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Background: Peak systolic volume (PSV), the essential parameter of penile Doppler ultrasonography (PDU), can reflect the
penile artery blood supply. The present study was conducted to explore the correlations between PDU param-
eters and shear wave elastography (SWE), a feasible technology to measure penile stiffness.

Material/Methods: Atotal of 78 erectile dysfunction (ED) patients and 32 healthy controls were enrolled in our study. The PDU and
SWE were performed to each participant simultaneously by a blinded radiologist. The penoscrotal junction was
used to measure the PDU parameters and the SWE values. The PDU and SWE measurements were conducted
formally at flaccid state and 5, 10, 15, 20, and 25 min after intra-cavernous injection (ICl) of vasoactive agents.

Results: The significant correlation between PSV and SWE value was found in both ED patients (r=-0.748, P<0.001) and
healthy controls (r=-0.815, P<0.001). SWE values of corpus cavernosum penis (CCP) decreased significantly with
the increase of PSV during penile erection in both the ED patients and healthy controls. When the SWE value
of CCP was less than 11.57 kPa, it showed that the penile artery blood supply was sufficient to finish satisfac-
tory sexual intercourse. The sensitivity and specificity were 0.838 and 0.872, respectively.

Conclusions: Quantitative measurement of SWE values in CCP can reflect the penile arterial blood supply during PDU exam-
ination. The SWE technique could be used for evaluating the penile artery blood supply combined with the ICI
test, with the advantages of noninvasiveness, simple operation, and excellent repeatability.
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Background

Erectile dysfunction (ED), defined as the persistent inability to
attain and/or maintain erection sufficient for satisfactory sex-
ual performance [1], can be divided into 3 categories according
to the etiology: psychological, organic, and mixed [2]. Among
ED patients with organic etiology, approximately 80% of cas-
es can be attributed to vascular factors owing to the particular
vascular network of the penis [3], including penile artery blood
supply (referred to as arterial ED), venous occlusive dysfunc-
tion (referred to as venous ED), and mixed dysfunction of artery
and venous occlusive dysfunction (referred to as mixed vascu-
lar ED) [4]. Moreover, arterial ED has been considered a sentinel
symptom of subclinical cardiovascular disease (CVD) [5]. Thus, it
is essential to diagnose arterial ED precisely to prevent CVD in
the future. Several methods are used to evaluate penile hemody-
namic in ED patients: penile Doppler ultrasonography (PDU) [6],
nocturnal penile tumescence RigiScan (NPTR) [7], RigiScan com-
bined with intracavernosal injection (ICl) [8], and arterial angi-
ography [9]. Among these methods, the PDU is considered the
criterion standard method for evaluating penile hemodynamic
to diagnose vascular ED since it was introduced by Lue et al in
1985 [10], and it has been used widely, with more availability
and less invasiveness than other penile hemodynamics meth-
ods. The PDU test can quantitatively assess the penile hemody-
namic parameters in greater detail, which should be combined
with the ICI of vasoactive agents to induce penile erection [11].
The PDU test is also recommended by the American Urological
Association for ED patients with complex histories [12].

The hemodynamic parameters measured by PDU included
peak systolic velocity (PSV), which evaluates the penile artery
blood supply directly, and end-diastolic velocity (EDV) and re-
sistive index (RI), which evaluates the veno-occlusive mecha-
nism indirectly [13]. Among these parameters, PSV is the most
important parameter to be associated with CVD risk, and can
be used to identify men at risk for CVD in the future [14,15].
Of course, the PSV was also the most important parameter
of PDU to diagnose arterial ED [16]. If ED patients have PSV
<30 cm/s, arterial ED is diagnosed, meaning that the ED was
mainly caused by insufficient penile artery blood supply when
patients engage in sexual intercourse [17]. However, several
shortcomings limited the PDU application for ED patients, in-
cluding checking time, optimal cut-off values, and the variabil-
ity among different radiologists [18]. With the development of
the technology, more and more ultrasound methods are ap-
plied for clinical diagnoses. Shear wave elastography (SWE),
a novel ultrasonography method, is increasingly used for di-
agnosing the ED [19]; it can estimate tissue stiffness by us-
ing shear waves and display it in a quantitative manner using
the SWE values [20]. During SWE examination, the transduc-
er sends ultrasonic waves to the tissue and quickly detects
shear waves created in the tissue. The wave speed detected
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by the transducer is used to calculate the SWE values, named
Young’s modulus (YM) [21], which are directly related to the
stiffness of the measured tissue [21]. Higher SWE values indi-
cate greater stiffness of the assessed tissue [22].

The SWE technique has been used extensively in the pros-
tate [23], breast [24], and liver [25], with the advantages of
non-invasiveness, quantitation, simple operation, and per-
fect repeatability. Recently, more and more studies have ver-
ified the role of SWE in the diagnosis of ED, particular vascu-
lar ED [26,27]. Turkay et al conducted a case-control study to
explore the application of SWE in the diagnosis of ED [19].
Recently, a well-designed study was conducted to explore the
role of SWE in the rigidity assessment of penile corpus cav-
ernosum for venogenic ED [26]. Furthermore, our published
study also verified the role of SWE in the diagnosis of arte-
rial ED [27]. However, no studies were conducted to explore
the relationship between PDU parameters and SWE values of
corpus cavernosum penis (CCP). When conducting the PDU
test, the hemodynamic parameters and penile rigidity cannot
be measured, limiting the clinical value of PDU. If the positive
correlations between PDU parameters and SWE values were
discovered, we could measure the SWE to evaluate the penile
rigidity and hemodynamic parameters simultaneously, expand-
ing the clinical value of SWE in the diagnosis of vascular ED.

Therefore, the present study aimed to explore the relationship
between PDU parameters and SWE values in ED patients and
healthy controls, and to analyze the change trend between
the PSV and SWE. We also sought to determine the most ap-
propriate cut-off value of SWE for related PSV, to verify the
feasibility of SWE.

Material and Methods

Study Population

Our study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013) and received approval from the
Ethics Committee of the First Affiliated Hospital of Anhui Medical
University (Quick-PJ2021-15-39). The informed consents were
signed by all patients volunteering to participate in our study
before the study, which contained the advantages and disad-
vantages for the enrolled patients. We screened 100 ED pa-
tients and 32 healthy controls from January 2020 to September
2021 in the Department of Urology and Andrology and Healthy
Physical Examination Center of our hospital, respectively.

Inclusion and Exclusion Criteria

The inclusion criteria of our study were: 1) aged 20 years old or
older with regular heterosexual activity (at least once a week);
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2) with a history of ED for at least 6 months. The patients were
excluded if they met any of the following exclusion criteria: 1)
a history of pelvic or penile trauma or operation, 2) diagnosis
of penile curvature or Peyronie’s disease, 3) penile congenital
deformity, 4) diabetes mellitus or hypertension. Ultimately, a
total of 78 ED patients were enrolled in our study, with 10 pa-
tients excluded due to diagnosis of Peyronie’s disease, 8 pa-
tients excluded due to a history of pelvic trauma, and 4 pa-
tients excluded due to lack of regular heterosexual activity. All
patients were asked to complete a brief International Index of
Erectile Function (IIEF-5) form [28] and were diagnosed with
ED when they scored 21 or less based on the IIEF-5 question-
naire [29]. Each patient underwent history taking and physi-
cal examination by a senior andrologist. Blood samples from
all patients were collected in 8: 00 AM to check serum fast-
ing glucose, testosterone, triglyceride, and total cholesterol
after 12 h of fasting.

PDU Measurement and SWE Imaging

The PDU and SWE were performed for every patient simulta-
neously by the same senior radiologist utilizing the Aixplorer™
ultrasound system (Supersonic Imagine S.A., Aix-en-Provence,
France) with a SuperLinear™ SL15-4 probe (frequency 4-15
MHz). The radiologist was blind to the clinical characteristics
of all patients to avoid influencing the examination results.
We performed the scans in a quiet, dim, and isolated room to
reduce patients’ discomfort and anxiety and prevent disturb
from the external environment. The penile ventral surface was
scanned using longitudinal and transverse views with patients
lying in supine position. We guide every patient to hold the
glans penis to keep the dorsal penis tightly contacting the ab-
dominal wall. To prevent the penis from moving out of position
during the examination, an experimental examination was per-
formed for each patient to teach them to control the position.

First of all, we scanned the penis thoroughly in the flaccid
state to evaluate the anatomical structure to exclude fibro-
sis, calcification, and Peyronie’s disease. Then, we performed
PDU and SWE measurements formally in the flaccid state and
5,10, 15, 20, and 25 min after intra-cavernous injection (ICl)
of vasoactive agents (alprostadil, Caverject®; Pfizer, New York,
NY, USA). The penoscrotal junction was used to measure the
PDU parameters and the SWE values. The PDU parameters in-
cluded PSV, EDV, and RI. The Rl was calculated by the formula
PSV-EDV/PSV. The PSV and EDV were recorded when 3 con-
secutive similar spectra displayed. Considering the difference
of the PSV measured at the left and right CCP, the mean PSV
of the bilateral CCP were used to compare in our study, as in
a previously published study [30]. The SWE mode was used
every time to measure the SWE values of the corpus caverno-
sum penis (CCP) just at the end of PDU measurement. After
switching to SWE mode, a target region of interest (ROI) with
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a 4.0 mm diameter was activated when color images filled the
frames to more than 90%. Four ROI positions of both sides of
the cavernosum were used to measure the SWE value of the
penis, and 2 valid measurements of each ROI position were
obtained. The average value of 8 sets of data was calculated
to be the final SWE values of the penis cavernosum, as mea-
sured in kilopascals (kPa).

To obtain accurate measurements, it is necessary to prevent
excessive sympathetic discharge owing to the pain of ICl and
anxiety about the measurement process. We applied audio-vi-
sual sexual stimulation (AVSS) to all patients using a glasses-
type video player. In addition, prostaglandin E-1 was used for
inducing penis erection with the dosage of 10 ug, which also
is the second-line therapy drug for ED patients.

Statistical Analysis

Statistical analyses were performed with SPSS version 25.0
(SPSS, Inc., Chicago, IL, USA). Quantitative variables with nor-
mal distribution are expressed as the mean+standard devia-
tion (SD), and the distribution was tested by the Kolmogorov-
Smirnov test. For clinical characteristics, an additional t test was
used to compare the difference in variables following normal
distribution. Otherwise, the Mann-Whitney test was used for
nonparametric variables. The Spearman correlation test was
used to explore the correlation between PDU parameters and
SWE values. One-way analysis of variance (ANOVA) was used
to test differences among 4 groups of different PSV degrees.
Because the PSV >30 cm/s was considered sufficient for pe-
nile function, we conducted receiver operating characteris-
tic (ROC) curve analysis to calculate the area under the curve
(AUC) to assess the efficacy of SWE value for predicting the
PSV values. In addition, the cut-off value of SWE was calculat-
ed by the ROC curve. The Youden criterion, which consists of
identifying the value of SWE that maximizes the sum of sen-
sitivity and specificity, was used to identify the optimal SWE
value for ED patients. Statistical significance was set at P val-
ue under 0.05, and all tests were two-sided.

Results

Clinical Characteristics of Study Population

A total of 78 ED patients and 32 healthy controls were recruit-
ed in our study. The clinical characteristics of all patients are
described in Table 1, including fasting blood glucose, testos-
terone, triglycerides, and total cholesterol. The mean IIEF-5 val-
ue of total patients was 14.88+4.14. For each patient, the PDU
parameters and SWE values were measured 6 times with an
interval of 5 min between each measurement, meaning that
each patient had 6 values each of PSV, EDV, and SWE (0 min
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Table 1. Clinical characteristics of the samples including erectile dysfunction (ED) patients and healthy controls.

ED patients (n=78)

Age 36.77+10.93
Cwers 1488:414
Fasting sugar, mmoll - 465:058
Testosterone,nmoll 15.67+457
Triglcerides, mmoll 130:047
Total cholesterol, mmol/L 4181096
parameters
"""" PSVmax,cm/s  3066:1034
"""" EOV,ems  211s225
"""" SWEmin kP2  1166:498

Healthy controls (n=32) P value

34.3148.75 0.261
""""""" 23874124 <0001
"""""""" 443051 0059
""""""" 16904376  ois1
"""""""" 144:045 o154
"""""""" 3874104 0139
""""""" 4233765 <0001
"""""""" 1456191 <0001
"""""""" 808t158 <0001

ED — erectile dysfunction; IIEF-5 — the five-item version of the International Index of Erectile Function; PSV — peak systolic velocity;

EDV — end-diastolic velocity; SWE — shear wave elastography.

Table 2. Correlation coefficients between peak systolic velocity
(PSV), end-diastolic velocity (EDV), and shear wave
elastography (SWE) in erectile dysfunction (ED) patients
and healthy controls.

ED patients Healthy controls

(n=78) (n=32)
. r=-0.748, r=-0.815,

PSV max-SWE min P<0.001 P<0.001
. r=0.012, r=0.319,

EDV-SWE min P=0.917 P=0.08

ED - erectile dysfunction; PSV max — maximum peak systolic
velocity; EDV — end-diastolic velocity; SWE min — minimum shear
wave elastography.

[flaccid state], 5 min, 10 min, 15 min, 20 min, and 25 min [erec-
tile state after the ICl]). Therefore, 468 values of PSV, EDV, and
SWE in ED patients and 192 values of PSV, EDV, and SWE in
healthy controls were used to test our hypothesis.

Correlation Between PDU Parameters and SWE Values

To explore the correlation between PDU parameters and SWE
values, we calculated the correlation coefficients among PSV,
EDV, and SWE. Notably, the highest PSV, corresponding EDV, and
corresponding SWE values of 78 ED patients and 32 healthy
controls were obtained to explore the correlations among them.
The results are shown in Table 2 and Figure 1. After the cal-
culation, a significant correlation between PSV and SWE value
was found in both ED patients (r=-0.748, p<0.001) and healthy
controls (r=-0.815, P<0.001), but there was no significant cor-
relation between EDV and SWE values.

Changes Trends Between PSV and SWE Values

We divided all data into 5 groups based on the PSV values:
Group 1 with PSV value ranging from 0 to 10 cm/s, Group 2 with
PSV value ranging from 10 to 20 cm/s, Group 3 with PSV value
ranging from 20 to 30 cm/s, Group 4 with PSV value ranging
from 30 to 40 cm/s, and Group 5 with PSV value larger than 40
cm/s. We also recorded corresponding SWE values of the dif-
ferent PSV values. The results are shown in Table 3. Moreover,
there were significant differences in the SWE values and PSV
values among the 5 groups in ED patients and healthy con-
trols. The PSV values of ED patients were as follows: Group 1:
7.48+1.38 cm/s; Group 2: 13.4242.43 cm/s; Group 3: 24.34+2.66
cm/s; Group 4: 33.54+2.69 cm/s; Group 5: 44.52+7.41 cm/s.
The color of CCP decreased significantly as the PSV improved,
as follows: Group 1: 18.8243.37 kPa; Group 2: 16.35+3.19 kPa;
Group 3: 13.52+3.61 kPa; Group 4: 10.55+2.13 kPa; Group 5:
7.62+1.19 kPa. The detailed data are shown in Table 3. As
shown in Table 3, the PSV values of healthy controls were as
follows: Group 1: 9.54+0.51 cm/s; Group 2: 18.12+1.35 cm/s;
Group 3: 27.03+2.77 cm/s; Group 4: 37.81+1.72 cm/s; Group
5: 51.12+7.21 cm/s. The color of CCP decreased significant-
ly as the PSV improved, as follows: Group 1: 15.74+1.47 kPa;
Group 2: 14.59+2.67 kPa; Group 3: 12.11+1.96 kPa; Group 4:
9.21+1.49 kPa; Group 5: 7.23+1.68 kPa.

The PSV value >30 cm/s was considered sufficient artery blood
supply to complete sexual intercourse; therefore, we conduct-
ed ROC analysis to find the cut-off value of SWE in CCP to eval-
uate the penile artery blood supply. SWE values of CCP less
than 11.57 kPa show that the penile artery blood supply was
sufficient to finish satisfied sexual intercourse. The sensitivi-
ty and specificity were 0.838 and 0.872, respectively, and the
ROC figure is exhibited in Figure 2.
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Figure 1. Correlation between peak systolic velocity (PSV) and shear wave elastography (SWE) values in erectile dysfunction (ED)
patients and healthy controls. (A) Correlation between peak systolic velocity (PSV) and shear wave elastography (SWE) values
in erectile dysfunction (ED) patients. (B) Correlation between peak systolic velocity (PSV) and shear wave elastography (SWE)
values in healthy controls. The figure was created using SPSS software (version 25.0).

Table 3. Shear wave elastography values of the corpus cavernosum at different agrees of peak systolic velocity (PSV).

ED patients (n=78)

Healthy controls (n=32)

PSV, cm/s SWE, kPa PSV, cm/s SWE, kPa
(meanxSD) (meanzSD) (meanzSD) (meanzSD)

PSV [0-10 cm/s] 105 7.48+1.38 18.82+3.37 8 9.54+0.51 15.74+£1.47
PSV[1020cmis] 118 13420243 16351319 2 18126135 14591267
Psv[030cmis] 136 24341266 13524361 510 w3277 12114196
psv[sod0cmis] 79 33541269 10556213 51 811172 021t149
psvisocms] 30 sas7ar 762119 0 sL12e721 7231168
Pvae T - w1 o

ED - erectile dysfunction; PSV — peak systolic velocity; SWE — shear wave elastography; SD — standard deviation.

Discussion

We demonstrated that the SWE value of CCP was negatively
related to the PSV value, and the SWE value decreased signif-
icantly with rising PSV. The SWE value in CCP can reflect the
penile artery blood supply during the PDU test. With a cut-
off value of 10.05 kPa in SWE for CCP, the SWE value of CCP
can evaluate whether the penile artery blood supply exceeds
30 cm/s, which is a critical threshold for assessing penile ar-
tery function.

The penile artery, also referred to as the cavernous artery, was
more vulnerable than the cardiac vessel, which is explained by
the artery size hypothesis of Montorsi [31]. When narrowed

by other risk factors, a smaller penile artery will be destroyed
earlier than larger cardiac vessels. Currently, PSV is the only
index used to reflect the penile artery blood supply directly,
and it has been shown to be strongly associated with future
CVD [32]. However, precise measurement of PSV in the PDU
examination requires a more technical operation for radiol-
ogists. To date, no other methods can reflect the penile ar-
tery blood supply and compensate for the limitations of PSV
measurement.

SWE is a novel sonography method for evaluating tissue stiff-
ness, which includes 2 main types: strain elastography and shear
wave elastography [21]. Strain elastography has been used
rarely as a semi-quantitative method, which requires applying
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Figure 2. Receiver operating characteristics curve of shear wave
elastography (SWE) for penile corpus cavernosum.
The area under the ROC curve (AUC)=0.932, 95% CI
(confidential interval)=0.904-0.959). The figure was
created using SPSS software (version 25.0).

external force manually [33]. The accuracy of strain elastogra-
phy highly depends on the user’s ability. Shear wave elastogra-
phy measures the tissue stiffness quantitatively, which reflects
the stiffness by calculating the Young’s modulus (YM) [34]; the
calculation formula is E=Pc?, in which E is YM, c is the propa-
gation velocity of shear wave, and P is the tissue density [35].
Therefore, higher SWE values indicate greater stiffness. Tissue
stiffness measured by the SWE technique was not equal to the
hardness. “Stiffness” assessed by SWE is a reflection of tissue
structures [21]. The structure of the CCP mainly consists of ap-
proximately 50% smooth muscle cells (SMC) and extracellular
matrix [20]. An experimental study [36] demonstrated that the
penis SWE values differed between pre-sexual maturity rats and
sexual decline rats (10.18+1.09 kPa vs 8.02+1.34 kPa). Further
analysis of immunochemical staining indicates that the decline
of collagen fibers accounted for the decrease of SWE values.
Another experimental study, conducted in rabbits, also verified
the role of SWE in the detection of the pathological changes of
penile lesions induced by hyperlipidemia [37].

When penis erection is stimulated by sexual stimulation, the
penile artery relaxes, and a continuously increasing blood sup-
ply results in penile erection [38]. From flaccid state to erectile
state, the PSV improved significantly along with the erection
hardness, which changed from grade 1 to grade 4 in different
erection phases [39]. When comparing the SWE values of dif-
ferent erection hardness, Zheng et al demonstrated that the
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shear wave velocity significantly decreased with the increase
of erectile hardness [40]. In another study, the SWE values of
CCP in erectile state were significantly lower than that in flac-
cid state [26]. The increases of blood supply in the CCP main-
ly accounted for the phenomenon. When the CCP is filled with
blood, the CCP tissue density decreases gradually. So, when
the penis becomes erect, the SWE for CCP will decrease with
the decreased CCP density. Based on this analysis, the con-
clusion of our study is consistent with those of previous stud-
ies. A prospective study conducted in venogenic ED patients
showed that the SWE values changed from 21.75+4.25 kPa to
8.10+3.38 kPa when the penis was stimulated to achieve opti-
mal erection [26], as the blood flow in the penis decreased the
penile SWE values, but the EDV were unrelated to the penile
artery blood supply, which could reflect the venous return from
the penis and thus would not change the SWE values of CCP.

A study by Altinbas et al had also found the difference of SWE
values between normal controls and arterial ED by strain elas-
tography. Nowadays, more andrologists preferred to the ultra-
sonography methods for evaluating ED. Translational PDU only
focused on the artery supply of penis, neglecting the evalua-
tion of the penile structures. Novel SWE could assess the pe-
nile artery supply and structures as a whole [41]. So, the SWE
technique would display more superiority in the territory of
ED. In the published study by our group also found that the
SWE could be used for diagnosis of arterial ED, and the results
showed that the penile SWE values would decreased signifi-
cantly when the penis were induced to erection [27]. More im-
portantly, the SWE value in flaccid state were related inversely
with it in erectile state [41]. In 2021, Lee et al conducted a study
with larger sample size to assess the role of SWE in the penile
erectile rigidity evaluation in ED patients with different vascu-
lar subtype. They found that a cut-off value of 8.05 kPa would
predicting the vascular ED with a specificity of 41.5%, a sensi-
tivity of 84.6% [42]. Combined with our results, the SWE mea-
surements in ED patients would assess the penile rigidity and
penile hemodynamic parameters simultaneously, which could
expand the clinical value and practical application in vascular ED.

However, several limitations of our study should be consid-
ered. First of all, the sample enrolled for our study was small;
thus, our data were limited. Second, we did not further ana-
lyze the correlation between SWE values of CCP and the cri-
terion standard of penile rigidity. However, our study results
have clinical utility for the precise prediction of vascular ED.
SWE measurement needs a more precise ultrasound machine
and more skilled radiologist to conduct it, limiting the clini-
cal application in basic medical institutions. In subsequent re-
search, we plan to link the SWE values to the NPTR results in
ED patients in a study with a larger sample size. We believe
that the clinical value of the SWE technique in ED will be ex-
tensively verified by further studies.
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Conclusions

In conclusion, we demonstrated that quantitative measure-
ment of SWE values in CCP could reflect the penile artery blood
supply during PDU examination. The SWE technique could be
used for evaluating the penile artery blood supply combining
the ICI test with the advantages of noninvasiveness, simple
operation, and excellent repeatability.
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