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Habitual cannabis use is associated with altered cardiac mechanics and arterial
stiffness, but not endothelial function in young healthy smokers
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Abstract

Cigarette smoking is among the most detrimental behaviors to cardiovascular health, resulting in arterial stiffening, endothelial
dysfunction, and structural/functional alterations to the myocardium. Similar to cigarettes, cannabis is commonly smoked, and
next to alcohol, is the most commonly used recreational substance in the world. Despite this, little is known about the long-term
cardiovascular effects of smoking cannabis. This study explored the associations of cardiovascular structure and function with
cannabis use in ostensibly healthy young participants (n = 35). Using echocardiography, carotid-femoral pulse wave velocity
(cfPWV), and brachial flow-mediated dilation (FMD), we performed a cross-sectional assessment of cardiovascular function in can-
nabis users (n = 18) and controls (n = 17). There were no differences in cardiac morphology or traditional resting measures of sys-
tolic or diastolic function between cannabis users and controls (all P > 0.05), whereas cannabis users demonstrated reduced
peak apical rotation compared with controls (cannabis users: 5.5+ 3.8, controls: 9.6 +1.5; P = 0.02). Cannabis users had higher
cfPWV compared with controls (cannabis users: 5.8+0.6 m/s, controls: 5.3+0.7 m/s; P = 0.05), whereas FMD was similar
between cannabis users and controls (cannabis users: 8.3+3.3%, controls: 6.8+3.6%; P = 0.7). Young, healthy, and cannabis
users demonstrate altered cardiac mechanics and greater aortic stiffness. Further studies should explore causal links between
cannabis smoking and altered cardiovascular function.

NEW & NOTEWORTHY Recreational cannabis is the most widely used substance in the world, other than alcohol. Yet, the
effects of cannabis use on cardiovascular function and health are not well understood. Our cross-sectional data demonstrate
that young, ostensibly healthy cannabis users have greater arterial stiffness and altered cardiac mechanics compared to nonus-

ers. These findings suggest that cannabis users may be at greater risk of the development of future cardiovascular disease.
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INTRODUCTION

Cardiovascular disease (CVD) remains the world’s leading
cause of global mortality (1) despite global public health
efforts to discourage lifestyle factors that increase CVD risk.
Tobacco use and cigarette smoking are among the most
harmful behaviors to cardiovascular health and CVD risk (2),
as before the development of CVD, cigarette smokers de-
velop detrimental structural and functional adaptations in
both the heart and vasculature. Vascular consequences of
cigarette smoking include increases in arterial stiffness (3, 4)
and reductions in vascular endothelial function (5-8),
whereas cardiac consequences include increased left ventric-
ular mass, reduced left ventricular diastolic function, and
reduced right ventricular systolic function (9-12).

With the exception of alcohol, cannabis is the most com-
monly used recreational substance in the world (13).
However, long-standing global prohibition has introduced
barriers to targeted scientific inquiry (14, 15). Cigarette
smoking and recreational cannabis use share a number of
important similarities, particularly in their methods of
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consumption, which require the inhalation of combusted
material for chemical absorption through the lung mem-
brane into the bloodstream. Although the chemical profile of
cannabis differs from that of cigarettes, substantial overlap
exists in the chemical components of the smoke inhaled
from each product (16) including polycyclic aromatic hydro-
carbons, carbon monoxide, and tar; each of which has been
identified as a hazard to cardiovascular health (17-19).
Despite these similarities, there are also some notable differ-
ences in the characteristic smoking behaviors associated
with cannabis use. Cannabis smoking typically involves
greater inhalation volumes and prolonged breath holds,
both of which augment the deposition of tar and absorption
of carbon monoxide (20-22). These factors alone suggest
that cannabis could present a greater threat to cardiovascu-
lar health than cigarettes. However, it is notable that canna-
bis is typically smoked less frequently (22), and certain
cannabinoids possess notable anti-inflammatory properties
(23, 24). Thus, how each of these factors associated with can-
nabis smoking interact to impact cardiovascular function
warrants investigation.
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There are limited investigations that directly examine the
effects of cannabis use on human cardiovascular function,
or cardiovascular risk factors that precede the development
of CVD. Recent work has identified greater cardiac chamber
volumes and reduced global circumferential strain in canna-
bis users (25). A single study performed in a primary care
opioid addictions clinic has demonstrated that cannabis
users may experience an accelerated loss of arterial compli-
ance compared to concomitant users of tobacco and canna-
bis, and nonusers (26). In an animal model, acute exposure
to second-hand cannabis smoke has also been demonstrated
to reduce endothelial function (27). At present, there are no
studies that directly compare measures of arterial or cardiac
structure and function in cannabis users in a controlled labo-
ratory setting, and at present, the degree to which habitual
cannabis smoking impacts the cardiovascular system
remains unclear.

The aim of the present study was to examine the relation-
ship of chronic cannabis use with measures of cardiac mor-
phology and function, arterial stiffness, and endothelial
function in young, healthy cannabis smokers. We hypothe-
sized that cannabis users would demonstrate altered cardiac
function, greater arterial stiffness, and impairments in endo-
thelial function compared to young, healthy, and nonusers
of cannabis.

METHODS

Subjects

The present study employed a cross-sectional design,
comparing cardiovascular variables of interest in cannabis
users and nonusers. Participants were recruited by print ad-
vertisement and word of mouth in and around the university
campus. Inclusion criteria captured those between 19 and
45yr of age and required participants to have either smoked
cannabis <5 times in their lifetime (controls) or have smoked
cannabis for a minimum of 3 “cannabis years” (cannabis
users). One cannabis year was defined as a year where canna-
bis was smoked once per week or an equivalent usage (e.g.,
6 mo where cannabis was smoked twice per week). This defi-
nition was adapted from “pack years” traditionally used in
cigarette literature, with consideration given to the afore-
mentioned differences between typical frequencies of can-
nabis and cigarette smoking. Exclusion criteria comprised
stage >1 hypertension (28), diagnoses of chronic cardiovas-
cular or metabolic diseases, engagement in >150 min of
physical activity per week in the preceding year, active use
of prescription medication exclusive of oral contraceptives,
previous use of recreational drugs other than cannabis, ciga-
rette smoking, and a body mass index (BMI)>30kg/m?.
Testing of female participants occurred during the early fol-
licular phase or during the placebo phase for participants
taking oral contraceptives.

General Procedure

Participants visited the laboratory on two separate occa-
sions. In visit 1, participants provided written informed con-
sent and completed an investigator-generated questionnaire
to confirm eligibility. Information was also collected regard-
ing physical activity, frequency of cannabis use, duration of

cannabis use, and total lifetime cannabis use. Participants
were then classified as either cannabis users or controls
using stated criteria.

Prior to the second laboratory visit, participants were
asked to abstain from: cannabis use (48 h), alcohol, vitamins,
caffeine, and exercise (24 h), as well as any food or calorie-
containing beverages (minimum 4 h). Participant height and
weight were measured using a standard stadiometer (SECA;
Hamburg, Germany) and a digital scale (Tanita; Tokyo,
Japan) calibrated before each measurement. Brachial blood
pressure was measured in triplicate, with subjects in the
seated position using an automated sphygmomanometer
(BpTRU; Coquitlam, Canada) according to the guidelines of
the American Heart Association (29). Participants were then
transitioned to an examination table where they rested
awake in the supine position for a 10-min period, after which
brachial blood pressure was again measured in triplicate.
Arterial stiffness and vascular endothelial function were
then assessed using noninvasive measures of carotid-femo-
ral pulse wave velocity (cfPWV) and brachial artery reactive
hyperemia flow-mediated dilation (FMD). Assessments of
cfPWV and FMD were performed before a resting echocar-
diographic scan with and without the added stress of isomet-
ric handgrip exercise. Although this test is not the same as
stress-echocardiography, isometric handgrip exercise has
been demonstrated to induce a pressor response, and
increase sympathetic activity (30). All testing was performed
in a private, thermoneutral, and humidity-controlled labora-
tory environment.

Echocardiography

Resting transthoracic echocardiographic scans were per-
formed with the participant in the left lateral decubitus posi-
tion. Images were captured from the apical four-chamber
view, parasternal long-axis view, and the parasternal short-
axis view at the basal, mid-papillary, and apical planes in ac-
cordance with current recommendations from the American
Society of Echocardiography (31). All images were collected
using an ultrasound device (Vivid-Q, General Electric;
Boston), and a 1.5-3.6-MHz phased array transducer. Two-
dimensional B-mode imaging and tissue Doppler imaging
was performed at a minimum frame rate of 50 and 100
frames per second, respectively.

After completion of resting echocardiographic scans, par-
ticipants performed two maximal voluntary contractions
(MVC) using a handgrip dynamometer (Baseline; White
Plains). Each MVC was separated by 5min. In an identical
setting to the resting echocardiographic scans, subjects were
required to perform an isometric contraction targeting 30%
of MVC with the left hand for a period of 3 min while images
were collected from the apical four-chamber, and the para-
sternal short-axis view at the basal and apical planes.
Brachial blood pressures were measured using an automated
sphygmomanometer placed around the right arm. The
sphygmomanometer logged brachial blood pressures and
heart rate at each minute during the stress test with the first
measurement occurring at the start of the test, and the final
measurement occurring at the end of the 3-min test. All
images collected during rest and during the isometric hand-
grip stress test were saved and stored for offline analysis.
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Pulse Wave Velocity

Aortic stiffness was measured using cfPWV, which repre-
sents the propagation velocity of a systolic pressure wave
through the aorta by measuring the time delay between sys-
tolic ejection and pulse arrival times at peripheral sites of
known distances from the heart (32). cfPWV is a noninvasive
surrogate of central artery stiffness given the relationship
between stiffness and propagation velocity (33). cfPWV
assessments were completed using a commercially available
tonometry system (Sphygmocor CPVH, Atcor Medical;
Sydney, Australia). cfPWV was measured with subjects in the
supine position. Subjects were instrumented with a single-
lead (Lead II) electrocardiogram, and the carotid and femoral
(at the inguinal ligament) arteries were palpated to find the
strongest pulse, which was marked with an indelible marker
for repeat measures. A high-fidelity tonometer (Millar
Instruments; Houston) was placed at each arterial pulse site
until 10 high-quality pulse waves were recorded. The time of
arrival of the pulse at the carotid site and the femoral site
from each cardiac cycle was used to determine a foot-to-foot
pulse transit time for each pulse pressure waveform via the
intersecting tangent method. If heart rate differed by greater
than 5 beats per minute between sites the measurement was
discarded, in accordance with expert consensus (32). For ve-
locity calculations, distance was measured with a standard
anthropometric tape using a straight line above the body
from the carotid to femoral sites, with an adjustment for the
distance from the carotid site to the supra-sternal notch.
Pulse transit distance was calculated by subtracting the dis-
tance from the carotid site to the suprasternal notch from
the distance between the carotid site and the femoral site
(33). cfPWV was determined as the average quotient of pulse
transit distance and pulse transit time of all measured cycles.
Three measures of cfPWV were collected and the mean
cfPWV was taken as the value for each participant.

Reactive Hyperemia Flow-Mediated Dilation

Endothelial function was assessed using a brachial artery
reactive hyperemia FMD test, which measures the vasodila-
tory response to reactive hyperemia. The right arm was supi-
nated and abducted 90° at the shoulder while supported in a
custom-made foam block at the level of the heart. A manual
sphygmomanometer was placed around the subjects’ forearm
immediately distal to the antecubital fossa. An ultrasound de-
vice (Vivid-Q, General Electric; Boston) with a 6-13-MHz lin-
ear array transducer was used to image the brachial artery
~5-10 cm proximal to the edge of the tourniquet. Duplex
ultrasound with an insonation angle of 60° and a sample vol-
ume spanning arterial diameter was used to simultaneously
measure blood velocity and arterial diameter throughout the
reactive hyperemia FMD test using continuous edge detection
software (Quipu Medical; Pisa, Italy). After a satisfactory
image was obtained, wherein the blood velocity signal was
optimized and the arterial luminal border could be clearly
defined, reactive hyperemia was assessed, starting with a
1min baseline imaging period, after which the sphygmoma-
nometer was inflated to a pressure of 250 mmHg for Smin.
Upon tourniquet, deflation imaging was continued for a 3-
min recovery period. The selected durations of each phase of
the reactive hyperemia FMD test were selected to match
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frequently used protocols, which adequately capture baseline
diameter, occlude blood flow, and FMD (34).

Data Analysis

Cardiac structure and function.

All cardiac analyses were performed using EchoPac software
(General Electric Healthcare; Boston) by one investigator
blinded to group and all identifying information. Every
echocardiographic image collected included five cardiac
cycles, from which three consecutive cycles of sufficient
image quality for analysis were selected. Each cardiac mea-
surement reported was determined as the average derived
from these three consecutive cardiac cycles. Left ventricular
(LV) volumes were determined using the modified
Simpson’s Biplane analysis, and LV mass was calculated
using the area-length method (35). Fractional shortening, LV
internal diameter (LVIDd), and both interventricular septal
and posterior wall thickness (LVPWd) at end diastole were
measured in the parasternal long-axis view. Relative wall
thickness was determined as 2 o (LVPWd e LVIDd ™). LV
length was determined as the distance between the mitral
plane and the most distal endocardial border observable in
the four-chamber view. Peak early transmitral filling velocity
(E) and peak late transmitral filling velocity (A) were meas-
ured with Doppler sampling, distal to the mitral valve at the
point where the mitral valve leaflets no longer entered the
sample volume. Mean mitral annular peak early velocity
(E"), mean mitral annular peak late velocity (A’), mean mitral
annular peak systolic velocity (S’), and isovolumetric con-
traction and relaxation times were obtained via tissue
Doppler imaging and were determined as averages recorded
from the interventricular septum and LV lateral wall at the
mitral annular plane. Right ventricular (RV) areas were
measured in the four-chamber view, at end systole and end
diastole, and right ventricular fractional area change was cal-
culated as ((RV end diastolic area — RV end systolic area) e
RV end diastolic area™! e 100). Arterial elastance was calcu-
lated by dividing end systolic pressure (brachial systolic
blood pressure o 0.9) by stroke volume. Ventricular elastance
was calculated by dividing end systolic pressure by end sys-
tolic volume. Vascular ventricular coupling was determined
as the ratio of arterial elastance to ventricular elastance.

LV mechanics.

Parasternal short-axis views at the basal and apical levels
were used to capture two-dimensional (2D) images for
speckle tracking analysis of LV twist. Rotation and rotation
rates were calculated as the average values of six individual
myocardial wall segments. Rotation in the counterclockwise
direction was defined as positive, whereas rotation in the
clockwise direction was defined as negative. LV twist was
defined as the difference between the peak rotation values at
the basal and apical levels. LV peak twisting rate and
untwisting rate were defined as the peak rotational velocity
during systole and diastole, respectively.

LV strain was assessed via speckle tracking analysis of
apical four-chamber and parasternal short-axis views.
Specifically, radial and circumferential strain and strain
rates were assessed from parasternal short-axis views at
the mid-papillary level, and longitudinal strain was
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assessed from the apical four-chamber view. Strain in each
plane was determined as the average of strain of six indi-
vidual myocardial wall segments.

All speckle tracking analysis was performed for three car-
diac cycles for a given measure. If an individual myocardial
wall segment was not imaged with significant quality for
speckle tracking analysis or could not be accurately tracked
as determined by the automated software, the segment was
not included in the calculation of the average value for that
particular cardiac cycle.

Pulse wave analysis.

To evaluate central wave reflection characteristics, a transfer
function was applied to the carotid pulse waveforms col-
lected during the measurement of pulse wave velocity. This
analysis was performed post hoc using a transfer function
native to the SphygmoCor software. This analysis generated
measures of aortic systolic blood pressure (aSBP), aortic dia-
stolic blood pressure (aDBP), augmentation index (AIx), AIx
normalized to a heart rate of 75 beats per minute (AIX75),
and Buckberg subendocardial viability ration (SEVR).
Measurements were only included in this analysis if the soft-
ware indicated an operator index greater than 75.

FMD.

Each reactive hyperemia FMD test was analyzed using con-
tinuous edge detection software by one investigator blinded
to group and all identifying information. Arterial diameter
was averaged into 3s bins throughout the test, and missing
data from tracking errors were interpolated from surround-
ing time bins. Antegrade and retrograde blood velocity was
averaged to determine mean blood velocity and similarly
expressed in 3s time bins. Shear rate (SR) was calculated as
the quotient of mean blood velocity and arterial diameter e
4. Shear rate area under the curve (SR AUC) was calculated
as the sum of shear rate 3 s time bins in the first 60 s of recov-
ery and up to the time of peak diameter change for each indi-
vidual. Peak FMD% was determined as the percentage
increase in diameter from baseline during the recovery pe-
riod of the reactive hyperemia FMD test. To further account
for potential confounds of between group differences by
baseline diameter, allometric scaling was applied according
to previously published methods (36). Peak FMD% and allo-
metrically scaled peak FMD% are presented separately.

Statistical Analysis

A Fisher exact test was used to compare sex distribution in
each group. For nonrepeated measures, independent sam-
ples ¢ tests were used to compare group means of a given out-
come between cannabis users and nonusers. This applied to
all measures of anthropometrics, resting hemodynamics,
resting measures of cardiac structure and function, cfPWV,
and variables measured during the reactive hyperemia FMD
test. Allometric scaling of each FMD test was performed by
first calculating the natural logarithm of the absolute diame-
ter change and baseline diameter. An analysis of covariance
was performed with group as a fixed factor, log-transformed
absolute diameter change as the outcome variable, and log-
transformed baseline diameter as a covariate. Estimated
marginal means were calculated for each group and were
exponentiated and converted from a ratio statistic to a
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percentage change. To evaluate group differences during the
isometric hand-grip stress test, a 2 (group) x 2 (rest-exercise)
repeated-measures analysis of variance with Bonferroni cor-
rected post hoc comparisons were performed with each car-
diac measure as the outcome variable. For all tests, a two-
sided P < 0.05 was defined as significant a priori. Same-day
within-subject intraclass correlation coefficients for PWV,
LV end diastolic volume, RV end systolic area, and E:A were
0.96, 0.87, 0.97, and 0.95, respectively.

RESULTS

Subjects

A total of 35 participants we recruited for this study, 18
cannabis users (12 M, 6 F) and 17 controls (10 M, 7 F).
Descriptive participant statistics for each group are pre-
sented in Table 1. There were no differences in anthropomet-
ric measurements between groups and neither blood
pressure nor heart rate differed at rest. Cannabis users
reported smoking cannabis 4.9 +4.4 times/wk for 5.5+1.9yr.
Echocardiographic data at rest and during isometric hand-
grip are presented for a subset of 28 (14 cannabis users, 14
controls) subjects matched for height, weight, age, sex, body
surface area (BSA), and ethnicity. Full LV twist and LV strain
data are presented for 16 matched subjects (8 cannabis users,
8 controls). Matching and selection of this sample was per-
formed before echocardiographic analysis. None of age,
height, weight, sex, and BSA differed between groups in the

Table 1. Participant characteristics and absolute values
of brachial artery diameter and shear rate during a reac-
tive hyperemia FMD test in controls (n = 17) and cannabis
users (n =18)

Controls Cannabis Users P
Sex (M/F) 10/7 12/6 0.9
Age, yr 21+3 22+2 0.8
Height, cm 174+8 174+6 0.9
Weight, kg 71+10 72+12 0.8
BMI, kg/m2 234+23 24.7+3.8 0.8
BSA, m? 1.9+0.2 1.9+0.2 0.9
Heart rate, beats/min 68+8 64+8 0.2
SBP, mmHg m+8 10+8 0.6
DBP, mmHg 69+8 66+5 0.3
MAP, mmHg 83+7 81+5 0.3
aSBP, mmHg 118+8 115+9 0.5
aDBP, mmHg 68+7 65+5 0.2
Aix -4+12 2+10 0.2
Alx75 -9+15 -5+12 0.4
Buckberg SEVR 160+ 20 172+23 0.1
Baseline diameter, mm 3.77+0.64 3.96+0.70 04
Occlusion diameter, mm 3.77+0.60 3.97+0.65 0.4
Peak diameter, mm 4.00+0.60 4.24+0.70 03
Baseline SR, s 61.5+318 62.1+37.5 0.9
Peak SR, s’ 477.8+163.3 417.8+165.9 0.3

Heart rate, blood pressure, and FMD were measured in the
supine position. Sex distribution between groups was compared
using Fisher’s exact test. All other means were compared using in-
dependent samples ¢ tests. Data are presented as means * SD.
aSBP, aortic systolic blood pressure; aDBP, aortic diastolic blood
pressure; Aix, augmentation index; AIX75, augmentation index
@75bpm; BMI, body mass index; BSA, body surface area; DBP, dia-
stolic blood pressure; FMD, flow-mediated dilation; MAP, mean ar-
terial pressure; SBP, systolic blood pressure SEVR, subendocardial
viability ratio; SR, shear rate.
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speckle tracking subset nor were there differences in brach-
ial blood pressure or heart rate between groups.

Echocardiography

Measures of cardiac structure and function collected at
rest, and their change in response to sustained isometric
handgrip exercise, are displayed in Table 2. Brachial systolic
blood pressure and diastolic blood pressure increased during
isometric handgrip exercise in cannabis users and controls
(all P < 0.05, Supplemental Figure S1, https://doi.org/
10.6084/m9.figshare.13046132.v1). Traditional 2D imaging,
Doppler, and tissue Doppler imaging did not reveal any dif-
ferences between cannabis users and controls at rest. Each
group demonstrated similar LV and RV structural character-
istics. Traditional measures of systolic function were similar
between groups at rest and during handgrip exercise.
Diastolic function also appeared similar between groups at
rest and during handgrip exercise. There were no differences
in atrial measurements at rest, but right atrial area at end
systole was decreased during handgrip exercise irrespective
of group (P = 0.01). Handgrip exercise also resulted in

increases in A, A’, and E:E’, and reductions in E:A irrespec-
tive of group (all P < 0.05).

Measures of LV mechanics at rest, and their change in
response to sustained isometric handgrip exercise, are dis-
played in Table 3. Peak global longitudinal, circumferential,
and radial strain were similar between groups at rest. Peak
systolic and diastolic longitudinal, circumferential, and ra-
dial strain rates were also similar between groups with the
exception of peak longitudinal diastolic strain rate, which
was greater in cannabis users at rest. At rest, peak global LV
twist and peak basal rotation were similar between groups.
Peak systolic twisting and diastolic untwisting velocities
were similar between groups, as were basal systolic and dia-
stolic rotation velocities. Peak LV twist and peak systolic
twist velocity were increased during handgrip exercise irre-
spective of group (both P = 0.04). Despite no observed differ-
ence in peak global LV twist, peak apical rotation was lower
in cannabis users compared to controls at rest. Peak apical
rotation velocities also differed between groups, as cannabis
users demonstrated lower peak systolic rotation velocity and
lower peak diastolic rotation velocity than controls at rest.

Table 2. Indices of cardiac structure and function at rest and changes with isometric handgrip exercise in controls

(n =14) and cannabis users (n = 14)

Rest AHGEX
Controls Cannabis Users P Controls Cannabis Users P
LV structure
LV internal diameter, cm 46+0.3 47+0.4 0.7 — — —
LV end diastolic volume, mL 98+14 98+33 0.9 8+14 —0.4+M 0.7
LV length, cm 7.0+0.8 7.0+0.5 0.8 — — —
LV mass, g 105+29 98+22 0.5 — — —
LV mass index, g~m’2 57+12 53+8 0.8 — — —
Relative wall thickness 0.41+0.04 0.43+0.07 0.6 — — —
LV systolic function
S, cm-s’ 0.09+0.02 0.08+0.01 0.3 0.02+0.03 —0.01£0.01 0.1
Isovolumetric contraction time, ms 72+8 671 0.2 4+17 0.05+10 0.9
Ejection fraction, % 61+6 61+5 0.8 —1+5 01+7 0.6
Fractional shortening, % 33+3 34+4 0.7 — — —
Stroke volume, mL 59+7 63112 04 4+1 — 04
Cardiac output, L/min 25+0.3 26+04 0.6 2.2+1.0 -0.4+11 0.5
Arterial elastance, mmHg/mL 24+04 24+0.5 0.9 — 2.0+09 —
Ventricular elastance, mmHg/mL 29+08 26+0.5 0.4 — — —
Vascular ventricular coupling 0.91+0.2 0.97+0.2 0.4 — — —
LV diastolic function
E’, cm/s 0.14+0.02 0.13+£0.02 0.6 —0.02+£0.03 —0.01+0.02 0.2
A’, cm/s 0.06+£0.01 0.06+£0.01 0.2 0.02+0.02 0.02+0.03 0.9
E, cm/s 0.84+0.14 0.82+0.17 0.7 —0.002+041 0.01£0.1 0.9
A, cm/s 0.41+£0.09 0.39+0.08 0.5 0.20+0.16 0.11£0.13 0.1
EA 2.2+0.6 22+04 0.9 —0.70+0.55 —0.45+0.53 0.2
EE' 6.1+1.0 6.3+1.7 0.7 1.6+1.9 0.35+1.7 0.1
Isovolumetric relaxation time, ms 77 £15 74+8 0.5 4+21 —2+12 0.7
RV structure
End diastolic area, cm? 16.6+2.9 17.5+3.9 0.5 —0.71£1.9 1.0+54 0.9
End systolic area, cm? 89+19 95+2.6 0.5 0.3+1.6 —-1.0+17 0.3
RV fractional area change, % 46.8+5.5 458+54 0.7 —-3.8+7.3 2.8110.2 03
TAPSE, cm 25+04 2.4+0.1 0.8 — — —
Atria
Left atrial area, cm? 15.5+3.4 16.1£3.7 0.5 -1.1+1.8 -0.8+25 0.6
Right atrial area, cm? 13.4+3.1 14.0+£3.3 0.7 -0.9+1.6 1.5+1.2 0.5

Resting means were compared using independent samples ¢ tests. The effect of isometric handgrip exercise was examined using a 2 x
(group) 2 (rest-exercise) repeated-measures analysis of variance with Bonferonni corrected post hoc comparisons. Data are presented as
mean * SD. A/, mean mitral annular peak late velocity; a, peak late transmitral filling velocity; E, peak early transmitral filling velocity;
E’, mean mitral annular peak early velocity; FMD, flow-mediated dilation; AHGEX, change with isometric handgrip exercise; LV, left ven-
tricle; RV, right ventricle; S’, mean mitral annular peak systolic velocity; TAPSE, tricuspid annular plane systolic excursion.
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Table 3. LV twist and LV strain at rest and changes with sustained isometric handgrip exercise in controls (n = 8)

and cannabis users (n = 8)
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Rest AHGEX
Controls Cannabis Users P Controls Cannabis Users P
LV twist
Global
Peak twist, ° 10.0t4.4 71+5.7 0.3 48+53 6.0t5.5 0.8
Peak systolic twist velocity, /s 73.0+£211 59.3+31.9 0.3 33.5+38.0 34.7+30.6 0.9
Peak untwisting velocity, °/s —77.6+£24.7 —61.9+253 0.2 —15.7+30.6 —22.8+29.6 0.8
Time to peak twist, ms 338.1+30.2 481.7+£194.2 0.08 —9.2+35.8 —164.6+184.4 0.2
Basal
Peak rotation, ° -3.1+£23 —-3.0+17 0.9 —-3.5+59 —2.9+31 0.9
Peak systolic rotation velocity, °/s —49.0+14.8 —-50.0+£17.3 0.9 —2.5+63.7 —19.9+26.6 0.6
Peak diastolic rotation velocity, °/s 30.5+12.3 33.3+17.9 0.7 16.1+35.4 14.6 +19.2 0.9
Time to peak rotation, ms 4448 +245.2 409.0+137.8 0.7 —145.3+193.3 —76.1+£138.0 0.5
Apical
Peak rotation, ° 9.6+15 55+3.8 0.02 —-0.4+20 2.3+5.1 0.3
Peak systolic rotation velocity, °/s 71.8+15.5 45.2+20.7 0.01 10.7+£38.0 311+28.0 0.4
Peak diastolic rotation velocity, °/s —68.5+19.0 —47.9+13.8 0.01 2.8+25.6 —7.4+121 0.3
Time to rotation, ms 317.4+67.4 279.3+139.1 0.5 —28.9+595 —23.2+148.3 0.9
LV strain
Radial
Peak strain, % 32.5+16.7 35.7+241 0.8 — — —
Peak systolic strain rate, %/s 16104 1.8+1.0 0.6 — — —
Peak diastolic strain rate, %/s —-1.91+0.6 —1.8+0.8 0.9 — — —
Time to peak strain, ms 436.6+179.9 413.4+52.9 0.7 — — —
Circumferential
Peak strain, % —15.2+3.9 —16.4+45 0.6 — — —
Peak systolic strain rate, %/s —-0.9+0.2 —-1.0+0.2 0.2 — — —
Peak diastolic strain rate, %/s 1.1+£0.3 12+04 0.4 — — —
Time to peak strain, ms 387.4+49.7 381.5+£32.1 0.8 — — —
Longitudinal
Peak strain, % —17.4+3.2 —18.9+3.8 0.4 —0.2+3.0 1.2+41 0.6
Peak systolic strain rate, %/s —0.9+01 —1.0+01 0.7 —0.04+0.3 —0.05+0.2 0.9
Peak diastolic strain rate, %/s 13+04 1.7+0.3 0.02 0.06+£0.3 —0.2+0.6 0.3
Time to peak strain, ms 391.8+20.4 396.5+34.3 0.7 —20.9+34.7 —47+214 0.3

Resting means were compared using independent samples ¢ tests. The effect isometric handgrip exercise was examined using a 2 x
(group) 2(rest-exercise) repeated-measures analysis of variance with Bonferonni corrected post hoc comparisons. Data are presented as
means * SD. Bold text indicates statistical significance. AHGEX, change with isometric handgrip exercise; LV, left ventricle.

Differences between groups in apical rotation and systolic/
diastolic apical rotation velocities were not observed during
handgrip exercise.

Pulse Wave Velocity and Pulse Wave Analysis

cfPWV was recorded in all but one male cannabis user,
due to an immeasurably low femoral pulse. cfPWV was
found to be greater in cannabis users compared to controls
(cannabis users: 5.8 £ 0.6m/s, controls: 5.3+0.7m/s; P = 0.05;
Fig. 1). Data obtained from pulse wave analysis are displayed
in Table 1. Pulse wave analysis of carotid waveforms revealed
that aSBP, aDBP, Alx, AIx75, and Buckberg SEVR were simi-
lar between cannabis users and controls.

Reactive Hyperemia Flow-Mediated Dilation

Absolute artery diameters and both baseline and peak SR
during the reactive hyperemia FMD test are displayed in
Table 1. Brachial artery diameter and SR during the baseline
period of the test were not significantly different between
groups. Artery diameter during the last minute of the 5-min
occlusion period was also similar between groups, and there
was no difference in peak artery diameter or peak SR during
the recovery portion of the test. Peak FMD (cannabis users:
8.3+3.3%, controls: 6.8+3.6%; P = 0.7; Fig. 2A) did not differ
between groups. SR AUC in the first 60s of the recovery

period and SR AUC before peak diameter change are dis-
played in Fig. 2, B and C, respectively. SR AUC in the first
60s of the recovery period (cannabis users: 4,432 +1,630 a.u.,
controls: 4,900+2,222 a.u.; P = 0.7; Fig. 2B) and SR AUC to
the time of peak diameter change (cannabis users:
4,177 1,808, controls: 4,179+1,752; P = 0.8; Fig. 2C) were

p =0.05 *

cfPWV (m/s)
T

Controls Cannabis Users

Figure 1. cfPWV measured in controls (n = 17) and cannabis users (n = 17).
Means were compared using an independent samples t test. Bars and
error bars represent mean and SD, respectively. Circles represent individ-
ual values. cfPWV, carotid-femoral pulse wave velocity.
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Figure 2. A: peak FMD expressed as a percentage of baseline diameter in controls (n = 17) and cannabis users (n =17). B: SR AUC in the first 60 s of the re-
covery period of the reactive hyperemia FMD test in controls and cannabis users. C: total SR AUC to the time of peak diameter change during the recovery
period of the reactive hyperemia FMD test in controls and cannabis users. All means were compared using an independent samples t test. Bars and error
bars represent mean and SD, respectively. Circles represent individual values. FMD, flow-mediated dilation; SR AUC, shear rate area under the curve.

similar between groups. When an allometric scaling
approach was applied, peak FMD% still remained similar
between groups (cannabis users: 7.5+ 0.6%, controls: 6.4
0.6%; P=0.2).

DISCUSSION

The major novel finding of this investigation is that young,
apparently healthy, cannabis users demonstrate lower apical
rotation and greater aortic stiffness compared with healthy
age-matched controls. In contrast, endothelial function and
cardiac responses to isometric handgrip exercise did not dif-
fer between cannabis users and nonusers. Collectively, these
findings suggest there exist subclinical differences in cardio-
vascular physiology in cannabis users, which may be indica-
tive of greater risk of the development of future CVD.

Cannabis users demonstrated lower peak apical rotation,
peak apical systolic rotation velocity, and peak apical dia-
stolic rotation velocity compared with controls. These differ-
ences were observed despite similar resting heart rates and
blood pressure. While the precise functional significance of
these alterations of cardiac mechanics among cannabis users
remains unclear, peak apical rotation is a strong indicator of
LV contractility (37). Studies on the effects of cannabis use
have revealed that acute cannabis consumption alters sys-
tolic time intervals and tissue velocity (38, 39) and reduces
both stroke index and ejection fraction (40). Experimental
data also support the potential negative effects of cannabis
use on systolic function, as reduced contractility in human
tissue has been demonstrated in vitro with cannabinoid re-
ceptor 1 (CB1) activity (41). The most abundant cannabinoid
in recreational cannabis products is typically delta-9-tetra-
hydrocannabinol (THC), a partial CB1 agonist. Thus, acute
reductions in contractility, and consequently systolic func-
tion associated with cannabis use, may be CB1 mediated.
Whether these acute effects translate to chronic effects that
explain the reduced peak apical rotation and rotation veloc-
ities in cannabis users in our study requires further
investigation.

Similar to our study, a previous investigation of the
chronic effects of cannabis use also found an association
between altered cardiac mechanics with normal systolic
function and cannabis use. Khanji and colleagues (25) used
cardiac MRI to examine cardiac function in cannabis users
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and reported no differences in ejection fraction between reg-
ular cannabis users and abstinent controls. They did, how-
ever, identify reduced global circumferential strain in
cannabis users. While our ejection fraction data agree with
these findings, we did not identify regional impairments in
left ventricular strain that has been identified as an indicator
of subclinical cardiac dysfunction (42). However, our finding
of reduced peak apical rotation aligns with the notion that
traditional measures of systolic function may not be sensi-
tive to the potential early effects of regular cannabis use on
the myocardium. Whether these subtle alterations to myo-
cardial mechanics eventually manifest as clinically signifi-
cant reductions in cardiac function is currently unknown. It
should be noted that both groups demonstrated LV twist and
rotation within age-expected ranges (43). Future work with
larger sample sizes is necessary to extrapolate this finding to
the general population. An important null finding in both
our investigation and past work is the lack of difference
between cannabis users and nonusers in LV mass, an inde-
pendent predictor of increased CVD (44), which has been
demonstrated to be elevated in cigarette smokers (11). This
discrepancy between smoking populations may be explained
by the notion that greater LV mass is related to higher blood
pressure in cigarette smokers (45), whereas cannabis smok-
ers may not experience chronically elevated blood pressure
(46). It is also important to note that we did not observe any
impairment in the cardiac response to isometric exercise in
cannabis users. Although sustained isometric exercise and
dynamic exercise present different hemodynamic challenges
(47, 48), this finding may be considered preliminary evi-
dence supporting preserved cardiac function during exercise
in young healthy cannabis users. This is important given
recent reports that suggest cannabis use with exercise is pop-
ular within certain populations, including athletes in compe-
tition (49). Further research should seek to understand how
acute cannabis consumption affects cardiac function both at
rest and during dynamic exercise.

Although not a universal finding, cigarette users have
been reported to have advanced arterial stiffening compared
to age-matched nonsmokers, independent of other risk fac-
tors such as hypertension (50, 51). Cigarette smoking has far
more consistently been shown to transiently increase
cfPWV; however, no study has examined whether the acute
effects of cannabis use parallels the acute effects of cigarette
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use in this manner. One large study of patients in an opioid
addiction care clinic conducted by Reece and colleagues (26),
demonstrated that vascular aging (an age-adjusted metric of
arterial stiffness) and central augmentation index measured
by radial artery tonometry were greater in cannabis-only
users compared to opioid-only users, tobacco users, and users
of both tobacco and cannabis. The present study differs from
this study in that we demonstrate a much lower degree of
stiffness in cannabis users, but it is important to acknowledge
differences between these two studies that may explain these
results. The present study was performed in a laboratory with
healthy individuals, rather than a clinic, and thus could regu-
late participant behaviors that may have confounded out-
comes before measurement (cannabis use, smoking, eating,
etc.). In contrast, Reece and colleagues recorded measure-
ments in opioid users upon intake to their clinic, making such
premeasurement controls impossible. Additionally, the rela-
tively low degree of stiffness we report may be explained
by participant age and cumulative cannabis exposure.
Volunteers in our study were young (22 +2yr), as opposed to
the middle-aged (40+2yr) adults studied in previous work.
The younger population may not yet manifest changes in
stiffness that are hypothesized to occur with cannabis use.
Additionally, as a result of their age, demographic, and
reported behaviors, we can infer that our population had less
cannabis exposure. Cannabis users in the previous study had
used cannabis for an average of 37.67 g-yr, where 1 g-year is
the product of self-reported grams of cannabis consumed
daily and years of use (52). Although we quantified “cannabis
years” as opposed to gram-years, it is highly unlikely our pop-
ulation had reached similar exposure owing to their young
age. The study of Reece and colleagues also had notable sam-
ple size imbalances, with only 11 cannabis-only users, and
between 100 and 500 individuals in all other groups. These
key differences may explain the differing degree of arterial
stiffness we observed in our population of cannabis users.

It is also important to note the absolute cfPWV measured
in each of our groups (cannabis users: 5.8+ 0.6m/s, controls:
5.3+0.7m/s) were within the expected range for individuals
<30yr of age with normal blood pressure (53). This, and the
difference of 0.5m/s between groups, suggests that the
degree of aortic stiffening in young healthy cannabis users is
relatively small and thus may not result in clinically mean-
ingful differences. Future studies should include larger and
more diverse samples to determine whether our results can
be extrapolated to the general population. We must acknowl-
edge that cfPWV was not significantly different between
groups (P = 0.09) with the omission of one cannabis user
who exhibited a cfPWV > 2SD from the group mean. Despite
the loss of significance, it should be noted that this individu-
al’'s cfPWV was still within expected population range
(7.4 m/s) and thus was still included. Elevated cfPWV in can-
nabis users could represent an early cardiovascular malad-
aptation to cannabis smoking that worsens with more
cannabis exposure. Studies directly comparing cfPWV in
cannabis users with varying degrees of cannabis exposure or
users of different age groups are needed to address this hy-
pothesis. It is important to acknowledge that despite the rel-
atively small difference in cfPWV in cannabis users that we
report (0.5m/s), even a modest increase in cfPWV of 1m/s
indicates a 15% greater risk of cardiovascular mortality (54).
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Thus, our findings indicate adverse vascular characteristics
in cannabis users.

Contrary to our hypotheses, we did not observe impair-
ments in endothelial function measured by reactive-hypere-
mia FMD in cannabis users. Given the similarities between
cannabis and cigarettes, the effects of cigarette use on FMD,
and evidence that implicates cannabinoid receptor-medi-
ated pathways in impaired endothelial function we had
expected that such changes would occur. Studies of cigarette
smokers have revealed impairments in reactive hyperemia
FMD compared to age-matched controls (5-8). Carbon mon-
oxide and hydrocarbons, both of which are present in both
cigarette and cannabis smoke, have also been shown to
induce damage to the endothelium (55). The negative effects
of cigarette smoke on FMD are strongly related to the genera-
tion of reactive oxygen species (ROS) and consequent reduc-
tions in nitric oxide availability (56); cannabis smoke has
also been shown to produce ROS (57). Endothelial cells also
express CBI, the cannabinoid receptor upon which THC acts
(58). CB1 activation may negatively affect endothelial func-
tion as CB1 activation has been demonstrated to increase
ROS generation by both macrophages (59) and endothelial
cells (60). Thus, reduced nitric oxide availability due to gen-
eration of intravascular or endothelial ROS provides a poten-
tial mechanism for CBl-mediated impairments in FMD.
Additionally, second-hand cannabis smoke has been demon-
strated to reduce FMD in a rodent model, independent of
THC content (61), making similar FMD between groups in
our study a notable null finding.

Although FMD was not different between groups, it is no-
table that nonusers had greater SR and smaller baseline ar-
tery diameter, which would not be explained by healthier
lifestyle choices (such as exercise). By conventional knowl-
edge, these conditions would predispose the control group to
greater FMD than cannabis users in the current study.
Despite these conditions, FMD remained similar between
groups, differing by 1.5%. For this difference to attain signifi-
cance, a sample of 168 participants would be needed
(power=0.8 and o = 0.05). One speculative explanation for
this observation may be that cannabis users have greater
shear stress than nonusers due to greater blood viscosity.
Therefore, the similarities in SR between groups in the pres-
ent study do not represent similar stimuli for FMD, as blood
viscosity is typically assumed to be equivalent, and not
accounted for with SR. We did not measure blood viscosity;
however, cigarette smokers have been reported to have
greater blood viscosity than nonsmokers, which is amelio-
rated with smoking cessation (62). The similarity in FMD
between cannabis users and nonusers may also be explained
by the relatively young age of our participants, and insuffi-
cient lifetime exposure to cannabis smoking to meaningfully
impair endothelial function. We believe this is the most
likely explanation, as unlike their middle-aged and older
counterparts, young healthy cigarette smokers do not always
present with measurably impaired reactive hyperemia FMD
compared to nonsmokers (63-65).

Limitations

Owing to the use of a cross-sectional design, we cannot es-
tablish causality between cannabis smoking and the observed
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differences in cardiovascular indices. Interventional studies
and/or studies employing longitudinal designs are needed to
assess cause and effect relationships. Additionally, we
employed self-reported cannabis use and did not implement
objective screening tests to confirm recent cannabis use in
our population, although there is no apparent reason for us
to believe patterns of use were misrepresented by either
group. Additionally, we did not sample blood to assess the
inflammatory or oxidative stress profiles of participants.
Hypothetically, greater levels of inflammatory markers in
cannabis users compared to nonusers could help to mecha-
nistically explain the observed differences in arterial stiff-
ness, as a relationship between chronic inflammation and
both atherosclerosis and cfPWV has been reported previ-
ously (66). Indeed, a recent study identified that cannabis
users are at greater risk of CVD compared to nonusers based
on circulating levels of c-reactive protein (67). This hypothe-
sis should, however, be approached cautiously, as other
studies have found contradictory results (68), and the rela-
tionship between cannabinoid receptor signaling and
inflammation is multifactorial (69).

CONCLUSIONS

Here, we present evidence of differences in both cardiac
mechanics and vascular wall properties between cannabis
users and nonusers. Specifically, cannabis users demon-
strated suboptimal apical cardiac function and higher aortic
stiffness that are hypothesized to represent cardiovascular
maladaptation to cannabis smoking. These differences in
cardiac function and vascular structure suggest that canna-
bis users may be at greater risk of the development of CVD.
Future work should prospectively explore causal links
between cannabis smoking and altered cardiovascular func-
tion, with a goal of characterizing the relationship between
cannabis use and the development of CVD.
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