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The flow index provides 
a comprehensive assessment 
of erectile dysfunction 
by combining blood flow velocity 
and vascular diameter
Wei‑Lun Huang1,2,5, Sheng‑Yung Tung1, Chi‑Shin Tseng1, Tzung‑Dau Wang3, Wen‑Jeng Lee4, 
Jyh‑Horng Chen1, Yann‑Ron Su1, Hong‑Chiang Chang1 & Yi‑Kai Chang1*

Dynamic duplex sonography (DUS) is not comprehensive in the evaluation of arteriogenic erectile 
dysfunction (ED). We introduced a new parameter, the flow index (FI), into the assessment of 
arteriogenic ED. A retrospective review of a prospective database was conducted. Patients undergoing 
DUS and pelvic computed tomography angiography for the evaluation of ED were included. The FI 
was calculated from peak systolic velocity (PSV) and the percentages of pelvic arterial (PLA) stenosis. 
Correlations between PSV, PLA stenosis, the FI, and erectile function were calculated. Eighty-three 
patients were included. Compared with PSV, the FI had better correlations with the erection hardness 
score (EHS) (rs = 0.405, P < 0.001 for FI; rs = 0.294, P = 0.007 for PSV). For EHS < 3, the areas under the 
ROC curve of FI and PSV were 0.759 and 0.700, respectively. In patients with normal DUS but EHS < 3, 
PLA stenosis was more severe (62.5% vs. 10.0%, P = 0.015), and the FI was lower (8.35 vs. 57.78, 
P = 0.006), while PSV was not different. The FI is better than PSV in the evaluation of arteriogenic ED. 
On the other hand, assessment of the pelvic arterial system should be included in the evaluation of ED.

Nearly 50% of men aged 40–70 years suffer from erectile dysfunction (ED)1. The aetiology of ED can be clas-
sified as psychogenic, organic, and mixed. Arterial insufficiency or stenosis, which accounts for approximately 
75% of all ED cases, is the major cause in men who have metabolic disorders or cardiovascular diseases2–8. The 
cavernous artery, which is derived from the internal iliac artery and its division, including the anterior division 
of the internal iliac artery, internal pudendal artery, and common penile artery, affects tumescence of the corpus 
cavernosum and is responsible for erection9.

Dynamic duplex sonography (DUS), which measures the blood flow velocity of the cavernous artery, is com-
monly used for the evaluation of arteriogenic ED. According to current European Association of Urology (EAU) 
guidelines, a peak systolic blood flow (PSV) > 30 cm/s, an end-diastolic velocity (EDV) < 3 cm/s, and a resist-
ance index (RI) > 0.8 are generally considered normal10. On the other hand, multislice computed tomography 
angiography (CTA), which has become another diagnostic tool for arteriogenic ED, is able to clearly depict the 
anatomy of the pelvic arterial (PLA) system and accurately measure anatomical stenosis11–14.

Although current measurements from DUS and CTA are commonly used for the evaluation of arterio-
genic ED, these measurements may not be comprehensive enough in theory because they provide only partial 
haemodynamic data, such as “velocity” or “diameter”. In fact, several studies have indicated that a diagnosis of 
arteriogenic ED cannot be made with to the use of PSV alone15,16. Furthermore, in our experience, we noticed 
that the results from DUS may not be comparable to clinical observations. Some patients who have normal 
DUS results still have poor penile hardness after intracavernous injection of prostaglandin E1 (PGE1), suggest-
ing that current measurements from DUS may not be comprehensive enough for diagnosing vasculogenic ED. 
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Some patients were diagnosed with pelvic arterial stenosis on subsequent CTA examination. It is possible that 
those patients might have insufficient penile perfusion from the narrowed vascular lumen, but the PSV might 
still be within the normal range because the narrowed vascular lumen might result in higher blood pressure 
and subsequently lead to a falsely higher blood flow velocity. For such scenarios, we created a new parameter in 
which the blood flow velocity and diameter of the vascular lumen are considered together, which may help to 
more comprehensively evaluate arteriogenic ED.

Results
Demographics and patient characteristics.  A total of 91 patients were enrolled, of whom 8 patients 
who had veno-occlusive dysfunction were excluded, and 83 patients were included for final analysis. The char-
acteristics and demographics are shown in Table 1. The median age was 61 years, and the median PSV, EDV, RI, 
PLA stenosis, and flow index (FI) were 36.70 cm/s, 2.56 cm/s, 0.89, 37.50%, and 28.94, respectively. Nineteen 
patients had a PSV < 30  cm/s. According to the simplified International Index of Erectile Function (IIEF-5) 
score, the numbers of patients with severe, moderate, mild to moderate, mild, and no ED were 46 (55.42%), 20 
(24.10%), 14 (16.87%), 3 (3.61%), and 0 (0.00%), respectively; the numbers of patients with erection hardness 
scores (EHS) of 1, 2, 3, and 4 were 35 (42.17%), 27 (32.53%), 19 (22.89%), and 2 (2.41%), respectively. More than 
half of the enrolled patients had IIEF-5 score < 8 or EHS < 3. Notably, of the 34 patients who had normal DUS 
(PSV > 30 cm/s, EDV < 3 cm/s, and RI > 0.8), 25 patients (73.53%) had EHS < 3.

Correlation with erectile function and predictive value of the FI.  Spearman’s rank correlation anal-
ysis is shown in Table 2. PSV had a weak correlation with the EHS (rs = 0.294, P = 0.007); PLA stenosis had weak 
correlations with the EHS and IIEF-5 score (rs = − 0.355, P < 0.001 for EHS; rs = -0.253, P = 0.021 for IIEF-5 score); 

Table 1.   Characteristics of the enrolled population. Median PSV and RI were within normal reference, while 
more than half of patients had IIEF < 8 or EHS < 3. BMI body mass index, CAD coronary artery disease, EDV 
end-diastolic velocity, EHS erection hardness score, FI flow index, IIEF-5 the simplified International Index of 
Erectile Function, PAOD peripheral arterial occlusive disease, PLA pelvic artery, PSV peak systolic velocity, RI 
resistance index.

Continuous variables

Whole cohort (n = 91)
Patients without venous 
leak (n = 83)

Median (Range) Median (Range)

Age (year) 61 (37–78) 61 (37–78)

BMI (kg/m2) 26.00 (15.57–38.51) 25.88 (15.57–38.51)

IIEF-5 score 5 (0–19) 5 (0–19)

EHS 2 (1–4) 2 (1–4)

PLA stenosis (%) 40.00% (0.00–100.00%) 37.50% (0.00–100.00%)

PSV (cm/s) 36.80 (7.21–91.2) 36.70 (7.21–91.2)

EDV (cm/s) 3.21 (− 6.22 to 9.88) 2.56 (− 6.22 to 9.88)

RI 0.89 (0.57–1.15) 0.89 (0.57–1.15)

FI 26.43 (0.00–106.54) 28.94 (0.00–106.54)

Categorical variables

Whole cohort (n = 91)
Patients without venous 
leak (n = 83)

Number (%) Number (%)

Hypertension 52 (57.14) 46 (55.42)

CAD 34 (37.36) 29 (34.94)

PAOD 8 (8.79) 7 (8.43)

Diabetes mellitus 35 (38.46) 30 (36.14)

Hyperlipidaemia 37 (40.66) 34 (40.96)

Smoking habit 19 (20.88) 15 (18.07)

Alcohol use 9 (9.89) 7 (8.43)

Prostate enlargement 28 (30.77) 28 (33.73)

IIEF-5 score < 8 52 (57.14) 46 (55.42)

IIEF-5 score 8–11 20 (21.98) 20 (24.10)

IIEF-5 score 12–16 16 (17.58) 14 (16.87)

IIEF-5 score 17–21 3 (3.30) 3 (3.61)

IIEF-5 score > 21 0 (0.00) 0 (0.00)

EHS 1 40 (43.96) 35 (42.17)

EHS 2 27 (29.67) 27 (32.53)

EHS 3 22 (24.18) 19 (22.89)

EHS 4 2 (2.20) 2 (2.41)
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EHS had a moderate correlation with IIEF-5 score (rs = 0.546, P < 0.001). However, compared with both PSV 
and PLA stenosis, the FI had the best correlation with the EHS and IIEF-5 score (rs = 0.405, P < 0.001 for EHS; 
rs = 0.323, P = 0.003 for IIEF-5 score). PSV and PLA stenosis had a moderate and a very strong correlations with 
the FI (rs = 0.513, P < 0.001 for PSV; rs = − 0.919, P < 0.001 for PLA stenosis). In the receiver operating characteris-
tic (ROC) analysis, PSV, PLA stenosis, and FI had acceptable areas under the ROC curve (AUCs) for an EHS < 3 
(AUC = 0.700 for PSV; AUC = 0.730 for PLA stenosis; AUC = 0.759 for FI). The AUCs of the three parameters 
were compared using the DeLong test (P = 0.737 for PSV and PLA stenosis; P = 0.394 for PSV and FI; P = 0.334 
for PLA stenosis and FI) (Fig. 1). The cut-off values identified by the Youden index were 33.97 cm/s, 21.50%, and 
52.47 for the PSV, PLA stenosis, and FI, respectively.

Patients with EHS < 3 who had normal DUS.  Patients with EHS < 3 who had normal DUS (Group 1) 
had similar PSV but a lower FI and more severe PLA stenosis than patients who had EHS 3–4 (Group 2) (median: 
31.35 cm/s vs. 36.60 cm/s, P = 0.115 for PSV; 8.36 vs. 57.78, P = 0.006 for FI; 62.50% vs. 10.00%, P = 0.015 for PLA 
stenosis) (Table 3). By using the cut-off values identified by the ROC analysis, 18 patients in group 1 (72.0%) had 

Table 2.   Correlation between erectile function and objective measurements. The FI had better correlations 
with erectile function than PSV. EHS erection hardness score, FI flow index, IIEF-5 the simplified International 
Index of Erectile Function, PLA pelvic artery, PSV peak systolic velocity. Spearman’s rank correlation 
coefficient, *P < 0.05.

Parameters EHS IIEF-5 PSV PLA stenosis FI

EHS
rs 1.000
P value

IIEF-5
rs 0.546*

1.000
P value  < 0.001

PSV
rs 0.294* 0.206

1.000
P value 0.007 0.062

PLA stenosis
rs − 0.355* − 0.253* − 0.248*

1.000
P value  < 0.001 0.021 0.024

FI
rs 0.405* 0.323* 0.513* − 0.919*

1.000
P value  < 0.001 0.003  < 0.001  < 0.001

Figure 1.   ROC Curve of EHS < 3. PSV, PLA stenosis, and FI exhibited acceptable AUCs in ROC analysis. 
AUC = 0.5 (no discrimination), 0.5–0.6 (poor discrimination), 0.6–0.7 (fair discrimination), 0.7–0.8 (acceptable 
discrimination), 0.8–0.9 (excellent discrimination), and 0.9–1.0 (outstanding discrimination). The DeLong 
test of AUC revealed no significant difference between the AUCs of PSV, PLA stenosis, and FI. EHS: erection 
hardness score, FI: flow index, PSV: peak systolic velocity, PLA: pelvic artery.
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an FI lower than the cut-off value, while only 8 patients in group 2 (38.0%) had an FI lower than the cut-off value 
(P value = 0.021, chi-square test).

Patients with different underlying diseases.  The effects of the different underlying diseases on erectile 
function, PSV, PLA stenosis, and FI are shown in Supplementary Table S1. EHS was significantly lower in patients 
with diabetes mellitus (DM) (median: 1.0 vs. 2.0, P = 0.016), while IIEF-5 scores were nearly significantly lower 
in patients with hypertension (HTN), DM, and smoking habits (median: 5 vs. 9, P = 0.058 for HTN; 5 vs. 8.5, 
P = 0.095 for DM; 4 vs. 5.5, P = 0.058 for smoking habits). The FI was significantly lower in patients with HTN, 
DM, and hyperlipidemia (HLP) and nearly significantly lower in patients with smoking habits (median: 23.24 
vs. 42.56, P = 0.021 for HTN; 2.66 vs. 42.29, P < 0.001 for DM; 14.43 vs. 38.46 P = 0.027 for HLP; 2.66 vs. 32.30, 
P = 0.076 for smoking habits). PLA stenosis was more severe in patients with HTN, DM, and HLP (median: 
47.50% vs. 25.00%, P = 0.036 for HTN; 81.25% vs. 21.50%, P = 0.001 for DM; 53.13% vs. 30.00%, P = 0.088 for 
HLP). However, PSV was not significantly different in these patients.

Discussion
To the best of our knowledge, this is the first study to combine both penile Doppler and angiography to evalu-
ate erectile dysfunction. Our study demonstrated that the FI had a better correlation with erectile function and 
might be more predictive than PSV and arterial stenosis for arteriogenic ED. Smoking and metabolic diseases, 
such as HTN, DM, and HLP, were associated with poor erectile function and low FI, with which PSV was not 
significantly associated. Furthermore, patients who had poor penile perfusion results might still have normal PSV, 
while the FI was significantly lower in those patients. Therefore, the combination of PSV and arterial stenosis is 
more valuable and comprehensive in the assessment of penile blood flow.

The utility of DUS in the evaluation of penile arterial insufficiency has been widely discussed, and cut-off 
values of PSV for diagnosing arteriogenic ED range from 25 to 35 cm/s in different studies17–21. According to the 
current consensus, PSV > 30 cm/s is considered normal, while PSV < 25 cm/s is diagnostic of arterial insufficiency. 
PSV between 25 and 30 cm/s is intermittent and may be considered partial arterial insufficiency. On the other 
hand, EDV < 3 cm/s or RI > 0.8 are exclusive for venous leakage, while EDV > 6 cm/s or RI < 0.6 are accepted 
as an indicator of venous leakage. The penile vascular status can be determined with the result from DUS and 
clinical presentation10. However, in our study, approximately 70% of patients who had normal DUS results still 
had a poor EHS after intracavernous injection of PGE1. Other studies have also demonstrated that PSV had a 
low AUC for diagnosing arteriogenic ED, while other measurements, such as age-matched PSV and acceleration 
time, were more accurate15,16. In fact, cut-off values of DUS parameters from different studies are widely variable, 
which may indicate the existence of undiscovered measurements other than Doppler parameters. Thus, more 
precise measurements are required for accurate evaluation of penile vascular status.

In addition to DUS, the diameter of the artery is another assessment for anatomical patency. However, 
evaluating the patency of fine vessels was difficult with noninvasive tools, and thus, percutaneous transluminal 
angiography (PTA) used to be the main tool for the assessment10. Despite its high accuracy, PTA is invasive and 
expensive and requires hospitalization and careful postprocedure care. Fortunately, since the development of 
multislice CTA and three-dimensional imaging techniques, arterial patency can be evaluated noninvasively. 
Research has demonstrated that multislice coronary CTA possesses high diagnostic accuracy for the detec-
tion of obstructive coronary stenosis and is an effective alternative to invasive PTA22. Recently, several studies 
have reported the feasibility of multislice CTA in the evaluation of penile arterial patency and vasculogenic 
ED11,12,23,24. By using PTA as the standard tool, the result of arterial stenosis obtained from multislice CTA was 
comparable to that from PTA, with a sensitivity of 96%, a specificity of 43%, and an accuracy of 79%11. Moreover, 
the PERFECT-1 study revealed that CTA could provide clear information on the whole pelvic arterial system 
and characteristics of stenosis and could be further used as a guide for pelvic endovascular therapies23. In our 
study, we successfully demonstrated the utility of multislice CTA and the coordination of multislice CTA and 
DUS. Thus, multislice CTA should be considered an effective tool for the evaluation of penile arterial patency 
performed before invasive PTA.

Reportedly, smoking and metabolic syndrome negatively affect vascular health and erectile function25,26. 
Our results indicate that FI could detect a decrease in penile blood perfusion in patients who smoke or have 

Table 3.   Difference between patients with normal DUS but EHS < 3 (group 1) and patients with EHS 3–4 
regardless of DUS results (group 2). Compared with patients who had EHS 3–4, patients who had normal 
DUS but poor EHS had a significantly lower FI and more severe PLA stenosis. EHS erection hardness score, FI 
flow index, IIEF-5 the simplified International Index of Erectile Function, PLA pelvic artery, PSV peak systolic 
velocity. Mann–Whitney U Test, *P < 0.05.

Parameters Groups Number Median (Range) P value

PSV (cm/s)
Group 1 25 31.35 (56.65–22.35)

0.115
Group 2 21 36.60 (53.60–15.00)

FI
Group 1 25 8.36 (104.30–0.00)

0.006*
Group 2 21 57.78 (88.70–1.66)

PLA stenosis (%)
Group 1 25 62.50% (100.00%–0.00)

0.015*
Group 2 21 10.00% (85.00%–0.00)
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metabolic syndrome. The reason why PSV was not predictive in the analysis is unclear. We speculated that the 
narrowed lumen of unhealthy vessels might result in higher blood pressure and lead to higher blood flow veloc-
ity. Therefore, FI may be more valuable in the evaluation of ED in these patients.

By combining PSV and PLA patency, the FI has better predictive value for arteriogenic ED and can explain 
why some patients, for whom arterial stenosis may be the main cause, have normal DUS data but still have a 
poor EHS after intracavernous PGE1 injection. Therefore, even though PSV may be useful in the evaluation 
of arteriogenic ED in general, accuracy will be better if arterial stenosis is also taken into account. The cut-off 
value of the FI may not be used for the initial diagnosis of ED because patients who have clinical ED and arterial 
stenosis will still be regarded as having arteriogenic ED despite a normal FI value; however, our results showed 
that the FI is more valuable for describing penile arterial perfusion and can be used as a parameter for assessing 
treatment outcome.

Patients with arteriogenic ED still respond to phosphodiesterase type 5 (PDE5) inhibitors27–29. In patients with 
mild-to-moderate ED, up to 60% had normal erectile function after treatment with sildenafil 50 mg for 1 year27. 
The response was significantly better in patients receiving nightly treatment than in those receiving as-needed 
treatment. The treatment effect could persist in patients with nightly treatment after a 6 months off-treatment 
period. These effects were similar in an animal model30,31. These results indicate that the long-term use of PDE5 
inhibitors might restore normal erectile tissue by improving endothelial function and penile perfusion. However, 
one study reported that patients with arteriogenic ED seemed to respond less to PDE5 inhibitors than patients 
with venous insufficiency or non-arteriogenic ED29. The results indicate that an accurate diagnosis of arteriogenic 
ED is crucial for the treatment strategy. Theoretically, FI would increase after treatment with the PDE5 inhibitor; 
however, we did not analyse the effect of PDE5 inhibitors on FI in our study; therefore, further study is required.

The study has several limitations. First, men with normal erectile function were not included in our study. 
Our results were mainly based on the population with subjective and/or objective ED, and thus, the actual cut-off 
value of the FI might be different in the general population. Second, the kinds of premedication before DUS and 
CTA were different. Intracavernosal injection of alprostadil was administered prior to DUS, while sublingual 
nitroglycerine was given before CTA. Effects on penile haemodynamics and vasodilation might be different 
between the two kinds of premedication, which might lead to potential biases. Third, accurate measurement of 
the diameter of the cavernous artery was difficult by using DUS because the diameter varies between different 
segments even though the target was always the proximal penis. Thus, we chose CTA to depict arterial patency 
and measure arterial stenosis.

On the other hand, the strengths of our study are noteworthy. First, although the study was retrospective, the 
data were collected from a prospective database. All surveys were administered in a prospective attempt. CTA 
and DUS were interpreted individually by different specialists. The specialists interpreting CTA did not know 
the result of DUS, nor did the specialist performing DUS know the result of CTA. Second, we used objective 
EHS after intracavernous injection with PGE1 during DUS as the parameter, in which erectile function could be 
evaluated in real time together with the haemodynamic profile and objective hardness of the penis rather than 
self-reported questionnaires. Recall bias from the patients could also be minimized. Most importantly, this is 
the first study that introduces the concept of volumetric flow rate into the evaluation of penile arterial perfusion. 
Although study for further clinical utility is required, FI is theoretically more precise than using DUS or CTA 
alone. The current study not only provides a better measurement but also brings a new perspective to medical 
specialists.

Conclusion
Assessment of penile perfusion can be more comprehensive if both blood flow velocity and arterial stenosis 
are considered together. By using DUS and CTA, our results not only demonstrate the feasibility of using the 
FI to evaluate penile perfusion but also show that the FI is a more accurate assessment than PSV for evaluating 
arteriogenic ED.

Methods
Ethics approval.  The present study followed all ethical standards concerning experimentation and research. 
The Institutional Review Board of National Taiwan University Hospital approved our study (Approval Number: 
201804044RINA). All patients provided written informed consent approved by the institutional ethics commit-
tee. All experiments were performed in accordance with relevant guidelines and regulations.

Study design and patient enrolment.  We conducted a retrospective review from a prospective, 
unblinded, and single-arm database. From September 2008 to August 2017, patients who visited our medical 
centre for ED and subsequently underwent DUS and CTA were enrolled. The interval between CTA and DUS 
should be less than 6 months. We excluded patients who had (1) penile veno-occlusive dysfunction, character-
ized by both PSV > 30 cm/s and RI < 0.8, (2) arterial inflow to the penis entirely from the accessory pudendal 
arteries rather than the usual internal pudendal artery and common penile artery, (3) previous pelvic angiog-
raphy or any pelvic vascular intervention, (4) previous radical prostatectomy or pelvic radiation, (5) Peyronie’s 
disease, (6) untreated hypogonadism (serum total testosterone < 3 mg/L within 14 days before enrolment), (7) 
acute coronary syndrome, stroke, or life-threatening arrhythmia within 3 months before enrolment, (8) poorly 
controlled diabetes mellitus with HbA1C levels > 9%, (9) serum creatinine levels > 2.5 mg/dL, (10) bleeding ten-
dency or hypercoagulopathy, (11) life expectancy < 12 months, and (12) known intolerance to contrast agents. 
According to the current consensus, ED is defined either as (1) the inability to attain and/or maintain penile 
erection sufficient for satisfactory sexual performance or (2) the consistent or recurrent inability to attain and/
or maintain penile erection sufficient for sexual satisfaction32,33. The severity of ED was based on the IIEF-5 
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obtained at the interview before any procedure, which was defined as severe (5–7), moderate (8–11), mild to 
moderate (12–16), mild (17–21), and no ED (22–25)34. Demographics were obtained from medical records.

Dynamic duplex sonography.  DUS was performed with a high-resolution solid-state linear array ultra-
sound transducer with a real-time image colour Doppler ultrasound scanner (7.5–12 MHz frequency) by an 
experienced andrologist (Fig. 2). An intracavernous injection of alprostadil (20 μg) was administered 10 min 
before the DUS exam, and the ultrasound transducer was placed over the penile root for continuous measure-
ment of the cavernous artery3,35. The EHS was objectively observed by the andrologist during the artificial erec-
tion. EHS 1 indicated that the penis was enlarged but not hard; EHS 2 indicated that the penis was hard but not 
hard enough for penetration; EHS 3 indicated that the penis was hard enough for penetration but not completely 
hard; EHS 4 indicated that the penis was completely hard and fully rigid36. In this study, EHS < 3 was defined 
as the cut-off value in the ROC analysis. A PSV > 30 cm/s, an EDV < 3 cm/s, and an RI > 0.8 were considered 
normal10,37. Because the penis was supplied by the bilateral cavernous arteries, PSV of both sides was considered 
in the analyses. Therefore, we used the mean PSV of the bilateral cavernous arteries for the analyses rather than 
the higher or lower PSV measured from the right or left arteries. Correlation and ROC analyses from the lower 
PSV, higher PSV, and mean PSV of both sides were performed (Supplementary Table S2 and Supplementary 
Fig. S1).

Pelvic computed tomography angiography.  The application of pelvic CTA in penile vascular evalua-
tion has been well demonstrated in our hospital12,13,23. This procedure was performed with a multislice 64-detec-
tor row CT scanner (LightSpeed VCT; GE Healthcare, Milwaukee, WI, USA), with all patients receiving 0.6 mg 
sublingual nitroglycerine as premedication. Images were reconstructed with a 0.625  mm slice thickness and 
22 cm field of view. Three-dimensional reconstruction was applied. In accordance with Wang et al.38, the whole 
PLA system from the common iliac artery to the distal penile artery was assessed and classified into 8 zones 
(Zone 1: common iliac artery, Zone 2: internal iliac artery, Zone 3: anterior division of the internal iliac artery, 
Zone 4A: proximal internal pudendal artery, Zone 4B: distal internal pudendal artery, Zone 5A: common penile 
artery, and Zone 5B: distal penile artery, including the cavernous artery and dorsal penile artery). All images 
were interpreted independently by a professor of cardiology and a professor of radiology with 10 years of experi-
ence in interpreting cardiovascular CT. A third observer was called in if there was a discrepancy in interpreta-
tion, and a consensus was reached by all three.

The stenotic severity of each segment was defined as the percentage of the reference vessel diameter at the 
narrowest site, according to the worst angiographic view. To properly include the effects of all segments, we 
defined ipsilateral PLA stenosis as follows:

where SPLA is the PLA stenosis, and SZn is the stenotic percentage of the referred zone of PLA system.
Both the left and right PLA stenoses were calculated, and the mean of bilateral PLA stenosis was used in the 

analysis.

Measurement of the flow index.  We introduced the concept of volumetric flow rate into our study. The 
volumetric flow rate was the volume of fluid movement per unit of time, which could be estimated by the fol-
lowing equation (Fig. 3):

SPLA = 100%− (100%− SZ1)(100%− SZ2) · · · (100%− SZ5B)

Figure 2.   An example of dynamic duplex sonography of the penis. Both LCA and RCA are shown in this 
sonography. The hemodynamic parameters of the LCA are measured. The PSV (shown as Vmax A) is 29.0 cm/s, 
the EDV (shown as Ved A) is 3.4 cm/s, and the RI (shown as RI A) is 0.88. EDV: end-diastolic velocity, LCA: left 
cavernous artery, PSV: peak systolic velocity, RCA: right cavernous artery, RI: resistance index.
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Where F is the volumetric flow rate, V is the volume of fluid movement, t is the time, V  is the fluid velocity, π is 
the circular constant, and r is the radius.

Subsequently, the relationship among the volumetric flow rate, velocity and the radius can be expressed as:

By using PSV and vascular diameter, the volumetric flow rate of the cavernous artery could be calculated. 
However, the diameters of the cavernous artery varied between different segments, in which measurement 
error might severely interfere with the study results. On the other hand, pelvic angiography has been well dem-
onstrated in our hospital. Therefore, we used the percentage of arterial stenosis obtained from CTA. Because 
the volumetric flow rate was proportional to the square of radius, we further defined a new parameter, the flow 
index (FI), expressed as:

where FI is the flow index, PSV is the peak systolic velocity expressed in centimetres per second (cm/s), and 
SZn is the stenotic percentage of the referred zone of PLA system. The FI was defined as a score that had no 
physical unit because the FI was not a real physical quantity but a calculated parameter based on the concept of 
volumetric flow rate.

By using PSV of the cavernous artery on one side and ipsilateral PLA stenosis, the one-sided FI could be 
calculated. The left side FI and right side FI were added for analysis.

Statistical methods.  All analyses were performed with SPSS (version 22; SPSS, Chicago, IL, USA). The 
chi-square test was used for categorical data. The Spearman’s rank correlation coefficient (rs) was used to evalu-
ate the dependences between nonnormally distributed variables, which could be interpreted as a negligible cor-
relation (0.00 ≤ rs < 0.10), a weak correlation (0.10 ≤ rs < 0.40), a moderate correlation (0.40 ≤ rs < 0.70), a strong 
correlation (0.70 ≤ rs < 0.90), or a very strong correlation (0.90 ≤ rs ≤ 0.10)39. Mean values were compared with an 
independent-samples t test, and median values were compared with the Mann–Whitney U test. ROC curves and 
AUCs were used to assess the diagnostic values of different parameters. The DeLong test was used to exam the 
differences of AUCs. Cut-off values were identified based on the Youden index. In all cases, two-tailed P < 0.05 
was considered indicative of statistical significance.

Data availability
The datasets generated and/or analysed during the current study are available from the corresponding author 
on reasonable request.

F =

V

t
= V · πr2

F ∝ V · r
2

FI = PSV · (100%− SZ1)
2(100%− SZ2)

2
· · · (100%− SZ5B)

2

Figure 3.   Derivation of volumetric flow rate and the FI. Volumetric flow rate is the volume infused per unit 
of time; volume is the product of area multiplied by distance. The formula can be expressed as F =

V

t
=

A·d

t
 , 

where A is the area, d is the distance, F is the volumetric flow rate, t  is the time, and V is the volume. Area is 
the product of π · radius2; velocity is the quotient of distance divided by the time. The formula can be further 
expressed as F =

V

t
=

A·d

t
= A · V = V · π · r

2 , where π is the circular constant, r is the radius, and V  is the 
velocity. The radius can be expressed as 100%-stenosis% measured by CTA; velocity can be expressed as PSV 
measured by DUS. Thus, we used the FI as to replace volumetric flow rate in measuring arterial perfusion. 
FI = PSV · (100%− SZ1)

2(100%− SZ2)
2
· · · (100%− SZ5B)

2 , where Szn is the stenotic percentage of the 
referred zone of PLA system. CTA: computed tomography angiography, DUS: dynamic duplex sonography, FI: 
flow index, PSV: peak systolic velocity.



8

Vol:.(1234567890)

Scientific Reports |        (2022) 12:16099  | https://doi.org/10.1038/s41598-022-19364-5

www.nature.com/scientificreports/

Received: 19 January 2022; Accepted: 29 August 2022

References
	 1.	 Feldman, H. A., Goldstein, I., Hatzichristou, D. G., Krane, R. J. & McKinlay, J. B. Impotence and its medical and psychosocial cor-

relates: Results of the Massachusetts male aging study. J. Urol. 151, 54–61. https://​doi.​org/​10.​1016/​s0022-​5347(17)​34871-1 (1994).
	 2.	 Shishehbor, M. H. & Philip, F. Endovascular treatment for erectile dysfunction: An old paradigm revisited. J. Am. Coll. Cardiol. 

60, 2628–2630. https://​doi.​org/​10.​1016/j.​jacc.​2012.​09.​032 (2012).
	 3.	 Laumann, E. O., Paik, A. & Rosen, R. C. The epidemiology of erectile dysfunction: Results from the National Health and Social 

Life Survey. Int. J. Impot. Res. 11(Suppl 1), S60–S64. https://​doi.​org/​10.​1038/​sj.​ijir.​39004​87 (1999).
	 4.	 Turek, S. J., Hastings, S. M., Sun, J. K., King, G. L. & Keenan, H. A. Sexual dysfunction as a marker of cardiovascular disease in 

males with 50 or more years of type 1 diabetes. Diabetes Care 36, 3222–3226. https://​doi.​org/​10.​2337/​dc13-​0294 (2013).
	 5.	 Vlachopoulos, C. et al. Prediction of cardiovascular events with aortic stiffness in patients with erectile dysfunction. Hypertension 

64, 672–678. https://​doi.​org/​10.​1161/​HYPER​TENSI​ONAHA.​114.​03369 (2014).
	 6.	 Omland, T., Randby, A., Hrubos-Strom, H., Rosjo, H. & Einvik, G. Relation of erectile dysfunction to subclinical myocardial injury. 

Am. J. Cardiol. 118, 1821–1825. https://​doi.​org/​10.​1016/j.​amjca​rd.​2016.​08.​070 (2016).
	 7.	 Dong, J. Y., Zhang, Y. H. & Qin, L. Q. Erectile dysfunction and risk of cardiovascular disease: Meta-analysis of prospective cohort 

studies. J. Am. Coll. Cardiol. 58, 1378–1385. https://​doi.​org/​10.​1016/j.​jacc.​2011.​06.​024 (2011).
	 8.	 Gandaglia, G. et al. A systematic review of the association between erectile dysfunction and cardiovascular disease. Eur. Urol. 65, 

968–978. https://​doi.​org/​10.​1016/j.​eururo.​2013.​08.​023 (2014).
	 9.	 Halls, J., Bydawell, G. & Patel, U. Erectile dysfunction: The role of penile Doppler ultrasound in diagnosis. Abdom. Imaging 34, 

712–725. https://​doi.​org/​10.​1007/​s00261-​008-​9463-x (2009).
	10.	 Sikka, S. C., Hellstrom, W. J., Brock, G. & Morales, A. M. Standardization of vascular assessment of erectile dysfunction: Standard 

operating procedures for duplex ultrasound. J. Sex Med. 10, 120–129. https://​doi.​org/​10.​1111/j.​1743-​6109.​2012.​02825.x (2013).
	11.	 Kawanishi, Y. et al. Feasibility of multi-slice computed tomography in the diagnosis of arteriogenic erectile dysfunction. BJU Int. 

88, 390–395. https://​doi.​org/​10.​1046/j.​1464-​410x.​2001.​02316.x (2001).
	12.	 Wang, T. D., Lee, W. J., Chen, W. J. & Chen, M. F. TCT-529 comprehensive assessment of prevalence and distribution of obstruc-

tive pelvic arterial lesions by computed tomographic angiography in patients with erectile dysfunction. J. Am. Coll. Cardiol. 62, 
B160–B160 (2013).

	13.	 Wang, T. D. et al. Clinical and imaging outcomes up to 1 year following balloon angioplasty for isolated penile artery stenoses in 
patients with erectile dysfunction: The PERFECT-2 study. J. Endovasc. Therapy Off. J. Int. Soc. Endovasc. Spec. 23, 867–877. https://​
doi.​org/​10.​1177/​15266​02816​669337 (2016).

	14.	 Ma, M., Yu, B., Qin, F. & Yuan, J. Current approaches to the diagnosis of vascular erectile dysfunction. Transl. Androl. Urol. 9, 
709–721. https://​doi.​org/​10.​21037/​tau.​2020.​03.​10 (2020).

	15.	 Speel, T. G., van Langen, H., Wijkstra, H. & Meuleman, E. J. Penile duplex pharmaco-ultrasonography revisited: Revalidation of 
the parameters of the cavernous arterial response. J. Urol. 169, 216–220. https://​doi.​org/​10.​1097/​01.​ju.​00000​42812.​12415.​bc (2003).

	16.	 Caretta, N. et al. Age-matched cavernous peak systolic velocity: A highly sensitive parameter in the diagnosis of arteriogenic 
erectile dysfunction. Int. J. Impot. Res. 18, 306–310. https://​doi.​org/​10.​1038/​sj.​ijir.​39014​13 (2006).

	17.	 Lue, T. F., Hricak, H., Marich, K. W. & Tanagho, E. A. Vasculogenic impotence evaluated by high-resolution ultrasonography and 
pulsed Doppler spectrum analysis. Radiology 155, 777–781. https://​doi.​org/​10.​1148/​radio​logy.​155.3.​38900​09 (1985).

	18.	 Quam, J. P. et al. Duplex and color Doppler sonographic evaluation of vasculogenic impotence. AJR Am. J. Roentgenol. 153, 
1141–1147. https://​doi.​org/​10.​2214/​ajr.​153.6.​1141 (1989).

	19.	 Benson, C. B., Aruny, J. E. & Vickers, M. A. Jr. Correlation of duplex sonography with arteriography in patients with erectile 
dysfunction. AJR Am. J. Roentgenol. 160, 71–73. https://​doi.​org/​10.​2214/​ajr.​160.1.​84166​51 (1993).

	20.	 Benson, C. B. & Vickers, M. A. Sexual impotence caused by vascular disease: Diagnosis with duplex sonography. AJR Am. J. 
Roentgenol. 153, 1149–1153. https://​doi.​org/​10.​2214/​ajr.​153.6.​1149 (1989).

	21.	 Collins, J. P. & Lewandowski, B. J. Experience with intracorporeal injection of papaverine and duplex ultrasound scanning for 
assessment of arteriogenic impotence. Br. J. Urol. 59, 84–88. https://​doi.​org/​10.​1111/j.​1464-​410x.​1987.​tb045​87.x (1987).

	22.	 Budoff, M. J. et al. Diagnostic performance of 64-multidetector row coronary computed tomographic angiography for evaluation 
of coronary artery stenosis in individuals without known coronary artery disease: Results from the prospective multicenter ACC​
URA​CY (assessment by coronary computed tomographic angiography of individuals undergoing invasive coronary angiography) 
trial. J. Am. Coll. Cardiol. 52, 1724–1732. https://​doi.​org/​10.​1016/j.​jacc.​2008.​07.​031 (2008).

	23.	 Wang, T. D. et al. Safety and six-month durability of angioplasty for isolated penile artery stenoses in patients with erectile dysfunc-
tion: A first-in-man study. EuroIntervention 10, 147–156. https://​doi.​org/​10.​4244/​EIJV1​0I1A23 (2014).

	24.	 Haberl, R. et al. Multislice spiral computed tomographic angiography of coronary arteries in patients with suspected coronary 
artery disease: An effective filter before catheter angiography? Am. Heart J. 149, 1112–1119. https://​doi.​org/​10.​1016/j.​ahj.​2005.​
02.​048 (2005).

	25.	 Kovac, J. R., Labbate, C., Ramasamy, R., Tang, D. & Lipshultz, L. I. Effects of cigarette smoking on erectile dysfunction. Andrologia 
47, 1087–1092. https://​doi.​org/​10.​1111/​and.​12393 (2015).

	26.	 Vlachopoulos, C., Rokkas, K., Ioakeimidis, N. & Stefanadis, C. Inflammation, metabolic syndrome, erectile dysfunction, and 
coronary artery disease: Common links. Eur. Urol. 52, 1590–1600. https://​doi.​org/​10.​1016/j.​eururo.​2007.​08.​004 (2007).

	27.	 Sommer, F., Klotz, T. & Engelmann, U. Improved spontaneous erectile function in men with mild-to-moderate arteriogenic erectile 
dysfunction treated with a nightly dose of sildenafil for one year: A randomized trial. Asian J. Androl. 9, 134–141. https://​doi.​org/​
10.​1111/j.​1745-​7262.​2007.​00233.x (2007).

	28.	 Mancini, M., Raina, R., Agarwal, A., Nerva, F. & Colpi, G. M. Sildenafil citrate vs intracavernous alprostadil for patients with 
arteriogenic erectile dysfunction: A randomised placebo controlled study. Int. J. Impot. Res. 16, 8–12. https://​doi.​org/​10.​1038/​sj.​
ijir.​39011​23 (2004).

	29.	 Ogreden, E., Oguz, U., Demirelli, E., Tosun, A. & Yalcin, O. Relationship between response to PDE5 inhibitors and penile duplex 
doppler ultrasound in erectile dysfunction. Med. Sci. 6, 28. https://​doi.​org/​10.​3390/​medsc​i6020​028 (2018).

	30.	 Hotta, Y. et al. Chronic vardenafil treatment improves erectile function via structural maintenance of penile corpora cavernosa in 
rats with acute arteriogenic erectile dysfunction. J. Sex Med. 8, 705–711. https://​doi.​org/​10.​1111/j.​1743-​6109.​2010.​02153.x (2011).

	31.	 Hotta, Y. et al. Effects of chronic vardenafil treatment persist after end of treatment in rats with acute arteriogenic erectile dysfunc-
tion. J. Sex Med. 9, 1782–1788. https://​doi.​org/​10.​1111/j.​1743-​6109.​2012.​02742.x (2012).

	32.	 McCabe, M. P. et al. Definitions of sexual dysfunctions in women and men: A consensus statement from the fourth international 
consultation on sexual medicine 2015. J. Sex Med. 13, 135–143. https://​doi.​org/​10.​1016/j.​jsxm.​2015.​12.​019 (2016).

	33.	 Research, N. I. NIH Consensus Statement. Vol. 10 (National Institutes of Health, Office of Medical Applications of Research, 1992).
	34.	 Rosen, R. C., Cappelleri, J., Smith, M., Lipsky, J. & Pena, B. Development and evaluation of an abridged, 5-item version of the 

international index of erectile function (IIEF-5) as a diagnostic tool for erectile dysfunction. Int. J. Impot. Res. 11, 319–326 (1999).
	35.	 Hatzichristou, D. G. et al. Hemodynamic characterization of a functional erection: Arterial and corporeal veno-occlusive function 

in patients with a positive intracavernosal injection test. Eur. Urol. 36, 60–67. https://​doi.​org/​10.​1159/​00001​9928 (1999).

https://doi.org/10.1016/s0022-5347(17)34871-1
https://doi.org/10.1016/j.jacc.2012.09.032
https://doi.org/10.1038/sj.ijir.3900487
https://doi.org/10.2337/dc13-0294
https://doi.org/10.1161/HYPERTENSIONAHA.114.03369
https://doi.org/10.1016/j.amjcard.2016.08.070
https://doi.org/10.1016/j.jacc.2011.06.024
https://doi.org/10.1016/j.eururo.2013.08.023
https://doi.org/10.1007/s00261-008-9463-x
https://doi.org/10.1111/j.1743-6109.2012.02825.x
https://doi.org/10.1046/j.1464-410x.2001.02316.x
https://doi.org/10.1177/1526602816669337
https://doi.org/10.1177/1526602816669337
https://doi.org/10.21037/tau.2020.03.10
https://doi.org/10.1097/01.ju.0000042812.12415.bc
https://doi.org/10.1038/sj.ijir.3901413
https://doi.org/10.1148/radiology.155.3.3890009
https://doi.org/10.2214/ajr.153.6.1141
https://doi.org/10.2214/ajr.160.1.8416651
https://doi.org/10.2214/ajr.153.6.1149
https://doi.org/10.1111/j.1464-410x.1987.tb04587.x
https://doi.org/10.1016/j.jacc.2008.07.031
https://doi.org/10.4244/EIJV10I1A23
https://doi.org/10.1016/j.ahj.2005.02.048
https://doi.org/10.1016/j.ahj.2005.02.048
https://doi.org/10.1111/and.12393
https://doi.org/10.1016/j.eururo.2007.08.004
https://doi.org/10.1111/j.1745-7262.2007.00233.x
https://doi.org/10.1111/j.1745-7262.2007.00233.x
https://doi.org/10.1038/sj.ijir.3901123
https://doi.org/10.1038/sj.ijir.3901123
https://doi.org/10.3390/medsci6020028
https://doi.org/10.1111/j.1743-6109.2010.02153.x
https://doi.org/10.1111/j.1743-6109.2012.02742.x
https://doi.org/10.1016/j.jsxm.2015.12.019
https://doi.org/10.1159/000019928


9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:16099  | https://doi.org/10.1038/s41598-022-19364-5

www.nature.com/scientificreports/

	36.	 Mulhall, J. P., Goldstein, I., Bushmakin, A. G., Cappelleri, J. C. & Hvidsten, K. Validation of the erection hardness score. J. Sex Med. 
4, 1626–1634. https://​doi.​org/​10.​1111/j.​1743-​6109.​2007.​00600.x (2007).

	37.	 EAU Guidelines. Edn. presented at the EAU Annual Congress Amsterdam 2022. ISBN 978-94-92671-16-5.
	38.	 Wang, T. D. et al. Hypertension and erectile dysfunction: The role of endovascular therapy in Asia. J. Clin. Hypertens. 23, 481–488. 

https://​doi.​org/​10.​1111/​jch.​14123 (2021).
	39.	 Schober, P., Boer, C. & Schwarte, L. A. Correlation Coefficients: Appropriate Use and Interpretation. Anesth. Analg. 126, 1763–1768. 

https://​doi.​org/​10.​1213/​ANE.​00000​00000​002864 (2018).

Acknowledgements
We are thankful to the consultants and specialist registrars of the Department of Urology, Cardiology, and 
Radiology at National Taiwan University Hospital for their contribution to the database construction and study 
consultation. Likewise, we are grateful for all support from the medical staff at National Taiwan University 
Hospital and E-Da Hospital.

Author contributions
W.L.H. contributed to data collection, formal analysis, and original manuscript drafting; S.-Y.T. contributed to 
data collection and manuscript editing; C.S.T. contributed to conceptualization and study design. T.D.W. and 
W.J.L. contributed to data acquisition and conceptualization. J.H.C., Y.R.S., and H.C.C. contributed to concep-
tualization. Y.K.C. contributed to conceptualization, study design, manuscript revision, and supervision. All 
authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​19364-5.

Correspondence and requests for materials should be addressed to Y.-K.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1111/j.1743-6109.2007.00600.x
https://doi.org/10.1111/jch.14123
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1038/s41598-022-19364-5
https://doi.org/10.1038/s41598-022-19364-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The flow index provides a comprehensive assessment of erectile dysfunction by combining blood flow velocity and vascular diameter
	Results
	Demographics and patient characteristics. 
	Correlation with erectile function and predictive value of the FI. 
	Patients with EHS < 3 who had normal DUS. 
	Patients with different underlying diseases. 

	Discussion
	Conclusion
	Methods
	Ethics approval. 
	Study design and patient enrolment. 
	Dynamic duplex sonography. 
	Pelvic computed tomography angiography. 
	Measurement of the flow index. 
	Statistical methods. 

	References
	Acknowledgements


