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Abstract

In preterm infants, low levels of Insulin like growth factor 1 (IGF-I) have been associated with 

impaired growth and retinopathy of prematurity. Our objective was to study safety and 

pharmacokinetics of i.v. administered rhIGF-I with its binding protein 3 (rhIGFBP-3) to preterm 

infants. At 3 d chronological age, an i.v. 3 h infusion of rhIGF-I/rhIGFBP-3 was administered 

followed by serial measurements of IGF-I and IGFBP-3. Infants were evaluated for physiologic 

safety measurements. The individual dose of rhIGF-I ranged from 1 to 12 µg/kg. The study was 

conducted at Queen Silvia Children’s Hospital, Gothenburg, Sweden, between January and 

November 2007. Five patients (3 F) with mean (range) post menstrual age 27 wk (26–29) and 

birth weight 1022 g (810 –1310) participated. IGF-I and IGFBP-3 levels before infusion were 

median (range) 18 (12–28) and 771 (651–1047) ng/mL, respectively. Immediately after study drug 

infusion, serum IGF-I and IGFBP-3 levels were 38 (25–59) and 838 (754 –1182) ng/mL, 

respectively. Median (range) half-life for IGF-I and IGFBP-3 was 0.79 (0.59 –1.42) and 0.87 

(0.85– 0.94) hours, respectively. Blood glucose, insulin, sodium, potassium, and physiologic 

safety measures were within normal ranges. The rhIGF-I/rhIGFBP-3 equimolar proportion was 

effective in increasing serum IGF-I levels and administration under these study conditions was 

safe and well tolerated.

IGF-1 plays a central role in regulating fetal growth, particularly in the third trimester as 

demonstrated by experimental studies (1), which seems to be the case in humans as well, as 

demonstrated with patients with IGF-I gene defects (2,3). In addition, IGF-I has been shown 

to play important roles in the intrauterine development of the CNS and the vasculature (2,3). 

IGF-I promotes proliferation, maturation, and differentiation of neural stem cells and of 

neuronal and oligodendrocyte precursors (4). IGF-I has also been shown to play an 
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important role in retinal vascularization, both physiologic and pathologic, in both 

experimental and clinical studies (2,5).

The bioavailability of IGF-I is regulated by several binding proteins. IGF binding protein 3 

(IGFBP-3) is the predominant binding protein in the blood circulation. Normally, virtually 

all the IGF-I/IGFBP-3 is in a ternary complex with their binding to the acid-labile subunit 

(ALS) (6) and are protected from protease activity. In preterm children (born <32 gestational 

weeks), we have earlier found very low serum levels of ALS during the first weeks of life 

(data not published). The dissociation of IGF-I and IGFBP-3 is controlled by proteases, 

which regulate tissue availability of bioactive free IGF-I, which can then bind to cellular 

IGF-receptors (6). IGFBP-3 can modulate cellular mechanisms independently of IGF-I, and 

we have earlier shown that IGFBP-3 promotes vascular regrowth in experimentally induced 

retinopathy (7).

Serum concentrations of both IGF-I and IGFBP-3 fall rapidly, below in utero levels, after 

preterm birth (8). IGF-I levels in fetal serum rise in the third trimester and are positively 

correlated with gestational age and birth weight (9,10). Thus, in general, the more premature 

the infant, the lower is the level of serum IGF-1 at birth.

In preterm infants, low serum levels of IGF-I have been associated with slow weight gain 

and slow head (brain) growth as well as with the later development of retinopathy of 

prematurity (5,11,12). The aim of our study was to evaluate the safety and pharmacokinetic 

parameters of a 3-h infusion of rhIGF-I/rhIGFBP-3-glucose to five very preterm infants and 

to determine the dose of rhIGF-I required bringing IGF-I into the physiologic range, defined 

as the in utero levels for corresponding GA (20–60 µg/L) (13).

MATERIALS AND METHODS

Study subjects

A total of five infants were recruited to the study, which was conducted in the neonatal ward 

at Queen Silvia Children’s Hospital in Gothenburg, Sweden, between January 2007 and 

November 2007. Inclusion criteria were a gestational age (GA) at birth between 26 wk + 0 d 

and 29 wk + 6 d (GA estimated by ultrasound in pregnancy week 17), a birth weight >−2 SD 

and <+2 SD based on z score for age and sex and a serum IGF-I concentration measured at 

postnatal day 2 below 25 µg/L.

The children were enrolled during their first day of life. Exclusion criteria were severe 

sepsis, gross malformation (including cardiac abnormalities other than PDA), known or 

suspected chromosomal abnormality, genetic disorder or syndrome according to the 

investigator’s opinion, IGF-I level ≥25 µg/L at study day 2 (to minimize the risk of un-

physiologically high IGF-I levels), plasma glucose level <2.5 mM or >10 mM at study day 

2, and administration of plasma later than 24 h after birth.

The five patients (three females and two males) had a mean gestational age of 27 wk and a 

mean birth weight of 1022 g. Clinical characteristics of the five infants are given in Table 1. 

One girl had a serum IGF-I on study day 3 ≥25 µg/L, however, as her IGF-I level on study 
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day 2 was 14 µg/L she was included in the study. The study was approved by The Local 

Ethics Committee in Göteborg and the Swedish Medical Products Agency. All participants’ 

parents gave written informed consent before start of study.

rhIGF-I/rhIGFBP—glucose preparation

Individual infusion solutions were prepared at the hospital pharmacy of the Queen Silvia 

Children’s Hospital in the following manner. The study drug was mecasermin rinfabate 

(IPLEX, Insmed) that is an equimolar preparation of recombinant protein complex of rhIGF-

I and rhIGFBP-3. IPLEX (Lots No. DP0506 and DP0609) vials were diluted with 10% 

glucose solution in two dilution steps to achieve the appropriate doses for each infant. The 

dilution of Iplex was done based on the individual study drug solution infusion rate, which 

was 1 mL/kg/h (i.e. 3 mL/kg since infusion duration was standardized to 3 h) in all infants. 

In both dilution steps, dilution bags (FREKA Mix; Fresenius Kabi AG) were used. Study 

drug and glucose solution were administered to the bags by different syringes. The solution 

was transferred to an infusion pump, Alaris Asena CC or IVAC P 7000 syringe pump 

(Alaris, Medical Systems, Hampshire, UK) which was connected to a syringe extension set 

(Product code: G30402C or G30303C) and filled with the infusion solution. The syringe and 

syringe extension set was filled with infusion solution and stored in refrigerator. After 3 h, 

immediately before infusion, the set was flushed with the infusion solution before being 

connected to the pump. Thereafter, the set was attached to an umbilical catheter (Vygon UK 

Ltd, Art No. 1272.14: 2-lumen catheter in PUR) and the pump was set to administer the 

calculated dose. Serum samples for IGF-I and IGFBP-3 analyses were taken via a peripheral 

arterial line. The reason for choosing i.v. infusion was that s.c. injections in these infants 

was considered not possible due to their lack of s.c. fat. The manufacturing and purification 

of rhIGF-I/rhIGFBP-3 has earlier been described in detail (14).

Study protocol

On postnatal day 3 the rhIGF-I/rhIGFBP-3-glucose solution was infused over 3 h. Serial 

blood samples (0.1 mL at each time-point) for determination of serum IGF-I and IGFBP-3 

were drawn: immediately before (−3 h), and after completion of infusion (0 h), and 1, 2, 6, 

12, 18, 24, 48 h, and 14 d after infusion.

The children’s well being and vital signs were monitored as described below throughout the 

study. Glucose levels were measured on day of study drug administration: immediately 

before (−3 h) and after infusion were completed (0 h) and 1, 12, 24, and 48 h after infusion. 

Serum samples for insulin measurements were taken immediately before infusion and at 1 

and 24 h post infusion. Serum potassium (K) and sodium (Na) were measured at 0, 1, 2, 3, 4, 

5 h, and 14 d after infusion. Heart rate and blood pressure were each measured before 

infusion, immediately after, and then each hour up to 12 h. Weight measurements were 

performed daily from birth to study day eight.

Calculation of starting dose

For safety reasons, the starting dose in the first infant was the same as the mean amount of 

IGF-I that infants in a previous study had been given via routine plasma administrations. In 

this preceding pharmacokinetic study, 20 randomly selected preterm children (mean GA 
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25.3, SD 1.3 wk) received a transfusion of adult fresh frozen plasma (FFP), which contains 

IGF-I in various amounts) at a postnatal age of median (range) 2 (1–7) days. IGF-I was 

measured in the FFP and in the serum of the infants before, during, and after administration 

of FFP. The mean amount of IGF-I administered via FFP was 0.0014 mg/kg (1.4 µg/kg/3 h) 

(15). In the present study, to minimize the risk for adverse events, the first dose of rhIGF-I/

rhIGFBP-3 was calculated from the “FFP results” and was decided to be 5 µg/kg/3 h 

corresponding to 1.1 µg/kg/3 h of rhIGF-I. Depending on the response, i.e. increase in serum 

IGF-I, the first infant or subsequent infants (in a longitudinal manner) either did not receive 

a second dose or received a second dose based on the response with the previous dose in the 

same or in the previous infant. The starting dose of rhIGF-I in the following infants was 

based on the response in the previous subject. The more the response deviated from the 

optimal target range (20 –25 µg/L) at 24 h after infusion (C24), the higher was the increase 

or decrease of the subsequent dose.

Analysis of IGF-I and IGFBP-3

Total IGF-I and IGFBP-3 serum concentrations were analyzed using IGFBP-blocked RIA 

and a specific RIA (Mediagnost GmbH, Tübingen, Germany). The IGF-I samples were 

diluted 1:50 and the IGFBP-3 samples were diluted 1:300. The intra-assay coefficients of 

variations (CV) for IGF-I were 18, 11, and 7% at concentrations of 9, 33, and 179 µg/L, 

respectively. The intra-assay CV for IGFBP-3 was 10, 7, and 6% at concentrations of 716, 

1750, and 3929 µg/L, respectively. All samples were analyzed in the same assay. The 

methods have been described in detail previously (16).

Pharmacokinetic modeling

All serum concentrations of IGF-I and IGFBP-3 at baseline and up to 48 h after the stop of 

infusion of study drug were analyzed using nonlinear mixed effects modeling in NONMEM 

VI (17). An underlying endogenous level (baseline concentration) was estimated from the 

data and the pharmacokinetics of the infused IGF-I and IGFBP-3 were described by 

compartmental modeling. One- and two-compartment models with linear or nonlinear 

elimination were evaluated.

The choice of structural model, inclusion of between-subject variability in the parameters 

and the choice of additive or proportional residual error models were tested for statistical 

significance using the minimum objective function value (OFV) produced by NONMEM. A 

drop in OFV of 6.64, which corresponds to a significance level of p < 0.01, was required for 

adding one extra parameter. Clearance (CL) and volume (V) terms were scaled 

allometrically by weight (18).
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Individual pharmacokinetic parameters of IGF-I and IGFBP-3 were derived using the 

POSTHOC step in NONMEM. The half-live was computed as t1/2 = ln(2) × V/CL and the 

area under the concentration-time curve (AUC) resulting from the mecasermin rinfabate 

infusion was computed as AUC = dose/CL.

Statistics

All data are expressed as the median and range. Predominantly descriptive statistics are 

presented. It was not appropriate to perform statistical hypothesis testing due to the small 

sample size.

RESULTS

Dose

Administration of rhIGF-I/rhIGFBP-3 had effects on serum concentrations of IGF-I and 

IGFBP-3 after the complex was administered to the infants at the postnatal age of 3 d during 

a 3-h infusion. The individual percentage change from serum baseline concentrations of 

IGF-I and IGFBP-3 at the respective sampling time-points are shown in Fig. 1A and B.

Median (range) IGF-I and IGFBP-3 levels immediately before infusion were 18 (12–28) and 

771 (651–1047) ng/mL, respectively, Tables 2 and 3. Immediately after completing the 

study, drug infusion (Cmax) the observed median (range) serum IGF-I and IGFBP-3 levels 

were 38 (25–59) and 838 (658–1182) ng/mL, respectively. In all five children, the serum 

IGF-I levels, immediately after infusion, were within in utero range (13).

IGF-I and IGFBP-3 pharmacokinetic parameters

One-compartment models with linear elimination were sufficient to describe the IGF-I data 

and the IGFBP-3 data. The endogenous serum baseline concentration, clearance (CL1kg), 

and distribution volume (V1kg) for IGF-I were estimated to 18.8 µg/L, 0.0924 L/h/kg, and 

0.114 L/kg, respectively, with a calculated half-life (t1/2) of 0.86 h for a typical child of 1000 

g, Table 2. The estimated between-subject variability (CV) in endogenous baseline 

concentration and CL were 34 and 31%, respectively. The additive residual error was 2.56 

µg/L. The individual model-predicted maximum increase in IGF-I concentration from the 

estimated endogenous concentration after the mecasermin rinfabate administration was 19.5 

(3.4–28.3) ng/mL and AUC was computed to be 61.8 (11.6–123) ng/mL · h.

For IGFBP-3, the endogenous concentration, CL1kg and V1kg were estimated to 758 µg/L, 

0.0698 L/h/kg, and 0.0906 L/kg, respectively, resulting in a t1/2 of 0.90 h, for a typical child 

of 1000 g, Table 3. Between-subject variability in the estimated endogenous concentration 

of IGFBP-3 was 17% and the additive residual error was 60.4 µg/L. The individual model-

predicted maximum increase in IGFBP-3 concentration from the estimated endogenous 

concentration after the mecasermin rinfabate administration was 97.4 (17.4–180.9) ng/mL 

and AUC was computed to be 351 (61.2–636) ng/mL · h.

All pharmacokinetic parameters are based on infant weight on day of study drug 

administration. Allometric scaling predicts that the increase in distribution volume is 

directly proportional to body weight whereas clearance is less than proportional to weight, 
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resulting in that the typical half-life increases with body weight. The calculated typical half-

life of IGF-I in an infant of 0.5 kg and 1.5 kg was 0.72 h and 0.95 h, respectively, for IGF-1, 

and 0.76, and 1.00 h, respectively, for IGFBP-3.

Safety

There were no changes in blood pressure or heart rate that had clinical importance in any of 

the five patients, Fig. 2. Blood glucose levels after infusion were all normal.

Median (range) insulin concentrations in the five individuals were stable and normal 

immediately before, at 1 h or at 24 h after rhIGF-I/rhIGFBP-3 infusion and were 7.8 (6.6 –

17.0), 6.6 (1.7– 19.0), and 8.4 (5.5–14.0) mU/L, respectively.

Serum sodium and potassium levels were within normal ranges at all measuring points. No 

difference was observed in i.v. glucose intake (mg/kg/min) between the analyzed time 

periods, during the 6 h interval before rhIGF-I/rhIGFBP-3 infusion, during infusion and 

during the 6 h interval after infusion. Three, one, and one infant had the same (or higher) 

weight as on study drug administration after one, 2 and 3 days, respectively.

DISCUSSION

We found that i.v. infusion of an equimolar preparation of rhIGF-I/rhIGFBP-3 to very 

preterm infants can be effective in increasing serum IGF-I levels to the levels normally 

found in utero at the corresponding gestational age (14), and that administration of rhIGF-I/

rhIGFBP-3 appears to be safe and well tolerated. A 3-h infusion resulted in a biologic half-

life of the solution/complex of less than 1 h.

Because IGF-I can bind to the insulin receptor and act like insulin there is a possibility of 

hypoglycemia with rhIGF-I/rhIGFBP-3 infusion. In the two youngest children, who had a 

history of low blood glucose levels before infusion, there was a slight drop of blood glucose, 

an hour after stopping the infusion, although the glucose level was normal. The 

normoglycemia observed throughout the study possibly reflects the co-infusion of 10% 

glucose (which is routine for extremely premature infants). Premature infants are also often 

insulin resistant (19), catabolic and have poor metabolic regulation. Several studies have 

shown that IGF-I may improve insulin sensitivity (20,21) as well as have positive effects in 

children who are catabolic from severe burns (22,23). IGF-I is an insulin sensitizer by virtue 

of its suppression of GH secretion, as well as through direct actions on peripheral tissues 

(24). Prematurity is a state of partial GH insensitivity that in part can explain the catabolic 

state of these infants. Elevated GH levels have earlier been shown to be more strongly 

associated with severe ROP than low levels of IGF-I (25). The complete role of the GH/

IGF-I axis for retinopathy development is still not fully understood.

Main clinical indication in humans of recombinant human IGF-I alone (mecasermin) or as 

an equimolar preparation with rhIGFBP-3 (mecasermin rinfabate) to date, has been growth 

hormone insensitivity syndrome (GHIS/Laron syndrome) (26) and severe insulin resistance 

(27).
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The mean half-life of 0.86 h for i.v. administered IGF-I in our study of premature infants is 

considerably shorter than in both older children and adults with GHIS as well as in healthy 

subjects in whom a half-life of free IGF-I after a 75 min constant i.v. infusion of rhIGF-I 

was calculated to be 14 ± 1 h (28). Part of the explanation for the shorter half-life of the drug 

in the present study may be low endogenous levels of IGFBP-3 and ALS (29). The short 

half-life indicates that administration of IGF-I in preterm infants should be based on 

continuous infusion of IGF-I to achieve the targeted physiologic concentration.

IGF-I and IGFBP-3 levels both decrease after preterm birth and significant dips in 

endogenous IGF-I and IGFBP-3 levels at around 2–4 d after birth has recently been 

recognized (8). This decrease can confound the interpretation of IGFBP-3 levels seen after 

the 3-h infusion, as the amount of IGFBP-3 infused is not enough to “overcome” the 

physiologic decrease. This is more apparent with IGFBP-3 since the molar amount of 

IGFBP-3 infused with IPLEX is less, relative to endogenous IGFBP-3 levels, compared with 

the infusion of IGF-I. In addition, there is a possibility of degradation of nonglycosylated 

IGFBP-3 by proteases (nonglycosylated IGFBP-3 is more readily degraded than endogenous 

glycosylated IGFBP-3), which might be explained by low ALS levels in these infants.

In this very limited study on five patients with a narrow range of gestational ages and birth 

weight SDS, we did not see any correlation between these variables and response. We could 

only see that birth weight and baseline levels had an impact on the response. Predictions 

from the developed pharmacokinetic model suggest that in a preterm infant with a birth 

weight of 1000 g a dose of study drug between 100 and 150 µg/24 h, i.e. corresponding to 

21–32 µg of IGF-I, is required to increase the IGF-1 concentrations by 10 ng/mL to achieve 

physiologic concentrations of IGF-I during the immediate postnatal period. This is a 

considerably lower dose than the s.c. dose approved by USFDA for children with severe 

primary IGF-I deficiency 0.12–2 mg/kg once daily (1 mg Mecasermin rinfabate equates to 

0.2 mg of rhIGF-I) (27). The results indicate that the predicted half-life of IGF-I and 

IGFBP-3 increases with increasing birth weight. This is because clearance is not directly 

proportional to weight whereas the distribution volume increases proportionally to weight.

The main reason for studying the pharmacokinetics of IGF-I in preterm infants is the 

implications this growth factor might have for the health of these infants. Postnatal low 

serum levels of IGF-I in preterm infants have been associated with poor growth, poor head 

circumference development and retinopathy of prematurity (12,30–34).

The main limitations of this study is that it would have been very interesting to measure 

factors like GH and IGFBP-I as this could have given us information about eliminating 

hypersomatotropinism and thus demonstrating adequate IGF-I replacement as well as insulin 

sensitivity. However, in these small infants the amount of blood that can be drawn is very 

limited and did not allow for these measures in the present study. This study does not 

provide a rationale for using the equimolar preparation of rhIGF-I/ rhIGFBP3 instead of 

IGF-I alone as an infusion in preterm infants.

In conclusion, we have shown for the first time that infusion of the equimolar preparation of 

rhIGF-I/rhIGFBP-3 elevates IGF-I in extremely preterm infants. The pharmacokinetic 
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results serve as a basis for design of further studies on the efficacy and safety of the systemic 

use of IGF-I to improve growth, metabolic status as well as for neuro- and vasoprotection in 

extremely preterm infants.
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Figure 1. 
A, Δ% IGF-I from baseline after 3h infusion of IGF-I/IGFBP-3 in different doses (n = 5) in 

five study subjects. Sampling time points are immediately before study drug infusion (−3), 

immediately following completed infusion of drug (0), and at 1, 2, 6, 12, 18, 24, and 48 h 

post completed drug infusion. One (880 g; 6 µg/kg); unfilled boxes and black line, 2 (1,220 

g; 24 µg/kg); red filled circle and red line, 3 (760 g; 33 µg/kg); green filled triangles and 

green line, 4 (1,115 g; 33 µg/kg); dark blue rhomb and dark blue line, 5 (810 g; 59 µg/kg); 

light blue filled boxes and light blue line. B, Δ% IGFBP-3 from baseline after 3 h infusion of 
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IGF-I/IGFBP-3 in different doses (n = 5) in five study subjects. Sampling time points are 

immediately before study drug infusion (−3), immediately following completed infusion of 

drug (0), and at 1, 2, 6, 12, 18, 24, and 48 h post completed drug infusion. 1 (880 g; 6 µg/

kg); unfilled boxes and black line, 2 (1,220 g; 24 µg/kg); red filled circle and red line, 3 (760 

g; 33 µg/kg); green filled triangles and green line 4 (1,115 g; 33 µg/kg); dark blue rhomb and 

dark blue line, 5 (810 g; 59 µg/kg); and light blue filled boxes and light blue line.
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Figure 2. 
Heart rate (bpm) after 3 h infusion of IGF-I/IGFBP-3 in different doses (n = 5) in five study 

subjects. Sampling time points are immediately before study drug infusion (−3), 

immediately following completed infusion of drug (0) and thereafter at every hour up to 12 

h post completed drug infusion. 1 (880 g; 6 µg/kg); unfilled boxes and black line, 2 (1,220 g; 

24 µg/kg); red filled circle and red line, 3 (760 g; 33 µg/kg); green filled triangles and green 

line 4 (1,115 g; 33 µg/kg); dark blue rhomb and dark blue line, 5 (810 g; 59 µg/kg); and light 

blue filled boxes and light blue line.

Löfqvist et al. Page 13

Pediatr Res. Author manuscript; available in PMC 2015 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Löfqvist et al. Page 14

Table 1

Baseline characteristics of infants with single dose of rhIGF-I/rhIGFBP-3 infusion

Characteristics (gender) GA at birth (wk + d) Birth weight (g/SDS) Parity Serum IGF-I day 2 (µg/L)

Girl 26 + 5 935/−0.578 1 5

Boy 29 + 1 1 310/−0.771 1(3) 22

Boy 26 + 0 860/−0.682 1 11

Girl 28 + 5 1 195/−0.756 1 14

Girl 26 + 0 810/−0.822 1(2) 17
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