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Abstract
Smoking predisposes individuals to endothelial dysfunction. Flow-mediated dilation (FMD) and reactive hyperemia
peripheral artery tonometry (RH-PAT) are used to assess endothelial function. However, whether smoking cessation
demonstrates comparable effects on endothelial function evaluated by FMD and RH-PAT remains unclear. Thus, we aimed
to evaluate the effects of smoking cessation on endothelial function evaluated simultaneously by FMD and RH-PAT and
clarify the factors associated with these effects. Fifty-eight consecutive current smokers (mean ± standard deviation; age, 64
± 11 years) who visited our smoking cessation outpatient department and succeeded with smoking cessation were enrolled.
Twenty-one continued smokers were enrolled as age- and sex-matched controls. Clinical variables, FMD, and natural
logarithmic transformation of the reactive hyperemia index (Ln-RHI) were examined before and 20 weeks after treatment
initiation. In 58 smokers who succeeded with smoking cessation, FMD significantly improved (3.80 ± 2.24 to 4.60 ± 2.55%;
p= 0.013), whereas Ln-RHI did not (0.59 ± 0.28 to 0.66 ± 0.22; p= 0.092). Spearman’s rank correlation coefficient between
changes in FMD and Ln-RHI was −0.004, and the intraclass correlation coefficient for a two-way mixed effects model was
<0.001 (p= 0.499). In multivariate analysis, the presence of an increase in FMD was inversely correlated with the Brinkman
index and changes in systolic blood pressure (SBP), whereas Ln-RHI was positively correlated with changes in SBP and
inversely correlated with baseline body mass index. These factors may predict the varying effects of smoking cessation on
the endothelial function of the conduit and digital vessels.

Keywords Smoking cessation ● Endothelial function ● Flow-mediated dilation ● Reactive hyperemia peripheral artery
tonometry

Introduction

Smoking predisposes individuals to endothelial dysfunction
and eventually arteriosclerosis and is regarded as a major
risk factor for the development of cardiovascular diseases
[1]. Therefore, smoking cessation remains the most crucial
intervention in preventive and preemptive medicine [2].

Flow-mediated dilation (FMD) and reactive hyperemia
peripheral artery tonometry (RH-PAT) are used to assess
endothelial function [3–5]. FMD is mainly measured using
the brachial artery, and RH-PAT is measured by recording
the finger arterial pulse wave amplitude (PWA) and calcu-
lating the reactive hyperemia index (RHI). There are dif-
ferences between these two methods in the physiology of
vascular beds being tested and in the response of the conduit
and resistive vessels to RH [3, 6].

Smoking intensity is independently associated with
endothelial function evaluated by measuring FMD, and
FMD improves after smoking cessation [2, 7]. Current
smoking has been shown to be associated with abnormal
RHI, and RHI improves after smoking cessation [4, 8].
However, it is unclear whether smoking cessation has a
comparable effect on endothelial function assessed by FMD
and by RHI [3, 9]. Thus, the present study aimed to evaluate
the effects of smoking cessation on endothelial function
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assessed simultaneously by FMD and RH-PAT and clarify
the factors associated with these effects.

Methods

Study population

Fifty-eight consecutive current smokers (mean ± standard
deviation [SD]; age, 64 ± 11 years) who visited our smoking
cessation outpatient department from June 2013 to
December 2018 and succeeded with smoking cessation
20 weeks after the initiation of the smoking cessation pro-
gram were enrolled in this study (abstainers). The inclusion
criteria were as follows: (1) age ≥ 20 years, (2) Brinkman
index (number of cigarettes per day × years of smoking) ≥
200, (3) nicotine-dependence score ≥ 5 (the Tobacco
Dependence Screener, TDS), and (4) motivation to quit
smoking. All 58 patients fulfilled the criteria and were
enrolled in the present study. The criteria complied with the
Japanese drug use system for nicotine-dependent out-
patients. Pharmacotherapies including varenicline (partial
agonist of alpha-4 beta-2 nicotinic receptors) or nicotine
patches (nicotine transdermal therapeutic system; nicotine
TTS) were used as smoking cessation aids when required.
Twenty-one current smokers who visited our smoking
cessation outpatient department but did not achieve smok-
ing cessation were enrolled as age- and sex-matched con-
trols (continued smokers).

The study protocols adhered to the Declaration of Hel-
sinki and were approved by the ethics committee of Osaka
City University (No. 1744, 1752). Written informed consent
was obtained from all 79 patients.

Study protocol

FMD and RH-PAT were simultaneously performed in all
enrolled patients at baseline before smoking cessation.
When needed for smoking cessation, pharmacotherapies
such as varenicline or nicotine patches were administered
after the vascular tests and venous blood collection at
baseline. Varenicline was titrated up to 1.0 mg twice daily
as follows: 0.5 mg once daily for 3 days, then 0.5 mg twice
daily for 4 days, and then 1.0 mg twice daily for 11 weeks.
Varenicline was discontinued at the 12th week. For nicotine
patches, 30-cm2 nicotine TTS was applied once daily for
4 weeks; then, 20-cm2 nicotine TTS was applied once daily
for 2 weeks, followed by 10-cm2 nicotine TTS once daily
for 2 weeks. Nicotine patches were discontinued at the 8th
week. All patients were advised to visit our smoking ces-
sation clinic at the 2nd, 4th, 8th, 12th, and 20th weeks. Self-
reported smoking status, adverse event information, body
weight, and exhaled carbon monoxide (CO) concentration

were assessed at each visit. Smoking cessation was con-
firmed by self-reported smoking status and an exhaled CO
level <4 ppm at the 20th week [10, 11]. Venous blood
collection and vascular tests, including FMD and RH-PAT,
were reperformed at the 20th week. We set the effect
determination timing to the 20th week to assess the effect of
smoking cessation itself rather than the effect of pharma-
cotherapies. Smokers who stopped smoking by the 12th
week but resumed smoking by the 20th week were not
enrolled as smokers who succeeded with smoking cessation
in this study. None of the drug regimens were changed
during the study period.

Measurement of FMD

FMD was examined at baseline and at the 20th week. FMD
measurements were performed according to the guidelines
for FMD assessment [12]. All participants were required to
fast for at least 12 h; avoid heavy exercise for at least 24 h;
not consume caffeine-containing products, alcohol, or
antioxidant vitamins for at least 6 h; withhold all drugs for
at least 12 h; and sleep soundly for at least 6 h the night
before the measurement. Among premenopausal women,
the examinations were performed during the menstrual
period. All participants rested in the sitting position
in a quiet, dimmed, and temperature-controlled room
(22–25 °C) for 15 min and then were placed in the supine
position for 15 min. Measurement of the right brachial
artery was performed between 7:00 a.m. and 11:59 a.m.

We used a 10-MHz H-type probe (UNEXEF; UNEX,
Nagoya, Japan) equipped with semiautomatic vessel wall
tracking software and provided one longitudinal, two short-
axis B-mode images, and one processed A-mode lines-
image of the right brachial artery, as previously described
[13]. Each B-mode vessel image was detected and tracked
automatically from the two short-axis images to select the
most likely position of the brachial artery and to maintain
positional stability of the A-mode lines. Measurements of
the vessel lumen on the longitudinal image were auto-
matically performed using the A-mode lines. A total of 20
bilateral points in a designated position on a total of 41 A-
mode lines were measured every 0.15 mm. The measured
values were averaged and shown on the image. A B-mode
edge detection method was designed to automatically
maintain the same position of the right brachial artery by
adjusting the deviation of the probe position before and
after compression at the right forearm to achieve a precise
measurement of the vessel lumen. Electrocardiogram gating
was used during image acquisition, where the onset of the
R-wave was used to identify the end-diastole. After deter-
mining the probe position where the clear baseline image
was obtained, the forearm cuff was inflated up to at least
50 mmHg above the systolic blood pressure (SBP) for 5
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min. Longitudinal images of the right brachial artery were
continuously recorded from 0 s after cuff inflation to 5 min
after cuff release. The percentage of maximum change from
the resting baseline lumen diameter to that of the hyperemic
state divided by the baseline lumen diameter was defined as
the FMD. Pulsed Doppler flow was assessed at baseline and
during peak hyperemic flow, and blood flow velocity was
calculated from the color Doppler data. Blood flow volume
was calculated by multiplying the Doppler flow velocity by
the heart rate and cross-sectional vessel area. Reactive
hyperemia was calculated as the maximum percentage
increase in flow after cuff deflation compared with the
baseline flow.

Measurement of RH-PAT

RH‑PAT measurements were performed using an
Endo‑PAT 2000 (Itamar Medical Ltd, Caesarea, Israel)
concurrently with FMD of a single forearm occlusion, and
the measurements were automatically analyzed to obtain the
RHI using EndoPAT™ software, version 3.5.4 (Itamar
Medical). Before the examinations, patients remained in the
supine position for 15 min. PAT sensors were placed on the
index fingers of the right and left hands. The right arm was
tested, while the left served as a control. Each measurement
consisted of 5 min of basal recording, 5 min of right brachial
artery occlusion, and 5 min of reactive hyperemia mea-
surement. The forearm cuff was inflated up to at least
50 mmHg above the SBP for 5 min. The pulse amplitude
was recorded electronically throughout the study, and the
data were analyzed in a blinded fashion using a computer-
ized and semiautomated algorithm. The 15-min recordings
were then analyzed using the device’s proprietary software,
and the RHI was calculated by the device using the method
previously described by McCrea [14]. We used the natural
logarithmic transformation of the RHI (Ln-RHI) [4].

Clinical data and definitions

Laboratory data were obtained from fasting blood samples
taken under the same conditions on the same day as the FMD
and RH-PAT measurements. The medical records of each of
the 79 patients were comprehensively reviewed. Among the
variables used in the analyses, hypertension was defined as
SBP ≥ 140mmHg, diastolic BP (DBP) ≥ 90mmHg, and/or
antihypertensive medication use. Diabetes mellitus was defined
as fasting glucose ≥ 126mg/dl, glycated hemoglobin A1c ≥
6.5%, and/or current insulin or oral hypoglycemic agent use.
Dyslipidemia was defined as high-density lipoprotein choles-
terol (HDL-C) < 40mg/dl, low-density lipoprotein choles-
terol (LDL-C) ≥ 140mg/dl, non-HDL cholesterol ≥ 170mg/dl,
triglycerides ≥ 150mg/dl, and/or lipid-lowering medication
use.

Table 1 Baseline clinical characteristics

Variables Abstainers
(n= 58)

Continued
smokers
(n= 21)

p value

Age (years) 64 ± 11 61 ± 8 0.076

Female, n (%) 18 (31.0) 3 (14.3) 0.137

Brinkman index 785 ± 439 669 ± 258 0.417

CO (ppm) 10.4 ± 7.8 11.8 ± 7.0 0.354

BMI (kg/m2) 23.6 ± 4.0 24.0 ± 2.8 0.728

Waist
circumference (cm)

85.8 ± 11.0 87.3 ± 8.6 0.577

Hypertension, n (%) 26 (44.8) 11 (52.4) 0.522

SBP (mmHg) 118.6 ± 20.7 127.0 ± 18.1 0.063

DBP (mmHg) 74.4 ± 11.0 81.1 ± 7.7 0.012

HR (beats/min) 66.8 ± 11.6 67.0 ± 9.1 0.667

Diabetes mellitus, n (%) 7 (12.1) 5 (23.8) 0.153

Fasting glucose (mg/dl) 96.0 ± 13.4 102.4 ± 19.4 0.099

HbA1c (%) 5.8 ± 0.4 5.9 ± 0.8 0.815

HOMA-R 1.73 ± 1.33 1.83 ± 1.32 0.852

Dyslipidemia, n (%) 43 (74.1) 14 (66.7) 0.513

Total cholesterol
(mg/dl)

190.7 ± 37.7 186.9 ± 31.5 0.695

HDL-C (mg/dl) 51.9 ± 18.2 51.5 ± 16.7 0.809

LDL-C (mg/dl) 108.7 ± 36.6 109.8 ± 25.6 0.899

Triglycerides (mg/dl) 161.0 ± 132.0 128.2 ± 45.7 0.109

Creatinine (mg/dl) 0.81 ± 0.24 0.80 ± 0.15 0.982

Uric acid (mg/dl) 6.1 ± 1.6 6.6 ± 1.8 0.286

CRP (mg/dl) 0.15 ± 0.19 0.20 ± 0.36 0.976

Baseline diameter (mm) 4.10 ± 0.68 4.35 ± 0.55 0.137

Blood flow increase (%) 338 ± 172 317 ± 204 0.253

FMD (%) 3.80 ± 2.24 4.41 ± 2.01 0.235

baIMT (mm) 0.31 ± 0.07 0.31 ± 0.06 0.911

RHI 1.88 ± 0.54 1.69 ± 0.29 0.424

Ln-RHI 0.59 ± 0.28 0.51 ± 0.17 0.167

CAVI 8.86 ± 1.45 8.56 ± 1.13 0.436

Previous CAD, n (%) 7 (12.1) 2 (9.5) 0.554

Medication, n (%)

Antihypertensive 22 (37.9) 9 (42.9) 0.692

Oral hypoglycemic 7 (12.1) 4 (19.0) 0.324

Lipid lowering 21 (36.2) 7 (33.3) 0.814

Pharmacotherapy, n (%)

Varenicline 38 (65.5) 9 (42.6) 0.070

Nicotine patch 12 (20.7) 6 (28.6) 0.325

CO carbon monoxide, BMI body mass index, SBP systolic blood
pressure, DBP diastolic blood pressure, HR heart rate, HbA1c
glycosylated hemoglobin, HOMA-R homeostasis model assessment
of insulin resistance, HDL-C high-density lipoprotein cholesterol,
LDL-C low-density lipoprotein cholesterol, CRP C-reactive protein,
baseline diameter baseline brachial artery diameter, baIMT brachial
artery intima-media thickness, FMD flow-mediated dilation, RHI
reactive hyperemia index, Ln-RHI a natural logarithmic transformation
of RHI, CAVI cardio-ankle vascular index, CAD coronary artery
disease
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In this study, FMD was considered to have increased if
the FMD at the follow-up minus the FMD at baseline was
more than 0. Ln-RHI was considered to have increased if
the Ln-RHI at the follow-up minus the Ln-RHI at baseline
was more than 0.

Statistical analysis

Clinical characteristics are presented as the means ± SDs for
continuous variables and as percentages for categorical
variables. Student’s unpaired t test or Mann–Whitney U test
was used to compare baseline clinical variables between the
smoking cessation and control groups. Student’s paired t
test or Wilcoxon signed-rank test was used to compare
clinical variables at baseline and follow-up. The
Kruskal–Wallis test was used to compare the clinical vari-
ables among the three types of therapy groups, and the
categorical variables were compared using the χ2 test or
Fisher’s exact test. We calculated Spearman’s rank corre-
lation coefficient and the intraclass correlation coefficient
(ICC) for a two-way mixed effects model to assess the
agreement between changes in FMD and Ln-RHI. Multi-
variate logistic regression analysis was performed to
examine the associations between the presence of an
increase in FMD or Ln-RHI and each clinical variable
adjusted for age and sex. Statistical analyses were per-
formed using SPSS software (Version 20.0, SPSS, Inc.,
Chicago, Illinois) and R version 3.4.4 (R Foundation for
Statistical Computing, Vienna, Austria). P values < 0.05
were defined as statistically significant.

Results

Patient characteristics

We enrolled 58 consecutive current smokers (mean ± SD;
age, 64 ± 11 years) who visited our smoking cessation
outpatient department and succeeded with smoking cessa-
tion; the patients were evaluated for endothelial function by
FMD and RH-PAT at baseline and at the 20th week after
the initiation of the smoking cessation program. We enrol-
led 21 continued smokers (mean ± SD; age, 61 ± 8 years) to
form an age- and sex-matched control group. The baseline
characteristics of the abstainers and continued smokers are
listed in Table 1. No significant differences were found
between the two groups, except in DBP. As smoking ces-
sation aids, 38 abstainers, and 9 continued smokers used
varenicline, while 12 abstainers and 6 continued smokers
used nicotine patches. No cardiovascular events or sig-
nificant side effects of varenicline or nicotine patches were
documented during the study period. There were three
premenopausal women among the abstainers, and no

premenopausal women among the continued smokers. The
three premenopausal women were examined during their
menstrual period.

Changes in clinical parameters

Clinical parameters at baseline and the follow-up period of
the abstainers are shown in Table 2. After smoking cessa-
tion, CO was significantly decreased (10.4 ± 7.8 to 2.0 ± 0.8
ppm; p < 0.001). There were significant increases in body
mass index (BMI) (23.6 ± 4.0 to 24.3 ± 4.1 kg/m2; p <
0.001), waist circumference (85.8 ± 11.0 to 87.8 ± 11.7 cm;
p= 0.002), SBP (118.6 ± 20.7 to 124.8 ± 18.8 mmHg; p <
0.001), DBP (74.4 ± 11.0 to 77.1 ± 10.9 mmHg; p= 0.009),
homeostasis model assessment of insulin resistance (1.73 ±
1.33 to 2.04 ± 1.79; p= 0.016), total cholesterol (190.7 ±
37.7 to 195.8 ± 37.7 mg/dl; p= 0.025), and HDL-C (51.9 ±
18.2 to 54.9 ± 19.8 mg/dl; p= 0.038), whereas there were
no significant changes in heart rate, fasting glucose, LDL-C,
triglycerides, C-reactive protein, or cardio-ankle vascular
index. Moreover, no significant changes were observed in
the continued smokers (Table 3).

Table 2 Comparison between baseline and the follow-up period in
abstainers (n= 58)

Variables Baseline Follow-up p value

CO (ppm) 10.4 ± 7.8 2.0 ± 0.8 <0.001

BMI (kg/m2) 23.6 ± 4.0 24.3 ± 4.1 <0.001

Waist circumference (cm) 85.8 ± 11.0 87.8 ± 11.7 0.002

SBP (mmHg) 118.6 ± 20.7 124.8 ± 18.8 <0.001

DBP (mmHg) 74.4 ± 11.0 77.1 ± 10.9 0.009

HR (beats/min) 66.8 ± 11.6 66.8 ± 10.5 0.695

Fasting glucose (mg/dl) 96.0 ± 13.4 98.6 ± 19.6 0.293

HbA1c (%) 5.8 ± 0.4 5.9 ± 0.6 0.003

HOMA-R 1.73 ± 1.33 2.04 ± 1.79 0.016

Total cholesterol (mg/dl) 190.7 ± 37.7 195.8 ± 37.7 0.025

HDL-C (mg/dl) 51.9 ± 18.2 54.9 ± 19.8 0.038

LDL-C (mg/dl) 108.7 ± 36.6 112.3 ± 34.4 0.309

Triglycerides (mg/dl) 161.0 ± 132.0 151.0 ± 135.5 0.235

Creatinine (mg/dl) 0.81 ± 0.24 0.83 ± 0.24 0.017

Uric acid (mg/dl) 6.1 ± 1.6 6.6 ± 1.7 0.001

CRP (mg/dl) 0.15 ± 0.19 0.23 ± 0.56 0.461

Baseline diameter (mm) 4.10 ± 0.68 4.18 ± 0.66 0.052

Blood flow increase (%) 338 ± 172 330 ± 140 0.820

FMD (%) 3.80 ± 2.24 4.60 ± 2.55 0.013

baIMT (mm) 0.31 ± 0.07 0.31 ± 0.07 0.455

RHI 1.88 ± 0.54 1.97 ± 0.45 0.196

Ln-RHI 0.59 ± 0.28 0.66 ± 0.22 0.092

CAVI 8.86 ± 1.45 8.76 ± 1.42 0.305

Abbreviations as in Table 1
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Evaluation of changes in FMD and Ln-RHI

In the abstainers, as shown in Table 2, there was significant
improvement in endothelial function assessed by FMD
(3.80 ± 2.24 to 4.60 ± 2.55%; p= 0.013), whereas there
were no significant changes in endothelial function assessed
by RH-PAT (Ln-RHI) (0.59 ± 0.28 to 0.66 ± 0.22; p=
0.092). The Spearman’s rank correlation coefficient
between the changes in FMD and Ln-RHI was −0.004
(Fig. 1), and the ICC was <0.001 (p= 0.499). In addition,
Spearman’s rank correlation coefficient and ICC were
−0.013 and −0.002 (p= 0.506), respectively, in abstainers
treated with varenicline; −0.049 and 0.004 (p= 0.506),
respectively, in abstainers treated with nicotine patches; and
−0.107 and 0.012 (p= 0.489), respectively, in abstainers
treated with no pharmacotherapies.

Predictors of increase in FMD or Ln-RHI

Among the abstainers, 62.1% (36/58) presented an increase
in FMD, 60.3% (35/58) presented an increase in Ln-RHI,
and 34.5% (20/58) presented an increase in both FMD and
Ln-RHI during the follow-up period (Table 4). The

prevalence of an increase in FMD or Ln-RHI was not sig-
nificantly different among the three therapy groups. In the
logistic regression analysis, which was adjusted for age and
sex (Table 5), an increase in FMD was predicted on the
basis of the Brinkman index (odds ratio= 0.99, p= 0.043),
baseline FMD (odds ratio= 0.73, p= 0.030) and changes in
SBP (odds ratio= 0.94, p= 0.040). An increase in Ln-RHI
was predicted on the basis of baseline BMI (odds ratio=
0.83, p= 0.032), baseline Ln-RHI (odds ratio= 0.01, p=
0.001), and changes in SBP (odds ratio= 1.06, p= 0.047).

Discussion

In the present study, we demonstrated significant
improvement in endothelial function assessed by FMD, but
not by RH-PAT, after smoking cessation. In addition,
Spearman’s rank correlation coefficient and the ICC did not
show an agreement of changes between FMD and Ln-RHI.
The presence of an increase in FMD and Ln-RHI was dif-
ferently associated with the clinical variables. To the best of
our knowledge, this is the first study to assess endothelial
function by FMD and RH-PAT simultaneously before and
after smoking cessation and demonstrate different serial
changes in endothelial function between FMD and RH-PAT
assessments.

In a large, community-based cohort, RHI was not sig-
nificantly correlated with FMD [15]. This study suggested
that physiological differences due to vessel sizes underlie
divergent brachial and digital reactivity and that FMD and
RH-PAT provide distinct information regarding vascular
function [15].

FMD is particularly sensitive to being impaired by risk
factors such as age and hypertension, whereas the RHI is
more sensitive to metabolic risk factors such as BMI and

Table 3 Comparison between baseline and the follow-up period in
continued smokers (n= 21)

Variables Baseline Follow-up p value

CO (ppm) 11.8 ± 7.0 8.6 ± 6.1 0.079

BMI (kg/m2) 24.0 ± 2.8 24.0 ± 2.5 0.914

Waist circumference (cm) 87.3 ± 8.6 87.3 ± 8.6 0.968

SBP (mmHg) 127.0 ± 18.1 124.3 ± 15.7 0.340

DBP (mmHg) 81.1 ± 7.7 77.5 ± 7.4 0.118

HR (beats/min) 67.0 ± 9.1 68.3 ± 11.7 0.392

Fasting glucose (mg/dl) 102.4 ± 19.4 103.9 ± 22.7 0.717

HbA1c (%) 5.9 ± 0.8 5.7 ± 0.5 0.095

HOMA-R 1.83 ± 1.32 3.17 ± 3.53 0.569

Total cholesterol (mg/dl) 186.9 ± 31.5 185.5 ± 41.6 0.823

HDL-C (mg/dl) 51.5 ± 16.7 49.3 ± 21.6 0.302

LDL-C (mg/dl) 109.8 ± 25.6 104.1 ± 34.2 0.080

Triglycerides (mg/dl) 128.2 ± 45.7 184.1 ± 124.7 0.087

Creatinine (mg/dl) 0.80 ± 0.15 0.90 ± 0.35 0.076

Uric acid (mg/dl) 6.6 ± 1.8 7.5 ± 3.2 0.276

CRP (mg/dl) 0.20 ± 0.36 0.44 ± 1.04 0.089

Baseline diameter (mm) 4.35 ± 0.55 4.32 ± 0.53 0.706

Blood flow increase (%) 317 ± 204 375 ± 264 0.498

FMD (%) 4.41 ± 2.01 4.43 ± 2.26 0.978

baIMT (mm) 0.31 ± 0.06 0.33 ± 0.09 0.332

RHI 1.69 ± 0.29 1.89 ± 0.67 0.263

Ln-RHI 0.51 ± 0.17 0.59 ± 0.31 0.147

CAVI 8.56 ± 1.13 8.77 ± 1.53 0.414

Abbreviations as in Table 1
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Fig. 1 Changes in endothelial function assessed by flow-mediated
dilation (FMD) and reactive hyperemia peripheral artery tonometry
(RH-PAT) in abstainers (n= 58). Spearman’s rank correlation coef-
ficient between the changes in FMD and a natural logarithmic trans-
formation of the RH index (Ln-RHI) is −0.004 (p= 0.977)
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Table 4 Effects of smoking
cessation on FMD and Ln-RHI
based on the types of
therapy groups

Variables All abstainers Varenicline Nicotine patch No pharmacotherapy p value

(n= 58) (n= 38) (n= 12) (n= 8)

Age (years) 64 ± 11 65 ± 10 60 ± 15 65 ± 12 0.659

Female (n (%)) 18 (31.0) 12 (31.6) 5 (41.7) 1 (12.5) 0.415

Presence of increase (n (%))

In FMD 36 (62.1) 24 (63.2) 7 (58.3) 5 (62.5) 1.000

In Ln-RHI 35 (60.3) 22 (57.9) 8 (66.7) 5 (62.5) 0.773

In both FMD and Ln-RHI 20 (34.5) 13 (34.2) 4 (33.3) 3 (37.5) 0.917

P values were among three types of therapy groups including varenicline, nicotine patch, and no
pharmacotherapy

Abbreviations as in Table 1

Table 5 Correlations between
increases in FMD or Ln-RHI
and the clinical variables in the
abstainers, adjusted for age and
sex (n= 58)

Variables Increase in FMD Increase in Ln-RHI

OR (95% CI) p value OR (95% CI) p value

Age (baseline) 1.05 (0.99–1.10) 0.086 1.00 (0.96–1.06) 0.884

Female 2.55 (0.69–9.45) 0.161 3.06 (0.83–11.3) 0.093

Brinkman index 0.99 (0.99–1.00) 0.043* 1.00 (0.99–1.00) 0.329

CO (baseline) 1.00 (0.94–1.08) 0.903 0.98 (0.91–1.05) 0.523

BMI (baseline) 1.12 (0.96–1.31) 0.159 0.83 (0.71–0.99) 0.032*

Waist circumference (baseline) 1.05 (0.98–1.11) 0.152 0.96 (0.90–1.02) 0.160

Hypertension 0.44 (0.13–1.52) 0.193 1.09 (0.33–3.57) 0.890

Diabetes mellitus 0.95 (0.18–5.11) 0.951 1.17 (0.23–6.11) 0.850

Dyslipidemia 2.05 (0.57–7.41) 0.272 0.35 (0.08–1.47) 0.151

Previous CAD 0.70 (0.13–3.67) 0.672 0.97 (0.19–5.13) 0.975

Baseline diameter (baseline) 1.40 (0.49–3.96) 0.528 1.31 (0.47–3.70) 0.605

FMD (baseline) 0.73 (0.55–0.97) 0.030* 1.02 (0.78–1.33) 0.909

baIMT (baseline) 1.64 (0.67–4.02) 0.280 0.56 (0.24–1.33) 0.190

Ln-RHI (baseline) 0.48 (0.06–3.78) 0.487 0.01 (0.00–0.16) 0.001*

CO change 1.00 (0.93–1.07) 0.993 1.02 (0.96–1.10) 0.508

BMI change 1.09 (0.54–2.18) 0.814 1.45 (0.71–2.98) 0.310

Waist circumference change 0.98 (0.87–1.11) 0.762 0.98 (0.86–1.11) 0.745

SBP change 0.94 (0.89–0.99) 0.040* 1.06 (1.00–1.13) 0.047*

DBP change 0.95 (0.88–1.03) 0.198 1.05 (0.97–1.14) 0.204

HR change 1.01 (0.95–1.08) 0.744 1.00 (0.94–1.06) 0.899

Fasting glucose change 0.99 (0.95–1.04) 0.701 1.02 (0.97–1.07) 0.395

HbA1c change 0.33 (0.06–1.75) 0.191 0.49 (0.10–2.34) 0.373

HOMA-R change 1.64 (0.82–3.26) 0.159 1.05 (0.59–1.85) 0.882

Total cholesterol change 0.99 (0.96–1.01) 0.295 1.02 (1.00–1.05) 0.060

HDL-C change 0.95 (0.89–1.01) 0.116 1.07 (1.00–1.16) 0.059

LDL-C change 1.00 (0.99–1.02) 0.676 1.01 (0.99–1.03) 0.442

Triglycerides change 1.00 (0.99–1.01) 0.563 1.00 (1.00–1.01) 0.327

Varenicline 1.00 (0.31–3.22) 1.000 0.61 (0.18–2.03) 0.419

Nicotine patch 0.89 (0.23–3.53) 0.871 1.20 (0.30–4.86) 0.795

No pharmacotherapy 0.85 (0.23–6.02) 0.850 2.10 (0.36–12.4) 0.431

In the multivariate logistic regression analysis, each clinical variable was adjusted for age and sex

Abbreviations as in Table 1

*p < 0.05
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diabetes [3, 4, 15]. In our study, smoking cessation led to a
significant increase in BMI, as previously reported [7]. The
presence of an increase in Ln-RHI was inversely correlated
with the baseline BMI. The lower digital hyperemic
response in obese participants is consistent with impaired
microvessel flow reserve, which may contribute to impaired
blood flow supply in the setting of increased metabolic
demands [4]. These results may indicate that smokers who
have a higher baseline BMI may be prone to a decrease in
Ln-RHI after smoking cessation, which is often accom-
panied by an increase in BMI.

In our study, BP increased after smoking cessation, and
the presence of an increase in FMD was inversely correlated
with the change in SBP. In contrast, Ln-RHI was positively
correlated with the change in SBP. Some previous studies
have indicated that smoking cessation might result in an
increase in BP. However, other studies have not confirmed
this finding [16, 17]. It should be considered that smoking
cessation influences other factors, including total food
intake, weight gain, alcohol intake, and other health-related
behaviors that can affect BP [16]. Although these factors
were not thoroughly evaluated in the current study, smoking
cessation itself resulted in an increased BP in our popula-
tion. In previous literature, a higher SBP was associated
with a higher prevalence of abnormal FMD and a lower
prevalence of abnormal RHI [15, 18]. It was speculated that
an elevated BP might lead to increased microvascular
compliance due to changes in tones or structure that, in turn,
produce higher hyperemic pulse amplitude in the digits
[15]. Therefore, the differential effects of changes in SBP
may, in part, contribute to the disagreement between the
changes in FMD and Ln-RHI after smoking cessation.

In our study, decreased endothelial function was likely to
improve, and less-severely decreased endothelial function
was less likely to improve after smoking cessation. These
results indicate that endothelial dysfunction resulting from
smoking exposure may be more easily restored by smoking
cessation even if the endothelial dysfunction is severe.
Previous studies also suggested that cigarette smoking was
associated with a potentially reversible impairment of
endothelial function in healthy young adults and that
smoking cessation improved coronary endothelial function
in patients with recent myocardial infarction [19, 20].
Although the precise mechanisms are undetermined, cigar-
ette smoke exposure increases oxidative stress, which is a
potential mechanism for initiating cardiovascular dysfunc-
tion, whereas smoking cessation reduces oxidative damage
to endothelial cells, increases nitric oxide availability, and
increases the mobilization of endothelial progenitor cells
from the bone marrow [7, 21]. These peculiarities of
endothelial damage associated with smoking exposure may
partially account for the results obtained in the logistic
regression analysis in this study.

In this study, there were three therapy groups: the var-
enicline, nicotine patch, or no pharmacotherapy groups.
Although the number in each group was small, agreement
between changes in FMD and Ln-RHI after smoking ces-
sation was not found in each therapy group. In abstainers
treated with varenicline, decreased endothelial function was
likely to improve, and less-severely decreased endothelial
function was less likely to improve after smoking cessation.
Similar tendencies were found in abstainers treated with
nicotine patches and those who received no pharma-
cotherapies, although these findings were not statistically
significant. We speculate that if the numbers in each group
were sufficient, no significant differences would be found
among the three groups in terms of the relationship between
baseline FMD or Ln-RHI and the degree of improvement in
vascular endothelial function. As we set the effect deter-
mination timing as the 20th week, which was 8 weeks after
the 12 weeks of the smoking cessation program, we suspect
that the differences among the three types of therapies might
have been minimized or almost canceled out and that
improvement in endothelial function might have been
mainly due to the effect of smoking cessation itself.

Previous studies reached conflicting conclusions
regarding a dose-response relationship between cigarette
smoking and cardiovascular risk [7, 19, 21]. Small doses of
toxic components from cigarette smoke may have a non-
linear dose-response effect on vascular function [21]. It has
been reported that smoking cessation can partially reverse
this phenomenon [19]. In our study, the Brinkman index
was not associated with the baseline FMD (data not shown).
However, a higher Brinkman index was associated with a
lower prevalence of an increase in FMD after smoking
cessation. These findings may suggest a linear dose-
response relationship of smoking with the reversibility of
FMD after smoking cessation.

The present study has some limitations. First, although
we enrolled consecutive subjects who visited the smoking
cessation outpatient department and achieved smoking
cessation or continued smoking, the number of subjects
enrolled was too small to adjust for all the covariates of
the FMD and Ln-RHI changes. Second, pharmacotherapies
for smoking cessation in patients included not only var-
enicline but also nicotine replacement therapy or no
pharmacotherapy. Further prospective studies including
pharmacotherapy-matched groups are necessary to com-
pletely clarify the effects of smoking cessation on FMD and
Ln-RHI. Third, proper palmar digital artery (PPDA) ste-
nosis was reported to cause a decrease in the PWA and an
underestimation of the RHI values [22]. We did not find any
cases in which PPDA was strongly suspected due to the
presence of decreased baseline PWA, decreased Ln-RHI, or
a decrease in Ln-RHI after smoking cessation in this study.
Hence, we suspect that PPDA stenosis might not be related
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to disagreements between the changes in FMD and Ln-RHI
in our population. However, we did not evaluate PPDA
stenosis in detail by angiography. Further examinations are
warranted to clarify this issue.

In conclusion, we demonstrated significant improvement
in endothelial function assessed by FMD, but not by RH-
PAT, after smoking cessation. In addition, we demonstrated
disagreements between the changes in FMD and Ln-RHI.
Increases in FMD and Ln-RHI were differently correlated
with clinical variables, including baseline BMI, SBP
changes, and the Brinkman index. These factors may
be able to predict the varying effects of smoking cessation
on the endothelial function of the conduit and digital
vessels.
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