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Background: Previous studies showed that nicotinized electronic cigarettes (hereafter, e-cigarettes) elicit systemic oxidative stress and
inflammation. However, the effect of the acrosol alone on endothelial function is not fully understood.

Purpose: To quantify surrogate markers of endothelial function in nonsmokers after inhalation of acrosol from nicotine-free
e-cigarettes.

Materials and Methods: 1In this prospective study (from May to September 2018), nonsmokers underwent 3.0-T MRI before and
after inhaling nicotine-free e-cigarette aerosol. Peripheral vascular reactivity to cuff-induced ischemia was quantified by temporally
resolving blood flow velocity and oxygenation (SvO,) in superficial femoral artery and vein, respectively, along with artery luminal
flow-mediated dilation. Precuff occlusion, resistivity index, baseline blood flow velocity, and SvO, were evaluated. During reactive
hyperemia, blood flow velocity yielded peak velocity, time to peak, and acceleration rate (hyperemic index); SvO, yielded washout
time of oxygen-depleted blood, rate of resaturation, and maximum SvO, increase (overshoot). Cerebrovascular reactivity was as-
sessed in the superior sagittal sinus, evaluating the breath-hold index. Central arterial stiffness was measured via aortic pulse wave
velocity. Differences before versus after e-cigarette vaping were tested with Hotelling 77 test.

Results: Thirty-one healthy never-smokers (mean age, 24.3 years = 4.3; 14 women) were evaluated. After e-cigarette vaping, resis-
tivity index was higher (0.03 of 1.30 [2.3%]; P < .05), luminal flow-mediated dilation severely blunted (—3.2% of 9.4% [—34%];
P < .001), along with reduced peak velocity (—9.9 of 56.6 cm/sec [—17.5%]; P < .001), hyperemic index (—3.9 of 15.1 cm/sec?
[—25.8%]; P < .001), and delayed time to peak (2.1 of 7.1 sec [29.6%]; P = .005); baseline SvO, was lower (—13 of 65 %HbO,
[—20%]; P < .001) and overshoot higher (10 of 19 %HbO, [52.6%]; P < .001); and aortic pulse wave velocity marginally in-

creased (0.19 of 6.05 m/sec [3%]; P = .05). Remaining parameters did not change after acrosol inhalation.

Conclusion: Inhaling nicotine-free electronic cigarette aerosol transiently impacted endothelial function in healthy nonsmokers.
Further studies are needed to address the potentially adverse long-term effects on vascular health.

©RSNA, 2019
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lectronic  cigarettes  (hereafter, e-cigarettes) deliver

nicotine by the electric heating and aerosolization of a
flavored solution, or e-liquid (1). E-cigarettes are a pub-
lic health issue because of their widespread use, especially
among teenagers, despite uncertainty about their effect on
long-term health (2). Many studies now question whether
e-cigarette aerosol inhalation, or vaping, is safe (3-11), and
it was found to cause vascular endothelial damage (8,9) and
alterations in vascular tone (10,11). The basic constituents of
e-liquids, primarily propylene glycol and glycerol, can form
irritant acetals even at room temperature (3) and carcino-
gens at typical working device temperatures (5,6). More-
over, metals in the form of fine (diameter < 2.5 pwm) and
ultrafine (diameter < 100 nm) particles, which are likely
generated by the heating element, have been detected in e-
cigarette acrosol in concentrations similar to or higher than

in conventional cigarettes (7). These particulates, together
with trillions of free radicals (4), are implicated in nose,
throat, and respiratory airway irritation, lung inflammation,
and nervous system damage (7,12). Once inhaled, ultrafine
particles and the oxidant species located on their surface can
translocate into the vascular space (13), resulting in a state
of chronic vascular inflammation and oxidative stress nox-
ious to endothelial function. Moreover, ultrafine particles
can penetrate the blood-brain barrier, potentially leading to
neuroinflammation and neurotoxicity (14).

We hypothesized that e-cigarette aerosol inhalation, in
the absence of nicotine, exerts systemic, acute, detrimen-
tal effects on the vascular system. Therefore, we measured
several quantitative MRI parameters sensitive to vascular
function and tone across multiple vascular beds before and
after nicotine-free e-cigarette inhalation in healthy young
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Abbreviation

SvO, = venous oxygen saturation

Summary

Nicotine-free electronic cigarette acrosol inhalation in young, healthy
nonsmokers resulted in transient impairment of vascular reactivity
and endothelial function by using quantitative MRI metrics across
multiple vascular beds.

Key Results

= After inhalation of nicotine-free electronic cigarette aerosol,
femoral artery flow-mediated dilation and reactive hyperemia ac-
celeration were reduced (—34%, P < .001; —25.8%, P < .001,
respectively), indicating acute endothelial dysfunction.

= Inhalation of nicotine-free electronic cigarette aerosol was associ-
ated with hemoglobin saturation reduction (—20%; P < .001)
in the superficial femoral vein, suggesting impaired microvascular
function.

= Inhalation of nicotine-free electronic cigarette acrosol was also as-
sociated with increase in aortic pulse wave velocity (3%; P = .05),
suggesting acute aortic stiffening.

adult nonsmokers. To evaluate peripheral macro- and microvas-
cular reactivity, we elicited reactive hyperemia in the superficial
femoral artery and vein via cuff-induced ischemia. Temporally
resolved MRI velocimetry and dynamic oximetry yielded, re-
spectively, arterial blood flow velocity and venous blood oxygen
saturation, where the latter served as an endogenous micro-
vascular tracer (15). In addition, we quantified luminal fow-
mediated dilation, an established marker of endothelial func-
tion, with high-spatial-resolution vessel-wall imaging (16). We
subsequently assessed cerebrovascular reactivity in response to
volitional apnea in the superior sagittal sinus (17). The evalu-
ation of central artery stiffness with aortic pulse wave velocity
complemented the vasoreactivity measurements (18).

Materials and Methods

For this prospective study, the protocol was approved by the
investigators’ institutional review board. All participants pro-
vided written informed consent, in compliance with the Health
Insurance Portability and Accountability Act.

Study Participants

The study was performed at the Hospital of the University of
Pennsylvania (Philadelphia, Pa). Participants were consecu-
tively enrolled from May to September 2018 at the university
campus. Eligibility criteria were age between 18 and 35 years,
body mass index between 18 and 30 kg/m? and no history
of smoking or overt cardiovascular or neurovascular disease.
Inclusion of never-smokers in the study minimized possible
confounders from previous smoking history. Excluded were
participants with hypertension, asthma, respiratory tract infec-
tion within 6 weeks, cancer, human immunodeficiency virus,
and breastfeeding or pregnancy (Table 1, Fig 1).

Study Protocol

We performed multivascular MRI with a 3.0-T imager (Prisma;
Siemens Healthineers, Erlangen, Germany) before and after a

Table 1: Participant Characteristics

Parameter Value
No. of participants 31
Sex
No. of men 17
No. of women 14
Mean age (y) 24 =+ 4 (19-33)
Mean body mass index (kg/m?) 23.0 = 2.4 (18.5-26.5)
Systolic blood pressure (mm Hg) 117 =10
Diastolic blood pressure (mm Hg) 68 =8
Smoking status Not applicable

Note.—Mean data are * standard deviation; data in parentheses
are range. Because the participants were never-smokers, there is
no information regarding smoking status.

supervised nicotine-free e-cigarette vaping challenge (Fig 1).
Before undergoing MRI, we measured the participant’s blood
pressure (Veris 8600 Vital Signs; Medrad, Indianola, Pa). Test-
retest repeatability was assessed in a distinct study group drawn
from the same participant pool.

E-cigarette Vaping Challenge

The supervised e-cigarette vaping challenge consisted of 16
3-second inhalations (19). The research coordinator monitored
the challenge, considered successful in the absence of cough-
ing or swallowing of the vapor. The disposable e-cigarette (Eco
series; Epuffer, New York, NY, epuffer.com) operating at 3.7 V,
contained pharma-grade propylene glycol-to-glycerol ratio of
70%:30%, with 15% flavor dilution ratio and 0 mg of nicotine
(Appendix E1 [online]).

Multivascular Quantitative MRI Protocol

The 50-minute MRI protocol (Fig 1, Fig E1 [online]) quanti-
fied the following: () peripheral vascular reactivity in the su-
perficial femoral artery and vein, (4) cerebrovascular reactivity
in the superior sagittal sinus, and (¢) aortic arch pulse wave
velocity. Participants were positioned on the imager table su-
pine, feet first for part 2 and head-first for parts 4 and ¢. Apart
from vessel localization with gradient-echo and time-of-flight
sequences, in-house sequences programmed in SequenceTree

were used (20) (Appendix E2 [online]).

Peripheral vascular reactivity assessment.—An eight-
channel extremity transmitter-receiver coil (Invivo, Pewaukee,
Wis) was used. After 2 minutes (precuff or baseline period), a
sphygmomanometer cuff (Hokanson, Bellevue, Wash) applied
to the right upper thigh and proximal to the targeted vessels was
inflated quickly (<1 second) with a pneumatic pump (AG101
cuff inflator air source; Hokanson) to 210-220 mm Hg, causing
5-minute occlusion followed by 5-minute recovery (21). The im-
aging protocol included the following: vessel-wall imaging (16)
(repetition time msec/echo time msec, 7/4.6; binomial pulse, 8°
+ 8° to attenuate fat signal; bandwidth, 313 Hz/pixel; and voxel
size, 0.8 X 0.8 X 4.0 mm?®) at baseline and 60 seconds, 90 sec-
onds, and 120 seconds after cuff deflation (postcuff) occlusion
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Enrollment (between 2018.05 and 2018.09)

+ other reasons (N=4)

Assessed Excluded, N=27
for eligibility, = . age, BMI, smoking status (N=12)
N=58 = under medication (N=3)

- declined participation (N=9)

Multi-vascular MRI

'

Test-retest repeatability

Recruited, N=18

Multi-vascular MRI
Pre- and post- e-cig vapin
P il Test PVR CVR aPWV
Eligible, =— Not completed, N=2
N=31 + PVR: discomfort (N=1) l ‘ ‘
+ CVR: not compliant (N=1)
PVR CVR aPWV
Peripheral Cerebrovascular Aortic pulse RSt
vascular reactivity, reactivity, wave
Pre femoral vessels sagittal sinus velocity N=10 N=7 N=10
(PVR) (CVR) (aPWV)
v ;
E-cigarette vaping challenge: 16 puffs, 3s Included in both:
- PVRN=2
« CVR N=2
Post PVR - CVR - aPwWV . PWVN=2
Completed, PVR: N=30; CVR: N=30: aPWV: N=31

Figure 1:

Flowchart of participant enrollment and exclusion, completed assessments, and test-retest repeat-

ability. aPWV = aortic pulse wave velocity, BMI = body mass index, CVR = cerebrovascular reactivity, PVR =

peripheral vascular reactivity.

to quantify superficial femoral artery luminal flow-mediated
dilation by relying on the cross-sectional area rather than the
vessel diameter; interleaved multigradient echo for simultaneous
dynamic acquisition of venous oxygen saturation (SvO,); and ar-
terial blood flow velocity (15). The imaging parameters for SvO,
were as follows: baseline/after cuff release repetition time msec,
156/39; echo spacing, 4.62 msec; baseline/after cuff release flip
angle, 25°/15°% bandwidth, 419 Hz/pixel; and voxel size, 1.0 X
1.0 X 5.0 mm?®. The imaging parameters for blood flow velocity
(22) were as follows: baseline/after cuff release repetition time
msec, 10/39; echo spacing, 4.62 msec; flip angle, 15°% baseline/
after cuff release velocity encodings, 80/175 and 225 cm/sec;
bandwidth, 419 Hz/pixel; voxel size, 1.0 X 1.0 X 5.0 mm?;
and baseline/after cuff release temporal resolution, 20/120 msec.

Cerebrovascular reactivity assessment.—The superior sagit-
tal sinus was imaged with a 20-channel head coil during a cued
(audio and video) volitional apnea challenge consisting of three
successive 30-second postexpiratory breath holds (23) inter-
spersed by 2 minutes of normal breathing. Blood flow velocity in
the superior sagittal sinus was quantified by phase-contrast MRI
(17) (20/7 4; flip angle, 15° velocity encoding, 50 cm/sec; band-
width, 350 Hz/pixel; and voxel size, 0.92 X 0.92 X 5.0 mm’).

Aortic pulse wave velocity assessment.—Aortic pulse wave
velocity was quantified by using a body-matrix-and-spine-coil
combination at free breathing and without cardiac gating with
a technique described in Langham et al (18). Briefly, velocity-
sensitized projections were acquired to map the complex-differ-
ence signal intensity (3.3/1.7; flip angle, 20°; velocity encoding,
175 cm/sec; bandwidth, 1042 Hz/pixel; and temporal resolu-
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tion, 6.6 msec) simultaneously in the ascending and descending
aorta, and used to determine the transit time. The pulse wave
path length was traced on a sagittal image of the aortic arch.

Image Analysis

Analyses were performed (A.C.) with in-house scripts (Matlab
R2016b; Mathworks, Natick, Mass) used in combination with
open-source software (Image] v1.5j8, open source; National
Institutes of Health, Bethesda, Md) (24). The MRI parameters
extracted (ie, luminal flow-mediated dilation, resistivity index,
baseline blood flow velocity, peak velocity, time to peak, hyper-
emic index, time of forward flow, peripheral flow reserve, base-
line SvO,, washout time, upslope, overshoot, change in SvO,,
breath-hold index, post—breath hold relative velocity increase,
and aortic pulse wave velocity) are described in Table 2 (details
in Appendix E2 [online]).

Test-Retest Repeatability

Each part of the MRI protocol was repeated without the
e-cigarette challenge in a distinct group. For peripheral vascular
reactivity, the group demographics were as follows: 10 participants
(six women); mean age, 32.7 years = 8.6 (standard deviation).
For cerebrovascular reactivity, the group demographics were as
follows: seven participants (two women); mean age, 33.4 years
* 10. Finally, for aortic pulse wave velocity, the group demo-
graphics were as follows: 10 participants (six women); mean

age, 30.0 years = 7.2 (details in Appendix E2 [online]).
Statistical Analysis

Statistical analysis was performed by using software (SPSS Sta-
tistics version 20; IBM, Armonk, NY). Sample size was esti-
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Table 2: Definition and Physiologic Importance of MRl Parameters

Parameter

Definition and Physiologic Meaning

Technique

Peripheral vascular reactivity
SFA
Luminal low-mediated
dilation (%)
Baseline velocity (cm/sec)
Resistivity index

Peak velocity (cm/sec)
Time of forward flow (sec)

Time to peak (sec)

Hyperemic index (cm/sec?)

Peripheral flow reserve
SFV

Baseline SvO,

Washout time

Maximum SvO, relative to
baseline SvO,
Peak-to-peak SvO,
Cerebrovascular reactivity
SSS
Breath-hold index (cm/sec?)

Post—breath hold relative
velocity increase baseline velocity
Aortic stiffness
Aorta
Aortic arch pulse wave
velocity (m/sec)

of the left ventricle

(A, — A)/A, X 100 maximum vasodilation reached during reactive
hyperemia, relative to the cross-sectional area evaluated at baseline (A )

Average of time resolved BFV over six cardiac cycles before cuff occlusion 1D-velocity projections (22)

(V, = V)/V_resistance to blood flow in femoral artery reflecting high
microvascular resistance of distal peripheral bed

Maximum hyperemic BFV after cuff release

Duration of monophasic waveform during hyperemia as a result of
reduced microvascular resistance

Time required to reach maximum hyperemic BFV

Blood flow acceleration during initial phase of hyperemia

Peak velocity/baseline velocity; ratio between peak and baseline velocity

Venous blood oxygen saturation before cuff occlusion (at rest)

Elapsed time for tagged blood to “washout” from the microvascular
bed and reach the imaging section after cuff release

Slope of curve following nadir Venous blood resaturation rate after cuff release

Maximum saturation level with respect to baseline SvO,

Range of SvO, values during reactive hyperemia
Blood flow acceleration due to breath-hold stimulus

Maximum BFV increase in response to breath hold with respect to

As/At, with As the path length and At the transit time speed at which
the pulse pressure or velocity wave is transmitted upon contraction

Vessel-wall imaging (16)

1D-velocity projections (22)

1D-velocity projections (22)
1D-velocity projections (22)

1D-velocity projections (22)
1D-velocity projections (22)
1D-velocity projections (22)

Dynamic oximetry (15)
Dynamic oximetry (15)

Dynamic oximetry (15)
Dynamic oximetry (15)

Dynamic oximetry (15)

Phase-contrast MRI with
BRISK sampling (17)
Phase-contrast MRI with
BRISK sampling (17)

Complex difference 1D
velocity projections (18)

retrograde velocity.

Note.—1D = one-dimensional, BFV = blood flow velocity, BRISK = blocked regional interpolation scheme for k-space, SFA = superficial
femoral artery, SFV = superficial femoral vein, SSS = superior sagittal sinus, SvO, = venous oxygen saturation, V_ = systolic velocity, V, =

mated on the basis of brachial artery flow-mediated dilation
results from Carnevale et al (9) that compared brachial artery
flow-mediated dilation before versus after e-cigarette vaping,
aiming for 80% power at 5% significance level, by using a two-
tailed # test. Test-retest repeatability was assessed by intraclass
correlation analysis and Wilcoxon signed rank test. Differences
for before versus after e-cigarette vaping were evaluated by us-
ing the Hotelling 77 test (significance indicated by P < .05),
controlling for multiple comparisons (Appendix E3 [online]).
Missing values were addressed by pairwise deletion.

Results

Participants Who Completed the Study

Thirty-one adult nonsmokers who met the inclusion criteria
were evaluated (mean age, 24.3 years * 4.3; 14 women; Table
1). All 31 participants completed the measurements of blood
flow velocity and SvO,, and 30 participants completed periph-

100

eral vascular reactivity because of discomfort associated with
cuff occlusion in one participant. Cerebrovascular reactivity
was evaluated in 30 participants because one participant did
not comply to breath-hold instructions. All participants com-
pleted all other procedures (see also Fig 1). After the e-cigarette
vaping challenge, a few participants reported dizziness and/or
light-headedness, none of them experienced coughing, and all
were able to correctly complete the challenge.

Multivascular MRI Sample Data

Peripheral vascular reactivity.—The vascular imaging pro-
cedures and parameters extracted at baseline and during re-
active hyperemia in a representative participant are in Fig-
ure 2. The arterial lumen measured at four different points
during the cuff protocol is shown in Figure 2, A, suggesting
that the artery reaches its maximum dilation at 120 seconds
from cuff release (for this participant). Figure 2, B, shows

radiology.rsna.org » Radiology: Volume 293: Number 1—Ocfober 2019
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Figure 2: Response to cuff occlusion in the femoral circulation. A, Vesselwall images of the superficial femoral artery
(SFA) at different points (60 seconds [A,], 90 seconds [A, ], and 120 seconds [A,,]) as indicated by crosses in B during
reactive hyperemia. The dashed circles represent the lumen area at baseline. B, Superficial femoral vein (SFV) oxygen satu-

ration (SvO,) at baseline (green line) and during hyperemia. C,

SFA blood flow velocity (V). D, Axial image obtained with

MR in the thigh, with SFA and SFV indicated in red and blue, respectively. Sample data shown for a representative partici-

pant. ASVO, = peakto-peak SvO,, HI = hyperemic index, PFR
forward flow, T, = time to peak, T, = washout time, V, = basel
velocity during early diastole, V, = systolic velocity.

that in the superficial femoral vein, SvO, reaches a minimum
after cuff release because of the washout of oxygen-depleted
blood, reaching the imaged section at washout time. There-
after, oxygen saturation increases rapidly above the baseline
value (overshoot), indicating that the incoming blood, rich
in oxygen, exceeds the metabolic needs of the tissue. Return
to precuff SvO, levels (baseline) occurs within a few minutes.
Blood flow velocity in the superficial femoral artery precuff
occlusion is triphasic, starting with the antegrade systolic
peak, followed by retrograde and second antegrade peaks
during diastole (Fig 2, C). However, reactive hyperemia that
occurs at cuff release is antegrade only, recovering to baseline
velocity within 1 minute from cuff deflation.

Cerebrovascular reactivity.—The evolution of blood flow
velocity in the superior sagittal sinus during the breath-hold
challenge is shown in Figure 3a with two-dimensional veloc-
ity maps, and in Figure 3b with the average velocity profile
across the superior sagittal sinus lumen for a representative
participant before e-cigarette vaping. During the postexpi-
ratory breath hold, the velocity decreased initially then in-
creased up to about 40% (in this particular participant) with

Radiology: Volume 293: Number 1—October 2019 = radiology. rsna.org

= peripheral flow reserve, Rl = resistivity index

, Tee = time of

ine velocity, V, = peak hyperemic velocity, V. = retrograde

respect to the baseline (ie, pre—breath hold) value because of
the hypercapnic stimulus.

Aortic pulse wave velocity.—The aortic arch of a representa-
tive participant is shown in Figure 4, with the path length of the
pulse wave between ascending and descending aorta and the se-
lected axial section superimposed. The time-resolved complex
difference intensity from one-dimensional velocity projections,
averaged across the aorta width, yields two velocity-dependent
signals in the ascending and descending aorta. The time-shift
between the two is indicated and represents the transit time of
the pulse wave between the two locations.

Test-Retest Repeatability

Test-retest data are compiled in Table 3, with their intraclass
correlation coefficients and P values comparing test-retest val-
ues as measures of short-term repeatability in participants by
covering an age range similar to the vaping cohort. Average
interval times between test and retest acquisitions were compa-
rable to those elapsing between the before and after e-cigarette
vaping acquisitions that evaluated vaping-induced changes
(Appendix E2 [online]). Eight functional measures (baseline

101
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Figure 3: Neurovascular response to breath hold. (a) Magnitude image intensity of superior sagittal

sinus (SSS, box). Insets show velocity maps at different points of the velocity timecourse (40 seconds [t

40] !

50 seconds [t, ], and 70 seconds [t ]). (b) Sample SSS blood flow velocity time-course (red line) shown
for a representative participant. The thick black line is linear fit during breath holds, the slope of which is

the breath-hold index (BHI). AV
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Figure 4: Measurement of aortic pulse wave velocity. A, Sagittal view of the aortic arch with path length of the flow wave between the ascend-
ing aorta (Aa) and descending aorta (Da; As). B, Axial view showing Aa and Da, and the time course of the, C, complex difference (CD) signals
during three cardiac cycles. D, CD signal intensity averaged across the aorta width during a single cardiac cycle (the transit time [t] is indicated).

Sample data shown for a representative participant. t = time.

SvO,, washout time, upslope, overshoot, peak-to-peak SvO,,
resistivity index, luminal flow-mediated dilation, and aortic
pulse wave velocity) had intraclass correlation coefficients of
0.9 or greater, five measures (peak velocity, time to peak, hy-
peremic index, breath-hold index, post—breath hold relative
velocity increase) had intraclass correlation coefficients greater
than 0.8, and the remaining parameters were less reliable (ie,
baseline velocity and time of forward flow) or not at all reliable
(ie, peripheral flow reserve). Paired comparisons (Wilcoxon)
indicated no test-versus-retest difference (2 > .05) except for
marginally different values in three instances (washout time,

102

P = .02; baseline velocity, P = .03; time of forward flow, P =
.04; Table 4). Therefore, we included the subset of 13 param-
eters (luminal flow-mediated dilation, resistivity index, peak
velocity, time to peak, hyperemic index, baseline SvO,, wash-
out time, upslope, overshoot, peak-to-peak SvO,, breath-hold
index, post—breath hold relative velocity increase, and aortic
pulse wave velocity) in our study.

Acute Transient Effects of Vaping on MRI Parameters

The Hotelling trace test (P < .001) led to rejection of the null
hypothesis for the prepost e-cigarette vaping differences. Group

radiology.rsna.org » Radiology: Volume 293: Number 1—Ocfober 2019
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Table 3: Test-Retest Repeatability and Reliability of MRI Parameters
MRI Parameter Test Mean Retest Mean P Value ICC
Peripheral vascular reactivity
Dynamic superficial femoral vein oximetry (SvO,)
Baseline SvO, (%HbO,) 64 =3 62 *=2 .15 0.95 (0.80, 0.99)
Washout time (sec) 8.3 0.3 7.6 0.4 .02 0.90 (0.58, 0.97)
Upslope (%HbO,/sec) 3.6 0.3 3.8+0.3 11 0.96 (0.83, 0.99)
Overshoot (%HbO,) 24+ 2 25+2 31 0.90 (0.60, 0.98)
Peak-to-peak SvO, (%HbO,) 42+ 3 42 £ 3 >.99 0.96 (0.85, 0.99)
Superficial femoral artery blood flow velocity
Baseline velocity (cm/sec) 43+ 0.4 3.5+ 04 .03 0.77 (0.08, 0.94)
Resistivity index 1.29 = 0.03 1.31 £ 0.03 .10 0.93 (0.72, 0.98)
Peak velocity (cm/sec) 56.5 *+ 2.7 52.1 = 4.5 .33 0.82 (0.23, 0.95)
Time of forward flow (sec) 39.1 =22 34.7 = 1.9 .04 0.76 (0.03, 0.94)
Time to peak (sec) 7.6 = 1.1 6.5+ 09 .76 0.84 (0.37, 0.96)
Hyperemic index (cm/sec?) 145 * 1.6 14.1 *1.7 44 0.85 (0.41, 0.96)
Peripheral flow reserve 13.6 = 0.9 18.1 + 3.1 .39 0.26 (0, 0.82)
Vessel wall imaging
FMD, (%) 10.3 = 1.9 11.4 *+ 2.0 .33 0.94 (0.77, 0.99)
Cerebrovascular reactivity
Breath-hold index (cm/sec?) 0.32 = 0.01 0.31 + 0.02 31 0.85 (0.22, 0.98)
Post—breath hold relative velocity increase (%) 26.1 3.9 26.7 £ 3.6 .87 0.88 (0.23, 0.98)
Central arterial stiffness
aPWV (m/sec) 6.18 £ 0.24 6.22 £ 0.25 .65 0.95 (0.81, 0.99)
Note.—Mean data are * standard error; data in parentheses are 95% confidence intervals. Overshoot refers to the maximum SvO, relative
to baseline SvO,. Upslope refers to the slope of curve following nadir. aPWV = aortic arch pulse wave velocity, FMD, = luminal flow-
mediated dilation, ICC = intraclass correlation coefficient, SvO, = venous oxygen saturation.

means, standard errors of the parameters of interest, and paired
¢ test results are in Table 4. Box-and-whisker plots of the stron-
gest associations composed of measures of peripheral vascular
function are in Figure 5. Our data (Table 4) indicate that the
vascular insult exerted by the aerosol inhalation affects the en-
tire hyperemic period. After vaping, baseline SvO, values were
20% lower (P < .001) and overshoot was more than 50%
higher (P < .001), whereas the upslope (ie, resaturation rate)
did not change with respect to levels before vaping (P = .61).
After vaping, arterial peak blood flow velocity was nearly 20%
lower (P <.001), along with a reduction of 26% in the hyper-
emic index (P < .001). Luminal flow-mediated dilation was
reduced by 34% after e-cigarette vaping (P < .001). However,
cerebrovascular reactivity expressed as breath-hold index was
not significantly lower after vaping (P = .08). Finally, aortic
pulse wave velocity was marginally increased (2 = .05).

Discussion

We assessed vascular reactivity and tone across multiple vascu-
lar beds after nicotine-free electronic cigarette (hereafter, e-cig-
arette) vaping in young nonsmokers by using a multiparamet-
ric MRI protocol (Fig 6). Specifically, we measured peripheral
hyperemia in response to cuff-induced ischemia, cerebrovascu-
lar reactivity in response to breath hold, aortic pulse wave ve-
locity, and an indicator of aortic stiffness. We found reductions
after vaping in luminal flow-mediated dilation (—3.2 of 9.4;
—34%; P < .001), reactive hyperemia peak velocity (—9.9 of
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56.6 cm/sec; —18%; P < .001), and acceleration (—3.9 of
15.1 cm/sec’; —26% P < .001) as representative of macrovas-
cular alterations; a reduction in precuff occlusion SvO, (—13
of 65 %HbO,; —20%, P < .001), which indicated transient
microvascular impairment; a marginal increase in aortic pulse
wave velocity (0.19 of 6.05 m/sec; 3%; P = .05), which sug-
gested aortic stiffening; and no statistically significant alterations
in cerebrovascular reactivity measured by breath-hold index
(—0.02 of 0.38 cm/sec’; —5%; P = .08). We interpreted the
poor repeatability of two velocimetry parameters (baseline ve-
locity, peripheral flow reserve) as caused by noisy blood flow
velocity waveform during late diastole. A lower velocity-to-
noise ratio for low blood flow velocities was because of the
high-velocity sensitivity (velocity encoding parameter) used to
capture hyperemic velocities without aliasing (25). A slight but
marginally significant test-versus-retest difference was found
for washout time and time of forward flow (P = .02 and .04,
respectively). However, strong effects after vaping were shown
for both (P = .001; Appendix E4 [online]).

Several recent studies (9—-11,26) addressed the effect of e-
cigarette use on metrics of vascular health. A crossover study
(9) involving 40 healthy young smokers and nonsmokers
(mean age, 28 years = 5.3; mean body mass index, 23.4
kg/m? * 2.9) showed that brachial flow-mediated dilation
was lower after nicotinized e-cigarette vaping (9). More-
over, nicotinized e-cigarette increased carotid-femoral pulse
wave velocity and systemic blood pressure as reported by
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Table 4: Comparisons before and after E-cigarette Vaping
MRI Parameters Before E-cigarette Vaping After E-cigarette Vaping P Value
Peripheral vascular reactivity
Dynamic superficial femoral vein oximetry (SvO,)
Baseline SvO, (%HbO,) 65 *+2 52+2 <.001
Washout time (sec) 9.1+ 04 7.6+ 0.2 .001
Upslope (%HbO,/sec) 3.0 +0.2 3.0 0.2 .61
Overshoot (%HbO,) 192 29+ 2 <.001
Peak-to-peak SvO, (%HbO,) 40 + 2 41 £ 2 .49
Superficial femoral artery blood flow velocity
Resistivity index 1.30 = 0.01 1.33 = 0.01 .04
Peak velocity (cm/sec) 56.6 = 2.6 46.7 + 2.8 <.001
Time to peak (sec) 7.1+ 0.6 9.2 +0.7 .005
Hyperemic index (cm/sec?) 15.1 = 1.1 11.2£0.9 <.001
Vessel wall imaging
FMD, (%) 9.4*0.9 6.2*+09 <.001
Cerebrovascular reactivity
Breath-hold index (cm/sec?) 0.38 = 0.02 0.36 = 0.02 .08
Post—breath hold relative velocity increase (%) 312 £ 2.1 35.7 £ 2.3 .10
Central arterial stiffness
aPWV (m/sec) 6.05 = 0.21 6.24 = 0.20 .05
Note.—Data are mean * standard error. Upslope refers to the slope of curve following nadir; overshoot refers to the maximum SvO, rela-
tive to baseline SvO,. aPWV = aortic arch pulse wave velocity, FMD, = luminal flow-mediated dilation, SvO, = venous oxygen saturation.
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Figure 5: MRI-derived vascular parameters before and after ecigarette vaping. Box-and-whisker plots for the strongest effects observed show
(a) SvO, during baseline (SvO,,), (b) SvO, washout time (T, ), (c) SvO, overshoot, (d) luminal flow-mediated dilation (FMD)), (e) peak hyperemic
blood flow velocity (V,), and (f) hyperemic index (HI). P values were derived on the basis of paired ttests. The boxes represent inner quartiles;
horizontal lines within the box indicate the median and crosses (X) indicate the mean.

Vlachopoulos et al (10) and Franzen et al (11), whereas vap-
ing nicotine-free e-cigarette elicited no pulse wave veloc-
ity alteration (11). These studies (9—11) were each able to
evaluate a single measure of vascular health. Against this
backdrop of recent work, some of which studied the effect
of aerosol alone (11) or involved nonsmokers (9), our work
stands out because we introduced a noninvasive imaging
protocol able to evaluate multiple vascular territories in a
single examination and thus provided a more comprehen-
sive picture of the acute vascular effects of e-cigarette vap-
ing. Of note is that we measured luminal flow-mediated
dilation in the superficial femoral artery, which is prone
to atherosclerosis compared with brachial artery, and thus
more representative of endothelial dysfunction (27).
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Our findings of luminal flow-mediated dilation reduction
after vaping were similar to a previous study (9) and are likely
caused by reduced nitric oxide bioavailability, secondary to
oxidative stress. The alterations in reactive hyperemic response
parallel those observed in older people because of physiologic
aging as reported in a recent study by means of concurrent arte-
rial hyperemia and dynamic oximetry in the femoral circulation
(15). In our study, the transient reduction in femoral vein SvO,
after vaping could be linked to increased vascular resistance in
arterioles and arteriovenous capillaries, leading to greater oxy-
gen extraction and thus lowering venous hemoglobin saturation.
Alternatively, the effect might be caused by hypoxemia from el-
evated respiratory and peripheral airway resistance, found to be
associated with e-cigarette vaping (28).
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Figure 6:

Electronic cigarette components. Photograph
shows the superior envelope (1), mouthpiece (2), light emitting
diode (3), cylindrical 3.7-V lithium battery (4), wick and fila-
ment (5), thick wire (&), inner fibers (7), and outer fibers (8).

The group-average aortic pulse wave velocity evaluated be-
fore e-cigarette vaping had good agreement with previous stud-
ies (29,30). Unlike previous studies (10,11), we found a mar-
ginally significant increase in aortic pulse wave velocity after
e-cigarette acrosol inhalation (3%; P = .05), consistent with a
recent study (31) showing that nicotine-free e-cigarettes caused
increased pulse wave velocity, albeit less than observed with
nicotinized e-cigarettes.

We did not find statistically significant alterations in cere-
brovascular reactivity measured by breath-hold index (—5%;
P = .08). It should be noted that the time elapsed between e-
cigarette vaping and the cerebrovascular reactivity measurement
was about 40—50 minutes, which is comparable to the recovery
time of cerebrovascular reactivity during a breath-hold chal-
lenge, acutely reduced after tobacco smoking, as measured by
transcranial Doppler US in young smokers (average age, 32.3
years) (32). Further research evaluating the temporal evolution
of cerebrovascular reactivity after e-cigarette vaping is needed to
study the kinetics of the effect.

Our study had limitations. First, we evaluated test-retest
repeatability of each element of the protocol separately, rather
than of the MRI protocol as a whole. Because the time con-
stants of the transient effects elicited by the cuff-induced isch-
emia are, to our knowledge, not accurately known, the small
effects observed in the retest data for some parameters could
be caused by latent effects from the previous cuff-occlusion
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cycle. Nevertheless, even for those parameters, the effect after
vaping was far larger. Second, in accordance with our overall
hypothesis we focused on the effects of the acrosol and there-
fore did not accommodate a second arm of the study to com-
pare the effects of nicotinized versus nicotine-free e-cigarette
aerosol. However, a recent study (33) showed that nicotine-
free e-cigarette vaping caused a transient increase in serum
markers of inflammation (c-reactive protein) and oxidative
stress, and the changes peaked at 1-2 hours after vaping and
recovery occurred within 6 hours. These observations at the
cellular level thus lend further credence to our interpretation
of the image-based findings. Third, because the participants
were never-smokers, intersubject variations in adherence to
the inhalation protocol cannot be entirely excluded. Fourth,
to our knowledge, it is unknown which specific constituents
of the aerosol, flavor, and thermal degradation products are
responsible for the observed effects, a question that is outside
our study’s intended scope.

In summary, our study provides further insight into the ef-
fects on the endothelium from electronic cigarette exhalants de-
tectable by using noninvasive quantitative MRI markers. In light
of these results, it would be desirable to corroborate our findings
in larger cohorts.
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