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Introduction
Obesity is currently a national and worldwide epidemic. Using the current NIH/WHO
classification system, which groups individuals by body mass index (BMI) into five
categories (Table 1), it was estimated that there were 1.6 billion overweight and 400 million
obese adults worldwide in 2005, and that these numbers will rise to over 2.3 billion
overweight and 700 million obese adults by 2015 [1]. In the United States alone, census
bureau data suggests that there are currently about 134 million overweight adults, of which
nearly 64 million can be considered obese; furthermore, almost 10 million Americans meet
the criteria for morbid obesity with a BMI greater than 40 [2]. Obesity has been clearly
recognized as a risk factor for adverse health outcomes in both chronic and acute disease [3,
4]. Following traumatic injury, obese patients have been found by many investigators to
have increased rates of a variety of infectious and non-infectious complications with
multiple organ failure being a common adverse outcome in this population of patients [4–
13].

Interestingly, while the association of obesity with complications in the setting of traumatic
injury has been well-defined, the underlying etiology for the development of complications
remains ambiguous. Existing knowledge on the subject suggests a multifactorial causation,
with immunologic dysfunction [14–18], anatomic and physiologic considerations [3, 19–
22], and inadequate or inappropriate care [23], all potentially contributing to poorer
outcomes. One specific area that warrants further investigation is that of resuscitation in the
obese patient, and the initial and subsequent host response to injury. It has been noted
previously that obesity is associated with vascular dysfunction, owing in part to abnormal
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circulating levels of insulin, aldosterone, cortisol, and leptin [24]. Furthermore, obesity has
also been linked with left ventricular systolic and diastolic dysfunction, right ventricular
diastolic dysfunction, and a cardiomyopathy syndrome [25]. These elements would suggest
increased difficulty in resuscitation of the obese patient. In a study specifically examining
the issue in trauma patients, Belzberg and colleagues confirmed hemodynamic abnormalities
in obese patients following severe blunt trauma, including lower cardiac index and reduced
tissue oxygenation when compared to nonobese patients [26]. Additionally, we have noted
that morbidly obese patients demonstrate a slower return of base deficit to normal levels in
the 24 hours following severe blunt trauma, and felt that this might be reflective of
differential resuscitative practices and/or a differential host response to post-trauma
resuscitation [27].

Given our findings and those of other investigators, we were interested in further
characterizing resuscitative practices in blunt trauma patients and how these might differ
with respect to BMI. Moreover, we wished to examine whether or not there were differences
in the responses of patients of different body mass index to traditional resuscitative practices
that might provide an explanation for the worse outcomes in these patients. We
hypothesized that differences in resuscitative practice altered by BMI might provide an
explanation for poorer outcomes and the increased risk of multiple organ failure in these
high risk patients.

Methods
We performed a retrospective review of the prospectively collected information contained
within the “Inflammation and the Host Response to Injury” database. The “Inflammation
and the Host Response to Injury” Large Scale Collaborative Research Program was initiated
in 2001 by the National Institute for General Medical Sciences and represents a multicenter
collaborative effort between several major trauma centers across the United States. This
"Glue Grant" has created a database containing outcome data from over 1000 subjects with
severe blunt trauma, and in a subset of nearly 200 subjects, has collected serial genomic and
proteomic data based on whole blood collections. A complete description of the goals of the
grant, participating investigators and institutions, criteria for study enrollment, and study
protocols may be found at the project website (http://www.gluegrant.org/). For the purposes
of this effort, we focused on clinical outcomes data. In general, patients were reviewed if
they met the inclusion and exclusion criteria for the epidemiological portion of the study.
Briefly, enrolled patients were victims of severe blunt trauma arriving with an anticipated
need for a blood transfusion accompanied with either a base deficit greater than or equal to
six or systolic blood pressure less than 90 mmHg within 60 minutes of emergency
department arrival. Patients were excluded from the study if they had isolated head injury or
cervical spine injury with paralysis. For the purposes of this review, we restricted our
analysis to adult patients (greater than 16 years of age) who had height and weight recorded
for calculation of BMI. As we were interested in patient response to initial post-traumatic
resuscitation, we excluded patients who expired within the first 48 hours. Additionally,
given our previous finding of possible acid-base abnormalities, we excluded patients who
might have had pre-existing difficulties with acid-base regulation, specifically omitting
patients who had a known history of chronic pulmonary disease requiring oxygen or who
had known history of chronic renal disease (defined as having a known baseline creatinine
level of greater than 1.5). Patients were further excluded if their BMI put them in the
category of “underweight” (BMI less than 18.5), as this population has health issues distinct
from the ones of interest in this study.

Upon review of inclusion and exclusion criteria, patients were grouped into four groups
based on BMI, “Normal” (18.5–24.9 kg/m2), “Overweight” (25–29.9 kg/m2), “Obese” (30–
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39.9 kg/m2), and “Morbidly Obese” (greater than 40 kg/m2). These groups were then
compared on the basis of: demographic information; measures of injury severity and patient
health; resuscitative volumes and compositions; traditional cardiovascular endpoints of
resuscitation including heart rate, systolic blood pressure, central venous pressure, and
pulmonary artery catheter measurements; and, metabolic indicators of resuscitation
including base deficit, pH, and lactic acid. Patients were determined to have acidosis with a
pH of less than 7.35. Primary metabolic acidosis was defined by a bicarbonate concentration
of less than 22. Primary respiratory acidosis was defined by a pCO2 of ≥ 45. Metabolic
acidosis was deemed to be present in the setting of respiratory acidosis if the bicarbonate
concentration was less than would be expected utilizing the following formula: expected
HCO3− = 24 + {(pCO2-40)/10}. Respiratory acidosis was deemed to be present in the
setting of metabolic acidosis if the pCO2 was greater than 2 millimeters of mercury more
than would be expected utilizing the following formula: expected pCO2 = 1.5 x [HCO3−] +
8. A mixed acidosis was determined to be present if features of both respiratory and
metabolic acidosis were present. Lean body mass was calculated according to the method
described by James (reviewed in [28]). Ideal body weight was calculated by the Devine
formula (reviewed in [29]). Multiple organ failure (MOF) was used as an outcome measure,
and was determined using the Marshall MOF Score [30]. For the purposes of this study,
patients were defined as having MOF if their Marshall score was greater than or equal to
five. Groups were compared using chi-square test for categorical variables and one way
analysis of variance (for variables with normal distribution) or the Kruskal-Wallis analysis
of variance (for variables with non-normal distribution) for continuous variables with
significance determined at a p-value of less than 0.05. Post hoc pairwise comparisons were
performed according to Dunn’s Method. Statistical analysis was completed using
SigmaStat® 5.0 (SyStat Software Incorporated, San Jose, CA).

Results
General Patient Information

1,066 patient records were reviewed, with 877 patients eligible for final analysis based on
inclusion and exclusion criteria (Figure 1). General characteristics of the 877 patients are
seen in Table 2. Briefly, morbidly obese patients were older than patients in other groups
and notably, developed multiple organ failure at a significantly greater rate. Mortality did
not differ significantly between patient groups.

Resuscitation Volume and Composition
We compared patients in terms of volume of fluid received, and the composition of this fluid
volume. Figure 2A shows the total fluid volume received during the first 48 hours of
resuscitation, with figures 2B and 2C depicting the blood product and crystalloid/colloid
volumes received over that same time. Morbidly obese patients had received a greater total
fluid resuscitation volume than normal weight patients by 48 hours; however, they did not
differ from other groups, nor did they differ from normal weight patients at any other time
points. Overweight patients received the greatest volume of blood product, and this
significantly differed from normal weight patients between 13 and 18 hours after injury
(p=0.048) and between 24 and 48 hours after injury (p=0.049). We normalized all fluid
volumes by actual, lean, and ideal body masses to evaluate for occult differences with
dependence on body mass (Figure 3). Unsurprisingly, normal and overweight patients
received greater resuscitation volumes per kilogram of actual body mass (Panel A);
interestingly though, there were no differences between the groups when volumes were
adjusted for lean (Panel B) and ideal (Panel C) body mass.
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Cardiovascular Endpoints
Examination of traditional cardiovascular endpoints revealed few differences between
groups. Mean arterial pressures were relatively similar, although curiously, the morbidly
obese showed a wider range of blood pressure values, attaining greater highest mean arterial
pressures, but also lower lowest mean arterial pressures in the first 24 hours than patients in
the other groups (Table 3A). Normal weight patients had slightly lower lowest heart rates
than other groups in the first 24 hours, but otherwise, the groups showed no differences in
this metric (Table 3B). Conversely, significant differences were seen in central venous
pressure readings between BMI groups (Figure 4). From 7 hours through the 48 hour mark,
morbidly obese patients showed greater central venous pressures than normal weight
patients, and in the second 24 hours, greater central venous pressures than overweight
patients. Additionally, obese patients showed greater central venous pressures than normal
weight patients from 13 hours through 48 hours. Finally, in a limited subset of patients,
pulmonary artery catheter readings were obtained. In these patients, no differences were
noted in cardiac index, mixed venous oxygen saturation, or pulmonary capillary wedge
pressures (data not shown).

Metabolic measurements and Endpoints
We next focused on laboratory measures and first found, as we had in our previous analysis,
that the morbidly obese had a significantly slower resolution of base deficit when compared
to patients in the other BMI classes (Figure 5). Perhaps more interestingly, though, when we
compared groups on the basis of pH over time, we saw clear distinction between BMI
classes, with the additional and significant finding of a persistent acidosis in the morbidly
obese group extending through the first 48 hours (Figure 6). In order to better characterize
the nature of this finding, we created composite blood gases for each BMI group for each 6
hour period studied, and determined the acid-base status (Table 4). This assessment revealed
all groups to be in a state of mixed metabolic and respiratory acidosis during the first six
hours following injury, followed by a period of metabolic acidosis in the second six hours.
Beyond this point in time, the morbidly obese remained in metabolic acidosis through the 48
hours studied, while patients in the other groups resolved. This difference could not be
explained solely by differences in lactic acid, as groups were similar in lactate content over
all time periods studied with the exception of the six-hour time period between 13 and 18
hours, during which morbidly obese patients showed a significantly greater blood lactate
concentration than did normal weight patients (Figure 7). As acidosis may be representative
of cellular hypoxia due to a diminished oxygen carrying capacity, we assessed hemoglobin
levels, finding that obese and morbidly obese patients showed greater lowest hemoglobin
concentrations in the emergency department and in the first 24 hours following injury when
compared to normal and overweight patients (Table 5). We were also concerned about the
possibility that this phenomenon might be a reflection of early renal failure development;
however, comparison of creatinine levels during the first 48 hours demonstrated that only
normal weight patients differed significantly from the other groups, suggesting similar renal
function between overweight, obese, and morbidly obese patients (Table 6).

Association of prolonged acidosis with multiple organ failure
We were interested in determining whether or not a relationship existed between the
prolonged acidosis seen in the morbidly obese patient and the development of multiple
organ failure. We first examined and classified patients by acid base status at 48 hours by
looking at individual blood gas components for each patient. Unsurprisingly, a significantly
greater proportion of morbidly obese patients were still in a state of metabolic acidosis at 48
hours when compared to patients in other BMI groups; interestingly, though, the proportion
of patients in respiratory acidosis was similar (Table 7). When patients with persistent
metabolic acidosis were compared in terms of proportion developing multiple organ failure,
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morbidly obese patients were once again found to have the highest proportion of patients
with this complication (89%), and this difference was significant when compared to normal
weight patients with (55%, p<0.001) or without (49%, p<0.001) persistent metabolic
acidosis (Figure 8). Morbidly obese patients with persistent metabolic acidosis also showed
a greater propensity toward multiple organ failure than did morbidly obese patients who
resolved their acidosis (73%); however, this difference was not statistically significant.

Discussion
Resuscitation and differential responses of obese trauma patients have been addressed
previously in the trauma literature. Belzberg and colleagues at Los Angeles County Trauma
Center examined traditionally used hemodynamic parameters as well as transcutaneous
oxygen and carbon dioxide measurement to assess resuscitation and outcome in obese
trauma patients [26]. In their report, they evaluated 131 patients with a BMI greater than 30,
demonstrating decreased cardiac index and reduced tissue oxygenation in 18 obese patients
who expired when compared to 113 obese survivors. Furthermore, they demonstrated that
the obese survivors showed overall lower arterial oxygen saturation, oxygen delivery, and
tissue oxygenation but significantly higher heart rates than did 407 nonobese survivors.
Their results suggest that obese patients would benefit from goal-directed resuscitative
therapy; however, the authors indicate that the optimal physiologic endpoints have not yet
been determined in this patient population, and that additional work is needed to define these
endpoints and may need to include nontraditional monitoring techniques.

We concur, and feel that our work is supportive of the concepts brought forward by
Belzberg et al. Through evaluation of traditional biomarkers, we have demonstrated that
resuscitation in obese patients requires further scrutiny. Our analysis of traditionally used
cardiovascular endpoints demonstrates relatively minimal differences between patients of
different BMI classes, with the exception of central venous pressure readings, in which
increasing BMI was found to be associated with greater pressure measurements. This
interesting finding demonstrates the pitfalls of using traditional endpoints to measure
resuscitation in this population of patients. Obese patients have been previously found to
have alterations in stroke volume and cardiac output as a result of “obesity cardiomyopathy”
[25], and a decrease in peripheral vascular resistance at baseline [24]. Furthermore, obesity
decreases intrathoracic volumes with a simultaneous increase in intrathoracic pressure as a
result of increased intraabdominal pressure [31]. All of these factors influence the central
venous pressure measurement [32], provide plausible explanations for the potential
fallaciously elevated levels that we have noted, and cast doubt on the usefulness of this
measurement in obese trauma patients. Spurious elevations in central venous pressure due to
these variations in cardiac and respiratory physiology and body habitus influence clinical
decision-making, particularly with regard to patient volume status, and lead us to believe
that the morbidly obese are routinely under resuscitated.

This notion is supported strongly in our data by the slower resolution of base deficit and pH
in this patient population, and we feel that the resolution of pH in particular is suggestive of
differential resuscitation, as we see clear BMI-related trajectories in this measurement over
time. These differential changes in base deficit and pH are likely indicative of a state of
prolonged cellular hypoxia following the acute insult brought on by resuscitation carried out
to incorrect endpoints. While this is almost certainly true, it is curious that a traditionally
used measure of cellular hypoxia, arterial lactic acid, only showed an intergroup difference
at one time point during the first 48 hours of resuscitation. Our study and its conclusions are
limited by the fact that the database utilized lacks information on patient cation and anion
concentrations. This is potentially significant for two reasons: first, our findings may
represent hyperchloremic metabolic acidosis; and second, it prevents us from calculating the
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strong ion difference. Although we can not definitively rule out the possibility of
hyperchloremic metabolic acidosis, this is unlikely to be the reason in this particular study as
patients were treated according to a standardized resuscitation protocol with similar
crystalloid administration. Furthermore, we were unable to calculate the strong ion
difference utilizing this data set and can not decisively state which components of acid-base
balance account for the differences in resolution of pH; however, we speculate that the
finding is due to differences in inorganic acid levels between the groups, as supported by the
work of previous investigators indicating that metabolic acidosis is more dependent on these
unmeasured inorganic acids than on lactic acid [33–35]. We are particularly intrigued by the
recent work of Forni and colleagues and separately by Moviat et al and Bruegger et al,
which suggests that the inorganic acids of greatest interest are Krebs cycle intermediates
[33, 34, 36, 37], as this would be supportive of our previous finding that differences in citric
acid cycle gene expression are seen in patients of different BMI [27]. This proposed
mechanism would fit well into the picture of global metabolic dysfunction present in the
morbidly obese, and represents a promising area for future metabolomic research that would
complement studies of resuscitative adequacy in this patient population.

Regardless of the specific mechanism, we have also demonstrated that patients with
prolonged acidosis develop multiple organ failure at a greater rate than do patients without
this complication, with nearly 90% of morbidly obese patients having persistent metabolic
acidosis developing multiple organ failure. This is in stark comparison to normal weight
patients without persistent metabolic acidosis, of whom less than half developed MOF, and
although not significant, represents an increase over morbidly obese patients not remaining
in metabolic acidosis at 48 hours. This is not particularly surprising given the consequences
of acidosis, including possible cardiorespiratory depression [38, 39], immune dysfunction
[40–43], and further alterations of cellular metabolism [44, 45]; however, it does highlight
the importance of determining the causes of acidosis, particularly in the high risk morbidly
obese patient cohort.

Our major finding is a straightforward one: morbidly obese patients show prolonged
metabolic acidosis in severe blunt trauma. This is a novel finding that we feel is
symptomatic of suboptimal resuscitation dependent on inadequate endpoints combined with
underlying metabolic abnormalities in this patient population. Given what is known about
the abnormal physiology and biochemistry of the obese and morbidly obese patient, and
about the causes and effects of acidosis, we feel this finding warrants further investigation,
as it may represent a marker of organ dysfunction or a target for therapy in this high risk
patient cohort.
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Figure 1.
The breakdown of included and excluded patients is detailed, with 1,066 patients meeting
inclusion criteria, and 189 patients excluded as shown.
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Figure 2.
Post-injury fluid resuscitation volumes. Panel A depicts the total fluid volume received by
patients in each body mass index classification over time during the first 48 hours following
injury. Panel B depicts the total blood volume received by patients in each body mass index
classification. Panel C depicts the total crystalloid volume received by patients in each body
mass index classification. Values presented are medians. * indicates significantly greater
volume received than normal weight patients at the specified time point.
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Figure 3.
Total fluid volume per kilogram body weight. Panel A depicts the total fluid volume
received by patient in each body mass index classification normalized by patients’ actual
body mass over time during the first 48 hours following injury. Panel B depicts the total
fluid volume received by patient in each body mass index classification normalized by
patients’ estimated lean body mass over time during the first 48 hours following injury.
Panel C depicts the total fluid volume received by patient in each body mass index
classification normalized by patients’ calculated ideal body mass over time during the first
48 hours following injury. ** indicates significantly greater volume per body mass for
normal and overweight patients when compared to obese and morbidly obese patients at the
specified time point.
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Figure 4.
Central Venous Pressure readings. The figure depicts the median greatest central venous
pressure measurements for patients in each body mass index classification during the first 48
hours following injury. * indicates a significantly greater central venous pressure reading
than normal weight patients at the specified time point. ** indicates a significantly greater
central venous pressure reading than normal weight and overweight patients at the specified
time point.
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Figure 5.
Worst Base Deficit. The figure depicts the median worst base deficit reading for patients in
each body mass index classification during the first 48 hours following injury. * indicates a
significantly greater base deficit than normal weight patients at the specified time point.
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Figure 6.
Lowest pH. The figure depicts the median worst pH reading for patients in each body mass
index classification during the first 48 hours following injury. * indicates a significantly
lower pH than normal weight patients at the specified time point.
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Figure 7.
Highest Lactic Acid Level. The figure depicts the median worst lactic acid measurement for
patients in each body mass index classification during the first 48 hours following injury. *
indicates a significantly higher lactic acid level than normal weight patients at the specified
time point.
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Figure 8.
Multiple Organ Failure in patients with and without persistent metabolic acidosis. The
proportion of patients developing multiple organ failure is shown for patients in each body
mass index classification who showed (right) or did not show (left) persistent metabolic
acidosis at 48 hours following injury. * indicates significantly greater proportion of patients
developing multiple organ failure when compared to non-acidotic normal weight patients. +
indicates significantly greater proportion of patients developing multiple organ failure when
compared to acidotic normal weight patients.
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Table 1

NIH/WHO Body Mass Index Classifications

Class Body Mass Index (kilogram/meter2)

Underweight <18.5

Normal Weight 18.5–24.9

Overweight 25–29.9

Obese 30–39.9

Morbidly Obese ≥ 40
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