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Abstract 

Background: The effect of smoking on coronary vasomotion has been investigated in the past with various imaging 
techniques in both short- and long-term smokers. Additionally, coronary vasomotion has been shown to be normal-
ized in long-term smokers by L-Arginine acting as a substrate for NO synthase, revealing the coronary endothelium 
as the major site of abnormal vasomotor response. Aim of the prospective cohort study was to investigate coronary 
vasomotion of young healthy short-term smokers via magnetic resonance cold pressor test with and without the 
administration of L-Arginine and compare obtained results with the ones from nonsmokers.

Methods: Myocardial blood flow (MBF) was quantified with first-pass perfusion MRI on a 1.5 T scanner in healthy 
short-term smokers (N = 10, age: 25.0 ± 2.8 years, 5.0 ± 2.9 pack years) and nonsmokers (N = 10, age: 34.3 ± 13.6) 
both at rest and during cold pressor test (CPT). Smokers underwent an additional examination after administration of 
L-Arginine within a median of 7 days of the naïve examination.

Results: MBF at rest turned out to be 0.77 ± 0.30 (smokers with no L-Arginine; mean ± standard deviation), 
0.66 ± 0.21 (smokers L-Arginine) and 0.84 ± 0.08 (nonsmokers). Values under CPT were 1.21 ± 0.42 (smokers no L-Argi-
nine), 1.09 ± 0.35 (smokers L-Arginine) and 1.63 ± 0.33 (nonsmokers). In all groups, MBF was significantly increased 
under CPT compared to the corresponding rest examination (p < 0.05 in all cases). Additionally, MBF under CPT was 
significantly different between the smokers and the nonsmokers (p = 0.002). MBF at rest was significantly different 
between the smokers when L-Arginine was given and the nonsmokers (p = 0.035).

Conclusion: Short-term smokers showed a reduced response to cold both with and without the administration of 
L-Arginine. However, absolute MBF values under CPT were lower compared to nonsmokers independently of L-Argi-
nine administration.
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Background
Long-term cigarette smoking is a well-known coronary 
risk factor that might impair endothelial function [1–6]. 
Since endothelial dysfunction might be the first step in 
the cascade towards coronary artery disease, knowledge 
of the microvascular status of patients with coronary risk 
factors is of high clinical value [7, 8].
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Several studies have suggested the cold pressor test 
(CPT) as a method to investigate endothelial function 
[8–10]. This test (semi-)quantitatively assesses myo-
cardial perfusion at rest and with one extremity (hand, 
foot) stimulated with cold (typically ice-water bath). 
CPT was performed in combination with different 
imaging modalities such as positron emission tomogra-
phy (PET) [1, 10–13], single photon emission computed 
tomography (SPECT) [14] or magnetic resonance imag-
ing (MRI) [10, 15–19]. Magnetic resonance imaging 
has been widely used to investigate myocardial perfu-
sion in the past with both a technical [20–25] and also 
a clinical focus [26–29]. Additionally, endothelium-
dependent and endothelium-independent MBF reserve 
has been investigated via CPT and adenosine stress test 
in an MRI setting [30–32]. A previous MRI-CPT study 
also found an impaired endothelial function in patients 
with type 1 diabetes [16].

Several studies showed that endothelial function 
is impaired not only after a long smoking career but 
already in young short-term smokers [10, 13, 17–19].

L-Arginine is the substrate for nitric oxide synthase 
(NOS) [33, 34] and improved flow response in patients 
with coronary risk factors [12, 35]. A single publica-
tion [12] showed that L-Arginine normalizes coronary 
vasomotion in long-term smokers. However, effects 
of L-Arginine on the response to a cold pressor test in 
young healthy short-term smokers have not been exam-
ined, yet.

Hence, the aim of this prospective cohort study was 
to investigate coronary vasomotion of young healthy 
short-term smokers via MRI-CPT with and without the 
administration of L-Arginine and to compare obtained 
results to the ones from nonsmokers.

Methods
Study population
The study was approved by our local Ethics Committee, 
and written informed consent was obtained from every 
participant prior to the examination.

We included 10 healthy smokers (5 female/5 male, 
age: 25.0 ± 2.8  years [mean ± standard deviation], 
5.0 ± 2.9 pack years) with no history of cardiac disease. 
Since this cohort is rather young with a low number of 
pack years compared to a former PET-study the terms 
“young” and “short-term smokers” are used through-
out the manuscript. The control group consisted of 10 
nonsmokers (5 female/5male, age: 34.3 ± 13.6). From 
all subjects a medical history was obtained and patient 
files were checked for comorbidities possibly influenc-
ing the results of the study. Table 1 summarizes patient 
characteristics.

Magnetic resonance imaging
All imaging was performed on a clinical 1.5  T scan-
ner (MAGNETOM SYMPHONY QUANTUM, Sie-
mens Healthcare, Erlangen, Germany) with the use of a 
32-channel cardiac array coil (Rapid Biomedical, Rimpar, 
Germany). First-pass myocardial perfusion imaging was 
performed using a multislice steady-state free preces-
sion sequence acquiring 40 images of three short axis 
slices over 40 heartbeats. The imaging sequence (repeti-
tion time = 2.8  ms, echo time = 1.4  ms, GRAPPA R = 3, 
flip angle = 50°) provided images with an in-plane reso-
lution of 1.8 × 2.1  mm and a slice thickness of 10  mm. 
Imaging was done ECG-gated in end-expiratory breath 
hold to minimize motion artifacts induced by breathing 
and cardiac motion. For absolute quantification of MBF 
a prebolus technique [36] with 1 and 4  cc gadolinium 
based contrast agent (gadolinium-BOPTA) was used for 
both rest and CPT. Contrast agent was injected at a flow 
of 4 cc/s followed by a flush of 20 cc of saline to ensure a 
compact bolus of contrast agent.

An overhead ice-water bath of the left hand with an 
approximate temperature of 3 °C was used for CPT. The 
hand was submerged in the ice-water bath for 1  min 
prior to the start of the CPT measurement to guaran-
tee an adequate stimulus. A staff member controlled the 
placement of the hand throughout the whole procedure 
to ensure permanent stimulation. After the CPT scan, a 
delay of 20 min was inserted to ensure adequate contrast 
agent wash out and abatement of the stimulus prior to 
the rest examination.

For the examination with L-Arginine we admit-
ted 14.7  g of L-Arginine-hydrochlorid (Fresenius Kabi 
Deutschland GmbH, Bad Homburg v.d.H., Germany) in 

Table 1 Summary of characteristics

m: male, f: female

Non-Smokers Smokers Pack-years

Sex Age (years) Sex Age (years)

m 26 m 23 3.0

f 57 m 23 3.5

f 27 f 23 5.0

m 27 m 27 13.0

f 23 f 23 3.0

m 47 f 24 5.0

f 22 f 28 5.5

f 24 m 30 3.5

m 31 f 21 2.5

m 59 m 28 6.0

5f mean: 34.3 5f mean: 25.0 5.0

5m std: 13.6 5m std: 2.8 2.9
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a dilution of 302 ml over 45 min at a flow-rate of 6.7 ml/
min using an antecubital i.v. injection before the MR-
examination (as suggested in [12]). Both measurements, 
L-Arginine and non-L-Arginine were performed within a 
median range of 7 days.

Data postprocessing
After data acquisition, the images were transferred to a 
workstation for absolute quantification of myocardial 
blood flow. The software used was home-written in IDL 
(interactive data language, Harris Geospatial Solutions, 
Broomfield, Colorado, United States) and validated in 
previous studies [26, 37–39]. There, endo- and epicar-
dial contours were drawn manually on every image of the 
acquired dataset and regions of interest were placed in 
both blood pools. The myocardium was divided into eight 
equiangular sectors to evaluate MBF on a regional basis. 
After averaging signal intensities in the sectors, obtained 
signal intensity time courses were baseline-corrected and 
thus converted to courses of relative signal change [40]. 
A partial volume correction was performed to avoid cor-
ruption of the myocardial time courses by the blood pool 
signal using both blood pool time courses [40]. Data from 
the ROI in the left ventricle of the 1 cc-bolus served as a 
basis for the construction of the arterial input function 
which was constructed separately for every slice. Using 
the corrected prebolus data and a constraint deconvolu-
tion technique (exponential model) MBF was absolutely 
quantified in cc/g/min in eight sectors on three slices 
resulting in 24 values per subject and examination as 
proposed earlier [15, 41]. Since in this study the global 
endothelial behavior was investigated, regional values 

were averaged to obtain one value per subject and exami-
nation. Sectors containing a visible dark-rim artifact were 
excluded prior to averaging.

From the data of the rest and CPT examination, a 
ratio was calculated by dividing the CPT-value by the 
rest-value.

Statistical analysis
A Kolmogorov–Smirnov test was used to assess if the 
obtained MBF data was normally distributed. To com-
pare values obtained from smokers with values from 
nonsmokers a Mann–Whitney-U-Test for independ-
ent samples was used. When comparing rest and CPT 
of the same patients a Wilcoxon signed-rank test was 
applied. In all cases p < 0.05 was considered statistically 
significant.

Results
Data acquisition
Data could be successfully acquired from every exami-
nation. Figure  1 presents typical images of the contrast 
agent passage of the heart in a rest examination of a 
smoker. Some participants reported tolerable pain in the 
left hand during the ice-water bath however, no exami-
nation had to be terminated prematurely. Additionally, 
there was a significant increase of the heart rate dur-
ing CPT for all groups indicating an adequate stimulus. 
Quality of the images was sufficient for absolute MBF 
quantification in all cases. Figure  2 schematically shows 
the segmentation of one short axis slice.

Fig. 1 Typical images from a rest examination of a smoker: contrast agent in the right ventricle (a), the left ventricle (b) and in the myocardium of 
the left ventricle (c)
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Absolute myocardial blood flow values
Table 2 presents a summary of the obtained MBF values 
and calculated ratios. Mean MBF for the smokers at rest 
was 0.77 ± 0.30 cc/g/min and changed to 1.21 ± 0.42 cc/g/
min under CPT when no L-Arginine was injected 
(p = 0.013). Administration of L-Arginine delivered 

values of 0.66 ± 0.21 cc/g/min at rest and 1.09 ± 0.35 cc/g/
min under CPT for the smokers (p = 0.007). The non-
smokers delivered values of 0.84 ± 0.08  cc/g/min (rest) 
and 1.63 ± 0.33 cc/g/min (CPT) (p = 0.005). Thus, signifi-
cant differences could be found for all groups between 
rest and CPT. Moreover, differences between rest (ARG) 
and rest examination of the nonsmokers (p = 0.035), CPT 
(noARG) and CPT of the nonsmokers (p = 0.043) and 
CPT (ARG) and CPT of the nonsmokers were also sig-
nificant (p = 0.002). Figure 3 presents all values and sig-
nificant differences. For better visibility, non-significant 
differences are not shown in Fig. 3. This was the case for 
rest (noArg) vs. rest (ARG) (p = 0.333), CPT (noArg) vs. 
CPT (ARG) (p = 0.333), rest (noARG) vs. rest (nonsmok-
ers) (p = 0.684).

Ratios
The obtained ratio of the smokers with no L-Arginine 
was 1.69 ± 0.65 and changed to 1.70 ± 0.58 when L-Argi-
nine was administered. The nonsmokers delivered a ratio 
of 1.95 ± 0.40. For the ratios no significant differences 
could be found for any comparison (p > 0.05 in all cases).

Discussion
The obtained data show a significant increase in MBF 
after application of CPT for all groups and values are in 
good accordance with literature even from other modali-
ties [1, 12, 13, 15, 42, 43]. Thus, coronary vasomotion can 
be studied noninvasively and without the use of ionizing 
radiation using MRI in a clinical setting.

The presented data show that CPT-MBF of smokers is 
significantly reduced compared to nonsmokers. This is in 
accordance to results shown previously [10, 13, 17–19]. 

Fig. 2 Schematic overview of the image segmentation. 
Subendo- and subepicardial contours (green) define the 
leftventricular myocardium which is devided into eight equiangular 
sectors (white lines). Regions of interest (ROI) were placed in the 
blood pools for extraction of the arterial input function necessary for 
the absolute quantification of myocardial blood flow. Blood pool ROIs 
were also used for partial volume correction

Table 2 Absolute myocardial perfusion measurements (in cc/g/min) and the ratio calculated as CPT/rest

Rest: values under resting conditions; CPT: cold pressor test; Ratio: CPT over rest
* p < 0.05 rest vs. CPT; #p < 0.05 rest (ARG) vs. Rest (non-smokers); $p < 0.05 CPT (noArg) vs. CPT (non-smokers); §p < 0.05 CPT (ARG) vs. CPT (non-smokers)

Non-smokers Smokers

Rest CPT Ratio Rest(noARG) CPT(noARG) Ratio(noARG) Rest(ARG) CPT(ARG) Ratio(ARG)

0.91 1.31 1.44 0.54 1.02 1.88 1.03 1.18 1.14

0.88 1.75 1.99 0.35 0.48 1.39 0.49 0.88 1.78

0.80 1.32 1.65 1.13 1.56 1.37 0.73 1.28 1.75

0.70 1.47 2.10 0.47 1.05 2.22 0.56 0.93 1.65

0.91 1.68 1.85 0.83 0.75 0.90 0.60 1.09 1.81

0.76 1.87 2.46 1.32 1.25 0.95 0.45 1.10 2.42

0.90 1.18 1.31 0.54 1.74 3.24 0.53 1.54 2.89

0.72 1.44 2.00 0.95 1.39 1.48 0.69 0.81 1.17

0.87 2.31 2.66 0.96 1.88 1.96 1.05 1.65 1.57

0.93 1.92 2.06 0.65 0.97 1.50 0.48 0.39 0.81

mean: 0.84 1.63* 1.95 0.77 1.21*$ 1.69 0.66# 1.09*§ 1.70

std: 0.08 0.33 0.40 0.30 0.42 0.65 0.21 0.35 0.58
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Moreover, we also found no significant difference in rest 
MBF values between smokers and nonsmokers, which 
is also in accordance with the above mentioned studies. 
We also found a smaller ratio between MBF-values at rest 
and CPT in the smokers compared to the nonsmokers. 
However, in our study this difference was not statistically 
significant.

Finally, we did not observe a normalization of the MBF-
values during acute L-Arginine infusion.

Magnetic resonance imaging bares the opportunity 
of calculating myocardial blood flow with different 
approaches. While in [17] and [18] for example phase 
contrast MRI was used as a basis for flow quantification, 
in [19] and the present study dynamic contrast enhanced 
imaging was applied.

Campisi et  al. showed that L-Arginine is able to nor-
malize coronary vasomotion in long-term smokers [12]. 
In our cohort of young short-term smokers, the signifi-
cant difference of CPT-MBF between smokers and non-
smokers persisted with the administration of L-Arginine. 
Moreover, the difference of CPT-MBF between smokers 
with and without L-Arginine was not significant. Addi-
tionally, we found no significant correlation between 
pack years and MBF values or the obtained ratio as Iwado 
et al. did [10].

The presented study has some limitations, such as the 
rather small sample size of 10 smokers and 10 non-smok-
ers. However, a power analysis based on earlier results 
from a MBF/CPT study[39] resulted in exactly that sam-
ple size. Since gadolinium-based contrast agent was used 
in the study, the beforehand calculated sample size was 

not exceeded due to the well-known possible side effects. 
Nevertheless, the results might need to be proven in a 
larger cohort. Since elderly people are supposed to have 
an already impaired endothelial function the age differ-
ence of the investigated cohorts, (34  years vs. 25  years) 
might have influenced the results. In the present study, 
the healthy controls were older than the smokers, 
which might have led to an alignment of the CPT values 
between the groups. The significant difference between 
MBF values at rest and under CPT in the control group 
however, suggests that this had no impact on the results. 
Another weakness is that absolute MBF-values were not 
corrected for rate pressure product as done in previous 
studies [44].

Compared to the study by Campisi et al. in 1999 [12], 
we examined rather young short-term smokers and thus, 
observed effects were supposed to be smaller compared 
to that study. Also compared to Iwado et  al. [10] who 
investigated healthy young smokers in 2002, our cohort 
was younger (27.4 ± 4.4 vs. 25.0 ± 2.8 years) with even a 
greater discrepancy in pack years (9.4 ± 4.9 (Iwado et al.) 
vs. 5.0 ± 2.9 (this study)). These aspects might explain 
the smaller differences observed in our study since 
our cohort might have been very early in the onset of 
endothelial dysfunction.

The presented study did not reproduce the effect of 
L-Arginine on the MBF-values as shown in a former PET-
study (12), i.e. coronary vasomotion was not normalized 
by L-Arginine. This might be explained by the difference 
in the cohorts for instance long-term smokers vs. short-
term smokers, smoking habits and age. Moreover, effects 
of short-term smoking on the endothelium might just be 
strong enough to lower the response during CPT. How-
ever, since the differences are rather small, other effects 
like a too low sensitivity of the applied technique might 
have masked the neutralization via L-Arginine.

Since results were not compared to other modalities 
like PET and due to the admittedly limited sample size, 
findings have to be reproduced in larger cohorts with an 
improved age-matching to further prove generalizability.

Conclusions
In conclusion, the presented data point towards the 
hypothesis that in young smokers with only a small num-
ber of pack years endothelial function might already be 
impaired. However, acute administration of L-Arginine 
did not normalize flow response during stimulation with 
cold as shown earlier in our, admittedly, small cohort. 
Thus, the presented results might need further sup-
port by larger studies. Finally, the study is an additional 
example for the benefit of absolute quantitative num-
bers obtained from MRI data. The shown differences in 

Fig. 3 Absolute quantitative myocardial blood flow values for the 
smokers and the controls. Significant differences are given with 
respective p-value. no ARG – examination without administration 
of L-Arginine. ARG – examination with administration of L-Arginine. 
For better readability, only the two most important non-significant 
findings are marked in red
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MBF-values would not have been revealed by a pure vis-
ual inspection of the perfusion datasets.

Abbreviations
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imaging; PET: Positron emission tomography; SPECT: Single photon emission 
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i.v.: Intravenous.
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