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Abstract

Irritable Bowel Syndrome (IBS) is a functional colonic disease with high prevalence. Although there is no
known cure for IBS, there are treatments that attempt to relieve symptoms, including dietary adjustments,
medication and psychological interventions. In 2010, the Canadian College of Naturopathic Medicine
(CCNM) was commissioned to conduct a study using hierarchical linear models (HLM) to investigate the
effect of a probiotic agent on IBS. Its key findings were that while a strong placebo/expectation effect is
present in the early stages of the study, there is no strong statistical evidence to suspect that the agent
itself has much of an effect on mild to moderate IBS. A follow-up analysis using analysis of covariance
(ANCOVA) on the same dataset supported the HLM results. This case study presents the key ANCOVA
findings for a second study taking place in 2013 that was performed to test the effect of the probiotic

agent on severe IBS sufferers.
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ANCOVAs for IBS and QoL measures Sample Initial At 3 months
. . p-value
(original dataset) Size mean sd mean @ sd
IBS severi Placebo 57 273.8 73.7 204.0 97.2 0.095
veril
. v Probiotics 59 2689 76.4 1753 78.6 (0.1371)
All subjects
Placebo 58 420 204 334 21.0
QoL T 0.056
Probiotics 59 40.2 186 264 175
Placebo 16 363.0 579 2814 1214
IBS ity* 0.049
_ Severiy” R R AR (0-0491)
el Placeb 17 5@ e shp i
QoL* A St o —— 0007
Probiotics 19 48.3 16.1 299 18.0

Table 1. Summary of ANCOVA of 2010 data. Due to the small sample size (and because of issues associated with positively
determining membership in the severe sufferer category), the analyses marked with a “*” were not endorsed by CQADS. The
significance of the treatment is measured by the p—value (p—values obtained after analysis on the reduced dataset, for which outliers

have been removed, are indicated by a “{”).

main ANCOVA results are summarized in Table 1; its key
findings were aligned with the HLM analysis [4,9].

While some of the results looked promising, no statis-
tical evidence for treatment effect was found at the 95%
significance level; furthermore, even had evidence been
found at that level, design and recruitment issues would
have called their practical significance into question [9].

In 2013, CCNM conducted a second study to investigate
the effect of a probiotic agent, this time focusing on severe
IBS sufferers. Potential participants were considered to be
severe IBS sufferers if they had total IBS severity scores of
300 or higher, with the highest possible score being 500.
The study sponsor has expressed interest in analyzing this
new data using Analysis of Covariance (ANCOVA) in order
to determine whether there is a statistically significant dif-
ference between the placebo and the probiotic agent.

ANCOVA is a general linear model which evaluates whether
the population means of a response variable (in this case,
total IBS severity score, five IBS sub-scores, and a measure
of Quality of Life) are equal across levels of a categorical
independent variable (in this case, two treatment effects
over time), while statistically controlling for the effects of
covariates (in this case, the baseline scores). By compari-
son with the more traditional analysis of variance (ANOVA),
ANCOVA can be used to increase the likelihood of finding
a significant difference between treatment groups (when
one exists) by reducing the within-group error variance.

The main results of the 7 ANCOVAs for the new data,
imputed with Last Observation Carried Forward (LOCF)
and the 5 IBS sub-scores ANCOVAs for the original data,
imputed with LOCE are shown in Tables 2 and 3, respec-
tively. Detailed explanations are found in the body of this
case study.
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As shown in these tables, the ANCOVA of the two clinical
trials to study the effect of the probiotic agent on IBS do
not reveal a statistically significant treatment effect. That
being said, even though we conclude that there is no evi-
dence to differentiate the treatment effect from the placebo
effect, there were some instances when the difference in
improvements between the two treatment groups (Probi-
otics over Placebo in the 2010 study, I overK in the 2013
study) were nearly significant (e.g., patients’ satisfaction
with their bowel movement habits in the 2010 study, and
their quality of life in both studies, with p—values reaching
0.085, 0.056 and 0.061, respectively).

While the p—values themselves may look encouraging,
the large placebo effect and high fluctuating nature of IBS
on a day-to-day basis make it very difficult to control for
the uncertainty in the data. Furthermore, it is far from
obvious that these results can be generalized to a larger
population due to the non-probabilistic nature of samples
collected for the clinical trials, as well as the possibility of
a self-reporting bias.

1. Understanding the Structure of the Data

1.1 Recruitment

100 participants were recruited for the study. 50 of those
were assigned to group K, and 50 to group I: one of these
groups represent the active treatment group, while the
other group is administered a placebo treatment.

The objective of the study is to examine the effect of the
treatment against the (placebo) control group on severe IBS
patients. It should be noted that there were 16 participants
who were not classified as a severe IBS sufferer according
to their pre-treatment total IBS severity scores.
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ANCOVA for the 7 core analyses Sample Initial At 3 months
Group : p-value
(new dataset) Size mean sd mean sd
I 45 350.41 4291 265.75 100.62
Total IBS i 0.310
e el od K 0BG eeE A Ga
A I 45 61.92 17.52 43.30 23.08 0.603
4 K 42 WG e e e e
I 4 2.74 15.4 .54 22.1
Satisfaction 2 . = 2 . 0.330
K 42 76.58 16.79 57.61 23.55
All subjects Interference . = e S R L 0.327
4 K 42 IR 8 Sorm o [ike
I 45 62.89 23.22 52.22 32.11
Frequency 0.358
K 42 62.98 23.58 45.95 31.00
Abdominal I 45 68.44 16.91 48.46 25.77 0.902
distension K 42 72.32 16.26 45.17 27.88 |
I 43 52.91 18.52 40.43 23.33
QoL 0.061
K 41 52.59 15.63 47.66 20.35
Table 2. Summary of ANCOVA for the 2013 data, with missing values imputed by LOCE
ANCOVA for the 5 IBS sub-scores Sample Initial At 3 months
- Group . p-value
(original dataset) Size mean sd mean sd
Abdominal Placebo 57 45.26 23.50 30.68 24.51 0.106
pain Probiotics 59 43.95 22.79 23.49 21.41 '
Abdominal Placebo 57 51.28 22.93 34.18 26.48 0.445
distension Probiotics 59 48.35 25.28 30.19 22.25 '
Al b Satisfaction Placebo 57 67.79 20.89 56.95 23.40 0.085
u .
J Probiotics 59 69.60 23.53 50.42 21.38
Interfe . Placebo 57 65.81 18.63 47.63 21.16 0.158
nterfjerenc .
Probiotics 59 59.67 18.13 40.14 20.07
F Placebo 57 43.68 24.32 34.56 27.37 0.347
requeny G O

Table 3. Summary of sub-score ANCOVAs for the 2010 data, with missing values imputed by LOCE

Participant ID 68, who had a severity score of 158, was dis-
carded from the study; however, 15 patients whose baseline
IBS severity scores ranging from 259.6 to 298 were kept
for this study as the severity of IBS is known to fluctuate.

1.2 Randomization

In order to facilitate a balanced representation in the active
treatment group and the placebo group in terms of their
demographical characteristics, participants were first cate-
gorized by their gender group (M/F) and age group (< or
> 50 years). Within each subgroup, participants were then
randomly assigned to the treatment group or the placebo
group, in a double-blind fashion (i.e. neither the examiners
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nor the participants were aware of the groups to which
they had been assigned). As the number of treatment/-
placebo assignments in each group was not intended to be
even, this randomization process leads to an (Unbalanced)
Randomized Complete Block Design.

1.3 Outcome Measures

The response variables are the total IBS severity (IBSS)
score and the IBS Quality of Life (QoL) measure. We will
be examining the effect of treatment on each of the five
questions that constitute the IBS score. These questions
measure the levels of abdominal pain, abdominal distension
and bloating, satisfaction, interference, and frequency.
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Total # of Dropped Dropped Dropped Remaining
Treatment recruited out after out after out after after

participants  Baseline Month 1 Month 2 Month 3

40
K 49 4 3 2 (8L6%)

45
I 50 4 1 0 (90.0%)

85
Total 99 8 4 2 (85.8%)

Table 4. IBSS drop-out data. Only those participants that
remain after the first two months are retained.

CIOIEIC)

CASE STUDY: COVARIANCE ANALYSIS OF IBS

IBS QoL
Treatment Group K I K I
Removed 7 5 8 7
Completed 40 39
(Imputed) (42) o (41) 55

Total (Recruited) 49 50 49 50

Table 5. IBSS drop-out data. Only those participants that
remain after the first two months are retained.

All scores are collected at the beginning of the study (base-
line) and at one-month intervals for three months. Note
that the response variables are derived using self-reported
data.

1.4 Drop-outs, Missing Observations, and Imputation
Eight participants did not deliver any information after the
baseline measure: four participants in each of the random-
ization groups. As there was no information regarding the
treatment effects for those participants, they were elimi-
nated from the remaining analysis. Furthermore, six partic-
ipants failed to follow-up after the first or the second month
of the study. Table 4 summarizes the situation.

Since the covariance analysis requires the dataset to be free
of missing observations, imputations must be performed
prior to proceeding with the analysis.

In general, it is difficult to study the exact reasons why
some participants terminate the follow-up prematurely;
however it could be conjectured that participants who com-
plete the study are either more likely to believe in the effect
of the active agent or to actually be feeling the effect of the
treatment than those who fail to complete the treatment.

In fact, taking a look at drop-outs with partial informa-
tion, it is often the case that these observations do not follow
the general downward trend seen in the participants with
the complete information. In an attempt to test this conjec-
ture, partial non-respondents should be kept in the analysis.

Therefore, for those participants with recorded observa-
tions up to the second follow-up, the LOCF imputation was
favoured over the regression imputation [5], and imple-
mented for the analysis. However, it should be noted that
four participants dropped out of the study after the first
follow-up.

Due to the observed month-to-month fluctuation in the
scores within each patient, it may not be reasonable to as-
sume that the IBS severity scores and QoL measures for
these participants stay constant over a two month period.
Therefore, the decision was made to eliminate these partic-
ipants from subsequent analysis.

To compensate for the fact that the imputation was done

prior to the covariance analysis, one degree of freedom is
docked for each imputation. Note that only the missing
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observations at the third month into the study are imputed,
as we are interested in comparing the baseline measures
and the final measures.

For the IBS severity score and its five sub-scores, there were
no partial non-respondent; however, subjects 19, 22, and 32
did not complete some questions on the QoL questionnaire
at the baseline.

For this reason, these participants are removed from the
covariance analysis for the QoL scores. Table 5 summarizes
the participants who dropped out prior to completion of
the study and who were kept for the analysis with imputed
scores.

1.5 Outlier Detection
Outlying observations frequently have a dramatic effect
on the fitted values of the selected model; should such
extreme points be found in the dataset, they need to be
studied carefully in order to determine whether they should
be retained or removed [6,10].

If influential observations are identified, remedial mea-
sures may need to be applied in order to minimize their
undue effects.

Given that we have at most four data points per participant,
and due to the large observed within-participant variability
over time, it is near impossible to identify within-participant
observations which we could deemed to be “extreme”.

It is, however, significantly easier to identify any abnor-
mal between-participant observations.

Numerous methods can be used to find outliers [10]; none
of them are foolproof and good judgement is required. As a
first pass, box-and-whisker plots can help in the search for
possible outliers: data points falling below Q; — 1.5 x IQR
or above Q3 — 1.5 X IQR (where Q, Q5 and IQR stand for
the first quartile, the third quartile and the inter-quartile
range, respectively) require a more in-depth analysis (see
Figure 1).

From the box-and-whisker plots, we observe that me-
dians for treatment groups I and K usually do not differ
greatly at the third follow-up. Furthermore, the variability
of the data (given by the range of the whisker) tends to
be greater at the last follow-up compared to the variability
observed at the pre-treatment assessment.
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Figure 1. Box-and-whisker plots for IBSS scores at each time point. The blue and red columns represent the scores for treatment
groups I and K, respectively, while circles represent outlying values according to the box-and-whisker test.

2. Model Selection

As mentioned in Section 1.2, the participants were stratified
according to their gender (M/F) and age group (< or > 50
years), and then randomized within each block in an effort
to promote balanced representation between two treatment
groups.

From a statistical perspective, blocking is used to isolate
controllable variables that are not of the primary inter-
est: since participants were randomized within each block

S.Hagiwara, P.Boily (2014)

(subgroup), and since the number of treatment/placebo
assignments in each group was not intended to be even, this
randomization process lead to unbalanced Randomized
Complete Block Design (RCBD).

2.1 ANCOVA Models

ANCOVA models integrate treatment and block effects, as
well as a linear effect of a continuous covariate [7]: the
models that we use are of the following form:

Yijk =+ T + B + rXiji + Eijis
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where

* Yijk is the k™ measurement of the response variable
in the i™ treatment group and j™ block (the scores
at the third follow-up);

= u is the overall mean;

= 7, is the i treatment effect;

= f3; is the j™ block effect;

= y is the covariate (or regression) effect;

* x;jx = X;jx —X is the k™ covariate (or concomitant
variable) in the i™ treatment group and j™ block (the
baseline IBSS or QoL value adjusted for the mean),
and

= &, is the k™ residual in the i treatment group and
7™ block.

The indices range as follows:

i=12, j=123,4, k=1,...,n,

with 3, >'.n; ; = N, the total number of participants.

2.2 ANCOVA Assumptions
In order to use an ANCOVA model, four assumptions must
be satisfied:

1. Independence and Normality of Residuals: the residuals
must be independently and identically distributed ran-
dom variables following a normal distribution with
zero mean (i.e. £ ~ N(0,021));

2. Homogeneity of Residual Variances: the variance of the
residuals must be uniform across treatment groups;

3. Homogeneity of Regression Slopes: the regression ef-
fect (slope) must be uniform across treatment groups,
and

4. Linearity of Regression: the regression relationship be-
tween the response and the covariate must be linear.

The first of these assumptions can be tested with the help
of a QQ-plot and a scatter plot of residual vs. fitted values,
while the second may use the Bartlett’s or the Levene’s test.
The final assumption is not as crucial as the other three
assumptions. Various remedial methods can be applied
should any of these assumptions fail [6].

The third assumption is critical to the ANCOVA model.
It can be tested with the equal slope test: run an ANCOVA
regression with an additional interaction term x X .

If the interaction is not significant, the third assump-
tion is satisfied. In the event that the interaction term is

S.Hagiwara, P.Boily (2014)
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Source df Type 111 SS MS F p-value
T (Treatment) 1 10521 10521 1,043 0310
B (Block) 3 19551 6517 0646 0588
o) 89895 89895 8911 0.004
£ (Residual) 8719_=2 796996  10088.56

Table 6. ANOVA table for the variance analysis on the total IBSS
with degrees of freedom modified to accommodate imputation.

statistically significant, a different approach (e.g. moder-
ated regression analysis, mediation analyses) is required
as using the original ANCOVA model is not prescribed [8].
ANCOVA assumptions will be verified for both IBSS and
QoL response variables in Sections 3 and 4, respectively.

3. Covariance Analysis for IBS Severity

A total of 100 participants were recruited for the study. One
subject did not meet the recruitment criteria, and eight of
which dropped out after the baseline assessment. A further
three drop-outs were removed (see Section 1.4), leaving a
total of N = 88 participants for the analyses for the IBSS
score and its sub-scores.

In order to accommodate the two imputations (again,
see Section 1.4), two degrees of freedom are docked from
the residual source in the ANCOVA analyses. All point
estimates are available in Table 5.

3.1 Total IBS Severity Score
The ANOVA table for the ANCOVA model on the total
IBSS is found in Table 6. At first glance, as the p—value
for the treatment effect is 0.310, we conclude that there is
not enough evidence to suggest that the two treatment
effects differ at 0.05 significance level.

Since the 95% confidence interval for the difference in
the treatment effects include 0, the estimated treatment
effects are not presented.

The ANCOVA assumptions are verified as follows. The
assumption of independence of the residuals is satisfied
based on the visual assessment of the residuals vs. fitted
diagnostic plot in Figure 2 (left). The data is well behaved
on the normal Q-Q plot, verifying that the assumption of
normality is met (see Figure 2, middle).

Bartlett’s test is used to assess the homogeneity of the
residual variances in groups K and I. The test statistic
X2 =0.265, with a corresponding p—value of 0.60, implies
that there is insufficient evidence to reject the assumption
of homogeneity of variances. A plot of the variances cor-
roborates the assertion that the second assumption is met
(see Figure 2, right).

Furthermore, with a p—value of 0.004 for the covariate
effect (see Table 6), it seems reasonable to assume that
the relationship between the response and the covariate is
indeed linear.
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Figure 2. Independence (left) and normality (middle) of the residuals from ANCOVA for the total IBSS; homogeneity of variance
between treatment groups I and K (right) for the total IBSS based on ANCOVA.

Model df; RSS dfaier Ss F p-value
Original 79 796996
Interaction 78 796932 1 64 0.006 0.937

Table 7. Homogeneity of regression slopes across treatment
groups for the covariance model for the total IBS severity score,
with degrees of freedom modified to accommodate imputation.

Finally, the test for equal slopes compares the original model
¥ ~ 7+ B + yx to the modified interaction model

y~T+B+yx+plxx1).

The lack of significance of the interaction term is interpreted
as favourable to the third assumption.

The appropriate ANOVA table is shown in Table 7; the
corresponding p—value of 0.937 for the interaction model
indicates that that it is reasonable to assume the homogene-
ity of regression slopes.

The plot of residuals vs. fitted values (Figure 2, left) shows
three (potential) outliers based on the covariance analysis.

Table 8 summarizes treatment effects on these partici-
pants; note that all three (potential) outliers have a large
reduction in IBSS to categorize those participants as either
not suffering from IBS (scores ranging from 0 to 75) or
mildly suffering from IBS (scores ranging from 75 to 175).

While their rate of reduction is anomalous compared to
the rest of the participants, since the three do not belong
to the same group, the covariance analysis on the reduced
dataset (i.e. after IDs 16, 18, and 68 have been removed)
should not alter the results significantly.

Consequently, no further analyses need to be conducted for
the total IBS severity score and we stand by our original
conclusion: there is not enough evidence to believe that
treatments I and K produce significantly different results.

S.Hagiwara, P.Boily (2014)

ID Group Baseline score Finalscore Difference

16 I 448 134 -314
18 K 326 6 -320
68 I 365 65 -300

Table 8. Outliers based on the ANCOVA for the total IBSS.

Source df TypelllISS MS F p-value
T (Treatment) 1 192 192 0.314 0.577
B (Block) 3 3003 1001 1.639 0.187
Y (Covariate) 1 143 143 0.233 0.630
& (Residual) 79 48261 611

Table 9. ANOVA table for the variance analysis on the
abdominal pain score, with degrees of freedom modified to
accommodate imputation.

Source df TypelllSS MS F p-value
7 (Treatment) 1 163.31 163.31 0.273 0.603
B (Block) 3 3147.44 1049.15 1.759 0.162

£ (Residual) 81 48404 597.58

Table 10. ANOVA table for the variance analysis on the
abdominal pain score, with degrees of freedom modified to
accommodate imputation (no covariate effect).

3.2 Abdominal Pain Score
The ANOVA table for the ANCOVA model on the abdomi-
nal pain score is found in Table 9. Note that the p—value
for the covariate effect is 0.630, which suggests that ANOVA
would be more appropriate than ANCOVA to test the differ-
ence in the abdominal pain scores in two treatment groups.
Table 10, which provides the ANOVA table for the analysis
of variance on the abdominal pain score, indicates that the
treatment effects do not differ as the p—value for the dif-
ference in the treatment effects is 0.603.

The assumption of independence of the residuals is sat-

isfied based on the visual assessment of diagnostic plots
in Figure 3 (left). The normal Q-Q plot shows a slight de-
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Figure 3. Independence (left) and normality (middle) of the residuals from ANOVA for the abdominal pain score; homogeneity of
variance between treatment groups I and K (right) for the total abdominal pain score based on ANOVA.

ID Group Baseline score Finalscore Difference

73 K 50 100 50
77 1 78 94 16
88 I 76 0 -76

Table 11. Outliers based on the analysis of variance on the
abdominal pain score.

viation from the assumption of normality (see Figure 3,
middle); however, as ANOVA is moderately robust to the
violation of this assumption, the level of deviation seen here
is of little concern.

We assess the homogeneous variances of the residu-
als in the groups I and K using Bartlett’s test. There is
insufficient evidence to conclude that the variances are non-
homogeneous across treatment groups as the statistic is
X? =0.239 with a corresponding p—value of 0.625. A plot
of the variances corroborates the assertion that the second
assumption is met (see Figure 3, right).

The plot of residuals vs. fitted values (Figure 3, left) shows
three (potential) outliers based on the covariance analysis.

Table 11 summarizes treatment effects on these partici-
pants. Since the p—value associated with the treatment is
0.603, analysis on the reduced dataset (i.e. after potential
influential observations have been removed) should not
result in change in the decision based on ANOVA.

Consequently, no further analyses need to be conducted
for the abdominal pain score and we conclude that there
is not enough evidence to believe that treatments I and K
produce significantly different results.

3.3 Satisfaction Score
Table 12 provides the ANOVA table for the satisfaction score
using the ANCOVA model. As the p—value for the treat-
ment effect is 0.330, we conclude that there is not enough
evidence to suggest that the treatment has an effect at the
0.05 significance level.

S.Hagiwara, P.Boily (2014)

Source df TypellISS MS F p-value
T (Treatment) 1 837 837 0.961 0.330
B (Block) 3 4089 1363  1.565 0.205
Y (Covariate) 1 13078 13078 15.013 <0.001
& (Residual) 79 68815 871

Table 12. ANOVA table for the covariance analysis on the
satisfaction score, with degrees of freedom modified to
accommodate imputation.

The ANCOVA assumptions are verified as follows. The as-
sumption of independence of the residuals is satisfied based
on the visual assessment of diagnostic plots in Figure 4
(left). The normal Q-Q plot demonstrates deviation from
the assumption of normality on both tails (see Figure 4,
middle); as ANCOVA is moderately robust to the violation
of this assumption, the level of deviation is acceptable.

Due to a moderate deviation from the normality assump-
tion, Levene’s test is used to assess the homogeneous vari-
ances of the residuals in the groups I and K. The test statis-
tic is W = 0.072 with a corresponding p—value of 0.790.
There is thus insufficient evidence to conclude that the vari-
ances are non-homogeneous across treatment groups. A
plot of the variances corroborates the assertion that the sec-
ond assumption is met (see Figure 4, right). Furthermore,
with the p—value for the covariate effect being less than
0.001, it seems reasonable to assume that the relationship
between the response and the covariate is linear.

The ANOVA table for the test of homogeneity of the re-
gression slopes is shown in Table 13; the corresponding
p—value of 0.261 indicates that that it is reasonable to as-
sume the homogeneity of regression slopes.

The plot of residuals vs. fitted values (Figure 4, left) shows
three outliers based on the covariance analysis. Table 14
summarizes the treatment effects on theses observations.
This combination provides an impetus to study the effect
of possible influential observations.
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Figure 4. Independence (left) and normality (middle) of the residuals from ANCOVA for the satisfaction score; homogeneity of
variance between treatment groups I and K (right) for the total satisfaction score based on ANCOVA.

Model df; RSS dfaite SS F p-value
Original 79 68815
Interaction 78 67700 1 1115 1.280 0.261

Table 13. Homogeneity of regression slopes across treatment
groups for the covariance model for the satisfaction score, with
degrees of freedom modified to accommodate imputation.

ID Group Baselinescore Finalscore Difference

12 I 100 10 -90
16 K 100 0 —100
55 I 10 100 90

Table 14. Outliers based on the analysis of variance on the
satisfaction score.

Source df TypelllISS MS F p-value
T (Treatment) 1 680 680 0973 0.327
B (Block) 3 878 293 0419 0.740
Y (Covariate) 1 4899 4899 7.013 0.010
& (Residual) 79 55183 699

Table 15. ANOVA table for the covariance analysis on the
interference score, with degrees of freedom modified to
accommodate imputation.

However, since the p—value associated with the treatment
effect on the satisfaction score is 0.330, analysis on the
reduced dataset (i.e. with potential influential observations
removed) should not result in change in the decision based
on ANOVA.

Therefore, no further analyses are conducted for the fre-
quency score and we conclude that there is not enough
evidence to believe that treatments I and K produces sig-
nificantly different results.

3.4 Interference Score
Table 15 provides the ANOVA table for the interference
score using the ANCOVA model. As the p—value for the
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treatment effect is 0.327, we conclude that there is not
enough evidence to suggest that the treatment has an effect
at the 0.05 significance level.

The ANCOVA assumptions are verified as follows. The as-
sumption of independence of the residuals is satisfied based
on the visual assessment of diagnostic plots in Figure 5
(left). The normal Q-Q plot demonstrates deviation from
the assumption of normality on both tails (see Figure 5);
however, as ANCOVA is moderately robust to the violation
of this assumption, the level of deviation is acceptable.

Consequently, Levene’s test is used to assess the homoge-
neous variances of the residuals in the groups I and K. The
test statistic is W = 0.068 with a corresponding p—value
of 0.795. There is thus insufficient evidence to conclude
that the variances are non-homogeneous across treatment
groups. A plot of the variances corroborates the assertion
that the second assumption is met (see Figure 5, right).

Furthermore, with the p—value for the covariate effect
being 0.01, it seems reasonable to assume that the relation-
ship between the response and the covariate is linear.

The ANOVA table for the test of homogeneity of the re-
gression slopes is shown in Table 16; the corresponding
p—value of 0.261 indicates that it is reasonable to assume
the homogeneity of regression slopes.

The plot of residuals vs. fitted values (Figure 5, left) shows
three outliers based on the covariance analysis. Table 17
summarizes the treatment effects on these possible outliers.
However, since the p—value associated with the treatment
effect on the interference score is 0.327, analysis on the
reduced dataset (i.e., after potential influential observa-
tions have been removed) should not result in change in
the decision based on ANOVA.

Therefore, no further analyses are conducted for the
interference score and we conclude that there is not enough
evidence to believe that treatments I and K produces sig-
nificantly different results.
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Figure 5. Independence (left) and normality (middle) of the residuals from ANCOVA for the interference score; homogeneity of
variance between treatment groups I and K (right) for the interference score based on ANCOVA.

Model df; RSS dfaife SS F p-value Model df; RSS dfaite SS F p-value
Original 79 68815 Original 79 40014
Interference 78 67700 1 1115 1.280 0.261 Frequency 78 40006 1 8.000 0.016 0.427

Table 16. Homogeneity of regression slopes across treatment
groups for the covariance model for the interference score, with
degrees of freedom modified to accommodate imputation.

ID Group Baselinescore Finalscore Difference

53 K 87 0 —87
69 I 100 15 -85
76 K 56 88 32

Table 17. Outliers based on the analysis of variance on the
interference score.

Source df TypelllISS MS F p-value
T (Treatment) 1 596 596 0.854 0.358
B (Block) 3 1116 372 0.533 0.661
Y (Covariate) 1 3588 3588 7.083 0.009
& (Residual) 79 40014 507

Table 18. ANOVA table for the covariance analysis on the
frequency score, with degrees of freedom modified to
accommodate imputation.

3.5 Frequency Score

Table 18 provides the ANOVA table for the frequency score
using the ANCOVA model. As the p—value for the treat-
ment effect is 0.358, we conclude that there is not enough
evidence to suggest that the treatment has an effect at the
0.05 significance level.

The ANCOVA assumptions are verified as follows. The
assumption of independence of the residuals is satisfied
based on the visual assessment of diagnostic plots in Fig-
ure 6, on the left. The normal Q-Q plot demonstrates a
slight deviation from the assumption of normality; however,
as ANCOVA is moderately robust to the violation of this
assumption, the level of deviation seen here is no concern.

S.Hagiwara, P.Boily (2014)

Table 19. Homogeneity of regression slopes across treatment
groups for the covariance model for the frequency score, with
degrees of freedom modified to accommodate imputation.

ID Group Baseline score Final score Difference

18 K 66.7 2 —64.7
34 I 82.7 10 -72.7
64 K 90 10 —80

Table 20. Outliers based on the analysis of variance on the
frequency score.

Due to a minor deviation from the normality assumption
(see Figure 6, middle), Levene’s test is used to assess the ho-
mogeneous variances of the residuals in the groups I and K.
The test statistic is W = 0.321, with corresponding p—value
of 0.573. There is thus insufficient evidence to conclude
that the variances are non-homogeneous across treatment
groups. A plot of the variances corroborates the assertion
that the second assumption is met (see Figure 6, right).
Furthermore, with the p—value for the covariate effect
being 0.009, it seems reasonable to assume that the rela-
tionship between the response and the covariate is linear.

The ANOVA table for the test of homogeneity of the re-
gression slopes is shown in Table 19; the corresponding
p—value of 0.427 indicates that that it is reasonable to as-
sume the homogeneity of regression slopes.

The plot of residuals vs. fitted values (see Figure 6, left)
shows three suspected outliers based on the covariance anal-
ysis. Table 20 summarizes treatment effects on them. Since
the p—value associated with the treatment effect on the fre-
quency score is 0.358, analysis on the reduced dataset (i.e.,
with potential influential observations removed) should not
result in change in the decision based on ANOVA. Therefore,
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Figure 6. Independence (left) and normality (middle) of the residuals from ANCOVA for the frequency score; homogeneity of
variance between treatment groups I and K (right) for the frequency score based on ANCOVA.

Source df TypellISS MS F p-value
T (Treatment) 1 7 7 0.015 0.902
B (Block) 3 847 282 0.586 0.626
¥ (Covariate) 1 5383 5383 11.182 0.001
& (Residual) 79 38028 481

Table 21. ANOVA table for the covariance analysis on the
abdominal distension score, with degrees of freedom modified to
accommodate imputation.

no further analyses are conducted for the abdominal pain
score and we conclude that there is not enough evidence
to believe that treatments I and K produces significantly
different results.

3.6 Abdominal Distension Score

Table 21 provides the ANOVA table for the abdominal dis-
tension score using the ANCOVA model. As the p—value
for the treatment effect is 0.902, we conclude that there is
not enough evidence to suggest that the treatment has an
effect at the 0.05 significance level.

The ANCOVA assumptions are verified as follows. The
assumption of independence of the residuals is satisfied
based on the visual assessment of diagnostic plots in Fig-
ure 7. The normal Q-Q plot demonstrates a slight deviation
from the assumption of normality; however, as ANCOVA is
moderately robust to the violation of this assumption, the
level of deviation seen here is no concern.

Due to a minor deviation from the normality assumption,
Levene’s test is used to assess the homogeneous variances
of the residuals in the groups K vs. I. The test statistic is
W = 0.059 with a corresponding p—value of 0.809. There
is thus insufficient evidence to conclude that the variances
are non-homogeneous across treatment groups. A plot of
the variances corroborates the assertion that the second
assumption is met (Figure 7, right).

S.Hagiwara, P.Boily (2014)

Model df; RSS dfaife SS F p-value
Original 79 38028
Interaction 78 38007 1 21.000  0.044 0.835

Table 22. Homogeneity of regression slopes across treatment
groups for the covariance model for the abdominal distension
score, with degrees of freedom modified to accommodate
imputation.

ID Group Baseline score Finalscore Difference

18 K 66.7 0 —66.7
64 I 80 10 =70
69 I 75 5 =70

Table 23. Outliers based on the analysis of variance on the
abdominal distension score.

Furthermore, with the p—value for the covariate effect be-
ing 0.001, it seems reasonable to assume that the relation-
ship between the response and the covariate is linear.

The ANOVA table for the test of homogeneity of the re-
gression slopes is shown in Table 22; the corresponding
p—value of 0.835 indicates that that it is reasonable to as-
sume the homogeneity of regression slopes.

The plot of residuals vs. fitted values (see Figure 7, left)
shows three outliers based on the covariance analysis. Ta-
ble 23 summarizes treatment effects on theses. Since the
p—value associated with the treatment effect on the satis-
faction score is 0.358, analysis on the reduced dataset (i.e.
with potential influential observations removed) would not
result in change in the decision based on ANOVA.

Therefore, no further analyses are conducted for the
abdominal distension score and we conclude that there is
not enough evidence to believe that treatments I and K
produces significantly different results.
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Figure 7. Independence (left) and normality (middle) of the residuals from ANCOVA for the abdominal distension score;
homogeneity of variance between treatment groups I and K (right) for the abdominal distension score based on ANCOVA.

Source df TypelllSS MS F p-value
T (Treatment) 1 1099 1099 3.629 0.061
B (Block) 3 370 123 0.407 0.748
Y (Covariate) 1 14847 14847 49.031 <0.001
& (Residual) 76 23013 303

Table 24. ANOVA table for the covariance analysis on the QoL
score, with degrees of freedom modified to accommodate
imputation.

4. Covariance Analysis for QoL

As was the case for the IBSS, a total of 100 participants
were recruited for the study. One subject did not meet the
recruitment criteria and eight subjects dropped out after
the baseline assessment. A further three subjects had in-
complete QoL baseline measurements and four eventual
drop-outs were removed, leaving a total of N = 84 partic-
ipants for the analyses for the QoL scores (compare with
N = 88 for the IBSS scores).

In order to accommodate the two imputations (as was
the case in Section 3), two degrees of freedom are docked
from the residual source in the ANCOVA analyses (see Sec-
tion 1.4 for details). The point estimates are available in
Table 5.

4.1 QoL Score on the Full Dataset

The ANOVA table for the ANCOVA model on the QoL score
is found in Table 24. At first glance, as the p—value for
the treatment effect is 0.061, we conclude that there is not
enough evidence to suggest that the two treatment effects
differ at 0.05 significance level.

However, it should be noted that the point estimate
yields that, on average, participants in treatment group [
have lost an extra 7.26 QoL score over the course of the
three months treatment period (see Table 5).

The ANCOVA assumptions are verified as follows. The as-
sumption of independence of the residuals is satisfied based

S.Hagiwara, P.Boily (2014)

Model df. RSS dfaise SS F p-value
Original 76 23014
Interaction 75 22862 1 152.000 0.502 0.481

Table 25. Homogeneity of regression slopes across treatment
groups for the covariance model for the QoL score, with degrees
of freedom modified to accommodate imputation.

ID Group Baselinescore Finalscore Difference

14 K 37.5 72.1 34.6
59 I 54.4 72.1 11.7
69 I 70.2 11.4 —58.8

Table 26. Outliers based on the analysis of variance on the QoL
score.

on the visual assessment of diagnostic plots in Figure 8 (left,
middle). The data is well behaved on the normal Q-Q plot,
verifying that the assumption of normality is met.

Bartlett’s test is used to assess the homogeneous vari-
ances of the residuals in the groups K vs. I. The test statistic
is X2 = 0.006, with a corresponding p—value of 0.937 im-
plying that there is insufficient evidence to conclude that
the variances are heterogeneous across treatment groups.
A plot of the variances corroborates the assertion that the
second assumption is met (see Figure 8, right).

Furthermore, with the p—value for the covariate effect be-
ing less than 0.001, it seems reasonable to assume that
the relationship between the response and the covariate is
indeed linear.

The ANOVA table for the test of homogeneity of the re-
gression slopes is shown in Table 25; the corresponding
p—value of 0.481 indicates that that it is reasonable to as-
sume the homogeneity of regression slopes.

The plot of residuals vs. fitted values (Figure 8, left) shows

three potential outliers based on the covariance analysis.
Table 26 summarizes treatment effects on these partici-
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Figure 8. Independence (left) and normality (middle) of the residuals from ANCOVA for the QoL score; homogeneity of variance
between treatment groups I and K (right) for the QoL score based on ANCOVA.

pants. Since the p—value associated with the difference
in the effects of the two treatment groups is close to 0.05
(0.061), we examine whether the treatment effect would be
statistically significant under the removal of the potential
influential observations.

4.2 QoL Score on a Reduced Dataset

After repeating the analysis on the reduced dataset, the
p—value for the treatment effect was increased to 0.093,
from which we conclude that there is not enough evidence
to suggest that the two treatment effects differ at a 0.05
significance level; however, it should be noted that the point
estimate yields, on average, that participants in treatment
group I have lost 6.04 QoL score points over the course of
three months treatment period (this datum is not available
in Table 5, however).

5. IBS Sub-Score Analyses for 2010 Dataset

Extremely similar analyses were conducted for the sub-
scores of the IBS data collected during the 2010 pilot study;
in the interest of readability, the results were condensed and
provided in Table 6. While none of the sub-scores showed
statistically significant improvement under the probiotic
agent in 2010 either, one of them (Statisfaction, p-value:
0.085) was nearly significant.

6. Conclusions and Recommendations

It was found that blocking (or subgrouping) the partici-
pants according to their gender and age does not play an
important role in the ANCOVA. In future studies involving
this probiotic agent, blocking should only be used if there
are compelling reasons to suspect that treatment effects are
different for at least one subgroup, as blocking results in
fewer degrees of freedom.

Special care should also be taken to have a balanced de-
sign (i.e. an equal number of replicates for each subgroup),
especially if subgroup analyses are of interest: for instance,
the overwhelming number of female participants and small
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number of male participants make any conclusions about
male subgroups statistically unsound.

In the 2013 IBS Study, participants needed to come for-
ward in order to be selected. The recruitment process used
advertisements on the radio, in local newsletters and news-
papers, on the web and social media, as well as posters
with which local MDs and NDs could encourage patient
referrals.

The elephant in the room is that this type of recruitment
process leads to self-selection biases: the participants in the
2013 IBS Study may not constitute a representative sample
of IBS sufferers, which makes it difficult to generalize the
result of the analyses beyond the collected sample, even
when there is a significant impact.

This is a problem that plagues numerous clinical studies;
unfortunately, it is quite difficult to counter this situation.

Our interpretation of the covariance analyses results is that
there is simply not enough evidence to conclude that the
agent is effective against IBS.

It is true that the difference in the treatment effects
between the two groups on the (self-reported) QoL score is
nearly statistically significant at the 0.05 significance level.
The corresponding estimated difference in the treatment
effects is 7.26 QoL score points in the full dataset, which
means that on average, participants in the group I seem to
have lost an extra 7.26 QoL points over the course of three
months, compared to those in the group K.

However, given the amount of variability in individuals
from month to month, we are reluctant to conclude that
the agent under investigation provides a practically signifi-
cant improvement in the average participant’s quality of life.

Further investigation may shed some light on the situa-
tion and will help us determine if the relationship between
the agent and QoL is causal or spurious.

Consulting Post-Mortem  If you have made it this far, con-
gratulations! We suspect that this was as painful for you to
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read as it was for us to write. This project was a source of
numerous consulting lessons:

needed to prove their agent’s effectiveness, and we
had no choice but to bow out as this p—hacking was

= Convenient recruitment process: as mentioned ear-
lier in this Section, participants needed to come for-
ward to be part of the study. This type of recruitment
process leads to self-selection bias, and the partici-
pants may not be a representative sample of all IBS
sufferers — is it possible (likely?) that the participants
were most likely to report an effect due to their un-
naturally high level of suffering in the first place, or
because they were pre-disposed to believe that the
probiotic agent would have an effect, or because they
were desperate to find a solution to their condition,
or ...

Practical vs. Statistical significance: when a statis-
tically significant result is found (or nearly found, in
this case), this does not automatically translate as a
practically significance result - in this case, even if the
probiotic agent had been found to improve the life of
IBS sufferers from a statistical perspective, would that
have meant that it would have improved the lives of
IBS sufferers in any meaningful fashion, or would the
improvement be too small to have a marked effect in
IBS sufferers’ lives?

Effect of blocking: From a statistical perspective,
blocking should only be used if there are compelling
reasons to suspect that treatment effects are different
for at least one subgroup as blocking results in a fewer
degrees of freedom. The 2010 study used blocking
on gender and age, but as no treatment effect were
identified, this approach was not continued in the
2013 study. But since the collected data was not
necessarily representative of the population of IBS
sufferers at large, perhaps this was an oversight?

Choice of analytical method (ANCOVA): ANCOVA
only allows us to compare before/after treatment
scores. Since there were two to three follow-ups,
ANCOVA may not have been the best choice of method
to test the treatment effect over the course of three
months — we were asked to do ANCOVA analysis
by the client, after their original hierarchical linear
model approach failed to uncover a significant effect.

Never stop digging until we find something: After
the original results were shared with the client, we
were asked to provide further analyses (e.g., consider-
ing only severe IBS suffers, using different imputation
methods, etc.) in the hope that some statistical effect
could be found. We explained to the client that if
we run enough tests, we may find something, but
that the something in question is likely to only be
misleading conclusions and false claims. The client
was nevertheless ready to spend as much money as
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in conflict with our statistical ethics (a concern that
was shared with the CCNM as study sponsor), and
more pragmatically, that boredom was beginning to
set in (see the repetitive nature of this chapter as an
indication of what was in store had we kept on).

= Privacy concerns: Lastly, it should be noted that the

files we received contained participants’ full names
and the group to which they were assigned, which
jeopardized the nature of the double-blind experi-
ment. That information was deleted before we started
exploring/analyzing the data, but who knows if seeped
into our minds undetected and affected our analysis?
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