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Background: Individuals with peripheral arterial disease (PAD) are at high risk for cardiac
events due to atherosclerosis. Dietary fatty acid composition has been shown to modulate blood
vessel properties, but whether a diet enriched in conventional canola oil can improve clinical
endpoints in PAD is not known.
Purpose: To describe the rationale and design of a clinical trial testing the effect of canola oil
consumption on vascular function and cardiovascular risk factors in an 8-week dietary intervention in individuals with PAD.
Methods: The Canola-PAD Study was a single center, prospective, double-blind, randomized
controlled trial in 50 patients over 40 years old with PAD. Participants were randomized into
two groups and consumed food items containing either conventional canola oil (25 g/day) or
an oil mixture representing the Western diet (25 g/day) for 8 weeks as part of their usual diet.
The primary outcome was vascular function (ankle-brachial index, arterial stiffness, endothelial
dysfunction, walking capacity, and cognitive function). Secondary measurements included
anthropometrics, serum lipid profile and fatty acid composition, markers of inflammation and
glycemic control, and serum metabolite profile.
Discussion: The Canola-PAD Study uses an innovative and noninvasive approach to evaluate the effect of canola oil on clinically relevant outcomes in individuals with PAD, including
arterial stiffness, walking capacity, and cognitive function. The findings will help to inform
clinical guidelines and recommendations for dietary fat intake.
Keywords: peripheral arterial disease, ankle-brachial index, arterial stiffness, vascular function,
cognitive function, canola oil
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Peripheral arterial disease (PAD), a type of cardiovascular disease (CVD) affecting
over 10 million individuals in North America, is characterized by the formation of
atherosclerotic lesions in the blood vessels of the lower limbs. This disease leads to the
loss of the vessels’ elastic properties (arterial stiffness) and reduces blood flow in the
legs,1,2 causing ischemia and painful muscle cramping (intermittent claudication), which
limits walking capacity. The gold standard for diagnosis of PAD is an ankle-brachial
index (ABI) ,0.9.2 As a result of the underlying atherosclerotic disease, individuals
with PAD have a significantly greater risk of heart attack and stroke than the general
population. It has also been demonstrated that increased arterial stiffness is associated
with vascular dementia and decreases in the indices of memory and cognition.3,4
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Dietary fat has long been implicated in the etiology of
CVD. Epidemiological studies have collectively demonstrated
that both the amount of fat in the diet and the fatty acid composition play a role in the maintenance of normal vascular tone.5
Vegetable oil consumption as well as higher intakes of
monounsaturated fatty acids (MUFAs) and omega-3 fatty
acids, such as α-linolenic acid (ALA), are associated with a
decreased risk of PAD.6–9 Conventional canola oil is low in
saturated fatty acids (SFAs), high in MUFAs, and is the best
source of omega-3 fatty acids among the commonly consumed
vegetable oils.10 Diet modeling studies have demonstrated
that dietary recommendations for SFA (,7%–10% energy),
MUFA (10% energy), and ALA (0.6%–1.2% energy) can be
achieved with canola oil as the primary dietary fat source.11
However, these dietary recommendations for the amount and
type of fatty acids are largely based on heart disease, whereas
evidence for effects of canola oil in PAD, and particularly on
vascular function, is lacking.
Noticeable symptoms are often absent in individuals with
PAD, making it difficult to use preventative approaches in
managing this condition. Although there has been considerable focus on serum cholesterol as a risk factor for CVD,
there is increasing emphasis on the use of evidence-based
clinical endpoints,12 such as vascular function, to identify
presymptomatic disease and to evaluate the efficacy of therapeutic interventions. Indices of blood vessel function such as
arterial compliance (elasticity/stiffness) and flow-mediated
dilatation (endothelial dysfunction) can be monitored with
instruments that provide rapid results with high sensitivity.
It is generally agreed that these and related methods are
capable of monitoring changes in vascular properties that
become compromised early in the atherogenic process,13–17
and that they are appropriate for examining the changes that
occur during short-term dietary interventions.18
We designed the Canola-PAD Study, a randomized controlled trial, to determine the effect of conventional canola
oil consumption on functional and metabolic parameters
of PAD. This study used ABI and noninvasive assessments
of function in vivo as well as anthropometrics and serum
biochemistry to establish whether canola oil has positive
effects on vascular function and cardiovascular risk factors
in individuals with PAD.

Methods and design
Study design and research aims
The Canola-PAD Study was a single-site, double-blinded,
randomized, controlled dietary intervention trial conducted
at the IH Asper Clinical Research Institute, St Boniface
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Hospital, Winnipeg, Canada. The primary aim of the study
was to examine the effects of canola oil consumption
on vascular function and cardiovascular risk factors in
individuals with PAD. Specifically, we wanted to determine
whether consumption of food products containing canola
oil (25 g/day) is superior to those containing an oil mixture
representing the Western diet (25 g/day). Participants in
the two study arms (n=25/group) were provided with food
items containing the study oils for consumption as part of
their usual food intake for 8 weeks. The primary outcome
was vascular function (ABI, arterial stiffness, endothelial
dysfunction, walking capacity, and cognitive function),
and secondary outcomes included anthropometrics,
serum lipid profile and fatty acid composition, markers of
inflammation and glycemic control, and serum and urinary
metabolite profile. Assessments were completed at baseline
and 8 weeks. The protocol was approved by the University
of Manitoba Research Ethics Board and the St Boniface
Hospital Research Review Committee. The study was
registered with ICMJE (NCT01250275).

Inclusion and exclusion criteria
Patients diagnosed with PAD (ABI ,0.9) who exhibited
moderate hyperlipidemia (10-year risk 20%–30%, as defined
by the recommendations for the management and treatment of dyslipidemia19), and absence of chronic illness or
genetic causes of hypercholesterolemia were asked to join
the study. The inclusion and exclusion criteria are detailed
in Table 1.

Recruitment and screening visit
Recruitment and enrollment in the study are detailed in
Figure 1. Participant recruitment began in October 2011,
and the final participant completed the intervention in
December 2012. Potential participants were identified
through the Vascular Surgery Clinic at St Boniface Hospital,
and were provided with a brief description of the study.
Interested individuals attended a screening visit where they
provided written informed consent before any study-related
procedures were performed. The general consent form
described the study schedule and dietary intervention, and
detailed the biological materials that were to be collected
(blood and urine), the procedure for storing the samples, the
specific analyses planned, and the potential risks associated
with sampling of biological fluids. A separate consent form
gave participants the option of allowing nontargeted analysis
of plasma and urine samples using a metabolomics approach
and gene expression analysis of saliva samples.
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Inclusion criteria
– Male or female, .40 years of age
– Documented PAD including those with claudication (ABI ,0.9)
or asymptomatic carotid stenosis .50% or having had a previous
intervention for PAD
– Stable medication profile for the past 3 months with no changes
anticipated for the duration of the study
– Willing to comply with the protocol requirements
– Willing to provide informed consent
– At least 3 months have passed since participation in another foodrelated study
Exclusion criteria
– Currently smoking, or smoking within last 6 months
– Renal failure requiring dialysis
– Having experienced an acute cardiovascular event or medical illness
within the last 3 months precluding study participation
– Hormone (estrogen) replacement therapy
– Amputation of upper or lower extremities on both sides
– History of gastrointestinal reaction or allergies to dietary oils or to
one or more ingredients in the study foods that significantly limits the
number of study foods that can be consumed
– Inability to adhere to a regular diet
– Daily consumption of omega-3 supplements
Abbreviations: ABI, ankle-brachial index; PAD, peripheral arterial disease.

Participants who gave consent underwent a complete
medical history including age, sex, alcohol use, exercise habits, current medical problems including documented PAD,
medication intake including supplements, and a family
history of previous events (eg, hypertension, heart disease,
Recruitment target
n=50

Did not meet eligibility
requirements
n=1

Enrolled in study
n=51
Attended baseline visit
n=51

Attended final visit
n=50

Randomization and blinding
The randomization sequence was prepared from a randomnumbers table and individual assignments were stored in
opaque envelopes. To ensure that there was equal representation of type 2 diabetes within both arms of the study,
participants were first stratified according to their glycated
hemoglobin levels (#6% or .6%), and then randomly
assigned to one of the two dietary treatment groups. To
reduce potential bias during data collection and evaluation of
study endpoints, both the research team (ie, individuals who
interacted directly with the participants and those involved
in analysis of the samples) and the participants were blinded
to the dietary intervention from the time of randomization
for the duration of the study.

Baseline and week-8 assessments

Consented
n=52
Screened
n=52

stroke, and diabetes). A blood sample was obtained by finger tip puncture for measurement of glycated hemoglobin.
Participants completed the Mini Mental State Examination
(MMSE) to screen for cognitive impairment. Participants
who scored #23 on the MMSE were not included in further
cognitive testing; however, they did remain in the study and
participated in all of the other noncognitive assessments.
Participants also completed a food frequency questionnaire20
to determine usual food consumption, including visible
oils/fats and foods containing fat, as well as a questionnaire to record any food allergies and food dislikes/dietary
preferences. To assess background dietary intake (including
fat intake), a 3-day food record was distributed and completed
before the baseline visit.

Withdrew from study
n=1
(voluntary withdrawal due to
serious adverse event
unrelated to intervention)

Completed study
n=50
Figure 1 Study flow chart.
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Participants were assessed for changes to their medication
profile and current medical conditions throughout the study.
Anthropometrics (height, body weight, body mass index,
body fat distribution, waist circumference) and blood pressure were obtained. A fasting blood sample was drawn for
assessment of fasting plasma lipid profile (total cholesterol,
low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglycerides), glucose, insulin, glycated
hemoglobin, markers of vascular function, oxidative stress
and inflammation, fatty acid composition, and nontargeted
metabolomics analysis (where consent was given). A urine
sample was also collected to assess markers of vascular
function and metabolism.
Noninvasive assessment of vascular function included
measurement of ABI and arterial stiffness (brachial-to-ankle
pulse wave velocity) using the Omron VP-1000 vascular
profiler (Omron Healthcare Inc., Lake Forest, IL, USA).
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Radial pulse wave analysis was conducted using the
SphygmoCor pulse wave monitoring system (AtCor
Medical, Sydney, NSW, Australia) and SphygmoCor Px
Aortic BP waveform analysis software (AtCor Medical).
Endothelial function was assessed using the Itamar
EndoPAT-2000 device (Itamar Medical Inc., Franklin, MA,
USA). Advanced glycation end products (AGEs) were
assessed by an AGE reader (Diagnoptics Technologies,
Groningen, Netherlands). A selection of cognitive tests was
administered to assess various aspects of the participant’s
level of functioning cognition. Each of the following
tests was administered by trained study staff: i) Hopkins
Verbal Learning Test, an assessment of verbal learning and
memory; ii) Digit Symbol Similarities Test, an assessment
of executive functioning, including perceptual speed, motor
speed, visual scanning, and memory; and iii) Digit Span
Test, a measurement of short-term memory and working
memory. Cognitive testing data from patients with severe
internal carotid artery stenosis ($70%) will be excluded
from analysis because of the potential of this condition to
influence cognitive function.21
Participants were asked to undertake a treadmill test22 to
establish pain-free walking distance (distance and time at the
onset of claudication) and maximum walking distance (total
distance and time).

Intervention
Participants were provided with a 2- to 3-week supply of
frozen food items including entrées, side dishes, salad dressing, and baked goods (Table 2) containing conventional
canola oil (25 g/day) or an oil mixture representing the typical Western diet (25 g/day), to be consumed daily as part
of their usual food intake. A dose of 25 g/day was chosen,
as it would provide ∼40% of the daily fat intake (based on
a total fat intake of 67 g/day assuming that this population consumes ∼1,800 kcal/day and 30% energy from fat)
and this amount could be accommodated within 1–2 food
items per day. The two study arms provide a comparison of
conventional canola oil (low SFA, high MUFA, and good
source of omega-3 polyunsaturated fatty acid [PUFA]) with
an oil mixture representing the Western diet. The Western
diet is characterized by high intakes of high-fat (high SFA
and rich in omega-6 PUFA23,24) and high-sugar foods. In our
study, the fatty acid composition of the canola oil-containing
foods (100% conventional canola oil) would provide 6% SFA,
62% MUFA, 32% PUFA (2:1 ratio for omega-6:omega-3
PUFA), whereas the fatty acid composition of the food
items containing the oil mixture representing the Western
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Table 2 Two-week cycle of study food products
Schedule

Food item(s)*

Day 1
Day 2

Chicken fried rice
Banana muffin
Snack bar
Pizza pretzel
Flatbread
Tangy mustard salad dressing
Pad Thai noodle dish
Pumpkin raisin muffin
Oatmeal chocolate chip cookies
Spanish rice
Apple coconut muffin
Nuts and pretzel snack
Cheddar baking powder biscuit
Greek pasta salad
Butter tart square
Pizza
Rice pilaf
Herbed flatbread
Caesar salad dressing
Fresh tomato and pepper pasta
Carrot cake

Day 3
Day 4
Day 5
Day 6
Day 7
Day 8
Day 9
Day 10
Day 11
Day 12
Day 13
Day 14

Notes: *Each food item contained 25 g study oil/serving, unless two items per day
are listed, in which case each item contained 12.5 g study oil/serving.

diet (2:1:1 ratio of butter, coconut oil, high linoleic safflower
oil) would provide 59% SFA, 20% MUFA, and 22% PUFA
(50:1 ratio for omega-6:omega-3 PUFA); these fatty acid
compositions will be verified by gas chromatography by
sampling food products throughout the study. Furthermore,
the analysis of the 3-day food records (before baseline and
during week 6) will be used to interpret how the consumption of the study foods changes the overall dietary fatty acid
profile in canola oil and control groups.
The food items were based on standard recipes and
modified appropriately for the dose of oil and according to sensory testing. Food preparation was done in the
Department of Human Nutritional Sciences, University of
Manitoba, Winnipeg, Canada. The food items were similar
in appearance, calories, and macronutrient and micronutrient composition between the two groups. Participants
received a 2-week supply of frozen food items at the baseline
visit. For convenience, the food items for the rest of the
study were delivered to participants at their homes at the
end of Weeks 2 and 5. The food items were also available to
immediate family members to assist with compliance.

Dietary adherence and safety measures
During Weeks 2 and 5, participants were contacted by the
study staff by telephone to assess their compliance and
tolerability of the study foods, report any adverse changes
in medical conditions or adverse events, and to identify
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food preferences. Participants were given the opportunity to
modify the selection of food items they were provided for the
next 3-week period, and they were reminded to complete a
3-day food record at Week 6 to be submitted at the final study
visit. Dietary adherence will also be assessed by reviewing
the 3-day food records for inclusion of study food items and
by analyzing the plasma phospholipid fatty acid profile before
and after the intervention.
Although consumption of the study food products was
not considered to pose significant risk to the participants,
any adverse changes in medical conditions or adverse events
taking place during the study period were recorded, whether
or not they required medical attention. The severity, duration,
relation to the study food product, clinical action taken, and
outcome of each adverse event were noted and reviewed
by the clinical co-investigator (RPG). Twenty-one adverse
events were reported: two occurrences of nausea, one each
of flatulence and indigestion, and all others were not related
to the food products. One serious adverse event was reported;
this serious adverse event was not related to the study food
products, but required the individual to withdraw from the
study. The serious adverse event was promptly reported to the
University of Manitoba Research Ethics Board. Participants
were free to withdraw from the study at any time for any
reason, without penalty.

Statistical considerations and data analysis
Since there have been no previous studies investigating a
canola oil intervention in PAD, we calculated the sample
size based on a previous study we conducted in PAD

participants using pulses (dried beans, dried peas, lentils,
and chickpeas) as the 8-week dietary intervention and ABI
as the primary outcome.25 This resulted in a total sample
size of 44 participants (n=22/group) to give a statistical
power of 0.80 to detect a 5% change in ABI from baseline
to 8 weeks with a probability of P=0.05. We rounded up the
sample size to 50 (n=25/group) to allow for the differing
interventions, and any dropouts were replaced.
To compare the data on vascular function, anthropometrics, and biochemical assessments between the dietary groups
at 8 weeks, we will use analysis of covariance models with
8-week values as the outcome, diet as the main effect, and
baseline measurements as a covariate. Additional covariates will be considered for inclusion in the model when it
is believed they are strongly associated with the outcome
being modeled, and when randomization does not lead to
sufficiently comparable baseline values between the groups.
This approach provides optimal statistical power for detecting
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a diet effect and adjusts for any baseline differences between
groups. Analyses will be performed with PROC GLM using
the Statistical Analysis Software.26 The level of significance
will be set at P,0.05.

Discussion
PAD is a type of atherosclerotic disease that occurs in
the vessels of the limbs, and is associated with a tenfold
increased risk for cardiovascular events, changes in cognitive function, and a reduction in quality of life due to
limited walking capacity and mobility.1,2 PAD is present
in as many as 14% of Americans between 50 and 80 years
of age.27 Lifestyle changes are important in preventing and
treating this condition, as smoking and a sedentary lifestyle
are major risk factors for PAD.28,29 Dietary choices can also
impact vascular function, as nutrient and dietary interventions
have been shown to provide an acute means for improving
arterial stiffness by targeting the functional mechanisms that
regulate vascular tone.30
This trial aims to provide valuable data on the effects of
canola oil consumption on vascular function and cardiovascular risk factors in individuals with PAD. To the best of our
knowledge, this is the first randomized, controlled trial in
PAD to use canola oil, which is low in SFAs, high in MUFAs,
and the best source of omega-3 fatty acids among commonly
consumed vegetable oils, as the primary source (up to onehalf) of fat in the diet. A recent review describes the positive
effects of consuming canola oil on circulating lipid levels
and insulin sensitivity.31 The combination of MUFA and
the omega-3 fatty acid ALA in canola oil may also deliver
synergistic benefits to PAD individuals with type 2 diabetes
and obesity by modulating gene expression, insulin signaling, fatty acid metabolism, and tissue lipid accumulation.10
Vascular function has been shown to improve with fish oil
consumption in individuals with CVD,32,33 but very few trials
have investigated the effects of MUFAs or ALA on blood
vessels, and these have used food sources such as flaxseed
oil, sunola oil, and walnuts,34–37 but not canola oil.
The Canola-PAD Study employed several noninvasive vascular testing methods to assess vascular function.
Pulse wave velocity is a measure of the time taken for a
pressure wave to travel a specific distance, and is considered the gold standard method for measuring arterial
stiffness because it is simple, noninvasive, robust, and
reproducible.38 Pulse wave velocity is increased in people
with arterial stiffness, and age-specific reference values
have been established.39 Pulse wave analysis examines the
shape of the pulse wave and provides an indirect measure of
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arterial stiffness through augmentation of the pulse wave by
the reflected waveform. In our study, the peripheral pulse
wave was recorded at the radial artery via applanation
tonometry. The software uses algorithms to calculate the
aortic augmentation index, a measure of how much the central aortic pressure is augmented by the increased pulse
wave reflection in people with vascular disease,38 and this
affects the workload on the heart. Together, pulse wave
velocity and pulse wave analysis provide information on
systemic arterial stiffness, central aortic pressure, and other
hemodynamic parameters not obtained during measurement of blood pressure. The utility of these measurements
in predicting adverse cardiovascular outcomes has been
validated40,41 and is supported by extensive clinical data.38
Measuring endothelial function using EndoPAT technology provides data on the responsiveness of the endothelial
vasomotor response before and during reactive hyperemia.
Peripheral arterial tonometry (PAT) involves recording the
finger arterial pulse wave amplitude, which is a measure
of pulsatile volume changes.42 Abnormalities in the pulse
wave amplitude are indicative of atherosclerotic disease.43
Endothelial dysfunction has been demonstrated to be an
adequate surrogate marker for vascular function, and is
associated with cardiovascular risk factors.44,45 The AGE
reader measures tissue accumulation of AGEs by means
of skin autofluorescence. While not strictly a measure of
vascular function, this noninvasive technology provides
data on cardiovascular risk, since AGEs have been shown
to contribute to oxidative stress and are associated with
microvascular and macrovascular complications in type 2
diabetes.46
Cardiovascular factors have long been recognized as
drivers in the vascular pathogenesis of cognitive decline.47,48
Arterial stiffness is one such pathophysiological process
that has been linked to accelerated cognitive aging.3,48–50
The neuropsychological function of PAD patients has not
been well studied, especially in response to intervention.
In the Canola-PAD Study, we used three tests to obtain
a well-rounded assessment of performance in various
cognitive domains. The Hopkins Verbal Learning Test51
assesses verbal learning and semantic memory. This test
has been used in patients with coronary heart disease to
demonstrate an improvement in cognitive function following cardiac surgical procedures.52,53 The Digit Symbol
Similarities Test54 assesses the participants’ executive
functioning, including perceptual speed, motor speed,
visual scanning, and memory. Lower performance in this
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test has been associated with the presence of vascular
disease (ABI ,0.9 or intermittent claudication).55–57 The
Digit Span Test54 measures short-term memory, attention,
and concentration. Several studies have demonstrated
a link between PAD and neuropsychological deficits
using this test score. 58,59 These tests were selected for
the Canola-PAD Study because they are well validated
and internationally recognized with high retest reliability
and interadministrator dependability.60–64 Our study will
examine whether data from the cognitive function tests
are correlated to changes in arterial stiffness in individuals
with PAD consuming the different dietary fats.

Positive aspects of the Canola-PAD Study
Several aspects of the trial design aided participant recruitment and compliance. All participants were recruited through
the St Boniface Hospital Vascular Surgery Clinic, and
remained under the care of their vascular surgeon (RPG),
proving continuity of care during the intervention. Participants were provided with their results from the vascular
function assessments, and most were interested to learn about
their vascular health. The study food items were generally
well accepted and tolerated. The ability to tailor the food
items participants received to their individual dietary preferences was appreciated, and making the food items available
to participants’ family members was also thought to improve
compliance.

Challenges and limitations
One of the challenges in conducting this trial was working
with participants who were for the most part elderly and not
very mobile. Some participants declined to undergo treadmill
testing for various reasons, such as needing a walking aid
(cane/walker), or they felt that the 12% treadmill incline would
be too difficult to manage safely. Obtaining blood samples was
sometimes problematic, since the participants’ peripheral blood
vessels could be frail and easily collapse. Some participants
found the 3-hour visit required to conduct all of the vascular
assessments and tests to be taxing and too lengthy. However,
they were satisfied with the organization of the study where all
phlebotomy services and vascular testing occurred in a single
clinic at the Asper Clinical Research Institute.

Summary
In summary, we expect that the Canola-PAD Study will provide data on the effectiveness of the canola oil intervention on
clinically relevant outcomes for vascular function, including
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ABI, arterial stiffness, walking capacity and cognitive
function, in individuals with PAD. We will be able to evaluate
direct effects on blood vessel function via the noninvasive
assessments of pulse wave analysis and pulse wave velocity, and to compare these results with changes in CVD risk
markers. The study will provide important information
on the safety and tolerability of a diet enriched in canola
oil compared to a typical Western diet oil mixture in a
PAD population. The findings may also support current
recommendations for canola oil consumption as a healthy
source of dietary fat for management of PAD.
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