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Abstract

Background—Extreme BMI (either very high or very low) has been associated with increased
risk of adverse perioperative outcome in adults undergoing cardiac surgery. The effect of body-
mass index (BMI) on perioperative outcomes in congenital heart disease patients has not been
evaluated.

Methods—A multicenter retrospective cohort study was performed studying patients 10-35
years undergoing a congenital heart disease operation in the Society of Thoracic Surgeons
Congenital Heart Surgery Database between 1/1/2010-12/31/2015. The primary outcomes were
operative mortality and a composite outcome (one or more of operative mortality, major adverse
event, prolonged hospital length of stay, and wound infection/dehiscence). The associations
between age and sex-adjusted BMI percentiles and these outcomes were assessed, adjusting for
patient level risk factors, using multivariate logistic regression.
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Results—Of 18,337 patients (118 centers), 16% were obese, 15% overweight, 53% normal
weight, 7% underweight and 9% were severely underweight. Observed risks of operative mortality
(15=0.04) and composite outcome (p<0.0001) were higher in severely underweight and obese
subjects. Severely underweight BMI was associated with increased unplanned cardiac operation
and reoperation for bleeding. Obesity was associated with increased risk of wound infection. In
multivariable analysis, the association between BMI and operative mortality was no longer
significant. Obese (OR: 1.28 p=0.008), severely underweight (OR: 1.29 p<0.0001) and
underweight subjects (OR: 1.39 p=0.002) subjects were associated with increased risk of
composite outcome.

Conclusion—Obesity and underweight BMI were associated with increased risk of composite
adverse outcome independent of other risk factors. Further research is necessary to determine
whether BMI represents a modifiable risk factor for perioperative outcome.

Keywords
Outcomes research; pediatric cardiology; congenital heart surgery; mortality; obesity

Introduction

The effect of body mass on outcomes following operations for congenital heart disease
(CHD) is not well understood. Obesity and associated co-morbid conditions are associated
with increased lifetime risks of morbidity and mortalityl:2, especially due to cardiovascular
disease®. For patients undergoing cardiothoracic surgery, obesity might specifically increase
the risk of adverse outcomes in the perioperative period. It is frequently coincident with
diabetes mellitus, hypertension, peripheral vascular disease, and pulmonary disease, which
are indicators of medical frailty. Moreover, these comorbid conditions may also interfere
with wound healing and recovery from surgery. Finally, the body habitus of obese patients
can pose a technical challenge for the surgical approach, an obstacle to closure of the chest,
and an impediment to wound healing.

In older adults undergoing coronary artery bypass graft and valve replacement operations,
subjects with extreme BMI (underweight and extreme or morbid obesity) had higher risk of
mortality and major adverse outcome®’. It is not clear that these results can be extrapolated
for younger patients with CHD, and data on the subject is limited. A single previous
matched cohort study attempted to measure the effect of obesity on perioperative outcomes®
with equivocal results, but may have been limited by its dependence on billing data to
differentiate obese and non-obese subjects.

Low BMI also is also a potential risk factor for adverse perioperative outcome. In previous
studies of adult patients undergoing surgery, overweight and obese BMI have been
associated with reduced risk of adverse outcomes, especially in comparison to underweight
subjects*2:19, A proposed mechanisms underlying this “obesity paradox” is that chronic
illness, especially heart failure, results in a malnourished state, manifest as unintended
weight loss and accompanied by deficits in immune function, tissue maintenance, and other
processes that are potentially relevant to recovery from an operation. In elderly cardiac
surgery patients, underweight status is associated with increased risk of mortality and
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adverse events*~’. In longitudinal studies of elderly heart failure patients, unintended weight
loss is independently associated with increased risk of adverse events'-13. In CHD patients,
residual anatomic disease, myocardial dysfunction, and non-cardiac disease all could result
in an analogous heart failure syndrome. Though markers of malnutrition have been shown to
be associated with risk of adverse outcome following cardiac surgery in young children14.15,
to our knowledge no studies have been performed in older CHD patients.

We utilized data from the Society for Thoracic Surgeons Congenital Heart Surgery Database
(STSCHSD) to perform a multicenter retrospective cohort study to determine if body mass
was associated with perioperative risk in children, adolescents, and young adults. The
STSCHSD provides a large and representative study sample with a well-validated risk
stratification model6. We hypothesized that obesity and underweight BMI would be
associated with increased risk of adverse perioperative outcome, specifically operative
mortality and major morbidity.

Data from the STSCHSD was used for this study. As of June 30, 2016, the database contains
de-identified data on 414,174 operations performed since 2000 at 122 centers in North
America, representing 96% of all centers performing CHD surgery in the United States and
>96% of all operations!’~19, Data collected is comprised of preoperative condition, details
of the operation, and early postoperative outcomes on all pediatric and/or CHD patients at
participating centers. Operations are stratified on the basis of mortality risk using the Society
of Thoracic Surgeons- European Association for Cardio-Thoracic Surgery Congenital Heart
Surgery Mortality Categories (STAT mortality categories)16. Coding for this database is
accomplished by clinicians and ancillary staff using the International Pediatric and
Congenital Cardiac Codel”18, The Duke Clinical Research Institute serves as the data
warehouse and analysis center for all of the Society for Thoracic Surgeons (STS) national
databases, including STSCHSD. Evaluation of data quality includes intrinsic verification
and formal in-person site visits and data audits conducted by a panel of independent data
quality personnel and pediatric cardiac surgeons at 10% of sites per year}’-1°. The study
was approved by STSCHSD Access and Publications Committee. It was reviewed by Duke
University Institutional Review Board, which determined that the project was exempt from
review in accordance with the Common Rule (45 CFR 46.102(f)). As an analysis of
aggregated de-identified data, contacting and obtaining informed consent from subjects was
not possible and was not pursued.

Study population

Children, adolescents, and young adults between 10 and 35 years of age undergoing a
cardiothoracic operation with or without cardiopulmonary bypass recorded in STSCHD
from 1/1/2010 to 12/31/2015 were studied. The timeframe was chosen to maintain a
consistent version of the database. Operations were excluded if the STAT Mortality
Category, sex, BMI percentile, operative mortality, or major morbidity were missing.
Operations for organ procurement were also excluded. If more than one operation was
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performed during a single admission, only the index (first operation of the hospital
admission) operation was included. For multi-component operations, a primary procedure
(component procedure with the highest STAT Score) was identified, and analysis was based
on the primary procedure of the index operation619, Centers were excluded if they reported
>15% missing data for operative mortality, major morbidity, or key pre-operative factors.

Data collection

Data was extracted directly from the database and included demographics, baseline pre-
operative characteristics, operative variables including STAT Mortality Category, and
outcomes.

Exposure and outcomes

The primary exposure was BMI. Through childhood and adolescence, the population
distribution of BMI varies. These changes are also different for boys and girls. To provide a
comparable statistic, we converted BMI to BMI percentile for age and sex. For descriptive
purposes, BMI percentile is divided into strata defined by the United States Center for
Disease Control and Prevention BMI categories: obese (BMI=95%), overweight (BMI =85
and <95%), normal weight (>15 and <85%), underweight (5-15%), and severely
underweight (£5%) (http://www.cdc.gov/healthyweight/assessing/bmi/childrens_bmi/
about_childrens_bmi.html). For adult subjects (20-35 years), BMI-percentiles for 20 year
olds were used. Though there are alternative methods for calculating BMI percentiles??, the
CDC categories were chosen because they were derived from a population sample that is
most similar to our study population. The CDC also publishes electronic calculators to
convert from BMI to BMI percentile using their methodology.

Two primary outcomes were identified prior to analysis: 1) operative mortality (all deaths,
regardless of cause, occurring during the hospitalization in which the operation was
performed even if after 30 days (including patients transferred to other acute or chronic care
facilities); and all deaths, regardless of cause, occurring after discharge from the hospital but
before the end of the 30" post-operative day) and 2) a composite outcome of any one or
more of the following: operative mortality, major adverse event, wound infection, and
prolonged length of stay (postoperative length of stay >14 days). Major adverse outcome
was defined as previously described® and was comprised of temporary or permanent renal
failure at discharge, neurological deficit at discharge, atrioventricular block or arrhythmia
requiring permanent pacemaker, mechanical circulatory support, phrenic nerve injury,
unplanned re-operation or unplanned catheterization during the post-operative period.
Wound infection was defined as any of the following: wound dehiscence, wound infection
including deep wound infection, mediastinitis, and superficial wound infection. The risks for
each of the individual adverse outcomes were also recorded. A composite outcome was
chosen as one of the two primary outcomes, because perioperative mortality was known to
have a relatively low event rate. The higher event rate of the composite outcome was
expected to improve the statistical power in a study with a fixed population, and we also felt
that BMI potentially influenced all of the components of the composite outcome.
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Covariates of interest were identified before analysis and based on the components of the
STSCHSD risk adjustment model16, specifically patient age, sex, race, STAT mortality
score, previous cardiothoracic surgery, non-cardiac anatomic abnormalities, genetic
syndrome/chromosomal abnormalities, and preoperative factors (mechanical circulatory
support, shock, mechanical ventilation, renal failure, neurological deficit, and other coded
pre-operative risk factors). Genetic variations or syndromes that have frequent or prominent
cardiac manifestations (some of which may also affect BMI) are likely to have a higher
prevalence in a database of cardiac surgical outcomes, whereas syndromes that affect BMI
without other symptoms are unlikely to be tested for, and therefore less likely to be
recorded.. Diabetes mellitus (both type | and I1) was added to the model, because of possible
association with both obesity and perioperative outcome.

Descriptive statistics were calculated to characterize the study population. The preoperative
characteristics, operations, and outcomes are summarized for the cohort stratified by
modified Centers for Disease Control BMI category to assess whether other preoperative
risk factors were distributed uniformly across BMI classes. A similar comparison was done
by STAT mortality category. Patients’ baseline characteristics were compared across BMI or
STAT mortality categories using chi-square tests for categorical variables and Kruskal-
Wallis tests for continuous variables.

Mixed effects multivariable logistic regression models were used to assess the relationship
between our primary exposure and outcomes. These models included fixed effects for
patient level covariates and a random intercept for center to account for clustering within
centers. Modeling was performed in two steps. First, BMI percentile was treated as a
continuous variable. To evaluate a possible non-linear association between BMI and the
study outcomes restricted linear splines were used, and if possible models with cut-points
based on the splines were constructed?L. Second, to confirm these results using categories
that are immediately recognizable to clinicians, models were constructed using the modified
BMI categories as the primary exposure. For all models, pre-identified covariates were
included in the light of prior knowledge of the disease and based on clinical expert opinion.
No secondary analyses or sensitivity analyses were performed.

As noted above, missing data for critical fields were eliminated by case restriction. Missing
data in non-critical fields was uncommon (less than 2%). Therefore, simple imputation for
missing covariate data was used in multivariable models where the mode was imputed for
categorical covariate and the median for continuous covariates. No special adjustments were
made for multiple comparisons. The study population was fixed, and so no power
calculations were performed. The threshold for significance was set at p<0.05. All analyses
were performed using SAS v9.4 (SAS Institute Inc., Cary, NC).
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Study population

The initial data query generated a cohort of 27,965 procedures from 122 hospitals (Figure
1). Applying exclusion criteria generated an analytic cohort of 18,337 operations from 118
hospitals. This cohort was 43% female and 64% white with median age of 15.9 years (IQR:
13.1-20.0). Dividing the study population by modified CDC categories, 9% of the cohort
was severely underweight, 7% underweight, 53% normal weight, 15% overweight, and 16%
obese. In terms of the operations performed, 39% were STAT 1, 38% were STAT 2, 9%
STAT 3, and 14% STAT 4/5.

Stratifying the population by modified CDC BMI classification revealed several significant
differences in baseline characteristics (Table 1). These included a number of factors
identified as risk factors for operative mortality in the STS mortality risk adjustment model.
A higher proportion of black and Hispanic subjects were obese, while a higher portion of
Asian patients were underweight or severely underweight (p<0.001). Non-cardiac anomalies
and genetic syndromes were more prevalent in underweight and severely underweight
subjects than in normal weight subjects (both p<0.0001). Mechanical circulatory support
(0=0.04), mechanical ventilation (p=0.007), shock (p=0.03), neurologic deficits (p=0.0004),
hypocoagulable state independent of medication (p=0.04), and “other” preoperative risk
factors were all more prevalent in severely underweight and underweight patients. Type Il
diabetes mellitus was more prevalent in obese patients (p<0.0001). Additionally,
underweight and severely underweight subjects underwent higher mortality risk (STAT 3
and 4/5) operations more frequently than other subjects (Figure 2, p<0.0001). Additionally,
when subjects were grouped by the STAT mortality score of their operation (Table 2), a
larger proportion of patients undergoing STAT 3 and 4/5 operations had genetic syndromes,
non-cardiac anatomic abnormalities, and preoperative risk factors (p<0.001).

Operative outcomes

The observed operative mortality was higher in severely underweight (1.6%) and obese
subjects (1.2%) than in underweight, normal weight, and overweight subjects (0.9% in each,
p=0.04, Table 3). Risk of composite outcome (mortality, major adverse events, prolonged
length of stay, and wound infection) and major adverse events were both higher in obese,
underweight, and severely underweight subjects than in normal weight or overweight
subjects (both p<0.0001). The rates of reoperation for bleeding, unplanned cardiac
operation, and non-cardiac procedures were all significantly higher in severely underweight
subjects. The risk of wound infection or dehiscence was significantly higher in overweight
and obese patients (p<0.0001). Hospital length of stay was higher in these groups as well
(0<0.0001), as was the risk of prolonged hospital length of stay (>14 days) (p<0.0001). As
expected the risk of all perioperative adverse events increased with STAT mortality score
(Supplemental Table 1).

Multivariate models

Multivariable models were constructed for both primary outcomes: operative mortality and
composite outcome. Using the restricted cubic splines for BMI percentiles, there was not a
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significant non-linear association between BMI percentile and mortality (Figure 3). When
BMI percentile was treated as a continuous variable, there was no significant association
between it and the risk of operative mortality (p=1.00, Supplemental Table 2). When BMI
was treated as a categorical variable, dividing by modified CDC categories, the unadjusted
risk of operative mortality was higher for severely underweight (OR 1.9, 95% CI: 1.2-2.9,
p=0.005) subjects (Table 4). In the same model, the point estimate for unadjusted odds ratio
for obesity was 1.4 but the association was not statistically significant (95% CI: 0.9-2.1,
p=0.10). When adjustment was performed with multivariate analysis, no significant
association was seen between any of the BMI categories and the risk of operative mortality.
In this model, risk factors for operative mortality were previous cardiothoracic operation,
increasing STAT score, preoperative mechanical ventilation, preoperative renal failure,
preoperative neurologic deficit, and other preoperative factor. Preoperative diabetes mellitus
was not a risk factor for operative mortality (p=0.43).

Again, using restricted cubic splines for BMI percentile, a significant non-linear association
between BMI percentile and composite outcome was demonstrated (Figure 4). Therefore,
linear splines of BMI percentiles was included in the final model (Table 5). For subjects with
BMI percentile greater than 57%, increases in BMI percentile were associated with
increased risk of composite outcome in both univariate and multivariate analysis (OR: 1.1
per 10% increase, 95% CI: 1.02-1.09, p=0.003). At the same time, in subjects with BMI
percent less than 57%, increasing BMI was associated with reduced risk in univariate and
multivariate analyses (OR: 0.9 per 10% increase, 95% CI: 0.89-0.91). To restate this for
clarity, the OR for a hypothetical severely underweight patient (BMI of 5%) is 1.53. For an
underweight patient (BMI in the 15™ percentile) the OR is 1.33. An obese patient (BMI in
the 95% percentile) would have an OR of 1.21. This is similar to the OR demonstrated in a
multivariable model that divides the study population by modified CDC BMI categories
(Table 6). In both models, increasing STAT mortality score, presence of a syndrome or
genetic abnormality, mechanical circulatory support, shock, preoperative renal failure,
neurologic injury, and other preoperative factors were associated with increased risk of the
outcome. Preoperative diabetes mellitus was independently associated with increased risk of
composite outcome (OR: 2.7, 95% CI: 1.83-3.99, p<0.0001).

Discussion

In this retrospective multicenter cohort study, obese and underweight BMI were associated
with increased risk of perioperative adverse outcome. This is a potentially significant issue
for the health of patients with CHD. As the long-term survival of CHD patients has
improved, the distribution of patients with CHD has skewed progressively older?2:23, forcing
physicians to contend with aspects of patient health beyond their CHD. Concurrently,
obesity has become increasingly prevalent. In the National Health and Nutrition
Examination Survey, 31% of children between 6-19 years are overweight or obese?4, and
smaller series have demonstrated a similar prevalence in children and adolescents with
CHD?5-27, The prevalence of subjects with obese (16%) and overweight (15%) BMI in the
current series closely matched these previous reports. To our knowledge, the prevalence of
underweight BMI in the young patients with CHD, but in the current series it was 17%.
Therefore, over a third of patients have BMI associated with increased risk of adverse
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perioperative outcome, underscoring the potential impact of interventions that address the
nutritional status of CHD patients. Further research is necessary to determine whether
interventions can affect BMI and more importantly if these interventions modify the
increased risks associated with extreme BMI.

Obesity is associated with increased risk of conditions such as diabetes mellitus, coronary
artery disease, and peripheral vascular disease. In elderly patients these conditions are
suggestive of medical frailty. At the same time, increased adiposity and obese body habitus
are potential technical obstacles particularly for the surgical approach and chest closure.
Peripheral vascular disease, adiposity, and impaired glucose metabolism can also further
impair wound healing. In elderly adults undergoing CT surgery, data regarding the effect of
obesity on risk have been contradictory. Small increases in operative mortality have been
observed in patients with extreme obesity>8 along with a more pronounced increase in the
risk of wound infections and prolonged intubation>~7. In other studies of elderly patients,
overweight and obese BMI were associated with reduced risk of perioperative mortality and
other adverse outcomel0. Whether this “obesity paradox” is the result of a biologically
protective effect of obesity or the result of a limitation of these early studies was not clear.
Proposed mechanisms have included selection bias (reduced propensity to operate on obese
patients, especially those with other co-morbidities), residual confounding or interaction,
and collider bias (where the low risk in obesity is actually a reflection that underweight
subjects are at higher risk due to medical frailty and other comorbidities).

Recently, Mariscalco and colleagues performed a retrospective cohort study utilizing a large
study cohort of cardiothoracic surgeries performed in Ireland and the United Kingdon over a
12-year period and bolstered with data from a concurrent meta-analysis, demonstrating that
overweight and obese subjects had significantly reduced risk of perioperative mortality
relative to both underweight and normal weight subjects!C. This association was seen in an
analysis of the entire study population as well as subgroup analyses stratified by co-morbid
conditions, leading the authors to suggest that confounding and interaction were not
responsible for the observed associations, while acknowledging that residual confounding is
impossible to fully overcome. The authors addressed collider bias by performing two other
sensitivity analyses 1) restricting underweight subjects and 2) restricting underweight
subjects and those with chronic medical conditions. In both analyses, elevated BMI
continued to be associated with reduced risk of perioperative mortality. In terms of selection
bias, the large study population included a large number of obese subjects with co-morbid
conditions. This study, the largest of its kind to date, appears to confirm that in elderly
patients undergoing cardiothoracic surgery, obesity is associated with reduced risk of
perioperative mortality.

The current study used data from a prospective national registry of cardiothoracic
operations, to address these same issues. CHD is less prevalent than acquired heart disease,
which is reflected in a smaller study population. This limited our ability to perform
sensitivity analyses described above. However, there was a sufficient population to apply a
well-validated risk adjustment model and address selection bias and confounding based on
preoperative risk factors. In contrast to the work by Mariscalco and colleagues, the
operations included in the study cohort included the full range of congenital heart operations
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performed in this age group and enabling us to better address the risk of selection bias?8.
Though there were differences in the proportion of subjects of different BMI by STAT
category, there was sufficient overlap to address concerns for selection bias in our analysis.
In this analysis, the observed risk of perioperative mortality was increased in obese patients,
but after adjustment the association was no longer significant. This may be due to the
combination of a low event rate and limited statistical power. At the same time, the high
BMI was consistently associated with risk of composite outcome and prominent increases in
the observed risk of wound infection/dehiscence and prolonged hospitalization. It is
important to note that the increased risk of composite outcome was independent of the
additional risk posed by concomitant diabetes mellitus. Obesity appears to have affected the
risk of perioperative outcome differently in children, adolescents, and young adults with
CHD differently than in older adults with acquired heart disease. This is a surprising
observation. The younger patients in our study were exposed to obesity and the resultant
comorbidities for a shorter duration than the predominantly elderly patients in the study by
Mariscalco et al. Further research is necessary to explore how elevated BMI increases risk of
perioperative adverse events in this population and whether interventions to prevent and/or
treat obesity can improved outcomes in CHD patients.

To our knowledge, only one study has previously attempted to study the risk associated with
obesity following congenital cardiac surgery. Shamszad and colleagues used data from the
Pediatric Health Information Systems Database to perform a matched cohort study of obese
and control subjects undergoing congenital heart surgery. This study failed to demonstrate a
significant difference in mortality or other perioperative adverse outcomes8, but was notably
limited by a small study population and no patient- or procedure-level risk stratification. In
addition, classification of subject’s as obese or otherwise was dependent on billing codes,
since height and weight data are not available in the data source. This is relevant because
billing codes are generally accurate when coded, but are potentially insensitive. Failing to
correctly classify portion of the potential obese patients would contaminate the study sample
and biases it towards a null finding. The study also did not differentiate normal weight and
underweight or severely underweight subjects, leading to an inflated risk in normal-weight
patients. Given these differences, it is not surprising that the findings were dramatically
different.

We acknowledge that the observed association between very high BMI and increased risk of
adverse outcomes does not imply that reducing BMI would result in improved outcomes. In
an observational study design, this inference would be erroneous. However, if perioperative
risk in obese patients arises from the technical challenge of large body habitus and corporeal
adiposity and wound healing, weight reduction could plausibly have real benefits. In elderly
heart failure patients, weight loss has been shown to improve outcomes during long-term
follow-up. Specifically, weight loss after bariatric surgery is associated with reduced risk of
heart failure exacerbations2?, and weight loss from calorie restriction and behavior
modification has been associated with improved performance during exercise testing and
quality of life in obese, elderly heart failure patients 0. To our knowledge, no studies have
assessed whether weight loss in obese patients prior to a cardiac operation in adult cardiac
patients improves perioperative outcomes. Numerous behavioral3!, pharmacologic32, and
surgical strategies33 for weight loss have been tested in obese but otherwise healthy children.
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To our knowledge, none of these strategies has been tested in children and young adults with
CHD. The presence of CHD potentially complicates management of obesity in several ways.
First, exercise intolerance is a common symptom of heart failure and can make the
implementation of an exercise program challenging. Second, exercise restriction is indicated
in some forms of CHD34. Finally, pharmacologic and surgical interventions may have higher
risk in children with CHD than in other patient populations. For example, bariatric surgery is
effective in helping obese children lose weight, recent studies have demonstrated that
general surgical procedures have increased risk of mortality and morbidity in congenital
heart patients3®. Longitudinal studies are necessary to assess the risks and benefits of weight
loss in obese subjects prior to cardiothoracic surgery. An important distinction exists
between obesity treatment (e.g. pharmacological and surgical treatments described above)
and obesity prevention. The latter is part of lifelong anticipatory guidance for healthy
cardiac health and could incorporate patient and family education about healthy eating,
tailoring portion sizes to the patient’s individual metabolic requirements, and participation
where possible in healthful activity. The results of the current study should add to the
expanding literature demonstrating benefit of habitual exercise and directed exercise
regimens on the exercise performance in survivors of congenital heart surgery36-39. Obesity
prevention is potentially complementary avenue for future research in improving the health
of children with CHD.

The risks associated with underweight patients likely have a different mechanism from those
associated with obesity. As noted earlier chronic disease, especially heart failure, is
associated with decreased body mass and may be associate with additional deficits in
immune function, tissue function, and other functions that might impact post-operative
recovery. Low body mass is potentially both a marker of severe heart disease and also a
marker of other downstream biological processes that impact adverse outcome. Therefore, it
is important to try to differentiate between the contributions to risk associated with severity
of heart disease and BMI. In the current study, underweight patients underwent more
complicated operations, suggesting more severe heart disease or at the very least an
intrinsically higher risk of undesirable outcome. They were also more likely to have
increased risk of genetic syndromes and anatomic abnormalities, which have also been
shown in other studies to be associated independently with worse perioperative
outcomel6:40:41 pre-gperative symptom scores (e.g. New York Heart Association Scores)
were not widely available in the current database, nor were surrogate markers of nutritional
status (e.g. albumin or pre-albumin). We used multivariable modeling using the previously
validated STS risk adjustment model to differentiate between the contributions of BMI and
pre-operative patient level risk, including severity of heart disease. Even after adjustment,
there was an association between underweight BMI and the risk of adverse outcomes.
Again, because of the observational design of this study, it is not possible to infer that
interventions aimed at normalizing the BMI in underweight patients would reduce the risk of
adverse events.

To our knowledge no interventions to improve nutrition in cachectic children and young
adults with CHD have been studied. Growth failure is a common problem in infants with
CHD and has received significant attention. Attempts to support weight gain in infants

undergoing staged palliation for single ventricle heart disease are potentially instructive.
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These patients frequently experience growth failure between their initial Norwood operation
and second-stage operation. While various feeding strategies and pharmacologic therapies
have not resulted in improved growth in these patients in large observational studies*2-44,
there is evidence that patients enrolled in longitudinal follow-up programs experience
significantly better growth than those without this support®>. This simultaneously highlights
the challenge of overcoming cachexia due to heart disease and reinforces that longitudinal
support from the cardiac care team is vital regardless of the chosen intervention. Further
research is necessary to determine if interventions can effectively ameliorate low BMI in this
population and if these interventions reduce the observed risk of adverse perioperative
outcome.

The possibility of confounding by indication must also be addressed. For instance if,
clinicians believe (rightly or wrongly) that low and high BMI patients are at higher risk and
do not refer these patients for an operation unless they have severe disease, the measured
risk of adverse events might be falsely elevated relative to the “true” risk. The study sample
in this case had a similar proportion of overweight and obese patients as previous unselected
series?>27  suggesting that the study sample was representative of the existent population at
risk. As noted, previous series have not identified the prevalence of underweight and
severely underweight BMI in this population, and we must acknowledge that the prevalence
of several pre-operative risk factors was higher in the severely underweight stratum. We felt
there was sufficient overlap to allow us to have used statistical adjustment (with multivariate
modeling) to isolate the effect of BMI on our outcomes. It is possible; however, that some of
the observed effect was the result of unmeasured confounding.

We also acknowledge that in a retrospective analysis the study population is fixed. Even with
a relatively large study sample, there may be insufficient statistical power to detect small
differences in event rates. Despite following conventions regarding limiting the ratio of
events to covariates, it is possible that we were underpowered to detect differences in
operative mortality.

BMI is a static assessment of body mass corrected for height. Recent changes in their body
mass are another measure of both severity of illness and current nutritional status. In
longitudinal studies of elderly heart failure patients, unintended weight loss was associated
with increased risk of cardiovascular adverse events'1-13, Patient height and weight in
STSCHSSD are limited to measurements at the time of their operation, and thus it was not
possible to identify recent changes in BMI. Serum albumin, a surrogate for nutritional
status#647, is also not available in the database. The current study was restricted to studying
the association pre-operative BMI and outcome. Future studies should measure both BMI at
operation and recent changes in BMI to determine the degree to which each of these affect
risk of perioperative adverse outcomes.

BMI is also an imperfect measurement of adiposity and body composition. Other measures
may more accurately measure adiposity and more accurately predict the associated risks but
are not possible in a retrospective study. BMI remains a straightforward statistic that can be
calculated with readily available data without special tools or training and remains widely
used in both clinical practice and epidemiologic studies. Secondly, there are differences in
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the distribution of BMI between children of different races. Hispanic and Black boys and
girls are more likely to have higher BMI than age-matched non-Hispanic white children4849,
while South Asian children have been noted to have lower BMI than white children of
similar age*. These trends were born out in data from the current study, where the
proportion of obese black subjects was higher than in whites, along with a higher proportion
of underweight Asian subjects than in whites. These patterns may reflect differences in the
“healthy” or “normal” BMI between children of different racial and ethnic groups or
differences in the prevalence of obesity between racial and ethnic groups. Differentiating
between these possibilities is beyond the scope of this study. We addressed the contribution
of race as a confounder by including it in all multivariable models.

The current study demonstrated that obesity and underweight BMI were both associated
with increased risk of postoperative adverse events. These conditions are prevalent in
children with CHD. Therefore, there is a pressing need to determine whether interventions
aimed at achieving a more normal BMI in both groups can improve perioperative outcomes.
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Clinical Perspective
What Is New?

. This analysis studied the association of body mass index and perioperative
outcome in 18,377 children, adolescents, and young adults undergoing
congenital cardiac surgery at 118 hospitals in the United States over a 6-year
span.

. After adjusting for patient- and procedure-level risk factors as well as
accounting for clustering of patients by hospital, the authors found that obese,
underweight, and severely underweight subjects were associated with
increased risk of composite adverse outcome (death, major adverse event,
and/or wound infection).

What Are the Clinical Implications?

. There are significant associations between body compaosition and
perioperative outcome after congenital heart surgery, which appear not to be
otherwise explained by patient and procedure factors.

. Additional efforts to understand the mechanisms underlying these
associations are needed.

. Ultimately, interventions aimed at improving nutrition in underweight patients
and weight loss in obese subjects need to be studied both for their efficacy in
affecting BMI and effect on perioperative outcome.
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Ineligible (n=4671):
Previous operation during same admission n=4657
Organ procurement operation n=14

A 4

Excluded because of missing data: (n=4957)
=15% missing mortality 1 hospital (n=401)

=15% missing major morbidity 1 hospital (n=1557)
=15% missing preoperative data 2 hospitals (n=1269)
Missing STAT mortality score n=1058

Missing operative mortality n=118

Missing morbidity n =28

Missing sex n= 8

Missing BMI n=518

Analytic Cohort
18,337 procedures
118 hospitals

Figure 1.
Study population
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Figure 2. Distribution of subject BMI category and STAT mortality category
This histogram depicts the distribution (percent) of subject BMI category (x-axis) within

each STAT Mortality Class (y-axis).
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Figure 3. Linear spline model for operative mortality by BMI percentile
The results of a multivariate model utilizing restricted cubic splines for risk of operative

mortality are depicted. The line of best fit (red line), knots (red circles), and 95% confidence
intervals (black hashed line) are shown. For operative mortality the nonlinear association
depicted is not statistically significant.
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Figure 4. Linear spline model for composite outcome by BMI percentile
The results of a multivariate model utilizing restricted cubic splines to measure the risk for a

composite outcome are depicted. The line of best fit (red line), knots (red circles), and 95%
confidence intervals (black hashed line) are shown. For composite outcome the nonlinear
association depicted is statistically significant. The odds of a composite outcome are
increased at either extreme of BMI. Above the inflection point (a BMI percentile of 57%),
increasing BMI increases risk of composite outcome. Below that same inflection point
decreasing BMI is also associated with increased risk of composite outcome. Compared to a
patient with normal weight (BMI percentile of 64%), the odds of composite outcome are
1.53:1 for a severely underweight patient (BMI percentile of 5%) and 1.21:1 for an obese
patient (BMI percentile of 95%).
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Multivariate analysis of operative mortality BMI as a categorical variable

Table 4

Unadjusted Adjusted
Risk Factor OR (95% Cl) p OR (95% Cl) p

Severely underweight vs. Normal weight 1.87(1.21,2.90) | 0.005 | 1.42(0.90,2.24) 0.13
Underweight vs. Normal weight 1.04 (0.57,1.92) | 0.90 0.91 (0.48,1.71) 0.77
Overweight vs. Normal weight 1.06 (0.68,1.67) | 0.79 1.08 (0.68,1.71) 0.76
Obese vs. Normal weight 1.41(0.94,2.11) | 0.10 1.30 (0.86,1.98) 0.21
Age (per 5 years) 1.13(0.99,1.28) 0.07
Female sex 0.95 (0.69,1.29) 0.72
Race

White 1 nla

Black 1.38 (0.92,2.07) 0.12

Other 0.92 (0.61,1.40) 0.71
Previous cardiothoracic operations 1.50 (1.06,2.13) 0.02
Presence of non-cardiac anatomic abnormalities 1.53 (0.63,3.71) 0.34
Presence of genetic syndrome or chromosomal abnormality 1.39 (0.94,2.06) 0.09
STAT mortality category

STAT 1 1 nla

STAT 2 2.58 (1.49,4.46) 0.0007

STAT 3 4.99 (2.67,9.36) | <0.0001

STAT 4/5 9.88 (5.85,16.70) | <0.0001
Preoperative mechanical circulatory support 1.24 (0.62,2.48) 0.54
Preoperative persistent shock 1.90 (0.80,4.51) 0.15
Preoperative mechanical ventilation 5.17 (2.91,9.20) | <0.0001
Preoperative renal failure or need for dialysis 2.05(1.11,3.76) 0.02
Preoperative neurological deficit/stroke/intracranial hemorrhage 2.16 (1.26,3.70) 0.005
Preoperative diabetes mellitus 1.59 (0.58,4.37) 0.37
Any other preoperative factor 1.93(1.39,2.69) 0.0001
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Table 5

Multivariate analysis of composite outcome with BMI modeled using spline methodology

Unadjusted Adjusted
Risk Factor OR (95% Cl) p OR (95% Cl) p

Severely underweight vs. Normal weight 1.79 (1.55,2.06) | <0.0001 | 1.53(1.31,1.79) | <0.0001
Underweight vs. Normal weight 1.39(1.18,1.65) | 0.0001 | 1.33(1.11,1.60) 0.002
Overweight vs. Normal weight 1.04 (0.91,1.20) 0.54 1.03 (0.89,1.19) 0.72
Obese vs. Normal weight 1.28 (1.12,1.45) | 0.0002 | 1.21(1.05,1.39) 0.008
Age (per 5 years) 1.02 (0.98,1.06) 0.40
Female sex 0.96 (0.87,1.07) 0.47
Race

White 1 nla

Black 1.32(1.14,1.52) | 0.0001

Other 1.26 (1.11,1.43) 0.0005
Previous cardiothoracic operations 1.24(1.12,1.38) | <.0001
Presence of non-cardiac anatomic abnormalities 1.03(0.70,1.52) 0.86
Presence of genetic syndrome or chromosomal abnormality 1.20 (1.04,1.37) 0.01
STAT mortality category

STAT 1 1 nla

STAT 2 1.79 (1.56,2.05) | <0.0001

STAT 3 2,61 (2.17,3.14) | <0.0001

STAT 4/5 7.49 (6.52,8.60) | <0.0001
Preoperative mechanical circulatory support 2.59(1.81,3.69) | <0.0001
Preoperative persistent shock 2.75(1.63,4.63) | 0.0001
Preoperative mechanical ventilation 5.89 (4.21,8.25) | <0.0001
Preoperative renal failure or need for dialysis 2.68 (1.95,3.68) | <0.0001
Preoperative neurological deficit/stroke/intracranial hemorrhage 1.51(1.19,1.90) | 0.0006
Preoperative diabetes mellitus 2.70(1.83,3.99) | <0.0001
Any other preoperative factor 1.90 (1.70,2.12) | <0.0001
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Table 6

Multivariate model of composite outcome with BMI divided by modified CDC categories

Unadjusted Adjusted
Risk Factor OR (95% Cl) p OR (95% Cl) P

CDC BMI Percentile when > 57, % per 10 unit increase 1.10(1.06,1.14) | <0.0001 | 1.07 (1.03,1.11) | 0.0012
CDC BMI Percentile when <= 57, % per 10 unit increase 0.89 (0.86,0.91) | <0.0001 | 0.92(0.89,0.95) | <.0001
Age (per 5 years) 1.02 (0.98,1.06) 0.37
Female sex 0.96 (0.87,1.06) 0.41
Race

White 1 nla

Black 1.32(1.15,1.52) | 0.0001

Other 1.26 (1.10,1.43) | 0.0005
Previous cardiothoracic operations 1.24(1.12,1.38) | <0.0001
Presence of non-cardiac anatomic abnormalities 1.04 (0.70,1.53) 0.86
Presence of genetic syndrome or chromosomal abnormality 1.20 (1.05,1.38) 0.008
STAT mortality category

STAT 1 1 nla

STAT 2 1.79 (1.56,2.04) | <0.0001

STAT 3 2.61(2.17,3.14) | <0.0001

STAT 4/5 7.48 (6.51,8.60) | <0.0001
Preoperative mechanical circulatory support 2.61(1.83,3.73) | <0.0001
Preoperative persistent shock 2.75(1.63,4.64) | 0.0001
Preoperative mechanical ventilation 5.89 (4.21,8.24) | <0.0001
Preoperative renal failure or need for dialysis 2.65(1.93,3.64) | <0.0001
Preoperative neurological deficit/stroke/intracranial hemorrhage 1.51(1.19,1.90) | 0.0007
Preoperative diabetes mellitus 2.70(1.83,3.98) | <0.0001
Any other preoperative factor 1.90 (1.70,2.13) | <0.0001
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