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The	 main	 objective	 of	 this	 thesis	 was	 to	 improve	 the	 understanding	 of	 the	
pharmacokinetics	 of	 antifungal	 agents	 in	 severely	 ill	 patients.	 In	 addition	 the	
application	of	 therapeutic	drug	monitoring	was	 evaluated	 in	 order	 to	 eventually	
improve	 the	 outcome	 of	 antifungal	 treatment.	 In	 this	 chapter	 the	 results	 of	 the	
studies	performed	are	discussed	and	perspectives	for	future	research	are	provided.

aNIDULaFUNGIN
For	 pharmacokinetic	 studies	 it	 is	 essential	 to	 be	 able	 to	 measure	 concentrations	
of	 the	drugs	of	 interest.	Therefore	a	validated	method	was	developed	to	measure	
anidulafungin	and	also	caspofungin	concentrations	in	plasma	(1).	It	 is	convenient	
if	 all	 drugs	 from	 the	 same	 class	 can	 be	 determined	 with	 the	 same	 method	 of	
analysis.	 Unfortunately	 it	 appeared	 not	 feasible	 to	 include	 also	 micafungin,	 the	
third	echinocandin.	The	signal	of	anidulafungin	and	caspofungin	were	better	when	
operating	in	the	positive	mode	whereas	the	signal	of	micafungin	was	better	in	the	
negative	mode.	In	addition,	we	would	like	to	have	been	able	to	determine	the	free	
fraction	because	of	the	high	protein	binding	of	the	echinocandins.	Unfortunately,	the	
simple	method,	using	ultrafiltration,	is	not	suitable	for	the	echinocandins	because	of	
the	adhesion	to	the	ultrafiltration	caps.	For	the	separation	of	the	free	fraction	time-
consuming	micro-dialysis	methods	are	needed.	Besides	the	difficulties	in	separating	
the	 free	 fraction,	 the	 concentrations	of	 the	 free	 fraction	would	be	below	 the	 limit	
of	quantification	of	our	method.	Therefore,	 the	only	possibility	at	this	moment	is,	
to	assume	that	the	free	fraction	of	anidulafungin	is	1%.	Perhaps	in	the	near	future	
complementary	procedures	may	be	of	help	to	solve	this	problem	(2).

The	pharmacokinetics	of	anidulafungin	were	studied	 in	critically	 ill	patients	who	
are	rarely	the	population	of	interest	in	studies,	although	conceivably,	anidulafungin	
treatment	can	be	very	important	for	these	patients.	A	lower	anidulafungin	exposure	
was	observed	 in	 the	 critically	 ill	patients	 in	our	hospital	 (3).	Assessing	 treatment	
outcome	 is	 challenging	 in	 critically	 ill	 patients	 with	 complex	 pathology,	 as	 final	
outcome	is	confounded	by	many	factors	not	easily	captured	in	studies	with	limited	
sample	size.	The	clinical	relevance	of	a	lower	exposure	was	therefore	investigated	
based	 on	 the	 area	 under	 the	 concentration-time	 curve	 from	 0	 to	 24	 h	 (AUC0-24)/
MIC	ratio.	The	observed	lower	anidulafungin	exposure	in	our	patients	may	not	be	
clinically	relevant	as	all	AUC0-24/MIC	ratios	appeared	above	the	target	value	based	
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on	 European	 Committee	 on	Antimicrobial	 Susceptibility	 Testing	 (EUCAST)	 data	
(4).	The	caveat	is	that	this	was	based	on	an	estimated	free	fraction	of	1%,	not	on	a	
measured	 free	 fraction.	The	 free	 fraction	of	anidulafungin	 in	 critically	 ill	patients	
could	be	higher	since	a	low	plasma	protein	concentration	is	typical	for	those	patients.	
This	can	possibly	result	in	a	free,	unbound	fraction	of	the	exposure	(fAUC)	that	could	
be	comparable	with	the	fAUC	of	the	general	patient	population.

The	observed	variability	 in	anidulafungin	exposure	was	partly	explained	by	total	
body	water	 volumes	 and	 total	 bilirubin	 concentrations	 (3).	 No	 correlation	 could	
be	 established	 between	 anidulafungin	 exposure	 and	 disease	 severity	 scores	 or	
plasma	 protein	 concentrations	 (3).	 A	 correlation	 between	 exposure	 and	 disease	
severity	was	expected	based	on	an	increased	clearance	in	more	severely	ill	patients	
(5).	Although	disease	severity	scores	were	never	developed	or	validated	to	explain	
pharmacokinetic	 variability,	 they	 were	 tentatively	 used	 to	 successfully	 explain	
pharmacokinetic	 variability	 of	 other	 drugs	 (6-9).	 A	 positive	 correlation	 between	
exposure	and	plasma	protein	concentrations	was	expected	based	on	the	high	protein	
binding	of	anidulafungin	(10)	and	the	results	from	a	study	with	caspofungin	(11).	In	
case	of	hypoalbuminaemia	the	apparent	total	volume	of	distribution	and	clearance	
of	a	drug	are	likely	to	increase,	which	would	translate	into	a	lower	exposure	(12).	
Again,	measuring	the	free	fraction	of	anidulafungin	would	be	preferred	but	this	was	
unfortunately	not	possible.	

Currently	 there	 are	 limited	 data	 available	 on	 the	 distribution,	 metabolism,	
and	 elimination	 of	 anidulafungin,	 which	 makes	 it	 difficult	 to	 determine	 which	
pathophysiological	 changes	 in	 critically	 ill	 patients	 influence	 anidulafungin	
pharmacokinetics.	 From	 a	 clinical	 point	 of	 view,	 it	 would	 be	 helpful	 to	 identify	
patients	at	risk	for	a	 low	and/or	inadequate	exposure	beforehand.	Future	studies	
should	 therefore	 include	a	more	heterogeneous	population,	 i.e.	not	only	critically	
ill	patients,	with	larger	variations	in	plasma	protein	and	bilirubin	concentrations,	in	
order	to	be	able	to	detect	possible	differences.	

The	 data	 from	 the	 study	 in	 critically	 ill	 patients	 (3)	 were	 subsequently	 used	 to	
investigate	 if	 limited-sampling	 strategies	 were	 feasible	 (13).	 The	 anidulafungin	
exposure	can	be	estimated	accurately	using	a	single	sample	drawn	12	h	after	 the	
start	 of	 the	 infusion,	 by	using	 linear	 regression	 or	 a	 population	pharmacokinetic	
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model,	in	critically	ill	patients	and	in	healthy	volunteers.	By	using	a	limited-sampling	
strategy,	a	single	blood	sample	can	be	drawn	 instead	of	a	 full	 concentration-time	
curve	 to	 assess	 the	AUC,	which	 is	 convenient	 for	 future	 research	 and	 in	 specific	
clinical	situations.	While	developing	the	pharmacokinetic	model	in	MW\Pharm	for	
limited	sampling	the	 importance	of	 including	additional	data	other	 than	the	data	
of	 the	concentration-time	curve	was	noticed.	The	additional	data	ensured	a	more	
accurate	estimation	of	the	elimination	half-life.	When	using	only	the	data	from	the	
concentration-time	curve,	which	shows	a	slow	terminal	elimination,	the	elimination	
half-life	 was	 overestimated	 to	 such	 an	 extent	 that	 it	 contradicted	 the	 observed	
relatively	constant	anidulafungin	trough	concentrations.		

VOrICONaZOLe
At	 this	 moment	 there	 are	 various	 data	 available	 for	 voriconazole;	 voriconazole	
pharmacokinetics	display	 large	 inter-	and	intra-individual	variability	and	there	 is	
evidence	 for	 the	 added	value	of	 therapeutic	drug	monitoring	of	voriconazole.	 In	
addition,	a	validated	method	for	the	analysis	of	voriconazole	was	already	available	
(14).	Therefore	the	focus	for	voriconazole	was	on	the	ability	to	explain	more	of	the	
observed	pharmacokinetic	 variability	 and	 on	 the	 application	 of	 therapeutic	 drug	
monitoring	in	daily	practice	in	patients	admitted	to	the	intensive	care.	

Although	 the	 importance	 of	 voriconazole	 therapeutic	 drug	 monitoring	 seems	
accepted	 by	 clinicians	 and	pharmacists,	 given	 that	 in	most	 patients	 voriconazole	
concentrations	were	measured,	the	implementation	requires	improvement	given	the	
frequent	premature	sampling,	incompleteness	of	data	on	clinical	context	and	lack	of	
follow	up	on	recommendations.	The	effect	of	education	of	health	care	professionals	
is	 limited	 (15)	 and	wanes	with	 time	 (15,	 16),	 especially	 in	 teaching	hospitals	due	
to	frequent	changes	in	staff.	Nowadays	there	are	opportunities	to	support	effective	
therapeutic	drug	monitoring	with	clinical	decision	rules.	However	in	our	hospital	
there	was	 not	 enough	 clinical	 information	 digitally	 available,	 at	 the	moment	 the	
study	was	conducted,	to	design	an	efficient	clinical	decision	rule.	A	multidisciplinary	
approach	–	for	instance	by	means	of	antifungal	stewardship	–	will	probably	be	able	
to	overcome	problems	encountered.	

Inflammation,	 reflected	 by	 C-reactive	 protein	 (CRP)	 concentrations,	 is	 associated	
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with	voriconazole	trough	concentrations(17).	A	limitation	of	this	retrospective	study	
was	 that	only	a	part	of	 the	variability	of	voriconazole	pharmacokinetics	could	be	
explained,	partly	because	data	on	the	polymorphisms	of	cytochrome	P450	isoenzymes	
were	 not	 available	 and	 polymorphisms	 of	 cytochrome	 P450	 2C19	 contribute	 to	
the	 inter-individual	 variability	 of	 voriconazole	 pharmacokinetics	 (19).	 Further	
prospective	research	is	therefore	necessary	that	includes	data	on	the	polymorphisms	
of	cytochrome	P450	 isoenzymes.	 It	would	be	desirable	 to	also	gather	data	on	 the	
voriconazole	n-oxide,	interleukin	6,	and	interleukin	8	concentrations.	Voriconazole	
n-oxide	is	the	main	metabolite	of	voriconazole	(20)	and	the	ratio	of	voriconazole	and	
this	metabolite	could	possibly	change	when	the	inflammatory	status	of	the	patient	
changes.	Measuring	pro-inflammatory	cytokines,	as	interleukin	6	and	8,	is	preferable	
because	the	cytokines	influence	the	cytochrome	P450	isoenzymes	(21).	We	used	CRP	
concentrations	as	a	marker	for	inflammatory	status	because	concentrations	of	pro-
inflammatory	cytokines	were	not	available	due	 to	 the	retrospective	nature	of	 this	
study.	Cytokines	 stimulate	 the	production	of	 acute-phase	proteins	 and	 especially	
CRP	 concentrations	 change	 rapidly	 when	 the	 inflammatory	 status	 of	 a	 patient	
changes	(22).	

When	more	prospective	data	are	gathered	regarding	the	influence	of	inflammation	
on	voriconazole	concentrations	it	could	be	possible	to	develop	a	dosing	algorithm	
that	may	 predict	 the	 voriconazole	 concentration	 based	 on	 patient	 characteristics	
and	voriconazole	dose	and	route	of	administration.	So	far	it	has	been	challenging	
to	build	a	pharmacokinetic	model	for	voriconazole.	Using	data	from	ICU	patients,	
an	attempt	was	made	to	build	a	model	for	voriconazole	in	critically	ill	patients	in	
MW\Pharm.	Unfortunately,	 these	 efforts	 have	 not	 yet	 resulted	 in	 an	 easy-to-use	
and	 validated	 model.	 Information	 on	 cytochrome	 P450	 isoenzymes	 was	 lacking	
due	 to	 the	 retrospective	nature	 and	we	were	not	 aware	 of	 the	possible	 influence	
of	 inflammation	 on	 voriconazole	 pharmacokinetic	 at	 that	 moment.	 Hope	 et	 al.	
succeeded	in	developing	a	pharmacokinetic	model	for	voriconazole	although	even	
this	model	is	not	yet	broadly	applicable	in	daily	practice,	since	only	intravenously	
administered	 voriconazole	was	 included	 in	 the	model	 and	 it	was	 only	 tested	 in	
patients	 without	 invasive	 fungal	 infection	 (23).	 Developing	 a	 model	 for	 daily	
practice	is	still	challenging,	since	several	factors	contribute	to	the	pharmacokinetic	
variability	and	we	still	do	not	know	 if	we	are	currently	able	 to	explain	all	of	 the	
observed	variability.	Besides,	for	the	development	of	a	pharmacokinetic	model	for	
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voriconazole,	software	is	required	that	is	able	to	take	into	account	all	the	factors	that	
contribute	considerably	to	the	variability	of	voriconazole	pharmacokinetics	and	is	
easy	to	use	in	daily	practice.

In	 conclusion,	 the	 research	 performed	 contributed	 to	 the	 knowledge	 about	 the	
pharmacokinetics	of	antifungal	agents	in	severely	ill	patients,	but	continued	efforts	
are	 required	 for	 improvement.	Management	 of	 invasive	 fungal	 infections	 can	 be	
improved	by	a	multidisciplinary	approach,	in	clinical	practice	as	well	as	in	research.	
For	anidulafungin,	clinical	validation	of	AUC/MIC	ratios	and	more	insight	in	the	
pharmacokinetic	variability	between	patients	 is	necessary.	Although	many	factors	
explaining	 the	variability	of	 voriconazole	pharmacokinetics	have	been	 identified,	
it	 is	 not	 unconceivable	 that	 there	 are	 more	 factors	 that	 influence	 voriconazole	
pharmacokinetics.	 A	 dosing	 algorithm	 or	 pharmacokinetic	 model	 would	 be	
useful	 for	 clinical	 practice.	 Improvement	 of	 the	 implementation	 of	 voriconazole	
therapeutic	 drug	 monitoring	 is	 important	 considering	 the	 pharmacokinetic	
variability	 of	 voriconazole	 and	 the	 relation	 between	 trough	 concentrations	 and	
treatment	outcome.	Collaborative	networks	of	 institutions	prepared	 to	share	data	
would	potentially	 importantly	 improve	 the	 speed	 and	power	 to	 further	 enhance	
our	scientific	knowledge	to	improve	the	treatment	of	these	severely	ill	vulnerable	
patients.

reFereNCeS
1. van Wanrooy, M. J., R. N. Santoe, K. C. van der Elst, C. M. Wilmer, K. van Hateren, A. M. Wessels, 

B. Greijdanus, J. W. Alffenaar, and D. R. Uges. 2013.	Simultaneous	quantification	of	anidulafungin	

and	 caspofungin	 in	 plasma	 by	 an	 accurate	 and	 simple	 liquid	 chromatography	 tandem	 mass-

spectrometric	method.	Ther.	Drug	Monit.	35:778-784.	doi:	10.1097/FTD.0b013e31829591a7.	

2. Weiss, H. M., and E. Gatlik. 2014.	Equilibrium	gel	filtration	to	measure	plasma	protein	binding	of	

very	highly	bound	drugs.	J.	Pharm.	Sci.	103:752-759.	doi:	10.1002/jps.23818	[doi].	

3. van Wanrooy, M. J., M. G. Rodgers, D. R. Uges, J. P. Arends, J. G. Zijlstra, T. S. van der Werf, J. 

G. Kosterink, and J. W. Alffenaar. 2014.	Low	but	sufficient	anidulafungin	exposure	in	critically	ill	

patients.	Antimicrob.	Agents	Chemother.	58:304-308.	doi:	10.1128/AAC.01607-13.	

4. Arendrup, M. C., J. L. Rodriguez-Tudela, C. Lass-Florl, M. Cuenca-Estrella, J. P. Donnelly, W. Hope, 

and European committee on antimicrobial susceptibility testing - subcommittee on antifungal 

susceptibility testing (EUCAST-AFST)*. 2011.	 EUCAST	 technical	 note	 on	 anidulafungin.	 Clin.	



91

Discussion

7 7

Microbiol.	Infect.	17:E18-20.	doi:	10.1111/j.1469-0691.2011.03647.x.	

5. Dowell, J. A., W. Knebel, T. Ludden, M. Stogniew, D. Krause, and T. Henkel. 2004.	Population	

pharmacokinetic	analysis	of	anidulafungin,	an	echinocandin	antifungal.	J.	Clin.	Pharmacol.	44:590-

598.	doi:	10.1177/0091270004265644.	

6. Beloeil, H., J. X. Mazoit, D. Benhamou, and J. Duranteau. 2005.	 Norepinephrine	 kinetics	 and	

dynamics	in	septic	shock	and	trauma	patients.	Br.	J.	Anaesth.	95:782-788.	doi:	10.1093/bja/aei259.	

7. Peeters, M. Y., L. J. Bras, J. DeJongh, R. M. Wesselink, L. P. Aarts, M. Danhof, and C. A. Knibbe. 

2008.	Disease	severity	is	a	major	determinant	for	the	pharmacodynamics	of	propofol	in	critically	ill	

patients.	Clin.	Pharmacol.	Ther.	83:443-451.	doi:	10.1038/sj.clpt.6100309.	

8. van Zanten, A. R., K. H. Polderman, I. M. van Geijlswijk, G. Y. van der Meer, M. A. Schouten, 

and A. R. Girbes. 2008.	Ciprofloxacin	pharmacokinetics	in	critically	ill	patients:	a	prospective	cohort	

study.	J.	Crit.	Care.	23:422-430.	doi:	10.1016/j.jcrc.2007.11.011.	

9. Tod, M., C. Padoin, C. Minozzi, J. Cougnard, and O. Petitjean. 1996.	Population	pharmacokinetic	

study	of	isepamicin	with	intensive	care	unit	patients.	Antimicrob.	Agents	Chemother.	40:983-987.	

10. Pfizer. 2012.	Ecalta:	Summary	of	Product	Characteristics.	25/09/2013:.	

11. Nguyen, T. H., T. Hoppe-Tichy, H. K. Geiss, A. C. Rastall, S. Swoboda, J. Schmidt, and M. A. 

Weigand. 2007.	 Factors	 influencing	 caspofungin	 plasma	 concentrations	 in	 patients	 of	 a	 surgical	

intensive	care	unit.	J.	Antimicrob.	Chemother.	60:100-106.	doi:	10.1093/jac/dkm125.	

12. Ulldemolins, M., J. A. Roberts, J. Rello, D. L. Paterson, and J. Lipman. 2011.	 The	 effects	 of	

hypoalbuminaemia	on	optimizing	antibacterial	dosing	in	critically	ill	patients.	Clin.	Pharmacokinet.	

50:99-110.	doi:	10.2165/11539220-000000000-00000.	

13. van Wanrooy, M. J., J. H. Proost, M. G. Rodgers, J. G. Zijlstra, D. R. Uges, J. G. Kosterink, T. S. van 

der Werf, and J. W. Alffenaar. 2014.	Limited-sampling	strategies	for	anidulafungin	in	critically	ill	

patients.	Antimicrob.	Agents	Chemother.	.	doi:	AAC.03375-14	[pii].	

14. Alffenaar, J. W., A. M. Wessels, K. van Hateren, B. Greijdanus, J. G. Kosterink, and D. R. 

Uges. 2010.	Method	 for	 therapeutic	 drug	monitoring	 of	 azole	 antifungal	 drugs	 in	human	 serum	

using	LC/MS/MS.	 J.	Chromatogr.	B.	Analyt	Technol.	Biomed.	Life.	 Sci.	878:39-44.	doi:	 10.1016/j.

jchromb.2009.11.017.	

15. Suryadevara, M., K. E. Steidl, L. A. Probst, and J. Shaw. 2012.	Inappropriate	vancomycin	therapeutic	

drug	monitoring	in	hospitalized	pediatric	patients	increases	pediatric	trauma	and	hospital	costs.	J.	

Pediatr.	Pharmacol.	Ther.	17:159-165.	doi:	10.5863/1551-6776-17.2.159.	

16. Bates, D. W., S. J. Soldin, P. M. Rainey, and J. N. Micelli. 1998.	Strategies	for	physician	education	in	

therapeutic	drug	monitoring.	Clin.	Chem.	44:401-407.	

17. van Wanrooy, M. J., L. F. Span, M. G. Rodgers, E. R. van den Heuvel, D. R. Uges, T. S. van der Werf, 

J. G. Kosterink, and J. W. Alffenaar. 2014.	 Inflammation	 is	 associated	with	voriconazole	 trough	



92

Discussion

7 7

concentrations.	Antimicrob.	Agents	Chemother.	58:7098-7101.	doi:	10.1128/AAC.03820-14	[doi].	

18. van Wanrooy, M. J. P., A. Kort, M. G. G. Rodgers, L. F. R. Span, D. R. A. Uges, T. S. van der 

Werf, J. G. W. Kosterink, and J. W. C. Alffenaar. 2011.	Voriconazole	concentrations	are	significantly	

influenced	by	inflammatory	reactions.	Ther.	Drug	Monit.	33:478-478.	

19. Weiss, J., M. M. Ten Hoevel, J. Burhenne, I. Walter-Sack, M. M. Hoffmann, J. Rengelshausen, W. E. 

Haefeli, and G. Mikus. 2009.	CYP2C19	genotype	is	a	major	factor	contributing	to	the	highly	variable	

pharmacokinetics	of	voriconazole.	J.	Clin.	Pharmacol.	49:196-204.	doi:	10.1177/0091270008327537.	

20. Roffey, S. J., S. Cole, P. Comby, D. Gibson, S. G. Jezequel, A. N. Nedderman, D. A. Smith, D. K. 

Walker, and N. Wood. 2003.	The	disposition	of	voriconazole	in	mouse,	rat,	rabbit,	guinea	pig,	dog,	

and	human.	Drug	Metab.	Dispos.	31:731-741.	

21. Morgan, E. T. 1997.	 Regulation	 of	 cytochromes	 P450	 during	 inflammation	 and	 infection.	 Drug	

Metab.	Rev.	29:1129-1188.	doi:	10.3109/03602539709002246.	

22. Gabay, C., and I. Kushner. 1999.	Acute-phase	proteins	and	other	systemic	responses	to	inflammation.	

N.	Engl.	J.	Med.	340:448-454.	doi:	10.1056/NEJM199902113400607.	

23. Hope, W. W., M. Vanguilder, J. P. Donnelly, N. M. Blijlevens, R. J. Bruggemann, R. W. Jelliffe, and 

M. N. Neely. 2013.	Software	for	dosage	individualization	of	voriconazole	for	immunocompromised	

patients.	Antimicrob.	Agents	Chemother.	57:1888-1894.	doi:	10.1128/AAC.02025-12.	


