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Purpose: To develop a method to incorporate the propagation of 
contrast material into computational anthropomorphic 
phantoms for estimation of organ dose at computed to-
mography (CT).

Materials and 
Methods:

A patient-specific physiologically based pharmacokinetic 
(PBPK) model of the human cardiovascular system was in-
corporated into 58 extended cardiac-torso (XCAT) patient 
phantoms. The PBPK model comprised compartmental 
models of vessels and organs unique to each XCAT model. 
For typical injection protocols, the dynamics of the con-
trast material in the body were described according to a 
series of patient-specific iodine mass–balance differential 
equations, the solutions to which provided the contrast 
material concentration time curves for each compartment. 
Each organ was assigned to a corresponding time-varying 
iodinated contrast agent to create the contrast material–
enhanced five-dimensional XCAT models, in which the fifth 
dimension represents the dynamics of contrast material. 
To validate the accuracy of the models, simulated aortic 
and hepatic contrast-enhancement results throughout the 
models were compared with previously published clinical 
data by using the percentage of discrepancy in the mean, 
time to 90% peak, peak value, and slope of enhancement 
in a paired t test at the 95% significance level.

Results: The PBPK model allowed effective prediction of the time-
varying concentration curves of various contrast material 
administrations in each organ for different patient models. 
The contrast-enhancement results were in agreement with 
results of previously published clinical data, with mean 
percentage, time to 90% peak, peak value, and slope of 
less than 10% (P . .74), 4%, 7%, and 14% for uniphasic 
and 12% (P . .56), 4%, 12%, and 14% for biphasic in-
jection protocols, respectively. The exception was hepatic 
enhancement results calculated for a uniphasic injection 
protocol for which the discrepancy was less than 25%.

Conclusion: A technique to model the propagation of contrast material 
in XCAT human models was developed. The models with 
added contrast material propagation can be applied to 
simulate contrast-enhanced CT examinations.
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material and to build toward the first 
generation of contrast-enhanced hu-
man models. The second article in this 
series will then extend the work in cal-
culating patient-specific organ and ef-
fective doses of contrast material.

Materials and Methods

Pharmacokinetic Model
Authors of many studies (23–27) have 
attempted to simplify the inherent com-
plexity of simulating the propagation of 
contrast material throughout the car-
diovascular system, which can be sub-
stantial. In this work, we adopted a pre-
viously published physiologically based 
pharmacokinetic (PBPK) model of the 
cardiovascular system for the prediction 
of vascular and parenchymal contrast-
enhancement rates (27–31). The model 
consisted of a network of compart-
ments representing the key organs and 
vessels shown in Figure 1. Each organ 
compartment was further modeled into 
three subcompartments: intravascular, 
extracellular, and intracellular com-
partments (Fig 2). In this model, the 
contrast medium was injected into the 
injection vessel in the antecubital site, 
mixed in the right side of the heart, 
passed to the lung through the pulmo-
nary artery, returned to the left side of 
the heart through the pulmonary vein, 

their oversimplified stylized structures 
or representation of a small number of 
patient body sizes (12,13). To address 
these limitations, we have developed 
a large library of computerized four-
dimensional extended cardiac-torso 
(XCAT) human models on the basis 
of real CT images encompassing di-
verse patient anatomy and body sizes 
(14). While effective for a wide range 
of medical imaging studies (15–18), 
the current XCAT models have a major 
drawback, which is the lack of model-
ing of the vascular and parenchymal en-
hancement that occurs during contrast 
material–enhanced CT. This severely 
limits the use of XCAT in virtual studies 
to evaluate and optimize current CT im-
aging technology.

In clinical practice, contrast ma-
terial is used widely to improve im-
age quality and diagnostic sensitivity 
and specificity. More than 60% of 
cross-sectional body imaging (CT and 
magnetic resonance imaging) per-
formed in the United States involves 
the use of contrast material. Contrast 
material affects not only image quality 
(thus the reason for its use) but also 
radiation dose because of increased 
x-ray absorption (19). Therefore, the 
incorporation of contrast material to 
optimize CT continues to be a major 
need, particularly in light of the results 
of some published articles (20–22) 
that highlight the increased frequency 
of double-strand DNA breaks in the 
presence of iodinated contrast mate-
rial in the blood during CT. In this arti-
cle, we aim to develop a platform to in-
corporate the propagation of contrast 
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Advances in Knowledge

 n The physiologically based phar-
macokinetics model developed in 
this study allowed prediction of 
the time-varying concentration 
behavior of contrast material in 
organs throughout different 
patient models.

 n Contrast enhancement as a func-
tion of time in patients shows a 
wide range of variability (up to 
37% for peak value), which 
reflects the inherent anatomic 
and physiologic variability 
throughout a population of 
healthy patients.

 n Incorporation of the dynamics of 
blood circulation and contrast 
medium perfusion into various 
computational patient phantoms 
helps to pave the way toward vir-
tual imaging studies and compre-
hensive optimization of adminis-
tration of contrast material.

Implications for Patient Care

 n The resources developed in this 
study may be adopted as virtual 
tools for optimization of timing 
and magnitude of administration 
to achieve targeted contrast-
enhanced CT.

 n The contrast-enhanced computa-
tional models developed in this 
study enable development of clin-
ical trials for new contrast agents 
and of optimized clinical imaging 
protocols for patient care.

Dramatic improvements in med-
ical image quality and diagnosis 
have been introduced during the 

past 2 decades. Such advancements, 
particularly in computed tomography 
(CT), have resulted in improvements 
in patient diagnosis and treatment. To 
promise the most effective and safest 
use of imaging technology, optimization 
in the use of medical systems is more 
essential than ever. Clinical trials of-
fer the most representative reflection 
of the performance of a system (1–3); 
however, clinical trials are cumber-
some, costly, and impractical for many 
options for optimization. Virtual clinical 
trials, which involve the use of computa-
tional phantoms and models of the im-
aging process, can offer a more efficient 
means to evaluate current and emerg-
ing imaging systems and methods. Such 
trials are being explored increasingly 
for imaging research (4–7).

Virtual clinical trials require a re-
alistic computerized patient population 
to serve as the known truth. Myriad 
computerized human phantoms have 
been developed that can be used for 
virtual clinical trials (8–11). However, 
most of these phantoms are limited by 
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ratio of 0.83, which is the ratio of the 
total extracellular fluid volume and in-
tracellular fluid volume (ie, 15.9/19.1 = 
0.83). Finally, the capillary volume and 
regional blood flow rates (3) were as-
signed on the basis of available physio-
logic data (32,36). The regional blood 
flow data of the standard model, in-
cluding the estimated blood flow rate 
and intravascular and extracellular 
volume, are listed in Table 1. Knowing 
the design of the PBPK model of the 
cardiovascular system, we applied an 
analytical technique to model the dy-
namics of contrast material in the hu-
man body (Appendix E1 [online]).

Incorporation of the PBPK Model into the 
XCAT Phantoms
In this study, we used XCAT models of 
58 adult patients from our library (Fig 
E1 [online]), with a mean age of 52 
years (range, 18–78 years), mean weight 
of 80.2 kg (range, 52–117 kg); including 
35 men (age range, 18–78 years; weight 
range, 60–117 kg) and 23 women (age 
range, 27–75 years; weight range, 52–
106 kg). W.P.S. is the developer of the 
XCAT phantoms and software licensed 
through the Office of Licensing and 
Ventures at Duke University. To create 
a population of five-dimensional XCAT 
phantoms, including contrast material 
dynamics, patient-specific PBPK con-
trast material models were implemented 
into previously developed XCAT models 

material injected, the extracellular fluid 
volume ranged from 9 L to 22 L. The 
extracellular fluid volume decreased as 
the molecular weight of the contrast 
material increased. The total extra-
cellular fluid volume (including 3 L of 
plasma) used in this model was 18.9 L 
(calculated by using 0.27 as the appar-
ent volume value of distribution of io-
hexol), or 15.9 L without plasma (34). 
For a typical adult patient with blood 
volume of approximately 5 L, the total 
intracellular fluid volume (19.1 L) was 
calculated as the difference in the total 
body fluid (40 L) and total extracellular 
fluid volume (18.9 L). In the absence 
of information about extracellular and 
intracellular fluid volume for individ-
ual organs, an assumption was made 
to estimate the fluid volume of indi-
vidual organs by using the total fixed 

and finally, distributed throughout the 
body through the artery.

To construct the PBPK model for 
each XCAT phantom, a set of initial 
adjustments was required. This pri-
mary model with initial estimated 
and collected values is referred to as 
the standard contrast material model. 
The average blood volume of 5 L (3 L 
of plasma and 2 L of red blood cells 
[30]) and cardiac output of 6 L/min 
were used in this standard model. 
Each individual’s tissue volume, blood 
flow rate, and blood distribution at 
different regions as well as the intra-
vascular, extracellular, and intracel-
lular distribution of body fluid were 
determined from available physiologic 
data. For a 70-kg adult patient, the 
total body fluid was assumed to be 40 
L (33,34). Depending on the contrast 

Figure 1

Figure 1: Diagram shows PBPK compartmental model used for simulating pharmacokinetics of contrast medium through the 
cardiovascular system. Model includes 37 compartments: Each ellipse represents a vessel compartment and each box repre-
sents an organ, with numbers corresponding to compartment numbers in Table 1. Red dashed lines show first path of contrast 
material, while blue dashed lines show return path of contrast material from organs to heart.

Figure 2

Figure 2: (a) Organ and (b) vessel compartments. Each organ is modeled with three subcompartments: 
Intravascular (IV ), extracellular (EC ), and intracellular (IC ). C

IV
 and C

EC
 are intravascular and extracellular 

concentrations, and V
IV
 and V

EC
 are intravascular and extracellular volumes. Note that input and output blood 

flow rates (Q ) are assumed to be equal.
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  BV
(1)

and

 BV , 
(2)

where BV, H, and W are blood vol-
ume, height, and weight of male and 
female patients (32,36). Second, the 
total organ volume data were extract-
ed from each specific XCAT patient 
model. Third, for an individual XCAT 
model, the ratio of the estimated blood 
volume to the total blood volume of the 
standard model (BV ratio) was com-
puted. The BV ratio was then applied 
to adjust the vessel volumes and the 
organ subspace volumes, including in-
travascular, extracellular, and intracel-
lular spaces (ie, vessels and subspace 
volumes of the standard model were 
multiplied by the BV ratio). Finally, the 
cardiac output of each model was fur-
ther adjusted on the basis of the height 
and weight of the patient by using the 
following equations:

CO  (3)

and

1[ age 30 ]0.008CO CO ,
(4)

where CO
30 and CO

.30 are cardiac 
outputs of patients aged 30 years or 
younger and those older 30 than years 
(27,37,38). Second, the personalized 
PBPK contrast material model was 
incorporated into our models to cre-
ate contrast-enhanced XCAT models. 
Each XCAT patient model was defined 
according to a pair of voxelized three-
dimensional matrices, one of which 
represents a map of the organs (ie, an 
xcat.org file), and the other one rep-
resents a map of corresponding organ 
materials (ie, an xcat.mat file). First, 
the .mat files of the unenhanced XCAT 
models were modified to include and 
reflect the time-varying iodine con-
centration profile in different organs. 
Then, for each xcat*.org file represent-
ing an individual XCAT model, a time 
series of xcat_*.mat files (eg, xcat_5.
mat, xcat_20.mat files2) corresponding 
to different time points after the injec-
tion was generated.

including organ volume and patient 
height, weight, sex, and age. First, the 
total blood volume was estimated for 
each XCAT model by using one of the 
two following equations chosen on the 
basis of patient sex:

(14). The following two steps summarize 
this process.

First, the PBPK contrast material 
model was personalized for an indi-
vidual XCAT model on the basis of 
the given patient-specific information 

Table 1

Estimated Blood Distribution in the Vascular System, Blood Flow Rate, and Capillary 
Volumes Used in PBPK Standard Model

Compartment Type
Blood Flow Rate  
(mL/sec)

Intravascular Volume 
(mL)

Extracellular Volume 
(mL)

1. Right heart Vessel 29.0 180 0
2. Pulmonary artery Vessel 108.3 130 0
3. Lung parenchyma Organ 108.3 150 144
4. Pulmonary vein Vessel 108.3 160 0
5. Left heart Vessel 108.3 180 0
6. Aorta Vessel 108.3 100 0
7. Carotid artery Vessel 16.3 20 0
8. Head Organ 16.3 37 484
9. Superior jugular vein Vessel 16.3 80 0
10. Subclavian aorta Vessel 5.4 20 0
11. Upper extremity Organ 5.4 12 2751
12. Superior vena cava Vessel 2.7 40 0
13. Superior vena cava Vessel 2.7 40 0
14. Heart muscle Organ 4.3 10 103
15. Bronchial artery Vessel 82.3 100 0
16. Lung nonparenchyma Organ 2.2 5 144
17. Descending aorta Vessel 80.2 100 0
18. Hepatic artery Vessel 7.5 20 0
19. Mesenteric artery Vessel 15.5 20 0
20. Small intestine Organ 15.6 20 322
21. Colon Organ 15.6 14 218
22. Celiac artery Vessel 8.2 20 0
23. Stomach Organ 8.25 10 62
24. Portal vein Vessel 23.8 100 0
25. Liver Organ 7.5 71 524
26. Renal vein Vessel 31.4 100 0
27. Inferior vena cava Vessel 80.1 800 0
28. Pancreas Organ 8.25 2 12
29. Spleen Organ 8.25 6 37
30. Abdominal aorta Vessel 48.7 80 0
31. Renal artery Vessel 23.8 20 0
32. Kidney Organ 23.8 54 89
33. Renal vein Vessel 23.8 100 0
34. Inferior vena cava Vessel 48.7 700 0
35. Iliac artery Vessel 24.9 200 0
36. Trunk and lower extremities Organ 24.9 57 11 002
37. Iliac vein Vessel 24.9 1000 0

Note.—The compartments are numbered in the order in which they appear in Figure 1. In our compartmental model, the heart 
was constructed of three separate compartments: the left heart, right heart, and heart muscle. Note that because of the 
negligible amount of perfusion occurring in left and right heart, they were assumed to be vessel compartments. The table only 
includes the organs’ names (except aorta), and the vessels are named with their compartment numbers (except aorta). 
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derived proportionality between the 
iodine concentration and contrast en-
hancement (37). For a scanner oper-
ating at 120 kVp, the most commonly 
used tube voltage in adult patients, there 
was a linear correlation between con-
centration and contrast enhancement at 
a constant slope of 25–30 HU/mg of io-
dine. The proportionality constant used 
in this work was 26.18 HU/mg of iodine.

Results

Advent of Contrast-enhanced XCAT 
Models
The XCAT series of phantoms were suc-
cessfully modified to enable simulation 
of contrast-enhanced CT scans. Figure 4  
is an illustration of a five-dimensional 
XCAT model at discrete times after ad-
ministration of contrast material. The 
organ voxel values (color bar) in the 
figure reflect the iodine concentration 
at different time points from our PBPK 
model personalized to a selective male 
XCAT model (weight, 70.5 kg; height, 
168 cm). The iodine concentration 
time results obtained from the brain, 
heart, lung, liver, stomach, spleen, pan-
creas, small intestine, large intestine, 
and kidney are illustrated in Figure 5. 
The contrast-enhancement time curves 
for different organs throughout our li-
brary of XCAT phantoms subjected to 

is the clinical simulated contrast enhance-
ment at the ith time point. The other met-
rics were percentage of discrepancy of (b) 
the time to 90% peak enhancement, (c) 
the peak values, and (d) the slope (also 
called gradient) of enhancement with the 
following general equation:

       
, (6)

where Xdis, Xsim, and Xclin are the per-
centage of difference (discrepancy) in 
X and the simulated or clinical value 
of the X metric, respectively. These 
metrics were calculated for the mean 
value of simulated and clinical aortic 
and hepatic contrast enhancement. 
Furthermore, a statistical comparison 
of the simulated and clinical mean data 
was performed with a paired t test at 
the 95% significance level, with the 
null hypothesis that there was no dif-
ference in simulated and clinical data. 
Such a statistical test is justified be-
cause the compared quantities were 
averaged throughout a different popu-
lation of patients and were assumed to 
follow normal distribution.

The output of the mass balance dif-
ferential equations described in Equa-
tions (2) and (3) are in the form of 
contrast material concentration value. 
Therefore, to calculate the contrast en-
hancement, we applied the previously 

Comparison of Simulated Results to 
Clinical Data
Aortic and hepatic CT contrast-enhance-
ment time results were modeled for a li-
brary of 58 adult XCAT models, subject-
ed to two commonly used intravenous 
injection protocols: a uniphasic injection 
of 125 mL of contrast material (320 mg 
of iodine per milliliter) at 5 mL/sec and 
a biphasic injection of 50 mL of the same 
contrast agent at 2.5 mL/sec followed by 
75 mL at 1 mL/sec (Fig 3) (39). The sim-
ulated results were then compared with 
clinical data. The clinical data were ob-
tained from a prior study by Heiken et 
al (39). The data reflected the hepatic 
and aortic mean contrast-enhancement 
values acquired from a group of 27 and 
28 patients receiving the same uniphasic 
and biphasic injection protocols.

The results were compared by using 
four simple semiquantitative compar-
ison metrics that have been used fre-
quently in diagnostic practice, particu-
larly in breast cancer studies (40–42): 
(a) the mean percentage of discrepancy 
(MP), defined as:

  

MP 1

1

CE
CE

CE
,

(5)

where n is the number of time points, 
CE(i)sim is the simulated contrast enhance-
ment at the ith time point, and CE(i)clin 

Figure 3

Figure 3: Graphs show uniphasic (left) and biphasic (right) intravenous contrast agent injection protocols. Uniphasic injection was of 125 mL of contrast material 
(320 mg of iodine per milliliter [mgI/ml]) at 5 mL/sec and biphasic injection was of 50 mL of the same contrast agent at 2.5 mL/sec followed by 75 mL at 1 mL/sec.
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XCAT models demonstrated encourag-
ing concordance with the clinical data. 
Figure 7 shows the simulated aortic and 
hepatic contrast-enhancement time re-
sults from individual XCAT models and 
also the mean value throughout all the 
models compared with the mean clin-
ical contrast-enhancement data. Since 
the patients were randomly selected 
and had a wide range of body weights, 
the experimental data (indicated with 
× symbols in Fig 7) represent the av-
erage of a wide range of enhancement 
values at each time point. For the uni-
phasic injection protocol, the maxi-
mum simulated aortic and hepatic con-
trast-enhancement results averaged 
throughout XCAT models (shown with 
solid black curve in Fig 7) were 293 
HU and 57 HU, versus 315 HU and 60 
HU from clinical data. For the biphasic 
protocol, the simulated maximum aor-
tic and hepatic results were 163 HU 
and 50 HU versus 175 HU and 57 HU 
from clinical data.

The simulated aortic and hepatic 
contrast-enhancement results were 
in good agreement with clinical data. 
The results of the comparison metrics 
(mean percentage, time to 90% peak, 
peak value, and slope) calculated by 
comparing the mean values of simu-
lated and clinical contrast-enhancement 
data of the patients who underwent the 
uniphasic injection protocol were less 
than 10%, 4%, 7%, and 14%, and for 
patients who underwent the biphasic 
injection protocol, the comparison re-
sults were less than 12%, 4%, 12%, 
and 12%, respectively. The exception 
was hepatic enhancement results calcu-
lated for the uniphasic injection proto-
col, which showed that the discrepancy 
was as much as 16% and 25% for mean 
enhancement and time to peak. The 
discrepancy results calculated from the 
aorta and liver throughout two injection 
protocols are shown in Table 3.

Discussion

Human models are gaining wide-
spread utility in imaging research 
and imaging technique optimization 
and sometimes are characterized 
in virtual clinical trials. Given the 

estimated dispersion of the peak values 
of simulated aortic and hepatic contrast-
enhancement curves for the population 
of XCAT models subjected to the uni-
phasic and biphasic injections.

Comparison of Simulated Results to 
Clinical Data
The simulated contrast-enhancement 
time results from our five-dimensional 

uniphasic and biphasic injections are 
shown in Figures E2 and E3 (online).

The simulated results showed a 
wide range of peak value dispersion (up 
to 37%; Table 2) around the mean en-
hancement values that followed a nor-
mal distribution pattern, which reflects 
the inherent anatomic and physiologic 
variability throughout a population of 
patients (Fig 6). Table 3 is a summary of 

Figure 4

Figure 4: Coronal images show distribution of contrast material throughout five-dimensional XCAT 
model subjected to uniphasic injection protocol of 125 mL of contrast agent (320 mg of iodine per milliliter 
[mgI/ml]) at 5 mL/sec in the first 100 seconds after injection.
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widespread use of contrast-enhanced 
imaging, these phantoms also must 
allow the modeling of contrast mate-
rial dynamics. With the goal of devel-
oping patient-specific computational 
phantoms with a sufficient level of re-
alism to enable virtual clinical trials, 
we created a new generation of com-
putational patient phantoms, five-di-
mensional XCAT phantoms, by incor-
porating a previously validated PBPK 
model into our patient models. These 
new models provide the ability to sim-
ulate personalized contrast-enhanced 

Figure 5 Table 2

Dispersion of Peak Values of 
Simulated Contrast-enhancement 
Curves

Injection Type
Standard 
Deviation (HU) Difference (%)

Uniphasic
 Aorta 36 228% to 22%
 Liver 8 232% to 36%
Biphasic
 Aorta 19 224% to 25%
 Liver 7 232% to 37%

Note.—Simulated contrast-enhancement curves were 
derived from 58 XCAT models. 

Figure 5: Graph shows 
iodine concentration 
curves for different 
organs used to update the 
particular organ’s material 
as a function of time in 
male XCAT model. mgI/ml 
= milligrams of iodine per 
milliliter.

Figure 6

Figure 6: Graphs show distribution of peak value of simulated arterial and hepatic contrast-enhancement curves from 58 XCAT models for (a) uniphasic and (b) 
biphasic injection protocols.

Table 3

Simulated Contrast-enhancement Measures

Injection Type Mean Percentage P Value
Time to 90% Peak 
Enhancement Peak Values Slope of Enhancement 

Uniphasic
 Aorta 10 .98 4 7 14
 Liver 16 .74 25 5 18
Biphasic
 Aorta 8 .66 1 2 12
 Liver 12 .56 4 12 7
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the extracellular and intracellular fluid 
volumes was fixed throughout all the 
organs and was equal to the total ratio 
(0.83) calculated for the whole body. 
In reality, this ratio varies from patient 
to patient. We made this assumption 
because there was insufficient infor-
mation for specific patients. However, 
as described in the Materials and 
Methods, although the ratio between 
the extracellular and intracellular fluid 
is constant throughout different pa-
tients, the extracellular and intracel-
lular fluid values vary on the basis of 
the total blood volume of the patients 
(range, 3.54–6.27 L). The extracellu-
lar and intracellular fluid levels in this 
study were 12.3–21.2 L and 14.8–25.4 
L, respectively, throughout our XCAT 
population. In the future, a series of 
sensitivity analyses will be required 
to evaluate the effect of change in 
the individual (or multiple) parame-
ter values. Also, it might be possible 
to revise this assumption on the basis 
of the inherent vascular structure by 
considering further the organ tissue 
heterogeneity (43).

Another limitation was that the 
model developed in this study did not 
take into account the cardiac pathologic 
states. The cardiac output was strongly 
affected by age (44). Authors of some 
studies (25,37,45) have reported a 

with respect to the heart, can increase 
the enhancement. This was partially 
evident for the liver. These generic 
behaviors can serve as a basis for per-
sonalizing contrast material injection 
protocols for individual patients based 
on their unique attributes.

This wide range of variability in 
cardiac output can have a profound ef-
fect, ranging up to 30%, on the con-
trast-enhancement results (37). In this 
work, we assumed that the cardiac 
output (range, 3975–7972 mL/min) of 
the models was related to the height, 
weight, and age by using a regression 
model. A single XCAT model cannot 
be expected to represent generically 
individual patients with similar charac-
teristics: patients with similar height, 
weight, and age do have varying cardiac 
outputs. However, the model can be pa-
rameterized to represent the mean and 
range of variability of the propagation 
of contrast material throughout a sub-
set of patients. To do so, a particular 
XCAT model can be developed to repre-
sent contrast material propagation that 
matches a mean throughout the repre-
sented patient group or in individual 
patients in that group.

Because of the lack of specific 
data regarding the volumes of the 
extracellular and intracellular body 
fluids, we assumed that the ratio of 

CT procedures with potential applica-
tions beyond CT.

The simulated aortic and hepatic 
contrast-enhancement time values 
from the enhanced five-dimensional 
XCAT models were in close agreement 
with clinical data for time-to-peak and 
peak values. The higher discrepancy 
values (time to peak value of 25% and 
slope of 18%) calculated for the he-
patic enhancement after a uniphasic 
injection may be due to the lack of 
clinical imaging data at 45–60 seconds 
(ie, the missed data points at exact 
enhancement peak may result in large 
discrepancy between the simulation 
and clinical data). The difference be-
tween the simulation results and clin-
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Despite the fact that the simulated 
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ferent organs were different, they all 
shared a generic pattern, in which the 
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peak, with subsequent slow decline. In 
some organs, the enhancement peak 
time was affected also by recircula-
tion of the contrast material, which, 
depending on the injection duration, 
organ diffusion rate, and location of 
the organ in the circulatory system 

Figure 7

Figure 7: Graphs show simulated and clinical aortic and hepatic contrast-enhancement time curves with (a) uniphasic and (b) biphasic injections. Simulated 
results are shown with thin solid curves for the aorta (blue) and liver (red). Thicker black curves represent mean value of simulation data for each data set.
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incorporated a PBPK model and the 
anatomic parameters of the XCAT 
phantoms including height, weight, 
and organ volumes. Modeling contrast 
material propagation through multi-
compartmental flow analysis offered 
validated contrast material dynamics in 
a population of patients, enabling sys-
tematic optimization of CT for image 
quality, radiation dose, and contrast 
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