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General Introduction

The incidence of prematurity is still increasing worldwide and in the Netherlands, and
remains the most common cause of death in children below the age of five years1. Yet, as
a result of improvements in healthcare, to date prematurity may be considered a chronic
condition that affects lifelong physiology2, 3. Therefore, we are ethically obliged to learn
from each case and therewith constantly improve future treatment of prematurely born
OFPOBUFT%FTQJUFUIFOFX6OJUFE4UBUFTBOE&VSPQFBO6OJPOMBXTNBOEBUJOHJOEVTUSZ
to study new drugs in children, many are still used off-label–especially in the smallest
newborns for whom evidence is mostly lacking. Recently we have seen a paradigm
shift recognizing that the time has come to protect children and young people through
research not from research.
Since preterm born infants are not small newborns, specific evidence is needed on
USFBUNFOUFóDBDZBOETBGFUZPGESVHT TQFDJöDBMMZPCUBJOFEJOUIFUBSHFUHSPVQTSBUIFS
UIBOUSBOTMBUFEGSPNöOEJOHTJOPUIFSBHFHSPVQT"TFWJEFODFJTTQBSTFSXJUIEFDSFBTing gestational and postnatal age, neonates can be considered therapeutic orphans,
especially preterm born infants. This lack of evidence does not mean that physicians
withheld neonates from (pharmacological) treatment, as this may be a higher risk of
complications with possibly life-long effects and irreversible damage4, and unethical.
With decreasing gestational age, this risk increases.
"MUIPVHIUIFOFPOBUBMQPQVMBUJPOCZEFöOJUJPODPWFSTPOMZUIFöSTUEBZTBGUFSCJSUI 
taking preterm born infants into account expands the postnatal age range to 5 months.
This corresponds with a more than ten-fold weight range (400g–5kg), in addition to a
large range of gestational and postnatal ages, very low birth weight infants and dysmature infants. Consequently, the neonatal population is also defined by large maturational
differences5, 6, before as well as after birth. Furthermore, intensive and invasive treatment
and critical illness can create large physiological differences, such as hypothermia after
BTQIZYJB GPS OFVSPQSPUFDUJPO  FYUSBDPSQPSFBM NFNCSBOF PYZHFOBUJPO &$.0  ESVH
drug interactions, and adverse drug reactions.
The large maturational changes together with the physiological differences due to
treatment and disease, call for thorough investigation of (adverse) drug response in all
neonatal subgroups. This was the incentive for a grant proposal approved by the Netherlands Organisation for Health Research and Development ZonMw (Grant number:
836011022). Initially, five off-label drugs–paracetamol (also known as acetaminophen),
fentanyl, phenobarbital, midazolam and doxapram – were selected for a pharmacokinetics and pharmacodynamics study in preterm born infants, with the goal to achieve
BOE JNQMFNFOU PQUJNJ[FE EPTJOH SFHJNFOT 4VCKFDUT XFSF SFDSVJUFE GSPN GPVS PG UIF
ten neonatal intensive care units (NICU) in the Netherlands. The study was named the
DINO-study (Drug dosage Improvements in NeOnates), and four additional drugs used
in preterm born infants were added for which optimal dosage recommendations were
lacking: ibuprofen, fluconazole, levetiracetam and sildenafil.
11
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The overall aim of this thesis was to optimize pharmacological treatment for preterm
born infants, using pharmacokinetic and pharmacodynamic principles.
The specific aims were:
1. To describe a) which drugs were prescribed among four NICUs, and b) the largest differences in neonatal drug use between NICUs.
2. To develop high performance analytical methods for quantification of multiple drugs
and their relevant metabolites simultaneously in minimal plasma volume, which enabled neonatal research with minimal burden.
3. To describe the pharmacokinetics of phenobarbital, doxapram, paracetamol and
fentanyl in preterm infants.
4. To study the pharmacodynamics of doxapram in preterm newborns, using both
retrospectively and prospectively collected data. The latter enabled a continuous
evaluation of pharmacotherapy which may be implemented at the bedside.

12
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ABSTRACT
Introduction
&WJEFODFGPSESVHVTFJOOFXCPSOJTTQBSTF XIJDINBZDBVTFMBSHFEJòFSFODFTJOESVH
prescriptions. We aimed to investigate the differences between neonatal intensive care
units (NICUs) in the Netherlands in currently prescribed drugs.

Materials and Methods
This multicenter study included neonates admitted during 12 months to four different
/*$6T%SVHTXFSFDMBTTJöFEJOBDDPSEBODFXJUIUIF"OBUPNJDBM5IFSBQFVUJD$IFNJDBM
"5$  DMBTTJöDBUJPO TZTUFN BOE BTTFTTFE GPS POPòMBCFM TUBUVT JO SFMBUJPO UP OFPOBUBM
age. The treatment protocols for four common indications for drug use were compared:
pain, intubation, convulsions, and hypotension.

Results
  OFPOBUFT ("SBOHF  XFFLT  XFSF JODMVEFE XJUI B UPUBM PG   QBUJFOU
days, 181 different drugs and 10,895 prescriptions of which 23% was off-label in relation
to neonatal age. Overall, anti-infective drugs were most frequently used with a total
of 3,161 prescriptions, of which 4% was off-label in relation to neonatal age. Nervous
system drugs included 2,500 prescriptions of which 31% was off-label in relation to
neonatal age. Nervous system drugs, blood and blood forming organs, and cardiovascular drugs showed the largest differences between NICUs with ranges of 919-2,278,
  BOEUPUBMQSFTDSJQUJPOTQFS QBUJFOUTQFS"5$DMBTT SFTQFDUJWFMZ

Conclusion
We showed that drug use varies widely in neonatal clinical practice. The drug classes
with the highest proportion of off-label drugs in relation to neonatal age showed the
largest differences between NICUs, i.e. cardiovascular and nervous system drugs. Drug
research in neonates should receive high priority to guarantee safe and appropriate
medicines and optimal treatment.

18

INTRODUCTION
Infants in the neonatal intensive care unit (NICU) are exposed to a large number of
drugs. Most drugs are off-label for neonates and evidence for use in this population is
TQBSTF EVFUPBMJNJUFEOVNCFSPGDMJOJDBMUSJBMTPOFóDBDZ EPTBHFBOETBGFUZ1, 2. These
knowledge gaps are prone to large differences in interpretation of available evidence,
and will consequently be translated into different drug therapies described in local
treatment protocols and neonatal practice.
Previous studies have described drug prescriptions during infancy, reporting a large
proportion of off-label drug use2-7. The proportion of off-label prescribed drugs increases
with decreasing age. Therefore the most vulnerable pediatric group- preterm infantsIBTUIFIJHIFTUFYQPTVSFUPESVHTUIBUBSFJOTVóDJFOUMZEPDVNFOUFE2. In neonatal care,
almost all patients are exposed to al least one off-label or non-approved drug during
admission. Off-label use of drugs has been associated with the risk of adverse drug reactions8. To improve pediatric drug therapy, new legislations were introduced more than
BEFDBEFBHPJOUIF6OJUFE4UBUFTXJUIUIF1FEJBUSJD3FTFBSDI&RVJUZ"DUJO9, the
'PPEBOE%SVH"ENJOJTUSBUJPO3FBVUIPSJ[BUJPO"DUPG10 BOEJOUIF&VSPQFBO6OJPO
with the Paediatric Regulation in 200611 to encourage pediatric drug research in the preBOEQPTUNBSLFUJOHQIBTF"MUIPVHIUIFTFIBWFOPUZFUMFEUPJODSFBTFEMJDFOTJOH12, 13.
We aimed to investigate the differences between neonatal intensive care units (NICUs)
in the Netherlands in currently prescribed drugs, and to study the off-label proportions,
as well as drug-class and age related differences.

METHODS
Patients and setting
In this retrospective cohort, all patients with a date of admission between September 1
VOUJM"VHVTUUPPOFPGUIFGPVSQBSUJDJQBUJOH%VUDIMFWFM***/*$6T 3BECPVE
6OJWFSTJUZ .FEJDBM $FOUSF /JKNFHFO  .BBTUSJDIU 6OJWFSTJUZ .FEJDBM $FOUSF .BBTUSJDIU 
.ÈYJNB .FEJDBM $FOUSF 7FMEIPWFO BOE 4PQIJB $IJMESFOT )PTQJUBM 3PUUFSEBN  XFSF
eligible for inclusion. The study was conducted according to Good Clinical Practice and
the Declaration of Helsinki.

Definitions and drug classification
"QSFTDSJQUJPOXBTEFöOFEBTBQBUJFOUGPSXIPNBTQFDJöDESVHXBTQSFTDSJCFEEVSJOH
admission to the NICU, regardless of how often it was prescribed and of the route of
administration. Patient days were defined as the sum of treatment days of each drug
EVSJOHBENJTTJPOUPUIF/*$6 XIJDIXBTDBMDVMBUFEQFSQBUJFOUBOEBTBUPUBM"MMESVHT
19
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XFSFDMBTTJöFEJOBDDPSEBODFXJUIUIF"OBUPNJDBM5IFSBQFVUJD$IFNJDBM "5$ DMBTTJöDBtion system.
The definition by Neubert et al. for “off-label use” was applied, meaning ‘all uses of a
marketed drug not detailed in the summary of product characteristics (SmPC) including
therapeutic indication, use in age-subsets, appropriate strength (dosage), pharmaceutiDBMGPSNBOESPVUFPGBENJOJTUSBUJPO14"MUIPVHI UIFPOPòMBCFMTUBUVTDPVMEPOMZCF
assessed of the active substance in relation to age-subsets, as information concerning
dosage, route of administration, indication, drug preparation and formulation, could not
CFDPMMFDUFEGSPNBMMGPVSIPTQJUBMT5IFSFGPSF POPòMBCFMTUBUVTJOSFMBUJPOUPOFPOBUBM
age (<1 month after birth) was assessed according to the SmPC, which was consulted
WJBUIF%VUDI.FEJDJOFT&WBMVBUJPO#PBSE XXXDCHNFCPSH DPOTVMUFEPO0DUPCFS
2017). The status of a drug was considered on-label if an SmPC for that active substance
describes an indication that includes infants below 1 month of age, which is also the
case if the drug is indicated for children in general.

Data collection
"MMGPVSIPTQJUBMTQSFTDSJCFEESVHTVTJOHBDPNQVUFSJ[FEQIZTJDJBOPSEFSFOUSZTZTUFN
Patient characteristics and drug prescriptions were retrieved from the electronical
medical records of each hospital. Data were collected on date of admittance, birth date,
gestational age, birthweight, gender, survival, drugs administered, and date and duraUJPO PG ESVH BENJOJTUSBUJPO VOUJM EFBUI PS EJTDIBSHF GSPN UIF /*$68F FYDMVEFE "5$
DMBTTA2 PG WFUFSJOBSZ ESVHT8F BMTP FYDMVEFE FMFDUSPMZUFT  UPUBM QBSFOUFSBM OVUSJUJPO 
Dutch national health care system vaccines, supportive dermatological products (not
containing a drug), and contrast media. We followed the guidelines in the Reporting of
4UVEJFT$POEVDUFEVTJOH0CTFSWBUJPOBM3PVUJOFMZ$PMMFDUFE%BUB 3&$03% TUBUFNFOU
to report our study15.

Data processing and statistical analysis
Data of the four NICUs were combined for the overall analyses of neonatal prescriptions.
The prescription frequency was ranked, together with an analyses of the proportion of
prescriptions off-label in relation to neonatal age. For comparison of the NICU prescriptions, patients were classified into five different postmenstrual age groups at start of
drug use, because gestational age groups would be confounded by drug use at a later
postnatal age: <26 weeks, 26-28 weeks, 28-32 weeks, 32-37 weeks and term neonates
ŻXFFLT&YQPTVSFUPESVHTXBTEFöOFEBTFJUIFSUIFBCTPMVUFOVNCFSPGQSFTDSJQUJPOT
PS FYQSFTTFE QFS   JOGBOUT7BSJBCJMJUZ JO QSFTDSJQFE ESVHT QFS "5$DMBTT CFUXFFO
/*$6TXBTRVBOUJöFECZDBMDVMBUJOHUIFSBOHFPGUPUBMQSFTDSJQUJPOTQFS"5$DMBTTQFS
 QBUJFOUTCFUXFFO/*$6T5IJTSBOHFXBTVTFEUPTFMFDUUIF"5$DMBTTFTGPSGVSUIFS
JOWFTUJHBUJPO"MMEBUBXFSFTUPSFEBOEBOBMZ[FEJO41444UBUJTUJDTWFSTJPO *#. 64" 
20

VTJOHOPOQBSBNFUSJD,SVTLBM8BMMJTUFTUGPSDPOUJOVPVTWBSJBCMFTBOE1FBSTPOTɎ¤UFTU
for nominal variables, with a p-value of <0.05 for significance.

2

Treatment protocol comparison
Four common indications for drug use in neonatal care were selected to compare the
drugs and their suggested order as written in the treatment protocols of the four NICUs.
This could give more insight in possible causes for differences in drug prescriptions. The
selected indications were pain, intubation, convulsions, and hypotension.

RESULTS
During the one-year period, 1,491 neonates were included in the study with a total
of 32,182 patient days, and a median gestational age of 32 weeks (IQR: 29-37 weeks).
The median birth weight of all neonates was 1,865 g (IQR: 1,253-3,000 grams), of which
IBEBOFYUSFNFMZMPXCJSUIXFJHIU &-#8 HSBNT 5IFNFEJBOEVSBUJPOPG
BENJTTJPOUPUIF/*$6XBTEBZT *23EBZT %BUBPOQPTUNFOTUSVBMBHF 1." BU
discharge was missing in six cases. Gestational age, birthweight, duration of admission
to the NICU, and postmenstrual age at discharge were all significantly different between
the four hospitals (Table 1).

Overall prescription of drugs and off-label in relation to neonatal age
In total, 181 different drugs were prescribed 10,895 times, of which 23% was off-label in
relation to neonatal age (see Supplementary File 1 for on-label age-range in SmPC). The
QSPQPSUJPOPGQSFTDSJQUJPOTPòMBCFMJOSFMBUJPOUPOFPOBUBMBHF JODSFBTFEXJUI1."BU
TUBSUPGESVHUIFSBQZGPSJOGBOUTXJUI1."BUTUBSUCFMPXXFFLT GPSJOGBOUT
XJUI1."CFUXFFOBOEXFFLT BOEBCPWFXFFLT1."%VSJOHBENJTTJPO
54% of the neonates was exposed to at least one off-label drug. The median number of
prescribed drugs per patient was 5 (IQR: 3-10). This was significantly different between
hospitals varying from a median of 4 to 7 drugs per patient.
5IF"5$DMBTTXJUIUIFNPTUGSFRVFOUMZQSFTDSJCFEESVHTXBTBOUJJOGFDUJWFESVHTXJUIB
total of 3,161 prescriptions (29%), of which 4% was off-label in relation to neonatal age
(Figure 1, Table 2 5IFTFDPOEMBSHFTU"5$DMBTTXBTUIFOFSWPVTTZTUFNESVHTXJUI 
prescriptions (23%) of which 31% was off-label in relation to neonatal age. The drug
class of blood and blood forming organs was the third largest with 1,386 prescriptions
(13%). However, this result was confounded since 54% of these prescriptions concerned
phytomenadione prescribed as supplementary vitamin instead of the labelled indication as an antidote to anticoagulant drugs of the coumarin type. The large proportion of
28% off-label prescriptions was caused by heparin for 86%, which was indicated for arte21
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Number of days at NICU

PMA at discharge

Total patient days

Total prescriptions

Drugs per patient

Patient days on drugs

% OL in relation to neonatal age

29

36 (15-98)

7 (4-14)

3371

7769

36 (33-40)

12 (6-30)

51 (14.4)
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121 (34.4)
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NICU 2

11

18 (7-52)
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4716

38 (35-40)

12 (5-25)

22 (9.9)

2,100 (1,370-3,120)
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51 (22.9)
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NICU 3

23

13 (6-43)

5 (3-8)

4165

9908

35 (32-39)

7 (4-17)

95 (15.8)

1,800 (1,200-2,970)

178 (29.6)

139 (23.2)

185 (30.8)

59 (9.8)

39 (6.5)

32 (29-37)
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31

NICU 4
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Data presented as median (IQR).
Ɏ¤UFTU
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Gestational age (weeks

<26 weeks (%)

31 (29-35)
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Male gender (%)
)

314

Number of patients given drugs
+days

18

Number of beds

NICU 1

Table 1. Baseline characteristics of hospitalized neonates in four different NICUs in the Netherlands.
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SJBMDBUIFSBUFSQBUFODZ"MJNFOBSZUSBDUBOENFUBCPMJTNESVHTXFSFGPVSUIMBSHFTUXJUI
1,327 prescriptions (12%) and 17% off-label in relation to neonatal age. Cardiovascular
drugs were the fifth largest class with 958 prescriptions (9%), of which 30% off-label in
relation to neonatal age, for 84% due to dopamine and noradrenaline. The sixth largest
"5$DMBTTXBTUIFSFTQJSBUPSZESVHTXJUIPòMBCFMQSFTDSJQUJPOT PGXIJDIXBT
accounted for by xylometazoline and doxapram.
Table 2 provides the most prescribed drugs overall and off-label in all NICUs, which overall were phytomenadione, cholecalciferol, caffeine, amoxicillin, gentamicin, tobramycin,
benzylpenicillin, paracetamol, surfactant and morphine, subsequently. Of these, none
are off-label in relation to neonatal age.

Differences in drug use between NICUs
The largest differences between NICUs were found for nervous system drugs with total
prescriptions between NICUs ranging 919–2,278 per 1,000 patients followed by 554–
1,465 for blood and blood forming organs, and 238-952 for cardiovascular system drugs,
respectively (Figure 1 "TPGUIFSBOHFPGQSFTDSJCFEESVHTGSPNCMPPEBOECMPPE
forming organs is caused by heparin and phytomenadion, cardiovascular and nervous
system drugs were considered most interesting for a more extensive comparison (Figure
2).
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Figure 1. Total number of prescriptions and proportion off-label in each Anatomical Therapeutic
Chemical group.
In total, 10,895 prescriptions of 181 different drugs were retrieved, of which 23% was off-label in relation
to neonatal age.
3BOHFPGUPUBMQSFTDSJQUJPOTQFS"5$DMBTTQFS QBUJFOUTCFUXFFO/*$6T
"CCSFWJBUJPOT"5$o"OBUPNJDBM5IFSBQFVUJD$IFNJDBM0-o0òMBCFMJOSFMBUJPOUPOFPOBUBMBHF

23

2

Chapter 2 | Large differences in drug use between NICUs

Table 2. Most frequently prescribed drugs per 1,000 neonates
No All drugs

Prescriptions

No Off-label drugs in relation to Prescriptions
neonatal age

1

Phytomenadione

668

1

Heparin

2

Cholecalciferol

521

2

Fentanyl

219
193

3

Caffeine

480

3

Propofol

117

4

"NPYJDJMMJO

375

4

Dopamine

109

5

Gentamicin

375

5

Phenobarbital

91

6

Tobramycin

302

6

Hydrocortisone

79

7

Benzylpenicillin

287

7

Xylometazoline

68

8

Paracetamol

273

8

Miconazole

66

9

Surfactant

251

9

Phenylephrine + Tropicamide

57

10 Morphine

247

10 Norepinephrine

53
50

11 Heparin

219

11 Insulin

12 Fentanyl

193

12 Meropenem

43

13 "NPYJDJMMJO DMBWVMBOJDBDJE

165

13 Dexamethasone

42

14 Midazolam

148

14 Doxapram

42
38

15 "USPQJOF

137

15 Phenylephrine

16 Flucloxacillin

133

16 Chloralhydrate

30

17 Rocuronium

133

17 Ranitidine

27

18 Vancomycin

132

18 Levetiracetam

25
15

19 Furosemide

130

19 Cefazolin

20 Propofol

117

20 Cisatracurium

15

21 Dopamine

109

21 Ursodeoxycholic acid

15

22 Ceftazidime

95

22 "OUJUSPNCJO

14

23 Phenobarbital

91

23 &TLFUBNJOF

14

24 Ibuprofen

91

24 Tocopherol

13

25 Nystatin

81

25 Retinol

11
11

26 Hydrochlorothiazide

80

26 Trimethoprim

27 Spironolactone

80

27 Levomepromazine

10

28 Hydrocortisone

79

28 Sildenafil

10

29 Dobutamine

70

29 Dornase

9

30 Xylometazoline

68

30 Lidocaine

9

Total of 10,985 prescriptions for 1,491 patients

Cardiovascular drug prescriptions differed between the four NICUs (Table 3), and with
1." Figure 3" Table 3 shows that the prescription of cardiovascular drugs varied from
OPOFUPEJòFSFOUBHFOUTCFUXFFOUIFEJòFSFOU/*$6TJOJOGBOUTXJUI1."CFMPX
weeks. Dopamine exposure for those neonates was high in two NICUs, where another
NICU showed larger variety of other haemodynamic agonists for these preterm infants,
i.e. dobutamine and adrenaline. Furthermore, nervous system drugs showed large
24

variety (Figure 3B, Table 4). Interesting differences included the variable use of propofol,
MFWFUJSBDFUBNBOEEJVSFUJDTCFUXFFO/*$6TGPSBMM1."T1SFTDSJQUJPOTPGQBSBDFUBNPM 
phenobarbital were particularly different in the youngest infants.
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Figure 2. Range of prescriptions per drug per 1,000 patients between NICUs in descending order.
The top 35 drugs are listed in descending order of the largest difference between minimum and maximum
prescriptions.

25

2

26

28-<32

107
63
27
27
18
18

Dopamine

&QJOFQISJOF

Norepinephrine

Hydrochlorothiazide

Spironolactone

30

&QJOFQISJOF

Furosemide

91
61

91

Hydrochlorothiazide

Dobutamine

242

Furosemide

Spironolactone

273

Dopamine

Norepinephrine

26-<28

59

Dopamine

<26

No
353

Drug

PMA

NICU 1
No

31

Dobutamine

Spironolactone

Hydrochlorothiazide

Norepinephrine

Dopamine

Furosemide

Milrinone

31

42

42

94

146

156

31

31

&QJOFQISJOF
Dobutamine

63

125

156

467

Norepinephrine

Furosemide

Dopamine

Dopamine

Drug

NICU 2

Spironolactone

Hydrochlorothiazide

Furosemide

Furosemide

Drug

NICU 3

Table 3. Cardiovascular drug prescriptions according to PMA (per 1,000 neonates per PMA-group).

78

78

157

67

No

No

77
77
26

Hydrochlorothiazide
Spironolactone
Furosemide

97
92

&QJOFQISJOF

114

184

184

205

85

153

237

237

254

Dopamine

Dobutamine

Spironolactone

Hydrochlorothiazide

Furosemide

&QJOFQISJOF

Dopamine

Spironolactone

Hydrochlorothiazide

Dobutamine

339

77

&QJOFQISJOF

Furosemide

154

231

Dopamine

Dobutamine

Drug

NICU 4
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100
71
71
57
43
29

Dopamine

Hydrochlorothiazide

Spironolactone

Norepinephrine

&QJOFQISJOF

"MQSPTUBEJM

24

Norepinephrine

No

Dobutamine

"MQSPTUBEJM

Milrinone

Furosemide

Norepinephrine

99

116

149

215

248

289

23

&QJOFQISJOF
Dopamine

34

34

125

148

170

Spironolactone

Hydrochlorothiazide

Furosemide

Norepinephrine

Dopamine

Drug

NICU 2

5IFUPQQSFTDSJCFEDBSEJPWBTDVMBSESVHTIBTCFFOTIPXOGPSFWFSZ1."HSPVQ
"CCSFWJBUJPOT1."QPTUNFOTUSVBMBHF/*$6oOFPOBUBMJOUFOTJWFDBSFVOJU

≥37

85
24

85

Hydrochlorothiazide

Dobutamine

85

Dopamine

Spironolactone

98

Furosemide

32-<37

No

Drug

PMA

NICU 1

Propranolol

Digoxine

Spironolactone

Hydrochlorothiazide

Furosemide

Metoprolol

Furosemide

Spironolactone

Hydrochlorothiazide

Drug

NICU 3

Table 3. Cardiovascular drug prescriptions according to PMA (per 1,000 neonates per PMA-group). (continued)

10

21

52

52

63

19

75

113

113

No

Hydrochlorothiazide

"MQSPTUBEJM

Furosemide

Dopamine

&QJOFQISJOF

Dobutamine

Dopamine

&QJOFQISJOF

Dobutamine

Spironolactone

Hydrochlorothiazide

Furosemide

Drug

NICU 4

2

27

39

45

51

56

84

129

58

58

94

122

122

151

No
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Figure 3. Exposure of preterm neonates in four NICUs to cardiovascular and nervous system drugs
at different PMA’s.
5IFOVNCFSPGDBSEJPWBTDVMBSESVHQSFTDSJQUJPOTJTFYQSFTTFEQFS QBUJFOUTJOFBDI1."HSPVQ
"CCSFWJBUJPOT1."QPTUNFOTUSVBMBHF/*$6OFPOBUBMJOUFOTJWFDBSFVOJU

Table 4. Nervous system drug prescriptions according to PMA (per 1,000 neonates per PMA-group).
NICU1

NICU2
Drug

NICU3

Drug

No

<26

Caffeine

647 Caffeine

667 Caffeine

750 Caffeine

Fentanyl

529 Morphine

400 Paracetamol

125 Propofol

Morphine

176 Fentanyl

333

Morphine

Paracetamol

114 Midazolam

133

Fentanyl

103

25

Midazolam

77

Phenobarbital

51

Paracetamol

No

Drug

NICU4

PMA

No

Drug

No
923
462
231

26-<28 Caffeine

970 Caffeine

844 Caffeine

800 Caffeine

Fentanyl

394 Fentanyl

469 Paracetamol

267 Propofol

492

Paracetamol

333 Morphine

281 Fentanyl

200 Morphine

305

Morphine

273 Midazolam

156 Morphine

67

186

Phenobarbital

91

Paracetamol

125 Phenobarbital

67

Midazolam

119

Midazolam

61

Phenobarbital

94

67

Phenobarbital

102

28

Midazolam

Fentanyl

864

Table 4. Nervous system drug prescriptions according to PMA (per 1,000 neonates per PMA-group).
(continued)
NICU1
PMA

Drug

NICU2
No

Drug

NICU3
No

Drug

NICU4
No

Drug

No

28-<32 Caffeine

857 Caffeine

927 Caffeine

902 Caffeine

Fentanyl

304 Fentanyl

317 Paracetamol

78

Propofol

314

Paracetamol

259 Morphine

238 Fentanyl

59

Morphine

195

Morphine

170 Paracetamol

222 Methadone

59

Fentanyl

108

Propofol

27

Midazolam

95

Phenobarbital

39

Midazolam

81

Midazolam

18

Phenobarbital

63

Midazolam

39

Phenobarbital

49

32-<37 Paracetamol

>37

724

427 Morphine

364 Caffeine

566 Caffeine

403

Caffeine

378 Paracetamol

352 Paracetamol

226 Morphine

266

Morphine

134 Caffeine

341 &UPNJEBUF

57

Propofol

252

Fentanyl

122 Fentanyl

307 Fentanyl

57

Paracetamol

209

Phenobarbital

98

Midazolam

182 Midazolam

38

Fentanyl

173

Propofol

98

Chloralhydrate

80

19

Midazolam

165

Paracetamol

557 Morphine

686 Paracetamol

396 Paracetamol

Morphine

257 Paracetamol

512 Phenobarbital

73

Midazolam

281

Phenobarbital

157 Midazolam

504 Caffeine

63

Morphine

253

Midazolam

157 Fentanyl

388 Fentanyl

31

Phenobarbital

185

Propofol

114 Phenobarbital

231 Midazolam

31

Levetiracetam

129

Chloralhydrate

100 Chloralhydrate

149 Morphine

21

Propofol

79

Dexmedetomidine

309

5IFUPQQSFTDSJCFEOFSWPVTTZTUFNESVHTIBTCFFOTIPXOGPSFWFSZ1."HSPVQ
"CCSFWJBUJPOT1."QPTUNFOTUSVBMBHF/*$6oOFPOBUBMJOUFOTJWFDBSFVOJU

Treatment protocol comparison
Table 5 gives an overview of the drugs and the order in which they should be prescribed
according to the local treatment protocols in the different NICUs for the four selected
indications per gestational age-groups.

DISCUSSION
We evaluated drug prescriptions between NICUs during one year and found that a
considerable part of the drugs is still used off-label and that large differences exist in
drug prescriptions between four NICUs. The largest variability was found for drug classes
with the highest proportion of off-label drugs in relation to neonatal age, i.e. cardiovascular and nervous system drugs. These differences became larger with decreasing
1." BMUIPVHIUIFQSPQPSUJPOPòMBCFMQSFTDSJQUJPOTCFDBNFTNBMMFS%FTQJUFUIFOFX
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Table 5. Order of drugs in treatment protocols concerning four major care indications in the four
NICUs.
Pain

No NICU1
Paracetamol
&.-"
Morphine
Lidocaine
Fentanyl

Hypotension 1
2
3

Intubation

1
1
1
2

Convulsions

No NICU2
No NICU3
&.-"
Paracetamol
Lidocaine
Lidocaine
Morphine
Fentanyl
Fentanyl
Methadone
Paracetamol
Morphine
Midazolam
Lorazepam
Levomepromazine
&TLFUBNJOF

Dopamine
1
%PCVUBNJOF
2
Norepinephrine
Hydrocortisone 3

Dopamine
%PCVUBNJOF
Norepinephrine
Dexamethasone
&QJOFQISJOF
Milrinone
Hydrocortisone

"USPQJOF
(<32 wk)
Fentanyl
(<32 wk)
Rocuronium
(<32 wk)
Propofol
(>32 wk)

1
1
1

1
2

Phenobarbital
Levetiracetam

1
2

3
4

Lidocaine
Midazolam *
(+ pyridoxine)
Clonazepam
Thiopental

5
6

1
1

Dopamine
Dobutamine

1
1
2

Norepinephrine
&QJOFQISJOF
Hydrocortisone
Methylene
blue §
Naloxone §

"USPQJOF

1

"USPQJOF

'FOUBOZM
morphine
3PDVSPOJVN
vecuronium

1

'FOUBOZM
morphine
3PDVSPOJVN
etomidate

1

No NICU4
Fentanyl
Morphine
Midazolam
Paracetamol

1

Propofol

1
2

Phenobarbital
Midazolam

1
2

3
4

Phenobarbital
Midazolam
(+ pyridoxine)
Lidocaine
Levetiracetam

3
4

Lidocaine
Pyridoxine

3
4

Phenobarbital
Midazolam
(+ pyridoxine)
Lidocaine
Levetiracetam

5

Pyridoxine

5

Thiopental

5
5

Pyridoxine
Clonazepam

The number (No) indicates the order in which drugs should be prescribed for treatment of each indication.
If the same number has been used multiple times for one indication in one NICU, this means that their
preference is equal, meaning that the attending physician is free to select one of the suggestions. One
drug may be prescribed or a combination of drugs simultaneously. The absence of a number concerning
pain treatment, indicates none of the NICUs suggest a certain order in the drugs to be prescribed for pain
treatment.
"CCSFWJBUJPOT/*$6oOFPOBUBMJOUFOTJWFDBSFVOJU
* Preferably avoid midazolam use for premature born infants
f &YQFSJNFOUBMESVHT
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'%"BOE&."ESVHMFHJTMBUJPOTNBOZESVHTBSFTUJMMVTFEPòMBCFMBOEUIFWBSJBCJMJUZJO
drugs prescriptions reflects the lack of evidence on drug use especially in the smallest
newborns.

Prescribed drugs
Of almost 11 thousand drug prescriptions for neonates, 23% was off-label in relation to
neonatal age. Comparable proportions of prescriptions off-label in relation to neonatal
age were found in the last decade by Neubert et al. with 38% in Germany16, Hsieh et
BM XJUI  JO UIF 64"1, and Cuzzolin et al. with 34% in Italy17 " DPNGPSUJOH öOEJOH
was that the proportion of off-label prescriptions in relation to neonatal age, increased
XJUI1."BUTUBSUPGESVHUIFSBQZ5IFSFGPSF UIFNPTUWVMOFSBCMFJOGBOUTXJUIUIFMPXFTU1." XFSFFYQPTFEUPGFXFSPòMBCFMESVHTUIBOJOGBOUTBUIJHIFS1."5IJTNJHIU
SFøFDUUIFDBVUJPVTOFTTPGDMJOJDJBOTJOUIFNPTUWVMOFSBCMFQBUJFOUT%FMM"FSBFUBMBOE
"WFOFMFUBMBMTPGPVOEBIJHIFSQSFWBMFODFPGPòMBCFMQSFTDSJQUJPOTXJUIJOUIFGVMMUFSN
neonates compared to the preterms5, 18.
"MTPDPNGPSUJOHXBTUIFTNBMMQSPQPSUJPOPGESVHQSFTDSJQUJPOTPòMBCFMJOSFMBUJPOUP
neonatal age (4%) in the largest drug class of anti-infective drugs. On the other hand,
the second largest class concerned the nervous system drugs, of which 31% was offlabel in relation to neonatal age. These findings are in agreement with those of Cuzzolin
FUBMBOE/FVCFSUFUBMXIPBMTPGPVOEUIBUBOUJJOGFDUJWFESVHTXFSFUIFMBSHFTU"5$
class prescribed with a proportion off-label in relation to neonatal age of 24% and 11%,
respectively16, 17. For nervous system drugs, these studies found a proportion of 67% and
56% prescriptions off-label in relation to neonatal age, which is comparable with our
results.
Nevertheless, off-label drug use does not necessarily implicate inadequate drug use, although this is generally suggested19. Instead of referring to the label, adequate drug use
should be based on the level of evidence, with an expert interpretation. Consequently,
several sources have been developed which are periodically updated and released, such
as British National Formulary, Pediatric Dosages by Lexicomp, Pediatric Injectable Drugs,
and Micromedex. Ceelie et al. reported on large differences between four commonly
used pediatric drug formularies, which points at challenges in the availability and reliability of pediatric drug dosing guidelines in present drug formularies20. Recently, in the
Netherlands a continuously updated online pediatric formulary has been released- the
Dutch Pediatric Formulary21. Despite the valuable interpretation regarding dosages and
safe drug use, the sources mentioned above do not suggest which drug to choose for
certain indications and therefore do not help to reduce the differences in prescriptions
between physicians and hospitals.
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Comparing NICUs
Large differences between NICUs were found in neonatal drug use. Drug classes with
a high proportion of off-label drugs in relation to neonatal age showed the largest difGFSFODFTCFUXFFO/*$6T JFDBSEJPWBTDVMBSBOEOFSWPVTTZTUFNESVHT"MTP UIFTF"5$
DMBTTFT  UPHFUIFS XJUI "5$DMBTT CMPPE BOE CMPPE GPSNJOH PSHBOT  TIPXFE UIF MBSHFTU
SBOHFPGUPUBMQSFTDSJQUJPOTQFS"5$DMBTTQFS QBUJFOUTCFUXFFO/*$6T"TUIFIJHI
rank of blood and blood forming organs was driven by heparine and phytomenadion
alone, this class was of limited interest for further comparison.
The large differences among cardiovascular drugs strengthen the alarming message of
a severe lack in pediatric documentation, which has been reported by Pasquali et al. and
#BKFUJDFUBM, 23. Nervous system drugs also showed large variability, which may be a
reflection of the variation in drugs mentioned in pain treatment protocols of these four
NICUs. This may be explained by the worldwide discussion on the neurodevelopmental
safety of nervous system drugs such as opioids, paracetamol, benzodiazepines in the
preterm brain24 " DPNQBSBCMF EJTDVTTJPO BDDPVOUT GPS UIF DIPJDF PG QSFNFEJDBUJPO
for intubation25-27. This can be recognized in treatment protocols in our study, chosing
either an opioid with a muscle relaxant, or propofol. Mehler et al. studied analgesic and
sedative drug use in very low birth weight infants in German NICUs and reported large
differences, as well as many changes over time in analgesic and sedative treatment28. On
the other hand, the treatment protocol of neonatal convulsions showed less differences
between NICUs, which seems the result of an existing national guideline29&WFOUIPVHI
all mentioned drugs in the guideline were off-label for treatment of convulsions in neonates, this publicly accessible expert opinion appears to reduce different interpretations
of sparse evidence.
Liem et al. reported a comparable approach for antibiotic drugs alone and found a
considerable variation between Dutch NICUs in the number of different antibiotics
used and in the total dosage of antibiotics30. This heterogeneity indicates that empiric
antibiotic treatment varies among neonatal intensive care units and there are currently
no consensus guidelines regarding the choice of empiric antibiotics.
"MUIPVHIBMMGPVSQBSUJDJQBUJOH/*$6TXFSFMFWFM DPOTJEFSBCMFEJòFSFODFTXFSFGPVOE
in the general descriptives between the NICUs; i.e. duration of admission, gestational
ages, and specific treatments (surgery, extracorporal membrane oxygenation). These
NBZ QBSUMZ FYQMBJO UIF MBSHF WBSJBCJMJUZ JO QSFTDSJCFE ESVHT CFUXFFO /*$6T "OPUIFS
cause for differences in drug use concerns the steps by which new evidence is adapted
to clinical care, which may depend on local expert opinions.
Our multicentre comparison of drug use in NICUs provides a unique view of neonatal
pharmacology in practice, but is limited by some assumptions. First, our data did not
allow to compare NICUs with respect to drug dosages, routes of administration, specific
QSPEVDUT  PS QSFQBSBUJPO PG ESVHT GPS BENJOJTUSBUJPO "QBSU GSPN KVEHJOH JG B ESVH JT
32

registered for use in neonatal age, each of these items could also have been related to
the label if the data were available. Second, since practically all drugs were first labelled
GPSBOBEVMUJOEJDBUJPO UIFJS"5$DPEFXBTPGUFOJODPSSFDUXJUISFTQFDUUPUIFJSVTFJO
DVSSFOUOFPOBUBMQSBDUJDF&WFOGPSESVHTXIFSFUIFOFPOBUBMJOEJDBUJPOIBTCFFOBEEFE
UPUIFMBCFM UIFJS"5$DPEFSFNBJOTBTQSJNBSJMZNBSLFUFE5IJTDPODFSOTGPSFYBNQMF
sildenafil, ibuprofen, caffeine, phytomenadione. Third, differences in local practice of
decision making determines treatments and drug use. In a smaller NICU it may be easier
to reach consensus than in a larger NICU. Fourth, data was retrospectively collected from
different prospective electronic health record systems, which may have caused some
differences in definitions used for data output. Fifth, our findings from a single country
cohort, cannot easily be compared to other countries or reports, as the content of the
SmPCs may be different between countries, and various definitions for off-label status
IBWFCFFOVTFE XIJDIIBTBMTPCFFOTIPXOCZ"SPOTPOFUBM31. Sixth, if the SmPC mentioned an indication for infants in general without mentioning an age range, this was
considered to include neonates as well and therefore on-label in relation to neonatal
age (see Supplementary File 1). Nevertheless, physicians would not feel safe to prescribe
these drugs in clinical practise based on this information, knowing that a general dosage
for infants in not optimal and safe for (preterm) neonates. Though, if these drugs, with
an on-label status for infants without mentioning an age range, would be considered
off-label in relation to neonatal age instead, the overall proportion off-label prescripUJPOTJOPVSDPIPSUJODSFBTFTGSPNUP5IJTJTNBJOMZEVFUPDIBOHFTJOUIF"5$
groups; cardiovascular drugs (from 30% to 94% off-label), anti-infectives (from 4% to
24% off-label), and nervous system drugs (from 31% to 46% off-label). In addition, an
indication and dosage for neonates in the SmPC, rarely differentiates for gestational age.
"TUIFEFöOJUJPOPGBAOFPOBUFJTMJNJUFEUPBOFXCPSOJOGBOUEVSJOHJUTöSTUEBZTPG
life, without referring to a certain gestational age, we considered neonates to be term as
well preterm newborn infants. Nevertheless, on-label in relation to neonatal age should
not necessarily mean on label for all gestational ages.

FUTURE SUGGESTIONS
Our study shows drugs and indications on which little consensus has been reached, and
should therefore be prioritized for expert-interpretation of current evidence and for future research. New investigator initiated research is urgently required as pharmaceutical
companies have little benefit of incorporating new findings in pediatrics, which has led
to few drug labeling changes made under pediatric legislation, including neonates12.
Nevertheless, pharmacological trials involving neonates deal with multiple challenges.
"QQSPQSJBUF EPTJOH JT IBNQFSFE CZ UIF SBQJE QIZTJPMPHJDBM DIBOHFT PDDVSSJOH BU UIJT
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stage of development. The selection of proper end-points and biomarkers is complicated
by the limited knowledge of the pathophysiology of the specific diseases of infancy. Copinni et al. have addressed possible perspectives to stimulate research in neonates and
infants32. Furthermore, as evidence on pharmacological treatment of neonates remains
thin more (inter) national guidelines on treatment of common indications should be
written, following the succesfull example of the guideline for neonatal convulsions.

CONCLUSION
We showed that drugs used for neonatal care differed importantly between four Dutch
level III NICUs. Our findings form a valuable contribution to the several pooled prescription data analyses of multiple NICUs that have been reported. The drug classes with
the highest proportion of off-label drugs in relation to neonatal age showed the largest
differences between NICUs, i.e. cardiovascular and nervous system drugs. We believe
that drug research in neonates should have high priority to ensure the use of safe and
appropriate drug therapy in newborns.
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SUPPLEMENTARY FILE
Supplementary File 1. Age range in SmPC per active substance and off-label interpretation in relation to neonatal age.
Active substance

Off-label
interpretation

SmPC includes the following age range with an
on-label indication

"DFUB[PMBNJEF

on-label

Infants in general, not differentiated for neonates

"DFUZMDZTUFJOF

off-label

"CPWFZFBST

"DFUZMTBMJDZMJDBDJE

off-label

"CPWFZFBST

"DJDMPWJS

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

"EFOPTJOF

on-label

Infants in general, not differentiated for neonates

"MCVNJO

on-label

Neonates, including preterm infants

"MJNFNB[JOF

off-label

"CPWFZFBST

"MQSPTUBEJM

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

"MUFQMBTF

off-label

No indication for infants

"NJPEBSPOF

off-label

No indication for infants

"NMPEJQJOF

off-label

"CPWFZFBST

"NPYJDJMMJO

on-label

Neonates, including preterm infants

"NPYJDJMMJO $MBWVMBOJD
acid

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

"NQIPUFSJDJO#

on-label

Infants in general, not differentiated for neonates

"OUJUSPNCJO

off-label

No indication for infants

"SHJQSFTTJO

off-label

Unlicensed

"USPQJOF

on-label

Infants in general, not differentiated for neonates

"[JUSPNZDJO

off-label

"CPWFZFBS

Beclomethasone

off-label

"CPWFZFBST

Benzylpenicillin

on-label

Infants in general, not differentiated for neonates

Biotin

off-label

Unlicensed

Budesonide

off-label

"CPWFZFBST

Bumetanide

off-label

No indication for infants

#VQJWBDBJOF &QJOFQISJOF off-label

"CPWFZFBS

Caffeine

Preterm born infants below gestational age of 37
weeks

on-label

Captopril

off-label

"CPWFNPOUI

Carbamazepine

on-label

Infants in general, not differentiated for neonates

Cefazolin

off-label

"CPWFNPOUI

Cefotaxim

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Ceftazidime

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Ceftriaxone

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants
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Supplementary File 1. Age range in SmPC per active substance and off-label interpretation in relation to neonatal age. (continued)
Active substance

Off-label
interpretation

SmPC includes the following age range with an
on-label indication

Cefuroxime

on-label

Neonates, including preterm infants

Chloralhydrate

off-label

Unlicensed

Chloramphenicol

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Cholecalciferol

on-label

Neonates, including preterm infants

Ciprofloxacin

on-label

Infants in general, not differentiated for neonates

Cisatracurium

off-label

"CPWFNPOUI

Claritromycin

off-label

"CPWFNPOUIT

Clemastine

off-label

"CPWFZFBS

Clindamycin

off-label

"CPWFNPOUI

Clonidine

off-label

No indication for infants

Dexamethasone

off-label

"CPWFNPOUI

Dexamethasone +
Tobramycin

off-label

"CPWFZFBST

Dexamethasone +
Xylometazoline

off-label

"CPWFZFBST

Dextran70 + hypromellose off-label

No indication for infants

Diazepam

off-label

"CPWFNPOUI

Diazoxide

on-label

Infants in general, not differentiated for neonates

Digoxin

on-label

Neonates, including preterm infants

Dimetindenum

off-label

"CPWFZFBS

Dobutamine

on-label

Infants in general, not differentiated for neonates

Dopamine

off-label

No indication for infants

Dornase

off-label

"CPWFZFBST

Doxapram

off-label

"CPWFZFBST

&OPYBQBSJO

off-label

No indication for infants

&QJOFQISJOF

on-label

Infants in general, not differentiated for neonates

&QPQSPTUFOPM

off-label

No indication for infants

&SZUSPNZDJO

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

&TLFUBNJOF

off-label

No indication for infants

&TNPMPM

off-label

No indication for infants

&TPNFQSB[PMF

off-label

"CPWFZFBS

&UPNJEBUF

off-label

"CPWFXFFLT

Factor VIIa

off-label

No indication for infants

Fentanyl

off-label

"CPWFZFBST

Ferrous fumarate

off-label

"CPWFNPOUIT

Fibrinogen

off-label

No indication for infants

Flecainide

off-label

"CPWFZFBST
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Supplementary File 1. Age range in SmPC per active substance and off-label interpretation in relation to neonatal age. (continued)
Active substance

Off-label
interpretation

SmPC includes the following age range with an
on-label indication

Flucloxacillin

on-label

Infants in general, not differentiated for neonates

Fluconazole

on-label

Neonates, term

Flumazenil

off-label

"CPWFZFBS

Fluticasone

off-label

"CPWFZFBS

Folic acid

off-label

No indication for infants

Folinic acid

off-label

"CPWFNPOUI

Furosemide

on-label

Infants in general, not differentiated for neonates

Fusidic acid

on-label

Infants in general, not differentiated for neonates

Ganciclovir

off-label

No indication for infants

Gentamicin

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Glycopyrronium bromide

off-label

No indication for infants

Heparin

off-label

No indication for infants

Hyaluronidase

off-label

No indication for infants

Hydrochlorothiazide

on-label

Infants in general, not differentiated for neonates

Hydrocortisone

off-label

No indication for infants

Hydrocortisone +
oxytetracycline +
polymyxine

off-label

No indication for infants

Hydroxychloroquine

on-label

Infants in general, not differentiated for neonates

Hypromellose

off-label

"CPWFZFBS

Ibuprofen

on-label

Neonates, including preterm infants

Immunoglobulin

on-label

Infants in general, not differentiated for neonates

Indometacin

on-label

Preterm born infants

Insulin

off-label

"CPWFZFBST

Ipratropium

off-label

"CPWFZFBST

Isoprenaline

off-label

No indication for infants

Isosorbide

off-label

Unlicensed

Labetalol

off-label

No indication for infants

Lactitol

off-label

"CPWFZFBS

Lactulose

off-label

"CPWFNPOUI

Lamivudine

off-label

"CPWFNPOUIT

Levetiracetam

off-label

"CPWFNPOUI

Levocarnitine

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Levomepromazine

off-label

No indication for infants

Levothyroxine

off-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Lidocaine

off-label

No indication for infants
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Supplementary File 1. Age range in SmPC per active substance and off-label interpretation in relation to neonatal age. (continued)
Active substance

Off-label
interpretation

SmPC includes the following age range with an
on-label indication

Lidocaine + prilocaine

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Lorazepam

off-label

"CPWFZFBST

Macrogol

off-label

"CPWFNPOUIT

Melatonin

off-label

No indication for infants

Meropenem

off-label

"CPWFNPOUIT

Methadone

off-label

No indication for infants

Metoprolol

off-label

"CPWFZFBST

Metronidazole

on-label

"CPWFXFFLT

Miconazole

off-label

No indication for infants

Midazolam

on-label

Neonates, including preterm infants

Milrinone

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Morphine

on-label

Infants in general, not differentiated for neonates

Mupirocin

on-label

Infants in general, not differentiated for neonates

Nadroparin

off-label

No indication for infants

Naloxone

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Nifedipine

off-label

No indication for infants

Nitrofurantoin

off-label

"CPWFZFBST

Norepinephrine

off-label

No indication for infants

Nystatin

on-label

Neonates, including preterm infants

Octreotide

off-label

No indication for infants

Omeprazole

off-label

"CPWFZFBS

Oseltamivir

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Oxybutynin

off-label

"CPWFZFBST

Palivuzimab

on-label

Neonates, including preterm infants

Pamidronic acid

off-label

no indication for infants

Pantoprazole

off-label

"CPWFZFBST

Paracetamol

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Pentobarbital

off-label

Unlicensed

Pethidine

off-label

"CPWFZFBS

Phenobarbital

off-label

"CPWFZFBST

Phentolamine

off-label

No indication for infants

Phenylephrine

off-label

No indication for infants

Phytomenadione

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants
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Supplementary File 1. Age range in SmPC per active substance and off-label interpretation in relation to neonatal age. (continued)
Active substance

Off-label
interpretation

SmPC includes the following age range with an
on-label indication

Piperacillin

off-label

"CPWFNPOUIT

Piritramide

off-label

"CPWFZFBST

Prednisolone

off-label

No indication for infants

Propofol

off-label

"CPWFNPOUI

Propranolol

off-label

"CPWFZFBS

Protamine

off-label

No indication for infants

Pyridoxal phosphate

off-label

"CPWFNPOUI

Pyridoxine

off-label

"CPWFNPOUI

Ranitidine

off-label

"CPWFZFBST

Remifentanil

off-label

"CPWFZFBS

Retinol

off-label

Unlicensed

Rifampicin

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Rocuronium

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Ropivacaine

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Salbutamol

off-label

"CPWFZFBST

Sildenafil

off-label

"CPWFZFBS

Somatropin

on-label

"CPWFNPOUI

Sotalol

off-label

No indication for infants

Spironolactone

on-label

Infants in general, not differentiated for neonates

Sufentanil

off-label

"CPWFNPOUI

Surfactant

on-label

Neonates, including preterm infants

Suxamethonium

off-label

No indication for infants

Teicoplanin

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Tetracosactide

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Thiamazole

off-label

No indication for infants

Thiopental

on-label

Infants in general, not differentiated for neonates

Tobramycin

on-label

Neonates, including preterm infants

Tocopherol

off-label

No indication for infants

Tranexamic acid

off-label

"CPWFZFBS

Trimethoprim

off-label

"CPWFZFBST

Trimethoprim +
sulfamethoxazole

off-label

"CPWFXFFLT

Trometamol

off-label

Unlicensed

Tropicamide

on-label

Infants in general, not differentiated for neonates
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Supplementary File 1. Age range in SmPC per active substance and off-label interpretation in relation to neonatal age. (continued)
Active substance

Off-label
interpretation

SmPC includes the following age range with an
on-label indication

Urokinase

off-label

No indication for infants

Ursodeoxycholic acid

off-label

"CPWFNPOUI

Valganciclovir

off-label

No indication for infants

Vancomycin

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

Xylometazoline

off-label

"CPWFZFBST

Zidovudine

on-label

Neonates, term

Zinc oxide

on-label

/FPOBUFT OPUEJòFSFOUJBUFEGPSHFTUBUJPOBMBHF
preterm infants

"CCSFWJBUJPOT4N1$o4VNNBSZPG1SPEVDU$IBSBDUFSJTUJDT
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QUANTIFICATION OF
DRUGS AND METABOLITES

3
Quantification of acetaminophen and its
metabolites in plasma using UPLC-MS:
doors open to therapeutic drug monitoring
in special patient populations
Therapeutic Drug Monitoring 2017 Apr;39(2):164-171
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Nuria Slijkhuis
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Chapter 3 | Quantification of acetaminophen and its metabolites

ABSTRACT
Background
"DFUBNJOPQIFO "1"1  QBSBDFUBNPM  JT UIF NPTU DPNNPOMZ VTFE ESVH GPS QBJO BOE
GFWFSJOCPUIUIF6OJUFE4UBUFTBOE&VSPQFBOEDPOTJEFSFETBGFXIFOVTFEBUSFHJTUFSFE
dosages. Nevertheless, differences between specific populations lead to remarkable
changes in exposure to potentially toxic metabolites. Furthermore, extended knowledge
is required on metabolite formation following intoxication, to optimize antidote treatment. Therefore, the authors aimed to develop and validate a quick and easy analytical
NFUIPEGPSTJNVMUBOFPVTRVBOUJöDBUJPOPG"1"1 "1"1HMVDVSPOJEF "1"1TVMGBUF "1"1
DZTUFJOF "1"1HMVUBUIJPOF "1"1NFSDBQUVSBUF BOEQSPUFJOEFSJWFE"1"1DZTUFJOFJO
human plasma by ultra-performance liquid chromatography-electrospray ionizationUBOEFNNBTTTQFDUSPNFUSZ 61-$.4.4 

Methods
5IF JOUFSOBM TUBOEBSE XBT "1"1% GPS BMM BOBMZUFT $ISPNBUPHSBQIJD TFQBSBUJPO XBT
BDIJFWFE XJUI B SFWFSTFEQIBTF "DRVJUZ 61-$ )445 DPMVNO XJUI B SVOUJNF PG POMZ
NJOVUFTQFSJOKFDUFETBNQMF(SBEJFOUFMVUJPOXBTQFSGPSNFEXJUIBNPCJMFQIBTF
consisting of ammonium acetate, formic acid in Milli-Q ultrapure water or in methanol
BUøPXSBUFPGN-NJO

Results
" QMBTNB WPMVNF PG POMZ  - XBT SFRVJSFE UP BDIJFWF CPUI BEFRVBUF BDDVSBDZ BOE
QSFDJTJPO$BMJCSBUJPODVSWFTPGBMMTJYBOBMZUFTXFSFMJOFBS"MMBOBMZUFTXFSFTUBCMFGPS
BUMFBTUIPVSTJOUIFBVUPTBNQMFSUIFIJHIRVBMJUZDPOUSPMPG"1"1HMVUBUIJPOFXBT
TUBCMFGPSIPVST5IFNFUIPEXBTWBMJEBUFEBDDPSEJOHUPUIF64'PPEBOE%SVH"Eministration guidelines.

Conclusions
This method allows quantification of acetaminophen and six metabolites, which serves
purposes for research, as well as therapeutic drug monitoring (TDM). The advantage
PG UIJT NFUIPE JT UIF DPNCJOBUJPO PG NJOJNBM JOKFDUJPO WPMVNF  B TIPSU SVOUJNF  BO
easy sample preparation method, and the ability to quantify acetaminophen and all six
metabolites.
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INTRODUCTION
"DFUBNJOPQIFO "1"1 /"DFUZMQ"NJOPQIFOPM PSQBSBDFUBNPM JTUIFNPTUDPNNPOMZ
VTFE ESVH GPS QBJO BOE GFWFS JO CPUI UIF 6OJUFE 4UBUFT BOE &VSPQF1 "DFUBNJOPQIFO
is generally safe when used at registered dosages, thereby titrated upon effect, with
B NBYJNVN PG  HEBZ JO GPVS EPTFT GPS BEVMUT *O DIJMESFO  EPTBHF EFQFOET PO BHF
BOEXFJHIUBTGPMMPXTXJUINPOUINHLHEBZJOUISFFEPTFTXJUIBHF
NPOUIVQUPNHLHEBZJOGPVSEPTFT2. On the other hand, administration of supratherapeutic doses of acetaminophen is the leading cause for liver failure in the United
States3, mainly influenced by its drug metabolism. This metabolism has been reported
to deviate in (premature) neonates4, obese patients5, and following supratherapeutic
doses6. Such variability in exposure to potentially toxic metabolites can be expected in
other specific populations as well, e.g., anorexic patients, patients from different ethnical
backgrounds, extreme elderly, pregnant women and their fetuses7, and in patients with
ESVHPSHFOFUJDBMMZESJWFODIBOHFTJO$:1"BDUJWJUZ FH PNFQSB[PMFJOEVDUJPO
"DFUBNJOPQIFO JT MBSHFMZ NFUBCPMJ[FE JO UIF MJWFS  QSFEPNJOBOUMZ CZ TVMGBUJPO BOE
glucuronidation (Figure 1). In adults, sulfation encompasses about 30% and glucuronidation about 55%8-10; only 2%-5% is excreted unchanged in the urine9, 10"QQSPYJNBUFMZ
5%-10% of acetaminophen is metabolized by cytochrome P450 (CYP), primarily by
$:1&11-13  UP UIF UPYJD NFUBCPMJUF /BDFUZMQCFO[PRVJOPOF JNJOF /"12* 9, 14-16 "U
UIFSBQFVUJDEPTFT /"12*JTJNNFEJBUFMZJOBDUJWBUFECZDPOKVHBUJPOXJUIHMVUBUIJPOF
)PXFWFS XJUIPVUUIJTEFUPYJöDBUJPOSPVUF /"12*CJOETDPWBMFOUMZUPDFMMVMBSQSPUFJOT
and forms toxic protein adducts, such as protein-derived acetaminophen-cysteine
"1"1DZTUFJOF 5IFTFQSPUFJOBEEVDUTNBZDBVTFNJUPDIPOESJBMEZTGVODUJPOBOEFBSMZ
oxidant stress17-19. Consequently, hepatotoxicity can be caused by liver cell necrosis3.
"MUIPVHI JU XBT UIPVHIU UIBU EFQMFUJPO PG  PG UPUBM MJWFS HMVUBUIJPOF XPVME CF
OFDFTTBSZ GPS /"12* UP CFHJO XJUI QSPUFJO CJOEJOH20  QSPUFJOEFSJWFE "1"1DZTUFJOF
was detected in serum from human after therapeutic doses21. It is likely that either a
UISFTIPMEPGQSPUFJOEFSJWFE"1"1DZTUFJOFOFFETUPCFFYDFFEFEGPSUIFEFWFMPQNFOU
of toxicity or that specific binding targets are spared at therapeutic doses6.
Currently, acetaminophen concentrations have only been considered important to
measure for patients who are suspected of intake of a toxic amount and for patients who
show a decreased hepatic function. In that case, acetaminophen is mostly analyzed with
an immunoassay, not measuring metabolites, despite their key role in acetaminophen
hepatotoxicity. Considering acetaminophen-metabolic routes, further investigation for
associations between exposure to acetaminophen metabolites and toxicity is warranted,
as well as exposure in specific populations. In the case of acetaminophen intoxication,
extended knowledge of metabolite formation will assist in optimizing (antidote) treatment. This also applies to intoxication upon chronic use of high acetaminophen dos49
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Figure 1. Metabolic pathway of acetaminophen
6%1
6SJEJOFEJQIPTQIPHMVDVSPOPTZMUSBOTGFSBTF

ages. Currently, there remains a knowledge gap regarding the optimal treatment with
N-acetylcysteine infusion to prevent or treat hepatotoxicity. These new insights suggest
Therapeutic Drug Monitoring (TDM) of metabolites in case of toxicity, or as part of
TUBOEBSEDMJOJDBMDBSFJODFSUBJOQPQVMBUJPOT6MUJNBUFMZ NPOJUPSJOHPG"1"1NFUBCPMJUF
concentrations may prevent or reduce toxicity and optimize therapy.
We developed and validated an analytical method for simultaneous quantification of
"1"1  "1"1HMVDVSPOJEF  "1"1TVMGBUF  "1"1DZTUFJOF  "1"1HMVUBUIJPOF  "1"1NFSDBQUVSBUF  BOE QSPUFJOEFSJWFE "1"1DZTUFJOF JO B NJOJNBM WPMVNF PG IVNBO QMBTNB
by ultra-performance liquid chromatography-electrospray ionization-tandem mass
TQFDUSPNFUSZ 61-$.4.4  QSFDFEFE CZ BO FBTZ TBNQMF QSFQBSBUJPO 8F BJNFE UP
optimize the sensitivity of the assay to minimize the required sample volume, which
allows measurement of the smallest volume samples from preterm infants.
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MATERIALS AND METHODS
Chemicals and reagents
"1"1 "1"1TVMGBUF "1"1NFSDBQUVSBUF "1"1HMVDVSPOJEF BOE"1"1DZTUFJOFTPMVUJPO
XFSFQVSDIBTFEGSPN4BOUB$SV[#JPUFDIOPMPHZ )FJEFMCFSH (FSNBOZ "1"1HMVUBUIJPOF XBT PCUBJOFE GSPN5PSPOUP 3FTFBSDI $IFNJDBMT &DIJOH  (FSNBOZ  BOE "1"1%
TPMVUJPOGSPN4JHNB"MESJDI$FSJMMJBOU ;XJKOESFDIU 5IF/FUIFSMBOET .FUIBOPMBCTPMVUF -$.4 HSBEF BOE GPSNJD BDJE  6-$.4 HSBEF XFSF QVSDIBTFE GSPN #JPTPMWF
#7 7BMLFOTXBBSE 5IF/FUIFSMBOET 8BUFSXBTQVSJöFECZVTJOHB.JMMJ1PSF"EWBOUBHF
"TZTUFN&YUFSOBMRVBMJUZDPOUSPMTBNQMFTGPSBDFUBNJOPQIFOXFSFQVSDIBTFEGSPN
Stitching Kwaliteitsbewaking Klinische Geneesmiddelanalyse en Toxicologie ,,(5  5IF
Hague, The Netherlands) and Santa Cruz Biotechnology (Heidelberg, Germany).

Stock solutions, calibrators, quality control samples, and internal standard
4UPDL TPMVUJPOT PG "1"1  "1"1TVMGBUF  "1"1HMVDVSPOJEF  BOE "1"1DZTUFJOF XFSF
QSFQBSFEBUBDPODFOUSBUJPOPGNH-VTJOHNFUIBOPM XIJMFTUPDLTPMVUJPOTPG"1"1
NFSDBQUVSBUF BOE "1"1HMVUBUIJPOF XFSF QSFQBSFE BU B DPODFOUSBUJPO PG  NH-
using methanol. For each analyte, two separate stock solutions were prepared with the
same concentration, for both calibration of standard samples and for QC samples. Stock
solutions were stored at −20 °C.
5IFXPSLJOHTPMVUJPO DBMJCSBUPS NH- XBTQSFQBSFECZESZJOH-PG"1"1 
"1"1TVMGBUF "1"1HMVDVSPOJEF BOE"1"1DZTUFJOF BOE-PG"1"1NFSDBQUVSBUF
BOE"1"1HMVUBUIJPOFJOPOFHMBTTUVCFBU¡$VOEFSOJUSPHFOøPXVOUJMBMMNFUIBOPM
was evaporated. Subsequently, all analytes were reconstituted in 5-mL human plasma
BOENJYFEGPSTFDPOET$BMJCSBUPSTUISPVHI oNH- BOEUIFMPXFSMJNJUPG
RVBOUJöDBUJPO --02 TUBOEBSE NH- XFSFQSFQBSFECZEJMVUJOHDBMJCSBUPSXJUI
human plasma. Quality control (QC) samples were prepared the same way, using the
other stock solution. The working solution was diluted with human plasma to get three
DPODFOUSBUJPOT 2$ -PX  NH-  2$ .FEJVN  NH-  BOE 2$ )JHI  NH- 
5IFO  DBMJCSBUPST BOE 2$ TBNQMFT XFSF USBOTGFSSFE JO - QPSUJPOT UP N- UVCFT
&QQFOEPSG BOETUPSFEBU¦¡$BXBJUJOHBOBMZTJT
5IFJOUFSOBMTUBOEBSE *4 XBT"1"1%"XPSLJOHTPMVUJPOPGUIFJOUFSOBMTUBOEBSEXBT
QSFQBSFEJONFUIBOPMBUBDPODFOUSBUJPOPGH-"1"1%

Specimens
Human blank plasma was obtained from the blood transfusion laboratory of the
&SBTNVT.FEJDBM$FOUFS3PUUFSEBN#FDBVTFBDFUBNJOPQIFOJTBSFHVMBSMZVTFEESVH 
acetaminophen-free blood was collected from volunteers. Blood was centrifuged to
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separate plasma from the red blood cells. Plasma was pooled and collected in smaller
tubes. These tubes were stored at −20 °C awaiting analysis.

Sample preparation
"MM DBMJCSBUPST  2$ TBNQMFT  CMBOL BOE QBUJFOU TBNQMFT XFSF UIBXFE BU MFBTU IBMG BO
IPVSQSJPSUPQSFQBSBUJPO5IFO UP-PGFBDITUBOEBSEBOETBNQMF -PGJOUFSOBM
standard solution was added for protein precipitation. The samples were mixed for 15
seconds and then centrifuged for 5 minutes at 16,000 x g0GBCPVU-PGTVQFSOBUBOU
was taken from each sample and transferred to amber auto sampler insert vials (VWR).
/FYU -PGBRVFPVTGPSNJDBDJEXBTBEEFEBOEUIFTBNQMFTXFSFNJYFEGPS
seconds. The ratio of the aqueous and organic solvent in the sample matched the ratio
in the mobile phase at start of the gradient. The blank sample, without internal standard,
XBT QSFQBSFE CZ BEEJOH  - PG NFUIBOPM JOTUFBE PG JOUFSOBM TUBOEBSE TPMVUJPO 'PS
BDFUBNJOPQIFO  BDFUBNJOPQIFO%  BOE "1"1DZTUFJOF   - PG TBNQMF XBT JOKFDUFE
JOUPUIF61-$.4.4BQQBSBUVT'PSBMMUIFPUIFSBOBMZUFT -XBTJOKFDUFECFDBVTF
of the lower sensitivity for these analytes.

Protein-derived APAP-cysteine
'PS RVBOUJöDBUJPO PG QSPUFJOEFSJWFE "1"1DZTUFJOF JO QBUJFOU TBNQMFT  UIF TBNQMF
preparation was preceded with one extra step after thawing the sample: The proteinCPVOEGSBDUJPOXBTSFNPWFECZöMUSBUJPOPGBOFYUSB-QMBTNBUISPVHIBO"NJDPO
6MUSB $FOUSJGVHBM 'JMUFS 6OJU XJUI 6MUSBDFM NFNCSBOF .FSDL $IFNJDBMT  "NTUFSEBN 5IF /FUIFSMBOET  BOE EJTDBSEFE BGUFSXBSE  JO PSEFS UP DPMMFDU  - QMBTNB
XJUI VOCPVOE "1"1DZTUFJOF 5IF DPODFOUSBUJPO PG QSPUFJOEFSJWFE "1"1DZTUFJOF JT
EFUFSNJOFE CZ DBMDVMBUJOH UIF EJòFSFODF JO "1"1DZTUFJOF DPODFOUSBUJPOT CFGPSF BOE
after filtration. The sample was further prepared as described for all other analytes,
DPOUJOVJOHXJUIUIFBEEJUJPOPG-PGJOUFSOBMTUBOEBSE

Instrumentation
The equipment used was a Dionex Ultimate UPLC system consisting of an Ultimate 3000
RS UPLC pump, an Ultimate 3000 RS autosampler and an Ultimate 3000 RS Column
Compartment. The UPLC was connected to a triple quadrupole Thermo TSQ Vantage MS
XJUI)&4*QSPCF 5IFSNP4DJFOUJöD 5IFTPGUXBSFQSPHSBNT$ISPNFMFPO WFSTJPO 
Dionex, Thermo Scientific), Xcalibur (version 2.1, Thermo Scientific), and LCquan (version
2.6, Thermo Scientific) were used to control the system and analyze the data.

UPLC conditions
$ISPNBUPHSBQIJD TFQBSBUJPO  CBTFE PO BóOJUZ PG UIF BOBMZUFT XJUI UIF OPOQPMBS TUBUJPOBSZ QIBTF  XBT BDIJFWFE XJUI B SFWFSTFEQIBTF "DRVJUZ 61-$ )445 DPMVNO 
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N   ¨  NN )JHI 4USFOHUI 4JMJDB XJUI B CPVOE USJGVODUJPOBM $ BMLZM QIBTF 
(SBEJFOUFMVUJPOXBTQFSGPSNFEXJUIBNPCJMFQIBTFDPOTJTUJOHPGN-PGBNH-
solution of ammonium acetate in formic acid (99%) in 1 L of Milli-Q ultrapure water (eluFOU" BOEN-PGUIFTBNFTPMVUJPOJO-PGNFUIBOPM FMVFOU# 1SJPSUPUIFBOBMZTJT 
UIFTZTUFNXBTFRVJMJCSBUFEBUUIFTUBSUJOHDPOEJUJPOTPGFMVFOU"BOEFMVFOU
B until pressure was stable. The multistep gradient was as follows: from 0 to 0.8 minutes,
eluent B was increased from 14% to 28%; from 0.8 to 1.0 minute, eluent B was increased
to 95%; from 1.0 to 2.0 minutes, eluent B was kept stable at 95%; from 2.0 to 2.2 minutes,
eluent B was decreased to 14%; from 2.2 to 5.3 minutes, eluent B was kept stable at
14%. The run ended at 5.3 minutes at starting conditions. The flow was kept at 0.400
N-NJOVUFEVSJOHUIFFOUJSFSVOUJNF5IFUFNQFSBUVSFGPSUIFDPMVNOPWFOXBTTFUBU
40°C and for the autosampler at 15°C. In order to quantify all analytes, a volume of 4 PL
as well as 10 P-JTJOKFDUFE XIJDISFRVJSFTUXPSVOTQFSTBNQMFBOEUIFSFGPSFEPVCMFT
UIFSVOUJNFUPNJOVUFT'PSUIFRVBOUJöDBUJPOPGQSPUFJOEFSJWFE"1"1DZTUFJOF B
third run is required.

MS/MS conditions
For the detection and quantification of acetaminophen and metabolites, settings of the
.4.4XFSFBTGPMMPXT.4SVOUJNFPGNJOVUFT FYQFSJNFOUUZQFXBT4FMFDUFE3FBDUJPO.POJUPSJOH 43. JPOJ[BUJPOBU&4* TQSBZWPMUBHFPG7 WBQPSJ[FSUFNQFSBUVSF
at 375°C, sheath gas pressure with nitrogen at 50 psi, auxiliary gas pressure with nitrogen
BUQTJ DBQJMMBSZUFNQFSBUVSFBU¡$ BOEDPMMJTJPOQSFTTVSFBUN5PSS"MMPUIFS
settings were specific for each analyte and were determined by infusion experiments
XJUIBDBEFNJDTPMVUJPOTPGFBDIBOBMZUFPGNH-5IFDIPTFOUSBOTJUJPOTBOETFUUJOHT
are shown in Table 1.

Assay validation
7BMJEBUJPOPGUIFNFUIPEXBTQFSGPSNFEBDDPSEJOHUPUIF64'PPEBOE%SVH"ENJOJTUSBtion (2001) guidelines for bioanalytical methods22. The following validation parameters
were investigated.

Linearity
The relation between the concentration of the calibrators and response (ratio of peak
areas of the analytes and the internal standard) was tested with a calibration curve. This
DVSWFTIPVMECFMJOFBSBDSPTTUIFSBOHFGSPNVQUPNH-5PNBLFUIFDBMJCSBtion curve, eight calibrators were prepared and analyzed. Linear least square regression
XBTVTFEUPBOBMZ[FUIFEBUB*UXBTEFDJEFEUPBQQMZXFJHIUJOHY XIJDINFBOTUIBU
calibrators with the lowest concentrations are more important for the calibration line
than calibrators with highest concentrations23. The relative standard deviation (RSD)
53
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Table 1. Analyte-specific settings
Analyte

Parent ion
N[

Product ion
N[

ESI mode

Collision Energy
(v)

S-Lens

"1"1

152.169

110.16
93.13
65.13

+

15
23
29

77

"1"1% *4

156.191

114.19
97.16
69.17

+

15
22
30

77

"1"1%TVMGBUF

235.017

155.06
113.10
68.10

+

26
37
31

77

"1"1TVMGBUF

232.046

152.06
110.10
65.10

+

13
22
39

77

"1"1HMVDVSPOJEF

328.202

152.14
110.07
93.03

+

15
35
55

80

"1"1DZTUFJOF

271.155

182.08
140.07
96.07

+

12
26
37

76

"1"1NFSDBQUVSBUF

313.176

208.10
166.10
140.050

+

16
27
31

77

"1"1HMVUBUIJPOF

457.245

328.18
181.89
140.01

+

13
22
40

110

The bold printed product ion mass-to-charge values were chosen.
&4*
&MFDUSPTQSBZJPOJ[BUJPO

XBTSFRVJSFEUPCFMPXFSUIBO BOEUIFDPSSFMBUJPODPFóDJFOU S UPHFUIFSXJUIUIF
EFUFSNJOBUJPODPFóDJFOU S XFSFSFRVJSFEUPCFBUMFBTUBOE SFTQFDUJWFMZ

LLOQ and ULOQ
5IF--02XBTNFBTVSFECZBOBMZ[JOHUIF--02DBMJCSBUPS PSNH- TJYUJNFT
in a row. Mean and standard deviation of the response ratios of the six samples were
measured. Imprecision and accuracy were calculated and should be ≤20% and between
80% and 120%, respectively. The highest calibrator of the calibration curve was used as
upper limit of quantification (ULOQ).

Accuracy
"DDVSBDZXBTNFBTVSFECZBOBMZ[JOHUISFF2$DPODFOUSBUJPOT OGPSFBDIDPODFOtration). The percentage deviation between measured concentration and theoretical
concentration was calculated, and should be lower than 15%.
54

Repeatability and reproducibility
Repeatability was tested by analyzing three QC concentrations in six-fold on the same
day. For each concentration, mean and RSD were calculated. Reproducibility was tested
by analyzing each QC concentration in duplicate on six different days. The mean response of the 12 concentrations for each sample with their RSD was calculated. For both
tests, RSD was required to be lower than 15%.

Stability
In-process stability was determined by storing QC samples of three concentrations (n
  QFS DPODFOUSBUJPO  BU ¡$ QSJPS UP QSFQBSBUJPO GPS  BOE  IPVST "VUPTBNQMFS
TUBCJMJUZXBTEFUFSNJOFECZTUPSJOH2$TBNQMFT OQFSDPODFOUSBUJPO BGUFSTBNQMF
preparation in the autosampler for 24, 48, and 72 hours. Response ratios were measured
BOEDPNQBSFEXJUISFTQPOTFSBUJPTPGTBNQMFTLFQUBU¦¡$QSJPSUPQSFQBSBUJPO"GUFS
sample preparation, samples were directly analyzed. Recovery was required to be between 90% and 110%.

Matrix effect and recovery
It is important to measure matrix effects and absolute recoveries in the development
PG BO -$.4.4 NFUIPE TJODF JPO TVQQSFTTJPO BOE JPO FOIBODFNFOU FòFDUT DBO CF
expected owing to interferences by matrix compounds, stable-isotope-labeled internal
standards and co-eluting compounds24. In order to check whether the precision, the
reproducibility, and the stability of the concentration-signal ratio are affected by interference of the matrix analytes, the method described by Matuszewski et al. (2003) was
used25. Five different lots of human plasma were used. To two QC concentration levels
(QC low and QC high) and a blank sample (all three in duplicate), analytes were added
before extraction. The same set of QCs and blanks was prepared with the analytes added
BGUFSFYUSBDUJPO"MTP BTFUPGTJYTBNQMFTXBTFWBMVBUFEXJUIPOMZ.JMMJ2VMUSBQVSFXBUFS
instead of plasma. Matrix effects were calculated as follows: (peak area of analyte spiked
BGUFSFYUSBDUJPO  QFBLBSFBPGBOBMZUFQSFQBSFEJO.JMMJ2VMUSBQVSFXBUFS ¨
The recovery was calculated as the percentage ratio of the area of the analytes spiked
before extraction and the ones prepared in Milli-Q ultrapure water. The mean and RSD
were calculated of both matrix effects and recovery. In the ideal situation, the mean
matrix effects and recovery are between 80% and 120% and the RSD of both parameters
is ≤15%. Furthermore, for each analyte, the IS-normalized matrix effect should also be
calculated by dividing the matrix effect of the analyte by the matrix effect of the IS. The
RSD of the IS-normalized matrix effect calculated from the different lots of matrix should
not be greater than 15%.
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Application to pediatric pharmacokinetic samples
For the validation of the assay for clinical practice and research purposes, the method
has been applied to quantify acetaminophen and its metabolites in plasma of children
participating in a pediatric clinical study. This observational prospective study was
QFSGPSNFEBUUIF%FQBSUNFOUPG"OBFTUIFTJBBOE*OUFOTJWF$BSF.FEJDJOFPG0VS-BEZT
$IJMESFOT )PTQJUBM  %VCMJO  *SFMBOE  CFUXFFO +BOVBSZ BOE /PWFNCFS  $IJMESFO
XJUI BOE XJUIPVU %PXOT 4ZOESPNF  SPVUJOFMZ SFDFJWFE BDFUBNJOPQIFO QPTUDBSEJBD
TVSHFSZJOBEPTFPGNHLHGPSDIJMESFOCFMPXLHCPEZXFJHIU BOENHLHGPS
children above 10 kg bodyweight. The study protocol was approved by the local ethics
committee.

RESULTS
Linearity
Linearity was achieved for each analyte in the range between the LLOQ and the ULOQ
(Table 2 XJUIBMM34%TUPCFMPXFSUIBOBOEUIFEFUFSNJOBUJPODPFóDJFOU S UPCF
BUUIFMPXFTU"1"1XBTMJOFBSGSPNDBMJCSBUPSVQUPBOEJODMVEJOH"1"1NFSDBQUVSBUFBOE"1"1DZTUFJOFGSPNDBMJCSBUPSVQUPBOEJODMVEJOH"1"1TVMGBUFGSPN
DBMJCSBUPSVQUPBOEJODMVEJOH"1"1HMVDVSPOJEF "1"1HMVUBUIJPOFGSPNDBMJCSBUPS
VQUPBOEJODMVEJOH2VBOUJöDBUJPOQFSGPSNBODFPGQSPUFJOEFSJWFE"1"1DZTUFJOFJT
TVCKFDUUPUIPTFPG"1"1DZTUFJOF XJUIUIFTUFQPGöMUSBUJPOCFJOHUIFTJOHMFEJòFSFODF

LLOQ and ULOQ
The results of determination of LLOQ and ULOQ are shown in Table 2.

Accuracy, repeatability, and reproducibility
The accuracy, repeatability, and reproducibility data all met the requirement of being
MFTTUIBO FYDFQUGPSUIF"1"1DZTUFJOFBDDVSBDZPGGPS2$IJHI5IFSFTVMUT
are shown in Table 2.

Stability
&YDFQUGPS"1"1HMVUBUIJPOF UIFSFDPWFSZPGBMM2$TXBTCFUXFFOBOE JOEJDBUJOHUIBUUIFZXFSFTUBCMFGPSBUMFBTUIPVSTXIFOTUPSFEBU¡$"1"1HMVUBUIJPOF
XBTPOMZTUBCMFGPSIPVST"MMQSFQBSFE2$TXFSFTUBCMFGPSBUMFBTUIPVSTXIFO
kept in the autosampler. The effect of drying showed no significant difference between
the dried and non-dried standard (Mann Whitney test; p < 0.05).
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Table 2. Validation results
Analyte

QC

Accuracy#
(%)

Repeatability
RSD (%)
(within-run
imprecision)

Reproducibility
RSD (%)
(between-run
imprecision)

LLOQ
NH-

ULOQ
NH-

"1"1

QC L
QC M
QC H

−2.6
4.7
1.9

2.2
2.4
2.0

5.0
5.4
6.1

0.020

25.0

"1"1DZTUFJOF

QC L
QC M
QC H

−4.9
−0.4
30.9

5.9
3.7
4.1

8.6
6.9
11.7

0.020

10.0

"1"1HMVDVSPOJEF

QC L
QC M
QC H

1.5
−6.4
4.6

5.1
3.8
10.4

5.7
5.4
12.4

0.047

47.0

"1"1HMVUBUIJPOF

QC L
QC M
QC H

−4.0
7.2
−0.6

6.6
3.4
3.6

13.7
6.4
7.0

0.022

43.0

"1"1NFSDBQUVSBUF

QC L
QC M
QC H

2.2
1.8
−2.3

3.6
2.5
3.4

4.8
4.7
5.2

0.010

15.0

"1"1TVMGBUF

QC L
QC M
QC H

−0.6
0.8
2.2

3.1
3.4
3.1

6.4
4.4
6.2

0.043

43.0

QC:
Quality control
LLOQ:
Lower limit of quantification
ULOQ:
Upper limit of quantification
#
The percentage for accuracy is the error of measurement.

Matrix effect and recovery
.BUSJYFòFDUTBOEBCTPMVUFSFDPWFSJFTJOUIFEFWFMPQNFOUPGUIF-$.4.4NFUIPEBSF
shown in Table 35IFUFTUPG.BUVT[XFXTLJTIPXFEUIBU"1"1 "1"1DZTUFJOF BOE"1"1
sulfate experienced neither matrix effect nor an effect from the sample preparation.
$PODFSOJOH"1"1HMVDVSPOJEFUIPVHI NBUSJYFòFDUJOEJDBUFTJPOFOIBODFNFOU
0OUIFPUIFSIBOE GPS"1"1NFSDBQUVSBUF JPOTVQQSFTTJPOXBTPCTFSWFENBUSJYFòFDU

Table 3. Matrix effect, recovery, and process efficiency
Analyte

Matrix effect
mean (%)

Recovery
mean (%)

Process Efficiency
mean (%)

"1"1

90.3

108.2

97.7

"1"1DZTUFJOF

104.5

122.2

127.6

"1"1HMVDVSPOJEF

191.2

105.9

204.0

"1"1HMVUBUIJPOF

81.4

18.6

16.2

"1"1NFSDBQUVSBUF

72.0

140.3

96.4

"1"1TVMGBUF

95.8

104.5

100.2
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XBT"HPPESFDPWFSZXBTBDIJFWFEGPSBMMBOBMZUFT FYDFQUGPS"1"1HMVUBUIJPOF
with mean 18.6%.

Application to pediatric pharmacokinetic samples
"UPUBMPGQPTUEPTFTBNQMFTXFSFDPMMFDUFEGSPNBQFEJBUSJDDPIPSU O DPOTJTUJOHPGDIJMESFOXJUI%PXOT4ZOESPNF O BOEXJUIPVU%PXOT4ZOESPNF O 
(data unpublished); median age at surgery was 176 days (range 92-944), median weight
at cardiac surgery 6.1 kg (4-12.9).
'PS"1"1 "1"1DZTUFJOF "1"1HMVDVSPOJEF BOE"1"1TVMGBUF POMZPGUIF  
TBNQMFTXBTNFBTVSFECFMPX--02'PS"1"1NFSDBQUVSBUFBOE"1"1HMVUBUIJPOF UIJT
was the case in 5 (3.1%) and 161 (99.4%) samples, respectively. None of the analytes was
measured above the ULOQ in these samples. Due to the small sample volume, it was not
QPTTJCMFUPEJòFSFOUJBUFCFUXFFOQSPUFJOCPVOEBOEVOCPVOE"1"1DZTUFJOF

DISCUSSION
We have validated an UPLC-MS method for the quantification of acetaminophen and
JUTNFUBCPMJUFTBDDPSEJOHUP64'PPEBOE%SVH"ENJOJTUSBUJPOHVJEFMJOFT XJUIBOFBTZ
TBNQMFQSFQBSBUJPO TIPSUSVOUJNF BOENJOJNBMJOKFDUJPOWPMVNF5IFSFGPSF UIFBTTBZ
JTWFSZTVJUBCMFGPS5%.5IFNFUBCPMJUFTJODPSQPSBUFEJOUIJTNFUIPEBSF"1"1HMVDVSPOJEF "1"1TVMGBUF "1"1HMVUBUIJPOF "1"1DZTUFJOF "1"1NFSDBQUVSBUF BOEQSPUFJO
EFSJWFE"1"1DZTUFJOF1SJPSSFQPSUFENFUIPETGPSUIFRVBOUJöDBUJPOPGBDFUBNJOPQIFO
and metabolites in human plasma contained few metabolites, mostly acetaminophen
TVMGBUF BOEPS HMVDVSPOJEF26-28 "TTBZT XJUI NPSF NFUBCPMJUFT XFSF QSJPS WBMJEBUFE JO
animal matrices29, although Cook et al. recently published a method in human plasma
and urine that comes close to the performance of our assay30. Our assay is distinguished
CZBTIPSUFSUPUBMSVOUJNFQFSJOKFDUJPOPGNJOVUFTWFSTVTNJOVUFT FBTJFSTBNQMF
QSFQBSBUJPO  BOE UIF BCJMJUZ UP RVBOUJGZ UIF UPYJD NFUBCPMJUF QSPUFJOEFSJWFE "1"1
cysteine.
Our assay fulfilled the desired criteria for accuracy, repeatability, and reproducibility, exDFQUGPSUIFBDDVSBDZPG2$IJHIPG"1"1DZTUFJOF5IJT2$IJHIDPODFOUSBUJPOPG
"1"1DZTUFJOFXBTPVUTJEFUIFMJOFBSSBOHF5IFPWFSFTUJNBUJPOPG"1"1DZTUFJOFDPVME
CFDBVTFECZUSBOTGPSNBUJPOGSPNUIFJOTUBCMF"1"1HMVUBUIJPOF"UUIFSBQFVUJDEPTFT 
the acetaminophen ULOQ is generally not exceeded, although it may be for toxicology
purposes. The ranges for linearity for all other analytes were perfectly suitable for clinical
pharmacology and toxicology.
3FMFWBOU NBUSJY FòFDUT XFSF NFBTVSFE GPS "1"1HMVDVSPOJEF EVSJOH UIF FYQFSJNFOU 
SFTVMUJOHJOBOJODSFBTFEQSPDFTTFóDJFODZ5IJTJTJOMJOFXJUIUIFHFOFSBMQSPCMFNBUJD
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CFIBWJPSPGHMVDVSPOJEFNFUBCPMJUFTJO-$.4.4BOBMZTFT EVFUPUIFJSTVTDFQUJCJMJUZ
to interferences from the co-eluting matrix analytes310OUIFPUIFSIBOE GPS"1"1NFSDBQUVSBUF NBUSJYFòFDUTMFBEUPPCTFSWFEJPOTVQQSFTTJPO5IFDPFóDJFOUTPGWBSJBUJPOPG
"1"1NFSDBQUVSBUFJOUIFTBNQMFTTQJLFECFGPSFFYUSBDUJPOBSFBOEGPS2$-
and QC-H, respectively. Therefore, the effect of the matrix can be considered acceptable.
For all other analytes, no matrix effects were measured, which indicates the absence of
interferences by matrix compounds, stable-isotope-labeled internal standards, and coeluting compounds, that may affect ion suppression and ion enhancement. The matrix
effect of plasma is relevant, although it does not influence quantification as all analytes
BOEDBMJCSBUPSTBSFQSFQBSFEJOUIFTBNFQMBTNBNBUSJYBOEBSFTVCKFDUUPJOøVFODFUP
the same extent.
&YDFQUGPS"1"1HMVUBUIJPOF UIFTUBCJMJUZPGBMMBOBMZUFTXBTHPPE XIJDINFBOTUIFZ
XFSFTUBCMFGPSBUMFBTUIPVSTXIFOTUPSFEBU¡$"1"1HMVUBUIJPOFXBTPOMZTUBCMF
for 24 hours at 6°C, and therefore the measurement or storage of the plasma sample in
a freezer should be aimed for within 24 hours. This instability has also been reported
by Cook et al.30)ZESPMZTJTPG"1"1HMVUBUIJPOFRVJDLMZUSBOTGPSNT"1"1HMVUBUIJPOFUP
"1"1DZTUFJOF QSFTVNBCMZCZHBNNBHMVUBNZMUSBOTGFSBTFBOEEJQFQUJEBTFT5IJTNBZ
MFBEUPBOVOEFSWBMVBUJPOPGUIFBDUVBMDPODFOUSBUJPO"1"1HMVUBUIJPOFBUUIFUJNFPG
TBNQMFDPMMFDUJPOBOENBZMFBEUPBOJODSFBTFE"1"1DZTUFJOFDPODFOUSBUJPO5IJTJOTUBCJMJUZPG"1"1HMVUBUIJPOF XIFSF"1"1DZTUFJOFJTGPSNFEGSPN"1"1HMVUBUIJPOF NBZ
BMTPCFSFTQPOTJCMFGPSUIFJODSFBTFESFDPWFSZBOEQSPDFTTFóDJFODZPG"1"1DZTUFJOF
BOEUIFMPXFSSFDPWFSZBOEQSPDFTTFóDJFODZPG"1"1HMVUBUIJPOF'PSGVUVSFSFTFBSDI 
the addition of peptidase inhibitors during sample collection could prevent or reduce
this degradation.
The assay was successfully validated for clinical practice and research purposes,
quantifying acetaminophen and its metabolites in 162 plasma samples from children.
"1"1HMVUBUIJPOFDPVMEPOMZCFRVBOUJöFEJOPOFTBNQMF BTBSFTVMUPGSBQJEDPOWFSTJPO
JOUP"1"1DZTUFJOF5IJTDPOöSNTUIFSFMFWBODFPGUIFBEEJUJPOPGBQFQUJEBTFJOIJCJUPS
EVSJOHTBNQMFDPMMFDUJPO"1"1NFSDBQUVSBUFDPVMEOPUZFUCFEFUFDUFEJOöWFTBNQMFT 
XIJDIXFSFBMMUIFöSTUUPCFDPMMFDUFEQPTUEPTF BT"1"1NFSDBQUVSBUFJTUIFMBTUNFtabolite to be formed. For one sample, which was drawn 4 minutes after the dose, all
analytes were below LLOQ. Since acetaminophen was not yet detectable at that time,
metabolites could not have been formed either. In conclusion, the assay is performing
well for samples in clinical practice.
2VBOUJöDBUJPO PG "1"1HMVUBUIJPOF EVSJOH UIFSBQFVUJD BT XFMM BT UPYJD EPTBHFT PG
acetaminophen may be relevant, as it plays a crucial role in the formation of toxic
NFUBCPMJUFT BMUIPVHIRVBOUJöDBUJPOPGJOWJWP"1"1HMVUBUIJPOFMFWFMTIBTPOMZCFFO
reported in animals yet29/PSNBMMZ UIFSFBDUJWFNFUBCPMJUF/"12*JTRVJDLMZEFUPYJöFE
CZDPOKVHBUJPOXJUIHMVUBUIJPOFBOEGVSUIFSDPOWFSUFEUPUIFDZTUFJOFDPOKVHBUFCFGPSF
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JUJTBDFUZMBUFEUPGPSN"1"1NFSDBQUVSBUF)PXFWFS XIFOUIFGPSNBUJPOPGUIFSFBDUJWF
NFUBCPMJUFFYDFFETUIFHMVUBUIJPOFDPOKVHBUJPODBQBDJUZPGUIFMJWFS DPWBMFOUCJOEJOH
PG /"12* UP DFMMVMBS NBDSPNPMFDVMFT NBZ SFTVMU  XIJDI JOJUJBUFT UIF FWFOUT VMUJNBUFMZ
leading to cytotoxicity.
/FWFSUIFMFTT  QSPUFJOEFSJWFE "1"1DZTUFJOF DBO CF NFBTVSFE XJUI PVS BTTBZ JG 
-PGQMBTNBTBNQMFJTBWBJMBCMF(FOFSBMMZ UIJTBMMPXTUIFRVBOUJöDBUJPOJOBEVMUTBOE
PMEFS JOGBOUT  CVU OPU JO OFPOBUFT 1SPUFJOEFSJWFE "1"1DZTUFJOF JT NPTUMZ QSFTFOU JO
hepatocytes and is directly related to toxicity and detectable in serum at therapeutic
doses6. The interpretation for the treatment or toxicity still remains to be investigated.
More research is needed on the toxic effects and characteristics of acetaminophen
metabolites in specific populations where different metabolism may be expected. These
may include patients with anorexia, patients from different ethnic backgrounds, elderly
patients, pregnant women and their fetuses7, obese adults5, preterm infants32-34, patients
XJUI QPTTJCMF QIBSNBDPLJOFUJD JOUFSBDUJPOT PO $:1"  BOE QBUJFOUT TVCKFDUFE UP SFpeated administration of acetaminophen leading to induced CYP enzymes. Repeated
administration of acetaminophen at a subtoxic dose may result in an induction of
IFQBUJD$:1FO[ZNFT$:1& $:1" BOE$:1"35.
Generally, for toxicology purposes, acetaminophen concentrations have only been
considered important to measure for patients who are suspected for intake of a
UPYJD BNPVOU  OPU JUT NFUBCPMJUFT &YUFOEFE LOPXMFEHF JT SFRVJSFE BCPVU NFUBCPMJUF
formation following intoxication to optimize treatment by infusion of the antidote, Nacetylcysteine. TDM of metabolites may be indicated in case of toxicity, or as part of
standard clinical care in certain populations where metabolites may be used as a marker
GPSTVTQFDUFEMJWFSJOKVSZ

CONCLUSION
8F IBWF EFWFMPQFE B NFUIPE GPS UIF TJNVMUBOFPVT RVBOUJöDBUJPO PG "1"1  "1"1
HMVDVSPOJEF  "1"1TVMGBUF  "1"1DZTUFJOF  "1"1HMVUBUIJPOF  "1"1NFSDBQUVSBUF 
BOE QSPUFJOEFSJWFE "1"1DZTUFJOF JO IVNBO QMBTNB  XIJDI HSFBUMZ GBDJMJUBUFT GVSUIFS
research into acetaminophen and metabolites, as well as for TDM purposes, even in the
smallest plasma volumes obtained from preterm infants.
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ABSTRACT
Aims
"TJNQMFBOETQFDJöD61-$.4.4NFUIPEXBTEFWFMPQFEBOEWBMJEBUFEGPSTJNVMUBOFous quantification of fentanyl, sufentanil, cefazolin, doxapram and its active metabolite
keto-doxapram.

Methods
The internal standard was fentanyl-d5 for all analytes. Chromatographic separation was
BDIJFWFEXJUIBSFWFSTFEQIBTF"DRVJUZ61-$)445DPMVNOXJUIBSVOUJNFPGPOMZ
NJOVUFTQFSJOKFDUFETBNQMF(SBEJFOUFMVUJPOXBTQFSGPSNFEXJUIBNPCJMFQIBTF
consisting of ammonium acetate, formic acid in Milli-Q ultrapure water or in methanol
XJUIBUPUBMøPXSBUFPGN-NJOVUF

Results
" QMBTNB WPMVNF PG POMZ  - XBT SFRVJSFE UP BDIJFWF CPUI BEFRVBUF BDDVSBDZ BOE
QSFDJTJPO$BMJCSBUJPODVSWFTPGBMMBOBMZUFTXFSFMJOFBS"MMBOBMZUFTXFSFTUBCMFGPSBU
least 48 hours in the autosampler. The method was validated according to US Food and
%SVH"ENJOJTUSBUJPOHVJEFMJOFT

Conclusions
This method allows quantification of fentanyl, sufentanil, cefazolin, doxapram and ketodoxapram, which serves purposes for research, as well as therapeutic drug monitoring,
if applicable. The strength of this method is the combination of a small sample volume, a
short run-time, a deuterated internal standard, an easy sample preparation method and
the ability to simultaneously quantify all analytes in one run.
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INTRODUCTION
One of the most important issues in peri-operative and intensive care medicine is the
establishment of an individual antibiotic and analgosedation drug profile for each
patient with respect to the clinical situation, together with support of vital functions.
*OHFOFSBM UIFBOBMHFTJDBOETFEBUJPOEPTFSFHJNFXJMMCFBEKVTUFEUPUIFDMJOJDBMTJUVBtion of each individual patient to shorten duration of therapy and to reduce morbidity4.
Large knowledge gaps still exist with respect to the optimal drug therapy and covariates
that determine the effect and safety, especially in neonates and infants, which requires
well designed trials6.
For certain drugs therapeutic drug monitoring (TDM) has been proven valuable to ensure
drug effects, dosage regimes, monitor physiological changes, and when appropriate,
adapt the medical health care of each patient in the intensive care unit. Despite many
drugs are still being dosed on clinical response, the continuously expanding assortment
of analytical methods improves drug safety and individual patient treatment31. Both for
research as well as for TDM, more assays are necessary with a minimal sample volume,
a short runtime, quick and easy sample preparation, and simultaneously measuring
multiple analytes. Simultaneous quantification in one assay either allows to quantify
multiple analytes in one sample without requiring extra sample volume, and allows to
SVOTBNQMFTDPOUBJOJOHEJòFSFOUESVHTFóDJFOUMZJOPOFBTTBZSVO
&WJEFODFJTTQBSTFPOUIFVTFPGGFOUBOZM TVGFOUBOJM DFGB[PMJOBOEEPYBQSBNGPSDFSUBJO
pediatric age-ranges and indications. Sufentanil, fentanyl and cefazolin are part of perioperative treatments for children. Furthermore, sufentanil and fentanyl are synthetic
opioid analgesics widely used in clinical anesthesia and analgesia18, 23. Cefazolin is a
first-generation cephalosporin Beta-lactam antibiotic used for treatment of sepsis or
life-threatening infections20, where adequate individual dosing may be lifesaving. NeiUIFSIBTEPYBQSBNCFFOJOWFTUJHBUFETVóDJFOUMZJODIJMESFO EFTQJUFJUTGSFRVFOUBOE
promising use in neonatal intensive care for treatment of apnea of prematurity9, 10, 23, 26.
This assay will serve future research to close the knowledge gaps on these four drugs,
but may also be used for therapeutic drug monitoring (TDM) if a target concentration
SBOHF NBZ CF EFöOFE "T UIFTF GPVS ESVHT BSF DPNNPOMZ QSFTDSJCFE BOE DPNCJOFE 
we aimed to develop and validate a quick and easy analytical method for simultaneous
quantification of fentanyl, sufentanil, cefazolin, doxapram and its active metabolite ketodoxapram in human plasma by ultra-performance liquid chromatography-electrospray
JPOJ[BUJPOUBOEFN NBTT TQFDUSPNFUSZ 61-$.4.4 8F PQUJNJ[FE TFOTJUJWJUZ PG UIF
assay so to minimize the required sample volume, which allows measurement of small
volume samples, even from premature born infants.
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MATERIALS AND METHODS
Chemicals and reagents
'FOUBOZM GFOUBOZMEBOETVGFOUBOJMXFSFQVSDIBTFEGSPN4JHNB"MESJDI ;XJKOESFDIU 
the Netherlands). Cefazolin was obtained from Santa Cruz Biotechnology (Heidelberg,
Germany), doxapram from Selleckchem (Munich, Germany) and keto-doxapram from
5SBDUVT -POEPO &OHMBOE "NNPOJVNBDFUBUFXBTPCUBJOFEGSPN4JHNB"MESJDI ;XJKOESFDIU UIF/FUIFSMBOET .FUIBOPM BDFUPOJUSJMFBOEGPSNJDBDJEXFSFQVSDIBTFEGSPN
#JPTPMWF #7 7BMLFOTXBBSE  UIF /FUIFSMBOET  "MM SFBHFOUT XFSF -$.4 HSBEF  XIJDI
NFBOTBUMFBTUQVSJUZ8BUFSXBTQVSJöFECZVTJOHB.JMMJ1PSF"EWBOUBHF"TZTtem. Human drug-free plasma was obtained from the blood donation center (Sanquin,
Rotterdam, the Netherlands).

Stock solutions, calibration standards, quality control samples and internal
standard
Stock solutions of doxapram and keto-doxapram were prepared at a concentration of
NH-VTJOHNFUIBOPM5IFGPMMPXJOHTVCTUBODFTUPDLDPODFOUSBUJPOTJONFUIBOPM
XFSF QSFQBSFE  TVGFOUBOJM BU B DPODFOUSBUJPO PG  NH-  GFOUBOZM BU B DPODFOUSBUJPO
PGNH- BOEDFGB[PMJOBUBDPODFOUSBUJPOPGNH-VTJOH.JMMJ2XBUFS'PSFBDI
analyte two separate stock solutions were made with the same concentration, for both
calibration of standard samples and for quality control samples. Stock solutions were
stored at -20°C, except the stock solution of cefazolin which was stored at 2-8°C. The calibration standard 8 and Quality Control (QC) High were made from the stock solutions
with drug-free human plasma. Calibration standard 1 through 7 and the lower limit of
quantification (LLOQ) standard were prepared by serial diluting of calibration standard
8 with human plasma. QC Medium and QC High samples were prepared the same way,
using the other stock solution (QC High) which was diluted with human plasma. The concentrations of all calibration standards are given in Table 1 and the concentrations of the
quality controls are given in Table 2. Calibration standards and quality control samples
XFSFTUPSFEBT-QPSUJPOTJON-&QQFOEPSGUVCFTBU¡$QSJPSUPBOBMZTJT5IF
internal standard was fentanyl-d5, which was dissolved in a mixture of acetonitrile and
NFUIBOPMBUBDPODFOUSBUJPOPGH-5IFJOUFSOBMTUBOEBSEXPSLJOHTPMVUJPOXBT
stored at -20°C.

Sample preparation
" NJYUVSF PG BDFUPOJUSJMF BOE NFUIBOPM  DPOUBJOJOH  H- GFOUBOZME UIF JOUFSOBM
TUBOEBSETPMVUJPO XBTVTFEGPSQSPUFJOQSFDJQJUBUJPO-PGUIFDBMJCSBUJPOTUBOEBSET 
quality control samples, blanks and patient samples were thawed at least half an hour
QSJPSUPQSFQBSBUJPO5IFOQMBTNBQSPUFJOTXFSFQSFDJQJUBUFECZBEEJOH-PGUIF
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Table 1: Concentrations of all calibration standards and LLOQ standard
Analyte

LLOQ
H-

S1
H-

S2
H-

S3
H-

S4
H-

S5
H-

S6
H-

S7
H-

S8
H-

Fentanyl

0.10

0.10

0.50

1.0

2.5

4.0

5.0

8.0

10.0

Sufentanil

0.25

1.0

5.0

10.0

25.0

40.0

50.0

80.0

100

Cefazolin

1,000

1,000

5,000

10,000

25,000

75,000

80,000

90,000

100,000

Doxapram

50

100

500

1,000

2,500

4,000

5,000

8,000

10,000

,FUP
doxapram

50

50

100

250

500

1,000

2,000

4,000

5,000

4

S: Calibration standard-LLOQ: Lower limit of quantification
Table 2: Concentrations of all quality controls
Analyte

QC Low H-

QC Medium H-

QC High H-

Fentanyl

0.5

2.5

7.5

Sufentanil

2.0

10.0

30.0

Cefazolin

4,000

25,000

70,000

Doxapram

400

2,500

7,000

,FUPEPYBQSBN

150

850

3,000

QC: Quality control

internal standard solution. Subsequently, the samples were vortexed for about 10
TFDPOET"GUFSWPSUFYJOH UIFQSFDJQJUBOUXBTTFQBSBUFECZDFOUSJGVHBUJPOGPSNJOVUFT
at 16,000 x g-PGFBDITVQFSOBUBOUXBTUSBOTGFSSFEJOUPBOBVUPTBNQMFSJOTFSU
WJBM 783 "NTUFSEBN UIF/FUIFSMBOET BOEEJMVUFECZBEEJOH-PGNPCJMFQIBTF
"5IFBVUPTBNQMFSWJBMTXFSFNJYFECZVTJOHUIFWPSUFYGPSTFDPOET'PSDFGB[PMJO 
EPYBQSBNBOELFUPEPYBQSBN-XBTJOKFDUFEJOUPUIF61-$'PSGFOUBOZMBOETVGFOUBOJM MXBTJOKFDUFEJOUPUIFTZTUFNCFDBVTFPGUIFMPXFSUIFSBQFVUJDSBOHFPGUIFTF
compounds (see Table 2).

Instrumentation
"%JPOFY6MUJNBUF61-$TZTUFNDPOTJTUJOHPGBO6MUJNBUF3461-$QVNQ BO6MUJNBUF
3000 RS autosampler and an Ultimate 3000 RS Column Compartment were used as the
equipment. The UPLC was connected to a Thermo TSQ Vantage triple quadrupole MS with
)&4*QSPCF 5IFSNP4DJFOUJöD 8BMUNBO ." 5IFTPGUXBSFQSPHSBNT$ISPNFMFPO WFSsion 6.8, Dionex, Thermo Scientific), Xcalibur (version 2.1, Thermo Scientific), and LCquan
(version 2.6, Thermo Scientific) were used to control the system and analyze the data.

UPLC conditions
$ISPNBUPHSBQIJD TFQBSBUJPO  CBTFE PO BóOJUZ PG UIF BOBMZUFT XJUI UIF OPOQPMBS TUBUJPOBSZQIBTF XBTBDIJFWFEXJUIBSFWFSTFEQIBTF61-$"DRVJUZ#&)$DPMVNO 
N YNN 8BUFST .JMGPSE 64" (SBEJFOUFMVUJPOXBTQFSGPSNFEXJUIBNPCJMF
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QIBTFDPOTJTUJOHPGN-PGBNH-TPMVUJPOPGBNNPOJVNBDFUBUFJOGPSNJDBDJE
 JO-PG.JMMJ2VMUSBQVSFXBUFS FMVFOU" BOEN-PGUIFTBNFTPMVUJPOJO-
of methanol (eluent B). Before the analysis, the system was equilibrated at the starting
DPOEJUJPOTPGFMVFOU"BOEFMVFOU#VOUJMQSFTTVSFXBTTUBCMF5IFNVMUJTUFQ
gradient was as follows: from 0 to 0.6 minutes, eluent B was increased from 25% to 48%;
GSPNUPNJOVUFT FMVFOU"EFDSFBTFEUPBOE#XBTJODSFBTFEUPGSPN
UPNJOVUFT FMVFOU#XBTLFQUTUBCMFBUBOEFMVFOU"GSPNUP
NJOVUFT FMVFOU"XBTJODFBTFEUPBOE#XBTEFDSFBTFEUP5IFSVOFOEFEBU
5.0 minutes at starting conditions. Temperature for the column oven was set at 50 °C and
for the autosampler at 15 °C.
5IFTFQBSBUJPOXBTQFSGPSNFECZHSBEJFOUFMVUJPOVTJOHNPCJMFQIBTF" N-PG.
ammonium acetate in formic acid 99%), in 1 L Milli-Q water and mobile phase B (1 mL of
2M ammonium acetate in formic acid 99%), in 1 L methanol with a total flow rate of 0.4
N-NJO.PCJMFQIBTF#XBTLFQUBUGSPNNJOUPNJO UIFOBU GSPN
to 1.5 min mobile phase B at 65%, then from 1.6 to 2.8 min at 100%, from 3.0 to 5.0 min
mobile phase B was kept at 25%. The run ended at 5.0 minutes at starting conditions.
Temperature for the column oven was set at 50 °C and for the autosampler at 15 °C.

MS/MS conditions
.4.4EFUFDUJPOXBTQFSGPSNFEJOQPTJUJWFNPEFCZVTJOH4FMFDUFE3FBDUJPO.POJUPSJOH 43.  XJUI FMFDUSPTQSBZ JPOJ[BUJPO 5P PQUJNJ[F UIF .4.4 QBSBNFUFST UP EFUFDU
UIF NPTU JOUFOTF TJHOBM PG FBDI BOBMZUF  TPMVUJPOT PG  NH- XFSF EJSFDUMZ JOGVTFE JO
NFUIBOPMCZBEEJUJPOPGUIFNPCJMFQIBTF NPCJMFQIBTF"BOENPCJMFQIBTF
# GSPNUIF-$BUBøPXSBUFPGN-NJO5IF.4.4JOTUSVNFOUXBTPQFSBUFEXJUIB
capillary spray voltage of 3 kV, vaporizer temperature at 375 °C, capillary temperature
at 250 °C, sheath gas pressure at 50 (arbitrary units), auxiliary nitrogen gas pressure
at 20 (arbitrary units), collision gas pressure at 1.5 mTorr. Specific parameters for each
compound are given in table 3.

Assay Validation
7BMJEBUJPOPGUIFNFUIPEXBTQFSGPSNFEBDDPSEJOHUPUIF64'PPEBOE%SVH"ENJOJTUSBtion (2001) guidelines for bio analytical methods7. The following validation parameters
were investigated; linearity, LLOQ and ULOQ, accuracy, repeatability, reproducibility,
stability and matrix effect.

Linearity
To investigate the linearity of the method, a blank sample (without internal standard),
a zero sample (blank with internal standard) and eight calibration standards in duplicate were prepared and analyzed. Calibration curves were generated by plotting the
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Table 3: MS/MS settings
Analyte

Parent ion N[

Product ion N[

Collision Energy
(V)

S-Lens (V)

Fentanyl

337.400

188.200

22

124

Fentanyl-d5

342.400

188.200

22

124

Sufentanil

387.300

238.200

18

124

Cefazolin

455.050

323.00

10

80

Doxapram

379.250

128.100

55

135

,FUPEPYBQSBN

393.241

214.100

26

150

4

theoretical standard concentration versus the ratio of the standard peak area to the
JOUFSOBM TUBOEBSE BSFB 5IF EFUFSNJOBUJPO DPFóDJFOU 3  TIPVME CF BU MFBTU 
The relative standard deviation (RSD) of the calculated concentrations of the standard
concentrations was required to be lower than 15%, except at the LLOQ, where it should
OPUEFWJBUFCZNPSFUIBO*UXBTEFDJEFEUPBQQMZXFJHIUJOHY XIJDINFBOTUIBU
standards with the lowest concentrations are more important for the calibration line
than standards with highest concentrations (Saar, Gerostamoulos, Drummer & Beyer,
2010). The calibration curves were formed using the peak area ratios for the analytes and
their corresponding internal standard (response) versus the concentrations applying
MJOFBSMFBTUTRVBSFSFHSFTTJPOXJUIBXFJHIJOHGBDUPSPGYBOEFYDMVEJOHPGUIFPSJHJO

LLOQ and ULOQ
The LLOQ was measured by analyzing the LLOQ standard six times in a row. Mean and
standard deviation of the response ratios of the six samples were measured. The response
of the analyte should be at least 5 times the response compared with the response of
the blank. Precision and accuracy were calculated and should be ≤20% and the accuracy
should be between 80-120%, respectively. The highest standard of the calibration curve
was used as upper limit of quantification (ULOQ).

Accuracy
"DDVSBDZ XBT NFBTVSFE CZ NFBTVSJOH UISFF DPODFOUSBUJPOT 2$)  2$. BOE 2$- 
in six-fold on the same day. The difference in percentage, between the measured concentration and the theoretical concentration, known as the relative standard deviation
(RSD) was required to be lower than 15%.

Repeatability and reproducibility
The repeatability was tested by analyzing three QC levels in six-fold on the same day. The
reproducibility was tested by analyzing three concentrations in duplicate on six different days. The requirement for both parameters was an RSD lower than 15%.
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Stability
"VUPTBNQMFSTUBCJMJUZXBTEFUFSNJOFECZTUPSJOH2$TBNQMFT OQFSDPODFOUSBUJPO 
after sample preparation in the autosampler for 24, 48, 72 and 120 hours. Response
ratios were measured and compared with response ratios of samples kept at -80°C prior
UPQSFQBSBUJPO"GUFSTBNQMFQSFQBSBUJPO TBNQMFTXFSFEJSFDUMZBOBMZ[FE3FDPWFSZXBT
required to be between 90 and 110%.

Matrix effect
It is important to measure matrix effects and absolute recoveries in the development
PG BO -$.4.4 NFUIPE TJODF JPO TVQQSFTTJPO BOE JPO FOIBODFNFOU FòFDUT DBO CF
expected owing to interferences by matrix compounds, stable-isotope-labeled internal
standards and co-eluting compounds32. In order to check whether the precision, the
reproducibility and the stability of the concentration-signal ratio are affected by interference of the matrix analytes, the method described by Matuszewski et al. was used19.
Five different lots of human plasma were used. To two concentration levels (QC Low and
QC High) (both in duplicate), the analytes were added before and after extraction, which
TFSWFEUPDBMDVMBUFEUIFSFDPWFSZ"MTP BTFUPGTJYBDBEFNJDTBNQMFTXBTFWBMVBUFEXJUI
only Milli-Q ultrapure water instead of plasma. Matrix effects were calculated as follows:
QFBLBSFBPGBOBMZUFTQJLFEBGUFSFYUSBDUJPOQFBLBSFBPGBOBMZUFQSFQBSFEJO.JMMJ2
VMUSBQVSFXBUFS¨
5IFQSPDFTTFóDJFODZXBTDBMDVMBUFEBTUIFQFSDFOUBHFSBUJPPGUIFBSFBPGUIFBOBMZUFT
spiked before extraction and the ones prepared in Milli-Q ultrapure water. The mean
BOE34%XFSFDBMDVMBUFEPGCPUINBUSJYFòFDUT QSPDFTTFóDJFODZBOESFDPWFSZ*OUIF
JEFBM TJUVBUJPO  UIF NFBO NBUSJY FòFDUT  QSPDFTT FóDJFODZ BOE SFDPWFSZ BSF CFUXFFO
80% and 120%, and the RSD of both parameters is ≤15%. Furthermore, for each analyte,
the internal standard normalized matrix effect should also be calculated by dividing
the matrix effect of the analyte by the matrix effect of the IS. The RSD of the internal
standard-normalized matrix effect calculated from the different lots of matrix should not
be greater than 15%.

Clinical application
The method was developed for the analysis of plasma samples from a pharmacokinetic
study and may also be used for TDM, if this can be proven clinically valuable. For the validation of the assay for clinical practice, clinical application, and research purposes the
method has been applied to quantify doxapram, keto-doxapram and fentanyl in plasma
PG QSFUFSN CPSO JOGBOUT QBSUJDJQBUJOH JO B DMJOJDBM TUVEZ5IF &SBTNVT .FEJDBM $FOUFS
FUIJDTSFWJFXCPBSEBQQSPWFEUIFQSPUPDPMBOEXSJUUFOJOGPSNFEDPOTFOUGSPNQBSFOUT
MFHBMHVBSEJBOTXBTPCUBJOFEQSJPSUPTUVEZJOJUJBUJPO .&$ $MJOJDBM5SJBMTHPW
by NCT02421068). This observational prospective multicenter study was performed
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between September 2014 and June 2017 at the Departments of Neonatology of the
3BECPVE6OJWFSTJUZ.FEJDBM$FOUSFJO/JKNFHFO .BBTUSJDIU6OJWFSTJUZ.FEJDBM$FOUSF
JO .BBTUSJDIU  .BYJNB .FEJDBM $FOUSF JO7FMEIPWFO BOE 4PQIJB $IJMESFOT )PTQJUBM JO
Rotterdam. Neonates routinely received doxapram (Dopram®, Manage, Belgium) for
USFBUNFOU PG BQOFB PG QSFNBUVSJUZ TUBSUJOH XJUI B MPBEJOH EPTF PG  NHLH CPEZXFJHIUJONJOVUFT GPMMPXFECZBNBJOUFOBODFTUBSUJOHEPTFPGNHLHI FJUIFSCZ
continuous intravenous infusion or continuous gastro-enteral administration. Fentanyl
#JQIBSNB "MNFSF UIF/FUIFSMBOET XBTJOEJDBUFEGPSDPNGPSUBTBOJOUSBWFOPVTDPOUJOVPVTJOGVTJPOPGoHLHIPSBTBCPMVTJOKFDUJPOPGoHLH

RESULTS
Linearity
Linearity was achieved for each analyte in the range between the LLOQ and the ULOQ
(Table 2 XJUIBMM34%TUPCFMPXFSUIBOBOEUIFEFUFSNJOBUJPODPFóDJFOU S UPCF
at least 0.995. The calibration curves showed that a regression with a weighting factor
PGYCFTUEFTDSJCFEUIFEBUBTFUPWFSUIFSBOHFGPSBMMBOBMZUFTFigure 1 shows the ion
chromatograms obtained after the analysis of the lowest plasma calibrator standard for
all the analytes, and the corresponding retention times of each analyte (see Table 1).

LLOQ and ULOQ
The results for the LLOQ for cefazolin, keto-doxapram and fentanyl did not meet the initial requirements. Therefore, the LLOQ for these analytes was set to calibration standard
1, which was acceptable. The results of determination of LLOQ and ULOQ are shown in
Table 4.

Accuracy, repeatability and reproducibility
The RSD of accuracy, repeatability and reproducibility data were within the requirement
of an RSD lower than 15% (Table 4).

Stability
&YDFQU GPS DFGB[PMJO BOE LFUPEPYBQSBN  UIF SFDPWFSZ PG BMM 2$T XBT CFUXFFO 
and 110%, indicating that they were stable for at least 120 hours when stored in the
autosampler at 15°C. Cefazolin was only stable for 72 hours and keto-doxapram only for
48 hours.
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Figure 1. Ion chromatograms of all analytes and internal standard in lowest concentration calibration standard 1 (see Table 1)
'PSUIFJPODISPNBUPHSBNTPGTVGFOUBOJMBOEGFOUBOZMV-XBTJOKFDUFE BOEGPSDFGB[PMJO EPYBQSBNBOE
LFUPEPYBQSBNUIFJOKFDUJPOWPMVNFXBTV-
"CCSFWJBUJPOT353FUFOUJPOUJNF"""VUPNBUJDJOUFHSBUFEBSFB
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Table 4. Validation results (n=6)
Analyte

Fentanyl

Sufentanil

Cefazolin

Doxapram

,FUP
doxapram

QC

Accuracy
RSD
(%)

Repeatability
(within-run precision)

Reproducibility
(between-run precision)

LLOQ

ULOQ

ɅH-

Mean
ɅH-

SD
ɅH-

RSD
(%)

Mean
ɅH-

SD
ɅH-

RSD
(%)

ɅH-

0.01

1.5

0.51

0.02

3.9

0.10

L

-2.7

0.46

M

-2.7

2.1

0.05

2.4

2.00

0.03

1.5

H

-3.4

6.8

0.09

1.3

6.82

0.15

2.2

L

3.0

5.7

0.06

1.0

5.60

0.14

2.5

M

-0.2

26.7

0.44

1.7

25.5

0.56

2.2

H

-1.8

53.1

1.03

1.9

52.5

1.47

2.8

L

8.0

6.6

0.12

1.7

6.57

0.23

3.5

M

0.4

32.1

0.39

1.2

30.9

0.34

1.1

H

0.9

101.6

1.48

1.5

104.2

1.25

1.2

L

3.2

0.42

0.01

1.4

0.43

0.02

4.7

M

3.0

2.15

0.04

1.9

2.22

0.02

0.9

H

-1.2

3.46

0.06

1.8

3.57

0.05

1.4

L

-4.8

0.16

0.00

1.5

0.18

0.01

5.7

M

3.2

0.88

0.02

2.1

0.77

0.02

2.6

H

1.7

3.43

0.08

2.4

3.43
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"CCSFWJBUJPOT2$2VBMJUZDPOUSPM--PX..FEJVN))JHIo4%4UBOEBSEEFWJBUJPOo34%3FMBUJWFTUBOdard deviation-LLOQ: Lower limit of quantification-ULOQ: Upper limit of quantification

Matrix effect
.BUSJYFòFDUTBOEBCTPMVUFSFDPWFSJFTJOUIFEFWFMPQNFOUPGUIF-$.4.4NFUIPEBSF
shown in Table 5. The method described by Matuszewski et al. showed that fentanyl, sufentanil, cefazolin, doxapram and keto-doxapram experienced neither matrix effect, nor
BOFòFDUGSPNUIFTBNQMFQSFQBSBUJPO"HPPESFDPWFSZXBTBDIJFWFEGPSBMMBOBMZUFT

Clinical application
" UPUBM PG  TBNQMFT XFSF DPMMFDUFE GSPN B QFEJBUSJD DPIPSU PG QSFUFSN CPSO JOGBOUT
O DPOTJTUJOHPGJOGBOUTXIPSFDFJWFEGFOUBOZMBOEJOGBOUTXJUIEPYBQSBN
&MFWFO TBNQMFT XFSF DPMMFDUFE GSPN TJY QBUJFOUT GSPN UIF DPIPSU PG  JOGBOUT XIP
received fentanyl and doxapram simultaneously. The median gestational age of the
fentanyl cohort was 27.1 weeks (range 24.3-31.2 weeks), median postnatal age at start
of drug therapy 4.5 days (range 0-68 days), median body weight at start of drug therapy
968 g (range 465-3,000 g). The median gestational age of the doxapram cohort was 26.1
weeks (range 24.0-29.4 weeks), median postnatal age at start of drug therapy 17 days
(range 1-52 days), median body weight at start of drug therapy 960 g (range 650-1,520 g).
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Fentanyl was quantified in 370 samples from 92 patients, and doxapram and ketodoxapram in 248 samples from 65 patients. For fentanyl 78 (21%) of the 370 samples
was measured below LLOQ, and 19 (5%) below LOD. For doxapram 29 (12%) and for
keto-doxapram 33 (13%) of the 248 samples were below LLOQ, and 8 (3%) doxapram
and 6 (2%) keto-doxapram measurements were below LOD. For doxapram, three (1.2%)
samples were measured above the ULOQ.
Table 5. Matrix effect, recovery and process efficiency
Analyte

Matrix effect
mean (%)

Recovery
mean (%)

Process Efficiency
mean (%)

Fentanyl

113.3

102.2

115.9

Sufentanil

108.8

93.5

101.7

Cefazolin

108.0

90.1

97.4

Doxapram

111.3

92.5

102.9

,FUPEPYBQSBN

99.9

99.2

99.1

DISCUSSION
We developed a robust UPLC-MS method for simultaneous quantification of fentanyl,
sufentanil, cefazolin, doxapram and its active metabolite keto-doxapram according to US
'PPEBOE%SVH"ENJOJTUSBUJPOHVJEFMJOFT5IFFBTZTBNQMFQSFQBSBUJPO TNBMMSFRVJSFE
sample volume of 50 PL human plasma and short runtime of 5.0 minutes perfectly met
UIFPCKFDUJWFT)FSFXJUI XFBSFBCMFUPBOBMZ[FPOFQMBTNBTBNQMFUPTJNVMUBOFPVTMZ
quantify multiple drugs that are part of one treatment, and combine samples with different drugs to be measured in one assay run.
Previously reported methods for quantification of these analytes concerned either one
of these analytes (with or without their metabolites) per assay, or in a combination with
other drugs. These combinations mostly concerned multiple drugs from the same drug
class; i.e. sufentanil or fentanyl with other analgosedatives by Nosseir et al.12 and by
Fernandez et al.8, cefazolin with beta-lactams by Carlier et al. (Carlier et al., 2012) and
,JS[JB[PQPVMPT FU BM14 0VS BTTBZ DPODFSOT GPVS ESVHT GSPN UISFF EJòFSFOU "OBUPNJDBM
5IFSBQFVUJD $IFNJDBM "5$  DMBTTFT GFOUBOZM BOE TVGFOUBOJM BT OFSWPVT TZTUFN ESVHT 
cefazolin as an anti-infective drug, and doxapram as a respiratory drug. Herewith, our assay enables to quantify four drugs in one sample simultaneously following one sample
JOKFDUJPO5IJTNBZCFWBMVBCMFGPS5%.BTXFMMBTGPSSFTFBSDI DPODFSOJOHQBUJFOUTVTJOH
a combination of these drugs as part of a certain treatment protocol. The burden to
the patient may be reduced compared to a separate assay per drug, which is especially
important concerning vulnerable (preterm) infants. Furthermore, samples with different
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ESVHTNBZCFDPNCJOFEJOPOFTJOHMFSVO XIJDINBZJNQSPWFFóDJFODZPGUIFMBCPSBtory process.
In general, for all analytes, our assay performed better than or comparable to prior
reported assays, even in comparison with assays measuring only a single analyte, which
makes it easier to achieve good performance on runtime, required sample volume,
matrix effects1, 3, 5, 8, 13, 14, 15, 16, 17, 22, 24 25, 29, 30. Furthermore, most assays use a different drug
as an internal standard, where we used a deuterated form of fentanyl, which shows
better comparable behavior to the analytes that are measured than using a different
drug. Next, our sample preparation consisted of a simple one-step protein precipitation
method, where in most studies a solid phase extraction is prescribed, or a liquid-liquid
FYUSBDUJPOXJUIBOFWBQPSBUJPOBOEPSVMUSBöMUSBUJPOTUFQ PSPUIFSBEEJUJPOBMTUFQT
For sufentanil, other reported assays required more plasma volume and a more complex
sample preparation compared to our assay22, 24, 29. Concerning doxapram, four of the five
SFQPSUFE BTTBZT EBUF GSPN UIF T 1, 15, 21, 27 and are inferior to our assay with respect
to the use a different drug for internal standard, sample preparation which requires an
evaporation step, higher LLOQ, larger sample volume required, a longer runtime, and
two assays could not measure keto-doxapram. The recently published assay by Suzuki
et al.30 SFRVJSFE POMZ  - QMBTNB WPMVNF DPNQBSFE UP PVS  -  BOE BO --02 GPS
EPYBQSBNPGɅH-DPNQBSFEUPPVSɅH-0OUIFPUIFSIBOE 4V[VLJFUBMOFFEFE
a 12 minutes runtime and used propranolol an internal standard, where we needed 5
minutes runtime and used deuterated fentanyl, and our sample preparation required
less operational steps. Regarding cefazolin, multiple assays have been reported with
comparable performance3, 14, 16, 25. The reported fentanyl assays require larger sample
WPMVNFTFYDFQUGPS)JTBEBFUBM XIPOFFEPOMZ-BOESFBDIFEBMPXFS--02PG
ɅH-DPNQBSFEUPPVSɅH-13.
&YDFQU GPS DFGB[PMJO BOE LFUPEPYBQSBN  UIF TUBCJMJUZ PG BMM BOBMZUFT XBT HPPE  XIJDI
means they were stable for at least 120 hours when stored in the autosampler at 15°C.
Cefazolin was only stable for 72 hours and keto-doxapram only for 48 hours at 15°C.
Suzuki et al. tested the stability of keto-doxapram for 48 hours at 10°C for autosampler
conditions and also found them to be stable for that time30. Stability during 3 cycles
of freezing and thawing, together with freezer stability studies of the analytes in the
matrix are not presented because they were already carried out in previous published
papers and do not depend on the analytical method. No relevant effects of freezing
and thawing were found for all analytes, together with good stability at -20°C for 4
weeks5, 14, 17, 22, 24, 25, 29, 30.
Our assay fulfilled the desired criteria for accuracy, repeatability, and reproducibility.
Furthermore, for all analytes a good recovery was achieved and matrix effects were
measured. These indicated the absence of interferences by matrix compounds, stable
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isotope-labeled internal standard, and co-eluting compounds, that may cause ion suppression and ion enhancement.
The ranges for linearity for all analytes were perfectly suitable for clinical pharmacology
research, as well as for possible TDM purposes. The assay was successfully validated for
clinical practice and research purposes of fentanyl and doxapram. Fentanyl was quantified in 370 plasma samples from 92 preterm infants, and doxapram and keto-doxapram
in 248 plasma samples from 65 preterms. The considerably high proportion of samples
below LLOQ (21% for fentanyl, 12% for doxapram, 13% for keto-doxapram) was due to
UIFPCKFDUJWFPGUIFTUVEZPOJOWFTUJHBUJOHESVHQIBSNBDPLJOFUJDT/BNFMZ UPFTUJNBUF
clearance of the investigated drugs opportunistic sample collection was allowed up to
BOECFZPOEUIFUJNFBUXIJDIUIFQMBTNBDPODFOUSBUJPOTEFDSFBTFECFMPXUIF--02"MM
samples collected during continuous administration of both drugs were all above the
LLOQ for all three analytes, and only above ULOQ for three doxapram samples shortly
after a bolus administration. In conclusion, the assay performed well for samples in clinical practice. Furthermore, investigation is currently in progress in which this method has
been applied to several pharmacokinetic studies in preterm born infants up to elderly
patients.
Despite the good performance, our assay has certain limitations. First, the stability of
cefazolin and keto-doxapram did not reach the desired 120 hours at 15°C in the autosBNQMFS"MUIPVHIBTQFSGPSNBODFPGUIFBTTBZJTöOJTIFEXJUIJOIPVST UIJTEJEOPU
DSFBUF B QSPCMFN JO QSBDUJDF 4FDPOE  BMUIPVHI UIF TNBMM QMBTNB WPMVNF PG  - GPS
performing the assay, this may be too much for some preterm infants, and for quantification of multiple drugs requiring the use of different assays. Third, the LLOQ of certain
analytes in our assay was higher than some reported assays quantifying a single analyte.
This is due to our goal to quantify multiple analytes in one run simultaneously, which
NBLFTJUNPSFEJóDVMUUPBDIJFWFNBYJNBMQFSGPSNBODFGPSBMMBOBMZUFT/FWFSUIFMFTT 
the LLOQs of our assay all meet the clinically required limits of quantification. Fourth, the
assay did not include inactive metabolites as these are not relevant for clinical practice.
Therefore, only keto-doxapram was included being the active metabolite of doxapram.
It has been suggested to implement therapeutic drug monitoring as a supportive tool
for analgosedation for fentanyl and sufentanil which may help physicians increase patient comfort regarding intra- and inter-operative interventions22"MTPGPS#FUBMBDUBN
antibiotics the contributive value of TDM has been suggested11. Quantification of doxapram and keto-doxapram during therapeutic dosages of doxapram may be relevant to
improve successful therapy even further in treatment of apnea of prematurity12, and for
evaluation of safety2.
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CONCLUSIONS
We have developed a method for the simultaneous quantification of fentanyl, sufentBOJM DFGB[PMJO EPYBQSBNBOELFUPEPYBQSBNJO-IVNBOQMBTNBXJUIJOBSVOUJNF
of only 5.0 minutes. This greatly facilitates further research into these drugs as well as
possible TDM purposes, even in the smallest plasma volumes obtained from preterm
infants.
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Chapter 5 | Model-based clinical dose optimization for phenobarbital in neonates

ABSTRACT
Background
Particularly in the pediatric clinical pharmacology field, data-sharing offers the possibility of making the most of all available data. In this study, we utilize previously collected
therapeutic drug monitoring (TDM) data of term and preterm newborns to develop a
population pharmacokinetic model for phenobarbital. We externally validate the model
using prospective phenobarbital data from an ongoing pharmacokinetic study in preterm neonates.

Methods
5%.EBUBGSPNOFPOBUFT HFTUBUJPOBMBHF ("  SBOHF XFFLT CPEZXFJHIU
 SBOHF LHQPTUOBUBMBHF 1/"  SBOHF EBZT DPOUBJOFEJOGPSNBtion on dosage histories, concentration and covariate data (including birth weight,
BDUVBMXFJHIU QPTUOBUBMBHF 1/" QPTUNFOTUSVBMBHF (" TFY MJWFSBOELJEOFZGVODUJPO  "1("3TDPSF  .PEFM EFWFMPQNFOU XBT DBSSJFE PVU VTJOH /0/.&.¥  "GUFS
assessment of model fit, the model was validated using data of 17 neonates included in
the DINO (Drug dosage Improvement in NeOnates)-study.

Results
.PEFMMJOHPGQMBTNBDPODFOUSBUJPOT SBOHJOHGSPNUPNH- SFTVMUFEJOBPOF
compartment model for phenobarbital. Clearance (CL) and volume (Vd) for a child with
BCJSUIXFJHIUPGLHBU1/"EBZXBT-I  BOE-  SFTQFDUJWFMZ
#JSUIXFJHIUBOE1/"XFSFUIFCFTUQSFEJDUPSTGPS$-NBUVSBUJPO JODSFBTJOH$-CZ
per kg birthweight and 5.3% per postnatal day of living, respectively. The best predictor
for the increase in VdXBTBDUVBMCPEZXFJHIU -LH &YUFSOBMWBMJEBUJPOTIPXFEUIBU
the model can adequately predict the pharmacokinetics in a prospective study.

Conclusion
Data-sharing can help to successfully develop and validate population pharmacokinetic
NPEFMTJOOFPOBUFT'SPNUIFSFTVMUTJUTFFNTUIBUCPUI1/"BOECPEZXFJHIUBSFSFquired to guide dosing of phenobarbital in term and preterm neonates.

86

INTRODUCTION
Rational dosing guidelines for drugs in neonates are urgently needed. However, datasets
from prospective clinical trials in children are scarce and both the number of included
children and the number of samples per child are usually very small1. To overcome this
problem data-sharing is of utmost importance and can help to make the most out of
all available data1-3 &YJTUJOH EBUB DBO CF VUJMJ[FE UP EFUFSNJOF UIF PQUJNBM EFTJHO PG
prospective trials but it may also aid dose finding in ongoing trials in case the collected
EBUBJTOPU ZFU TVóDJFOUUPESBXWBMJEDPODMVTJPOT2, 4.
Besides that, the application of advanced data analysis techniques, namely the population pharmacokinetic modelling approach, allows handling sparse and infrequently
collected samples3. Moreover, it offers the possibility to quantify inter-individual variability and to identify covariates that determine the pharmacokinetics of drugs along
the whole paediatric life-span and can thereby be used to optimize drug dosing5, 6.
Phenobarbital remains the traditional first-line treatment for seizures in neonates
although evidence to favour one antiepileptic agent over the other is lacking7. Using
phenobarbital alone, only around 50 % of seizures can be effectively controlled8, 9 "T
persistence of seizures might cause permanent functional and structural damage to the
brain and existing brain damage might be worsened10, 11 TBGFBOEFóDBDJPVTUSFBUNFOU
is of primary importance. The optimal dosage of phenobarbital in term and preterm
neonates remains a topic of discussion. The therapeutic effect is dose dependent with
BTVHHFTUFEUIFSBQFVUJDSBOHFCFUXFFONH-12"UIJHIFSDPODFOUSBUJPOTTFEBUJPO BOE GFFEJOH EJóDVMUJFT NJHIU PDDVS13 5IF %VUDI /BUJPOBM $IJMESFOT 'PSNVMBSZ
SFDPNNFOETBMPBEJOHEPTFPGNHLHBOEBNBJOUFOBODFEPTFPGNHLHEBZ14.
However, pharmacokinetic data is sparse in term13, 15-18 and preterm17-19 newborns.
In this analysis, we utilize therapeutic drug monitoring (TDM) data collected between
1997-2003 in the neonatal intensive care unit of the Maastricht University Medical Centre (study 1) to build a population pharmacokinetic model for phenobarbital in term and
QSFUFSN OFXCPSOT8F WBMJEBUF UIF NPEFM XJUI EBUB PSJHJOBUJOH GSPN BO POHPJOH 1,
study (DINO-study: Drug dosage Improvement in preterm NeOnates, NL47409.078.14)
(study 2). This study collects pharmacokinetic data of phenobarbital and eight other
frequently used off-label drugs in preterm neonates to increase the knowledge on the
pharmacokinetics and pharmacodynamics using sparse sampling and limited sample
volumes to minimize the burden on the individual child. Using this approach, we illustrate that data sharing and external validation can lead to model-based clinical dose
optimization, particularly in neonates where ethical and practical constraints limit the
possibilities to perform studies.
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METHODS
Model development dataset (TDM data, study 1)
TDM data were obtained from the database of the Maastricht University Medical Centre
CFUXFFO  BOE  XJUI BQQSPWBM GSPN UIF NFEJDBM FUIJDBM DPNNJUUFF .&$ 
204.3). Neonates younger than 35 days at the start of phenobarbital treatment were
JODMVEFE"UPUBMPGTBNQMFTGSPNOFPOBUFT NBMF GFNBMF XFSFBWBJMBCMFGPS
analysis. First dose and consecutive doses (intravenous as well as oral) varied between
NHLHBOENHLH SFTQFDUJWFMZ BOEUIFTUVEZQFSJPESBOHFEGSPNUP
days (Table 1 5IFNFEJBOöSTUEPTFXBTNHLH DIJMESFOSFDFJWFEBöSTUEPTFUIBU
XBT IJHIFS UIBO  NHLH5IF NFEJBO NBJOUFOBODF EPTF XBT  NHLH $PWBSJBUFT
XFSFSFUSJFWFEGSPNUIFQBUJFOUTSFDPSET
Table 1: Patient characteristics (median (range)) of the TDM dataset (study 1) and the prospective
validation dataset from the DINO study (study 2)
TDM data
(study 1)
(FTUBUJPOBMBHF<XFFLT>

Prospective data
(study 2)

37 (24–42)

25 (24-31)

2.6 (0.45–4.4)

0.94 (0.58–2.2)

1PTUOBUBMBHF BUUIFEBZPGJODMVTJPO <EBZT>

4.5 (0-22)

15 (1–76)

%VSBUJPOPOTUVEZ <EBZT>

12 (4-85)

5 (1–20)

2.7 (0.45-4.5)

1.07 (0.63–4.7)

#JSUIXFJHIU<LH>

"DUVBMCPEZXFJHIU<LH>
"1("34DPSFBUNJO

3 (0-9)

8 (1-9)

'JSTU%PTF<NHLH>

20 (4–40.7)

10.8 (2–22)

.BJOUFOBODF%PTF<NHLH>

3.9 (1.3–20)

10.8 (1.2-20)

4BNQMFTBGUFSJOUSBWFOPVTEPTJOH<O>

226

56

4BNQMFTBGUFSPSBMEPTJOH<O>

16

6

defined as the time between the first and the last blood sample contributing to the analysis

External Model Validation Dataset (prospective data, study 2)
5IF%*/0TUVEZ /- .&$ QSPTQFDUJWFMZTUVEJFTBUPUBMPGOJOF
drugs including phenobarbital used as standard of care in preterm infants born before
32 weeks of gestation aiming at evidence-based individualized dosing regimen and
is still ongoing. From September 2014 to September 2016, 61 blood samples from 17
children (7 female, 10 male) containing phenobarbital were evaluable for the analysis
(Table 1).

Bioanalytical Analysis
Phenobarbital concentrations of the model development dataset (study 1) were determined using a fluorescence polarization assay20POUIF$0#"4*/5&(3" 3PDIF
88

%JBHOPTUJDT#BTFM 4XJU[FSMBOE VTJOH$0#"4*/5&(3"SFBHFOUTZTUFNDBTTFUUFTBUUIF
pharmacy of Maastricht University Medical Centre. Fluorescein-labelled phenobarbital
binds an antibody and the emitted light is polarized due to the reduction in freedom
of rotation. In case phenobarbital is present in the patients serum it reduces the extent
of fluorescence polarization due to antibody binding20. The test range of the assay was
NH-
Phenobarbital concentrations of the validation dataset (study 2) were determined using
B QBSUJDMFFOIBODFE UVSCJEJNFUSJD JOIJCJUJPO JNNVOPBTTBZ 1FUJOJB  PO UIF "SDIJUFDU
$ "CCPUU%JBHOPTUJDT)PPGEEPSQ 5IF/FUIFSMBOET VTJOH"SDIJUFDU$SFBHFOU
TZTUFNDBTTFUUFTBUUIFQIBSNBDZPGUIF&SBTNVT.$ 3PUUFSEBN5IFBTTBZJTCBTFEPO
competition between drug in the sample and drug coated onto a microparticle for antiCPEZCJOEJOHTJUFTPGUIFQIFOPCBSCJUBMBOUJCPEZSFBHFOU5IFUFTUSBOHFJTNH-

Population Pharmacokinetic Analysis
5IFBOBMZTJTXBTQFSGPSNFEVTJOH/0/.&.WFSTJPO *$0/%FWFMPQNFOU4PMVUJPOT 
&MMJDPUU $JUZ  .%  64"  TVQQPSUFE CZ 1FSMTQFBLT/0/.&. 1T/  WFSTJPO  BOE
Xpose version 4.3.521 .PEFM EFWFMPQNFOU TUBSUFE VTJOH UIF JOUSBWFOPVT EBUB "GUFS
covariate inclusion and assessment of the model fit, oral data was added to the model.
The absorption rate constant (ka) was fixed to a value of 50 h obtained from literature22.
The first-order conditional estimation with interaction method was used throughout
model development. In case of missing covariate information, the last value observed
JOUIFTVCKFDUXBTDBSSJFEGPSXBSE'PSBDUVBMCPEZXFJHIU MJOFBSJOUFSQPMBUJPOCFUXFFO
BWBJMBCMF NFBTVSFNFOUT XBT QFSGPSNFE 5IF PCKFDUJWF GVODUJPO WBMVF XBT VTFE UP
EJTDSJNJOBUFCFUXFFOOFTUFENPEFMT4UBOEBSEFSSPSTPCUBJOFEGSPN/0/.&.BOEUIF
DPOöEFODFJOUFSWBMTPGUIFCPPUTUSBQBOBMZTJTJO1T/ O XFSFVTFEUPFWBMVBUFUIF
precision of the parameter estimates.
'PS UIF DPWBSJBUF BOBMZTJT ɀWBMVFT &5"  BOE DPOEJUJPOBM XFJHIUFE SFTJEVBMT $83&4 
XFSF VTFE &5" WBMVFT BSF EFöOFE BT UIF SBOEPN FòFDU EFTDSJCJOH UIF EFWJBUJPO PG
the individual empirical Bayes estimate of the parameter from the typical population
parameter estimate of the corresponding parameter, e.g. CL or central volume of disUSJCVUJPO 7 GPSBHJWFOTVCKFDU6TJOHUIFCBTFNPEFM QMPUTPGFUBWBMVFTPO$-BOE7
versus covariates were used to investigate potential covariates. In a next step potential
covariates were evaluated using a stepwise covariate modelling (SCM) procedure23 "
significance level of p ≤ 0.05 was used for the forward inclusion and a significance level
of ≤ 0.01 for the backward elimination.
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Model Evaluation
,FZNPEFMTBTXFMMBTUIFöOBMNPEFMXFSFFWBMVBUFEVTJOHHPPEOFTTPGöUQMPUTBOE
normalized prediction distribution errors (npde)24 based on 1000 simulations of the
model and a bootstrap analysis based on 1000 samples of the data.

External Model Validation
Phenobarbital plasma concentrations from study 2 were predicted by fixing the parameters to the parameter estimates in the final model using post hoc Bayesian forecasting.
To compare predicted and observed values, goodness-of fit was assessed and bias
NFBOQSFEJDUJPOFSSPS<.1&> XBTDBMDVMBUFEVTJOHFRVBUJPO
(1)

where n denotes number of observations. Predicted parameter values were population
predicted values for each individual.

Evaluation and optimization of Dosing Regimen
Based on the validated model25, the current dosing regimen was critically reviewed for
JUTBCJMJUZUPSFBDIBUBSHFUDPODFOUSBUJPOCFUXFFONH-JOBMMDIJMESFO5PUIJTFOE 
1000 simulations of a child with a birthweight of 0.6, 1, 2 and 3 kg were performed upon
BO JOUSBWFOPVT MPBEJOH EPTF PG  NHLH BOE BO JOUSBWFOPVT NBJOUFOBODF EPTF PG 
NHLHEBJMZPWFSEBZT5IFXFJHIUPGUIFDIJMESFOCPSOXFJHIJOH BOELHXBT
TJNVMBUFEUPEFWFMPQBDDPSEJOHUPUIFQSFUFSNHSPXUIDVSWFTQVCMJTIFECZ"ODIJFUBFU
al.26 and the weight of child born weighing 3 kg was assumed to develop as described
by Thulier et al.27.
In a next step the dosing regimen was modified in order to improve target attainment
in the simulated individuals.

RESULTS
Population pharmacokinetic model
Modeling of plasma concentrations resulted in a one compartment model with intraJOEJWJEVBMWBSJBCJMJUZ **7 PO$-BOE7"QSPQPSUJPOBMFSSPSZJFMEFEUIFCFTUEFTDSJQUJPO
of the residual variability. Using this model without covariates, the plasma concentrations of the smallest children were underpredicted and concentrations of the heaviest
children were overpredicted.
*OUIFDPWBSJBUFBOBMZTJT CJSUIXFJHIU BDUVBMCPEZXFJHIU ("BOEIFJHIUTIPXFEIJHI
DPSSFMBUJPO DPFóDJFOUT XJUI $-  XIJMF POMZ XFBL PS OP DPSSFMBUJPOT DPVME CF TFFO GPS
"QHBS TDPSFT  TFSVN DSFBUJOJOF  VNCJMJDBM BSUFSZ Q) BOE 1/"7 XBT IJHIMZ DPSSFMBUFE
90

XJUI CJSUIXFJHIU  BDUVBM CPEZXFJHIU  (" BOE IFJHIU 0UIFS DPWBSJBUFT TIPXFE XFBL
DPSSFMBUJPOT5IF TUFQXJTF DPWBSJBUF NPEFMMJOH QSPQPTFE CJSUIXFJHIU PS (" BOE 1/"
as predictors for CL and actual bodyweight as predictor of V. No other covariates were
GPVOE.PEFMöUXBTDPNQBSBCMFGPSUIFDPNCJOBUJPOPG1/"BOE("PS1/"BOECJSUIweight on CL. In line with the literature28UIFNPEFMDPOUBJOJOHCJSUIXFJHIUBOE1/"PO
CL (Figure 1) was carried forward as dosing based on birthweight might lead to a more
DPNQSFIFOTJCMFEPTJOHHVJEFMJOF5IF&5"TPGUIFöOBMNPEFMTIPXFEOPDPSSFMBUJPOUP
parameters relevant for maturation and development indicating that covariates have
been correctly implemented (Supplement 1). Covariate inclusion reduced IIV on CL and
V from 56 % to 30 % and from 59 % to 24%, respectively.

Figure 1: Clearance [L/h] versus postnatal age [days], depicted as population values (dashed lines)
for children with a birthweight of 0.6 kg, 1 kg, 2 kg, 3 kg and 4 kg and individual posthoc CL values
(dots)

The final parameter estimates as well as their respective bootstrap estimate and confiEFODFJOUFSWBM CPPUTUSBQDPOWFSHFODFSBUF BSFEJTQMBZFEJOtable 2. Bootstrap
FTUJNBUFTBSFJOHPPEBHSFFNFOUXJUIUIFöOBM/0/.&.QBSBNFUFSFTUJNBUFTBOETIPX
narrow confidence intervals for all structural parameters.

Model evaluation (study 1)
5IFNPEFMXBTBCMFUPTVóDJFOUMZEFTDSJCFUIFEBUBPGTUVEZUIBUXFSFVTFEUPCVJME
the model (Figure 2, left panels). The npde-analysis showed no trends towards a model
misspecification (Figure 3).
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Table 2: Parameter estimates of the final model and their corresponding bootstrap estimates
Parameter

Fixed effects
CL [L/h]=CLp
CLi=CLp*(1+šPNA*(PNAi-Median))* (1+šbBW*(bBWi-Median))
šPNA [increase in CL per postnatal day (PNA) (fraction)]
šbBW [increase in CL per kg birthweight (bBW) (fraction)]
V [L]=Vp
Vi=Vp*(1+šaBW*(aBWi-Median))
šaBW [increase in V per kg actual bodyweight (aBW) (fraction)]
ka [h]
F [%]

Final Model:
Estimate
(RSE %)

Bootstrap-Estimate
(95% CI)

0.0091 (9 %)

0.0092 (0.0072–0.011)

0.0533 (27 %) 0.0523 (0.0201–0.0909)
0.369 (8 %)
0.367 (0.319–0.414)
2.38 (5 %)

2.37 (2.16–2.63)

0.309 (8 %)

0.309 (0.259–0.351)

50 FIX
59.4 (10 %)

58.4 (30.5–80.0)

Inter-individual variability (eta)
On CL [%]
On V [%]

30.0 (29 %)
22.4 (40 %)

28.7 (18.9–38.2)
22.0 (12.7–30.1)

Residual variability
Proportional [%]

2.58 (22 %)

2.55 (1.49–3.76)

CL=clearance, V=central volume of distribution, aBW=actual bodyweight, bBW= birthweight, ka= absorption rate constant, F= bioavailability, median PNA= 4.5 days; median bBW= 2.6 kg, median aBW= 2.7 kg,
p=population mean value of a parameter for an individual with PNA of 4.5 days and bBW of 2.6 kg

External Model Validation (study 2)
Model validation with the external prospective dataset (study 2) shows that the model
can adequately predict the data of the included infants without bias (Figure 2, right
panels). Only the peak concentrations of one individual were underpredicted by the
model (Figure 2e, diamonds). The mean prediction error was -8.4 % corresponding to an
adequate description of the data.

Evaluation and optimization of Dosing Regimen
According to the final model, the current dosing regimen consisting of an intravenous
loading dose of 20 mg/kg and an intravenous maintenance dose of 5 mg/kg/day resulted
in distinct results in children with different birthweights (Figure 4a). The figure shows
that the mean maximal plasma concentration (Cmax) after loading dose is lower in smaller
children. This is caused by a higher V [L/kg] in lighter and thereby less mature children,
leading to a lower Cmax following an equal dose per kg bodyweight. After the loading
dose the mean plasma concentration of phenobarbital keeps increasing during the first
10 days of life. Thereafter a quasi-steady state concentration is reached for about 5 days
after which concentrations decrease over time due to the model predicted maturation
of CL with PNA (Figure 1). At the same time the percentage of simulations below the
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Model building (TDM data)

Model validation (prospective data)
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Figure 2: Goodness-of-fit plots of the model building (TDM data, study 1) (left panels) and the
model validation (prospective data, study 2) (right panels, diamonds in e= outlying subject); a/e:
population predictions versus observed concentrations; b/f: individual predictions versus observed
concentrations, c/g: conditional weighted residuals versus population prediction, d/h: conditional
weighted residuals versus time after first dose
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Figure 3: Numerical prediction distribution errors (npde) of the final model: mean= 0.06501 (standard error= 0.063) and variance= 0.9018 (standard error= 0.084))

UISFTIPMEPGNH-JODSFBTFT-PXFSJOJUJBM$max values in the smallest newborn result in
the highest proportion of subtherapeutic levels at the end of the observed period. The
DVSSFOUEPTJOHSFHJNFOEJEOPUSFTVMUJOBOZDPODFOUSBUJPOTBCPWFUIFNH-XJUIJO
the 95% confidence interval of 1000 simulations. The highest concentrations were obTFSWFEBUB1/"PGEBZTJOUIFTJNVMBUJPOTPGBCJHHFTUDIJME CJSUIXFJHIULH 
5IF MPXFTU DPODFOUSBUJPOT XFSF PCTFSWFE JO UIF TNBMMFTU DIJME CJSUIXFJHIU LH 
after 6-8 weeks.
8IFOJODSFBTJOHUIFMPBEJOHEPTFGSPNNHLHUPNHLH Figure 4b), the therapeutic window is immediately reached for all birthweights. If the maintenance dose is
JODSFBTFEGSPNNHLHEBZUPNHLHEBUB1/"PGEBZT UIFTJNVMBUFENFEJBO
plasma concentration stays well in the desired target range (Figure 4c).

DISCUSSION
*OUIJTTUVEZ XFTVDDFTTGVMMZEFWFMPQFEBOEWBMJEBUFEBQPQVMBUJPO1,NPEFMGPSQIFnobarbital in neonates on the basis of existing TDM data with data from a prospective
study. This is an important result as typically studies in (preterm) neonates are complicated due to ethical and practical constraints and therefore dosing regimens often
PòMBCFM5IFSFTVMUTPGUIJTTUVEZTIPXUIBU$-JODSFBTFTXJUICPUICJSUIXFJHIUBOE1/"
(Figure 1) while V is determined by actual bodyweight (Table 2).
#FTJEFTQSPWJEJOHOFXJOTJHIUTJOUPUIF1,PGQIFOPCBSCJUBMJOUFSNBOEQSFUFSNOFXborns this analysis highlights the advantages of data-sharing. Only due to the utilization
of TDM data from a previous study (study 1) it was possible to develop a population
pharmacokinetic model for term and preterm newborns. The data from the DINO-study
TUVEZ XPVMEIBWFCFFOJOTVóDJFOUUPCVJMETVDIBNPEFMBTJUPOMZDPOUBJOFEEBUB
in infants born before 32 weeks of gestation. Covering the whole age range helps at
identifying maturational processes and eventually aids dose finding. Furthermore, data
sharing provided the possibility of external validation with an independent dataset,
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Figure 4: Phenobarbital concentration time profiles (n=1000) with blue line representing median
and grey shaded areas 95% confidence intervals for children with a birthweight of 0.6 kg, 1 kg, 2 kg
and 3 kg (dashed red lines= therapeutic window) according to different dosing regimens. a: current
dosing regimen (i.v. loading dose: 20 mg/kg; i.v. maintenance dose: 5 mg/kg/day); b: increased i.v.
loading dose (30mg/mg), maintenance dose: 5mg/kg/day; c: increased i.v. loading dose (30 mg/kg)
and increased i.v. maintenance dose (6 mg/kg/day vs. 5 mg/kg/day) starting at a PNA of 15 days
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however, only in the very preterm age range. Due to the excellent fit of the validations
data (Figure 2) we do believe that our model is applicable for the whole age range.
4PGBS POMZGFXQPQVMBUJPO1,NPEFMTPGQIFOPCBSCJUBMJOOFPOBUFTIBWFCFFOQVCMJTIFE
Yukawa et al.18TUVEJFEOFPOBUFTBOEJOGBOUT ("XFFLT 1/"EBZT BOE
GPVOEUIBU1/"BOEUPUBMCPEZXFJHIUXFSFUIFEPNJOBOUQSFEJDUPSTPGQIFOPCBSCJUBM
1, 'VSUIFSNPSF  UIF BVUIPST PCTFSWFE BOE BDDPVOUFE GPS OPOMJOFBSJUZ JO UIF 1, PG
QIFOPCBSCJUBMBUDPODFOUSBUJPOTBCPWFNH-18. Data in dogs also indicate that autoinduction might be present at very high doses resulting in concentrations outside the
therapeutic window29"TBQPTTJCMFNFDIBOJTNMFBEJOHUPOPOMJOFBSJUZ BVUPJOEVDUJPO
of phenobarbital has been discussed in literature, even though it is anticipated to play a
minor role in adults30. Our analysis does not indicate non-linearity, maybe due to the low
OVNCFSPGDPODFOUSBUJPOTBCPWFNH-BOEBTTVDIOPUCFSFMFWBOUXIFOOPOUPYJD
doses are given.
Marsot et al.17 modelled phenobarbital data of 48 newborns born at 27-42 weeks of gestation. Their covariate model is based on allometric scaling with an exponent of three
RVBSUFSTPO$-BOEBMJOFBSFYQPOFOUPO7"EEJUJPOBMNBUVSBUJPOPG$-XJUI1/"XBT
not observed. Based on simulations of the first 12 days of life the authors recommend an
JOUSBWFOPVTMPBEJOHEPTFPGNHLHJOBMMOFPOBUFTBOEBXFJHIUCBTFENBJOUFOBODF
EPTF "DDPSEJOH UP UIFJS BEWJDF  UIF SFDPNNFOEFE NBJOUFOBODF EPTF EFDSFBTFT XJUI
increasing bodyweight17. Our model as well as the model of Yukawa et al.18 indicate that
$-JODSFBTFTXJUI1/"XIJDIXPVMEOFDFTTJUBUFBOJODSFBTFENBJOUFOBODFEPTFPWFSUIF
treatment course (Figure 4). Based on our simulation period of 60 days we propose that
UIFNBJOUFOBODFEPTFDPVMECFJODSFBTFECZNHLHBUB1/"PGEBZTUPBDDPVOUGPS
this change.
"MUIPVHI JOGPSNBUJPO PO UIF NBUVSBUJPO PG QIFOPCBSCJUBM NFUBCPMJTN JO OFPOBUFT JT
sparse, Boreus et al.31TIPXFEUIBUUIFFYDSFUJPOPGDPOKVHBUFEQIFOPCBSCJUBMNFUBCPMJUF
is significantly reduced in newborns when compared to adults. In addition, phenobarbital is metabolized by Cytochrome P450, mainly through CYP2C9, with minor metabolism
CZ$:1$BOE$:1&32. Peak concentrations of one individual were slightly underpredicted by the model. Literature suggests that inflammation as represented by high
CRP values might lead to a reduced function of Cytochrome P450 (CYP) enzymes33. The
$SFBDUJWFQSPUFJO $31 JOUIJTDIJMEXBTFMFWBUFEVQUPNH-3FEVDFE$:1BDUJWJUZ
might therefore have resulted in elevated (peak) phenobarbital levels.
5IF$:1FO[ZNFTSFTQPOTJCMFGPSQIFOPCBSCJUBMNFUBCPMJTNNBZCFTVCKFDUUPNBUVSBtion processes34 and thereby explain our findings. Ward et al. showed that the ontogeny
of CYP2C19 has a profound effect on the weight-normalized CL of orally administered
pantoprazole. In their analysis, the CL of pantoprazole, another CYP2C19 substrate, was
QPTJUJWFMZDPSSFMBUFEXJUI1/"JOOFPOBUFTBHFEUPEBZT35.
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In line with these findings, Heimann et al. found using a classical two stage approach
a phenobarbital half-life of 118.6 ± 16.1 h in term newborns (0-28 days) and a half-life
of 62.9 h ± 5.2 h in infants (1-12 months)16. Oztekin et al. observe rapidly increasing
phenobarbital trough levels during the first four days of life in very low birth weight
infants (<1500 g)19, which is in agreement with our results (Figure 4). We can explain
these findings because of their very low CL, upon which steady-state is reached after a
MPOHUSFBUNFOUQFSJPE5IVT JOTUFBEPG$- 7NBJOMZEFUFSNJOFTUIF1,QSPöMFPGQIFOPbarbital during the first week of life.
In view of these observations, we found high volumes of distribution per kg bodyweight
in newborns and thereby a high percentage of initial plasma concentrations below
the therapeutic range (Figure 4). Our model thus implies that neonates require higher
MPBEJOH EPTFT UIBO UIF DVSSFOUMZ BQQMJFE  NHLH Donn et al. investigated a higher
MPBEJOHEPTFPGNHLHJOBTQIZYJBUFEUFSNOFXCPSOT15. The mean observed plasma
DPODFOUSBUJPO UXP IPVST BGUFS MPBEJOH EPTF XBT    NH- BOE XBT OPU BTTPDJated with an increased number of side effects. Safety data on higher loading doses in
preterm newborns is however lacking. Therefore, safety aspects should be evaluated
when administering higher loading doses in this vulnerable population.
Phenobarbital is the most frequently used treatment modality in term newborns following asphyxia and whole body hypothermia36. In a recent evaluation Pokorna et al. showed
that the combination of asphyxia and hypothermia might have an effect on clearance
of phenobarbital (personal communication). Therefore, it might be desirable to develop
models for phenobarbital that can lead to optimized dosing in these conditions.
The results of the presented analysis indicate that the use of the currently applied bodyweight based loading and maintenance dose of phenobarbital in preterm newborns
may have its limitations. Recent observations from the population pharmacokinetic
öFMETIPXUIBUCPEZXFJHIUJTPGUFOOPUUIFPOMZEFUFSNJOBOUPGUIF1,3, 37. Our model
as well as the model of Yukawa et al.18 predicts that maturation of CL is not related to
CPEZXFJHIUBMPOFCVUBMTPUP1/"5IFSFGPSF QSFUFSNJOGBOUTNJHIUSFRVJSFBEKVTUFE
dosing regimen correcting for this maturation.
*O DPODMVTJPO  XF TUSPOHMZ FODPVSBHF EBUBTIBSJOH JO UIF QBFEJBUSJD BOE OFPOBUBM 1,
setting in order to use the data in an optimal fashion and subsequently to minimize the
burden on newborns. We show here that data-sharing can help to successfully develop
and validate population pharmacokinetic models in neonates. From the results it seems
UIBUGPSQIFOPCBSCJUBMCPUI1/"BOECPEZXFJHIUBSFSFRVJSFEUPHVJEFEPTJOHPGQIFnobarbital in term and preterm neonates. Based on the presented analysis the loading
EPTF TIPVME CF BEKVTUFE UP  NHLH JO PSEFS UP JNNFEJBUFMZ SFBDI UIF UIFSBQFVUJD
XJOEPXBOENBJOUFOBODFEPTFTIPVMECFJODSFBTFECZNHLHEBZEVFBUB1/"PG
EBZTEVFUPBNBUVSBUJPOPG$-XJUI1/"
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Supplement 1: Interindividual variability (eta) on clearance (left panels) and on volume of distribution (right panels) versus relevant covariates (birthweight, postnatal age, gestational age and actuel
bodyweight) for the final pharmacokinetic model
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