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Abstract
Measurement of blood flow velocity through the cavernosal arteries via penile color Doppler ultrasound (PDUS) is the
most common objective method for the assessment of erectile function. However, in some clinical cases, this method
needs to be augmented via the invasive intracavernosal pressure (ICP) measurement, which is arguably a more direct
index for erectile function. The aim of this study is to develop a lumped parameter model (LPM) of the penile circulation
mechanism integrated to a pulsatile, patient-specific, bi-ventricular circulation system to estimate ICP values non-
invasively. PDUS data obtained from four random patients with erectile dysfunction are used to develop patient-specific
LPMs. Cardiac output is estimated from the body surface area. Systemic pressure is obtained by a sphygmomanometer.
Through the appropriate parameter set determined by optimization, patient-specific ICP values are predicted with only
using PDUS data and validated by pre- and post-papaverine injection cavernosometry measurements. The developed
model predicts the ICP with an average error value of 3 mmHg for both phases. Penile size change during erection is
predicted with a ~15% error, according to the clinical size measurements. The developed mathematical model has the
potential to be used as an effective non-invasive tool in erectile function evaluation, expanding the existing clinical
decision parameters significantly.

Introduction

Erectile dysfunction (ED) is a widespread health problem
that affects the quality of life throughout the world. It has
been reported that over 30 million people suffer from ED in
the US, primarily men older than 40 years of age [1].
Moreover, the prevalence of ED is expected to rise con-
siderably, impacting more than 300 million men by 2025 [2].

Objective quantitative measurement of erectile function
is commonly performed with penile color Doppler ultra-
sound (PDUS) [3] and cavernosometry techniques [4].
However, both tests are considered as invasive due to the

necessity of intracavernosal injections [5]. Moreover, these
procedures may cause drug-induced prolonged erection
(priapism), which are observed in 3% and 13% after PDUS
and cavernosometry tests, respectively [6, 7]. While PDUS
can be considered a less invasive test compared with
cavernosometry, the most physiologically relevant para-
meter for the evaluation of the erectile function is intraca-
vernosal pressure (ICP), which can be measured only with
cavernosometry [4, 8]. Although PDUS can diagnose
arteriogenic and veno-occlusive disorder by measurement
of blood velocity in penile arteries during systole and dia-
stole, it may be inadequate for some clinical cases such as
anxious patients, venous leakage, penile curvatures, and etc
[9, 10]. Therefore, there is a need for a non-invasive and
more precise diagnostic tool for the ED.

The hemodynamic mechanism of penile erection was
studied in a limited number of mathematical models, which
offered significant insight into the transient relationship
between the pressure and flow parameters through a set of
differential equations. However, all of the existing knowl-
edge is based on organ-level hemodynamic models ignoring
the entire patient-specific cardiovascular circulation para-
meters such as systemic artery pressures, cardiac output
(CO), and heart rate as well as the pulsation and compliance
effects [11–14].
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Therefore, in this study, a lumped parameter model
(LPM) of the erection mechanism was integrated into the
systemic circulation of the patient, in order to predict the
ICP dynamically. The lumped parameters, compliances, and
resistances of vascular elements are used to define the cir-
culation system that is estimated through a least-squares
optimization algorithm relying on the measurements of
PDUS. We hypothesize that this approach can be used for
accurate and non-invasive patient-specific prediction of ICP
during the erection process, continuously. This approach
allows non-invasive prediction of ICP for improved diag-
nosis of ED thus the model has the potential to track ED
progression through more accessible circulation parameters.

Methods

Hemodynamic model

The baseline LPM network proposed by Hoppensteadt and
Peskin [15] (Fig. 1a) is expanded with a parallel organ-level
circulation model (Fig. 1b). The circulatory LPM frame-
work used in this study has been applied to complex cir-
culation systems in our previous studies [16–18].

The LPM network employed here is comprised of 2-
element Windkessels: (i) compliance chambers (C), which
stand for the compliant vessels, and (ii) resistance vessels
(R), which represent the blood flow between compliance
chambers [19] (Fig. 1b). The mathematical model calculates
the pressure (P) and volume changes (V) of each compliant
chamber in time, based on predefined C and R parameters
for the relevant chambers, which is governed by an ordinary
differential equation [18, 20]:

dðCPÞi
dt

¼
XN
j¼1

Pj � Pi

Rji
; ð1Þ

where i and j represent the compliant chambers connected
by a resistance (Rji) and N is the number of lumped
chambers. The backward Euler method was used to
iteratively solve the implicit formulation of Eq. (1) using
a fixed time step.

Erection model

The erection process is accomplished by rapidly decreasing
Rhel and Rcav (Fig. 1b) to allow higher blood perfusion into
the penis. The venule-compliant element is compressed
externally with the increasing P* because of the volume
extension of the lacunar space (Fig. 1b). This mechanism is
imposed on the model through equations relating volume
change of corpora cavernosa and venule compliant cham-
bers:

Vcorp

� �
t
� Vcorp

� �
0¼ ΔP�Ccorp

� �
0!t

; ð2Þ

ðVvenÞt ¼ ðVvenÞ0 � ðΔVcorpÞ0!t; ð3Þ

where Pcorp, Ccorp, and Vcorp are the pressure, compliance,
and volume of corpora cavernosa, respectively. While Vven

represents the volume of penile venules, 0 and t indices
represent the value of the quantity at the designated time
and Δ indicates the relevant quantity change of the relevant
vascular element between these times. The governing
functional relation between physiological parameters is
represented below:

ICP;Vcorp;Vven
� � ¼
F Csa;Csv;Ccav;Ccorp;Cven;Rsys;Rhel;Rcav;Rpv;out;Rout
� �

:

ð4Þ

To our knowledge, the compliance and/or resistance
values of the LPM of the erection mechanism has not been
reported in the literature. Therefore, a least-square optimi-
zation method was used to determine the best compliance
and resistance values for each patient.

Fig. 1 Mathematical networks to simulate the blood flow through
the lumped elements. A Bi-ventricular normal adult circulation
developed by Hoppensteadt and Peskin [15]. B The pulsatile lumped
parameter circulation network that governs the penile erection
mechanism. The penile organ model that included compression of the
penile venules during transition is coupled to the bi-ventricular cir-
culation of the patient. LV left ventricle, RV right ventricle, LA left
atrium, RA right atrium, Csa systemic arterial compliance, Csv systemic
venous compliance, Cven penile venules compliance, Ccorp corpus
cavernosum compliance, Ccav cavernosal arterial compliance, Rsys−u

upper body vascular systemic resistance, Rsys−l lower body vascular
systemic resistance, Rpul pulmonary vascular resistance, Rcav caver-
nosal arteries peripheral resistance, Rhel helicine arteries peripheral
resistance, Rpv,out penile venules resistance, Rout systemic venous
resistance. P* is the hydrostatic pressure that arouses by the increase of
ICP, which compresses penile venule to sustain an erection.
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Sensitivity analysis and identification of model
parameters

As a first step, a formal sensitivity analysis was performed
to determine the effect of each hemodynamic parameter on
ICP, Vcorp, and Vven. Each input parameter is perturbed by
10% from a baseline value, one at a time, to evaluate its
sensitivity for both flaccid and erect states [21].

To determine the patient-specific compliance and resis-
tance parameter sets, PDUS and systemic measurements
were used. The main methodology in this concept is
reproducing the measured quantities through the mathe-
matical model by using a patient-specific parameter set,
which is called the optimum parameter set or optimum
point. For this aim, objective functions (Eqs. 5 and 6),
which identify the difference between the measured and
simulated quantities were formed and they were tried to
minimize through an optimization method.

Since multiple local optimum points could be possible,
particle swarm optimization, a global optimization method,
was adopted to find the global optimum [22–25]. Through
particle swarm optimization, lumped parameters are ran-
domly generated and changed in each iteration to find the
global optimum point that satisfies the objective functions.
Objective functions were defined based on the circulation
variables (CV) and flow variables (FV) formed by using the
LPM calculations of the systemic pressures, CO, and peak
systolic-end diastolic velocity (PSV-EDV) of cavernosal
arteries. Optimization is carried out in two steps since the
effect of each compliance and resistance is different as
identified by the sensitivity study.

CV xð Þ ¼ PsaðsystoleÞ;PsaðdiastoleÞ;CO
� �

; ð5Þ

FVðyÞ ¼ QcavðsystoleÞ;QcavðdiastoleÞ
� �

; ð6Þ

where Psa(systole) and Psa(diastole) represent the systolic and
diastolic arterial pressure, respectively. Qcav(systole) and Qcav

(diastole) are systolic and diastolic cavernosal artery flow rate.
On the other hand, x is used for all input parameters defined
in Eq. 4 and y represents only Rcav, Rhel, Rpv,out, and Rout.

CV(x) and FV(y) are calculated through the erection
model function given as Eq. 4 with randomly generated
input parameter values. Calculated value sets are compared
with their clinical value sets (fCV and fFV , respectively)
through the objective functions f1(x) and f2(y) given below.

f1 xð Þ ¼
X3
k¼1

ðCV xð Þk�fCVkÞ2
fCV2

k

; ð7Þ

f2 yð Þ ¼
X2
k¼1

ðFV yð Þk�fFVkÞ2
fFV2

k

: ð8Þ

The comparison of clinical and simulated values is
conducted with the standard least-square minimization
method, which mainly relies on minimizing the sum of the
difference (error) between LPM simulation results and
clinical measurements (Eqs. 7 and 8), step by step [26].
Particle swarm optimization was used to establish the
simulated value data sets (CV(x)k and FV(y)k) for the mea-
sured variables (Eqs. 5 and 6). Simulated values are plugged
into the objective function equations and residuals from the
clinical data are calculated through least-square minimiza-
tion until they converge to a predetermined value. This
predetermined value is chosen to be sufficiently small
(0.005 in our case), which indicates that the error is globally
minimized, and the global optimum value set is found for
the variables in Eqs. 5 and 6. A flowchart of all optimization
process is given as Fig. 2.

Equations 5 and 6 were formed by substituting the sys-
temic pressure obtained by the sphygmomanometer and CO

Fig. 2 Schematic representation of the two-step particle swarm
optimization algorithm of penile erection circulation system
parameters. Schematic representation of the two-step particle swarm
optimization algorithm of penile erection circulation system para-
meters, for automated prediction of the patient-specific ICP state. The
first-step prediction level of this algorithm is indicated via continuous
line diamond, while the dashed one represents the second step. While
f1(x) represents the objective function for the main circulation para-
meters, f2(y) stands for the objective function of erection mechanism

parameters. According to the algorithm, the compliance and resis-
tances determined in the first step are kept constant in the second step,
so that only parameters that have significant effects on the erection
mechanism variables are optimized in the second optimization step.
Compliance and resistance parameters are randomly generated in each
iteration to calculate the f1(x) and f2(y) through the objective function
until the calculated functions are lower than the selected convergence
point ε= 0.005, which is the convergence criteria of the objective
functions.
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estimated through the equation provided by Jegier et al. [27]
based on patients’ body surface area and PSV-EDV of
cavernosal artery flow measured by PDUS test.

PDUS and cavernosometry tests

Through an approved IRB protocol (2018.237.IRB1.030)
and obtaining written informed consent of the patients,
PDUS and cavernosometry tests were simultaneously per-
formed in four ED patients (Fig. 3a–e), diagnosed with a 5-
item version of the International Index of Erectile Function
[28] Turkish Validation [29]. Studied participants were
randomly selected from severe ED patients (IIEF-5 score <
8) at 18–70 years of age, without a known history of
priapism, penile implant, multiple myeloma, leukemia, AV
block, and who are not allergic to papaverine and/or any
other vasoactive agent. PSV-EDV, corpora cavernosa cross-
sectional area, and cavernosal artery diameters were mea-
sured at the beginning of the test and recorded as the flaccid
phase data with the ICP measured by the cavernosometry.
Once the flaccid phase data were obtained, patients were
injected with 60 mg papaverine and the same parameters
were measured for the erect phase. The measurements were
conducted at various time points with audiovisual sexual
stimulation. The ICP was measured with a pressure sensor
located into one of the corpus cavernosum with a needle
while other parameters were obtained via LOGIQ S8 (GE
Healthcare, Milwaukee, WI) ultrasound machine with an
ML6–15 linear array probe. Doppler measurements were
obtained by placing the probe on the proximal shaft of the
penis. The pressure sensor was integrated into a manually
designed computer interface to observe the continuous ICP
change with respect to time during erection (Fig. 3a). Since
continuous measurement of ICP requires precise and inva-
sive placement of the pressure sensor (needle) in either of
the corpus cavernosum during tests, it is considerably dif-
ficult for patients to achieve full erect status. Therefore, in
this study, ICP values for flaccid phase and erection Grade 3
were used to validate our mathematical model. Both PDUS
and cavernosometry tests were performed complying with
the existing relevant clinical protocol and lasted ~45 min. A
retrospective seed validation study is designed in com-
pliance with the transparent reporting of a multivariable
prediction model for individual prognosis or diagnosis as in
(TRIPOD) guideline [30].

Results

Sensitivity analysis

The sensitivity values of the various model variables to
input parameters are presented in Fig. 4a, b in the form of

Pareto charts. A sensitivity study shows that Psa(systole), Psa

(diastole), and CO are all sensitive to Rsys, Csa, and Csv, for
both pre-and post-injection states. Similarly, Rhel has the
most significant effect on ICP. In addition, Rcav is identified
to have a significant effect on ICP in erect state, different
from the flaccid state. On the other hand, Qcav(systole) is also
sensitive to Rcav, Rhle, and Rout, where the former and latter
of these parameters have the most significant and limited
effect, respectively. Whereas Qcav(diastole) is the most sensi-
tive to Csa, and Rsys with Rout, Ccav and Rhel have relatively
less effect.

Penile erection mechanism

Using the optimized parameter set of compliance and
resistances based on PDUS test data, ICP was predicted for
pre-and post-injection phases for Patient 1 (Table 1).
Table 2 represents the measured and predicted ICP values in
pre-and post-injection states for all patients. Accordingly,
ICP can be predicted with an average error value of
3 mmHg.

Our model approximates the cavernosal artery and cor-
pus cavernosum as one compliant chamber; thus, flow rates
in tables represent the total amount for both right and left
cavernosal arteries. Patient 4 did not react to papaverine
injection significantly and could not maintain the erection.
Still, its pre-injection ICP could be predicted and compared
with the clinical data for this patient with ED.

Cavernosal artery flow waveform

Since the present approach includes the flow pulsatility as a
new concept in ED diagnosis, an expanded set of hemo-
dynamic parameters can be investigated compared to the
earlier mathematical models in literature [11–13]. For
example, Doppler waveform measured and observed by
Halls et al. [5] was used for the evaluation of our simulated
waveform (Fig. 5). The differences observed in pulsation
and systolic times between the Doppler waveform and our
LPM model are 0.14 and 0.023 s, respectively.

ICP and penile size change during the transition

Measured ICP data during the transition from flaccid to
erect is subject to significant noise due to the practical
difficulties of reaching and maintaining the erect phase in
the clinical environment. Whereas our model assumes that
after the erection is triggered, the erection process is not
interrupted or stopped, as presented in Fig. 6a. Therefore,
predicted ICP can only be validated during the measured
ICP, at a certain time. Figure 6a shows that ICP increases to
64 mmHg from flaccid corporeal pressure (~13 mmHg) in
nearly 3 min for Patient 1.

C. Yildirim et al.



Fig. 3 Measured PDUS and cavernosometry data. A Sample
cavernosometry trace, i.e., ICP measurement graph, for Patient 1.
B For Patient 2, the Doppler trace of PSV-EDV acquired from the left
cavernosal artery is plotted during the flaccid (pre-injection) phase.

C 10th min after injection (stimulated) Doppler observation of PSV-
EDV in the left cavernosal artery of Patient 3. D Right corpora
cavernosa dimensions measurement for Patient 1. E Left cavernosal
artery dimensions measurement for Patient 4.
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The relation between Vcorp and Vven during erection was
also investigated in this study (Fig. 6b). Flaccid and erect
volumes of corpora cavernosa (V0

corp and Vcorp, respectively)
were calculated as 0.019 lt and 0.11 lt, by using the measured
corpus cavernosum cross-sectional area and penis length based
on the relation introduced by Chen et al. [31] and Nelson and
Lue [32]. Whereas V0

corp and Vcorp were predicted through the

Table 1 Comparison of the penile color Doppler ultrasound (PDUS)
and cavernosometry (ICP) measurements with the numerically
estimated LPM values for Patient 1, during pre- and post-injection
phases.

Pre-injection
phase

Post-injection
phase

PDUS LPM PDUS LPM

PsaðsystoleÞ=PsaðdiastoleÞ (mmHg) 135/81 135/81 135/81 135/81

CO (lt/min) 7.60 7.59 7.60 7.58

Qcav(systole) (lt/min) 0.0105 0.0105 0.0632 0.0630

Qcav(diastole) (lt/min) ~0 ~0 −0.0016 −0.0016

ICP (mmHg) 11.05 13.17 68.4 63.7

Since predicting the ICP is the most significant feature of our model,
we represented the measured and the predicted ICP data as bold to
highlight their comparison.

Table 2 Predicted and measured intracavernosal pressure (ICP) levels
for all patients included in the study.

Pre-injection Post-injection

Patient no. Clinical
measurement

Model
prediction

Clinical
measurement

Model
prediction

1 11.05 13.17 68.40 63.65

2 11.80 10.22 65.20 57.44

3 10.20 9.50 52 56.58

4 12.02 11.27 a a

Pressure values are tabulated in mmHg for pre-and post-injection
phases.
aVery poor erection function for Patient 4 did not show any significant
changes in pre-injection parameters following papaverine injection.

Fig. 5 Waveform comparison of simulated and measured caver-
nosal artery flow after the papaverine injection. Waveform com-
parison of simulated and measured cavernosal artery flow after the
papaverine injection for Patient 1. Systolic and diastolic cavernosal
artery flow rates obtained from our LPM were scaled according to the
EDV and PSV measured by Halls et al. [5] to compare waveforms.
Since our model investigates the erection mechanism as a total system,
right and left cavernosal artery flows were not approached separately.
However, Qcav(systol) and Qcav(diastol) were roughly scaled to represent
only one of the cavernosal arteries. Therefore, this figure approaches
the pulsation of a single cavernosal artery flow.

Fig. 4 Sensitivites of the
pressures and flow rates to the
compliance and resistance
lumped parameters. A
Sensitivity analysis for the pre-
injection state. B Sensitivity
analysis for the post-injection
state. Although there are ten
compliance and resistance
variables, only the first %95 of
these variables’ cumulative
distribution is displayed for both
states, according to the Pareto
chart characteristic. Since the
most effective resistance and
compliance variables on the
main circulation output
parameters (CO, Psa(systol), and
Psa(diastol)) do not change during
the transition, their sensitivity
analyses are not placed in that
figure.

C. Yildirim et al.



LPM as 0.023 lt and 0.10 lt, respectively. Therefore, it is
observed that the penis enlarges to ~4 times of its flaccid
volume by gradually compressing penile venules during
erection. Our model can predict such enlargement of lacunar
space within acceptable ~85% accuracy.

Main circulation parameters and cavernosal artery
flow rate during erection

Since the penile erection mechanism is integrated into the
main human circulation in our LPM network, pulsatile main
circulation parameters; systemic pressure, and CO changes
during erection were also simulated with erection being trig-
gered at a specific time (Fig. 7a, b). Trends in computed
cavernosal artery flow rate during the erection phases are
plotted in Fig. 7c as a function of time. Erection was triggered
exactly at the set time of the 4th min and cavernosal artery
flow rate into penile lacunar space rapidly increases with the
effect of papaverine on Rcav and Rhel, and it gradually
decreases until post-injection ICP was provided in steady-state.
On the other hand, main circulation parameters (systemic
pressure and CO) remain nearly constant during erection.

Discussion

This study shows that the pulsatile blood flow and pressure
changes during human penile erection can be modeled in
silico, using a 2-element (compliance and resistance) LPM.
Estimation of the patient-specific clinical parameters is the
main limitation of these types of models, which is addressed
through an advanced multi-level optimization approach.

Hemodynamic parameters that influence erectile physiology
through varying levels of sensitivity as presented quantita-
tively in this manuscript. For both the flaccid and erect
phases, a successful automated tuning of PDUS test data is
achieved for four ED patients. Our studies confirmed that
ICP can be predicted through the model for both erection
states similar to the invasive cavernosometry test. As a
result, patient-specific ICP can be predicted within a certain
error range for all patients for both pre-and post-injection of
papaverine (Table 2). Error difference in ICP predictions
among patients mainly arouses from the deviations in
optimization intensity setting used for different patients.

To execute a successful optimization, a detailed sensi-
tivity study was conducted first to understand and quantify
the influence level of patient-specific compliance and
resistance values, as sketched in Fig. 4a, b. The most
important outcome of the sensitivity analysis is the strong
dependency of ICP during erection to the peripheral resis-
tances of helicine arteries. Interestingly, we found that the
corporeal compliance did not have a major effect on ICP
during the transition from flaccid to erect, which is coherent
considering the dynamics of the erection mechanism. These
findings agree with the physiological function of the erec-
tion elaborated in previous clinical work [33–35].

Fig. 6 Change of the penile parameters during transition from
flaccid to erect states. A ICP change during erection for Patient 1.
After the LPM system has reached it’ steady-state, erection was trig-
gered at 4th min and the erect state was reached at 6th–7th min.
B Penile size change during erection for Patient 1. While corpus
cavernosum volume increases with the increasing ICP on subtunical
space and penile venules gradually, penile venules tighten to allow the
outflow of a very small portion of the blood in the penis, which
ensures to obtain and sustain the erection.

Fig. 7 Pressure and flow waveforms of the systemic parameters
and cavernosal arteries. A Systemic pressure (Psa) change during
erection for Patient 1. B Cardiac output (CO) change during erection
for Patient 1. C Cavernosal artery flow rate (Qcav) change during
erection for Patient 1. This figure shows the simultaneous changes of
the three dependent parameters right before and after the erection,
which is triggered at 4th min after the beginning of the simulation.

A novel method for hemodynamic analysis of penile erection



Cavernosal artery velocity waveform gradually transforms
into the lanceolate waves during erection; however, our
model cannot accurately reflect this change and our pulsatile
waveforms are mostly in accordance with the post-
papaverine injection state waveforms obtained from the
clinical tests. Therefore, our computed waveforms were most
faithfully compared with the erect state measurements
obtained by PDUS technique, reported by Halls et al. [5], and
similar waveforms are observed with acceptable deviation.

ICP was calculated by using the general governing
equation for LPM represented by Eq. 1. It can be seen from
Fig. 6a that the increase of ICP is exponential, which is due
to the decrease in Ccorp during the transition from flaccid to
erect states. This is directed by complex corporeal muscle
relaxation effects [36].

Systemic pressure and CO pulsation and their changes
during erection phases were also simulated numerically
(Fig. 7a, b). It can be observed that average values of pul-
sating systemic pressure and CO remain nearly constant
during the transition from flaccid to erect, which is con-
sistent with the results of Lue et al. [35]. Observing the
main circulation parameters’ change during erection enables
clinicians to control the accuracy of the simulation.

Simulating the volume changes of the LPM components
by using the lacunar space hydrostatic pressure effect on the
venule compression is another prominent feature of the
proposed model. Since Vcorp and Vven compose an integrated
structure for the penile hemodynamic mechanism by
enlarging and tightening together during erection (Fig. 1b),
the total volume of these compliant chambers remains
constant during erection, which is also sensible in terms of
the physical aspects of the erection. Penile volume predic-
tions are less accurate than the ICP predictions for both pre-
and post-injection states, and it is majorly aroused by the
deviations in determining optimized values of Ccorp, and
predicting Pcorp by LPM for both states of the penis, since
the volume of this component is very sensitive to these two
parameters. Volume accuracy can be improved through an
additional optimization study in the future.

Non-invasive prediction/calculation of ICP, which is the
most direct parameter to evaluate the erectile function, can
be more accurate than PDUS. Diagnosing arterial insuffi-
ciency or venous leak by using EDV and PSV values may
be challenging in some cases. These values can be sig-
nificantly different between the left and right cavernosal
artery or even between the proximal and distal part of the
same cavernosal artery. Available literature does not pro-
vide any recommendations on how to diagnose and manage
such cases [9]. Although EDV > 6 cm/second and RI < 0.6
are suggestive of the venous leak [37], it is not possible to
distinguish it in the presence of arterial insufficiency (PSV
< 35 cm/s) [10, 33, 38–40]. Moreover, assessment of the

erectile function of severe Peyronie’s disease patients by
using PDUS may not be reliable [41, 42].

Using our LPM model for the assessment of erectile
function can be a valid solution in such cases. Furthermore,
this parameter may also be used as an objective outcome
measure in ED clinical trials, considering the problems in
comprehension of the questionnaires developed for diag-
nosing ED [43]. LPM model can provide more in-depth
erectile function assessment when penile hemodynamic
parameters are iatrogenically impaired such as in post-
prostatectomy ED patients or patients after incision and
grafting surgery for Peyronie’s disease. This approach can
be tailored for the specific disease and may be beneficial for
urologists and radiologists in their decision-making.

Our study is not without limitations. We could only
include four patients for the validation of the LPM model
due to the invasive nature of the PDUS assessment. How-
ever, we have observed that the measurements were con-
sistent in all these four patients, eliminating the need of
recruiting more patients. On the other hand, our model is the
first mathematical model, the validity of which has been
demonstrated as the similar studies in the literature did
not demonstrate any validation data/tests on ED patients
[11–14]. Unfortunately, none of our patients achieved full
erection and we could not test the accuracy of our LPM in
high ICP values (i.e., >90 mmHg). Further studies must also
be conducted on patients with psychogenic ED in order to
check if this model is functioning among patients with
normal penile hemodynamic parameters.

Conclusion

We demonstrated that ICP can be accurately estimated
through a numerical LPM model of the human penile
erection mechanism. This requires the coupling of patient-
specific penile circulation with the pulsatile circulation of
the patient, attempted here the first time in the literature.
Due to the limited studies that quantify ED, our model
validated with unique clinical studies is an important con-
tribution to penile hemodynamics literature. Finally, non-
invasive prediction of the ICP has the potential to evolve as
an alternative clinical tool allowing the precise evaluation of
ED, pending additional clinical tests.
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