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Prospective, Observational Study of Voriconazole Therapeutic Drug
Monitoring among Lung Transplant Recipients Receiving Prophylaxis:
Factors Impacting Levels of and Associations between Serum Troughs,
Efficacy, and Toxicity

Dimitra Mitsani,> M. Hong Nguyen,® Ryan K. Shields,® Yoshiya Toyoda,© Eun J. Kwak,® Fernanda P. Silveira,® Joseph M. Pilewski,
Maria M. Crespo,? Christian Bermudez, Jay K. Bhama,© and Cornelius J. Clancy®¢

Divisions of Infectious Diseases® and Pulmonary Medicine, Department of Medicine,” and Department of Cardiothoracic Surgery, University of Pittsburgh,© and V.A.
Pittsburgh Healthcare System,? Pittsburgh, Pennsylvania, USA

Voriconazole prophylaxis is common following lung transplantation, but the value of therapeutic drug monitoring is unknown.
A prospective, observational study of lung transplant recipients (n = 93) receiving voriconazole prophylaxis was performed.
Serum voriconazole troughs (n = 331) were measured by high-pressure liquid chromatography. The median initial and subse-
quent troughs were 1.91 and 1.46 pug/ml, respectively. The age of the patient directly correlated with initial troughs (P = 0.005).
Patients that were =60 years old and cystic fibrosis patients were significantly more likely to have higher and lower initial
troughs, respectively. In 95% (88/93) of patients, =2 troughs were measured. In 28% (25/88) and 32% (28/88) of these patients,
all troughs were =1.5 ug/ml or >1.5 ug/ml, respectively. Ten percent (10/93) and 27% (25/93) of the patients developed invasive
fungal infection (tracheobronchitis) and fungal colonization, respectively. The median troughs at the times of positive and nega-

tive fungal cultures were 0.92 and 1.72 ug/ml (P = 0.07). Invasive fungal infections or colonization were more likely with
troughs of =1.5 pg/ml (P = 0.01) and among patients with no trough of >1.5 ug/ml (P = 0.007). Other cutoff troughs corre-
lated less strongly with microbiologic outcomes. Troughs correlated directly with aspartate transferase levels (P = 0.003), but
not with other liver enzymes. Voriconazole was discontinued due to suspected toxicity in 27% (25/93) of the patients. The
troughs did not differ at the times of suspected drug-induced hepatotoxicity, central nervous system (CNS) toxicity, or nausea/
vomiting and in the absence of toxicity. Voriconazole prophylaxis was most effective at troughs of >1.5 ug/ml. A cutoff for tox-
icity was not identified, but troughs of >4 ug/ml were rare. The data support a target range of >1.5 to 4 pug/ml.

nvasive fungal infections (IFIs) account for 15 to 35% of infections
following lung transplantation, and mortality rates approach 60%
(33). The two most common IFIs among lung transplant recipients
are pneumonia, which is caused most frequently by Aspergillus fu-
migatus and other molds, and anastomic site tracheobronchitis,
which is caused by molds or yeasts. Fifty-nine percent of lung trans-
plant programs worldwide employ universal antifungal prophylaxis
(22, 25). Voriconazole is effective in preventing IFIs among lung
transplant recipients (17), and it has emerged as the preferred pro-
phylactic agent (25). Drug intolerance is the main indication for
switching from voriconazole to alternative regimens (25).
Voriconazole therapeutic drug monitoring (TDM) has been
advocated during treatment of IFIs to optimize efficacy and min-
imize toxicity and intolerance (2). Indeed, voriconazole is ideally
suited to TDM. There is significant interpatient variability in drug
exposure, reflecting nonlinear saturable pharmacokinetics, drug-
drug interactions, CYP2C19 genetic polymorphisms, and physio-
logical conditions associated with underlying diseases (2, 28, 35).
Voriconazole serum troughs are good measures of drug exposure
(14, 15). Low troughs are associated with therapeutic failure
among patients with IFIs, and dose adjustments for undetectable
concentrations are reported to improve treatment efficacy (10, 13,
21, 24, 28, 32, 36, 37, 39). In some studies, elevated troughs are
linked to increased toxicity, including central nervous system
(CNYS) events and elevated liver function tests (5, 10, 16, 19, 21, 24,
28, 34). In general, a target trough range of 1 to 4 ug/ml is recom-
mended for treatment of IFIs (2, 7).
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Voriconazole TDM is not well characterized during prophy-
laxis, and associations between serum troughs and outcomes are
not established. The mean bioavailability of voriconazole among
lung transplant recipients ranges from 24% to 64% compared to
96% in populations of individuals who did not receive a lung
transplant (15). Nevertheless, only 26% of lung transplantation
programs employ TDM (25). In late 2008, we instituted routine
TDM of voriconazole troughs to ensure that our lung transplant
recipients absorbed the drug and to help minimize toxicity. We
performed a prospective, observational study of TDM to deter-
mine the distribution of voriconazole troughs and their associa-
tions with efficacy and toxicity during prophylaxis.

MATERIALS AND METHODS

Patients. Consecutive patients (>18 years old) who underwent lung
transplantation at the University of Pittsburgh Medical Center in 2009,
received voriconazole prophylaxis, underwent TDM, and received our
standard immunosuppressive regimen (alemtuzumab as induction and a
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calcineurin inhibitor, mycophenolate mofetil, and low-dose prednisone
[5 mg] as maintenance) were eligible. Patients were excluded if they had
received phenytoin, carbamezepime, or rifampin, had previous IFIs or
fungal colonization, or were receiving voriconazole for treatment of an
IFL. The patients were monitored while they received voriconazole or until
they developed an IFI through 1 July 2010. The study was approved by the
University of Pittsburgh Institutional Review Board (PRO09050022).

Protocols. Voriconazole was administered immediately after the
transplant in 2 intravenous doses (6 mg/kg of body weight) (the two doses
were given 12 h apart), and then 200 mg orally or per nasogastric tube was
administered twice daily. The recommended duration of voriconazole
prophylaxis was =3 months. Patients also received valganciclovir and
life-long trimethoprim-sulfamethoxazole. During the study period, it was
recommended that clinicians measure voriconazole troughs weekly on
inpatients starting at =6 days after the transplant and at the time of hos-
pital readmission. There were no formal recommendations for trough
measurements during outpatient clinic visits, and such testing was or-
dered at the discretion of the patients’ physicians. At the time of the study,
there were no institutional protocols for voriconazole dose adjustments
based on troughs. Given the lack of data to support a cutoff for effective
prophylaxis, doses generally were not adjusted unless troughs were >4
pg/ml. For patients who suffered side effects such as elevated liver func-
tion tests, nausea, or vomiting, and central nervous system (CNS) events,
a trough was obtained, and the dose of voriconazole was either reduced or
voriconazole treatment was stopped. In the latter event, antifungal pro-
phylaxis was substituted with another triazole or inhaled amphotericin B.
All troughs were measured in-house using a high-pressure liquid chroma-
tography method (20).

Definitions. Voriconazole troughs were considered to be at the same
time as tests or events if they were performed within 48 h. IFIs were
defined by modified European Organization for Research and Treatment
of Cancer/Invasive Fungal Infections Cooperative Group and the Na-
tional Institute of Allergy and Infectious Diseases Mycoses Study Group
(EORTC/MSG) criteria (11), recognizing that these criteria have not been
validated in the lung transplant recipient population. We defined fungal
anastomotic tracheobronchitis as the presence of ulceration, necrosis,
pseudomembrane cartilage invasion in the airways and either positive
biopsy culture for fungus or fungal invasion seen on tracheobronchial
biopsy (18). Colonization was defined as recovery of a fungus without
evidence of IFI. Hepatotoxicity was graded according to National Cancer
Institute criteria (11a). For a given patient, only the first episode of each
type of intolerance/toxicity was considered. Patients that were =60 years
of age were considered elderly, and this age cutoff was used for compari-
son of voriconazole troughs.

Statistics. Instat software (Graphpad Software Inc., San Diego, CA)
was used. Dichotomous variables were compared using chi-squared or
Fisher’s exact test. Continuous variables were reported as medians, and
the differences between groups were calculated using Mann-Whitney U
test. Correlations between voriconazole levels and age or liver function
tests were assessed using Spearman rank correlation. P values of <0.05
were significant. Since the breakpoint for protective voriconazole levels
during prophylaxis is currently unknown, we performed the analyses in
this exploratory study at breakpoints suggested by data from treatment of
IFIs (0.5 to 2 pg/ml at intervals of 0.5 mg/liter).

RESULTS

A total of 331 serum voriconazole troughs were measured in 93
lung transplant recipients (Fig. 1 and Table 1). Ninety-eight per-
cent (324/331) of the troughs were from hospitalized patients. The
troughs were first measured at a median time of 11 days after the
transplant (interquartile range [IQR], 8 to 20 days). In 95% (88/
93) of patients, =2 troughs were measured (median, 4; IQR, 3 to
5).In 23% (20/88) and 48% (42/88) of these patients, all troughs
were =1 pg/ml or >1 ug/ml, respectively. In 28% (25/88) and
32% (28/88) of the patients, all troughs were =<1.5 pug/ml or >1.5
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FIG 1 Distribution of voriconazole troughs. Voriconazole troughs were mea-
sured in 93 patients (A), and subsequent troughs were measured in 95% (88/
93) of these patients (B). The median initial and subsequent troughs were 1.91
png/ml (IQR, 0.64 to 3.42 ug/ml) and 1.46 pg/ml (IQR, 0.63 to 2.56 ug/ml),
respectively. One percent (1/93) and 4% (10/238) of initial and subsequent
troughs, respectively, were undetectable (=0.20 ug/ml). Thirty-two percent
(30/93) and 37% (89/238) of the troughs were =<1 ug/ml, respectively (not
significant [NS]). Forty percent (37/93) and 51% (121/238) were =1.5 pg/ml
(P values for each cutoff were NS). Fifteen percent (14/93) and 8% (20/238)
were >4 pg/ml.

pg/ml, respectively. A single patient (a 68-year-old Caucasian
man) had troughs that were consistently >4 ug/ml. There were no
significant differences in the numbers of troughs measured among
patients with IFIs, colonization, or negative fungal cultures (data
not shown). In 7 patients, voriconazole dosages were adjusted in
response to the recovery of a fungus, suspected toxicity, or troughs
of >4 pg/ml (details summarized in Table 2).

There was a direct correlation between the age of the patient
and initial trough (P = 0.005) (Fig. 2). Initial troughs of >1 ug/
ml, >1.5 pg/ml, or >4 ug/ml were significantly more likely
among patients that were =60 years old (P = 0.004, 0.03, and 0.02,
respectively) (Table 3). Cystic fibrosis (CF) was significantly asso-
ciated with initial troughs of =1 ug/mland =1.5 ug/ml (P = 0.02
and 0.01, respectively) compared to other underlying lung dis-
eases (Table 3). There were no significant relationships between
initial troughs and other patient characteristics listed in Table 1
(data not shown). Age was the only factor independently associ-
ated with initial troughs of =1 pg/ml by multivariate analysis (P =
0.02).

Voriconazole troughs and fungal infections. During vori-
conazole prophylaxis, 10% (10/93) and 27% (25/93) of patients
developed IFIs or had fungi colonize their respiratory tracts, re-
spectively. All IFIs were anastomotic tracheobronchitis due to
yeasts (6 patients) or molds (4 patients). The median time to di-
agnosis of IFI was 6 weeks after the transplant (IQR, 4 to 10
weeks). There were 43 episodes of fungal colonization among 25
patients, including 18 and 25 episodes due to yeasts and molds,
respectively. Of note, Aspergillus fumigatus was not isolated from
any patient.
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TABLE 1 Patient characteristics

Characteristic Value®
Age, yr [median (range)]l’ 60 (20-74)
Gender, male 54 (50/93)
Race
White 91 (85/93)
African-American 8(7/93)
Middle Eastern 1(1/93)
BMI = 30° 24 (22/93)
Body wt = 100 kg” 14 (13/93)
Underlying lung diseases
Chronic obstructive pulmonary disease 39 (36/93)
Idiopathic pulmonary fibrosis 27 (25/93)
Cystic fibrosis 13 (12/93)
Pulmonary fibrosis (nonidiopathic) 5(5/93)
Sarcoidosis 3(3/93)
Scleroderma 3(3/93)
Primary pulmonary hypertension 2(2/93)
Miscellaneous® 8(7/93)
Underlying liver disease”? 3(3/93)
Type of transplant
Double lung 80 (74/93)
Single lung 19 (18/93)
Heart-lung 1(1/93)
Route of voriconazole administration®
Oral 74 (69/93)
Nasogastric tube (suspension) 26 (24/93)

“ All values except for age are the percentages of patients (number of patients/total
number of patients) with the characteristic.

b At the time of the transplant. BMI, body mass index.

¢ One patient each had eosinophilic granuloma, primary ciliary dyskinesia,
pneumoconiosis, lymphangioleiomyomatosis, alpha-1 anti-trypsin deficiency
syndrome, congenital heart disease, and another transplant.

@ All three patients had mild liver disease. One patient had liver disease resulting from
cystic fibrosis, one had liver disease resulting from congenital heart disease, right heart
failure and liver congestion, and one had liver disease resulting from hepatitis C virus
infection and alcohol abuse.

¢ At the time of the initial level.
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FIG 2 Distribution of initial voriconazole troughs by the age of the patient at
the time of the transplant. There was a direct correlation between the age of the
patient and initial voriconazole trough (P = 0.005 by Spearman rank correla-
tion). The median age of patients with initial troughs of =1 ug/ml was 52 years
(IQR, 42 to 64 years) compared to 63 years (IQR, 55 to 68 years) for patients
with initial troughs of >1 ug/ml (P = 0.002). The median age of patients with
initial troughs of >4 ug/ml was 66 years (IQR, 60 to 71 years) compared to 60
years (IQR, 50 to 67 years) for patients with initial troughs of =4 ug/ml (P =
0.02).

Opverall, 157 voriconazole troughs were measured at the time of
cultures (IFIL, n = 10; colonization, n = 43; negative cultures, n =
104). The median troughs associated with positive and negative
cultures were 0.92 pg/ml (IQR, 0.55 t0 2.62) and 1.72 pg/ml (IQR,
0.72 to 3.12), respectively (P = 0.07). Among positive cultures,
median troughs associated with IFI and colonization were 0.99
pg/ml (IQR, 0.74 to 2.40) and 0.92 pg/ml (IQR, 0.52 to 2.70),
respectively (P = 0.44). A positive culture was significantly more
likely with a trough of =1.5 ug/ml (P = 0.01) (Table 4). Indeed,
60% (6/10) and 70% (30/43) of the IFI and colonization instances,
respectively, occurred at troughs of =1.5 ug/ml compared to 46%
(48/104) of negative cultures.

Patients who failed to achieve at least one trough of >1.5
pg/ml or >1 pg/ml were significantly more likely to have a posi-
tive fungal culture (P = 0.007 and 0.01, respectively) (Table 5).
There were no associations between troughs and recovery of par-
ticular fungal species, and the initial and maximum troughs did
not correlate with microbiology results (data not shown).

Only one patient with IFI had antecedent acute cellular rejec-
tion requiring augmented immunosuppression, and no patients
had prior evidence of active cytomegalovirus infection.

TABLE 2 Clinical data for patients whose voriconazole dosages were changed

Demographic and clinical Initial voriconazole

Voriconazole dose

Subsequent voriconazole

Patient data® trough(s) (ug/ml) adjustment” Reason(s) troughs (ug/ml)*
1 20 yrs old, W, F, cystic <0.20 From 200 mg BID to Pathogenic molds recovered 0.63, 0.65, 1.24
fibrosis 300 mg BID from BAL specimen?
2 72 yrs old, W, M, idiopathic 1.13 From 200 mg BID to Drug intolerance with vision 0.5, 0.6, 0.76, 0.87
pulmonary fibrosis 200 mg daily problem and hallucination
3 53 yrs old, W, F, COPD 2.31,1.93 From 200 mg BID to Nausea, vomiting <0.2 (twice)
200 mg daily
4 42 yrs old, W, F, pulmonary 3.72,4.11 From 200 mg BID to Nausea, vomiting (No follow-up levels)
fibrosis 200 mg daily
5 63 yrs old, W, M, idiopathic 4.8 From 200 mg BID to High level of voriconazole 0.87,1.01, 1.18, 1.25,
pulmonary fibrosis 200 mg daily 1.42
6 70 yrs old, W, M, idiopathic 4.93 From 200 mg BID to High level of voriconazole 1.94,1.97, 2.16, 2.17
pulmonary fibrosis 200 mg daily
7 60 yrs old, W, M, COPD 5.21 From 200 mg BID to Nausea, vomiting, and high <0.2,0.82
200 mg daily level

@ The age, race (white [W]), gender (female [F] and male [M]), and underlying lung disease (chronic pulmonary obstructive disease [COPD]) are shown for each patient.
b The original dose is shown first and then the final dosage that each patient received until discharge from the hospital. BID, twice a day.

¢ The troughs are listed in increasing order.
4 BAL, bronchoalveolar lavage.
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TABLE 3 Patient characteristics associated with specific initial voriconazole troughs®

% of patients with an initial
voriconazole trough

% of patients with an initial
voriconazole trough

% of patients with an
initial voriconazole

concn® of: concn of: trough concn of:

=1 pg/ml >1 pg/ml =1.5 ug/ml >1.5 pg/ml =4 pg/ml >4 pg/ml
Patient characteristic (n = 33) (n = 60) P value (n=37) (n = 56) P value (n=179) (n=14) Pvalue
Age = 60 yrs (n = 53) 23 (12/53) 77 (41/53) 0.004 30 (16/53) 70 (37/53) 0.03 77 (41/53) 23(12/53)  0.02
Age < 60 yrs (n = 40) 52.5(21/40)  47.5 (19/40) 52.5(21/40)  47.5 (19/40) 95 (38/40) 5 (2/40)
Cystic fibrosis (n = 12) 67 (8/12) 33 (4/12) 0.02 75 (9/12) 25(3/12) 0.01 100 (12/12) 0(0/12) 0.20
Other disease (n = 81) 31 (25/81) 69 (56/81) 35 (28/81) 65 (53/81) 83 (67/81) 17 (14/81)

@ There were no significant associations between initial voriconazole troughs and patients’ sex, race, body mass index, lung diseases other than cystic fibrosis, presence of underlying
liver disease, route of voriconazole administration, or receipt of concomitant acid suppressive therapy (data not shown). The P values result from a comparison of values for the
patients with the lower trough concentration compared to the patients with the higher trough concentration.

b The values in parentheses are the number of patients with the initial voriconazole trough concentration to the total number of patients.

Voriconazole troughs and drug toxicity. Voriconazole was
discontinued in 27% (25/93) of patients due to suspected drug
toxicity, including nausea/vomiting (14% [13/93]), hepatotoxic-
ity (11% [10/93]), and central nervous system (CNS) events (3%
[3/93]). CNS events included visual disturbances (n = 2) and
delirium (n = 1). One patient had nausea/vomiting and a visual
disturbance. The median voriconazole troughs at the time of sus-
pected drug-induced nausea/vomiting, hepatoxicity, and CNS
toxicity were not significantly different from the median troughs
among patients who did not exhibit these symptoms or toxicity
(Fig. 3). Similarly, initial or maximum voriconazole troughs did
not correlate with suspected toxicity (data not shown). Overall,
209 voriconazole troughs were measured at the time of liver func-
tion tests. Troughs correlated with serum aspartate transferase
(AST) levels (P = 0.003) (Fig. 4), but not alanine transaminase

TABLE 4 Respiratory tract culture results, stratified by voriconazole
troughs at the time of culture

% of positive cultures

(n=53)" % of total
positive % of negative

Voriconazole  IFI” Colonization®  cultures cultures
trough (n=10) (n=43) (n=53)" (n=104)" Pvalue?
=05pg/ml 10 (1/10) 23 (10/43) 21(11/53) 22(23/104) 1.0
>0.5 ug/ml 90 (9/10) 77 (33/43) 79 (42/53) 78 (81/104)
=1 ug/ml 50 (5/10) 51 (22/43) 51(27/53)  35(36/104) 0.06
>1 pg/ml 50 (5/10) 49 (21/43) 149 (26/53) 65 (68/104)
=<15pug/ml 60 (6/10) 70 (30/43) 68 (36/53) 46 (48/104)  0.01
>1.5 ug/ml 40 (4/10) 30 (13/43) 32(17/53) 54 (56/104)
=2 ug/ml 70 (7/10) 72 (31/43) 72 (38/53) 58 (60/104) NS (0.12)
>2 pg/ml 30 (3/10) 28 (12/43) 28(15/53) 42 (44/104)

@ The values in parentheses are the number of positive or negative cultures to the total
number of cultures.

b Anastomotic tracheobronchits was caused by Candida glabrata (n = 3), Candida
albicans (n = 2), a yeast species that was not identified to the species level (n = 1),
Penicillium (n = 1), Aspergillus niger (n = 1), and an unidentified mold (n = 2).

¢ Colonization was caused by 19 Candida isolates (9 C. glabrata isolates, 6 C. albicans
isolates, 2 C. krusei isolates, and one isolate each of C. tropicalis and C. parapsilosis, and
24 mold isolates (9 Penicillium isolates, 6 Aspergillus niger isolates, 2 Fusarium isolates, 2
Rhizopus isolates, 1 Scedosporium isolate, 1 Lecythofora isolate, and 3 unidentified
molds). Seven patients were colonized for a single episode, and 18 patients were
colonized for two episodes at unique times.

@ The P values result from a comparison of values for the 53 positive cultures compared
to the values for the 104 negative cultures at their respective troughs. NS, not
significant.
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(ALT), alkaline phosphatase, or total bilirubin levels (P = 0.13,
0.55, and 0.62, respectively).

Nausea and vomiting were definitively attributed to voricona-
zole in only 23% (3/13) of suspected cases, as the symptoms sig-
nificantly improved within 48 h of discontinuing the drug. In the
remaining cases, other drugs were discontinued simultaneously
(mycophenolate, 9 patients; multiple medications, 1 patient).
Within 4 months, four of these patients were rechallenged with
voriconazole with no recurrence of nausea/vomiting. Elevated
transaminase or alkaline phosphatase levels were encountered in
56% (52/93) of patients during prophylaxis (Table 6), but grade 3
hepatotoxicity was evident in only 5% (5/93). Grade 3 hepatotox-
icity was ascribed to voriconazole in three patients in whom alka-
line phosphatase levels improved within 1 week of discontinuing
the drug; levels did not return to baseline until a mean of 7 weeks
later. Among the patients for whom hepatotoxicity was not as-
cribed to voriconazole, an alternative etiology was identified (sep-
sis and cirrhosis [1 patient each]) or liver function test results
normalized during continued prophylaxis. The three patients
with suspected CNS toxicity were 53, 67, and 68 years of age, and
each was also receiving tacrolimus. Magnetic resonance images
did not show evidence of posterior reversible encephalopathy syn-
drome, and discontinuation of tacrolimus did not reverse the
findings. Symptoms resolved within 8 days of discontinuing vori-
conazole.

TABLE 5 Respiratory tract culture results among 93 patients, stratified
by achievement of voriconazole cutoff troughs

% of patients with the following
microbiology result”:

Positive Negative
Voriconazole troughs cultures cultures
(n=93) (n = 35) (n=58) Pvalue”
No trough > 1 ug/ml 65 (13/20) 35 (7/20) 0.01
(n=20)
At least one trough > 1 30 (22/73) 70 (51/73)
pg/ml (n = 73)
No trough > 1.5 ug/ml 62.5 (15/24) 37.5(9/24) 0.007
(n=24)
At least one trough > 29 (20/69) 71 (49/69)

1.5 pg/ml (n = 69)

@ The values in parentheses are the number of patients with a positive or negative result
to the total number of patients.

b The P values result from a comparison of values for the positive cultures compared to
the values for the negative cultures.
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FIG 3 Distribution of voriconazole troughs by type of suspected toxicity.
There were no significant differences in the median troughs among patients at
the time of suspected voriconazole-related nausea/vomiting, CNS toxicity, or
hepatotoxicity (liver enzyme elevations) (symbols) and the troughs among
patients without suspected toxicity (horizontal lines).

DISCUSSION

In this study, we describe our experience with voriconazole TDM
among 93 patients who received prophylaxis following lung trans-
plantation. To our knowledge, this is the first study of routine
voriconazole TDM in this setting. Our most important finding is
that serum voriconazole troughs correlated with efficacy of pro-
phylaxis. The median trough associated with IFI or fungal coloni-
zation was 0.92 pg/ml compared to 1.72 ug/ml for negative respi-
ratory tract cultures. Moreover, IFI and fungal colonization were
significantly less likely if the trough at the time was >1.5 ug/ml
compared to lower levels. Patients with at least one serum trough
of >1.5 ug/ml were significantly less likely to develop IFI or col-
onization than patients who failed to achieve a trough above this
cutoff. A trough of >1 ug/ml was also protective against IFI or
colonization, although the association was less robust. Our data
suggest that the target trough for optimizing the efficacy of vori-
conazole prophylaxis in lung transplant recipients is within the
range of targets previously advocated for the treatment of IFIs (6,
19, 28, 31, 32).

To date, there are limited data for voriconazole TDM during
antifungal prophylaxis. The largest study consisted of 71 alloge-
neic stem cell transplant recipients, of whom 6 and 4 patients
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FIG 4 Correlation between voriconazole troughs and aspartate transaminase
(AST) values. The data include 209 voriconazole troughs drawn at the time of
liver function tests. Voriconazole troughs correlated with AST values (P =
0.003 by Spearman rank correlation), but not with ALT, alkaline phosphatase,
or total bilirubin values (data not shown).
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TABLE 6 Liver enzyme abnormalities during voriconazole prophylaxis

% of patients with the following liver enzyme toxicity”:

Grade of

toxicity AST ALT ALP

1 18 (17/93) 9 (8/93) 25 (23/93)"
2 2(2/93) 2(2/93) 15 (14/93)¢
3 1(1/93) 0 4 (4/93)¢

4 0 0 0

“ For aspartate transaminase (AST), alanine transaminase (ALT), and alkaline
phosphatase (ALP), liver enzyme toxicity was defined as follows: grade 1, upper limit of
normal (ULN) to 2.5X ULN; grade 2, >2.5X to 5X ULN; grade 3, >5X to 20X ULN;
grade 4, >20X ULN. At the University of Pittsburgh Medical Center (UPMC), the
respective ULN values for AST, ALT, and ALP, are 41 U/liter, 63 U/liter, and 126 U/
liter, respectively. The values in parentheses are the number of patients with toxicity to
the total number of patients.

¥ One patient also had transaminase toxicity.

¢ Three patients also had transaminase toxicity.

“ Five patients also had transaminase toxicity.

developed breakthrough candidiasis and Mucorales infections, re-
spectively (38). For candidiasis, the most recent voriconazole
troughs were <2 ug/ml; for Mucorales infections, the most recent
troughs ranged from 1.1 to 5.9 pug/ml (median, 3.8 ug/ml). These
data are difficult to interpret, since the troughs were measured 1 to
12 weeks prior to the diagnosis of IFL. Previous experience with
itraconazole prophylaxis among neutropenic hosts at high risk for
IFIs suggested that target concentrations for effective disease pre-
vention were two- to fourfold lower than for treatment (31).
Along these lines, a recent review hypothesized that the voricona-
zole concentration necessary to prevent IFIs may be lower than
needed for treatment (31). Our data do not support this hypoth-
esis. Clearly, further studies are needed to clarify the relationship
between voriconazole levels and the efficacy of prophylaxis, rec-
ognizing that optimal target concentrations may differ based on
the patient population.

Associations between voriconazole troughs and drug toxicity
in this study were less clear-cut, and cutoff troughs that identified
patients at increased risk could not be assigned. Indeed, voricona-
zole prophylaxis was safe and, on the whole, well-tolerated. Our
27% (25/93) discontinuation rate was consistent with previous
studies in other populations (http://www.rxlist.com/vfend-drug
.htm). As in earlier reports, we found a direct correlation be-
tween troughs and AST levels (23, 36). Elevated liver enzymes
were common, but the vast majority were attributable to etiol-
ogies other than voriconazole exposure. Moreover, grade 3 el-
evations were documented in only 5% (5/93) of patients, and
voriconazole was discontinued due to hepatotoxicity in only
11% (10/93) of patients. Our rate of significant hepatotoxicity
was lower than generally reported among patients with hema-
tologic malignancies or stem cell transplant recipients, in
whom tumor infiltration, fungal infection of the liver, chemo-
therapeutic agents, or graft-versus-host disease can cause liver
injury (1, 9). Nausea and vomiting were the most common
indications for discontinuation of voriconazole (14% [13/93]).
In most instances, however, other drugs known to cause gas-
trointestinal side effects like calcineurin inhibitors or myco-
phenolate were discontinued simultaneously, making it diffi-
cult to establish causal links. Finally, our 3% rate of suspected
voriconazole-induced CNS toxicity was consistent with the
rate previously reported (VFEND patient counseling informa-
tion [http://www.pfizer.com/files/products/uspi_vfend.pdf];
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Pfizer Inc., New York, NY). A narrow therapeutic window be-
tween efficacy and CNS events was also observed in a recent
study of lung transplant recipients with CF (4). It is possible
that the threshold for neurotoxicity in our 3 patients was low-
ered due to their ages (53, 67, and 68 years) and the receipt of
tacrolimus, which has been associated with neurological ad-
verse events in as many as 40 to 60% of patients (3, 40). In the
end, our ability to demonstrate associations between voricona-
zole troughs and toxicity was likely limited by the small num-
ber of troughs of >4 ug/ml, which reflected a general practice
in our program of reducing dosages at this threshold. In this
regard, we feel that we were successful in our initial objective of
instituting TDM to minimize serious toxicity.

Based on our data, our present practice is to target voricona-
zole troughs during prophylaxis to a range of >1.5 to 4 ug/ml.
This range encompasses our efficacy cutoff, allows some cushion
for variations in levels over time, and acknowledges previous re-
ports of increased toxicity at higher troughs (6, 8). At the same
time, our experience highlights the challenges of achieving and
maintaining serum troughs of >1.5 ug/ml. Despite a standardized
dosing protocol, troughs were consistently =1.5 ug/ml in 28%
(25/88) of our patients; 40% (35/88) had levels that fluctuated
between =1.5 and >1.5 ug/ml. Therefore, serial monitoring to
ensure that troughs remain within the desired range is essential,
even if earlier TDM results suggest that targets have been achieved
(39). In conjunction with systematic TDM, evaluation for
CYP2C19 genetic polymorphisms, which was not performed in
this study, may be useful in identifying patients predisposed to
lower voriconazole levels due to increased drug metabolism (31).

Age was the most important demographic or clinical factor
that impacted voriconazole levels, correlating directly with
troughs. Indeed, older patients (=60 years of age) were signifi-
cantly more likely to have initial serum troughs of >1.5 ug/ml.
Our findings are in line with pharmacokinetic data from 552 pa-
tients in 10 voriconazole clinical trials, which demonstrated that
median voriconazole concentrations among patients older than
65 years were 80% to 90% higher than in younger patients (http:
/Iwww.rxlist.com/vfend-drug.htm). In contrast, CF patients were
significantly more likely to have initial troughs of =1.5 ug/ml by
univariate analysis. A recently published voriconazole pharmaco-
kinetics study among lung transplant recipients at our center
identified CF as the most important patient variable associated
with poor bioavailability (14, 15) likely due to intestinal mucosal
dysfunction and other physiologic changes that accompany the
disease (12, 14, 15). In another report, 50% to 70% of voricona-
zole troughs measured in CF patients were =1.5 ug/ml during any
given time period following lung transplantation (4). As reported
previously (27), we did not find an association between body mass
index (BMI) or weight and voriconazole troughs. In patients who
receive weight-adjusted parenteral loading doses of voriconazole,
therefore, our data suggest that subsequent adjustments of oral
doses are not necessary.

There are several caveats to our findings. First, we assessed
patients receiving voriconazole within the first few months of lung
transplantation, and the results may not be relevant to other dos-
ing regimens or populations. Second, tracheobronchitis ac-
counted for all cases of IFI. While the data may suggest that vori-
conazole prophylaxis was protective against pneumonia and other
parenchymal diseases, we cannot draw conclusions about the im-
pact of serum troughs on these entities. Third, we recognize that
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voriconazole concentrations within the lung and/or respiratory
tract may be more important determinants of the efficacy of pro-
phylaxis than serum levels. It is important to understand that pul-
monary artery circulation is surgically restored during transplan-
tation but that bronchial artery circulation is not. In studies of
canine lung transplantation, bronchial artery circulation is slowly
regenerated by angiogenesis (29, 30). As such, bronchial anasto-
mosis is susceptible in the early posttransplant period to ischemia
(26), which may predispose the patients to IFIs despite voricona-
zole prophylaxis through attenuated local host defenses and di-
minished drug delivery. Indeed, we recognize that serum vori-
conazole troughs are only one of several potential risk factors for
IFI. Along these lines, there were no differences in immunosup-
pressive regimens, acute cellular rejection, or active cytomegalo-
virus infections among patients with IFIs, colonization, or no pos-
itive fungal cultures in this study. Finally, we cannot assess the
impact of prophylaxis on the emergence of voriconazole-resistant
fungi because susceptibility testing was not available at our center
during the study period. Nevertheless, it was striking that Rhizo-
pus spp. or other typically voriconazole-resistant agents of the
Mucorales group did not emerge in the face of higher troughs.
Furthermore, Candida glabrata and Candida krusei, species for
which azole resistance is commonly encountered, were recovered
from patients with a wide range of troughs.

In conclusion, the results of this study suggest that routine
voriconazole TDM may identify lung transplant recipients who
are at increased risk of developing fungal infections during pro-
phylaxis. Dose adjustments based upon TDM results may reduce
the occurrence of these infections, as well as minimize drug tox-
icity. Future studies assessing TDM-directed dose adjustment
strategies are warranted.
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