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ABSTRACT

Dose individualisation is a key principle in prescribing. An important reason for
this is the variability of drug clearance between individuals. Clinicians require tools that
reflect drug clearance to provide guidance in this regard.
In the setting of drugs that are renally cleared, these tools are often equations that
estimate renal function, based on demographic and renal biomarker data from the
individual. There is a range of such equations, including those that exclusively employ
either creatinine or cystatin C as the renal biomarker, and those that use both. The
identification of the best equation, or the best way of using a widely used equation, in
relation to pharmacokinetics, may ultimately lead to improved patient outcomes.
We performed a survey and found that most prescribers at a large local general
medicine department used creatinine in the context of either the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation, or the Cockcroft-Gault equation, to
guide the dosing of renally cleared drugs.
In this thesis, these and other renal function equations that have been developed
using creatinine and/or cystatin C assays traceable to modern reference standards were
examined in relation to gentamicin and dabigatran.
In relation to the prediction of gentamicin clearance, a group of 240 hospitalised
patients were studied. The Cockcroft-Gault equation using total body weight, and the
creatinine-only CKD-EPI equation with adjustment for individual body surface area
(BSA), were the best of the equations that exclusively used creatinine.
In a separate group of 260 hospitalised individuals given gentamicin, the CKDEPI equation employing both creatinine and cystatin C was found to be superior to both
the creatinine-only and cystatin C-only CKD-EPI equations in the prediction of
gentamicin clearance. Adjusting for individual BSA was found to improve the
performances of all the cystatin C-based equations, especially at the extremes of size.
However, we were unable to identify a subgroup where the cystatin C-only CKD-EPI
equation outperformed the creatinine-only equation.
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In relation to dabigatran, we audited the dosing of its prodrug, dabigatran
etexilate, at a local tertiary hospital, and found 54% of 204 patients were dosed either
excessively or inadequately in relation to renal function. The Cockcroft-Gault equation
was only 79% concordant in terms of dabigatran etexilate dosing guidance with either of
the MDRD Study or CKD-EPI equations. This highlights an area of uncertainty, in that
it is unclear which renal function equation is best for guiding the dosing of dabigatran
etexilate. Further, 75% of patients were co-prescribed drugs that potentially interact,
pharmacokinetically or pharmacodynamically with dabigatran etexilate.
To support further dabigatran clinical studies, a method based on liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS) was developed
to measure dabigatran concentrations in human plasma.
This dabigatran assay was used in a study of 52 individuals treated with
dabigatran etexilate for atrial fibrillation (AF). We were unable to demonstrate a
statistically significant difference in the explained variances of the renal function
equations for dabigatran concentrations, and calculated that data from around 680
patients would be required to show the superiority of the CKD-EPI creatinine-cystatin C
equation over the Cockcroft-Gault equation. We corroborated the previously reported
explained variances of four coagulation assays assessed for plasma dabigatran
concentrations in our real-world setting.
Even if the best renal function equation for estimating dabigatran clearance was
identified, the use of this alone would not account for drug-drug interactions involving
dabigatran etexilate that are unrelated to renal clearance. Using the published data,
including our own, we constructed a target steady-state trough plasma dabigatran
concentration range for use in the setting of AF. This was converted to a target range of
trough thrombin time at steady-state (TTtrough,ss). Around 50% of the 52 individuals in
our dabigatran study had TTtrough,ss outside this range, demonstrating the potential of this
target range for changing management.
We have thus examined the renal function equations as tools for assessing the
pharmacokinetics of gentamicin and dabigatran, as exemplars of renally cleared drugs.
Further, we propose the use of another tool, the TTtrough,ss, for guiding dabigatran dosing.
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SCOPE OF RESEARCH

The original plan with this PhD when I began in October 2010 was to explore
three broad areas of pharmacokinetics in adults, including renal clearance, metabolic
clearance, and protein binding.
The influence of age on metabolic clearance is of major interest, given the ‘grey
tsunami’ of an ageing population. Hence, I was involved in studies characterising the
relationship between adult age and drug metabolic clearance (busulfan, warfarin).
Further, other aspects of drug metabolic clearance were also explored in relation to
metabolic enzyme genotypic polymorphisms (cyclizine) and measured activity
(thiopurines).
The influence of protein binding on both total and unbound clearance is another
area requiring clarification, both in the literature and in clinical practice. This was
examined using various benzodiazepines and warfarin as exemplars.
As part of these aforementioned studies, several novel drug assays were also
developed, which provided me with practical experience in the laboratory.
However, the area of renal clearance and related aspects came to dominate the
PhD, through investigations of both old (gentamicin) and new (dabigatran) drug
exemplars. Two recent significant events contributed to the impetus for this part of the
PhD. One was the approval in July 2011 of public funding in New Zealand for dabigatran
etexilate in the setting of atrial fibrillation, which made this relatively new drug highly
relevant to study in relation to local clinical practice. The other was the publication in
July 2012 by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) of
novel estimated glomerular filtration rate equations using internationally standardised
renal biomarker assays, providing new solutions to the age-old issue of estimating renal
function in the individual patient. This thesis comprises our studies of gentamicin and
dabigatran in relation to renal function equations and related aspects.

iv

ACKNOWLEDGEMENTS

It has been my enormous privilege to have had Professor Evan Begg as my
primary supervisor. He has been instrumental in many aspects of my PhD, ranging from
my enrolment through to the publications.
I am sincerely grateful to my co-supervisor Professor Murray Barclay for his
encouragement, guidance and advice.
Dr Mei Zhang and Dr Berit Jensen were instrumental in helping me develop a
dabigatran assay at Canterbury Health Laboratories. I am also grateful to Mr Mark Lewis,
Mr Grant Moore and the members of the Toxicology section of the Canterbury Health
Laboratories for their support with the dabigatran assay.
Associate Professor Christopher Frampton was a cornerstone of clear statistical
guidance for all of the projects undertaken during the PhD.
I thank Mr David Patterson for his perspectives, and for performing the laboratory
coagulation tests, in relation to dabigatran.
I thank Dr Rebecca Roberts and Ms Mary Wallace for their genotyping work, and
the impressively short turnaround time in generating results.
Mr Hank Ploeg played a key role in organising the plasma samples at Canterbury
Health Laboratories for the gentamicin studies.
Dr Amjad Hamid, Dr Amr BinSadiq, Ms Stephanie Rose and Ms Lorraine
Skelton contributed significantly towards the recruitment of patients taking dabigatran
etexilate.
I am deeply indebted to Dr Daniel Wright for his tireless enthusiasm and
guidance, particularly in relation to dabigatran.
I thank Associate Professor Christopher Florkowski and Ms Janice Chew-Harris
for their clinical and laboratory biochemistry perspectives, especially in relation to the
renal function equations.

v

I am grateful to the Health Research Council of New Zealand for providing me
with financial support via a Clinical Research Training Fellowship during my PhD.
I am deeply grateful to my parents, Yat Siong and Kew Bi, for their unconditional
support.
I am deeply thankful to my wife, Michele, and my daughter, Nicole, for their
enduring love and patience.

“We are mirrors whose brightness is wholly derived from the sun that shines
upon us.”
C. S. Lewis (writer, 1898-1963)

vi

PUBLICATIONS

Publications arising from the work described in this thesis

1. Begg EJ, Chin PK. A unified pharmacokinetic approach to individualised drug
dosing. Br J Clin Pharmacol 2012; 73: 335-339 (review).
2. Chin PK, Vella-Brincat JW, Barclay ML, Begg EJ. Perspective on dabigatran
etexilate dosing: why not follow standard pharmacological principles? Br J Clin
Pharmacol 2012; 74: 734-40 (review, with associated editorial).
3. Chin PK, Barclay ML, Begg EJ. Rifampicin and dabigatran etexilate: a place for
laboratory coagulation monitoring. Br J Clin Pharmacol 2013; 75: 554-5 (letter).
4. Chin PK, Vella-Brincat JW, Walker SL, Barclay ML, Begg EJ. Dosing of dabigatran
etexilate in relation to renal function and drug interactions at a tertiary hospital. Intern
Med J 2013; 43: 778-83 (original article).
5. Chin P, Florkowski C, Begg E. The performance of the Cockcroft-Gault, MDRD
Study and CKD-EPI equations in predicting gentamicin clearance. Ann Clin
Biochem 2013; 50: 546-57 (original article, with associated editorial).
6. Howey OK, Chin PK. Usage of renal function equations to guide prescribing in
general medicine. N Z Med J 2013; 126: 97-99 (letter).
7. Chin PK, Wright DF, Begg EJ. Plasma dabigatran levels and adverse events. N Engl
J Med 2014; 370: 382-3 (letter).
8. Chin PK, Wright DF, Patterson DM, Doogue MP, Begg EJ. A proposal for doseadjustment of dabigatran etexilate in atrial fibrillation guided by thrombin time. Br J
Clin Pharmacol 2014; 78: 599-609 (review).
9. Chin PK, Patterson DM, Zhang M, Jensen BP, Wright DFB, Barclay ML, Begg EJ.
Coagulation assays and plasma fibrinogen concentrations in real-world patients with
atrial fibrillation treated with dabigatran. Br J Clin Pharmacol 2014; 78: 630-8
(original article).
vii

10. Chin PK, Wright DF, Doogue MP, Begg EJ. Letter to the Editor: Learning more
from the dabigatran concentrations in RE-LY. J Am Coll Cardiol 2014; 63: 27467(letter).
11. Chin PK, Wright DF, Zhang M, Wallace MC, Roberts RL, Jensen BP, Barclay ML,
Begg EJ. Correlation between estimates of GFR and trough plasma dabigatran
concentrations. Drugs in R & D 2014; 14: 113-23 (original article).
12. Chin PK, Chew-Harris JS, Florkowski CM, Begg EJ. The performance of cystatin
C-based glomerular filtration rate equations for predicting gentamicin clearance. Br
J Clin Pharmacol (doi: 10.1111/bcp.12501, original article, in press).
13. Chin PK, Wright DF, Florkowski CM. Letter by Chin et al Regarding Article,
“Efficacy and safety of dabigatran compared with warfarin in relation to baseline
renal function in patients with atrial fibrillation”. Circulation (no doi yet, letter, in
press).

viii

Publications related to but not described in this thesis

1. Jensen BP, Chin PK, Begg EJ. Quantification of total and free concentrations of Rand S-warfarin in human plasma by ultrafiltration and LC-MS/MS. Anal Bioanal
Chem 2011; 401: 2187-93.
2. Larsen HS, Chin PK, Begg EJ, Jensen BP. Quantification of total and unbound
concentrations of lorazepam, oxazepam and temazepam in human plasma by
ultrafiltration and LC–MS/MS. Bioanalysis 2011; 3: 843-52.
3. Chin PK, Jensen BP, Larsen HS, Begg EJ. Adult age and ex vivo protein binding of
lorazepam, oxazepam and temazepam in healthy subjects. Br J Clin Pharmacol 2011;
72: 985-9.
4. Fairhall M, Reid K, Vella-Brincat JW, Walker J, Chin PK, Jensen BP, et al.
Exploring hospice patients' views about participating in research. J. Pain Symptom
Manage. 2012; 43: e9-e11.
5. Vella-Brincat JW, Begg EJ, Jensen BP, Chin PK, Roberts RL, Fairhall M, et al. The
pharmacokinetics and pharmacogenetics of the antiemetic cyclizine in palliative care
patients. J. Pain Symptom Manage. 2012; 43: 540-8.
6. Jensen BP, Chin PK, Roberts RL, Begg EJ. Influence of adult age on the total and
free clearance and protein binding of (R)- and (S)-warfarin. Br J Clin Pharmacol
2012; 74: 797-805.
7. van Egmond R, Chin P, Zhang M, Sies CW, Barclay ML. High TPMT enzyme
activity does not explain drug resistance due to preferential 6-methylmercaptopurine
production in patients on thiopurine treatment. Aliment Pharmacol Ther 2012; 35:
1181-9.
8. Barclay ML, van Egmond R, Chin P. TPMT – not all that glitters is gold; authors’
reply. Aliment Pharmacol Ther 2012; 36: 209-10.
9. Chin PK, Vella-Brincat JWA, Begg EJ. Clarifying the American Society of Clinical
Oncology practice guideline for chemotherapy dosing for obese adults. J Clin Oncol
2012; 30: 3897.
ix

10. Wong C, Kumar SS, Graham GG, Begg E, Chin PK, Brett J, Ray JE, Marriott DJE,
Williams KM, Day RO. Comparing dose prediction software used to manage
gentamicin dosing. Intern Med J 2013; 43: 519-25.
11. van Egmond R, Barclay ML, Chin PK, Sies CW, Florkowski CM. Biological
variation of thiopurine methyltransferase enzyme activity: when has a significant
change taken place? Ann Clin Biochem 2013; 50: 473-8.
12. van Egmond R, Barclay ML, Chin PK, Sies CW, Florkowski CM. Preanalytical
stringency: what factors may confound interpretation of thiopurine S-methyl
transferase enzyme activity? Ann Clin Biochem 2013; 50: 479-84.
13. Buffery PB, Allen KM, Chin PKL, Moore GA, Barclay ML, Begg EJ. Thirteen years
experience of pharmacokinetic monitoring and dosing of busulfan. Can the strategy
be improved? Ther Drug Monit 2014; 36: 86-92.
14. Plajer SM, Chin PK, Vella-Brincat JW, Buffery PJ, Begg EJ. Gentamicin and renal
function - lessons from 15 years experience of a pharmacokinetic service for
extended interval dosing of gentamicin. Ther Drug Monit 2014 (doi:
10.1097/FTD.0000000000000107, original article, in press).

x

TABLE OF CONTENTS
ABSTRACT .....................................................................................................................ii
SCOPE OF RESEARCH................................................................................................. iv
ACKNOWLEDGEMENTS ............................................................................................. v
PUBLICATIONS ...........................................................................................................vii
Publications arising from the work described in this thesis .......................................vii
Publications related to but not described in this thesis ................................................ ix
TABLE OF CONTENTS ................................................................................................ xi
LIST OF FIGURES ....................................................................................................... xvi
LIST OF TABLES ..................................................................................................... xviii
LIST OF EQUATIONS ................................................................................................xxii
LIST OF ABBREVIATIONS .................................................................................... xxiii
1

Introduction .............................................................................................................. 1
1.1

Introduction to the thesis .................................................................................. 1

1.2

Accommodating renal function in maintenance dosing of drugs using a

pharmacokinetic approach ............................................................................................ 5
1.2.1

Creatinine ................................................................................................... 7

1.2.2

Cystatin C ................................................................................................... 7

1.2.3

Non-GFR covariates of plasma creatinine and cystatin C concentrations . 8

1.2.4

Standardisation of creatinine and cystatin C assays ................................. 10

1.3

Equations for estimating GFR using internationally standardised

creatinine/cystatin C assays ........................................................................................ 12
1.3.1
1.4

2

Usage of GFR equations by clinicians to guide medication prescribing.. 18
Questions addressed in this thesis .................................................................. 20

1.4.1

Gentamicin ............................................................................................... 20

1.4.2

Dabigatran ................................................................................................ 20

Gentamicin and GFR equations.............................................................................. 22

xi

2.1

Introduction .................................................................................................... 22

2.2

Chapter aims ................................................................................................... 26

2.3

Assessment of creatinine-based GFR equations............................................. 27

2.3.1

Aims ......................................................................................................... 27

2.3.2

Methods .................................................................................................... 27

2.3.2.1

Creatinine-based GFR equations....................................................... 30

2.3.2.2

Creatinine and gentamicin assays ..................................................... 34

2.3.2.3

Statistical analyses ............................................................................ 35

2.3.3

Results ...................................................................................................... 37

2.3.4

Discussion................................................................................................. 49

2.3.5

Key findings ............................................................................................. 55

2.4

3

Assessment of cystatin C-based equations ..................................................... 56

2.4.1

Aims ......................................................................................................... 56

2.4.2

Methods .................................................................................................... 56

2.4.2.1

Cystatin C-based GFR equations ...................................................... 57

2.4.2.2

Cystatin C assay ................................................................................ 58

2.4.2.3

Statistical analyses ............................................................................ 58

2.4.3

Results ...................................................................................................... 60

2.4.4

Discussion................................................................................................. 71

2.4.5

Key findings ............................................................................................. 78

Dabigatran: renal function and beyond .................................................................. 79
3.1

Introduction .................................................................................................... 79

3.2

Dabigatran pharmacokinetic and pharmacodynamic considerations ............. 79

3.2.1

Dabigatran pharmacokinetics ................................................................... 81

3.2.2

Dabigatran pharmacodynamics ................................................................ 85

3.3

Dabigatran dosing guidelines ......................................................................... 86

xii

3.3.1

Published phase III trials of dabigatran etexilate in relation to dosing and

renal function .......................................................................................................... 87
3.3.2

An alternative approach to dosing dabigatran etexilate ........................... 91

3.4

Chapter aims ................................................................................................... 95

3.5

Study of dabigatran dosing in the real world.................................................. 97

3.5.1

Aims ......................................................................................................... 97

3.5.2

Methods .................................................................................................... 98

3.5.2.1

Participants ........................................................................................ 98

3.5.2.2

Data collection .................................................................................. 98

3.5.2.3

Statistical analyses ............................................................................ 99

3.5.3

Results .................................................................................................... 100

3.5.4

Discussion............................................................................................... 105

3.5.5

Key findings ........................................................................................... 111

3.6

LC-MS/MS assay of dabigatran in human plasma ....................................... 112

3.6.1

Aim ......................................................................................................... 112

3.6.2

Methods .................................................................................................. 112

3.6.2.1

Reagents .......................................................................................... 112

3.6.2.2

Standards ......................................................................................... 113

3.6.2.3

Sample collection and preparation .................................................. 113

3.6.2.4

Instrumentation and analytical conditions ...................................... 114

3.6.3

Results .................................................................................................... 114

3.6.4

Discussion............................................................................................... 118

3.6.5

Key findings ........................................................................................... 119

3.7

Correlations of plasma dabigatran concentrations with estimates of GFR and

clotting times ............................................................................................................ 120
3.7.1

Aims ....................................................................................................... 121

3.7.2

Methods .................................................................................................. 122

3.7.2.1

Participants ...................................................................................... 122
xiii

3.7.2.2

Sample collection and laboratory analysis ...................................... 123

3.7.2.2.1 Dabigatran assay ......................................................................... 124
3.7.2.2.2 Coagulation-related assays ......................................................... 124
3.7.2.2.3 ABCB1 and CES1 genotyping..................................................... 125
3.7.2.3

Statistical analysis ........................................................................... 125

3.7.2.3.1 Correlating dabigatran concentrations with GFR estimates ....... 126
3.7.2.3.2 Correlating dabigatran concentrations with clotting times ......... 128
3.7.3

Results .................................................................................................... 128

3.7.3.1

Correlating dabigatran concentrations with GFR estimates............ 132

3.7.3.2

Correlating dabigatran concentrations with clotting times ............. 137

3.7.4

Discussion............................................................................................... 141

3.7.4.1

Correlating dabigatran concentrations with GFR estimates............ 141

3.7.4.1.1 Limitations .................................................................................. 144
3.7.4.2

Correlating dabigatran concentrations with clotting times ............. 147

3.7.4.2.1 Limitations .................................................................................. 150
3.7.4.3
3.7.5
3.8

Conclusions ..................................................................................... 151

Key findings ........................................................................................... 153
A proposal for adjustment of the dosing of dabigatran etexilate guided by TT

in the setting of AF ................................................................................................... 154
3.8.1

A target dabigatran concentration range for AF treatment ..................... 155

3.8.2

The measurement of dabigatran concentrations ..................................... 161

3.8.3

Coagulation assays and dabigatran ......................................................... 162

3.8.4

The thrombin time for monitoring dabigatran effect .............................. 163

3.8.5

Potential application of the trough TT proposal ..................................... 165

3.8.6

Limitations of the target trough TT proposal ......................................... 167

3.8.7

Conclusions ............................................................................................ 170

3.8.8

Key findings ........................................................................................... 171

xiv

4

Discussion and future work .................................................................................. 172
4.1

Synopsis of the thesis ................................................................................... 172

4.2

The thesis findings in the context of other work .......................................... 174

4.2.1

Renal function equations in relation to gentamicin and dabigatran ....... 174

4.2.1.1

Creatinine-based equations ............................................................. 174

4.2.1.2

Cystatin C-based equations ............................................................. 175

4.2.1.3

GFR equations and BSA ................................................................. 176

4.2.2

Real world dabigatran data ..................................................................... 177

4.2.2.1

Dabigatran etexilate prescribing ..................................................... 177

4.2.2.2

Dabigatran and coagulation assays ................................................. 178

4.2.3
4.3

A target TT range for guiding dabigatran etexilate dosing .................... 179
Future work .................................................................................................. 181

4.3.1

Future research on GFR equations in relation to gentamicin and

dabigatran ............................................................................................................. 181
4.3.1.1

Creatinine-based equations ............................................................. 181

4.3.1.2

Cystatin C-based equations ............................................................. 181

4.3.1.3

GFR equations and BSA ................................................................. 182

4.3.2

Future research on dabigatran dosing targeted towards laboratory

endpoints............................................................................................................... 183
4.4

Conclusions .................................................................................................. 184

References ................................................................................................................ 185

xv

LIST OF FIGURES
Figure 2.1 Difference plots for entire gentamicin cohort for Cr-based GFR equations.
a) Cockcroft-Gault equation and variants. b) MDRD Study equation and
variants. c) CKD-EPI equation and variant. ........................................................ 44
Figure 2.2 Subgroups of gentamicin cohort used for analysis of Cys-based equations.
TFT, thyroid function tests; BMI, body mass index; Cys, cystatin C. ................... 60
Figure 2.3 Difference plots for entire gentamicin cohort for cystatin C-based GFR
equations. a) CKD-EPI and CKD-EPI_BSA equations. b) CKD-EPI_Cys and
CKD-EPI_Cys_BSA equations. c) CKD-EPI_CrCys and CKD-EPI_CrCys_BSA
equations. .............................................................................................................. 67
Figure 2.4 Scatter plot of gentamicin clearance vs. BSA for entire gentamicin cohort
for Cys-based GFR equations (n = 260). .............................................................. 75
Figure 3.1 An abbreviated pharmacokinetic/pharmacodynamic model of dabigatran.
DE, dabigatran etexilate; F, oral availability; fe, fraction excreted unchanged in
urine; CES, carboxylesterase; DG, dabigatran glucuronides; Xa:Va, factor
Xa:factor Va complex; II, factor II; XF, cross-linked fibrin. Grey boxes indicate
reported thrombin inhibitors.187-189 ....................................................................... 80
Figure 3.2 Representative MRM chromatograms of a) blank plasma, b) plasma sample
spiked with dabigatran (5.0 µg/L), c) plasma sample spiked with dabigatran (200
µg/L) and d) plasma sample from a patient on dabigatran (88 µg/L). ............... 117
Figure 3.3 Correlation plot for dTT against trough plasma dabigatran concentrations
(n = 52). R2 value is for the line of best fit. ......................................................... 137
Figure 3.4 Correlation plots for 120 samples of a) INR, b) APTT, c) TT and d) dTT
against plasma dabigatran concentrations. For TT graph, no TT value was
exactly 300 s, and all TT > 300 s have been set to 300 s. Solid lines represent the
lines of best fit. Dashed lines for a), b) and c) are the references ranges for
normal adults at Canterbury Health Laboratories. R2 values are for the line of
best fit, which for c) does not include those data with TT > 300 s in the linear
regression. ........................................................................................................... 138
Figure 3.5 Correlation plots of a) plasma fibrinogen concentrations against TT (for
120 samples, TT > 300 s have been set to 300 s), b) plasma fibrinogen
concentrations against plasma dabigatran concentrations (for 45 samples with
TT < 300 s) and c) standardised residuals (from the linear regression of plasma
dabigatran concentrations against TT) against standardised plasma fibrinogen
concentrations (z-scores, for 45 samples with TT < 300 s). Lines of best fit were
determined using the 45 samples with TT < 300 s. R2 values are for the line of
xvi

best fit. P values are for the hypothesis that the slope of the linear regression is
not zero. ............................................................................................................... 140
Figure 3.6 Weight-adjusted event risk curves for 72-year-old male with AF, diabetes
mellitus and prior stroke. Continuous line, combined risk; dotted line,
stroke/systemic embolic event risk; dashed line, major bleeding risk. ............... 157
Figure 3.7 Combined weight-adjusted risk curves for: a) CHA2DS2-VASc = 4, HASBLED = 4 (concentration associated with lowest combined risk ≤ 10 µg/L); b)
CHA2DS2-VASc = 1, HAS-BLED = 0 (30 µg/L); c) CHA2DS2-VASc = 6, HASBLED = 2 (130 µg/L). ......................................................................................... 160
Figure 3.8 Correlation between plasma dabigatran concentrations < 90 µg/L and a)
TT, b) HTI. For the TT graph, no TT value was exactly 300 s, and all TT > 300 s
have been set to 300 s. Solid lines represent the lines of best fit. R2 values are for
the line of best fit, which for the TT data do not include those values with TT >
300 s. Arrows indicate a selected pair of blood samples (see text in section 3.8.4
for further explanation). ...................................................................................... 164
Figure 3.9 Categorisation of trough TT values from 52 patients at steady-state
according to proposed trough TT target of 130-300 s. ....................................... 167

xvii

LIST OF TABLES
Table 1.1 Characteristics of the ideal compound for estimating GFR, and comparison
with creatinine and cystatin C.20,28 ......................................................................... 6
Table 1.2 GFR equations that use creatinine without cystatin C. ................................. 13
Table 1.3 GFR equations that use cystatin C with or without creatinine. ..................... 14
Table 1.4 Usage of GFR equations by medication (n = 34 respondents). ..................... 19
Table 2.1 Summary of pharmacokinetic parameter values of gentamicin.7................... 23
Table 2.2 Extended interval dosing protocol for gentamicin. ........................................ 28
Table 2.3 Calculation of gentamicin pharmacokinetics using a one-compartment
model.124 ................................................................................................................ 30
Table 2.4 Cr-based GFR equations and variants. ......................................................... 33
Table 2.5 BSA equations. ............................................................................................... 34
Table 2.6 Characteristics of entire gentamicin cohort for Cr-based GFR equations.... 37
Table 2.7 Demographic characteristics of subgroups of gentamicin cohort for Cr-based
GFR equations. ..................................................................................................... 38
Table 2.8 Bias of BSA estimates from various equations for BSA estimates from
Mosteller’s equation for Cr-based GFR equations cohort. .................................. 39
Table 2.9 Bias and imprecision of Cr-based GFR equations for estimating gentamicin
clearance (entire cohort, n = 240). ....................................................................... 42
Table 2.10 Bias and imprecision of Cr-based GFR equations for estimating gentamicin
clearance (plasma Cr < 60 µmol/L, n = 35). ....................................................... 45
Table 2.11 Bias and imprecision of Cr-based GFR equations for estimating gentamicin
clearance (BMI < 18.5 or ≥ 30 kg/m2, n = 80). .................................................... 46
Table 2.12 Bias and imprecision of Cr-based GFR equations for estimating gentamicin
clearance (BMI 18.5-30 kg/m2, n = 160). ............................................................. 47
Table 2.13 Bias and imprecision of Cr-based GFR equations for estimating gentamicin
clearance (stratified by gentamicin clearance). ................................................... 48

xviii

Table 2.14 CV RMSE values for Cr-based GFR equations stratified by gentamicin
clearance. .............................................................................................................. 52
Table 2.15 Bias and imprecision of Cr-based GFR equations for estimating gentamicin
clearance (entire cohort, n = 240), assuming worst-case losses in giving sets for
n = 80. ................................................................................................................... 54
Table 2.16 Cys-based GFR equations and variants. ...................................................... 58
Table 2.17 Characteristics of the entire gentamicin cohort and subgroups stratified by
absence/presence of abnormal TFT / glucocorticoid therapy for Cys-based GFR
equations. .............................................................................................................. 61
Table 2.18 Demographic characteristics of subgroups of gentamicin cohort for Cysbased GFR equations. ........................................................................................... 62
Table 2.19 Bias of BSA estimates from various equations for BSA estimates from
Mosteller’s equation for Cys-based GFR equations cohort. ................................ 63
Table 2.20 Bias and imprecision of Cys-based GFR equations for estimating
gentamicin clearance (entire cohort, n = 260). .................................................... 66
Table 2.21 Bias and imprecision of Cys-based GFR equations for estimating
gentamicin clearance (stratified by absence/presence of abnormal thyroid
function tests and/or glucocorticoid therapy). ...................................................... 68
Table 2.22 Bias and imprecision of Cys-based GFR equations for estimating
gentamicin clearance (stratified by BMI). ............................................................ 69
Table 2.23 Bias and imprecision of Cys-based GFR equations for estimating
gentamicin clearance (according to: presence of unstable renal function; acutely
unwell state; age ≥ 70 y). ...................................................................................... 70
Table 2.24 Bias and imprecision of Cys-based GFR equations for estimating
gentamicin clearance (entire cohort, n = 260), assuming worst-case losses in
giving sets for n = 109. ......................................................................................... 77
Table 3.1 Summary of pharmacokinetic parameter values of dabigatran.110 ................ 81
Table 3.2 Covariates of plasma dabigatran concentrations. ......................................... 84
Table 3.3 Relationships between plasma dabigatran concentrations and coagulation
assays (data from ex vivo studies)......................................................................... 86
Table 3.4 Summary of current New Zealand datasheet dosing guidelines.175 ............... 87
xix

Table 3.5 Summary of published dabigatran etexilate phase III studies. ...................... 89
Table 3.6 Manufacturer’s New Zealand dabigatran etexilate dosing recommendations
in relation to renal function as at 1 July 2012.243 ................................................. 99
Table 3.7 Characteristics of patients dispensed, and discharged on, dabigatran
etexilate at Christchurch Hospital. ..................................................................... 101
Table 3.8 Classification of prescribed dabigatran etexilate dose-rates according to
three GFR equations. .......................................................................................... 102
Table 3.9 Prescribed dabigatran etexilate dose-rates classified by renal function
equations in relation to other covariates. ........................................................... 103
Table 3.10 Binary logistic regression model for renal dosing classifications according
to the Cockcroft-Gault equation. ........................................................................ 104
Table 3.11 Binary logistic regression model for renal dosing classifications according
to the CKD-EPI equation. ................................................................................... 105
Table 3.12 Intra- and inter-day assay bias and imprecision of the determination of
dabigatran in human plasma (n = 6 on 9 separate days). .................................. 118
Table 3.13 Details of coagulation-related assays. ....................................................... 124
Table 3.14 Characteristics of patients in the study of dabigatran and estimated
GFR/coagulation assays. .................................................................................... 130
Table 3.15 Comparison of ABCB1 and CES1 genotype and allele frequencies of 52
patients on dabigatran etexilate with Caucasians included in the CEU* dataset.
............................................................................................................................. 131
Table 3.16 Multiple linear regression model, using only non-renal covariates, for zscores of log-transformed dabigatrantrough,ss (n = 52). Unadjusted R2 = 0.29. .. 133
Table 3.17 Correlation of GFR equations with standardised residuals from the multiple
linear regression model for dabigatrantrough,ss (n = 52).* ................................... 133
Table 3.18 Final multiple linear regression model for z-scores of log-transformed
dabigatrantrough,ss (n = 52). Unadjusted R2 = 0.69. ............................................. 134
Table 3.19 Correlation of GFR equations with standardised residuals from the multiple
linear regression model for dabigatrantrough,ss (n = 48 after excluding four
patients with abnormal thyroid function tests).* ................................................ 135

xx

Table 3.20 Final multiple linear regression model for z-scores of log-transformed
dabigatrantrough,ss (n = 48 after excluding four patients with abnormal TFTs).
Unadjusted R2 = 0.67. ......................................................................................... 136
Table 3.21 Linear regression analysis for TT values. .................................................. 141
Table 3.22 Multiple linear regression model, using only non-renal covariates, for zscores of log-transformed trough dTT (n = 52). Unadjusted R2 = 0.17. ............ 146
Table 3.23 Correlation of GFR equations with standardised residuals from the multiple
linear regression model for trough dTT values (n = 52).* ................................. 147
Table 3.24 Final multiple linear regression model for z-scores of log-transformed dTT
values (n = 52). Unadjusted R2 = 0.53. .............................................................. 147
Table 3.25 Thromboembolic and major bleeding events in dabigatran patients in RELY study and associated hazard ratios for death relative to ischaemic
stroke.236,239,297..................................................................................................... 156
Table 3.26 Stroke and major bleeding risk with anticoagulation therapy, according to
risk stratification, as reported by Lip et al.302,303 ................................................ 159
Table 3.27 Examples of characteristics of individuals on dabigatran who potentially
benefit from TT monitoring. ................................................................................ 165

xxi

LIST OF EQUATIONS
Equation 1.1 MDR equation ............................................................................................. 2
Equation 1.2 Equation for considering fe when adjusting MDR ...................................... 4
Equation 1.3 Equation for adjusting MDR of drug with fe = 1 ........................................ 4
Equation 1.4 Converting CLCr from units of mL/min/70kg to mL/min. .......................... 15
Equation 1.5 Adjustment of estimated GFR for individual BSA. ................................... 15
Equation 1.6 BSA normalisation of GFR. ...................................................................... 16
Equation 2.1 IBW equation ............................................................................................ 31
Equation 2.2 AIBW equation .......................................................................................... 31
Equation 2.3 LBW equation ........................................................................................... 31
Equation 2.4 Percent bias for BSA using Mosteller’s equation as reference ................ 35
Equation 3.1 Dabigatran etexilate MDR adjustment for AF ......................................... 92
Equation 3.2 Dabigatran etexilate MDR adjustment for VTE-related indications ........ 92
Equation 3.3 Binary logistic regression equation ........................................................ 100
Equation 3.4 Final multiple linear regression model for dabigatran concentrations . 133
Equation 3.5 Final multiple linear regression model for dabigatran concentrations
excluding patients with abnormal thyroid function test results ................................... 135
Equation 3.6 Final multiple linear regression model for dTT ..................................... 145
Equation 3.7 Stroke/SEE weight-adjusted risk (SWAR) equation ................................ 156
Equation 3.8 Major bleeding weight-adjusted risk (BWAR) equation ......................... 156
Equation 3.9 Combined weight-adjusted risk (CWAR) equation ................................. 157

xxii

LIST OF ABBREVIATIONS

°C
µL
µm
µmol
AF
AIBW
ANOVA
APTT
AUC
BIS
BMI
BSA
BWAR
C

degree Celsius
microlitre
micrometre
micromole
Atrial fibrillation
Adjusted ideal body weight
Analysis of variance
Activated partial thromboplastin time
Area under the concentration-time curve
Berlin Initiative Study
Body mass index
Body surface area
Major bleeding weight-adjusted risk
Concentration

Css,ave
CES
CG
CI
CKD-EPI
CL

Average concentration at steady-state
Carboxylesterase
Cockcroft-Gault
Confidence interval
Chronic Kidney Disease Epidemiology Collaboration
Clearance

CLCr
cm
Cr
CRP
CV
CWAR
Cys
dabigatrantrough,ss
DMSO
DOAC
dTT
ECT
EDTA
EMA
F
FDA

Creatinine clearance
centimetre
Creatinine
C-reactive protein
Coefficient of variation
Combined weight-adjusted risk
Cystatin C
dose-corrected trough plasma dabigatran concentrations at
steady-state
Dimethyl sulfoxide
Direct oral anticoagulant
dilute thrombin time
Ecarin clotting time
Ethylenediaminetetraacetic acid
European Medicines Agency
Oral availability
United States Food and Drug Administration

fe
GFR
h

Fraction excreted unchanged in urine
Glomerular filtration rate
hour
xxiii

HCl
HPLC
HTI
HWE
IBW
ICU
IDMS
IFCC
INR
IRMM
k
K/DOQI
KDIGO
kg

Hydrochloric acid
High pressure liquid chromatography
Hemoclot® Thrombin Inhibitor
Hardy-Weinberg Equilibrium
Ideal body weight
Intensive care unit
Isotope dilution mass spectrometry
International Federation of Clinical Chemistry and Laboratory
Medicine
International Normalised Ratio
Institute for Reference Materials and Measurements
Rate constant of elimination
Kidney Disease Outcomes Quality Initiative
Kidney Disease: Improving Global Outcomes
kilogram

Ki
L
LC-MS/MS
LLOQ
m
MAF
MDR
MDRD
mg
MIC
min
mL
mm
MRM
mU
n
nmol
P30
PAI-1
PENIA
PETIA
P-gp
pmol
PPI
psi
QC
R

Inhibitory constant
litre
Liquid chromatography coupled with tandem mass spectrometry
Lower limit of quantification
metre
Minor allele frequency
Maintenance dose-rate
Modification of Diet in Renal Disease
milligram
Minimum inhibitory concentration
minute
millilitre
millimetre
Multiple-reaction monitoring
milliunits
Number of individuals
nanomole
Percent within 30% of reference gentamicin clearance
Plasminogen activator inhibitor 1
Particle-enhanced nephelometric immunoassays
Particle-enhanced turbidimetric immunoassays
P-glycoprotein
picomole
Proton-pump inhibitor
pounds per square inch
Quality control
Pearson's correlation coefficient

R2
RMSE

Coefficient of determination
Root mean square error
xxiv

s
SD
SEE
SNP
SWAR

seconds
Standard deviation
Systemic embolic event
Single nucleotide polymorphism
Ischaemic stroke/systemic embolic event weight-adjusted risk

t½

Elimination half-life

t½β
TBW
TFT

Terminal elimination half-life
Total body weight
Thyroid function tests

tmax
TSH
TT
TTR

Time to peak plasma concentration
Thyroid stimulating hormone
Thrombin time
Percentage time within therapeutic range

TTtrough,ss
V

trough thrombin time at steady-state
volt

Vd
VTE
y

Apparent volume of distribution
Venous thromboembolism
year

xxv

1

Introduction

1.1 Introduction to the thesis
Tailoring drug dosage to the individual patient is a key aspect of drug prescribing.
This is reflected in the mantra, “The right dose, of the right drug, for the right time, in
the right patient”,1 which leads to the “right result”. Several considerations are
encompassed by the process of dose individualisation. In relation to the drug being
prescribed, these can be understood from the perspective of pharmacokinetics and
pharmacodynamics. Pharmacokinetics may be defined as “what the body does to the
drug”, whereas pharmacodynamics is “what the drug does to the body”. Specifically,
pharmacokinetics deals with the time course of the drug as it passes through the body,
and comprises drug absorption, distribution and clearance.2 On the other hand,
pharmacodynamics deals with drug action, which includes both desirable and undesirable
(side) effects.2 Pharmacokinetics and pharmacodynamics share a relationship with drug
concentrations: “what the body does to the drug” is an important determinant of drug
concentrations, which are in turn important in determining “what the drug does to the
body”. Thus, considerations related to dose individualisation for any particular drug
being prescribed include factors such as the disease being treated, the target effect, the
presence of co-existing conditions and co-prescribed drugs.
While both pharmacokinetics and pharmacodynamics are clearly important in the
process of dose individualisation, an argument may be made for more particular attention
to the former. Clinicians are often focussed on describing, managing and prognosticating
the impact of pathology. This impact may range from the molecular to societal level.
Pharmacodynamics – the impact of drugs on the body – is arguably inherently easier than
pharmacokinetics for prescribers and patients to understand, and accommodate in clinical
practice. However, pharmacokinetic factors are at least as important as they determine
the dosage needed to achieve the desired concentration. The major focus of this thesis is
on pharmacokinetics. The most clinically relevant concept in pharmacokinetics is
clearance (CL), which is the major determinant of the rate of removal of drug from the
body, and the dose-rate required to maintain ‘target concentrations’.
The primary causes of morbidity and mortality in New Zealand are chronic
conditions.3 Long-term drug administration is a major facet in the management of chronic
1

conditions.4 For individual patients in these settings, appropriate ‘maintenance dosing’,
which is dosing to maintain target average steady-state drug concentrations (Css,ave) and
hence drug effect, is a key component of successful therapy. Drug clearance is the chief
determinant of appropriate maintenance dose-rates (MDR).2,5 This is mathematically
stated as follows:
=

×

,

Equation 1.1 MDR equation

There are multiple factors that affect the clearance of drugs for any individual.
Consideration of, and dose-adjustment for, these factors is expected to improve
therapeutics. While many of these factors are recognised, translation of this to appropriate
dose-adjustment is a process that has significant scope for refinement. Improving this
process in daily clinical practice could be expected to contribute towards the safe,
effective and economic use of drugs, which is a key component of the Actioning
Medicines New Zealand action plan.6
It is instructive to consider the opposite of dose individualisation, which is
described by the mantra of “one size fits all”. Put in terms of Equation 1.1, this translates
into “one maintenance dose-rate fits all”, or a standard MDR for all individuals. While
this is superficially convenient for the prescriber, the patient and drug companies in their
marketing, there are problems with this approach. This is apparent by considering
Equation 1.1 in relation to the different patient groups, including: large/small; old/young;
single/multiple drugs; and those with single/multiple comorbidities. Prescribing the same
MDR to a range of individuals with a wide range of values of clearance for the relevant
drug will lead to a wide range of Css,ave. This could result in a wide range of outcomes in
different individuals, spanning toxicity (from high drug concentrations in those with low
values of clearance), through to therapeutic failure (from low drug concentrations in
those with high values of clearance).
The traditional focus of dose-adjustment has been in the setting of impaired
clearance resulting from organ pathology such as renal impairment, where there is a risk
of over-dosing with a “one size fits all” approach. However, it is also important to
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recognise that this approach also risks under-dosing those individuals with enhanced
clearance, such as the young in comparison to the old, or those with genetic susceptibility
to enhanced drug elimination. Thus dose-adjustment should be considered for individuals
with clearance values that are either lower or higher than the particular clearance value
for which the standard maintenance dose rate provides the desired Css,ave.
It is clear from the preceding discussion that the assessment of individual drug
clearance should be a key aspect of dose individualisation in routine clinical practice.
The standard assessment of drug clearance involves blood sampling for drug
concentrations over the course of a dosing interval. This is laborious, and assumes access
to the relevant drug assay with a timely turnaround and interpretation of results. Further,
the drug is necessarily administered to the individual prior to the availability of the drug
concentrations. While none of these issues are insurmountable, they nonetheless
represent significant barriers to assessment of drug clearance in the setting of routine
clinical practice. One solution is to try to predict drug clearance in an individual, using
characteristics of the individual that might give a clue to the level of function of the
organ(s) involved in clearance. The clearance of most drugs is largely governed by renal
excretion and/or metabolic function, with the latter mainly serviced by the liver.7
Estimates of renal and hepatic function may serve to guide estimates of drug
clearance in individuals in routine clinical practice. In the simplest example, where
renal/hepatic function is directly proportional to the clearance of the particular drug, the
estimate of organ function itself can be used to directly guide adjustments of the MDR.
Thus, assuming the same target Css,ave, a drug that is dosed at 100 units per day in
individuals with a particular level of renal/hepatic function, should be reduced to a MDR
of 50 units per day in individuals with half that level of renal/hepatic function.
For any drug, the fraction excreted unchanged by the kidneys (fe) provides a guide
for dosing adjustment according to renal function. The adjustment is in proportion to fe,
assuming that the reduction in renal function parallels the change in drug clearance. At
one extreme, when fe = 0, dosing does not need to take renal function into account, in
terms of achieving target steady-state concentrations. Conversely, at the other extreme,
when fe = 1, dosing should be based entirely on the individual’s renal function.
A number of assumptions are made here, including the absence of any
pharmacodynamic considerations and the absence of active metabolites. In relation to
3

pharmacodynamics, for example, for a drug with fe = 0, the individual’s kidney function
should still be considered if the drug has a potential renal impact. The converse is also
true for a drug with fe = 1 in relation to the impact on the individual’s liver and other nonrenal organs. In relation to active metabolites, renal function should be considered in the
dosing of a drug with fe = 0 if its active metabolites are renally cleared. Another
assumption of the method of dose-adjustment based on the fe is that non-renal clearance
is unaffected by renal impairment. There is accumulating evidence that this does not
necessarily hold true. Generally, renal impairment has been associated with impaired
drug metabolism.8-12 It is thought that uraemic toxins that accumulate in renal
impairment, such as indican and parathyroid hormone, are responsible for this
impairment.10-12 Thus the impact of renal impairment on metabolic pathways is expected
to be greater with increasing severity of renal impairment as the clearance of these toxins
declines.11 Nevertheless, accommodation of the fe component of clearance is at least a
starting point for adjustment of the MDR.
Using the fe, adjustment of MDR according to renal function may proceed as
follows, where the adjustment is made in proportion to the fe:
=

×

1−

+

! "#$%
! "#$%

×

&'

Equation 1.2 Equation for considering fe when adjusting MDR

For drugs that are entirely renally cleared i.e.
=

= 1, this equation simplifies to:
×

! "#$%
! "#$%

&

Equation 1.3 Equation for adjusting MDR of drug with fe = 1

Dose-adjustment according to fe and renal function is made on the basis of the
premise that renal function reflects drug clearance and can be adequately estimated by
the clinician. This premise will be discussed in the next section of this chapter.

4

1.2 Accommodating renal function in maintenance dosing of drugs using
a pharmacokinetic approach
Acute and chronic kidney impairment are common in clinical practice. The
prevalence of chronic kidney disease has been estimated to be around 10% in New
Zealand and internationally, such as in the United States.13,14 The incidence of acute
kidney injury in hospitalised individuals has been estimated to be around 2%.13,15,16 These
statistics highlight the relevance of accommodating renal function during the prescribing
process, especially given that the kidneys contribute significantly to the clearance of
around 30% of drugs.1,7 Additionally, drug toxicity is recognised as one of the major
classes of complications resulting from reduced renal function as defined by the
glomerular filtration rate (GFR).17
The renal elimination of drugs may be described by the actions of the traditional
functional unit of the kidneys: the nephrons. The two main parts of the nephron are the
glomeruli and the tubules. The glomeruli are involved with filtration, whereas the tubules
are involved with secretion into, and reabsorption from, the glomerular filtrate. While
reabsorption may simply lead to retention of drug, it may also be associated with drug
metabolism at the renal tubules, such as the example of insulin.18 Of the main parts of
the nephron, the glomeruli, as assessed by the GFR, are the standard representation of
renal function. An important basis for such an assessment of renal function is the ‘intact
nephron theory’.19 This asserts that most of the surviving nephrons in a diseased kidney
are either normofunctional or hyperfunctional, and that there are few nephrons that are
either aglomerular tubules or atubular glomeruli i.e. there is ‘glomerulotubular
balance’.20 GFR can therefore be used as a representation of overall renal function e.g.
when GFR is halved, renal tubular function is also halved. The best data supporting this
theory are from the setting of acute kidney injury, rather than chronic kidney disease.21
Nonetheless, the GFR is a useful biomarker with which to diagnose, monitor, and to
determine the prognosis of, chronic kidney disease.13,17,22
An alternative method of gauging renal function, to solely using estimated GFR,
is to estimate the various functional aspects of the nephron related to drug clearance, by
assessing the renal clearances of a combination of selected drugs with separate specific
renal elimination pathways.23 The principle behind this approach is that each drug
elucidates the function of a specific renal elimination pathways.24 There are a number of
5

limitations with this approach, ranging from issues stemming from the exposure of the
individual to the drug cocktail, through to local availability of the required assays.25,26
This approach of delineating an individual’s drug clearance is therefore considered too
inconvenient for routine clinical usage.
GFR may be determined by measuring the clearance of compounds that undergo
glomerular filtration. Unfortunately, there is currently no endogenous compound that has
all the characteristics that would make it ideal for this purpose (Table 1.1).20,27
Table 1.1 Characteristics of the ideal compound for estimating GFR, and comparison
with creatinine and cystatin C.20,28
Ideal characteristics*

Creatinine

Cystatin C

Stable production (if endogenous compound)
Not protein bound
Exclusively renally cleared
Filtered through glomeruli without restriction
No renal tubular reabsorption or secretion
Accurate and precise assay
* See text for discussion where ideal characteristics are not fulfilled.

Inulin clearance is regarded as the gold standard for representing GFR.20,27
However, cost, both in terms of time and materials, and the inconvenience of exogenous
administration, are significant barriers to the determination of GFR by this method.29
Instead, in the routine clinical setting, equations are used that employ readily available
anthropometric and biochemical data from individuals, including single time-point
measurements of endogenous compounds in plasma that undergo glomerular filtration.3035

These equations provide the clinician with convenient alternative methods of

estimating GFR. There are a number of endogenous compounds that may be employed
in the estimation of GFR. Two in particular, creatinine and cystatin C, are highlighted
below.
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1.2.1

Creatinine
Creatinine remains the first-line biomarker recommended for the initial

estimation of an individual’s renal function.13,17 It is an end-product of creatine
metabolism, which is a non-enzymatic process that converts approximately 2% of
creatine into creatinine each day.36,37 Much of this metabolism occurs in muscle tissue,
which contains over 90% of the creatine in the body. Creatine itself originates either
endogenously, from hepatic synthesis, or exogenously, via the gastrointestinal tract from
orally consumed foods containing creatine, such as meat. From these two sources,
creatine then travels to muscle tissue, where it is stored and subsequently metabolically
converted to creatinine. Creatinine has been demonstrated to have a volume of
distribution approximately equal to that of total body water.38 The half-life of plasma
creatinine is around 6 hours.36 It is almost exclusively renally cleared, with contributions
from both glomerular filtration and active secretion.39 Cimetidine is known to block
tubular secretion of creatinine. With concomitant cimetidine administration, creatinine
clearance more closely approximates inulin clearance, which is evidence that the nonGFR elimination of creatinine is largely, if not exclusively, due to renal tubular
secretion.39

1.2.2

Cystatin C
Cystatin C has emerged as the main alternative endogenous biomarker of renal

function to creatinine.17 An important reason for this is the accumulating data
demonstrating its superiority over creatinine in both estimating GFR and for predicting
adverse events such as cardiovascular disease, progression of chronic kidney disease and
all-cause mortality.34,40-46 Cystatin C is thought to be produced by all nucleated cells,
with its main function being the regulation of endogenous proteinase activity.20,47 It
distributes into extracellular fluid, which is around a third of total body water.48
Consequently, the half-life of cystatin C in plasma is around 2 hours, which is around a
third of that for creatinine.28,49-51 Cystatin C is predominantly renally cleared: it is freely
filtered through the glomeruli, and then reabsorbed at the proximal tubules, where it is
metabolised.20,47
As a renal biomarker, a key advantage of cystatin C over creatinine is that it is
expected to reach a new steady-state more rapidly than creatinine in response to changes
7

in renal function as a consequence of its shorter half-life.28,49,50 While this is less
important in the ambulatory outpatient setting where patients are more clinically stable,
this could be of major import in the acute inpatient setting where acute kidney injury is
more frequent.52,53 For such patients, changes in creatinine may lag behind deterioration
in renal function. This was initially demonstrated by Herget-Rosenthal et al. in the setting
of intensive care unit patients, with acute kidney injury detected 1-2 days earlier when
using cystatin C instead of creatinine.54 However, subsequent studies have reported
mixed results.51,55,56 If plasma creatinine concentrations do significantly lag behind
changes in GFR, then creatinine-based assessments of GFR may lead to overestimation
of renal function in this setting. This in turn could lead to an increased risk of drug
toxicity, if dosing is based on estimation of GFR using creatinine. Estimates of GFR
based on cystatin C may be better than creatinine in this acute setting, and thus provide
a better guide for dosing renally cleared drugs.

1.2.3

Non-GFR covariates of plasma creatinine and cystatin C concentrations
There are a variety of potential issues with the use of plasma creatinine and

cystatin C for estimating glomerular filtration rate in the individual patient (see Table 1.1
above). These may be broadly described as sources of variance in the plasma
concentrations of these renal biomarkers that are unrelated to GFR, or have effects on
these biomarkers that are over and above an effect on GFR. These covariates are expected
to weaken the correlation between GFR and plasma renal biomarker concentrations.
The kinetics of both creatinine and cystatin C may be altered under particular
circumstances. As described above, the rate of production of creatinine is higher both
with greater muscle mass and greater dietary intake of creatine.20,37 Further, creatinine
may be absorbed from direct dietary ingestion, as creatine can be converted to creatinine
by the process of cooking.20 The production of cystatin C is thought to be altered by both
thyroid dysfunction and glucocorticoid therapy.57-60 Specifically, hypothyroidism has
been associated with plasma cystatin C concentrations 30% lower, and thyrotoxicosis
with 30% higher concentrations, compared with euthyroid controls.58,61 While altered
thyroid function is thought to alter renal blood flow and thus GFR, changes in plasma
cystatin C concentrations associated with thyroid dysfunction are thought to be mediated
by altering its production rate to a greater extent than its renal elimination.57-59 The impact
8

of altered thyroid function on GFR is thought to be the cause of altered plasma creatinine
concentrations in this setting; hence, for example, plasma creatinine concentrations
increase with decreasing thyroid function.57,62-64 Glucocorticoid therapy has been
reported to be associated with increased GFR,65,66 and paradoxically this is accompanied
by increases in both plasma creatinine and cystatin C concentrations.60,67 The mechanism
by which glucocorticoids raise GFR may be through renal vasodilation mediated by nitric
oxide.68 Increases in plasma creatinine concentrations of around 10% have been reported
in association with glucocorticoid therapy, including prednisone-equivalent dose-rates of
up to 60 mg daily.66,67 This increase, despite the glucocorticoid-increase in GFR, has been
attributed to the induction of a catabolic state, and hence an increased rate of creatinine
production and release into plasma.66,67 The increase in plasma cystatin C concentrations
with glucocorticoid therapy is dose-dependent, with 20% and 65% increments associated
with 5-10 mg/day of oral prednisone and 500 mg/day intravenous methylprednisolone,
respectively, compared with controls in the setting of renal transplantation.60 The
mechanism for this appears to be an increase in promoter-mediated transcription of the
cystatin C gene.69 The impact of glucocorticoid therapy on plasma cystatin C
concentrations appears to diminish with increasing GFR.70,71
As discussed above, in addition to the glomeruli, the proximal tubules of nephrons
are also involved in the clearance of both creatinine and cystatin C. Shemesh et al.
reported that the fractional contribution of active secretion to creatinine clearance
increased from 16% to 48% as GFR declined from 113 to 22 mL/min/1.73m2.39 This
demonstrates a problem with using creatinine as a renal biomarker, in that it is
inconsistent with the intact nephron theory.72 Further, some compounds, such as
cimetidine and trimethoprim compete with creatinine for active transportation and have
the potential for saturating this clearance pathway, resulting in a GFR-independent
elevation of plasma creatinine concentration.20 There is potentially a similar issue with
cystatin C, in that pathology that specifically results in proximal tubular metabolic
dysfunction with sparing of tubular absorptive function could also result in elevated
plasma cystatin C concentrations in the absence of altered GFR.28,47 However, we are not
aware of this phenomenon ever being specifically reported in human subjects.
Another source of variation in both plasma creatinine and cystatin C
concentrations, that is unrelated to GFR, stems from the laboratory assays that are used
for these biomarkers. This is briefly discussed in the next section.
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1.2.4

Standardisation of creatinine and cystatin C assays
The first creatinine assay was reported in 1886 by Jaffe and employed a

colourimetric method.73,74 However, interference from non-creatinine chromogens,
including common endogenous compounds such as such as bilirubin and glucose,
became apparent with this assay.73,75,76 Further, it has been recognised that exogenous
compounds, such as cephalosporins, can have a significant impact on the assay; as an
extreme example, cefpirome is associated with a measurement bias of +213 µmol/L with
the Jaffe assay.75,76 A variety of solutions have been employed to deal with these issues,
ranging from modifications of the original colorimetric assay through to the use of
entirely different assay methods, such as the enzymatic assays.75,76 This introduced
another issue, in that the various creatinine assays provided different results for a given
patient sample. Additionally, for a given assay method, different instruments have been
associated with different results for a given patient sample. As recently as 2006, Peake
et al. reported that of nine combinations of instruments and methods in South Australia
and Victoria (Australia), three had median biases (compared with a reference standard)
in excess of the acceptable bias range of ± 5% for plasma creatinine concentrations < 150
µmol/L.76 This is particularly relevant given that small differences in creatinine
concentrations at these lower values are associated with relatively large differences in
estimates of GFR, because of the inversely proportional relationship between creatinine
concentrations and GFR (see section 1.3). The reference standard used by Peake et al.
was isotope dilution mass spectrometry (IDMS). The IDMS creatinine assay method was
originally published in 1986 as a “definitive method … against which the other methods
can be judged”.77 In 2006, various national and international organisations, led by the
National Kidney Disease Education Program in the United States, accepted the IDMS
method as the official reference method against which all other methods should be
aligned (hence the term, IDMS-aligned).75
The first cystatin C assays were described in 1979 by Lӧfberg and Grubb,
including an enzyme immunoassay and an enzyme amplified single radial
immunodiffusion method.78 Subsequent cystatin C assay methods sought to improve
sensitivity and minimise imprecision and turnaround time. The newer methods may be
categorised as either particle-enhanced turbidimetric immunoassays (PETIA) or particleenhanced nephelometric immunoassays (PENIA).79 In association with this diversity of
assays, a lack of standardisation has been apparent, with PETIA methods reported to have
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a bias of +20 to +30% compared with PENIA methods.41 Consequently, the Institute for
Reference Materials and Measurements (IRMM), with the International Federation of
Clinical Chemistry and Laboratory Medicine (IFCC), released a certified reference
material (ERM-DA471/IFCC) in 2010.80 This functions as a calibrator against which
cystatin C assays can be standardised.
A multitude of equations for estimating renal function that employ either or both
plasma creatinine and cystatin C concentrations have been developed over the years.3035,79,81

However, only a few have been developed using the internationally standardised

assays for these renal biomarkers.31-35 In the next section of this chapter, the equations
examined in this thesis will be detailed.
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1.3 Equations for estimating GFR using internationally standardised
creatinine/cystatin C assays
The equations for estimating GFR that have been developed using internationally
standardised creatinine and cystatin C assays, and the Cockcroft-Gault equation, are
detailed in Tables 1.2 and 1.3.30-35 For the purpose of this thesis, the Cockcroft-Gault
equation will be labelled as a GFR equation, as it is often referred to in the contemporary
literature,82-84 even though it was originally developed to estimate creatinine clearance
(CLCr) rather than GFR, as described below.
The use of estimated GFR for guiding dosing in relation to drug clearance is
contingent upon the assumption that renal drug clearance is reflected by GFR, which
appears to be widely accepted in the literature.1,2,20,83,85-87 An important question for
clinicians is whether any particular equation is superior for guiding dosing in the
individual requiring therapy with a renally cleared drug.82
The Cockcroft-Gault equation is distinct to the other equations in Tables 1.2 and
1.3 in two key respects:
1) It was originally developed to estimate CLCr, rather than GFR per se.30 As
discussed above, creatinine is cleared not only by glomerular filtration, but
also by active secretion at the proximal tubules.39 Therefore, CLCr is expected
to exceed GFR, with the difference being due to active secretion. However,
as noted above, non-creatinine chromogens can positively bias colourimetric
creatinine assays, which were used in the development of the Cockcroft-Gault
equation.30 The resulting overestimation of plasma creatinine concentrations
is thus associated with an underestimation of CLCr. It has been reported that
the difference between this underestimation and actual CLCr approximates the
contribution of tubular active secretion to CLCr.74,88,89 Hence, through
cancellation, the estimated CLCr approaches the GFR, and the CockcroftGault equation can be said to provide estimates of GFR.
2) It was published in 1976, well before the advent of IDMS-alignment.30 There
is no widely accepted method for adapting the original Cockcroft-Gault
equation to accommodate plasma creatinine concentrations from IDMSaligned assays.74
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Despite these two issues, the Cockcroft-Gault equation is part of the current
guidance from the United States Food and Drug Administration (FDA) on the study and
application of drug pharmacokinetics in renal impairment,90 and contemporary reviews
include its usage for guiding drug dosing.82,91 Given the issues regarding the use of the
Cockcroft-Gault equation, it is important to examine the validity of this equation for
predicting renal drug clearance in the setting of IDMS-aligned creatinine assays.
Table 1.2 GFR equations that use creatinine without cystatin C.
Equation name (units)
Cockcroft-Gault30
(mL/min)

Mathematical description*
140 − + × ,-.
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0.815 × [3 !4 "
#$ $

]

× 0.85

4

MDRD Study 4-variable31
[3 !4 "
#$ $ ] ;<.<=>
2
67
=
175
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9
:
(mL/min/1.73m )
88.4
× + ;?.@?A × 0.742
4
CKD-EPI33
(mL/min/1.73m2)

D
[3 !4 "
#$ $ ]
67 = 141 × 4$ 9
, 1:
88.4 × C
;<.@?F
[3 !4 "
#$ $ ]
×4 E9
, 1:
88.4 × C
I
× 0.993
× 1.018
4
where α is 0.7 for females and 0.9 for males, β is −0.329
for females and −0.411 for males,
[
JK L
]
or 1,
min indicates the minimum of
MM.>×N
[

JK L

]

max indicates the maximum of
or 1
MM.>×N
* The units for the components of the equations are as follows: age, y; TBW, kg; plasma
creatinine concentration, µmol/L.
CLCr, creatinine clearance; TBW, total body weight; MDRD, Modification of Diet in
Renal Disease; GFR, glomerular filtration rate; CKD-EPI, Chronic Kidney Disease
Epidemiology Collaboration.

Another important distinction of the Cockcroft-Gault equation from all the other
equations in Tables 1.2 and 1.3 is the use of a representation of the individual’s size, total
body weight (TBW), in the calculation of the equation. Size, independent of organ
maturity, is known to have a positive correlation with drug clearance.92 However, TBW
may not be the best descriptor of size for drug clearance, especially in the setting of
obesity. An alternative, such as lean body weight (LBW), may be better.93-97 There are
data showing that kidney size and GFR increase non-linearly with increasing TBW.98,99
In contrast, it has been proposed that drug clearance increases linearly with increasing
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LBW,94 and it has been shown that normalisation of GFR by LBW accounts for a
substantial proportion of the difference in GFR between obese and non-obese
individuals.100 LBW comprises cellular mass and non-fatty connective tissue, including
the kidneys, which lends some biological plausibility to its use instead of TBW in the
Cockcroft-Gault equation. It is unclear which size descriptor is best to use in the
Cockcroft-Gault equation when predicting renal drug clearance.
Table 1.3 GFR equations that use cystatin C with or without creatinine.
Equation name (units)
CKD-EPI cystatin C34
(mL/min/1.73m2)

CKD-EPI creatininecystatin C34
(mL/min/1.73m2)

Mathematical description*
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, 1:
0.8
;?.S<<
[3 !4 "O3# #$ ]
×4 E
, 1&
0.8
× 0.995 I × 0.969 4
where ĸ is 0.7 for females and 0.9 for males, α is −0.248
for females and −0.207 for males.

BIS
creatinine-cystatin 67 = 767 × [3 !4 "
#$ $ ] ;?.>?
35†
C
× [3 !4 "O3# #$ ] ;?.R< × + ;?.=S
(mL/min/1.73m2)
× 0.87 4
* The units for the components of the equations are as follows: age, y; TBW, kg;
plasma cystatin C, mg/L; plasma creatinine concentration, µmol/L.
†
This equation was developed using data from, and thus applies to, individuals
with age ≥ 70 y.
CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; GFR,
glomerular filtration rate; BIS, Berlin Initiative Study.

The MDRD Study, CKD-EPI and BIS equations feature a normalised size
descriptor, body surface area (BSA), as part of the units of the values reported from each
of the equations. It should be noted that mathematically, the expression of the units of
these equations, mL/min/1.73m2 suggests that multiplying these values by 1.73 m2
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should return a value in mL/min. This is incorrect, and instead the expression
mL/min/1.73m2 indicates that the GFR, in mL/min, has been normalised to a BSA of
1.73 m2. Nonetheless, mL/min/1.73m2 will be used throughout this thesis, as this is the
widely accepted expression (see for example, the recent international KDIGO
guidelines13,17,82). The normalisation of the estimated GFR for a BSA of 1.73 m2
recognises the usual lack of availability to the laboratory of a size descriptor for each
patient (e.g. weight or actual BSA). This enables automated laboratory reporting of the
individual’s estimated GFR in association with a report of the plasma creatinine
concentration. This is because, other than the plasma concentration of the relevant renal
biomarker(s), sex and age are the only necessary components of the GFR equations.
These are typically more readily available to laboratories than a value for a descriptor of
patient size.101
The Cockcroft-Gault equation, however, requires knowledge of body weight. A
simple solution to enable the automated reporting of a Cockcroft-Gault equation is for
laboratories to assume a TBW of 70 kg, and thus report in units of mL/min/70kg.
Clinicians can then convert the mL/min/70kg value to mL/min by adjusting for the
individual patient’s TBW;
(

4 /4$

=

(

4 /4$ /70U+ ×

,-.
70

Equation 1.4 Converting CLCr from units of mL/min/70kg to mL/min.

The conversion to actual mL/min is an important consideration for guiding drug
dosing as an individual’s renal drug clearance is expected to correlate better with their
actual (mL/min), rather than size-normalised (mL/min/1.73m2), value of GFR.83,102,103 In
order to individualise the GFR estimate based on 1.73 m2, the mL/min/1.73m2 value can
be adjusted at the bedside by the patient’s BSA as follows102,104;
67

4 /4$

= 67

4 /4$ /1.734@ ×

-VW
1.73

Equation 1.5 Adjustment of estimated GFR for individual BSA.

An important difference between the conversion in Equation 1.4 and that in
Equation 1.5 relates to how the renal function equations were originally derived.
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Cockcroft and Gault developed their seminal equation by examining the relationships
between measured CLCr values, with units of mL/min, and a variety of covariates,
including TBW.30 TBW was then incorporated as an explicit component of the
Cockcroft-Gault equation, whereby a doubling in TBW leads to a doubling of calculated
creatinine clearance (notwithstanding subsequent reports that GFR does not increase
linearly with TBW, as described earlier in this section). The calculation of the CockcroftGault equation with units of mL/min/70kg, as described above, is based on the
assumption that the individual has a TBW of 70 kg i.e. instead of using the individual’s
actual TBW in the Cockcroft-Gault equation, 70 kg is used instead. The conversion of
mL/min/70kg to mL/min as described in Equation 1.4 is thus a simple ‘back-conversion’,
essentially involving the substitution of the individual patient’s TBW instead of 70 kg
into the Cockcroft-Gault equation. In contrast, for example, Levey et al. developed the
MDRD Study equation by measuring the GFR values (mL/min) of individuals using 125Iiothalamate clearance, and then normalising each individual’s GFR values by a BSA of
1.73m2.105 BSA-normalised estimates of GFR were calculated in the following manner;
67

4 /4$ /1.734@ = 67

4 /4$

×

Equation 1.6 BSA normalisation of GFR.

1.73
-VW

Levey et al. then examined the relationships between BSA-normalised GFR
(mL/min/1.73m2) and a variety of covariates.105 The BSA of the individual patient for
whom GFR is being estimated is thus neither an explicit part of the MDRD Study
equation, nor any of the equations in Tables 1.2 and 1.3 with units of mL/min/1.73m2.
The validity of the conversion to mL/min in Equation 1.5 is thus contingent upon a
number of assumptions that are not required in Equation 1.4. The key assumptions are
that the correlation line of GFR versus BSA is linear, and passes through the coordinates
(0, 0).103,106-109 Hence, for example, a doubling of BSA should be associated with a
doubling of GFR. Equation 1.5 essentially states that for individuals A and B with BSA
of 3.46 m2 and 1.73 m2, respectively, both with the same estimated GFR of 50
mL/min/1.73m2, individual A has double the actual GFR in mL/min as individual B.
Such a linearly proportional relationship has not been shown, at least in the setting of
obesity.98 Nonetheless, it may be hypothesised that Equation 1.5 is useful for the clinician
to bring the estimated GFR value closer to the individual’s actual GFR, and hence
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provide a better prediction of renal drug clearance than using the GFR value with units
of mL/min/1.73m2.
For the purpose of this thesis, the conversion from mL/min/1.73m2 to mL/min as
per Equation 1.5 will usually be termed “adjustment for individual BSA”, instead of
“removal of BSA normalisation”. This is because we prefer to highlight the use of
additional information (the BSA of the individual patient) suggested by the former
phrase, rather than the apparent subtraction of information implied by the latter phrase.
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1.3.1

Usage of GFR equations by clinicians to guide medication prescribing
The following study was conducted to provide some additional perspective to the

questions addressed in the thesis.
Knowledge of which GFR equations are used by clinicians to guide the
prescribing of medications can inform the prioritisation of equations to investigate, and
the relevance of such investigations to prescribers. For example, if clinicians are
exclusively using the results of the CKD-EPI creatinine-only equation33 as provided by
the laboratory, then examining the Cockcroft-Gault equation30 is less important. Further,
it would be useful to know if clinicians are aware of the importance of considering size
when interpreting the estimates of GFR (with units of mL/min/1.73m2) from the
laboratory.
To gain some insight into this, we surveyed the local Department of General
Medicine in Christchurch, New Zealand. The Department is spread across Christchurch
Hospital and Princess Margaret Hospital, and managed 14,000 acute admissions in 2012
(MSS Lee, Christchurch Hospital, NZ, personal communication, 2013). It is serviced by
the

Canterbury

Health

Laboratories.

An

electronic

questionnaire

(http://www.surveymonkey.com/s/Q2CC359) was sent to all 67 doctors working in the
Department in April 2013. There were 34 responses (51% response rate), including 13
specialist general physicians and 21 junior doctors. The Canterbury Health Laboratories
had changed, on 25 February 2013, from using the MDRD Study equation31,32 to the
CKD-EPI equation33 for the automated estimation of GFR that accompanied reports of
plasma creatinine concentrations.
When prescribing renally-cleared medications, most doctors (20/34, 59%)
reported that they mainly used the laboratory-reported GFR to guide dosing (Table 1.4).
Two renally-cleared drugs, dabigatran and gentamicin, were highlighted in the
survey.110,111 Significantly more respondents used the laboratory-reported GFR for
guiding the dosing of dabigatran (71%) compared with gentamicin (35%, McNemar’s
χ2(1) = 8.6, P = 0.0018). These results reflect local prescribing guidelines that highlight
the use of the Cockcroft-Gault equation when prescribing gentamicin, but not
dabigatran.112
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Table 1.4 Usage of GFR equations by medication (n = 34 respondents).
Renally cleared
medication

Mainly
laboratory GFR*

Mainly
Cockcroft-Gault
equation
5 (15)
3 (9)
16 (47)

Both
equally

Other

Any†
20 (59)
8 (24)
1 (3)‡
Dabigatran
24 (71)
1 (3)
6 (18)§
Gentamicin
12 (35)
2 (6)
4 (12)§
All data expressed as n (% of 34).
* The exact equation used to calculate GFR was not specified in the survey. The local
laboratory had recently transitioned from the MDRD Study equation to the CKD-EPI
equation.
†
Examples of commonly prescribed renally-cleared drugs were provided in the survey.
‡
Respondent stated that s/he used a combination of plasma creatinine concentration,
age, body weight and sex.
§
Responses included “pharmacy consultation” (without further details) and “not
prescribed yet”.

The survey also included a question asking respondents to recall the units of the
laboratory-reported GFR value. A minority (7/34, 21%) correctly stated that these were
mL/min per 1.73 m2. A further 18% (6/34) noted that BSA was part of the GFR units,
whereas the majority (62%, 21/34) made no mention of this aspect. This apparent
deficiency is important to identify, as the laboratory-reported GFR value should be
considered in the context of the individual patient’s BSA when used for drug dosing,
especially at the extremes of size, as discussed above (section 1.3).83,102,103
These survey results are the first that we are aware of to support the notion that
the laboratory-reported GFR is more commonly used by prescribers for drug dosing than
the Cockcroft-Gault equation. This reflects the convenience to the clinician of using the
former, which is routinely calculated by the laboratory, compared with the latter, which
the laboratory does not routinely generate and thus typically requires the prescriber to do
the calculation. Further, the survey results highlight the need to inform prescribers that
individual patient size should be considered when using the laboratory-reported GFR
values for drug dosing.
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1.4 Questions addressed in this thesis
In the context of the preceding considerations, this thesis aims to examine a
number of hypotheses related to renal drug clearance and GFR equations, using
gentamicin and dabigatran as exemplar drugs. All studies were based at Christchurch
Hospital, which operates around 500 beds and is the largest tertiary referral centre in the
South Island of New Zealand.113

1.4.1

Gentamicin
Gentamicin, an antimicrobial drug, is parenterally administered and is cleared

virtually exclusively by glomerular filtration, with a fraction excreted unchanged by the
kidneys (fe) of at least 0.9.7,114 It is presently unclear which of the GFR equations best
predicts gentamicin clearance. We used gentamicin to examine the following broad
questions in Chapter 2:
•

Which creatinine-based GFR equation, in the setting of an IDMS-aligned
creatinine assay, provides the best prediction of gentamicin clearance?

•

Which cystatin C-based GFR equation, with or without creatinine, in the
setting of internationally standardised cystatin C and creatinine assays,
provides the best prediction of gentamicin clearance?

1.4.2

Dabigatran
Dabigatran, an anticoagulant drug, also has a large renal contribution to its

clearance, with a fe of 0.8.110 It is presently unclear which of the GFR equations best
predicts dabigatran clearance. Further, as dabigatran is orally administered as a prodrug,
dabigatran etexilate,115,116 there are a number of additional complexities to its
pharmacokinetics that are not present with gentamicin. Hence, GFR estimation, alone,
may be inadequate for predicting steady-state plasma dabigatran concentrations in the
individual. Alternative approaches to dose-individualisation, including the use of
feedback from the estimation of anticoagulation intensity in the individual treated with
dabigatran, should be explored. We examined the following broad questions in relation
to dabigatran in Chapter 3:
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•

How do prescribed dose-rates of dabigatran etexilate compare with those
suggested by renal function dosing guidelines, and do prescribers take
non-renal covariates into account when dosing this drug?

•

Which GFR equation, in the setting of internationally standardised
creatinine and cystatin C assays, provides the best prediction of
dabigatran clearance?

•

How do plasma dabigatran concentrations correlate with readily
available screening coagulation assays in the real world?

•

Based on the available data, can a proposal be constructed for the use of
one or more screening coagulation assays to provide feedback from, and
thus provide a guide for, the dosing of dabigatran etexilate in the
individual?
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2

Gentamicin and GFR equations

2.1 Introduction
Gentamicin is a highly polar aminoglycoside antibiotic that was first isolated
from two species of the actinomycete, Microspora, by Weinstein et al.117 Weinstein et
al. documented a number of key insights regarding gentamicin in their initial report in
1963 that have stood the test of time, including: significant activity against both Gram
positive and Gram negative bacteria; dose-dependent toxicity including damage to the
renal tubules and vestibular function; clearance predominantly by glomerular filtration
with some biliary excretion.117
This initial report has since been confirmed and clarified. Gentamicin remains an
important antibacterial agent, featuring as a treatment option for a wide range of bacterial
infections in contemporary texts and guidelines.112,118-120 In particular, it is valuable for
short-term empirical therapy, as it has rapid bactericidal activity, and the rates of bacterial
resistance against it in the community and healthcare settings are low.119 Gentamicin is
generally considered to have a low therapeutic index.121 Its efficacy and toxicity relate to
its concentration-time profile.121 The ratio of the peak concentration to the minimum
inhibitory concentration (MIC) of gentamicin should be maximised to optimise
efficacy.120 This is tempered by the need to avoid excessively large areas under the
concentration-time curve (AUC) to minimise the risk of toxicity.121 For a given
individual, the AUC is determined by the administered dose and the individual’s
gentamicin clearance.
A summary of the pharmacokinetics of gentamicin is presented in Table 2.1. The
importance of the contribution of glomerular filtration to gentamicin clearance is
reflected by its high fraction excreted unchanged by the kidneys (fe) of at least 0.9, with
only a minimal contribution from biliary excretion.7,114,122,123 The prediction of
individualised gentamicin clearance using gentamicin plasma concentrations following
the first dose is well established in clinical practice.124,125 However, gentamicin is
sometimes used as a single dose, such as in the setting of acute pyelonephritis, where a
single dose of gentamicin is followed by alternative oral antimicrobial therapy.112 Of the
patients given gentamicin in 2011 at Christchurch Hospital, a tertiary care institution in
New Zealand, 12% were treated with a single dose (JWA Vella-Brincat, Christchurch
Hospital, NZ, personal communication 2012). Predicting gentamicin clearance prior to
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dosing has been less well studied and is dependent on the estimation of the patient’s
likely gentamicin pharmacokinetics prior to feedback from concentrations. Because of
the high dependence of gentamicin clearance on renal function, estimating the
individual’s renal function is a key component of predicting gentamicin clearance.124
Table 2.1 Summary of pharmacokinetic parameter values of gentamicin.7
Parameter
Mean value*
Vd (L)
21
Plasma protein binding
< 0.10
CL (L/h)
7.1‡
t½ (h)
2†
fe
> 0.90
* In healthy individuals following intravenous administration.
†
Note the terminal elimination half-life is around 53 h as a consequence of ‘flip-flop’
kinetics with accumulation in peripheral tissues (primarily the kidneys).2
Vd, apparent volume of distribution; CL, clearance; t½, half-life; fe, fraction excreted
unchanged in urine.
‡
This equates to 118 mL/min.

GFR is thought to approximate gentamicin clearance, because of the high fe of
gentamicin, its negligible plasma protein binding,126,127 and the contribution of renal
tubular secretion to its clearance is only small.111,114 Contrepois et al. demonstrated
evidence of tubular reabsorption in a study of young healthy volunteers: six individuals
were

intravenously

administered

both

gentamicin

(achieving

mean

plasma

concentrations of 5.3 mg/L) and inulin, with the fraction of gentamicin clearance over
inulin clearance reported as 0.79.126 However, the reabsorption is thought to be saturable,
and is thus expected to have a smaller proportional impact on gentamicin clearance at
high gentamicin concentrations.126
As discussed in Chapter 1, GFR is a commonly used index of renal function in
the clinical setting. A range of equations have been developed for estimating GFR,
employing one or both of the two leading renal biomarkers, creatinine and cystatin C.
Several

creatinine-based

equations,

including

the

Cockcroft-Gault

equation,

Modification of Diet in Renal Disease (MDRD) Study equation and the Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) equation (see Chapter 1, Table 1.2),
have been compared in the literature for estimating aminoglycoside clearance.128-131
Further, some variants of these equations have also been considered. These include using
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weight descriptors other than total body weight (TBW) for the Cockcroft-Gault equation,
and adjustment for individual BSA for the MDRD Study and CKD-EPI equations.131
However, various aspects of these creatinine-based equations warrant further
investigation in the setting of predicting an individual’s aminoglycoside clearance. First,
given that the plasma creatinine concentration is a core feature of all these equations, it
is important to use the equations according to whether or not the creatinine assay
employed is calibrated using an isotope dilution mass spectrometry (IDMS)-aligned
calibrator.75,76 For example, the CKD-EPI equation was developed using data from
IDMS-aligned creatinine assays, and is thus not directly applicable to plasma creatinine
concentration values from assays that are not IDMS-aligned. Further, as the original
creatinine assays used to support the Cockcroft-Gault equation are no longer widely used,
an assessment of the validity of the Cockcroft-Gault equation with IDMS-aligned assays
is necessary. Second, while setting the plasma creatinine concentration at a minimum of
60 μmol/L has been shown to improve the performance of the Cockcroft-Gault equation
for predicting gentamicin clearance,132 this has not been systematically examined either
in the context of various weight descriptors being used in the Cockcroft-Gault equation,
nor in the MDRD Study equation. Third, while it may be intuitive that the adjustment of
the MDRD Study and CKD-EPI equations for individual BSA (i.e. converting the ‘raw’
results with units of mL/min/1.73m2 to mL/min by accounting for individual BSA, see
Chapter 1, Equation 1.5) improves the prediction of absolute renal drug clearance
(mL/min) of individuals, this has not been demonstrable in previous research.131 Finally,
the performances of the equations in patients with different levels of gentamicin
clearance (i.e. very high or low) in the setting of an IDMS-aligned creatinine assay have
not been examined.
To our knowledge, none of the ERM-DA471/IFCC-standardised cystatin C-based
GFR equations (see Chapter 1, Table 1.3) have been examined in relation to the
prediction of gentamicin clearance. This is an important question to answer, as cystatin
C may have a tangible advantage over creatinine as a GFR biomarker for the following
reason. As discussed in Chapter 1, the t½ of cystatin C in individuals with normal renal
function is thought to be around 2 hours, which is around 2-3 times less than creatinine,
as a consequence of cystatin C having a Vd around a third that of creatinine.28,36,49-51
Therefore, plasma cystatin C concentrations are expected to change more rapidly than
plasma creatinine concentrations in response to changes in renal function. This in turn
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may translate to better estimation of GFR and hence gentamicin clearance, in the setting
of the acutely unwell patient in whom gentamicin is used.120 On the other hand, akin to
the impact of muscle mass and dietary creatine on plasma creatinine concentrations,37
there are non-renal covariates of plasma cystatin C concentrations. Those with the largest
impact appear to be glucocorticoid therapy and thyroid dysfunction.133
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2.2 Chapter aims
The overarching aim was to identify which of the contemporary GFR equations,
employing creatinine and/or cystatin C, provided the best estimate of gentamicin
clearance. This was examined using two sequential aims:
1) To identify the best creatinine-based GFR equation.
2) To compare the best creatinine-based GFR equation with the cystatin Cbased GFR equations.
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2.3 Assessment of creatinine-based GFR equations
The creatinine-based equations that were examined included the Cockcroft-Gault,
MDRD Study and CKD-EPI equations (see Chapter 1, Table 1.2).

2.3.1

Aims
We addressed the following aims in this section:
1) To find the creatinine-based GFR equation that best estimated gentamicin
clearance,
2) To assess the performances of the Cockcroft-Gault and MDRD Study
equations using a minimum plasma creatinine concentration of 60 µmol/L,
3) To assess the performances of the MDRD Study and CKD-EPI equations with
and without adjustment for individual BSA,
4) To assess the Cockcroft-Gault, MDRD Study and CKD-EPI equations at
gentamicin clearance < 90 and ≥ 90 mL/min (i.e. ‘normal’ vs. decreased renal
function).

2.3.2

Methods
This study used data from hospitalised patients treated with gentamicin at

Christchurch Hospital during April 2011 to September 2012.
Ethical approval for this study was obtained from the Upper South B Regional
Ethics Committee, New Zealand (URB/12/02/010). Individual patient consent was
deemed unnecessary by the Committee.
Locally, gentamicin is dosed according to an extended-interval dosing protocol
(Table 2.2).124 This protocol employs a computer programme for guiding doses following
the initial dose. This is TCIWorks (version 1.0-RC1, http://www.tciworks.info/), a
software

programme

for

dose

individualisation

that

employs

Bayesian

methodology.125,134 TCIWorks was recently judged to be one of the two best therapeutic
drug monitoring software programmes currently available.135 The use of TCIWorks for
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dosing gentamicin is recommended by two national Australian guidelines, including the
Therapeutic Guidelines and the Australian Medicines Handbook.136
Table 2.2 Extended interval dosing protocol for gentamicin.
Initial dose
1. Calculate the patient’s CLCr using a modified Cockcroft-Gault equation
employing the IBW (or TBW if this is less) as the weight descriptor.
CLCr
Dose using the IBW (or TBW if this is less)
(mL/min)
(mg/kg)
> 66
5-7*
55-66
5-6*
41-54
5
31-40
4
20-30
3
< 20
gentamicin not recommended
* Depending on severity of infection
2. Doses are administered as infusions over 30 minutes.
Subsequent doses
3. Gentamicin concentrations are taken at: 30 minutes after the end of the infusion
(‘peak’ sample)118; and between 6-22 hours after the end of the infusion (‘trough’
sample) depending on degree of renal impairment.
4. Doses are guided using gentamicin population pharmacokinetics, individual
characteristics and gentamicin concentrations using a pharmacokinetic computer
programme (TCIWorks).
CLCr, creatinine clearance; IBW, ideal body weight; TBW, total body weight.

The data for this study were extracted from the local TCIWorks database and the
local electronic health record, and included: patient demographic details; plasma
creatinine concentrations; whether or not the patient was in the intensive care unit (ICU)
at the time of gentamicin dosing; gentamicin doses and times; plasma gentamicin
concentrations and sample times.
For each individual patient, the reference gentamicin clearance (mL/min) was
calculated using the prescribed doses and post-dose gentamicin concentrations (Table
2.3).124 This method is based on the assumption of a linear one-compartment model and
has been demonstrated to predict peak and trough concentrations with biases not
significantly different from zero.137 The reason for using this reference gentamicin
clearance, instead of using that calculated by TCIWorks, is that since the latter employs
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the Cockcroft-Gault equation in the prior model, it would be expected to be associated
with incorporation bias if the values from the Cockcroft-Gault equation were then
compared with the TCIWorks reference gentamicin clearance.
The estimated values from the GFR equations were compared with the reference
gentamicin clearance. The most contemporary plasma creatinine concentration, in
relation to the gentamicin dose and concentrations upon which the reference gentamicin
clearance was based, was employed in the GFR equations.
Patients were included in this study if they were ≥ 18 y old and had stable renal
function (< 25% change in plasma creatinine concentrations from baseline around the
time of gentamicin therapy138). Exclusion criteria consisted of pregnancy, cystic fibrosis,
and gentamicin concentrations < 0.3 mg/L (the lower limit of quantification for the local
gentamicin assay). Further, it should be noted that TCIWorks was not used for the
management of gentamicin therapy in the setting of endocarditis at the time of this study.
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Table 2.3 Calculation of gentamicin pharmacokinetics using a one-compartment
model.124
1. Calculate the rate constant of elimination (k):
<−
U=
#@ − #<

@

2. Calculate the concentration at the end of the infusion (Cend) i.e. the theoretical
maximum concentration:
=

<
;X Y ; Z[\

3. Calculate the predicted minimum concentration (Cmin):
;X ][^ ; _
K = @×
For a patient where gentamicin clearance is calculated based on concentrations at
steady state, tint is typically 24, 36 or 48 hours. For a patient where gentamicin
clearance is calculated based on the first dose delivered, tint is infinity and
therefore Cmin = 0 mg/L.
4. Calculate the area under the concentration-time curve (AUC0-tint), which is
composed of the AUC during the infusion and the AUC post-infusion:
− K
− K
W` ?; ][^ = 0.065 ×
+
U
U
5. Calculate the clearance (CL):
=

W`

%3

?; ][^

k, rate constant of elimination; C1, first concentration measured following the infusion;
C2, second concentration following the infusion; t1, time after the start of the infusion
at which C1 was measured; t2, time after the start of the infusion at which C2 was
measured; Cend, concentration at the end of the infusion; tend, duration of dose interval;
Cmin, predicted minimum concentration; tint, duration of dose interval; AUC, area
under the concentration-time curve; CL, clearance.

2.3.2.1 Creatinine-based GFR equations
The 14 creatinine-based GFR equations that were examined, including three base
equations and the variants, are detailed in Table 2.4. These included the Cockcroft-Gault
equation using several different weight descriptors, with and without a minimum plasma
creatinine concentration of 60 μmol/L.
The ideal body weight (IBW) provides a standard ‘normal’ weight for a given
height and sex139;
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a-. = ℎ $+ℎ# − 150 × 0.9 + 45[+5 4

]

Equation 2.1 IBW equation

In the setting of obesity, use of the IBW in the Cockcroft-Gault equation
underestimates the creatinine clearance (CLCr), as it does not account for the increased
muscle mass in these individuals.140 Using a ‘midway’ point in weight between the IBW
and TBW, in the form of the adjusted ideal body weight (AIBW), has thus been
advocated141;
Wa-. = a-. + 0.4 × ,-. − a-.
Equation 2.2 AIBW equation

Of the weight descriptors, the lean body weight (LBW) provides the closest
approximation of fat free mass, which is the size descriptor most directly relevant to
creatinine production142;
-. =

9270 × ,-.
C+c×- a

Equation 2.3 LBW equation

where α is 6680 for males and 8780 for females and β is 216 for males and 244 for
females. Note that when LBW is used, the female adjustment of 0.85 is removed from
the Cockcroft-Gault equation, as the difference in muscle mass between the sexes is
already accounted for by LBW. The MDRD Study and CKD-EPI equations were
examined with (mL/min) and without (mL/min/1.73m2) adjustment for individual BSA
(see Chapter 1, Equation 1.5). Mosteller’s equation was used for estimating BSA (Table
2.5).143 Mosteller’s equation is already routinely used in clinical practice for drug dosing,
and has been used by the MDRD Study authors for the purpose of converting estimates
of GFR from units of mL/min/1.73m2 to mL/min.104 However, as it is unclear which of
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a range of equations best estimates BSA, the BSA values from these equations were
compared using data from the entire cohort (Table 2.5).144-149
The MDRD Study equation was used with and without a minimum plasma
creatinine concentration of 60 μmol/L. This was not applied to the CKD-EPI equation
because it already handles low creatinine concentrations through the use of different
coefficients.
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Table 2.4 Cr-based GFR equations and variants.
Equation abbreviation
CG_TBW*
CG_TBW_Cr60
CG_IBW†
CG_IBW_Cr60†
CG_AIBW‡
CG_AIBW_Cr60‡
CG_LBW§
CG_LBW_Cr60§

MDRD*
MDRD_BSA
MDRD_Cr60
MDRD_BSA_Cr60

Description (units)
CG using TBW as weight descriptor (mL/min)
CG using TBW as weight descriptor with a set minimum
plasma creatinine of 60 µmol/L (mL/min)
CG using IBW as weight descriptor (mL/min)
CG using IBW as weight descriptor with a set minimum
plasma creatinine of 60 µmol/L (mL/min)
CG using AIBW as weight descriptor (mL/min)
CG using AIBW as weight descriptor with a set minimum
plasma creatinine of 60 µmol/L (mL/min)
CG using LBW as weight descriptor (mL/min)
CG using LBW as weight descriptor with a set minimum
plasma creatinine of 60 µmol/L (mL/min)
MDRD Study (mL/min/1.73m2)
MDRD adjusted for individual BSA (mL/min)
MDRD with a set minimum plasma creatinine
(mL/min/1.73m2)
MDRD adjusted for individual BSA with a set minimum
plasma creatinine (mL/min)

CKD-EPI (mL/min/1.73m2)
CKD-EPI*
CKD-EPI_BSA
CKD-EPI adjusted for individual BSA (mL/min)
* Bolded equations are the base equations. See Chapter 1, Table 1.2 for mathematical
descriptions of base equations.
†
Using the minimum of the IBW and TBW for each individual
‡
Using the minimum of the AIBW and TBW for each individual
§
As LBW (Equation 2.3) already accounts for the difference in size mass between
males and females, the factor of 0.85 is disregarded from the Cockcroft-Gault
equation.
Cr, creatinine; CG, Cockcroft-Gault equation; TBW, total body weight; Cr60, set
minimum plasma creatinine concentration of 60 μmol/L; IBW, ideal body weight;
AIBW, adjusted ideal body weight; LBW, lean body weight; MDRD, Modification of
Diet in Renal Disease Study 4-variable equation; GFR, glomerular filtration rate;
BSA, body surface area; CKD-EPI, Chronic Kidney Disease Epidemiology
Collaboration equation.

33

Table 2.5 BSA equations.
Equation
Mosteller

Description*

-VW = ,-. ?.= × ℎ $+ℎ# ?.= × 1⁄60

Du Bois and Du Bois

-VW = ,-. ?.>@= × ℎ $+ℎ# ?.S@= × 0.007184

Boyd

-VW = ,-. × 1000

?.S@M=;?.?<MM×efgYh ijk×<???

× ℎ $+ℎ# ?.A × 0.0003207

Gehan and George

-VW = ,-. ?.=<>=R × ℎ $+ℎ# ?.>@@>R × 0.0235

Haycock et al.

-VW = ,-. ?.=ASM × ℎ $+ℎ# ?.AFR> × 0.024265

Shuter and Aslani

-VW = ,-. ?.>>< × ℎ $+ℎ# ?.R== × 0.00949

Tikuisis et al.

-VW = ,-. ?.>> × ℎ $+ℎ# ?.R? × 0.01281

Yu et al.

-VW = ,-. ?.>?> × ℎ $+ℎ# ?.S>AS × 0.00713989

* The units for the components of the equations are as follows: BSA, m2; TBW, kg;
height, cm.
BSA, body surface area; TBW, total body weight.

2.3.2.2 Creatinine and gentamicin assays
Plasma creatinine was measured using an Abbott® Architect c8000 analyser
(Abbott Laboratories, North Chicago, IL, USA) by the modified Jaffe reaction, which
was IDMS-aligned during the period of this study. The assay performed consistently
within the allowable limits (coefficient of variation, CV, < 8%) set by the Royal College
of Pathologists of Australasia, with a CV < 4%.
Plasma gentamicin was measured using an Abbott® Architect c8000 analyser by
the particle enhanced turbidimetric inhibition immunoassay method, with a CV < 5%.
The accuracy of this assay has been validated locally by a recovery study on spiked
samples.150
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2.3.2.3 Statistical analyses
Statistical analyses were performed using MedCalc for Windows (version
12.7.3.0, MedCalc Software, Ostend, Belgium), SPSS (IBM SPSS Statistics for
Windows, Version 20.0.0.2, IBM Corporation, Armonk, NY, USA) and MATLAB
(Release 2012b, The MathWorks, Inc., Natick, MA, USA).
Mosteller’s equation was compared with the other BSA equations using BlandAltman plots.151 The bias between these BSA equations and Mosteller’s equation was
expressed as mean percent bias ± 95% confidence intervals (CI). Percent bias was
calculated in the following manner;
l "

# m$ 3 % -VW =

-VW n! #$% −
%3#

o
%3#
3 n! #$%
× 100
o 3 n! #$%

Equation 2.4 Percent bias for BSA using Mosteller’s equation as reference

The bias and imprecision of the GFR equations were assessed with respect to the
reference gentamicin clearance. Bias, defined as systematic deviation of the equationestimated gentamicin clearance from the reference gentamicin clearance, was expressed
as mean bias ± 95% CI of the difference plots.151 The original Bland-Altman plots used
the mean of the two methods being compared on the horizontal axis. However, it has
been suggested that, where there is a clear hierarchy such that one method is considered
the gold standard, then this method alone informs the horizontal axis.152 We analysed
according to this latter approach, and hence the reference gentamicin clearance, rather
than the mean of this and equation-estimated gentamicin clearance, was used on the
horizontal axes of the difference plots. The 95% limits of agreement were determined by
the mean bias ± 1.96 times the standard deviation of the differences, giving the intervals
containing the differences of 95% of individuals. The relationship between the
differences and gentamicin clearance was assessed using simple linear regression of the
plots, from which the slopes ± 95% CI were recorded. The root mean square error
(RMSE), which comprises an aggregate of bias and imprecision, was determined to
provide an overall comparative assessment of performance. The 95% CI of the RMSE
was calculated using bootstrap methods (10,000 bootstraps).153 The percentage of
equation-estimated gentamicin clearance within 30% of the reference gentamicin
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clearance (P30) was determined for each equation. The statistical significance of the
differences between the P30 of the equations was assessed using Cochran’s Q test or
McNemar’s test, as appropriate. Where Cochran’s Q test was used, and found to be
statistically significant, post-hoc McNemar’s tests were performed for pairwise
comparisons, with the Bonferroni correction applied to the P values (adjusted P values).
P value of < 0.05 was considered statistically significant.
The equations were compared in the entire cohort of eligible individuals and the
following subgroups: those with a plasma creatinine concentration < 60 μmol/L; those
with BMI < 18.5 or ≥ 30 kg/m2 (both subgroups combined), classified as underweight
and obese, respectively154; those with BMI 18.5-30 kg/m2; those with reference
gentamicin clearance < 90 mL/min; and those with reference gentamicin clearance ≥ 90
mL/min. Stratification at 90 mL/min was chosen as gentamicin clearance is thought to
closely resemble GFR,7,114 and published chronic kidney disease classifications use this
breakpoint to delineate normal and abnormal GFR.17 Further, most published guidelines
on dose-adjustment to accommodate renal function relate to decision points in the setting
of abnormal GFR.74 The process of comparing equations occurred in three stages. Firstly,
the three base equations were compared (see Table 2.4 above, CG_TBW, MDRD and
CKD-EPI). Secondly, each base equation was compared with its variants. Finally, Chisquare tests were used to compare the performance of equations between relevant
subgroups. Specifically, Chi-square tests were used to compare the P30 of the base
equations in the two subgroups stratified by gentamicin clearance e.g. the P30 values of
the CG_TBW equation in the gentamicin clearance < 90 mL/min vs. ≥ 90 mL/min.
Further, where a variant equation demonstrated a superior P30 to its base equation in the
subgroup with BMI < 18.5 or ≥ 30 kg/m2, a Chi-square test was used to compare this
difference in P30 with that in the BMI 18.5-30 kg/m2 subgroup.
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2.3.3

Results
The study cohort included 240 eligible patients. The characteristics of the entire

cohort and the relevant subgroups, are detailed in Tables 2.6 and 2.7, respectively.
Table 2.6 Characteristics of entire gentamicin cohort for Cr-based GFR equations.
Characteristic*
Entire cohort
n
240
Age, y
63 (18-97)
Male, n (%)
148 (62)
TBW, kg
80 (38-139)
Height, cm
171 (143-209)
BMI, kg/m2
26.2 (15.2-57.9)
LBW, kg
56 (28-90)
BSA, m2
1.94 (1.28-2.68)
Plasma creatinine concentration, μmol/L
80 (41-353)
Gentamicin dose, mg
400 (120-920)
Gentamicin dose per TBW, mg/kg
5.0 (2.0-12.4)
Gentamicin clearance, mL/min
92 (13-319)
ICU, n (%)
24 (10)
First dose, n (%)
149 (62)
* Data are presented as median (range) unless otherwise specified.
Cr, creatinine; TBW, total body weight; BMI, body mass index; LBW, lean body
weight; BSA, body surface area; ICU, intensive care unit.
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Table 2.7 Demographic characteristics of subgroups of gentamicin cohort for Cr-based GFR equations.
Characteristic*
n
Age, y
Male, n (%)
TBW, kg
Height, cm
BMI, kg/m2
LBW, kg
BSA, m2

Creatinine
< 60 μmol/L
35
58 (19-95)
13 (37)
65 (40-139)
165 (152-185)
22.3
(15.7-57.9)
45 (29-78)
1.74
(1.31-2.49)
54 (41-59)

BMI < 18.5
kg/m2
13
69 (31-83)
6 (46)
48 (38-56)
165 (155-182)
17.1
(15.2-18.4)
35 (28-50)
1.48
(1.28-1.68)
64 (48-142)

BMI ≥ 30
kg/m2
67
54 (20-83)
39 (58)
100 (73-139)
170 (143-196)
33.7
(30.1-57.9)
62 (41-85)
2.15
(1.76-2.62)
88 (50-160)

BMI = 18.5-30
kg/m2
160
64 (18-97)
103 (64)
73 (46-124)
173 (150-209)
24.7
(18.7-29.9)
56 (32-90)
1.87
(1.40-2.68)
78 (41-353)

Gent. clearance
< 90 mL/min
115
72 (19-97)
60 (52)
72 (38-126)
168 (150-209)
25.5
(15.2-50.7)
49 (28-90)
1.82
(1.28-2.68)
89 (46-353)

Gent. clearance
≥ 90 mL/min
125
51 (18-86)
88 (70)
81 (50-139)
175 (143-195)
27.0
(15.7-57.9)
60 (33-83)
2.00
(1.46-2.62)
74 (41-160)
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Plasma creatinine
concentration, μmol/L
Gentamicin dose, mg
400 (120-880)
280 (120-400)
400 (200-920)
380 (160-800)
320 (120-720)
450 (160-920)
Gentamicin dose per TBW, 5.2 (2.7-12.4)
6.0 (2.7-8.3)
4.2 (2.0-8.0)
5.0 (2.2-12.4)
4.6 (2.0-8.3)
5.2 (2.4-12.4)
mg/kg
Gentamicin clearance,
116 (41-215)
58 (26-101)
98 (26-319)
90 (13-287)
61 (13-89)
126 (90-319)
mL/min
ICU, n (%)
6 (17)
4 (31)
36 (54)
13 (8)
13 (11)
11 (9)
First dose, n (%)
18 (51)
9 (69)
7 (10)
104 (65)
79 (69)
70 (56)
* Data are presented as median (range) unless otherwise specified.
Cr, creatinine; TBW, total body weight; BMI, body mass index; LBW, lean body weight; BSA, body surface area; ICU, intensive care unit.

The mean biases for the BSA equations in comparison to the Mosteller’s equation
ranged from −2.3 to 1.2%. The 95% limit of agreement furthest away from zero for any
of the BSA equations was −5.5% (Table 2.8).
Table 2.8 Bias of BSA estimates from various equations for BSA estimates from
Mosteller’s equation for Cr-based GFR equations cohort.
Equation*
Mean bias (95% CI), %
Du Bois and Du Bois
−0.6 (−0.9, −0.3)
Boyd
1.2 (1.1, 1.4)
Gehan and George
0.8 (0.8, 0.9)
Haycock et al.
0.7 (0.6, 0.8)
Shuter and Aslani
−2.3 (−2.5, −2.1)
Tikuisis et al.
−1.0 (−1.2, −0.8)
Yu et al.
−1.2 (−1.5, −0.9)
* See Table 2.5 for details of equations.
BSA, body surface area; Cr, creatinine.

95% limits of agreement, %
−4.9, 3.7
−1.2, 3.6
0.0, 1.7
−1.0, 2.4
−4.9, 0.4
−3.6, 1.7
−5.5, 3.1

The performances of the 14 equations for the entire cohort are detailed in Table
2.9. The equations with the numerically lowest RMSE (mL/min) and highest P30 (%)
values were the CG_TBW (39 mL/min, 69%), CG_TBW_Cr60 (37 mL/min, 69%) and
CKD-EPI_BSA (36 mL/min, 67%). Of the three base equations, the CG_TBW equation
was associated with the highest P30 (69%, adjusted P < 0.001 and P = 0.001 compared
with the MDRD and CKD-EPI equations, respectively). The CKD-EPI equation had a
higher P30 (adjusted P = 0.043) than the MDRD equation. The 95% CI of the RMSE
values for all three base equations overlapped. The Cockcroft-Gault equations employing
either TBW or AIBW had the highest P30 (adjusted P ≤ 0.014) compared with those
employing either IBW or LBW. The 95% CI of the RMSE values for all Cockcroft-Gault
equations overlapped. The MDRD equations that incorporated individual BSAs had
higher P30 (adjusted P < 0.001) compared with those not incorporating individual BSAs.
The 95% CI of the RMSE values for all MDRD equations overlapped. Adjustment for
individual BSA also improved the performance of the CKD-EPI equation, with the CKDEPI_BSA having a higher P30 (67%, P = 0.001) than the base equation. However, setting
a minimum creatinine of 60 μmol/L did not improve the performance of the CockcroftGault (adjusted P > 0.99) or MDRD equations (adjusted P > 0.99). A significant
systematic relationship between bias and gentamicin clearance was present for all
equations, as demonstrated by the simple linear regression slopes of the difference plots
that ranged from −0.37 to −0.71. In most cases the bias was positive at low values, and
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negative at high values, of gentamicin clearance. This is demonstrated graphically by the
difference plots (Figure 2.1).
No significant difference in P30 was demonstrable between the three base
equations for the subgroup with creatinine < 60 μmol/L (Cochran’s Q(2) = 2.9, P = 0.23,
Table 2.10). Setting the plasma creatinine concentration at a minimum of 60 μmol/L did
not improve the P30 of the CG_TBW equation (Cochran’s Q(7) = 0.8, P > 0.99) or MDRD
equation (Cochran’s Q(3) = 1.5, P = 0.68) for this cohort. There was also no systematic
improvement in the other measures of bias and imprecision.
The Cockcroft-Gault base equation had a higher P30 (70%) than the MDRD (31%,
adjusted P < 0.001) and CKD-EPI (44%, adjusted P = 0.001) equations in the subgroup
with BMI < 18.5 or ≥ 30 kg/m2 (Table 2.11). The P30 of the Cockcroft-Gault equations
employing TBW were higher than those using either IBW (adjusted P = 0.021) or LBW
(adjusted P = 0.044), but were not significantly different from those using AIBW
(adjusted P > 0.99).
Adjustment for individual BSA (converting from mL/min/1.73m2 to mL/min) in
the subgroup with BMI < 18.5 or ≥ 30 kg/m2 was associated with significantly higher P30
for the MDRD equations (adjusted P < 0.001 for pairwise comparisons of equations with
and without adjustment for individual BSA, Table 2.11). This was also the case for the
CKD-EPI equation (P = 0.001). Further, adjustment for individual BSA for the MDRD
and CKD-EPI equations also led to a numerical reduction in RMSE values, albeit with
overlapping 95% CI of the RMSE. In the 160 individuals with BMI 18.5-30 kg/m2, no
significant difference in P30 was present for either the MDRD equation (Cochran’s Q(3)
= 6.3, P = 0.096) or the CKD-EPI equation (P = 0.13) when adjusted for individual BSA
(Table 2.12). There was a greater increase in P30 for both MDRD (χ2(1) = 26.9, P <
0.0001) and CKD-EPI (χ2(1) = 11.7, P = 0.0006) equations with adjustment for individual
BSA in those with BMI < 18.5 or ≥ 30 kg/m2 than in those with BMI 18.5-30 kg/m2.
The RMSE values of the base GFR equations were generally larger in patients
with gentamicin clearance ≥ 90 mL/min than those with gentamicin clearance < 90
mL/min, with no overlap of the 95% CI between subgroups for each of the three
equations, except for the CG_TBW equation (Table 2.13). Further, the simple linear
regression slopes of the difference plots were steeper in the ≥ 90 mL/min gentamicin
clearance subgroup than the < 90 mL/min gentamicin clearance subgroup. However,
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there was no significant difference in the P30 values of each of the three base equations
between these two subgroups (P ≥ 0.20 for each respective pairwise comparison).
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Table 2.9 Bias and imprecision of Cr-based GFR equations for estimating gentamicin clearance (entire cohort, n = 240).
Equation
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CG_TBW†
CG_TBW_Cr60
CG_IBW
CG_IBW_Cr60
CG_AIBW
CG_AIBW_Cr60
CG_LBW
CG_LBW_Cr60

Mean bias (95%
CI), mL/min*
−4 (−9, 1)
−6 (−10, −1)
−21 (−25, −16)
−23 (−27, −18)
−14 (−19, −9
−16 (−20, −12)
−30 (−35, −26)
−32 (−37, −28)

MDRD†
MDRD_Cr60
MDRD_BSA
MDRD_BSA_Cr60

−18 (−24, −13)
−21 (−26, −16)
−9 (−14, −4)
−12 (−17, −7)

95% limits of agreement around
the mean bias, mL/min*
± 76
± 72
± 72
± 69
± 70
± 67
± 70
± 69

Slope of difference
plot (95% CI)
−0.37 (−0.45, −0.28)
−0.39 (−0.47, −0.31)
−0.52 (−0.59, −0.46)
−0.54 (−0.60, −0.48)
−0.46 (−0.53, −0.39)
−0.48 (−0.54, −0.42)
−0.57 (−0.63, −0.51)
−0.59 (−0.64, −0.54)

RMSE (95%
CI), mL/min*
39 (32, 46)
37 (31, 44)
42 (36, 47)
42 (36, 47)
38 (33, 43)
38 (32, 43)
47 (42, 52)
47 (42, 53)

P30,
%
69
69
58
59
65
65
50
50

± 83
± 80
± 76
± 73

−0.69 (−0.76, −0.63)
−0.71 (−0.76, −0.66)
−0.57 (−0.64, −0.50)
−0.59 (−0.65, −0.53)

46 (41, 52)
46 (40, 51)
40 (35, 45)
39 (34, 44)

48
49
60
61

−18 (−23, −13)
± 76
−0.67 (−0.72, −0.62) 43 (37, 49)
57
CKD-EPI†
CKD-EPI_BSA
−9 (−13, −4)
± 69
−0.55 (−0.61, −0.50) 36 (31, 41)
67
2
* The values calculated using the MDRD, MDRD_Cr60 and CKD-EPI equations have units of mL/min/1.73m ; these values are used directly
(i.e. as if units were mL/min) in calculation of bias and imprecision parameters.
†
Bolded equations are the base equations. See Table 2.4 for details of equations.
Cr, creatinine; RMSE, root mean square error; P30, percentage within 30% of reference gentamicin clearance..

a)
CG_TBW

CG_TBW_Cr60

CG_IBW

CG_IBW_Cr60

CG_AIBW

CG_AIBW_Cr60

CG_LBW

CG_LBW_Cr60
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b)
MDRD

MDRD_Cr60

MDRD_BSA

MDRD_BSA_Cr60

CKD-EPI

CKD-EPI_BSA

c)

Figure 2.1 Difference plots for entire gentamicin cohort for Cr-based GFR equations.
a) Cockcroft-Gault equation and variants. b) MDRD Study equation and variants. c)
CKD-EPI equation and variant.
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Table 2.10 Bias and imprecision of Cr-based GFR equations for estimating gentamicin clearance (plasma Cr < 60 µmol/L, n = 35).
Equation

45

CG_TBW†
CG_TBW_Cr60
CG_IBW
CG_IBW_Cr60
CG_AIBW
CG_AIBW_Cr60
CG_LBW
CG_LBW_Cr60

Mean bias (95%
CI), mL/min*
14 (−5, 32)
−2 (−18, 15)
−9 (−25, 8)
−22 (−37, −7)
0 (−16, 16)
−14 (−28, 1)
−22 (−37, −8)
−34 (−47, −20)

MDRD†
MDRD_Cr60
MDRD_BSA
MDRD_BSA_Cr60

2 (−15, 18)
−15 (−30, 0)
7 (−9, 24)
−10 (−24, 5)

95% limits of agreement around
the mean bias, mL/min*
± 110
± 98
± 98
± 87
± 96
± 85
± 87
± 80

Slope of difference
plot (95% CI)
−0.34 (−0.76, 0.07)
−0.38 (−0.74, −0.02)
−0.64 (−0.95, −0.33)
−0.66 (−0.91, −0.41)
−0.52 (−0.85, −0.19)
−0.55 (−0.82, −0.28)
−0.62 (−0.89, −0.36)
−0.64 (−0.86, −0.42)

RMSE (95%
CI), mL/min*
57 (41, 72)
49 (36, 61)
50 (37, 62)
49 (35, 62)
49 (37, 59)
45 (33, 55)
49 (37, 61)
53 (39, 65)

P30,
%
57
57
54
57
51
54
54
54

± 97
± 88
± 98
± 86

−0.93 (−1.14, −0.73)
−0.90 (−1.05, −0.75)
−0.73 (−1.02, −0.45)
−0.73 (−0.95, −0.51)

49 (33, 59)
47 (33, 59)
50 (39, 60)
45 (32, 56)

51
49
57
57

−10 (−24, 3)
± 80
−0.84 (−0.96, −0.73) 42 (31, 52)
66
CKD-EPI†
CKD-EPI_BSA
−5 (−18, 8)
± 78
−0.66 (−0.86, −0.46) 40 (30, 49)
63
2
* The values calculated using the MDRD, MDRD_Cr60 and CKD-EPI equations have units of mL/min/1.73m ; these values are used directly
(i.e. as if units were mL/min) in calculation of bias and imprecision parameters.
†
Bolded equations are the base equations. See Table 2.4 for details of equations.
Cr, creatinine; RMSE, root mean square error; P30, percentage within 30% of reference gentamicin clearance.

Table 2.11 Bias and imprecision of Cr-based GFR equations for estimating gentamicin clearance (BMI < 18.5 or ≥ 30 kg/m2, n = 80).
Equation

46

CG_TBW†
CG_TBW_Cr60
CG_IBW
CG_IBW_Cr60
CG_AIBW
CG_AIBW_Cr60
CG_LBW
CG_LBW_Cr60

Mean bias (95%
CI), mL/min*
6 (−4, 16)
4 (−6, 14)
−30 (−39, −21)
−31 (−40, −22)
−16 (−24, −7)
−17 (−26, −9)
−31 (−40, −23)
−33 (−42, −24)

MDRD†
MDRD_Cr60
MDRD_BSA
MDRD_BSA_Cr60

−27 (−37, −16)
−29 (−39, −18)
−13 (−22, −4)
−15 (−24, −6)

95% limits of agreement around
the mean bias, mL/min*
± 85
± 84
± 78
± 78
± 75
± 75
± 77
± 77

Slope of difference
plot (95% CI)
−0.30 (−0.46, −0.13)
−0.32 (−0.48, −0.16)
−0.60 (−0.69, −0.51)
−0.61 (−0.70, −0.52)
−0.48 (−0.59, −0.36)
−0.49 (−0.60, −0.38)
−0.58 (−0.67, −0.49)
−0.60 (−0.68, −0.51)

RMSE (95%
CI), mL/min*
43 (29, 58)
43 (28, 57)
50 (39, 60)
50 (40, 62)
41 (31, 51)
42 (32, 51)
50 (40, 61)
51 (40, 62)

P30,
%
70
70
51
53
66
68
51
50

± 96
± 94
± 82
± 82

−0.77 (−0.87, −0.67)
−0.78 (−0.87, −0.69)
−0.59 (−0.70, −0.48)
−0.60 (−0.71, −0.50)

55 (45, 67)
56 (44, 67)
44 (34, 53)
44 (34, 54)

31
34
59
59

−24 (−34, −14)
± 90
−0.74 (−0.82, −0.65) 52 (41, 63)
44
CKD-EPI†
CKD-EPI_BSA
−10 (−18, −1)
± 77
−0.55 (−0.65, −0.45) 40 (30, 50)
64
2
* The values calculated using the MDRD, MDRD_Cr60 and CKD-EPI equations have units of mL/min/1.73m ; these values are used directly
(i.e. as if units were mL/min) in calculation of bias and imprecision parameters.
†
Bolded equations are the base equations. See Table 2.4 for details of equations.
Cr, creatinine; BMI, body mass index; RMSE, root mean square error; P30, percentage within 30% of reference gentamicin clearance.

Table 2.12 Bias and imprecision of Cr-based GFR equations for estimating gentamicin clearance (BMI 18.5-30 kg/m2, n = 160).
Equation
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CG_TBW†
CG_TBW_Cr60
CG_IBW
CG_IBW_Cr60
CG_AIBW
CG_AIBW_Cr60
CG_LBW
CG_LBW_Cr60

Mean bias (95%
CI), mL/min*
−9 (−14, −3)
−11 (−16, −6)
−16 (−21, −11)
−18 (−23, −13)
−13 (−19, −8)
−16 (−20, −11)
−30 (−35, −25)
−32 (−37, −27)

MDRD†
MDRD_Cr60
MDRD_BSA
MDRD_BSA_Cr60

−14 (−20, −8)
−17 (−23, −11)
−8 (−13, −2)
−10 (−16, −5)

95% limits of agreement around
the mean bias, mL/min*
± 69
± 64
± 67
± 62
± 67
± 62
± 67
± 64

Slope of difference
plot (95% CI)
−0.43 (−0.53, −0.33)
−0.46 (−0.54, −0.37)
−0.46 (−0.55, −0.38)
−0.49 (−0.56, −0.41)
−0.45 (−0.54, −0.36)
−0.48 (−0.55, −0.40)
−0.56 (−0.63, −0.49)
−0.58 (−0.64, −0.52)

RMSE (95%
CI), mL/min*
36 (30, 42)
34 (29, 40)
38 (32, 43)
37 (31, 42)
37 (31, 42)
35 (30, 41)
45 (39, 51)
45 (39, 51)

P30,
%
69
69
62
62
64
64
49
50

± 75
± 71
± 73
± 69

−0.63 (−0.71, −0.55)
−0.65 (−0.72, −0.59)
−0.56 (−0.65, −0.47)
−0.58 (−0.66, −0.51)

41 (35, 46)
40 (34, 45)
38 (33, 43)
36 (31, 42)

57
57
61
63

−15 (−20, −10)
± 68
−0.63 (−0.69, −0.56) 38 (32, 44)
63
CKD-EPI†
CKD-EPI_BSA
−8 (−14, −3)
± 65
−0.56 (−0.62, −0.49) 34 (28, 40)
68
2
* The values calculated using the MDRD, MDRD_Cr60 and CKD-EPI equations have units of mL/min/1.73m ; these values are used directly
(i.e. as if units were mL/min) in calculation of bias and imprecision parameters.
†
Bolded equations are the base equations. See Table 2.4 for details of equations.
Cr, creatinine; BMI, body mass index; RMSE, root mean square error; P30, percentage within 30% of reference gentamicin clearance.

Table 2.13 Bias and imprecision of Cr-based GFR equations for estimating gentamicin clearance (stratified by gentamicin clearance).
Equation
Gentamicin clearance
< 90 mL/min (n = 115)
CG_TBW
MDRD
CKD-EPI

Mean bias (95%
CI), mL/min*

8 (3, 13)
9 (4, 13)
7 (3, 12)

95% limits of agreement around
the mean bias, mL/min*

Slope of difference
plot (95% CI)

RMSE (95%
CI), mL/min*

P30,
%

± 56
± 51
± 44

−0.23 (−0.50, 0.03)
−0.45 (−0.68, −0.22)
−0.44 (−0.63, −0.24)

30 (18, 43)
27 (23, 31)
23 (20, 27)

66
53
59
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Gentamicin clearance
≥ 90 mL/min (n = 125)
CG_TBW
−15 (−22, −7)
± 76
−0.51 (−0.67, −0.33) 46 (38, 52)
72
MDRD
−43 (−50, −36)
± 78
−0.76 (−0.87, −0.65) 58 (51, 66)
44
CKD-EPI
−41 (−48, −35)
± 71
−0.77 (−0.85, −0.69) 55 (47, 63)
54
2
* The values calculated using the MDRD and CKD-EPI equations have units of mL/min/1.73m ; these values are used directly (i.e. as if units
were mL/min) in calculation of bias and imprecision parameters.
Cr, creatinine; RMSE, root mean square error; P30, percentage within 30% of reference gentamicin clearance. See Table 2.4 for details of
equations.

2.3.4

Discussion
The disparities among the various equations for estimating GFR when used to

guide

dosing

of

renally

cleared

drugs

have

been

investigated

in

the

literature.104,128,130,131,155 Our data contributes in four ways. Firstly, our study is the first
to demonstrate the utility of the CKD-EPI equation for gentamicin dosing in the setting
of an IDMS-aligned creatinine assay. The CKD-EPI equation with adjustment for
individual BSA was associated with one of the highest P30 (67%). This utility of the
CKD-EPI equation is particularly important given its widespread adoption by
laboratories for automated reporting of estimated GFR as part of creatinine assay result
reports,156 and usage by clinicians as a consequence of the convenience.157 Secondly, we
add to the evidence base for the use of the Cockcroft-Gault equation in drug dosing,
which has otherwise achieved a pre-eminence largely through accumulated experience.27
The Cockcroft-Gault equation using TBW was numerically associated with the highest
P30 (69%). Thirdly, we have demonstrated that the removal of BSA normalisation from
the results of the MDRD Study and CKD-EPI equations improves the performances of
these equations in the prediction of gentamicin clearances. Finally, we have shown
substantially greater absolute bias associated with the equations for gentamicin
clearances above, compared with below, 90 mL/min.
Drug dosing recommendations in relation to impaired GFR have historically been
based on the Cockcroft-Gault equation.90,102 However, there is also recognition that
relatively few clinicians actually employ the Cockcroft-Gault equation,157 or indeed any
equation, for estimating GFR for drug dose adjustment.158 Estimates of GFR have
become more accessible to clinicians through the increasing availability of automated
reporting of these estimates, using the MDRD Study, and latterly the CKD-EPI,
equations.156 The CKD-EPI and later versions of the MDRD Study equations were based
on IDMS-aligned creatinine assays. The original Cockcroft-Gault equation was
developed prior to this standardisation, and there is no widely accepted modification of
this equation in this setting. Therefore, the performance of these equations in comparison
to the Cockcroft-Gault equation for drug dosing in an IDMS-aligned era is an important
issue to address.
We are aware of four previous papers comparing the performances of the
Cockcroft-Gault, MDRD Study and CKD-EPI equations in relation to aminoglycoside
clearance. Bookstaver et al. found in 71 patients that the MDRD Study equation was
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superior to the CG equation for predicting aminoglycoside clearance.128 However, they
used the 6-variable version of the MDRD Study equation,105 which is less widely used
by laboratories than the 4-variable version. Both Roberts et al. and Ryzner found that
aminoglycoside clearance correlated better with the Cockcroft-Gault equation using ideal
body weight than the 4-variable MDRD Study equation in 68 and 55 patients,
respectively.129,130 Despite employing an IDMS-aligned creatinine assay, Roberts et al.
used the 186 version of the MDRD Study equation, rather than the 175, which is likely
to have led them to overestimate GFR values by ~6%.129 Pai et al. demonstrated the utility
of the CKD-EPI equation for predicting aminoglycoside clearance in a large cohort of
2073 cases.131 However, they did not provide details of the creatinine assay(s) used. As
their cohort was drawn from the period 1982-2003, it is likely that a significant
proportion of patients had plasma creatinine evaluated with an assay that was not IDMSaligned, and thus in whom the CKD-EPI equation should not necessarily have been
directly applied.
The utility of setting the minimum plasma creatinine concentrations at 60 μmol/L
has previously been demonstrated for the Cockcroft-Gault equation in the setting of IBW
as the weight descriptor in relation to gentamicin132 and also for carboplatin clearance.159
This reflects the idea that low plasma creatinine concentrations may be a consequence of
low muscle mass and thus low creatinine production, rather than high renal CLCr.
However, there was little change in the indicators of bias and imprecision when a
minimum creatinine of 60 μmol/L was applied to either the Cockcroft-Gault or MDRD
Study equations in our cohort. This may be a statistical power problem as a consequence
of the small number of patients (n = 35) that had a low plasma creatinine concentration,
and the fact that the range of creatinine concentrations in this subgroup, 41-59 µmol/L,
was already close to 60 µmol/L. Another large study, which included 409 patients with
plasma creatinine concentrations of less than 70 µmol/L, found that this approach did not
improve the performance of the Cockcroft-Gault equation for estimating CLCr.140 The
data regarding the utility of setting a minimum creatinine concentration are thus
conflicting.
We demonstrated that adjustment for individual BSA improved the performances
of the MDRD Study and CKD-EPI equations, particularly in those with BMI < 18.5 or ≥
30 kg/m2. This contrasts with the findings of Pai et al., who found that this adjustment
increased the imprecision of these GFR equations.131 However, given the uncertainty
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regarding the IDMS-alignment of the creatinine assay(s) used in their study population,
it is difficult to make direct comparisons. It is most plausible biologically that an
individual’s absolute drug clearance (mL/min) should correlate better with their actual,
rather than BSA normalised, GFR.83 Our findings are consistent with published
guidelines that state that body size should be accommodated when using the MDRD
Study and CKD-EPI equations for the dosing of renally cleared drugs.82,84 This is of some
importance to highlight, as clinicians are more likely to employ the ‘raw’ result from the
laboratory, with units of mL/min/1.73m2, rather than converting to actual mL/min, to
guide drug dosing in the individual patient.157 Further, our data suggest that the choice of
BSA estimation equation has little effect on the estimated BSA. In our cohort that
included a wide range of individual sizes (for example, BMI and BSA ranges of 15.257.9 kg/m2 and 1.28-2.68 m2, respectively), the largest difference in estimates of BSA
between the Mosteller’s equation and any of the seven other equations (see Table 2.5
above) was < 6% (see Table 2.8 above). This is consistent with the findings by other
investigators.144,160
The superiority of the Cockcroft-Gault equation employing TBW over those
employing the other weight descriptors is perhaps surprising given the wide range of
body sizes in our study population. The use of TBW in the Cockcroft-Gault equation
would be expected to lead to overestimation of renal function in obese patients, as TBW
is a poor surrogate for muscle mass in this population.161 A potential reason for our
finding is that our patients had similar body composition to those included in Cockcroft
and Gault’s seminal study; however, the description of patients is not in sufficient detail
in their paper to make an accurate comparison.30 Pai et al. also found that the use of either
IBW or LBW did not improve the CG equation in a study population including 19% with
obesity.131
The RMSE values of the equations in predicting gentamicin clearance was
smaller in those with lower (< 90 mL/min) compared with higher (≥ 90 mL/min)
clearance. Specifically, while there was some overlap of the 95% CI of the RMSE for the
Cockcroft-Gault equation between the two groups, there was no such overlap for either
of the MDRD Study or CKD-EPI equations. This could be considered indicative of
superior performance of the Cockcroft-Gault equation at higher values of gentamicin
clearance. However, when comparing between groups, it can be useful to provide some
context to RMSE values by normalising the RMSE to the mean of the observed values
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i.e. the coefficient of variation of the RMSE (CV RMSE). It can be observed from Table
2.7 (above) that the mean gentamicin clearance of the < 90 mL/min subgroup is
approximately half that of the ≥ 90 mL/min subgroup. Using the mean gentamicin
clearance values from Table 2.7 (above) and the RMSE values from Table 2.13 (above),
CV RMSE can be calculated (Table 2.14). It can be observed that there is substantial
overlap of the CV RMSE 95% CI between the two groups for each of the three base
equations. The results, based on the CV RMSE, showing no statistically significant
difference in the performance of the equations at higher compared with lower values of
gentamicin clearance, are consistent with the finding based on the comparison of the P30
values in Table 2.13 (above).
Table 2.14 CV RMSE values for Cr-based GFR equations stratified by gentamicin
clearance.
GFR equation
Gentamicin clearance < 90 mL/min (n = 115)
CG_TBW
MDRD
CKD-EPI

CV RMSE (95% CI), %
50 (30, 71)
45 (38, 51)
38 (33, 45)

Gentamicin clearance ≥ 90 mL/min (n = 125)
CG_TBW
37 (30, 41)
MDRD
46 (40, 52)
CKD-EPI
44 (37, 50)
CV RMSE, coefficient of variation of root mean square error; Cr, creatinine. See
Table 2.4 for details of equations.

There are a number of limitations to our study. Firstly, we did not examine how
dosing decisions in each individual might be altered according to the equations chosen
to predict gentamicin clearance. Secondly, we assumed that the recorded gentamicin
doses were completely delivered to each individual. However, there may have been some
loss of gentamicin in giving sets if these were not flushed, which in our institution is
more likely to have occurred in individuals who are less severely ill, such as those
receiving gentamicin some time after their initial acute presentation, and those not in the
ICU. Assuming the most extreme losses as a consequence of not flushing in these
individuals, we have recalculated the comparative statistics for the three base equations
for the entire cohort (Table 2.15). The CKD-EPI and CG equations remain superior in
terms of the P30. Our conclusions are therefore not materially altered. Nonetheless, the
incomplete delivery of prescribed doses could have contributed to the low P30 values, in
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comparison to those observed in studies assessing GFR equations against measured GFR
(P30 around 80%).156 Finally, while our study only included individuals with plasma
creatinine concentrations within 25% of their baseline, all were hospitalised. This could
potentially contribute to the low P30 values as it is likely that these individuals had more
unstable renal function than those in the outpatient setting, where measured GFR is
typically performed.162 Our data are thus strictly applicable only to the inpatient setting,
which is another limitation. However, this is also a strength of the study, as our data
contribute to the evidence regarding the performance of these equations in the acute
setting.
In conclusion, this study has demonstrated that the Cockcroft-Gault and CKDEPI equations provide the best estimates of gentamicin clearance in the setting of an
IDMS-aligned creatinine assay in hospitalised patients. Further, we have shown that
converting the GFR values from mL/min/1.73m2 to mL/min substantially improved the
performances of the MDRD Study and CKD-EPI equations, especially at the extremes
of size. We were unable to demonstrate advantages of either setting a minimum plasma
creatinine concentration of 60 µmol/L for the Cockcroft-Gault and MDRD Study
equations, or of alternative weight descriptors to TBW for the Cockcroft-Gault equation.
The performances of the equations in predicting gentamicin clearance in those with lower
(< 90 mL/min) compared with higher (≥ 90 mL/min) clearance were unable to be
distinguished.
For the next study (section 2.4 below), the CKD-EPI equation was chosen as the
creatinine-based equation against which the cystatin C-based equations were compared.
This decision was made based on the comparative statistical data discussed above and
the high uptake by clinicians of the CKD-EPI equation for guiding the dosing of renally
cleared drugs.157
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Table 2.15 Bias and imprecision of Cr-based GFR equations for estimating gentamicin clearance (entire cohort, n = 240), assuming worst-case
losses in giving sets for n = 80.
Equation

MDRD†
MDRD_Cr60
MDRD_BSA
MDRD_BSA_Cr60

−11 (−16, −6)
−13 (−18, −9)
−2 (−7, 3)
−4 (−9, 0)

95% limits of agreement around
the mean bias, mL/min*
± 75
± 71
± 68
± 64
± 67
± 63
± 65
± 63

Slope of difference
plot (95% CI)
−0.33 (−0.43, −0.23)
−0.35 (−0.44, −0.26)
−0.49 (−0.57, −0.42)
−0.51 (−0.57, −0.44)
−0.43 (−0.51, −0.35)
−0.45 (−0.52, −0.38)
−0.54 (−0.61, −0.48)
−0.56 (−0.61, −0.50)

RMSE (95%
CI), mL/min*
38 (31, 46)
36 (30, 43)
37 (31, 43)
36 (31, 42)
35 (30, 40)
33 (28, 38)
40 (35, 46)
41 (35, 46)

P30,
%
67
68
63
64
66
66
55
55

± 78
± 74
± 72
± 68

−0.68 (−0.75, −0.61)
−0.69 (−0.75, −0.63)
−0.55 (−0.63, −0.47)
−0.57 (−0.63, −0.50)

41 (36, 47)
40 (35, 46)
39 (32, 42)
35 (31, 40)

51
52
58
60
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CG_TBW†
CG_TBW_Cr60
CG_IBW
CG_IBW_Cr60
CG_AIBW
CG_AIBW_Cr60
CG_LBW
CG_LBW_Cr60

Mean bias (95%
CI), mL/min*
4 (−1, 8)
1 (−3, 6)
−13 (−18, 9)
−15 (−19, −11)
−7 (−11, −2)
−9 (−13, −5)
−23 (−27, −19)
−25 (−29, −21)

−11 (−15, −6)
± 70
−0.66 (−0.71, −0.60) 37 (32, 43)
58
CKD-EPI†
CKD-EPI_BSA
−1 (−5, 3)
± 64
−0.52 (−0.59, −0.46) 33 (28, 37)
65
2
* The values calculated using the MDRD, MDRD_Cr60 and CKD-EPI equations have units of mL/min/1.73m ; these values are used directly
(i.e. as if units were mL/min) in calculation of bias and imprecision parameters.
†
Bolded equations are the base equations. See Table 2.4 for details of equations.
Cr, creatinine; RMSE, root mean square error; P30, percentage within 30% of reference gentamicin clearance.

2.3.5
•

Key findings

The Cockcroft-Gault equation, using TBW, provided the best estimate of gentamicin
clearance in the setting of an IDMS-aligned creatinine assay in 240 hospitalised
patients.

•

The CKD-EPI equation, with the adjustment for individual BSA, had a similar
performance to the Cockcroft-Gault equation using TBW for estimating gentamicin
clearance in the setting of an IDMS-aligned creatinine assay in hospitalised patients.

•

Converting estimated GFR values from mL/min/1.73m2 to mL/min, assuming a
linearly proportional relationship between GFR and BSA, substantially improved the
performances of the MDRD Study and CKD-EPI equations, especially in those with
BMI < 18.5 or ≥ 30 kg/m2.

•

No advantage was demonstrable of setting a minimum plasma creatinine
concentration of 60 µmol/L for the Cockcroft-Gault and MDRD Study equations.

•

No advantage was demonstrable for the use of alternative weight descriptors to TBW,
including the LBW, in the Cockcroft-Gault equation. This was the finding both in the
overall cohort, and in those with BMI < 18.5 or ≥ 30 kg/m2.

•

The performances of the equations in predicting gentamicin clearance in those with
lower (< 90 mL/min) compared with higher (≥ 90 mL/min) clearance were unable to
be distinguished.
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2.4 Assessment of cystatin C-based equations
The cystatin C-based equations that were examined included the CKD-EPI
cystatin C equations, and in patients ≥ 70 y, the Berlin Initiative Study (BIS) creatininecystatin C equation (see Chapter 1, Tables 1.2 and 1.3).

2.4.1

Aims
We addressed the following aims in this section:
1) To determine the cystatin C-based GFR equation that best estimated
gentamicin clearance,
2) Compare the performances of the cystatin C-based equations to the CKD-EPI
creatinine-only equation,
3) Compare the performances of the equations in subgroups with and without
abnormal thyroid function or glucocorticoid therapy,
4) Assess the equations with and without adjustment for individual BSA,
5) Assess the equations in acutely unwell patients,
6) Assess the equations in patients with unstable renal function,
7) Assess the equations in patients ≥ 70 y.

2.4.2

Methods
This study used data from hospitalised patients treated with gentamicin at

Christchurch Hospital during April 2012 to June 2013.
Ethical approval for this study was obtained from the Upper South B Regional
Ethics Committee, New Zealand (URB/12/02/010). Individual patient consent was
deemed unnecessary by the Committee.
The gentamicin dosing protocol at Christchurch Hospital has been discussed in
section 2.3.2 (above).
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The data for this study were extracted from the local TCIWorks database and the
local electronic health record as detailed in section 2.3.2 (above). In addition, thyroid
function test results and details of glucocorticoid therapy were included. Thyroid
function test results within three months of the relevant gentamicin dose were considered
to be contemporary in relation to the last gentamicin dose used to calculate the reference
clearance. Glucocorticoid therapy was considered to be contemporary in relation to the
reference gentamicin clearance if such therapy coincided with gentamicin treatment.
Where information regarding thyroid function tests and glucocorticoid therapy were
unavailable, the patient was assumed to have normal thyroid function tests and no
glucocorticoid therapy. Further, plasma creatinine and cystatin C concentrations were
assayed using plasma from the ‘peak’ sample (see Table 2.2 above).
For each individual patient, the values from the GFR equations were compared
with the reference gentamicin clearance (mL/min). The plasma creatinine and cystatin C
concentrations from the ‘peak’ sample were employed in the GFR equations. The
gentamicin clearance generated by TCIWorks was employed as the reference against
which the GFR equations were compared.
Patients were included in this study if they were ≥ 18 y old. Exclusion criteria
consisted of pregnancy, cystic fibrosis, and gentamicin concentrations < 0.3 mg/L (the
lower limit of quantification for the local gentamicin assay). Further, it should be noted
that TCIWorks was not used for the management of gentamicin therapy in the setting of
endocarditis at the time of this study.

2.4.2.1 Cystatin C-based GFR equations
The three cystatin C-based GFR equations and the variants that were examined
are detailed in Table 2.16. The CKD-EPI creatinine-only equation has been detailed in
Table 2.4 (above). Mosteller’s equation was employed to estimate BSA (see Table 2.5
above).143 Again, as it is unclear which BSA equation is best for estimating BSA, the
Mosteller’s equation values were compared with BSA estimates from other equations
(see Table 2.5 above) using data from the entire cohort.
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Table 2.16 Cys-based GFR equations and variants.
Equation abbreviation
1) CKD-EPI_Cys*

Description (units)
CKD-EPI cystatin C (mL/min/1.73m2)

2) CKD-EPI_Cys_BSA

CKD-EPI cystatin C adjusted for individual BSA
(mL/min)

3) CKD-EPI_CrCys*

CKD-EPI creatinine-cystatin C (mL/min/1.73m2)

4) CKDEPI_CrCys_BSA

CKD-EPI creatinine-cystatin C adjusted for individual
BSA (mL/min)

5) BIS_CrCys*

BIS creatinine-cystatin C (mL/min/1.73m2)

6) BIS_CrCys_BSA

BIS creatinine-cystatin C adjusted for individual BSA
(mL/min)
* Bolded equations are the base equations. See Chapter 1, Table 1.3 for
mathematical descriptions of base equations.
Cys, cystatin C; CKD-EPI, Chronic Kidney Disease Epidemiology
Collaboration; BSA, body surface area; Cr, creatinine; BIS, Berlin Initiative
Study.

2.4.2.2 Cystatin C assay
Plasma cystatin C was measured using a particle-enhanced nephelometric
immunoassay on a Behring Nephelometer II analyser (Siemens Diagnostics, Marburg,
Germany), with a CV < 4.5%.163 The use of a contemporary Siemens assay for cystatin
C is consistent with recent recommendations by Shlipak et al.164 Siemens calibrators
standardised to the international certified cystatin C reference material (ERMDA471/IFCC)80 were employed.
The gentamicin and creatinine assays have been described in section 2.3.2.2
(above).

2.4.2.3 Statistical analyses
Statistical analyses were performed using MedCalc 12.7.3.0, SPSS 20.0.0.2 and
MATLAB 2012b. The performance of the GFR equations, with respect to the reference
gentamicin clearance, were examined using the statistical tests described in 2.3.2.3
(above). A P value of < 0.05 was considered statistically significant.
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The equations were compared using the schema outlined in Figure 2.2. The entire
cohort was analysed as a whole, and then analysed according to the presence or absence
of abnormal thyroid function test results and/or glucocorticoid therapy. As abnormal
thyroid function tests and/or glucocorticoid therapy are thought to be strong confounding
factors on the performance of cystatin C as a renal biomarker, patients with these were
excluded from subsequent subgroups. Those without abnormal thyroid function tests
and/or glucocorticoid therapy were subgrouped according to: size, based on BMI; the
presence of an acutely unwell state as defined by having the reference gentamicin
clearance based on data either while in ICU and/or from the first gentamicin dose; and
the presence of unstable renal function, as defined by a ‘peak’ sample plasma creatinine
concentration that was ≥ 25% away from the baseline value around the time of
gentamicin therapy.138
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Figure 2.2 Subgroups of gentamicin cohort used for analysis of Cys-based equations.
TFT, thyroid function tests; BMI, body mass index; Cys, cystatin C.

2.4.3

Results
The study cohort included 260 eligible patients; approximately 500 were

considered and excluded, predominantly (> 90%) on the basis of gentamicin
concentrations below the limit of quantification. Of these, 14 had abnormal thyroid
function tests, 24 had glucocorticoid therapy, and three had both. The characteristics of
the entire cohort and the subgroups according to the presence or absence of abnormal
thyroid function tests and/or glucocorticoid therapy are detailed in Table 2.17. The
subgroups stemming from the subgroup without abnormal thyroid function tests and/or
glucocorticoid therapy are detailed in Table 2.18.

60

Table 2.17 Characteristics of the entire gentamicin cohort and subgroups stratified by
absence/presence of abnormal TFT / glucocorticoid therapy for Cys-based GFR
equations.
Characteristic*

Entire cohort

Abnormal TFT
/
glucocorticoids
41
67 (23-96)
25 (61)
75 (30-117)
173 (140-188)
26.2 (15.3-41.3)
51 (22-78)
1.88 (1.08-2.47)
82 (44-360)

No abnormal
TFT /
glucocorticoids
219
66 (18-97)
130 (59)
77 (35-220)
170 (145-209)
25.9 (13.3-83.8)
53 (27-90)
1.91 (1.25-3.15)
84 (35-323)

n
260
Age, y
67 (18-97)
Male, n (%)
155 (60)
TBW, kg
77 (30-220)
Height, cm
170 (140-209)
2
25.9 (13.3-83.8)
BMI, kg/m
LBW, kg
53 (22-90)
BSA, m2
1.91 (1.08-3.15)
Plasma creatinine
84 (35-360)
concentration, μmol/L
Plasma cystatin C
1.15 (0.38-4.44) 1.33 (0.66-3.79) 1.12 (0.38-4.44)
concentration, mg/L
Gentamicin dose, mg
350 (130-900)
320 (180-800)
360 (130-900)
Gentamicin dose per TBW, 5 (2-19)
5 (2-19)
5 (2-14)
mg/kg
Gentamicin clearance,
82 (16-203)
61 (24-202)
79 (16-203)
mL/min
ICU, n (%)
29 (11)
6 (15)
23 (11)
First dose, n (%)
135 (52)
14 (34)
121 (55)
* Data are presented as median (range) unless otherwise specified.
TFT, thyroid function tests; Cys, cystatin C; TBW, total body weight; BMI, body
mass index; LBW, lean body weight; BSA, body surface area; ICU, intensive care
unit.
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Table 2.18 Demographic characteristics of subgroups of gentamicin cohort for Cys-based GFR equations.
Characteristic*
n
Age, y
Male, n (%)
TBW, kg
Height, cm
BMI, kg/m2
LBW, kg
BSA, m2

BMI < 18.5
kg/m2
13
70 (28-96)
6 (46)
49 (35-58)
164 (158-181)
17.6
(13.3-18.4)
35 (27-51)
1.49
(1.25-1.70)
66 (41-181)

BMI ≥ 30
kg/m2
62
65 (26-92)
30 (48)
96 (73-220)
168 (150-196)
32.8
(30.2-83.8)
59 (41-85)
2.14
(1.76-3.15)
88 (44-225)

BMI = 18.5-30
kg/m2
144
67 (18-97)
94 (65)
73 (40-124)
170 (145-209)
23.9
(18.7-29.9)
53 (28-90)
1.83
(1.27-2.68)
84 (35-323)

Acutely unwell Unstable renal
function
134
19
69 (20-97)
75 (35-89)
84 (63)
14 (74)
77 (39-139)
70 (53-100)
170 (150-209)
170 (160-185)
25.2
25.1
(15.2-57.9)
(19.4-37.2)
54 (29-90)
54 (36-70)
1.89
1.82
(1.32-2.68)
(1.53-2.22)
88 (41-323)
123 (35-202)

Age ≥ 70 y
99
81 (70-97)
67 (68)
74 (45-126)
170 (150-196)
25.3
(15.8-38.6)
51 (31-85)
1.85
(1.39-2.62)
91 (35-323)
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Plasma creatinine
concentration, μmol/L
Plasma cystatin C
1.12
1.07
1.20
1.23
1.79
1.37
concentration, mg/L
(0.51-1.45)
(0.67-3.68)
(0.38-4.44)
(0.38-4.44)
(0.53-3.68)
(0.53-4.44)
Gentamicin dose, mg
300 (180-560)
400 (140-800)
340 (130-900)
320 (130-640)
320 (240-680)
320 (130-680)
Gentamicin dose per TBW, 5 (3-14)
4 (2-9)
5 (3-14)
4 (2-14)
5 (3-8)
4 (2-10)
mg/kg
Gentamicin clearance,
71 (16-118)
94 (25-203)
73 (16-202)
67 (16-202)
43 (16-128)
57 (16-128)
mL/min
ICU, n (%)
6 (46)
5 (8)
15 (10)
23 (17)
5 (26)
9 (9)
First dose, n (%)
3 (23)
29 (47)
84 (58)
121 (90)
12 (63)
63 (64)
* Data are presented as median (range) unless otherwise specified.
Cys, cystatin C; TBW, total body weight; BMI, body mass index; LBW, lean body weight; BSA, body surface area; ICU, intensive care unit.

The mean biases for the BSA equations in comparison to the Mosteller’s equation
ranged from −2.2 to 1.2%. The 95% limit of agreement furthest away from zero for any
of the BSA equations was −5.5% (Table 2.19).
Table 2.19 Bias of BSA estimates from various equations for BSA estimates from
Mosteller’s equation for Cys-based GFR equations cohort.
Equation
Mean bias (95% CI), % 95% limits of agreement, %
Du Bois and Du Bois
−0.5 (−0.7, −0.2)
−4.9, 4.0
Boyd
1.2 (1.0, 1.3)
−1.2, 3.5
Gehan and George
0.8 (0.8, 0.9)
0.0, 1.7
Haycock et al.
0.7 (0.6, 0.8)
−1.1, 2.4
Shuter and Aslani
−2.2 (−2.4, −2.0)
−4.9, 0.5
Tikuisis et al.
−0.9 (−1.0, −0.7)
−3.6, 1.9
Yu et al.
−1.1 (−1.3, −0.8)
−5.5, 3.3
BSA, body surface area; Cys, cystatin C. See Table 2.5 for details of equations.

The performances of the three base equations and associated variants for the
entire cohort are detailed in Table 2.20. Of the three base equations, the CKD-EPI_CrCys
was associated with the highest P30 (70%, adjusted P = 0.035 and P = 0.003 compared
with the CKD-EPI and CKD-EPI_Cys equations, respectively). The CKD-EPI_Cys
equation was not associated with a higher P30 than the CKD-EPI equation (adjusted P >
0.99). The 95% CI of the RMSE values for all three base equations overlapped.
Adjustment for individual BSA (converting from mL/min/1.73m2 to mL/min) was
associated with an improvement (i.e. reduction) in RMSE for the CKD-EPI and CKDEPI_CrCys equations, with non-overlapping 95% CI of the RMSE values for each
pairwise comparison with the corresponding individual BSA-adjusted equation.
However, such an improvement was not demonstrated for the CKD-EPI_Cys equation.
Further, the P30 was increased with the adjustment for individual BSA for all three base
equations (P ≤ 0.001 for each pairwise comparison). A significant systematic relationship
between bias and gentamicin clearance was present for all equations, as demonstrated by
the simple linear regression slopes of the difference plots that ranged from −0.26 to
−0.54. In most cases the bias was positive at low values, and negative at high values, of
gentamicin clearance. This is demonstrated graphically by the difference plots (Figure
2.3).
We were unable to demonstrate any significant difference in performance of the
equations in those with abnormal thyroid function tests and/or glucocorticoid therapy
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compared with those without these. The RMSE values of the three base equations were
not significantly different, with the 95% CI of the RMSE overlapping for all three
pairwise comparisons (Table 2.21). Further, the P30 values of the CKD-EPI equation for
these two subgroups were not significantly different (χ2(1) = 2.5, P = 0.11). We were also
unable to demonstrate a difference in P30 values for either the CKD-EPI_Cys (χ2(1) =
0.3, P = 0.61) or CKD-EPI_CrCys (χ2(1) = 2.4, P = 0.12) equations between these two
subgroups.
The three base equations were unable to be distinguished in the subgroup with
BMI < 18.5 or ≥ 30 kg/m2 by either the RMSE (all 95% CI of the RMSE overlapped) or
P30 (Cochran’s Q(2) = 4.0, P = 0.14) values (Table 2.22). However, adjustment for
individual BSA improved the performances of all three base equations, in terms of both
the RMSE (95% CI of the RMSE did not overlap for each pairwise comparison of
equations with and without this adjustment, except for the CKD-EPI_Cys equation) and
P30 (P ≤ 0.003 for any pairwise comparison). Adjustment for individual BSA was not
associated with a significant difference in RMSE values for any of the three base
equations in the subgroup with BMI 18.5-30 kg/m2 (Table 2.21). The P30 values were
improved with the adjustment for individual BSA for the CKD-EPI (P = 0.027) and
CKD-EPI_CrCys (P = 0.035) equations, but not the CKD-EPI_Cys equation (P = 0.12).
There was a greater increase in P30 for the CKD-EPI (χ2(1) = 16.5, P = 0.00005), CKDEPI_Cys (χ2(1) = 11.0, P = 0.0009) and CKD-EPI_CrCys (χ2(1) = 7.3, P = 0.007)
equations with the adjustment for individual BSA in those with BMI < 18.5 or ≥ 30 kg/m2
than in those with BMI 18.5-30 kg/m2.
In the subgroup of 19 patients with unstable renal function, no significant
difference in the three base equations was demonstrable in terms of either RMSE (all
95% CI of the RMSE overlapped) or P30 (Cochran’s Q(2) = 1.4, P = 0.50) values (Table
2.23).
A total of 134 patients were deemed to be acutely unwell (Table 2.23). For these
patients, the three base equations were unable to be distinguished on the basis of the
RMSE values (all 95% CI of the RMSE overlapped). The P30 value of the CKD-EPI_Cys
equation was inferior to the CKD-EPI_CrCys equation (adjusted P = 0.037) but not the
CKD-EPI equation (adjusted P > 0.99).
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The four base equations, including the BIS_CrCys equation, were largely unable
to be distinguished in the subgroup with age ≥ 70 y (Table 2.23). All the 95% CI of the
RMSE overlapped. Further, the only statistically significant differences in the P30 values
were between the CKD-EPI_Cys and BIS_CrCys equations (BIS_CrCys superior,
adjusted P = 0.027) and between the CKD-EPI_Cys and CKD-EPI_CrCys equations
(CKD-EPI_CrCys superior, adjusted P = 0.005).
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Table 2.20 Bias and imprecision of Cys-based GFR equations for estimating gentamicin clearance (entire cohort, n = 260).
Equation
CKD-EPI†
CKD-EPI_BSA

Mean bias (95%
CI), mL/min*
−8 (−11, −4)
0 (−3, 3)

CKD-EPI_Cys†
CKD-EPI_Cys_BSA

−17 (−20, −13)
−10 (−13, −7)

95% limits of agreement around
the mean bias, mL/min*
± 55
± 42

Slope of difference
plot (95% CI)
−0.54 (−0.59, −0.49)
−0.34 (−0.39, −0.29)

RMSE (95%
CI), mL/min*
29 (26, 32)
22 (19, 24)

P30,
%
61
77

± 55
± 47

−0.44 (−0.50, −0.38)
−0.26 (−0.32, −0.20)

32 (28, 37)
26 (23, 29)

59
68
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−13 (−16, −10)
± 51
−0.47 (−0.52, −0.42) 29 (25, 33)
70
CKD-EPI_CrCys†
CKD-EPI_CrCys_BSA
−6 (−8, −3)
± 39
−0.28 (−0.33, −0.23) 21 (18, 23)
82
2
* The values calculated using the base equations have units of mL/min/1.73m ; these values are used directly (i.e. as if units were mL/min) in
calculation of bias and imprecision parameters.
†
Bolded equations are the base equations. See Tables 2.4 and 2.16 for details of equations.
Cys, cystatin C; RMSE, root mean square error; P30, percentage within 30% of reference gentamicin clearance.

a)
CKD-EPI

CKD-EPI_BSA

CKD-EPI_Cys

CKD-EPI_Cys_BSA

CKD-EPI_CrCys

CKD-EPI_CrCys_BSA

b)

c)

Figure 2.3 Difference plots for entire gentamicin cohort for cystatin C-based GFR
equations. a) CKD-EPI and CKD-EPI_BSA equations. b) CKD-EPI_Cys and CKDEPI_Cys_BSA equations. c) CKD-EPI_CrCys and CKD-EPI_CrCys_BSA equations.
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Table 2.21 Bias and imprecision of Cys-based GFR equations for estimating gentamicin clearance (stratified by absence/presence of abnormal
thyroid function tests and/or glucocorticoid therapy).
Equation
With abnormal TFT /
glucocorticoids (n = 41)
CKD-EPI†
CKD-EPI_BSA
CKD-EPI_Cys†
CKD-EPI_Cys_BSA
CKD-EPI_CrCys†
CKD-EPI_CrCys_BSA

Mean bias (95%
CI), mL/min*

1 (−9, 10)
8 (1, 15)
−17 (−27, −6)
−11 (−20, −2)
−10 (−19, −1)
−4 (−11, 3)

95% limits of agreement around
the mean bias, mL/min*

Slope of difference
plot (95% CI)

RMSE (95%
CI), mL/min*

P30,
%

± 59
± 44
± 68
± 57
± 60
± 45

−0.56 (−0.70, −0.43)
−0.31 (−0.44, −0.17)
−0.62 (−0.78, −0.46)
−0.43 (−0.60, −0.27)
−0.60 (−0.72, −0.47)
−0.38 (−0.50, −0.26)

30 (21, 38)
24 (17, 30)
38 (25, 51)
31 (20, 42)
32 (20, 43)
23 (15, 31)

49
66
54
54
59
68

68
Without abnormal TFT /
glucocorticoids (n = 219)
−9 (−13, −5)
± 54
−0.53 (−0.58, −0.47) 29 (25, 32)
64
CKD-EPI†
CKD-EPI_BSA
−1 (−4, 1)
± 41
−0.34 (−0.39, −0.29) 21 (19, 23)
79
−17 (−20, −13)
± 52
−0.41 (−0.48, −0.34) 31 (27, 35)
59
CKD-EPI_Cys†
CKD-EPI_Cys_BSA
−9 (−13, −6)
± 45
−0.23 (−0.30, −0.16) 25 (22, 28)
70
†
−13 (−17, −10)
± 49
−0.44 (−0.50, −0.39) 28 (25, 32)
72
CKD-EPI_CrCys
CKD-EPI_CrCys_BSA
−6 (−9, −3)
± 38
−0.26 (−0.31, −0.21) 20 (18, 23)
85
2
* The values calculated using the base equations have units of mL/min/1.73m ; these values are used directly (i.e. as if units were mL/min) in
calculation of bias and imprecision parameters.
†
Bolded equations are the base equations. See Tables 2.4 and 2.16 for details of equations.
Cys, cystatin C; RMSE, root mean square error; P30, percentage within 30% of reference gentamicin clearance.

Table 2.22 Bias and imprecision of Cys-based GFR equations for estimating gentamicin clearance (stratified by BMI).
Equation
BMI < 18.5 or ≥ 30 kg/m2
(n = 75)
CKD-EPI†
CKD-EPI_BSA
CKD-EPI_Cys†
CKD-EPI_Cys_BSA
CKD-EPI_CrCys†
CKD-EPI_CrCys_BSA

Mean bias (95%
CI), mL/min*

−16 (−23, −9)
−3 (−8, 2)
−22 (−29, −16)
−10 (−16, −4)
−20 (−26, −13)
−7 (−11, −3)

95% limits of agreement around
the mean bias, mL/min*

Slope of difference
plot (95% CI)

RMSE (95%
CI), mL/min*

P30,
%

± 60
± 41
± 59
± 50
± 56
± 39

−0.58 (−0.67, −0.49)
−0.33 (−0.41, −0.25)
−0.51 (−0.62, −0.40)
−0.28 (−0.40, −0.16)
−0.52 (−0.61, −0.43)
−0.29 (−0.37, −0.20)

34 (28, 40)
21 (18, 24)
37 (30, 46)
27 (22, 33)
35 (27, 42)
21 (17, 25)

56
85
51
72
64
85

69

BMI 18.5-30 kg/m2
(n = 144)
−6 (−10, −2)
± 49
−0.48 (−0.55, −0.42) 26 (22, 30)
67
CKD-EPI†
CKD-EPI_BSA
−1 (−4, 2)
± 42
−0.35 (−0.42, −0.29) 21 (18, 24)
75
†
−14 (−18, −10)
± 47
−0.34 (−0.42, −0.25) 28 (23, 32)
64
CKD-EPI_Cys
CKD-EPI_Cys_BSA
−9 (−13, −6)
± 43
−0.20 (−0.29, −0.12) 23 (20, 27)
69
−10 (−14, −7)
± 44
−0.38 (−0.45, −0.31) 25 (20, 29)
76
CKD-EPI_CrCys†
CKD-EPI_CrCys_BSA
−5 (−8, −2)
± 37
−0.25 (0.32, 0.18)
20 (16, 23)
84
2
* The values calculated using the base equations have units of mL/min/1.73m ; these values are used directly (i.e. as if units were mL/min) in
calculation of bias and imprecision parameters.
†
Bolded equations are the base equations. See Tables 2.4 and 2.16 for details of equations.
Cys, cystatin C; RMSE, root mean square error; P30, percentage within 30% of reference gentamicin clearance.

Table 2.23 Bias and imprecision of Cys-based GFR equations for estimating gentamicin clearance (according to: presence of unstable renal
function; acutely unwell state; age ≥ 70 y).
Equation
Unstable renal function
(n = 19)
CKD-EPI
CKD-EPI_Cys
CKD-EPI_CrCys

70

Acutely unwell
(n = 134)
CKD-EPI
CKD-EPI_Cys
CKD-EPI_CrCys

Mean bias (95%
CI), mL/min*

95% limits of agreement around
the mean bias, mL/min*

Slope of difference
plot (95% CI)

RMSE (95%
CI), mL/min*

P30,
%

0 (−10, 10)
−8 (−15, −1)
−5 (−13, 2)

± 44
± 30
± 32

−0.46 (−0.73, −0.19)
−0.15 (−0.38, −0.09)
−0.24 (−0.47, −0.01)

22 (10, 34)
17 (12, 22)
17 (8, 26)

63
58
74

−3 (−7, 1)
−12 (−16, −8)
−8 (−12, −4)

± 49
± 48
± 44

−0.47 (−0.55, −0.39)
−0.36 (−0.45, −0.27)
−0.39 (0.47, 0.32)

25 (21, 29)
27 (23, 31)
24 (20, 28)

61
60
72

Age ≥ 70 y
(n = 99)
CKD-EPI
0 (−4, 5)
± 41
−0.53 (−0.64, −0.42) 21 (18, 25)
64
CKD-EPI_Cys
−13 (−17, −10)
± 34
−0.37 (−0.47, −0.27) 22 (19, 25)
56
CKD-EPI_CrCys
−7 (−11, −4)
± 34
−0.41 (−0.51, −0.32) 19 (16, 22)
75
BIS_CrCys
−11 (−15, −8)
± 35
−0.49 (−0.57, −0.41) 21 (17, 25)
72
* The values calculated using the base equations have units of mL/min/1.73m2; these values are used directly (i.e. as if units were mL/min) in
calculation of bias and imprecision parameters.
Cys, cystatin C; RMSE, root mean square error; P30, percentage within 30% of reference gentamicin clearance. See Tables 2.4 and 2.16 for
details of equations.

2.4.4

Discussion
This study is the first to examine the performance of cystatin C-based equations

in predicting gentamicin clearance, in the context of an internationally standardised
cystatin C assay using the reference material ERM-DA471/IFCC.
An advantage of the CKD-EPI creatinine-cystatin C equation over the CKD-EPI
creatinine-only and CKD-EPI cystatin C-only equations was demonstrable in terms of
the P30, when the cohort was analysed as a whole. Further, the data showed an
improvement in gentamicin clearance estimation with the adjustment of the GFR
equations for individual BSA. We were unable to identify a subgroup where the CKDEPI cystatin C-only equation was superior to the CKD-EPI creatinine-only equation.
We are aware of a single study in adults that has compared the use of plasma
creatinine and cystatin C concentrations in the prediction of gentamicin
pharmacokinetics.165 Using seven hospitalised patients who received gentamicin,
Hermida et al. compared the prediction of gentamicin clearance by the Cockcroft-Gault
equation (creatinine-based) with that by the Larsson equation (cystatin C-based), when
either of these GFR equations were included in a Bayesian model. They were unable to
show a difference between the two equations. However, Hermida et al. did not assess
these predictions against a gold standard for gentamicin clearance, such as that based on
gentamicin concentrations. Further, they did not consider important covariates of plasma
cystatin C concentrations, such as concomitant glucocorticoid therapy or abnormal
thyroid function.
Glucocorticoid therapy has been reported to be associated with increased GFR,
and paradoxically, increased plasma creatinine and cystatin C concentrations (see
Chapter 1, section 1.2.3).60,65-67,69,71 While glucocorticoid therapy is not known to affect
gentamicin clearance,166 an increase in GFR associated with such therapy would be
expected to increase gentamicin clearance. Abnormal thyroid function is known to
impact both plasma creatinine and cystatin C concentrations.57-59,61-64 The effect of
altered thyroid function on creatinine is primarily through altered GFR, which in turn is
responsible for gentamicin clearance. Hypothyroidism has been shown to be associated
with reduced

gentamicin clearance and thus increased plasma gentamicin

concentrations.167 In comparison, plasma creatinine concentrations increase and plasma
cystatin C concentrations decrease with hypothyroidism.57-59,61-64 Thus, it might be
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expected that the performance of the CKD-EPI_Cys equation in the subgroup with
abnormal thyroid function tests and/or glucocorticoid therapy would be inferior to the
subgroup without these covariates. However, the RMSE and P30 values for the CKDEPI_Cys in the subgroups with and without abnormal thyroid function tests /
glucocorticoid therapy were not distinguishable (see Table 2.21 above). Indeed,
numerically, the RMSE and P30 values for all equations were superior in the subgroup
without abnormal thyroid function tests / glucocorticoid therapy compared with the
subgroup with these covariates. An explanation for these findings is that abnormal
thyroid function and/or glucocorticoid therapy may signify a subgroup associated with
the presence of non-GFR covariates of both plasma cystatin C and creatinine
concentrations.168
We tested the hypothesis that cystatin C would have an advantage over creatinine
as a renal biomarker in patients with fluctuating renal function by examining two
subgroups: those with an acutely unwell state, and, separately, those with unstable renal
function (see Table 2.23 above). In both subgroups, we were unable to demonstrate any
difference in the prediction of gentamicin clearance between the creatinine-only and
cystatin C-only equations. The expectation that the cystatin C-only equation should
outperform the creatinine-only equation is contingent upon the signal resulting from the
distinct half-lives of the two biomarkers being detectable over and above the noise
resulting from the covariates of plasma cystatin C concentrations. While we excluded the
patients with abnormal thyroid function tests and glucocorticoid therapy from these two
subgroups (see Figure 2.2 above), other covariates were not considered. Two large
observational studies report that cystatin C is associated with a wide array of non-GFR
covariates, although neither examined thyroid dysfunction or glucocorticoid therapy as
covariates.168,169 Stevens et al. reported that the non-GFR covariates with a statistically
significant correlation with plasma cystatin C concentration and with the greatest impact
included age (plasma cystatin C concentrations were 4.3% lower for every 19 y of age),
female sex (9.2% lower than males), diabetes mellitus (8% higher than those without
diabetes mellitus), BMI (5.2% higher for every 7 kg/m2) and plasma C-reactive protein
concentrations (CRP, 3.4% higher for every 10 mg/L).168 Further, plasma CRP
concentrations were not found to be a significant covariate of plasma creatinine
concentrations.168 Knight et al. also reported that, once renal function had been taken into
account, elevated plasma CRP concentrations were associated with higher plasma
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cystatin C concentrations, but did not have a discernable relationship with plasma
creatinine concentrations.169 As CRP is a biomarker of inflammation, and given that
gentamicin is used in the setting of acute infections, the presence of inflammation may
have had a significant adverse impact on the performance of the cystatin C-only equation
in our study. Hence, in patients with acute infections, the CKD-EPI_Cys equation would
be expected to underestimate GFR and gentamicin clearance. In keeping with this, for
the entire cohort of our study, the mean bias (95% CI) of the CKD-EPI_Cys equation for
gentamicin clearance, −17 (−20, −13) mL/min was more negative than that of the CKDEPI creatinine-only equation, −8 (−11, −4) mL/min (see Table 2.20 above).
The BIS equation was developed to address an apparent deficiency in the
literature in relation to the elderly population.35 For example, the CKD-EPI equations
employing cystatin C were based on development and external validation datasets with
mean (SD) age of 47 (15) and 50 (17) y, respectively.34 By contrast, age < 70 y was an
exclusion criterion of the BIS study, leading to a dataset with a mean (SD) age of 79 (6)
y. We were unable to demonstrate a significant difference between the BIS creatininecystatin C and CKD-EPI creatinine-cystatin C equations in those individuals with age ≥
70 y. Consequently, given the wider applicability across all adult age-groups, the CKDEPI creatinine-cystatin C equation should be favoured for the prediction of gentamicin
clearance.
Our findings of improved results after adjustment for individual BSA for all the
CKD-EPI equations are consistent with those of the preceding study of the creatininebased equations (see section 2.3 above). In the present study, individuals who were obese
(BMI ≥ 30 kg/m2) comprised the bulk of the subgroup with individuals with BMI < 18.5
or ≥ 30 kg/m2 (62/75, Table 2.18 above), and included 62/260 of the entire cohort. This
is reflected by the mean BSA of 1.91 m2 of the entire cohort in the present study, which
is similar to 1.92 m2, the current mean BSA of 25-year-old individuals in the United
States.170 In contrast, the current reference BSA is 1.73 m2, against which individually
measured GFR values were normalised in the development of all the GFR equations
considered in the current study (see Chapter 1, section 1.3).31,33-35 The BSA of 1.73 m2 is
traceable to life insurance data from 25 year old males and females in the United States
in 1927, representing the average BSA of these individuals.17,170,171 This reference BSA
value approximates to an individual with a height of 170 cm and weight of 63 kg. Given
that BSA normalisation is poorly recognised by clinicians, and thus often not accounted
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for in the interpretation of GFR values from the laboratory which have units of
mL/min/1.73m2,157 an argument can be made for increasing the reference BSA value to
around 1.90 m2.
One reason contributing to the use of the mL/min/1.73m2 result, without
converting to mL/min, is the uncertainty in how to achieve this conversion. The
conversion method used in this study (see Chapter 1, Equation 1.5) implies that GFR is
linearly proportional to BSA.103,106-109 This is in apparent contrast to published data. In a
study of 122 adult oncology patients, Dooley and Poole reported that estimated BSA
(range 1.31-2.58 m2) using the Du Bois and Du Bois equation, had a poor correlation
with GFR (30-174 mL/min) measured using 99mTc-DTPA clearance (R = 0.24, 95% CI
0.06-0.40).172 For comparison, we examined the data from our current study in a similar
manner, plotting the reference gentamicin clearance against estimated BSA using
Mosteller’s equation for the 260 individuals (R = 0.46, 95% CI 0.35-0.55, Figure 2.4).
However, when dosing a patient with gentamicin, the most relevant consideration for the
clinician concerning the use of the conversion in Equation 1.5 is not the extent of the
correlation between BSA and gentamicin clearance, but instead whether or not the
conversion of estimated GFR to mL/min provides a closer approximation of gentamicin
clearance than the use of the mL/min/1.73m2 value. We have demonstrated that the
method used in the present study of converting estimated GFR from mL/min/1.73m2 to
mL/min substantially improved the prediction of gentamicin clearance by estimated
GFR, especially in those with a BMI < 18.5 or ≥ 30 kg/m2. For example, the P30 value of
the CKD-EPI equation increased from 56% to 85% (P = 0.027) when adjusted for
individual BSA (see Table 2.22 above). Thus, at the extremes of size, the ‘number needed
to treat’ with the adjustment for individual BSA to prevent one estimate of gentamicin
clearance from being further than 30% away from measured gentamicin clearance is
around 4 when using the CKD-EPI equation.

74

Gentamicin clearance (mL/min)

250

200

150

100

50

0
0.0

0.5

1.0

1.5
2.0
BSA (m2)

2.5

3.0

3.5

Figure 2.4 Scatter plot of gentamicin clearance vs. BSA for entire gentamicin cohort
for Cys-based GFR equations (n = 260).

There are a number of limitations to our study, which are similar to those
described in section 2.3.4 (above) for the prior study. We have re-analysed the data
assuming the most extreme losses as a consequence of not flushing the infusion line and
thus incomplete delivery of gentamicin in 109 individuals (Table 2.24). The CKDEPI_CrCys equation remained superior to the other two base equations in terms of P30
(adjusted P ≤ 0.029 for pairwise comparisons with either CKD-EPI or CKD-EPI_Cys
equation), and no difference was demonstrable between the CKD-EPI and CKDEPI_Cys equation (adjusted P > 0.99). The 95% CI of the RMSE for all three base
equations overlapped. Our main finding is thus not materially altered.
In conclusion, this study has demonstrated that the CKD-EPI equation employing
both creatinine and cystatin C provided the best estimation of gentamicin clearance in
the setting of internationally standardised assays for both renal biomarkers. We were
unable to identify a subgroup where the cystatin C-only equation was superior to the
creatinine-only equation. We were also unable to demonstrate any significant advantage
of the elderly-specific BIS creatinine-cystatin C equation over the CKD-EPI creatininecystatin C equation. We confirmed the findings of our previous study by demonstrating
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an improvement in the performance of the equations by adjusting for individual BSA,
especially at the extremes of size.
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Table 2.24 Bias and imprecision of Cys-based GFR equations for estimating gentamicin clearance (entire cohort, n = 260), assuming worstcase losses in giving sets for n = 109.
Equation
CKD-EPI†
CKD-EPI_BSA

Mean bias (95%
CI), mL/min*
−4 (−7, 0)
4 (2, 6)

CKD-EPI_Cys†
CKD-EPI_Cys_BSA

−13 (−16, −10)
−6 (−9, −3)

95% limits of agreement around
the mean bias, mL/min*
± 50
± 39

Slope of difference
plot (95% CI)
−0.50 (−0.55, −0.45)
−0.29 (−0.35, −0.24)

RMSE (95%
CI), mL/min*
26 (23, 29)
20 (18, 22)

P30,
%
64
73

± 52
± 46

−0.40 (−0.47, −0.34)
−0.22 (−0.28, −0.15)

29 (25, 33)
24 (21, 27)

62
69
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−9 (−12, −6)
± 47
−0.43 (−0.48, −0.38) 26 (22, 29)
72
CKD-EPI_CrCys†
CKD-EPI_CrCys_BSA
−2 (−4, 1)
± 37
−0.23 (−0.28, −0.18) 19 (16, 21)
82
2
* The values calculated using the base equations have units of mL/min/1.73m ; these values are used directly (i.e. as if units were mL/min) in
calculation of bias and imprecision parameters.
†
Bolded equations are the base equations. See Tables 2.4 and 2.16 for details of equations.
Cys, cystatin C; RMSE, root mean square error; P30, percentage within 30% of reference gentamicin clearance.

2.4.5
•

Key findings

The CKD-EPI equation employing both creatinine and cystatin C provided the best
estimation of gentamicin clearance in the setting of internationally standardised
assays for both renal biomarkers in 260 hospitalised patients.

•

We confirmed the findings of our previous study by demonstrating an improvement
in the performance of all the cystatin C-based equations by adjustment for individual
BSA, especially in those with a BMI < 18.5 or ≥ 30 kg/m2.

•

We were unable to identify a subgroup where the cystatin C-only equation was
superior to the creatinine-only equation, including i) those without abnormal thyroid
function / glucocorticoid therapy, and ii) those with unstable renal function.

•

We were unable to demonstrate any significant advantage of the BIS creatininecystatin C equation over the CKD-EPI creatinine-cystatin C equation in those ≥ 70 y.
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3

Dabigatran: renal function and beyond

3.1 Introduction
Dabigatran (Pradaxa®), a direct thrombin inhibitor, is the first oral anticoagulant
to obtain market approval in the United States (October 2010) in almost 60 years since
warfarin first achieved this status.116,173 The New Zealand government licensed and fully
subsidised dabigatran on 1 July 2011.174,175 In the setting of atrial fibrillation (AF), the
key purported benefits of dabigatran over warfarin, the traditional oral anticoagulant used
for this indication,176 include the capacity for ‘fixed dose’ regimens (constant dose-rate
without needing alteration in response to changing patient characteristics) and the lack
of a requirement for routine monitoring by coagulation assays.177 Notwithstanding the
questionable veracity of these claims by the manufacturer,178 in 2012, Pradaxa® attained
blockbuster status with worldwide sales amounting to US$1.43 billion.179 It has
consistently been one of the top 100 drugs by prescription sales in the United States since
2011.180 The great enthusiasm for the uptake of dabigatran by prescribers and patients181
is reflected by its prominence in contemporary thromboprophylaxis guidelines from
major international authorities.182-186 Dabigatran is thus a drug of major importance to
modern therapeutics.

3.2 Dabigatran pharmacokinetic and pharmacodynamic considerations
A summary of the pharmacokinetics and pharmacodynamics of dabigatran and
its prodrug, dabigatran etexilate, is presented in Figure 3.1.
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Figure 3.1 An abbreviated pharmacokinetic/pharmacodynamic model of dabigatran. DE, dabigatran etexilate; F, oral availability; fe, fraction
excreted unchanged in urine; CES, carboxylesterase; DG, dabigatran glucuronides; Xa:Va, factor Xa:factor Va complex; II, factor II; XF,
cross-linked fibrin. Grey boxes indicate reported thrombin inhibitors.187-189

3.2.1

Dabigatran pharmacokinetics
The key pharmacokinetic characteristics of dabigatran are summarised in Table

3.1. Dabigatran is a highly polar drug110 with a low therapeutic index.190 To enable oral
administration and absorption, dabigatran was converted by the manufacturer to the
inactive prodrug, dabigatran etexilate.115,116
The oral availability of dabigatran etexilate is still poor at around 7%, and affected
by stomach acidity191,192 and intestinal P-glycoprotein (P-gp) function.193-197 Increased
stomach pH and increased intestinal P-gp function are both associated with reduced oral
availability. Following absorption, dabigatran etexilate is metabolised by esterases,
including the hepatic carboxylesterase 1 enzyme (CES1), via the intermediate
metabolites BIBR 951 and BIBR 1087, to the active metabolite, dabigatran.110,189,197
BIBR 951 is thought to have activity against thrombin, whereas BIBR 1087 is said to be
inactive.187,198 The metabolism from dabigatran etexilate to dabigatran appears to be rapid
and virtually complete, with the combined plasma AUC0-∞ value of the prodrug and the
intermediate metabolites amounting to less than 0.4% of the plasma AUC0-∞ value of
dabigatran in healthy volunteers who have been administered oral dabigatran
etexilate.187,199
Table 3.1 Summary of pharmacokinetic parameter values of dabigatran.110
Parameter
Mean value*
†
F
0.07
tmax (h)
1.5
Vd (L)
70‡
Plasma protein binding
35%
CL (L/h)
8.9‡
CL/F (mL/min)
2430
t½β (h)
8.8
fe
> 0.8
* In healthy young individuals following oral administration of the prodrug,
dabigatran etexilate, unless otherwise specified.
†
This is the F of dabigatran etexilate. Dabigatran itself is expected to have a lower
F, possibly 0.116
‡
This equates to 149 mL/min. Calculated using data from individuals given
intravenous dabigatran.
F, oral availability; tmax, time to peak plasma concentration; Vd, apparent volume of
distribution; CL, clearance; CL/F, clearance after oral administration; t½β, terminal
elimination half-life; fe, fraction excreted unchanged in urine.
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Dabigatran itself is largely renally cleared, which is reflected by its high fraction
excreted unchanged in urine (fe) of around 0.8.110 Unlike dabigatran etexilate, dabigatran
is not thought to be a substrate of P-gp, and its plasma concentrations are therefore not
expected to be affected by the level of function of this transporter at the renal
tubules.115,200
Glucuronidation appears to be responsible for the remainder of dabigatran
clearance.110 Individuals with moderate hepatic impairment (defined by having ChildPugh classification B) and normal renal function have been found to have similar
dabigatran clearance and terminal elimination half-life to normal individuals.187 The
clearance of dabigatran via glucuronidation thus appears to be largely unaffected by
moderate hepatic impairment. This is consistent with models of hepatic dysfunction, with
relative preservation of glucuronidation until hepatic dysfunction is severe.87,201
The dabigatran glucuronides, including the 1-O, 2-O, 3-O and 4-Oacylglucuronides, have been reported to be active against thrombin.188 The principal
metabolite is the 1-O-acylglucuronide, whereas the other glucuronides appear to be
below the limit of detection in plasma samples taken up to 6 hours following either oral
dabigatran etexilate or intravenous dabigatran administration.110 The dabigatran
glucuronides are active against thrombin because the carboxylate functional group of
dabigatran, which is substituted by glucuronic acid during glucuronidation, does not
interact with thrombin and does not interfere with dabigatran’s thrombin binding site.188
Dabigatran 1-O-acylglucuronide has been demonstrated to increase activated partial
thromboplastin time (APTT) in a dose-dependent manner to the same degree as
dabigatran itself, at least up to concentrations of around 1000 nmol/L for either
compound.188 To put these concentrations in context, the 90th percentile of peak plasma
dabigatran concentrations observed from over 9000 individuals randomised to dabigatran
etexilate for AF (RE-LY trial) was around 700 nmol/L.202-204 Therefore, for routine
clinical purposes, dabigatran 1-O-acylglucuronide can be considered to have the same
potency and efficacy as dabigatran itself, and the anticoagulant effect will depend on the
combined AUC values of these compounds. Consequently, it is of clinical interest that
the dabigatran glucuronides have been demonstrated to contribute to 10-35% of total
active drug-related exposure from dabigatran etexilate, with the remainder contributed
by dabigatran itself.110,187,192,196,199,205
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It has been stated that the glucuronides are largely cleared by biliary
excretion.115,206 However, we are not aware of any published data that support this notion.
An inspection of the data reported by Blech et al. regarding the metabolism and
disposition of dabigatran revealed that the glucuronides were quantifiable in the urine,
but below the limit of detection in the faeces, of healthy subjects following the
administration of either oral dabigatran etexilate or intravenous dabigatran.110 These data
are therefore consistent with the excretion of the glucuronides in urine, and not in bile.
Hence, as both dabigatran and its glucuronides appear to be renally eliminated, the fe of
dabigatran could be considered to be 1.203 It has also been suggested by others that the
primary renal pathway of elimination for both is glomerular filtration.203
The covariates of plasma dabigatran concentrations are summarised in Table 3.2.
Of particular importance is renal function, as shown by the six-fold higher plasma
dabigatran concentrations in individuals with severe renal impairment in comparison to
those with normal renal function.199 The terminal half-life of elimination (t½β) also
increases with decreasing renal function, although not to as great an extent as would be
expected based on the change in clearance alone. This is because the dabigatran volume
of distribution at steady state following oral administration (Vd/F) decreases with renal
dysfunction, although not proportionately as much as the decrease in CLCr. Hence the t½β
for mean CLCr values of 103, 67, 41 and 24 mL/min were 14, 17, 19 and 28 h,
respectively.199 The decrease in Vd/F with renal impairment, of around 60% compared
with normal renal function, is greater than expected if this was entirely due to a change
in Vd as a result of a change in plasma protein binding, given the negligible change in
plasma protein binding in this setting.199 This raises the possibility that an increase in F,
in association with renal impairment, may in fact be responsible. Such a hypothesis is
consistent with previous reports that intestinal P-gp function is reduced in the setting of
renal impairment, where uraemic toxins such as endothelin-1 and chronic inflammatory
cytokines have been identified as potential inhibitors of P-gp transport.9,10,12 An increased
F might also explain why the decrease in apparent oral clearance (CL/F) with renal
impairment is greater than expected. The presence of futile cycling, between dabigatran
and its glucuronides, could be an alternative explanation for this observation.207
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Table 3.2 Covariates of plasma dabigatran concentrations.
Covariate

Mean exposure ratio (90%
CI)*
0.80 (0.67, 0.95)

Proton-pump inhibitor192
Intestinal P-gp function
Ketoconazole91
2.50 (not available)
208
Dronedarone
1.99 (1.79, 2.21)
Verapamil194
1.71 (1.34, 2.15)
Amiodarone91
1.60 (not available)
Quinidine91
1.50 (not available)
195
Clarithromycin
1.49 (not available)
Ticagrelor175
1.46 (not available)
Clopidogrel, loading dose†196
1.35 (1.07, 1.69)
rs4148738‡197
1.12 (1.08, 1.17)
rs1045642‡198
1.08 (not available)
Rifampicin193
0.33 (0.27, 0.41)
Carbamazepine, phenytoin,
Not available§
phenobarbitone193
Hepatic CES1 function197
rs2244613‡
0.85 (0.81, 0.90)
0.86 (0.81, 0.91)
rs4122238‡
‡
rs8192935
0.89 (0.85, 0.93)
Renal impairment¶199
Mild (CLCr 67 mL/min)
1.50 (0.78, 2.90)
Moderate (CLCr 41 mL/min)
3.15 (1.63, 6.08)
6.31 (3.54, 11.25)
Severe (CLCr 24 mL/min)
Opening the dabigatran etexilate capsule prior 1.75
to administration209
Patient adherence / administered MDR
Dependent on amount ingested††
Not available
Prolonged exposure of the capsule to
210
humidity
* This represents the mean ratio (90% CI) of the AUC0-∞ of individuals with the
covariate to healthy controls without the covariate, or for genetic polymorphisms,
the mean ratio (95% CI) of either peak (P-gp) or trough (CES1) concentrations of
single allele carriers to wildtype.
†
Steady-state dosing of clopidogrel has not been shown to significantly alter
dabigatran AUC0-∞.196
‡
Single nucleotide polymorphisms of either ABCB1 or CES1 genes.
§
May be associated with decreased dabigatran AUC0-∞.193
¶
Compared with healthy subjects with mean CLCr 103 mL/min.199
††
Linear dose-proportional increases in both peak dabigatran concentrations
and AUC have been demonstrated with increasing dabigatran etexilate doses.205
P-gp, P-glycoprotein; CES1, carboxylesterase-1; CLCr, creatinine clearance;
MDR, maintenance dose-rate.
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3.2.2

Dabigatran pharmacodynamics
Dabigatran is a direct inhibitor of activated clotting factor II (thrombin).211

Thrombin is a serine protease, which catalyses the conversion of fibrinogen to fibrin
(Figure 3.1).212 Hence, in addition to the concentrations of active drug, the degree of
anticoagulation attained in the individual treated with dabigatran hinges upon the
concentrations and innate sensitivity of coagulation network constituents,178 including
thrombin and fibrinogen. The binding of dabigatran to thrombin is rapid and reversible,
with recovery of thrombin activity dependent upon the t½ of dabigatran in plasma.213
Wienen et al. found dabigatran to be highly selective for thrombin, with an inhibitory
constant (Ki) of 4.5 nmol/L, compared with Ki values of 50 nmol/L for trypsin, and 3500
to > 66000 nmol/L for other serine proteases, in vitro.213
In keeping with standard pharmacodynamic principles, dabigatran displays
predictable

concentration-effect

relationships,

with

higher plasma

dabigatran

concentrations associated with:
•

greater degrees of in vitro thrombin inhibition213;

•

prolonged clotting times, either in vitro from spiked plasma, ex vivo in phase
I and II studies, or ex vivo in post-marketing studies of healthy
volunteers177,205,213-219;

•

and decreasing stroke/systemic embolic risk and increasing major bleeding
risk in phase II and III studies.204,220

The reported relationships between plasma dabigatran concentrations and the
three commonly available screening coagulation assays, and the dilute thrombin time
(dTT), are summarised in Table 3.3. The dTT is highlighted because it has been reported
to be the most sensitive of a range of both conventional and specific coagulation assays.
This, along with several other favourable characteristics, lead Douxfils et al. to conclude
that it was the gold-standard coagulation assay for monitoring dabigatran,217 a finding
consistent with data from other groups.177,221 The reported relationships between clinical
outcomes and plasma dabigatran concentrations are discussed in further detail later in
this chapter (section 3.8).
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Table 3.3 Relationships between plasma dabigatran concentrations and coagulation
assays (data from ex vivo studies).
Coagulation
assay
INR205,221,222

Relationship with Populatio
plasma dabigatran n R2
concentrations
Linear
0.48-0.86

Notes

Flat slope of effect.
Insensitive compared to other
coagulation assays.
205,222,223
APTT
Curvilinear
0.52-0.85 Slope of effect flattens at higher
plasma dabigatran
concentrations.
More sensitive than INR but
less sensitive than TT and dTT.
205,221
TT
Linear
0.75-0.97 Very sensitive and exceeds
maximum time of
coagulometers at plasma
dabigatran concentrations
achieved with standard MDR.
dTT177,221-223
Linear
0.92-0.99 Uses diluted plasma to
overcome excessive sensitivity
of traditional TT.
2
R , explained variance; INR, International normalised ratio; APTT, activated partial
thromboplastin time; TT, thrombin time; dTT, dilute thrombin time; MDR,
maintenance dose-rate.

3.3 Dabigatran dosing guidelines
The importance of renal function to the clearance of dabigatran etexilate is
reflected by the guidance contained in the product information regarding its maintenance
dosing.175,224,225 A summary of the dosing guidelines from the May 2013 version of the
New Zealand Pradaxa® datasheet is provided in Table 3.4.175 These guidelines are similar
to those contained in the European Medicines Agency (EMA) and FDA datasheets, with
a few major differences, as follows. The EMA datasheet recommends a dose-reduction,
for venous thromboembolism (VTE) prophylaxis in the elderly, from 220 mg once daily
to 150 mg once daily, whereas the New Zealand datasheet does not recommend a dosereduction in this setting.225 As at December 2013, the FDA has not yet approved
dabigatran for VTE prophylaxis.224 According to the FDA datasheet, for AF, the
recommended maintenance dose-rate (MDR) is 150 mg twice daily for creatinine
clearance (CLCr) > 30 mL/min, and 75 mg twice daily for CLCr 15-30 mL/min.224,226,227
This contrasts with the New Zealand datasheet where a dose-reduction from 150 mg
twice daily to 110 mg twice daily is recommended if the CLCr is < 50 mL/min. Despite
86

the

inconsistencies,

all

of

these

datasheets,

as

well

as

the

published

literature,91,206,209,226,228,229 are consistent in highlighting the importance of considering
renal function when dosing dabigatran etexilate. The European Society of Cardiology
even go as far as specifying that renal function should be checked every 3-6 months in
individuals treated with dabigatran, depending on their baseline CLCr.229
Table 3.4 Summary of current New Zealand datasheet dosing guidelines.175
Characteristic

MDR for post-major
orthopaedic surgery
Standard MDR
150 mg twice daily
220 mg once daily
CLCr 30-50 mL/min
110 mg twice daily
150 mg once daily
CLCr < 30 mL/min
Contraindicated
Contraindicated
Age 75-80 y
110 mg twice daily* 220 mg once daily
Age > 80 y
110 mg twice daily
220 mg once daily
Strong P-gp inhibitors
Variable†
150 mg once daily‡
P-gp inducers
Variable†
Variable†
Concomitant antiplatelet drugs 110 mg twice daily* Not specifically discussed
Previous gastrointestinal bleed 110 mg twice daily* Not specifically discussed
* If haemorrhagic risk is high and thromboembolic risk is low.
†
In one part of the datasheet, no dose-adjustment is suggested when these are
concomitantly prescribed, whereas in other parts, it is suggested that MDR is
reduced (strong P-gp inhibitors) or that the combination is avoided (P-gp inducers,
and ketoconazole, a P-gp inhibitor).
‡
The initiation of verapamil, a strong P-gp inhibitor, with concomitant dabigatran
etexilate, should be avoided.
MDR, maintenance dose-rate; CLCr, creatinine clearance; P-gp, P-glycoprotein.

3.3.1

MDR for AF

Published phase III trials of dabigatran etexilate in relation to dosing and
renal function
The currently published dabigatran etexilate phase III trials, upon which

dabigatran dosing guidelines are based, are summarised in Table 3.5. In all the trials,
individuals who were enrolled and randomised to dabigatran etexilate were given a fixed
MDR, irrespective of their characteristics, such as renal function.202,230-236 Further, doses
were not adjusted according to feedback from laboratory coagulation assays.
Compared with warfarin controlled to an INR of 2-3 (mean percentage time
within the therapeutic range, TTR, 64%), patients in the RE-LY trial had non-inferior
efficacy and fewer major bleeding problems on dabigatran etexilate 110 mg twice daily,
and superior efficacy and equivalent major bleeding on dabigatran etexilate 150 mg twice
daily in the setting of AF.202,237 For post-VTE treatment, patients with mean CLCr 10487

108 mL/min given dabigatran etexilate 150 mg twice daily had non-inferior efficacy and
fewer bleeds than warfarin targeted at an INR of 2-3 (mean TTR 57-65%).234-236 These
post-VTE results are similar to the dabigatran etexilate 110 mg twice daily arm of the
RE-LY trial for AF with a mean CLCr of 73 mL/min, and might be expected as the
dabigatran AUCs would be expected to be similar.
In the post-major orthopaedic surgery studies, dabigatran etexilate at dose-rates
of either 150 mg or 220 mg twice daily was non-inferior for both the rates of VTE and
major bleeding compared with enoxaparin 40 mg daily.230,231,233 However, both doserates of dabigatran etexilate were found to be inferior to enoxaparin 30 mg twice daily in
terms of thromboembolic events.232 It has been postulated that enoxaparin 40 mg once
daily is inferior to 30 mg twice daily in this setting232; the former dosing schedule is
commonly used in Europe whereas the latter is favoured in North America.238
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Table 3.5 Summary of published dabigatran etexilate phase III studies.
Thromboprophylaxis Trial
indication
(year published)

Dosing
Dabigatran

Control

Participant
mean CLCr,
(mL/min)
73

Primary outcome
analysis
(vs. control)
Stroke or systemic
embolism:
non-inferior for
both dose-rates,
superior for 150 mg
twice daily

RE-LY
(2009)202,203,237

150 mg or
110 mg twice
daily

Warfarin to
INR 2-3
(mean
TTR 64%)

Post-major
orthopaedic surgery

RE-MODEL
(2007)230

150 mg or
220 mg daily

Enoxaparin
40 mg daily

Not reported

VTE and all-cause
mortality:
non-inferior for
both dose-rates

RE-NOVATE
(2007)231

150 mg or
220 mg daily

Enoxaparin
40 mg daily

89

VTE and all-cause
mortality:
non-inferior for
both dose-rates

RE-MOBILIZE
(2009)232

150 mg or
220 mg daily

Enoxaparin
30 mg twice
daily

83

VTE and all-cause
mortality:
inferior for both
dose-rates

RE-NOVATE II
(2011)233

220 mg daily

Enoxaparin
40 mg daily

97

VTE and all-cause
mortality:
non-inferior

89

AF

Bleeding analysis
(vs. control)
Major bleeding:
superior for 110 mg
no sig. diff. for 150 mg
Any bleeding:
superior for both doserates
Major bleeding:
no sig. diff. for both
dose-rates
Minor bleeding:
not reported
Major bleeding:
no sig. diff. for both
dose-rates
Minor bleeding:
not reported
Major bleeding:
no sig. diff. for both
dose-rates
Minor bleeding:
not reported
Major bleeding:
no sig. diff.
Any bleeding:
no sig. diff.

Short-term (0-6
months) post-VTE
treatment

RE-COVER
(2009)234

150 mg twice
daily

Warfarin to
INR 2-3
(mean
TTR 60%)
Warfarin to
INR 2-3
(mean
TTR 57%)
Warfarin to
INR 2-3
(median
TTR 65%)
Placebo

105

VTE and related
mortality:
non-inferior

90

Major bleeding:
no sig. diff.
Any bleeding:
superior
RE-COVER II
150 mg twice
108
VTE and related
Major bleeding:
(2013)235
daily
mortality:
no sig. diff
non-inferior
Any bleeding:
superior
150 mg twice
104
VTE and related
Major bleeding:
Long-term (6-36
RE-MEDY
236
months) post-VTE
(2013)
daily
mortality:
superior
treatment
non-inferior
Any bleeding:
superior
RE-SONATE
150 mg twice
100
VTE and related
Major bleeding:
236
(2013)
daily
mortality:
no sig. diff.
superior
Any bleeding:
inferior
CLCr, creatinine clearance; INR, International normalised ratio; TTR, percentage time within therapeutic range; VTE, venous
thromboembolism.

3.3.2

An alternative approach to dosing dabigatran etexilate
The current dabigatran etexilate dosing recommendations (see Table 3.4 above)

are inconsistent in how they take individual characteristics into account between
indications. This makes little sense when so much is known about the pharmacokineticpharmacodynamic relationship. Hence, the use of the guidelines is likely to lead to
excessive effect in those with impaired renal function, and perhaps insufficient effect in
those with very good renal function. The following are some illustrative hypothetical
examples.
For VTE prophylaxis, a patient with a CLCr of 51 mL/min, would likely have an
AUC of dabigatran around 2-fold higher than a ‘reference patient’ with a CLCr of 100
mL/min if both were on 220 mg once daily. For prevention of stroke in AF, the same
patient would receive a standard MDR of 150 mg twice daily, resulting in a dabigatran
AUC around 1.5-fold higher than the ‘reference patient’ with a CLCr of 73 mL/min. In
both examples, the patient is likely to be at increased risk of bleeding, without necessarily
obtaining any extra benefit from the higher dabigatran concentrations (this is discussed
in further detail later in the chapter, section 3.8).204
Since the anticoagulant effect increases (linearly in most cases) in relation to
increasing dabigatran concentrations (see Table 3.3 above), and dabigatran
concentrations increase proportionately as CLCr declines (see Table 3.2 above), a clear
dosage adjustment strategy is warranted. To achieve similar dabigatran concentrations
and effects, the MDR should be adjusted in relation to CLCr. This is the conventional
approach for drugs with renal elimination and a low therapeutic index, such as
digoxin.1,85
How should this be done with dabigatran etexilate? The simplest approach would
be to replace the complex current dosing recommendations with a linear dose decrease
in relation to impaired CLCr. In other words, if normal CLCr is 100 mL/min,17 then if CLCr
is 50 mL/min or half-normal, the MDR should be half-normal. This assumes that the drug
is effectively cleared entirely renally unchanged. As discussed above, given that both
dabigatran and its glucuronides appear to be renally eliminated,110 for dose adjustment
purposes, dabigatran could be treated as if its clearance is entirely dependent on renal
function. The data on plasma clearance of dabigatran in various degrees of renal
impairment support this approach (Table 3.2 above).199
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It should be noted that ‘standard’ MDR of dabigatran etexilate have been
‘established’ in the patient groups who are to be treated, and are therefore based on
different assumptions of starting CLCr values for different indications. In the single
published phase III study of dabigatran etexilate for AF, enrolled patients had a mean
CLCr of 73 mL/min.203 In the post-major orthopaedic surgery and post-VTE treatment
phase III trials, the mean CLCr values were 83-97 mL/min and 104-108 mL/min,
respectively.230-236 It could therefore be argued that for AF the reference CLCr is around
70 mL/min, while for VTE-related indications it is around 100 mL/min. MDR adjustment
can then proceed as follows;
,pq

=

,pq

×

( ,

70

Equation 3.1 Dabigatran etexilate MDR adjustment for AF

,ris

=

,ris

×

( ,

100

Equation 3.2 Dabigatran etexilate MDR adjustment for VTE-related indications

A patient with AF and a CLCr of 50 mL/min would therefore have around 70% of
the standard MDR, while a patient with VTE and the same CLCr would have 50% of the
standard MDR. In the case of AF, a patient with a CLCr of 100 mL/min could theoretically
have an increase in MDR of

<??
S?

or 1.42 times the standard MDR in order to achieve the

same AUC as a patient with a CLCr of 70 mL/min. Simulations by Liesenfeld et al. using
data from the RE-LY study support such dose-adjustment to account for renal
impairment.203 They demonstrated that halving the dabigatran etexilate MDR to 75 mg
twice daily in patients with CLCr of 29 mL/min achieved AUCs similar to that of 150 mg
twice daily in patients with CLCr of 73 mL/min. These simulations also suggest that
similar targets can be achieved with a MDR of 75 mg daily in patients with CLCr of 15
mL/min. Modelling data from Hariharan and Madabushi also support a similar fractional
dose-rate adjustment in relation to impaired renal function, although they concluded that
75 mg twice daily was appropriate for severe renal impairment (CLCr of 15-30 mL/min)
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based on a standard MDR of 150 mg twice daily in patients with moderate renal
impairment (CLCr of 30-50 mL/min).227
It is important to note that the precise proportional adjustment of the MDR is
restricted by the available dosage strengths and formulations. This is relevant in the case
of dabigatran etexilate where the available strengths from the manufacturer are capsules
of 75, 110 and 150 mg.175,225 In specific localities, these may be further limited by local
regulatory bodies. For example, in the United States, the FDA approved the 75 and 150
mg capsules, but not the 110 mg capsule for use in AF.226 In the summary review from
the FDA’s Center for Drug Evaluation and Research, the primary reason given for not
approving the 110 mg capsule was concern that clinicians would over-utilise this, and
deprive some patients of the benefit of using the higher 150 mg strength.239 However, a
pharmacological approach based on target plasma dabigatran concentrations would
support the availability of all three strengths to allow for flexibility with individualised
dosing.
At present, the dabigatran etexilate product information around the world175,224,225
and the guidelines from major international authorities182-184,229 state that laboratory
coagulation monitoring is not routinely required when using dabigatran. This is on the
basis of the aforementioned phase III trials, where laboratory coagulation testing was not
employed to guide dosing.202,230-236 However, the very strong relationships between
plasma dabigatran concentrations and anticoagulant effects would suggest that laboratory
coagulation monitoring could enhance the management of patients at higher risk of
thromboembolism and/or haemorrhage, such as the elderly240 and those in whom drugdrug interactions are potentially relevant.241
Data from the RE-LY trial enable a target concentration approach to dosing.242
The ‘typical AF patient’ treated with 150 mg twice daily in the RE-LY trial, using median
values, was a 72 year old, 80 kg male with a CLCr of 69 mL/min. The plasma
concentration range from the 10th percentile of the trough concentration, to the 90th
percentile of the peak concentration, is around 50-300 μg/L, and might be considered a
starting point for discussion regarding the desirable limits of exposure. A slightly
narrower range of 75-240 μg/L, derived from the 10th to 90th percentile for the AUC
related to this typical AF patient242 might be considered a useful target range.
Corresponding target ranges for clotting times may be derived based on these
93

concentration ranges. For example, using data from van Ryn et al., a target range for the
dTT that corresponds to dabigatran plasma concentrations of 75-240 µg/L is 55 to 65
seconds.177 However, the dTT is not a widely available assay.217 These ideas are explored
in greater detail later in this chapter (section 3.8).
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3.4 Chapter aims
We identified a number of lines of inquiry on the basis of the preceding
consideration of the literature regarding dabigatran etexilate.
As a relatively new drug, with the bulk of experience with its use coming from
clinical trials, it is useful to assess its utilisation in the real-world, under conditions that
are less controlled than those in the setting of drug development.243
Further, while some guidelines stipulate the use of CLCr, which is calculable using
the Cockcroft-Gault equation, to guide the dosing of dabigatran etexilate, it is unclear
how this compares with modern equations for estimating glomerular filtration rate
(GFR), such as the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
creatinine-only equation.33
As it is increasingly recognised that it is desirable to use one or more laboratory
coagulation tests to gauge dabigatran effect in a range of circumstances, it is useful to
document the relationship between coagulation assay results and plasma dabigatran
concentrations in real-world patients.241
It would be useful to measure plasma dabigatran concentrations in human plasma
to facilitate the investigations regarding the GFR equations and laboratory coagulation
tests. However, dabigatran assays are not widely available,223 and none was available in
Christchurch when we embarked on the studies below.
Finally, it would be valuable to employ a commonly available laboratory
coagulation test to guide dabigatran etexilate dosing.
We therefore pursued the following aims:
1) To audit prescribed dose-rates of dabigatran etexilate against those suggested
by renal function dosing guidelines in the setting of a tertiary hospital (section
3.5).
2) To develop a dabigatran assay in Christchurch according to the FDA
guidelines for bioanalytical method validation (section 3.6).
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3) To compare the correlations between dabigatran clearance and various GFR
equations, in the setting of internationally standardised creatinine and cystatin
C assays (section 3.7).
4) To examine the correlation between plasma dabigatran concentrations and
screening coagulation assays in ex vivo samples from real-world patients
(section 3.7).
5) To construct a proposal for the use of one or more screening coagulation
assays to provide feedback from, and thus provide a guide for, the dosing of
dabigatran etexilate in the individual patient (section 3.8).
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3.5 Study of dabigatran dosing in the real world
The licenced indications for dabigatran etexilate in New Zealand include
thromboprophylaxis a) in the setting of AF and b) following major orthopaedic surgery.
There is currently no national consensus on dosing dabigatran etexilate in New Zealand.
However, some dosing guidelines, particularly in relation to renal function, are available
in the New Zealand dabigatran etexilate product information (see Table 3.4 above).175
While the product information states that CLCr is used as a surrogate marker of renal
function, how this is determined is never explicitly stated. We assume that these
guidelines use the Cockcroft-Gault equation,30 because this equation was employed in
the RE-LY study.202 For the clinician, a convenient alternative for obtaining guidance in
terms of an individual’s renal function is from estimates of GFR from the laboratory,
which are widely reported automatically with plasma creatinine concentrations.83 The
equations used to calculate these estimates of GFR include the Modification of Diet in
Renal Disease (MDRD) Study equation,31,32 and, more recently, the CKD-EPI
equation.33
A number of questions arise from the use of dabigatran etexilate in the current
post-marketing environment, which are considered in the aims for this section.

3.5.1

Aims
We addressed the following aims by way of a descriptive study of patients

prescribed dabigatran etexilate at the point of discharge from hospitalisation at our
tertiary hospital:
1) To compare the prescribed dose-rates with those suggested by the renal
function dosing guidelines in the product information sheet,
2) Assess how these comparisons with these guidelines vary according to the
GFR equation used,
3) Document the frequency of potential drug interactions amongst patients
prescribed dabigatran etexilate,
4) Investigate the relationship between the presence of potential drug
interactions and prescribed dose-rates.
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3.5.2

Methods
The Christchurch Hospital inpatient dispensing data for dabigatran etexilate were

extracted for all patients for the 12 months following initial licensing i.e. 1 July 2011 to
30 June 2012. The electronic discharge summaries of these patients were then reviewed.
The Upper South A Regional Ethics Committee of New Zealand determined that full
ethics committee review of this study was not necessary (URA/11/EXP/049).

3.5.2.1 Participants
Patients were included if they were ≥ 18 y old at discharge, and dabigatran
etexilate was in their discharge medication list. If an individual had more than one
admission during the study period, only the earliest discharge summary was included.

3.5.2.2 Data collection
Data collected included age, sex, weight, indication for anticoagulation,
prescribed dabigatran etexilate dose-rate at discharge, and co-prescribed drugs at
discharge. In particular, drugs with potential pharmacokinetic and pharmacodynamic
interactions with dabigatran etexilate were recorded, including strong intestinal P-gp
inhibitors/inducers, proton-pump inhibitors (PPI) and anti-platelet drugs. Drugs were
considered to be strong intestinal P-gp inhibitors or inducers if they were described as
such in the dabigatran etexilate datasheets.244,245 Comorbidities associated with
haemorrhage as defined in the RE-LY study exclusion criteria were also noted.246 The
electronic laboratory results record was examined and the most recent plasma creatinine
concentration that was available at discharge was noted. Plasma creatinine concentrations
were measured using an isotope dilution mass spectrometry (IDMS)-aligned assay.
Table 3.6 details the manufacturer’s guidelines from the New Zealand datasheet,
as at 1 July 2012, on the dosing of dabigatran etexilate in relation to renal function.244
The dose-rates according to these guidelines were then compared with those prescribed
in the discharge summaries. Correspondingly, the prescribed dose-rates were classified
as ‘standard’, ‘high’ or ‘low’, in relation to renal function and indication (the GFR dosing
classification). For example, a patient with a GFR of 40 mL/min who is prescribed
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dabigatran etexilate 110 mg twice daily for AF would be classified as having a ‘standard’
dose-rate, whereas 150 mg twice daily in the same patient would be classified as being
‘high’.
Table 3.6 Manufacturer’s New Zealand dabigatran etexilate dosing recommendations
in relation to renal function as at 1 July 2012.244
Characteristic

MDR for AF

MDR for post-major
orthopaedic surgery
Standard MDR
150 mg twice daily
220 mg once daily
CLCr 30-50 mL/min
110 mg twice daily
150 mg once daily
CLCr < 30 mL/min
Contraindicated
Contraindicated
MDR, maintenance dose-rate; AF, atrial fibrillation; CLCr, creatinine clearance.

For each individual patient, we calculated three values of renal function, using
the Cockcroft-Gault, MDRD Study and CKD-EPI equations (see Chapter 1, Table 1.2).
Total body weight (TBW) was used as the weight descriptor in the Cockcroft-Gault
equation. For the MDRD Study and CKD-EPI equations, we calculated GFR in units of
mL/min/1.73m2, and used these values directly in relation to Table 3.6. We therefore
used the MDRD Study and CKD-EPI equations without considering the individual’s
body surface area (BSA), to simulate what many clinicians would do when dosing
dabigatran etexilate.157,247

3.5.2.3 Statistical analyses
All analyses were performed using Microsoft Excel 2010 and SPSS (IBM SPSS
Statistics for Windows, Version 19.0, IBM Corporation, Armonk, NY, USA). A P < 0.05
was considered statistically significant.
The frequencies of a number of biologically plausible covariates that can affect
dabigatran concentrations and/or effect were examined in the context of the GFR dosing
classification. The covariates included co-prescription of strong P-gp inhibitors/inducers,
PPI and anti-platelet drugs, age > 75 y, and comorbidities associated with haemorrhage.
Age > 75 y has been associated with increased bleeding risk compared with younger
patients even after accounting for renal function.240
Binary logistic regression was used to examine the correlation between renal
dosing classification and a number of biologically plausible covariates, including age,
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co-prescription of strong P-gp inhibitors/inducers, PPI and anti-platelet drugs, and
comorbidities associated with haemorrhage. The following model was employed;
tu

= vw × O − x × E y
z<

Equation 3.3 Binary logistic regression equation
where L is the log-likelihood function, x is a matrix with element xij, xij is the observed
value of the ith case of the jth parameter, w is a vector with element wi, wi is the weight
of the ith case, y is a vector with element yi, yi is the observed value of the ith case of the
dichotomous dependent, and πi is the probability of the dependent variable for the ith
case. The reason for using binary logistic regression was that few patients were in the
‘high’ dose-rate category, and so only those in the ‘low’ and ‘standard’ dose-rate
categories were examined for this analysis (see section 3.5.3 below). The ‘enter’ method
was used, whereby all covariates are included in the model, and analysis was repeated
using forward and backward conditional methods of logistic regression. This regression
was performed using the GFR dosing classification according to the Cockcroft-Gault
equation. Further, the regression was repeated using the CKD-EPI equation for
sensitivity analysis. The CKD-EPI equation was used instead of the MDRD Study
equation as the former is more accurate than the latter across a wide range of subgroups
and GFR values.248

3.5.3

Results
There were 387 dispensing episodes of dabigatran etexilate for inpatients during

1 July 2011 to 31 June 2012 at Christchurch Hospital. These were associated with 301
admissions. Of the discharge summaries following these admissions, 97 were excluded
for the following reasons: did not have dabigatran etexilate as a discharge medication (35
discharge summaries); repeat admissions for the same patients (61); under 18 y old at
discharge (1). Therefore, the discharge summaries of 204 unique individuals were
included in this study.
The patient characteristics are shown in Table 3.7. AF was the predominant
indication (93%, 190/204). Over half (53%, 109/204) were prescribed dabigatran
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etexilate 110 mg twice daily. Off-licence prescribing of dabigatran etexilate was present
in 6% (13/204) of patients. Plasma creatinine concentrations were performed at a median
of 2 days prior to discharge (interquartile range 1-3 days).
Table 3.7 Characteristics of patients dispensed, and discharged on, dabigatran
etexilate at Christchurch Hospital.
Characteristic*
Entire cohort With weights
n
204
86
Age, y
71 (28-90)
71 (40-88)
Male, n (%)
116 (57)
46 (53)
†
82 (46-160)
TBW, kg
Plasma creatinine concentration, μmol/L
90 (43-187)
89 (53-187)
‡
GFR equations
†
Cockcroft-Gault, mL/min
73 (27-163)
2
MDRD Study, mL/min/1.73m
66 (32-102)
66 (34-102)
CKD-EPI, mL/min/1.73m2
65 (27-136)
66 (31-136)
Anticoagulation indication, n (%)
AF
190 (93)
78 (91)
Post-major orthopaedic surgery
1 (<1)
0 (0)
Other§
13 (6)
8 (9)
Prescribed dabigatran etexilate dose-rates, n (%)
150 mg twice daily
73 (36)
34 (40)
110 mg twice daily
109 (53)
42 (49)
75 mg twice daily
21 (10)
10 (12)
220 mg once daily
1 (<1)
0 (0)
* Data are presented as median (range) unless otherwise specified.
†
TBW was not recorded, and hence the Cockcroft-Gault equation was incalculable
in 118 patients.
‡
See Chapter 1, Table 1.2 for details of GFR equations.
§
Venous thromboembolism treatment (6 patients), left ventricular thrombus (2),
dilated cardiomyopathy (2), heart failure with systemic embolic phenomena (2), nonAF dysrhythmia (1).
TBW, total body weight; MDRD, Modification of Diet in Renal Disease; CKD-EPI,
Chronic Kidney Disease Epidemiology Collaboration; AF, atrial fibrillation.

The classifications of dabigatran etexilate dose-rates at discharge in relation to
renal function for each of the three GFR equations are detailed in Table 3.8. Overall, 4647% of patients were prescribed dose-rates that were classified as ‘standard’, with 4953% ‘low’ and 1-5% ‘high’. Classification of the dose-rates using the Cockcroft-Gault
equation was in concordance with the MDRD Study equation in 68/86 (79%) patients,
and with the CKD-EPI equations in 68/86 (79%) patients. The classifications according
to the MDRD Study and the CKD-EPI equations were concordant in 201/204 (99%)
patients.
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Table 3.8 Classification of prescribed dabigatran etexilate dose-rates according to
three GFR equations.
Equation

Patients,
Standard,
Low,
High,
n
n (%)
n (%)
n (%)
Cockcroft-Gault* 86
40 (47)
42 (49)
4 (5)
MDRD Study
204
93 (46)
109 (53)
2 (1)
CKD-EPI
204
93 (46)
108 (53)
3 (1)
* TBW was available for the calculation of the Cockcroft-Gault equation in 86
patients.
MDRD, Modification of Diet in Renal Disease; CKD-EPI, Chronic Kidney Disease
Epidemiology Collaboration.

At least one potential drug interaction was present in 75% of patients (154/204).
The frequencies of the specific interactions are listed in Table 3.9. Of the patients who
were prescribed a ‘low’ dabigatran etexilate dose-rate in relation to the Cockcroft-Gault
equation, 35/42 (83%) had at least one of the covariates associated with increased
haemorrhage. Similarly, of those prescribed a ‘low’ dose-rate as classified by the CKDEPI equation, 91/108 (84%) had at least one of the covariates associated with increased
haemorrhage. These covariates included: co-prescribed strong P-gp inhibitor; coprescribed anti-platelet agent; age > 75 y; co-morbidity associated with haemorrhage. Of
the four patients who were prescribed a ‘high’ dose-rate according to the Cockcroft-Gault
equation, three were on a PPI, including one on a strong P-gp inducer; the fourth patient
was not prescribed either of these. Three patients were prescribed a ‘high’ dose-rate
according to the CKD-EPI equation, with one co-prescribed a PPI and none on strong Pgp inducers. Instead, none of the six patients co-prescribed strong P-gp inducers were
given a ‘high’ dose-rate of dabigatran etexilate according to the CKD-EPI equation, with
only one co-prescribed a strong P-gp inhibitor.
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Table 3.9 Prescribed dabigatran etexilate dose-rates classified by renal function equations in relation to other covariates.

Co-existing covariate†
Strong P-gp inhibitor‡
Strong P-gp inducer§
PPI¶
Anti-platelet agent††
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Strong P-gp inhibitor
and anti-platelet agent
Strong P-gp inducer
and PPI

Total
n (% of 204)
32 (16)
6 (3)
94 (46)
95 (47)

Prescribed dabigatran etexilate dose-rates
classified by Cockcroft-Gault equation (n = 86)*
Standard
Low
High
n (% of 40)
n (% of 42)
n (% of 4)
4 (10)
11 (26)
0 (0)
3 (8)
1 (2)
1 (25)
13 (33)
21 (50)
3 (75)
19 (48)
26 (62)
3 (75)

Prescribed dabigatran etexilate dose-rates
classified by CKD-EPI equation (n = 204)*
Standard
Low
High
n (% of 93) n (% of 108) n (% of 3)
11 (12)
21 (19)
0 (0)
5 (5)
1 (1)
0 (0)
42 (45)
51 (47)
1 (33)
39 (42)
54 (50)
2 (67)

21 (10)

2 (5)

9 (21)

0 (0)

5 (5)

16 (15)

0 (0)

3 (1)‡‡

1 (3)

0 (0)

1 (25)

3 (3)

0 (0)

0 (0)

Age > 75 y
82 (40)
11 (28)
19 (45)
4 (100)
20 (22)
61 (56)
1 (33)
Comorbidity associated 9 (4)
0 (0)
3 (7)
1 (25)
3 (3)
6 (6)
0 (0)
with haemorrhage§§
* Classification of dose-rates as per Table 3.8.
†
Some patients had more than one co-existing covariate.
‡
Amiodarone (24 patients), ciclosporin (1), verapamil (8; one also on amiodarone).
§
Phenytoin (5), carbamazepine (2), rifampicin (1).
¶
Omeprazole (66), pantoprazole (27), lansoprazole (1).
††
Aspirin (93), clopidogrel (10; 8 were also on aspirin).
‡‡
One of these patients was also co-prescribed a strong P-gp inhibitor, and prescribed a ‘standard’ dose-rate according to both equations.
§§
Major surgery within the previous four weeks (7), gastrointestinal haemorrhage within the preceding 12 months (1), advanced malignancy
with a life expectancy of less than three years (1).
CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; P-gp, P-glycoprotein; PPI, proton pump inhibitor.

The binary logistic regression model describing the relationship between the
covariates specified in the Methods (see section 3.5.2.3 above) and renal dosing
classifications according to the Cockcroft-Gault equation is presented in Table 3.10. The
four patients prescribed a ‘high’ dose-rate according to the Cockcroft-Gault equation
were excluded from this analysis because this was such a numerically small category,
leaving 82 patients (see Table 3.8 above). Using the ‘enter’ method, the overall model
was found to be statistically significant (χ2(6) = 18.6, P = 0.005), and predicted 68% of
renal dosing classifications correctly. The very large standard errors of the coefficients
(B values in Table 3.10) for the constant and the covariate comorbidity associated with
haemorrhage indicate that these two parts of the model did not contribute significantly
towards the explained variance of the model for dosing classification according to the
Cockcroft-Gault equation. Of the covariates, increasing age (P = 0.031) and the coprescription of strong P-gp inhibitors (P = 0.025) were found to be independent predictors
of patients being prescribed a ‘low’ dose-rate. These two covariates remained statistically
significant when forward and backward conditional methods for logistic regression were
performed.
Table 3.10 Binary logistic regression model for renal dosing classifications according
to the Cockcroft-Gault equation.
Covariate
B
SE (B)
P value Odds ratio (95% CI)*
Constant
−22.39
19909.53 >0.99
Not applicable
Age†
0.52
0.24
0.031
1.68 (1.05, 2.71)
Strong P-gp inhibitor
1.58
0.70
0.025
4.86 (1.22, 19.28)
Strong P-gp inducer
−1.44
1.55
0.35
0.24 (0.01, 4.96)
Anti-platelet agent
0.37
0.50
0.46
1.45 (0.54, 3.86)
PPI
0.28
0.52
0.59
1.32 (0.48, 3.62)
Comorbidity associated 20.89
19909.52 >0.99
1.18×109 (0, 1.80×10253)
with haemorrhage
* Odds ratios were calculated with the use of the binary logistic regression. An odds
ratio of more than 1 represents a greater likelihood of a ‘low’ dose-rate.
†
Categorised into decades, except for the < 50 y category, as there were few < 50 y
(6/82 patients).
P-gp, P-glycoprotein; PPI, proton-pump inhibitor.

As a sensitivity analysis, the CKD-EPI equation was used in constructing the
binary logistic regression model (Table 3.11). The three patients prescribed a ‘high’ doserate according to the CKD-EPI equation were excluded from this analysis because this
was such a numerically small category, leaving 201 patients (Table 3.8 above). Using the
‘enter’ method, the overall model was found to be statistically significant (χ2(6) = 56.6,
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P < 0.001), and predicted 72% of renal dosing classifications correctly. Of the covariates,
increasing age (P < 0.001) and the co-prescription of strong P-gp inhibitors (P = 0.003)
were found to be independent predictors of patients being prescribed a ‘low’ dose-rate.
These two covariates remained statistically significant when forward and backward
conditional methods for logistic regression were performed.
Table 3.11 Binary logistic regression model for renal dosing classifications according
to the CKD-EPI equation.
Covariate
B
SE (B)
P value
Odds ratio (95% CI)*
Constant
−2.25
1.54
0.15
Not applicable
†
Age
1.01
0.17
< 0.001
2.75 (1.97, 3.82)
Strong P-gp inhibitor
1.50
0.50
0.003
4.47 (1.67, 11.92)
Strong P-gp inducer
−2.53
1.36
0.063
0.08 (0.01, 1.15)
Anti-platelet agent
0.13
0.33
0.70
1.14 (0.59, 2.18)
PPI
−0.24
0.33
0.47
0.78 (0.41, 1.51)
Comorbidity associated 0.85
0.88
0.34
2.34 (0.41, 13.18)
with haemorrhage
* Odds ratios were calculated with the use of the binary logistic regression. An odds
ratio of more than 1 represents a greater likelihood of a ‘low’ dose-rate.
†
Categorised into decades, except for the < 50 y category, as there were few < 50 y
(15/201 patients).
CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; P-gp, Pglycoprotein; PPI, proton-pump inhibitor.

3.5.4

Discussion
Our data demonstrate that prescribers of dabigatran etexilate at a tertiary

institution appear to account for renal function to some extent. Further, lower dose-rates
were associated with increasing patient age and co-prescribed P-gp inhibitors. A clear
majority of patients in our dataset (75%) were co-prescribed medications with a potential
for interacting with dabigatran etexilate.
Renal function and intestinal P-glycoprotein function are important determinants
of dabigatran concentrations, which in turn correlate with clinical outcomes. An analysis
of the RE-LY study demonstrated that from the 10th to the 90th centiles of trough
dabigatran concentrations (23 to 238 µg/L), the annual risk of a life-threatening bleed
increased from 0.27% to 1.82%.198 Correspondingly, the annual risk of ischaemic stroke,
using the risk associated with warfarinised patients in RE-LY as the baseline, decreased
from 1.05% to 0.52%.198 As dabigatran assays are not readily available, dosing decisions
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for dabigatran etexilate are currently based on a clinical impression of predicted changes
in dabigatran concentrations that might arise as a consequence of these factors.
Prescribers at Christchurch Hospital appear to have taken renal function into
consideration when dosing dabigatran etexilate, at least in terms of avoiding excessive
dose-rates in patients with impaired renal function. This is not surprising, as doseadjustment in relation to renal function of drugs with a high fe is highly emphasised in
local dosing guidelines and was frequently noted in the discharge summaries.112
However, approximately 50% of patients were prescribed either ‘low’ or ‘high’ doserates in relation to renal function, which carries the potential for an increased risk of
thromboembolism or haemorrhage, respectively. It is thus reassuring that there was an
association between ‘low’ dose-rates in relation to renal function with a) the coprescription of strong P-gp inhibitors, which are expected to raise dabigatran
concentrations, as well as b) increased age, which is associated with increased bleeding
risk independent of renal function.240 However, the patients (16-17%) prescribed a ‘low’
dose-rate in the absence of covariates associated with increased haemorrhagic risk may
have been underdosed. Further, of the four patients prescribed a ‘high’ dose-rate
according to the Cockcroft-Gault equation, three had drug-drug interactions that could
potentially justify this. In comparison, this justification was applicable to only one of the
three patients prescribed a ‘high’ dose-rate according to the CKD-EPI equation.
Moreover, most of the patients co-prescribed a P-gp inducer were given a ‘standard’
dose-rate according to both the Cockcroft-Gault and CKD-EPI equations. Given that the
plasma dabigatran concentrations may be reduced by over 60% in these patients as a
consequence of the pharmacokinetic drug-drug interaction,193 a ‘high’ dose-rate could
arguably have been appropriate. Alternatively, it has been suggested that the combination
of dabigatran etexilate and P-gp inducers is not recommended.91,193 Therefore, there
appears to be room for improvement in the prescribing of dabigatran etexilate at
Christchurch Hospital. Feedback of the results of this study has been provided to clinical
teams with this in mind.
It is unclear which GFR equation was utilised by prescribers for each particular
individual in our study. For the period that was audited, the MDRD Study result was
reported routinely by the local hospital laboratory. The use of the MDRD Study and
CKD-EPI equations for guiding drug dosing is supported by a recent official position
statement from the Australasian Creatinine Consensus Working Group.84 However,
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locally, the Cockcroft-Gault equation is promoted in various drug dosing guidelines. It is
therefore of interest that there was disagreement in the dabigatran renal dose
classification between the Cockcroft-Gault and MDRD Study equations in 21% (18/86)
of the patients where the Cockcroft-Gault equation was calculable. This is higher than
the 12% discordance that Stevens et al. found between these two equations for a variety
of drugs, not including dabigatran etexilate.104 One explanation for this disparity in the
findings is that Stevens et al. adjusted the MDRD Study result for individual BSA. We
did not do this as we wanted to use the MDRD Study value in a manner that clinicians
are likely to have employed i.e. accepting the GFR value as given by the laboratory,
based on the assumption of a BSA of 1.73 m2.157,247 We found almost complete
concordance between the MDRD Study and CKD-EPI equations, which may be
explained as follows. One of the significant differences between the MDRD Study and
CKD-EPI equations is that the latter is more accurate at higher values of GFR.249 This
difference is less relevant in the case of the New Zealand dabigatran etexilate product
information dosing guidelines,244 as these do not distinguish patients with GFR > 50
mL/min. While the concordance rates are important to highlight, it is unclear which GFR
equation provides the best guidance for dosing dabigatran etexilate. This is investigated
in the study described in section 3.7 below.
The present study demonstrates that potential drug-drug interactions involving
dabigatran etexilate are frequently encountered in tertiary care. Since the publication of
the present study, another has also shown that pharmacokinetic drug-drug interactions
involving dabigatran etexilate are very common, involving 79% of 140 patients at a
tertiary care institution.250 It is currently unclear how these interactions should be
managed. For example, the manufacturer’s guidance in the product information
regarding strong P-gp inhibitors recommends dose-reduction in the setting of post-major
orthopaedic surgery thromboprophylaxis. However, the guidance in the product
information is more variable in relation to AF, with recommendations ranging from no
dose adjustment through to dose-reduction.175,244 This is inconsistent, and an important
issue, given that 16% of our patients were co-prescribed strong P-gp inhibitors. Further,
the guidance in the product information states that no dose adjustment is required with
PPIs, which the manufacturer has justified by stating that the associated 30% mean
reduction in dabigatran concentrations is not clinically relevant.192 However, we believe
this difference could be important, especially in those patients with plasma trough
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dabigatran concentrations that are already around the threshold of 50 µg/L, below which
there is a particularly increased risk of thromboembolism.251 This may be a common
occurrence in clinical practice, given that 17% of the patients on 150 mg twice daily of
dabigatran etexilate in the RE-LY study had trough steady-state concentrations below
this threshold.251 Finally, there are presently no clear guidelines on managing patients
with multiple co-prescribed drugs interacting with dabigatran etexilate. These include the
10% of our patients co-prescribed both a strong P-gp inhibitor and an anti-thrombotic
agent, where the haemorrhagic risk is expected to be particularly elevated. At the
opposite extreme, the three patients co-prescribed both a PPI and a strong P-gp inducer
are expected to be at higher risk of embolic phenomena. Both of these situations warrant
accurate clarification of the risk of an adverse event to guide clinicians in their
management of these patients.
A potential solution to the issues of dose-adjustment related to GFR equations
and drug-drug interactions is laboratory monitoring of plasma dabigatran concentrations.
However, dabigatran assays are not readily available, and uptake has not been
encouraged by the manufacturer of dabigatran. Alternatively, coagulation assay targets
based on plasma dabigatran concentrations that have been observed in the drug
development studies, may be employed, such as that suggested earlier in this chapter
(section 3.3.2 above) and by others.190 Ideally, the coagulation assay targets should be
based on data in relation to clinical outcomes. These ideas are examined in greater detail
in section 3.8 below.
We found that 6% of our patients were prescribed dabigatran etexilate for
indications other than AF and post-major orthopaedic surgery thromboprophylaxis. This
is evidence of indication creep (off-label prescribing), which has been estimated to
comprise 46% of prescriptions of pharmacological cardiac therapies.252,253 Further
studies are needed to clarify the appropriateness of the use of dabigatran for these
indications, as dabigatran does not necessarily have the same efficacy as warfarin in these
situations. For example, in a phase II study of patients with mechanical heart valves, the
use of dabigatran was reported to be associated with greater risks of both
thromboembolism and haemorrhage, compared with warfarin.254
There are a number of limitations to our study. The absence of anthropometric
data from most patient records hampered our efforts at using the Cockcroft-Gault
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equation. Further, this also meant that BSA was not calculable in most patients, which
should ideally be factored into dosing decisions where the MDRD Study and CKD-EPI
equations are used.83,102 We did not examine dabigatran etexilate dosing, or whether
interacting medications were added or subtracted, during the admission. We also did not
record the intended duration of co-prescribed drugs, as this was often difficult to discern
from the clinical notes. This would have been useful to determine the importance of the
potential drug-drug interactions. We did not record follow-up data from patients, either
in terms of changes to dabigatran etexilate dose-rates or thromboembolic/haemorrhagic
outcomes following discharge. Follow-up data could inform an assessment of the impact
of drug-drug interactions. We did not formally assess the risk of systemic embolism or
haemorrhage in individuals, which may have influenced prescribers in their dosing of
dabigatran etexilate, over and above considerations of renal function and drug-drug
interactions. Finally, we only studied tertiary hospital patients, who may not be
representative of all individuals in the community on dabigatran etexilate. For example,
the frequency of drug-drug interactions is expected to be lower amongst general practice
patients. Nonetheless, data from the tertiary setting can inform primary care, and vice
versa.
In conclusion, data from patients discharged from our tertiary institution
demonstrate that clinicians appear to avoid excessive dosing of dabigatran etexilate in
relation to renal function. Furthermore, lower prescribed dose-rates were associated with
increasing patient age and concurrent strong P-gp inhibitors. However, we also identified
some room for improvement. Potential drug-drug interactions involving dabigatran
etexilate were present in most patients. It is currently unclear which GFR equation is best
to guide dabigatran etexilate dosing, and how dosing should be adjusted to accommodate
various drug-drug interactions.
Later in this chapter, we attempt to address these issues in two ways. First, in
section 3.7, we compare the performances of the GFR equations in terms of explaining
the inter-individual variance in plasma dabigatran concentrations. Further, we assess the
correlations of the screening coagulation assays with plasma dabigatran concentrations
in a post-marketing setting to gauge the suitability of these assays for estimating
dabigatran concentrations in real-world patients. Second, in section 3.8, we construct a
target range of plasma dabigatran concentrations based on clinical outcomes, and propose

109

the use of a commonly available screening coagulation assay for discerning whether or
not patients are within this target concentration range.
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3.5.5
•

Key findings

Of 204 patients discharged on dabigatran etexilate at Christchurch Hospital, few (15%) were dosed excessively in relation to renal function at Christchurch Hospital.
Around half (49-53%) of patients were prescribed low dose-rates in relation to renal
function.

•

Concordance between GFR equations for guiding the dosing of dabigatran etexilate
was 79% when comparing the Cockcroft-Gault equation with either the MDRD Study
or CKD-EPI equations, and 99% between the MDRD Study and CKD-EPI equations.

•

Most patients (75%) were co-prescribed drugs that potentially interact,
pharmacokinetically and/or pharmacodynamically, with dabigatran etexilate.

•

Lower dose-rates of dabigatran etexilate in relation to renal function were associated
with increasing patient age and the co-prescription of strong P-gp inhibitors.
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3.6 LC-MS/MS assay of dabigatran in human plasma
Dabigatran assay methods have been briefly described in many publications
involving clinical trials of dabigatran etexilate. However, none of these have detailed the
method to the standard required by the FDA.255
Delavenne et al. (2012) recently met the FDA bioanalytical method standard in a
published assay for plasma dabigatran employing liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS). Their calibration curve was linear for plasma
dabigatran concentrations in the range of 1-500 µg/L. This range covers the 10th
percentile of trough concentrations observed in the lower dabigatran etexilate dose-rate
arm (110 mg twice daily) of the RE-LY study (28 µg/L),198 as well as the 90th percentiles
of peak concentrations from both dabigatran etexilate arms from this study (320 µg/L).203
We decided to develop a LC-MS/MS dabigatran assay based on the assay method
by Delavenne et al. to support our clinical study of patients on dabigatran etexilate.

3.6.1

Aim
To develop a dabigatran assay in Christchurch according to FDA assay validation

guidelines.

3.6.2

Methods
The assay was developed in the Toxicology section of the Biochemistry

Department of Canterbury Health Laboratories, Christchurch, New Zealand. The
Canterbury Health Laboratories provides services to health facilities throughout the
Canterbury region, and other parts of New Zealand, and is the primary laboratory for
Christchurch Hospital.256

3.6.2.1 Reagents
Dabigatran and [13C6]-dabigatran were purchased from Alsachim (Strasbourg,
France). High pressure liquid chromatography (HPLC) grade methanol and
dimethylsulfoxide (DMSO) were purchased from BDH (Poole, UK). Distilled, deionised
water was produced by a Milli-Q Reagent Water System (Millipore, MA, USA). Human
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EDTA plasma was obtained from healthy volunteers for use as the assay blank and for
the preparation of standards.

3.6.2.2 Standards
The stock standard solution of dabigatran (2.0 mg/mL) was prepared by
dissolving 10.0 mg of dabigatran in the mixture of DMSO and 50 mmol/L aqueous HCl
(95:5, v/v). Two sets of the same stock standard solution were prepared for standard curve
and for quality control (QC) samples, respectively. The intermediate standard solution of
dabigatran (50 µg/mL) was prepared by diluting 25 µL of the stock solution into 1.0 mL
of DMSO and 50 mmol/L aqueous HCl (95:5, v/v). A calibration curve was constructed
by spiking drug-free EDTA plasma with dabigatran intermediate standard solution in the
range 5.0-1000 µg/L. Bulk plasma dabigatran QC standards were prepared in single 5.0
mL aliquots by spiking drug-free EDTA plasma with dabigatran intermediate standard
solution, and stored in multiple 50 µL aliquots at −80 °C to assay with each analytical
run, in the following concentrations: 5.0, 50, 200 and 1000 µg/L.

3.6.2.3 Sample collection and preparation
A volume of 5-10 mL of whole blood was collected in EDTA tubes and
centrifuged for 15 minutes to separate plasma. The plasma samples were stored at −80
°C until analysed. Dabigatran and the internal standard, [13C6]-dabigatran were extracted
from plasma by a simple deproteinisation step. A volume of 450 µL of the internal
standard, [13C6]-dabigatran 10 µg/L in methanol and 0.1 mmol/L aqueous HCl (9:1, v/v),
was added to 50 µL of each of blank, standard, QC or patient plasma samples. The
mixture was vortexed to precipitate the proteins. After centrifugation at 15,000 × g for 5
min at room temperature (22.0 ± 1.0 °C), a 50 µL aliquot of clear supernatant was mixed
with 500 µL of water and transferred to the autosampler vial. A volume of 10 µL was
injected into the LC-MS/MS system.
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3.6.2.4 Instrumentation and analytical conditions
An Agilent 6460 Triple Quadrupole LC/MS System was used for dabigatran
analysis. This comprised an Agilent 1290 Infinity LC coupled to an Agilent 6460 Triple
Quadrupole Mass Spectrometer with Agilent JetStream (Agilent Technologies, Santa
Clara, CA, USA). A Poroshell 120 EC C18 2.7 µm, 50 × 3.0 mm internal diameter
analytical column equipped with a ZORBAX Eclipse Plus C18 5 µm, 12.5 × 2.1 mm
internal diameter guard column (Agilent Technologies, Santa Clara, CA, USA) was used.
The mobile phase consisted of solvent A (water containing 0.2% formic acid and
10 mmol/L ammonium formate) and solvent B (acetonitrile). The flow rate was set at 0.6
mL/min. The initial condition was 99% solvent A and 1% solvent B. A linear gradient
was performed with mobile phase B increasing from 1% to 5% within 1 min. Mobile
phase B was further increased from 5% to 90% between 1 and 2 min. After 3.5 min, the
mobile phase was returned to the initial condition and re-equilibrated for 1.5 min. Under
these conditions, both dabigatran and [13C6]-dabigatran eluted at 1.94 min. The total
analysis time was 5 min. The mass spectrometer was operated in the positive ion mode.
Drying gas temperature was 300 °C, and flow rate was 10 L/min, nebuliser gas pressure
was 25 psi, capillary voltage was 3500 V, and sheath gas temperature and flow rate were
300 °C and 12 L/min, respectively.
Data acquisition was performed via multiple-reaction monitoring (MRM). The
optimized precursor-to-product ion transitions monitored for dabigatran [M + H]+ and
[13C6]-dabigatran [M + H]+ were m/z 471.5→289.1 and m/z 477.5→295.1 with
fragmentor voltage 160 V and collision energy 26 V for both the transitions. MassHunter
Workstation Software (B.05.00, Agilent Technologies, Santa Clara, CA, USA) was used
to control equipment, to coordinate data acquisition, and to analyse data.

3.6.3

Results
The dabigatran and the internal standard [13C6]-dabigatran peaks were free of

interference from endogenous substances present in drug-free plasma; representative
MRM chromatograms are presented in Figure 3.2.
The plasma standard curve of dabigatran was adequately fitted by 1/x weighted
quadratic regressions (R > 0.999) over the concentration range of 5.0 to 1,000 µg/L. The
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absolute recoveries (mean ± SD %, n = 6) of dabigatran at concentrations of 5.0, 50, 200
and 1,000 µg/L were 96 ± 10%, 88 ± 13%, 105 ± 6%, 99 ± 8%, respectively. The absolute
recovery of the internal standard [13C6]-dabigatran at the concentration employed in the
assay was around 96 ± 10%.
The matrix factors (mean ± SD, n = 6), determined at QC concentrations of 5.0,
50, 200 and 1,000 µg/L for dabigatran, were 0.90 ± 0.10, 0.95 ± 0.06, 0.88 ± 0.09, 0.88
± 0.07, respectively. The matrix factor for the internal standard [13C6]-dabigatran was
0.93 ± 0.08. When normalised for the internal standard, the matrix factors for the four
QC concentrations were 0.98 ± 0.13 (coefficient of variation, CV 14%), 0.97 ± 0.04 (CV
4%), 0.97 ± 0.04 (CV 5%) and 0.97 ± 0.03 (CV 4%), respectively. There were thus no
significant matrix effects as the CVs in all cases were < 15%.257
Table 3.12 shows the bias and imprecision of the assay. The allowable limits
specified by the FDA are mean biases of ± 15%, and intra- and inter-day CVs of 15%,
except at the lower limit of quantification (LLOQ), where a mean bias of ± 20% with
intra- and inter-day CVs of 20% are allowed.255 The mean values were within ± 9% of
the spiked values. Imprecision was small, as indicated by both intra- and inter-day CV of
< 5.0% at all concentrations from 5.0 to 1,000 µg/L, except for inter-day CV at the LLOQ
of 5.0 µg/L, which was 12%. As this CV of 12% for 5 µg/L is somewhat distant from the
allowable limit of 20% for the LLOQ, an inter-day CV of < 20% may have been
achievable with lower dabigatran concentrations, such as 1 µg/L. An LLOQ of 1 µg/L
was attempted; however, following the measurement of a sample containing 1000 µg/L
of dabigatran, carryover of 0.5 µg/L in blank samples was measured, which could
substantially add (percent-wise) in a factitious manner, to a sample with 1 µg/L. Further,
it was deemed that dabigatran concentrations lower than 5 µg/L in our patient samples
would be very unlikely to be present, given that the 10th centile of concentrations in the
RE-LY study was around 30-40 µg/L.198 We subsequently found that the lowest plasma
dabigatran concentration from our patient samples was 9 µg/L (see section 3.7.3 below).
Dabigatran was found to be stable in plasma for at least four freeze-thaw cycles
when stored at −80 oC. The plasma QC samples at concentrations of 5.0, 50, 200 and
1,000 µg/L were stable for at least 4 weeks at −80 oC. The dabigatran stock standard
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solution was shown to remain stable for at least 4 weeks at −30 oC. The processed
samples were stable for at least 48 hours at 4 oC.
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[13C6]-dabigatran 477.5→295.1

Dabigatran 471.5→289.1
a)

b)

c)

d)

Figure 3.2 Representative MRM chromatograms of a) blank plasma, b) plasma sample
spiked with dabigatran (5.0 µg/L), c) plasma sample spiked with dabigatran (200 µg/L)
and d) plasma sample from a patient on dabigatran (88 µg/L).
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Table 3.12 Intra- and inter-day assay bias and imprecision of the determination of
dabigatran in human plasma (n = 6 on 9 separate days).
Sample

Intraday
LLOQ
QC1
QC2
QC3

Concentration spiked
(µg/L)

Concentration
found (mean ± SD,
µg/L)

Bias
(%)

5.0
50
200
1000

4.6 ± 0.2
50 ± 1
209 ± 8
1047 ± 22

−8.3
0.0
4.3
4.7

Imprecision CV
(%)

4.7
2.1
3.7
2.1

Interday
LLOQ
5.0
4.8 ± 0.6
−4.9 11.8
QC1
50
51 ± 2
2.5
4.3
QC2
200
206 ± 6
3.1
2.9
QC3
1000
1032 ± 30
3.2
2.9
CV, coefficient of variation; LLOQ, lower limit of quantification; QC, quality
control.

3.6.4

Discussion
A fast and sensitive LC-MS/MS assay for the quantification of dabigatran

concentrations in human plasma was successfully developed and validated, according to
FDA guidelines.

118

3.6.5
•

Key findings

An LC-MS/MS method for measuring plasma dabigatran concentrations in human
plasma was developed using [13C6]-dabigatran as the internal standard.

•

Deproteinisation of test plasma was achieved with methanol. Separation was
performed by liquid chromatography using a Poroshell 120 EC C18 2.7 µm, 50 × 3.0
mm internal diameter analytical column. The mobile phase consisted of a mix of
acetonitrile, and water containing 0.2% formic acid and 10 mmol/L ammonium
formate. MRM transitions were recorded in positive ion mode.

•

Absolute recoveries (mean ± SD %, n = 6) of dabigatran at QC concentrations of 5.0,
50, 200 and 1,000 µg/L were 96 ± 10%, 88 ± 13%, 105 ± 6%, 99 ± 8%, respectively.
Mean biases were within 91-109%, and intra/inter-day CVs were below 12%, for all
QC concentrations. The LLOQ was 5.0 µg/L.
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3.7 Correlations of plasma dabigatran concentrations with estimates of
GFR and clotting times
Renal function is a major determinant of dabigatran effect as both dabigatran and
its active metabolites, the dabigatran glucuronides, are mainly cleared by the
kidneys.110,199 Hence, it has been recommended that maintenance dose-rates of
dabigatran etexilate should be adjusted to take renal function into account.91,184,229,258
For routine clinical practice, it is recommended that renal function is estimated
using equations for estimating GFR that employ the plasma concentrations of
endogenous compounds that are renally cleared.13,17 The Cockcroft-Gault equation,30
which uses the endogenous renal biomarker, creatinine, has been used for many years to
gauge renal function in relation to drug dosing.82 It was used in the RE-LY trial that
compared dabigatran etexilate with warfarin in patients with AF,202 and has been
recommended by some authorities for guiding the dosing of dabigatran etexilate.91 More
recently, the CKD-EPI creatinine-only equation has become one of the most commonly
used GFR equations.33,156,157 Cystatin C is an alternative renal biomarker that has
received considerable attention.259 Several cystatin C-based GFR equations have been
developed that are traceable to the international reference material, ERM-DA471/IFCC,
including the CKD-EPI equations that feature cystatin C.34,35 Given the absence of a
validated method for monitoring the effectiveness of dabigatran, and given that
dabigatran concentrations correlate with clinical outcomes,204,220 identifying the GFR
equation that best correlates with dabigatran concentrations would support the prescriber
in deciding which equation to use.
Coagulation assays are potentially useful adjuncts to monitoring GFR in
managing patients taking dabigatran etexilate. There is increasing appreciation that
coagulation monitoring is desirable, at least in specific settings, such as guiding
management in the setting of an acute thromboembolic or haemorrhagic
event.91,177,190,209,260-262 Most of the published reports examining the impact of plasma
dabigatran concentrations on coagulation assay results have used data either from plasma
spiked with dabigatran (in vitro), or from healthy volunteers administered
dabigatran.177,205,213,216-219 There is also an emerging body of literature consisting of
reports using ex vivo data from patients treated with dabigatran, outside of drug
development studies.221-223,263 Of the assays that have been examined, the dTT is often
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highlighted as the best coagulation assay for assessing individuals treated with
dabigatran, since it explains a high proportion of the variance in plasma dabigatran
concentrations (R2 > 0.90, see Table 3.3 above).177,217,218,221-223 A commercialised
example of the dTT is the Hemoclot® Thrombin Inhibitor assay (HTI, Hyphen BioMed,
Neuville-sur-Oise, France). The HTI is a TT assay with an additional step involving an
8-fold dilution of the test plasma in saline followed by a further 2-fold dilution in normal
pooled plasma.218 This step is thought to minimise the variance in the resulting clotting
time stemming from inter-individual variation in plasma fibrinogen concentrations.217
At present, the abilities of the existing GFR equations to describe differences in
dabigatran concentrations have not been assessed and compared.101 The primary aim of
the current study was to evaluate the correlation of trough concentrations of dabigatran
at steady-state with contemporary GFR equations. Further, of the published ex vivo realworld studies, we are aware of only one that examined all the screening coagulation
assays (INR, APTT and TT) in relation to patients treated with dabigatran,221 and none
have examined the influence of different plasma fibrinogen concentrations. We aimed to
add to the existing published real-world experience with data we collected as part of the
GFR study, and to examine the relationship between measured TT and plasma fibrinogen
concentrations.

3.7.1

Aims
We pursued the following aims during an observational study of patients

prescribed dabigatran etexilate:
1) To evaluate the correlation of trough concentrations of dabigatran at steadystate with four contemporary GFR equations, including the Cockcroft-Gault,
CKD-EPI creatinine-only, CKD-EPI cystatin C-only and CKD-EPI
creatinine-cystatin C equations (for details of these equations, see Chapter 1,
Tables 1.2 and 1.3),
2) To examine the correlation of plasma dabigatran concentrations with the INR,
APTT, TT and dTT,
3) To test the hypothesis that some of the variability in the measured TT between
patients can be explained by variability in plasma fibrinogen concentrations.
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3.7.2

Methods
This observational study was carried out in Christchurch, New Zealand, with

recruitment and sample collection between July 2012 and May 2013.
In the original project plan, it was intended to collect blood samples to coincide
with the expected peak and trough plasma concentrations from each patient i.e. samples
at two time-points within a dosing interval. The Upper South B Regional Ethics
Committee, New Zealand provided ethical approval for this study (URB/12/02/009).
Subsequently, the project was expanded to include the development of a population
pharmacokinetic dabigatran model (not described in this thesis, still in progress), which
involved a subset of patients providing samples at five time-points within a dosing
interval. To reflect this addition, an amended ethics application was thus submitted and
approved (URB/12/02/009 AM01).
Recruited participants were offered the opportunity to provide either two or five
sets of samples within a dosing interval. Each participant in the study provided written
consent.

3.7.2.1 Participants
Patients with AF, treated with dabigatran etexilate and aged ≥ 18 y, were included
if they had been on the same dose-rate for at least seven days and had not missed any
doses in the seven days prior to the study day (self-reported). Patients were assumed to
have steady-state dabigatran concentrations after dosing for seven days, given that the
t½β of dabigatran is 14-28 hours for individuals with GFR of 21-110 mL/min.199
Individuals were excluded if, on the study day, they: were on glucocorticoid
therapy; had untreated hypothyroidism / thyrotoxicosis; had acute illness requiring
hospitalisation. Patients were otherwise eligible if at the time of blood samples they were:
outpatients in the community; electively admitted for diagnostic tests; or were inpatients
for physical rehabilitation.
Age, sex, weight, height, dabigatran etexilate dose-rates, co-prescribed
medications, and comorbidities were recorded. Using these data, we calculated each
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individual’s CHA2DS2-VASc and HAS-BLED scores, which estimate thromboembolic
and haemorrhagic risks, respectively.264,265
GFR was estimated for each individual using the four equations stated in the study
aims (section 3.7.1 above). The results from the various CKD-EPI equations were
converted from units of mL/min/1.73 m2 to mL/min by proportionally adjusting for each
individual’s BSA (see Chapter 1, Equation 1.5).74,102,143,150,266 Mosteller’s equation was
used for estimating BSA (see Chapter 2, Table 2.5).143

3.7.2.2 Sample collection and laboratory analysis
Each recruited patient provided either two (2 and 10-16 h post-dose) or five (1,
2, 4, 8 and 10-16 h post-dose) sets of venous blood samples in a single day. At each timepoint, both plasma dabigatran concentrations (BD Vacutainer® K2 EDTA tubes) and
clotting times (BD Vacutainer® citrate tubes) were measured. For each patient, additional
venous blood at one time-point was collected to measure plasma creatinine and cystatin
C concentrations, as well as plasma free thyroxine and thyroid stimulating hormone
(TSH) concentrations (BD Vacutainer® lithium heparin tubes). Blood cells from the
EDTA tubes were used for genotyping.
Samples were centrifuged without delay and the plasma separated from the blood
cells. Most analytes were measured on the same day as the blood collection. For
genotyping and the measurement of plasma dabigatran concentrations and HTI, the blood
cells and aliquoted plasma supernatant were stored at −80 °C until analysis.
Plasma creatinine was measured using an Abbott® Aeroset analyser (Abbott Park,
IL, USA) by the modified Jaffe reaction. This was IDMS-aligned for the period of this
study and had a CV of < 4.0%. Plasma cystatin C was measured using a particle-enhanced
nephelometric immunoassay on a Behring Nephelometer II analyser (Siemens
Diagnostics, Marburg, Germany), with a CV < 4.5%.163 The use of a contemporary
Siemens assay for cystatin C is consistent with the recommendations by Shlipak et al.164
Siemens calibrators standardised to the international certified cystatin C reference
material (ERM-DA471/IFCC) were employed.80 Plasma free thyroxine (CV < 5.8%) and
TSH (CV < 6.4%) were measured using an Abbott® Architect analyser (Abbott Park, IL,
USA) by a chemiluminescent microparticle immunoassay.
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3.7.2.2.1 Dabigatran assay
Plasma dabigatran concentrations were analysed by the validated LC-MS/MS
method described in section 3.6 above. All patient samples were analysed in triplicate.
For each sample, the mean value of the triplicates was used if all three replicate values
were within 95-105% of the mean. If this criterion was not met, then the replicate value
furthest from the triplicate mean was excluded, and the mean of the remaining two
replicates was used.

3.7.2.2.2 Coagulation-related assays
Samples were analysed using the conventional screening assays, including the
INR, APTT and TT. Additionally, samples were analysed for the dTT by using the HTI
assay. Plasma fibrinogen concentrations were measured using the Clauss method.267 All
of these coagulation-related assays were performed on an ACL TOP 700 instrument
(Instrumentation Laboratory, Bedford, MA, USA). Details of the reagents and precision
of these assays are provided in Table 3.13.
Table 3.13 Details of coagulation-related assays.
Assay
INR

Clot-activator reagent
HemosIL Recombiplastin 2G

Inter-day CV
2.4% at 1.0
4.4% at 2.5

Reference range*
0.8-1.2

APTT

Triniclot APTT HS

2.5% at 29 s
4.5% at 70 s

23-35 s

TT

HemosIL Thrombin Time

5.3% at 30 s

18-28 s

dTT

HTI α-thrombin

10.8% at 100 µg/L
4.7% at 280 µg/L

Not available

Fibrinogen HemosIL Fibrinogen C

5.5% at 2.2 g/L
1.5-4.0 g/L
6.0% at 1.0 g/L
* Canterbury Health Laboratories values for normal adults.
CV, coefficient of variation; INR, International Normalised Ratio; APTT, activated
partial thromboplastin time; TT, thrombin time; dTT, dilute thrombin time.
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3.7.2.2.3 ABCB1 and CES1 genotyping
DNA was collected from white blood cells using guanidine isothiocyanate
extraction.268
Genotyping for ABCB1 single nucleotide polymorphisms (SNPs) rs1045642,
rs1128503 and rs4148738 was performed using the pre-designed SNP TaqMan® assays
C_7586657_20, C_7586662_10, and C_1253813_10, respectively. ABCB1 rs2032582 is
a tri-allelic SNP, and therefore separate pre-designed assays, C_11711720D_40 and
C_11711720C_30, were needed in order to identify the two minor alleles ABCB1 2677A
and ABCB1 2677T. Results of each ABCB1 rs2032582 assay were analysed separately
and then combined to determine the overall minor allele frequency for this SNP.
Genotyping for CES1 SNPs rs8192935, rs2244613, rs412223 was performed
using custom designed SNP TaqMan® assays.
All genotyping assays were sourced from Applied Biosystems (Applied
Biosystems, Carlsbad, CA, USA). Each reaction was performed in a total volume of 5
µL following the recommendations of the manufacturer’ and run on a Roche
LightCycler® 480 Real-Time PCR System (Roche Diagnostics Corporation, IN, USA) in
384-well format. Briefly, the thermal cycling conditions comprised an activation step of
10 min at 95 °C, followed by 40 cycles of denaturation (15 s at 92 °C) and
annealing/extension (1 min at 63 °C). Genotypes were assigned using endpoint
genotyping analysis software (Roche Diagnostics Corporation, IN, USA).
The accuracy of the TaqMan® assays was confirmed by repeat analysis of 10%
of samples. Concordance between original and repeat genotype calls was 100% for the
two assays. PLINK software was used to test for deviations in Hardy-Weinberg
Equilibrium (HWE).269

3.7.2.3 Statistical analysis
Statistical analysis was performed using GraphPad Prism (version 6.03,
GraphPad Software, La Jolla, CA, USA) and SPSS (IBM SPSS Statistics for Windows,
Version 20.0, IBM Corporation, Armonk, NY, USA). A P value < 0.05 was considered
statistically significant.
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When the present study was conceived in 2011, the intention was to correlate the
apparent oral dabigatran clearance with estimated GFR. The apparent oral dabigatran
clearance would be calculated using steady-state peak (2 h post-dose) and trough
concentrations (10-16 h post-dose). This changed to a study correlating steady-state
trough concentrations with estimated GFR. This was for two reasons. Firstly, while the
median (10th to 90th percentiles) ratio of peak to trough concentrations has been reported
to be 1.9 (1.7-2.4),242 almost half of our patients had measured peak concentrations that
were less than 1.7 times the corresponding trough concentrations. This is likely to be a
consequence of two factors: patients in our study were not fasted and a significant
minority were on a PPI. Both fatty food and PPI therapy have been shown to delay the
time to peak dabigatran concentrations (tmax) by around 2 h.192,198 Sampling at 4 h rather
than 2 h post-dose may provide a more accurate reflection of concentrations at tmax under
these circumstances. Secondly, the publication of the analysis of dabigatran
concentrations in relation to clinical outcomes in the RE-LY study showed that steadystate trough concentrations are clinically relevant markers of effect.204
While the peak plasma dabigatran concentrations were not used for the primary
GFR-related analysis, they were used for the analyses concerning the coagulation-related
assays.

3.7.2.3.1 Correlating dabigatran concentrations with GFR estimates
The analysis was conducted in two stages, as follows;
1) Dose-corrected trough plasma dabigatran concentrations at steady-state
(dabigatrantrough,ss, with units of µg/L per mg/day) were regressed against nonrenal clinical factors (covariates) known to alter dabigatran exposure (see
Table 3.2 above), as well as the time period between the last dose of
dabigatran etexilate and the trough sample. Other than the time period, which
was treated as a continuous variable, all of the non-renal covariates were
treated as nominal variables. The dabigatrantrough,ss values were logtransformed, and were tested for normality using the D’Agostino-Pearson
omnibus test (with P > 0.05 indicating that the data passed the normality test).
If these data were judged to be normally distributed, the log-transformed
dabigatrantrough,ss values were then converted to z-scores (standardised
values). Covariates were entered simultaneously into a multiple linear
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regression model based on biological plausibility rather than statistical
criteria. These covariates included those that have been found in the literature
to significantly correlate with either dabigatran AUC or trough plasma
concentrations. Using this model, standardised residuals were generated for
each individual.
2) The estimates of GFR (in units of mL/min) from each of the four equations
were standardised (z-scores) and then correlated (R2), in turn, with the
standardised residuals from the regression model described above. The R2
values from each of the four GFR equations were compared on the basis of
the 95% CI of each R2 value. Further, the unstandardised residuals, from the
correlation between each GFR equation and the standardised residuals of the
multiple linear regression model, were compared using repeated measures
one-way analysis of variance (ANOVA). Finally, the z-scores of the GFR
equation with the highest R2 was included in the final multiple linear
regression model, and the R2 of this model for the z-scores of the logtransformed dabigatrantrough,ss was calculated.
These analyses were repeated after excluding patients on corticosteroids and/or
with abnormal thyroid function tests. Corticosteroid therapy and abnormal thyroid
function tests have been demonstrated to substantially affect plasma cystatin C
concentrations,133 and therefore would be expected to impact on cystatin C-based GFR
equations.
As we did not measure the renally cleared active metabolites of dabigatran, the
dabigatran glucuronides, we correlated the dTT times with the measured
dabigatrantrough,ss. The dTT assay is a metric for assessing the total concentration of all
thrombin inhibitors present in the plasma sample.218 A high R2 suggests that measured
plasma dabigatran concentrations reflect the concentrations of all thrombin inhibitors.
As we were not aware of any previous comparison between the correlations of
estimated GFR from renal function equations with measured dabigatran concentrations,
the data in the literature were considered to be inadequate to inform an a priori power
analysis to calculate sample size.
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3.7.2.3.2 Correlating dabigatran concentrations with clotting times
Linear regression analysis was used to determine the lines of best fit, and the
explained variance, R2, to describe the relationships between the coagulation assays and
plasma dabigatran concentrations. The exception to this was the APTT, for which a linear
regression model involving the square root of the dabigatran concentration was
employed, as has been used by others.205 For the TT, Canterbury Health Laboratory has
a maximum reported time of 300 s. For the purpose of presentation in the correlation
plots, values > 300 s were set to 300 s, but have not been included in the linear regression
analyses involving TT.
Linear regression analysis was used to determine the line of best fit and the R2 to
describe the relationship between TT and plasma fibrinogen concentrations. The
relationship between plasma fibrinogen and dabigatran concentrations was also
examined, because dabigatran has been reported to interfere with fibrinogen assays that
employ the Clauss method, such as that used in this study, leading to artefactually
reduced measured fibrinogen concentrations.216,270,271
The R2 of a linear regression model including both plasma dabigatran and
fibrinogen concentrations against TT was generated. To discern the contribution of
plasma fibrinogen concentrations towards the variability in measured TT, the plasma
fibrinogen concentrations were transformed into standardised values (z-scores). Further,
the standardised residuals from the linear regression of TT against plasma dabigatran
concentrations were generated. The standardised fibrinogen values, and separately the
standardised residuals, were tested for normality using the D’Agostino-Pearson omnibus
test (with P > 0.05 indicating that the data passed the normality test). If normality was
demonstrable, the standardised fibrinogen values were then linearly regressed against the
standardised residuals.

3.7.3

Results
A total of 52 patients were recruited. These comprised 44 who provided two sets

of blood samples, two who provided one set, and six who provided five sets, for a total
of 120 sets of samples. All 52 patients provided a trough sample set.
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The characteristics of the 52 patients are provided in Table 3.14. The mean
precision (CV, of triplicates) of the dabigatran concentrations for the 120 samples was
1.5%. The triplicate values were within 95-105% of the triplicate mean value for 115/120
samples (96%). For the remaining five samples, the value furthest from each triplicate
mean was excluded, and a duplicate mean value based on the remaining two replicates
was calculated. The resulting duplicate values for these nine samples were within 95105% of the duplicate mean values. All measured concentrations were within the
analytical range of 5-1000 µg/L.
The ABCB1 and CES1 genotype and allele frequencies of the patients are shown
in Table 3.15.
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Table 3.14 Characteristics of patients in the study of dabigatran and estimated
GFR/coagulation assays.
Characteristic
Median (range)*
n
52
Age, y
67 (38-94)
Male, n (%)
41 (79)
Weight, kg
95 (56-187)
Height, m
1.75 (1.55-1.93)
31.6 (18.4-55.8)
BMI, kg/m2
BSA, m2
2.16 (1.61-3.08)
CHA2DS2-VASc
3 (0-7)
HAS-BLED
1 (0-4)
Dabigatran etexilate MDR at sampling
75 mg twice daily, n (%)
3 (6)
110 mg twice daily, n (%)
24 (46)
150 mg twice daily, n (%)
25 (48)
Duration on dabigatran etexilate, weeks†
6.0 (1.5-52.0)
GFR equations‡
Cockcroft-Gault, mL/min
90 (41-246)
CKD-EPI_Cr_BSA, mL/min
87 (38-168)
CKD-EPI_Cys_BSA, mL/min
93 (26-149)
CKD-EPI_CrCys_BSA, mL/min
88 (40-142)
PPI, n (%)
11 (21)
Drugs affecting P-gp function§
Amiodarone and/or verapamil, n (%)
9 (17)
Phenytoin and phenobarbitone, n (%)
1 (2)
Trough plasma dabigatran concentration, µg/L 60 (9-279)
Dabigatrantrough,ss, µg/L per mg/day
0.23 (0.04-1.06)
* Unless stated otherwise.
†
At the same dose-rate as at sampling.
‡
CKD-EPI equations have been adjusted for individual BSA. See Chapter 1,
Tables 1.2 and 1.3 for details of GFR equations, and Equation 1.5 for removal of
BSA normalisation from estimated GFR.
§
No patient was on any of the other drugs listed in Table 3.2.
BMI, body mass index; BSA, body surface area; CHA2DS2-VASc and HAS-BLED
are scoring systems for assessing thromboembolic and haemorrhagic risk,
respectively, in the setting of AF 264,265; MDR, maintenance dose-rate; CKD-EPI,
Chronic Kidney Disease Epidemiology Collaboration; Cr, creatinine; BSA, body
surface area; Cys, cystatin C; PPI, proton-pump inhibitor; P-gp, P-glycoprotein;
dabigatrantrough,ss, dose-corrected trough plasma dabigatran concentrations at
steady-state.
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Table 3.15 Comparison of ABCB1 and CES1 genotype and allele frequencies of 52 patients on dabigatran etexilate with Caucasians included in
the CEU* dataset.
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Gene (SNP)

Allele
change

ABCB1
(rs1045642)

C>T

ABCB1
(rs1128503)

T>C

ABCB1
(rs2032582)

C>A/T

ABCB1
(rs4148738)

T>C

Genotype,
n (frequency)

Minor allele

MAF,
n (%)

HWE,
P value

MAF
(CEU),
P value

T/T
16 (0.308)

C/T
26 (0.500)

C/C
10 (0.192)

C

0.44

0.92

0.43

C/C
15 (0.288)

C/T
29 (0.558)

T/T
8 (0.154)

T

0.43

0.33

0.45

C/C
15 (0.288)

C/(A/T)
29 (0.558)

(A/T)/(A/T)
8 (0.154)

A/T

0.43 (A+T)

0.33

0.47 (A)

T/T
13 (0.250)

C/T
31 (0.596)

C/C
8 (0.154)

C

0.45

0.14

0.48

T>G

T/T
38 (0.731)

G/T
12 (0.231)

G/G
2 (0.038)

G

0.15

0.41

0.15

C>T

C/C
40 (0.769)

C/T
12 (0.231)

T/T
0

T

0.12

0.35

0.12

CES1 (rs2244613)

CES1 (rs4122238)

CES1 (rs8192935)

G/G
A/G
A/A
A>G
27 (0.519)
23 (0.442)
2 (0.038)
A
0.26
0.28
* Utah residents with ancestry from northern and western Europe (CEU)(http://snp.cshl.org/citinghapmap.html.en)
SNP, single nucleotide polymorphisms; HWE, Hardy-Weinberg Equilibrium; MAF, Minor Allele Frequency.

0.31

3.7.3.1 Correlating dabigatran concentrations with GFR estimates
All 52 patients had been on a stable dabigatran etexilate dose-rate for at least 10
days. The mean (SD) of the dabigatrantrough,ss values was 0.32 (0.26) µg/L per mg/day.
The log-transformed dabigatrantrough,ss values were found to be normally
distributed (P = 0.98). Of the non-renal covariates, only the concomitant use of the P-gp
inducers phenytoin and phenobarbitone explained a significant portion of the variability
in dabigatrantrough,ss values between the 52 patients (P = 0.012, Table 3.16).
Administration of phenytoin and phenobarbitone occurred in a single individual
prescribed dabigatran etexilate 110 mg twice daily who had a low trough plasma
dabigatran concentration of 9 µg/L (dabigatrantrough,ss = 0.04 µg/L per mg/day, z-score of
the log-transformed dabigatrantrough,ss = −3.25). This individual had been electively
admitted for sleep studies, and the blood samples were taken on the fourth day of his stay
as an inpatient. His hospital prescription chart revealed that dabigatran etexilate was
administered to him throughout the admission (total of six doses) as per his
aforementioned prescribed dose-rate. A multiple linear regression model was
constructed, comprising this covariate as well as the presence of concomitant protonpump inhibitors,191,192 concomitant P-gp inhibitors (verapamil and amiodarone)91,196 and
three CES1 SNPs (rs8192935, rs2244613 and rs4122238).197 The multiple linear
regression model that included these covariates had an unadjusted R2 of 0.29 for the zscores of the log-transformed dabigatrantrough,ss.
The R2 values of the four GFR equations for the standardised residuals of the
multiple linear regression model are presented in Table 3.17. These ranged from 0.320.47, and all the 95% CI of the correlation coefficients overlapped (P = 0.74).
Numerically, the highest R2 value was associated with the CKD-EPI equation which used
both creatinine and cystatin C.
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Table 3.16 Multiple linear regression model, using only non-renal covariates, for zscores of log-transformed dabigatrantrough,ss (n = 52). Unadjusted R2 = 0.29.
Predictor*
B
SE (B)
P value
Constant
5.10
1.60
0.003
Time between last dose and sample −0.22
0.08
0.006
Phenytoin and phenobarbitone
−2.55
0.97
0.012
Proton-pump inhibitor
−0.26
0.33
0.43
Amiodarone and/or verapamil
0.43
0.34
0.22
rs2244613
0.19
0.70
0.79
rs4122228
−0.35
0.70
0.62
rs8192935
0.29
0.33
0.39
* For all drugs, a value of 1 was assigned to those without the drug, and a value of 2
assigned to those on the drug. A value of 1 was assigned to patients who had a
wildtype genotype. Patients who were heterozygous or homozygous for the SNP of
interest were assigned a value of 2.
B, unstandardised coefficients; SE, standard error.

Table 3.17 Correlation of GFR equations with standardised residuals from the multiple
linear regression model for dabigatrantrough,ss (n = 52).*
GFR equation
R (95% CI)
P value
R2 (95% CI)
Cockcroft-Gault
−0.56 (−0.74, −0.31)
< 0.001
0.32 (0.09, 0.55)
CKD-EPI_Cr_BSA
−0.61 (−0.77, −0.35)
< 0.001
0.37 (0.12, 0.60)
CKD-EPI_Cys_BSA
−0.64 (−0.80, −0.40)
< 0.001
0.41 (0.16, 0.64)
CKD-EPI_CrCys_BSA
−0.69 (−0.83, −0.45)
< 0.001
0.47 (0.20, 0.69)
* Multiple linear regression model for the z-scores of the log-transformed
dabigatrantrough,ss, details in section 3.7.2.3.1 above.
CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; Cr, creatinine;
BSA, body surface area; Cys, cystatin C.

When the estimates of GFR from the CKD-EPI_CrCys_BSA equation were
added into the multiple linear regression model, the unadjusted R2 was 0.69 for the zscores of the log-transformed dabigatrantrough,ss (Table 3.18). This final model is
described by the following equation;
{ = 3.99 − 0.69 × | }la

O3-VW − 0.09 × #~

•

− 2.62 × l+€$ •

− 0.55 × lla + 0.35 × l+€$ ℎ + 0.18 × 32244613 − 0.13
× 34122228 + 0.03 × 38192935

Equation 3.4 Final multiple linear regression model for dabigatran concentrations
133

where zD is the z-score of the log-transformed dabigatrantrough,ss, CKDEPICrCysBSA is
z-score of the CKD-EPI_CrCys_BSA, tlast dose is the time between the last dabigatran dose
and the sample, Pgpind refers to P-gp inducers and Pgpinh refers to P-gp inhibitors.
Table 3.18 Final multiple linear regression model for z-scores of log-transformed
dabigatrantrough,ss (n = 52). Unadjusted R2 = 0.69.
Predictor*
B
SE (B)
P value
Constant
3.99
1.08
0.001
†
CKD-EPI_CrCys_BSA
−0.69
0.09
< 0.001
Time between last dose and sample −0.09
0.06
0.11
Phenytoin and phenobarbitone
−2.62
0.65
< 0.001
Proton-pump inhibitor
−0.55
0.22
0.017
Amiodarone and/or verapamil
0.35
0.23
0.13
rs2244613
0.18
0.47
0.70
rs4122228
−0.13
0.47
0.79
rs8192935
0.03
0.22
0.91
* For all drugs, a value of 1 was assigned to those without the drug, and a value of 2
assigned to those on the drug. A value of 1 was assigned to patients who had a
wildtype genotype. Patients who were heterozygous or homozygous for the SNP of
interest were assigned a value of 2.
†
The z-scores of the log-transformed CKD-EPI_CrCys values.
B, unstandardised coefficients; SE, standard error; CKD-EPI, Chronic Kidney
Disease Epidemiology Collaboration; Cr, creatinine; Cys, cystatin C; BSA, body
surface area.

No patients were being treated with corticosteroids at the time of the study. Four
had abnormal thyroid function test results, characterised by plasma TSH concentrations
(0.28, 4.19, 5.16, 5.61 mU/L) outside the local reference range (0.40-4.00 mU/L), but
with free plasma thyroxine concentrations (19, 11, 14, 14 pmol/L, respectively for the
TSH values) that were within the local reference range (10-24 pmol/L). This included
the patient treated with phenytoin and phenobarbitone. Excluding these patients from the
analyses did not significantly change the results (48 patients, Tables 3.19 and 3.20). This
final model is described by the following equation;
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{ = 1.59 − 0.74 × | }la

O3-VW − 0.10 × #~

•

− 0.63 × lla + 0.36

× l+€$ ℎ + 0.12 × 32244613 − 0.14 × 34122228 + 0.07
× 38192935

Equation 3.5 Final multiple linear regression model for dabigatran concentrations
excluding patients with abnormal thyroid function test results

where zD is the z-score of the log-transformed dabigatrantrough,ss, CKDEPICrCysBSA is
z-score of the CKD-EPI_CrCys_BSA, tlast dose is the time between the last dabigatran dose
and the sample, and Pgpinh refers to P-gp inhibitors.
Table 3.19 Correlation of GFR equations with standardised residuals from the multiple
linear regression model for dabigatrantrough,ss (n = 48 after excluding four patients with
abnormal thyroid function tests).*
GFR equation
R (95% CI)
P value
R2 (95% CI)
Cockcroft-Gault
−0.58 (−0.77, −0.31)
< 0.001
0.33 (0.10, 0.59)
CKD-EPI_Cr_BSA
−0.63 (−0.80, −0.37)
< 0.001
0.40 (0.14, 0.65)
CKD-EPI_Cys_BSA
−0.65 (−0.82, −0.40)
< 0.001
0.42 (0.16, 0.67)
CKD-EPI_CrCys_BSA
−0.70 (−0.85 , −0.45)
< 0.001
0.49 (0.21, 0.72)
* Multiple linear regression model for the z-scores of the log-transformed
dabigatrantrough,ss, details in section 3.7.2.3.1 above.
CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; Cr, creatinine;
BSA, body surface area; Cys, cystatin C.
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Table 3.20 Final multiple linear regression model for z-scores of log-transformed
dabigatrantrough,ss (n = 48 after excluding four patients with abnormal TFTs). Unadjusted
R2 = 0.67.
Predictor*
B
SE (B)
P value
Constant
1.59
0.87
0.08
†
CKD-EPI_CrCys_BSA
−0.74
0.10
< 0.001
Time between last dose and sample −0.10
0.06
0.10
Proton-pump inhibitor
−0.63
0.23
0.01
Amiodarone and/or verapamil
0.36
0.25
0.16
rs2244613
0.12
0.49
0.81
rs4122228
−0.14
0.49
0.78
rs8192935
0.07
0.24
0.78
* For all drugs, a value of 1 was assigned to those without the drug, and a value of 2
assigned to those on the drug. A value of 1 was assigned to patients who had a
wildtype genotype. Patients who were heterozygous or homozygous for the SNP of
interest were assigned a value of 2.
†
The z-scores of the log-transformed CKD-EPI_CrCys values.
TFT, thyroid function tests; B, unstandardised coefficients; SE, standard error;
CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; Cr, creatinine;
Cys, cystatin C; BSA, body surface area.

There was a high correlation (R2 = 0.90) between the trough plasma dabigatran
concentrations and dTT times, as shown in Figure 3.3.
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Figure 3.3 Correlation plot for dTT against trough plasma dabigatran concentrations
(n = 52). R2 value is for the line of best fit.

3.7.3.2 Correlating dabigatran concentrations with clotting times
The correlation plots and R2 values for the four coagulation assays against plasma
dabigatran concentrations are shown in Figure 3.4 (plasma dabigatran concentrations 9408 µg/L). Forty-five TT values were below 300 s (plasma dabigatran concentrations 974 µg/L), while the remaining 75 values were above 300 s (plasma dabigatran
concentrations 61-408 µg/L). No TT value was exactly 300 s.
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a)

c)

b)

d)

Figure 3.4 Correlation plots for 120 samples of a) INR, b) APTT, c) TT and d) dTT
against plasma dabigatran concentrations. For TT graph, no TT value was exactly 300
s, and all TT > 300 s have been set to 300 s. Solid lines represent the lines of best fit.
Dashed lines for a), b) and c) are the references ranges for normal adults at Canterbury
Health Laboratories. R2 values are for the line of best fit, which for c) does not include
those data with TT > 300 s in the linear regression.

The median (range) of the 120 plasma fibrinogen concentrations was 2.3 (1.13.9) g/L. The standardised fibrinogen values and standardised residuals (from the linear
regression of plasma dabigatran concentrations against TT) both passed the normality
test, with P = 0.09 and 0.10, respectively. All 45 samples with associated TT < 300 s
were associated with plasma fibrinogen concentrations within the laboratory reference
range (1.5-4.0 g/L), with a median (range) of 2.5 (1.7-3.9) g/L. Figure 3.5 shows the plots
using these 45 plasma fibrinogen concentrations. We were unable to demonstrate a
significant relationship either between plasma fibrinogen concentrations and TT (Figure
3.5a), or between plasma fibrinogen concentrations and plasma dabigatran
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concentrations (Figure 3.5b). However, we found that plasma fibrinogen concentrations
explained a small but significant part of the variability in the residuals from the linear
regression of plasma dabigatran concentrations against TT with R2 = 0.12 (P = 0.019,
Figure 3.5c). The linear regression model for the TT including plasma dabigatran and
fibrinogen concentrations is shown in Table 3.21 (R2 = 0.74).
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a)

b)

c)

Figure 3.5 Correlation plots of a) plasma fibrinogen concentrations against TT (for 120
samples, TT > 300 s have been set to 300 s), b) plasma fibrinogen concentrations against
plasma dabigatran concentrations (for 45 samples with TT < 300 s) and c) standardised
residuals (from the linear regression of plasma dabigatran concentrations against TT)
against standardised plasma fibrinogen concentrations (z-scores, for 45 samples with TT
< 300 s). Lines of best fit were determined using the 45 samples with TT < 300 s. R2
values are for the line of best fit. P values are for the hypothesis that the slope of the
linear regression is not zero.
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Table 3.21 Linear regression analysis for TT values.
Predictor

B

SE (B)

P value

Constant
100.0
26.7
0.001
Plasma dabigatran concentration
3.0
0.3
< 0.001
Plasma fibrinogen concentration
−22.0
9.1
0.02
TT, thrombin time; B, unstandardized coefficients; SE, standard error.

3.7.4

R2
change
0.70
0.04

Discussion
To our knowledge, the present study is the first to formally compare the

correlations of estimated GFR from renal function equations with measured dabigatran
concentrations. Further, this observational study currently represents the largest single
real-world dataset of coagulation assay results in patients prescribed dabigatran etexilate
outside of phase I-III studies.
This section will be divided into two for the purposes of addressing the GFRrelated and coagulation-related parts of this study (see Aims in section 3.7.1 above).

3.7.4.1 Correlating dabigatran concentrations with GFR estimates
The dosing of renally cleared drugs can be guided by the use of equations that
estimate renal function in the individual.1,82 The choices of prescribed dabigatran
etexilate dose-rates, resulting from differences in estimates of GFR between various GFR
equations, have been compared using simulated data.247,272 However, the correlations of
estimated GFR from renal function equations with measured dabigatran concentrations
have not been formally compared previously.101 We have addressed this, using trough
plasma dabigatran concentrations at steady-state as the reference to represent dabigatran
clearance. We demonstrated a clear association between the estimates of GFR from the
renal function equations and trough dabigatran concentrations, after accounting for nonrenal covariates. We were unable to demonstrate any significant differences between the
equations in the ability to describe inter-individual differences in trough dabigatran
concentrations.
Hijazi et al. recently compared the thromboembolic and haemorrhagic outcomes
observed in the RE-LY trial according to estimated GFR, using various renal function
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equations.273 Patients in the RE-LY trial were randomised to either warfarin or one of
two maintenance dose-rates of dabigatran etexilate (110 mg or 150 mg twice daily),
irrespective of renal function, as long as the CLCr was at least 30 mL/min at enrolment
(calculated using the Cockcroft-Gault equation).202,246 Hijazi et al. reported that in
patients with a CKD-EPI GFR ≥ 80 mL/min/1.73m2, both dabigatran maintenance doserates were associated with a lower major bleeding rate in comparison to warfarin (P ≤
0.005), whereas this was not demonstrable in patients with Cockcroft-Gault CLCr ≥ 80
mL/min (P ≥ 0.061).273 Further, they reported that of the dabigatran patients in the RELY trial who were classified as having a CLCr ≥ 80 mL/min according to the CockcroftGault equation, around 50% had a GFR ≤ 80 mL/min/1.73m2 according to the CKD-EPI
creatinine-only equation. The different units for each estimate of renal function, with
mL/min for the Cockcroft-Gault equation, and mL/min/1.73m2 for the CKD-EPI
creatinine-only equation, make a direct comparison inappropriate. While the BSAs of
participants in the RE-LY trial have not been reported, 95% of the total body weights
were within the range of 40-120 kg.202 This suggests that there were a wide range of sizes
in the RE-LY trial, which are likely to have a significant impact on the interpretation of
the CKD-EPI creatinine-only equation results.150 However, using this equation to guide
dabigatran dosing without accounting for size is consistent with clinician practice in the
real world.157 Hence, notwithstanding the concerns about units and size, Hijazi et al.
propose that the CKD-EPI equation is better than the Cockcroft-Gault equation at
identifying patients with normal or ‘enhanced’ renal function, in whom the risk of major
bleeding is lower for a given dose-rate of dabigatran etexilate.273 In our study, we also
observed a greater, albeit non-significant, correlation of trough dabigatran concentrations
with the CKD-EPI creatinine-only equation compared to the Cockcroft-Gault equation
(see Tables 3.17 and 3.19 above).
The non-renal determinants of plasma creatinine concentrations include muscle
mass and dietary creatine.37 Consequently, cystatin C has been promoted as an alternative
renal biomarker because it appears to be unaffected by these factors.79,133 Dharnidaka et
al. and Roos et al. showed in meta-analyses that cystatin C was superior to creatinine in
estimating GFR.40,274 In addition, contemporary GFR equations featuring cystatin C have
demonstrated similar or superior performance to equations employing creatinine.34,35 We
therefore sought to examine those GFR equations that included cystatin C that had been
developed using an internationally standardised cystatin C assay.80 These include two
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cystatin C-based equations developed by the CKD-EPI.34 The Berlin Initiative Study
(BIS) equation was not assessed in our study because it was specifically designed for
individuals aged ≥ 70 y, of which we had few patients.35 While the 95% CI of the R2 of
the four equations for the trough plasma dabigatran concentrations overlapped (see
Tables 3.17 and 3.19 above), the CKD-EPI creatinine-cystatin C equation was
numerically associated with the highest R2. This is in agreement with the findings of the
CKD-EPI and BIS, where the equations that employed both renal biomarkers were
superior to those using either biomarker alone for estimating GFR.34,35
Two of the non-renal covariates that appear to have the largest impact on plasma
cystatin C concentrations are glucocorticoid therapy and thyroid dysfunction.133 None of
our study population received glucocorticoid therapy. When patients with thyroid test
abnormalities were excluded, there was no significant change in the results. This may
reflect the mild nature of the test abnormalities, as evidenced by free thyroxine
concentrations within the ‘normal’ reference range. However, even subclinical thyroid
dysfunction has been demonstrated to affect plasma cystatin C concentrations.59
The

dose-corrected

steady-state

trough

dabigatran

concentration

(dabigatrantrough,ss) of the single individual treated with phenytoin and phenobarbitone
(0.04 µg/L per mg/day, based on a trough concentration of 9 µg/L on dabigatran etexilate
110 mg twice daily) was notable as it was more than 3 standard deviations below the
mean dose-corrected trough concentration of our study population (0.32 µg/L per
mg/day, which is equivalent to 70 µg/L on 110 mg twice daily). While rifampicin, a Pgp inducer, has been demonstrated to reduce dabigatran concentrations by around
67%,193 to our knowledge, none of the other P-gp inducers, including phenytoin and
phenobarbitone275 have been examined in relation to dabigatran etexilate. This particular
individual was also treated with omeprazole, which reduces the oral availability of
dabigatran etexilate and may have also contributed towards the low dabigatran
concentration.191,192 To our knowledge, these are the first data to support the notion that
phenytoin and/or phenobarbitone have a significant effect on dabigatran concentrations.
An alternative explanation for the low dabigatrantrough,ss in the individual is nonadherence to the medication. However, this seems unlikely given that the trough blood
sample was taken after he had been an inpatient for almost 72 hours, during which six
doses of dabigatran etexilate were recorded as administered.
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3.7.4.1.1 Limitations
Our study has several limitations. Firstly, the primary aim, to assess and compare
the correlations of the GFR equations with plasma dabigatran concentrations, may have
been addressed better by gathering data from individuals given intravenous dabigatran.
From such data, true dabigatran clearance could have been calculated, without the need
to consider oral availability, which is affected by many covariates (see Table 3.2 above).
The bias and imprecision of the GFR equations against dabigatran clearance could then
have been compared. However, this approach would also have been more challenging
logistically. By comparison, trough concentrations are a convenient and useful
representation of apparent oral clearance with which to compare the equations, as these
have been correlated previously with the risk of thromboembolic and haemorrhagic
outcomes in the setting of AF.204
Secondly, there could be a problem with statistical power since we had a dataset
of only 52 individuals. By comparing the equations with the lowest and highest R2 for
the multiple linear regression model for trough plasma dabigatran concentrations
(Cockcroft-Gault and CKD-EPI_CrCys_BSA equations, respectively), we calculate that
we had 12% power (α = 0.05) to detect a difference. For future studies, around 680
subjects are needed to have 80% power (α = 0.05) to detect a difference between these
two equations.
Thirdly, we did not measure the active precursor of dabigatran, BIBR 951, or the
active glucuronide metabolites of dabigatran.110 While BIBR 951 is thought to have
concentrations < 0.4% of those of dabigatran,110 the renally cleared dabigatran
glucuronides have been reported to make up 10-35% of the total active drug
concentrations following ingestion of dabigatran etexilate.110,187,192,196,199,205 The high R2
of 0.90 between the trough dTT values and our measured trough plasma dabigatran
concentrations is consistent with the notion that the latter were highly representative of
the total concentration of thrombin inhibitors. Therefore, we expect that the results of the
correlation analyses performed in this study would be similar if the dabigatran
glucuronide concentrations were included in the models. To this end, we repeated the
analyses of the four GFR equations, using the trough dTT values instead of the
dabigatrantrough,ss. A multiple linear regression model for the z-scores of the log144

transformed trough dTT values was constructed. This included the same covariates as
those used in the dabigatrantrough,ss model (see Table 3.16 above), with the addition of
dabigatran etexilate maintenance dose-rates as a scalar covariate. This regression model
had an unadjusted R2 of 0.17 for the z-scores of the log-transformed trough dTT values
(Table 3.22). The R2 values of the four GFR equations for the standardised residuals of
this regression model are presented in Table 3.23. Numerically, the order of the equations
in terms of the R2 is the same as that in Table 3.17 above. All the 95% CI of the correlation
coefficients overlapped (P = 0.49), with the highest R2 value being associated with the
CKD-EPI_CrCys_BSA equation. When this equation was added into the multiple linear
regression model, the unadjusted R2 was 0.53 for the z-scores of the log-transformed
trough dTT values (Table 3.24). The large standard errors of the coefficients (B values)
for the constant and SNPs in comparison to the corresponding coefficients indicate that
these parts of the model did not contribute significantly towards the explained variance
of the model for the z-scores of the log-transformed trough dTT. This final model is
described by the following equation;
{• = 0.35 − 0.81 × | }la
× • m$+ #

•%3

O3-VW − 0.05 × #~

•

+ 0.006

# − 0.69 × lla − 1.18 × l+€$ • + 0.38

× l+€$ ℎ + 0.16 × 32244613 + 0.03 × 34122228 + 0.008
× 38192935

Equation 3.6 Final multiple linear regression model for dTT
where zd is the z-score of the log-transformed trough dTT, CKDEPICrCysBSA is z-score
of the CKD-EPI_CrCys_BSA, tlast dose is the time between the last dabigatran dose and
the sample, dabigatrandoserate is the administered maintenance dose-rate of dabigatran
etexilate, Pgpind refers to P-gp inducers and Pgpinh refers to P-gp inhibitors.
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Table 3.22 Multiple linear regression model, using only non-renal covariates, for zscores of log-transformed trough dTT (n = 52). Unadjusted R2 = 0.17.
Predictor*
B
SE (B)
P value
Constant
4.06
1.92
0.04
Time between last dose and sample −0.11
0.09
0.25
Dabigatran etexilate dose-rate
−0.004
0.003
0.25
Phenytoin and phenobarbitone
−1.31
1.07
0.23
Proton-pump inhibitor
−0.44
0.36
0.23
Amiodarone and/or verapamil
0.08
0.40
0.84
rs2244613
0.04
0.77
0.96
rs4122228
−0.47
0.77
0.55
rs8192935
0.43
0.36
0.24
* For all drugs, a value of 1 was assigned to those without the drug, and a value of 2
assigned to those on the drug. A value of 1 was assigned to patients who had a
wildtype genotype. Patients who were heterozygous or homozygous for the SNP of
interest were assigned a value of 2.
dTT, dilute thrombin time; B, unstandardised coefficients; SE, standard error.
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Table 3.23 Correlation of GFR equations with standardised residuals from the multiple
linear regression model for trough dTT values (n = 52).*
GFR equation
R (95% CI)
P value
R2 (95% CI)
Cockcroft-Gault
−0.34 (−0.56, −0.07)
0.013
0.12 (0.01, 0.31)
CKD-EPI_Cr_BSA
−0.40 (−0.60, −0.13)
0.004
0.16 (0.02, 0.36)
CKD-EPI_Cys_BSA
−0.50 (−0.68, −0.23)
< 0.001
0.25 (0.05, 0.47)
CKD-EPI_CrCys_BSA
−0.50 (−0.68, −0.23)
< 0.001
0.25 (0.05, 0.47)
* Multiple linear regression model for the z-scores of the log-transformed trough
dTT values, details in section 3.7.2.3.1 above.
CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; Cr, creatinine;
BSA, body surface area; Cys, cystatin C.

Table 3.24 Final multiple linear regression model for z-scores of log-transformed dTT
values (n = 52). Unadjusted R2 = 0.53.
Predictor*
B
SE (B)
P value
Constant
0.35
1.60
0.83
†
CKD-EPI_CrCys_BSA
−0.81
0.14
< 0.001
Time between last dose and sample −0.05
0.07
0.49
Dabigatran etexilate dose-rate
0.006
0.003
0.047
Phenytoin and phenobarbitone
−1.18
0.81
0.15
Proton-pump inhibitor
−0.69
0.28
0.017
Amiodarone and/or verapamil
0.38
0.31
0.22
rs2244613
0.16
0.59
0.79
rs4122228
0.03
0.59
0.97
rs8192935
0.008
0.29
0.98
* For all drugs, a value of 1 was assigned to those without the drug, and a value of 2
assigned to those on the drug. A value of 1 was assigned to patients who had a
wildtype genotype. Patients who were heterozygous or homozygous for the SNP of
interest were assigned a value of 2.
†
The z-scores of the log-transformed CKD-EPI_CrCys values.
B, unstandardised coefficients; SE, standard error; CKD-EPI, Chronic Kidney
Disease Epidemiology Collaboration; Cr, creatinine; Cys, cystatin C; BSA, body
surface area .

3.7.4.2 Correlating dabigatran concentrations with clotting times
To our knowledge the present study comprises the largest single dataset, in terms
of sets of coagulation samples analysed, of patients prescribed dabigatran etexilate
outside of the drug development studies. Further, we are the first to analyse the additional
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contribution, over and above plasma dabigatran concentrations, of plasma fibrinogen
concentrations towards explaining TT results in patients on dabigatran etexilate.
Our R2 values, by regressing the results from coagulations assays against plasma
dabigatran concentrations measured using LC-MS/MS, were 0.49, 0.54, 0.70 and 0.95,
for the INR, APTT, TT and dTT, respectively. These compare with reported R2 values
from other ex vivo studies of 0.48-0.86,205,221,222 0.52-0.85,205,222,223 0.75-0.97,205,221 and
0.92-0.99, respectively.177,221-223 Together, these show that all of the screening
coagulation assays have a significant relationship with plasma dabigatran concentrations.
For the clinician managing a patient treated with dabigatran etexilate, it is important that
the coagulation assay being employed is at least capable of detecting the presence and
effect of dabigatran over the range of dabigatran concentrations that are likely to be
observed in clinical practice. Our correlation plots in Figure 3.4 (above) are useful in this
regard. These demonstrate that plasma dabigatran concentrations as high as 150 µg/L are
associated with INR and APTT values within the local reference ranges for normal
coagulation. Around 10-20% of individuals given dabigatran etexilate in the RE-LY trial
of dabigatran versus warfarin for AF had trough concentrations in excess of 150 µg/L.204
Hence, the INR and APTT have been regarded as being relatively insensitive to plasma
dabigatran concentrations, particularly in comparison to the TT and dTT assays.217 On
the other hand, the TT is clearly highly sensitive, with all TT values in our study being
well above the local reference range, even at plasma dabigatran concentrations as low as
9 µg/L.
At the present time, in terms of the conventional screening assays, Hawes et al.
have suggested that a combination of all three is used if laboratory coagulation
monitoring is deemed necessary in real-world patients, where the dTT and dabigatran
assays are less accessible.221 In this setting, it has been suggested that TT would be useful
to cover the lower, and the APTT and INR to cover the higher, plasma dabigatran
concentrations. This is contingent upon the widely disseminated notion that the TT is too
sensitive

to

dabigatran

and

is

unable

to

accurately

gauge

the

higher

concentrations.177,217,221,241,276-278 The TT assay we used consistently resulted in times
greater than the maximum reported time at plasma dabigatran concentrations greater than
in 74 µg/L in our study, while Hawes et al. reported that that this value was 138 µg/L
with the TT assay they used.
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Douxfils et al. have previously reported that there is no significant correlation
between plasma dabigatran and fibrinogen concentrations, which is in keeping with what
might be biologically expected.217 Given that one of the major differences between the
dTT and TT assays is that the inter-individual variability in plasma fibrinogen
concentration is minimised with the dTT assay compared with the TT assay, we
hypothesised that including fibrinogen concentrations in the regression analysis would
account for some of the explained variability of plasma dabigatran concentrations in
relation to the TT. While we demonstrated a statistically significant contribution to the
explained variability of TT with plasma fibrinogen concentrations, the resulting R2 = 0.74
for the combination of plasma fibrinogen and dabigatran concentrations for TT was only
slightly greater than that observed with plasma dabigatran concentrations alone (R2 =
0.70).
Proportional variance is an expected feature of any assay, with greater absolute
error in measurement expected at higher measured values.255 Thus, the apparent lack of
proportional variance in the relationship between the dTT and plasma dabigatran
concentrations is an interesting phenomenon (see Figure 3.4d above). This unusual
finding was also demonstrated by van Ryn et al. with a much larger number of samples
encompassing plasma dabigatran concentrations up to 300 µg/L, albeit in healthy
volunteers.177 In contrast, proportional variance was demonstrated by van Ryn et al. in
their report concerning the relationships between the screening coagulation assays (INR,
APTT, TT) and plasma dabigatran concentrations.177 Further, both the dabigatran assay
published by Delavenne et al. and the assay we used (see Table 3.12 above), also
displayed proportional variance.279 We are unable to explain the lack of proportional
variance in the relationship between dTT and plasma dabigatran concentrations, and have
not found any explanation in the literature.
Obesity was a significant feature of our participants (see Table 3.14 above). This
is relevant to consider in the context of this study. Total body weight is a key component
in estimating creatinine clearance using the Cockcroft-Gault equation,30 which was found
to be a strong determinant of dabigatran concentrations in the RE-LY trial.203 Greater
body weight is associated with higher estimated creatinine clearance, and hence lower
dabigatran concentrations.204 Further, obesity is associated with increased plasminogen
activator inhibitor 1 (PAI-1) and plasma fibrinogen concentrations.280,281 Hence, obesity
would be expected to be associated with increased thromboembolic risk in the setting of
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dabigatran therapy for AF.282 As a post-hoc analysis, we plotted BMI against plasma
fibrinogen concentrations for the samples used in the analyses against TT, and were
unable to demonstrate a significant relationship (Pearson’s R (95% CI) = 0.14 (−0.16,
0.42), P = 0.36).

3.7.4.2.1 Limitations
Our study has a number of limitations. Firstly, the relationships we examined for
the coagulation-related assays are dependent upon the coagulometer and clot-activator
reagent used, limiting the applicability of the results to other laboratories.217,221
Nonetheless, as discussed, our results in terms of R2 values are largely similar to what
has been reported.
Secondly, the INR was reported to one decimal point, as is routine at Canterbury
Health Laboratories, and prothrombin time in seconds was not recorded, which would
have provided more precision. This may have contributed to a relatively low value for R2
(0.49) compared with that reported for ex vivo dabigatran studies in the literature (0.480.86).
Thirdly, the unequal contribution towards the 120 samples by the 52 patients may
have biased the results. As a post-hoc analysis, we re-examined the data, using only the
2 and 10-16 h samples (102 samples). The R2 values for the coagulation assays were very
similar to those reported above (Figure 3.4) for the 120 samples, including INR (R2 =
0.44), APTT (0.55), TT (0.70, using the 45 samples with TT < 300 s) and HTI (0.95).
Fourthly, we only measured the plasma dabigatran concentration, without
accounting for the dabigatran glucuronides. These glucuronides are important to consider
as they are active against thrombin, and the percent contribution of the glucuronides to
total active drug exposure ranges from 10-35%.199,205 The dTT is thought to account for
all thrombin inhibition, irrespective of whether it is from dabigatran or its
glucuronides.218 Therefore, the R2 = 0.95 for dTT against plasma dabigatran
concentrations in our study suggests that the percent contribution from the glucuronides
is relatively constant across the 120 samples analysed. Consequently, we do not believe
that explicitly including the glucuronides in our plasma dabigatran concentrations would
have significantly altered the relationships, in terms of R2 values.
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Finally, some fibrinogen assays using the Clauss method, including the one we
used, have been reported to suffer from interference from dabigatran, with higher
dabigatran concentrations associated with factitiously reduced plasma fibrinogen
concentrations.216,270,271,283 This is because the Clauss method is based on the conversion
of fibrinogen to fibrin by exogenous thrombin.241,283 The time taken for clot formation is
compared to a calibration curve, from which the test fibrinogen concentration is
determined. The presence of thrombin inhibitors already present in the test plasma is
expected to prolong the time to clot formation, and thus falsely depress the measured
fibrinogen concentration in a dose-dependent manner. There are two reasons to support
the notion that this interference did not significantly affect our analysis of the impact of
fibrinogen concentrations on TT variability. Firstly, the plasma dabigatran concentrations
of the 45 samples used for this analysis were relatively low. Plasma dabigatran
concentrations of 100 µg/L have been found to be associated with a 12% decrease in
plasma fibrinogen concentrations when measured by the fibrinogen assay that we
used.216,270,271 This enables comparison with 74 µg/L (or around 100 µg/L if an additional
30% of the dabigatran glucuronides is included as an extreme estimate), which was the
highest dabigatran concentration in the 45 samples we used for the fibrinogen versus TT
analyses. Secondly, we were unable to demonstrate a relationship between the measured
plasma fibrinogen and dabigatran concentrations (Figure 3.5b above).

3.7.4.3 Conclusions
We have demonstrated that the estimates of renal function using the four GFR
equations explained 32-47% of the variability in trough plasma dabigatran
concentrations, after other covariates such as pharmacokinetic drug-drug interactions and
relevant genetic polymorphisms have been taken into account. Numerically, the CKDEPI equation employing both creatinine and cystatin C had the highest correlation with
trough dabigatran concentrations. In the setting of a drug for which there is no currently
validated method for monitoring its effectiveness, it is useful to know that all of the tested
GFR equations have a similar capacity to guide adjustment of dabigatran etexilate doserates.
We have corroborated the published data on the relationship between coagulation
assays and plasma dabigatran concentrations with our dataset of real-world patients. We
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found a small but statistically significant contribution of plasma fibrinogen
concentrations to TT in these patients.
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3.7.5
•

•

•

•

•

•

Key findings

Estimated GFR using creatinine and cystatin-based equations was found to explain
32-47% of the variability in trough steady-state dabigatran plasma concentrations
between patients.
We were unable to demonstrate a difference between the explained variances of the
GFR equations for predicting trough plasma dabigatran concentrations at steadystate, and estimate that 680 subjects are required to show a difference between the
Cockcroft-Gault and CKD-EPI creatinine-cystatin C equation.
The CKD-EPI equation employing both creatinine and cystatin C was numerically
associated with the highest explained variance for trough steady-state dabigatran
plasma concentrations.
Co-administration of phenytoin and/or phenobarbitone with dabigatran etexilate
was associated with a very low trough plasma dabigatran concentration in a single
individual.
We corroborated the previously reported R2 values of the screening coagulation
assays for plasma dabigatran concentrations in real-world patients taking dabigatran
etexilate.
Plasma fibrinogen concentrations contribute to the variability in TT, which helps to
explain the high R2 of the dTT for plasma dabigatran concentrations.
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3.8 A proposal for adjustment of the dosing of dabigatran etexilate
guided by TT in the setting of AF
AF is a common condition, with a recent estimated prevalence of around 2% in
New Zealand.284 Similarly, a recent report from the United States noted that AF was
present in around 2% of the general population, including 8-9% of those ≥ 65 y, in
2014.285 Ischaemic strokes are an important complication of AF as a consequence of
emboli from atrial thrombi.286 It is estimated that AF increases the risk of ischaemic
stroke by 4-fold, independently of other standard stroke risk factors.287
Oral vitamin K antagonists have been the mainstay of thromboprophylaxis in this
setting for many years, with recent estimates that around 1% of all individuals in Western
countries take these for AF.241 However, dabigatran is an increasingly utilised alternative,
both in New Zealand and globally.173,181,202,288-292 In an analysis from the United States,
Kirley et al. reported that by the end of 2011, more than 25% of patient visits to
cardiologists for anticoagulation in the setting of AF involved dabigatran.181 Further, data
regarding AF management in the general population in Europe in 2012 revealed that
dabigatran comprised around 66% of all direct oral anticoagulants used, with the others
including rivaroxaban and apixaban.292
It is often stated that dabigatran therapy does not require laboratory coagulation
monitoring because it has a predictable dose-response relationship.91,177,209,293 These
assertions have been questioned on the grounds that the reported population variability
in dabigatran clearance is in the order of 50% (CV) even after accounting for differences
in renal function between individuals.294 Notably, this CV is greater than that reported
for S-warfarin clearance.178,295 In addition, therapeutic anticoagulation requires a balance
between the risk of clotting and the risk of bleeding due to the innate variability and
sensitivity of the coagulation network. It has therefore been proposed that doseadjustment according to clotting times in the individual patient should be the standard of
care when using any anticoagulant.178
In this section, we construct a target steady-state trough dabigatran plasma
concentration range using data from the published literature. We then discuss the
measurement of dabigatran concentrations, and the use of coagulation assays to monitor
dabigatran therapy. Finally, we make a case for using the conventional TT to guide
dabigatran dosing, and discuss limitations of this proposal.
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3.8.1

A target dabigatran concentration range for AF treatment
Reilly et al. recently examined the relationships between dabigatran

concentrations and thromboembolic and haemorrhagic events in the setting of the RELY trial (this trial has been described in more detail in section 3.3.1 above).202,204 After
1 month of maintenance dosing, a trough dabigatran concentration was collected from
each of the individuals treated with dabigatran etexilate, 10-16 hours after the previous
dose of dabigatran etexilate. The 10th to 90th percentiles of trough steady-state dabigatran
concentrations for the 110 mg and 150 mg dabigatran etexilate arms were 28-155 and
40-215 µg/L, respectively. The report by Reilly et al. demonstrated that higher dabigatran
trough concentrations at steady-state were associated with lower rates of ischaemic
stroke/systemic embolic event (SEE) and higher rates of major bleeding.204 They
generated logistic regression curves to quantify the rates of these adverse events for an
index 72-year-old male with non-valvular AF, diabetes mellitus and previous stroke over
the dabigatran trough concentration range of 10-300 µg/L. The index 72-year-old male
reflects the mean age and thromboembolic risk of the population studied in the RE-LY
study.202
The logistic regression curves, defined by Reilly et al., can be used to define a
target trough concentration range that could guide dabigatran etexilate therapy in the
setting of AF.178,296,297 We digitised these lines of best fit using Engauge Digitizer
(version 4.1, http://sourceforge.net). The resulting data for trough concentrations vs. a)
ischaemic stroke/SEE risk and b) major bleeding risk were each fitted to a two-phase
exponential decay equation, with R2 > 0.999 for both risk equations (GraphPad Prism
version 6.03, GraphPad Software, La Jolla, CA, USA, www.graphpad.com). Each
equation was adjusted by weighting relevant adverse events according to the hazard ratios
for death, relative to an ischaemic stroke. We used the event weight values generated by
Eikelboom et al., which were based on data from the RE-LY study.298 It should be noted
that the subtypes of events contributing to each of a) ischaemic stroke/SEE and b) major
bleeding, are not uniformly weighted. For example, both haemorrhagic stroke and
extracranial bleeding were counted as major bleeding events, but had weights of 3.23 and
0.63, respectively. Thus, from the literature, we extracted the numbers of subtypes of
events contributing to ischaemic stroke/SEE and major bleeding in the RE-LY
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study.237,240 The numbers of relevant adverse events, and associated hazard ratios, are
reproduced in Table 3.25.
Table 3.25 Thromboembolic and major bleeding events in dabigatran patients in RELY study and associated hazard ratios for death relative to ischaemic stroke.237,240,298
Event
Thromboembolic
Ischaemic stroke
Systemic embolic event

Number of events

Major bleeding
Haemorrhagic stroke
Subdural haemorrhage
Extracranial haemorrhage

Hazard ratio

267
50

1.00
0.61

31
35
681

3.23
0.83
0.63

Using these data, we generated the following stroke/SEE weight-adjusted risk
(SWAR) and major bleeding weight-adjusted risk (BWAR) equations;
V.W = 2.50 + 2.91

;?.?MRA×‚

+ 2.30

;?.?<?=×‚

Equation 3.7 Stroke/SEE weight-adjusted risk (SWAR) equation

-.W = 13.3 − 0.884

;?.?A@=×‚

− 12.2

;?.??@<R×‚

Equation 3.8 Major bleeding weight-adjusted risk (BWAR) equation

For the purpose of presentation in Equations 3.7 and 3.8, the trough plasma dabigatran
concentration at steady-state has been abbreviated as D and all constants have been
rounded to 3 significant figures.
We then generated a combined weight-adjusted risk (CWAR) equation by adding
these equations together (Equation 3.9); the resulting plot is shown in Figure 3.6. The
trough concentration (~30 µg/L) associated with the lowest combined weight-adjusted
risk on our plot is relatively low compared with the observed trough concentrations
reported for the two dabigatran etexilate dose-rates in the RE-LY study. This reflects the
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finding by Reilly et al. that the thromboembolic risk declined steeply at low
concentrations, with little additional advantage from higher concentrations.204
.W = V.W + -.W
Equation 3.9 Combined weight-adjusted risk (CWAR) equation

Figure 3.6 Weight-adjusted event risk curves for 72-year-old male with AF, diabetes
mellitus and prior stroke. Continuous line, combined risk; dotted line, stroke/systemic
embolic event risk; dashed line, major bleeding risk.

A more widely applicable target trough concentration range may be fashioned
using standardised methods for assessing the balance of adverse event risks associated
with anticoagulation in individuals with non-valvular AF.264,265,299-301 Of these, the
CHA2DS2-VASc and HAS-BLED scoring systems are the most widely accepted methods
for estimating an individual’s ischaemic stroke and major bleeding risk,
respectively.186,302 While Reilly et al. provide some data relating event rates in RE-LY to
these two scoring systems, the CHA2DS2-VASc and HAS-BLED data are amalgamated
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into three (0-1, 2, >2) and two (0-1, >1) risk categories, respectively.204 Greater detail is
available from previous studies of anticoagulation for non-valvular AF, including those
involving ximelagatran, an earlier oral direct thrombin inhibitor, and warfarin (Table
3.26).303,304 We calculate that the index 72-year-old male reported by Reilly et al. would
have CHA2DS2-VASc and HAS-BLED scores of 4 and 2, respectively. By anchoring to
this 72-year-old male, we proportionally adjusted our weight-adjusted risk equations for
a range of individuals with a variety of combinations of CHA2DS2-VASc and HASBLED scores to explore the range of trough concentrations associated with the lowest
combined weight-adjusted risk. Examples involving ‘extreme’ scores are presented in
Figure 3.7. The three examples include:
a) High risk of major bleeding with moderate ischaemic stroke/SEE risk (lower
stroke/SEE risk reveals a similar combined curve). A HAS-BLED score of 4
was chosen as the data regarding bleeding risk are limited with HAS-BLED
> 4 (see Table 3.26).
b) Low to moderate ischaemic stroke/SEE risk with low risk of major bleeding.
This reflects the 2012 European Society of Cardiology guidelines for AF
management that state that patients with CHA2DS2-VASc ≥ 1 should be
anticoagulated routinely.184
c) High ischaemic stroke/SEE risk with moderate risk of major bleeding. A
CHA2DS2-VASc of 6 was chosen as the data regarding ischaemic stroke/SEE
risk are limited with CHA2DS2-VASc > 6 (see Table 3.26). The HAS-BLED
score of 2 is the lowest HAS-BLED score possible given a CHA2DS2-VASc
of 6 because of the overlap in risk factors contributing to both
thromboembolism and haemorrhage.
Figure 3.7a is consistent with the notion that patients with a high risk of major
bleeding may not derive any benefit from dabigatran exposure. For patients with nonvalvular AF deemed to derive some benefit from dabigatran etexilate, Figure 3.7b and
3.7c suggest that the general target trough range is 30-130 µg/L. Targeting dosing
according to measured trough plasma dabigatran concentrations at steady-state may
therefore be a useful approach.
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Table 3.26 Stroke and major bleeding risk with anticoagulation therapy, according to
risk stratification, as reported by Lip et al.303,304
CHA2DS2Thromboembolic
HAS-BLED
Major bleeding
†
VASc
risk (% per year)
total score
risk (% per year)
total score*
1
0.46
0
1.2
2
0.78
1
2.8
3
1.16
2
3.6
4
1.43
3
6.0
5
2.42
4
9.5
6
3.54
5
7.5
7
3.44
6
0.0
8
2.41
9
5.47
* CHA2DS2-VASc score (total 0-9 points) based on: 1 point for each of congestive
heart failure/left ventricular dysfunction, hypertension, diabetes mellitus, vascular
disease, female sex, age 65-74 y; 2 points for each of age ≥ 75 y, previous
stroke/transient ischaemic attack/thromboembolism.264 A total score of 0 is not
included as such individuals should not routinely be anticoagulated.184 Few
individuals in the study by Lip et al. had a total score > 6.303
†
HAS-BLED score (total 0-9 points) based on: 1 point for each of hypertension,
renal dysfunction, hepatic dysfunction, previous stroke, bleeding
history/predisposition, labile INR, age > 65 y, co-administered antiplatelet drug,
alcohol excess.265 Few individuals in the study by Lip et al. had a total score >4, and
none had a total score > 6.304
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a)

b)

c)

Figure 3.7 Combined weight-adjusted risk curves for: a) CHA2DS2-VASc = 4, HASBLED = 4 (concentration associated with lowest combined risk ≤ 10 µg/L); b) CHA2DS2VASc = 1, HAS-BLED = 0 (30 µg/L); c) CHA2DS2-VASc = 6, HAS-BLED = 2 (130 µg/L).
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3.8.2

The measurement of dabigatran concentrations
Brief descriptions of plasma dabigatran assays have been reported in several

clinical papers,110,187,192-196,199,205 and only Delavenne et al. have published a
comprehensive dabigatran assay method detailing the development and validation
procedures in accordance to FDA guidelines.279 However, the mass spectrometry-based
method presented by Delavenne et al. did not include quantification of the dabigatran
glucuronides, which, as discussed above, contribute towards the anticoagulation effect.
This becomes particularly relevant if the plasma concentrations of the glucuronides are
significant relative to the concentration of dabigatran itself.
Reports of the contribution of the dabigatran glucuronides to total active drugrelated exposure in plasma from dabigatran etexilate range from 10 to
35%,110,187,192,196,199,205 with no apparent influence of mild to severe renal199 or moderate
hepatic impairment.187 The range is only slightly narrower (15-35%) when the reports
are restricted to those involving healthy young individuals who were administered a
single dabigatran etexilate dose of 150 mg.187,192,196,199 However, the variability of the
contribution of the glucuronides to overall drug exposure has been reported to be low in
healthy young individuals, as reflected by a CV of 8-10%.205 Based on this CV, for
example, a mean contribution of 35% would have a 95% CI of 28-42%. These findings
suggest there is only modest biological variation in the contribution of the glucuronides
to total active drug-related exposure. Instead, the reported variability (10-35%) most
likely stems from inaccuracy in the measurement of the glucuronides.
Several sources of inaccuracy in the measurement of the glucuronides are
possible. For example, the glucuronides may be unstable during sample storage.110 This
is difficult to establish as the glucuronides were not assayed directly in any of the reported
studies.110,187,192,196,199,205 Instead, the plasma concentrations of the dabigatran
glucuronides were inferred from the difference in plasma dabigatran concentrations
before

and

after

alkalinisation,

which

hydrolyses

the

glucuronides

to

dabigatran.110,187,192,199,205 In the RE-LY study, the reported dabigatran concentrations
came from the measurement of dabigatran in alkalinised samples.203,204 It has been
reported that 1-O-acylglucuronide spontaneously degrades in a pH 7.4 aqueous buffer at
37 °C with an apparent in vitro half-life of 1 hour.188 Further, the stability of dabigatran
itself under alkaline conditions is unclear.305 Beyond brief descriptions within clinical
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papers, we are not aware of any published method paper for a dabigatran assay that
includes quantification of the glucuronides in human plasma.

3.8.3

Coagulation assays and dabigatran
Given the uncertainty surrounding the dabigatran assay, as well as its limited

availability, coagulation assays are attractive alternative biomarkers to guide dabigatran
etexilate dosing. Coagulation assays are expected to reflect inter-individual variability in
both

dabigatran

pharmacokinetics

and

pharmacodynamics,

i.e.

active

drug

concentrations and the endogenous coagulation network. As described earlier, a number
of studies have examined the relationship between plasma dabigatran concentrations and
a range of coagulation assays.205,216-219,221-223,263,306 These include the conventional
screening assays, such as the INR, APTT and TT, and the less widely available assays,
such as the ecarin clotting time (ECT) and the dTT.
Of the conventional assays, the INR and APTT are insensitive at lower plasma
dabigatran concentrations, whereas the TT has been described as being excessively
sensitive.217,221,222 The coagulation data from our study (see section 3.7.3.2 above) reflect
these conclusions. All of the TT values were well above the ‘normal’ reference range of
18-28 s, with the lowest value being 82 s (see Figure 3.4 above). Further, plasma
dabigatran concentrations above 90 µg/L were consistently associated with TT values
above the maximum reported time of 300 s.
The dTT, which involves the dilution of the test plasma with normal pooled
plasma, was developed to compensate for the sensitivity of the TT in the presence of
direct thrombin inhibitors.307 R2 values in excess of 0.90 have consistently been reported
between dTT values and plasma dabigatran concentrations.217,218,221,223,306 Hence, at first
glance, the dTT appears to be highly suitable for monitoring patients on dabigatran.
However, as previously noted, the dTT involves dilution with normal pooled plasma,
which minimises the impact of inter-individual differences in plasma fibrinogen
concentrations on the measured clotting time (see Figure 3.1 above).217 Therefore, the
dTT is more correctly considered a test for quantifying the total amount of thrombin
inhibitors resulting from dabigatran etexilate administration (including BIBR 951,
dabigatran, and the dabigatran glucuronides), rather than a coagulation assay that
accounts for both active drug concentrations and the individual patient’s endogenous
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coagulation network. The TT, on the other hand, is more representative of the interplay
of active drug concentrations and clotting factors, and given its wide availability deserves
further consideration as a marker for guiding dabigatran dosing.

3.8.4

The thrombin time for monitoring dabigatran effect
The potential utility of the TT in comparison to the HTI assay is illustrated in

Figure 3.8, which shows the Christchurch study data (described in section 3.7 above)
restricted to measured dabigatran concentrations < 90 µg/L. Data for dabigatran
concentrations ≥ 90 µg/L were excluded from this plot as the TT values were consistently
> 300 s (the maximum reported TT at Canterbury Health Laboratories where our study
samples were analysed). For the two arbitrarily chosen data points indicated with arrows
in Figure 3.8a, it can be postulated that the TT of 254 s represents a greater degree of
anticoagulation than the point with a TT of 155 s, even though the dabigatran
concentrations are 44 and 45 µg/L, respectively. The corresponding points on the HTI in
Figure 3.8b have results of 29 and 32 s, respectively. Note that both TT and HTI assays
have a CV of < 11% at our laboratory (see Table 3.13 above).
Given that the dabigatran glucuronides (amounting to 10-35% of total active-drug
exposure) were not measured by our dabigatran assay, the total active dabigatran
concentrations would be 11-54% higher than the measured dabigatran concentrations, to
account for the dabigatran glucuronides. For example, if the contribution of dabigatran
glucuronides to total active dabigatran concentrations is 20%, then a measurement of 80
µg/L with our dabigatran assay indicates a total active dabigatran concentration of 100
µg/L, which is 25% greater than the measured value. In this case, the ‘total’ dabigatran
concentration above which our TT assay consistently returned values > 300 s would be
≥ 100 µg/L. Thus, it appears that our TT assay gives quantifiable results at ‘total’
dabigatran concentrations ≤ 100 µg/L. While this is less than 130 µg/L, the upper limit
of the target dabigatran concentration derived in section 3.8.1 above, an inspection of
Figure 3.7c (above) indicates that the CWAR for 100 µg/L is only minimally higher than
130 µg/L.
Using the line of best fit in Figure 3.8a, the target steady-state trough plasma
dabigatran concentration of 30-100 µg/L corresponds to a TT range of approximately
130-300 s.
163

a)

b)

Figure 3.8 Correlation between plasma dabigatran concentrations < 90 µg/L and a) TT,
b) HTI. For the TT graph, no TT value was exactly 300 s, and all TT > 300 s have been
set to 300 s. Solid lines represent the lines of best fit. R2 values are for the line of best fit,
which for the TT data do not include those values with TT > 300 s. Arrows indicate a
selected pair of blood samples (see text in section 3.8.4 for further explanation).
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3.8.5

Potential application of the trough TT proposal
It has been argued that a “rapid, widely available, specific and sensitive assay” is

required for monitoring dabigatran.217 We believe the TT goes a long way towards
fulfilling these requirements. Individuals who might benefit from monitoring the
anticoagulation effect can be broadly categorised into a) those at increased risk of, and
b)

those

experiencing,

a

thromboembolic

or

haemorrhagic

event

(Table

3.27).91,177,190,209,260,308,309 This list may expand in parallel with knowledge regarding
dabigatran; for example, a paper published in 2014 identified the importance of the
intestinal CES2 enzyme in the metabolism of dabigatran etexilate.189 Altered intestinal
CES2 function, such as that due to intestinal pathology, drug-drug interactions and
genetic polymorphisms, may therefore impact on the pharmacokinetics of dabigatran
etexilate.310
Table 3.27 Examples of characteristics of individuals on dabigatran who potentially
benefit from TT monitoring.
Characteristic
Increased risk of thromboembolic or haemorrhagic event
Renal impairment
Pharmacokinetic and/or pharmacodynamic drug-drug interaction(s)*
Non-adherence
ABCB1 and/or CES1 genetic polymorphisms
Opening the dabigatran etexilate capsule for nasogastric administration
Prior to invasive procedures
Experiencing thromboembolic and/or haemorrhagic event
Thromboembolic event e.g. acute ischaemic stroke
Haemorrhagic event e.g. gastrointestinal bleed
* See Table 3.2 above for examples of pharmacokinetic drug-drug interactions.
TT, thrombin time.

Targeting a trough TT at steady state (TTtrough,ss) potentially simplifies the
management of individuals at increased risk of an adverse event, as illustrated by the
following example. At present, when introducing verapamil to a 75-year-old patient with
GFR 50 mL/min on dabigatran, the prescriber may consult the datasheet, which contains
conflicting guidance regarding this interaction.175 Alternatively, the prescriber needs to
know the reported change in dabigatran AUC as a consequence of the gastrointestinal Pgp mediated drug-drug interaction, to estimate the extent of the dose-adjustment of
dabigatran etexilate. Further, the decision around the dose-adjustment is dependent upon
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the applicability to the patient of the reported change in dabigatran AUC, which in the
case of verapamil comes from a study of healthy 18-55 y volunteers.194 Finally, the
prescriber needs to consider how to accommodate verapamil co-administration and renal
impairment simultaneously: should dose-adjustment be considered for each factor
separately? Alternatively, given that gastrointestinal P-gp function is already expected to
be impaired in the setting of renal impairment (see section 3.2.1 above),9,10,12 should the
dose-reduction to accommodate verapamil be minimised?
Having a TT target potentially provides additional context to assist with decision
making in the management of patients who are having a thromboembolic or
haemorrhagic event. In the setting of an acute ischaemic stroke, knowledge of the
patient’s TT can help determine the safety of thrombolysis in the case of an acute
ischaemic stroke. Further, it can inform considerations regarding the appropriateness of
the dabigatran etexilate dosing prior to the event, and guide efforts in determining the
contributing factors towards a TT below the target range, if such were discovered. In the
setting of an acute event, it may be inappropriate to wait for 10-16 h post-dose to acquire
a trough sample before making management decisions. A direct comparison of the TT at
the time of the patient’s presentation to medical services to the TTtrough,ss target may be
difficult. Nonetheless, the TTtrough,ss can still be used as a guide under these
circumstances, with interpretation informed by the timing of the last administered dose.
We categorised the TTtrough,ss from the cohort of 52 patients sampled at steadystate (see section 3.7 above) according to the presently proposed target TTtrough,ss range
(Figure 3.9). Around 50% of the patients had TTtrough,ss outside the target range of 130300 s, which might prompt prescribers to review the dosing of dabigatran etexilate. This
is particularly useful where a pharmacokinetic drug-drug interaction is unrecognised,
such as occurred in the patient on phenytoin/phenobarbitone.
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Figure 3.9 Categorisation of trough TT values from 52 patients at steady-state
according to proposed trough TT target of 130-300 s.

3.8.6

Limitations of the target trough TT proposal
There are several important limitations to our proposal. Ideally, a target TT range

would be defined directly from events, but there are currently insufficient data in the
public domain for such an analysis. The trough TT range of 130-300 s we propose reflects
a trough plasma dabigatran range of 30-100 µg/L. The foundation upon which this range
is derived includes the veracity of a) drug concentration measurements, from both the
RE-LY study (as discussed above) and the data from our observations, and b) the
relationship between the drug concentrations and events (discussed above). A significant
limitation of the analysis by Reilly et al. is that dabigatran concentration data largely
came from blood samples taken 1 month following enrolment, whereas the majority (>
50%) of thromboembolic and haemorrhagic events occurred at least 12 months following
enrolment.202,240 This time lag is likely to have contributed to the wide 95% CI of the
lines of best fit of the logistic regression curves reported by Reilly et al.204 Further, whilst
biologically plausible, the relationship between events and plasma dabigatran
concentrations can be questioned. In considering this, there are the data from the BISTRO
II trial relating dabigatran concentrations to thrombotic and haemorrhagic rates in
patients post-hip/knee joint replacement.220 Post-operatively, dabigatran etexilate was
administered for a duration of 6-10 days, and plasma concentrations were measured
within the first five days. The duration of follow-up was 4-6 weeks. The time lag between
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blood samples for drug concentrations and events was thus shorter in the BISTRO II trial
than in the RE-LY trial. A total of 1576 individuals were administered dabigatran
etexilate in BISTRO II, divided into four similarly sized groups who were given 50 mg
twice daily, 150 mg twice daily, 300 mg daily or 225 mg twice daily. Mean peak
dabigatran concentrations at steady-state for these four groups were reported to be 48271 µg/L. Logistic regression curves correlating peak plasma dabigatran concentration
with rates of deep vein thrombosis and bleeding indicate that concentrations around 50100 µg/L were associated with the lowest combined adverse event risk. In their
commentary in favour of the monitoring of the direct oral anticoagulants, Mismetti and
Laporte estimated an optimal peak concentration of 40 µg/L for post-operative venous
thromboembolic prophylaxis from these BISTRO II data.311 While these were peak rather
than trough concentrations, they are consistent with the notion that the plasma dabigatran
concentrations associated with the lowest combined risk of thrombotic and haemorrhagic
events are relatively low compared with the total range of concentrations reported in both
RE-LY and BISTRO II trials.204,220
We derived our range by simulating ‘extreme’ individuals (see Figure 3.7 above),
which is based on several assumptions. We converted the risk data for various CHA2DS2VASc and HAS-BLED scores from warfarin/ximelagatran trials (see Table 3.26 above)
by anchoring to the index 72-year-old male described by Reilly et al. and applied these
to dabigatran. This assumes that the relationships between different scores from the
warfarin/ximelagatran trials are relevant to dabigatran e.g. that an individual with HASBLED = 4 has 9.5/3.6 times the major bleeding risk of an individual with a score of 2.
Further, the ‘universal’ range, 30-130 µg/L, may not be appropriate for all individuals,
and instead an approach using individualised targets may be superior.312 However, a FDA
analysis of the RE-LY trial data had findings similar to our own.198 We submit that our
proposed steady-state target trough plasma dabigatran concentrations and TT should be
investigated further, and that our present proposal is merely a step towards finding an
approach to dosing dabigatran etexilate that will ultimately improve patient outcomes.
Regarding patient outcomes, there may be little gain in terms of ischaemic
stroke/SEE from using a targeted approach, given that well in excess of 90% of
individuals in the RE-LY trial achieved trough concentrations over 30 µg/L.204 Instead,
the main anticipated benefit of our proposal is a reduction in major bleeding risk, which
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is relevant given that there is presently no readily available, rapid and convenient method
of reversing the anticoagulant effects resulting from dabigatran etexilate.313
Our proposed TT target range is specific to the TT assay we used, and its wider
applicability is thus hindered by the lack of standardisation of TT assays. How might
others apply our proposed trough TT target range of 130-300 s, based on a target
dabigatran concentration range of 30-130 µg/L? Given that our reference range is 18-28
s, the range of the TT ratio based on the mid-range of 23 s is around 6-13. How does this
conversion from plasma dabigatran concentrations to TT ratios compare with other
studies using data from individuals given dabigatran? Using the plots of TT ratio vs.
plasma dabigatran concentrations reported by Stangier et al.205 and Hawes et al.,221 a
range of 30-130 µg/L converts to TT ratios of 4-11 and 5-19, respectively. Given the
widespread uptake of dabigatran etexilate, there may be an argument, ultimately, for
standardisation of the TT assays.
The problem of the ‘excessive’ sensitivity of the TT limits the amount of
information available to the clinician from this test when, such as occurs at our
laboratory, a result above the maximum reported time is only reported as the maximum
time itself. How much higher is the true result? It has been suggested that, of the
conventional screening coagulation assays, the INR and APTT can be used in addition to
the TT to distinguish between various degrees of high dabigatran exposure.221 Given the
ready availability and rapid turnaround of these assays, it seems reasonable to use this
combination of coagulation assays, especially when a TT above the maximum reported
time is reported.
We have not specified the frequency of testing. RE-ALIGN, the phase II study of
dabigatran in mechanical heart valves, is the only study we are aware of where dabigatran
etexilate dosing was adjusted in response to dabigatran concentrations.254 Dabigatran
concentrations were analysed at 1, 2, 4 and 12 weeks after treatment initiation, and then
every 6 months. In contrast, warfarinised patients in this trial had samples for INR on a
daily basis for several days, then fortnightly for 12 weeks, and then monthly. According
to this protocol, as a minimum, a warfarinised patient would have had three times as
many INRs as a dabigatran patient would have had concentrations, in 12 months. This
may be the explanation for the reported lack of correlation between clinical outcomes
and dabigatran concentrations in the RE-ALIGN study.254 More frequent testing than that
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described in the RE-ALIGN study may be required to realise the benefits of laboratory
monitoring in patients treated with dabigatran etexilate.
Finally, a frequently touted objection to warfarin therapy is the apparent burden
of laboratory coagulation monitoring. Despite apparently overcoming this obstacle, the
data regarding the impact of the availability of dabigatran have not revealed a reduction
in the under-utilisation of anticoagulation for AF.181 Both physician and patient
perceptions of the risks, in relation to harms and benefits, contribute to this underutilisation.181,314 Contrary to a traditional viewpoint that monitoring is a barrier to the use
of warfarin for AF, the lack of monitoring typically associated with dabigatran usage may
itself be a barrier, in that both prescribers and patients are less able to gauge the degree
of anticoagulation, and may thus may be less confident with its use.315 Hence, in some
patients, the TT may enable the uptake of dabigatran.

3.8.7

Conclusions
Oral anticoagulation using dabigatran etexilate in the setting of AF has achieved

widespread global uptake, with impressive real-world results reflecting those achieved
in the pivotal RE-LY trial.173,290,316 This is despite assertions that it is a drug with a narrow
therapeutic index.190,258 Nonetheless, as pointed out by Duffull et al., “where it is possible
to reduce the risk of bleeding or thrombosis … by taking reasonable actions, these actions
should be taken”.190 We believe monitoring the TT in patients treated with dabigatran
etexilate, and using this feedback to adjust dosing, is a reasonable and potentially
beneficial action.
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3.8.8
•

Key findings

Using data from the RE-LY trial correlating clinical outcomes with dabigatran
concentrations, we have constructed and proposed a target steady-state trough plasma
dabigatran concentration range of 30-130 µg/L.

•

This dabigatran concentration range of 30-130 µg/L approximately converts to a TT
of 130-300 s, using a TT assay on an ACL TOP 700 instrument with the HemosIL
Thrombin Time reagent. For more general usage, a TT ratio target of 6-13 times the
normal reference TT mid-range value may be employed.

•

Around 50% of the patients we examined had TTtrough,ss values outside of our
proposed target range.
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4

Discussion and future work

4.1 Synopsis of the thesis
In this thesis, a number of hypotheses have been examined in relation to the
renally cleared drugs, gentamicin and dabigatran, with findings that have the potential
for improving therapeutics. The finding from our survey that most prescribers in the
general medical department of our tertiary institution usually use the glomerular filtration
rate (GFR) result generated by the laboratory, rather than the Cockcroft-Gault equation,
to gauge renal function for guiding drug dosing, provided a useful backdrop for our
investigations.
The contemporary renal function equations that have been developed using
internationally standardised creatinine and cystatin C assays, as well as the longstanding
and still currently utilised Cockcroft-Gault equation, were systematically examined to
compare the performances of each in predicting gentamicin clearance in the setting of
acutely hospitalised patients. Of the creatinine-only equations, the Cockcroft-Gault
equation and the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
creatinine-only equation adjusted for the body surface area (BSA) of the individual
patient were the best predictors of gentamicin clearance.
We were unable to demonstrate any superiority of the CKD-EPI cystatin C-only
equation over the CKD-EPI creatinine-only equation, even in circumstances such as
fluctuating renal function where changes in plasma creatinine concentrations might be
expected to lag behind changes in plasma cystatin concentrations as a consequence of the
shorter t½ of cystatin in comparison to creatinine.
We demonstrated, in two datasets, that converting the mL/min/1.73m2 estimates
from the GFR equations to mL/min, by proportionally adjusting for each individual
patient’s BSA, provided significant gains in terms of minimising bias and imprecision in
predicting gentamicin clearance in those at the extremes of size.
Few patients at our tertiary institution were prescribed dose-rates for dabigatran
etexilate that were excessive in relation to renal function, irrespective of the equation
used. However, we found that the dosing of dabigatran etexilate based on the CockcroftGault equation was discordant with that based on the CKD-EPI creatinine-only equation
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in 21% of these patients. Further, the majority of these patients were co-administered
drugs that potentially increased their risks of thromboembolism or haemorrhage.
To enable studies into the pharmacokinetics and pharmacodynamics of
dabigatran, we developed and validated an assay employing liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) to measure plasma dabigatran
concentrations.
This assay was employed in a study comparing the correlations of the renal
function estimates according to the various equations with dose-corrected trough plasma
dabigatran concentrations at steady-state (dabigatrantrough,ss). Numerically, in terms of the
explained variance for dabigatrantrough,ss, it was found that the Cockcroft-Gault equation
was inferior to the CKD-EPI creatinine-only equation (adjusted for BSA), which in turn
was inferior to the CKD-EPI creatinine-cystatin C equation (adjusted for BSA).
However, the study was underpowered to show any statistically significant differences.
The same dabigatran GFR study provided data regarding the correlation of
plasma dabigatran concentrations with the commonly available screening coagulation
tests, as well as the dilute thrombin time (dTT). In addition to showing that the variability
in plasma fibrinogen concentrations contributes towards the variability in thrombin time
(TT), these real world data corroborated previous data that have largely come from phase
I-III studies of dabigatran etexilate, and support the potential usefulness of monitoring
coagulation tests.
Finally, we constructed a target steady-state trough plasma dabigatran
concentration range for guiding the dosing of dabigatran etexilate in the setting of atrial
fibrillation (AF). To enable uptake of this target concentration range, we converted this
to a range for trough thrombin time at steady-state (TTtrough,ss). Around 50% of the
patients in our dabigatran GFR study had TTtrough,ss outside of this range.
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4.2 The thesis findings in the context of other work
4.2.1

Renal function equations in relation to gentamicin and dabigatran

4.2.1.1 Creatinine-based equations
The Kidney Disease: Improving Global Outcomes (KDIGO) Work Group has
stated that one of the important questions regarding prescribing in the setting of renal
impairment is determining which renal function index is best for guiding drug dosing.82
Internationally, the CKD-EPI creatinine-only equation has become widely adopted by
laboratories for the reporting of estimated GFR, which is supported by the KDIGO
guidelines.17,156 This is in contrast with the current guidance from the United States Food
and Drug Administration (FDA) regarding drug development studies involving renally
impaired patients that still state that the Cockcroft-Gault equation is used to gauge renal
function.317
It is therefore important to have data regarding the utility of the CKD-EPI
creatinine-only equation in the setting of drug dosing. In particular, given that the serum
creatinine concentration is a key component of the equation, the creatinine assays used
for studying drug dosing in relation to the CKD-EPI creatinine-only equation should
ideally be traceable to the isotope dilution mass spectrometry (IDMS) method, as were
the assays used in the development of the equation.33 As far as we are aware, we are the
first to examine the CKD-EPI creatinine-only equation, exclusively using an IDMSaligned creatinine assay, in relation to gentamicin clearance and dabigatran trough
concentrations (see Chapters 2 and 3). Pai et al. and Hijazi et al. examined the CKD-EPI
equation in the context of much larger datasets of subjects treated with gentamicin (n =
1576) and dabigatran (n = 11986), respectively.131,273 Both reported that the CKD-EPI
equation was superior to the Cockcroft-Gault equation: Pai et al. in relation to the
prediction of gentamicin clearance, and Hijazi et al. in relation to defining individuals
with a greater risk of major bleeding. However, neither stated whether or not the
creatinine assays employed in their studies were IDMS-aligned. Further, the data from
Pai et al. came entirely from patients treated during 1982-2003, which is prior to the
advent of the international agreement regarding IDMS-alignment in 2006.75 Similarly,
recruitment for the study by Hijazi et al. occurred between 2005-2007. Furthermore,
Hijazi et al. examined the 186 version of the Modification of Diet in Renal Disease
(MDRD) Study equation in their study, rather than the IDMS-aligned 175 version, which
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suggests that creatinine assay(s) used in their study was not IDMS-aligned.273 While our
results are not discordant with the results from Pai et al. and Hijazi et al., it is useful to
corroborate their findings with studies that have unequivocally and exclusively used
IDMS-aligned creatinine assays.

4.2.1.2 Cystatin C-based equations
Cystatin C is one of the best studied alternatives to creatinine as a biomarker for
the estimation of GFR.17,79,133 Nonetheless, in 2002, almost 20 years after Grubb and
Simonsen first described its use in estimating GFR,259,318 the Kidney Disease Outcomes
Quality Initiative (K/DOQI) guidelines stated that the place of cystatin C in routine renal
assessment was unclear.319 Even in 2013, following the publication of the seminal
contribution by Inker et al., the KDIGO guidelines only “suggest”, rather than
recommend, that cystatin C be used as part of the evaluation of chronic kidney disease.17
There are very limited data examining the use of cystatin C-based GFR equations
in relation to gentamicin and dabigatran pharmacokinetics. We were only able to locate
one such published paper in relation to gentamicin, by Hermida et al., and even this did
not assess the cystatin C-based GFR estimates against gentamicin clearances using
gentamicin concentrations.165 In terms of other aminoglycosides, Otsuka et al. compared
the use of renal function equations employing either cystatin C (the Sjӧstrӧm equation)
or creatinine (Cockcroft-Gault equation) in a Bayesian model for predicting peak and
trough arbekacin concentrations. They found that the use of cystatin C in this setting was
associated with less biased predictions of arbekacin concentrations in patients with
moderate renal impairment, but not in those with other categories of renal function.320
The studies by Hermida et al. (2006) and Otsuka et al. (2008) predate both the availability
in 2010 of the cystatin C reference material ERM-DA471/IFCC and the 2012 CKD-EPI
cystatin C equations. We are unaware of any studies correlating cystatin C-based GFR
estimates with dabigatran concentrations.
In this thesis, we have examined the modern cystatin C equations, using a cystatin
C assay traceable to ERM-DA471/IFCC. For both gentamicin and dabigatran (see
Chapters 2 and 3), we were unable to demonstrate the superiority of the CKD-EPI
cystatin C-only equation over the CKD-EPI creatinine-only equation. However, we
found that the CKD-EPI equation employing both creatinine and cystatin C was superior
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to both the creatinine- and cystatin C-only CKD-EPI equations for predicting gentamicin
clearance. This is consistent with the findings by both Inker et al. and Schaeffner et al.34,35
It is hypothesised that using an equation that combines creatinine and cystatin C, which
are renally cleared by different mechanisms as described in Chapter 1 (section 1.2),
increases the explained variance for GFR, and minimises the variance from non-GFR
covariates from each biomarker.34,321 We were unable to demonstrate the superiority of
the combined equation over the others conclusively in relation to dabigatran, as a
consequence of inadequate power, but numerically the CKD-EPI creatinine-cystatin C
equation had the best correlation with trough plasma dabigatran concentrations at steadystate.

4.2.1.3 GFR equations and BSA
The burgeoning problem of obesity and its effects on drug pharmacokinetics and
thus dosing are well recognised.94,95 Considering BSA when using estimates of GFR that
have units of mL/min/1.73m2 may help clinicians accommodate these effects when
prescribing for individuals at the extremes of size.
In our survey of prescribers, it was evident that a significant proportion of users
were not aware of the BSA normalisation that is intrinsic in the reporting of GFR by the
laboratory (see Chapter 1). This is not surprising, as the concept is difficult to understand
without some thought. Delanaye and colleagues have noted that the handling of BSA
normalisation in this setting is a contentious issue.103,106,107 This is important to resolve
as absolute renal drug clearance is expected to be reflected better by absolute GFR, rather
than BSA-normalised GFR.83 Removing BSA normalisation, by proportionally adjusting
the mL/min/1.73m2 estimate of GFR according to the BSA of the individual, has been
employed in the literature on a theoretical basis, but in the absence of supporting
data.74,102,266,322
Our gentamicin data are the first that we are aware of that systematically
examined the removal of BSA normalisation by proportionally adjusting for the BSA of
the individual patient in relation to drug clearance (see Chapter 2). For both creatinine
and cystatin C-based equations, we showed that the removal of BSA normalisation
significantly improved the prediction of gentamicin clearance, especially at the extremes
of body size. It has been noted that this proportional adjustment is contingent upon a
176

number of assumptions that in themselves are false, such as the linearity of the
relationship between GFR and BSA.103,106,107 Nonetheless, our data show that this
proportional adjustment can offer a pragmatic way of improving the prediction of
gentamicin clearance at the bedside. Further, recent data reported by Dooley et al. from
the oncology setting support our findings.323 They found that concordance with the
dosing of cytotoxic chemotherapy according to invasively measured GFR (99mTc-DTPA
clearance, mL/min) using both MDRD Study and CKD-EPI creatinine-only equations
was greater if the GFR equations were adjusted for individual BSA (mL/min), than if the
BSA normalised results were used (mL/min/1.73m2).323

4.2.2

Real world dabigatran data

4.2.2.1 Dabigatran etexilate prescribing
Dabigatran etexilate has only had market approval in the past 3-4 years
internationally, so it is useful to analyse its prescribing in the post-marketing
environment. This enables the recognition of areas of prescribing that might be improved,
as well as the detection of issues that might not otherwise be apparent from the
publications related to the drug development studies. We found that, in 204 patients being
discharged from a tertiary hospital, less than 5% were prescribed excessive dose-rates in
relation to estimated renal function, irrespective of the renal function equation used.
Around another 50% were prescribed dose-rates lower than recommended in relation to
renal function; these were associated with older patient age and the co-prescription of Pglycoprotein (P-gp) inhibitors. However, in 21% of patients, the appropriateness of the
dosing of dabigatran etexilate was judged differently when using the Cockcroft-Gault
equation, instead of the CKD-EPI or MDRD Study equations, in relation to the
guidelines. In their study of patients with AF, MacCallum et al. found that around 14%
would have been prescribed different dose-rates of dabigatran etexilate if the MDRD
Study equation was used instead of the Cockcroft-Gault equation.247
Further, potential drug-drug interactions involving dabigatran etexilate were
present in 75% of the patients in our audit, which is comparable to that found by Sidman
et al. in patients prescribed this anticoagulant at a tertiary hospital.250 Amongst the drugdrug interactions in our audit, several involved dabigatran etexilate with either P-gp
inducers (6/204) or multiple strong P-gp inhibitors (1/204). These represent management
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issues as it is unclear how dabigatran etexilate should be dosed to accommodate these
particular interactions. In the absence of any other guidelines in the New Zealand setting,
guidance may be sought from the manufacturer’s datasheet. However, the guidance
regarding these interactions in the datasheet is conflicting.

4.2.2.2 Dabigatran and coagulation assays
There is an increasing appreciation of the value of gauging dabigatran effect
through laboratory coagulation tests, including the readily available screening
coagulation assays (INR, APTT, TT) as well as the more specialised dTT. Using 120 sets
of samples from 52 individuals, we correlated the values from these assays with measured
plasma dabigatran concentrations. The resulting explained variances (R2) from our study
corroborated the data from the drug development studies of dabigatran etexilate, as well
as those published in 2013 that included real world patients.
Further, while the contribution of the variability in plasma fibrinogen concentrations
towards the variability in TT is expected, this has not been formally examined
previously in the setting of patients taking dabigatran etexilate. The high correlation
between plasma dabigatran concentrations and the dTT results is expected to be in part
due to the minimisation of variability in the test fibrinogen concentrations during
sample preparation for the dTT. We have provided evidence to support this, showing
that plasma fibrinogen concentrations explained some of the variability in TT
independently of plasma dabigatran concentrations. This was recently corroborated by
Stang et al. using in vitro experiments involving spiked plasma samples.283 For a given
plasma dabigatran concentration, TT was shown to decrease as plasma fibrinogen
concentrations increased. For example, Stang et al. found that for a plasma dabigatran
concentration of 30 µg/L, plasma fibrinogen concentrations of 3.0 g/L and 9.5 g/L were
associated with TT of 100 s and 60 s, respectively.283 Note that these TT values are not
necessarily directly comparable to those that we reported in Chapter 3 because Stang et
al. employed a different instrument (STA-R Evolution, Diagnostica Stago, Asnières Sur
Seine, France) and reagent (STA-Thrombin time) to what we used for the TT.
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4.2.3

A target TT range for guiding dabigatran etexilate dosing
The only trial of dabigatran etexilate that has not found an association between

plasma dabigatran concentrations and clinical outcomes, where this has specifically been
investigated, is the RE-ALIGN phase II study of anticoagulation in the setting of
mechanical heart valves.254 However, the claims by the authors of this study were not
supported by a formal analysis either in the published manuscript or when explicitly
requested in a letter to the editor.324 It is therefore unclear whether the authors of the REALIGN study were unable to show a difference, or if they actually showed equivalence,
regarding various plasma dabigatran concentrations in relation to clinical outcomes.325
Where formal analyses have been published, the evidence consistently indicates
that the risk of thromboembolism and haemorrhage changes in predictable directions
over the plasma dabigatran concentrations observed in patients given dabigatran
etexilate.204,220 These data suggest that an individualised approach to dosing dabigatran
etexilate, based on feedback from measured dabigatran concentrations, may improve
patient outcomes. We have constructed a target steady-state trough plasma dabigatran
concentration range of 30-130 µg/L for patients with AF, founded upon published
relationships between dabigatran concentrations and thromboembolic and haemorrhagic
events.204 At least 20% of patients taking dabigatran etexilate in the RE-LY trial had
steady-state trough concentrations outside this range.204 Given that dabigatran assays are
not widely available, we proceeded to construct a target steady-state trough thrombin
time (TTtrough,ss) range of 130-300 s, based on the target dabigatran concentration range.
In a group of 52 patients who had been taking a stable dose-rate of dabigatran etexilate
for at least 10 days, around 50% had TTtrough,ss outside this target range. The TTtrough,ss
target range therefore has significant potential for changing management in patients
taking dabigatran etexilate.
A dosing approach based on feedback from laboratory coagulation tests
represents a logical advancement in the use of dabigatran etexilate given the extensive
published data. The RE-LY trial data are particularly instructive in this respect. The
quality of INR control in warfarinised patients varied considerably over the sites
participating in the RE-LY trial, with site-based values for the mean time in the
therapeutic range (INR 2.0-3.0) ranging from 44-77%.326 Other than intracranial
haemorrhage, analyses of the RE-LY trial revealed that the superiority of dabigatran
etexilate over warfarin in relation to both thromboembolic and haemorrhagic events, was
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diminished or absent where the time in the therapeutic range with warfarin was in excess
of 72%.326 Given that the results in the RE-LY trial were achieved despite the absence of
guidance from laboratory coagulation monitoring in patients taking dabigatran
etexilate,202,246 a dosing approach based on feedback from the TT could lead to superior
results in patients on dabigatran even compared to warfarinised patients with excellent
INR control. This is particularly important as real world data from the United States
emerge suggesting that the risk of death from bleeding events related to dabigatran is
twice that for warfarin.327
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4.3 Future work
4.3.1

Future research on GFR equations in relation to gentamicin and
dabigatran

4.3.1.1 Creatinine-based equations
We have demonstrated differences in the performances of the creatinine-only
GFR equations in the prediction of gentamicin clearance. This was also apparent in
relation to steady-state trough dabigatran concentrations, albeit numerically rather than
with statistical significance. We have calculated that 680 individuals would be required
for a future study to detect a statistically significant difference. It is important to examine
how these differences, on the basis of pharmacokinetic endpoints, translate into
differences in clinical endpoints. Clinical endpoints are determined by both
pharmacokinetic and pharmacodynamic factors. Therefore, it is expected that the benefits
of using a GFR equation deemed to be superior purely on the basis of pharmacokinetic
endpoints would be smaller in relation to clinical endpoints, because of the influence of
pharmacodynamic factors.
Further, feedback from the measurement of drug concentrations in clinical
practice would be expected to minimise the impact of using a GFR equation deemed to
be superior based on pharmacokinetic endpoints. However, gentamicin and dabigatran
can be considered as exemplars of drugs with high fe, with the implication that the
performances of the renal function equations in relation to the pharmacokinetics of these
two drugs may be extrapolated to other renally cleared drugs, where feedback from drug
concentration measurement may be desirable but impractical (for example, because of
issues with assay availability). To paraphrase some recent KDIGO recommendations,
clinicians should use the most appropriate tool to assess kidney function in the individual
patient when considering the dosing of a particular drug, and research can help identify
which tool is most appropriate.82

4.3.1.2 Cystatin C-based equations
We found that the CKD-EPI equation using both creatinine and cystatin C was
best at predicting gentamicin clearance and steady-state trough dabigatran
concentrations. However, in addition to the points made above regarding the creatinine181

only equations, the extra cost involved with measuring cystatin C needs to be considered.
Locally, the cystatin C assay (NZ$8 per sample) costs around four times the creatinine
assay (CM Florkowski, Canterbury Health Laboratories, NZ, personal communication
2013). Given that we were unable to identify a subgroup that particularly benefitted from
the measurement of cystatin C, the additional cost from assaying all patients may be
considerable, if this is used for all renally cleared drugs.
This additional cost may be acceptable in some circumstances. An example is
treatment of a severely septic patient with β-lactams (generally these drugs have a high
fe), whereby the drug assay is not readily available and waiting for the outcome of
treatment effect to determine whether or not an appropriate dose was administered is
inappropriate. Future work in such situations may identify areas where serum cystatin C
concentration measurement is particularly useful.

4.3.1.3 GFR equations and BSA
There have been recommendations by various authorities that individual BSA
should be taken into account when using mL/min/1.73m2 estimates of GFR.82-84 The
KDIGO guidelines even go so far as to state that laboratories should report estimated
GFR in units of mL/min, instead of mL/min/1.73m2, to facilitate drug dosing in patients
with chronic kidney disease.82
The improvement in the prediction of gentamicin clearance when the
mL/min/1.73m2 values from GFR equations are converted to mL/min, by
accommodating individual BSA, seems self-evident. This finding, in relation to
gentamicin clearance, would be more generalisable to other applications of the GFR
equations if it were found in relation to measured GFR. We are aware of two recent
studies that attempted to address this particular question.328,329 Redal-Baigorri showed
that adjustment of the MDRD Study and CKD-EPI creatinine-only equations for
individual BSA (i.e. converting to mL/min) resulted in less bias for 51Cr-EDTA measured
GFR than using the mL/min/1.73m2 result, especially in those with BSA < 1.60 or > 1.80
m2.328 In contrast, Lemoine et al. found that for 209 individuals with a mean BSA of
2.00 m2, the same conversion of the CKD-EPI creatinine-only equation to mL/min led to
poorer estimates of inulin/iohexol clearance (mL/min), than using the original
mL/min/1.73m2 values. The reasons for this unexpected finding are unclear, and no
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explanation for this result was provided in their manuscript.329 Given these contrasting
findings, these studies should be repeated, ideally using a number of different datasets as
a form of sensitivity analysis.

4.3.2

Future research on dabigatran dosing targeted towards laboratory
endpoints
The TTtrough,ss range that we have proposed should be examined directly in

relation to rates of thromboembolic and haemorrhagic events. Reilly et al. have stated
their intention to report the rates of these events during the RE-LY trial in relation to the
ecarin clotting time (ECT) and the activated partial thromboplastin time (APTT).204
However, these RE-LY data, which were largely gathered 1 month after enrolment, will
be temporally remote from the thromboembolic and haemorrhagic events, which mostly
(> 50%) occurred at least 11 months later.330 Alternative data may be gathered through
the establishment of a national/multinational registry of patients treated with dabigatran
who are admitted with these events.
One of the limitations of the TT, the maximum reported time, should be
investigated further. A recent international survey found that 9 of 10 participating sites
reported that the test limits of their TT assays were exceeded in the presence of plasma
dabigatran concentrations above 100 µg/L.270 In comparison, around half of the patients
taking 150 mg twice daily of dabigatran etexilate in the RE-LY trial had trough
concentrations at steady-state above this value.204 It is therefore of considerable interest
that Stangier et al. in 2007 reported using a TT assay (Biomatic B10 coagulometer,
Desaga, Wiesloch, Germany) that could measure TT values for plasma dabigatran
concentrations of 0 to around 400 µg/L,177,205 which encompasses more than 90% of the
reported concentrations in each of the real-world dabigatran studies, including our
Christchurch study.221-223,263 Further, modifications of the TT assays that reduce its
excessive sensitivity to dabigatran, while maintaining its sensitivity to intra-individual
variance in fibrinogen concentrations should be tested.
If it is found that outcomes have a stronger correlation with plasma dabigatran
concentrations than clotting times, the issues surrounding the published dabigatran
concentration data should be addressed. These include the need for dabigatran
concentrations that are temporally proximate to relevant adverse clinical outcomes, and
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a thorough examination of the assay methods for measuring the glucuronides, by
comparing assays with and without sample alkalinisation.
Irrespective of the chosen laboratory endpoint, the optimal frequency of testing
in clinically stable individuals will be useful to establish. Longitudinal data, to examine
the inter-occasion variability in dabigatran concentrations/clotting times, may provide a
guide for this.
Targeting laboratory endpoints, such as dabigatran concentrations and clotting
times, enables the dosing of dabigatran etexilate to be tailored to the individual. The
safety and efficacy of dabigatran etexilate could potentially be improved as a
consequence.

4.4 Conclusions
Pharmacokinetics is an integral determinant of in vivo drug concentrations, which
in turn impact on drug effect and clinical outcomes. In this thesis, we have highlighted
the importance of, and potential solutions to issues related to, pharmacokinetics in
clinical practice, with particular reference to renal clearance.
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