multiple
metabolic studies; 65 patients were studied once, 175 twice patients were studied,
and 28 patients were studied on three occasions. FSR was measured in 431
patients (235 studies), two-pool model Phe kinetics were measured in 105 patients
(160 studies) and three pool model Phe kinetics in 73 patients (107 studies). In 61
patients (90 studies), both FSR and two-pool model Phe kinetics were determined
and in a subset of 57 patients (82 studies), both FSR and three-pool model Phe
kinetics were determined. Allocation of experimental drug treatment is summarized
in Table 2. Phe enrichments and concentrations are summarized in Table 3.
Metabolic kinetic parameters are summarized in Table 4. On average, patients
were 8 years old with burns encompassing 59% of their TBSA; 71% of patients
were males. Median time from burn to admission was 3 days (Table 2). Admission
Z-scores for weight, height and BMI for children aged 0 to 2 years old were
calculated using WHO reference tables. For children 2 to 18 years old z-scores
were calculated using CDC reference tables. Admission z-scores for weight and
height were on average 0.4 to 0.5 standard deviations (SD) lower than reference
populations. Admission z-scores for BMI were on average 0.2 SD lower than
reference populations (Table 2).
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Table 2: Patients' Characteristics
Characteristic1

Patients (N = 268)

Total Metabolic Studies (obs)
Age at Burn (years)
Male (%)
TBSA Burned (%)
3rd Degree TBSA burned (%)
Admission Weight (kg)
Study Weight (kg)
Admission Height (cm)
Admission z-scores

499
8 (5)
71
59 (17)
46 (24)
32 (21)
27 (17)
121 (31)

Weight

-0.41 (1.3)

Height
B.M.I.
B2A (days)
B2S (days)
Length of Stay (days)
Type of Burn (n)
Chemical
Electrical/Flame
Electrical

-0.47 (1.4)
-0.22 (1.5)
5 (16)
20 (11)
33 (22)
1
18
4

Explosion/Flame
Flame
Scald
Treatment (n)
SOC
β-blockers + SOC
Anabolic Agents + SOC
Antidiabetic + SOC
Other + SOC

1
200
44
51
112
37
37
31

1

Reported as mean (SD) unless otherwise noted. B2A, time
from burn to admission; B2S, time from burn to study; SOC,
standard of care; TBSA, total body surface area. Adapted
from (88).
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Table 3. Phenylalanine concentrations and enrichments
CA (nmol/ml)
CV (nmol/ml)
EA (%)
EV (%)
EM (%)

Arterial
Venous
Arterial
Venous
Bound

Concentration
Concentration
Enrichment
Enrichment
Enrichment

111 (34)
112 (35)
4.44 (1.5)
4.02 (1.36)
3.07 (1.02)

Data presented as mean ± SD. Adapted from (88).
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Table 4. Kinetic metabolic parameters
Two pool model kinetics and Blood Flow
NB
Net Balance

-8 (80)

RD

Rate of disappearance

131 (88)

Ra

Rate of appearance

134 (75)

BF

Leg blow flow
13 (7)
NB, Rd, Ra reported in nmol/min/100ml leg, BF reported in ml/min/100ml
leg. Results for NB and BF derived from sample analysis of 107 patients
from 160 metabolic studies. Results for NB and BF derived from sample
analysis 100 patients from 152 metabolic studies. Data presented as
mean (SD). Adapted from (88).
Three pool model kinetics and FSR
Amino acid inflow into femoral artery

1302 (721)

Fout

Amino acid outflow into femoral vein

1309 (729)

FM,A

Inward transport

397 (320)

FV,M

Outward transport

403 (325)

FV,A

Shunting from artery to vein

914 (575)

FO,M (MPS)

Muscle Protein synthesis

172 (126)

FM,O (MPB)

Muscle Protein breakdown

178 (99)

FM,A + FM,O

Intracellular amino acid availability

575 (365)

FO,M/ (FM,A +FM,O)

Protein synthesis Efficiency (%)

32 (16)

FO,M - Rd

Intracellular recycling
Fractional Synthesis Rate (%h)

52 (53)

Fin

FSR

0.16 (0.13)

All values reported in nmol/min/100ml leg unless indicated otherwise. For
three-pool model kinetics 73 patients and 107 studies were included. FSR
measurement 226 patients and 431 studies were included in the analysis.
Data presented as mean (SD).
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MODEL SELECTION PROCESS
Since both age and body weight are highly correlated in pediatric
populations (r=0.89, p<0.0001 in our sample), they cannot be both included in the
same model. In the case of FSR, age was more significant predictor than study
weight. However, for the two and three pool model Phe kinetics, study weight was
a stronger predictor of the outcomes than age, thus it was preferred for those
models. Moreover, TBSA and 3rd degree TBSA burned were also highly
correlated. In every model tested TBSA burned was a better predictor of the
outcomes and it was preferred over 3rd TBSA burned. Study weight was in every
case a better predictor than admission weight. The addition of the variable time
from burn injury to admission (B2A) to the models did not reveal any significant
associations with any of the outcomes and did not affect the coefficients of the
other predictors. In all models the Bayesian Information Criteria (BIC) was lower
(indicating superior models) when B2A was not in the models. Therefore, B2A was
excluded from the final models. Since there was no effect of type of burn on any
outcome this variable was excluded from the final models. Also, we tested for
potential non-linear associations of the predictors with the outcomes and none
were found. For this reason, a mixed linear regression modeling was used for the
analysis of the study data.
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AMINO ACID KINETICS
Even though enteral feeding was provided throughout the isotope infusion
study, the Phe NB across the leg was negative (Table 4) underscoring the
hypercatabolic state of these patients. Moreover, the blood flow and Phe kinetic
values was significantly (2- to 3-fold) higher relative to those published for healthy
individuals (85–88) indicating that burn patients are hyperdynamic with
significantly increased leg protein turnover.
The best fit model for FSR is presented in Table 5A. There was no evidence that
sex influenced FSR in burn victims. Increasing age was associated with a
decrease in muscle FSR (
Figure 12).

Figure 12: Association of fractional synthesis rate (FSR) with patient age.
P < 0.001. Error regions are 95% Confidence Intervals of the predicted means.
Adapted from (88).
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Increasing burn size was associated with an increase in muscle FSR. Since
both FSR and B2S were log-transformed the coefficient of B2S in model A (Table
5) can be interpreted as 1% increase in time post burn results in a 0.55% increase
in skeletal muscle FSR, suggesting that protein turnover increases with time post
injury, at least in the acute period post-burn (Figure 13).

Figure 13. Time course of fractional synthesis rate (FSR) during the acute period
after injury.
P < 0.001. Error regions are 95% Confidence Intervals of the predicted means.
Adapted from (88).

There was no evidence of any contribution to leg muscle protein NB due to
TBSA burned (Table 5B). NB was significantly higher in females relative to males
(Table 5B, Figure 14), and increasing time post burn (B2S) was also associated
with higher NB (p=0.015) (Table 5B, Figure 15).
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Figure 14. Association of Net Protein Balance (NB) with Sex.
P < 0.05. Error intervals represent the SE of the difference of means. Adapted from
(88).

Figure 15: Time course of Net Protein Balance (NB) during the acute period after
Injury.
P < 0.05. Error regions are 95% Confidence Intervals of the predicted means.
Adapted from (88).
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Both RA (Table 5C, Figure 16) and RD (Table 5D) were positively associated
with TBSA burned indicating higher protein turnover with increasing burn severity.
RA was significantly higher in males (Table 5C, Figure 17) and was negatively
associated with increasing study weight (Table 5C, Figure 18).

Figure 16. Association of Rate of Appearance (RA) with burn severity (TBSA)
P < 0.05. Error regions are 95% Confidence Intervals of the predicted means.
Adapted from (88).
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Figure 17. Association of Rate of Appearance (RA) with Sex
P < 0.05. Error intervals represent the SE of the difference of means. Adapted from
(88).

Figure 18: Association of Rate of Appearance (RA) with patient weight the day of
metabolic study.
P < 0.05. Error regions are 95% Confidence Intervals of the predicted means.
Adapted from (88).
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FMO was positively associated with male sex (Table 5E, Figure 19) and
increasing burn severity (Table 5E, Figure 20). No significant associations were
found for FOM (Table 5F). FSR, RD and FMO are measures of muscle protein
synthesis however no significant correlation between FSR and Rd or FSR and FOM
were found.

Figure 19. Association of Muscle Protein Breakdown (FMO) with Sex
P < 0.05. Error intervals represent the SE of the difference of means Adapted from
(88).
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Figure 20: Association of Muscle Protein Breakdown (FMO) with burn severity (TBSA).
Adapted from (88).
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Table 5. Final mixed regression models for FSR, NB, RA, RD, FMO and FOM
Model A: Log
(FSR)

n = 235 (431)
Coeff. Std.Error
P_value
Sex
-0.03
0.234
0.8
<0.001
Age
-0.04
0.008
0.019
TBSA
0.01
0.002
<0.001
Log (B2S)
0.51
0.068
Model B: NB
n = 105 (160)
Coeff. Std.Error
P_value
0.023
Sex
-30.8
13.4
Study Weight
0.64
0.38
0.09
TBSA
-0.16
0.35
0.7
0.006
Log (B2S)
28.8
10
0.012
Β-blockers
32.3
12.4
Model C: RA
n = 100 (152)
Coeff. Std.Error
P_value
0.003
Sex
39.4
12.9
0.005
Study Weight
-1.09
0.37
0.001
TBSA
1.22
0.34
Log (B2S)
-1.01
11.2
0.9
Β-blockers
-6.46
12.1
0.6
Model D: RD
n = 100 (152)
Coeff. Std.Error
P_value
Sex
2.86
17
0.9
Study Weight
-0.64
0.48
0.19
0.044
TBSA
0.92
0.44
Log (B2S)
23.1
12.5
0.071
Β-blockers
26.6
15.6
0.094
Model E: FM,O
n = 73 (107)
Coeff. Std.Error
P_value
0.033
Sex
48.7
22.4
Study Weight
-1.09
0.64
0.13
0.05
TBSA
1.29
0.57
Log (B2S)
8.68
17.1
0.6
Model F: FO,M
n = 73
Coeff. Std.Error
P_value
Sex
43.9
31.24
0.16
Study Weight
-0.74
0.9
0.4
TBSA
0.38
0.85
0.7
Log (B2S)
7.93
23.27
0.7
The log-transformed FSR and B2S were. n refers to the
numbers of patients and in the parentheses is the number of
metabolic studies the analysis. Adapted from (88).
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Discussion
The objective of this study was to determine the predictors of muscle protein
kinetics in severely burned pediatric patients during their acute hospitalization. To
this end, we retrospectively analyzed stable isotope data obtained from a large
cohort of patients (n=268) who had been prospectively studied as participants in
various experimental trials in Shriners Hospital for Children, Galveston, from 1999
to 2008.
Our final model for FSR included the predictors age, TBSA burned, and time
from burn injury to study (B2S) (Table 5, Model A). We found a significant positive
association with burn size, indicating that muscle protein turnover increases with
burn severity. We also found a significant negative association between muscle
FSR and age, however it is not clear whether this association is moderated by burn
injury since this relationship has never be examined in healthy children. In the
current study, we found no effect of sex on FSR, which contrasts with our previous
work, where we showed that FSR was higher in females compared to males (86).
An explanation for this discrepancy may be the difference in samples size between
the two studies (n=235 vs. n=87), and the fact that in our previous study we
followed patients for up to two years post injury, while in the current study, patients
were studied only during their acute hospitalization. However, in both our previous
and current studies, we found that age and time post burn were predictors of
muscle FSR in burn victims (86), supporting the conclusion that dynamic changes
in muscle protein turnover occur following burn trauma.
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One of the key findings of the current study is the very strong association of
FSR with time post burn (B2S). We have previously shown a marked increase in
muscle FSR of pediatric patients from 7 to 28 days post burn (86). In the current
study however, we found that FSR continues to increase throughout the whole
spectrum of acute hospitalization period (Figure 13), which extends from 3 to 60
days post burn injury in our sample. This indicates that FSR may continue to
increase well beyond the 1st month post burn. In healthy individuals FSR has a
daily average value of approximately 0.075%·h-1 (11). Given the need for
hydrolysis of 4 mol of ATP for every 1 mol of amino acids incorporated into bound
protein it was estimated, taking into account absolute muscle mass, that muscle
protein synthesis requires from 120 to 485 kcal per day (11), which is thought to
represent around 25% of resting energy expenditure (89). Interestingly, we found
that in burn patients, from one to two months post injury, that FSR is two to three
times greater than this value mentioned above, suggesting that the ATP cost of
this increased protein turnover contributes to burn-induced hypermetabolism.
Moreover, it is evident from the NB values that these patients are highly catabolic,
meaning that protein breakdown is even higher than synthesis. Since muscle
breakdown also requires ATP hydrolysis, the demand for ATP to fuel the increased
skeletal muscle protein turnover is considerable, and likely explains, at least in
part, the 50% increase in skeletal muscle O2 consumption seen in burn victims
(90). Moreover, we have recently shown that there is a decline in the efficiency of
mitochondrial ATP production in skeletal muscle of burn patients (14,61,96) where
~50% more oxygen is likely required to produce the same amount of ATP as
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unburned individuals, suggesting that muscle protein turnover might make a
greater contribution to the burn-induced hypermetabolism than previously thought
(63). At this point we should mention that the finding of strong association of FSR
with time post burn may be partly confounded by the fact that more severe cases
may tend to have been studied at later time points than the less severe cases.
However, the final model included TBSA burned thus accounting for severity of
burn injury and addition of time to admission (B2A) to the model did not alter the
size effect of B2S on FSR.
We found no association of time to admission (B2A) with Phe NB across
the leg or any other outcome. We have previously shown in a sample of 123 adult
and pediatric burned patients a negative association between Phe NB across the
leg with time to primary wound excision (12). In this hypothesis generating study
(12) the final linear regression model included five out of 21 factors that were
initially examined. Therefore this finding should be interpreted with caution since it
is the result of multiple testing which inflates the chance of Type I error (91).
However, the current study was not designed to test this hypothesis and only a few
patients in our sample were admitted more than 30 days after burn injury. As a
result, our study does not provide any robust evidence for the association of
muscle metabolism in burn patients with delay in admission.
One of our key findings is that females had significantly higher NB than
males (Table 5B, Figure 14). The coefficient of sex variable in the model B (Table
5) can be interpreted as females having on average higher NB than males by 38
nmol·min-1·100ml-1. Moreover, RA, a reflecting muscle breakdown rate, was
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significantly higher in males relative to females (Figure 17), while RD, reflecting
muscle synthesis rate, was not different between sexes. These findings suggest
that severely burned boys are significantly more catabolic relative to their female
counterparts. In agreement with this assertion, FMO -a more direct measure of
muscle breakdown rate- was significantly higher in males compared to females
(Figure 19). Currently, we do not have available evidence indicating that severely
burned female patients cope better with their condition than males. Whether
greater muscle protein catabolism and AA release in males is deleterious or in fact
beneficial in the stress response to burns was beyond the scope of this hypothesis
generating observational study. However, this interesting observation, and the
impact of sex hormones on the metabolic stress response to burn trauma,
deserves more attention in future studies.
The NB of protein across the leg was also positively associated with
increasing time post burn (Figure 15). The intuition of this finding is clear; namely,
burned-induced protein catabolism is gradually ameliorated as the burn victim
progresses from the acute to the rehabilitative phase. No statistically significant
association of RA or RD with B2S was found. However, even though not statistically
significant, the coefficient of B2S in the RD is positive and high while in the RA
model the B2S coefficient is negative and low (Table 5C, D). The above suggests
that the improved NB observed with increasing time post burn is probably
attributed to the increased capacity for muscle synthesis rather than reduction in
muscle breakdown. In the case of RD, it is possible that the lack of significant
association with B2S might be due to Type II error. A sample size of 100 patients
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may be not enough to detect potentially true associations due to the great
variability in our population.
The two pool derived RA and RD are reflections of breakdown and synthesis
similar to their 3 pool model counterparts, FMO and FOM. FMO

and FOM are

considered more direct and accurate parameters of skeletal muscle protein
kinetics because they take into account the re-incorporation of amino acids
released from muscle breakdown back to bound protein without ever leaving the
muscle intracellular space

(92). It is worth mentioning that the significant

predictors of Phe kinetics had a more potent effect on parameters that reflect
protein breakdown (RA, FMO) than those that reflect protein synthesis (RD, FOM)
(Table 5C, D, E, F). We have previously shown that muscle protein synthesis in
burn patients is elevated secondary to an even higher protein breakdown rate,
which results in increased intracellular amino acid concentrations which in turn
stimulate protein synthesis (15). Thus, it is perhaps intuitive that predictors of
muscle protein turnover in burn victims are most evident when assaying measures
of muscle proteolysis. Moreover, these current data support the notion that
proteolysis is the predominant mediator of skeletal muscle AA turnover in burn
survivors.
FSR, RD and FOM are all measures of muscle protein synthesis. Therefore,
it was curios to us that no significant correlations were detected between the two
pairwise comparisons of FSR with RA and FSR with FOM. Indeed, when the threepool model method was published for the first time in 1995 the researchers, to
validate the new technique, examined the correlation of the newly derived 3 pool
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model parameter for protein synthesis FOM with the well-established FSR. The
correlation was high and statistically significant (r=0.88, p=0.01) (86). Of course,
the new method was tested in healthy adults and provided evidence that skeletal
muscle protein metabolism accounts for the majority of whole leg protein
metabolism. However, in a study published in 2006 (13), researchers examined
leg protein kinetics in severely burned patients in 5 different compartments. With
the addition of leg wound and leg healthy skin pools they attempted to measure
protein metabolism in wound, healthy skin and muscle pools separately. They
found that protein synthesis and blood flow in wound was several folds higher than
in muscle, while protein breakdown was significantly higher in muscle compared
to wound (13). The above suggests that skin and wound protein metabolism makes
a significant contribution to whole leg protein metabolism in burned individuals,
meaning that metabolic fluxes measured across the leg which are used as a proxy
for skeletal muscle protein metabolism should be interpreted with caution in burned
patients. Even though NB, protein synthesis and breakdown rates of the whole leg
are of clinical significance, clearly, they should not be attributed to muscle alone in
burn survivors. Collateral of this observation is that FMO and FOM are more accurate
indices of leg protein synthesis and breakdown in burn victims than RA and RD, to
the extent to which muscle intracellular enrichment is representative of whole leg
intracellular enrichment. It is very likely that muscle Fractional Synthesis Rate
(FSR), muscle Fractional Breakdown Rate (FBR) and the corresponding Net
Balance (NB) of their difference are more representative measures of muscle
metabolism, at least in severely burned patients.
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Potential effect of z-scores on admission for weight, height and BMI was
explored by inclusion of the relevant variables in the models. No significant effect
of detected. We also calculated z-scores on study day for weight and BMI, which
were also included in the analysis but did not have a significant effect. In most
cases, the first weight measurement for each patient was recorded approximately
1 week after injury. Admission z-scores for weight and BMI were calculated using
the first recorded weight measurement after admission. It is possible some weight
loss to be evident a week after injury. Moreover, the majority of the patients
admitted to our institution come from Mexico and other countries from Central
America; therefore, calculation of z-scores of these patients using WHO (USA,
Brazil, India, Norway, Oman, Ghana) and CDC (US population) reference tables
is expected to result in mean z-score values that deviate from zero. Based on the
arguments above, we believe that there are no evidence indicating patient
malnutrition prior to injury.
To explore further the possibility of the effect of nutritional status on muscle
protein kinetics we retrieved from our clinical dataset for each patient the values of
serum albumin and total protein on admission and on study day. Moreover, values
of serum albumin, total protein, pre-albumin and retinol binding protein were also
retrieved for each study day. There was no association of albumin and total protein
levels on admission or study day on any kinetic parameter. In addition, there was
no association of prealbumin and retinol binding factor levels on any kinetic
parameter. Here, we should mention that only one third (1/3) of the patients had
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recorded values for prealbumin and retinol binding factor levels on their study days
therefore the statistical power to detect true associations was largely diminished.
The current study has several strengths. To our knowledge this is the first
study examining the determinants of two and three pool model muscle protein
kinetics in severely burned pediatric patients. Given the invasiveness, the cost and
the physiological nature of data derived from stable isotope infusion studies, the
sample size of our current study is considerable. Our statistical analysis approach
allowed us to include almost all the available data while controlling for the
dependency arising due to multiple studies conducted in many of our subjects. We
avoided truncating continuous variables into groups, categorical variables, as it is
often possible. Grouping variables makes interpretation of findings more intuitive;
however, it results in downgrading the variable, thus losing available information.
We acknowledge that our study has also several limitations. In order to
increase the sample size, patients studied from 1999 to 2008 were included in the
study and subjects who received any kind of experimental treatment were also
included in the analysis. Even though there is a well-established standard of care
in our institution, the nature of burn injury means that each patient requires
personalized treatment, thus increasing the variability in our sample. Moreover,
while patients received various drug clinically, some were randomized to receive
specific experimental drugs or a placebo. It is also reasonable to assume that the
standard of care in our institution may not have been constant through-out this
period due to staff turnover and technological advances. Further, while the
experimental design of the metabolic studies was the same for all studies, over the
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span of ten years changes in personnel, equipment, and reagents used may have
introduced variation into our data.
On our part, we conducted a sensitivity analysis by comparing the same
models between subjects who had taken placebo only with those who received
any kind of experimental treatment. The trend of the associations was similar in
both strata. We also failed to detect any effect of time on our outcomes indicating
that the changes occurred over those years did not have any detectable impact on
muscle metabolism. Finally, given the high heterogeneity in our sample, the fact
that we detected significant associations is probably attributed to the relatively
large sample size but also suggests that the size effect of our predictors would
have been probably higher in more controlled experimental environment.
However, it is more useful to know the size effect of determinants of muscle
metabolism under pragmatic, clinical conditions.
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CHAPTER 4: SUMMARY AND CONCLUSIONS
Muscle wasting in burn injury is associated with increased morbidity and
mortality however; there is little evidence about body composition changes and
factors that affect muscle metabolism in severely burned pediatric patients.
Accordingly, there is an unmet need for evidence-based strategies that (i) prevent
acute muscle wasting post burn injury and (ii) hasten the recovery of severely
burned individuals by promoting the restoration lean body mass.
We show that significant whole-body reductions in lean mass and increases
in fat mass occur in burned children during acute hospitalization following injury.
Lean mass loss is more pronounced in the upper extremities and fat mass gain is
greatest in the truncal region. Reducing the patient immobilization to the minimum
necessary and introducing new rehabilitation schemes that focus on early exercise
on all extremities, especially the upper limbs, are recommended to minimize loss
of mass and shorten rehabilitation in burned children.
We also found that patient characteristics such age, sex, study weight, and
TBSA burned are associated with several parameters of muscle protein
metabolism. FSR was strongly and positively associated with time post burn
throughout the acute treatment period indicating that the contribution of increased
muscle protein turnover in burn-induced hypermetabolism may be higher than
previously thought. Moreover, females seem to be less catabolic than males
mainly due to lower rates of muscle breakdown, whether this is a protective or
deleterious response warrants further investigation.
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The findings of this dissertation clearly highlight several research questions
regarding the mitigation of burn-induce muscle cachexia and the profound effect
of burn injury on unfavorable body composition remodeling. Their resolution may
lead significant improvements in treatment, rehabilitation and overall health of
severely burned children. Future studies are required to examine whether exercise
rehabilitation programs could improve patient functional outcomes by focusing on
upper extremity conditioning to accommodate for the disproportionate amount of
muscle lost in the upper extremities found in this study. The association of patient
characteristics with several kinetic parameters of muscle protein metabolism
suggests that individualized pharmacological, nutritional treatments and exercise
programs may improve patient outcomes. Finally, the severe muscle breakdown
coupled with central fat accumulation and relative stable patient weight observed
during ICU stay highlight the need to shift the research focus in the future to the
understudied field of macronutrient requirements of children in severe burn injury.
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