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ABSTRACT 
Objectives: To explore the impact of baseline measurements on variance, the precision of treatment estimate, and 
sample size in crossover studies using the urethral pressure and anal acoustic reflectometry methodologies.  
Methods: This was a post hoc analysis of a randomized, double-blind, placebo-controlled, crossover study of the effect 
of imipramine on urethral and anal opening pressure. We applied three analysis-of-covariance models that include 
baseline measurements in the three most common ways and performed sample size calculations for future crossover 
studies based on the within-subject variance from the three models. 
Results: The model which ignores the baseline measurement provided the lowest variance and thus the highest preci-
sion of treatment estimate and the smallest sample size whereas the model that incorporates baseline measurements 
as a change from baseline analysis provided the largest variance, lowest precision of treatment estimate, and largest 
sample size estimation. 
Conclusion: Our findings suggest that it is not beneficial to include baseline measurements in crossover studies with 
urethral pressure and anal acoustic reflectometry. 
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INTRODUCTION 
rossover studies are used in various dis-
ciplines within medical research, particu-
larly for the evaluation of pharmacologi-
cal treatments for chronic, stable condi-

tions, and in pharmaceutical phase 1 studies. The 
benefit of the crossover design is that the study 
subjects serve as their own controls, thereby elim-
inating between-subject variance and reducing 
the required sample size. Baseline measurements 
of the outcome variable may be included in cross-
over studies, either as a single measurement at 
the beginning of the study (pre-randomization 
baseline) or measurements obtained before treat-
ment in each period (within-period baseline). 
However, the advantage of including baseline 
measurements in crossover studies, as well as the 
methodology of incorporating baseline measure-
ments into the analyses has been widely discussed 
in the literature (1-5). Three common approaches 
include i) using a change from baseline analysis, ii) 
incorporating baseline values as a covariate in an 
analysis of covariance (ANCOVA), and iii) ignoring 
baseline measurements. In general, most statisti-
cians recommend the inclusion of within-period 
baseline measurements if the crossover study is 
unbalanced and/or missing data are expected or if 
there is reason to believe that the baseline meas-
urements contain additional information not ac-
counted for by including subject and period effects 
(1, 2, 5, 6).          
Urethral pressure reflectometry (UPR) is a meas-
urement technique that uses an ultra-thin inflata-
ble polyurethane bag placed in the urethra to 
measure simultaneously the cross-sectional area 
and urethral pressure by acoustic reflectometry 
(7). Previously, it has been demonstrated that UPR 
performs better in terms of sensitivity and repro-
ducibility compared with conventional urethral 
pressure profilometry (8, 9). The technique has 
later been adopted for use in the anal canal (anal 
acoustic reflectometry [AAR]) by Mitchell et al. 
(10, 11). Recently, opening urethral pressure 
(OUP) measured with UPR and anal opening pres-
sure (AOP) measured with AAR have been intro-
duced as primary outcome measures in single-
dose pharmacodynamic crossover studies (9, 12, 
13). In the first studies, it was demonstrated that 
UPR is capable of detecting drug-induced pressure 

changes in the urethra and that the pressure in-
creases assessed in these studies appear to corre-
late well with the clinical effect of the drugs tested 
(9, 14).  
In these first studies, repeated UPR measurement 
sessions were performed in each treatment pe-
riod, including a predose measurement session, to 
investigate how changes in plasma concentration 
coincided with changes in urethral pressure. These 
studies revealed that the maximal increase in ure-
thral pressure was very close to the time point 
nearest the time of maximal plasma concentration 
(Tmax) and that no placebo effect was observed 
(12). Consequently, in subsequent crossover stud-
ies the outcome measurement was reduced to a 
single measurement session corresponding to the 
estimated Tmax of the study drug (15, 16). How-
ever, the impact of including predose measure-
ments as within-period baselines on within-sub-
ject variance in UPR and AAR crossover studies has 
not yet been assessed. It is possible that individual 
trend effects, such as pressure changes due to fac-
tors other than the study drugs, may have affected 
participants’ urethral and/or anal pressure during 
the study period. In this case, baseline data might 
reduce the within-subject variance, which would 
increase the precision of the treatment estimate. 
Therefore, we aimed to assess the impact of base-
line measurements by conducting a post hoc anal-
ysis of data from our randomized, placebo-con-
trolled crossover study assessing the effect of imi-
pramine on urethral and anal pressure. Our overall 
purpose is to provide recommendations regarding 
design and analysis of future UPR and AAR crosso-
ver studies. 
 
MATERIALS AND METHODS 

e evaluated the impact of baseline 
measurements on the within-sub-
ject variance, the precision of the 
treatment estimate, and on sample 

size calculation by a post hoc analysis of data from 
our randomized, double-blind, placebo-controlled 
crossover study studying the effect of imipramine 
on urethral and anal pressure in healthy female 
volunteers. The results from the urethral assess-
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ments and a detailed description of the study de-
sign and methods were previously published (15). 
In short, 16 healthy women were recruited,  
screened and randomized (1:1) to one of two 
sequences. In sequence A, the participants (n=8) 
received a single dose of 50 mg imipramine at 
their first visit and a matched placebo at their 
second visit, and vice versa in sequence B (n=8). At 
both visits, UPR and AAR measurements were 
performed at baseline (within-period baseline) 
and one hour after the administration of 
imipramine/placebo (corresponding to the 
estimated Tmax of imipramine) (Figure 1).  
 
 

Statistical methods  

To assess the impact of baseline measurements on 
the within-subject variance, precision of treat-
ment estimate and thereby sample size, we ap-
plied three analyses of covariance (ANCOVA) mod-
els, which incorporate the baseline measurements 
in different ways (Table 1):   

Model 1: Ignoring baseline 

In this model, baseline measurements are omitted 
from the analysis and the one-hour measurement 
is used as dependent variable. 

Model 2: Baseline adjusted 

In this model, the one-hour measurement is used 
as dependent variable, and the baseline 
measurements are fitted as covariate in the 
ANCOVA model. 

Model 3: Change from baseline  

This model uses the difference between baseline 
and the one-hour measurement at the same visit 
as dependent variable to estimate the treatment 
effect of imipramine vs. placebo.   
For all analyses, we used the proc glm procedure 
in SAS® with subject, treatment, and period fitted 
as fixed effects (1,6). We did not use mixed models 
as we did not have missing data. Further, we 
assumed that no carry-over effect had biased the 
measurements because a long wash-out period  

Table 1 Specification of variables in the three ANCOVA models 

Models 
Dependent varia-

ble 
Explanatory variables 

(covariates) 

Model 1 - Ignoring baseline 1 hr OUP/AOP 
Subject 

Period (day) 
Treatment 

Model 2 - Baseline adjusted 1 hr OUP/AOP 

Subject 
Period (day) 

Treatment 
Baseline OUP/AOP 

Model 3 - Change from baseline 
Difference be-

tween baseline and 
1 hr OUP/AOP 

Subject 
Period (day) 

Treatment 

OUP, opening urethral pressure; AOP, anal opening pressure. 

Figure 1: Study design for the randomized, double-blind, placebo-controlled crossover study assessing the effect of imipra-
mine on urethral and anal pressure in healthy female volunteers. UPR, urethral pressure reflectometry; AAR, anal acoustic 
reflectometry 
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between the two study days (a minimum of seven 
days, ~9 half-lives of imipramine) was ensured. 
Finally, we estimated the sample size for future 
two-treatment, two-period (2 x 2) crossover 
studies using the within-subject variance derived 
from each of the ANCOVA models (model 1-3). For 
these sample size calculations, we used the SAS® 
code provided by Senn (1).  
For sample size calculations, we defined the 
minimal clinically relevant difference for UPR as 10 
cmH₂O, based on the pivotal pharmacodynamic 
study by Klarskov et al. (12), which reported 
placebo-corrected mean increases in opening 
urethral pressure (OUP) of 9–46 cmH₂O following 
administration of midodrine, duloxetine, and 
reboxetine. The smallest increase (9 cmH₂O with 
midodrine) has been associated with minor clinical 
improvement in stress incontinence (17), while 
larger effects align with duloxetine’s proven 
efficacy in randomized trials (18). For anal opening 
pressure (AOP), no prior pharmacodynamic 
studies exist. We therefore used a target 
difference of 15 cmH₂O, informed by a previous 

study showing a mean AOP difference of ~20 
cmH₂O (SD 26) between women with and without 
fecal incontinence (19), acknowledging the lack of 
pharmacological intervention in that study. 
All statistical analyses for this paper were 
generated using SAS software, version 7.15 of the 
SAS system for Windows (© Copyright 2017, SAS 
Institute Inc., Cary, North Carolina, USA) and 
graphical plots using GraphPad Prism version 9.4.1 
for Windows (GraphPad Software, San Diego, 
California, USA, www.graphpad.com). 
 
Ethical approval 
The study was approved by the Ethics Committee 
of the Capital Region of Denmark (approval 
number H-17007330) and by the Danish 
Medicines Agency (EudraCT number 2017-
000119-18) and was registered at 
ClinicalTrials.gov (identifier NCT03102645). 
 
 
 
 

Table 2: Output from the three ANCOVA models 

Outcome  
  

Model 
  

Treatment esti-
mate (imipra-
mine vs pla-

cebo, cmH2O) 
  

95% Confidence 
Interval  

  

Standard 
Errora (SE) 

  

 Sample size calculationc 

RMSEb σ  n 

OUP  
Resting condition 

Model 1 - Ignoring baseline 5.59 (2.13; 9.06) 1.61 4.56 6.45 6 

Model 2 - Baseline adjusted 5.44 (1.92; 8.96) 1.63 4.58 6.48 6 

Model 3 - Change from baseline 6.53 (-0.48; 13.53) 3.27 9.24 13.07 18 

OUP 
Squeezing condition 

Model 1 - Ignoring baseline 7.16 (2.32; 12.01) 2.26 6.39 9.04 10 

Model 2 - Baseline adjusted 7.24 (2.23; 12.25) 2.32 6.55 9.26 10 

Model 3 - Change from baseline 7.94 (-0.25; 16.14) 3.82 10.81 15.29 26 

AOP 
Resting condition 

Model 1 - Ignoring baseline 9.51 (-2.86; 21.87) 5.77 16.31 23.07 24 

Model 2 - Baseline adjusted 11.54 (-1.92; 25.0) 6.23 16.42 23.22 26 

Model 3 - Change from baseline 15.12 (2.01; 28.21) 6.11 17.27 24.42 28 

AOP 
Squeezing condition 

Model 1 - Ignoring baseline 11.24 (3.69; 18.78) 3.52 9.95 14.07 10 

Model 2 - Baseline adjusted 11.28 (3.08; 19.47) 3.79 10.32 14.59 12 

Model 3 - Change from baseline 15.11 (4.25; 25.96) 5.06 14.31 20.24 20 
a, Standard Error of treatment estimate; b, RMSE denotes root mean square error from the ANCOVA models, which corresponds to the within-
subject standard error; c, Sample size calculation based on RMSE as variance estimate, a clinically relevant difference of 10 cmH2O for OUP 
and 15 cmH2O for AOP, an alpha level of 0.05, and beta level of 0.2.  
OUP rest, opening urethral pressure under resting condition of the pelvic floor; OUP squeeze, opening urethral pressure measured under 
squeezing condition of the pelvic floor; AOP rest, anal opening pressure measured under resting condition of the pelvic floor; AOP squeeze, 
anal opening pressure measured under squeezing condition of the pelvic floor. 
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RESULTS 
he baseline characteristics of the study 
participants and other study-related in-
formation can be found in the original pa-

per (15). 
With regards to the variance of the treatment es-
timate (standard error of the treatment estimate 
[SE] and the within-subject standard error [RMSE]) 
model 3 (change from baseline) generated the 
highest variance of the three models both for ure-
thral and anal measurements and across measure-
ment conditions (resting and squeezing). There 
was only a minor change in treatment estimates, 
95% confidence intervals, and variance between 
model 2 (baseline adjusted) and model 1 (ignoring 
baseline) (Table 2 and figure 2). Sample sizes for 
future two-treatment, two-period (2x2) crossover 
studies calculated based on the within-subject var-
iance from the three analysis models are pre-
sented in the right-hand side of Table 2. For stud-
ies using only UPR measurements as outcome, the 
estimated sample size for model 1 or 2 is more 
than halved compared with model 3 (change from 
baseline). Model 2 (baseline adjusted) did not in-
fluence sample size compared to a model that 
omits baseline data (model 1). A similar pattern 
was seen for AAR data with a 50% reduction in 

sample size for AOP squeeze. However, for AOP 
resting data the reduction in sample size from 
model 3 (change from baseline) to model 1 (ignor-
ing baseline) was only 14% (from n=28 to n=24). 
 
DISCUSSION 

n this post hoc analysis of a pharmacody-
namic crossover study using UPR and AAR 
measurements as primary outcome, we eval-

uated the impact of baseline measurements on 
variance, precision of treatment estimate and 
sample size. The outputs from the ANCOVA model 
1-3 showed that the model which ignores baseline 
measurements (model 1) provided the smallest 
variance and sample size, whereas model 3, in 
which the change from baseline was applied as the 
dependent variable, provided the largest variance. 
These findings suggest that the variance is not re-
duced by incorporating baseline measurements in 
the analysis of these types of crossover studies – 
neither in a change-from-baseline analysis nor in a 
baseline-as-covariate ANCOVA model. Further-
more, our analyses indicate that the sample size 
based on model 3 is more than two-fold higher 
compared with a sample size calculation on model 
1 or 2.  

T 

I

Figure 2: Treatment estimates with 95% confidence intervals from the three ANCOVA models. In Model 1 (Ignoring baseline), 
baseline values are omitted, and the one-hour measurement is used as dependent variable. In Model 2 (Baseline adjusted), the 
one-hour measurement is used as dependent variable, and the baseline measurements are fitted as a covariate in the ANCOVA 
model. In Model 3 (change from baseline), the difference between baseline and the one-hour measurement at the same visit is 
used as dependent variable. 
OUP rest, opening urethral pressure measured under resting condition of the pelvic floor; OUP squeeze, opening urethral pres-
sure measured under squeezing condition of the pelvic floor; AOP rest, anal opening pressure measured under resting condition 
of the pelvic floor; AOP squeeze, anal opening pressure measured under squeezing condition of the pelvic floor. 
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Our findings are supported by the general consid-
erations regarding baseline measurements in two 
key texts on the design and analysis of clinical 
crossover studies (1, 6). Senn argues that baseline 
measurements should only be incorporated in the 
outcome analysis of simple, two-treatment, two-
period crossover studies if it is expected that the 
baseline measurements contain valuable infor-
mation not already accounted for (by adjustment 
for subject and period effect) and if carry-over ef-
fects can be considered eliminated once the base-
line measurement in the second period has been 
obtained (1). Similarly, Jones and Kenward argue 
that baseline measurements generally do not in-
crease the precision of the treatment estimates in 
balanced, complete crossover designs (6). The de-
sign in the present study (as well as all previous 
UPR pharmacodynamic crossover studies) is a sim-
ple balanced design with complete data and no ex-
pected carry-over effect due to a single-dose de-
sign and adequate wash-out. With the above-
mentioned design characteristics, this study does 
not fulfil the criteria for crossover design that, in 
theory, would benefit from the incorporation of 
baseline measurements. When discussing the in-
clusion or exclusion of baseline measurements in 
this type of study, ethical aspects must also be 
considered. Although UPR and AAR are generally 
well-tolerated, they are invasive procedures and 
carry potential risks and adverse events, including 
discomfort, pain, and a low probability of urinary 
tract infections (related to urethral measure-
ments). Therefore, it would be beneficial to mini-
mize the number of measurement sessions during 
the study period. In a two-period study, within-pe-
riod baseline measurements constitute two addi-
tional measurements, and it appears most ethical 
to exclude them.  
Our post hoc analysis has some limitations. The 
imipramine study was not designed to evaluate 
the importance of baseline measurements in 
crossover studies. This increases the risk of ran-
dom or spurious findings. Furthermore, we limited 
the handling of baseline measurements in crosso-
ver studies to three commonly used approaches. 
Several other approaches have been proposed. 
For example, Kenward and Roger suggested incor-
porating baseline measurements as response var-
iables without associated treatment effects in a 
mixed model with random subject effects (2). 

However, they found no difference in estimates 
and variance compared with the baseline-as-co-
variate approach in simple, balanced studies using 
a model with fixed subject effect. Consequently, 
we believe it is unlikely that such a model would 
perform better with our data. Overall, there is no 
consensus on the most effective way to incorpo-
rate baseline measurements in crossover studies. 
Therefore, we have utilized the most common ap-
proaches and available data to evaluate the im-
pact of baseline measurements in UPR and AAR 
crossover studies. Our findings indicate that in-
cluding baseline measurements does not appear 
to be advantageous in these types of studies. 
 
CONCLUSION 

he objective of this paper was to examine 
how baseline measurements affect the 
variance, precision of treatment esti-

mates, and sample size in crossover studies utiliz-
ing the UPR and AAR methodologies. Considering 
theoretical arguments, empirical results from our 
analysis that demonstrate a lower variance result-
ing in increased precision and reduced sample size 
when excluding baseline measurements, and eth-
ical considerations, we recommend that future 
UPR and AAR crossover studies exclude baseline 
measurements from their design. 
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