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1 INTRODUCTION

Dynamic-Contrast-Enhanced (DCE) imaging has shown great potential for diagnosis and prediction of patient’s response to
treatments [1-7]. As DCE data depend on the microcirculation characteristics of the tissue, it is a suitable technique to detect
microcirculation disorders associated with pathologies such as tumors or ischemia. Under reproducible acquisition conditions
and the same model for data analysis, the identification of patterns in DCE data can help classifying patients into different
physiopathological groups [8—10].

Numerous studies pointed to the improvement of diagnosis and prognosis provided by DCE-MRI. As DCE has been mainly
used for patient classification, simple analysis models have been favored as they are efficient to answer this question [11]. The
simplicity and stability of these models are necessary to establish reliable and repeatable diagnostics [12,13]. Unfortunately, this
use has led to little feedbacks in terms of pharmacokinetic (PK) or molecular interpretation. However, many published and
commercially available PK models provide interpretive and quantitative parameters related with microcirculatory tissue
characteristics, such as “blood flow” or “interstitial volume” [14]. The interpretation of such models is generally justified by
reasonable qualitative assumptions, but these are only declarative interpretations that vary according to the models, which leads
to a great variability of quantitative results depending on the model used [15-18]. To verify interpretation, we must at least
ensure that the assumptions are not contradicted by the observations. It is therefore necessary to verify that the pharmacokinetic
model correctly describes the DCE data before interpreting its parameters physiologically. However, this is not generally done,
as classification takes priority. Thus, models that were well-designed to classify patients are not automatically relevant for
physiological interpretation [17] and then care must be taken in the physiological interpretation of DCE models.

However, for DCE users, there is a latent necessity for DCE users for new and trustable insights in terms of
physiopathological interpretation [19-21]. Several studies have proposed techniques to compare the relevance of PK models with
respect to the DCE data [22-26]. But, so far, and in accordance with classification, these evaluations are more concerned with
technical performance [27] than with data agreement. The evaluation of this agreement is not trivial in DCE, explaining why it is
generally not evaluated. To the best of our knowledge, the main obstacle is that PK models cannot be compared directly with
DCE data. Indeed, the PK models do not describe the DCE data themselves but a transition between an arterial input and a tissue
measurement. In this work, our hypothesis is that a model specifically designed to have good agreement with the DCE data,
under a wide range of experimental conditions, could act as an intermediate to assess the agreement of PK models versus DCE
data. Indeed, if such a reference model exists, it can describe the DCE data accurately and without bias. The agreement between
a PK model and the DCE data, not directly measurable, can then be assessed by measuring the agreement between the PK model
and the reference model. The first question is then to know if such a reference model is technically viable. We, therefore, sought

to propose and test a model on several simulated data.

DCE data are highly variable due to the diversity of acquisition conditions [28], organs and pathologies studied. To correctly
describe DCE data beyond simple targeted cases, we considered a model with minimal hypotheses. This, therefore, precludes
using the parametric PK models currently available in the literature. Nevertheless, raw non-parametric models are known to be
particularly unstable [29]. To improve its stability, non-parametric models are usually combined with appropriate regularization
rules. A pioneering model with minimal hypotheses was proposed by Jerosch-Herold for cardiac applications [29]. It uses time
decimation, to reduce the model dimension, followed by a B-Splines reconstruction. It was derived from deconvolution
techniques [30]. However, this model presents casual oscillations that are not compatible with the latent physiology of the organ.

In this work, we aimed to extend and optimize this model to build a potential reference model. It resulted in the Free-Time-Point



Hermite (FTPH) model, which was tested and compared against the original B-Spline.

We evaluated the FTPH model using simulations to investigate its ability to describe properly tissue information available in
several types of DCE data. For this purpose, we generated data with the contrasting Two-Compartment exchange (2CX) and the
Adiabatic Tissue Homogeneity (ATH) models described below [31], and checked numerically whether our model could fit both
types of data accurately.

We then assessed whether the description of the data provided by the FTPH model was of sufficiently high quality to allow
both experienced and inexperienced users to identify the models used to generate the data. The question then was whether the
FTPH model allowed the user to find the physiological hypothesis in agreement with his data. Relying on the FTPH results, users
were asked to estimate the most likely pharmacokinetic hypothesis to explain the data (2CX or ATH). The predictive value of
this observation was then quantified. Finally, several real datasets were fitted with the FTPH model to assess the model response

against real explorations.

2 MATERIAL AND METHODS

2.1 Convolutional Models

Most pharmacokinetic models found in literature, for MRI, CT and PET, assume that the measured Tissue Response (TIC(t))
results from a linear and invariant process over time derived from the arterial input function (AIF) signal. AIF corresponds to the
contrast agent (CA) concentration coming from the arteries to be delivered into tissue. This leads to the following theoretical

relationship between CA concentration in the AIF(t) and the CA concentration in the tissue TIC(t) for successive time points t:
TIC(t) = fOtAIF(t — 1) TIR(t)dt = AIF *TIR (1)

where TIC(t) results from a convolution (¥*) of AIF(t) with a tissue impulse response TIR(t). The TIR signal corresponds with
the amount of contrast agent remaining in the tissue after a unique input of CA at the initial time point. By definition, the TIR

should be a positive and decreasing function.

2.2 Deconvolution techniques

2.2.1  Singular Value Decomposition

Deconvolution techniques consist of extracting the TIR(t) curve from AIF and TIC. Estimating TIR(t) is ideally equivalent to
remove the influence of the AIF from TIC. It produces a signal that is less dependent on the experimental conditions. Estimating
the set of parameters {p} of a pharmacokinetic model involves estimating the parametric impulse response corresponding to the
model: TIR(t , {p}). Thus, some authors equate parametric estimation with deconvolution. In this paper, a minimal-hypothesis

model was used, meaning a model describing only TIR values, with no assumptions other than its expected decrease.

Common deconvolution techniques use a matrix formalism to evaluate TIR for data defined by iterative measures. To simplify,
AIF(t) and TIR(t) could be considered constant over short time intervals. Therefore, (1) can be reformulated with the following

numerical approximation:

i i
TIC(t;) = TIC; = Z AIF(t; — 7;). TIR(T;). At + & =Z A, TIR + ¢
=1 = ()



where At is the sampling interval and &; the noise in the signal. This approximation should be refined, without changes in

formalism, by preliminary filtering the AIF signal for noise reduction and by oversampling data with any interpolation technique.

Equation (2) could be written with a matrix product:

TIC = A.TIR + ¢ 3)

where TIC, TIR and ¢ are time signals and the matrix A is defined as follows:

AIF, 0 0
A=A AR 0 e g
AIFy AlFy_, - AIF, 4

being N is the number of time points.

The direct inversion (3) to determine the impulse response from A and TIC leads to an ill-posed problem and small perturbation
in the measured data can cause deleterious instabilities in the TIR assessment. Several regularization techniques have been
proposed, mainly by truncating the singular values that produce the strongest noise amplifications and by including
regularization terms in the inversion [32-34]. A pseudo-inverse method with singular value decomposition (SVD) and Tikhonov
regularization was used to solve (3) by limiting noise amplification. This method consists of diagonalizing the matrix A enabling
a pseudo inversion of A to obtain 7IR in (3). Each resulting diagonal element of matrix A, named «singular value» corresponds
to an amplification factor for specific time vectors. We used the freely available Matlab toolbox proposed by Hansen [32] to
perform this decomposition.

B-spline approximation (see Fig. 1a)

Since regularized deconvolution techniques do not always provide stable DCE estimates, Jerosch-Herold proposed to reduce the
deleterious high dimension of the problem by a B-Spline representation of the TIR signal [35]. This model represents TIR as a

sum of weighted B-spline polynomial functions of degree n:

p

TIR(tl) = Z (Xj.Bjn(ti) ) & € R. (5)

=

Here B}'(t;) represents the Jj"™ basis spline function of degree n, and a; is the corresponding B-spline coefficient. The set of
corresponds to the list of control points of the B-Spline approximation. A spline polynomial of degree n is a piecewise curve that
has specific continuity properties: the curve is differentiable up to n-1 and is defined by a list of p+n+1 knots [30]. Roughly, this
down-sampling technique reduces the NxN matrix A by a Nxp matrix D as described in the following equation. (See [30,35] for

a more detailed description).

N ¢ 14
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The estimation of 7IR results, then from the evaluation of the vector a, by using the SVD technique including the Tikhonov
regularization as described previously. The procedure thus consists of reducing the size of the model from N to p using regular
sampling of the data, then reconstructing a regularized curve at N points using B-splines. We used the B-Spline model as a
reference to compare with our model. The number of control points (p) was fixed to 15 and the 4% degree of B-Spline as

proposed in the original publication.

2.2.2  Free Time Point Hermite model (see Fig. 1b)

The initial down-sampling of the control points of the TIR curve results from low-pass filtering of the estimated 7IR by a
frequency cutoff. However, in common parametric models, TIRs are generally characterized by sharp patterns at the beginning
of the curve corresponding to fast flows into the vascular spaces, and smoother patterns at the end of the curve corresponding to
slower flows out of the vascular spaces. Associating a single maximum frequency to the whole curve is therefore not necessarily
appropriate and could cause an under-sampling of the initial part (bias of the estimated TIR curve), combined with an over-
sampling of its final part (noise). To describe local sharp signal with a moderate cost in terms of model dimension (robustness),
the homogeneous time points of the initial Jerosh-Herorld model were replaced by flexible time points in our model. The

associated times of the different control points then become parameters to be estimated.

Moreover, the formalism of the B-Spline is complex and implicit, with no direct correspondence between the B-Spline
parameters and the detailed properties of the TIR curve. This complicates the imposition of the decay constraint. Thus, the B-
Spline formalism was replaced by a more direct spline interpolation formalism, where TIR signals were defined by few reference
points included in the TIR curve. Hence, the TIR curve was described by some of its points (the reference points) which were
defined each by an abscissa and an ordinate. The decrease of TIR was performed by imposing a decrease intensity of the
successive reference point: TIR(7;). More precisely, values were evaluated iteratively as TIR(ti) = Bi - TIR(ti.1) for any i>1, were
the attenuation factor B; was defined between 0 and 1. Additionally, 3 null points were used to create a discontinuity before 7; and

ensures zero TIR values before this time point.

Finally, Splines were used to interpolate TIR points between reference points. However, conventional Splines are known to
generate oscillation between reference-point, and thus could contradict the decreasing hypothesis. To propagate the decrease
between the reference points, the conventional splines were replaced by the specific cubic Hermite splines, consisting of a
piecewise cubic C! splines [30]. Hermite interpolation conditions are often referred to as Piecewise Cubic Hermite Interpolating
Polynomials (PCHIP). Due to the C! property of Hermite polynomial, the monotony of the curve is conserved between reference

points.

Six reference-points defined with abscissa and ordinate, were used with the Free Time Point Hermite (FTPH) model for a
reasonable comparison with the 15 parameters used to describe the ordinates of the initial B-Splines model. An iterative
nonlinear least square fitting technique, as is currently used for parametric models, was used to fit the data with the FTPH model.
In practice, curve-fitting was solved with the “Isqcurvefit” function of MATLAB R2013b (Matworks, Natick, MA) based on a
‘Trust-Region-Reflective Optimization” [36].

4



Both the control-points of B-splines and the reference-points for interpolating splines will be considered uniformly as

“construction-points” throughout the rest of the paper.

2.3 Evaluation of the FTPH model (Fig. 2)

2.3.1  Data generation

The evaluation of the model accuracy, its robustness and its neutrality to data type were tested with simulated data. An AIF was
selected randomly from a previous DCE-MRI clinical study [37] with principal investigators’ authorization. The main
parameters of the MR sequence used are available in Table 1. Two different parametric models [14,31] were used to generate
tissue enhancements. They were selected to represent data resulting from two contrasting assumptions on CA distribution in the
vascular space of the tissue of interest. The 2CX model (model 1) assumes an instantaneous CA dilution in the vascular space.
This principle induces an exponentially decreasing function for the vascular contribution in the 7/R. The ATH model (model 2)
assumes a null CA dilution in the vascular space, also considered as a set of homogeneous tubes. In this model, all the CA in the
vascular space comes out at a given time, meaning that no CA comes out before (7IR presenting an initial plateau) and that no
CA remains in the vascular space after. Both models include an additive interstitial space. Qualitatively, the model parameters

are the same for ATH and 2CX but the same parametric values involve different TIR patterns.

Parametric values of reference for both models were taken from Schabel et al., [31] except for the blood volume which was
multiplied by 2 to enhance the difference between models. The resulting parameters were blood flow= 100 mL/100 mL/min,
blood volume fraction = 30%, permeability-surface product = 72 mL/100 mL/min and interstitial volume fraction = 25%. Then,
TIC was generated by convolving the AIF with TIRs generated by both models. For generalization, various sets of parameters
around initial parametric values were used to generate data. Moreover, the resulting TIC curves were polluted by adding random
noise. More precisely, we generated 50 datasets both with 2CX and ATH models, without and with random Gaussian white
noise, with a signal to noise ratio of 20. For each case, the initial parametric values were generated randomly by using white
homogeneous noise, resulting in parameters varying from half to twice the initial parametric values.

2.3.2  Evaluation of the TIR assessments

2CX and ATH TIC-curves were analyzed with the FTPH and B-spline models resulting in estimated TIR signals. Quantitatively,
the accuracy of the deconvolution techniques was evaluated by calculating the mean squared error (QE) which derives from the
difference between initial and the estimated TIR signals. QE was normalized by the amplitude in the initial TIR signal. Then, the
quality of the TIR estimation was evaluated by testing the ability of several users to identify patterns in the estimated 7IR signal,
enabling the identification of the model used to generate data. This test was established to assess the ability of the FTPH model
to be used to identify the pharmacokinetic hypotheses which are more consistent with the observed kinetics. Five observers with
different levels of experience in DCE data, blinded from the models, were selected. Impulse responses, estimated by FTPH and
B-Splines models, were shown to each observer independently in a random order, on a dedicated in-house reading software
developed in Matlab (Mathworks, Natick, MA). Five possible answers corresponding to pattern recognition were proposed:
“definite ATH”, “probably ATH”, “undetermined”, “probably 2CX”, and “definite 2CX”. Then, concordance tables were
generated by comparison with the model used to generate data, resulting in sensitivity-specificity evaluations by merging

«probable» and «definite» model detections. The level of confidence was evaluated as the percentage of the correct evaluation



established as ‘definite’ by the users, and reversely, the level of misleading was defined as the percentage of errors in evaluation
despite a ‘definite’ assessment by the readers.

Finally, we evaluated the number of kinetics required to identify correctly the model matching the DCE data. This was
performed for the data generated by each model, according to the following decision criterion: «the parametric model (ATH or
2CX) is identified, after k observations, if this model was identified for the majority of the k TIR estimation technique (FTPH or
B-Splines) ». The power of decision was evaluated by calculating the number of observations required for the algorithm to
identify correctly the model in more than 95% of cases. To perform this step, sets of k pairs (true model, observer identification)
were selected randomly for a fixed model, then each observer decision was evaluated as right or wrong. For a given model and a
k value, the process was iterated 100 times and the percentage of the correct decision was collected. This process was repeated
for all the parametric models (ATH and 2CX), deconvolution techniques (B-Spline, FTPH) and for increasing k values until the
proportion of correct k-decisions exceed 95%, then k was selected as a reasonable exam number to identify properly the model in
line with the data. The algorithm was stopped for k=16, considering that it is not reasonable to expend more than 16 exams to
select a pharmacokinetic model for the DCE analysis. The whole process was performed for noisy and noise-free data for each
observer and pooled into synthetic tables.

Differences between methods were evaluated with the non-parametric Wilcoxon test. The significance criterion used was

P>0.05.

2.4 Deconvolution on few real case studies

To illustrate the performance of the FTPH model under real conditions, deconvolution was also tested on 4 experimental
datasets: two datasets on regions with expected intravascular CA distribution (brain and placenta), and two datasets with specific
micro-circulation (cortical and cortico-medullary parts of the kidney). The spatial delineation of regions of interest and baseline
definitions (time before injection) were performed interactively with software developed in Matlab (Mathworks, Natik, MA)
[38]. Conversion from signal to concentration assumed a simple linear relationship for simplification. Patient MRIs were selected

randomly in clinical studies with principal investigators’ authorization.

3 RESULTS

3.1 Hllustration on simulated case studies

The AIF used in simulations is shown in Fig 3.a with the corresponding TIC provided after convolution using 2CX and ATH
models, with parametric values given as reference. The corresponding “true” TIR curves were drawn in Fig.3.b and c, as plain
curves, for two time scales. The estimated TIR curves provided by deconvolution with the FTPH model were drawn in green in
Fig.3.b and c, for both 2CX and ATH. The corresponding TIC curves, resulting from convolution with the AIF, were drawn with
green crosses in Fig.3.a. In this visual example, the accuracy of the FTPH fitting was high whatever the model used to generate
data (Fig.3.a). The absence of bias and noise in the TIR curves estimated by the FTPH model enables the identification of the

patterns corresponding to ATH and 2CX (plateau and maximal initial decrease respectively) see Fig.3.b and c.



3.2 Identification of microcirculation hypothesis

In total, 200 TIR curves were generated (two models, with and without noise). TIR curves were estimated both with FTPH and
B-spline, from the AIF and TIC curves. Fig. 4 illustrates deconvolution results for one 2CX data and one ATH data selected
randomly from TIR initializations (same parameters). FTPH (in left) estimated accurately the 7TIR curve whatever the model
under evaluation, with and without moderate noise. Conversely, in this example, (Fig. 4, right panel) B-Spline was able to
estimate accurately only non-noisy 2CX data, showing otherwise oscillations or loss of the initial plateau from the initial ATH

TIR curve.

The five readers selected for model identification were: one radiologist working in an independent DCE study, one engineer in
scientific processing with more than 15 years of experience in DCE, one biostatistician, one biologist and one engineering
student with no experience in DCE data. Each reader received indications concerning patterns to identify 2CX and ATH models.
The model identification based on the FTPH deconvolutions was efficient with mean sensitivity and specificity over 90% for
non-noisy data. For noisy data, a moderate loss of efficiency was evaluated, with mean values over 80% (from 80% to 86%).
Model identification based on B-Spline was less efficient. First, in line with Fig. 4, sensitivity was low (61%) for ATH detection
and high (97%) for 2CX, resulting in a clear asymmetry in the visual interpretation. Specificity was intermediate (75%). The
dissymmetry was increased by noise providing a very low sensibility of ATH detection (52%) and a moderate specificity of 2CX

detection. All sensitivity-specificity values were collected in Table 2.

The number of exams required to establish a reliable model identification (95% of confidence) was computed and collected
shown in Table 3. Globally, the number of examinations required for the evaluation was substantially lower with FTPH than
with B-Spline. For FTPH, few data (n < 4) were required for the model identification. This number increased moderately with
noise (n < 9). For B-Splines, the efficiency of model detection depended clearly on the model (n < 5 for 2CX and n > 16 for

ATH), which confirms its non-neutrality.

Additionally, the level of confidence of the readers in their evaluations increased from B-Splines to FTPH, from 61% to 77% (p
= 0.056, Wilcoxon) without noise, and from 30% to 60% with noise (P <0.01, Wilcoxon), respectively. The level of misleading
of readers decreased from B-Splines to FTPH, from 13% down to 0.8% without noise (P<0.01, Wilcoxon) and from 9% down to

7% with noise (NS), respectively.

3.3 Quantitative evaluation (see Table 4)

For 2CX data without noise, both mean squared errors were low (QE < 2.6%) regardless of the deconvolution model. In other
cases, modeling QEs were lower for FTPH than for B-Spline which provided QE of 25% for 2CX and 45% for ATH with noise.
Regarding the FTPH modeling, QE was contained under 10% even with the noise. Differences in values found between FTPH
and B-Splines were confirmed with Wilcoxon tests (P<5.107). Also, for FTPH, QEs were comparable whatever the model used

to generate data (P>0.05) whereas for B-Splines, QE was higher for data generated by the ATH model (P<5.107).



3.4 Case studies on real data

3.4.1  Exploration

The FTPH model provided fitted TIC curves which were consistent with enhancements observed in the brain and kidney, as
shown in the right panels of Fig. 5. In all tissues of interest, the fitting of 7/C was regular and faithful regarding the shape of the
signals measured. This suggested good compliance of the model according to different acquisition contexts. Moreover, TIR
curves, on the left, which were estimated from AIF and TIC, were both sharp and regular, i.e. compatible both with accuracy and
precision. The shapes of the estimated TIR curves in the brain, without any visible plateau, suggested a poor agreement with the
ATH hypothesis. It suggests that ATH should therefore be avoided to interpret this type of data physiologically. The shapes of
the estimated 77R curves in the kidney, indicated an initial decrease with an intermediate pattern between the 2CX and ATH
models that could be compatible with the Schabel model [31]. Plateaus around 80 seconds suggested ATH-like behavior, but,
unexpectedly, for tubular microcirculation. For placental data, the comparison between ATH and 2CX curves is shown in more

detail in Fig. 6.

3.4.2  Comparison

FTPH modeling was also compared to 2CX and ATH modeling on placental data, as shown in Fig. 6. TICs indicates that the
ATH model provided a poorer fit than 2CX and FTPH models. Qualitatively, the fits of 2CX and FTPH were very accurate.
Comparison of impulse responses indicates that 2CX and FTPH provided nearly equal TIRs. The exponential hypothesis,
considered a priori by the 2CX model, was confirmed after by the FTPH model as an output of the data. This TIR equality
suggested an absence of indetermination. Indeed, the 2CX and FTPH models being independent, if there were several equivalent
micro-circulatory hypotheses or TIR patterns to explain the measured TIC equivalently, it would have been unlikely that the two

models would converge towards the same solution.

4  DISCUSSION

The accuracy and precision of the FTPH model to assess TIRs were confirmed in a framework of simulated data. Mean squared
errors lower than 10% were found in the data generated by the two 2CX and ATH models. This error, including bias and noise,
was small enough to allow observers to identify the tissue microcirculation assumption underlying their data, regardless of the
initial microcirculatory assumption. Moreover, results performed on several clinical data suggested that the FTPH model could
be used for a larger scope of acquisitions. Overall, these results show the potential of the FTPH model for describing various
DCE datasets neutrally and accurately.

A correct DCE data description is not limited to a correct description of tissue observation (TIC). TIC provides only information
on the evolution of the amount of contrast agent in the tissue, following injection. The transition between the entry of the contrast
agent into the tissue (AIF) and its presence over time (TIC) depends on the mobility of the contrast agent within the different
tissue structures, i.e. on the tissue microcirculation. As it is widely accepted that this transition can be expressed as a convolution
with a tissue impulse response (TIR), TIR is assumed to be a correct description of the DCE data (the AIF, TIC pair). Thus, TIR
contains the microcirculatory information; it is accessible only as data derived from AIF and TIC; and it is a common component
of all deconvolution models. This consideration explains respectively (i) why we tried to evaluate properly TIR with our model

and not TICs as is more commonly performed [24], (i) why we evaluated the descriptive capabilities of our model not directly



on data but rather on TIRs which were assumed to be known thanks to simulations, (iii) and why a correct assessment of the TIR
with a model such as the FTPH can be used as a reference for any PK model.

The main innovation of the FTPH model versus B-Spline, was the introduction of construction points with variable time steps.
This property allows the model to focus on the data description where the information is located. Beyond the simple technical
aspect, this allowed us to remove an implicit hypothesis from the original B-Spline model that limited its scope. In the original
model, the homogeneous sampling of the construction points (data features) assumes that the TIR information is distributed
homogeneously over time. Technically, it induces a cut-off frequency and, therefore, homogeneous smoothing. However,
theoretically, the minimum-hypothesis model does not contain this assumption. This produces a mismatch between the
theoretical model and its numerical transcription. As this mismatch is based on technical considerations, this issue is particularly
difficult to identify from a final user specialized in physiological or medical issues. Moreover, the B-Splines model does not
strictly verify the decay hypothesis, as shown by the oscillations in Fig. 4 B. This second drift was corrected with the FTPH
model. Thus, thanks to a more faithful numerical transcription of the theoretical minimal-hypothesis model, we have improved
the control over a technical tool, simplified its formulation and then improved its TIR assessment efficiency. Theoretically, the
minimal-hypothesis model only indicates that (1) the number of data features (model dimension) must be moderate because not
all the measurements are independent, and (2) TIR is a decreasing function. Conventional deconvolution techniques are based on
linear regularization methods, which are based on efficient signal processing techniques, but their relationship with the simple
theoretical minimal-hypothesis model remains unclear. This concerns especially the regularization process, for the definition of
the regularity metrics and he settings of the weighting between regularity and accuracy [32]. The consequences concerning the
mismatch between the numerical and the theoretical model are more difficult to establish than with a simple sampling. This may
explain why, to our knowledge, no TIR assessment has been proposed even though deconvolution techniques have been used in

DCE for years [39].

Most of the previous studies in the literature had as main objective to retrieve sufficient information to classify patients. In this
case, the search for information is subjected to a compromise because the needs are related to capture information, provide stable
results, and provide results sufficiently synthetic to facilitate a decision-making process. Interestingly, not all physiological
information is necessarily useful to identify the stage of pathology. It has even been shown that refining the description of TIRs
by complex models could be detrimental to the discriminant capacity of the classification [11]. This explains why the simple
Tofts-Kety model is currently used in oncology rather than the more physiological but more complex 2CX or ATH models [13].
With conventional parametric models, the TIRs assessment is voluntarily roughly approximate to ensure good robustness of the
results. Thus, it is not necessary to describe the AIF/TIC transition in full detail to provide a diagnosis. Without reliable
measurement or assessment of AIF, investigators should even be limited to the descriptive analyses of TICs. Indeed, in some
cases, it was possible to discriminate pathological statuses using TIC descriptions only, assuming that AIFs were close between
patients, or assuming that TICs could be compared to another internal reference tissues [40,41]. However, with these approaches,
the link with microcirculation remains vague. This is why most investigators use convolution models. Overall, with conventional
methods, the risks of bias are usually tolerated to reduce the risk of instability as much as possible, in order to improve inter-
patient and inter-center reproducibility [16,18,27]. This approach is consistent as long as the DCE analysis is used as a black box.
However, if the parameters of the DCE models need to be interpreted in terms of tissue microcirculation, approximations and
partial descriptions become an issue. However, attempts at interpretation from PK models are not uncommon [5,19], even when
the models were not designed for this purpose. Information criteria were developed in line with the conventional classification

challenge. The Bayesian and Akaike-type criteria: BIC, AIC, AICc and F-Test [12,13,24-26] were addressed to assess the
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"quality” of DCE models used for data fitting. They derive from TIC and measure the performance of information retrieval. The
performance increases with the integration of information into the model representation and decreases with the number of
parameters required to establish this representation. These criteria propose an “ideal balance” between information retrieval and
risk of instability, in accordance with the objective of classification [44]. Indeed, the more information available, the easier it will
be to discriminate between groups of patients. Conversely, the more parameters are provided, the less this information will be
usable by classification systems. However, these comparative criteria only provide a scale of appreciation between different
models [24]. They do not indicate the performance of the best of the models tested in terms of agreement with data. Then, they
do not determine whether a model is sufficiently consistent with the data to be considered as a valid physiological explanation of

the observed data.

When DCE data are fitted with a model, this model provides three results: a set of parameters {p}; the corresponding
parameterized impulse response (TIR (t, {p})) and the TIC assessment (TIC,) obtained by convolving TIR with AIF. The set of
parameters {p} corresponds to a synthesis of the information needed to build TIR. If the parameters are interpreted in
physiological terms, they are also used to explain TIR, thus explaining the pharmacokinetic transition from AIF to TIC. TIR
itself, considered as a signal, regardless of the formulation used to perform its calculation, is a simple description of the
transition from AIF to TIC. TIC, is a by-product of AIF and the assessed TIR. It does not directly carry the pharmacokinetic
information but can be directly compared to the measured tissue response. The Bayesian and Akaike-type criteria are based on
the evaluation of the differences between the estimated and the observed TIC. Another approach was previously proposed to
evaluate the TIC gap: the Fraction of Modeling Information (FMI), which was renormalized with the Fraction of Lasting
Information (FLI) [22,24]. While the Akaike criteria compares the TIC error to the model dimension, the FMI criteria compares
the total TIC error with the basic TIC error resulting only from the noise magnitude. The difference is the modeling error, which
corresponds to the discrepancy between the model and the data that the model claims to explain. However, FMI, as Akaike-type
criteria, is based on TIC analysis. It is thus AIF-dependent, and therefore less informative than an analysis performed on TIRs.
Moreover, the FMI is a scalar that does not allow us to appreciate the nature of the mismatch between modeling and
measurement. It would therefore be interesting to have criteria based on TIRs to complement the tools already available that are

based on TIC analysis.

In our study, we used the FTPH model to describe TIR in a way that was both parsimonious and as neutral as possible. The
objective was to have an optimized tool for the description of the transition from AIF to TIC, without constraints imposed either
by synthesis requirements (parametric models) or by technical tools that are challenging to control well (usual nonparametric
models). However, the TIR assessment is challenging. The convolution with the AIF acts as a low pass-filter which can reduce
differences between TICs from differences that could appear more clearly in TIR curves. The advantage of TIR is that it derives
directly from the pharmacokinetic information being sought. The concern is that there is no baseline measure available to know
the "true observed TIR". We, therefore, tested the FTPH model efficiency from known simulated TIRs. Complex and divergent
models were used for the simulation to test the FTPH model under a variety of non-trivial experimental conditions. The
agreement between the FTPH model and our data was high. And indeed, the FTPH model allowed even inexperienced users to
evaluate the type of microcirculation that was in agreement with their data. To our knowledge, this capability has not been
reported for any other model. Thus, although the "true TIR" is not directly measurable from the data (AIF, TIC), our results

suggest that the FTPH model is a viable model to provide a satisfactory assessment of this curve (agreement with the data). In
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other words, the FTPH model was a viable descriptive reference model (DRM) of DCE data, which verifies our original

hypothesis.

Assuming that the FTPH model can be considered a DRM under most of the experimental conditions (which remains to be
demonstrated), the FTPH model would provide means of evaluating the agreement between any PK model and any new DCE
dataset by comparing TIRpx and TIRgrpu. This comparison was performed when we analyzed the real data by comparing TIRfrpu
to the expected or calculated shapes of TIRpk, for PK equals 2CX and ATK respectively. It suggested for instance that a 2CX-
type model should be more appropriate than an ATH-type model for analyzing cerebral and placental data if physiological
indications are to be drawn from it. In the simulation analysis, we evaluated quantitatively the agreement between the FTPH
model and the ground truth generated by the 2CX and ATH models, using the mean squared error between TIRgrpy and TIRpk,
where PK corresponded either to ATH or 2CX. On new data, where the microcirculatory assumptions are poorly established, the
same logic can be applied but in the other direction: the model to be tested is the PK model and the ground truth corresponds to
the FTPH model which is assumed to be a DRM. The agreement still consists of a calculation of the mean squared error between
TIRpk and TIRrrpn. However, these are only conditional perspectives on the fact that the FTPH model remains a reference model
in a broader context than that of our study. Furthermore, it should be noted that consistency between modeling and observations
is a necessary condition for the interpretation of pharmacokinetic parameters (TIRpk with TIRprwm). But the descriptive capacity
of TIRpk does not guarantee the explanatory capacity of the {p}, used to define TIR, in terms of physiology. For this, the

previous internal controls have to be completed by validation studies [42,43]. However, this is out of the scope of our study.

Parametric PK models and the FTPH model do not have the same function. PK models have to simultaneously meet several
objectives: to be stable, to extract essential information, to provide synthetic and if interpretable results. Their ability to address
these various properties globally makes PK models useful from a technical point of view, especially for classification. However,
these multiple functionalities generally make them unsuitable for performing one function optimally, independently of their other
functions. In particular, they are not optimal for describing accurately DCE data. Thus, they usually describe the DCE data more
or less roughly. On the contrary, the FTPH model was designed to specifically address this concern. It is expected to fulfill this
function better than the KP models, and it is, therefore, likely to serve as a reference in this field. Conversely, it does not provide
an easily manipulated synthesis and does not bring any interpretation except the minimal assumption of a convolution. The

FTPH model is, therefore, a complementary tool to the standard models

Different limitations were identified concerning both the FTPH model and the challenge designed to test its performances. First,
this initial study had a limited scope. The evaluation concerned limited types of data (2CX and ATH), with limited levels of
noise. Few evaluation criteria were used in simulated data and the evaluations on measured data were just use-cases, for
illustrative purposes only. However, a wider generalization is beyond the scope of this initial study. We have already shown that
the search for a well-conditioned deconvolution method is possible in DCE, which opens interesting perspectives to better
explore microcirculation in-vivo or to better estimate the interpretative value of current PK models. Second, the optimization
technique used to fit the data with the FTPH model was not completely explored. For simplification, a current method available
in our laboratory was used. Alternative algorithms were not explored nor the impact of parametric initialization and so on.
Third, the generality of the FTPH model presented here should be further improved. For simplicity, six points were chosen to test
the FTPH model. An adaptive technique should be considered to dimension the model according to the level of information

available in the data. Moreover, the input function in the tissue should not be equal but derive from the AIF measured upstream
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in a large artery. Then a short period of growth could be allowed before imposing the main decrease in the FTPH model, to
include the dispersion of the contrast agent from the large artery to the tissue input, and thus make the model compatible with
gamma variate patterns. Fourth, any model including convolution assumes that a correct measurement of arterial input is
available. However, a correct measurement of AIF can be experimentally complicated. In this case, we recommend not to
interpret the obtained parameters. Similarly, we have assumed that the various signal distortions and other artifacts, which are the

subject of other publications [27], are either minor or corrected.

5  CONCLUSION

The free-time-point-Hermite model constitutes a direct and robust model to describe the TIR curves. It employs the localization
of a few mobile construction-points defined in abscissa and ordinate, combined with an adequate interpolation and a direct
decreasing constraint. Our results suggest that such a tool can be used to explore the microcirculatory structure expressed in DCE
data. More generally, access to well-conditioned deconvolution techniques is likely to serve as a reference TIR for estimating the
interpretative value of conventional PK models, and to explore data with a minimal hypothesis, so that the observer can be

guided in the formulation of new pharmacokinetic hypotheses.
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Table 1. Parameters of the MRI sequences

Table 2. Efficiency of the identification of pharmacokinetic hypotheses. Sensibility and specificity for Hermite and B-spline
model to identify data generated with ATH and 2CX assumptions. (presented as mean values with standard deviations)

Table 3. Average number of tests to identify the pharmacokinetic hypothesis. Number of measurements required to identify the
initial pattern (2CX or ATH assumptions) with 95% of confidence, with Hermite and B-spline modeling.

Table4. Estimated error of the TIR. Modeling errors (QE in %) between initial impulse responses generated with ATH and 2CX
models and Hermite and B-spline estimations, for noisy (SNR = 20) and non-noisy data. Values: means with standard deviation
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Figure 1: Graphical representation of the deconvolution models model. (a) The B-Spline model is defined by 15 control points
which can be modified in amplitude. Their temporal location is homogeneous. The assessed TIR curve is continuously
constructed from the control points using the B-Spline technique, including conventional splines. The decay constraint is not
imposed directly on the reconstructed curve. (b) The FTPH model is defined by 6 reference points included in the final assessed
TIR curve which can be modified both in amplitude and time. The decay constraint was imposed on the reference point and

propagated by interpolation between these points by using a Hermite’s spline.

Figure 2: Assessment of deconvolution models. A measured arterial input function (AIF) was convolved with impulse responses
(TIR) generated by two competing DCE models (2CX and ATH), to produce noisy tissue responses (TIC). Then, AIF and TICs
were provided to the B-Splines and FTPH deconvolution models that generated an assessment of the initial TIRs (TIRa). The
difference between TIRa and TIRs was then evaluated in terms of relative root mean square error and difficulty to visually

identify the original model from the observation of the TIRe.

Figure 3: Example of Hermite analysis performed on data generated with 2CX and ATH models for simulated data without
noise. (a) Data fitting with the Hermite model (green) of data generated with a 2CX (blue) and a ATH (dashed red). The
corresponding arterial input function (AIF in dark red) was indicated with its own scale. (b and c) Corresponding tissue impulse
response (TIR) signals, for the initial time points in (b) and all time points in (c). In this example, Hermite enabled a correct

fitting of the signal and a correct recovery of initial TIR curves bearing tissue information.

Figure 4: Tissue impulse responses (TIR) from 2CX and ATH data fitted with Hermite and B-spline models, with and without
noise. (Up) initial 2CX TIC-curve. (Down) initial ATH TIC-curve. (Left) fitted by Hermite. (Right) fitted by B-Spline. In these
examples, the TIC assessment by Hermite was correct whatever the model and the noise condition. Oscillations and loss of

information are visible for the B-Spline model.

Figure 5: Hermite’s model applied on 4 different study cases and for 3 different patients during MRI acquisitions. (Left) tissue
impulse responses estimated by Hermite. (Right) fitting of tissue responses, including enhancements measured in tissues, data
fitting with Hermite model, and the difference (crosses): the residue. Line 1 in brain (a-b), and line 2 in placenta (c-d), tissues
with intravascular distribution. Line 3 and 4 in kidney: (e-f) in a cortical region, (g-h) in a cortico medular region. Fittings were
consistent for each tissue response. Corresponding unnoisy tissue impulse responses (TIR) provided descriptions which were not
in line with the ATH model.

Figure 6. Comparison between the 2CX and ATH parametric models versus the FTPH model. (Left) Impulse Responses: TIRs;
(Right) Tissue Responses: TICs. The TIC curves indicate that the ATH model describes the data (black) more coarsely than the
2CX (blue) and the FTPH model (green). FTPH and 2CX describe TIC correctly. These indications are confirmed in the TIRs,
which provide additional information. The differences are more noticeable due to a noise reduction compared to the
measurements. Moreover, the nature of the differences can be clarified: the hypothesis of a minimal transit time in the tissue (red
plateau) is not confirmed by observation (FTPH data-based model). The 2CX and ATH TIRs overlap, apart from the first point.
As the TICs are the result of a convolution of the TIRs with the arterial input (AIF), different TIRs can provide very close TICs.
In this case, the "true TIR" is undetermined and several TIRs from different models are plausible, which weakens the

interpretative value of each model. In this example this is not the case: two independent models converged to the same TIR,
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which suggests that the description provided by the 2CX model is the only one compatible with the observation. The TIR of the

2CX model is therefore in agreement with the data and seems to be imposed by the data itself.
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. TR TE Flip Duration Time Sequen-
Tissue .
(ms) (ms) Angle points ce
Kidney | 51 | 09 15° 99s 589 3D
(Human)
Brain o
(Human) 4 2.3 8 373s 130 3D
Placenta o
(Rat) 11.4 1.0 90 587s 500 2D
Table 1. Parameters of the MRI sequences



Hermite model assessments

Without noise SNR =20
Sensibility Specificity Sensibility Specificity
ATH 91 (£9) % 98 (£5) % 86 (+12) % 83 (x13) %
2CX 97 (=5) % 93 (+10) % 80 (=11) % 86 (£12) %

B-spline model assessments

Without noise SNR =20
Sensibility Specificity Sensibility Specificity
ATH 56 (= 16) % 99 (£2) % 46 (£ 16) % 94 (£5) %
2CX 98 (£5) % 70 (= 17) % 85 (*8) % 67 (+5) %

Table 2. Efficiency of the identification of pharmacokinetic hypotheses. Sensibility and specificity for Hermite
and B-spline model to identify data generated with ATH and 2CX assumptions. (presented as mean values with

standard deviations)



Nb 95% Hermite model B-spline model
Noise-free SNR =20 Noise-free SNR =20
ATH 3.8 (x2.17) 8.6 (£9.32) >16 (+6.6) >16 (= 0)
2CX 2.4 (x0.5) 8.2 (£9.55) 42(%£4.9) 54 (x43)

Table 3. Mean exams number to identify the pharmacokinetic hypothesis. Number of measures required to
identify the initial pattern (2CX or ATH assumptions) with 95% of confidence, with Hermite and B-spline
modeling.



Hermite model
E Without noise SNR =20
ATH 3.35(x2.9) % 8.33(x3.9) %
2CX 2.52(x0.9) % 6.89 (£2.4) %
B-spline model
E Without noise SNR =20
ATH 15.87 (= 6.09) % 44.89 (£ 83.6) %
2CX 1.16 (£ 1.1) % 24.94 (£ 74.4) %

Table4. Estimation error of the TIR. Modeling errors (E in %) between initial impulse responses generated with
ATH and 2CX models and Hermite and B-spline estimations, for noisy (SNR = 20) and non-noisy data. Values:
means with standard deviation





