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Dynamic contrast enhanced 
(DCE) MRI estimation of vascular 
parameters using knowledge‑based 
adaptive models
Hassan Bagher‑Ebadian 1,2,3,4*, Stephen L. Brown 1,2,7, Mohammad M. Ghassemi 5, 
Tavarekere N. Nagaraja 2,6, Olivia Grahm Valadie 7, Prabhu C. Acharya 4, Glauber Cabral 8, 
George Divine 9,10, Robert A. Knight 8, Ian Y. Lee 6, Jun H. Xu 6, Benjamin Movsas 1,2,7, 
Indrin J. Chetty 1,4,7 & James R. Ewing 2,4,6,8,11

We introduce and validate four adaptive models (AMs) to perform a physiologically based Nested‑
Model‑Selection (NMS) estimation of such microvascular parameters as forward volumetric transfer 
constant,  Ktrans, plasma volume fraction,  vp, and extravascular, extracellular space,  ve, directly from 
Dynamic Contrast‑Enhanced (DCE) MRI raw information without the need for an Arterial‑Input 
Function (AIF). In sixty‑six immune‑compromised‑RNU rats implanted with human U‑251 cancer cells, 
DCE‑MRI studies estimated pharmacokinetic (PK) parameters using a group‑averaged radiological 
AIF and an extended Patlak‑based NMS paradigm. One‑hundred‑ninety features extracted from raw 
DCE‑MRI information were used to construct and validate (nested‑cross‑validation, NCV) four AMs for 
estimation of model‑based regions and their three PK parameters. An NMS‑based a priori knowledge 
was used to fine‑tune the AMs to improve their performance. Compared to the conventional analysis, 
AMs produced stable maps of vascular parameters and nested‑model regions less impacted by AIF‑
dispersion. The performance (Correlation coefficient and Adjusted R‑squared for NCV test cohorts) of 
the AMs were: 0.914/0.834, 0.825/0.720, 0.938/0.880, and 0.890/0.792 for predictions of nested model 
regions,  vp,  Ktrans, and  ve, respectively. This study demonstrates an application of AMs that quickens 
and improves DCE‑MRI based quantification of microvasculature properties of tumors and normal 
tissues relative to conventional approaches.

Dynamic Contrast Enhanced Magnetic Resonance Imaging (DCE-MRI) allows for the quantification of micro-
vascular parameters such as the forward volumetric transfer constant  (Ktrans), plasma volume  (vp), and extra-
vascular extracellular space  (ve). These vascular parameters are being evaluated for their value in cancer treatment 
planning and prediction of tumor  aggressiveness1. In animal models, DCE-MRI Pharmacokinetic (PK) analysis 
shows promise in describing tumor  physiology2,3, and of physiological reaction to  treatment4–10.

Box’s heuristic that “All models are wrong, some are  useful11” rules DCE-MRI studies in brain. A thorough 
consideration of systematic sources of errors in an experiment conducted in the brain of small animals at 7 
Tesla examined a number of sources, including T2* dephasing, intervoxel contrast exchange, water exchange 
effects, arterial input function (AIF) dispersion, and over- or under-fitting of concentration–time  data12. It can 
be concluded that T2* dephasing can be compensated for by using Dual Gradient-Echo DCE-MRI, and water 
exchange effects can be minimized by choice of tip-angle and repetition  time13, yielding reasonable confidence 
that the change in the longitudinal relaxation rate ΔR1(t)  (R1 = 1/T1) is directly proportional to the concentration 
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of contrast agent in the tissue. Of the other known sources of systematic error, a data-driven approach to model 
selection will at least avoid over- or under-fitting12,14.

That said, it is clear from an examination of the data that there are elements in modeling DCE-MRI that are 
not accounted for (c.f. Fig. 8 of Ewing and Bagher-Ebadian) and cannot be accounted for if over-fitting is to be 
avoided. These ‘tapering effects’ are typical in modeling of all biological  systems15. The two most evident sources 
of error are errors in estimating the true arterial contrast agent concentration, and dispersion due to flow of the 
arterial input function (AIF) as it progresses from the large arteries to the capillary bed, where exchange with 
the extravascular space might take place. Estimating the true AIF concentration presents significant difficulties, 
with inflow, outflow, and partial-volume effects undermining efforts at measurement. This, and dispersion in the 
arterial  tree16,17 substantially undermine the assumption that either the amplitude or the shape of the tissue input 
function can be determined from a time trace of arterial contrast. One approach to estimating input amplitude is 
to employ a group-averaged time trace of arterial CA concentration normalized to a known vascular volume in 
normal brain  tissue12,18, thus deliberately introducing a bias that is presumably smaller than the bias of measur-
ing contrast change directly from a large artery and inferring dynamic contrast agent concentration. This does 
not address problems with AIF dispersion.

Parameters of microvasculature and perfusion in normal tissue and tumor in PK models are usually esti-
mated by forming a cost function based on the parameters and sampled data and using optimization methods 
to minimize the cost  function19–23. These optimization/fitting methods include nonlinear least-squares (NLLSQ) 
 fitting20, linear least-squares (LLSQ)21,22, and an efficient derivative-based LLSQ method with a low-pass filter in 
the time  domain23. The literature  reports19–24 that these methods are computationally intensive and sensitive to 
sampling interval, total acquisition time, and noise. For the methods developed so far, an obvious degradation 
of performance with increasing noise level and decreasing temporal resolution is observed.

In recent years, adaptive methods have been investigated by multiple groups in an effort to generate more 
accurate and stable estimates of PK vascular parameters by extracting time-dependent features from DCE-MRI25. 
Bliesener et al.26 estimated a voxel-wise map of  Ktrans from DCE-MRI data using deep learning (DL) method 
with one-dimensional convolutional neural network (CNN) architecture. They used contrast agent concentra-
tion maps and arterial input function information as input to the network. Cagdas et al.27,28 estimated the PK 
parameters using dilated convolution and fully connected layers with a channel-wise temporal dimension model. 
Kettelkamp et al.29 introduced a modified version of the network proposed by Cadgas et al. by incorporating the 
AIF information as input to the network. However, as the proposed networks recruit fully convolutional layers 
and treat the temporal information as a separate dimension or channel to their inputs, they are susceptible to 
the temporal information change of the data and its corresponding AIF information which require the adaptive 
models to retrain these changes for accurate prediction. Kettelkamp et al.29 also estimated the PK parameters from 
fully sampled DCE-MRI data with explicit knowledge of AIF. Rastogi et al.30 have recently proposed an adaptive 
model with different architecture to address the issues of the information retention (spatiotemporal dimension) 
requirement as well as the need for the AIF information for PK parameter estimation. They proposed a 2.5D 
Unet-based architecture for direct estimation of the PK parameters from under-sampled k-t space.

Despite considerable efforts by these groups, less attention has been paid to the important matter of the tracer 
kinetic ‘model  selection1,12,14,31–34 in processing that physiologically associates estimable vascular parameters 
with relevant information available in the DCE-MRI signal. Our group has taken an important step toward the 
improvement of the image-based estimation of vascular parameters by introducing a nested model selection 
(NMS)  technique12,14 utilizing the Patlak graphical method and its  extension12,14 in pharmacokinetic (PK) com-
partmental analyses of DCE-MRI data from rat and human brains. The NMS generates maps of brain regions and 
labels them with the number of estimable parameters (see Fig. 1). However, identification of model choice regions 
requires a series of computationally intensive processes, and the estimates of the vascular parameters can be 
strongly affected by an investigator’s choices in the different stages of experimental design and the analysis of data.

Figure 1.  This figure illustrates three physiologically nested models and their estimable vascular parameters 
corresponding to three different observation equations (Eqs. 10–12).
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This study introduces a series of knowledge-based adaptive models in the form of an artificial neural networks 
(ANNs) motivated by the NMS concept to predict model choice regions and estimate their respective PK param-
eters directly from the raw DCE-MR information without the need for AIF selection, and with less sensitivity to 
AIF dispersion. This study is the first to develop AM predictors of physiological parameters of brain tumors in 
an animal model that not only addresses the complexity of processing, but also recruits standard physiologically 
nested model selection  techniques12,14 to improve reproducibility and decrease bias in conventional compart-
mental modeling in PK analysis of DCE MRI data.

Methods
Ethical approval. All experimental and imaging parts of the study were conducted at our institution based 
on an approved protocol by the Institutional Animal Care and Use Committee (IACUC) of Henry Ford Hospital. 
The approval number was 1509. The animal study of this work was performed and reported in compliance with 
the ARRIVE guidelines. Also, all methods were performed in accordance with the relevant guidelines and regu-
lations. All animals were put in anesthesia before and during MRI experiment using Isoflurane which is a volatile 
anesthetic approved by the Federal Drug Administration (FDA). They were also sacrificed with Ketamine using 
an approved IACUC (#1509) protocol.

Animal population and DCE‑MR imaging. Following previously published methods, and in an insti-
tutionally approved protocol, 66 immune-compromised-RNU/RNU rats were stereotactically implanted with 
5 ×  105 U-251 cancer cells in 10 µl of phosphate buffered saline (PBS) that formed a 3–4 mm diameter ortho-
topic glioma about 2 weeks  later35. Sixty-six DCE-MRI studies (multi-slice, multi-echo gradient-echo sequence, 
with three 2.0 mm slices, no gap, matrix: 128 × 64, FOV:32 × 32  mm2,  TR/(TE1 −  TE2) = 24 ms/(2 ms − 4 ms), flip-
angle = 18°, SW = 150 kHz) were performed using a 7 T Varian (Agilent, 20 cm bore system with Bruker console) 
scanner. Four-hundred slice packages at ~ 1.55 s intervals (experiment duration: 10 min) were acquired. A bolus 
of magnetic-resonance contrast-agent (MR CA-Magnevist) was injected (tail-vein) by hand push at acquisition 
15. This study was conducted with an approved IACUC # 1509.

Nested model selection and observation equations for pharmacokinetic analysis. The Stand-
ard Model (SM) is a starting point for evaluating cerebral  physiology12,14,36 following measurement of contrast 
tracers using DCE-MRI experiment. Modeling of leakage in the vasculature system in integral form was first 
generated by  Patlak37,38 and further modified by Tofts et al.39,40. After intravenous administration of CA, the CA 
concentration in tissue is given by:

where  Cp and  Ct are the plasma and tissue concentrations of the CA,  Ktrans is the volumetric forward transfer 
rate of the indicator into the interstitial space. The  kep in Eq. (1) refers to the transfer rate from the interstitial 
compartment to the vascular compartment, t and λ denote the experiment time, and  vp is the fractional volume 
of the plasma distribution space. As illustrated in Fig. 1, we have  shown12,14 that three physiologically nested 
models can be derived from the standard model to describe possible physiological conditions of underlying tis-
sue  pathology12,14. We have generated a series of stable processing pipelines accordingly, for producing vascular 
parametric maps based on the  NMS12,14. We assume that CA concentration, [Gd], is proportional to the change in 
the longitudinal relaxation rate  (R1) after CA administration: [Gd] = CA(t) ~ ΔR1(t), where  R1 = 1/T1 and  T1 is the 
longitudinal relaxation time. This assumption is supported in most DCE-MRI studies because they are conducted 
under the conditions of rapid repetition time and Ernst tip-angle adjusted for a mean decrease in  R1. Under these 
conditions, studies in multicompartmental systems demonstrate little effect of water exchange  mechanisms41,42.

Calculation of CA concentration (∆R1) from the dual gradient echo (DGE) pulse sequence. DGE 
imaging allows for the computation of T1 and T2* as approximately pure and independent components. This is 
essential for the estimation of CA concentration based on ΔR1 and ΔR2*. Below, we describe the method we have 
developed for calculating the ΔR1 signal (~ CA concentration) from the DGE signals. The equations describe the 
measured  T1-weighted intensities of the first and second echo signals and their relationship to the longitudinal 
and transverse relaxation times (T1, T2

*), repetition time (TR), echo time (TE), flip angle (θ), and equilibrium 
longitudinal magnetization (M0).  (T2* includes the effects of static dephasing). F and S in these equations denote 
the signal from the 1st and 2nd echoes, respectively:
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t
∫
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For each voxel, there are two-time courses for the signal: the pre-injection time, and the post injection time. 
To set a baseline for the signal intensity of each voxel prior to the injection of the CA, the voxel intensities for 
the St and Ft signals are averaged over a few time points prior to injection:

In Eqs. (5) and (6), t denotes the experiment time point and Fpre , and Spre are the mean of the signal intensi-
ties associated with first and second echoes between time points m and n, where m and n are smaller than the 
injection time. In these equations, FSat , and SSat are the mean of the signal intensities associated with first and 
second echoes (saturated part of the signals) between time points o and p, where p is the last time point of the 
signals (post injection), and p minus o is equal to n minus m (p − o = n − m).

Also, we define Epre and Epost as:

which are T1 associated parameters, estimated from the T1 mapping pulse sequences that are run before and 
after the DCE-MRI study. Using the above definitions, the following equations for the preprocessing of the DGE 
signals for DCE imaging are:

In these equations, for each voxel, the pure component �R1(t) , along with the local tip angle are to be 
estimated. An interesting observation about this equation is that the estimated �R1(t) is not dependent on the 
value of Epost . However, a similar equation can be written based on Epost , and a balanced fitting procedure can 
be implemented if both Epre and Epost are measured. In this study, the voxel-wise profiles of the CA concentra-
tion map ( �R1(t) ) were directly estimated from these equations during the DCE-MRI experiment and the pre 
and post T1 associated parameters ( Epre , and Epost ) estimated by pre- and post-DCE Look-Locker sequences.

In this study, given Eq. (9), the time trace of change in the longitudinal relaxation time (ΔR1) in all the voxels 
of the animal’s brain, corresponding to the time trace of contrast agent concentration, for 66 DCE-MRI studies 
were  calculated14. Post-processing and pharmacokinetic compartmental analyses of DCE-MRI data were car-
ried out following published  methods12,14, initially using a nested model selection (NMS)12,14 paradigm based 
on Patlak and extended Patlak graphical  methods37,38,43. As shown in Fig. 1, the NMS  technique12,14 was used 
to generate maps of brain regions labeled with the number of parameters used to describe the  data12: (a) Model 
1 region: normal vasculature with no leakage, the only parameter estimated is plasma volume,  vp; (b) Model 2 
region: tumor tissues with CA leakage without measurable back-flux to the vasculature, in which case,  vp and, 
 Ktrans can be estimated; or (c) Model 3 region: tumor vessels with CA leakage and measurable back-flux and, 
thus,  vp,  Ktrans, and  kep, or extracellular extra-vascular volume,  ve (ratio of  Ktrans and  Kep) can be estimated. Three 
observation equations (see Eqs. 10–12) corresponding to three physiologically nested models were constructed 
from Eq. (1) as follows:
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where CAIF (t) and Ctissue(t) refer to the contrast agent (CA) concentration measured from whole blood (or arte-
rial input function, AIF) and tissue of interest in the brain, respectively. The Hct in these equations refers to the 
hematocrit of the animal’s blood.

For each observation equation, the voxel by voxel time trace of �R1(t) in rat brain was used to estimate its 
PK parameters as well as constructing an AIF for the  brain43, based on a group averaged radiological trace of CA 
concentration in arterial  blood43. At image 15 (corresponds to ~ 23 s after the start of the DCE experiment) of 
the dual GE sequence, a bolus injection of the CA (Magnevist; Bayer HealthCare LLC, Wayne, NJ, 0.25 mmol/kg 
at undiluted concentration, no flush) was performed. The group averaged radiological trace was normalized to 
the time trace of CA concentration in the animal’s normal caudate  putamen43, with the assumption that plasma 
volume fraction in caudate putamen is 1%. Then, the normalized radiological AIF was used as Cp (CA concen-
tration measured from plasma) or CAIF

1−Hct in Eqs. (10) to (12). A Simplex optimization/algorithm44 was used to 
estimate PK parameters for each model. Our  experience3,12,14,16,17,31,42,45–51 with the Simplex optimization is that 
it is time-intensive but reliable in converging to a best-fit value.

DCE‑MRI feature engineering, adaptive model training and validation. As each voxel of the ani-
mal’s brain belonged to a model choice, to maintain the signal ratio of the two echoes, the last 10 timepoints of 
the raw signal intensity of the 1st echo, Fe(x, y, z, t), were averaged (t = 391 to 400) and used as the normalization 
factor (Nfac, see Eq. 13) for its 1st and 2nd echo profiles.

To reduce the dimensionality of the features and to allow the signal to settle down to a steady-state prior to 
the injection of CA, for each voxel, the first 20 timepoints of the normalized profiles (1st and 2nd echoes) were 
completely eliminated. Then, the signals were interleaved or down-sampled (Eqs. 14, 15) by a factor of 4 (~ 6 s), 
and used as the normalized feature set, µ (x, y, z, k = 1 to 190) for model development and validation parts of 
the study:

where Fe(x, y, z, t) and Se(x, y, z, t) refer to 1st and 2nd echo DCE-MRI profiles measured at timepoint t from a 
voxel of rat brain located at (x, y, z), and  Nfac(x,y,z) in Eq. (13) refers to the spatial normalization factor. Equa-
tions (14) and (15) define the spatiotemporal feature set (µ (x, y, z, k), k = 1 to 190) of each voxel by merging the 
two normalized down-sampled DCE-MRI components (1st and 2nd) together. A series of normalized dynamic 
feature sets (µ) were extracted from the 1st and 2nd echoes of the DCE-MRI signal of rat brains for all 66 studies 
and were used to train and validate four different adaptive models (AMs). The first AM was trained and validated 
(in their performance) as a regressor and classifier both to execute a voxel-wise nested model selection clas-
sification; the other three AMs were trained and validated to estimate the three PK parameters  (vp,  Ktrans, and 
 ve). Using the set of features ( µ(x, y, z, k) above) extracted from raw DCE-MRI information of 66 studies, four 
shallow artificial neural networks (ANNs, with feed-forward perceptron architectures, Levenberg–Marquardt 
 optimization52, targets: NMS regions and PK parameters) were separately constructed, trained, and validated 
to perform NMS as well as estimate the three NMS-based PK parameters, respectively. The ANNs in this study 
are considered shallow ANNs since they have only one hidden layer. The NMS and PK analysis results of the 
standard Patlak analysis were used as the source of truth for training the adaptive models. The three ANNs for 
estimating the three PK parameters were constructed based on the NMS results generated by the first ANN which 
was responsible for the nested model selection.

To suppress AIF-dispersion and gradient errors, a knowledge-based optimization was performed on the 
ANNs’ response distributions to find the best class separation thresholds with a 5% miss-classification tolerance 
between each pair of the nested classes (Model 1 versus Model 2, and Model 2 versus Model 3).

Finally, all the adaptive models (the four ANNs) were validated using tenfold nested cross validation (NCV) 
 technique53.

Optimization of ANNs, estimation of ANNs’ performance and generalization error. The gener-
alization error and performance of the classifiers were estimated using a tenfold NCV  technique53. As shown in 
the subfigure F (Fig. 2), the full dataset was split into 10 non-overlapping folds and two independent loops (outer 
and inner loops) were defined. In the outer loop, for each trial, the data was split into two folds (training + vali-
dation fold and test fold), and for the inner loop, only the validation + training fold was used to select and tune 
the ANN’s parameters via a conventional k-fold cross-validation technique with Random Permutation Sampling 
 (RPS54). For each iteration, the classifier was trained and  evaluated54,55.

This process was repeated 10 times (Fig. 2F, outer loop). At each repetition, an independent test set was with-
held for the estimation of the generalization error and performance of the tuned model (in the inner loop). A 
Pearson correlation coefficient and an adjusted R-squared (Adj-R2) were used as evaluation metrics to quantify 
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the performance of the ANNs for estimation of the estimable PK parameters according to the NMS results. A 
non-parametric Receiver-Operating-Characteristic (ROC)  method56,57 was also implemented and the average 
values of the Area-Under ROC (AUC) was computed to estimate the generalization error and performance of 

Figure 2.  (A) Shows the normalized distributions of the trained ANN’s responses for different model classes for 
all studies used as a priori knowledge for threshold optimization. (B–E) Demonstrate the ROC analysis results 
for inner and outer loops of the nested cross validation (NCV) along with number of voxel-based samples 
for (training + validation) and test/holdout cohorts for the NMS-ANNs ANNs (Model-1 vs. Models 2&3, and 
Model-2 vs. Model-3) with 10 different folds. Subfigure 2F shows the inner and outer loops for a tenfold NCV 
process.
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the ANNs for prediction of different nested Model classes. To find the optimal architecture of the ANNs (number 
of neurons in their only hidden layer), we used the Correct Classification Fraction (CCF, TP + TN)46,58–60 for 
different classes, averaged over all NCV’s k-folds. The average CCF versus different epochs (epoch refers to each 
trial and error for decreasing the MSE of the ANNs in the batch processing mode) were plotted and the epoch 
corresponding to 10% of its plateau was used as the stopping epoch or termination error of that subset. The MSE 
of the ANNs for all K subsets at different stopping epochs was calculated and its average value was taken as the 
‘stopping error’ for the optimal  ANNs46,58–60.

IACUC . This study was approved at the Institutional Animal Care and Use Committee (IACUC) board of 
Henry Ford Health System and conducted with an approved IACUC # 1509. The animal study of this work 
was performed and reported in compliance with the ARRIVE guidelines. Also, all methods were performed in 
accordance with the relevant guidelines and regulations.

Results
Figure 1 shows the three different physiologically nested conditions and their respective estimable vascular 
parameters (previously described in the Calculation of CA Concentration (∆R1) from the Dual Gradient Echo 
(DGE) Pulse Sequence). Subfigure 2A (Fig. 2) shows the normalized distributions of the ANN’s responses for dif-
ferent model classes for all studies used as a priori knowledge for threshold optimization. Subfigures 2B–E (Fig. 2) 
demonstrate the results for the ROC analyses in inner and outer loops of the nested cross validation (NCV), along 
with the number of voxel-based samples for (training + validation) and test/holdout cohorts for the NMS-ANNs 
(Model-1 vs. Models 2&3, and Model-2 vs. Model-3) with 10 different folds. Subfigure 2F (Fig. 2) shows the 
inner and outer loops for a tenfold NCV process. See the Discussion for inferences drawn from these analyses.

Figure 3 demonstrates 1st and 2nd dual gradient echo images and their corresponding model choice maps 
estimated by the conventional NMS technique (PK-NMS) and the trained-ANNs (ANNs-NMS) for a slice of 
rat brain for five different animals.

Figure 4 demonstrates three pairs (subfigures 4A,B, 4C,D, and 4E,F) of scatter plots corresponding to the 
NCV’s outer and inner loops (fold # 10) for training and validation of the three ANNs (ANN-PK) for estima-
tion of three PK parameters (plasma volume, forward transfer constant, and extravascular-extracellular space).

Figure 5 demonstrates (from left to right) NMS maps along their respective three estimable PK parameters 
 (vp,  Ktrans, and  ve) for a slice of rat brain in three different animals with U-251 tumor model estimated by the 
conventional PK analysis and the trained AMs, respectively. All parametric maps in conventional PK analysis 
have been masked according to the selected model choice maps created with the F-statistic threshold chosen at 
the 95% confidence level.

Table 1 shows the nested cross validation analysis results for inner and outer loops for all the AMs for 
prediction of nested model regions (Models 1, 2, and 3) and the estimation of PK parameters. As shown in 
this table, the performance (Correlation coefficient and Adjusted R-squared for NCV test cohorts) of the 
AMs for test cohorts were: 0.914 (CI 0.903, 0.925, p < 0.0001)/0.834 (CI 0.815, 0.853), 0.825 (CI 0.814, 0.835, 
p < 0.0001)/0.720(CI 0.703, 0.737), 0.938 (CI 0.930, 0.946, p < 0.0001)/0.880 (CI 0.864, 0.895), and 0.890 (CI 0.873, 
0.906, p < 0.0001)/0.792 (CI 0.762, 0.821) for predictions of nested model regions,  vp,  Ktrans, and  ve, respectively. 
The Optimal number of neurons in the only hidden layer of the ANNs were 10, and 7 for the ANNs-NMS and 
ANN-PK, respectively.

Discussion
This study demonstrates the use of knowledge-based AMs for near real-time PK analyses of DCE-MRI data. 
These AMs characterize the vascular physiology of cerebral tumors directly from raw DCE-MRI data without 
the need for AIF identification and computationally intensive model-based processing.

The ROC family curves (subfigures 2B–E of Fig. 2) corresponding to 10 different non-overlapping folds lie 
close to each other in the inner and outer loops of the NCV analyses. This supports the strong association of the 
extracted features (µ) with model choice, as well as the high classification accuracy of the ANNs. Subfigure 2A 
(Fig. 2) demonstrates different model overlaps and their skewness in the prediction space. This information is 
vital for designing a knowledge-based adaptive classifier. A set of optimal classification thresholds can be chosen 
according to the desired level of misclassification error and error tolerance among different classes/models. The 
high overlap between Model 1 and 2 (see Fig. 2, subfigure 2A) implies that the misclassification between Model 
1 and Model 2 regions is high, presumably due to AIF dispersion and/or  delay61,62.

This is evident in Fig. 3, where the Model 3 regions estimated by the standard PK-NMS and ANNs-NMS are 
strongly in agreement, whereas the ANNs-NMS produces Model-1 regions (non-leaky/normal tissues) with less 
AIF-dispersion effects (less miss-classifications between Model-1 and 2). This figure supports the notion that 
compared to the conventional PK analysis, trained knowledge-based ANNs can produce more stable maps of 
vascular parameters and predicted Model-1 regions less impacted by the AIF-dispersion (less miss-classification 
for Model-1 and 2).

Figure 2 (Subfigure 2A) demonstrates the normalized distributions of the ANN-NMS’s responses for differ-
ent model classes for all DCE-MRI studies used as a priori knowledge for threshold optimization. As shown in 
this subfigure, the distributions of the ANN-NMS’s responses for Models 1 and 3 show less overlap compared 
to Models 3 and 2. Models 1 and 2 show the highest overlap. The overlaps in the response distributions have a 
number of potential sources, including random-like errors and tapering effects. These latter are not included in 
the set of models defined as alternatives for fitting the data but appear in the data as minor variations that cannot 
be included without overfitting. In this study, we assumed that the three models were nested, and that each voxel 
belonged to a particular model. This allowed us to choose a series of optimal working points (subfigures 2A, 
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output thresholds of 1.73, 1.92, and 2.44, for Models 1 and 2, 1 and 3, and 2 and 3, respectively) for the ANN-NMS 
to minimize the overlaps among the three-classes and to fine-tune the responses of the ANN-NMS accordingly. 
This improves the prediction power of the ANN-NMS and directly affects the ANN-PK’s responses by reducing 
the model mis-classification error at the NMS stage prior to using the ANN-PKs.

Limitation and future directions. The performance of the ANNs and their predictive power is subject 
to the values selected for output thresholds. As the training sample size increases, the distribution responses of 
the ANNs become more stable, resulting in a more accurate selection of these thresholds. As more data becomes 
available, the adaptive models’ predictive powers and the stability of the nested models predicted by the AMs 
requires further investigation.

The choice of which models to nest is important. For instance, in the Tofts (two-parameter) versus the three-
parameter extended Tofts model (ETM), when the two analyses are applied to the same data there is a typical 
discrepancy in estimates  Ktrans by as much as a factor of 10. In contrast, when the two-parameter Patlak model 
is employed as a reduced model we have demonstrated that maps of  Ktrans and  vp grade smoothly from the three 
parameter ETM to the two-parameter Patlak model, to the 1-parameter map of plasma volume. The adaptive 
model developed in this study was trained on the maps of model selection and associated parameters that were 
generated using the NMS approach. As in the maps the AMs were trained on, there were no perceptible discon-
tinuities in the final maps of the estimated PK parameters. The PK parameters of different models merged to 
generate the PK maps and no measurement was assigned/reported for the voxels with non-estimable parameters 
(such as  Ktrans of Model 1,  ve or  Kep for Model 1 and 2).

Figure 3.  This figure demonstrates 1st and 2nd dual gradient echo images and their corresponding maps 
estimated by the conventional NMS technique (PK-NMS) and the trained ANNs (ANNs-NMS) for a slice of rat 
brain for five different animals.
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The performance of these AMs can be affected by the amount of the feature regularization on the feature space. 
A larger sample of data, and features with more information content (less down-sampling of data points) might 
help in fine-tuning the regularization effect. The extent of regularization and the effective degree of  freedom63 

Figure 4.  (A–F) Demonstrate three pairs (A,B), (C,D) and (E,F) of scatter plots corresponding to the NCV’s 
inner and outer loops (fold # 10) for training and validation of the three ANNs (ANN-PK) for estimation of 
three PK parameters (plasma volume, forward transfer constant, and extravascular-extracellular space).
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can be a function of the selected features, sampling rate of the features from the space, inclusion/exclusion of the 
CA concentration peak in the selected feature, etcetera. Finding an optimal amount of regularization and the 
effective degree of freedom for construction of these adaptive models requires further investigation.

There is a potential concern for the translation of this study to human and clinical application. The goal of 
this study was not to develop a model for immediate application to human studies, but to identify signal char-
acteristics that are important in determining PK parameters. The features of the U-251N animal model tumors 
correlate with human GBM, including a necrotic center, poorly demarcated, infiltrative tumor borders, and an 
enhanced rim on post-contrast T1-weighted images, which is often observed in human  GBMs64. Our group has 
previously shown that in murine models, DCE-MRI measures of vascular  permeability2,3,12,14,16–18,45,47,48,50,51,59,65–71 
agree with those of human  studies14. Thus, given that cerebral physiology and mechanical properties are relatively 

Figure 5.  Columns left to right demonstrate NMS maps along with their respective three estimable PK 
parameters  (vp,  Ktrans, and  ve) for a slice of rat brain in three different animals with U-251 tumor model estimated 
by the conventional PK analysis (first, third, and fifth rows) and the trained-ANNs (second, fourth, and sixth 
rows), respectively. All parametric maps in conventional PK analysis have been masked according to the selected 
model choice maps created with the F-statistic threshold chosen at the 95% confidence level.
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constant across  species64,72,73, the analysis presented in this study can shed light on DCE-MR based components 
and their values for the characterization of microenvironmental information in tumors.

As noted, the main thrust of this study was to reveal the predictive power and potential of different DCE-MRI 
based components (1st and 2nd echoes, associated with  T1 and  T2* based information, respectively) to estimate 
PK parameters and to explain the pathophysiological and microvascular properties of normal and cancerous 
tissues. However, the experimental practices of this paper are not common. Our group is one of the few studying 
animal tumors using the dual gradient-echo (DGE) pulse sequence. In the construction of vascular permeability 
and parametric maps, such a sequence allows the separation of  T1 and  T2* effects. In an information-centered 
approach, the data contains additional information concerning the extravascular regime of the tumor which 
can be explained and modeled by these two components. Unfortunately, we know of no application of the DGE 
sequence in human DCE-MRI studies.

In this study, down-sampling was done to reduce the computational load and of the feature space complexity 
(the curse of dimensionality). As a proof-of-concept, we believe that this study supplies support for an adaptive 
modeling approach to model selection and parametric estimates in DCE-MRI. However, an examination of 
optimal sampling strategy should be conducted in further studies. The effect of different down-sampling rates 
on the information content of the extracted features as well as the performance of the constructed AMs is a 
matter of current study.

Additionally, the sampling rate of the experiment is considered as one of the key elements that would affect 
the AIF dispersion in non-leaky or normal tissue. For instance, in dynamic susceptibility contrast (DSC) perfu-
sion MRI, sampling rates are in the order of seconds, often with the intent of estimating vascular volumes or 
flows. The Central Volume Principle tells us that mean transit times for contrast agent in intact brain vasculature 
are less than 4 s, so a detailed description of the temporal variation of the AIF is important if a deconvolution 
is to yield reliable estimates of vascular parameters. In DCE-MRI, in the Model 1 tissue, this is also true. An 
examination of Fig. 6 in Ewing and Bagher-Ebadian12 demonstrates this point. On the other hand, mean transit 
times for contrast agent in the tumor itself (Model 3 region) are one or more minutes; the descriptive equations 
of leakage are essentially those of a low-pass filter. Thus, the temporal characteristics of the AIF become far less 
important, while the critical matter of scaling (how much contrast agent enters the tissue) dominates. Generally, 
the parametric estimates in these studies are in agreement with previous studies performed at a slower sampling 
rate of 4 s. The increase sampling rate of these studies was adapted with the thought that estimates of blood flow 
might also be made available. This is a matter of ongoing study in our laboratory.

In recent years, studies have investigated the development of various deep learning and Convolutional Neu-
ral Networks (CNNs) to generate more accurate and stable estimates of PK vascular parameters by extracting 
time-dependent features from DCE-MRI24,25,28,74–78. Given DCE-MRI data, accurate estimation of PK param-
eters strongly relies on appropriate selection of the best PK model to fit the data. In general, for DCE-MRI data 
analysis, one of the main challenges is to choose the best PK model among competing models to describe the 
behavior of the time trace of CA concentration in DCE MR experiments. Compared to recent  studies24,25,28,74–78, 
one of the novel components of this study is the incorporation of the nested model selection concept into adap-
tive models for predicting PK parameters.

The fundamental question in MRI procedures that aim to estimate cerebrovascular parameters is the rela-
tionship between MR contrast and CA concentration (notated as [CA]). Two common approaches have been to 
assume that  R2* is proportional to [CA] (e.g., see Cao et al.79), or that  R1 is proportional. As to the first assump-
tion, in vasculature that leaks, it is clear from a vast literature that competing  R1 and  R2* effects strongly affect 
the relationship between [CA] and the  R2* MR contrast. Furthermore,  R2* relaxivity changes drastically as the 
CA leaves the vasculature and occupies the  interstitium80. As for  R1, it has been suggested that restricted water 
exchange between tissue compartments leads to a biased underestimation of high  concentrations81–85. Investiga-
tions on our  part86,87, by Buckley et al.88, and by Springer’s  group13,81 have shown a strong linearity between [CA] 

Table 1.  This table shows the nested cross validation (NCV) analysis results for inner and outer loops for the 
four adaptive models (AMs for the NMS and for the estimation of PK parameters).

Pearson correlation coeff. (R)
Confidence 
interval p-value

Adj. 
R-squared

Confidence 
interval

Inner-loop nested cross validation (NCV)

 Overal performance of nested model 
selection 0.914 [0.902, 0.925] p < 0.0001 0.835 [0.814, 0.855]

  vp, plasma volume fraction 0.864 [0.860, 0.868] p < 0.0001 0.786 [0.779, 0.793]

  Ktrans 0.962 [0.961, 0.964] p < 0.0001 0.926 [0.923, 0.929]

  ve, extravascular extracellular volume 
fraction 0.921 [0.904, 0.938] p < 0.0001 0.849 [0.817, 0.881]

Outer-loop nested cross validation (NCV)

 Overal performance of nested model 
selection 0.914 [0.903, 0.925] p < 0.0001 0.834 [0.815, 0.853]

  vp, plasma volume fraction 0.825 [0.814, 0.835] p < 0.0001 0.720 [0.703, 0.737]

  Ktrans 0.938 [0.930, 0.946] p < 0.0001 0.880 [0.864, 0.895]

  ve, extravascular extracellular volume 
fraction 0.890 [0.873, 0.906] p < 0.0001 0.792 [0.762, 0.821]



12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:9672  | https://doi.org/10.1038/s41598-023-36483-9

www.nature.com/scientificreports/

and ΔR1, with the effect of restricted water exchange leading only to an underestimation of plasma volume,  vp. 
This points to the fundamental utility of MRI measures of ΔR1 in estimates of vascular physiology and justifies 
the use of a shallow ANN for extracting the information content of the time trace of CA concentration from raw 
DCE-MR data as well as the recruitment of the prior knowledge used in this study. However, it leaves open the 
question of whether, and under what conditions, Eq. (1) is an appropriate model in various pathologies that can 
be addressed by the concept of the NMS used in this study.

Unlike similar  works24,28,74–78 that have used deep learning and CNNs for adaptive modeling that require a 
large number of samples for their hyper-parameter tuning, training, and validation, the proposed work uses 
shallow ANNs (with only one hidden layer) with a small number of parameters (compatible with the available 
sample size: 66 DCE-MRI studies). CNNs and deep learning architectures are capable of learning features as well 
as the data representations directly from the feature space (input data) with little to no prior knowledge. That’s 
the promise of “no more feature engineering”, which contrasts with other machine learning approaches such as 
shallow ANNs. Thus, compared to deep learning and CNNs, shallow ANNs (with one hidden layer) might not 
be the best option for learning feature information that has a high degree of non-linearity. In fact, there is always 
a tradeoff between a priori knowledge, complexity or information content of the features, amount of training 
data, the capacity of generalization of the learned models, and the difficulty of training the models. Predictors 
with smaller numbers of parameters (e.g., shallow ANNs) will have less chance of over-fitting the data but may 
not learn the details and non-linear information of the features when they encounter complex features. Thus, 
successful “feature engineering” that can enhance the information content of the features, reduce their correla-
tions, and suppress their unwanted variabilities can play a key role in selecting an appropriate predictive model 
(e.g., shallow ANNs vs. deep learners). This study strongly supports the recruitment of a shallow ANNs versus 
deep learners since the ANNs’ generalization errors are low, the ROC family curves and the scatter plots of outer 
loops in NCV are tight, and the number of neurons in the only hidden layer of the ANNs (ANNs parameters) is 
compatible with the sample size (66 DCE-MRI studies, 190 features in each feature vector).

The AMs that have been constructed can serve as flexible predictors in that they can be re-trained and fine-
tuned based on different optimization methods such as standard NLS fitting, regularized Bayesian estimation 
 methods89, etc. Due to their strong generalizability, they can provide high tolerance and robustness against low 
signal-to-noise, contrast-to-noise ratios, and potential outliers. The optimal threshold tuning based on prior 
knowledge can help in controlling the amount of regularization for the nested model selection process and reduce 
the impact of potential heavy tails of the F-Statistic’s distributions on the NMS outcome.

This study demonstrates the use of knowledge-based adaptive models for approximately a real-time PK analy-
sis of DCE-MRI data that characterizes the vascular physiology of embedded tumors directly from DCE-MRI raw 
data based on a series of physiologically nested models without the need for AIF identification as well as a series 
of computationally intensive processing. The proposed method can directly estimate the corresponding physi-
ological permeability parameters associated with different physiologically nested models from time trace of raw 
DCE-MR signal intensity, which eliminates several intermediate computation steps of the conventional pipeline.

Model simulation to generate synthetic data was not performed in this study. Instead, we connected the raw-
DCE-MRI information of tumor and its surrounding normal tissues with the conventional NMS-PK analysis 
results. This allows the incorporation of many tapering effects, i.e., systematic, and random-like errors, in our 
adaptive modeling. These tapering effects would not usually be included in model simulations, are not easily 
evaluated in those processes, and thus might cause a significant bias in evaluating the performance of an AM in 
its application to data sampled in real-life procedures.

We assumed a priori data could be described voxel-by-voxel by one and only one of three nested models. 
This allowed us to choose a series of optimal working points for the adaptive models to suppress the impact of 
tapering effects on their PK parameter estimations. In Fig. 5 (subfigures A and B), the three PK maps estimated 
by the ANNs appear more heterogeneous compared to their corresponding maps from the conventional PK 
analysis. Similarly, the NCV-based evaluation results also show the differences between the estimations of the 
two methods (conventional PK analysis versus ANNs shown in Table 1).

A key question that arises from the heterogeneity of the ANN’s parametric maps is why the conventional PK 
analysis results slightly differ from the ANNs’ estimations since the conventional analyses are used as the source 
of truth for the training of the ANNs. One reason lies in the differences in the model choice maps generated 
by the ANNs-NMS versus the conventional NMS technique, albeit there appears to be good agreement in the 
tumor itself. Figures 4 and 5 demonstrate that the prediction of the model choice map produces a far less noisy 
map than the conventional analysis, particularly in model 1 and 2 regions. This result is consistent with a priori 
knowledge that contrast agent doesn’t leak out of the microvasculature in normal brain tissue.

In the Model 3 regions, however, the ANN parametric estimates show greater spatial heterogeneity. This may 
be due to regularization effects for the three independent adaptive models (ANNs-PK). In this study, construc-
tion of three independent and decoupled adaptive models for estimation of different PK parameters increased 
the chance of the regularization effect on each of the PK parameters during the ANNs-PK training. To keep this 
regularization effect consistent among the three adaptive models (PK predictors), the same effective degree of 
freedom and complexity level were used for these adaptive models (ANNs-PK). Another source of heterogene-
ity in individual voxels may lie in the choice of not including an AIF as an overall input function for all voxels.

To minimize the effects of potential feature non-uniformities from different animal sub cohorts/folds, we used 
a higher number of folds (K = 10) in the NCV process compared to the default number (K = 5) recommended by 
the  literature90–92. Model development and validation without nested CV uses the same data to train and tune the 
adaptive model parameters and evaluate model performance. Information may thus “leak” into the model and 
overfit the data. The magnitude of this effect is primarily dependent on the size of the dataset and the stability 
of the model. To minimize this problem, we implemented a nested CV technique, in which the testing dataset 
is held-out during training and validation at each of multiple folds. The PK parameter estimates obtained by the 
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proposed approach yields improved statistically significant differences between different tissue types, which can 
ultimately allow better classification and a more conservative generalization error estimation for discrimination 
of model choice regions in PK analysis.

One great advantage of the approach to parametric estimates derived from DCE-MRI data is the short time 
to a usable answer. Compared to conventional fitting methods, the PK parameter inference including model 
selection with the trained ANNs is computationally faster and takes a fraction of a second (Core (TM)-6700HQ, 
CPU @2.60 Hz) on an entire 3D DCE-MRI volume (for entire animal brain with 3 full slices). This suggests 
that these procedures can be adapted to human studies with larger data sets and still incorporated into a clinical 
pipeline for rapid presentation for evaluation and treatment planning. Thus, further investigation of the effects 
of different ANN’s architecture, training the models with larger sample size and training algorithms as well as 
their impact on the estimation of the PK parameters is warranted.

Conclusion
This study demonstrates an application of knowledge-based Adaptive Models to improve robustness and com-
putation speed, and to reduce the biases introduced by both random-like errors and tapering effects (particularly 
due to errors in estimating the AIF) that appear in conventional approaches to estimating DCE-MRI vascular 
parameters. Nested Model Selection was retained as a novel and essential element in the analysis approach, 
leading to stable estimates of vascular parameters. Importantly, AMs produced estimates of vascular parameters 
without the necessity of AIF identification. Because of its rapid estimation of vascular PK parameters directly 
from the DCE MR information without complex mathematical modeling, the AM approach can serve as an 
efficient tool to assess tumor vascular permeability to facilitate small animal brain tumor research studies. We 
believe that the AMs introduced in this pilot study, if fine-tuned and translated to human use, can significantly 
improve the clinical diagnostic and prognostic decisions made for patients with GBM.

Data availability
All imaging data used in this investigation along with programming codes and results are available and can be 
shared upon request to the corresponding and senior authors.

Received: 26 December 2022; Accepted: 5 June 2023

References
 1. Paudyal, R. et al. Dynamic contrast-enhanced MRI model selection for predicting tumor aggressiveness in papillary thyroid cancers. 

NMR Biomed. 33, e4166. https:// doi. org/ 10. 1002/ nbm. 4166 (2020).
 2. Nagaraja, T. N. et al. Reproducibility and relative stability in magnetic resonance imaging indices of tumor vascular physiology 

over a period of 24h in a rat 9L gliosarcoma model. Magn. Reson. Imaging 44, 131–139. https:// doi. org/ 10. 1016/j. mri. 2017. 09. 003 
(2017).

 3. Aryal, M. P. et al. Intratumor distribution and test-retest comparisons of physiological parameters quantified by dynamic contrast-
enhanced MRI in rat U251 glioma. NMR Biomed. 27, 1230–1238. https:// doi. org/ 10. 1002/ nbm. 3178 (2014).

 4. Kim, J. H., Park, V. Y., Shin, H. J., Kim, M. J. & Yoon, J. H. Ultrafast dynamic contrast-enhanced breast MRI: Association with 
pathologic complete response in neoadjuvant treatment of breast cancer. Eur. Radiol. https:// doi. org/ 10. 1007/ s00330- 021- 08530-4 
(2022).

 5. Park, Y. W. et al. Dynamic contrast-enhanced MRI may be helpful to predict response and prognosis after bevacizumab treatment 
in patients with recurrent high-grade glioma: Comparison with diffusion tensor and dynamic susceptibility contrast imaging. 
Neuroradiology 63, 1811–1822. https:// doi. org/ 10. 1007/ s00234- 021- 02693-z (2021).

 6. Mori, Y. et al. Mathematical model for histogram analysis of dynamic contrast-enhanced MRI: A method to evaluate the drug 
treatment response in rheumatoid arthritis. Eur. J. Radiol. 141, 109831. https:// doi. org/ 10. 1016/j. ejrad. 2021. 109831 (2021).

 7. Weikert, T. et al. Early prediction of treatment response of neuroendocrine hepatic metastases after peptide receptor radionuclide 
therapy with (90)Y-DOTATOC using diffusion weighted and dynamic contrast-enhanced MRI. Contrast Media Mol. Imaging 
2019, 1517208. https:// doi. org/ 10. 1155/ 2019/ 15172 08 (2019).

 8. Lee, M. et al. Dynamic contrast-enhanced MRI coupled with a subtraction technique is useful for treatment response evaluation 
of malignant melanoma hepatic metastasis. Oncotarget 7, 38513–38522. https:// doi. org/ 10. 18632/ oncot arget. 9567 (2016).

 9. Heethuis, S. E. et al. Dynamic contrast-enhanced MRI for treatment response assessment in patients with oesophageal cancer 
receiving neoadjuvant chemoradiotherapy. Radiother. Oncol. 120, 128–135. https:// doi. org/ 10. 1016/j. radonc. 2016. 05. 009 (2016).

 10. Chawla, S. et al. Pretreatment diffusion-weighted and dynamic contrast-enhanced MRI for prediction of local treatment response 
in squamous cell carcinomas of the head and neck. Am. J. Roentgenol. 200, 35–43. https:// doi. org/ 10. 2214/ AJR. 12. 9432 (2013).

 11. Box, G. E. P. Science and statistics. J. Am. Stat. Assoc. 71, 791–799 (1976).
 12. Ewing, J. R. & Bagher-Ebadian, H. Model selection in measures of vascular parameters using dynamic contrast-enhanced MRI: 

Experimental and clinical applications. NMR Biomed. 26, 1028–1041. https:// doi. org/ 10. 1002/ nbm. 2996 (2013).
 13. Spencer, R. G. & Fishbein, K. W. Measurement of spin-lattice relaxation times and concentrations in systems with chemical 

exchange using the one-pulse sequence: Breakdown of the Ernst model for partial saturation in nuclear magnetic resonance 
spectroscopy. J. Magn. Reson. 142, 120–135. https:// doi. org/ 10. 1006/ jmre. 1999. 1925 (2000).

 14. Bagher-Ebadian, H. et al. Model selection for DCE-T1 studies in glioblastoma. Magn. Reson. Med. 68, 241–251. https:// doi. org/ 
10. 1002/ mrm. 23211 (2012).

 15. Burnham, K. P. & Anderson, D. R. Model Selection and Multimodel Inference: A Practical Information-Theoretic Approach 2nd edn. 
(Springer, 2002).

 16. Nejad-Davarani, S. P. et al. An extended vascular model for less biased estimation of permeability parameters in DCE-T1 images. 
NMR Biomed. 30, e3698 (2017).

 17. Nejad-Davarani, S. P. et al. A parametric model of the brain vascular system for estimation of the arterial input function (AIF) at 
the tissue level. NMR Biomed. 30, e3695 (2017).

 18. Dehkordi, A. N. et al. DCE-MRI prediction of survival time for patients with glioblastoma multiforme: Using an adaptive neuro-
fuzzy-based model and nested model selection technique. NMR Biomed. 30, e3739 (2017).

 19. Khalifa, F. et al. Models and methods for analyzing DCE-MRI: A review. Med. Phys. 41, 124301. https:// doi. org/ 10. 1118/1. 48982 
02 (2014).

https://doi.org/10.1002/nbm.4166
https://doi.org/10.1016/j.mri.2017.09.003
https://doi.org/10.1002/nbm.3178
https://doi.org/10.1007/s00330-021-08530-4
https://doi.org/10.1007/s00234-021-02693-z
https://doi.org/10.1016/j.ejrad.2021.109831
https://doi.org/10.1155/2019/1517208
https://doi.org/10.18632/oncotarget.9567
https://doi.org/10.1016/j.radonc.2016.05.009
https://doi.org/10.2214/AJR.12.9432
https://doi.org/10.1002/nbm.2996
https://doi.org/10.1006/jmre.1999.1925
https://doi.org/10.1002/mrm.23211
https://doi.org/10.1002/mrm.23211
https://doi.org/10.1118/1.4898202
https://doi.org/10.1118/1.4898202


14

Vol:.(1234567890)

Scientific Reports |         (2023) 13:9672  | https://doi.org/10.1038/s41598-023-36483-9

www.nature.com/scientificreports/

 20. Cao, Y., Li, D., Shen, Z. & Normolle, D. Sensitivity of quantitative metrics derived from DCE MRI and a pharmacokinetic model 
to image quality and acquisition parameters. Acad. Radiol. 17, 468–478. https:// doi. org/ 10. 1016/j. acra. 2009. 10. 021 (2010).

 21. Murase, K., Miyazaki, S. & Yang, X. An efficient method for calculating kinetic parameters in a dual-input single-compartment 
model. Br. J. Radiol. 80, 371–375. https:// doi. org/ 10. 1259/ bjr/ 72152 927 (2007).

 22. Murase, K. Efficient method for calculating kinetic parameters using T1-weighted dynamic contrast-enhanced magnetic resonance 
imaging. Magn. Reson. Med. 51, 858–862. https:// doi. org/ 10. 1002/ mrm. 20022 (2004).

 23. Wang, C., Yin, F. F. & Chang, Z. An efficient calculation method for pharmacokinetic parameters in brain permeability study using 
dynamic contrast-enhanced MRI. Magn. Reson. Med. 75, 739–749. https:// doi. org/ 10. 1002/ mrm. 25659 (2016).

 24. Zou, J., Balter, J. M. & Cao, Y. Estimation of pharmacokinetic parameters from DCE-MRI by extracting long and short time-
dependent features using an LSTM network. Med. Phys. 47, 3447–3457. https:// doi. org/ 10. 1002/ mp. 14222 (2020).

 25. Julie, L. et al. A free time point model for dynamic contrast enhanced exploration. Magn. Reson. Imaging. 80, 39–49. https:// doi. 
org/ 10. 1016/j. mri. 2021. 04. 005 (2021).

 26. Bliesener, Y., Acharya, J. & Nayak, K. S. Efficient DCE-MRI parameter and uncertainty estimation using a neural network. IEEE 
Trans. Med. Imaging 39, 1712–1723. https:// doi. org/ 10. 1109/ TMI. 2019. 29539 01 (2020).

 27. Ulas, C. et al. Direct estimation of pharmacokinetic parameters from DCE-MRI using deep CNN with forward physical model loss. 
In International Conference on Medical Image Computing and Computer-Assisted Intervention, MICCAI, Vol. 1, 39–47 (Springer, 
2018).

 28. Ulas, C. et al. Convolutional neural networks for direct inference of pharmacokinetic parameters: Application to stroke dynamic 
contrast-enhanced MRI. Front. Neurol. 9, 1147. https:// doi. org/ 10. 3389/ fneur. 2018. 01147 (2018).

 29. Kettelkamp, J. & Lingala, S. G. Arterial input function and tracer kinetic model-driven network for rapid inference of kinetic 
maps in dynamic contrast-enhanced MRI (AIF-TK-net). In 17th International Symposium on Biomedical Imaging (ISBI), Vol. 1, 
1450–1453 (IEEE, 2020).

 30. Rastogi, A., Dutta, A. & Yalavarthy, P. K. VTDCE-Net: A time invariant deep neural network for direct estimation of pharmacoki-
netic parameters from undersampled DCE MRI data. Med. Phys. 50, 1560–1572. https:// doi. org/ 10. 1002/ mp. 16081 (2023).

 31. Chwang, W. B. et al. Measurement of rat brain tumor kinetics using an intravascular MR contrast agent and DCE-MRI nested 
model selection. J. Magn. Reson. Imaging 40, 1223–1229. https:// doi. org/ 10. 1002/ jmri. 24469 (2014).

 32. Kallehauge, J. F. et al. Tracer kinetic model selection for dynamic contrast-enhanced magnetic resonance imaging of locally 
advanced cervical cancer. Acta Oncol. 53, 1064–1072. https:// doi. org/ 10. 3109/ 02841 86X. 2014. 937879 (2014).

 33. Sourbron, S. P. & Buckley, D. L. Classic models for dynamic contrast-enhanced MRI. NMR Biomed. 26, 1004–1027. https:// doi. 
org/ 10. 1002/ nbm. 2940 (2013).

 34. Heye, A. K. et al. Tracer kinetic modelling for DCE-MRI quantification of subtle blood-brain barrier permeability. Neuroimage 
125, 446–455. https:// doi. org/ 10. 1016/j. neuro image. 2015. 10. 018 (2016).

 35. Peng, C. et al. Targeting orthotopic gliomas with renal-clearable luminescent gold nanoparticles. Nano Res. 10, 1366–1376. https:// 
doi. org/ 10. 1007/ s12274- 017- 1472-z (2017).

 36. Bai, R. et al. Shutter-speed DCE-MRI analyses of human glioblastoma multiforme (GBM) data. J. Magn. Reson. Imaging 52, 
850–863. https:// doi. org/ 10. 1002/ jmri. 27118 (2020).

 37. Patlak, C. S., Blasberg, R. G. & Fenstermacher, J. D. Graphical evaluation of blood-to-brain transfer constants from multiple-time 
uptake data. J. Cereb. Blood Flow Metab. 3, 1–7 (1983).

 38. Patlak, C. & Blasberg, R. Graphical evaluation of blood to brain transfer constants from multiple time up take data. Generaliza-
tions. J. Cereb. Blood Flow Metab. 5, 584–590 (1985).

 39. Tofts, P. & Kermode, A. Measurement of the blood–brain barrier permeability and leakage space using dynamic MR imaging. 1. 
Fundamental concepts. Magn. Reson. Med. 17, 357–367 (1991).

 40. Tofts, P. S. et al. Estimating kinetic parameters from dynamic contrast-enhanced T(1)-weighted MRI of a diffusable tracer: Stand-
ardized quantities and symbols. J. Magn. Reson. Imaging 10, 223–232 (1999).

 41. Spencer, R. G., Horska, A., Ferretti, J. A. & Weiss, G. H. Spillover and incomplete saturation in kinetic measurements. J. Magn. 
Reson. 101, 294–296 (1993).

 42. Paudyal, R. et al. MRI Look-Locker estimates of the longitudinal relaxation rate are approximately linear in contrast agent tissue 
concentration. Int. Soc. Magn. Reson. Med. 1, 3854 (2008).

 43. Nagaraja, T. N. et al. The MRI-measured arterial input function resulting from a bolus injection of Gd-DTPA in a rat model 
of stroke slightly underestimates that of Gd-[14C]DTPA and marginally overestimates the blood-to-brain influx rate constant 
determined by Patlak plots. Magn. Reson. Med. 63, 1502–1509. https:// doi. org/ 10. 1002/ mrm. 22339 (2010).

 44. Stone, R. E. T. & Craig, A. The simplex and projective scaling algorithms as iteratively reweighted least squares methods. SIAM 
Rev. 33, 220–237 (1991).

 45. Aryal, M. P. et al. Dynamic contrast enhanced MRI parameters and tumor cellularity in a rat model of cerebral glioma at 7 T. Magn. 
Reson. Med. 71, 2206–2214. https:// doi. org/ 10. 1002/ mrm. 24873 (2014).

 46. Dehkordi, A., Kamali-Asl, A., Ewing, J. & Bagher-Ebadian, H. An adaptive model for direct estimation of extravascular-extracellular 
space in dynamic contrast-enhanced magnetic resonance imaging studies. Int. J. Radiat. Oncol. Biol. Phys. 96, E644 (2016).

 47. Elmghirbi, R. et al. Acute temporal changes of MRI-tracked tumor vascular parameters after combined anti-angiogenic and radia-
tion treatments in a rat glioma model: Identifying signatures of synergism. J. Radiat. Res. 187, 79–88 (2017).

 48. Elmghirbi, R. et al. Toward a noninvasive estimate of interstitial fluid pressure by dynamic contrast-enhanced MRI in a rat model 
of cerebral tumor. Magn. Reson. Med. 80, 2040–2052. https:// doi. org/ 10. 1002/ mrm. 27163 (2018).

 49. Ewing, J. R. et al. Peritumoral tissue compression is predictive of exudate flux in a rat model of cerebral tumor: An MRI study in 
an embedded tumor. NMR Biomed. 28, 1557–1569. https:// doi. org/ 10. 1002/ nbm. 3418 (2015).

 50. Nagaraja, T. N. et al. Cilengitide-induced temporal variations in transvascular transfer parameters of tumor vasculature in a rat 
glioma model: Identifying potential MRI biomarkers of acute effects. PLoS ONE 8, e84493. https:// doi. org/ 10. 1371/ journ al. pone. 
00844 93 (2013).

 51. Paudyal, R., Bagher-Ebadian, H., Nagaraja, T. N., Fenstermacher, J. D. & Ewing, J. R. Modeling of Look-Locker estimates of the 
magnetic resonance imaging estimate of longitudinal relaxation rate in tissue after contrast administration. Magn. Reson. Med. 
66, 1432–1444. https:// doi. org/ 10. 1002/ mrm. 22852 (2011).

 52. Liu, H. On the Levenberg-Marquardt training method for feed-forward neural networks. In 2010 Sixth International Conference 
on Natural Computation, Vol. 1, 456–460. https:// doi. org/ 10. 1109/ ICNC. 2010. 55831 51 (2010).

 53. Cawley, G. C. & Talbot, N. L. On over-fitting in model selection and subsequent selection bias in performance evaluation. J. Mach. 
Learn. Res. 11, 2079–2107 (2010).

 54. Steyerberg, E. W. & Harrell, F. E. Prediction models need appropriate internal, internal-external, and external validation. J. Clin. 
Epidemiol. 69, 245–247. https:// doi. org/ 10. 1016/j. jclin epi. 2015. 04. 005 (2016).

 55. Collins, G. S., Reitsma, J. B., Altman, D. G. & Moons, K. G. Transparent reporting of a multivariable prediction model for individual 
prognosis or diagnosis (TRIPOD). Ann. Intern. Med. 162, 735–736. https:// doi. org/ 10. 7326/ L15- 5093-2 (2015).

 56. Bandos, A. I., Rockette, H. E. & Gur, D. A conditional nonparametric test for comparing two areas under the ROC curves from a 
paired design. Acad. Radiol. 12, 291–297. https:// doi. org/ 10. 1016/j. acra. 2004. 08. 013 (2005).

 57. DeLong, E. R., DeLong, D. M. & Clarke-Pearson, D. L. Comparing the areas under two or more correlated receiver operating 
characteristic curves: A nonparametric approach. Biometrics 44, 837–845 (1988).

https://doi.org/10.1016/j.acra.2009.10.021
https://doi.org/10.1259/bjr/72152927
https://doi.org/10.1002/mrm.20022
https://doi.org/10.1002/mrm.25659
https://doi.org/10.1002/mp.14222
https://doi.org/10.1016/j.mri.2021.04.005
https://doi.org/10.1016/j.mri.2021.04.005
https://doi.org/10.1109/TMI.2019.2953901
https://doi.org/10.3389/fneur.2018.01147
https://doi.org/10.1002/mp.16081
https://doi.org/10.1002/jmri.24469
https://doi.org/10.3109/0284186X.2014.937879
https://doi.org/10.1002/nbm.2940
https://doi.org/10.1002/nbm.2940
https://doi.org/10.1016/j.neuroimage.2015.10.018
https://doi.org/10.1007/s12274-017-1472-z
https://doi.org/10.1007/s12274-017-1472-z
https://doi.org/10.1002/jmri.27118
https://doi.org/10.1002/mrm.22339
https://doi.org/10.1002/mrm.24873
https://doi.org/10.1002/mrm.27163
https://doi.org/10.1002/nbm.3418
https://doi.org/10.1371/journal.pone.0084493
https://doi.org/10.1371/journal.pone.0084493
https://doi.org/10.1002/mrm.22852
https://doi.org/10.1109/ICNC.2010.5583151
https://doi.org/10.1016/j.jclinepi.2015.04.005
https://doi.org/10.7326/L15-5093-2
https://doi.org/10.1016/j.acra.2004.08.013


15

Vol.:(0123456789)

Scientific Reports |         (2023) 13:9672  | https://doi.org/10.1038/s41598-023-36483-9

www.nature.com/scientificreports/

 58. Bagher-Ebadian, H. et al. Detection of dominant intraprostatic lesions in patients with prostate cancer using an artificial neural 
network and MR multimodal radiomics analysis. Int. J. Radiat. Oncol. Biol. Phys. 99, S82–S83 (2017).

 59. Bagher-Ebadian, H. et al. MRI estimation of contrast agent concentration in tissue using a neural network approach. Magn. Reson. 
Med. 58, 290–297. https:// doi. org/ 10. 1002/ mrm. 21332 (2007).

 60. Hosseini-Ashrafi, M. E., Bagher-Ebadian, H. & Yahaqi, E. Pre-optimization of radiotherapy treatment planning: An artificial neural 
network classification aided technique. Phys. Med. Biol. 44, 1513–1528 (1999).

 61. Nejad-Davarani, S. P. et al. An extended vascular model for less biased estimation of permeability parameters in DCE-T1 images. 
NMR Biomed. 30, 3698. https:// doi. org/ 10. 1002/ nbm. 3698 (2017).

 62. Liberman, G. et al. DUSTER: Dynamic contrast enhance up-sampled temporal resolution analysis method. Magn. Reson. Imaging 
34, 442–450. https:// doi. org/ 10. 1016/j. mri. 2015. 12. 014 (2016).

 63. Janson, L., Fithian, W. & Hastie, T. J. Effective degrees of freedom: A flawed metaphor. Biometrika 102, 479–485. https:// doi. org/ 
10. 1093/ biomet/ asv019 (2015).

 64. Radaelli, E. et al. Immunohistopathological and neuroimaging characterization of murine orthotopic xenograft models of glio-
blastoma multiforme recapitulating the most salient features of human disease. Histol. Histopathol. 24, 879–891. https:// doi. org/ 
10. 14670/ HH- 24. 879 (2009).

 65. Pishko, G. L., Astary, G. W., Zhang, J., Mareci, T. H. & Sarntinoranont, M. Role of convection and diffusion on DCE-MRI param-
eters in low leakiness KHT sarcomas. Microvasc. Res. 84, 306–313. https:// doi. org/ 10. 1016/j. mvr. 2012. 09. 001 (2012).

 66. Dehkordi, A. N. et al. An adaptive model for rapid and direct estimation of extravascular extracellular space in dynamic contrast 
enhanced MRI studies. NMR Biomed. 30, e3682 (2017).

 67. Nagaraja, T. N. et al. Imaging acute effects of bevacizumab on tumor vascular kinetics in a preclinical orthotopic model of U251 
glioma. NMR Biomed. 34, e4516. https:// doi. org/ 10. 1002/ nbm. 4516 (2021).

 68. Magdoom, K. N. et al. Longitudinal evaluation of tumor microenvironment in rat focal brainstem glioma using diffusion and 
perfusion MRI. J. Magn. Reson. Imaging 49, 1322–1332. https:// doi. org/ 10. 1002/ jmri. 26315 (2019).

 69. Bagher-Ebadian, H. et al. Magnetic resonance imaging estimation of longitudinal relaxation rate change (ΔR1) in dual gradient 
echo sequences using an adaptive model. IEEE-IJCNN 140, 2501–2506 (2011).

 70. Bagher-Ebadian, H. et al. Magnetic resonance estimation of longitudinal relaxation time (T1) in spoiled gradient echo using an 
adaptive neural network. IEEE-IJCNN 253, 2557–2562 (2011).

 71. Bagher-Ebadian, H., Paudyal, R., Mikkelsen, T., Jiang, Q. & Ewing, J. Rapid and direct quantification of longitudinal relaxation 
time (T1) in look-locker sequences using an adaptive neural network. IEEE-IJCNN 3, 236–241 (2009).

 72. Jacobs, V. L., Valdes, P. A., Hickey, W. F. & De Leo, J. A. Current review of in vivo GBM rodent models: Emphasis on the CNS-1 
tumour model. ASN Neuro 3, e00063. https:// doi. org/ 10. 1042/ AN201 10014 (2011).

 73. Candolfi, M. et al. Intracranial glioblastoma models in preclinical neuro-oncology: Neuropathological characterization and tumor 
progression. J. Neurooncol. 85, 133–148. https:// doi. org/ 10. 1007/ s11060- 007- 9400-9 (2007).

 74. Arledge, C. A. et al. Deep learning quantification of vascular pharmacokinetic parameters in mouse brain tumor models. Front. 
Biosci. Landmark 27, 99. https:// doi. org/ 10. 31083/j. fbl27 03099 (2022).

 75. Fang, K. et al. Convolutional neural network for accelerating the computation of the extended Tofts model in dynamic contrast-
enhanced magnetic resonance imaging. J. Magn. Reson. Imaging 53, 1898–1910. https:// doi. org/ 10. 1002/ jmri. 27495 (2021).

 76. Choi, K. S. et al. Improving the reliability of pharmacokinetic parameters at dynamic contrast-enhanced MRI in Astrocytomas: A 
deep learning approach. Radiology 297, 178–188. https:// doi. org/ 10. 1148/ radiol. 20201 92763 (2020).

 77. Ng, C. S. et al. Dependence of DCE-MRI biomarker values on analysis algorithm. PLoS ONE 10, e0130168. https:// doi. org/ 10. 
1371/ journ al. pone. 01301 68 (2015).

 78. ArturKlepaczko, M. S., Kociołek, M., Eikefjord, E. & Lundervold, A. A multi-layer perceptron network for perfusion parameter 
estimation in DCE-MRI studies of the healthy kidney. Appl. Sci. 10, 5525 (2020).

 79. Cao, Y., Brown, S. L., Knight, R. A., Fenstermacher, J. D. & Ewing, J. R. Effect of intravascular-to-extravascular water exchange on 
the determination of blood-to-tissue transfer constant by magnetic resonance imaging. Magn. Reson. Med. 53, 282–293. https:// 
doi. org/ 10. 1002/ mrm. 20340 (2005).

 80. Ewing, J. R., Bagher-Ebadian, H. & Paudyal, R. International Society for Magnetic Resonance in Medicine: Fourteenth Scientific 
Meeting and Exhibition S3394 (International Society for Magnetic Resonance in Medicine).

 81. Li, X. et al. Dynamic-contrast-enhanced-MRI with extravasating contrast reagent: Rat cerebral glioma blood volume determina-
tion. J. Magn. Reson. 206, 190–199. https:// doi. org/ 10. 1016/j. jmr. 2010. 07. 004 (2010).

 82. Yankeelov, T. E., Rooney, W. D., Li, X. & Springer, C. S. Jr. Variation of the relaxographic “shutter-speed” for transcytolemmal 
water exchange affects the CR bolus-tracking curve shape. Magn. Reson. Med. 50, 1151–1169. https:// doi. org/ 10. 1002/ mrm. 10624 
(2003).

 83. Landis, C. S. et al. Equilibrium transcytolemmal water-exchange kinetics in skeletal muscle in vivo. Magn. Reson. Med. 42, 467–478 
(1999).

 84. Li, X. et al. Dynamic NMR effects in breast cancer dynamic-contrast-enhanced MRI. Proc. Natl. Acad. Sci. U.S.A. 105, 17937–17942 
(2008).

 85. Li, X., Rooney, W. D. & Springer, C. S. Jr. A unified magnetic resonance imaging pharmacokinetic theory: Intravascular and 
extracellular contrast reagents. Magn. Reson. Med. 54, 1351–1359 (2005).

 86. Paudyal, R., Bagher-Ebadian, H., Nagaraja, T. N., Fenstermacher, J. D. & Ewing, J. R. Modeling of Look-Locker estimates of the 
magnetic resonance imaging estimate of longitudinal relaxation rate in tissue after contrast administration. Magn. Reson. Med. 
https:// doi. org/ 10. 1002/ mrm. 22852 (2011).

 87. Bagher-Ebadian, H. et al. MRI estimation of gadolinium and albumin effects on water proton. Neuroimage 54(Suppl 1), S176–S179. 
https:// doi. org/ 10. 1016/j. neuro image. 2010. 05. 032 (2011).

 88. Buckley, D. L., Kershaw, L. E. & Stanisz, G. J. Cellular-interstitial water exchange and its effect on the determination of contrast agent 
concentration in vivo: Dynamic contrast-enhanced MRI of human internal obturator muscle. Magn. Reson. Med. 60, 1011–1019. 
https:// doi. org/ 10. 1002/ mrm. 21748 (2008).

 89. Mohammad-Djafari, A. Regularization, Bayesian inference, and machine learning methods for inverse problems. Entropy 23, 1673. 
https:// doi. org/ 10. 3390/ e2312 1673 (2021).

 90. Santosa, F. & Symes, W. Linear inversion of band-limited reflection seismograms. SIAM J. Sci. Stat. Comput. 7, 1307–1330. https:// 
doi. org/ 10. 1137/ 09070 87 (1986).

 91. Tibshirani, R. Regression shrinkage and selection via the lasso: A retrospective. R. Stat. Soc. 73, 273–282 (2011).
 92. Nelder, J. A. & Wedderburn, R. W. Generalized linear models. J. R. Stat. Soc. Ser. A 135, 370–384 (1972).

Acknowledgements
This work was supported in part by a grant from Varian Medical Systems (Siemens Healthineers, Palo Alto, CA), 
HSC Pilot Grant (F80005) from Michigan State University and Henry Ford Health System, Dykstra Steel Family 
(Philanthropic Grant, #F5670), and NCI/NIH R01-CA218596.

https://doi.org/10.1002/mrm.21332
https://doi.org/10.1002/nbm.3698
https://doi.org/10.1016/j.mri.2015.12.014
https://doi.org/10.1093/biomet/asv019
https://doi.org/10.1093/biomet/asv019
https://doi.org/10.14670/HH-24.879
https://doi.org/10.14670/HH-24.879
https://doi.org/10.1016/j.mvr.2012.09.001
https://doi.org/10.1002/nbm.4516
https://doi.org/10.1002/jmri.26315
https://doi.org/10.1042/AN20110014
https://doi.org/10.1007/s11060-007-9400-9
https://doi.org/10.31083/j.fbl2703099
https://doi.org/10.1002/jmri.27495
https://doi.org/10.1148/radiol.2020192763
https://doi.org/10.1371/journal.pone.0130168
https://doi.org/10.1371/journal.pone.0130168
https://doi.org/10.1002/mrm.20340
https://doi.org/10.1002/mrm.20340
https://doi.org/10.1016/j.jmr.2010.07.004
https://doi.org/10.1002/mrm.10624
https://doi.org/10.1002/mrm.22852
https://doi.org/10.1016/j.neuroimage.2010.05.032
https://doi.org/10.1002/mrm.21748
https://doi.org/10.3390/e23121673
https://doi.org/10.1137/0907087
https://doi.org/10.1137/0907087


16

Vol:.(1234567890)

Scientific Reports |         (2023) 13:9672  | https://doi.org/10.1038/s41598-023-36483-9

www.nature.com/scientificreports/

Author contributions
Conceptualization, methodology, investigation, modeling, validation, and manuscript writing were performed 
by H.B.E., and J.R.E.—Review and scientific editing were performed by H.B.E., J.R.E., I.J.C., S.L.B., M.M.G., and 
T.N.N.—MR Data acquisition and conventional pharmacokinetic modeling of DCE-MRI data were performed 
by J.R.E., G.D., J.H.X., R.A.K., I.Y.L., G.D., P.A., O.G.V., S.L.B., and T.N.N.—Conventional data analysis was 
performed by J.R.E., H.B.E.—Data curation, pre-processing, and data inspection were performed by G.D., P.A., 
O.G.V., T.N.N., H.B.E., J.R.E. and M.M.G.—Resources and Supervision: I.J.C., B.M., J.R.E., and S.L.B.—Project 
administration, funding acquisition: J.R.E., I.J.C., B.M., H.B.E., and M.M.G.

Competing interests 
Dr. Bagher-Ebadian has the following grants relevant to this study to declare: (1)-Health Sciences Center—Pilot 
Grant from Michigan State University and Henry Ford Health System (F80005). (2)-Dykstra Steel Family (Phil-
anthropic Grant, F5670). Dr. Ghassemi has the following grants relevant to this study to declare: Health Sciences 
Center—Pilot Grant from Michigan State University and Henry Ford Health System (F80005). Dr. Ewing and 
Dr. Brown have the following grant relevant to this study to declare: R01-CA218596|NCI/NIH. Dr. Benjamin 
Movsas and Dr. Chetty have the same following grants to declare: (1)-Sponsored research grants from Varian 
Medical Systems/Siemens Healthineers (Palo Alto, CA, USA). (2)-ViewRay Inc (MountainView, CA, USA). 
No competing interests for the following co-authors: Tavarekere N. Nagaraja, Grahm Valadie, Acharya Prabhu, 
Glauber Cabral, George Divine, Robert A. Knight, Ian Y. Lee, and Jun H. Xu.

Additional information
Correspondence and requests for materials should be addressed to H.B.-E.

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

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

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

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

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Dynamic contrast enhanced (DCE) MRI estimation of vascular parameters using knowledge-based adaptive models
	Authors

	Dynamic contrast enhanced (DCE) MRI estimation of vascular parameters using knowledge-based adaptive models
	Methods
	Ethical approval. 
	Animal population and DCE-MR imaging. 
	Nested model selection and observation equations for pharmacokinetic analysis. 
	Calculation of CA concentration (∆R1) from the dual gradient echo (DGE) pulse sequence. 
	DCE-MRI feature engineering, adaptive model training and validation. 
	Optimization of ANNs, estimation of ANNs’ performance and generalization error. 
	IACUC. 

	Results
	Discussion
	Limitation and future directions. 

	Conclusion
	References
	Acknowledgements


