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OBJECTIVE The optimal dose for triazoles in pediatric patients may substantially vary given the dynamic 
changes in pharmacokinetics and pharmacodynamics, based on disease severity. Therapeutic drug moni-
toring has been a valuable tool to help guide management and avoid potential toxicities associated with 
treatment of invasive fungal infections (IFIs). Goal azole serum concentrations are based on specific drug, 
indication, and minimum inhibitory concentration when known. This study aimed to determine the optimal 
pediatric azole doses needed to achieve targeted serum concentrations of isavuconazole, itraconazole, 
posaconazole, and voriconazole.

METHODS This is a single center, retrospective chart review of pediatric patients who received isavucon-
azole, itraconazole, posaconazole, or voriconazole between January 1, 2011, and August 31, 2021.

RESULTS A total of 273 pediatric patients received isavuconazole, itraconazole, posaconazole, or voricon-
azole in the inpatient or outpatient setting during the study period. Of the 273 patients, only 122 met criteria 
for inclusion in the analysis. Eighty-three percent of patients reached a goal serum concentration. Patients 
younger than 12 years required a higher dose (mg/kg/day) to achieve goal serum concentrations. Patients 
who received an azole in the form of an oral tablet or intravenously were more likely to reach a goal con-
centration than those not receiving these formulations. Median time to goal concentration occurred at 20 
days for isavuconazole, 34 days for itraconazole, 11 days for posaconazole, and 10 days for voriconazole.

CONCLUSIONS Higher starting azole doses are needed to obtain goal concentrations quickly, especially for 
children younger than 12 years.

ABBREVIATIONS ALT, alanine transaminase; CYP, Cytochrome P450; HR, hazard ratio; IFIs, invasive fungal 
infections; IV, intravenous; TDM, therapeutic drug monitoring 
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Introduction
Prompt initiation of effective triazole doses for 

invasive fungal infections (IFIs) is of paramount im-
portance to optimize patient clinical outcome owing 
to the substantial morbidity and mortality associated 
with IFIs, especially in critically ill and immunocompro-
mised pediatric patients. Thus, the standard of care for 
most triazole therapy generally includes therapeutic 
drug monitoring (TDM) to optimize efficacy and limit 
toxicity. TDM is particularly imperative in the pediatric 
population because there is substantial inter- and 
intra-patient variability, resulting in variable responses 
to antifungal agents. Pediatric patients often require 
dose adjustments owing to alterations in pharmaco-

kinetics that occur as they develop from a neonate 
through adolescence.1,2 Additionally, there are limited 
data behind current recommended doses, most agents 
are not fully approved for the pediatric population, and 
doses are often extrapolated from or compared with 
the adult population. Currently, there are 5 triazole 
antifungals used for IFI: isavuconazole, itraconazole, 
posaconazole, voriconazole, and fluconazole. Of these 
5, in the pediatric population TDM is most routinely 
done for isavuconazole, itraconazole, posaconazole, 
and voriconazole.

Selecting the best starting dose for pediatric patients 
is extremely challenging and dependent on a multi-
tude of host and drug factors such as gastrointestinal 
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 absorption, volume of distribution, hepatic and renal 
clearance, pharmacogenetics, drug formulations, and 
more.1,2 Recommended starting doses of triazole 
antifungals for pediatric patients as described in the 
literature are summarized in Table 1.

There are limited data in pediatrics that conclusively 
evaluate the relationship between recommended 
doses and goal serum concentrations. Thus, the primary 
outcome of this study was to determine the effective 
dose needed to reach goal serum concentrations 
of isavuconazole, itraconazole, posaconazole, and 
voriconazole in pediatric patients. The secondary aim 
focuses on identifying the interrelationships between 
indications and targeted drug concentrations for the 
4 azoles. Determining the suitable dose in pediatric 
patients can help decrease time to attainment of 
therapeutic serum concentrations and avert adverse 
effects and toxicities.

Materials and Methods
A single center, retrospective chart review was con-

ducted in pediatric patients from birth through 17 years 
of age who received isavuconazole, itraconazole, 
posaconazole, or voriconazole between January 1, 2011, 

and August 31, 2021. Patients were only included if they 
had an inpatient or outpatient encounter with at least 
1 antifungal drug serum concentration measurement. 
Drug concentrations for itraconazole, posaconazole, 
and voriconazole are processed in-house and typically 
take about 24 hours for results. Drug concentrations 
for isavuconazole are sent to Eurofins Viracor, LLC, 
and results are typically available within 5 to 7 days. 
Patients were excluded if they did not have TDM 
performed, electronic medical record had incomplete 
information (i.e., unknown starting azole dose or date), 
posaconazole immediate-release oral suspension was 
prescribed, or there was documented refusal of re-
search authorization. Data collected was captured in a 
secured REDCap (Research Electronic Data; Vanderbilt 
University, Nashville, TN) database.

Antifungal doses (mg/kg/day) and time (days to 
first goal concentration) needed to achieve goal se-
rum concentrations of isavuconazole, itraconazole, 
posaconazole, and voriconazole in pediatric patients 
were analyzed. The impact of antifungal doses and 
time to goal concentrations were assessed through 
documented therapy initiation and acceptable serum 
trough concentration following the achievement of 
steady-state concentrations of the medication. We 
defined steady state as 4 weeks for isavuconazole, 
14 days for itraconazole, 7 days for posaconazole, and 
5 days for voriconazole. Isavuconazole concentrations 
were obtained prior to the conversion to maintenance 
dosing on day 3 (after the 6-dose load) and then again 
at 14 or 28 days dependent on indication for use, 10 to 
14 days for itraconazole, 6 to 7 days for posaconazole, 
and at 5 days for voriconazole. Concentrations were 
considered at goal if within the following range for 
each antifungal: isavuconazole >1 mg/L, itraconazole 
>1 mg/L (via high-performance liquid chromatography, 
excluding hydroxy-itraconazole metabolite), posacon-
azole (prophylaxis) >0.7 mg/L, posaconazole (treatment) 
>1 mg/L, and voriconazole >1 mg/L or if there was a 
different concentration noted in the provider’s clinical 
note. Hydroxy-itraconazole is an active metabolite of 
itraconazole that is reported to have comparable in vitro 
activity.2 However, recommendations are mixed as to 
whether the hydroxy-itraconazole component should 
be used in assessing efficacy; therefore, attainment 
of targeted range by the parent compound alone was 
used. Duration of antifungal therapy was calculated as 
the interval between the first dose given and the dose 
at the time of a goal concentration (or end-of-study 
concentration if a goal concentration was not achieved).

Interrelationship between indications and dose re-
quired for the different azoles in pediatric patients was 
examined. Patients were divided into 2 groups. The 
empiric group included patients who were receiving 
the antifungal for prophylaxis/prevention or empiric 
treatment of a fungal infection without microbiologic 
evidence because goal concentrations would be similar 

Table 1.  Summary of Recommended Therapeutic 
Azole Dose Ranges in the Literature

Azole <12 yr and/
or <30 kg

≥12 yr and/or 
≥30 kg

Isavuconazole 
(isavuconazonium 
sulfate*)3–9

6.5–21 mg/
kg/dose 
PO/IV once 
daily

Load: 372 mg 
PO/IV every  
8 hr × 6 doses 
Maintenance: 
372 mg PO/IV 
once daily

Itraconazole8–11 2–10 mg/
kg/dose PO 
twice daily

Load: 200 mg 
PO 3 times 
daily × 3 days 
Maintenance: 
200 mg PO 
twice daily

Posaconazole8–10,12–14 5–13.5 mg/
kg/dose 
PO/IV once 
daily

Load: 300 mg 
PO/IV twice 
daily × 2 doses 
Maintenance: 
300 mg PO/IV 
once daily

Voriconazole8–10,15–18 8–27 mg/
kg/dose PO/
IV every 
12 hr

Load/
maintenance: 
200–300 mg 
PO/IV twice 
daily

IV, intravenous

* Doses expressed as isavuconazonium sulfate.
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for prophylaxis and empiric treatment. Patients were 
included into the targeted therapy group if there was 
microbiologic evidence of fungal infection.

Baseline and end-of-study monitoring of liver function 
tests and renal function were also evaluated. End of 
study was defined as achievement of goal concentra-
tion for that antifungal. Liver and renal function were 
assessed to monitor for any potential toxicity due to 
drug concentrations or alterations to drug clearance 
that may have affected drug concentrations. Drug 
doses were not adjusted on the basis of specific liver 
or kidney function result but were used as part of full 
patient assessment and to assist with how therapy 
could be individualized. For patients who did not meet 
goal concentration, end of therapy was defined as 
when antifungal therapy was stopped or as a switch 
to another agent. Laboratory evaluations included 
alanine transaminase (ALT), aspartate transaminase, 
total bilirubin, alkaline phosphate, and serum creatinine. 
Significant changes were defined as 3 times the upper 
limit of normal from baseline for hepatic markers and a 
50% increase from baseline for serum creatinine. These 
monitoring laboratory results must have been obtained 
within 1 week of starting azole therapy and similarly 
within 1 week of the defined end-of-study period.

Data were summarized by using frequencies and 
percentages for categorical data and medians and IQRs 
for continuous data. Comparisons between treatment 
regimens were made by using chi-square or Fisher 
exact tests for categorical data and Kruskal-Wallis tests 
for continuous data. Time-to-therapeutic concentration 
was assessed by using the Kaplan-Meier method and 
Cox proportional hazards regression. A spline plot was 
used to assess the functional form of the relationship 
between dose and likelihood of achieving a therapeutic 
concentration. A spline plot and a cut-point analysis 

were used to determine a dose cutoff where patients 
were more likely to achieve a therapeutic concentra-
tion. Among those who achieved a therapeutic con-
centration, a scatter plot and linear regression were 
used to assess the association between starting dose 
and time needed to reach therapeutic concentration 
for each treatment regimen. The regression models 
were also used to assess if there was an interaction 
between starting dose and indication (i.e., if there are 
different relationships based on medication indication). 
All analyses were performed with SAS version 9.4 soft-
ware (SAS Institute Inc, Cary, NC).

Results
During the 10.5-year study period, 273 patients 

received isavuconazole, itraconazole, posaconazole, 
or voriconazole in the inpatient or outpatient setting. 
One hundred fifty-one patients were excluded, and 
122 patients were included in the analysis (Figure 1).

Baseline characteristics are described in Table  2. 
Median patient age was 13 years (IQR, 8.1–15.9) with 
57% aged 12 years or older. Notably, 84% of the popu-
lation received either itraconazole or voriconazole 
and most patients (72%) were classified as receiving 
targeted treatment for an identified fungal organism. 
Approximately half of the patients in the cohort had a 
diagnosis of either aspergillosis (32 patients; 26%) or 
histoplasmosis (32 patients; 26%).

Goal serum concentration was achieved by 101 pa-
tients (83%) (Table 3). Approximately 83% of patients 
who reached a goal concentration received either 
itraconazole or voriconazole. Median time to goal 
concentration occurred at 20 days for isavuconazole,  
34 days for itraconazole, 11 days for posaconazole, and 
10 days for voriconazole. The dosage in mg/kg/dose 
was higher for patients younger than 12 years for all 

Figure 1. Study sample.

SUBA, Super Bio-Availability
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Table 2. Baseline Characteristics

Azole

Isavuconazole 
(n = 4)

Itraconazole 
(n = 56)

Posaconazole 
(n = 15)

Voriconazole 
(n = 47)

Total 
(n = 122)

p. 
value*

Age, median (IQR) 13.5 
(11.4–14.5)

13.2 
(8.4–15.3)

14.2 
(12.3–16.2)

10.7 
(7.0–16.3)

13.0 
(8.1–15.9)

0.32

 <12 yr 1 (25%) 23 (41%) 3 (20%) 26 (55%) 53 (43%)
 ≥12 yr 3 (75%) 33 (59%) 12 (80%) 21 (45%) 69 (57%)

Sex 0.081
 Female 1 (25%) 34 (61%) 5 (33%) 17 (36%) 57 (47%)
 Male 3 (75%) 22 (39%) 10 (67%) 30 (64%) 65 (53%)

Weight, 
median (IQR), kg

37.9 
(33.6–42.5)

45.8 
(26.3–64.5)

53.7 
(44.3–67.5)

35.4 
(24.3–62.2)

44.4 
(26.5–63.3)

0.15

Height, cm 0.25
 n 4 46 12 27 89
 Median (IQR) 150 

(139–156)
154 

(132–167)
158 

(148–161)
131 

(117–166)
152 

(127–165)

Total daily dose, 
median (IQR), mg

372  
(372–372)

200  
(195–400)

300  
(300–300)

400  
(300–500)

 Age <12 yr 372 200  
(100–300)

300  
(100–300)

400  
(200–480)

 Age ≥12 yr 372  
(372–372)

300  
(200–400)

300  
(300–300)

460  
(400–600)

Dose, median (IQR), 
mg/kg/day

9.9  
(8.8–11.1)

5.4  
(4.1–8.8)

5.6  
(4.4–6.8)

10.5  
(5.9–16.2)

 Age <12 yr 11.1 8.9  
(5.0–10.0)

4.4  
(2.4–6.8)

16.3  
(13.8–18.1)

 Age ≥12 yr 8.9 (8.7–11.0) 4.4 (3.7–6.6) 5.7 (4.6–6.8) 7.8 (6.4–8.1)

Monitoring strategy 0.009
 Empiric 1 (25%) 8 (14%) 8 (53%) 17 (36%) 34 (28%)
 Targeted 3 (75%) 48 (86%) 7 (47%) 30 (64%) 88 (72%)

Initial lab tests  
(1 wk prior to or 
after initiation)

Aspartate 
aminotransferase 
(U/L)

0.77

 n 3 19 9 34 65
 Median (IQR) 26 

(15–88)
26 

(21–35)
25 

(17–51)
31 

(23–43)
29 

(21–42)

Alanine 
transaminase (U/L)

0.42

 n 3 21 12 36 72
 Median (IQR) 30 

(17–189)
18 

(14–28)
21.5 

(15.5–93)
26 

(15–50)
23 

(15–50)

Total bilirubin  
(mg/dl)

0.027

 n 3 13 8 27 51
 Median (IQR) 0.3 

(<0.2 to 0.3)
0.3 

(<0.2 to 0.3)
0.4 

(0.4–0.5)
0.6 

(0.3–1.1)
0.4 

(0.3–0.6)
(Table cont. on page 116)
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azoles. This was expected owing to this group’s hav-
ing a lower weight. However, total mg/dose/day was 
similar for both the <12-year age group and ≥12-year 
group (Figure 2A and B). For patients younger than  
12 years, the median doses that achieved goal con-
centrations were the following: 11.1 mg/kg/day (372 mg/
day) for isavuconazonium sulfate, 10 mg/kg/day (300 
mg/day) for itraconazole, 6.8 mg/kg/day (300 mg/day) 
for posaconazole, and 17.9 mg/kg/day (365 mg/day) 
for voriconazole. For patients 12 years or older who 
achieved an appropriate drug concentration, the me-
dian dose that was used to achieve the goal was as fol-
lows: 5.5 mg/kg/day (186 mg/day) for isavuconazonium 
sulfate, 6.9 mg/kg/day (400 mg/day) for itraconazole, 
6.1 mg/kg/day (300 mg/day) for posaconazole, and 
8.5 mg/kg/day (600 mg) for voriconazole. Patients who 
received higher doses of voriconazole were more likely 
to reach goal concentration. This is further described 
in 3 dosing subgroups where differences in total daily 
dose or mg/kg/day dosing were noted (Figure 2C and 
D; Table 4).

Table 5 describes the association between baseline 
characteristics and chances of obtaining goal concen-
trations. Posaconazole (hazard ratio [HR], 2.67; 95% 
CI, 1.41–5.05; p = 0.003) and voriconazole (HR, 2.98; 
95% CI, 1.89–4.69; p < 0.001) were more likely to reach 
goal concentrations than itraconazole. There was no 
significant difference in reaching a goal concentration 
between participants who were in the empiric group 
and the targeted treatment group (HR, 1.06; 95% CI, 
0.68–1.65; p = 0.80). There was no statistically signifi-
cant difference in liver function tests or serum creatinine 
from baseline.

Discussion
To our knowledge, this study is the first to evaluate 

the dose and time to therapeutic serum concentrations 
of isavuconazole, itraconazole, posaconazole, and 

voriconazole and adds to the growing body of literature 
for azole use in pediatric patients. Understanding the 
optimal doses to obtain appropriate serum concentra-
tions of these antifungals is increasingly important 
owing to the major morbidity and mortality conse-
quences that difficult-to-treat IFIs can have. Noting 
the differences in azole half-life, our study found that 
the median number of days to reach goal steady-state 
serum concentrations varied among the azoles, mainly 
owing to the different frequency at which a concentra-
tion is obtained. Additionally, most azoles reached goal 
concentrations with the second drug assessment after 
at least 1 dose adjustment. With this observation, initiat-
ing azole antifungal therapy at a higher starting dose 
would lead to achieving goal concentrations sooner. It is 
important to minimize the time to reach goal serum drug 
concentrations to hopefully limit antifungal resistance 
and clinical failures/breakthrough infection associ-
ated with extended periods of suboptimal antifungal 
concentrations. Additional factors that could affect 
treatment outcomes include route of administration, 
drug formulations, duration of therapy, renal or hepatic 
abnormalities, and drug-drug interactions. Some of 
these factors will be further touched on for each anti-
fungal in the following paragraphs. Renal and hepatic 
laboratory values are described in Table 2 and Table 3. 
There were no statistically significant changes in renal 
or hepatic function tests from baseline.

Isavuconazole. Isavuconazole has been increas-
ingly prescribed in the pediatric population owing to 
the added advantages over other azoles, such as the 
lack of QTc prolongation and fewer drug-drug interac-
tions. Despite these benefits of isavuconazole, pedi-
atric dosing and monitoring information are limited. 
Two of the 4 patients included in the cohort required 
the adult dose of 372 mg daily to reach a goal con-
centration of >1 mg/L, which correlated with the 10-mg 
isavuconazonium sulfate/kg/dose once daily that is 
recommended in the literature. The other 2 patients 

Azole

Isavuconazole 
(n = 4)

Itraconazole 
(n = 56)

Posaconazole 
(n = 15)

Voriconazole 
(n = 47)

Total 
(n = 122)

p. 
value*

Alkaline 
phosphatase (U/L)

0.45

 n 4 13 8 25 50
 Median (IQR) 330 

(123–734)
108 

(68–157)
123 

(90–135)
134 

(90–182)
133 

(86–182)

Serum creatinine 
(mg/dL)

0.44

 n 4 18 14 41 77
 Median IQR 0.7 

(0.6–0.8)
0.6 

(0.3–0.8)
0.6 

(0.5–0.7)
0.5 

(0.3–0.7)
0.5 

(0.3–0.8)

* p value is testing to see if at least one of the groups is different from another.

Table 2. (cont.)
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Table 3. Patients Who Reached Goal Serum Azole Concentration (All Measures Are at Time of Goal  
Concentration)

Azole

Isavuconazole 
(n = 4)

Itraconazole 
(n = 44)

Posaconazole 
(n = 13)

Voriconazole 
(n = 40)

Total 
(n = 101)

p 
value

Days to goal serum 
concentration, median 
(IQR)

 20 
(4–38)

34 
(17–66) 

11 
(9–14) 

10 
(6–15) 

Serum drug 
concentration, median 
(IQR), mg/L

3.4 
(2.9–4.1) 

1.3 
(1.0–2.1) 

1.7 
(1.5–2.6) 

2.6 
(1.8–4.4) 

Total daily dose, median 
(IQR), mg

279 
 (186–372)

400 
(300–400) 

300 
(300–300) 

400 
(300–600) 

 Age <12 yr 372 300 
(180–400)

300 
(200–300)

365 
(265–480)

 Age ≥12 yr 186 
(186–372)

400 
(400–400)

300 
(300–300)

600 
(400–600)

Dose, median (IQR),  
mg/kg/day

11.0 
(4.3–11.1)

8.4 
(6.3–10.1)

6.3 
(5.1–6.8)

14.8 
(7.8–18.0)

 Age <12 yr 11.1 10 
(9.1–11.3)

6.8 
 (2.4–8.8)

17.9 
(16.2–18.8)

 Age ≥12 yr 5.5 
(4.3–8.9)

6.9 
(5.8–8.4)

6.1 
(5.1–6.7)

8.5 
(6.4–10.6)

  Change in dose from 
baseline, mg/kg/day

−2.2  
(−4.9 to 0)

1.0  
(0–3.7)

0  
(0–0)

0  
(0–2.7)

 p value 0.5 <0.001 0.99 0.026

AST (U/L)           0.80
 n 3 17 8 28 56  
 Median (IQR) 55 

(17–153)
25 

(19–42)
35 

 (19–61)
29 

(18–63)
30 

(18–56)
 

Change in AST from 
baseline (U/L)

0.36

 n 3 8 6 23 40
 Median (IQR) 29 

(2 − 65)
–2 

(−10 to 6)
–5 

 (−52 to 26)
2 

 (−10 to 14)
2 

(−10 to 12)
 p-value 0.25 0.57 0.56 0.84 0.80

ALT (U/L)           0.40
 N 4 28 11 27 70  
 Median (IQR) 144 

(18–380)
24 

(15–28)
17 

(12–64)
29 

(13–105)
25 

(14–57)
 

Change in ALT from 
baseline (U/L)

0.65

 N 3 15 9 22 49
 Median (IQR) 77 

(−9 to 477)
0 

(−4 to 7)
0 

(−8 to 41)
−1 

(−28 to 11)
0 

(−9 to 12)
 p-value 0.50 0.75 0.77 0.93 0.59

Serum creatinine (mg/dL)           0.47
 n 4 19 11 33 67  
 Median (IQR) 0.8 

(0.6–1.0)
0.5 

(0.3–0.8)
0.6 

(0.3–0.8)
0.5 

(0.4–0.7)
0.6 

(0.4–0.8)
 

(Table cont. on page 118)
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had to reduce the isavuconazonium sulfate dose 
from 372 mg to 186 mg (1 capsule) owing to trough 
concentrations >7 mg/L. The recently published phase 
1 clinical trial, NCT03241550, evaluated the pharma-
cokinetics and pharmacodynamics of isavuconazole 
in pediatric patients and concluded that a dose of 
10-mg isavuconazonium sulfate/kg/dose once daily 
resulted in goal concentration obtainment for >80% 
and >76% of simulated pediatric patients following 
intravenous (IV) and oral administration, respectively.7 
An additional benefit of isavuconazole is the various 
forms and routes of administration for pediatric pa-
tients. Obtaining goal concentrations when opening 
the capsules and administering via gastrostomy tube 
when unable to take the capsules whole has been 
successful.19,20 One study recently published in the 
hematology-oncology patient population suggests 
that TDM may not be warranted owing to limited 
variability in exposure or stable pharmacokinetics.21 
However, from a safety standpoint, 1 patient in our 

study did have an elevated ALT concentration of 494 
units/L about 1 month after starting isavuconazole. 
This was a 16-year-old patient who received isavu-
conazole for ongoing treatment of histoplasmosis 
after completing amphotericin B therapy owing to 
the drug-drug interactions between vincristine and 
itraconazole. The patient was adult sized (>12 years 
old, >40 kg) and was started on isavuconazonium 
sulfate 372-mg dose (<10 mg/kg/dose) once daily, 
which resulted in  isavuconazole  concentrations of 
8.6 mg/L and 9.4 mg/L before dose reduction. Given 
the TDM concentrations in the setting of elevated 
ALT, the isavuconazonium sulfate dose was reduced 
to 186 mg daily. The ALT slowly trended back down 
to the normal range (7–55 units/L) after dose reduc-
tion of isavuconazole. Though there could have been 
other confounders associated with the elevated ALT 
that were not recognized, there seemed to be a cor-
relation with improving ALT and the isavuconazole 
dose decrease. The patient remained on 186 mg daily 

Azole

Isavuconazole 
(n = 4)

Itraconazole 
(n = 44)

Posaconazole 
(n = 13)

Voriconazole 
(n = 40)

Total 
(n = 101)

p 
value

Change in serum 
creatinine from baseline 
(mg/dL)

0.67

 n 4 10 11 29 54
 Median (IQR) 0.2 

(−0.1 to 0.3)
−0.1 

(−0.1 to 0.1)
0.1 

(−0.1 to 0.2)
0 

(−0.1 to 0.1)
0 

(−0.1 to 0.1)
 p value 0.38 0.79 0.52 0.79 0.85

Total bilirubin (mg/dL)           0.14
 n 3 12 8 25 48  
 Median (IQR) 0.2 

(<0.2 to 0.3)
0.4 

(<0.2 to 0.6)
0.6 

(0.3–0.8)
0.4 

(0.3–0.7)
0.4 

(0.2– 0.6)
 

Change in total bilirubin 
from baseline (mg/dL)

0.037

 n 3 5 6 19 33
 Median (IQR) 0 

(−0.1 to 0)
0.1 

(0–0.1)
0.4 

(0.1–0.4)
−0.1 

(−0.4 to 0.1)
0 

(−0.1 to 0.1)
 p value 0.99 0.25 0.063 0.22 0.85

Alkaline phosphatase 
(U/L)

          0.80

 n 3 12 8 27 50  
 Median (IQR) 201 

(71–874)
105 

(89–179)
117 

(82–233)
126 

(87–192)
124 

(87–197)
 

Change in alkaline 
phosphatase from 
baseline (U/L)

0.19

 n 3 6 5 20 34
 Median (IQR) −115 

(−278 to 6)
9 

(−9 to 52)
−10 

(−61 to 7)
7 

(−31 to 44)
6 

(−35 to 26)
 p value 0.50 0.44 0.44 0.53 0.99

ALT, alanine transaminase; AST, aspartate aminotransferase

Table 3. (cont.)
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without toxicity, and repeated isavuconazole concen-
trations were between 2 to 4 mg/L. Although there is 
not a well-defined concentration that is associated 
with clinical efficacy or toxicity, isavuconazole TDM 
may still be beneficial to monitor for possible toxicity 

and noting when it may be clinically appropriate to 
adopt the adult-approved dose of 372 mg once daily.

Itraconazole. Itraconazole was the most prescribed 
triazole included in this study owing to higher inci-
dence of histoplasmosis and blastomycosis seen in 

Figure 2. Comparing therapeutic levels by azole and age in mg/kg/day and total daily dose.

Table 4. Dosing Subgroups*

Azole Total Daily Dose Subgroup 12-mg/kg/day Subgroup 7.4-mg/kg/day Subgroup

Total 
Daily 
Dose, 

mg

Hazard 
Ratio  

(95% CI)

p 
value

Dose, 
mg/kg/

day

Hazard 
ratio  

(95% CI)

p 
value

Dose, 
mg/kg/

day

Hazard 
ratio  

(95% CI)

p 
value

Itraconazole >400 
vs 

≤400

1.60 
(0.22–11.82)

0.65 >12 vs 
≤12

0.73 
(0.10–5.35)

0.76 >7.4 vs 
≤7.4

3.57 
(1.84–6.93)

<0.001

Posaconazole >400 
vs 

≤400

1.00 
(0.13–7.93)

0.99 >12 vs 
≤12

>7.4 vs 
≤7.4

1.00 
(0.21–4.76)

0.99

Voriconazole >400 
vs 

≤400

1.81  
(0.94–3.47)

0.077 >12 vs 
≤12

2.24 
(1.17–4.28)

0.015 >7.4 vs 
≤7.4

1.35  
(0.62–2.94)

0.45

*  Patient subgroup comparison for itraconazole, posaconazole, and voriconazole based on dose: for total daily dose of ≤400 mg and >400 mg, 
≤12 mg/kg/day and >12 mg/kg/day, and ≤7.4 mg/kg/day and >7.4 mg/kg/day.
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our patient population. However, outside of these 
indications, itraconazole has been generally replaced 
by voriconazole, posaconazole, or isavuconazole 
for other indications owing to itraconazole’s wide 
interpatient variability and decreased tolerability 
(e.g., gastrointestinal intolerance). Disadvantages 
of itraconazole may be attributed to the unpredict-
able or decreased absorption (e.g., concomitant use 
with acid suppressants), and drug-drug interactions 
with Cytochrome P450 3A4 substrates, inhibitors, 
or inducers.1 In light of these results, starting on the 
higher end of the dosing range with 5 mg/kg/dose 
is indicated, rather than 2 mg/kg/dose, especially in 
patients <12 years old.

Posaconazole. Posaconazole is a widely used tri-
azole at our institution because it is the preferred an-
tifungal prophylaxis agent for bone marrow transplant 
patients. Delayed-release tablets and occasionally 
IV posaconazole are primarily used at our institution. 
Immediate-release posaconazole suspension is no 
longer used because of difficulty obtaining goal con-
centrations due to highly variable bioavailability; pa-
tients who received posaconazole immediate-release 
suspension were excluded from the study. Although the 
delayed-release tablet has more predictable bioavail-
ability in adult patients, posaconazole pharmacokinetic 
data are extremely limited in pediatrics, and the dosing 
range (mg/kg/day) summarized in literature is quite 
wide (see Table 1).2,13 When patients are unable to 
swallow tablets whole, and alternative azole agents or 
IV therapy are not preferred, delayed-release tablets 
are crushed, based on promising results noted in the 
adult literature.22 If the crushing method is selected, the 

patient’s dose is often doubled and divided twice daily 
to try and maintain goal concentrations. Additionally, 
posaconazole delayed-release tablet can be burden-
some and challenging to take because the tablet is 
only formulated as 100 mg, requiring multiple tablet 
administrations for each dose. If limited by the patient’s 
ability to take multiple tablets or insurance coverage, 
attempts were made to divide the once daily dose into 
twice or thrice daily dosing to enhance exposure before 
considering an increase in total daily dose. For example, 
if a patient is unable to achieve goal concentrations with 
300 mg daily, patients are instructed to take 100 mg in 
the morning and 200 mg in the evening. Overall, most 
pediatric patients required a dose of at least 300 mg 
daily regardless of their age and weight to achieve a 
goal concentration.

Voriconazole. Voriconazole is typically used for 
aspergillosis or as an alternative to posaconazole for 
antifungal prophylaxis in our pediatric patients. Al-
though both the voriconazole solution and tablet show 
high bioavailability in the adult population, reported as 
exceeding 90%, the bioavailability of voriconazole is 
reported to be lower in pediatric patients. This contrib-
utes to the challenge of achieving goal concentrations 
and transitioning between oral and IV routes. One 
reason for this difference may be explained by intes-
tinal first-pass metabolism. Additionally, voriconazole 
displays both linear and nonlinear pharmacokinetics, 
making dose adjustments challenging.1,2,8 Published 
studies have reported needing significantly higher 
doses, reporting 20 to 50 mg/kg/day to achieve goal 
drug concentrations.8–10,15–18 In our cohort, a statistically 
significant difference of target attainment was detected 
when patients received >12 mg/kg/day independent 
of age. Additionally, another important factor that is 
gaining traction in the literature, which was not evalu-
ated in our study but would be helpful for evaluation 
in future studies, is the possible relationship between 
inflammation (i.e., C-reactive protein) and voriconazole 
serum concentrations.23 Several studies have reported 
a correlation between inflammation and voriconazole 
metabolism that further affects the unpredictable phar-
macokinetics of voriconazole (i.e., increased C-reactive 
protein correlated with increased voriconazole plasma 
trough concentration); this was not addressed in this 
study but we have noted an association as part of our 
practice. Finally, though we have not used thrice daily 
dosing often, based on growing evidence, it is reason-
able to suggest trialing thrice daily dosing especially in 
patients <12 years old.17 It is crucial to reach a target of 
at least 1 mg/L as soon as possible because concentra-
tions ≤0.35 mg/L may be a stronger predictor of mortality 
while balancing voriconazole’s high rate of toxicity even 
with concentrations within the goal range of 1 to 5 mg/L.21

Strengths of this study include a large pediatric 
sample size during a 10.5-year period with sufficient 
power to detect statistical differences. Our study adds 

Table 5.  Associations Between Achieving a Goal 
Level and Baseline Characteristics

Hazard Ratio 
(95% CI)*

 p value

Age, per year 1.00 (0.96–1.04) 0.96

Sex
 Female 0.88 (0.59–1.31) 0.53
 Male Reference  

Weight, per 10 kg 0.99 (0.91–1.07) 0.77

Azole
 Isavuconazole 2.57 (0.91–7.25) 0.074
 Itraconazole Reference
 Posaconazole 2.67 (1.41–5.05) 0.003
 Voriconazole 2.98 (1.89–4.69) <0.001

Monitoring strategy
 Empiric† 1.06 (0.68–1.65) 0.80 
 Targeted‡ Reference  

*  Hazard ratio >1 means more likely to reach a therapeutic level.
†  Empiric: Prophylaxis/prevention indication or empiric treatment of a 

fungal infection without microbiologic evidence.
‡  Targeted: Microbiologic evidence of fungal infection.
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to the literature published suggesting the need for 
higher initial doses with azole antifungal therapy in 
pediatric patients and the importance of TDM. Future 
considerations to improve the applicability of this study 
would include assessing the maintenance of appro-
priate concentrations and whether continued TDM is 
needed once a therapeutic target is obtained. A pro-
spective assessment with balanced arm distributions 
accounting for pharmacokinetics, pharmacodynamic, 
and pharmacogenomic considerations would help 
provide confirmatory doses to achieve goal serum 
concentrations in pediatric patients.

Limitations
This study is not without limitations. The retrospective 

design prevented the ability to account for any con-
founders such as patient adherence and appropriate 
timing and frequency of serum azole concentrations. 
A new electronic medical record system was imple-
mented in May 2018 at our institution, thus making 
the data collection prior to that period challenging. 

Additionally, there was no dedicated pediatric antimi-
crobial stewardship/infectious diseases pharmacist at 
our institution prior to 2019. The lack of pharmacist input 
did affect the frequency and possibly the accuracy of 
TDM in the beginning of our study cohort. However, 
TDM concentrations have become standardized in 
the past few years with a pediatric infectious diseases 
pharmacist integrated into the multidisciplinary team. 
Additionally, the study only assessed the first serum 
concentration within goal range and did not account 
for dosage form variations and serum concentration 
fluctuations over the course of the patient’s therapy 
(i.e., auto-induction seen with voriconazole). There-
fore, how a patient’s dose may change over time was 
not evaluated. We also were not able to assess un-
derlying conditions and comorbidities that may have 
affected absorption and overall disposition. Another 
limitation was the omission of cytochrome P4502C19 
(CYP2C19) pharmacogenomic testing assessment and 
the impact of inflammation on voriconazole concentra-
tions. CYP2C19 testing is available at our institution 
but not always done as standard of practice. Finally, 
posaconazole delayed-release oral suspension was 
not assessed in this study because it was not available 
during the study time frame.

Conclusions
In summary, higher starting daily doses are gen-

erally needed to reach goal concentrations for all 
azoles evaluated. Dose recommendations based 
on our findings are summarized in Table 6. These 
doses are meant to serve as first-dose guidance 
and are within the range described in the current 
literature. Individualized dosing should be based on 
indication and other patient characteristics combined 
with serum drug concentration monitoring. Higher-
than-suggested doses may still be warranted based 
on the clinical situation especially if the patient is at 
relatively low risk for toxicity with a more aggressive 
dosing approach upfront.
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Table 6. Recommended Azole Starting Doses

Azole Starting Dose Timing of 
Levels

Isavuconazole 
(isavuconazonium 
sulfate*)

10 mg 
isavuconazonium 
sulfate/kg/dose IV/
PO every 8 hr ×  
6 doses then once 
daily (max starting 
dose 372 mg/day)

Day 3 
(before 
starting 
maintenance 
dosing), day 
14, and  
day 28

Itraconazole 5 mg/kg/dose  
PO thrice daily ×  
3 days, then 5 mg/
kg/dose PO twice 
daily (max starting 
dose 600 mg/day)

10–14 days

Posaconazole 7 mg/kg/dose PO/
IV twice daily ×  
2 doses then once 
daily (max starting 
dose 400 mg/day)

7 days

Voriconazole <12 yr: 6 mg/kg/
dose IV/PO thrice 
daily or 9 mg/kg/
dose IV/PO twice 
daily (max starting 
dose 500 mg/day) 
≥12 yr: 4–5 mg/kg/
dose IV/PO twice 
daily (max staring 
dose 600 mg/day)

5 days

IV, intravenous

* Doses expressed as isavuconazonium sulfate.
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