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Abstract t 
Background d 

Inn preterm infants low plasma glucose concentrations are frequently observed. We hypothesized 

thatt their ability to adapt endogenous glucose production to diminishing exogenous supply is 

disturbed,, but will improve with increasing gestational age. 

Methods s 

Glucosee production rate (GPR) and giuconeogenesis were measured using stable isotope techniques 

withh [6,6-2H?]glucose and [2-13C]glycerol in 19 preterm infants (10 < 30 weeks and 9 > 30 weeks 

gestationall age) on postnatal day 5.0 + 1.4. Exogenous glucose was administered at a rate of 33 

umol.kgg ".min ' followed by 22 umol.kg '.mm ;. 

Results s 

Inn the first two hours following the decrease in exogenous supply, plasma glucose concentration 

declinedd comparably in both groups: < 30 weeks: from 4.3 + 1.2 to 3.2  0.9, > 30 weeks: from 3.7 

 0.7 to 3.0  0.6 mmo!/l. Thereafter, only in infants > 30 weeks an increase was observed: to 3.4 

 0.8 mmoi/ l . GPR increased comparably in both groups: < 30 weeks: from 6.0 + 4.1 to 8.8 + 3.4, 

>> 30 weeks: from 7.8 + 4.6 to 11.6 + 5.2 umol.kg' .min"'. This increase was equivalent to - 3 0 % of 

thee decline in exogenous glucose. Giuconeogenesis increased comparably in both groups: < 30 

weeks:: from 3.2 + 1.2 to 4.5 j_1.3; > 30 weeks: from 4.3 + 1.9 to 6.8 + 2.9 umol.kg .min"'. 

Conclusions s 

Pretermm infants can only partly compensate a decline in exogenous glucose supply by increasing 

endogenouss GPR, probably due to limitations in the final common pathway of intracellular glucose 

metabolismm (i.e. glucose 6-phosphatase). The ability to maintain the plasma glucose concentration 

followingg a decrease in exogenous supply is better preserved in infants > 30 weeks, due to more 

efficientt adaptation of peripheral glucose utilization. 
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GPRR and gluconeogenesis in preterm infants 

Introduction n 
AA low plasma glucose concentration is frequently found in preterm infants, particularly during the 

firstt postnatal days, and may lead to serious short and long-term complications. The incidence is 

inverselyy related to declining gestational age and birth weight1-3. Therefore, preterm infants routinely 

receivee enteral feedings or intravenous glucose shortly after birth. Despite this policy, the incidence 

off hypoglycemia, defined as a plasma glucose concentration < 2.6 mmol/l, is still - 2 0 % in our 

neonatall intensive care unit, a referral unit for infants < 32 weeks gestational age. The high risk of 

hypoglycemiaa may be due to limited substrate stores, a high brain-to-body weight ratio and immature 

enzymee systems4"6. 

Thee pathophysiology of low plasma glucose concentrations in otherwise healthy preterm infants is 

nott completely understood due to lack of sufficient data on glucose kinetics. Endogenous glucose 

productionn rate (GPR) in preterm infants of various gestational ages was measured under different 

circumstances618.. In most studies glucose was supplied at varying rates, showing that endogenous 

glucosee production is almost completely suppressed during exogenous infusion rates higher than 

44umol.kg -11 min-1 in preterm infants, and 33 umol.kg"1.min-1 in term infants7-810"18. Because glucose 

supplyy (endogenous plus exogenous) equals glucose disposal during steady state conditions, these 

dataa suggest that in preterm infants glucose requirements are approximately 44 umol.kg-1.min-1 

andd in term infants 33 umol.kg"1.min-1. 

Basall glucose production rate without exogenous glucose supply varies from 17 to 30 umol.kg^.min"1 in 

pretermm infants, measured three to six hours after the last feed6 '7 '910. These data are not different 

fromm those measured in full term infants679"10'19"21. However, due to the supposedly higher glucose 

requirementss in preterm infants, basal glucose production covers only 40-70% of their requirements, 

comparedd to 50^90% in term infants. 

Endogenouss glucose production is derived from gluconeogenesis and glycogenosis. Therefore, 

loww production rates can be due to limitations in gluconeogenesis, g lycogenosis , or both. 

Gluconeogenesiss has been measured in preterm infants < 30 weeks gestational age with stable 

isotopee techniques in one single study22. In that study 72% of endogenous glucose production was 

derivedd from gluconeogenesis. In adults after an overnight fast gluconeogenesis contributes 

approximatelyy 40-60% to endogenous glucose production23-25. 

Fromm a clinical perspective the ability to increase glucose production to fully balance a decrease in 

exogenouss glucose administration is an important defense mechanism against hypoglycemia. In 

adults,, a decline in exogenous glucose supply below a certain level is fully compensated by an 

increasee in endogenous production25. Similar studies have not been performed in preterm infants. 

Inn order to elucidate the pathophysiology of glucose kinetics in preterm infants further, we designed 

aa study to evaluate if a decrease in glucose infusion rate below the range that represents the 

glucosee requirements of these infants (see above) is fully compensated by an increase in endogenous 

glucosee production. The second aim was to explore potential differences in the adaptive response 
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betweenn infants < 30 weeks and infants > 30 weeks gestational age. To answer these questions we 

measuredd the rates of endogenous glucose production and gluconeogenesis with the stable isotope 

dilutionn technique and mass isotopomer distribution analysis (MlDA) in 19 preterm infants during 

twoo rates of glucose infusion. In adults the adaptation to fasting is an established model to achieve 

betterr understanding of the pathophysiology of metabolic processes. In preterm infants prolonged 

fastingg is ethically not acceptable because of the high risk of hypoglycemia. We therefore modified 

thee fasting study design and evaluated the changes in glucose metabolism in response to a decline 

fromm a moderate to a low glucose infusion rate, instead of complete fasting. 

Sincee glucose kinetics may be influenced by several hormones (insulin, Cortisol, glucagon, 

catecholamines),, gluconeogenic precursors (alanine) and free fatty acids, these were also measured 

duringg the study. We hypothesized that preterm infants are not able to fully balance a decrease in 

exogenouss glucose supply by an increase in endogenous production and that the youngest age group 

willl be the most compromised, without significant differences in hormonal status or precursor supply. 

Methods s 
Patients s 
Pretermm 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. Preterm infants with a gestational age of 26-30 and 31-36 completed weeks were 

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

thee incidence of low plasma glucose concentrations is the highest in the first postnatal week. Exclusion 

criteriaa were: severe hypoglycemia (for ethical considerations and necessity of high rates of glucose 

infusion),, birth weight > 90 th percentile for gestational age27, sepsis, severe perinatal asphyxia (5 min 

Apgarr score < 7), congenital malformations, severe respiratory distress, need of vasopressor support, 

andd maternal diabetes or glucose intolerance. Written informed consent by the parents was obtained 

inn all cases. This study was approved by the Medical Ethical Committee of the Academic Medical 

Centerr in Amsterdam and Hieronymus Bosch Hospital in 's-Hertogenbosch, the Netherlands. 

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

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

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

(unlabeled)) at a rate of 33 pmol.kg^.min'1 (6 mg.kg"1.min'1). The fluid intake was kept at the level 

prescribedd by the attending clinician, according to the protocol in our ward, and was not changed 

duringg the study. Infusions were administered through an intravenous (peripheral or central venous) 

catheter,, previously introduced for clinical reasons. Blood samples were drawn from a second 

intravenouss catheter in the opposite limb or, if present, from an intra-arterial line. 
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[6,6-'HH ] glucose 

[2- '^]] glycerol 

ntravenouss glucose 33 umol.kg min 22 umol.kg .min 

Time(mm)) -180 o 180 Figure 1 . Study design. Arrows indicate blood 
AA . . . f|A sampling times (t = -180,-15, 0 , + 1 5 , + 1 6 5 , + 1 8 0 , 

Bioodsampiess [ XII I I I and+195 minutes). 

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 umol.kg"1 body weight), 

continuouss (0.9 umol.kg"1.min"1) infusion of [6,6-2H2]glucose was started on top of the cold glucose 

infusion,, 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 urn; Minisart, Sartorius AG, Göttingen, Germany) was 

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

Simultaneously,, a primed (272 umol.kg"1 body weight), continuous (4.53 umol.kg"1.min"1 (-2.25 

umoll (glucose equivalents).kg1.min1)) infusion of [2-13C]glycerol (99% enriched, ARC Laboratories 

BV,, Apeldoorn, The Netherlands) was started at t = -180 min on top of the cold glucose infusion, to 

measuree fractional gluconeogenesis. Unlabeled glucose was continued at a rate of 33 umol.kg1.min"1 

(66 mg.kg"1.min"1). 

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

collectedd at 1 5-minute intervals (t = -15,0 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 umol.kg"1.min'1 (4 mg.kg"1.min'1). Three blood samples were collected again at 15-

minutee intervals (t = 165, 180 and 195 min) for isotopic enrichment and plasma glucose determination. 

Att t = 0 and t = 180 minutes, blood was also collected for determination of insulin, glucagon, 

Cortisol,, epinephrine, norepinephrine, alanine, and free fatty acids. Plasma glucose concentration 

wass measured at least once per hour during the study period. 

Assays s 

Alll measurements were performed in duplicate, except for the MIDA-samples, and all samples of 

individuall 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 

57 7 



Chapterr 2 

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

Alto,, CA, USA). Sample preparation and measurement of [2H] and singly and doubly ['3C] labeled 

glucosee using a combination of [6,6-zH-]glucose and [2-' ;C]glycero! for the MIDA technique have 

beenn described in detail by our group previously25 2S. 

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

Sweden).. Glucagon levels were also determined with a radio-immuno-assay (Linco Research Inc., St. 

Charles,, MO, USA). Cortisol levels were measured with enzyme immuno assay on an Immulite 

analyzerr (DPC, LA, CA, USA). Catecholamines were determined with HPLC with fluorescence detection 

usingg alpha-methyl norepinephrine as internal standard. Alanine levels were measured with an 

enzymicc micromethod29. Free fatty acid levels were determined enzymatically using a NEFAC kit 

(WAKOO Chemicals GMBH, Neuss, Germany). 

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

stablee isotopes'" : Ra = (E / E ) x I, where E and Er. are the [ö.ö-^H-] enrichments of the infusate and 

plasmaa respectively, and I is the infusion rate of [6,6-2H2]glucose. To determine endogenous glucose 

productionn rate, exogenously 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-

~3C]glycero!! as described by Hellerstein and Neese3''32. Absolute rate of gluconeogenesis is calculated 

ass the product of f times glucose Ra. Gluconeogenesis as a fraction of GPR is calculated as the 

absolutee rate of gluconeogenesis divided by GPR. 

Statistics s 
Dataa are reported as mean + SD, unless otherwise stated. Analysis of repeated measurements was 

usedd to investigate the changes in plasma glucose concentration (proc mixed of SAS 6.12, SAS 

Institutee Ine, NC, USA). Data within groups were analyzed by the paired samples f-test, each infant 

servedd as his or her own control. For the changes in the parameters of glucose kinetics mean 

differencess and 95% confidence intervals (95% CI) are given. Data between groups were analyzed 

byy the Mann Whitney Rank Sum test. Statistical significance was set at p < 0.05. 

Results s 
Clinicall data 
Thee clinical characteristics of the infants are shown in table 1. A total of 19 preterm infants (8 girls) 

weree studied between the 3rd and 8 th postnatal day. Three infants were ventilated with mild ventilatory 

settingss {two were < 30 weeks gestational age) and received morphine for sedation, consistent with 
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subjectt characteristics respiratoryy support medication n 

subjects s 

<< 30 wks 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 

9 9 
10 0 

gestational l 
age e 

(weeks) ) 

288 6/7 
288 4/7 
299 o/7 
299 o/7 
300 3/7 
266 6/7 
277 6/7 
300 i/7 

300 5/7 

300 2/7 

birth h 
weight t 
(grams) ) 

>> 30 weeks 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 

19 9 

322 2/7 

311 5/7 

333 3/7 

344 o/7 

344 6/7 

344 o/7 

311 6/7 

366 4/7 

333 5/7 

1235 5 

1235 5 

1420 0 

1190 0 

1390 0 

1025 5 

1180 0 

1005 5 

900 0 

785 5 

meann +  S D 29. 1 ±1. 2 113 6 ±20 5 

AGG A postnatal sex 
orr age 

5GAA (days) 

AGA A 

AGA A 

AGA A 

AGA A 

AGA A 

AGA A 

AGA A 

SGA A 

SGA A 

SGA A 

6 6 
3 3 
5 5 
5 5 
6 6 
5 5 
4 4 
5 5 
5 5 
7 7 

5.11  1.1 

5IMV/ / 
HFOV/ / 
nCPAP P 

nCPAP P 
HFOV V 
nCPAP P 
nCPAP P 
nCPAP P 
nCPAP P 
5IMV V 

nCPAP P 

Fi02 2 

(%) ) 

21 1 

21 1 

21 1 

35 5 

21 1 

21 1 

25 5 

30 0 

21 1 

21 1 

antenatal l 
steroids s 

yes s 
yes s 

yes s 

yes s 

yes s 

yes s 

yes s 

yes s 

morphinee caffeine 

1530 0 
1230 0 
2140 0 
2000 0 
1960 0 
1960 0 
1110 0 
2150 0 
1310 0 

* * 

AGA A 
AGA A 
AGA A 
AGA A 
AGA A 
AGA A 
SGA A 
SGA A 
SGA A 

6 6 
7 7 
4 4 
6 6 
3 3 
3 3 
3 3 
5 5 
7 7 

4.99  1. 

M M 
F F 
F F 
M M 
F F 
F F 
M M 
M M 
M M 

7 7 

nCPAP P 
SIMV V 

nCPAP P 
nCPAP P 

21 1 
25 5 
21 1 
21 1 
21 1 
21 1 
25 5 
21 1 
21 1 

yes s 
yes s 
yes s 

yes s 
yes s 

yes s 

yes s 

yes s 

yes s 

yes s 
yes s 
yes s 
yes s 

yes s 
yes s 

yes s 
yes s 

yes s 

yes s 
yes s 

meann + SD 33.6 * 1710  414 

Tablee 1. Clinical characteristics. Data are means  SD. * = p < 0.01 for comparison with infants < 30 weeks. 
AGAA = appropriate for gestational age, SGA = small for gestational age, SIMV = synchronized intermittent mandatory 
ventilation,, HFOV = high frequency oscillatory ventilation, nCPAP = nasal continuous positive airway pressure. 

thee rout ines in our w a r d . Al l infants we re clinically stable, had normal body t empera tu re , normal 

acidd base status w i t h no rma l oxygen saturat ion levels. Thir teen infants received ant ib iot ics, but 

nonee had posit ive b lood cul tures or clinical signs of in fect ion. In add i t ion , there we re no differences 

be tweenn infants born to mothers t rea ted w i t h an tena ta l steroids and those born t o untreated 

mothers .. Small for gesta t iona l age infants (b i r th w e i g h t < 10th percent i le2 7 ) showed no differences 

inn any of the parameters o f g lucose kinetics as compared t o appropr ia te for gestat ional age infants 

Glucosee Kinetics 

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

tt = 165 to 195 min, respectively) approximate steady state - defined by a coefficient of variation of 

<10%% - was reached. Therefore, for both study periods the mean values of the parameters of 

glucosee kinetics are presented: for study period I (exogenous glucose rate of -33 umol.kg 1.min '): 

meann values from t = -15 to +15 min, and for study period II (exogenous glucose rate of -22 

umol.kg"1.min"1):: mean values from t = 165 to 195 min. 

59 9 



Chapterr 2 

timee (mm) 

[6,6-2H2]glucose e 

[nC,]glucose e 

[l3C2]glucose e 

plasmaa glucose 
concentration n 

<< 30 weeks 
>> 30 weeks 
<< 30 weeks 
>> 30 weeks 
<< 30 weeks 
>> 30 weeks 
<< 30 weeks 
>> 30 weeks 

-15 5 

2.211 7 
2.144 7 

0.0244 0 
0.0233 0 008 
0.0077  0.003 
0.0077  0.002 

4.44  1.2 
3.77 6 

0 0 

2.288 6 
2.155 6 

0.0233 1 
00 023 7 
0.0077  0.003 
0.0077 2 

4.22  1.2 
3.66 8 

15 5 

2.322 0 
2.111 9 

0.0233 0 012 
0.0233 7 
0.0077 0 003 
0.0077  0.002 

4.44  1.1 
3.88 7 

Tablee 2. Steady state enrichments in glucose during infusion of [6,6-2H2]glucose and [2-13C]glycerol and plasma 
glucosee concentration. Data are means  SD. 

Infantss < 30 weeks (n = 10) 

IVV glucose supply (umol.kg1 mm 33 3 22 2 changee (95% CI) 

Plasmaa glucose concentration (mmol/l) 4.3  1.2 
Glucosee appearance rate (umol.kg"1.mm"1) 39.8 + 4.3 
Glucosee production rate (umol.kg"1.mm"') 6.0 + 4.1 
Gluconeogenesiss (umol.kg"1.mm'1) 3.2 + 1.2 
Fractionall gluconeogenesis {%) 69  32 
Glycogenolysiss (umol.kg"1.min'1) 2.7  3.6 
IVV glucose supply (umol.kg"1 .mm'1) 32 8+ 0.4 

3.4 4 
31.6 6 

8.8 8 
4.5 5 
56 6 

4.3 3 
21.8 8 

++ 0.8 
++ 3.7 
++ 3.4 

 1-3 
4 4 
7 7 

++ 0.9 

-0.99 (-1.4; 
-8.33 (-9.8; 
+2.99 (+1.6 
++ 1.3 (+0.3 . 
-133 (-25 ;-1) 

++ 1.6 (+0.7 ; +2.5) 
-1100 (-11.7 ; -10.3) 

-0.4) ) 
-6.7) ) 
+4.1) ) 
+2.2) ) 

Tablee 3. Glucose kinetics during exogenous glucose supply at a rate of 33 versus 22 fjmol.kg .min' . Data are 
meanss + SD, and mean differences (95% confidence interval). + = P < 005 for comparison with infants < 30 
weeks. . 

Glucosee kinetics during intravenous glucose supply of 33 umol.kg"1.min'1 

Dataa are shown in table 3. During glucose infusion at a rate of 33 umol.kg"".mm"', there were no 

significantt differences between infants < 30 weeks compared to infants > 30 weeks gestational age 

inn glucose concentration, endogenous glucose production or gluconeogenesis. 

Adaptationn to a decrease in intravenous glucose supply (table 3) 

AA In infants < 30 weeks gestational age, the plasma glucose concentration declined significantly 

byy 1.1 mmol/l (95% CI: -1.5 ; -0.6) (from 4.3 + 1.2 to 3.2 + 0.9 mmol/l) during the first 2 hours 

afterr diminution of intravenous glucose supply, and remained unchanged between the 2nd and 

3rdd hour: 3.2 + 0.9 and 3.4  0.8 mmol/l respectively (mean difference: +0.2 mmol/l, 95% CI: 

-0.11 ; +0.5) (figure 2). This change in plasma glucose concentration was associated with a 

decreasee in total glucose appearance rate by 8.3 umol.kg"1.min"1 (95% CI: -9.8 ; -6.7), and an 

increasee in endogenous glucose production rate by 2.9 umol.kg"1.min-1 (95% CI: +1.6 , +4.1), 

equivalentt to 26  17% of the decline in exogenous glucose supply. The absolute rate of 

gluconeogenesiss increased by 1.3 umol.kg"1.min"1 (95% CI: +0.3 ; +2.2). 

BB In infants > 30 weeks gestational age, the plasma glucose concentration declined significantly 

byy 0.7 mmol/ l (95% CI: -1.2 ; -0.2) (from 3.7  0.7 to 3.0  0.6 mmol/l) during the first 2 hours 
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165 5 195 5 

2.799 9 
2.600 9 

0.0355 7 
0.0399  0.007 
0.0100 + 0.004 
0.0111 3 

3.55 7 
3.33 8 

2.866 5 
2.577 1 

0.0366 7 
0.0411 6 
0.0111 4 
0.0122 2 

3.44 + 0.8 
3.44 8 

2.899  0.34 
2.599 6 

0.0377 7 
0.0411  0.008 
0.0111 4 
0.0122 2 

3.55 7 
3.55 9 

Infantss > 30 weeks (n = 9) 

33 3 22 2 changee (95% Cl) 

3.77 + 0.7 
41.66 + 4.7 

7.88 + 4.6 
4.33 + 1.9 
644 5 
3.55 3 

32.77 + 0.2 

3.44 + 0.8 
34.5+5.5 5 
11.66 + 5.2 
6.88 + 2.9 
600  16 

4.88  3.5 
21.9+0.3 3 

-0.33 (-0.7 ; +0.2) + 
-7.00 (-9,9 ; -4.2) 
+3.88 (+0.8 ; +6.8) 
+2.44 (+0.5 ; +4.4) 

-44 (-20; +11) 
++ 1.4 (-0.6; +3.4) 
-10.88 (-10.9 ; -10.6) 

afterr diminution of intravenous glucose supply. This decline was followed by an increase by 0.4 

mmol/ll (95% CI: +0.1 ; +0.9), to 3.4  0.8 mmol/l between the 2nd and 3rd hours (figure 2). 

Thee total rate of glucose appearance decreased by 7.0 umol.kg1.min"1 (95% CI: -9.9 ; -4.2), 

whilee endogenous glucose production rate increased by 3.8 umol.kg^.min"1 (95% CI: +0.8 ; 

+6.8),, equivalent to 35  36% of the decline in exogenous glucose supply. The absolute rate of 

gluconeogenesiss increased by 2.4 umol.kg"1.min"1 (95% CI: +0.5 ; +4.4). 

Thee changes in glucose production and gluconeogenesis were not significantly different between 

bothh groups. 

6 --

5 --

SS 4 -

E E 

EE 3 -

22 -

11 -

< < 

] ] 
^ ^ 

0 0 
1 1 

-i-̂  ^ 
.. I 1 

—o—<< 30 weeks 
rr — > 30 weeks 

^Lii i vH H 
-11 0 1 

timee (h) 

Figuree 2. Plasma glucose concentration. Data are means 
 SD. In both groups plasma glucose concentration 

declinedd between t = 0 and t = 2 hours. Thereafter 
plasmaa glucose concentration increased only in infants > 
300 weeks. 
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IVV glucose supply (umol 

Insulinn (pmol/l) 
Glucagonn (ng/l) 
Cortisoll (mmol/l) 
Adrenalinee (nmol/l) 
Noradrenalinee (nmol/l) 
Alaninee (umol/l) 
FFAA (Mmol/l) 

kg-" " .mm')) 33 

5 0 + 1 2 2 
1 1 0 + 7 6 6 
3066 + 149 

0.255 + 0 14 
2.56++ 1.37 

822 + 52 
655  136 

22 2 

3 6 + 1 0 0 
988 + 76 

3122 + 151 
0.388 + 0.21 
2.588 + 1.03 

666 + 34 
833  89 

Infantss < 30 weekss (n = 10) 

changee (95% CI) 

-14 4 
-13 3 
+7 7 

+0.13 3 
+0.01 1 

-16 6 
++ 18 

(-233 ; -5) 
(-233 ; -3) 
{-1322 ; +145) 
(-0.222 ; +0.48) 
(-0.899 , +0.92) 
(-322 ; +1) 
(-322 ; +68) 

number r 

10 0 
5 5 

9 9 
5 5 
5 5 
8 8 

10 0 

Tablee 4. Glucoregulatory hormones, alanine and FFA levels during exogenous glucose supply at a rate of 33 
versuss 22 (imol.kg \ rn in1 Data are means  SD, and mean differences (95% confidence interval), t = P < 0 5 for 
comparisonn with infants < 30 weeks. 

Hormones,, the gluconeogenic precursor alanine, and free fatty acids 

Thee results are shown in table 4. Due to a restriction in the amount of blood that could be taken, only 

measurementss of insulin, Cortisol, and FFA could be performed in all infants. In infants with a birth 

weightt over 1000 gram alanine was measured also. Blood for other hormones (glucagon and 

catecholamines)) was collected only in infants > 1200 gram. 

Duringg intravenous glucose supply at a rate of 33 umol.kg-1.min"1 plasma glucagon levels were 

significantlyy higher (p = 0.023) and plasma FFA levels were significantly lower (p = 0.014) in infants < 

300 weeks compared to infants > 30 weeks gestational age. 

Afterr diminishing the glucose infusion rate to 22 umol.kg"1.min-1, insulin levels declined significantly in 

bothh groups: by 14 pmol/l (95% CI: -23 ; -5) in infants < 30 weeks and by 9 pmol/l (95% CI: -16 ; -2) 

inn infants > 30 weeks gestational age (NS between groups). Plasma alanine levels declined significantly 

onlyy in infants > 30 weeks: by 34 pmol/l (95% CI: -55 ; -13). 

Discussion n 
Loww plasma glucose concentrations are frequently found in preterm infants, the youngest infants 

beingg most compromised. This high risk of hypoglycemia may be due to small substrate stores, a 

highh brain-to-body weight ratio and immature enzyme systems46, thereby disturbing the balance 

betweenn glucose supply and requirements. Limited endogenous glucose production is attributed to 

restrictedd capacity for gluconeogenesis and glycogenosis433"40 . However, direct measurements of 

glucosee production and glucose concentration were done mostly without or during a constant 

glucosee infusion rate69-111315"16 , precluding conclusions about the adaptive capacity. In the present 

studyy we measured endogenous glucose production and gluconeogenesis as the potential adaptive 

capacityy to counteract a decrease in the rate of exogenous glucose supply in preterm infants. We 

hypothesizedd that the ability to adapt to diminishing exogenous supply would be more compromised 

inn very young infants (< 30 weeks gestational age). 
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33 3 

4 3 + 1 5 5 
499 + 15 | 

2199 + 100 
0.266 + 0.14 
4.033 + 1.17 
1 1 4 + 4 8 8 

977  78t 

Infantss > 30 weeks 

22 2 

333 + 11 
455 + 10t 

2633 + 197 
0,411 + 0.20 
4,455 + 1.39t 

800 + 36 
2888 + 263t 

(nn = 9) 

changee (95% CI) 

-99 (-17 ;-2) 
-55 (-15 ; +6) 

+444 (-62 ; +151) 
+0.155 (-0.01 ;+0.32) 
+0.422 (-0.05 ; +0,90) 

-344 (-55 ;-13) 
++ 191 (-14; +397) 

number r 

9 9 
7 7 
9 9 
6 6 
6 6 
9 9 
9 9 

Ourr data clearly show the limited capacity of preterm infants in general to adapt their glucose 

productionn rate to a decline in exogenous glucose supply within the three hour study period. The 

decreasee in exogenous glucose supply was only partly compensated by an increase in the production 

(-30%).. This is in contrast to adults, in whom a decline in exogenous supply of glucose is fully 

compensatedd by an increase in production26. We were not able to show a difference between 

infantss < 30 weeks and > 30 weeks gestational age with respect to their limited capability to 

increasee glucose production. However, the age difference between the groups was relatively narrow. 

Mostt infants were between 28 and 30 weeks gestational age in the < 30 weeks group whereas 

mostt infants in the > 30 weeks group were between 33 and 35 weeks. Although the changes in 

endogenouss glucose production and gluconeogenesis were not significant between the groups, 

theree was a trend towards better adaptation in the older group. We therefore cannot completely 

rulee out the possibility that older preterm infants are better adapters than younger infants. 

Thee limited capability to increase glucose production in the studied infants cannot be ascribed to 

ann obvious lack of gluconeogenic capacity as gluconeogenesis covered - 6 2 % of the glucose 

production.. These data on the adaptation of glucose kinetics can not be compared to data from 

thee literature. However, the basal measurements in both groups obtained during glucose infusion 

att a rate of 33 umol.kg ' .mm' were comparable to other studies using similar rates of intravenous 

glucosee supply7"81417. 

Stablee isotope steady state was reached during the study as is shown by our results. Metabolic steady 

statee however, could not be accomplished in our study because amino acids and a substantial amount 

off energy would have to be withheld for prolonged periods. We considered this unethical in our study 

population.. Second but more important, our study was designed to evaluate short-term responses in 

glucosee kinetics to changes in exogenous glucose supply. To put results in perspective, a modification 

too the studies during short term fasting in adults was chosen. In those studies metabolic steady state 

iss not reached either; but gradual changes in metabolism over time are found41. 
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Bothh AGA and SGA infants were included in this study. The number of SGA and AGA infants was 

equall in both groups. We found no differences in any of the parameters of glucose kinetics between 

AGAA and SGA infants, and analyzed the data therefore in two groups divided by gestational age. 

Whenn the AGA and SGA infants were analyzed separately still no differences were found between 

infantss < 30 weeks and infants > 30 weeks. 

Bothh groups remained normoglycemic during the study, precluding conclusions on glucose kinetics 

duringg hypoglycemia. Furthermore, we cannot rule out that the exclusion of severely hypoglycemic 

infantss has biased the results toward infants who already were better adapters. However, the study 

designn precludes the inclusion of hypoglycemic infants, since it is ethically not acceptable to keep 

thee plasma glucose concentration at low levels. In addition, it is not meaningful to include infants 

whoo are treated for severe hypoglycemia, since the necessary high rate of exogenous glucose 

supplyy might suppress endogenous glucose production 

Sincee no major differences in glucose production between infants < 30 weeks and > 30 weeks were 

found,, the slight differences in glucoregulatory hormones, alanine and free fatty acid levels between 

ourr groups seem to have no influence in this respect. 

Directt measurement of gluconeogenesis in preterm infants was performed in only one study, by 

Sunehagg et al, in infants < 30 weeks gestational age during total parenteral nutrition containing 3 

mgg glucose.kg^.min -1 72. Gluconeogenesis was estimated by three techniques: MIDA using [2-
13C]glyceroll or [U13C]glucose, and the 2H20 technique with deuterium incorporation in carbon 6 of 

glucose.. In the latter method, using carbon 6 instead of carbon 5 enrichment, gluconeogenesis is 

underestimatedd because the contribution from glycerol to gluconeogenesis is not included and 

theree is incomplete equilibration between body water and carbon 6 of glucose2324. However, 

measurementt of deuterium incorporation into glucose carbon 5 is not feasible in small infants 

becausee relatively large-volume blood samples are required. Gluconeogenesis estimated by 

[U ;3C]glucosee and [2-13C]glycerol yielded similar results (72% of endogenous glucose production, 

orr an absolute rate of 7.6 umol.kg 1.min')22. In the present study, we measured gluconeogenesis 

byy the MIDA technique using [2J3C]glycerol. Fractional gluconeogenesis was 56% in the infants < 

300 weeks gestational age in our study, compared to 72% in the infants of a comparable age group 

studiedd by Sunehag. Their higher rate of gluconeogenesis can be explained by stimulation of 

gluconeogenesiss by amino acids and/or lipid emulsion, administered as part of the parenteral nutrition. 

Anotherr explanation for their higher fractional gluconeogenesis can be gradual depletion of glycogen 

stores,, due to their study design22. 

Thee percentage of glucose derived from gluconeogenesis in the infants in our study is comparable 

too the fractional gluconeogenesis found in adults after an overnight fast. This suggests that the 

partiall compensation for the decline in exogenous glucose supply is due to limitations in the final 

commonn pathway of intracellular glucose metabolism (i.e. glucose 6-phosphatase), rather than a 

defectt in either gluconeogenesis or glycogenosis. This hypothesis is consistent with the in vitro 
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findingss of Hume et al of a low glucose 6-phosphatase activity in hepatocytes of preterm infants42. 

Glucosee 6-phosphatase catalyzes the final step of hepatic gluconeogenesis and glycogenosis. Low 

glucosee 6-phosphatase activity will therefore result in a proportional effect on glucose derived from 

gluconeogenesiss and glycogenosis. 

Althoughh endogenous glucose production increased in both groups after reduction of exogenous 

supply,, glucose availability (the sum of endogenous and exogenous glucose supply) to the tissues 

diminishedd by - 2 1 % in infants < 30 weeks and by - 1 7 % in infants > 30 weeks gestational age. 

Despitee this comparable decline, infants > 30 weeks were able to increase plasma glucose 

concentrationn after the initial decline, whereas the younger infants were not, suggesting a limited 

capacityy to reduce peripheral glucose utilization in the younger group. This finding is in contrast 

withh the response in healthy adults. They are able to maintain the plasma glucose concentration 

duringg a prolongation of the fast from 16 to 22 hours, despite a 20% decline in endogenous 

glucosee production rate, due to a concomitant decline in peripheral glucose uptake41. The difference 

inn response between the younger and the older preterm infants in our study can be explained by 

thee differences at the end of the study in plasma norepinephrine and/or free fatty acids as both are 

well-knownn inhibitors of peripheral glucose uptake43"44. 

Inn conclusion, we showed that preterm infants could only partly compensate a decline in glucose 

infusionn by increasing glucose production. The increase in endogenous glucose production and 

gluconeogenesiss following a decrease in exogenous glucose supply was comparable between infants 

<< 30 weeks and > 30 weeks gestational age. The limitations in the increase in glucose production 

seemm to be due to limitations in the final common pathway of intracellular glucose metabolism (i.e. 

glucosee 6-phosphatase), since there was a proportional increase in both the gluconeogenic and the 

glycogenolyticc contribution to glucose production. The plasma glucose concentration declined initially 

inn all infants, which was followed by an increase in infants > 30 weeks. In contrast, in the younger 

infantss the plasma glucose concentration remained unchanged in the last hour of the study, suggesting 

ann additional insufficient adaptation of peripheral glucose utilization in this very young group. 
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