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Abstract. In-vivo characterization of arterial tissue is of paramount importance for culprit 

plaque identification, patient risk assessment and surgical planning. As culprit plaque histology 

is well known, the in-vivo tissue composition could be a valuable diagnostic and therapeutic 

tool. Currently, no in-vivo imaging technique provides direct histological information of the 

vessel wall. Different IVUS processing techniques have been used to infer the tissue 

composition from acoustic impedance variations. Most popular approaches for plaque 

characterization are based on classification schemes trained with ex-vivo tissue samples, which 

may lead to mischaracterization due to post-mortem changes in tissue properties. Hence, pure 

image based techniques are not capable of delivering the internal stress state of the vessel wall, 

which are consequence of strains produced by pressure loads. However, these images, under 

proper conditioning, provide fully detailed information about the wall kinematics, such as 

strains and rigid motions. 

In this manuscript we will present the necessary steps in IVUS image processing to have at 

hand well-conditioned data to accurately identify the wall kinematics and thus formulate a 

inverse problem to characterize arterial wall mechanical properties. The first step consists in 

the IVUS gating to extract different cardiac phases. Then, registration algorithms aim at 

removing transversal rigid motions. The so conditioned images are the input to different optical 

flow algorithms with the aim of describing the wall kinematics, that is, displacement vector 

field throughout the entire IVUS image. This displacement field is employed as input data for 

the inverse mechanical problem in which the material parameters of a constitutive model are 

determined by solving a nonlinear optimization problem. 

The focus of this work is on the conditioning stages of the IVUS images and the performance 

of optical flow algorithms in recognizing the displacement field. Concerning the inverse 
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characterization, preliminary results will be presented using a state-of-the-art formulation of 

the optimization problem.  

1 INTRODUCTION 

In-vivo tissue characterization of coronary arteries is of paramount importance for culprit 

plaque identification. Several works have identified the histological characteristics of culprit 

plaque [1, 2], although reliable diagnostic techniques for tissue composition description are still 

missing in medical practice. Promissory solutions for this open problem are the image-based 

tissue characterization [3-5] and the elastographies [6-8]. 

Image-based characterizations are low invasive techniques that analyze the acoustic 

impedance variations presented in the IVUS study. Although, these solutions rely in 

classification schemes that label in-vivo tissues based on data extracted from ex-vivo samples. 

This hypothesis is not necessarily valid due to the biochemical and structural variation of the 

vessel wall tissues after host decease, as well as, due to the not completely accurate in-vitro 

approximations to reproduce the in-vivo conditions [9]. Also, different strategies based on these 

ideas may not reach consensus on lipidic tissue identification [10]. 

Elastographies estimate the vessel wall tissues properties that are compatible with the tissue 

kinematics along the cardiac cycle. The main difficulty for these approaches is the accurate 

estimation of local tissue displacements between different cardiac phases. Since the transducer 

migrates periodically due cardiac contractions, the transversal and axial registration of the 

structures is mandatory for the appropriate displacement estimation. Most elastography 

techniques addresses transversal registration only, neglecting axial displacements of the 

transducer which may introduce spatial inconsistencies between the compared structures [11].  

The present article proposes an IVUS study preprocessing methodology for tissue 

characterization schemes based on the analysis of the wall kinematics. Here, the IVUS study is 

subdivided by cardiac phases to achieve time consistent image sequences of the vessel. To 

identify the frames among sequences that correspond to the same spatial position, an axial and 

transversal registration process is performed. Then, a multi-resolution optical flow technique is 

applied to estimate the displacement vector field throughout the IVUS images that correspond 

to different cardiac phases at a specific vessel location. Finally, a formulation for material 

property identification is presented and applied on top of the displacement fields provided by 

the optical flow technique. 

It is worthwhile to mention that the presented methodology uses standard IVUS studies (no 

study radiofrequencies are required), enabling its application to retrospective medical studies.  

2 METHODOLOGY 

To consistently perform tissue characterization, it is assumed that the same vessel transversal 

area must be given at two different loading states (i. e. at different cardiac phases). To that end, 

an IVUS gating scheme is performed to identify the cardiac phase at each frame. Furthermore, 

cardiac contraction imprints a transducer displacement from phase to phase hindering frame 

selection at the same axial position of the vessel, as well as, the alignment of the vessel wall 

structures. To underpin these issues, a registration process identifies the pair of frames at two 

different cardiac phases that correspond to the same axial location and, then, align its structures. 

The next step consists in the registration of the displacement field at the vessel wall to 
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properly characterize the kinematics for the material parameter estimation problem. An optical 

flow (OF) technique is a natural solution for this problem given that structures within the vessel 

wall maintain their intensity from frame to frame. To deal with displacements of more than one 

pixel the multi-resolution technique presented in [12] is employed, where velocity field 

estimations are performed at different frame resolutions, detecting, from lower to higher, the 

modal components of the velocity field. 

Finally, we estimate the material parameters of a linear elastic constitutive model for the 

given displacement field. The constitutive model assumed for the material is isotropic linear 

elastic, as in [13]. The material parameters identification is performed through the formulation 

of an inverse problem. Recently, several strategies have been proposed for this kind of 

problem [14], however we consider a technique based on the Error in the Constitutive 

Equation (ECE) which has proven to be appropriate for material identification fed by full field 

measurements [15]. The inverse problem is solved through the application of an optimization 

procedure as it is done in [16]. 

2.1 IVUS gating 

The gating phase is addressed in two different ways: using a full manual detection of the R-

wave peak or using an image based gating method [17-19]. The first strategy can only be 

applied when the IVUS study is acquired synchronously with the ECG signal. The advantage 

of this approach is the robustness and reliability on the cardiac phase extraction. The second 

method is user independent and faster. The main disadvantage of these methods is the lack of 

robustness for patients with arrhythmia or in presence of infarcted vessel areas. 

For this work, we choose to use the manual approach to obtain a more accurate phase 

extraction. In that process, the R-wave peaks is carried on by a specialist that indicates in a 

computer ECG viewer the R-wave peaks times. As the ECG signal is synchronously acquired 

with the IVUS study, we use the specialist indicated times to extract the frames associated with 

R-wave peak phase. Intra-observer and inter-observer variability of the manual gating is below 

1 frame which gives a high confidence in the phase extraction process. 

Once the R-wave peak phase is extracted, we pick the 7 frames before and the 7 frames after 

each R-wave peak frame to conform the 7 previous and 7 posterior phases to the R-wave peak 

phase. From these 15 phases of the cardiac cycle, we name as steadiest phase to the phase that 

minimizes the following cost functional 

ℑ𝑠𝑡 = argmin
𝑃𝑖,𝑖∈[1,15]

∑ ∑ ∑|∇𝐼𝑗
𝑃𝑖(𝑥, 𝑦)|

𝐻

𝑦=1

𝑊

𝑥=1

𝑁𝑃𝑖

𝑗=1

 (1) 

where 𝑃𝑖 is the i-th cardiac phase, 𝐼𝑗
𝑃𝑖 the j-th frame of the cardiac phase 𝑃𝑖, 𝑁𝑃𝑖

 is the number 

of frames of the cardiac phase 𝑃𝑖 in the IVUS study, 𝑊 and 𝐻 are the width and height of each 

IVUS frame. 

2.2 Registration 

By analyzing the steadiest phase, we select a frame (or group of frames) where we are 

interested to characterize the arterial tissue (e.g., stenosed regions or stent places). To perform 
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the characterization, we must pick the same spatial cross-section at the previous extracted 

phases, constructing a set of frames, 𝑆, that describes the kinematics of the vessel wall along 

the cardiac cycle. However, note that the rigid motion imprinted from the heart beating causes 

misalignment of the vessel wall structures along the cardiac phases. Then, a registration of the 

frames in the set 𝑆 is performed to align the structures of interest.  

To ensure that the same cross-section is picked from each cardiac phase, we perform an axial 

registration process. In this process, we search for the frame in each phase with minimum 

normalized cross-correlation against the frame of interest in the ℑ𝑠𝑡 phase. As the transducer 

axial displacement is reported in the range of 1.5 ±  0.8 mm [11], then we search only in a 

neighborhood of 7 frames from N, where N is the frame position at the ℑ𝑠𝑡 phase. 

Posteriorly, in the transversal registration, we use the frame of the ℑ𝑠𝑡 phase (steadiest frame) 

as reference to align the remaining phases frames in 𝑆. Particularly, to achieve the registration 

of the frame 𝐼𝑗
𝑃𝑖, we must apply the rigid motion Ξ, composed by a rotation and a translation, 

such that maximizes 

Ξ = max
Ξ′∈𝒰

𝑐 (𝐼𝑗
ℑ𝑠𝑡 , 𝐼𝑗

𝑃𝑖(𝑥(Ξ′), 𝑦(Ξ′))) (2) 

where 𝒰 is the space of admissible rigid movements, 𝑥(Ξ′), 𝑦(Ξ′) are the modified coordinates 

of 𝐼𝑗
𝑃𝑖 after applying the rigid motion Ξ′ over the frame and 𝑐 is the normalized cross-correlation 

between two images. Note that since 𝐼𝑗
𝑃𝑖(𝑥, 𝑦) is a discrete and limited in range, we define as 

admissible translations in 𝒰 only displacements multiples of 1 pixel. Similarly, as the 

transducer performs 256 equally rotated scan lines per frame, we define as admissible rotations 

in 𝒰 the multiples of 360/256 degrees. 

As the functional defined by 𝑐 over 𝒰 in Equation (2) is usually non-convex and 𝒰 is 

relatively small, we solve the maximization problem with a brute force approach. 

2.3 Optical flow estimation 

Once the set of frames 𝑆 is aligned by the registration process, we estimate the displacement 

field between the frames of successive cardiac phases. The optical flow method adopted for this 

task is the multi-resolution approach presented in [12] due to its capabilities of: i) controlling 

the regularization through a non-linear weighting scheme; ii) estimating non-infinitesimal 

displacements; iii) dealing with high frequency noise by the combined local/global 

optimization. In that manner, we estimate the displacement vectorial field 𝑈(𝑥, 𝑦) =

(𝑢(𝑥, 𝑦), 𝑣(𝑥, 𝑦)) as 

𝑈 =  ∑ 𝛿𝑈𝑛

𝑁𝑆

𝑛=1

 (3) 

where 𝑁𝑆 is the largest displacement in pixels that the methods recognize, 𝛿𝑈𝑛 is the n-th order 

component of the displacement field associated with a wavelength of 2𝑁𝑆−𝑛 pixels. Each 𝛿𝑈𝑛 

component is calculated after the lower order components (i.e. 𝛿𝑈𝑖, 𝑖 < 𝑛) by solving the 

optimization problem presented as follows 
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𝛿𝑈𝑛 = min
(𝛿𝑢𝑛,𝛿𝑣𝑛)

∫ ∫ [𝜓1 ((𝛿𝑢𝑛, 𝛿𝑣𝑛, 1)𝑇𝐽𝜌 ∗ (𝐷𝐼𝑛 ⋅ (𝐷𝐼𝑛)𝑇) (𝛿𝑢𝑛, 𝛿𝑣𝑛, 1))
Ω[0,𝑇]

+ 𝛾𝜓2(|𝐷(𝑢𝑛 + 𝛿𝑢𝑛, 𝑣𝑛 + 𝛿𝑣𝑛)|2) ] 𝑑Ω dt 

(4) 

 

where 𝐼𝑛 = 𝐼(𝑥 + 𝑢𝑛, 𝑦 + 𝑣𝑛), 𝛾 is a weight associated to the regularization term, 𝐽𝜌 is the 

Gaussian kernel with 𝜌 standard deviation, 𝐷 = (
𝜕

𝜕𝑥
,

𝜕

𝜕𝑦
,

𝜕

𝜕𝑡
)

𝑇

, 𝑈𝑛 = (𝑢𝑛, 𝑣𝑛) =

∑ (𝛿𝑢𝑚, 𝛿𝑣𝑚)𝑛
𝑚=1  and 𝜓𝑖(𝑎) = 2𝛽𝑖

2
√1 +

𝑎

𝛽𝑖
2. 

2.4 Material parameters estimation 

Let us consider an elastic body Ω composed by an isotropic linear elastic material, subjected 

to Dirichlet and Neumann boundary conditions. It is assumed that the displacements in that 

body, 𝑈, are measured in the whole region Ω (full-field-measurements FFM). Then, the material 

identification problem consists of the determination of the mechanical properties of the solid 

using this displacement field. In general the material is characterized by the constitutive tensor 

𝑪, however in this work we will estimate only the spatial distribution of the Young modulus 𝐸. 

The Poisson ratio is considered known. 

The material identification problem is formulated as an optimization problem given by the 

minimization of the following cost functional 

min
𝐸∈𝒱𝐸

𝒥(𝐸) + 𝛼ℛ(𝐸) (5) 

where 𝒥 is a smooth error functional, ℛ is a regularization term, 𝛼 is the regularization 

coefficient and 𝒱𝐸 is the set of admissible Young modulus distributions. The choice of the 

functional 𝒥 is fundamental for the identification procedure to be successful. In this article, we 

use a functional based on the Error in the Constitutive Equation, which has important theoretical 

properties such as convexity [20]. One of the identification methods based on this functional is 

the Constitutive Equation Gap Method (CEGM), which has proven to be appropriate for 

material identification [15]. The functional used in the CEGM is 

𝒥(𝐸) = min
𝜎∈𝒱𝜎

 ℰ(𝜎, 𝐸)  ;  ℰ(𝜎, 𝐸) = ∫ (𝜎 − ℂ(𝐸)휀): ℂ(𝐸)−1(𝜎 − ℂ(𝐸)휀)
Ω

𝑑Ω (6) 

where ℂ(𝐸) = 𝐸 𝐶1 is the constitutive tensor, 𝐶1 is the constitutive tensor for 𝐸 = 1, 휀 is the 

strain tensor, 𝜎 is the symmetric Cauchy stress tensor and 𝒱𝜎 is the set of admissible stress 

tensors. The regularization term considered is the Total Variation, which provides regularized 

material distributions without over-smoothing the solution [16]. 

3 RESULTS 

3.1 Arterial lesion frames through the cardiac cycle 

The aforementioned gating and registration stages of the methodology were applied to an in-

vivo case. The IVUS study was acquired with the Atlantis® SR Pro Imaging Catheter 40 MHz 
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synchronized with an ECG signal and connected to an iLab™ Ultrasound Imaging System (both 

by Boston Scientific Corporation, Natick, MA, USA), at the Heart Institute (InCor), São Paulo, 

Brazil. A left anterior descending artery was imaged during automated pullback at 0.5 mm/s 

with a frame rate of 30 FPS, generating frames of 512 by 512 pixels with 17 𝜇m of resolution. 

The procedure was performed during a diagnostic or therapeutic percutaneous coronary 

procedure. 

After the acquisition, a specialist performed the segmentation of the R-wave peak along the 

ECG signal as explained in Section 2.1. From the gating of this study (see Figure 1), it is easily 

seen that the spatial description of the vessel is free of the saw-tooth artifact observed prior to 

the gating process. Thus, we obtain the vessel spatial description for different cardiac phases. 

Through these descriptions, we select a frame of interest (red arrow in Figure 1) and extract the 

associated cross-section in each cardiac phase by the axial registration process. As the structures 

are misaligned, we performed the registration proposed in Section 2.2. The result (Figure 2) is 

a set of frames at different cardiac phases in the same cross-section of the vessel, which 

describes the kinematics of the vessel wall without rigid motion after transversal registration 

stage. 

       

Figure 1: Longitudinal views of an in-vivo IVUS study: (left) before gating  (red arrow depicting the place at 

which transversal registration is performed) ; (center) gating of ℑ𝑠𝑡 cardiac phase; (right) gating of the 5th phase 

after ℑ𝑠𝑡 phase (R-wave peak for this case). 
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Figure 2: Results of the registration process of a frame of interest: (left) frame of interest at the ℑ𝑠𝑡 phase 

depicting, in red and blue, the scan lines where the deformation is inspected along the cardiac phases; (center) 

deformation of the cross-section through the cardiac phases (from left to right) before registration; (right) 

deformation of the cross-section through the cardiac phases (from left to right) after registration. 

3.2 Material parameter estimation in synthetic cases 

To present the potentialities of the methodology presented in Sections 2.3 and 2.4, we 

proceed to estimate the material parameters for two different synthetic cases. In both of them, 

we only use two images (one before and one after deformation) and the forces applied at the 

boundaries are known. By using the images, we estimate the displacement field with the OF 

technique presented in Section 2.3. Afterwards, the obtained displacement field is used by the 

identification procedure, presented in Section 2.4, to estimate the material parameters. 

3.2.1 Plate: uniaxial stress test 

This test is usually considered in the material identification literature. Here, it is considered 

a square domain composed by a material with Young modulus 𝐸1 = 1 ⋅ 106 Pa with a 

rectangular inclusion of Young modulus 𝐸2 = 2 ⋅ 106 Pa at the center, both materials with 

Poisson ratio of 𝜈 = 0.3. The applied loads are uniform tractions at the left and right boundaries 

of the domain. A more detailed description of the problem is presented in [14] as the Reference 

Problem 1.  

Using Finite Element Method (FEM) (with a structured mesh of 1352 elements), we solve 

the linear elasticity problem with a known Young Moduli distribution. The displacement field 

obtained (see Figure 3.a, blue arrows) is used to generate the image after deformation for the 

OF problem. Then, we apply the OF method (see Equation (4)) with parameters 𝛽1 = 1 ⋅
104;  𝛽2 = 1 ⋅ 101;  𝜌 = 1.6; 𝛾 = 1 ⋅ 104 obtaining the OF displacement field for the 

identification problem (see Figure 3.a, red arrows). The displacement field estimated by optical 

flow presents larger discrepancies over top and bottom boundaries due to the smooth constraints 

imposed by the regularization terms (see Figure 3.b).  

Finally, the identification procedure fed by the OF displacements is employed with different 

values of the regularization coefficient 𝛼 using the same mesh as in the FEM problem and 

estimating the Young Modulus at each element. The material distribution obtained for α = 2.4 ⋅
10−5 (see Figure 3.c) identifies clearly the squared inclusion. However, a stiffer material 
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appears on the top and bottom boundaries (see Figure 3.b) due to the underestimation performed 

by the OF (35% of error in the displacement field magnitude). By increasing the regularization 

coefficient to 𝛼 = 1 ⋅ 10−4, we obtain a distribution (see Figure 3.d) where the error in the top 

and bottom is reduced, and central inclusion is still identified. Although, the Young moduli 

values are less accurate due to the regularization in the identification process. From these 

results, it is seen that as the α value increases, we obtain a trade-off between the identification 

of the materials distribution and the accuracy in the estimation of material properties. It is 

important to highlight that mesh refinement improves the identification quality by localizing 

the errors, future work will consider this in order to avoid identifications errors overly spread 

in the solution. 

(a) 

 

(b) 

 

  (c) 

 

(d) 

 

Figure 3: Plate uniaxial stress test: (a) Domain, its material distribution (light and dark gray present 𝐸1 = 1 ⋅ 106 

Pa and 𝐸2 = 2 ⋅ 106 Pa, respectively), displacement field �̂� estimated by FEM (blue arrows) and displacement 

field U obtained by OF (red arrows); (b) relative error of the displacement field, 𝜖𝑟, obtained by OF (𝜖𝑟 =

‖�̂� − 𝑈‖/‖�̂�‖); (c) Young Modulus estimation for α = 2.4 ⋅ 10−5; (d) Young Modulus estimation for 𝛼 = 1 ⋅

10−4. 
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3.2.2 Ring: inflation test  

An analogous procedure to Section 3.2.1 was followed using different geometry and loading 

conditions. We consider a ring composed by two materials submitted to an uniform internal 

pressure. A quarter of the ring is composed by a material with Young modulus 𝐸1 = 1 ⋅ 105 Pa 

while the remaining is formed by a material with Young modulus 𝐸2 = 6 ⋅ 105 Pa (light and 

dark gray materials in Figure 4.a), both materials with a Poisson ratio of 𝜈 = 0.45.  

(a)          

 

(b)     

 

(c)

 

(d)

 

Figure 4: Ring inflation test: (a) Domain, its material distribution (light and dark gray present 𝐸1 = 1 ⋅ 105 Pa 

and 𝐸2 = 6 ⋅ 105 Pa, respectively), displacement field �̂� estimated by FEM (blue arrows) and displacement field 

U obtained by OF (red arrows); (b) relative error of the displacement field, 𝜖𝑟, obtained by OF (𝜖𝑟 =

‖�̂� − 𝑈‖/‖�̂�‖); (c) Young Modulus estimation for α = 1.3 ⋅ 10−4; (d) Young Modulus estimation for 𝛼 = 3.1 ⋅

10−3. 

As before, we solve the linear elasticity problem for the given Young Moduli distribution by 

using FEM, this time, with an unstructured grid of 1450 elements. The displacement field 

obtained (see Figure 4.a, blue arrows) is used to generate the image after deformation to feed 
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the OF problem and, afterwards, the OF method (see Equation (4)) with parameters 𝛽1 = 1 ⋅
104;  𝛽2 = 1 ⋅ 102;  𝜌 = 6.4; 𝛾 = 5 ⋅ 103  is applied, obtaining the displacement field for the 

identification problem (see Figure 4.a, red arrows). 

Finally the identification procedure is performed for two regularization coefficient values 

using the same mesh as in the FEM problem. Again, a smaller value of 𝛼 =  1.3 ⋅ 10−4 (see 

Figure 4.c) presents bigger error in areas associated with the bigger errors in the OF 

displacement estimation (see Figure 4.b). Then, a higher regularization factor, 𝛼 =  3.1 ⋅ 10−3 

(see Figure 4.d) identifies clearly the morphology of the material distribution. As in the previous 

test, it is seen that lower values of 𝛼 present a more accurate value of the Young Modulus 

distribution but also more sensitive to errors in the displacement field. As the value of 𝛼 

increases, the regularization decrease the Young Modulus of the materials and improves the 

characterization of material distribution. 

5 CONCLUSIONS 

The proposed methodology allows the extraction of a particular cross-section of the vessel 

along the cardiac cycle, removing the saw-tooth artifacts, spatial misalignments between the 

vessel structures and axial displacements of the transducer. The application of these pre-

processing steps ease the visualization of the vessel wall strains, improving its assessment and, 

hence, allowing to classify the frames according to the pressure level associated with each 

cardiac phase.   

Also, the bases for material parameter estimation for two synthetic cases were presented. 

The results show the correct identification of the materials distribution, which is key towards 

the successful characterization of the vessel mechanical properties. Hence, it was seen a trade-

off between accurate identification of spatial distribution and accurate identification of the 

Young modulus values of the materials. A sufficiently small value of the regularization 

parameter delivers close values of the Young Modulus of materials with no displacement error 

in the OF displacement field. As the value of 𝛼 increase, an accurate description of the material 

distribution is obtained but the Young Modulus values tend asymptotically to a mean Young 

Modulus of the solution, by the diffusive behavior of the regularization term. 

Future work will focus on developing OF and identification methods robust enough to deal 

with the speckle noise presented in the IVUS studies. In this first study, it has been seen that 

the regularization of the identification process allows to recognize the materials distribution 

which would provide an important insight towards a refined search of the mechanical 

properties.  
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