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Abstract

Background: Progression of aortic arch atheroma (AA) is associated with vascular events in

patients with stroke or transient ischemic attack (TTA). Studies investigating effect of stroke prevention
medication on AA progression are limited to post-cerebral segments that may not be related to stroke
pathophysiology and do not use information from the relevant segments adjacent to the origin of the
cerebral blood vessels.

Methods: AA atheroma was detected on baseline transesophageal echocardiogram (TEE) in 167
consecutive patients who had stroke or TIA. Of these, 125 consented to a follow-up TEE at12 months.
Adequate paired AA images were obtained in 117 (78 with strokes, 39 with TIAs), which allowed detailed
measurements of plaques. On admission for their index stroke or TIA, patients were assessed for stroke
risk factors and stroke prevention medications (Statins, Antiplatelet therapy and oral anticoagulant). We
assessed three segments of the AA adjacent to the origin of the cerebral blood vessels for plaque thickness
by TEE and analyzed the effect of medication using joint modeling, with due consideration to confounding
covariates. The statistical paradigm included a permutation testing procedure to determine the significance
of medication effect on plaque progression in the three segments in combination.

Results: Using the specified statistical paradigm, it is evident that statin therapy is effective in arresting
the AA progression; however, there is no significant change induced by anticoagulant therapy. The cleaned
data, after removal of influential observations, shows even more significance for the statin therapy. The
constrained hypothesis tests in both cases show a smaller p-value suggesting that the statin therapy may be
effective in arresting the AA progression.

Conclusions: In this preliminary study of stroke/TIA patients with AA atheroma on transesophageal
echocardiogram, AA atheroma progression was arrested by statin therapy, without any significant
change induced by anticoagulant therapy. The statistical paradigm with due consideration of all segments
implicated in stroke pathophysiology may be used to test the effect of other stroke prevention medications
on AA progression.
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Introduction that underwent progression AA in the ascending and arch
Significant aortic arch atheroma (AA) is the second most  segments were found to be independently associated with
prevalent risk for cardioembolic stroke after atrial fibrillation, recurrent vascular events [6]. Retrograde diastolic blood flow
present in 16-20% of stroke/TIA patients [1,2]. It is a risk fac-  in the proximal descending aorta, which connects significant
tor for new and recurrent stroke [4] and has lack of definitive  plaques thickness with brain-supplying arteries, has been iden-
treatment effect [5]. Among patients with AA, a subgroup tified as a possible source of brain embolism [7]. In absence of
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randomized clinical trials, observational studies shed light on

the effect of stroke prevention medications on AA measured

at baseline. Most of the observational studies do not utilize

the maximum information from the continuous measurement
of plaque from all three segments of AA implicated in stroke

pathophysiology [6]. Also, they do not explore the relation-
ship of the treatment with the thickness of the plaque at

different segments of the aorta in combination. Even when

multiple segments were considered [6], the relationships are

considered marginally, and therefore, the correlation struc-
ture among the thickness of plaque at different segments of
the aorta, was not considered. Sometimes the information

obtained was lost due to the use of a discrete grade scale or
forming of class intervals. These limitations significantly limit
the ability of clinicians to test the effect of stroke prevention

medications on AA.

Recently, we conducted a prospective study using detailed
serial-view, quantitative plaquethickness measurements
andmethods to ensure imaging and gradation in similar lo-
cationsover a period of 12 months, to accurately estimate the
rate ofprogression. We found that instroke/TIA patients with
AA atheroma progression on repeat TEE at 12 months were
more independently likely to experience recurrent vascular
event [8]. No difference existed in theproportion of patients
undergoing antiplatelet therapy, oralanticoagulation, or statin
therapy. A limitation of the assessment of AA progression was
the way the definition that included measures in the aortic
arch segments only, eliminating the descending segments,
and transformation of aortic arch plaque thickness from
continuous variable to a clinically relevant grade. To counter
these limitations we used the aortic plaque thickness in the
ascending arch and descending segments as a continuous
variable. Using an innovative statistical paradigm we investi-
gated if the stroke prevention medications (statins, antiplatelet
therapy, and oral anticoagulants) influenced AA progression
and if the influence was independent of the stroke risk factors.

Patients and methods

Consecutive stroke/TIA patients (n=307) underwent TEE within
one month of symptom onset as a part of their stroke workup.
All patients had computed tomography/MRI of the brain to
confirm stroke and had risk factors assessed at admission
for their index stroke/TIA. Exclusion criteria include age <18
years, intracerebral hemorrhage, subarachnoid hemorrhage,
coma, conditions limiting life expectancy to <12 months
(for example, end-stage cancer), and no aorticatheroma on
baseline TEE. Of these patients, 167 had evidence of aortic
atheroma (measurable plaque =1 mm in ascending aorta,
arch,or descending thoracic aorta), and 125 of these eligible
patients consented to a follow-up TEE at 12 months based
on a protocol approved by the institutional review board.
Of the 42 patients who did not consent, 35 refused and 7
were deceased before their follow-up TEE. Adequate paired
aortic images were obtained in 117 of 125 patients (78 with

stroke, 39 with TIA), which enabled us tomake detailed plaque
measurements.

TEE assessment of AA
A comprehensive TEE with detailed imaging of the aorta was
performed with a Hewlett-Packard 21364A omniplane probe
(Hewlett-Packard, Palo Alta, CA). Imaging and quantification
of AA atheroma were conducted with modifications of the
previously described methods [2]. The aortic arch was definedas
the portion of the aorta between the curve at the end of the
ascendingaorta and the origin of the left subclavian artery.
The descending thoracic aorta extended from the origin of
the left subclavian artery to the level where the thoracic aorta
crossed the diaphragm [2]. Briefly, the ascending and arch
segments of the thoracic aorta were imaged at a probe depth
of ~30 cm with a multiplane angle of100° to 150° to view the
vessel in the long axis. The descending thoracic aorta was
examined by advancing the probe to the distalesophagus,
imaging the aorta in cross section (at 0°), and then slowly
withdrawing the probe to image proximal segments. As the
transducer reached the AA, the multiplane angle was rotated
to between 0° and 90° to acquire sequential short-axis views.
The modifications included the acquisition of digital
images of the diseased areas in each segment of the AA
with annotation of the distance of the transducer from the
incisors. Identical locations in the AA were evaluated on the
1-year examination, with the depth of the transducer, plaque
morphology, and surrounding anatomic landmarks used for
guidance. Two observers, masked to clinical data and the order
of the TEE, independently quantified atheroma. Plaque thick-
ness was measured as the maximal thickness of the intimal
and medial layers in the ascending, arch and descending
segments. Progression of AA was assessed by the objective
difference in plaque thickness in the ascending, arch and
descending segments.

Clinical definitions

Stroke risk factors, stroke, and TIA were defined on the basis
of previously described criteria. Stroke risk factors were
assessed at the time of the initial qualifying event (stroke
or TIA). Antiplatelet therapy included aspirin, aspirin with
extended-release dipyridamole, clopidogrel, and ticlopidine.
Oral anticoagulation implied Warfarin therapy for a known
indication (for example, atrial fibrillation), and statin therapy
indicated daily statin therapy. The medication history was
collected at the time of the protocol-mandated 12-monthTEE
examination.

Statistical analysis

The statistical analysis of the data demands the fitting of a
multi-response model since the design involves measurement
of plaque thickness at three points, the ascending, arch, and
descending segments of the aorta, and they are likely to be
inter-correlated. Further, plaque measurements have been
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made at 0 and 12 month/s (time-points) on the same subject
where progression and regression may both occur over this
period. We consider the difference in thickness between the
two time points as our response, which is a three component
vector. We use a multivariate regression model with such
response variable, two treatments and five other covariates.

The primary predictors of interest are the binary indicators
of the two medications - statin and anticoagulant therapy.
Five covariates (Age, Hypertension, Diabetes, Hypercho-
lesterolemia, Smoking) which are believed to be potential
confounders are included in the model. Age is a continuous
predictor, all others being binary indicators indicating the
presence or absence of the trait.

The multivariate regression model can be mathematically
written as

Y =BX, 46 (D)

Where Y is a 3-component vector representing the response,
B is a 3x7 matrix of regression coefficients,Xl. isa 7x1 matrix
representing the explanatory variables, and ¢/ s are independ-
ent and identically distributed 3-component random errors

If we want to test the effect of the a treatment, without loss
of generality assuming it to be the first explanatory variable,
the null hypothesis is

H :p =0

Where B=(B,,8,) is a 3x1 and 3x6 partition of the coefficient
matrix and 0 is the 3-component zero vector.

Initial processing of the data

The data included 112 samples with no missing values. It was

observed that the status of missingness was unrelated with

both the response and the covariates. Thus, the data can be

assumed to be missing completely at random. Usual MANOVA
methods are applicable to this multi-response regression set
up. However, visual inspection of the data indicated that the

response may not be multivariate normal. Further statistical

tests confirmed very significant deviation from multivariate

normality. Transformations such as log transformation do not
improve the situation. Also, the data includes some extremely
influential observations that might bias the analysis. It is well

known that MANOVA is very sensitive to influential observa-
tions. We identified seven such observations using methods to

detect influential observations in multi-response regression

[9]. Chi-square QQ-plot and the tests of multivariate normality
reflect that the data deviates significantly from multivariate

normal even after the removal of the influential observations.

Analysis methods
The Wilks' Lambda test (likelihood ratio test for MANOVA)
requires the multivariate normality of the response. The Wilks’
Lambda test statistic is defined as
_ £
|E+H |

where H is the hypothesis sum of squares and sum of products
matrix and E is the error sum of squares and sum of products
matrix. Mathematically, the two sum of squares and sum of
products matrices can be defined as

n

1 A A .
E=—3 (- pX)(, - BX)

i=1

H:ﬂAlAll.zﬁl

Where
A= ZX X'
=1
Is partitioned as A, A,
A=
AZl AZZ

Corresponding to the dimensions of 8, and

_ -1
A11.2 o A11 A12Azz A21
If the response is normal, the Wilks' Lambda statistic follows
a Wilks' Lambda distribution. For large samples, Bartlett’s ap-
proximation [10] is usually used to test where an appropriately

adjusted logarithm of Wilks’ Lambda statistic follows a chi-
square distribution. In our case, the Bartlett approximation

is given by
3
—[n -7 —Ejlog(U) ~X:

However, these tests rely a lot on the assumed multi-normality
of the response vectors. In clinical data, when such multi-
normality does not hold,the vector of the log-values of the
responses is assumed to be multi-normally distributed. In this
case, even the log transformed data does not appear to follow
normality and the sensitiveness to the departure from this
log-multi-normality assumption remains a genuine concern.
We also tried more sophisticated and widely used transforma-
tions such as Box-Cox transformation [11], both marginally and
jointly. However, the data still remained significantly different
from multivariate normal after the transformation. We believe
that the original data highly departs from multi-normality
in a way that simply transforming the data cannot resolve.
Because of such significant departure from the multivariate

normality, we propose a permutation test that can capture
the true behavior of the tail of the distribution. We use the
same Wilks’ Lambda statistic defined in (1), but obtain the
null distribution using permutation instead of using the Wilks’
Lambda distribution. When testing the effect of a treatment,
both the response and the treatment is adjusted for all the
other covariates, and the residuals are used for testing. This
approach is validated by the Frisch-Waugh-Lovell theorem
[12,13]. Wilks’ Lambda statistic is used as the test statistic,
but a permutation test by permuting the treatments is used
instead of the theoretical distribution of Wilks'Lambda. Such
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a permutation test only requires that the null hypothesis
relates to some permutation invariance structure, and is not
dependent on the underlying normality assumption. When
testing for a given treatment, the values of the variable corre-
sponding to that treatment (residualized) is permuted keeping
the response vector (residualized) fixed. 10000 permutations
are used. Clearly, the null hypothesis assuming the absence
of that treatment effect is invariant with respect to such per-
mutation. Figure 4 shows that the tail of the Wilks’ Lambda
theoretical distribution is heavier than the distribution of the
test statistic obtained by permutation.

It is well known that the stroke risk is mostly affected by
the thickness of plaque at the aortic arch. This fact motivated
us to also carry out the hypothesis test for a constrained
alternative hypothesis where the alternative hypothesis as-
sumes that the treatment reduces the thickness of plaque at
the aortic arch. The likelihood ratio test (LRT) statistic for such
a constrained hypothesis testing problem follows a chi-bar-
square distribution under the null if normality is assumed [14].
Since the data deviates from normality, we used the same LRT
statistic for the constrained alternative, but found out the null
distribution using permutations as before.

of the patients and the distribution for different treatments.
A significant deviation from normality was noted in the 112
observations without missing observation (Table 3) as well
as the 105 observations with the influential observations
removed (Table 4). This deviation is further confirmed on the
chi-square QQ-plot for testing multivariate normality for the
112 observations without missing observation (Figure 2) as
well as the 105 observations with the influential observations

Table 1. Showing the summary of patient demographics
and clinical characteristics.

n Prevalence, % or
value, Mean+SD

Age 112 65.5+11.3
Gender (Male) 61 54.5%
Race (African American) 85 75.9%
Hypertension 90  80.4%
Diabetes 29  25.9%
Hypercholesterolemia 75 67%
Smoking 25 22.3%

Table 2. Showing the cross classification of number of

Results atients under different treatments.
P
Qf 125 eligible p.atlents, 112 patients Wlth no missing obs.erva- Statin__No Statin
tions were considered for the analysis. After removal of influ- :
. . ’ Anticoagulant 17 12
ential observations, the data contains 105 samples. Tables 1,2 )
. e . L Antiplatelet 48 35
and Figure 1 show the clinical and demographic characteristics
4 Percentage of different characteristics \
o _ by treatment Statin = Statin
g
o
o
5%
8
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o
Age>65  Hypertension Diabetes Hypercholesterolemia Smoking ~ Male African American
Percentage of different characteristics
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[
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) ﬂ
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\__ Figure 1. Showing the distribution of the covariatesby treatment groups. J
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Table 3. Showing the tests of multivariate normality for
the data (112 samples).

P-value

2.16x101°

Test

Mardia’s test of Skewness
Henze-Zirkler’s Multivariate Normality Test 0

Royston’s Multivariate Normality Test 1.40x107®

Table 4. Showing the tests of multivariate normality for the
cleaned data (105 samples).

Test P-value
Mardia’s test of Skewness 5.88x10°
Henze-Zirkler’s Multivariate Normality Test 0
Royston’s Multivariate Normality Test 8.25x10"7
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Figure 2. Showing the chi-square QQ-plot for testing
\_ multivariate normality (full data, 112 samples). Y,

removed (Figure 3). If the data are multivariate normal, the
squared Mahalanobis distance calculated from the residuals
will follow a chi-square distribution with 3 degrees of freedom.
The QQ-plot shows the quantiles of the observed squared
Mahalanobis distance against the expected quantiles. Since
many of points in the plotdeviate from the y=x line, the data
must be deviating from multivariate normal.

Because the data significantly deviates from the multivariate
normality, we propose a permutation test (10000 permuta-
tions used) that can capture the true behavior of the tail of
the distribution. Table 5 shows the results of the tests for the
full data (112 samples). The p-values corresponding to the
main effects of statin and anticoagulant therapy using the
standard Wilks' lambda test for the multivariate regression
model suggest a marginally significant effect of statin and
non-significant effect of anticoagulant therapy compared

4 Chi-Square Q-Q Plot )
™
g —
®
o |
]
= .
§ o© -
|
a
ot
S ©
o
@
s
o 4
o —
& =
T T T T T
0 5 10 15 20
Squared Mahalanobis Distance
Figure 3. Showing the chi-square QQ-plot for testing
\_ multivariate normality (cleaned data, 105 samples). /

-

Full data Cleaned data

20 25
15 20

Frequency Density
10

Frequency Density

T T T T 1
0.80 085 0.90 095 100 0.85 0.90 095 1.00

—— Density of Wilk's Lambda distribution

O Area under the density beyond 5% cutoff

O Histogram showing the permutation distribution
Figure 4. Showing the difference in the tail obtained by
permutation and that of the theoretical Wilks’ Lambda
distribution (The shaded region shows the area under the
\_ density beyond the theoretical 5% quantile). /

Table 5. Results of the hypothesis testing for the treatment effects
(Full data, 112 samples).

Treatment Wilks’ Lambda Permutation  Constrained
test assuming  test permutation
normality test to test the

regression of
plaque

Statin P-value=0.0449 P-value=0.0310 P-value=0.0253

Anticoagulant P-value=0.4517 P-value=0.4222 P-value=0.3592

with antiplatelet therapy. All the interaction effects were
found to be non-significant. The second column of Table 5
depicts the p-values using the same Wilks' lambda statistic,
but using permutation method to determine the null distri-
bution. Finally, the third column shows the p-values for the
constrained test against the alternative that the treatments
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result in a regression in the thickness of plaque at the aortic
arch. It is evident that the statin treatment is effective in ar-
resting the AA progression, but there is no significant change
when anticoagulant therapy is applied. It is also clear that our
permutation testing method reveals the true significance of
the statin therapy while the usual LRT, having a thicker tail
under the null, shows only marginal significance. As expected,
the constrained tests show a smaller p-value. The cleaned data
after removal of influential observations shows even more
significance for the statin therapy (Table 6). The constrained
hypothesis tests in both cases show a smaller p-value for
statin indicating that the statin therapy is indeed effective
in arresting the AA progression.

Table 6. Results of the hypothesis testing for the treatment effects
(Cleaned data, 105 samples).

Treatment Wilks’ Lambda Permutation  Constrained
test assuming  test permutation
normality test to test the

regression of
plaque

Statin P-value=0.0193 P-value=0.0144 P-value=0.0136

Anticoagulant P-value=0.5464 P-value=0.5159 P-value=0.4571

Figure 4 shows the histogram of the permutation distribution
and the density of the corresponding Wilks' lambda distribu-
tion in the same plot (Panel 1: Full data, Panel 2: Cleaned data).
The comparison of the tails of the two distributions indicates
that the permutation test can reveal true significance because
it has a lighter tail, and this further demonstrates the useful-
ness of our approach.

Discussion

In this preliminary study of stroke/TIA patients with AA ath-
eroma on transesophageal echocardiogram, using astatistical

paradigm with due consideration of all segments implicated

in stroke pathophysiology, we are able to demonstrate that

AA atheroma progression may be arrested by statin therapy,
without any significant change induced by anticoagulant
therapy. The effect of statin therapy on AA progression is in

agreement with MRI based studies investigating atherosclerotic
plaque in the thoracic and abdominal aorta. A small study of
27 patients measured plaque area and volume, using com-
bined surface and transesophageal MRI, demonstrated that six

months of statin therapy resulted in significant AA regression

that was strongly associated with low-density lipoprotein

(LDL) cholesterol reduction [18]. Two prior randomized stud-
ies of low-dose and higher-dose statin in patients with aortic
and/or carotid plaques showed similar results. Significant
regression in plaque was seen on MRI during therapy in one

study and was related to LDL cholesterol but not to the statin

dosage [19]. In the other study, this regression was related

to LDL lowering and the statin dosage [20]. A recent open-

labeled randomized trial tested the effect of 20-mg versus

5-mg atorvastatin (N1=N2=18) on asymptomatic thoracic and

abdominal aortic plaque measured by MRI, demonstrated a

significant plaque regression over 2 years [21]. A more recent
open-labeled randomized trial tested the effect of intensive

(N=31) versus standard (N=29) rosuvastatin therapy based on

LDL reduction also in asymptomatic thoracic and abdominal

aortic plaque measured by MRI, demonstrated a significant
plaque regression over one year [22]. While it seems likely
that statin therapy may decrease stroke risk, the association

between AA plaque regression and stroke risk reduction has

never been demonstrated. Also, the results of such obser-
vational studies must be interpreted with caution as these

studies investigated thoracic and abdominal aorta distal to

the origin of cerebral blood vessels and to date no study has

investigated the effect of stroke prevention medication on

AA progression specific to segments that are adjacent to the

origin of the cerebral blood vessels.

Recent guidelines on thoracic aortic disease recommend
oral anticoagulation therapy with warfarin (INR 2.0 to 3.0) or
antiplatelet therapy to be considered instroke patients with
aortic arch atheroma 4.0 mm orgreater to prevent recurrent
stroke (Class llb, level of evidence C) [23]. The data supporting
this recommendation are derived from three observational
studies suggesting that oral anticoagulation with Warfarin
is not harmful in patients with aortic arch plaque, and there
were fewer strokes in the patients who were given Warfarin
by their physicians compared with those given antiplatelet
therapy [24]. Although we have shown that AA progression
is an independent predictor of recurrent vascular event in
stroke/TIA patients, there is lack of evidence linking antico-
agulants and/or antiplatelet therapy and AA progression. A
recent prospective randomized controlled, open-labeled
trial with blinded end point evaluation of patients with an
ischemic stroke and aortic arch plaques =4 mm treated with
combination antiplatelet therapy,was in conclusive, showing
a non-significant 24% reduction in the rate of recurrent stroke,
myocardial infarction, peripheralembolism, and vascular death
(adjusted P=0.5) [25]. These results are in agreement with
ours as the results did not show anticoagulant or antiplatelet
therapy to significantly influence recurrent vascular events
in stroke/TIA patient.

The analysis models the three segments jointly instead of
testing their marginal relationship with the treatment. Such
joint modeling not only makes the procedure more valid, it
may also increase the power. We have used a permutation
testing procedure that is valid despite the data having a large
departure from normality. Because the MANOVA tests have
increased sensitivity to the assumption of normality, even slight
departure from normality may result in incorrect conclusions
if the usual Wilks’ Lambda test is used. The use of permuta-
tion testing solves this problem by accurately approximating
the tail probability of the null distribution. We also proposed
a one-tailed test in the expected direction which results in
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higher significance. Sophisticated techniques of constrained
statistical inference were used for this purpose. Therefore, we
claim that our method is more robust as well as more powerful
in detecting the significance of the treatment effect.

We have performed two tests: (i) statin vs no statin and
(ii) anticoagulant vs antiplatelet. We have presented the p-
values uncorrected for multiple hypothesis tests. Although
the multiple testing correction procedures reduce the chance
of accidental false discoveries, they often lead to very high
type Il error rate [15]. As suggested by Rothman [16], such
adjustments are unnecessary if a few planned comparisons
are made when there is a strong reason to believe that the
alternative hypotheses might be true. This situation is clearly
different from performing several tests in large datasets where
we expect the null hypothesis to be true in most cases, in which
case multiple testing adjustments must be used. Following
this argument [16,17], we feel multiple testing adjustments
unnecessary for our analysis. However, we clearly mention that
the p-values presented are un-adjusted, and the chance of
making a false discovery is 5% for both the tests. If one wants
to control the family-wise error rate, such adjustments has to
be used; for example, Bonferroni adjusted p-values for statin
will be not significant for the full data, but they will still be
significant for the cleaned data.

There are few limitations to our study results. Due to the
retrospective nature of our data analysis from a prospective
observational cohort study, the result should be interpreted
with caution. The study defines the specific statistical method
to be employed in future prospective randomized trial to test
the effect of medications on AA progression an independent
risk factor for recurrent vascular events in stroke/TIA patients.
The study results may not be equated to those obtained from
a placebo controlled randomized clinical trial, and natural age
related AA atheroma progression indeterminable from this
study. Since standard of care, in secondary stroke prevention
include the treatment studied-statin therapy, antiplatelet and
anticoagulant therapies [26], placebo controlled trial may be
regarded as unethical and clinically impractical, retrospective
analysis the only recourse to measure treatment effects. In this
preliminary study of stroke/TIA patients with AA atheroma
on transesophageal echocardiogram, AA atheroma progres-
sion was arrested by statin therapy, without any significant
change induced by anticoagulant therapy. The statistical
paradigm, with due consideration of all segments implicated
in stroke pathophysiology, may be used to test the effect of
other stroke prevention medications on AA progression. The
methodology needs to be further validated in other similar
clinical scenario with similar data limitations.
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