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Diagnostik Performansı Üzerindeki Etkisi

ABSTRACT

Objective: For fractional flow reserve measurement, contrast media can be used as an alterna-
tive for adenosine. However, contrast media with different physical characteristics (e.g., osmo-
lality and viscosity) may have different effects on hyperemia. This study aimed to determine if 
the diagnostic accuracy of contrast fractional flow reserve was influenced by 2 commonly used 
contrast media (Visipaque and Ultravist).

Methods: In this diagnostic study, candidates for coronary angiography with intermediate cor-
onary lesion were enrolled and randomized to receive either an iso-osmolar contrast media 
(Visipaque) or a low osmolar contrast media (Ultravist) for fractional flow reserve measure-
ment. The gold standard was fractional flow reserve measured by adenosine fractional flow 
reserve. Then cFFR and adenosine fractional flow reserve were compared between the groups, 
and the diagnostic values of both contrasts were calculated. Finally, the cut-point for diagnos-
ing adenosine fractional flow reserve ≤ 0.8 was calculated for cFFR in both groups.

Results: In this study, 46 patients were studied (24 patients received Ultravist and 22 patients 
received Visipaque). There was no significant difference between the groups in adenosine frac-
tional flow reserve. Also, the mean cFFR was not different from the mean adenosine fractional 
flow reserve in both groups. There was a strong correlation between cFFR and adenosine frac-
tional flow reserve for each of the contrasts (r = 0.937 for Ultravist and r = 0.927 for Visipaque). 
Both contrasts had high specificity to diagnose fractional flow reserve ≤ 0.8 (specificity = 1), and 
the sensitivities of cFFR for Ultravist and Visipaque were 83.3% and 94.7%. The cut-point to 
predict adenosine fractional flow reserve ≤ 0.80 was 0.845 for Ultravist and 0.835 for Visipaque.

Conclusions: Both iso-osmolar or low osmolar contrast media have an acceptable diagnostic 
accuracy in measuring cFFR.

Keywords: Coronary artery disease, coronary angiography, fractional flow reserve, adenosine, 
contrast media

ÖZET

Amaç: Fraksiyonel akış rezervi ölçümü için, adenosine alternatif olarak kontrast madde kullanı-
labilir. Ancak, farklı fiziksel özelliklere (örneğin ozmolalite ve viskozite) sahip kontrast maddele-
rin hiperemi üzerinde farklı etkileri olabilir. Kontrast fraksiyonel akış rezervi tanısal doğruluğunun 
yaygın olarak kullanılan iki kontrast maddeden (Visipaque ve Ultravist) etkilenip etkilenmediğini 
belirlemeyi amaçladık.

Yöntemler: Bu tanısal çalışmada, orta düzeyde koroner lezyonu olan koroner anjiyografi aday-
ları kaydedildi ve fraksiyonel akış rezervi ölçümü için izo-ozmolar kontrast madde (Visipaque) 
veya düşük ozmolar kontrast madde (Ultravist) verilmek üzere randomize edildi. Altın standart, 
adenozin ile ölçülen FFR (aFFR) idi. Daha sonra gruplar arasında cFFR ve aFFR karşılaştırıldı ve 
her iki kontrast maddenin tanısal değerleri hesaplandı. Son olarak, her iki grupta da cFFR için 
aFFR≤0.8 tanısı için kesme noktası hesaplandı.

Bulgular: Kırk altı hasta incelendi (24 hasta Ultravist ve 22 hasta Visipaque aldı). aFFR’de grup-
lar arasında anlamlı fark yoktu. Ayrıca, ortalama cFFR, her iki grupta da ortalama aFFR’den farklı 
değildi. Kontrastların her biri için cFFR ve aFFR arasında güçlü bir korelasyon vardı (Ultravist 
için r = 0,937 ve Visipaque için r = 0,927). Her iki kontrastın da FFR≤0,8 teşhisi için yüksek 
özgüllüğü (özgüllük=1) vardı ve cFFR’nin Ultravist ve Visipaque için sensitiviteleri sırasıyla 
%83,3 ve %94,7 idi. Adenozin FFR≤0,80’i tahmin etmek için kesme noktası, Ultravist için 
0.845 ve Visipaque için 0.835 idi.
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Sonuç: Hem izo-ozmolar hem de düşük ozmolar kontrast madde, cFFR’nin ölçümünde kabul edilebilir bir tanısal doğruluğa sahiptir.

Anahtar Sözcükler: Koroner arter hastalığı, koroner anjiyografi, fraksiyonel akış rezervi, adenosin, kontrast madde

Fractional flow reserve (FFR) is an accepted measure for func-
tional assessment of coronary artery stenosis and has high 

sensitivity and specificity for predicting the magnitude of ste-
nosis.1,2 Fractional flow reserve reflects the effect of the stenosis 
on delaying the blood flow during the hyperemic state produced 
by adenosine. Fractional flow reserve has been shown to have 
a significant impact on the management of the patients and 
has resulted in a better prognosis in patients following percu-
taneous coronary intervention (PCI).3,4 A study has shown that 
routine use of FFR can change coronary revascularization strat-
egy classification, as initially assessed by conventional coro-
nary angiography, in 43% of cases.5 Additionally, FFR-guided 
PCI is superior to an angiographic guide and is considered the 
best treatment modality at the moment.6-8 Recent data from 
FAME-3 trial have also shown that FFR-guided PCI is non-infe-
rior to coronary bypass graft surgery in terms of the incidence of 
major adverse cardiac events.9 Therefore, FFR measurement is 
becoming an inseparable procedure before revascularization, and  
several methods have been proposed for it.10

Adenosine is generally used for inducing maximal hyperemia and 
for measuring FFR. Adenosine induces maximal and persistent 
blood flow and reduces the microvascular resistance in the coro-
nary artery.11 However, adenosine is contraindicated in patients 
with asthma or chronic obstructive pulmonary disease. Also, it can 
lead to conductive disorders (i.e., transient atrioventricular block).

Contrast medium, conventionally used for angiography and 
placing the FFR guidewire, can also induce hyperemia; however, 
its hyperemic effect is less than adenosine or other drugs.11,12 By 
the way, limited evidence shows that contrast medium can be a 
good substitute for adenosine for FFR measurement.12,13 It should 
be noted that contrast media have various specific characteristics 
and differ by osmolality and viscosity. It was suggested that the 
viscosity of the contrast media could affect the endothelium-
derived vasodilatory response of the coronary arteries and the 
resulting hyperemia.14 However, current data are too scarce to 
set up a protocol. Therefore, this study aimed to compare the 
efficacy and diagnostic value of low and iso-osmolar non-ionic 
contrast media in the measurement of FFR in the candidates for 
coronary angiography and PCI at our center.

Methods

In this double-blinded, randomized–controlled trial, we enrolled 
consecutive patients who were candidates for coronary angi-
ography and had intermediate coronary stenosis. The inclusion 
criteria were: age > 18 years; sinus heart rhythm at the time 
of admission; ejection fraction > 50%; intermediate coronary 

stenosis (40%-70%) in angiography; and consent to take part 
in the study. The exclusion criteria were as follows: a history of 
coronary artery bypass graft surgery or PCI; a history of hyper-
sensitivity to contrast media or contrast-induced nephropa-
thy; chronic kidney disease (creatinine >2 mg/dL); a history 
of hepatic failure; malignancy; collagen-vascular disease; car-
diomyopathy; congestive heart failure; ostial, long, tandem, or 
diffuse stenosis in coronary angiography; and left ventricular 
hypertrophy. Written informed consent was obtained from the 
participants after a full description of the study. The cardiology 
research board and committee of the medical ethics of Imam 
Khomeini Hospital approved the protocol of this study (IR.TUMS.
IKHC.REC.1396.3869). The study protocol conforms to the dec-
laration of Helsinki and its updates (2013).

A thorough medical history was obtained from the patients at 
the time of admission, including demographic characteristics, 
history of diseases, and cardiovascular risk factors. The patients 
were randomized using a random number generator software to 
receive either an iso-osmolar contrast medium (Visipaque®) or a 
low osmolar contrast medium (Ultravist®). Visipaque®, with the 
generic name iodixanol, is a non-ionic contrast medium and has 
an osmolarity of 290 mOsm/kg H2O. Ultravist®, with the generic 
name of iopromide, is also a non-ionic contrast medium with 
an osmolarity of 77.4 mosm/kg H2O. Coronary angiography was 
performed in the catheterization laboratory of our center by an 
expert interventionist and based on the standard protocols. All 
procedures were done via femoral access. At first, the patient 
was assessed physiologically in stable condition, and the coro-
nary pressure distal to the stenosis (Pd) and pressure of aorta 
(Pa) were measured to calculate Pd/Pa. Intracoronary trinitro-
glycerin (25-200 µg) and intravenous unfractionated heparin 
(100 IU/kg) were injected. After selecting the coronary artery 
by the guiding catheter and advancement of a 0.014 pressure 
wire and advancing it distal to the stenosis, Pd/Pa was measured. 
Then, the contrast medium (5-10 mL) was injected into the cor-
onary artery, and the cFFR was measured by calculating Pd/Pa. 
After flushing the catheter with normal saline, adenosine frac-
tional flow reserve (aFFR) was measured by injecting intracoro-
nary adenosine (initial dose of 50 µg for the right coronary artery 
and 100 µg for the left coronary artery). An aFFR ≤ 0.80 was 
considered as the level to detect significant coronary stenosis.

Statistical Analysis
Continuous variables are shown as mean ± standard deviation, 
whereas categorical variables are expressed as frequency (per-
centage). The Kolmogorov–Smirnov test was used to test the 
normality of continuous data. Continuous variables were com-
pared between the contrast media groups by Student's t-test, 
and the chi-square test was used for comparing the categorical 
variables. A paired t-test was utilized to compare cFFR with aFFR 
within each group and in total. We used Bland–Altman plots to 
assess the agreement between the cFFR and aFFR for the contrast 
media groups separately and in total. We used a receiver oper-
ating characteristics curve analysis to determine the cut-point 
for cFFR in the prediction of aFFR ≤ 0.80. Area under the curve, 

ABBREVIATIONS
aFFR	 Adenosine fractional flow reserve
FFR	 Fractional flow reserve
Pa	 Pressure of aorta
PCI	 Percutaneous coronary intervention
Pd	 Pressure distal to the stenosis
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95% CI, and P-values were reported accordingly. For every cut-
point, sensitivity and specificity were calculated and reported. 
The statistical analysis was performed using Statistical Package 
for the Social Sciences version 21.0 (IBM Corp., Armonk, NY, 
USA) and MedCalc version 13.3.3.3 (MedCalc Software, Ostend, 
Belgium). A P-value <.05 was considered statistically significant.

Results

A total of 46 patients (mean age = 63 years, 69.6% were men) 
met our criteria and were randomized into 2 groups. A total of 24 
patients received Ultravist® and 22 patients received Visipaque®. 
There was no significant difference between the groups regarding 
the baseline variables, as shown in Table 1.

Within the Ultravist group, the cFFR values were significantly 
higher than aFFR (0.871 ± 0.050 vs. 0.839 ± 0.063, respectively; 
P < .001). A similar difference was also observed in the Visipaque 
group (0.877 ± 0.045 vs. 0.843 ± 0.057, respectively; P < .001). 
In the whole study population, the cFFR values were also sig-
nificantly higher than aFFR (0.874 ± 0.047 vs. 0.841 ± 0.060, 
respectively; P < .001). On the other hand, the 2 groups were 
not statistically different regarding aFFR and cFFR (Table 2).

cFFR had a strong linear correlation with aFFR in both groups 
(r = 0.937, P < .001 for Ultravist and r = 0.927, P < .001 for 
Visipaque). Also, there was a strong correlation between aFFR 
and cFFR for the whole study population (r = 0.922, P = .001). 
We also observed a good agreement with minimal scatter of 
data in the Bland–Altman analysis between aFFR and cFFR for 
both groups (Figure 1).

The cutpoint of cFFR for predicting aFFR ≤ 0.8 was 0.845 for 
Ultravist (sensitivity = 94.7% and specificity = 100%) and 0.835 for 
Visipaque (sensitivity = 83.3% and specificity = 100%) (Table 3).

Discussion

This study showed that contrast media could be used safely and 
effectively for FFR measurement, and both Ultravist and Visipaque 
were able to provide sufficient hyperemia to measure FFR. On the 
other hand, there was no significant difference between the FFRs 
measured by low and iso-osmolar contrast media. Calculated 
cut-points for cFFR can predict aFFR with high sensitivity and 
specificity. Higher cut-points than aFFR may result from lower 
hyperemia induced by contrast media compared to adenosine.

Fractional flow reserve is a practical tool for measuring the 
severity of coronary stenosis, and its advantage is its avail-
ability and possibility of performance in the catheterization 
laboratory.15 Fractional flow reserve is the gold standard for 
hemodynamic evaluation of the intermediate lesions of the 

Table 1.  Comparing the Study Characteristics Between the 
Ultravist and Visipaque Groups

Characteristica
Total 

(n = 46)
Visipaque® 

(n = 24)
Ultravist® 
(n = 22) Pb

Age, year 63.0 (9.3) 60.8 (8.8) 64.5 (9.7) .187

Male sex, n (%) 32 (69.6) 18 (75.0) 14 (63.6) .525

Smoking, n (%) 18 (39.1) 10 (41.7) 8 (36.4) .769

Hyperlipidemia,  
n (%)

10 (21.7) 6 (25.0) 4 (18.2) .725

Hypertension,  
n (%)

26 (56.5) 11 (45.8) 15 (68.2) .149

Diabetes 
mellitus, n (%)

12 (26.1) 9 (37.5) 3 (13.6) .096

Creatinine,  
mg/dL

1.2 (0.7) 1.2 (0.2) 1.3 (0.9) .425

Hemoglobin,  
g/dL

14.1 (1.3) 14.4 (1.3) 13.7 (1.4) .101

Blood glucose,  
mg/dL

146.5 (44.1) 157.1 (52.1) 134.8 (30.2) .086

Ejection 
fraction, %

52.7 (2.9) 53.3 (3.1) 52.0 (2.5) .138

Presentation,  
n (%)

.561

  Unstable 
angina

6 (13.6) 3 (13.0) 3 (14.3)

  STEMI 1 (2.3) 0 (0) 1 (4.8)

  Stable angina 37 (84.1) 20 (87.0) 17 (81.0)

Vessel score,  
n (%)

.125

  Single vessel 
disease

24 (52.2) 9 (37.5) 15 (68.2)

  Double vessel 
disease

11 (23.9) 7 (29.2) 4 (18.2)

  Triple vessel 
disease

8 (17.4) 5 (20.8) 3 (13.6)

  Multi-vessel 
disease

3 (6.5) 3 (12.5) 0 (0)

Target vessel,  
n (%)

.800

  LAD 38 (82.6) 19 (79.2) 19 (86.4)

  LCX 3 (6.5) 2 (8.3) 1 (4.5)

  RCA 5 (10.9) 3 (12.5) 2 (9.1)  

LAD, left anterior descending artery; LCX, left circumflex artery; RCA, right 
coronary artery; STEMI, ST-segment elevation myocardial infarction
aContinuous variables are shown as mean (standard deviation) and categorical 
variables are shown as frequency (percentage); bP < .05 was considered  
statistically significant.

Table 2.  Comparing aFFR Measurements and cFFR Between 
the Study Groups

Characteristica
Visipaque® 

(n = 24)
Ultravist® 
(n = 22) Pb

Total adenosine  
dose, mcg

570.8 (142.8) 665.9 (218.9) .086

Adenosine FFR 84.3 (6.4) 84.3 (5.7) .987

Contrast FFR 87.1 (5.1) 87.7 (4.5) .673

Pd/Pa 91.9 (5.1) 93.1 (4.0) .391

FFR difference‡ 2.8 (2.7) 3.4 (2.5) .673

FFR, fractional flow reserve; Pd, coronary pressure distal to the stenosis; Pa, 
pressure to aorta.
aContinuous variables are shown as mean (standard deviation);
bP < .05 was considered statistically significant.
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Table 3.  Cut-Points of Contrast Media FFR for Predicting Adenosine FFR ≤ 80%
Contrast Cut-Point Level Sensitivity Specificity AUC 95% CI P*
Visipaque® 0.835 0.947 1 0.979 0.928-1.000 .001

Ultravist® 0.845 0.833 1 0.965 0.892-1.000 .004

AUC, area under the curve.
*P < .05 was considered statistically significant.

Figure 1.  Bland–Altman plots showing agreement between adenosine FFR and contrast FFR in the Ultravist group (A) and Visipaque 
group (B). FFR, fractional flow reserve.
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coronary artery.16-19 Therefore, a combination of diagnostic angi-
ography and FFR provides a unique opportunity to gain anatomic 
and functional information of coronary arteries simultaneously. 
The average time for obtaining FFR at the end of a diagnostic 
coronary angiography is 7 minutes for a single coronary artery 
and 15 minutes for 2 or more vessels.20 This duration is much 
shorter than the time needed for performing laborious tests, 
such as stress echocardiography, myocardial perfusion scan, or 
any other functional cardiac imaging. Evidence shows that the 
long-term risk for the incidence of major adverse cardiac events 
following FFR-based PCI is significantly lower than the angiog-
raphy-based PCI.

During FFR measurement, maximal hyperemia should be 
induced by adenosine.11,21,22 However, due to the challenges with 
adenosine, the use of other compounds for FFR measurement 
has attracted attention. It has been known for a long time that 
the contrast medium has hyperemic properties.23 The mecha-
nism of contrast-induced hyperemia is not well defined; how-
ever, it seems that it happens by transient hypoxia from the 
replacement of oxygenated blood and stimulation of endo-
thelial paracrine pathways.24 Accordingly, studies have shown 
that contrast-induced hyperemia is high enough to assess the 
intermediate coronary stenosis, and it can be used effectively 
for FFR measurement.23,25 Measurement of FFR with 8 differ-
ent contrast media in 763 subjects showed that contrast media 
has a good diagnostic performance in measuring FFR (diagnos-
tic accuracy = 85.8%).26 However, the author did not perform a 
sub-analysis to see whether the type of contrast media influ-
ences the diagnostic features. Leone et al12 studied 80 patients 
with 104 intermediate coronary lesions and showed cFFR at a 
cut-point of ≤0.83 could predict aFFR value ≤0.80 with a sen-
sitivity of 85.7 and a specificity of 96.1. They used iomeprol, 
which is a low osmolar contrast medium. In one study, there 
was a strong relationship and agreement between cFFR and 
aFFR in 102 intermediate coronary lesions (r = 0.94, 95% CI of 
disagreement: −0.029 to 0.072), and cFFR could predict FFR< 
0.80 at a cut-point of 0.83, which is very similar to our findings. 
Kanaji  et  al27 used a non-ionic low-osmolar contrast medium 
(iomeprol) to measure FFR in 91 intermediate stenoses and 
found that cFFR has a high correlation with conventional FFR 
and could diagnose aFFR ≤ 0.80 with a diagnostic accuracy of 
81.2%.

Similarly, Spagnoli et al28 studied cFFR with iodixanol in 138 cor-
onary lesions and found that cFFR has excellent accuracy in 
predicting FFR < 0.80 at a cut-point of 0.085 that is again com-
parable to our cut-point level. There was a strong correlation 
between cFFR and aFFR in Topcu et al13 study (0.886), as well 
as a good agreement (mean bias = 0.027). A cFFR of 0.85 could 
also predict aFFR < 0.80 with a sensitivity of 90.9 and specific-
ity of 91.7%, which is similar to our findings. In a very com-
parable study, low and iso-osmolar contrasts were compared 
for their diagnostic value for FFR measurement, and the results 
showed that the measured FFR was not significantly influenced 
by contrast volume and osmolality.29 However, this was not a 
randomized study, and our results can be an excellent comple-
ment to the previous findings. Applicability of contrast utilization 
is of value and it has been shown that its diagnostic performance 
does not differ between sexes.30

The unique finding of this study is that we did not observe any 
difference between 2 physically different contrast media in the 
measurement of FFR, and both could predict aFFR ≤ 0.80 with 
high sensitivity and specificity at the calculated cut-point lev-
els. Therefore, our evidence adds to the current knowledge that 
contrast media can be used for FFR measurement, and its osmo-
lality does not significantly affect this measurement.

Limitations

The main limitation of this study is its small sample size. 
Therefore, the cut-off levels determined in this study need to be 
confirmed in larger studies.

Conclusion

Our study showed that both low and iso-osmolar contrast media 
could be used effectively to measure FFR during PCI, and there 
was no significant difference between them in this measure-
ment. However, we recommend more extensive clinical trials 
using various types of contrast media to elucidate the exact 
effect of contrast medium on FFR measurement.

Ethics Committee Approval: Ethics committee approval was received for 
this study from the Imam Khomeini Hospital (Approval Number: IR.TUMS.
IKHC.REC.1396.3869).

Informed Consent: Written informed consent was obtained from the 
participants.

Peer-review: Externally peer-reviewed.

Author Contributions: Concept - R.R.; Design - R.R.; Supervision - R.R.; 
Data Collection and/or Processing - M.R.; Analysis and/or Interpretation 
- A.S.; Literature Review - R.R., M.R., A.S.; Writing - R.R., M.R., A.S.; 
Critical Review - A.S.

Declaration of Interests: None of the authors have conflicts of interest 
to declare.

Funding: This study was supported by the Tehran University of Medical 
Sciences, Tehran, Iran (Grant Number: 9411171026).

References
1.	 Pijls  NH, De Bruyne  B, Peels  K, et al. Measurement of fractional 

flow reserve to assess the functional severity of coronary-artery 
stenoses. N Engl J Med. 1996;334(26):1703-1708. [CrossRef]

2.	 Collet C, Onuma Y, Sonck J, et al. Diagnostic performance of angiog-
raphy-derived fractional flow reserve: a systematic review and Bayes-
ian meta-analysis. Eur Heart J. 2018;39(35):3314-3321. [CrossRef]

3.	 Liou KP, Ooi SM, Hoole SP, West NEJ. Fractional flow reserve in acute 
coronary syndrome: a meta-analysis and systematic review. Open 
Heart. 2019;6(1):e000934. [CrossRef]

4.	 Tonino PA, De Bruyne B, Pijls NH, et al. Fractional flow reserve versus 
angiography for guiding percutaneous coronary intervention. N Engl 
J Med. 2009;360(3):213-224. [CrossRef]

5.	 Van Belle E, Rioufol G, Pouillot C, et al. Outcome impact of coronary 
revascularization strategy reclassification with fractional flow reserve 
at time of diagnostic angiography: insights from a large French mul-
ticenter fractional flow reserve registry. Circulation. 2014;129(2):173-
185. [CrossRef]

6.	 Zhang YH, Li J, Flammer AJ, et al. Long-term outcomes after frac-
tional flow reserve-guided percutaneous coronary intervention in 
patients with severe coronary stenosis. J Geriatr Cardiol. 
2019;16(4):329-337. [CrossRef]

7.	 Neupane S, Singh H, Edla S, et al. Meta-analysis of fractional flow 
reserve guided complete revascularization versus infarct related 
artery only revascularization in patients with ST-elevation 

https://doi.org/10.1056/NEJM199606273342604
https://doi.org/10.1093/eurheartj/ehy445
https://doi.org/10.1136/openhrt-2018-000934
https://doi.org/10.1056/NEJMoa0807611
https://doi.org/10.1161/CIRCULATIONAHA.113.006646
https://doi.org/10.11909/j.issn.1671-5411.2019.04.001


Rahmani et al. Contrast Osmolality and FFR� Turk Kardiyol Dern Ars 2022;50(4):264-269

269

myocardial infarction and multivessel coronary artery disease. Coron 
Artery Dis. 2019;30(6):393-397. [CrossRef]

8.	 De Bruyne  B, Pijls  NH, Kalesan  B, et al. Fractional flow reserve-
guided PCI versus medical therapy in stable coronary disease. N Engl 
J Med. 2012;367(11):991-1001. [CrossRef]

9.	 Fearon WF, Zimmermann FM, De Bruyne B, et al. Fractional flow 
reserve-guided PCI as compared with coronary bypass surgery. N 
Engl J Med. 2022;386(2):128-137. [CrossRef]

10.	 Sadeghian M, Mohammadi V, Shafiee A, Babakhani H. Non-Invasive 
Flow Ratio (NiFR) Measurement based on Angiography Images. J 
Biomed Phys Eng. 2021;11(6):685-692. [CrossRef]

11.	 De Bruyne B, Pijls NH, Barbato E, et al. Intracoronary and intrave-
nous adenosine 5′-triphosphate, adenosine, papaverine, and con-
trast medium to assess fractional flow reserve in humans. Circula-
tion. 2003;107(14):1877-1883. [CrossRef]

12.	 Leone  AM, Scalone  G, De Maria  GL, et al. Efficacy of contrast 
medium induced Pd/Pa ratio in predicting functional significance of 
intermediate coronary artery stenosis assessed by fractional flow 
reserve: insights from the RINASCI study. EuroIntervention. 
2015;11(4):421-427. [CrossRef]

13.	 Topcu S, Tanboğa IH, Aksakal E, et al. Efficacy of coronary fractional 
flow reserve using contrast medium compared to adenosine. Postepy 
Kardiol Interwencyjnej. 2016;12(3):212-216. [CrossRef]

14.	 Voeltz MD, Nelson MA, McDaniel MC, Manoukian SV. The impor-
tant properties of contrast media: focus on viscosity. J Invasive Car-
diol. 2007;19(3):1A-9A.

15.	 Corcoran  D, Hennigan  B, Berry  C. Fractional flow reserve: a clinical 
perspective. Int J Cardiovasc Imaging. 2017;33(7):961-974. [CrossRef]

16.	 Groves EM, Seto AH, Kern MJ. Invasive testing for coronary artery 
disease: FFR, IVUS, OCT, NIRS. Heart Fail Clin. 2016;12(1):83-95. 
[CrossRef]

17.	 Naganuma T, Latib A, Costopoulos C, et al. The role of intravas-
cular ultrasound and quantitative angiography in the functional 
assessment of intermediate coronary lesions: correlation with 
fractional flow reserve. Cardiovasc Revasc Med. 2014;15(1):3-7. 
[CrossRef]

18.	 Morris PD, van de Vosse FN, Lawford PV, Hose DR, Gunn JP. “Virtual” 
(Computed) Fractional Flow Reserve: Current Challenges and Limi-
tations. JACC Cardiovasc Interv. 2015;8(8):1009-1017. [CrossRef]

19.	 Boden WE, O'Rourke RA, Teo KK, et al. Optimal medical therapy 
with or without PCI for stable coronary disease. N Engl J Med. 
2007;356(15):1503-1516. [CrossRef]

20.	 Ntalianis A, Trana C, Muller O, et al. Effective radiation dose, time, 
and contrast medium to measure fractional flow reserve. JACC Car-
diovasc Interv. 2010;3(8):821-827. [CrossRef]

21.	 van de Hoef  TP, Siebes  M, Spaan  JA, Piek  JJ. Fundamentals in 
clinical coronary physiology: why coronary flow is more important 
than coronary pressure. Eur Heart J. 2015;36(47):3312-339a. 
[CrossRef]

22.	 Bech  GJ, De Bruyne  B, Pijls  NH, et al. Fractional flow reserve to  
determine the appropriateness of angioplasty in moderate coronary 
stenosis: a randomized trial. Circulation. 2001;103(24):2928-2934.  
[CrossRef]

23.	 Tatineni S, Kern MJ, Deligonul U, Aguirre F. The effects of ionic and 
nonionic radiographic contrast media on coronary hyperemia in 
patients during coronary angiography. Am Heart J. 1992;123(3):621-
627. [CrossRef]

24.	 Adjedj J, Toth GG, Johnson NP, et al. Intracoronary adenosine: dose-
response relationship With hyperemia. JACC Cardiovasc Interv. 
2015;8(11):1422-1430. [CrossRef]

25.	 McGeoch  RJ, Oldroyd  KG. Pharmacological options for inducing 
maximal hyperaemia during studies of coronary physiology. Cath-
eter Cardiovasc Interv. 2008;71(2):198-204. [CrossRef]

26.	 Johnson  NP, Jeremias  A, Zimmermann  FM, et al. Continuum of 
vasodilator stress From rest to contrast medium to adenosine hyper-
emia for fractional flow reserve assessment. JACC Cardiovasc Interv. 
2016;9(8):757-767. [CrossRef]

27.	 Kanaji  Y, Murai  T, Lee  T, et al. Efficacy of pressure parameters 
obtained during contrast medium-induced submaximal hyperemia 
in the functional assessment of intermediate coronary stenosis. Int 
J Cardiol. 2016;202:207-213. [CrossRef]

28.	 Spagnoli V, Amabile N, Dillinger JG, et al. Myocardial fractional flow 
reserve measurement using contrast media as a first-line assess-
ment of coronary lesions in current practice. Can J Cardiol. 
2016;32(6):739-746. [CrossRef]

29.	 Nishi T, Johnson NP, De Bruyne B, et al. Influence of contrast media 
dose and osmolality on the diagnostic performance of contrast frac-
tional flow reserve. Circ Cardiovasc Interv. 2017;10(10):e004985. 
[CrossRef]

30.	 Shah  SV, Zimmermann  FM, Johnson  NP, et al. Sex differences in 
adenosine-free coronary pressure indexes: a CONTRAST substudy. 
JACC Cardiovasc Interv. 2018;11(15):1454-1463. [CrossRef]

https://doi.org/10.1097/MCA.0000000000000740
https://doi.org/10.1056/NEJMoa1205361
https://doi.org/10.1056/NEJMoa2112299
https://doi.org/10.31661/jbpe.v0i0.1160
https://doi.org/10.1161/01.CIR.0000061950.24940.88
https://doi.org/10.4244/EIJY14M07_02
https://doi.org/10.5114/aic.2016.61641
https://doi.org/10.1007/s10554-017-1159-2
https://doi.org/10.1016/j.hfc.2015.08.007
https://doi.org/10.1016/j.carrev.2013.11.002
https://doi.org/10.1016/j.jcin.2015.04.006
https://doi.org/10.1056/NEJMoa070829
https://doi.org/10.1016/j.jcin.2010.06.006
https://doi.org/10.1093/eurheartj/ehv235
https://doi.org/10.1161/01.cir.103.24.2928
https://doi.org/10.1016/0002-8703(92)90499-l
https://doi.org/10.1016/j.jcin.2015.04.028
https://doi.org/10.1002/ccd.21307
https://doi.org/10.1016/j.jcin.2015.12.273
https://doi.org/10.1016/j.ijcard.2015.09.003
https://doi.org/10.1016/j.cjca.2015.09.009
https://doi.org/10.1161/CIRCINTERVENTIONS.117.004985
https://doi.org/10.1016/j.jcin.2018.03.030

