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Background: Transient neonatal hyperglycemia (hG) has 
been reported in up to 80% of extremely preterm human infants. 
We hypothesize that severe hG is associated with increased 
morbidity and mortality in preterm baboons.
Methods: sixty-six baboons born at 67% of gestation were 
studied. hG was defined as serum glucose level ≥150 mg/dl 
during the first week of life. animals were stratified into two 
groups: severe hG (≥8 events) and nonsevere hG (<8 events).
results: hG developed in 65 of the 66 (98%) baboons that 
were included. a total of 3,386 glucose measurements were 
obtained. The mean serum glucose level was 159 ± 69 mg/dl for 
the severe hG group and 130 ± 48 mg/dl for the nonsevere hG 
group during the first week of life. No differences were found in 
gender, birth weight, sepsis, patent ductus arteriosus, or oxygen-
ation/ventilation indexes between groups. severe hG was asso-
ciated with early death even after controlling for sepsis, postna-
tal steroid exposure, and catecholamine utilization.
conclusion: hG is common in preterm baboons and is not 
associated with short-term morbidity. severe hG occurring in 
the first week of life is associated with early death in preterm 
baboons.

transient neonatal hyperglycemia (HG) has been reported in 
up to 80% of extremely preterm infants and has been associ-

ated with increased morbidity, including intraventricular hem-
orrhage, white matter injury, retinopathy of prematurity, and 
necrotizing enterocolitis (1–7). Furthermore, both early and per-
sistent HG during the first week of life are associated with higher 
mortality in extremely preterm infants (2,6,8). The pathogenesis 
seems to be multifactorial and is probably secondary to defective 
islet β-cell processing/secretion of insulin, decreased peripheral 
insulin sensitivity, and hepatic insulin resistance (5,9,10).

HG is highly prevalent in the preterm baboon and has a 
reported incidence similar to that in extremely preterm human 
infants (3,11). Baboons have 97% phylogenetic proximity with 
humans, and when born preterm, they develop conditions unique 
to preterm infants, such as respiratory distress syndrome, patent 
ductus arteriosus, and bronchopulmonary dysplasia (12,13).

Baboons have been shown to be a pertinent nonhuman pri-
mate model for examining the underlying cellular/molecu-
lar mechanisms responsible for insulin resistance, which can 
develop spontaneously along with diabetes in adult baboons 

(14,15). Furthermore, preterm fetal baboons have significant 
downregulation of insulin-signaling proteins such as AS160, 
GLUT1, and GLUT4 in the skeletal muscle, which may be 
implicated in the development of HG in preterm infants (11).

The preterm baboon is the only animal that survives extreme 
prematurity (>48 h) in which HG develops spontaneously. 
Another advantage of the model is the homogeneity of the ani-
mals included in this study, due to the strict protocols for each 
major organ system and their narrow gestational age. In addi-
tion, common perinatal events that lead to prematurity are not 
present (i.e., intrapartum infection and/or maternal disease) and 
therefore confounding factors are minimized. The objective of 
this study was to evaluate whether severe HG is associated with 
increased morbidity and mortality in preterm baboons.

Results
Of the 66 preterm baboons included in the study, 65 (98%) 
had at least one episode of HG within the first 3 d of life; all 
had at least one episode by 7 d of age. A total of 91% of animals 
had more than one episode of HG during the first week of life. 
Nineteen of the study animals were classified as having severe 
HG according to the criteria described in the Methods section. 
No differences in gender or birth weight were found between 
the severe and nonsevere HG groups (Table 1). As expected, 
100% of all study animals were exposed prenatally to steroids. 
The demographic details are summarized in Table 1.

The development of sepsis was similar between the severe and 
nonsevere HG groups (Table 1). The amount of catecholamines 
utilized during the first 3, 7, or all days of life, in order to main-
tain a normal mean arterial pressure, was similar between the 
two groups (Table 1). In addition, the maximum amount and 
the mean amount of catecholamines per day were calculated 
for each day that the baboons were alive and were not associ-
ated with the development of HG (not significant). Serum glu-
cose levels did not correlate with the amount of catecholamine 
infused (r2 = 0.001). Twenty (30%) of the study animals were 
exposed to postnatal steroids (hydrocortisone), with no differ-
ences between the two stratified groups (Table 1).

Glucose Levels and Nutritional Data
A total of 3,386 glucose measurements were obtained through-
out the study period (Figure 1). For the first week of age, the 
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mean serum glucose level was 159 ± 69 mg/dl for the severe 
HG group and 130 ± 48 mg/dl for the nonsevere HG group 
(P < 0.001, Table 1). The severe HG group had significantly 
higher mean and maximum serum glucose levels along with 
wide variations of glucose (as expressed by glucose ranges, 
Table 1) as compared with the nonsevere HG group during the 
first 3 and 7 d of life (P < 0.01 for mean, maximum, and range 
differences between groups, Table 1). Of note, the mean glu-
cose infusion rate during these time periods was not different 
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Figure 1. Daily serum glucose. Daily serum glucose measurements are 
represented as medians in the figure, with interquartile ranges shown 
as black lines. the nonsevere HG group is shown in white boxes and the 
severe HG group in dark boxes. DOl, day of life; HG, hyperglycemia.

table 1. Demographic characteristics

study characteristic

Nonsevere 
hyperglycemia  

(n = 47)

severe 
hyperglycemia 

(n = 19) P value

Birth weight (g)    373 ± 41 364 ± 45 0.458

Male 30 (63%) 9 (47%) 0.21

Prenatal steroids 100% 100% 1.0

Patent ductus arteriosus 100% 100% 1.0

sepsis  2 (4.3%) 1 (5.6%) 0.83

length of stay (d)    13 ± 2.5 11 ± 5.2 0.81

early death*  5 (10%) 6 (32%) 0.03

Postnatal steroids 13 (28%) 7 (37%) 0.46

Hyperglycemic episodes (n)

First 3 d* 4.8 ± 3.2 8.5 ± 2.9 <0.001

First 7 d* 6.6 ± 3.0 11.5 ± 3.3 <0.001

Glucose (mean) first 3 d* (mg/dl) 135 ± 57 170 ± 74 <0.001

Glucose (mean) first 7 d* (mg/dl) 130 ± 48 159 ± 69 <0.001

Glucose (max) first 3 d* (mg/dl) 226 ± 58 291 ± 77 <0.001

Glucose (max) first 7 d* (mg/dl) 243 ± 57 295 ± 76 <0.01

Glucose (max-min) first 3 d* 
(mg/dl)

166 ± 69 241 ± 83 <0.001

Glucose (max-min) first 7 d* 
(mg/dl)

187 ± 68 249 ± 81 <0.01

GIR first 3 d (mg/kg/min) 5.3 ± 1.0 5.4 ± 1.3 0.18

GIR first 7 days (mg/kg/min) 6.3 ± 1.6 6.3 ± 2.0 0.98

Insulin doses* 2.1 ± 2.7 4.5 ± 2.8 0.002

Catecholamines all daysa (ml) 0.13 ± 0.15 0.14 ± 0.19 0.80

Catecholamines first 3 da (ml) 0.23 ± 0.22 0.18 ± 0.23 0.43

Catecholamines first 7 da (ml) 0.20 ± 0.20 0.16 ± 0.21 0.47

Oxygenation index  
first 3 d

7.3 ± 3.5 6.8 ± 1.6 0.46

Oxygenation index  
first 7 d

6.7 ± 2.8 6.1 ± 1.5 0.41

Ventilation index first 3 d 52.8 ± 20.2 51.1 ± 7.9 0.64

Ventilation index first 7 d 49.9 ± 17.2 47.5 ± 8.2 0.46

total feeding volume (cc) 95.8 ± 55.9 85.5 ± 65.1 0.25

Average feeding volume (cc/
kg/d)

18.8 ± 11.2 17.0 ± 13.2 0.26

sodium first 3 d (meq/dl) 146 ± 8 147 ± 10 0.11

sodium first 7 d (meq/dl) 146 ± 8 146 ± 10 0.21

Potassium first 3 d  
(meq/dl)*

3.4 ± 0.6 3.3 ± 0.6 <0.001

Potassium first 7 d  
(meq/dl)

3.6 ± 0.6 3.6 ± 0.7 0.90

Hematocrit first 3 d (meq/dl)* 45.2 ± 8.1 44.0 ± 7.4 <0.01

Hematocrit first 7 d (meq/dl) 40.9 ± 8.1 40.5 ± 7.2 0.16

Data are shown as mean ± sD, unless otherwise specified.

GIR, glucose infusion rate; max, maximum; meq, milliequivalents.
acatecholamines are calculated from the cumulative ml of dopamine, dobutamine, and 
epinephrine given hourly during all days alive, the first 3 d, or the first 7 d for all animals. 
all catecholamines are mixed with the same concentration per body weight. *P < 0.05 by 
χ2-Tests and t-tests for categorical and continuous data, respectively.

Figure 2. Glucose infusion rates (GIRs) by group. Daily median GIRs are 
expressed as mg/kg/min and compared for each day of life, with inter-
quartile ranges shown as black lines. the nonsevere HG group is shown in 
white boxes and the severe HG group in dark boxes. DOl, day of life; HG, 
hyperglycemia.
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between the two groups (Figure 2). As expected, the numbers 
of hyperglycemic episodes in the first 3 and 7 d were higher 
in the severe HG group as compared with the nonsevere HG 
group (Table 1). There was no difference in the number of glu-
cose measurements obtained during the first 3 and 7 d in the 
severe HG group as compared with the nonsevere group (15.2 
± 4.1 vs. 14.7 ± 3.9, P = 0.6, and 20.8 ± 6.4 vs. 23.2 ± 4.3, P = 
0.2, respectively). The glucose ratios were higher at both 3 and 
7 d in the severe HG group vs. the nonsevere HG group (0.55 

± 0.12 vs. 0.32 ± 0.18, P < 0.001, and 0.55 ± 0.07 vs. 0.28 ± 
0.11, P < 0.001, respectively). Urine glucose was measured a 
total of 1,011 times for all animals. Urine glucose was negative 
(<100 mg/dl) in 85% of the samples with a paired median serum 
glucose of 107 mg/dl (interquartile range 87–136); 7.3% of the 
samples had trace glucose in urine (≥100 but <250 mg/dl) with 
paired median serum glucose of 139 mg/dl (interquartile range 
109–186), and 7.7% of the samples had ≥250 mg/dl of glucose 
in the urine with a paired median serum glucose of 195 mg/dl 
(interquartile range 155–265).

Insulin was used to treat HG in 70% of the animals (mean 1.7 
± 1.8 d of life). As expected, baboons with severe HG received 
more insulin doses than those with nonsevere HG (Table 1).

Cumulative enteral feed volume and the average amount of 
feeds per day were similar between the severe and nonsevere 
HG groups (P = 0.25). Because serum sodium can affect serum 
glucose, recorded daily measurements were compared, with no 
differences found between the two groups. A statistically signif-
icant difference in serum potassium levels was found between 
the severe and nonsevere HG groups at 3 d of life, probably due 
to the large number of measurements (2,652 and 5,337 mea-
surements in the first 3 and 7 d of life, respectively) (Table 1); 
however, these differences were not clinically relevant.

Clinical Outcomes
Because animals were planned for euthanasia at day 14, the 
clinical outcome measures were early death and oxygenation 
and ventilation indexes. There were no differences in the daily 
oxygenation and ventilation indexes between the severe HG 
group and the nonsevere HG animals by independent t-test 
group comparisons at days 3 and 7 of life (Table 1), by binary 
logistic regression (data not shown), or by two-way ANOVA 
(Figure 3). Serum glucose levels did not correlate with 

Figure 3. Daily oxygenation and ventilation indexes. (a) Daily oxygen-
ation index and (b) ventilation index are shown as mean per day of life 
(DOl) in each group; ses are shown. empty squares represent the non-
severe HG group and black triangles represent the severe HG group (not 
significant). HG, hyperglycemia.
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table 2. Causes of early death

severe hyperglycemia Cause of death

Y Cardiac insufficiencya

Y Cardiac insufficiencya

Y sepsis

Y Renal insufficiency

Y Cardiac insufficiencya

Y Cardiac insufficiencya

N Metabolic acidosis

N Renal insufficiency

N unknown

N loss of tracheostomy

N sepsis

N, no; Y, yes.
acardiac insufficiency was defined as severe hypotension unresponsive to vasopressors 
(dopamine, dobutamine, and epinephrine) and fluid resuscitation.
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Figure 4. Probability of survival according to hyperglycemic status. this 
graph shows Kaplan–Meier survival curves comparing the nonsevere HG 
group (solid line) with the severe HG group (dashed line) (P = 0.05). HG, 
hyperglycemia.
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oxygenation index or ventilation index (r2 = 0.001, r2 = 0.001, 
respectively). Hemoglobin plays an important role in oxygen-
ation and therefore, anemia was monitored. At day 3 of life, 
the severe HG group had a statistically lower hematocrit than 
the nonsevere HG group, but this level was considered to be 
clinically irrelevant and was probably due to the large number 
of measurements performed in each animal (Table 1). By 7 d 
of life, however, the hematocrit levels were similar between the 
two groups.

Early death occurred in 11 of 66 animals at a mean age of 6.7 
± 5 d. One of the animals that did not die early was planned for 
experiment completion at 6 d instead of 14 d; this animal was 
excluded from the analysis. Clinical characteristics in the early 
death group (weight, gender, oxygenation index, or ventilation 
index) did not differ from those of the rest of the animals (not 
significant). Severe HG was associated with early death, even 
after controlling for sepsis, postnatal steroid exposure, and cat-
echolamine use (odds ratio 3.88, 95% confidence interval 1.02–
14.81). As expected, the animals in the severe HG group had a 
shorter length of stay (secondary to increased number of early 
deaths) as compared with the nonsevere group, but due to sample 
size, it did not reach statistical significance (Table 1). The num-
bers of early deaths per quartile of mean plasma glucose levels 
were as follows: low quartile (n = 4); second and third quartile  
(n = 1); and high quartile (n = 6). When severe HG was categorized 
by tertiles or by highest glucose alone, the association with death 
did not reach statistical significance (data not shown). The cause 
of early death for each animal is shown in Table 2. One animal 
died due to loss of tracheostomy, which is unlikely to be associated 
to HG. This animal was not taken out of the analysis because it was 
in the nonsevere HG group and therefore, will unlikely contribute 
to any difference to the outcome measure (death). The probability 
of survival was lower in the severe HG group but did not reach 
statistical significance (Figure 4, P = 0.05).

DIsCussION
HG is a known condition that frequently occurs in preterm 
infants. The development of HG has been associated with sig-
nificant morbidity in these infants, leading to long-term con-
sequences and increased hospital stay (1,3,4,6,7,16). Increased 
mortality has been well documented in diabetic adults, non-
diabetic elderly patients, and critically ill children with poor 
glucose control (17–19); available data support increased mor-
tality in preterm infants who develop HG early in life (2,8).

In this study of 66 extremely preterm baboons, a majority of 
animals were found to be hyperglycemic during the first week 
of life, and prolonged exposure (as occurred in 29% of these ani-
mals) was associated with early death. Recent studies suggest a 
link between severe HG and increased odds of dying within the 
first week of life in extremely low birth weight (ELBW) preterm 
infants (8). Although this increased mortality may reflect severity 
of illness rather than causality, the odds of early death remained 
high even when controlling for other variables that express sever-
ity of illness, such as sepsis, postnatal steroid exposure, and cat-
echolamine utilization. In fact, both groups of hyperglycemic 
animals (severe and nonsevere) had very similar clinical and 

demographic characteristics. Pulmonary functions, expressed by 
oxygenation and ventilation indexes, were followed very closely 
and were found to be similar between the two groups (Table 1 
and Figure 3). Nonetheless, the pulmonary function in the severe 
HG group (Figure 3) appeared to be slightly better than that in 
the nonsevere HG group in the last 4 d of life (not statistically 
significant); this is probably due to lack of data from those ani-
mals that died early, skewing the data from healthier survivors. 
Nutritional management was dictated by parenteral nutrition 
and enteral feeding protocols set a priori and no differences were 
found (Table 1). Glucose infusion rates were also similar between 
the two groups during the first week of life (Table 1 and Figure 2); 
therefore, the development of severe HG was unlikely to be due 
to differences in glucose administration. Another strength of this 
study relies on the frequent glucose measurements obtained per 
animal (more than 3,000 measurements in all), which is con-
trary to most clinical studies in which sick infants account for 
the majority reported to undergo various tests; the number of 
glucose measurements did not differ between groups because 
the protocol was strictly followed (as shown in the Results sec-
tion). Although animals with HG >200 mg/dl received spot doses 
of insulin and may have had more glucose measurements, there 
were no differences in the number of measurements between 
groups, probably due to the high incidence of HG. This poten-
tial bias is further minimized by utilizing a glucose ratio to assess 
the time spent in a hyperglycemic state, which is a result of the 
number of times the animal was hyperglycemic divided by the 
number of times glucose was measured, rather than single hyper-
glycemic events.

The majority of animals (67%) required vasoactive medica-
tions due to their severity of illness from extreme prematurity, 
but no differences were found in the number of cumulative 
amounts per day of catecholamine administration between the 
severe HG and nonsevere HG groups at different time points 
(Table 1). Due to the effect of vasoactive medications in glu-
coneogenesis (20), the use of these medications may have con-
tributed to the high serum glucose levels and the incidence of 
HG. Most hyperglycemic events occurred within the first 72 h 
of life (Table 1) and the glucose levels measured were often 
>150 mg/dl, particularly within the first 2 d of life (Figure 1). 
Vasoactive medications were initiated at a mean of 37 ± 36 h of 
life and may have contributed to prolonging the duration of HG. 
Nevertheless, the amount of vasoactive medications utilized was 
the same between groups. We may further speculate that the high 
incidence of HG in the first 2 d of life may have led to hyperos-
molar dehydration, which in turn may have placed all animals 
at higher risk of requiring vasoactive support and those with 
persistent HG at an increased risk of death due to hypovolemia. 
Furthermore, glucosuria was initially found with median serum 
glucose of 139 mg/dl and increased with worsening HG. Finally, 
most of the deaths were due to unexplained renal/cardiac insuf-
ficiency and metabolic acidosis, which may be a consequence of 
hypovolemia due to hyperglycemic dehydration.

As evidenced in diabetic patients, it is likely that persistent 
exposure to HG will lead to greater consequences, whereas 
variations in glucose time/length of exposure may lead to 
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differences in type of morbidity and mortality. For example, 
wide variations, the maximum serum glucose level reached, and 
the percentage of time spent in the hyperglycemic state (glu-
cose ratio) may contribute to disease processes due to changes 
in osmolality, fluid shifts, and direct cellular effects in various 
organs, particularly in the fragile preterm brain (2). Among our 
study cohort, the severe HG group had higher mean glucose 
levels, wider fluctuations in glucose (expressed as  max-min in 
Table 1), and higher peak levels during the first 3 d of life as 
compared with the nonsevere HG group (P < 0.01 for mean, 
maximum, and max-min of serum glucose between groups, 
Table 1). These independent group differences persisted for 7 d 
of life and may have further contributed to the higher mortal-
ity rates, but due to sample size, the effect of each type of glu-
cose exposure or contribution from other variables could not 
be determined.

Previous studies have suggested a relationship between 
sepsis and the development of HG; this was not observed in 
this study. This lack of association may be secondary to the 
fewer number of study animals that had culture-proven sep-
sis (4.5%). The incidence of sepsis in ELBW infants is much 
higher (21%, from National Institute of Child Health and 
Human Development data) (21); this difference may be due to 
low risk of early sepsis secondary to the lack of maternal cho-
rioamnionitis in planned preterm delivery by cesarean section 
in healthy animals and selection bias because animals did not 
live long enough to develop the disease (alive for 14 d).

A weakness of the study might be the high incidence of HG 
(98%). Although this incidence is higher than what has been 
reported in ELBW infants (3,16,22), it is only 10–20% higher. In 
addition, most human studies are from nonhomogeneous ELBW 
populations. This population of animals is homogeneous, and 
the gestational age is very narrow (±2 d). Therefore, the results 
of this study may be more representative of an ELBW infant 
with no confounding perinatal stress factors. This in turn may 
inflate the incidence of HG as a result of a lack of maturational 
effects in glucose metabolism from stress (i.e., cortisol, thyroid, 
and/or catecholamine surges). Another potential pitfall of this 
study is that causes of death may be more aggressively treated 
in human infants, but due to the great economic demands and 
involvement of highly skilled professionals in the non-human 
primate preterm model, a significant attempt to avoid death was 
sought at all times, which is less common in other animal mod-
els. Death alone as an outcome measure may be a limitation of 
this study given that it was planned at 14 d of age, and additional 
spontaneous deaths might have occurred afterward. HG com-
monly occurs in the first 2 wk of life (3,6); therefore, it is likely 
that we have captured the majority of early deaths that would 
have occurred as a consequence of HG, but we may have missed 
those resulting from late-onset HG or those secondary to long-
term effects of this condition.

HG is a common side effect of postnatal dexamethasone ther-
apy in preterm infants (23). In our study, only 30% of the hyper-
glycemic animals were exposed to postnatal steroids (hydrocor-
tisone), and exposures to steroids were similar between groups 
(Table 1).

The pathogenesis of HG in critically ill preterm infants 
seems to be multifactorial, including abnormalities prob-
ably related to prematurity (persistent gluconeogenesis, 
inadequate pancreatic insulin release, and underdeveloped 
 insulin-signaling pathways in the muscle (5,9–11)), in addi-
tion to superimposed postnatal factors (sepsis, medications). 
Although it is well known that stress and severity of illness 
can contribute to development of HG, this was not evident 
in our study population. This is a homogeneous population 
of extremely ill, preterm animals that received prenatal ste-
roids. This population is very difficult to obtain given that 
there are multiple genetic and environmental differences in 
human populations. Therefore, this is a highly suitable model 
for studying the effects of HG.

Among critically ill adults, better glucose control improves 
clinical outcomes (24), but intensive insulin therapy leads to a 
higher incidence of death (25). For critically ill children with 
cardiac surgery, trauma, sepsis, or burns, HG has been shown to 
correlate with worse outcomes (26–29). Studies in newborns are 
limited, and so far, insulin therapy does not seem to decrease the 
incidence of HG, but tight glucose control has not been evalu-
ated (30). Others have attempted early insulin therapy in very 
low birth weight preterm infants (without HG), but this strategy 
was linked to higher mortality at 28 d of life; it is important to 
note that in some of these studies, the majority of infants were 
normoglycemic when insulin infusions were initiated (31). As 
expected, baboons in the current study with severe HG received 
more insulin doses than those with nonsevere HG. Insulin is 
more commonly given as a continuous infusion in human pre-
term infants (31), and insulin boluses may have contributed to a 
wider range of serum glucose seen in the severe HG group. One 
may argue that this may have contributed to the higher mortal-
ity rate seen in the severe hyperglycemic group, but it is unlikely 
that a difference of two extra doses of insulin in the severe HG 
group was clinically relevant as a cause of mortality. On the other 
hand, the majority of deaths occurred in the low (four deaths) 
and high (six deaths) mean plasma glucose quartiles. These find-
ings may reflect the condition seen in diabetic adults, in which 
patients with low glucose have an increased risk of death (25).

Additional studies need to be performed to determine the 
highest level of blood glucose that safely provides the maximum 
amount of nutrients without increasing the risk of morbidity/
death. Moreover, it is well documented that preterm and small-
for-gestational-age infants are at an increased risk of cardiovas-
cular disease and diabetes early in life; therefore, the long-term 
consequences of exposure to high glucose levels at critical peri-
ods of development need to be evaluated (32–34). It has been 
demonstrated that maternal HG leads to altered embryogenesis 
secondary to apoptotic effects, altered mitochondrial physiology, 
and generation of oxygen radicals resulting in neural tube, mus-
culoskeletal, and cardiac defects (35,36); in addition, exposure 
to gestational diabetes is associated with an increased incidence 
of adolescent obesity and glucose intolerance in the offspring. 
Therefore, exposures to high glucose levels during the extrauter-
ine life at critical periods of development may have lifelong con-
sequences (33).
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The current study demonstrates that the preterm baboon is a 
novel and clinically relevant model for the study of neonatal HG. 
Furthermore, preterm baboons develop conditions in the neo-
natal period that are similar to those in human infants (11–13). 
Previously, it has been demonstrated that the adult baboon is 
a pertinent nonhuman primate model to examine mechanisms 
affecting aberrant glucose control; baboons have close (97%) 
phylogenetic proximity with humans and can develop insulin 
resistance and diabetes spontaneously (14). Therefore, the results 
of this study are highly translational to humans.

In conclusion, extremely preterm baboons have a high inci-
dence of HG and severe HG occurring during the first week of 
life, which is associated with early death. No other morbidities 
were associated with severe HG. Future studies of this model will 
enhance our understanding of an optimal glycemic management 
to ameliorate morbidity and mortality in premature infants.

MAteRIAls AND MetHODs
Animal Care
A total of 66 preterm baboons were delivered at 67% of gestation at 
the Texas Biomedical Research Institute in San Antonio, Texas, from 
2004 to 2008. Animals were delivered prematurely via cesarean sec-
tion under general anesthesia from healthy, non-diabetic mothers at 
125 ± 2 d gestational age (full term = 185 d gestational age). All studies 
were approved by the institutional animal care committee at the Texas 
Biomedical Research Institute. Animal experiments were conducted in 
accordance with accepted standards of humane animal care. Mothers 
were given prenatal steroids initiated 48 h before delivery with betame-
thasone (6 mg intramuscular) every 24 h for two doses or dexametha-
sone (if there was a pharmaceutical shortage of betamethasone). This 
dose of prenatal steroids is equivalent to the dose used in humans when 
averaged as mg/kg of body weight.

The animals were intubated immediately after birth and chronically 
ventilated for a planned survival of 14 d, except for one animal in which 
survival was only planned for 6 d. None of the animals included in this 
study received any investigational treatments. Surfactant (Survanta, 
Abbott Laboratories, Abbott Park, IL) was administered through the 
endotracheal tube immediately after placement at a dose of 4 ml/kg. A 
standard protocol was followed for sedation and anesthesia allowing 
animals movement similar to what is tolerated in preterm ventilated 
infants. This was achieved by titrating the animals’ sedation as needed at 
an approximate interval of every 2–4 h. A detailed protocol for ventilator 
management was followed according to blood gas analysis; blood gases 
were measured hourly for the first 48 h and then every 2 h for the rest of 
the experiment. Central intravenous lines were placed shortly after birth 
for fluid management and parenteral nutrition. An echocardiogram was 
obtained on the first day of life and daily thereafter; details have been 
published elsewhere (13,37). A 5% dextrose intravenous solution was 
started after birth at a rate of 150 ml/kg/d. The glucose infusion rate was 
increased every 2 d per protocol (by 1–2 mg/kg/min), and total fluid goal 
was titrated depending on fluid balance. Measurements of glucose lev-
els were obtained shortly after birth and then at a minimum of every 
6 h using the AU 640 Immuno Analyzer (Olympus, San Diego, CA). 
Additional glucose measurements were obtained if the animals were 
found to be hyperglycemic. Three professionals were in charge of the 
daily management (two neonatologists/one neonatal nurse practitio-
ner); there could be requests for additional measurements but not fewer. 
The direct caregivers (technicians) were very familiar with the protocols 
and consistently followed procedures. Urine glucose was measured at 
least every 12 h by Multistix 10 SG reagent strips for urinalysis (Siemens 
(Bayer) Medical Solutions, Pittsburg, PA). Intravenous insulin was given 
as a bolus administration dose of 0.5 IU/kg to treat serum glucose levels 
>200 mg/dl. After insulin administration, glucose measurements were 
monitored at a minimum interval of 4 h until euglycemia was achieved. 
A parenteral feeding protocol was initiated after 24 h of life. Intravenous 
amino acids were started at 24 h of life at a dose of 1.75 g/kg, increased to 

3.5 g/kg by 48 h of life, and maintained at that dose for the remainder of 
the days in the protocol. Intravenous lipids were started at 24 h of life at a 
dose of 1 g/kg and increased incrementally to a maximum of 3 g/kg/day. 
Enteral feeds were initiated at 3 d of age, if bowel gas pattern was con-
sidered normal on radiograph. Primalac formula (BioServ, Frenchtown, 
NJ) was initiated as trophic feeds and increased as tolerated by 20 ml/kg/
day to a maximum feeding volume of 150 ml/kg/day. Dopamine, dobu-
tamine, epinephrine, and hydrocortisone were initiated in that order 
and advanced to a set maximum amount to maintain mean arterial 
pressure >25 mm Hg. A weaning protocol was followed as well to avoid 
hypertension. Sepsis was defined by at least one positive blood, urine, or 
cerebrospinal fluid culture. Prophylactic antibiotics were administered 
for 48 h to mimic human care. Thereafter, antibiotics were continued or 
restarted based on clinical condition.

Data Collection
Demographic data, including birth weight, gender, length of stay, 
and death, were recorded in the medical chart. Clinical data collected 
included all serum glucose measurement and chemistries, medications 
(catecholamines (dopamine, dobutamine, epinephrine), insulin, and ste-
roids), glucose infusion rate (calculated hourly throughout stay), hourly 
ventilator settings, urinalysis, sepsis (defined as a positive blood, urine, or 
cerebrospinal fluid culture), and any other pertinent clinical diagnosis.

Oxygenation index was calculated as (MAP × FiO2)/pO2 × 100, where 
MAP is the mean airway pressure, FiO2, is the fraction of inspired oxy-
gen, and pO2, is the partial pressure of oxygen. Ventilation index was cal-
culated as (PIP × respiratory rate × pCO2)/1,000, where PIP is the peak 
inspiratory pressure and pCO2, is the partial pressure of carbon dioxide. 
The oxygenation and ventilation indexes were recorded every 2–4 h, but 
for statistical purposes, an average was calculated at 12-h intervals for 
each animal. Due to the higher mortality in the severe HG group, the data 
sets for the two groups became unbalanced and therefore, an ANOVA 
for repeated measures could not be accomplished. Consequently, a two-
way ANOVA was done to compare the oxygenation index and ventila-
tion index with glucose level and time as the two parameters.

HG was defined as a serum glucose concentration of ≥150 mg/dl 
(8.3 mmol/l) during the first 7 d of life. This level has been previously 
identified as being clinically relevant in the human population (38,39). 
Fasting serum glucose levels in preterm baboons, term baboons, and 
adult baboons were 40.6 ± 4.7, 59.2 ± 10.6, and 87.0 ± 16.6 mg/dl, 
respectively (40). Therefore, HG as defined earlier is highly relevant in 
the baboon model.

For logistic regression analyses, the animals were defined according 
to their top quartile distribution for severity of HG. The top quartile 
(i.e., severe HG group) was defined by having ≥8 episodes (glucose mea-
surement ≥150 mg/dl) of HG during the first 7 d of life. In addition, to 
ensure that this group had in fact a greater exposure to HG, and not 
only a greater number of measurements, a glucose ratio was calculated 
for all animals. This was defined as the number of hyperglycemic events 
divided by the number of total measurements. A glucose ratio has been 
previously found to be a good marker of the time spent in hyperglycemic 
state and may reflect length of exposure (6). The glucose ratio utilized 
by Hays et al. was different because in humans the number of measure-
ments per day was not standardized, and a time ratio for glucose con-
centrations of >150 mg/dl was calculated as the number of days with a 
lowest blood glucose value of >150 mg, divided by the total number of 
days on which blood glucose concentrations were obtained during the 
first week of life. In this study, because measurements were standardized 
by a protocol with a minimum of four measurements per day, and the 
incidence of HG was so high, we used a glucose ratio to ensure that the 
animals with “severe” HG were not classified as such because glucose 
was checked more frequently but rather because they spent more time 
hyperglycemic.

Serum glucose fluctuation was calculated daily by deducting the 
minimum level from the maximum level in each animal. Similarly, 
minimum and maximum serum glucose levels were recorded daily.

Statistical Methods
Statistical calculations were performed with SPSS for Windows (Version 
16.5; SPSS, Chicago, IL) and Prism (version 4.0; GraphPad Software, La 
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Jolla, CA). Distributions and means of demographic and clinical vari-
ables were compared across study groups using χ2 tests and t-tests, and 
the Mann–Whitney test was used when data were not normally distrib-
uted. SDs are shown for continuous variables when means are calcu-
lated, and interquartile ranges are shown for variables when medians are 
calculated. Binary logistic regression analysis was used to assess corre-
lates of HG and to assess the association of HG with several clinical out-
comes, after adjusting for birth weight, catecholamine exposure, post-
natal steroid use, presence of sepsis, and/or occurrence of early death 
when appropriate. Kaplan–Meier curves were used to assess probability 
of survival, and Pearson correlations were used with selected continuous 
variables. Two-way ANOVA and repeated measures were used to iden-
tify within- and between-subject effects of continuous variables.
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