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While image acquisition after contrast injection significantly improves diagnostic accuracy, it may introduce an uncomfortable
complication such as contrast agent extravasation (CAE). We focused on creating a model to estimate the peak wall impact
pressure (PWIP) within a peripheral vein by injection of a contrast agent into the catheter, as the basis for this mechanistic
modeling framework to determine vascular wall load as a possible predisposing factor of CAE. This study developed a
mathematical equation to estimate representing PWIP and examined the influence of injection-related parameters that may
influence modeled pressure values, compared the findings with those of previous studies by substituting variables into this
equation. Under the tested model assumptions, estimated PWIP appeared to be increased with increasing contrast-agent injection
flow rate, decreasing catheter diameter, and increasing effective intravascular jet-orientation angle. Under the assumptions
in this mathematical model 18 and 20G catheters were associated with lower PWIP regardless of other variables, suggesting
that selecting 18 and 20G catheters may be the optimal factor to be used for further investigation in order to minimize CAE.
However, clinical validation is needed before we can confirm that they play a role in reducing CAE. Because CAE is affected by
multiple patient- and procedure-dependent variables, the proposed model could offer a mechanistic basis for future studies of
personalized contrast agent injection approaches.
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sel wall

Introduction

Computed tomography (CT) and Magnetic resonance imaging
(MRI) may improve diagnostic accuracy through the use of
contrast agents. However, contrast agent extravasation (CAE),
in which intravenously administered contrast agents (iodine-
or gadolinium-based) leak into the surrounding soft tissues,
can occur as a complication1. Contrast agents used for CT
scan help qualitatively distinguish pathological changes by
exploiting differences in absorption between normal tissues
and lesions. For this purpose, CT contrast agents need to
be injected intravenously at high pressure and high velocity2.
In contrast, CAE associated with gadolinium-based contrast
agents occurs less frequently than CAE associated with iod-
inated contrast agents because smaller volumes are adminis-
tered, and the injection rates are lower3. Intravenous injection
of contrast agent for CT scan can lead to various complica-
tions including CAE with an incidence ranging from 0.1% to
1.2%4. CAE commonly causes pain, swelling, blisters, sec-
ondary wound infections and tissue adhesions, and in rare
cases may result in serious complications such as compart-
ment syndrome or even amputation. Still, most cases do not
lead to serious outcomes. However, even if clinically minor,
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CAE can cause discomfort and stress to patients and may neg-
atively affect their rapport with healthcare providers4,5. In or-
der to reduce CAE as much as possible while producing diag-
nostically efficient images, many studies have been conducted.
There are protocols for intravenous contrast agent injection
that have been developed on this basis, but these protocols
still require ongoing efforts and further empirical study1,5. In
this study, we modeled the relationship between various vari-
ables involved in intravenous contrast agent injection and the
peak wall impact pressure (PWIP) exerted on the peripheral
vein. We also evaluated the plausibility of the model by us-
ing parameter values from previous research. Instead of di-
rectly predicting vascular damage or contrast agent extrava-
sation (CAE), the purpose of this study was to provide a per-
spective for investigating how injection related parameters can
impact vessel wall loading as one of potential biomechanical
contributors to CAE risk.

Methods

Schematic Modeling of Contrast Material Injection

A schematically presented peripheral vein with a catheter in-
serted for contrast-agent injection is shown in Figure 1. We
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Fig. 1 Illustration of a peripheral vein into which a catheter is
inserted for contrast agent injection. The complete definitions of
the model’s symbols and their units are presented in Table 1.

show in Figure 1 the injection related factors modeled, and we
provide extensive definitions of symbols and units in Table 1.
On the basis of the variables, we constructed a mathematical
model that quantifies PWIP.

Mathematical Modeling

This model was developed to estimate the PWIP generated
when the injected contrast agent jet exits a peripheral intra-
venous catheter and reaches the opposite vessel wall. The
model assumes peripheral veins, including the median cubital
vein, with contrast administered through a non-fenestrated
catheter. All calculations were performed using SI units.

The average velocity of the contrast agent jet within the
catheter and the average velocity of blood flow in the vessel
can be expressed as follows:

Vc =
Qc

Ac
=

4Qc

πd2

Vb =
Qb

Av
=

4Qb

πD2

(1)

The jet component directed toward the opposite vessel wall
can be approximated by the following equation:

Vn,0 ≈Vc sinθ (2)

The blood-flow correction term f (Vb) and the distance-
dependent damping term g(Lv) were included as simplified
correction functions rather than fully calibrated physical laws.
These terms were chosen to keep the model mathemati-
cally tractable while still representing two expected fluid-
mechanical behaviors. To assess whether the injected contrast
flow could reasonably involve jet spreading or turbulent-like
attenuation, a Reynolds number analysis was performed. The
Reynolds number was calculated as:

Re =
ρVcd1

µ
(3)

These values indicate that catheter outflow can be laminar
at low injection rates and large catheter diameters as well as
turbulent at high injection rates and small catheter diameters.
Thus a distance dependent attenuation term was included to
account for expected reduction in jet velocity directed toward
the vessel wall as the jet travels from the catheter tip to the op-
posing wall. Such attenuation can be due to jet diffusion, en-
trainment of surrounding fluid, and interactions with the am-
bient blood. The distance-dependent damping function was
defined as:

g(Lv) =
1

1+β
Lv
d

(4)

where β is a dimensionless correction coefficient that mod-
ulates the strength of distance-dependent attenuation. The ra-
tio Lv

d represents the travel distance normalized by the initial
jet diameter. This ratio was used because jet spreading and
velocity decay depend not only on absolute travel distance but
also on the characteristic diameter of the jet at the catheter
exit. A larger Lv

d indicates that the jet travels farther before
impact relative to its initial diameter, allowing greater attenu-
ation before reaching the opposite vessel wall. Although the
diameter of the catheter d is present in both the Reynolds num-
ber and the damping function, it has different functions. In the
Reynolds number, d1 is the characteristic length scale used to
estimate the catheter-exit flow regime. In the damping func-
tion, d normalizes the downstream travel distance as part of
Lv
d . The chosen damping function is dimensionless, remains

finite at Lv = 0, equals 1 when Lv = 0, and decreases mono-
tonically when β > 0. It qualitatively agrees with the predicted
decrease in jet centerline velocity with downstream distance.
However, as β was not calibrated using experimental or CFD
data, g(Lv) should be interpreted as a simplified attenuation
approximation instead of a validated turbulent jet-decay law.

To account for the influence of blood flow velocity, we con-
sidered the higher blood flow rate tends to drag the jet more
strongly in the axial direction, thereby reducing the compo-
nent of the jet that hits the opposite wall. Accordingly, the
wall reaching efficiency of the contrast agent jet is expressed
by the following equation. In this equation, α is a correction
factor that represents the degree to which the jet weakens after
being ejected from the catheter.

f (Vb) =
1

1+α
Vb

Vc sinθ

(5)

This was chosen because the form is dimensionless, it ex-
ists between 0 and 1, and it decreases as the ratio of blood-
flow velocity to wall-directed jet velocity increases. If the
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Table 1 Symbols and Units Used in the PWIP Model
Symbol Definition Units

Ab Cross-sectional area of the blood vessel m2

Ac Cross-sectional area of the catheter lumen m2

D Internal diameter of the blood vessel m
d Internal diameter of the catheter lumen m

Qc Contrast-agent volumetric injection rate m3/s
Qb Blood volumetric flow rate m3/s
Vc Average contrast-agent jet velocity in the catheter m/s
Vb Average blood-flow velocity in the vessel m/s
θ Effective intravascular jet-wall orientation angle used in the model degrees

Vn,θ Catheter insertion angle relative to the vessel axis or skin surface, depending on
model geometry

m/s

Vn,eff Effective normal jet velocity at the opposite vessel wall m/s
Lv Distance from catheter tip to opposite vessel wall m
ρ Density of contrast agent kg/m3

α Blood-flow correction coefficient dimensionless
β Jet-distance damping coefficient dimensionless

f (Vb) Blood-flow correction function dimensionless
g(Lv) Distance-based jet attenuation function dimensionless
Plocal Local baseline intravascular pressure Pa

Pimpact, real Estimated peak wall impact pressure Pa

blood velocity is small with respect to the normal jet veloc-
ity, f (Vb) ≈ 1 indicating that the weakening effect of blood-
flow is negligible. As the blood velocity increases with respect
to the wall-directed jet velocity, f (Vb) decreases, indicating
higher axial deflection or dispersion of the jet injected. In the
baseline simulations, α = 1.0, β = 0.6 were considered as
indicative values and were not experimentally calibrated con-
stants. The value α = 1.0 represents a proportional baseline
case in which blood-flow weakening depends directly on the
ratio Vb

Vc sinθ
. The value β = 0.6 was selected as a medium

magnitude of damping for a scenario where velocity attenua-
tion is introduced but not at the expense of completely atten-
uating the wall-directed jet over the short distances between
the catheter tip and wall within the peripheral veins. Since
no computational fluid dynamics (CFD) or experimental mea-
surements were performed to calibrate such coefficients, nu-
merical PWIP values should be treated as scenario-based esti-
mates rather than absolute physiological predictions. The ve-
locity component normal to the effective wall that generates
the local wall impact pressure on the opposite vessel wall can
be expressed as:

Vn,e f f = (Vc sinθ) f (Vb)g(Lv),

Vn,e f f =
(
Vc sinθ

)( 1

1+α
Vb

Vc sinθ

)( 1
1+β

Lv
d

) (6)

When a contrast agent is injected through a catheter, the
PWIP exerted on the vessel can be expressed as the sum of

the pressure acting on the blood vessel and the dynamic pres-
sure, which represents the kinetic energy per unit volume of
the contrast medium. In this model, PWIP represents the
normal component of the localized impact pressure generated
when the contrast agent jet impinges upon the opposite wall of
the vessel. It does not, however, represent the entirety of the
biomechanical load experienced by the vein. Consequently,
PWIP is regarded not as a definitive predictor of vascular in-
jury, but rather as one of several mechanical factors consti-
tuting the stress environment to which the vessel wall is sub-
jected. In the following equation, ρ represents the density of
the contrast agent.

Pimpact,real = Plocal +
1
2

PV 2
n,e f f (7)

By combining all the above equations, we could make the
final equation.

Pimpact,real =

Plocal +
1
2

ρ

[(
4Qc

πd2

)
sinθ · 1

1+α

4Qb
πD2(

4Qc
πd2

)
sinθ

· 1

1+β
Lv
d

]2

(8)

In this formulation, Pimpact,real is reported in pascals. For
graphical presentation, values may be converted to kilopascals
using:
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1kPa = 1000Pa
In order to estimate the effect of the empirical correction co-

efficients, the sensitivity analysis for α and β was conducted.
Blood-flow correction coefficient α was changed from 0.5 to
3.0 and the distance damping coefficient β was varied around
its baseline value. These ranges were selected to represent
weaker, baseline, and stronger correction scenarios. For each
coefficient value, PWIP was recalculated while holding all
other baseline parameters constant.

Since Pimpact,real is depends on V 2
n,e f f differences in α and

β may be amplified in the final estimate of PWIP. To this ex-
tent, this sensitivity analysis is performed to determine how
strongly the predicted PWIP depends on the assumed correc-
tion coefficients instead of being an attempt to confirm the
specific values of α and β .

All figures were produced in Python (NumPy for numeri-
cal calculations and Matplotlib for visualization). Values used
were calculated from baseline unless otherwise indicated:

Model assumptions and scope

The parameter ranges used in this theoretical model were
selected to reflect clinically relevant conditions for contrast
agent injection through peripheral intravenous catheters.The
contrast agent injection rate varied from 1 ml/s to 8 ml/s, and
included values used in pediatric and adult patients6,7. Al-
though CAE events were not reported in some previous stud-
ies of 16G catheters, this should not be interpreted as no risk,
or the absence of events reported. The model assumed non-
fenestrated, end-hole peripheral intravenous catheters with
sizes of 18G, 20G, 22G, and 24G. A 16G catheter was not in-
cluded because this study focused on commonly used periph-
eral catheter sizes for contrast injection7. The catheter diam-
eters found for 18G, 20G, 22G and 24G were the commonly
reported peripheral intravenous catheter size in the literature,
but not from a manufacturer (18G=1.27mm, 20G=0.91mm,
22G=0.72mm, 24G=0.56 mm). In this model, θ was defined
as the effective intravascular orientation angle of the catheter-
tip jet relative to the vessel axis. Thus, θ is considered as a
modeling parameter that accounts for the normal jet portion
towards the wall of the opposing vessel. Median cubital veins,
forearm veins, wrist veins, and hand veins are used when
catheters are inserted in peripheral veins for contrast agent in-
jection. In adult males, the median cubital vein diameter is an
average of 4.2 mm before the application of a tourniquet and
4.9 mm after tourniquet application8. Hence, only the diame-
ters of vessels below 5 mm were taken into account. Periph-
eral venous blood flow beneath the forearm level ranges from
2.5 to 9 mL/min9. Table 2 and 3 summarizes the core assump-
tions, rationale for use and limitations of the theoretical PWIP
model. These assumptions served to make the model efficient
and separate the effect of catheter size, injection flow rate, in-

sertion angle, vessel diameter, and venous blood flow on the
model PWIP.

Therefore, rather than being a fully validated model for pre-
dicting the occurrence of CAE, this model is a mechanistic
framework for estimating modeled PWIP values. Additional
validation of this model is needed using bench experiments,
vascular phantom models, CFD simulations, and patient out-
come data to verify if the PWIP model is clinically associated
with CAE.

Results

To separate the injection-related contribution to PWIP, the lo-
cal intravascular pressure was treated as constant in the model.
For this simulations, Plocal was fixed as a constant reference
pressure such that any changes in PWIP represented changes
in the jet-related dynamic pressure term, not in background
venous pressure changes. This does not imply that periph-
eral venous pressure remains constant in clinical practice, as
actual venous pressure depends on the patient’s clinical con-
dition. This assumption does not imply that peripheral ve-
nous pressure remains constant in clinical practice, as actual
venous pressure can vary depending on the patient’s clinical
condition. Since the vascular environment is assumed to be
constant, Plocal was set to 0 value and the values plotted repre-
sent the gauge impact pressure generated by the contrast-agent
jet alone. This can be expressed by the following equation.

Pimpact,real ≈

Plocal +
1
2

ρ

[(
4Qc

πd2

)
sinθ · 1

1+α

4Qb
πD2(

4Qc
πd2

)
sinθ

· 1

1+β
Lv
d

]2

(9)

The catheter diameter is likely to have a great influence on
estimated PWIP in the concluding equation because it influ-
ences contrast-agent jet velocity through the catheter cross-
sectional area. Contrast injection volumetric rate also influ-
ences the estimated PWIP by changing the velocity of the jet
and, by consequence, the dynamic pressure term. The angle of
effective intravascular jet-orientation affects the PWIP by de-
termining the wall-directed component of the jet. The blood
flow and catheter-tip-to-wall distance were integrated by uti-
lizing simplified attenuation functions to represent their grad-
ual effects on effective normal jet velocity. Among the clin-
ically tested range of variables, contrast injection volumetric
flow rate produced the greatest variation in estimated PWIP
under the baseline model assumptions.Catheter diameter and
effective intravascular jet orientation angle also substantially
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Table 2 Baseline parameters used for PWIP model simulations. Summary of the baseline parameter values used in the PWIP model
simulations. These values were applied to generate Figures 2–4 unless a specific parameter was varied for sensitivity analysis.

Parameters Baseline values Rationale
Contrast agent density, ρ 1050 kg/m3 Selected as a representative density for contrast-agent
Vessel diameter, D 4.0 mm Ultrasound studies report mean median cubital vein diameters

around 3.5 mm and adult antecubital vein diameters near 4–5
mm

Tip to wall distance, Lv 3.0 mm Simplified “catheter tip-to-contralateral wall” distance,
representing the short travel distance. This value was utilized as
a geometric approximation

Contrast flow rate, Qc 4.0 mL/s Selected as a representative contrast agent injection rate within
the clinically utilized range for contrast-enhanced CT.

Blood flow rate, Qb 5.75 mL/min Selected as an illustrative reference value, specifically as a
reference value for low-flow peripheral veins.

Effective intravascular
jet-wall orientation angle, θ

20 degree Used as a moderate scenario-based value for the effective
intravascular jet-orientation angle.

Blood-flow correction
coefficient, α

1.0 Used as an illustrative baseline correction coefficient, not an
experimentally calibrated constant.

Damping coefficient, β 0.6 Used as a moderate illustrative damping coefficient, not an
experimentally calibrated constant.

Local baseline pressure,
Plocal

0 Pa To isolate only the dynamic pressure component of PWIP
generated by injection, it is assumed that the baseline remains
constant; furthermore, even in the presence of a non-zero local
venous pressure, the relative influence of Qc, d, θ , α , or β

would not be altered.
18G catheter diameter 1.27 mm
20G catheter diameter 0.91 mm
22G catheter diameter 0.72 mm
24G catheter diameter 0.56 mm

influenced estimated PWIP. While the pressure term depends
on the square of the effective normal velocity, the observed
parameter effects were determined by the clinical ranges and
by correction terms for blood-flow deflection and distance-
dependent damping. Hence the relative effects of each vari-
able should be treated as scenario-dependent rather than any
categorical ranking (Table 4 and Figure 2(a)).

Under the selected baseline assumptions and within the
contrast injection rate range of 3–5 mL/s, catheter diameter,
catheter insertion angle, and contrast injection volumetric rate
were associated with the largest changes in estimated PWIP,
in that order (Table 4, Figure 2(b)). When the contrast agent
volumetric rates between 1 to 8 mL/s were used, the PWIP
variable exhibited the greatest variation in response to differ-
ing contrast injection rates. However, when the contrast injec-
tion volumetric rate was restricted to 3 to 5 mL/s, the effect of
the flow rate on variation in PWIP was found to be minimal
(Table 4, Figure 2).

In practice, vein size and blood flow rate are two of the im-
portant factors with respect to peripheral IV access in clinical

settings. Nonetheless, the results from the model this study
used suggest that the influence of vessel diameter and blood
flow rate is relatively negligible. These findings might just
be indicative of the structural properties and assumptions of
the model. The model implies that, under conditions of high
contrast agent injection rates, the momentum of the contrast
jet rather than baseline venous blood flow may play a more
dominant role in determining local vertical impact pressure.
Nevertheless, since blood flow was described only by a sim-
plified damping term, these findings should be regarded as a
model-dependent hypothesis.

For Reynolds numbers, ρ = 1050 kg/m3 was the density
value used. In addition to estimating the approximate order of
magnitude, a representative contrast agent viscosity value of
µ = 0.006 Pa·s was assumed. The flow rate was set within the
range of Qc = 3–8 mL/s, and inner catheter diameters corre-
sponding to gauges ranging from 18G to 24G were used for
analysis. The results are shown in Table 5.

Higher injection rate and smaller catheter diameter resulted
in higher estimations of Reynolds numbers. Under the tested

© The National High School Journal of Science 2026 | 5



Table 3 Summary of assumption and limitation of theoretical PWIP model.
Variables Assumption Reason for use Limitation
Qc (1–8 mL/s) This range includes rates used in

pediatric and adult contrast-enhanced
imaging.

Actual rates vary by protocol, contrast
type, catheter size, and clinical setting.

d 18G, 20G, 22G, 24G These are commonly used peripheral
IV catheter sizes for contrast
injection.16G catheters were excluded
because no cases of CAE had been
reported in previous studies.

Other catheter sizes may be used.

θ (10◦–30◦) Used as a moderate scenario-based
value for the effective intravascular
jet-orientation angle.

The actual intravascular angle may
differ from the skin insertion angle.

D (2–5 mm) Common peripheral injection sites,
including the median cubital, forearm,
wrist, and hand veins, are often within
this range.

Vein size varies by patient, location,
tourniquet use, and hydration status.

Qb (2.5–9 mL/min) This represents reported peripheral
venous flow below the forearm level.

Venous flow changes with position,
compression, vascular condition, and
individual anatomy.

Catheter non-fenestrated This simplified the model to focus on
jet impact from the catheter tip.

Depending on whether or not the
catheter penetrates, the flow direction
and wall interactions can be altered.

Vessel wall
interaction

jet impact on the
opposite wall.

This allowed PWIP to be estimated as
one possible mechanical factor.

Real CAE involves complex flow,
vessel motion, tissue support, and
catheter position.

Vessel
compliance and
Wall shear stress

not explicitly modeled. The model focused on peak wall
impact pressure as a simplified
mechanical marker.

Veins are deformable, and shear stress
may also contribute to local vessel
effects.

Fig. 2 PWIP sensitivity for model parameters when contrast agent volumetric rates range from 1 to 8 mL/s(a) and from 3 to 5
mL/s(b). Based on the data of Table 4, PWIP variation was evaluated by changing only one input variable at a time while keeping the
remaining variables fixed at their baseline values. Sensitivity metric (fold change)

conditions Reynolds numbers varied between about 502 at 3
mL/s for an 18G catheter and about 3034 for a 24G catheter at
8 mL/s, suggesting the injected flow was not uniformly lam-
inar in all the model settings and might become transitional

or turbulent under high-flow, small-catheter conditions. Thus,
a distance-dependent attenuation term was introduced, taking
into consideration the expected jet velocity lost to the vessel
wall from the catheter tip to the opposing wall. This attenu-

6 | © The National High School Journal of Science 2026



Table 4 PWIP variation for each variable while the remaining
variables are fixed. Within a specified range, the change in each
variable was expressed as the maximum/minimum PWIP value
(fold change). Only one input variable was varied at a time, while
the remaining variables were fixed at the number of baselines. The
contrast agent volumetric flow rate was analyzed within two ranges:
1 to 8 mL/s (a) and 3 to 5 mL/s (b).

Variables (a) PWIP
Max/Min (X)

Variables (b) PWIP
Max/Min (X)

Qc (1–8 mL/s) 64.71 d (18–24G) 11.56
d (18–24G) 11.56 θ (10◦–30◦) 8.32
θ (10◦–30◦) 8.32 Qc (3–5 mL/s) 2.78
D (2–5 mm) 1.01 D (2–5 mm) 1.01
Qb (2.5–9 mL/min) 1.00 Qb (2.5–9 mL/min) 1.00

Table 5 Estimated Reynolds numbers for catheter outflow.
Estimated Reynolds numbers for contrast-agent outflow through
18G–24G catheters at injection rates of 3, 5, and 8 mL/s.

18G 20G 22G 24G
Reynolds numbers at 3ml/s 502 701 886 1138
Reynolds numbers at 5ml/s 837 1168 1477 1896
Reynolds numbers at 8ml/s 1339 1869 2363 3034

ation could be from jet diffusion, entrainment of surrounding
fluid, and interactions with the ambient blood. This justifies
the employment of a jet-attenuation correction term, and it re-
iterates that this damping function is a simplified approxima-
tion and is not a fully calibrated turbulence model.

To study the degree to which estimated PWIP is a conse-
quence of the empirical correction coefficients α and β , we
varied α and β around their baseline values. The blood flow
correction coefficient α ranged in magnitude between 0.5 to
3.0 while keeping β constant at 0.6. The distance attenuation
coefficient β ranged between 0.3 and 1.2 while controlling for
α of 1.0. The results for this are shown in Table 6.

The increase of α value reduced the estimated PWIP
slightly. This is because a higher α value implies a stronger
attenuating effect on the wall-directed jet caused by the ax-
ial blood flow. Between α = 0.5 and 3.0, it was noted that
the PWIP decreased by approximately 0.6% to 3.1%. This
indicates that the model had relatively low sensitivity to the
value of α under the baseline blood flow conditions applied
in this study. Furthermore, when the β range was increased
from 0.3 to 1.2, a considerable decrease in PWIP occurred,
decreasing by approximately 80.1% to 87.7%, which revealed
that the model is very highly sensitive to the assumed dis-
tance attenuation coefficient. However, the overall qualitative
trends remained consistent. In particular, the estimated PWIP
values were observed to increase with higher infusion rates,
smaller catheter diameters, and larger insertion angles. These
results suggest that Figures 2 through 4 should be interpreted

Table 6 Sensitivity of estimated PWIP to the blood-flow
correction coefficient α and distance-damping coefficient.
Estimated PWIP values were calculated while varying α from 0.5 to
3.0 and β from 0.3 to 1.2, holding all other baseline parameters
constant. PWIP values are reported in kPa.

18G 20G 22G 24G
α = 0.5 0.132 0.330 0.611 1.153
α = 1.0 0.131 0.329 0.610 1.151
α = 2.0 0.129 0.327 0.607 1.149
α = 3.0 0.128 0.325 0.605 1.146
Percent decrease (0.5 → 3.0) 3.1% 1.6% 1.0% 0.6%
β = 0.3 0.262 0.738 1.476 3.009
β = 0.6 0.131 0.329 0.610 1.151
β = 0.9 0.078 0.186 0.331 0.603
β = 1.2 0.052 0.119 0.208 0.371
Percent decrease (0.3 → 1.2) 80.1% 83.9% 85.9% 87.7%

as scenario-based model predictions rather than experimen-
tally calibrated pressure values. While the sensitivity analysis
supports the directional trends of the model, calibrating the α

and β values through the utilization of future experimental jet
attenuation data, wall impingement pressure measurements, or
CFD simulations will be required to derive accurate numerical
PWIP values.

PWIP change with increasing contrast injection volume rate
as per the diameter of a catheter is shown in Figure 3. PWIP
exhibits a non-linear change as the diameter decreases (i.e., as
gauge diameter increases) and is more sensitive to the contrast
injection volume rate. Specifically, the slope representing the
change in the PWIP becomes steeper at 5mL/s or higher, es-
pecially catheters with smaller diameters (Figure 3(a)). Figure
3(b) shows the factors affecting PWIP according to catheter
diameter in the contrast injection volume rate range of 3-
5mL/s. Within this range, 22 and 24G catheters demonstrate a
nonlinear increase in PWIP with increasing contrast injection
volumetric rate in this range, whereas 18 and 20G catheters
showed a relatively linear increase. At contrast injection rates
of 5mL/s or less, PWIP was less than 500 Pa, equivalent to
approximately 3.8 mmHg for 18 and 20G catheters. This
value is lower than or equivalent to expected resting periph-
eral venous pressures, which are reported to range from sev-
eral mmHg. Therefore, PWIP values <500 Pa may be con-
sidered relatively small in comparison with normal venous
pressures. However, since PWIP is a localized and transient
normal impact pressure rather than a distributed intraluminal
pressure, and because injury thresholds for contrast-agent jet
impact are not well established, these values cannot be seen as
definitive safety thresholds10. The increasing slope with de-
creasing catheter diameter indicated nonlinear amplification,
meaning that smaller diameter catheters increase PWIP more
sensitively as the contrast injection volume rate increases (Fig-
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ures 3(a) and 3(b)). This trend is highlighted by Figure 3(c).
Based on the model assumptions, 22G and 24G catheters were
associated with greater estimated PWIP than 18G and 20G
catheters across the tested injection-rate range. This separa-
tion between catheter sizes also increased as contrast injec-
tion rate increased. The slope of the PWIP change was steep-
est for the 24G catheter, indicating that the PWIP was most
sensitive to changes in contrast injection volume rate. While
PWIP with a higher contrast injection volume rate was more
sensitive among the catheters, the degree of amplification was
greater for smaller catheter diameters.

The varying PWIP per catheter diameter and contrast in-
jection volume rate as intravascular jet orientation angle of
catheter increases can be seen in Figure 4. As depicted in Fig-
ure 4(a), estimated PWIP increased as the effective intravas-
cular jet-orientation angle increased. This increase became
more pronounced for smaller-diameter catheters. Specifically,
22G and 24G catheters showed a steeper increase in esti-
mated PWIP across the tested angle range than 18G and 20G
catheters. The slope of the increase in PWIP was steeper for
24G catheter, which shows that PWIP is very sensitive to small
changes of intravascular jet orientation angle for smaller diam-
eter catheters. And with increased intravascular jet orientation
angle catheter, the PWIP also increases in relation to contrast
injection volume rate (Figure 4(b)). Upon the model assump-
tions, the estimated PWIP increased with effective intravas-
cular jet-orientation angle when the contrast injection volu-
metric rate was 3 mL/s or lower. At higher injection rates,
the increase in estimated PWIP became more pronounced, es-
pecially for smaller-diameter catheters. This suggests that,
within the tested parameter ranges, estimated PWIP was more
responsive to changes in effective intravascular jet-orientation
angle when catheter diameter was smaller and injection rate
was higher. For the 18G catheter at injection rates of 3 mL/s
or lower, changes in effective intravascular jet-orientation an-
gle produced only small changes in estimated PWIP (<500Pa)
(Figure 4).

Additional clinically plausible scenarios were evaluated to
determine whether the trends observed in the model depend
on the selected baseline conditions. Following a high base-
line flow rate (5.0 mL/s), the PWIP value for the 24G catheter
increased from 0.910 kPa in the baseline case to 1.422 kPa.
Conversely, in the lower angle of 10°, the PWIP value of the
24G catheter decreased to 0.234 kPa. A consistent correla-
tion was noted across all scenarios with baseline conditions
change. Smaller catheter diameters correlated with higher es-
timated PWIP values. While the absolute PWIP values might
differ according to the baseline assumptions, the qualitative
trends are consistent among the scenarios analyzed, as ob-
served from these results. The added scenario testing confirms
the robustness of the qualitative trend, but not the absolute nu-
merical magnitude, which in turn will depend on continued

experimental calibration or CFD calculation.

Discussion

High-quality contrast enhancement ensures consistent con-
trast resolution on diagnostic CT or MRI scans. This can
be achieved in CT scans by using high concentration contrast
agents or ramping up injection rate to increase the iodine de-
livery rate. Due to problems with peripheral venous access,
high contrast injection volumetric rates may not be tolerated
by cancer patients, intravenous drug users, elderly patients,
pediatric patients, obese patients, and hypovolemic patients11.
Although CAE is considered one of the most common adverse
events in radiology, it has not been evaluated as extensively as
other adverse events, including contrast-associated acute kid-
ney injury, and its real incidence may thus be underreported.
While CAE does not usually result in severe complications, it
can cause anxiety in patients and have adverse effects on the
interaction with the medical team5. Recent studies have sug-
gested that sensor devices and leak-detection protocols may
help detect or reduce contrast media extravasation during con-
trast administration. However, routine sensor placement for
every patient may be difficult to implement in clinical practice
because of time, workflow, and cost constraints12,13. While
several efforts have been made to decrease CAE, there is a
challenge in avoiding CAE entirely due to injections of high-
pressure contrast agents needed to produce appropriate diag-
nostic images, as well as the inherent interindividual variabil-
ity in patient conditions14. This study introduces a prelim-
inary modeling framework to explore factors that may con-
tribute to more individualized contrast-agent injection strate-
gies related to CAE risk.

CAE can be explained using three models. The first model
describes the leakage of contrast agent into the surrounding
soft tissues due to the catheter dislocation or rupture of the
catheter tip. The second model describes extravasation caused
by leakage through the puncture site of a correctly inserted
catheter. The third model describes direct vessel rupture and
extravasation by jet pressure acting on the vessel wall5. This
study focused on the PWIP of the jet of the third model.

Several studies have reported that CAE rates range from
0.3% to 1.2% when performing automated intravenous con-
trast injection volume rates of up to 8 mL/s, while the inci-
dence is lower (<1.0%) at infusion rates of 5 mL/s or less.
These studies also reported no clear correlation between con-
trast injection volumetric rate and CAE. However, their find-
ings were limited by their small sample sizes6,15,16. Under
the assumptions of this model, contrast injection volumet-
ric rate affected estimated PWIP across the tested range of
1–8 mL/s, with a more pronounced nonlinear increase ob-
served for smaller-diameter catheters such as 22G and 24G.
Larger-diameter catheters, such as 18G and 20G, showed
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Fig. 3 Changes of the PWIP according to catheter diameter (18, 20, 22, and 24G) and contrast injection volumetric rates of 1-8mL/s
(a) and 3-5mL/s (b). The PWIP difference associated with the contrast agent injection volumetric rate as catheter diameter decreases is
shown in (c).

Fig. 4 Changes in the PWIP according to catheter diameter (18, 20, 22, and 24G) (a) and contrast injection volumetric rate (b) with
respect to changes in catheter insertion angle (10-30degrees).

smaller changes in estimated PWIP across the same injection-
rate range. Within the clinically relevant range of 3–5 mL/s,
changes in injection rate had a smaller relative effect on esti-
mated PWIP than catheter diameter or the effective intravas-
cular jet-orientation angle. These findings suggest that injec-
tion rates above 5 mL/s may increase estimated normal im-

pact pressure, particularly for smaller catheters. Retrospec-
tive cohort studies have shown that 22G catheters are associ-
ated with higher CAE rates than 18 and 20G catheters, while
no significant difference has been observed between 18 and
20G catheters6,17,18. However, a prospective pediatric co-
hort study by Amaral et al. found that catheter size did not
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significantly affect the incidence of CAE15. Under the as-
sumptions of this model, catheter diameter was an impor-
tant factor influencing estimated PWIP, with smaller diame-
ters associated with greater increases in estimated PWIP. In
addition, 18G and 20G catheters showed relatively smaller
changes in estimated PWIP as contrast injection rate or ef-
fective jet-orientation angle increased. Therefore, within the
tested parameter ranges, larger-diameter catheters such as 18G
and 20G may be less sensitive to changes in other injection-
related variables and may help limit increases in estimated
PWIP. Although PWIP should not be interpreted as an ex-
plicit predictor of CAE, it may indeed offer a biomechani-
cal model of the vascular wall loads associated with injection.
Koori et al. demonstrated the relationship between peak in-
jection pressure and CAE on contrast-enhanced CT, therefore
confirming the clinical importance of pressure-related injec-
tion parameters. But because peak injector pressure is dis-
tinct from the local PWIP or contrast injection dynamics es-
timated in this model, this comparison should be seen as pro-
viding an indirect clinical context rather than validating the
model formally19. To our knowledge, no studies have exam-
ined the relationship between the effective jet-orientation an-
gle and CAE. In our model, a smaller effective jet-orientation
angle minimized the influence of other variables on PWIP.
Further studies are needed to investigate the relationship be-
tween effective jet-orientation angle and CAE, particularly us-
ing ultrasound-guided catheter insertion. Viscosity has been
observed to influence CAE probability. A study by Hwang
et al. found that viscosity exceeding 9.4 mPa·s increased the
risk of CAE20. In liquids, viscosity and temperature are in-
versely related. Therefore, the viscosity and flow resistance
of high-viscosity contrast agents decrease as temperature in-
creases21. For this study, viscosity used in the equation was
not included as a separate variable but as part of the coefficient
β . A limitation of this model is that the correction coefficients
α and β have not been calibrated from experimental jet attenu-
ation measurements, wall-impingement pressure data, or CFD
simulations. Therefore, the selected reference values should
not be treated as general constants that apply to unique pa-
tients or devices. In the present study, the reported values are
rather simplified scenario assumptions to investigate the im-
pact of catheter size, contrast injection rate, catheter insertion
angle, and vessel geometry on the PWIP. Numerical PWIP re-
sults and sensitivity presented in Figures 2 through 4 are used
as illustrative examples and not as experimental facts. Future
studies should aim to estimate α and β by utilizing data de-
rived from measured jet attenuation behaviors, in vitro vessel
phantoms, wall-impingement pressure sensors, or CFD simu-
lations. Once calibrated coefficient values and their associated
uncertainty ranges are established, these uncertainties should
be incorporated into the PWIP model to derive confidence in-
tervals for the predicted pressure values. A limitation of this

model is that the value of θ was not measured as the actual
angle of the catheter tip within the vessel following catheter
insertion. The angle utilized in this model represents an effec-
tive jet direction parameter that determines the vertical com-
ponent of the contrast jet; in reality, the actual angle within
the vessel may be smaller than the initial angle of needle entry
through the skin. Future studies employing ultrasound, phan-
toms, or computational simulations should aim to empirically
measure catheter-tip orientation after insertion and use these
data to refine the range of θ values in the model.

The current investigation assumed the absence of a fenes-
trated catheter, considering only the diameter of the catheter
as a variable. In addition, wall shear stress on the vessel wall
was not accounted for. Such limitations can be overcome by
making a bigger model by integrating other more variables.
Moreover, this research utilized only one of the three CAE hy-
potheses, which the authors suggest further investigate CAE,
its causes, and the variables which contribute to the occurrence
of CAE. To improve the accuracy of this model, large-scale
clinical trials that minimize the possibility of CAE underre-
porting are needed. Another limitation of this model is that
PWIP does not fully reflect the biomechanical environment
associated with the occurrence of injury in peripheral veins.
This model focuses solely on the perpendicular pressure gen-
erated by the component of the contrast jet directed toward
the vessel wall. In other words, it does not take into account
factors such as shear stress, the intrinsic tension of the vessel
itself, contact with the tip of the vascular catheter, or biologi-
cal reactions to the contrast agent. Recent clinical studies fur-
ther support that CAE is a multifactorial outcome rather than
a process determined by injection pressure, catheter size, or
injection rate alone. Cooper et al. identified clinical and pro-
cedural predictors of contrast extravasation in an emergency
department setting, while Wang et al. reported that contrast
media extravasation injury during contrast-enhanced CT was
associated with multiple patient- and procedure-related fac-
tors22,23. Other studies have also identified old age, female
sex, diabetes, venous thrombosis, multi-site angiography, con-
trast injection rates exceeding 3 mL/s, a BMI of less than 18.5,
emergency patient status, and the absence of a saline flush as
major risk factors for CAE24,25. As part of an effort to mit-
igate these clinical factors associated with CAE, Shigematsu
et al. sought to assess venous fragility and establish a pre-
ventive scanning protocol26. This model has the limitation of
not reflecting these clinical factors known to influence CAE.
Consequently, this model should not be interpreted as a defini-
tive predictor of contrast extravasation or vascular injury. In-
stead, it serves as a mechanical metric that aids in comparing
factors such as injection rate, catheter diameter, effective jet-
orientation angle, and vascular geometry to influence specific
components of the load exerted on the vessel wall.

Under the tested model assumptions, estimated PWIP
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tended to increase with higher contrast injection volumetric
rates, smaller catheter diameters, and larger effective intravas-
cular jet-orientation angles. Within the contrast injection-rate
range of 3–5 mL/s, which overlaps with conditions in selected
clinical studies reporting low CAE incidence, changes in in-
jection rate appeared to have a smaller relative effect on esti-
mated PWIP than catheter diameter or effective intravascular
jet-orientation angle. Across the tested parameter ranges, 18G
and 20G catheters generally showed smaller increases in esti-
mated PWIP than 22G and 24G catheters. This trend appears
qualitatively consistent with selected clinical observations, al-
though direct comparison is limited because previous studies
reported CAE incidence, whereas the present model estimates
PWIP rather than clinical outcome data.

Therefore, based on our results, it seems reasonable to sug-
gest that 18G and 20G catheters may be associated with lower
modeled PWIP under the conditions analyzed in this study.
Nevertheless, these findings should not be taken as a direct
clinical recommendation, since the association between PWIP
and actual CAE outcomes remains to be confirmed. Rather,
factors which impact PWIP may be taken into account in
follow-up studies which examine how injection parameters
and patient-specific venous conditions influence vessel wall
loading. With additional experimental, computational, and
clinical validation, this model could help inform the develop-
ment of more personalized contrast agent injection strategies.
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