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�Crossover Designs



CO( T, P, S )



Topics



		Two treatment crossover designs



		Estimators assuming no carryover effects



		Estimators with carryover present 

				bias correction 

				effects  on  precision
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�Two Treatments: A, B



			CO( T, P, S ) 	  S   sequences

						  	  P   periods

			 		 		  T   treatments



CO(2,2,4)�Period���Seq. Groups�P1�P2���S1�A�B�n1��S2�B�A�n2��S3�A�A�n3��S4�B�B�n4��

CO(2,2,2)����Seq. Groups�P1�P2���S1�A�B�n1��S2�B�A�n2��

CO(2,4,2)�������Seq. Groups�P1�P2�P3�P4���S1�A�B�A�B�n1��S2�B�A�B�A�n2���

Longitudinal  Schedule

for 

CO(2,2,4) Design
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2��A�B�������
X
������Y�����
X
������Y��B�A�������
X
������Y�����
X
������Y��A�A�������
X
������Y�����
X
������Y��B�B�������
X
������Y�����
X
������Y���

Time




		X =  
pre-treatment (
“
baseline
”
)
 measurement



	
	Y =  
post-treatment
 
measurements




If X is a
vailable, we c
an use X as covariate in linear model for Y or in 
linear model for (Y-X).
  Some designs to not 
obtain X.






Typical Applications



		Stable, chronic conditions that are not curable:

				asthma

				hypertension

				arthritic pain



		Settings that require very brief times for

		treatment / measurement. 



		“Pre-clinical” studies in lab animals

		 during early drug development.



		Treatments are drugs that are eliminated

		 from body after short period of time.





Washout  to  avoid  carry-over  phenomena



		Time allocated between treatment periods 

		to allow 'return to baseline'



		Must be long enough to be effective.�Direct  and  Indirect  Effects  of  the  Treatments





	Direct:  		Effect of the treatment during

 					period in which it is applied.



	1o Carryover:	Continuing effect of the treatment

					during the 	next period.



	2o Carryover:	Further continuing effect of the

					teratment two periods later.



	Differential Direct Effects:    

					Some treatments have larger direct

					effects than others.  ( We hope so. )



	Differential Carryover Effects:    

					Some treatments have larger

					indirect effects than others.  

					( We hope not ! )



					Potential source of serious bias !

�

Use of Latin Squares in Crossover Designs





CO(2,2,2)�Periods���Seq. Groups�P1�P2���S1�A�B�n1��S2�B�A�n2��



CO(2,2,2)  is a 2x2 Latin Square



	Factor 1   “Period”:			2 levels ( P1, P2 )



	Factor 2   “Seq. Group”: 		2 levels ( S1, S2 )



	Factor 3   “Treatment”:		2 levels ( A,  B )







�Use of Larger Latin Squares in Crossover Designs



Four Baby Formulas:  CO( T, P, S )	S = _____ 

										P = _____	

										T = _____

Blocks (i)    		4 infants

Treatments (j)		4 baby formulas



Outcome			Yij = “weight gained (oz / day)” 

							for infant i on treatment j

Results	

�week�week�week�week����Infant�1�2�3�4��Mean��1�0.40 B�1.11 C�1.16 D�0.88 A��0.9��2�0.20 C�1.04 D�0.57 A�0.80 B��0.7��3�1.14 A�1.11 B�1.32 C�1.38 D��1.2��4�1.08 D�1.34 A�1.73 B�1.55 C��1.4����������Mean�0.71�1.15�1.20�1.15��1.1��

�A�B�C�D ��Mean��Mean�1.0  �1.0�1.1�1.2��1.1��

	



�Data

���Sequence 1	

�Sequence 2��

Time 1

	�

� EMBED "Equation" "Word Object1" \* mergeformat  ���

�

� EMBED "Equation" "Word Object1" \* mergeformat  ���

��

Time 2	�

� EMBED "Equation" "Word Object1" \* mergeformat  ���

�

� EMBED "Equation" "Word Object1" \* mergeformat  ���

��



	� EMBED "Equation" "Word Object1" \* mergeformat  ��� 	= 	the response of the kth unit 

			in the jth period receiving 

			the ith sequence of treatments





�Example (Fleiss, p. 266)



	Two aspirin preparations  (A and B)

	Gastric bleeding after one week on drug

	One week washout period

	ni  =  8 patients per sequence  

	N= 16 patients total





�	S	P1	P2



	1	5.1	3.8

	2	2.9	3.9



	1	0.6	1.0

	2	1.6	2.3



	1	4.8	3.1

	2	4.0	5.8



	1	4.4	4.9

	2	1.6	0.8



	S	P1 	P2



	1	2.3	1.3

	2	4.1	4.7



	1	4.9	2.3

	2	3.2	0.9



	1	6.8	4.5

	2	2.3	4.0



	1	6.1	2.2

	2	3.4	3.6



��Model

Yijk  = response( unit k, period j, sequence i)



�Essence  Matrix (less than full rank)

��( =�(�(1�(2�(A�(B�(A�(B��������������������A B�1�1�0�1�0�0�0��A B�1�0�1�0�1�1�0�����������B A�1�1�0�0�1�0�0��B A�1�0�1�1�0�0�1��

Note the period effects (() and treatment effects (().



Note that the carryover effects (() have the same representation as “treatment x period interactions”.

That is “carryover”  and  “trt x period i.a.” are completely confounded together (aliased.)

�Model

Yijk  = response( unit k, period j, sequence i)



�Essence  Matrix��( =�(�(1�(2�(A�(B�(A�(B��������������������A B�1�1�0�1�0�0�0��A B�1�0�1�0�1�1�0�����������B A�1�1�0�0�1�0�0��B A�1�0�1�1�0�0�1�����������A A�1�1�0�1�0�1�0��A A�1�0�1�1�0�1�0�����������B B�1�1�0�0�1�0�1��B B�1�0�1�0�1�0�1��

“carryover” does not have the same representation as “trt. x period i.a.”:  they are no longer confounded.



Model  for Yijk  = response( unit k, period j, sequence i)



� EMBED Equation.2  ���



	� EMBED "Equation" \* mergeformat  ���    	period effects 

	� EMBED Equation.2  ���   	
carry over effect in the ith sequence

				� EMBED Equation.2  ���    � EMBED Equation.2  ���



	� EMBED "Equation" \* mergeformat  ���     	
“
individuality
”
 
term
 
 
(between-
subject var.)



	
			� EMBED Equation.2  ���



	� EMBED "Equation" \* mergeformat  ���    	
residual 
“
error
”
 term
  
 
(within-subject var.)


				� EMBED Equation.2  ���



	� EMBED Equation.2  ���



	� EMBED Equation.2  ���



	� EMBED "Equation" \* mergeformat  ���   treatment effect to be estimated

�Analysis
 for the CO(2,2,2) Design




		� EMBED Equation.2  ���



		� EMBED Equation.2  ���

		� EMBED "Equation" \* mergeformat  ���   terms cancel
 in these within-subject diffs.




		
	� EMBED "Equation" \* mergeformat  ���	   � EMBED "Equation" \* mergeformat  ���



		� EMBED "Equation" \* mergeformat  ���



		No carryover:  (2 = (1 = 0

		No differential carryover:   (2 - (1 = 0

  

Estimator:                  � EMBED "Equation" \* mergeformat  ���

Unbiased  only if  (2 - (1 = 0. 


Test of Treatment Effect for the CO(2,2,2)



E
stimator:                  � EMBED "Equation" \* mergeformat  ���

Test of   H = B[ ( = 0 ]  is 
essentially a paired t-test with  (n1 + n2 - 2) d.f.  
and taking possible period effects into account:
   

� EMBED "Equation" \* mergeformat  ���

Estimator of variance:

� EMBED Equation.2  ���


� EMBED Equation.2  ���








A
NOVA
:
 
 
Equivalent to Latin Square ANOVA

�Example

			    Seq		P1		P2		D		

�

				1		5.1		3.8		 1.3

				2		2.9		3.9		-1.0

				1		0.6		1.0		-0.4

				2		1.6		2.3		-0.7

				1		4.8		3.1		 1.7

				2		4.0		5.8		-1.8

				1		4.4		4.9		-0.5

				2		1.6		0.8		 0.8

				1		2.3		1.3		 1.0

				2		4.1		4.7		-0.6

				1		4.9		2.3		 2.6

				2		3.2		0.9		 2.3

				1		6.8		4.5		 2.3

				2		2.3		4.0		-1.7

				1		6.1		2.2		 3.9

				2		3.4		3.6		-0.2

D1 =   1.4875

D2 =  -0.3625

� EMBED "Equation" \* mergeformat  ���

� EMBED "Equation" \* mergeformat  ���

�Assessment of potential bias

� EMBED "Equation" \* mergeformat  ���

In estimating  � EMBED Equation.2  ���,  the � EMBED "Equation" \* mergeformat  ���  terms do not cancel:



		� EMBED Equation.2  ���



		� EMBED Equation.2  ���



		� EMBED "Equation" \* mergeformat  ���



		� EMBED Equation.2  ���





Test for bias



	� EMBED "Equation" \* mergeformat  ���   is an estimate of  � EMBED "Equation" \* mergeformat  ��� 





� EMBED "Equation" \* mergeformat  ���





� EMBED "Equation" \* mergeformat  ���





�Example

			    Seq		P1		P2		 D		  T

�

				1		5.1		3.8		 1.3		 8.9

				2		2.9		3.9		-1.0		 6.8

				1		0.6		1.0		-0.4		 1.6

				2		1.6		2.3		-0.7		 3.9

				1		4.8		3.1		 1.7		 7.9

				2		4.0		5.8		-1.8		 9.8

				1		4.4		4.9		-0.5		 9.3

				2		1.6		0.8		 0.8		 2.4

				1		2.3		1.3		 1.0		 3.6

				2		4.1		4.7		-0.6		 8.8

				1		4.9		2.3		 2.6		 7.2

				2		3.2		0.9		 2.3		 4.1

				1		6.8		4.5		 2.3		11.3

				2		2.3		4.0		-1.7		 6.3

				1		6.1		2.2		 3.9		 8.3

				2		3.4		3.6		-0.2		 7.0

��

				( T1 - T2 ) / 2    =   0.5625



� EMBED "Equation" \* mergeformat  ���



Test for bias not significant here.  But, power is low!


Correcting for Bias



������		      ( =  (  (Y12. -Y11.)  -  (Y21. -Y22.)  ) / 2





������		      T =  (  (Y12.+Y11.)  -  (Y21.+Y22.)  ) / 2



��			E[ (  ]  =  ( (A  -  (B )  
+
  ( (2  -  (1 )  / 2  

		

��			E[  T  ] =  ( (2  -  (1 )  / 2  


�
�



�
�
�
��		      ( 
 - 
T
 
	
=  (  
Y11.
  - 
Y21. 
) 
 


					=
 
“
a function of period 
1
 data
 only
”






Grizzle (1965)
 proposed a two stage analysis:


	(1) test for differential carryover
 (
 H
o
: 
(2
 
=
 (1
 
)



�
	(2
) 
	
i
f 
(2
 
=
 (1
 
is not rejected, use
 
 
(
 
 to compare trts.



		
i
f 
(2
 
=
 (1
  
is  rejected,  use  period 1 data only
 






	
H
owever, the preliminary test for differential carryover
 has low power.  



	
F
urthermore this test and the su
bsequent treatment-contrast test are 
not in
dependent.
  This affects the type I error rate for the second test.



C
omp
a
rison of CO(2,2,2) with CR(2)



Treatment effect can be estimated on CO(2,2,2) by 



������		      ( =  (  (Y12. -Y11.)  -  (Y21. -Y22.)  ) / 2

which has variance

			VCO  =  ( (e2  ) ( 1/n1  +  1/n2 ) / 2     



In a completely randomized (CR) design with two arms  the treatment effect could be estimated by 



����		      ( =  (  Y1. -Y2. ) 

which has variance

			VCR  =  ( (e2 + (b2 ) ( 1/m1  +  1/m2 )      




The ratio is 

			VCO / VCR  =  (1-() (2m) / (4n)  



if  m1=m2=m  and  n1=n2=n.



			Note:    ( = (b2 / ( (e2 + (b2 )








Comparison of CO(2,2,2) with CR(2)

based on percision





The CR relies on  2m  measurements from  2m  EUs.



The CO relies on  4n   measurements from  2n   EUs.





If 2m=4n  then the CO has better percision:



	Suppose we choose  m  so that  2m = 4n



	Then we have 	VCO / VCR  =  (1-()  < 1  



	Recall that ( = (b2 / ( (e2 + (b2 )















Comparison of CO(2,2,2) with CR(2)

based on costs



If the CO and CR offer the same percision,  

then the CO costs less.



	We can arrange to have VCO / VCR  = 1  

		by choosing  m  (  2n / (1-()



	The total cost of the CO is    CCO  =  2n $0   +   4n $1

	The total cost of the CR is    CCR  =  2m $0  +  2m $1

	 

	$0 = “cost: find, recruit, screen, & enroll a patient” 

	$1 = “all other costs per measurement per patient” 



	Assuming  m = 2n / (1-() the cost ratio is



		CCO / CCR 	=	n ($0 + 2$1 )  /  m ($0 + $1 )

		 			=	(1-() n($0 + 2$1 )  / 2n ($0 + $1 )

		 			=	(1-() ( 1 + r )   /  (2 + r )



				       in which   r = 2$1/$0







Comparison of CO(2,2,2) with CR(2)

based on costs







Typical Range of Relative Cost



��������(b2  /  (e2��CCO / CCR��.1�1�10���������.1�.50�.27�.05��$1 / $0�1�.68�.38�.07���10�.89�.48�.09��



		Conclusion:  Within in this range of cases,

		the CO is more cost-effective than the CR



		-- assuming no carryover effects !












Crossover Designs with More than Two Treatments









	
We are always concerned with 
sequence 



	of treatments in CO(
 
T
,
 
P
,
 
S
 
) designs.





	For 
the case of 
CO(
 
3,
 
3,
 
S
 
)
 
 there are six possible 
	
se
quences 
:


		
	ABC
,  ACB,  BAC, BCA,  CAB,  CBA




	The  CO(3,3,3) design can use one of two 


	Latin Squares to choose 3 sequences:





		 	ABC, BCA, CAB


	or


			ACB, BAC, CBA





�
Example for In-Class Discussion
:



50 
P
atients
 to 
S
tudy 
5
 
D
evices
 via a CO(
 
5,
 
5,
 
S
 
)






D
evices:
 
	
	
A
 
=
 large swab (cotton on stick)



			
B = smaller swab



			
C = large tongue depressor
 (smooth wood)



		
 
	
D = smaller tongue depressor
 



			
E = coffee stir
er 
(small, sharp-edged wood)






S
etting
:
	
AIDS patients often develop oral lesions
 
caused by 



		
y
east infection (
“
Thrush
”
)
.
  
Thrush is easy to diagnose by inspection.
 
 
C
onventional large swab 
that is 
used to scrap
 
yeast 
from the lesion
 
yields a
 
positive 
lab test
 only 7
0
% of 
time
.
 
  
H
owever, small 
w
ooden
 
coffee stirer sticks seem to yield
 a positive
 
lab test almost 100% of the time.
  
 The investigators is convinced that 
C 
and
 
D are too smooth (dull),  A and B are too soft (dull) and 
too absorbent
,  and E 
is most e
ffective
. 
 
Only 50 patients are expected to be available
 
per year.
  
At a single visit, the inv
estigator intends to try all 5 devices on a single lesion
 in the patient
’
s mouth  -- in random 
order
. 
 The first one or two devices may remove almost all of the yeast
 leaving none for the latter devices. 
 






	
	
	
Y
 = 1
 
if lab 
test
 positive)
,
 
 
0 if otherwise
.






Q
uestion:  
	
“
Just want to know 
if 
sample size
 is okay
;
”
 he says
,
  



			
“
s
traight
for
ward
,
 
s
hould
n
’
t take much 
of your 
time
.
”
 
  






D
iscussion: _________________
?
________________
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