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Introduction

When studying treatments for non-curable chronic diseases, including asthma,
angina pectoris, hypertension, epilepsy, migraine etc., the crossover design,
in which each eligible patient is randomly assigned to receive more than one
treatment according to a pre-determined treatment sequence, has been often
proposed to improve power or save the number of patients needed for a parallel
groups design [1,2]. This is because each patient serves as his/her own control
in a crossover trial and thereby, we can eliminate the variation of responses
between patients when comparing treatments. The simplest crossover design
is the AB/BA design, in which patients are randomly assigned to either the AB
group in which patients receive treatment A first and then crossover to receive
treatment B, or the BA group in which patients receive treatment B first and
then crossover to receive treatment A. Because of its simplicity, the AB/BA
design, also called the simple crossover or 2 x 2 design [3], has accounted
for a large proportion of crossover trials used in practice [1,4-6]. Although
the crossover design is of use, there are limitations due to its design features.

Treatments with Rapid and Short Effects

The duration of a crossover design is expected to be longer than that of a
parallel groups design, because patients receive more than one treatment.
The longer the duration of a trial, the higher is the probability that
participated patients can discontinue treatments prematurely or be lost to
follow up. Thus, the crossover design should generally reserve for treatments
with a rapid, short and reversible effect, which can be quickly measured.
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Carry-Over Effects

One major concern in crossover data analysis is the carry-over effect, which
is the residual effect due to earlier treatments on the latter patient responses.
The carry-over effects can occur due to (1) a treatment effect may carry over
from one period to the next period physically or psychologically; or (2) a
treatment effect may vary according to the level of patient response [3,4]. If
there are carry-over effects, our assessment of the relative treatment effect
can be biased if we cannot adequately adjust the carry-over effects. However,
it can be challenging to disentangle the treatment effect from the residual
effects of earlier treatments. Although there are numerous publications
addressing models to account for the carry-over effect [7-13], as noted
elsewhere [1,2,14-17], most of these models are assumed for mathematical
interests and convenience. Furthermore, accounting for the carry-over
effects can often cause a substantial loss of efficiency in estimation of the
relative treatment effect [1]. Under the most commonly-used the AB/BA
design, [ 18] noted that adjusting the carry-over effect is equivalent to exclude
all data obtained at the second period. The advantage of use the crossover
design instead of the parallel groups design to gain efficiency would be
completely gone in this case. Thus, we may not wish to employ the crossover
design if one cannot ensure based on his/her best clinical knowledge to

nullify the carry-over effects with an adequate washout period [14,16].
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Random Effects Models and Estimation

When modeling the data under a crossover design, we need to consider
two important factors -- the responses taken from the same patients are
likely correlated and period effects on patient responses probably exist.
We commonly include in models terms representing random effects due to
patients to create a positive intra class correlation between responses within
patients. We further assume that these random effects follow a normal
distribution and derive the maximum likelihood estimator (MLE) on the
basis of the marginal likelihood (which is involved with non-closed form
integrals). Although we may employ now Proc Glimmix in SAS [19] to avoid
writing our own sophisticated iterative numerical procedures for obtaining
the MLE, the normal assumption for these random effects is somewhat
arbitrary and is difficult to justify. The conditional distribution approach,
which does not require patient random effects to follow any specified
parametric distribution recently proposed by [20], can alleviate this concern.

Small Trial Size and Exact Methods

Since the main motivation of using a crossover design is to save the
number of patients needed for a parallel groups design, a crossover trial
is frequently of a small size [6]. Thus, it is essentially important that we
can develop exact test procedures and exact interval estimators of the
relative treatment effect for a crossover design.
(including the MLE) derived from large sample theory may not be

Statistical methods

theoretically appropriate when the number of patients is in a trial is small.
The recent development of exact tests and exact interval estimators in
both categorical and frequency data can be especially of use [20-27].

References

1 Senn SJ (2002) Cross-over Trials in Clinical Research (2nd edn). Wiley:
Chichester.

2 Fleiss JL (1986) The Design and Analysis of Clinical Experiments.
Wiley: New York.

3 Jones B, Kenward MG (1989) Design and Analysis of Cross-Over Trials.
Chapman and Hall: London.

4 Hills M, Armitage P (1979) The two-period cross-over clinical trial. Br
J Clin Pharmacol 8: 7-20.

5 Senn SJ (2006) Cross-over trials in Statistics in Medicine: the first 25’
years. Stat Med 25: 3430-3442.

6 Mills EJ, Chan AW, Wu P, Vail A, Guyatt GH, et al. (2009) Design,
analysis, and presentation of crossover trials. Trials 10: 27.

7 Kershner RP, Federer WT (1981) Two-treatment crossover designs for
estimating a variety of effects. ] Am Stat Assoc 80: 612- 619.

8 Ebbutt AF (1984) Three-period crossover designs for two treatments.
Biometrics 40: 219-224.

9 Laska EM, Meisner M (1985) A variational approach to optimal two-
treatment crossover designs: Applications to carryover effect models. J
Am Stat Assoc 80: 704-710.

10 Laska E, Meisner M, Kushner HB (1983) Optimal crossover designs in
the presence of carryover effects. Biometrics 39: 1087-1091.

11 Willan AR, Patern JL (1986) Carryover and the two-period crossover
clinical trial. Biometrics 42: 593-599.

Enliven Archive | www.enlivenarchive.org

12 Balaam LN (1968) A two-period design with t experimental units.
Biometrics 24: 61-73.

13 Jones B, Donev AN (1996) Modelling and design of cross-over trials.
Stat Med 15: 1435-1446.

14 Senn SJ (1992) Is the simple carry-over model useful? Stat Med 11:
715-726.

15 Fleiss JL (1986) On multiperiod crossover studies. Biometrics 42: 449-
450.

16 Fleiss JL (1989) A critique of recent research on the two-treatment
crossover design. Control Clin Trials 10: 237-243.

17 Senn S, D’Angelo G, Potvin D (2004) Carry-over in cross-over trials in
bioequivalence: theoretical concepts and empirical evidence. Pharma
Stat 3: 133-142.

18 Grizzle JE (1965) The two-period change-over design and its use in
clinical trials. Biometrics 21: 467-480.

19 SAS Institute Inc (2009) SAS/STAT 9.2 User’s Guide, 2" edition. SAS
Institute: Cary, NC.

20 Lui KJ, Chang KC (2011) Test non-inferiority (and equivalence) based
on the odds ratio under a simple crossover trial. Stat Med 30: 1230-
1242.

21 Lui KJ (2013) Sample size determination for testing equality in Poisson
frequency data under an AB/BA crossover trial. Pharm Stat 12: 74-81.

22 Lui KJ, Chang KC (2012) Exact sample-size determination in testing
non-inferiority under a simple crossover trial. Pharm Stat 11: 129-134.

23 Lui KJ, Chang KC (2012) Hypothesis testing and estimation in ordinal
data under a simple crossover design. J Biopharm Stat 22: 1137-1147.

24 Lui KJ, Chang KC (2014) Analysis of Poisson frequency data under a
simple crossover trial. Stat Methods Med Res.

25 Lui KJ, Chang KC (2014) Notes on testing equality and interval
estimation in Poisson frequency data under a three-treatment three-
period crossover trial. Stat Methods Med Res.

26 Lui KJ, Chang KC, Lin CD (2015) Testing equality and interval
estimation of the generalized odds ratio in ordinal data under a three-
period crossover design. Stat Methods Med Res.

27 Lui KJ, Cumberland WG, Chang KC (2014) Notes on testing equality
in binary data under a three-period crossover design. Comput Stat Data
Anal 80: 89-98.

Submit your manuscript at
http://enlivenarchive.org/submit-manuscript.php
New initiative of Enliven Archive
Apart from providing HTML, PDF versions; we also provide
video version and deposit the videos in about 15 freely accessible

social network sites that promote videos which in turn will aid in
rapid circulation of articles published with us.

2 2014 | Volume 1 | Issue 1


http://as.wiley.com/WileyCDA/WileyTitle/productCd-0471496537.html
http://as.wiley.com/WileyCDA/WileyTitle/productCd-0471496537.html
http://onlinelibrary.wiley.com/book/10.1002/9781118032923
http://onlinelibrary.wiley.com/book/10.1002/9781118032923
https://www.crcpress.com/product/isbn/9780412606403
https://www.crcpress.com/product/isbn/9780412606403
http://www.ncbi.nlm.nih.gov/pubmed/552299
http://www.ncbi.nlm.nih.gov/pubmed/552299
http://www.ncbi.nlm.nih.gov/pubmed/16955535
http://www.ncbi.nlm.nih.gov/pubmed/16955535
http://www.ncbi.nlm.nih.gov/pubmed/19405975
http://www.ncbi.nlm.nih.gov/pubmed/19405975
http://www.jstor.org/discover/10.2307/2287519?uid=3738256&uid=2129&uid=2&uid=70&uid=4&sid=21106693199133
http://www.jstor.org/discover/10.2307/2287519?uid=3738256&uid=2129&uid=2&uid=70&uid=4&sid=21106693199133
http://www.ncbi.nlm.nih.gov/pubmed/6733230
http://www.ncbi.nlm.nih.gov/pubmed/6733230
http://www.jstor.org/discover/10.2307/2288488?uid=3738256&uid=2129&uid=2&uid=70&uid=4&sid=21106693199133
http://www.jstor.org/discover/10.2307/2288488?uid=3738256&uid=2129&uid=2&uid=70&uid=4&sid=21106693199133
http://www.jstor.org/discover/10.2307/2288488?uid=3738256&uid=2129&uid=2&uid=70&uid=4&sid=21106693199133
http://www.ncbi.nlm.nih.gov/pubmed/6671121
http://www.ncbi.nlm.nih.gov/pubmed/6671121
http://www.ncbi.nlm.nih.gov/pubmed/3567292
http://www.ncbi.nlm.nih.gov/pubmed/3567292
http://www.ncbi.nlm.nih.gov/pubmed/5642410
http://www.ncbi.nlm.nih.gov/pubmed/5642410
http://www.ncbi.nlm.nih.gov/pubmed/8841653
http://www.ncbi.nlm.nih.gov/pubmed/8841653
http://www.ncbi.nlm.nih.gov/pubmed/1594811
http://www.ncbi.nlm.nih.gov/pubmed/1594811
http://www.ncbi.nlm.nih.gov/pubmed/3741982
http://www.ncbi.nlm.nih.gov/pubmed/3741982
http://www.ncbi.nlm.nih.gov/pubmed/2676339
http://www.ncbi.nlm.nih.gov/pubmed/2676339
http://onlinelibrary.wiley.com/doi/10.1002/pst.111/abstract
http://onlinelibrary.wiley.com/doi/10.1002/pst.111/abstract
http://onlinelibrary.wiley.com/doi/10.1002/pst.111/abstract
http://www.ncbi.nlm.nih.gov/pubmed/14338679
http://www.ncbi.nlm.nih.gov/pubmed/14338679
http://www.ncbi.nlm.nih.gov/pubmed/14338679
http://www.ncbi.nlm.nih.gov/pubmed/14338679
http://www.ncbi.nlm.nih.gov/pubmed/21538451
http://www.ncbi.nlm.nih.gov/pubmed/21538451
http://www.ncbi.nlm.nih.gov/pubmed/21538451
http://www.ncbi.nlm.nih.gov/pubmed/23364859
http://www.ncbi.nlm.nih.gov/pubmed/23364859
http://www.ncbi.nlm.nih.gov/pubmed/22232060
http://www.ncbi.nlm.nih.gov/pubmed/22232060
http://www.ncbi.nlm.nih.gov/pubmed/23075013
http://www.ncbi.nlm.nih.gov/pubmed/23075013
http://www.ncbi.nlm.nih.gov/pubmed/22899697
http://www.ncbi.nlm.nih.gov/pubmed/22899697
http://www.ncbi.nlm.nih.gov/pubmed/24441073
http://www.ncbi.nlm.nih.gov/pubmed/24441073
http://www.ncbi.nlm.nih.gov/pubmed/24441073
http://www.ncbi.nlm.nih.gov/pubmed/25670748
http://www.ncbi.nlm.nih.gov/pubmed/25670748
http://www.ncbi.nlm.nih.gov/pubmed/25670748
http://www.sciencedirect.com/science/article/pii/S0167947314001868
http://www.sciencedirect.com/science/article/pii/S0167947314001868
http://www.sciencedirect.com/science/article/pii/S0167947314001868

	Title
	Corresponding author
	Citation
	Copyright
	Keywords
	Introduction
	Treatments with Rapid and Short Effects 
	Carry-Over Effects 
	Random Effects Models and Estimation 
	Small Trial Size and Exact Methods 
	References

