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Abstract

Background: Clearance of indocyanine green dye (ICGc) reflects sinusoidal perfusion and
hepatocyte cell membrane function. Thus, ICGc is a reflection of the functional reserve of intact
hepatocytes. The purpose of this study was to identify predictors of ICGc in severely burned
children during the acute hospitalization and at the time of discharge from the ICU. A secondary
aim was to determine the relationship between liver size and patient ICGc.

Methods: Twenty-six children (0.8 to 17 years old) with 35% or greater total body surface area
burned (% TBSA-B) were included. Assessment of ICGc (ml-min~1-m~2) was done during the
acute hospitalization (Median: 6 days after admission, Median: 14 days post-burn) and at the time
of discharge from the ICU (Median: 19 days after admission, Median: 27 days post-burn). Age,
TBSA-B, % third degree burns, inhalation injury, pre-existing chronic malnutrition, hematocrit,
liver dysfunction, and time from burn injury were incorporated in multiple linear regressions as
predictive variables of ICGc. Only variables with p<0.05 were retained in the final models.

Results: Time from injury and age were the strongest predictors of ICGc during the acute
admission but not at the time of discharge from the ICU. Time from injury was negatively
associated with ICGc, whereas age was positively associated. At the time of discharge from the
ICU, ICGc was increased in proportion to the %TBSA-B, whereas inhalation injury and pre-
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existing chronic malnutrition were associated with lower ICGc. There was no correlation between
change-to-predicted liver length and ICGc.

Conclusions: The intrinsic ability of the liver to extract ICG from plasma was lower in younger
burned patients during the acute admission, and in those with pre-existing chronic malnutrition
and inhalation injury at the time of discharge from the ICU.

Keywords

Indocyanine Green; burn injury; liver function

Background

Methods

Subjects

Following a major burn, the liver undergoes metabolic and morphologic adaptations.
Increased glycolysis, glycogenolysis, and gluconeogenesis occur in response to elevated
levels of stress hormones and energy requirements(1). Inflammatory and immunologic
responses are also orchestrated by the liver in an attempt to preserve systemic
homeostasis(2, 3) ENREF_2. Although overt liver failure is infrequent in burn patients(4),

_ENREF_4liver damage (as evidenced by decreased hepatic protein content, increased

serum liver enzymes, and decreased synthesis of constitutive proteins) is a common
finding(5, 6)_ENREF_2. In the pediatric population, liver enlargement develops
immediately after burn injury and persist for at least a year post-trauma(5). Although liver
cell proliferation occurs after burn injury(6), it is believed that liver enlargement is mainly
due to intrahepatic edema, and in severe cases it may relate to fatty acid infiltration(7).

Static liver function tests are commonly used tools in the clinical setting. They provide
information on hepatocellular integrity (aminotransferases), protein synthesis (albumin,
coagulation factors), cholestasis (alkaline phosphatase, glutamyl transferase) and excretion
(bilirubin). However, more complex functions such as liver clearance and metabolization
capacity can only be assessed through dynamic liver function tests(8). Indocyanine green
(ICG) is a fluorescent and infrared absorbing agent with a high hepatic extraction rate
(70%). It does not undergo enterohepatic circulation and has negligible pharmacological
effects(8, 9)_ENREF_9. Clearance of ICG dye (ICGc) is a dynamic liver function test that
reflects both hepatic cell membrane function and sinusoidal perfusion. Therefore, ICGc is
considered a good reflection of the functional reserve of intact hepatocytes(10).

To our knowledge, no study has used dynamic tests to assess liver function in severely
burned children. Thus, the primary purpose of this study was to identify predictors of the
clearance of ICG dye in severely burned children during the acute hospitalization and at the
time of discharge from the ICU. A secondary aim was to determine the relationship between
burn-induced changes in liver size and patient characteristics with the clearance of ICG.

A post-hoc analysis was conducted on 26 severely burned children who underwent treatment
at the Shriners Hospitals for Children — Galveston from 1999 to 2008. These children were
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participants of several research projects with similar experimental design. Analyses were
conducted on data from children for whom liver size and ICGc measurements were available
after admission to the intensive care unit (~1 week) and at the time of discharge from the
ICU (wounds 95% closed). Informed written consent was obtained from parents/guardians
before enrollment, and assent/consent were obtained from children according to regulations.
Experimental protocols were approved by the Institutional Review Board at the University
of Texas Medical Branch.

ICG infusion studies and estimation of ICGc

Covariates

As part of their original research projects, children underwent 5-hour stable isotope infusion
studies. A detailed description of this infusion protocol has been published elsewhere(11).
ICGc was estimated from a constant infusion of the dye at 0.5 mg/min (1 ml/min) into the
right femoral artery between hours 3 and 4 of the infusion study. ICG was first infused for
10 minutes in order to achieve a steady state(12). Then, blood was sampled at timed
intervals from the contralateral femoral vein (FV). ICG concentrations were measured on a
spectrophotometer at A= 805nm (Spectronic 1001, Bausch and Lomb, Rochester, NY, USA).
ICGc was calculated as the ratio of the infusion rate and the mean plasma dye absorbance
over the sampling period.

Absorbance in standard X Dilution Factor x Infusion Rate

ICGc(ml/min) = A%

Extent of the burn and inhalation injury—Burn size and depth (% third degree) were
clinically assessed. The Lund and Browder method(13) was used to estimate percent total
body surface area burned (% TBSA). Inhalation injury was assessed with direct visualization
of the airway using fiberoptic bronchoscopy.

Pre-existing chronic malnutrition—Chronic malnutrition at the time of the injury was
assessed with the Center of Disease Control and Prevention (CDC) growth standards(14).

Children with length/height-for-age below the 3 percentile at the time of admission to the
burn ICU were considered to have stunted growth, an indicator of chronic malnutrition(15).

Liver size—HP Sonos 100 CF echocardiogram (Hewlett-Packard Imaging Systems,
Andover, MA, USA) with a 3.5 MHz transducer probe was used for this purpose. Liver
length (cm) was measured with the patient in the recumbent position and the section level
along the mid clavicular line was determined by simultaneous demonstration of the right
kidney(16). The upper and lower points of the measurement of the liver span were marked
and then measured from the sonographic image. All measurements were taken during breath
holding (if possible) in older kids or during quiet breathing in younger patients.

Liver failure—Participants were considered to have liver failure if age <10 years and ICGc
<195 mL-min~t:m=2, or if age =10 years old and ICGc <133 mL-min~1.m2. These cutoff
values are one standard deviation below reported mean values for healthy children(9).
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Other covariates—Age at the time of the injury was determined from the participants’
date of birth and burn date. Patients’ hematocrit was measured on the day of the infusion
study. Plasma volume, which decreases with increasing hematocrit concentration, regulates
the amount of ICG-protein complexes available for hepatic dissociation. In consequence, an
inverse correlation between hematocrit levels and ICGc may exist(17).

Statistical analyses

RESULTS

Variables measured in the interval scale are summarized as medians and quartiles (Q1-Q3),
whereas variables recorded in the ordinal or nominal scale are summarized as counts and
percentages. The association between the clearance of ICG (dependent variable) with age,
%TBSA burned, % third degree burned, inhalation injury, hematocrit, liver dysfunction, time
from burn injury to ICGc measurement, and liver size (independent variables) was assessed
using linear regression. Multiple linear regression was used to model ICGc (dependent
variable) with patient characteristics simultaneously. The most parsimonious models were
obtained using backward elimination. Only variables with p<0.05 were retained in the final
model. Pearson’s correlations were used to assess associations between absolute liver length
(cm), liver length normalized to body weight (cm/kg), liver length normalized to body
surface area (cm/m?2), and change to predicted liver length (%)(18) with age and normalized
ICGc.

Patient characteristics are presented in Table 1. Children’s age ranged from 0.8 to 17 years,
with a median age of 7 years. Ninety-six percent of the children were Hispanic and the
median time from burn to ICGc measurements was14 and 27 days for the first and second
study respectively. Forty-two of the participants suffered inhalation injury, whereas 26%
(n=6) were chronically malnourished at the time of the injury. At the time of discharge from
the ICU, liver ultrasound measurements were available for 22 children, thus results
presented at this timepoint are based on a sample size of 22. A spaghetti plot depicting the
trajectory of unadjusted ICGc (ml-min~1-m~2) between studied timepoints can be found as
supplemental digital content (SDC, Figure 1).

Multiple regression analyses

Clearance of ICG

First study (Acute hospitalization, Table 2): At the time of the first study, two children
(8%) were considered to have liver failure. Among all the variables assessed, the time
elapsed since burn injury was the strongest predictor of ICGc (Table 2). Time from burn
injury was negatively associated with ICGc and accounted for 34% of the observed variance
(p=0.003). Hematocrit was negatively associated with ICGc and explained 37% of the
observed variance (p=0.033). Finally, age was positively associated with ICGc and explained
23% of the observed variance (Figure 1). For every year increase in age, ICGc increased by
29 ml-min~1:m=2 (p=0.019). Together, time from burn injury, hematocrit, and age explained
43% of the variance in in the clearance of ICG. Observed values of ICGc vs. age during the
acute admission and at the time of discharge from the ICU can be found as SDC figures 2A
and 2B, respectively.
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Second study (discharge from the |CU, Table 2): At the time of discharge from the ICU
(wounds 95% closed), % TBSA burned was the strongest predictor of ICGc accounting for
38% of the variance observed. For every 1% increase in % TBSA burned, ICGc increased by
14 ml-min~1.m=2 (Figure 2, p=0.003). Chronic malnutrition at the time of the injury was the
second strongest predictor of ICGc and explained 32% of the observed variance (p=0.007).
Chronic malnutrition was negatively associated with ICGc (Figure 3). Hematocrit (0=0.012)
and inhalation injury (p=0.039) were negatively associated with ICGc and explained 29%
and 21% of the observed variance, respectively. This final model explained 52% of the
observed variance in ICGc at the time of discharge from the ICU. Observed values of ICGc
vs. %TBSA, and observed ICGc values between patients with and without pre-existing
malnutrition and inhalation injury, have been plotted as SDC Figures 3A, 3B and 3C,
respectively.

Correlations between liver size with patient characteristics and ICGc

Absolute liver length correlated with age (Figure 4A; r2=0.59, p=0.001), weight (r2=0.42,
p=0.035), height (r2=0.51, p=0.001), and body surface area (r?=0.48, p=0.014). When
normalized to body weight, liver length decreased with increasing age both during the acute
phase of the injury (r?=-0.76, p<.0001) and at the time of discharge from the ICU (r?=
-0.83, p<.0001;). When normalized to body surface area, liver length decreased with
increasing age during the acute phase of the injury (Figure 4B, r2=—0.68, p=0.0002) and also
at the time of discharge from the burn unit (r2=-0.84, p<.0001; not shown). Seventeen
children (65%) during the acute hospitalization, and 19 (76%) at the time of discharge from
the ICU had liver lengths above their age-predicted values. There was no correlation
between change to predicted liver length (%) and normalized ICGc neither at the first
(Figure 4C, r2=0.06, p=0.755) nor the second studied timepoint (Figure 4D, r2=0.07, p=737)

DISCUSSION

The aim of the present study was to identify predictors of the clearance of ICG in severely
burned children. The principal findings were that time from burn injury, age, chronic
malnutrition, burn size, and inhalation injury independently affected ICGc. Finally, burn
induced changes in liver length did not correlate with ICGc.

The hypermetabolic response triggered by the burn injury is characterized by mobilization of
fuels and substrates needed to fulfill massive energetic demands and induce wound healing.
Under these circumstances, the liver assumes a critical role in modulating endocrine,
metabolic, immunologic, and inflammatory processes necessary for survival(19).
Assessment of liver function in the context of severe burn injury has frequently been done
with conventional (static) tests. Dynamic liver function tests are more advantageous in that
they asses complex aspects of liver function, including hepatic clearance capacity(20).

ICG is an anionic dye with a high hepatic extraction rate thus its clearance is highly
dependent on hepatic blood flow(21). ICG is extracted from plasma over the hepatocyte
sinusoidal (baso-lateral) membrane, transported through the cell and finally excreted over
the canalicular (apical) membrane(17). Because ICGc reflects sinusoidal perfusion and
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hepatocyte cell membrane function, it is considered a measure of the functional reserve of
intact hepatocytes(10, 20).

There is no agreement as to what constitutes liver failure in children when ICGc is used to
measure liver function. Here, liver failure was defined as an ICGc below one standard
deviation from the mean reported for healthy children(9). Based on this, 12% (n=3) of
children had liver failure at the time of the first study. In contrast, Steinvall et al.(22)
reported a much higher incidence (41%) of liver failure in severely burned adults when liver
function was assessed using plasma disappearance rate of ICG. However, it is worth noting
that in the latter study 35% of patients either had an underlying liver disease or were alcohol
abusers at the time of the injury. It is known that liver disease, including alcohol induced
liver injury affect the hepatic extraction of ICG(23). Thus, the unusually high incidence of
liver failure reported for this particular group of adult patients could have been triggered
and/or confounded by their preexisting liver disease.

In the present study, the number of days since the burn injury was negatively associated with
ICGc when children were critically ill (first study), but no association was found when they
were ready for discharge from the ICU (95% of wounds epithelialized). A great number of
our patients come from referring facilities abroad hence transportation and appropriate level
of care may be delayed. Children in this study had severe burns compromising 34 to 95% of
the TBSA yet the time from burn injury to admission to our burn intensive care unit varied
widely. The median time from burn to admission was 5 days, yet, it took some children >14
days to be admitted to our center. The authors believe this finding underscores the
importance of initial care facilities and timely referral to burn centers in the clinical course
of critically burned children.

A novel finding from this study was that normalized 1CGc (ml-min~1.m?) in severely burned
children increased linearly with increasing age during the acute hospitalization but not at the
time of discharge from the ICU (Figure 1). Normalization of ICGc (ml/min) to body surface
area (BSA) accounts for age-related differences in ICGc and allows an adequate comparison
across different age-groups(9). In other words, no linear association between ICG¢ (ml-min
~1.m2) and age should exist under normal physiological conditions. Thus, our results suggest
that hepatic clearance capacity is lower in younger children during the most critical phase of
the burn injury, but becomes comparable to that of older kids by the time of discharge from
the ICU. Our finding supports previous reports of young age (<4 years) as a major
determinant of outcomes in pediatric burns(24, 25). A limitation of our study, however, is
that we did not account for sepsis or multiorgan failure, and this should be taken into
consideration when interpreting our results.

The magnitude of cardiovascular, metabolic and inflammatory responses to burn injury
relate to the extent of total body surface area burned(3, 26, 27). In this context, patients with
larger burns have persistently greater energetic and metabolic demands than children with
smaller burns. Thus, our finding of ICGc, and consequently liver blood flow, increasing in
relation to the %TBSA burned at the time of discharge from the ICU agrees with the notion
of burn size as a driver of the systemic response to burn trauma. Animal models of burn
injury have shown that liver oxygen consumption not only increases in parallel with liver
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blood flow but also occur in the context of an abnormally elevated p-hydroxybutyrate/
acetoacetate ratio, indicating alterations in mitochondrial oxido-reduction state in the
liver(28). Hence, the possibility that other metabolic mechanisms/disarrays intrinsic to the
liver may be involved in our findings should be considered.

Another novel finding from our study was that pre-existing chronic malnutrition and
inhalation injury were independently associated with lower hepatic clearance rate of ICG at
the time of discharge from the ICU. Both pre-existing chronic malnutrition and inhalation
injury increase mortality risk in burned patients(29, 30). The effects of inhalation injury on
distant organs have been less studied. However, experiments of inhalation injury show a
concomitant decrease in arterial oxygen saturation which may lead to distant organ hypoxia/
ischemia(31). The present study does not allow assessment of mediating mechanism, but
some possibilities could be considered. It is known that active transport processes on the
basolateral pole of the hepatocyte are responsible for the extraction of ICG from plasma(17).
These carrier systems have shown resilience to noxious stimuli in models of ischemia
reperfusion injury in ex vivo experiments(10). In the latter study, hepatocytes responded to
stress by overexpressing carrier proteins of ICG thus managing to preserve ICG uptake.
Superimposition of aggravating factors, i.e., inhalation injury and malnutrition, to the burn
injury may mitigate compensatory mechanisms resulting in disruption of ICG transport
processes, or more simply, in greater loss of functional hepatic mass. Further studies
characterizing the mechanisms and time course of our findings are warranted.

As expected, absolute liver length increased with increasing age whereas liver volume in
relation to body weight was larger in younger kids(32). Despite younger kids having
relatively larger livers, ICGc was lower among younger kids during the acute hospitalization,
as previously discussed. Under physiological circumstances the functional parenchymal
mass approximates liver size(9). In this group of children, liver length was above predicted
values for 65% and 76% of children during acute hospitalization and at the time of
discharge, respectively. Yet, normalized ICGc did not increase in relation to their change-to-
predicted liver length (Figure 4). Given that ICGc is a reflection of hepatic functional
parenchymal mass, our finding supports the notion that changes in liver size following a
major burn are not mediated by increased cell proliferation but other mechanisms, e.g.
hepatic edema formation and/or fatty acid infiltration(6).

Our results are strengthened by the longitudinal design of our study. A limitation could still
be its small sample size. Also, the first measurement of ICGc was done ~14 days after the
burn injury (~5 days after admission) when resuscitative efforts had taken place. Thus, this
study does not report on the initial hepatocyte response to burn trauma. Finally, ICGc does
not necessarily reflect biliary ICG excretion as previously shown in animal models of
endotoxemia(33). Thus, the effects of burn injury on canalicular transport mechanisms and
biliary excretion need to be further explored.

In conclusion, in this cohort of patients, delayed referral to a burn center and young age were
associated with greater loss of functional hepatic mass, as evidenced by lower ICGc during
the acute hospitalization. Thus, younger children and delayed admissions should be
considered to be at higher risk for liver dysfunction during the critical period of the burn
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injury. Pre-existing chronic malnutrition and inhalation injury were associated with lower
ICGc at the time of discharge from the ICU. Future studies characterizing the time course,
clinical implications and mechanisms of injury involved in these findings are necessary.
Finally, ICGc does not increase in proportion to burn-induced changes in liver size
corroborating the notion that liver enlargement is not mediated by hepatocyte proliferation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Adjusted means and 95% confident intervals for ICGc by age during the acute phase of the

burn injury (A) and at the time of discharge from the ICU (B). Means for (A) have been
adjusted for hematocrit and time from burn injury.
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Figure2.
Adjusted means and 95% confident intervals for ICGc by % TBSA burned. Means have been

adjusted for hematocrit, inhalation injury and pre-existing chronic malnutrition.
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Figure 3.
Adjusted means and 95% confident intervals for ICGc in patients with pre-existing chronic

malnutrition (A) or inhalation injury (B). Means have been adjusted between each other and
hematocrit.
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Patient characteristics.

Variable N=26
Age, years, median (range) 7 (0.8-17)
Male: Female 19:7
Ethnicity, No. ( %)

Hispanic 25 (96)
Burn to admit, days, Median (Q1-Q3) 5 (2-14)
Burn to 1% study, days, Median (Q1-Q3) 14 (8-28)
Burn to 2" study, days, Median (Q1-Q3) 27 (21-40)
Admit to study, days, Median (Q1-Q3) 6 (5-10)
Admit to 2" study, day, Median (Q1-Q3) 19 (14-25)
Etiology, No. (%)

Flame 20 (77)

Scald 4 (15)

Electrical 2(8)

% TBSA burned, Median (Q1-Q3) 50 (41-67)
% Third degree, Median (Q1-Q3) 38 (24-55)
Inhalation injury, No. (%) 11 (42)
Chronic malnutrition, No. (%) 6 (23)

Data expressed as medians (Q1-Q3), counts and percentages.
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Table 2.

Multiple regression analyses to identify the most parsimonious model for ICGc.

ICGec Model B SE Pr’  p-value R?
Elljffyfmm 86 26 034  0.003

First acute Hematocrit 372 164 019 0033 0P

________________________ Aee 293 116 023 0019
%TBSA burned 137 40 038  0.003

Discharge ICU Malnutrition -417 138.1  0.32  0.007 0.50
Hematocrit -62.1 223 0.29 0.012
Inhalation 306 1381 021 0.039

SE= standard error; Pr’= squared partial correlation; TBSA= total body surface
area
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