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Abstract

Advancement of tissue engineering and regenerative medicine (TERM) strategies to replicate 

tissue structure and function has led to the need for noninvasive assessment of key outcome 

measures of a construct’s state, biocompatibility, and function. Histology based approaches are 

traditionally used in preclinical animal experiments, but are not always feasible or practical if a 

TERM construct is going to be tested for human use. In order to transition these therapies from 

benchtop to bedside, rigorously validated imaging techniques must be utilized that are sensitive to 

key outcome measures that fulfill the FDA standards for TERM construct evaluation. This review 

discusses key outcome measures for TERM constructs and various clinical- and research-based 

imaging techniques that can be used to assess them. Potential applications and limitations of these 

techniques are discussed, as well as resources for the processing, analysis, and interpretation of 

biomedical images.

Background

Rapid innovation in tissue engineering and regenerative medicine (TERM) has driven 

development of novel approaches to fabricate constructs capable of replicating complex 

tissue structure and function.1 TERM constructs are designed to integrate with the local host 

environment in order to repair and/or regenerate, and restore function in damaged tissues.2 

While the specific approach varies between techniques, generally TERM models can be 

separated into three categories: (1) acellular scaffolds, (2) cell-only, scaffold-free designs, 

and (3) hybrid cellularized scaffolds. Advancements in TERM have been driven by the 

development of new 3D bioprinting fabrication techniques, which allow for precision 
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fabrication of tissue informed constructs consisting of various cell types,3–5 biomaterials,6,7 

and growth factors.8 Many TERM applications are currently in the preclinical stage, 

utilizing in vivo animal experiments to demonstrate potential translation to humans and 

clinical viability. To advance these pre-clinical studies from benchtop to bedside, serial 

testing in the same animal rather than separate cohorts must be implemented, prior to even 

opening a phase I FDA-approved clinical trial. As human studies require fundamentally 

different approaches and techniques to validate and monitor function of TERM constructs, 

robust analysis techniques must be developed and utilized in parallel to pre-clinical studies.

Histology is currently the gold standard used to validate the biological performance and 

compatibility of TERM constructs. However, histology is highly invasive, semi-quantitative, 

destructive to the tissue, does not allow for longitudinal analysis, requires the use of multiple 

animals, can change the structure of a construct upon processing, is not representative of the 

entire volume of a tissue, and does not directly test function. This has driven the need for 

quantitative imaging technologies that are capable of accurately assessing TERM constructs 

non-destructively in vivo, over time, and in 3D, to monitor how they integrate with and 

affect tissue physiology. In order to support rapid advancement and translation of TERM 

constructs, a basic understanding of the potential medical imaging modalities and techniques 

that can be used is required to evaluate the effectiveness and function of constructs that may 

be implanted in vivo. In order to facilitate development of both TERM constructs and the 

noninvasive imaging techniques required to evaluate them in vivo, there needs to be 

continued collaboration between the tissue engineering, physiology, and radiology 

communities.

The purpose of this review is to: (1) identify specific outcome measurements of interest that 

are critical in the evaluation TERM constructs, (2) discuss imaging modalities and 

techniques that can be used to assess TERM constructs, and (3) review recent advancements 

in imaging TERM constructs. The aim of this review is to inform tissue engineers of specific 

imaging modalities and approaches that can be used for evaluating TERM constructs in vivo, 

for common outcome measures of interest, and facilitate communication with the imaging 

community. This review will highlight various tools and techniques available using the three 

most common and available clinical imaging modalities: ultrasound, X-ray based imaging, 

and magnetic resonance imaging (MRI).

Key considerations for quantitative imaging of TERM constructs

The initial considerations that must be made when choosing an imaging modality are 

dependent upon specific outcome measures of interest that fulfill the FDA standards for 

TERM construct evaluation. If outcome measures that are assessed in pre-clinical studies 

meet FDA requirements, the likelihood of the FDA accepting these measurements in a phase 

I trial increases. While specific outcome measures vary depending on the tissue of interest 

and the proposed application of the TERM construct, the main outcome measurements of 

interest can be broadly categorized as: (1) state of the construct (i.e. size, degradation, 

mechanical properties, presence of key cells or materials), (2) biocompatibility and 

biointegration of the construct (i.e. perfusion, inflammation, fibrous encapsulation, cell 
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viability), and (3) function of the construct (i.e. stimulation of de novo tissue production, 

microstructural organization, mechanical functionality, biological functionality) (Fig. 1).

It is important to note that there is a need to serially assess these outcome measurements, as 

they change with time, and can influence which imaging modality is most suitable. For 

example, immediately after implantation, biocompatibility is a key biomarker of success, 

while at extended timepoints, stimulation of de novo tissue production is required. 

Furthermore, serial assessment minimizes the use of animals and humans in early stage 

work, as well as maximizes statistical power in a study. While most imaging modalities are 

multi-parametric (able to assess different outcome measures of tissue using the same 

equipment), no single imaging modality may be able to assess all features of interest.

Once outcome measures of interest have been identified, the strengths and weaknesses of 

various imaging approaches can be weighed. For each imaging modality, there are clinically 

oriented methods which can be easily and quickly utilized, typically yielding simple 

structural information about a TERM construct, from which basic volumetric or shape-based 

analyses can be performed. Research-oriented imaging techniques that are more sensitive to 

many of the outcome measures listed above are typically not standard on every machine or 

require acquisition optimization, depending on the application. This optimization process 

attempts to maximize signal at physiologically relevant voxel (volumetric pixel) size during 

a standard imaging session (minutes – 1 hour). A number of techniques for each imaging 

modality, their potential applications for detecting TERM outcome measures, their clinical-

or research-oriented status, approximate scan time, and relative cost can be found in Table 1. 

In addition to the sensitivity of the imaging modality and technique to the key outcome 

measures at sufficient spatial and temporal resolution, several other factors are important in 

determining the practical applicability, such as the availability of the scanners, the ability to 

collect data in a reasonable amount of time and cost, the use of radiation or contrast agents, 

and the need for computational resources to analyze and visualize the data. In what follows 

we present an overview of the three advanced techniques that have demonstrated utility in 

tissue engineering applications and are most readily available.

Ultrasound imaging

Overview

Ultrasound imaging is based on the generation and reception of sound waves as they 

penetrate a material and are partially reflected at interfaces between tissues of different 

density (i.e., acoustic impedance). Ultrasound imaging uses a probe, capable of transmitting 

and receiving sound waves, that must be held against tissue (normally skin), near a TERM 

construct and requires a trained operator to visualize underlying structures. Tissues with 

different impedance result in gray-scale contrast in the reconstructed image. Typical spatial 

resolution of ultrasound can be as small as 0.1 mm, and with higher ultrasound frequency, 

spatial resolution increases, albeit with more limited depth of penetration. Ultrasound 

additionally has great temporal resolution, capable of displaying images in near real time (24 

Hz – 120 Hz), but has difficulty penetrating hard materials such as bone. Although 

ultrasound imaging is most often utilized to non-invasively assess constructs near the skin, 

alternate probe designs allow for more invasive assessment such as intravenous ultrasound, 
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transesophageal echocardiography, and transvaginal ultrasound. Ultrasound imaging is the 

cheapest and most mobile of the imaging modalities covered in this review, with current 

models compatible with smartphones costing less than $2000.9 However, as the acoustic 

impedance of tissue is similar across tissue types, ultrasound generally has poor contrast and 

it is difficult to differentiate nearby structures, especially when compared to X-ray and MRI. 

For a comprehensive review on the fundamentals of ultrasound imaging, please see Ng et al.
10

Structural imaging

One of the primary outcome measures assessed with standard 2D (e.g. B-mode) ultrasound 

imaging is the size and morphology of a TERM construct. For example, in vascular tissue 

engineering studies, lumen diameter and wall thickness of the implanted construct is an 

important measurement related to tissue formation, mechanical durability, and potential 

occulsion11,12 (Fig. 2). Additionally, ultrasound imaging may provide insight into 

integration or potential fibrous encapsulation of a TERM construct from increased 

extracellular matrix deposition by changes in signal attenuation around the region of interest.
13–17

Blood flow (Doppler) imaging

The Doppler shift occurs when a sound wave is reflected off of a moving object, causing a 

change in its frequency related to the object’s speed. Using the Doppler shift, ultrasound 

imaging can also provide measurements of macrovascular blood flow. This has driven 

interest in using ultrasound imaging for monitoring the function of tissue engineered 

vascular grafts.18,19 While standard ultrasound imaging can be used to identify the size of 

the lumen and wall of a graft, Doppler imaging can quantify the rate of blood flow (typically 

in cm s−1). Rapid, accurate, quantitative measurements of blood flow are useful for assessing 

patency of a graft,20–22 identifying collateral vasculature surrounding tissue engineered 

vascular grafts,11 identifying potential mechanical defects in grafts,23 and graft failure12,13 

(Fig. 2). However, Doppler imaging is unable to directly measure blood flow in 

microvasculature (diameter less than ~100 μm) due to limitations of resolution. To increase 

sensitivity to blood flow in microvasculature, some studies include microbubbles as an 

exogenous contrast agent in order to enhance blood flow signal.24,25 While microbubble-

enhanced US imaging does not provide blood flow of individual capillaries, it can help 

detect neovascularization and quantify perfusion in TERM constructs. Also, biomaterials 

can be directly incorporated into the microbubble construct in order to allow for therapeutic 

applications such as localized growth factor delivery.26

Mechanical property (elastography) imaging

Elastography is the process of extracting mechanical properties out of a tissue or TERM 

construct in response to an external mechanical force using ultrasound imaging. There are 

two main types of elastography typically found on commercial ultrasound machines: (1) 

strain-based elastography, which utilizes force from the application of probe pressure or 

through endogenous mechanical force and (2) shear wave ultrasound elastography, which 

uses the ultrasound probe to generate waves perpendicular to the ultrasound beam, causing 

transient displacements.27,28 As mechanical properties are a key outcome measure for 
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TERM constructs, and mechanical properties of a construct are often closely tied to 

degradation, ultrasound elastography can be a valuable tool for quickly assessing the state of 

soft materials (i.e. hydrogels). Several groups have used either strain-based or shear-wave 

ultrasound elastography to monitor changes in the mechanical properties of biodegradable 

scaffolds due to degradation29–32 (Fig. 2). Elastography can be used to assess the 

functionality of a TERM construct in vivo and identify if it is at risk for failure.33 

Furthermore, there is some evidence that elastography may be sensitive to TERM construct 

remodeling due to tissue ingrowth.33 However, like most ultrasound techniques, ultrasound 

elastography is operator dependent and is sensitive to subcutaneous fat, which attenuates 

signal and decreases measurement accuracy.34,35 For a comprehensive review on ultrasound 

elastography please see Sigrist et al.36

X-ray based imaging

Overview

X-ray imaging is based on the differential absorption of X-rays by tissues of different 

densities. By placing the subject between the X-ray source and an X-ray detector, a 

projection (or “shadow”) of these density variations is acquired. In computed tomography 

(CT), these projections are acquired at multiple angles, allowing the spatial distribution of 

these density variations (i.e., a tomographic 2D image) to be reconstructed. By doing this for 

multiple adjacent slices, a 3D (volumetric) image can be reconstructed. Current state-of-the-

art human CT scanners are able to achieve high spatial resolution (150 microns). X-rays are 

able to penetrate the entire body, however, X-ray based imaging has poor soft tissue contrast 

and is better for resolving hard tissues, such as bone.37 To increase contrast in soft tissues 

and TERM constructs, exogenous contrast agents are often used either systemically or are 

directly incorporated into a construct. CT is inherently quantitative, where pixel intensity 

can be converted to Hounsfield units, which describes the attenuation coefficient of a tissue. 

While X-ray based imaging does provide excellent resolution, full body penetration, and is 

very fast, harmful ionizing radiation is utilized. Therefore, X-ray based imaging may lead to 

tissue damage or unacceptable radiation dosing when serial imaging is needed.

Micro computed tomography

A variation of CT called microcomputed tomography (μCT) utilizes the same principles as 

CT, but is capable of much higher resolution (down to ~1μm) and is often used in preclinical 

studies of TERM constructs. μCT machines are much smaller and cheaper than traditional 

human CT scanners, making them an easy tool to use for preclinical development of TERM 

constructs. Although most current TERM studies use μCT, many of the same techniques can 

be utilized in human CT scanning as well.

Typically, μCT is used for high resolution imaging of bone or TERM bone constructs as it is 

sensitive to many outcome variables of interest. For example, in many studies of TERM 

bone therapies, μCT measured ratio of bone volume to total volume, trabecular number, 

trabecular thickness, and trabecular spacing are key outcome measurements that describe 

size of the construct, stimulation of de novo tissue production, microstructural organization, 

and biological functionality38–41 (Fig. 3). Furthermore, since Hounsfield units are linearly 
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related to bone mineral density and bone mineral density is directly related to the elastic 

modulus of bone tissue, 3D mechanical properties of bone TERM constructs can be assessed 

using μCT.42,43 In addition to assessing mechanical properties of bone, recent advances in 

X-ray elastography are being developed, which can potentially be used to assess the elastic 

modulus of softer tissues.44

While not an in vivo application, TERM scaffold characterization using μCT before 

implantation is common. Cell arrangement and function are directly impacted by its 

surrounding microenvironment. Therefore, it is important to confirm that a TERM construct 

is likely to be mechanically or biologically functional prior to in vivo implantation. Since 

μCT allows for high resolution assessment of 3D scaffold structure, scaffold alignment, size, 

and porosity are often quantified in addition to qualitative 3D visualization.45 Furthermore, 

comparing μCT data for a TERM construct prior to implantation to in vivo can be useful for 

understanding construct integration and function of the local tissue environment. For more 

information on the applications of μCT characterization of scaffolds, please see the review 

by Cengiz et al.45

Contrast agents.—The use of exogenous contrast agents with CT increases sensitivity to 

assessing the state, biocompatibility, and function of TERM constructs. For example, with 

the addition of radiopaque contrast agents, it is possible to map angiogenesis in and around a 

new tissue implant, increasing sensitivity to detecting perfusion in TERM constructs.46–48 

Also, contrast agents can be utilized which have ionic interactions with specific biomaterials 

in vivo in order to identify de novo tissue production and mechanical functionality of a 

TERM construct. For instance, glycosaminoglycans (GAGs) are large negatively charged 

molecules in the extracellular matrix that attract cations and water molecules, leading to 

strong hydrostatic pressures. Both anionic and cationic contrast agents have been developed 

which either are repelled by, or are attracted to GAGs, in order to assess biological 

functionality and de novo tissue regeneration in cartilage49–54 (Fig. 3).

Rather than administering exogenous contrast agents to a tissue after implantation, another 

approach to increase the sensitivity of CT is to directly incorporate them into a TERM 

construct itself. Hydrogels – polymeric networks capable of retaining a large volume 

fraction of water – are one of the most common categories of TERM constructs. There are 

two main approaches that have been taken in order to incorporate contrast agents directly 

into a hydrogel: (1) physically mixing contrast agents with a hydrogel and (2) covalently 

bonding contrast agents into a hydrogel backbone. Although relatively easy to produce, 

simply mixing commercial contrast agents into a hydrogel can affect material properties of 

the hydrogel like increase viscosity and delay gelation rate.55 Chemically modifying a 

hydrogel’s structure provides more control over the amount of contrast to be imparted, as 

well as degradation of the hydrogel system. As the average Hounsfield unit signal will 

decrease as the scaffold degrades, it is easy to monitor scaffold degradation over time.56,57 

Several different radiopaque compounds can be attached to polymers using common 

synthesis approaches, depending on the type of hydrogel that is being synthesized and the 

amount of contrast attenuation that is required for the desired application.56–59 For a 

comprehensive review of CT of hydrogels, please see Lei et al.60 For a comprehensive 
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review on contrast agents for X-ray and CT imaging applications, please see the recent 

reviews by Hsu et al.61 and de Bournonville et al.62

Cell labeling.—The development of in vivo techniques to monitor TERM implants is not 

limited to scaffold design, but also applies to the direct labeling of cells. A simple approach 

to labeling cells for μCT tracking is to culture them in barium sulphate (a radiopaque 

contrast agent), which allows for cells to be tracked as they migrate within a scaffold.63 

Another approach is to use gold nanoparticles, which are gold particles coated with various 

ligands that facilitate cell uptake.64,65 The amount of uptake by a cell is regulated by several 

factors including the size, shape, nanoparticle surface functionalization (chemical 

modification of the surface to modify cellular interaction), incubation time, and particle 

concentration.66,67 This allows for several different types of cells to be labeled including T 

cells,68 mesenchymal stem cells,65,69,70 and monocytes.71 In vivo experiments have 

demonstrated that gold nanoparticle labeling allows for the quantitative longitudinal cell 

tracking, which provides insight into de novo tissue production, microstructural 

organization, and biological functionality.69 For a review of cell labeling with CT, please see 

Kim et al.72

Dual energy/spectral CT.—First conceptualized in the 1970s,73–75 recent innovation in 

CT technology has led to the development and commercialization of dual energy or spectral 

CT scanners. Unlike conventional CT where a single projection is acquired at a single X-ray 

energy level, spectral CT simultaneously acquires two projections (90° to 95° apart76) at two 

different X-ray energy levels.77 This improves the ability to differentiate between tissues or 

cells that may have similar attenuation using traditional CT or even multiple contrast agents 

within the same tissue, by exploiting the energy-specific attenuation profiles of different 

materials.78–81 This can be used to differentially label and track cells within a bioengineered 

scaffold,80 which provides insight into the state of a construct, de novo tissue production, 

perfusion, and biological function. Furthermore, FDA approved contrast agents can be 

utilized with this method, reducing the need for extensive toxicity studies and the 

development of new contrast agents, which reduces the burden for clinical translation.

Magnetic resonance imaging

Overview

Magnetic resonance imaging (MRI) uses the intrinsic magnetic properties of hydrogen 

nuclei (protons) in tissue water in a large constant external magnetic field to create signal 

contrast. A signal is generated from the water in the tissue by the application of a smaller 

rapidly oscillating (radiofrequency, RF) magnetic field. Then the signal is spatially encoded 

with small amplitude, spatially varying magnetic fields (“gradients”). Unlike the 

aforementioned methods which rely on an external source reflecting off tissue boundaries, 

MRI generates signal directly from a tissue. The sensitivity of MRI to tissue water means it 

is particularly useful in soft tissues and provides multiple methods for generating image 

contrast. The sensitivity of MRI to a wide range of structural and physiological parameters 

make it by far the most versatile of the methods, and the most complicated. While hydrogen 

MRI is most common – as it is the most abundant element in the body – other elements such 
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as sodium (23Na) and phosphate (31P) can be also imaged, though typically at much lower 

sensitivity.

This versatility comes at the expense of much more complex acquisition methods, higher 

cost, and a greater need for technical support. The sensitivity to different tissue parameters 

requires different acquisition types, or “pulse sequences”, which involve different patterns of 

RF and gradients pulses. The cost, complexity, and maintenance of MRI scanners results in 

large scan costs for users (from hundreds to thousands of dollars per hour), which can be 

excessive for certain applications. The complexity of MRI methods also means that high 

level technical support is often needed, particularly for the use of advanced research-oriented 

methods. Nevertheless, MRI provides the capability of acquiring quantitative data on a 

remarkably wide range of structural and physiological tissue characteristics.

Structural imaging

The most commonly employed MRI scans are T1- and T2-weighted structural imaging 

sequences. These are the “workhorse” pulse sequences, capable of relatively high resolution 

(hundreds of microns in-plane resolution) and are relatively quick (1–10 minutes) depending 

on the size of the volume scanned. The main difference in contrast between these pulse 

sequences are T1-weighted imaging creates contrast in tissues with different microstructural 

properties and has high adipose tissue signal, and T2-weighted imaging provides high 

contrast between free and “bound” water. Structural MRI scans are useful for visualizing the 

state of TERM constructs in vivo as well as biocompatibility and biointegration of the 

construct. If the TERM construct is being degraded by the body, serial MRI scans can 

monitor changes in the size and shape of the construct. If the TERM construct is being 

rejected by the body, at acute timepoints, increased signal around the construct on T2-

weighted, but not T1-weighted MRI may suggest inflammation is present. At chronic 

timepoints, a lack of signal around the TERM construct may be indicative of fibrous 

connective tissue encapsulation (Fig. 4). In cases where the signal arising from the TERM 

construct is similar to that of the surrounding tissue, contrast agents can be either 

systemically applied or directly conjugated to the construct.

Relaxation mapping

Structural imaging using T1- and T2-weighted imaging utilizes the variations in T1 and T2 
but does not actually measure them. However, with modified pulse sequences it is possible 

to map the spatial distribution of T1 and T2 values, which is called relaxation mapping. 

Since T1 and T2 are intrinsic properties related to tissue microstructure, relaxation mapping 

can be a useful method for assessing biochemical properties associated with tissue 

composition. For example, T2-mapping provides quantitative spatial maps of tissue 

relaxation times – related to water content – which is a key component in hydrogel-based 

TERM constructs. This makes T2-mapping a valuable tool for assessing hydrogel-based 

TERM constructs, where decreased water content is associated with degeneration and 

diminished function.82,83 Furthermore, T2-relaxation can be used to quantitatively assess 

inflammation associated increases in water content around a TERM construct, associated 

with surgical implantation or incompatibility with the local environment.84,85 Another useful 

mapping technique, sensitive to proteoglycan concentration is T1ρ-mapping. Specifically, 
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T1ρ is related to slow-motion interactions between water molecules that are hydrophilically 

attracted to their microenvironment.86 As GAG concentration is an important functional 

outcome measurement for articular cartilage and intervertebral disc TERM strategies, T1ρ-

mapping can be used to quantify biological functionality and de novo tissue production for 

these tissues.87

Spectroscopy and CEST

Magnetic Resonance Spectroscopy (MRS) is the predecessor of modern day MRI. Different 

chemical species resonate at different frequencies, which can be used to distinguish them 

from one another. MRS can be used to assess metabolite concentration by imaging over a 

spectral range. Signal amplitudes at different frequencies can be mapped to specific 

metabolites, which can be used to provide quantitative information on the type and number 

of molecules in a TERM construct in vivo. This can be useful for measuring biological 

functionality of a TERM construct such as number of viable cells,88 as well as assessing 

products associated with degradation and regeneration.89,90 However MRS is usually only 

performed on a single voxel (~20mm3 on a clinical scanner), thus it does not provide detail 

about a constructs shape or size. Chemical exchange saturation transfer (CEST) MRI is a 

similar technique that allows for spatial quantification of interaction between water and 

molecules with exchangeable protons, such as amide and hydroxyl groups.91,92 CEST can 

be used to provide detailed quantitative information about the degeneration state of a 

construct, that can possibly be masked if that construct has similar magnetic properties to its 

adjacent tissues, such as hydrogels93 (Fig. 4). Furthermore, CEST has been used to provide 

functional assessment of the local microenvironment such as measuring pH94,95 or 

determining drug delivery kinetics from in vivo implanted TERM constructs.96

Perfusion

Vascularization of TERM constructs is a key outcome measure that is currently a major 

limiting factor in the development of large scale TERM implants. Therefore, there is a need 

to have accurate, quantitative tools to assess blood flow. Several MRI based tools exist 

including arterial spin labeling (ASL), dynamic susceptibility contrast (DSC), dynamic 

contrast enhanced (DCE), and intravoxel incoherent monition (IVIM) imaging, that are 

sensitive to changes in blood flow in a tissue. ASL is a perfusion technique that magnetically 

labels blood and measures the change in signal in a tissue of interest.97 DSC and DCE are 

perfusion techniques that rely on the use of exogenous contrast agents (normally 

gadolinium-based) that rely on changes in signal intensity in tissues of interest and have high 

spatial resolution. IVIM simultaneously assesses diffusion and pseudo-diffusion (collective 

movement of fluid due to blood flow in randomly oriented capillaries) properties of a tissue, 

but has the longest scan times and the lowest resolution.98,99 The decision to use a certain 

pulse sequence relies on the desired resolution, the use of contrast agents, scan time, and 

technical complications arising from labeling blood. Previously, neovascularization of 

TERM bone implants with different biomaterial compositions was evaluated with DCE 

perfusion MRI.100 DCE was able to detect perfusion changes associated with 

neovascularization associated with different biomaterial composition, which was confirmed 

by μCT and histological analysis. For detailed reviews of these perfusion MRI techniques, 

please see Jahng et al.,101 Essig et al.,102 and Le Bihan et al.103
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Ultrashort echo time

While MRI is effective at assessing most soft tissues of the body, several tissues that have 

strong dipolar interactions which result in exceedingly short T2 values, their signal decays 

away too rapidly in the interval between the RF excitation and the data collection time 

(“echo time”, TE) to be “seen” by standard pulse sequences and thus making them 

essentially invisible in routine structural imaging. In order to make such tissues visible, it is 

necessary to shorten the TE in order to capture the signal before it decays away. Ultrashort 

echo time (UTE) pulse sequences are a specialized form of MRI that allows for increased 

contrast for tissues that are normally difficult to visualize including tendons, ligaments, 

meniscus, and cortical bone (Fig. 4).104–106 This makes UTE a potentially useful tool for 

assessing the state of TERM constructs like these and potentially increase sensitivity to 

detecting biointegration of TERM constructs due to its sensitivity to fibrotic, collagen rich 

tissues.107 UTE can be combined with other types of pulse sequences such as relaxation 

mapping in order to provide quantitative measurements of tissues with short T2 relaxation 

times.108,109 However, as UTE is a predominately research-focused pulse sequence, it may 

warrant designing TERM constructs to have a longer relaxation times in order to increase 

sensitivity.

Diffusion tensor imaging (DTI)

DTI is a form of MRI that measures the restricted diffusion of water in tissues, which is 

related to underlying microstructure. In particular, this technique is effective in evaluating 

tissues with anisotropic, organized microstructure, such as white matter, nerve, and muscle. 

The most reported outcome measurements from DTI are mean diffusivity (average overall 

diffusion) and fractional anisotropy (how anisotropic or restricted the diffusion profile is), 

which are sensitive to features of microstructure.110 In particular, mean diffusivity and 

fractional anisotropy are sensitive to cell size, inflammation, and cell permeability,111–114 

making it a useful tool to assess organization and functionality of a TERM construct. 

Furthermore tractography – a post processing technique that allows for the assessment of 

macroscopic tissue properties such as fiber orientation and length (Fig. 5)115 – can be used 

to assess how well TERM constructs are integrating with the local microenvironment and 

alignment of tissue. By combining both the capacity for microstructural and macrostructural 

analysis of DTI, it is possible to assess how a TERM construct is integrating and functioning 

with the local tissues.116 For a review on techniques and applications of DTI, please see 

Oudeman et al.110

Mechanical properties

Two main approaches can be taken in order to assess mechanical properties of a tissue in 
vivo with MRI: (1) magnetic resonance elastography (MRE) to assess shear modulus and (2) 

MRI tagging to assess tissue strain. Similar to ultrasound elastography, MRE utilizes small 

shear displacements on the surface of an object in order to map the shear modulus and 

viscosity of a tissue. MRE may be used to noninvasively estimate mechanical properties, 

which may be directly related to integrity and organization of a TERM construct. Generally, 

MRE is used in softer tissues, as the mechanical displacement for MRE of stiff tissues 

requires frequencies in the kHz range, which results in the dampening of shear waves. 
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Furthermore, as sensitivity of MRE decreases with distance away from the mechanical 

source, MRE may not be an effective tool for measuring TERM construct properties that are 

deep in the body. MRE is predominantly a research-focused tool, but it provides a larger 

field of view and is more robust than ultrasound elastography. For more details on MRE, 

please see references.117,118

MRI tagging is the process of magnetically labeling grids or stripes on a tissue. As the tissue 

deforms due to active or passive motion, the lines will deform, allowing for the assessment 

of strain and strain rate of a tissue. This technique may be used to assess the mechanical 

function of TERM constructs such as cardiac patches or volumetric muscle loss scaffolds. 

MRI tagging is largely a research-focused tool, that requires post processing in order to 

calculate strain properties. Various forms of spatial tagging exist on MRI scanners such as 

SPAMM,119 DANTE,120 DENSE,121 and SENC.122 For a review on MRI tagging, please 

see the review by Chitiboi et al.123

Contrast agents

While most forms of 1H MRI use water as an endogenous contrast agent, several contrast 

agents for MRI have been developed in order to increase sensitivity to TERM construct 

state, biocompatibility, and function. Superparamagnetic iron oxide (SPIO) nanoparticles124 

are a contrast agent that has been used to assess scaffold size,125 cell tracking,126,127 

inflammation,128 and drug delivery126 in TERM constructs. SPIO nanoparticles decrease the 

overall signal in MR images. Therefore, if one were to serially image SPIO-containing 

scaffolds over time, an increase of signal intensity would be indicative of degeneration of the 

TERM construct. Furthermore, SPIO nanoparticles can be used to label cells via conjugation 

with antibodies or direct incubation in order to monitor specific cell viability, TERM 

construct function, and integration with the local tissue.126,128–130 Clinically, the most 

common MRI contrast agents are gadolinium-based, and are often directly injected 

systemically or into joints in order to increase signal contrast (shortens T1-relaxation time).
131 Gadolinium-based contrast agents are less commonly incorporated into TERM 

constructs than SPIO nanoparticles. However, direct incorporation of gadolinium-based 

nanoparticles for bone TERM applications have been developed to enhance sensitivity to 

bone growth.132 For a comprehensive review on the use of contrast agents in MRI, please 

see the review by Wahsner and Gale et al.133

Robust analysis and interpretation of biomedical images

Image processing is an important technical component for getting high quality, quantitative 

data about a TERM construct. The standard image format for medical images is DICOM, 

which stands for Digital Imaging and Communications in Medicine. In addition to the image 

data itself, DICOM images often contain metadata in the form of headers, which are a list of 

information about the file typically containing information on the patient, study design, 

equipment used, and information relating to how the image was acquired.

A common step in image analysis is generating region of interest maps on the image itself, 

which can be done using a number of software packages. Several 2D and 3D image viewing 

and analysis platforms are available including ImageJ, Analyze, RadiAnt, Horos, Slicer, and 
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PostDICOM. For a comparison of some common analysis packages, please see the review 

by Martin et al.134 Recent advances in AI and machine learning have led to the use of neural 

networks to automatically identify and mask regions of interest,135,136 however these 

software tools are still in the development phase and are not widely commercially available. 

Many of the research-oriented techniques outlined in Table 1 require substantial post-

processing including filtering and fitting image signal data to mathematical models relating 

image signal to tissue parameters. This is often programmed using custom scripts using 

Matlab, Python, or R.

It is common to image a sample multiple times using different imaging techniques (multi-

parametric imaging) or using different imaging modalities (multi-modal imaging) in order to 

assess multiple outcome measures of interest. This poses an challenging problem from a 

data analysis perspective as different imaging techniques, especially with multi-parametric 

imaging, have different limitations of resolution, which must be consolidated during image 

analysis. However, the best approach is to take into account differences in voxel size during 

image acquisition, and match or linearly scale voxel sizes between acquisitions. Also, an 

additional challenge during imaging processing is trying to match anatomic locations 

between scans (called image registration), which occurs when a patient moves in between 

scans, or during multi-modal imaging. Fortunately to overcome these issues, various image 

scaling and registration toolboxes have been developed to facilitate this aspect of imaging 

analysis.

There is a complicated relationship between the data measurements from which the images 

are derived and actual tissue parameters. This relationship can potentially be explored using 

in silico simulation, which can be used to optimize imaging parameters in order to maximize 

sensitivity or to help explain the relationship between imaging data and actual tissue 

structure.111 Furthermore, in vitro validation studies can be utilized in order to confirm these 

measurements reflect underlying tissue parameters of interest. For example, 3D printing has 

been used to fabricate MRI phantoms with ideal and histology informed muscle 

microstructure, in order to relate diffusion tensor imaging measurements to physical, tissue 

level microstructure (Fig. 6).137 Validation and optimization of imaging analysis and 

interpretation is vital to ensure physiologically relevant interpretation of quantitative 

measurements from medical imaging. For the most part, the research-focused imaging 

techniques reviewed are used sparingly in the clinical setting, as more rigorous validation is 

required to appropriately interpret these metrics. Therefore, as TERM constructs are being 

developed, it is necessary to innovate and validate novel imaging approaches that will 

facilitate accurate, noninvasive assessment of key outcome measures. If these tools are not 

developed in parallel, they risk not being approved by the FDA as appropriate, further 

complicating the translation of TERM constructs from benchtop to bedside. For a guide on 

requirements for using clinical imaging solutions in clinical trials, please see the Clinical 

Trial Imaging Endpoint Process Standards: Guidance for Industry.138

Conclusions

Quantitative, sensitive imaging techniques are required for validating the state, integration, 

and functionality of TERM constructs in vivo. When designing TERM constructs, it is 
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important to keep in mind the strengths and limitations of the imaging techniques available 

for specific outcome measures that pertain to that tissue. This may inform key decisions in 

construct design from the general shape of a construct to if a contrast agent needs to be 

directly incorporated to enhance sensitivity for a specific imaging modality.

In addition to being used to assess the aforementioned outcome measures of interest, 

imaging can be a valuable tool for designing patient specific TERM constructs. For example, 

Koffler and Zhu et al. recently utilized T1-weighted MRI of a patient’s spinal cord injury to 

develop a 3D model of the injury, from which a scaffold with the precise 3D geometry of the 

injury was 3D printed and implanted (Fig. 6).139 Studies such as this demonstrate how 

imaging techniques can be used in conjunction with the development novel of 3D 

biofabrication approaches, towards the ultimate goal of patient specific TERM constructs. 

Imaging can be used not only to inform the macroscale geometric properties (i.e. size) of a 

scaffold, but can potentially be used to inform other key design features of a TERM 

construct including microstructure, biological function, or mechanical properties. Thus, it is 

important to also understand how various medical imaging modalities can be used to inform 

construct design.

In order to exploit the strengths of multiple imaging modalities, multi-modal and multi-

parametric imaging may provide enhanced sensitivity to specific outcome measures. These 

techniques, while requiring complicated registration and imaging analysis, can be used to 

take advantage of the strengths of different imaging modalities in order to provide the best 

quantitative information about a TERM construct. In order to ensure successful translation 

from benchtop to bedside, continued dialogue between the tissue engineering and the 

medical imaging communities is required in order to continue to innovate and rigorously 

validate approaches for highly accurate, sensitive, and quantitative assessment of TERM 

constructs.
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Fig. 1. 
Schematic depicting key outcome measures for assessing tissue engineering and regenerative 

medicine constructs as well as the specific imaging techniques that can be used to assess 

them (italic). GAGs – glycosaminoglycans. RBCs – Red blood cells.
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Fig. 2. 
Ultrasound: B-mode structural imaging (left) of a tissue engineered vascular graft can be 

used to measure the size of the lumen and assess patency of the graft at 3 months (top) and 6 

months (bottom) after implantation. Doppler shift imaging can be used to measure blood 

flow through the tissue engineered vascular graft (middle column). Figure reproduced with 
permission from Springer Nature (2017).22 Strain maps assessed with elastography (right) of 

a subcutaneously implanted tissue engineered scaffold before (top) and after (bottom) in 
vivo degradation, demonstrating that ultrasound elastography can be used to assess changes 

in mechanical properties of a scaffold associated with degradation. The dashed orange boxes 

represent the boundaries of the scaffold, the color overlay represents the in vivo strain map. 

Figure reproduced with permission from Elsevier (2008).29
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Fig. 3. 
Computed tomography: Macroscopic view (top row) of TERM treated (left, middle) and 

untreated (right) osteochondral defects. μCT was used to render the osteochondral defect and 

subchondral bone to assess state of the TERM constructs and de novo tissue production. 

Figure reproduced with permission from Springer Nature (2018).39 (Right) A cationic 

contrast agent that is sensitive to glycosaminoglycan distribution in degenerated and normal 

cartilage. The contrast agent is attracted to the strong negative charge of glycosaminoglycans 

and increases radiopacity regions with high glycosaminoglycan concentration. This 

demonstrates how contrast agents can be used to assess the presence of biomaterials. Figure 
reproduced with permission from Elsevier (2018).53
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Fig. 4. 
Structural MRI: T1-weighted (A) and T2-weighted (B) images of saline filled breast 

implants. Arrows highlight a thick, low signal fibrous capsule around the implant has 

formed. These images demonstrate how structural MRI can be used to visualize different 

features of TERM constructs (i.e. water rich regions) and its interaction with nearby tissues. 

Figure reproduced with permission from Springer Nature (2016).140 UTE: axial MRIs of a 

Achilles tendon repair. The internal structures of the Achilles tendon are not visible in a 

proton density weighted MRI (C; arrow), but are visible in a UTE pulse sequence (D; 

arrows). This demonstrates how UTE can be used to visualize fibrous structures with short 

echo times. Figure reproduced with permission from John Wiley and Sons (2015).106 CEST: 

Time course of a hydrogel injected into a mouse brain striatum over the course of 42 days 

(E). Serial T2-weighted imaging was used to identify the hydrogel (top row; arrow) which is 

easily identified due to its high water content. Relatively little change in the hydrogel size is 

observed over 42 days, even though the hydrogel is degrading, due to the large amount of 

unbound water in the hydrogel. Using CEST MRI, a continuous decrease in hydrogel signal 

was observed, consistent with hydrogel degeneration in vivo. This demonstrates how CEST 

can be used to monitor the presence of biomaterials and degradation of the construct better 

than routine structural imaging. Figure reproduced with permission from John Wiley and 
Sons (2019).93
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Fig. 5. 
Diffusion tensor MRI: Axial (A) and coronal (B) fractional anisotropy maps overlaid on 

structural images of the lumbar paraspinal muscles, demonstrating the variance in tissue 

microstructural properties throughout a normal muscle. These maps can be used to assess 

microstructural organization of a TERM construct. In a coronal structural MRI scan (C) it is 

difficult to assess the 3D orientation of the paraspinal muscle fibers or assess fiber length. 

However, using tractography the orientation and length of the paraspinal muscles fibers can 

be measured. This technique can be used to assess how well a TERM construct is aligned 

and integrating with local tissue. Figure reproduced with permission from John Wiley and 
Sons (2020).115
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Fig. 6. 
3D printing can be used to validate imaging techniques (Top). Histology of normal muscle 

(a) was used to inform the design of a phantom (b) with known geometric properties, which 

could be 3D printed (c) and scanned using MRI. This approach was used to relate 

measurements made using diffusion tensor MRI to known microstructural properties of the 

phantom.137 Biomedical imaging can also be used to inform the design of TERM constructs. 

A light based 3D printer (d) was used to print a scaffold (e) with x–y geometry informed by 

the axial distribution of white matter and grey matter in the spinal chord. Structural MRI of a 

complete spinal cord injury (f) can be used to inform the 3D geometry of the TERM scaffold 

(g), which can be precisely printed (h) to the precise dimensions of a patient’s lesion.139
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