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Abstract t 
Background d 

Loww plasma glucose concentrations are more frequently found in small for gestational age (SGA) 

thann appropriate for gestational age (AGA) infants in the first postnatal days. This is, among others, 

ascribedd to an insufficient increase in glucose production in response to an increase in demand. 

Aimm of the study 

Too test the hypothesis that term AGA infants can fully balance a decrease in exogenous glucose 

supplyy by increasing endogenous production, contrary to SGA infants. 

Studyy design 

Glucosee production and gluconeogenesis were measured in 6 AGA and 6 SGA term infants using [6,6-
2H2]glucosee and [2-13C]glycerol during unlabeled glucose infusion at a rate of 33 and 22 u,mol.kg"1.min"1. 

Results s 

Inn response to a decline in exogenous supply of 11 u,mol.kg' l.min'1, AGA and SGA infants showed 

aa comparable increase in gluconeogenesis: AGA +2.92 ^mol.kg \ m i n ~' (95% CI: +1.15; +4.69); 

SGAA +2.39 |amol.kg'1.min'1 (95% CI: +0.47; +4.30) (NS between groups). Glycogenosis increased 

onlyy in AGA infants: +3.43 ^mol.kg"1.mirv1 (95% CI: +1.99; +4.87), and remained unchanged in 

SGAA infants: +0.14 umoLkg^min"1 (95% CI: -1.97; +2.25) (p=0.008 between groups). AGA infants 

compensatedd the decline in exogenous glucose by 58  20% by increasing their endogenous glucose 

production,, while SGA infants compensated only 23  26% (p=0.027 between groups). 

Conclusions s 

Termm AGA and SGA infants only partly compensated for a decline in exogenous glucose supply. 

AGAA infants appeared better equipped to compensate an abrupt decrease in exogenous glucose 

thann SGA infants, as AGA infants were able to increase both gluconeogenesis and glycogenosis, 

whereass SGA infants only increased gluconeogenesis. 
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Introduction n 
Loww plasma glucose concentrations are frequently found in newborn infants. The incidence is higher 

inn infants who are small for gestational age (SGA) compared to appropriate for gestational age 

(AGA)) infants12. This is, among other possibilities, ascribed to insufficient glucose production in 

SGAA infants, due to limited gluconeogenic capacity or limited hepatic glycogen stores36. However, 

thee only three studies in the literature exploring this hypothesis do not support this possibility79. In 

thesee studies, only measuring glucose production during either no glucose supply or during a constant 

glucosee infusion, glucose production in SGA infants was similar or even higher than in AGA infants. 

Thee effect of acute changes in exogenous glucose supply on endogenous glucose production has 

nott been tested in these infants79. 

Inn adults, when glucose is infused at a rate similar to basal glucose production (11 fjmol.kg Tmin_1), 

endogenouss glucose production is completely suppressed1011. A decline in glucose infusion below 

basall requirements is fully compensated by an increase in endogenous production, preserving total 

glucosee availability at the level of 11 fjmol.kg 1.mm 1. In a previous study we showed that preterm 

infants,, both AGA and SGA, can only partly compensate a decrease in exogenous glucose infusion 

byy an increase in endogenous production12. As preterm (both AGA and SGA) and term SGA infants 

aree more prone to hypoglycemia than term AGA infants, we hypothesized that only term AGA 

infantss can fully balance a decrease in exogenous glucose supply by increasing endogenous 

production,, contrary to the other groups. 

Thee primary objective of this study was to test this hypothesis by measuring glucose production in 

responsee to a decline in exogenous glucose supply in term SGA and AGA infants. The secondary 

objectivee was to measure the changes in gluconeogenesis and glycogenosis within each group in 

relationn to the decline in exogenous glucose supply. 

Methods s 
Patients s 

Termm infants were recruited from the Neonatal Intensive Care Unit at the Emma Children's Hospital 

AMC,, Amsterdam, and Neonatal High Care Unit at the Hieronymus Bosch Hospital, 's-Hertogenbosch, 

thee Netherlands. All infants with a gestational age > 37 completed weeks were eligible for the 

study.. We included infants with a postnatal age between one and eight days, because the incidence 

off low plasma glucose concentrations is the highest in the first postnatal week. Infants were assigned 

too the AGA group when birth weight for gestational age was between the 10th and 90 th percentile 

(betweenn -1.3 and +1.3 SD score) and to the SGA group when birth weight for gestational age was 

beloww the 10th percentile (< -1.3 SD score)13. Exclusion criteria were: glucose intake more than 44 

fj.mol.kg"11 .min-1 for treatment of hypoglycemia, birth weight above the 90 th percentile for gestational 

agee (> +1.3 SD score), sepsis, severe perinatal asphyxia (5-min Apgar score < 7), congenital 

malformations,, severe respiratory distress, need of vasopressor support, and maternal diabetes or 
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6,66 H ; glucose 

[2-- C] glycerol 

intravenouss glucose 33 umol.kg .min 22 umol.kg mm 

Figuree 1. Study design. Arrows indicate blood 
samplingg times (t = -180, -1 5, 0, +1 5, +165, +180, 
andd +195 minutes). 

glucosee intolerance. Written informed consent by the parents was obtained in all cases. This study 

wass approved by the Medical Ethical Committee of the Academic Medical Center, Amsterdam and 

Hieronymuss Bosch Hospital, 's-Hertogenbosch, the Netherlands. 

Studyy design 

Thee study design is shown in figure 1. Before the study all infants received enteral or parenteral 

nutritionn (or a combination) according to the nutrition protocol in the ward. Enteral and parenteral 

nutritionn were discontinued six hours before the study and replaced by intravenous glucose supply 

(unlabeled)) at a rate of 33 p.mol.kg"1.mirri (6 mg.kg^.min1). This infusion rate was chosen as it 

providess less glucose than the carbohydrate intake of fully breastfed infants, the gold standard, 

whichh is approximately 44 u.mol.kg \ m i n ' 14. In order to show changes in glucose production, a 

measurablee rate of glucose production should be found in both phases of the study. The fluid intake 

wass kept at the level prescribed by the attending clinician, and was not changed during the study. 

Infusionss were administered through an intravenous (peripheral or central venous) catheter, previously 

introducedd for clinical reasons. Blood samples were drawn from a second intravenous catheter in 

thee opposite limb or, if present, from an intra-arterial line. 

Afterr obtaining a baseline blood sample at t = -180 min (8.00 am) for determination of background 

isotopicc abundance and plasma glucose concentration, a primed (80 u.mol.kg 1 body weight), 

continuouss (0.9 u.mol.kg~1.min1) infusion of [6,6-2H2]glucose was started on top of the cold glucose 

infusionn to measure glucose production. [6,6-2H2]glucose (99% enriched, ARC Laboratories BV, 

Apeldoorn,, The Netherlands), dissolved in sterile isotonic saline and sterilized by passage of the 

solutionn through a millipore filter (size 0.2 u.m; Minisart, Sartorius AG, Göttingen, Germany) was 

administeredd by a calibrated syringe pump (Perfusor® fm, B. Braun, Melsungen AG, Germany). 

Simultaneously,, a primed (272 (imol.kg"1 body weight), continuous (4.53 u.mol.kg 1.min ') infusion 

off [2-13C]glycerol (99% enriched, ARC Laboratories BV, Apeldoorn, The Netherlands) was started at 

tt = -180 min to measure fractional gluconeogenesis. Unlabeled glucose was continued at a rate of 

333 u.mol.kg"1.min"1. 

Timee (min) -180 0 180 

Bloodd samples 
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Afterr an equilibration period of 165 minutes of stable isotope infusion, three blood samples were 

collectedd at 1 5-minute intervals (t = -1 5, 0 and +1 5 min) for the measurement of isotopic enrichments 

andd plasma glucose concentration. Subsequently, at t = +1 5 minutes, unlabeled glucose supply was 

diminishedd to 22 u,mol.kg 1.min 1 (4 mg.kgTmin1) . Three blood samples were collected again at 1 5-

minutee intervals at t = 165, 180 and 195 min for isotopic enrichment and plasma glucose 

determination.. At t = 0 and t = 180 minutes, blood was also collected for determination of insulin, 

glucagon,, Cortisol, epinephrine, norepinephrine, alanine, and free fatty acids (FFA). 

Assays s 

Alll measurements were performed in duplicate, except for the MIDA-samples (mass isotopomer 

distributionn analysis), and all samples of individual newborns were analyzed in the same run. 

Plasmaa glucose concentration was measured by the glucose oxidase method (Beekman Glucose 

Analyzer,, Beekman Instruments Inc., Mijdrecht, the Netherlands). 

Gass chromatography/mass spectrometry (GC/MS) analyses were performed with a model 5890 

Seriess II gaschromatograph coupled to a Model 5989 A mass spectrometer (Hewlett Packard, Palo 

Alto,, CA, USA). Sample preparation and measurement of [2H] and singly and doubly [13C] labeled 

glucosee using a combination of [6,6-2H2]glucose and [2-13C]glycerol for the MIDA technique have 

beenn described in detail by our group previously15. 

Insulinn concentrations were measured using a radio-immuno-assay (Pharmacia Diagnostics AB, 

Uppsala,, Sweden). Glucagon concentrations were also determined with a radio-immuno-assay (Linco 

Researchh Inc., St. Charles, MO, USA). Cortisol concentrations were measured with enzyme immuno 

assayy on an Immulite analyzer (DPC, LA, CA, USA). Catecholamines were determined with HPLC 

withh fluorescence detection using alpha-methyl norepinephrine as internal standard. Alanine 

concentrationss were measured with an enzymic micromethod16. FFA concentrations were determined 

enzymaticallyy using a NEFAC kit (WAKO Chemicals GMBH, Neuss, Germany). 

Calculations s 

Ratee of appearance (Ra) of glucose was calculated by the isotope dilution technique from the [6,6-
2H2]] enrichment of glucose, using calculations for steady state kinetics, adapted for the use of 

stablee isotopes17: Ra = (E( / E ) x I, where Et and E are the [6,6-2H2] enrichments of the infusate and 

plasmaa respectively, and I is the infusion rate of [6,6-2H2]glucose. Steady state was defined as a 

coefficientt of variation of <15%18. To calculate endogenous glucose production rate (GPR), 

exogenouslyy infused glucose was subtracted from glucose Ra. 

Precursorr pool enrichment (p) and fractional gluconeogenesis (f) were calculated from the mass 

isotopomerr distribution pattern of unlabeled, singly and doubly labeled glucose derived from [2-
13C]glyceroll as described previously151920. Absolute rate of gluconeogenesis is calculated as the 

productt of f times glucose Ra. Gluconeogenesis as a fraction of endogenous glucose production is 
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Subject t 

AGA A 
1 1 

2 2 
3 3 
4 4 

5 5 
6 6 

meann  SD 

5GA A 
7 7 

8 8 
9 9 

10 0 
11 1 

12 2 

meann  SD 

Gestationall Age 

(weeks) ) 

388 4/7 

388 3/7 
377 5/7 

399 4/7 
388 4/7 

411 0/7 

39.00  1.2 

377 6/7 
422 1/7 
388 2/7 
400 4/7 
377 0/7 

400 3/7 

39.44  2.0 

Btrthh Weight 

(gram) ) 

3130 0 
3180 0 

2470 0 

3200 0 
3120 0 
3820 0 

311 53 8 

1930 0 
2900 0 
2220 0 
2710 0 
1790 0 
2380 0 

23222 2 * 

Birthh Weight 

SDD score 

-0.29 9 
+0.19 9 
-1.23 3 
-0.41 1 

-0.31 1 
+0.76 6 

-0.222 + 0.66 

-2.77 7 
-1.44 4 

-2.03 3 
-2.01 1 
-2.33 3 

-2.30 0 

-2.11 5 4 * 

Postnatall Age 

(days) ) 

3 3 
2 2 
4 4 

3 3 

2 2 
2 2 

2.77 8 

2 2 
2 2 
3 3 

2 2 
4 4 

2 2 

2.55 8 

Sex x 

malee / female 

female e 

female e 
female e 

female e 
female e 
female e 

female e 
female e 

male e 
male e 
male e 

female e 

Tablee 1. Clinical characteristics Data are medians and ranges. * = p < 0.01 for comparison with AGA group. 

calculatedd as the absolute rate of gluconeogenesis divided by GPR. Glycogenosis is calculated by 

subtractingg the absolute rate of gluconeogenesis from the GPR. 

Forr all parameters of glucose kinetics the means from t = -1 5 to +15 min and from t = 165 to 195 

minn respectively, are presented. 

Statistics s 

Powerr analysis was based on the change in endogenous glucose production in response to the 

declinee in exogenous glucose supply. Complete compensation for the decline would reveal an increase 

inn glucose production by 11 u.mol.kg"1.mirr1. To be able to show a 50% difference from complete 

compensation,, i.e. 5.5 instead of 11 u.mol.kg'Vmin'", with an a of 0.05, a power of 0.90 and SD of 

3.2,, each group would have to comprise six infants. 

Time(min)) -15 0 15 

[6,6-2H2]glucose e 

[13CJglucose e 

[13CJglucose e 

Plasmaa glucose 
concentration n 

AGA A 
SGA A 

AGA A 

SGA A 
AGA A 
SGA A 
AGA A 

SGA A 

2.222 7 

2,011 1 
0.0266 2 

0.0300  0.004 
0.0088 1 

0.0099 + 0.001 
4.11  1.0 

4.11 8 

2.200 3 
2.044 8 

0.0266 3 
0.0311 3 

0.0088 + 0.001 
0.0099 1 

4.22 6 

4.22  1.0 

2.299 2 

2.055 8 
0.0277  0.006 

0.0322  0.005 
0.0077 1 
0.0099  0.001 

4.44 5 
4.33 9 

Tablee 2. Plasma glucose enrichments during infusion of [6,6-2H2]glucose and [2-13C]glycerol and plasma glucose 
concentrationn (mmol/l). Data are means  SD. 
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Dataa are reported as means  SD, unless otherwise stated. Changes within groups are expressed as 

meann difference with 95% confidence interval (95% CI). 

Dataa within groups were analyzed by the paired samples t-test, with each infant serving as his or her 

ownn control. Data between groups were analyzed by the f-test for independent samples. Statistical 

significancee was set at p < 0.05. 

Results s 
Clinicall data 

Thee clinical characteristics of the infants are shown in table 1. According to the power calculation 

twelvee infants were included in the study. They were studied between the second and the f i f th 

postnatall day. All infants were clinically stable, had normal body temperature, normal acid base 

statuss with normal oxygen saturation concentrations. Five infants received antibiotics, but none 

hadd positive blood cultures or clinical signs of infection. One infant needed extra oxygen (Fi02 30%) 

administeredd by nasal prongs. 

Steadyy state 

Plasmaa glucose enrichments are shown in table 2. During both study periods (t = -1 5 to +1 5 min and 

tt = 165 to 195 min, respectively) steady state was reached. 

Changess in glucose production and plasma glucose concentration in 
relationn to the decrease in intravenous glucose supply 

Duringg intravenous glucose infusion at a rate of 33 umol.kg"1 .min"1, there were no significant differences 

inn endogenous glucose production and plasma glucose concentration between AGA and SGA infants 

(tablee 3). In response to the decline in exogenous glucose supply of 11 u.mol.kg'1.min'1 endogenous 

glucosee production increased significantly by 6.35 u.mol.kg'1.min1 (95% CI: +4.07; +8.62) in AGA 

infants.. In SGA infants the change in glucose production did not reach statistical significance: +2.53 

u-mol.kg'11 .min1 (95% CI: -0.48; +5.53). The change in glucose production was significantly different 

1655 180 195 

2.577 6 2.46 6 2.42 + 0.15 
2.544 0 2.49 5 2.48 + 0.35 

0.0433  0.006 0.042  0.006 0.044  0.006 
0.0488  0.006 0.048  0.006 0.047  0.007 
0.0122 2 0.012 1 0.012 1 
0.0133 1 0.013 1 0.013 1 

4.00 6 4.0 7 3.9 7 
4.11  1.0 4.6  1.1 4.1  1.1 
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IVV glucose supply 

AGAA group (n = 6) 

33 3 
meann  SD 

32,877 4 
6.677 7 
4.577 0 
2.100 0 

788 2 
4.11 8 

22 2 
meann  SD 

21.899 7 
35.800 8 
13.022 4 
7.499  1.38 
5.533 4 
4.00 7 

change e 
meann (95%CI) 

-10.999 (-11.14;-10.83) 
+6.355 (+4.07 ; +8.62) 
+2.922 (+1.15; +4.69) 
+3.433 (+1.99, +4.87) 

-188 (-32;-4) 
-0.11 (-0.9; +0.7) 

Infusionn rate (umol.kg'1.min-1) 
Glucosee production (umol.kg'1.mm"' 
Gluconeogenesiss (umol.kg 1 .min"1) 
Glycogenosiss (umol.kg'1.min"1) 
Fractionall gluconeogenesis (%) 
Plasmaa glucose (mmol/l) 

Tablee 3. Parameters of glucose kinetics during exogenous glucose supply at a rate of 33 versus 22 umol.kg1.min~ 
** = p < 0.01, # = p < 0.05 for comparison with AGA. 

AGAA group (n = 6) 

IVV glucose supply 33 3 
meann D 

588 5 
566 2 

2488  202 
0.211 8 
1.588 9 
2077 2 

0.200 0 

22 2 
meann  SD 

399 9 
566  17 

3933 1 
0.222 7 
1.666 4 

1911 7 
0.344 1 7 

change e 
meann (95%CI) 

-199 (-36;-2) 
-11 (-12 ;+12) 

++ 145 (-13;+303) 
+0.011 (-0.05 ; +0.06) 
+0.088 (-0.29 ; +0.45) 

-166 (-33 ; +1) 
+0.144 (-0.02 ;+0.29) 

Insulinn (pmol/l) 
Glucagonn (ng/l) 
Cortisoll (mmol/l) 
Epinephrinee (nmol/l) 
Norepinephrinee (nmol/l) 
Alaninee (umol/l) 
FFAA (mmol/l) 

Tablee 4. Glucoregulatory hormones, alanine and FFA concentrations during exogenous glucose supply at a rate of 
333 versus 22 u.mol.kg 1.min1. * = p < 0.01, # = p < 0.05 for comparison with AGA. 

betweenn AGA and 5GA infants (p = 0.026). The compensation for the decline in exogenous glucose, 

calculatedd as the increase in endogenous glucose production as percentage of the decline in 

exogenouss glucose supply, was equivalent to 58  20% in the AGA and 23  26% in the SGA 

infants.. After the decline in exogenous glucose supply, the plasma glucose concentration remained 

unchangedd in both groups: -0.1 mmol/ l (95% CI: -0.9; +0.7) in AGA infants, and -0.1 mmol/l (95% 

CI:: -0.7; +0.6) in SGA infants (NS between groups). 

Changess in gluconeogenesis and glycogenosis in relation to the 
decreasee in intravenous glucose supply 

Duringg intravenous glucose infusion at a rate of 33 u.mol.kg"1.min"1 the rates of gluconeogenesis 

andd glycogenosis were not different between AGA and SGA infants (table 3). In response to the 

declinee in exogenous glucose supply the rate of gluconeogenesis increased significantly in both 

groups:: by 2.92 u.mol.kg"1.min 1 (95% CI: +1.15; +4.69) in AGA and by 2.39 umol.kg-1.mirr1 (95% 

CI:: +0.47; +4.30) in SGA infants (NS between groups). The rate of glycogenosis increased only in 

AGAA infants: by 3.43 ^mol.kg'1 .min'1 (95% CI: +1.99; +4.87). In SGA infants the rate of glycogenosis 

didd not change significantly; +0.14 u.mol.kg'.min1 (95% CI: -1.97, +2.25). In the SGA group three 
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SGAA group (n = 6) 

n n 

6 6 
6 6 
6 6 
6 6 
6 6 
6 6 

33 3 
meann  SD 

32.800 7 
9.944 4 

6.399 3 
3.555 7 

655  14 
4.22 9 

22 2 
meann  SD 

21.866 9 
36.144 8 
12.477 6 
8.788  3.06 
3.699  1.50 

4.22  1.1 

change e 

meann (95%CI) 

-10.944 (-11.14;-10.74) 
+2.533 (-0.48 ;+5.53) # 
+2.399 (+0.47 , +4.30) 
+0.144 (-1.97; +2 .25)* 

55 ( -9 ;+20)# 
-0.11 (-0.7;+0.6) 

n n 

6 6 
6 6 
6 6 
6 6 
6 6 
6 6 

SGAA group (n = 6) 

33 3 
meann  SD 

344 7 * 
855 + 2 6 # 

8 8 
0.099  0.03 # 

2.622  1.16 
3 3 

0.311 3 

22 2 
meann  SD 

300 + 9 
699 + 26 

2700 + 355 
0.077 2 
2.800 2 

2022 + 74 
0.488 + 0.29 

change e 

meann (95%CI) 

-55 (-9;-1) 

-155 ( -27; -3)# 
-1122 (-672 ; +448) 

-0.022 (-0.05 ; +0.02) 

-0.111 (-2.54 ;+2.33) 

-611 ( -124 ;+2)# 
+0.177 (-0.01 ;+0.35) 

n n 

5 5 
5 5 
5 5 
4 4 
4 4 
4 4 
6 6 

infantss showed an increase in glycogenosis, two infants a slight decrease (number 8 and 11 in 

tablee 1) and one infant (number 12) showed a marked decrease. The change in glycogenosis in 

SGAA infants was significantly different from AGA infants (p = 0.008). 

Hormones,, the gluconeogenic precursor alanine, and free fatty acids 
Dataa are shown in table 4. During intravenous glucose infusion at a rate of 33 u.mol.kg"1.min"1, the 

plasmaa insulin and epinephrine concentrations were lower, whereas the plasma glucagon 

concentrationn was higher in SGA infants. Plasma Cortisol, norepinephrine, alanine and FFA 

concentrationss were comparable in AGA and SGA infants during glucose infusion at a rate of 33 

HmoLkg"11 .min1 . After the decline in exogenous glucose the plasma insulin concentration declined in 

bothh groups (NS between groups). The plasma glucagon concentration decreased only in SGA 

infants:: by 1 5 ng/l (95% CI: -27; -3), whereas it remained unchanged in AGA infants (p = 0.049 for 

thee difference between the groups). The changes in Cortisol, epinephrine and norepinephrine 

concentrationss were not different between the groups. The change in alanine concentrations was 

significantlyy different between AGA and SGA infants (p = 0.036). 
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Discussion n 
Ourr data show that term infants can only partly compensate a decline in exogenous glucose supply 

withh an increase in endogenous glucose production. Both AGA and SGA infants are able to increase 

gluconeogenesiss to a similar extent. In addition, all AGA infants showed an increase in glycogenosis, 

inn contrast to only half of the SGA infants. 

Too our knowledge, the adaptive response to a decline in exogenous glucose supply has not been 

studiedd before in term infants. Most studies measured glucose production on a single occasion. 

Comparedd with those studies using similar glucose infusion rates, endogenous glucose production 

inn our infants was comparable78 '2122. Only two studies investigated term newborns during different 

glucosee infusion rates. One study measured endogenous glucose production after an increase in 

exogenouss glucose from 0 to -23 u.mol.kg 1.min 1 8, and another study compared two groups of 

infantss receiving 0 or -31 u.mol glucose.kg mm ' 2 1 . Those studies showed that endogenous glucose 

productionn was inversely proportional to exogenous glucose supply, i.e. endogenous production 

wass higher without exogenous glucose supply. However, both studies were not designed to investigate 

whetherr term infants would be able to compensate an abrupt decline in exogenous glucose 

completely,completely, which is important to prevent hypoglycemia. 

InIn preterm infants we showed previously that they could only partly compensate a decline in 

exogenouss glucose12. The compensation of 58  20% in the term AGA infants in the present study 

wass higher than the 24  19% in the youngest preterm AGA group in the previous study (p = 

0.011).. The compensation in the intermediate gestational age group (between 31 and 36 weeks) in 

ourr previous study was neither different from the younger nor from the term AGA group. In the 

SGAA infants there were no significant differences between the term and preterm SGA infants: 23

26%% for term SGA compared to 38  18% and 36 % for the SGA infants in the youngest and 

intermediatee gestational age group. We hypothesized that only term AGA infants could fully balance 

aa decrease in exogenous glucose supply by increasing endogenous production, contrary to preterm 

andd term SGA infants. Our data show that neither term AGA, nor term SGA, nor preterm infants 

cann fully compensate the decline in exogenous glucose supply, but term infants do better than 

pretermm or term SGA infants. This confirms that the capacity to increase glucose production in 

relationn to an increase in demand is more impaired in younger and smaller infants, which may 

contributee to the higher incidence of hypoglycemia in those groups. 

Endogenouss glucose production was low, but still present at the initial glucose infusion rate. 

Explanationss for this finding are either that endogenous glucose production cannot be completely 

suppressed,, or that glucose needs are higher than the exogenously supplied amount of glucose. We 

considerr the second possibility the most plausible for the following reasons. First, the carbohydrate 

intakee of fully breast fed infants, the golden standard, is higher, approximately 44 u.mol.kg1.min1. 

Assumingg that this represents a term infant's carbohydrate needs, endogenous production should 

bee low but not completely suppressed at the initial glucose infusion rate of 33 u.mol.kg1 min1 . The 
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secondd argument, inability to suppress endogenous glucose production fully, is contradicted by 

earlierr studies that showed that endogenous glucose production in term infants indeed can be 

suppressedd by administration of intravenous glucose721. 

Gluconeogenesiss increased both in AGA and in SGA infants following the decline in exogenous 

glucosee supply. Our data cannot be compared to data from the literature, because so far only 

estimationss of gluconeogenesis in term AGA and SGA infants are reported8 9 2 3 25. The stable isotope 

techniquess used in those studies were: quantification of glucose carbon recycling, estimation of Re-

incorporationn from labeled lactate or alanine into glucose, and the 2H20 technique with deuterium 

incorporationn in carbon 6 of glucose, all providing estimates of gluconeogenesis. The 2H20 technique 

couldd provide a reliable measurement of gluconeogenesis if carbon 5 enrichment would have been 

measured,, thereby including the contribution from glycerol to gluconeogenesis2627. However, this 

iss not feasible in newborn infants because of the requirement of relatively large-volume blood 

samples.. Apart from the 2H20 technique, MIDA is the second established method for direct 

measurementt of gluconeogenesis in vivo15. Because of the limitations of the techniques used in the 

pastt it is not meaningful to compare our data on gluconeogenesis in term infants wi th 

abovementionedd studies. In preterm infants however, the MIDA technique was used in two 

studies12 '28.. In these studies gluconeogenesis contributed approximately 60-70% to glucose 

production,, comparable to the results in our term infants. 

Thee most remarkable finding in the present study was the absence of a rise in the rate of glycogenosis 

inn the SGA group as a whole. This was due to a decrease in glycogenosis in three infants, whereas 

thee other three infants showed an increase. However, even in the latter infants, the increase in 

glycogenosiss was lower (mean + SD: 1.80 + 0.16 u.mol.kg \mim1) than the increase in term AGA 

infantss (3.43 + 1.37 u.mol.kg~1.min1) (p = 0.033). We therefore believe it is justified to conclude that 

thee adaptation of glycogenosis is impaired in term SGA infants in general. 

Explanationss for the hampered adaptation of glycogenosis in SGA infants could be: lack of glycogen 

contentt resulting from limited glycogen synthesis, or the inability to release glucose from the glycogen 

stores.. Both a lack of glycogen content and the inability to release glucose from glycogen stores can 

bee caused by a) lack of substrate (i.e. glycogen); b) diminished activity of the enzymes involved in 

glycogenn synthesis and breakdown, or c) insufficient hormonal stimulation. For the first explanation, 

lackk of glycogen, several considerations have to be taken into account. First, it is well known that 

thee prenatal liver glycogen content is smaller in SGA fetuses compared to AGA fetuses of similar 

gestationall age. However, the liver glycogen stores that are built up before birth are rapidly depleted 

onn the first postnatal day2930. Therefore the prenatal differences in liver glycogen are leveled off on 

thee first postnatal day. In addition, if the prenatal difference in liver glycogen stores between AGA 

andd SGA infants would be the explanation for the difference in the change in glycogenolysis, we 

wouldd expect that the change in glycogenolysis would be most compromised in infants with the 

lowestt birth weight SD score. This was not the case in our study, as the decline in glycogenolysis 
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wass found in infant no. 8, 11 and 12 in table 1. Second, in the postnatal period glycogen synthesis 

depends,, among others, on adequate substrate supply, i.e. exogenous glucose. A difference in 

postnatall exogenous glucose supply could explain a difference in glycogen content between AGA 

andd SGA infants. This cannot be the explanation for our results: in the days before the study all 

infantss received nutrit ion according to the protocol in our department, implying more rapid 

advancementt of fluid and carbohydrates in SGA infants. SGA infants therefore received approximately 

65%% more carbohydrates compared to AGA infants (30.8 + 8 4 versus 18.7  9.6 umol.kg 1 .min 1 (p 

== 0.042)), In the six hours prior to and during the stable isotope infusion, the glucose infusion rate 

wass equalized in the AGA and SGA groups. Third, a higher rate of glycogenosis before the study 

couldd result in relative depletion of the liver glycogen content. We cannot completely exclude this 

possibility,, because the initial rate of glycogenosis seemed higher in SGA infants, although the 

differencee was not statistically significant. This possibility is supported by the differences in the 

concentrationss of several glucoregulatory hormones between AGA and SGA infants at the start of 

thee study. The higher glucagon concentrations in SGA infants favor glycogen breakdown, and the 

lowerr insulin concentrations reduce glycogen synthesis, resulting in smaller glycogen stores. The 

absencee of a rise in glycogenosis in SGA infants can therefore not be ascribed to lower exogenous 

glucosee supply before the study, but depletion of liver glycogen stores due to higher glycogenosis 

inn the hours preceding the study cannot be excluded. 

Thee second explanation, diminished activity of the enzymes involved in glycogen synthesis and 

breakdown,, is neither supported nor opposed by the available data in the literature. The enzymes 

involvedd in glycogen metabolism are glycogen synthase and glycogen phosphorylase. Glycogen 

synthesiss increases with activation of glycogen synthase and inactivation of glycogen phosphorylase, 

thee ratio of these two enzymes determines whether glycogen is synthesized or degraded. Postmortem 

studiess on fetai and neonatal human livers showed that glycogen synthase activity increases with 

increasingg gestational age, whereas glycogen phosphorylase activity remains low, resulting in glycogen 

accumulation.. After birth glycogen phosphorylase activity increases and glycogen synthase activity 

decreases,, this is accompanied by a rapid degradation of glycogen stores30 31. These studies suggest 

ann adequate ratio between glycogen synthase and phosphorylase both in utero and after birth. 

However,, potential postnatal differences between AGA and SGA infants in the activity of these 

enzymess were not studied in humans, and therefore cannot be excluded. 

Thee third explanation, insufficient stimulation of the secretion of the glucoregulatory hormones in 

general,, can not be the cause. Glycogenosis and gluconeogenesis are regulated by in essence the 

samee hormones and a substantial increase in the rate of gluconeogenesis was indeed found in our 

SGAA infants. However, glucagon could be an exception. Glucagon is an important stimulator of 

especiallyy glycogenolysis and the lack of maintenance of the plasma concentrations of this hormone 

inn SGA infants during the study could be the explanation for the impaired stimulation of glycogenolysis 

inn those infants32. Although the decline in the plasma glucagon concentration seems small, the change 
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fromm baseline was still approximately - 18+10% in SGA infants, compared to 0 + 22% in AGA infants. 

Bothh small changes in the plasma glucagon concentration and lack of maintenance of basal glucagon 

concentrationss have been shown to result in significant changes in glucose kinetics3334. Changes in 

thee stimulatory and inhibitory regulators of glucagon secretion could explain the decline in the plasma 

glucagonn concentration in our SGA infants. Glucagon secretion is stimulated by amino acids (alanine 

andd arginine), catecholamines, and hypoglycemia, and inhibited by glucose, somatostatine and 

FpA35-366 y n e decline j n the glucagon concentration in the SGA infants during the study could be 

duee to differences in the changes in the plasma alanine concentrations, which declined more in SGA 

thann in AGA infants. The other stimulators and inhibitors of glucagon secretion did not change 

(plasmaa glucose and catecholamines) or changed in the same direction (FFA) in both groups, and it 

iss therefore unlikely that they explain the differences in the changes in glucagon concentration 

betweenn AGA and SGA infants. In summary, the absence of an increase in the rate of glycogenosis 

inn response to a decrease in exogenous glucose in SGA infants could be due to: a) lower liver 

glycogenn content as a result of a higher rate of glycogenosis in the prestudy period; or b) the 

inabilityy of the SGA infants to maintain or increase the plasma glucagon concentration. 

Inn conclusion: in both AGA and SGA term infants a decrease in exogenous glucose supply was only 

partlypartly compensated by an increase in endogenous production. The adaptive response to a decline 

inn exogenous glucose concerned increases in both gluconeogenesis and glycogenosis in AGA 

infants,, while SGA infants were only able to increase gluconeogenesis. 
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