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Pharmacokinetics of once and twice daily
dosing of intravenous tobramycin in
paediatric patients with cystic fibrosis
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The optimal dosing of intravenous tobramycin for treatment of pulmonary exacerbations in paediatric cystic
fibrosis (CF) patients has not been completely delineated. We performed a retrospective study evaluating
the pharmacokinetics and pharmacodynamics of once daily dosing (ODD) of IV tobramycin compared to
twice daily dosing (TDD). Fifty-nine and 44 patients were included in the ODD and TDD groups,
respectively. Once daily dosing achieved higher Cmax as compared to TDD (29.5+11.0 vs 19.0+4.9,
Pv0.001), lower 24 hours AUC (92.8+28.7 vs 128.5+34.6, Pv0.001), and greater time less than the
MIC (13.4+1.7 vs 3.9+3.1 hours, Pv0.001). Twice daily dosing failed to achieve goal Cmax:MIC for
MICs w1.0 mg/l. Twice daily dosing may be a viable alternative to ODD in treating organisms with
MICs j1.0 mg/l; however, with MICs w1.0 mg/l, ODD is likely necessary to achieve goal Cmax:MIC ratios.
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Introduction
In the Cystic Fibrosis Foundation (CFF) guidelines

on treatment of pulmonary exacerbations, once

daily dosing (ODD) of aminoglycosides is rec-

ommended over thrice daily dosing.1 The evidence

in support of this recommendation is limited but

suggests ODD and thrice daily dosing to be equally

efficacious with data indicating decreased side effects

with ODD.1 Since the publication of these guidelines,

national surveys conducted in both adult and paedia-

tric centres have overwhelmingly shown ODD of

tobramycin to be the most common method for

dosing. National surveys have identified that the

most frequently prescribed interval for adults (94%)

and children (78%) is ODD, although a percentage

of centres use twice daily dosing (TDD).2,3

Traditionally, aminoglycosides have been adminis-

tered by intermittent infusions thrice daily. Although

adoption of ODD of aminoglycosides in the cystic

fibrosis (CF) population lagged behind the general

population, several advantages to this modality led

to its widespread use. Aminoglycoside ODD is

designed to enhance bactericidal activity by produ-

cing a high peak concentration (Cmax) to minimum

inhibitory concentration (MIC) ratio while benefit-

ting from the post-antibiotic effect (PAE).4,5 A Cmax:

MIC ratio of 8–10 is considered optimal and corre-

lates with better clinical outcomes in patients with

CF.6In addition to Cmax, area under the concen-

tration-time curve from 0 to 24 hours (AUC) has

been associated with efficacy with an AUC:MIC

ratio w80 predicting positive outcomes.6 In contrast,

increased time that drug concentration is below the

MIC (T v MIC) has been associated with bacterial

regrowth at the end of the dosing interval and the

development of resistance in two small studies of

CF patients.7,8 Once daily dosing has previously

been shown to produce high Cmax:MIC ratios but

high T v MIC.5 Twice daily dosing may produce

adequate Cmax:MIC and AUC:MIC ratios necessary

for efficacy while limiting T v MIC and may be

useful for prevention of resistance development.

Despite consistent use, no studies have reported the

pharmacokinetics of TDD of tobramycin in paedia-

tric patients with CF. The purpose of this study is

to describe the pharmacokinetics and pharmacody-

namics of TDD in comparison to ODD for the treat-

ment of acute pulmonary exacerbations in children

with CF.

Materials and Methods
This single centre, retrospective study was approved

by the West Virginia University (Morgantown,

WV) institutional review board. In 2009, our hospital

developed a protocol to guide dosing of tobramycin

in paediatric CF patients, which recommends
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ODD; if the initial regimen results in a calculated

16 hour tobramycin concentration v0.5 mg/l, the

protocol recommends changing the regimen to

TDD to limit the T v MIC.5,9,10 This protocol rec-

ommends collecting two tobramycin serum concen-

trations regardless of dosing interval.

Patient selection
This study was conducted in CF patients admitted to

West Virginia University Healthcare from January

2009 to October 2013. Paediatric patients (18 years

or younger) with a physician diagnosis of a pulmon-

ary exacerbation were screened for inclusion. Patients

receiving ODD of IV tobramycin with at least two

tobramycin serum concentrations were included in

the primary analysis. Patients subsequently receiving

TDD of IV tobramycin were included in the TDD

group. Patients receiving renal replacement therapy

or with baseline renal impairment defined as an esti-

mated creatinine clearance (CrCl) less than 40 ml/

minute/1.73 m2 (modified Schwartz equation11) were

excluded.

Data collection
The following data were collected from the electronic

medical record: gender, age, height, weight, concur-

rently administered antibiotics, dosing of tobramycin

(dose, interval, duration, changes of regimen), tobra-

mycin serum concentrations and serum creatinine.

Pharmacokinetic analysis of tobramycin serum
concentration
Blood samples were analysed by the particle

enhanced turbidimetric inhibition immunoassay

(PETINIA) using the Beckman Coulter DXC auto-

analyzer as a part of routine medical care (Beckman

Coulter, Inc., Brea, CA, USA). Pharmacokinetic par-

ameters were derived from individual time-concen-

tration data sets using the Sawchuk–Zaske

method.12 The AUC was calculated as previously

described by Begg and colleagues.4,7

Outcomes
We defined a regimen as achieving optimal pharma-

codynamics with attainment of a Cmax:MIC i 8,

24 hour AUC:MIC i80, and a T v MIC of

10 hours or less during a 24 hour period. For broad

application, standardized MIC values for Pseudomo-

nas aeruginosa of 1, 2 and 4 mg/l were used in deter-

mining pharmacodynamic indices. Achievement of

these pharmacodynamic goals was compared

between regimens. We additionally assessed nephro-

toxicity by the change in estimated creatinine clear-

ance during the hospital admission. Nephrotoxicity

was defined as meeting risk, injury, or failure as

defined by the pRIFLE criteria.13

Statistical analysis
Data were analysed using studentsT-test for continuous

variables and Chi-squared or Fishers Exact tests for cat-

egorical variables.All statistical analyseswereperformed

in STATA (StataCorp 2013. Stata Statistical Software:

Release 13. College Station, TX, USA: StataCorp LP).

Data were considered significant with Pv0.05.

Results
Fifty-nine patients received ODD and were included

in this study with a total of 188 tobramycin serum

concentrations. The demographics of these patients

are outlined in Table 1. After initial determination

of tobramycin serum concentrations, 44 patients

(74.6%) were subsequently changed to TDD and

were included in the TDD group. Mean daily dose

was similar between ODD and TDD regimens

(11.3+1.9 vs. 11.7+2.4 mg/kg, P50.32).

Pharmacokinetics
Calculated pharmacokinetic parameters are outlined

in Table 2. Receipt of TDD was associated with a

lower volume of distribution (Vd) as well as lower

tobramycin clearance as compared to receipt of

ODD (Table 2). Lower Vd and clearance in the

TDD group resulted in 38% higher AUC as com-

pared to the ODD group (Table 2).

Table 1 Baseline demographics

Gender, male (%) 33 (55.9)
Age, years, median (IQR) 12 (10–17)
,1 year (%) 1 (1.7)
1–10 years (%) 18 (30.5)
.10 years (%) 40 (67.8)
Weight, kilograms, median (IQR) 39.2 (29.6 to 48.8)
BMI 17.7 ^ 2.4
BMI , 5th percentile (%) 9 (15.3)
BMI 5–85th percentile (%) 44 (74.6)
BMI 85–95th percentile (%) 4 (6.8)
BMI .95th percentile (%) 0 (0.0)
At CFF goal14 (%) 19 (32.2)
Creatinine clearance at admission
(ml/minute/1.73m2)

120.4 ^ 32.9

BMI ¼ body mass index; CFF ¼ Cystic Fibrosis Foundation;

IQR ¼ interquartile range.

Table 2 Pharmacokinetics of ODD and TDD of IV
Tobramycin

ODD
(n ¼ 59)

TDD
(n ¼ 44) P value

Cmax (mg/l) 29.5 ^ 11.0 19.0 ^ 4.9 ,0.001
Cmin (mg/l) 0.02 ^ 0.03 0.6 ^ 0.4 ,0.001
Vd (l/kg) 0.41 ^ 0.21 0.31 ^ 0.08 0.004
Clearance
(L/hour/kg)

0.13 ^ 0.04 0.09 ^ 0.03 ,0.001

AUC
(mg1 or ·hour/l)

92.8 ^ 28.7 128.5 ^ 34.6 ,0.001

Mean

^ standard deviation. Cmax: maximum concentration; Cmin:

minimum concentration; Vd: volume of distribution; AUC: area

under the concentration-time curve from 0 to 24hours; ODD:

once daily dosing; TDD ¼ twice daily dosing
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Pharmacodynamics
Once daily dosing was more likely to achieve the goal

Cmax:MIC but less likely to achieve AUC:MIC and T

v MIC targets as compared to TDD (Table 3). Once

daily dosing achieved goal Cmax:MIC in almost all

patients for a MIC of 1.0–2.0 mg/l but only 36% of

patients at a MIC of 4.0 mg/l; TDD failed to achieve

goal Cmax:MIC for MICs w1.0 mg/l.

Safety
Serum creatinine values were available for all but two

patients. Ten patients (17.5%) qualified as having risk

per the pRIFLE criteria with none qualifying as

having impairment or failure. Characteristics, includ-

ing tobramycin dosing regimen (incidence of risk,

ODD vs TDD; 20.0 vs 15.9%, P50.70), were similar

between at risk andnot at risk groups.Of note, patients

qualifying as at riskwere notmore likely to be receiving

vancomycin (30.0 vs 34.0%, P51.0) but were more

likely to be receiving either piperacillin–tazobactam

or ticarcillin–clavulante (odds ratio 3.92, 95% CI

0.95–16.2). Unfortunately, we cannot provide infor-

mation regarding ototoxicity as this data were not

recorded in the electronic medical record.

Discussion
In this retrospective study, we describe the pharma-

cokinetics of ODD and TDD of IV tobramycin in

a paediatric population with CF. We demonstrated

a lower Vd as well as lower tobramycin clearance

with TDD as compared to ODD. The Vd for ODD

found in our study was very similar to that pre-

viously reported in paediatric CF patients.9,15 Similar

to our study, Vic and colleagues found lower Vd in

those receiving thrice daily dosing as compared to

ODD.16 Tobramycin clearance for ODD was very

similar to that previously reported by others.7,9,17,18

Similar to our study, thrice daily dosing has been

associated with lower clearance as compared to

ODD in several studies.7,16 As Vd and clearance are

lower with TDD, lower daily doses may be required

for TDD as compared to ODD to achieve similar

AUC.

Attainment of pharmacodynamic parameters in

our study (Table 3) was similar to a simulated phar-

macokinetic analysis by Beringer and colleagues.5 In

contrast to Beringer and colleagues, we identified a

higher AUC in those receiving TDD of tobramycin.

Similar to our results, Vic and colleagues identified

higher AUC in those receiving thrice daily as com-

pared to ODD.16While not completely elucidated in

this population, pharmacodynamics linked with effi-

cacy are Cmax:MIC and AUC:MIC. Master and col-

leagues identified that higher Cmax:MIC ratios were

associated with greater improvements in pulmonary

function (forced expiratory volume in one second

[FEV1], forced vital capacity [FVC]).7 Likewise, Bur-

khardt and colleagues reported that improvement in

FEV1 correlated with AUC:MIC and Cmax:MIC

ratios, with the most important predictor of lung

improvement being the Cmax:MIC ratio.8

The impact of T v MIC on clinical outcomes has

not been demonstrated. Beringer and colleagues con-

ducted a pharmacokinetic study comparing tobramy-

cin dosed every 24, 12 or 8 hours. They concluded

that every 12 hour dosing effectively balanced

achievement of the desired Cmax:MIC while minimiz-

ing the T v MIC.5Given the increasing survival of

patients with CF, there should be increased concern

regarding the potential of development of resistance

with repeated antibiotic exposure. Two studies in

CF patients identified increased MICs following

treatment with ODD as compared to more frequent

dosing.7,8 Burkhardt and colleagues reported the per-

centage of patients with a resistant gram negative

bacteria (MIC w16 mg/l) in the ODD and thrice

daily dosing groups increased from 5.9 to 29.4%

and 12.5 to 18.8%, respectively. The mean MIC in

the ODD and thrice daily dosing increased by

6.8 mg/l (P50.034) and 0.6 mg/l (Pw0.05), respect-

ively. Master and colleagues compared ODD of

tobramycin monotherapy (n523) to thrice daily

dosing of tobramycin/ceftazidime (n523). The mono-

therapy group showed a significant increase in MIC

of P. aeruginosa from study entry to exit (P50.02)

while this increase was not identified in the combi-

nation group (P50.08). While we demonstrated

decreased T v MIC in the TDD group, it is

unknown if this translates into improved long term

efficacy or decreased resistance.

As the proposed pharmacodynamic goal for Cmax:

MIC is 8–10, TDD may be an acceptable alternative

to ODD with MICs j1.0 mg/l. In addition,

the benefit of decreased T v MIC may lead to

Table 3 Attainment of pharmacodynamic goals in ODD and
TDD groups

ODD (n ¼ 59) TDD (n ¼ 44) P value

MIC¼1mg/l
Cmax:MIC .8 58 (98.3) 44 (100.0) 1.0
AUC:MIC .80 39 (66.1) 42 (95.5) ,0.001
T , MIC , 10 hours 1 (1.7) 42 (95.5) ,0.001
MIC ¼ 2mg/l
Cmax:MIC .8 54 (91.5) 27 (61.4) ,0.001
AUC:MIC .80 1 (1.7) 12 (27.3) ,0.001
T , MIC , 10 hours 0 (0.0) 33 (75.0) ,0.001
MIC ¼ 4mg/l
Cmax:MIC . 8 21 (35.6) 0 (0.0) ,0.001
AUC:MIC . 80 0 (0.0) 0 (0.0) 1.0
T , MIC , 10 hours 0 (0.0) 5 (11.4) 0.012

Data reported as incidence (percent).MIC ¼ minimum inhibitory

concentration; Cmax ¼ maximum concentration; Cmin

¼ minimum concentration; AUC ¼ area under the concen-

tration-time curve from 0 to 24hours; ODD ¼ once daily dosing;

TDD ¼ twice daily dosing.
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slower conversion to tobramycin resistance. How-

ever, with MICs w1.0 mg/l, TDD will likely fail to

achieve goal Cmax:MIC. Of interest, we have ident-

ified higher Cmax:MIC ratios yet lower AUC:MIC

with ODD; the implications of this are not known,

but we hypothesize that efficacy still favours achieve-

ment of goal Cmax:MIC.

While our analysis did not have sufficient rigour to

adequately assess safety, receipt of TDD of tobramy-

cin was not associated with increased nephrotoxicity

as compared to those that received ODD. Of interest,

receipt of extended spectrum penicillins (piperacillin–

tazobactam and ticarcillin–clavulanate) was more

likely in those at risk of nephrotoxicity. While an

analysis of ticarcillin–clavulanate in CF patients

demonstrated excellent tolerability,19 reports have

linked piperacillin–tazobactam use to increased

rates of nephrotoxicity in non-CF patients.20,21

Further investigation may be warranted.

There are several limitations to the current study.

First, this was a retrospective study utilizing limited

tobramycin serum samples. As our primary focus

was the pharmacokinetics of this dosing regimen,

we did not evaluate clinical markers such as FEV1.

In addition, we did not have access to changes in

MICs for colonizing organisms.

In conclusion, we report the pharmacokinetics and

pharmacodynamics of ODD and TDD tobramycin in

paediatric CF patients. The dosing utilized in the

TDD cohort of approximately 6 mg/kg every 12 hours

of IV tobramycin had adequate attainment of Cmax:

MIC, AUC:MIC, and optimized T v MIC with

MICsj1.0 mg/l. However, ODD may be necessary in

order to ensure achievement of goal Cmax:MIC for

MICsw1.0 mg/l. Evaluation of TDDof IV tobramycin

in a clinical or longitudinal trial is required in order to

identify if a clinical benefit is present in treating paedia-

tric patients with low MICs.

Acknowledgements
We would like to acknowledge Kara Piechowski

from West Virginia University School of Pharmacy

for her assistance in data collection. Research per-

formed at West Virginia University Healthcare.

Part of this work was originally presented at the

27th Annual North American Cystic Fibrosis Con-

ference in Salt Lake City, Utah

Disclaimer statements

Contributors

LB and RBT conceived of and designed the study

and obtained ethics approval. LB, FE, and RBT col-

lected, analyzed and interpreted the data. LB, FE

and RBT wrote and revised the article.

Funding

This study was not funded.

Conflict of interest

The authors have no conflicts to disclose.

Ethics approval

This study was granted exempt status by the West

Virginia University institutional board review prior

to being conducted.

References
1 FlumePA,Mogayzel PJ,RobinsonKA,GossCH,RosenblattRL,
Kuhn RJ, et al. Cystic fibrosis pulmonary guidelines: treatment of
pulmonary exacerbations. Am J Respir Crit Care Med.
2009;180(9):802–8.

2 Prescott WA Jr. National survey of extended-interval amino-
glycoside dosing in pediatric cystic fibrosis pulmonary exacer-
bations. J Pediatr Pharmacol Ther. 2011;16(4):262–9.

3 Prescott WA Jr. A survey of extended-interval aminoglycoside
dosing practices in United States adult cystic fibrosis programs.
Respir Care. 2014;59(9):1353–9.

4 Begg EJ, Barclay ML, Duffull S. A suggested approach to
once-daily aminoglycoside dosing. Br J Clin Pharmacol.
1995;39:605–9.

5 Beringer PM, Vinks AA, Jelliffe RW, Shapiro BJ. Pharmacoki-
netics of tobramycin in adults with cystic fibrosis: implications
for once-daily administration. Antimicrob Agents Chemother.
2000;44(4):809–13.

6 Young DC, Zobell JT, Stockmann C, Waters CD, Ampofo K,
Sherwin CMT, et al. Optimization of anti-pseudomonal anti-
biotics for cystic fibrosis pulmonary exacerbations: V aminogly-
cosides. Pediatr Pulmonol. 2013;48:1047–61.

7 Master V, Roberts GW, Coulthard KP, Baghurst PA,
Martin A, Roberts ME, et al. Efficacy of once-daily tobramycin
monotherapy for acute pulmonary exacerbation of cystic fibro-
sis. Pediatr Pulmonol. 2001;31:367–76.

8 Burkhardt O, Lehmann C, Madabushi R, Kumar V,
Derendorf H, Welte T. Once-daily tobramycin in cystic fibrosis:
better for clinical outcomes than thrice-daily tobramycin but
more resistance development? J Antimicrob Chemother.
2006;58:822–9.

9 Bragonier R, Brown NM. The pharmacokinetics and toxicity of
once-daily tobramycin therapy in children with cystic fibrosis.
J Antimicrob Chemother. 1998;42:103–6.

10 Lam W, Tjon J, Seto W, Dekker A, Wong C, Atenafu E, et al.
Pharmacokinetic modelling of a once-daily dosing regimen for
intravenous tobramycin in paediatric cystic fibrosis patients.
J Antimicrob Chemother. 2007;59:1135–40.

11 Schwartz GJ, Munoz A, Schneider MF, Mak RH, Kaskel F,
Warady BA, et al. New equations to estimate GFR in children
with CKD. J Am Soc Nephrol. 2009;20:629–37.

12 Sawchuk RJ, Zaske DE. Pharmokinetics of dosing regimens
which utilize mutiple intravenous infusions: gentamicin in
burn patients. J Pharmacokinet Biopharm. 1976;4:183–95.

13 Akcan-Arikan A, Zappiteli M, Loftis LL, Washburn KK,
Jefferson LS, Goldstein SL. Modified RIFLE criteria in criti-
cally ill children with acute kidney injury. Kidney Int.
2007;71:1028–35.

14 Stallings VA, Stark LJ, Robinson KA, Feranchak AP,
Quinton H. Evidence-based practice recommendations for
nutrition-related management of children and adults with
cystic fibrosis and pancreatic insufficiency: results of a systema-
tic review. J Am Diet Assoc. 2008;108:832–9.

15 Touw DJ, Vinks AA, Heijerman HG, Bakker W. Validation of
tobramycin monitoring in adolescent and adult patients with
cystic fibrosis. Ther Drug Monit. 1993;15:52–9.

16 Vic P, Ategbo S, Turck D, Husson MO, Launay V,
Loeuille GA, et al. Efficacy, tolerance, and pharmacokinetics
of once daily tobramycin for pseudomonas exacerbations in
cystic fibrosis. Arch Dis Child. 1998;78:536–9.

17 Wood PJ, Ioannides-Demos LL, Li SC, Williams TJ, Hickey B,
Spicer WJ, et al. Minimisation of aminoglycoside toxicity in
patients with cystic fibrosis. Thorax. 1996;51:369–73.

18 Henning S, Norris R, Kirkpatrick CM. Target concentration
intervention is needed for tobramycin dosing in paediatric

Turner et al. Tobramycin PK in CF paediatric patients

4 Journal of Chemotherapy 2015 VOL. 00 NO. 0

http://www.maneyonline.com/action/showLinks?pmid=9700537&crossref=10.1093%2Fjac%2F42.1.103&isi=000075013800015
http://www.maneyonline.com/action/showLinks?pmid=24000183&crossref=10.1002%2Fppul.22813&isi=000326276500001
http://www.maneyonline.com/action/showLinks?pmid=24782555&crossref=10.4187%2Frespcare.02980&isi=000349200100007
http://www.maneyonline.com/action/showLinks?pmid=8733487&crossref=10.1136%2Fthx.51.4.369&isi=A1996UF17100007
http://www.maneyonline.com/action/showLinks?pmid=18442507&crossref=10.1016%2Fj.jada.2008.02.020
http://www.maneyonline.com/action/showLinks?pmid=19158356&crossref=10.1681%2FASN.2008030287&isi=000264084300025
http://www.maneyonline.com/action/showLinks?pmid=11340683&crossref=10.1002%2Fppul.1060&isi=000168501900006
http://www.maneyonline.com/action/showLinks?pmid=7654477&crossref=10.1111%2Fj.1365-2125.1995.tb05719.x&isi=A1995RC78600004
http://www.maneyonline.com/action/showLinks?pmid=19729669&crossref=10.1164%2Frccm.200812-1845PP&isi=000271215500003
http://www.maneyonline.com/action/showLinks?pmid=8451782&crossref=10.1097%2F00007691-199302000-00010&isi=A1993KJ95200010
http://www.maneyonline.com/action/showLinks?pmid=950590&crossref=10.1007%2FBF01086153
http://www.maneyonline.com/action/showLinks?pmid=16885180&crossref=10.1093%2Fjac%2Fdkl328&isi=000240587400019
http://www.maneyonline.com/action/showLinks?pmid=10722474&crossref=10.1128%2FAAC.44.4.809-813.2000&isi=000085997200001
http://www.maneyonline.com/action/showLinks?pmid=22768010
http://www.maneyonline.com/action/showLinks?pmid=9713009&crossref=10.1136%2Fadc.78.6.536&isi=000074060300008
http://www.maneyonline.com/action/showLinks?pmid=17396113&crossref=10.1038%2Fsj.ki.5002231&isi=000246721900015
http://www.maneyonline.com/action/showLinks?pmid=17446242&crossref=10.1093%2Fjac%2Fdkm097&isi=000247727300013


patients with cystic fibrosis – a population pharmacokinetic
study. Br J Clin Pharmacol. 2008;65:502–10.

19 Zobell JT, Ampofo K, Cash J, Korgenski K, Chatfield BA. High
dose intermittent ticarcillin-clavulanate administration inpediatric
cystic fibrosis patients. J Cyst Fibros. 2010;9(4):280–3.

20 Burgess LD, Drew RH. Comparison of the incidence of vanco-
mycin-induced nephrotoxicity in hospitalized patients with and

without concomitant piperacillin-tazobactam. Pharmacother-
apy. 2014;34:670–6.

21 Gomes DM, Smotherman C, Birch A, Dupree L, Della
Vecchia BJ, Kraemer DF, et al. Comparison of acute kidney
injury during treatment with vancomycin in combination
with piperacillin-tazobactam or cefepime. Pharmacotherapy.
2014;34:662–9.

http://www.maneyonline.com/action/showLinks?pmid=24855041&crossref=10.1002%2Fphar.1442&isi=000339155400006
http://www.maneyonline.com/action/showLinks?pmid=24855041&crossref=10.1002%2Fphar.1442&isi=000339155400006
http://www.maneyonline.com/action/showLinks?pmid=17995972&crossref=10.1111%2Fj.1365-2125.2007.03045.x&isi=000253883800009
http://www.maneyonline.com/action/showLinks?pmid=24753221&crossref=10.1002%2Fphar.1428&isi=000339155400005
http://www.maneyonline.com/action/showLinks?pmid=20472513&crossref=10.1016%2Fj.jcf.2010.04.003&isi=000280009500009

