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Abstract 

Spectral computed tomography (CT) has proven an important development in biomedical 

imaging, yet there are several limitations to this nascent technology.  Near-term implementation 

of spectral CT imaging can be enhanced using a hybrid architecture that integrates a narrow-

beam spectral ‘interior’ imaging chain integrated with a traditional wide-beam ‘global’ imaging 

chain.  The first study demonstrates the feasibility of hybrid spectral micro-CT architecture with 

a first-of-its-kind system implementation and preliminary results showing improved contrast 

resolution and spatial resolution.  The second study seeks to characterize the hybrid spectral 

micro-CT scan protocol for reduction of radiation exposure.  In the third study, the spectral 

‘interior’ imaging chain was optimized for K-edge imaging of high-z elemental contrast agents.  

In the final study, an open-source, low-cost solution for managing digital content in an academic 

setting was demonstrated.  The results of these studies confirm the merits of a hybrid architecture 

and warrant further consideration in future pre-clinical and clinical spectral micro-CT and CT 

scanner design and protocols. 
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1 Introduction 

1.1 Motivation 

The motivation for this dissertation is to improve spectral micro-computed tomography (-CT) for 

near-term implementation in biomedical imaging applications.  A novel micro-CT architecture 

has been proposed that combines the strengths of both conventional (energy-integrating) and 

spectral CT detector (i.e. photon-counting, true-color, etc.) technology [1, 2].  The objective of 

this dissertation is to implement, characterize and optimize a hybrid spectral micro-CT system.  

The first study will demonstrate the feasibility of hybrid spectral micro-CT architecture with a 

first-of-its-kind system implementation and preliminary results showing improved contrast 

resolution and spatial resolution.  The second study will seek to characterize the hybrid spectral 

micro-CT scan protocol for reduction of radiation exposure.  In the third study, the spectral 

‘interior’ imaging chain will be optimized for k-edge imaging of high-z elemental contrast 

agents.  In the final study, an open-source, low-cost solution for managing digital content in an 

academic setting will be demonstrated in the context of this collaborative, international research 

project. 

The four studies will be the subjects for this dissertation.  The topics are stand-alone and will be 

individually derived into journal manuscripts, yet they synergistically promote the objective of 

the dissertation: implementation, characterization and optimization of hybrid spectral micro-CT.  

To this end, the specific aims are defined below: 

 Design, implement and characterize a first-of-its-kind hybrid spectral micro-CT system 

 Evaluate hybrid spectral micro-CT scan parameters for radiation exposure reduction 

 Validate and characterize energy bin width for optimal k-edge imaging in spectral micro-

CT 

 Design and implement an open-source enterprise content management (ECM) system for 

academic research. 
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1.2 Spectral Micro-CT 

Every element has a unique electromagnetic (EM) radiation absorption spectrum.  Given that x-

ray computed tomography (CT) utilizes differences between x-ray attenuation, and given that 

most x-ray sources are polychromatic, it would be desirable to detect both the quantity and 

spectrum (energy) of incident x-ray photons.  Conventional CT scanners utilize energy-

integrating detectors, which as their name implies integrate the photon counts across the entire 

spectrum, and hence cannot distinguish incident photon energy.  However, recent advances in 

digital spectral (e.g. photon-counting, energy-sensitive, etc.) detector technology have enabled 

pre-clinical and even clinical commercial spectral CT scanners [3-19].  The spectral detectors 

have energy “bins” or “channels” that count the number of incident photons within a specified 

energy range (i.e. energy window).     

Assuming a point source, the x-ray attenuation along a line can be modeled according to the 

Beer-Lambert law 

 
        

 ∫    
( )    (1) 

where    is the number of detected photons in the spectral energy bin (channel), s (s=1,…,S), and 

where x is the distance along a line (ray) l.  The number of input photons is    for each spectral 

energy bin, s.  The attenuation coefficient at each position x along l is   ( ) for each spectral bin 

s.  The projection of the x-ray line l,   , for each spectral bin s, can be achieved with 

 

       (
  
  
)   ∫   

 

( )    (2). 
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The main difference between these equations and those for conventional CT is that each exists 

for a set of spectral energy bins, s.  As part of the reconstruction process we attempt to recover 

the attenuation coefficient for each specific energy bin (range).  The spectral attenuation profile 

allows differentiation of materials that would be impossible to resolve with a single conventional 

CT scan.  This is demonstrated in Figure 1-1 which shows attenuation coefficient profiles for 

various materials.  A conventional CT scanner would integrate the attenuation coefficient profile 

across the effective detector energy range (approximately 20-100 keV), resulting in very similar 

attenuation values for the materials.  A spectral CT scanner can differentiate these materials by 

comparing the attenuation coefficient at different energies and thus can distinguish each material 

via its unique attenuation profile. 

 
 

Figure 1-1. “Linear attenuation coefficients with respect to incident photon energy” [1]. © 2012 

IEEE. 
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1.3 Hybrid Spectral Micro-CT 

1.3.1 System Architecture 

CT architecture has evolved through several permutations from its first inception by Dr. 

Hounsfield.  Advancements, such as multi-slice CT (MSCT) and dual-energy CT (DECT), have 

fundamentally changed CT scanner architecture and applications.  These innovations in CT 

architecture have enabled vast improvements in spatial and temporal resolution; and, spectral CT 

offers the promise of further enhancing CT imaging by improving contrast resolution, a 

traditional weakness of conventional CT imaging.  Yet, there remain technical limitations to 

spectral detectors that preclude their immediate replacement of conventional, energy-integrating 

detectors for biomedical CT applications.  Thus, it was independently proposed by two groups 

 

Figure 1-2. “3-D rendering of the hybrid true-color micro-CT system. A wide-beam gray-scale 

imaging chain and a narrow-beam true-color imaging chain are combined on a rotating gantry” 

[1]. © 2012 IEEE. 
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that a hybrid spectral architecture would address these limitations and therefore hasten the 

implementation of spectral CT [1, 2]. 

The proposed hybrid spectral architecture was first illustrated in the 2012 study by Xu et al [1] in 

Figure 1-2 and Figure 1-3.  These renderings envisage a rotating-gantry configuration, common 

for pre-clinical and clinical CT scanner architectures, which allows a stationary and horizontal 

sample stage.  Furthermore, the hybrid architecture borrows its transverse dual x-ray sources 

 

Figure 1-3. “2-D sketch of the hybrid true-color micro-CT system. A wide-beam gray-scale 

imaging chain and a narrow-beam true-color imaging chain are combined on a rotating gantry” 

[1]. © 2012 IEEE. 
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from DECT.  Although not included in these schematics, some form of x-ray shielding would be 

required to prevent cross-scatter from affecting the detectors should both x-ray sources be 

simultaneously energized.  This proposed architecture design and simulation studies described in 

the next subsection served as the motivation for the studies in this dissertation. 

1.3.2 Image Reconstruction 

In Xu et al, the original motivation was to validate a new reconstruction methodology 

specifically designed for the proposed hybrid architecture [1].  An enabling technique for this 

method is called statistical iterative reconstruction using total variation minimization (SIR-TV) 

[20].  Another critical technique is ‘interior tomography’, which can exactly reconstruct an 

interior region of interest (ROI) utilizing projections only passing through the ROI [20-22].  

Interior tomography allows for high accuracy reconstruction of the spectral interior ROI, and in 

this application compressed sensing statistical interior tomography (CS-SIT) is the suggested 

interior algorithm. The proposed image reconstruction workflow is documented in Figure 1-4.  

 

Figure 1-4. “Image reconstruction workflow for the hybrid true-color [spectral] micro-CT 

system” [1]. © 2012 IEEE. 
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I performed the first in vivo study on the commercial MARS spectral micro-CT scanner (MARS 

Bioimaging, Christchurch, NZ) in 2011.  The sample, a female BALB/C mouse, is shown after 

0.2 ml injection of a gold nanoparticle contrast agent is shown in Figure 1-5 (hence purple 

coloration of eye, skin and veins).  The scan data produced the reconstructions in Figure 1-6 

which demonstrate the utility of both the spectral detector and the hybrid architecture.  The 

spectral detector allows differentiation between calcium (green), gold nanoparticle (yellow), 

tissue (gray), and air (black).  The interior spectral reconstructions in the middle and lower right 

images in Figure 1-6 show the accurate interior spectral information and the described “spectral 

diffusion” which has accurate spectral information outside the ROI truncation [1].  The results of 

the hybrid spectral reconstructions were preliminary and a simulation, but clearly there is 

promise to this method. 

1.4 K-edge Imaging 

A unique jump in x-ray absorption occurs where the incident photon energy is above that of the 

K-orbital electron’s binding energy.  Hence, K-edge imaging has long been used to quantify 

target elements using x-ray imaging, especially for synchrotron tunable monochromatic x-ray 

 
 

Figure 1-5. “Photo of a BALB/C mouse used in this study after GNP injection” [1]. © 2012 

IEEE. 
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systems.  Spectral micro-CT requires a different approach because the spectral detectors have a 

finite number of energy bins, generally between four to eight per pixel [21], and polychromatic 

sources.  Thus, it is necessary to select the optimum energy bin for each target element.  A 

previous study by He et al confirmed that an optimal energy bin width, w, exists on either side of 

the target element’s K-edge energy [23].  The optimal w value was found by maximizing the 

signal difference to noise ratio (SDNR), which is defined as 

     ( )   
 (  )   (  ) 

√   (  )     (  )
 (3), 

where  (  ) is the expected value of the reconstructed attenuation coefficient, within the 

sampled region, from the energy bin just above (right of) the element k-edge energy (    ).  

  (  ) is the expected value of the reconstructed attenuation coefficient, within the sampled 

region, from the energy bin just below (left of) the element k-edge energy (   ).     (  ) and  

   (  ) are the variances, within the sampled region, of the right and left energy bin 

reconstructions, respectively. 

The results of the numerical simulation in [23] and follow-up study [24]  confirm that a 

definitive optimal energy width exists for each of the three elements simulated in the study, 

iodine, gadolinium and gold.  Yet, there remain several critical factors that were not addressed 

and reduce its relevance for practical spectral CT imaging applications.  Furthermore, many of 

the simulation inputs were not realistic for current spectral detector technology.  These deficits 

can be addressed with further simulation studies, and more convincingly with an actual spectral 

micro-CT study with an elemental contrast agent phantom. 
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Figure 1-6. “Results from GNP mice studies. The first and second rows are the global gray-scale 

and true-color reconstruction results; and the third row is the color interior reconstructions. The 

left and right columns are the central slices from the mouse with tail vein injection of GNP and 

with direct cardiac puncture injection of GNP, respectively” [1]. © 2012 IEEE. 
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1.5 Content Management 

Content management is a critical operational entity that facilitates sharing of data, information 

and knowledge among collaborators.  Research projects of the nature described in this 

dissertation typically involve large-scale, international collaborative efforts because of their 

specialized and diverse nature; additionally these projects typically involve modification and 

exchange of voluminous digital content (i.e. data, information and knowledge).  While there are 

numerous ad hoc solutions to facilitate digital content exchange amongst academic research 

collaborations (e.g. email, Google docs, cloud storage drive), there remains several critical 

limitations to systematically managing all relevant digital content.  The continued development 

of open-source software has produced several solutions to overcome these limitations, 

specifically the advent of open-source ECM systems.  These ECM solutions can be deployed for 

minimal cost and can greatly benefit collaboration [25-29]. 

1.6 Dissertation Organization 

The remaining chapters of this dissertation are organized as follows: 

Chapter two introduces methodology and preliminary results from the first spectral micro-CT 

system, using both simulated and real data.  The results demonstrate the feasibility of the 

subsequent techniques, and several methods developed in these studies were utilized in further 

experiments. 

Chapter three studies various parameters of the scan protocol for spectral micro-CT to determine 

their contribution to the spectral image fidelity, using both simulated and real data.  This 

characterization is used to evaluate optimal scan parameters to minimize radiation exposure in 

hybrid spectral micro-CT. 

Chapter four performs a practical study of spectral micro-CT scan protocol, target contrast agent 

element and energy bin width to optimize the k-edge signal, using both simulated and real data.  

Analysis of experimental data confirms the optimal energy bin width and scan protocol.  The 

contrast agent evaluation contradicts portions of the simulation results. 
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Chapter five describes the design and implementation of an enterprise content management 

(ECM) system, specifically for academic research applications.  The manuscript summarizes a 

successful strategy and framework for content management using open-source ECM software, 

low-cost hardware and existing university infrastructure. 

1.7 Attributions 

The following attribution list details the contributions of each author in the manuscripts utilized 

in this dissertation, as these works are not sole-authorships.   

Chapter one has six figures re-printed from the paper entitled, “Image Reconstruction for Hybrid 

True-Color Micro-CT”.  As third author, I contributed the following facets of the study: spectral 

micro-CT operation, experimental design, experimental methods, system calibration, manuscript 

development, data collection, data pre-processing, data analysis, and system radiation safety 

evaluation.  Co-author contributions are not listed as only figure excerpts are re-printed. 

Chapter two is a re-print of the paper entitled, “Hybrid Spectral Micro-CT: System Design, 

Implementation & Preliminary Results”.  As first author, I contributed to the following facets of 

the study: hybrid scanner design, system implementation, system calibration, phantom design, 

phantom build, manuscript development, manuscript submission, software/algorithm 

development, experimental design, experimental methods, data collection, data pre-processing, 

data analysis, literature review, x-ray safety training, and system radiation safety evaluation.  A. 

Opie contributed to software/algorithm development, experimental design, experimental 

methods, image reconstruction, manuscript development and x-ray safety training. Q. Xu and H. 

Yu contributed to the hybrid reconstruction software/algorithm development. M. Walsh 

contributed to software development for the Medipix spectral detector acquisition. A. Butler and 

P. Butler contributed the Medipix detector and associated software, and technical / experimental 

guidance. G. Cao contributed to experimental design. A. Mohs contributed to the phantom 

design and build. G. Wang supervised the study. 

Chapter three is a re-print of the paper entitled, “Study of Scan Protocol for Exposure Reduction 

in Hybrid Spectral Micro-CT”.  As second author, I contributed to the following facets of the 
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study: conventional micro-CT operation, spectral micro-CT operation, system calibration, 

phantom design, phantom build, manuscript development, manuscript submission, 

software/algorithm development, experimental design, experimental methods, data collection, 

data analysis, literature review, x-ray safety training, and system radiation safety evaluation.  A. 

Opie contributed to spectral micro-CT operation, system calibration, phantom design, phantom 

build, manuscript development, software/algorithm development, experimental design, 

experimental methods, data collection, data analysis, image reconstruction, manuscript 

development and x-ray safety training. Q. Xu and H. Yu contributed to the hybrid reconstruction 

software/algorithm development. M. Walsh contributed to software development for the Medipix 

spectral detector acquisition. K. Rajendran contributed to ICA decomposition methodology. A. 

Butler and P. Butler contributed the Medipix detector and associated software, and technical / 

experimental guidance. G. Cao contributed to experimental design and data analysis. A. Mohs 

contributed to the phantom design and build. G. Wang supervised the study. 

Chapter four is a re-print of the paper entitled, “Study of Scan Protocol and Target Elements for 

Optimal K-edge Imaging with Spectral Micro-CT”.  As first author, I contributed to the 

following facets of the study: conventional micro-CT operation, spectral micro-CT operation, 

system calibration, phantom design, phantom build, manuscript development, manuscript 

submission, software/algorithm development, image reconstruction, experimental design, 

experimental methods, data collection, data analysis, literature review, x-ray safety training, and 

system radiation safety evaluation.  A. Opie contributed to software/algorithm development, 

experimental design, experimental methods, image reconstruction, manuscript development and 

x-ray safety training. Q. Xu and H. Yu contributed to the hybrid reconstruction 

software/algorithm development. M. Walsh contributed to software development for the Medipix 
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2.1 Abstract 

Spectral CT has proven an important development in biomedical imaging, and there have been 

several publications in the past years demonstrating its merits in pre-clinical and clinical 

applications. In 2012, Xu et al reported that near-term implementation of spectral micro-CT 

could be enhanced by a hybrid architecture: a narrow-beam spectral ‘interior’ imaging chain 

integrated with a traditional wide-beam ‘global’ imaging chain. This hybrid integration coupled 

with compressive sensing (CS)-based interior tomography demonstrated promising results for 

improved contrast resolution, and decreased system cost and radiation dose. The motivation for 

this study is implementation and evaluation of the hybrid architecture with a first-of-its-kind 

hybrid spectral micro-CT system. Preliminary results confirm improvements in both contrast and 

spatial resolution. This technology is shown to merit further investigation and potential 

application in future spectral CT scanner design. 

Index Terms—Micro-CT, interior tomography, spectral-CT, CT instrumentation, CT 

architecture. 
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2.2 Introduction 

X-ray beams are comprised of photons and like visible light they are generally polychromatic. X-

ray detectors in conventional micro-CT and CT scanners are known as energy-integrating, or 

intensity-integrating, because their output signal is proportional to the detected photon flux, 

weighted by the photon energy, integrated across the entire energy spectrum.  However, x-ray 

attenuation varies non-linearly with photon energy; spectral information is lost with energy-

integrating detectors in much the same way as color information is lost with black and white 

photography.  Recently, significant progress has been made in spectral (i.e., multi-energy, 

energy-resolved, spectroscopic, etc.) x-ray detectors that are sensitive to the incident photon 

energy.  Numerous publications have demonstrated promising pre-clinical and clinical 

applications for spectral CT [1-13]. Clearly, spectral CT is the future of x-ray based biomedical 

imaging and will yield improvements for the diagnosis of millions of patients, yet there remain 

significant hurdles to clinical and even pre-clinical implementation of this technology. 

The most critical limitations with current spectral x-ray detectors are cost, size, radiation dose, 

and flux.  Current spectral detectors are both small and expensive.  Radiation dose is a concern 

for any x-ray based system, and energy bins for each spectral channel require higher total 

exposure relative to a single-channel energy-integrating (conventional) detector.  Furthermore, 

the maximum detectable x-ray flux is limited by the detector readout speed (due to pulse pileup); 

current technology is too slow for clinical use by an estimated three orders of magnitude [14].  

While there are no physical laws that would preclude advancement of spectral detectors beyond 

these limitations, it does appear to be prohibitive in the near future. 
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In order to overcome these limitations, Xu et al proposed to combine a spectral imaging chain 

with an energy-integrating imaging chain [15].  The latter provides wide-beam (‘global’) 

grayscale projections of the sample, while the former provides narrow-beam (‘interior’) spectral 

projections covering a small field of view (FOV).  Further, Xu et al  proposed a reconstruction 

method whereby the grayscale image from the global imaging chain is reconstructed by 

statistical iterative reconstruction with total variation minimization (SIR-TV), and the interior 

image for each spectral channel is reconstructed by a compressive sensing-based statistical 

interior tomography (CS-SIT) method [16, 17]. The spectral images are processed with principal 

component analysis (PCA) and the results are color mapped together with the global 

reconstruction to produce high resolution hybrid spectral images. 

There are several merits to this approach.  First, the radiation dose would be lower for hybrid 

architecture than a full FOV spectral micro-CT/CT scanner, as only the interior ROI receives the 

higher exposure necessary for equivalent spectral contrast resolution.  Second, spectral flux can 

be increased because the collimated x-ray beam only passes through the interior sample region, 

thus mitigating pulse pile-up that would occur at the sample periphery with a full FOV spectral 

detector [18].  Third, the hybrid architecture maintains a traditional energy-integrating imaging 

 

Figure 2-1. Hybrid true-color micro-CT design schematic. 
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chain, which is important for obtaining ‘scout’ views to locate and center the interior ROI prior 

to a full scan.  Fourth, the global energy-integrating chain provides necessary a priori data about 

the interior ROI for exact interior spectral reconstruction. Fifth, the system cost would be lower 

because energy-integrating detectors are vastly more mature and less expensive than spectral 

detectors.  Finally, the most obvious and important benefit of a hybrid architecture is that it 

brings spectral CT closer to wide-spread use in the near-term. 

 

Figure 2-2. Hybrid true-color micro-CT prototype system. Hardware component labels: (A) 

Medipix MXR-Si detector; (B) Xradia energy-integrating detector; (C) Hamamatsu L10101 X-

ray source for true-color imaging chain; (D) Hamamatsu L12606 X-ray source for Xradia 

energy-integrating imaging chain; (E) Xradia sample rotation stage with contrast agent phantom. 
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In the following study, we implement a first-of-its-kind hybrid spectral micro-CT prototype 

system.  There are three goals for this paper: (1) demonstrate hybrid spectral micro-CT 

architecture with a prototype system implementation, phantom scan and reconstruction; (2) 

numerically simulate the hybrid prototype phantom scan; (3) evaluate the prototype system by 

comparing the results to those of a matching simulation.  The remainder of this paper is 

organized as follows: Section II describes the hybrid scanner design and configuration, Section 

III contains a brief explanation of the reconstruction technique and describes the methods and 

materials used in this study, Section IV presents the results from the first hybrid spectral micro-

CT system and simulation studies, and Section V discusses related work on hybrid spectral 

systems and concludes the manuscript. 

2.3 Hybrid Scanner Design 

Xu et al [15] reported a hybrid spectral micro-CT system design that incorporated the spectral 

interior and energy-integrating global imaging chains into a rotating gantry configuration.  The 

benefits of a rotating gantry design, relative to rotating sample stage, are obvious for biomedical 

Table 2-1. Hybrid true-color micro-CT hardware component specifications. 

 

  
Energy-integrating 

imaging chain 
True-color imaging chain 

X
-R

a
y
 S

o
u

rc
e
 Tube voltage 0-90 kVp 0-100 kVp 

Tube current 0-100 µA 0-200 µA 

Output window 
Beryllium,  

100 µm thick 

Beryllium,  

120 µm thick 

Focal spot size 15 µm 7 µm 

Distance to center of rotation 200 mm 95 mm 

X
-R

a
y
 D

e
te

c
to

r
 Matrix size 

1024 x 1024  

(binning: 2) 
256 x 256 

Pixel size 27.3 µm 55 µm 

Sample field of view 

diameter 
30 mm 9.3 mm 

Distance to center of rotation 200 mm 48 mm 

Detector type Scintillator + CCD Camera 
Photon-counting, energy 

resolved, Silicon layer 
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researchers as many potential applications require in vivo scans (e.g., small rodents).  However, a 

rotating gantry configuration requires specialized mechanical components, such as rotation slip 

ring, and many parts must be custom manufactured.  Furthermore, it is more difficult to make 

alignment/configuration (e.g., source-to-detector positions, etc.) changes on a rotating gantry 

design.  Thus, we chose to utilize a rotating sample configuration for the first prototype of this 

hybrid architecture.  While this rotating sample architecture may be only useful for micro-CT, it 

still has significant biomedical applications and the resulting data should support further 

development of a rotating gantry system for in vivo application. 

Our design for the first prototype of a hybrid spectral micro-CT has endured several evolutions 

into its final form.  The original design required building both the energy-integrating and spectral 

imaging chains from scratch, along with a new sample rotation system.  After completing the 

preliminary system build, it was realized that the spectral imaging chain could be reconfigured to 

 

Figure 2-3. Contrast agent phantom.  (A) Image of the phantom mounted on sample stage 

(excerpt from Figure 2-2).  (B) Axial schematic of the phantom at the reconstructed slice location 

used for Figure 2-4 and Figure 2-5: blue indicates water, red indicates Magnevist, and green 

indicates Omnipaque (note: the shading is not representative of the actual concentration). See 

Table 2-2 for details. 
 



 

24 

fit within an existing Xradia XCT micro-CT scanner (Xradia, Pleasanton, CA).  There are 

several advantages to this approach: the Xradia micro-CT is an existing, well known and tested 

scanner with a very high precision rotating sample stage; the Xradia grayscale energy-integrating 

detector has high resolution and a large FOV with existing control hardware/software 

integration; and the Xradia micro-CT eliminated the need to build and test two out of three major 

components required by the original hybrid spectral micro-CT design. 

The grayscale imaging chain relies on the native Xradia hardware: a Hamamatsu L12606 

(Hamamatsu, Japan) micro-focus x-ray source and 6 cm scintillator plus high resolution CCD 

camera.  The Xradia source and detector positions are controlled by the proprietary Xradia 

software and hardware.  The spectral imaging chain consists of a Hamamatsu L10101 micro-

focus x-ray source (Hamamatsu, Japan) and a Medipix MXR-Si spectral detector (MARS 

Bioimaging, Christchurch, New Zealand).  The L10101 source is mounted on a linear translation 

stage, while the Medipix detector is mounted in a permanent position after alignment.  The 

sample rotation stage consists entirely of the Xradia hardware, which allows for sub-micron 

position accuracy in three linear dimensions plus rotation.  The hardware component details are 

outlined in Table 2-1, a design schematic is shown in Figure 2-1, and an image of the prototype 

system is in Figure 2-2. 

 

Table 2-2. Contrast agent phantom concentrations. 

 

Number Sample Concentration 

1 Ultra-filtered water Pure 
2 Omnipaque 0.005 M 
3 Omnipaque 0.05 M 
4 Omnipaque 0.5 M 
5 Magnevist 0.005 M 
6 Magnevist 0.05 M 
7 Magnevist 0.5 M 

Magnevist (gadopentetate dimeglumine), Omnipaque (iohexol). 
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2.4 Methodology 

Preliminary experiments were performed with a contrast agent (CA) phantom on the prototype 

hybrid spectral micro-CT system.  Two common CA types, gadolinium-based Magnevist 

(gadopentetate dimeglumine, Berlex Laboratories, Wayne, NJ) and iodine-based Omnipaque 300 

(iohexol, GE Healthcare, Princeton, New Jersey), were used in various concentrations and 

immersed in pure water.  The CA samples were contained in polyethylene centrifuge tubes.  A 

schematic of the phantom is shown in Figure 2-3 and the corresponding CA concentrations are 

listed in Table 2-2. 

 

Figure 2-4. Hybrid spectral micro-CT reconstruction results of the simulated (first row) and 

actual prototype (second row) CA phantom scan: (A / D) is the SIR-TV reconstruction of the 

global gray-scale projections; (B / E) is the CS-SIT reconstruction of the interior spectral 

projections without the global grayscale image; (C / F) is the reconstruction of the interior 

spectral and global gray-scale projection data using CS-SIT.  The black circle denotes the 

interior FOV. 
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The phantom was alternately scanned on the prototype system with the full-width grayscale and 

narrow spectral imaging chains to prevent contamination by cross-scatter [19].  The interior 

spectral chain x-ray source was set to 80 kVp and 200 µA without filtration, and the silicon 

Medipix detector captured 12 energy bins between 10 to 38 keV at 361 uniformly distributed 

angles over 192°.  The global grayscale chain x-ray source was set to 80 kVp and 100 µA 

without filtration, and the energy-integrating detector uniformly captured 1500 projections over 

192°. 

Numerical simulation algorithms were developed based on Xu et al [15] and the aforementioned 

prototype system / CA phantom design.  Global grayscale and interior spectral projections of the 

phantom were simulated with parameters matching the prototype system scan, including: source 

 

Figure 2-5. PCA decomposition of the simulated (first row) and actual prototype (second row) 

hybrid spectral reconstructions: (A / D), (B / E) and (C / F) are the first, second and third 

principal components, respectively. 
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flux and spectrum; source-to-object and source-to-detector distance; projection angles and 

numbers; detector configuration, pixel size, conversion efficiency and energy binning. 

Image reconstructions of the spectral interior projections were performed with CS-SIT, both with 

and without the global grayscale image for comparison.  The reconstruction algorithm is fully 

described and derived in [15] and [16], respectively, but summarized here for convenience: 

1. Reconstruct the global image    with SIR-TV; 

2. Reconstruct each energy bin image with CS-SIT, using  
 
 as the initial image; 

3. Apply PCA to the set of reconstructed images to produce {  }   
 , where    is 

component   of the PCA result set, and   is the number of PCA components; 

4. Create a color image by mapping the first two principal components and the global 

reconstruction image into the HSV color space. 

 

The reconstruction algorithms (SIR-TV for the grayscale, CS-SIT for the color interior) operate 

by minimizing the objective function 

 
 ( )  ∑

  
 
([  ]    ̂)

 

 

   

     ( )  (1) 

where   is the reconstructed image vector,    is the intensity measurement on x-ray beam  ,   is 

the system (forward projection) matrix,   ̂ is the estimated projection data,   is a parameter 

controlling regularization, and   ( ) calculates total variation.  The objective function (1) is 

obtained by considering the Poisson nature of the x-ray data and maximizing an a priori (MAP) 

objective [16].  The minimization is performed by alternately using the separable paraboloidal 

surrogate method [20] for the data fidelity term and using soft-threshold nonlinear filtration [21] 

for the regularization.  The difference between the two algorithms is in the choice of initial 

estimate for  : in SIR-TV an empty image is used, while in CS-SIT the reconstructed grayscale 

image is used.  The    weighting on the data represents the detected photon number at each 

detector cell and is proportional to the square of the signal-to-noise ratio since it is Poisson 

distributed. 
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The reconstructed images from the spectral imaging chain are processed with PCA because it is a 

simple yet effective method to identify the primary differences in spectra across the image [1].  

PCA operates to find orthogonal basis functions that best describe the variance of a dataset: the 

first channel is chosen such that it describes as much of the multi-dimensional data as possible 

with a single coefficient per pixel; the second channel is chosen to describe as much of the 

residual image as possible, again with a single coefficient per pixel; and the remaining channels 

continue in this manner until all the data is accounted for [22].  A more sophisticated material 

decomposition algorithm could be applied, yet is beyond the scope of this work. 

2.5 Experimental Results 

Evaluation of the first-of-its-kind prototype hybrid micro-CT system was performed by 

simulating a contrast phantom scan and comparing with the prototype scan results. 

 

Figure 2-6. Semi-log plot of the proportional variance weight of each principal component for 

actual and simulated hybrid spectral reconstructions. 
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Figure 2-7. Schematic of the ROIs used for quantitative analysis. Line segment A-A’ is used for 

spatial resolution measurements; B, C and D denote the sampled gadolinium, iodine and water 

regions, respectively; the dashed circle represents the interior field of  

2.5.1 Reconstruction 

Figure 2-4 shows three reconstructions of the simulated and actual prototype system, and 

demonstrates the improvement obtained by incorporating a global projection data set.  Figure 

2-4A and Figure 2-4D show the global grayscale image reconstructed by SIR-TV for the 

simulated and prototype system, respectively; these images demonstrate the expected high spatial 

resolution of a high-end micro-CT scanner with full FOV.  Figure 2-4E is the Medipix spectral 

image reconstructed by CS-SIT without a priori global grayscale data, processed by PCA and 

color mapped; Figure 2-4B is the result from the corresponding simulation data.  Figure 2-4C 

and Figure 2-4F are the spectral images reconstructed from the hybrid interior spectral and global 

grayscale data sets; these images benefit from both the spectral resolution of the interior chain 

and the spatial resolution of the global grayscale chain. 
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Figure 2-8. Simulated attenuation versus energy plot.  The plot shows the average linear 

attenuation coefficient in the three ROIs described in Figure 2-7 as a function of the twelve 

spectral energy bins in the simulated hybrid reconstructions. 
 

 
 

 

The basis set from the PCA of the hybrid reconstruction was also used to decompose the interior 

reconstruction, and the same windows and levels were used to allow fair comparison.  We can 

see that Figure 2-4B and Figure 2-4E lack spatial resolution and Figure 2-4C and Figure 2-4F 

demonstrate better spectral homogeneity inside the FOV (delineated by the black circle) than 

Figure 2-4B and Figure 2-4E.  We also observe that Figure 2-4C and Figure 2-4F show better 

spectral homogeneity outside the FOV; however, this degree of improvement may not be equally 

impressive in cases of more complex shapes and contrast in the exterior region. 

The global grayscale reconstruction does not differentiate between the iodine and gadolinium, 

but all spectral reconstructions (Figure 2-4B, Figure 2-4C, Figure 2-4E, and Figure 2-4F) allow 

differentiation between the two contrast agents.  The regions of 0.05M concentration are not 

readily identified on the interior image of Figure 2-4B, while the improved reconstruction in 

Figure 2-4C shows the regions more clearly.  Neither imaging chain could distinguish the 
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Figure 2-9. Prototype attenuation versus energy plot.  The plot shows the average linear 

attenuation coefficient in the three ROIs described in Figure 2-7 as a function of the twelve 

spectral energy bins in the actual prototype hybrid reconstructions. 
 

 
 

 

0.005M concentrations.  Further, the interior spectral reconstructions do not clearly show spatial 

details such as the plastic centrifuge tube containing the CA, nor the slight interior bulge in tube 

4 (see Figure 2-3), both of which are apparent in the global and hybrid spectral reconstructions. 

2.5.2 Quantitative Analysis 

Figure 2-5 shows the first three components from PCA decomposition of the simulated and 

prototype hybrid spectral reconstructions.  Figure 2-6 plots the proportion of data variance 

represented by each principal component on a semi-log plot.  It is clear that the variance 

diminishes significantly after the second principal component in both simulated and prototype 

reconstructions; and this phenomenon is similarly demonstrated by the images in Figure 2-5: 

Figure 2-5A / Figure 2-5D and Figure 2-5B / Figure 2-5E, representing the first two principal 

components, clearly contain relevant information, whereas the third component (Figure 2-5C / 
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Figure 2-5F) does not show any relevant information.  The dominance of the first two 

components in this experiment suggests that a carefully chosen dual energy CT system may be 

capable of producing similar results.  However, this would not be true, in general, for the hybrid 

configuration with a harder detector layer (e.g. CdTe or GaAs) because more k-edges could be 

measured yielding more than two PCA channels containing significant information. 

Another critical element illustrated in Figure 2-5 is the differentiation between gadolinium and 

iodine. The first principal component (Figure 2-5A / Figure 2-5D) does not show any appreciable 

difference, yet it is visually obvious that only the gadolinium is enhanced in the second principal 

component (Figure 2-5B / Figure 2-5E).  The difference between the first two principal 

components produces the colorization of different materials shown in Figure 2-4B / Figure 2-4E 

and Figure 2-4C / Figure 2-4F, and thus increases the contrast between elements that would 

otherwise be indistinguishable with traditional grayscale imaging (Figure 2-4A).  This 

phenomenon is due to the K-edge property of the CA with respect the photon energy. The signal 

difference to noise ratio (SDNR) was calculated as described in [23] to quantify the contrast 

improvement between materials.  The results in Table 2-3 clearly demonstrate the improved 

contrast resolution with spectral hybrid reconstruction and PCA. 

Figure 2-8 plots the reconstructed linear attenuation coefficient as a function of the twelve 

spectral energy bins for the simulated hybrid data, and Figure 2-9 plots the same for the actual 

Table 2-3.  Simulation and prototype: attenuation, contrast and noise analysis.  

 

 Simulation Prototype 

 Grayscale 
PCA 

Channel 1 

PCA 

Channel 2 
Grayscale 

PCA 

Channel 1 

PCA 

Channel 2 

 ̅   1.204 3.857 0.465 1.804 6.236 1.808 

 ̅  1.195 3.825 -0.446 1.870 6.063 0.526 

σ 0.0193 0.0288 0.0271 0.021 0.258 0.105 

SDNR 0.47 1.1 33.7 3.11 0.67 12.21 

 ̅   and  ̅ are the linear attenuation coefficients of the gadolinium and iodine ROIs, respectively; σ 

is the noise measured in the water ROI; SDNR is the signal difference to noise ratio between 

iodine and gadolinium ROIs in the hybrid prototype reconstructions. 
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prototype hybrid data.  The attenuations are an average of the ROIs described in Figure 2-7.  

There are two prominent features in the hybrid prototype plot, the most critical being the 

expected increase in attenuation at 33 keV from the k-edge of iodine.  Secondly, there is a signal 

drop-off after roughly 35 keV for all three ROIs which corresponds to the limited efficiency of 

the silicon detector above this energy, thus the detected counts are too low for accurate 

reconstructions.  It should be noted that the attenuation curves do not appear as ideal curves (e.g. 

NIST) for several reasons: energy bin width, charge sharing, spectral response of the silicon 

detector, source spectrum, and unavoidable noise all combine to make the measured attenuation 

plots different from the ideal ones. For example, a sharp attenuation jump at the iodine k-edge is 

observed neither in the real prototype nor the simulated plots because the relatively wide energy 

bins are not exactly defined on either side of the k-edge.  Thus, the increased attenuation at 

energies above the iodine k-edge is averaged, but it is still clearly visible in Figure 2-8 and 

Figure 2-9. 

The spatial resolution of each reconstruction method (interior, hybrid and grayscale) was 

calculated for the prototype data via the edge spread function  [24].  First, a line profile was 

sampled at 1 micron intervals through the segment A-A’ for each reconstructed image.  The edge 

spread function was produced by selecting the line profile regions passing through the CA-

polyethylene boundary (border between the CA and the polyethylene centrifuge tubes).  The line 

spread function was produced by taking the derivative of the edge spread function, and the 

spatial resolution was calculated from the full width at half maximum (FWHM) value of the line 

spread function at the boundary.  The FWHM values are 106 µm, 339 µm, and 124 µm for the 

grayscale, interior, and hybrid reconstructions respectively.  These values show spatial resolution 

improvement in the hybrid reconstruction relative to the original interior reconstruction. 

2.6 Conclusion 

The experimental results from the hybrid spectral micro-CT prototype demonstrate the feasibility 

and the merits of this particular system architecture.  There is an obvious synergy between the 

high-resolution grayscale imaging chain and the spectral resolution of the spectral imaging chain.  

The described reconstruction technique utilizes the respective strengths of each imaging chain to 
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produce images with both high spatial and contrast resolution.  This concept was theoretically 

proven in [15], and the results from the prototype system implementation in this paper support its 

assertions.   

There are a few limitations to this study, hence the ‘preliminary results’ designation in its title.  

The positions of the x-ray sources, detectors and sample were not optimized, and we would have 

preferred to scan additional CAs, such as barium and gold nanoparticles, with a harder spectral 

detector layer than the silicon Medipix MXR used in this study. 

Future work will build upon these results, and will include an evaluation of reducing the number 

of global grayscale and interior spectral projections on the contrast and spatial resolution in order 

to reduce the x-ray dose.  Another study will seek to optimize the interior spectral energy bin 

(window) width for specific CA k-edge(s) to improve contrast resolution.  Finally, we would like 

to implement a pre-clinical hybrid spectral micro-CT architecture (i.e. rotating gantry) for in vivo 

biomedical applications. 
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3.1 Abstract 

The hybrid spectral micro-computed tomography (CT) architecture integrates a conventional 

imaging chain and an interior spectral imaging chain, and has been proven to be an important 

development in spectral CT.  The motivation for this study is to minimize x-ray exposure for 

hybrid spectral micro-CT using both simulated and experimental scan data while maintaining the 

spectral fidelity of the reconstruction.  Three elements of the hybrid scan protocol are 

investigated: truncation of the interior spectral chain and the numbers of projections for each of 

the global and interior imaging chains. The effect of these elements is quantified by analyzing 

how each affects the reconstructed spectral accuracy.  The results demonstrate that there is 

significant scope for reduction of radiation exposure in the hybrid scan protocol.  It appears 

decreasing the number of conventional projections offers the most potential for exposure 

reduction, while further reduction is possible by decreasing the interior FOV and number of 

spectral projections. 

 

Keywords–Micro-Computed Tomography, Spectral Imaging, Image Reconstruction, Radiation 

Exposure 
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3.2 Introduction 

Recent studies on hybrid spectral micro-computed tomography (CT) have demonstrated 

promising results for near-term implementation in pre-clinical and clinical applications [1, 2].  

The hybrid spectral architecture relies on a global field of view (FOV) conventional imaging 

chain with a transversely positioned interior FOV spectral imaging chain (Figure 3-1).  A 

primary benefit of the interior spectral imaging chain is the reduction of dose while maintaining 

the benefits of spectral CT imaging.  This is because the x-ray beam path is collimated which 

reduces exposure relative to a full FOV spectral detector.   Further reduction in x-ray exposure 

can be achieved by using a limited number of projections and compressive sensing (CS)-based 

iterative reconstruction methods [1, 3].   

 Interior tomography has become an active research pursuit because of its ability to reduce 

radiation dose and detector size in pre-clinical and clinical scenarios that require diagnostic 

images of a region of interest (ROI), for example in cardiac imaging.  In the case of spectral CT, 

a hybrid architecture using interior tomography offers advantages that help to overcome 

limitations with current spectral (i.e. spectroscopic, energy-sensitive, multi-energy, etc.) detector 

technology, including limited detector size and photon-counting rate.  Many current spectral 

detectors are small and expensive and suffer from signal degradation (e.g. pulse pile-up) when 

exposed to high x-ray flux [2, 4]. These issues can be addressed by capturing spectral projections 

that only pass through a truncated interior ROI which allows for a smaller spectral detector size.  

Additionally,  the counting rate of photon counting detectors is limited by several factors, 

including pulse pile-up [4].  An interior scan only measures the flux penetrating the center of the 

object.  Thus the source flux can be much higher without exceeding this maximum rate since the 

outer regions with the greatest flux are outside the detector and allows for improved photon 

statistics in the interior region and faster scan times. 
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Exposure reduction for hybrid spectral micro-CT can be achieved by reducing the width 

of the interior FOV, the number of interior projections, and the number of global projections.  

Fewer projections also allows for shortened scan time which can be critical for in vivo 

biomedical applications.  CS-based iterative reconstruction methods can be better suited to the 

reconstruction problem of a reduced number of projections than analytic reconstruction methods 

such as filtered back-projection (FBP).  However, it is important that the aforementioned 

reductions do not significantly degrade the spatial or spectral fidelity of the reconstructed 

images.  

The goal of this study is to evaluate the effects of interior FOV, reconstruction method, 

and number of projections on reconstructed spectral fidelity in simulated and real experimental 

settings.  The remainder of this paper is organized as follows: Section II describes the hybrid 

 

Figure 3-1. Overview of the hybrid spectral micro-CT system and reconstruction techniques. 
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scan protocol for the real and simulated datasets along with evaluation metrics; Section III 

contains the results of the spectral fidelity evaluation on the real and simulated reconstructions; 

and Section IV concludes the paper and discusses some related issues and future studies. 

3.3 Methodology 

The exposure reduction parameters are applied to both real and simulated hybrid spectral micro-

CT data.  The protocols for collecting, reconstructing, and evaluating these datasets are described 

below. 

3.3.1 Contrast and Thorax Phantoms 

A simple contrast phantom was designed, crafted, and then scanned with a hybrid system; 

numerical simulations were also performed.  The phantom body is composed of a 25 mm 

 

Figure 3-2. Contrast agent phantom.  (A) Photo of the phantom. (B) Axial schematic of the 

phantom at the reconstructed slice location: (1) is PMMA; (2), (4) and (6) are 0.5M, 0.05M and 

0.005M gadolinium solutions, respectively; (3), (5) and (7) are 0.5M, 0.05M and 0.005M iodine 

solutions, respectively. 
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diameter poly(methyl methacrylate) (PMMA) cylinder with six equally spaced 6 mm diameter 

cylindrical cavities.  Each cavity has one of six polyethylene centrifuge tubes containing various 

concentrations of clinical contrast agents (CA): gadolinium-based Magnevist (gadopentetate 

dimeglumine, Berlex Laboratories, Wayne, NJ) and iodine-based Omnipaque 300 (iohexol, GE 

Healthcare, Princeton, NJ).    The actual phantom and an axial schematic are shown in Figure 

3-2.  

In addition, a simulated thorax phantom was created to evaluate the hybrid scanning method on a 

sample with more complexity than the CA phantom; a schematic is shown in Figure 3-3.  Several 

CA regions were specifically positioned away from the sample center to ensure that the regions 

would be completely excluded from the interior spectral FOV.  The spine region was designed 

with a slender bone protrusion that represents fine structure lacking in the CA phantom. 

3.3.2 Simulation and Real Hybrid Scanner 

Fan-beam projections for the two phantoms in the previous section were generated using 

the simulation method described in previous studies [1, 5]. Material-dependent linear attenuation 

coefficients as functions of incident photon energy were calculated using NIST tables [6], the 

source spectrum was simulated with Spektr [7], and the spectral detector efficiency as a function 

of incident energy was simulated.  The simulation scan parameters mirrored the real hybrid 

scanner settings (Table 1).   

The real hybrid spectral micro-CT scan of the contrast phantom was performed using two 

separate systems: a Medipix All-Resolution Scanner (MARS) (MARS Bioimaging, 

Christchurch, New Zealand) spectral micro-CT scanner and an Xradia XCT conventional micro-

CT scanner (Xradia, Pleasanton, CA).  The phantom was intentionally designed to be physically 

static, thus allowing for the scans to be performed in two separate locations.  Previous studies 

have proven the hybrid spectral micro-CT architecture [5], however, these facilities were 

unavailable for this study, and hence the two scans were performed separately and exposure 

reduction parameters were evaluated by directly modifying the reconstruction inputs.  In other 

words, full FOV and maximum projection number datasets were separately collected for 
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traditional and spectral imaging chains, and then manually modified to emulate various hybrid 

scanner configurations.  The reference values for the number of projections were selected from 

the manufacturer recommended scan protocols for high spatial resolution, 360 and 1500 

projections for spectral and conventional imaging chains, respectively. 

3.3.3 Reconstruction and Decomposition 

Two different algorithms were used to reconstruct the hybrid data sets.  One is 

compressed-sensing based statistical interior tomography (CS-SIT) [8]; the other uses the 

grayscale data to estimate spectral projection data outside the interior FOV and reconstructs 

images using conventional filtered back-projection (FBP).  CS-SIT has been proven to be 

effective at hybrid reconstructions in previous studies [1, 5], but is considerably slower than 

FBP.  Both algorithms were applied to the datasets to determine which is best suited for hybrid 

spectral reconstruction.  Voxel size was 60 µm³ for all reconstructions. 

 

Figure 3-3. Schematic of the simulated thorax phantom.  Region 1 is soft tissue, region 2 is two 

partially inflated lungs, and region 3 is the spine (bone).  The heart (region 4) contains a mixture 

of muscle tissue and gadolinium (0.3M), while the blood vessels (regions 5) contain a mixture of 

blood and iodine (0.3M). 
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CS-SIT is fully derived in a previous publication, but a summary is presented here for 

convenience.  The detected photon count   
  for one ray   in one spectral channel   follows a 

Poisson distribution [9]  

   
         {  

     (   
 )    

 }                                (1) 

 

where   
  is the flat-field (open-beam) photon count,   

  ∑      
  [   ] 

 
    is the integral of 

the x-ray linear attenuation coefficients (ray-sum) along ray  ,   {   } is the system (forward-

projection) matrix,    (  
      

 )
 
 is the set of linear attenuation coefficients comprising the 

image (the voxels),   
  is a noise term,   is the total number of measurements (product of number 

of detector pixels and number of view angles), and   is the total number of image voxels.  

CS-SIT postulates that a piecewise homogeneous region of interest (ROI) can be exactly 

reconstructed from truncated projections by minimizing the total variation (TV) of the image.  

The complete reconstruction algorithm combines the Poisson nature of the data with TV 

regularization in finding a maximum a posteriori (MAP) estimate of the attenuation image   .  

Reconstruction is thus achieved by minimizing the objective function  
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where    ̂ 
    (  

     
 ) is the measured line integral,   (  ) is the total variation of the image 

     and   is a parameter to balance the data fidelity and TV terms.  The global data is 

incorporated into the algorithm by initializing the state for the reconstruction using the global 

reconstruction   .  We reiterate that this is merely a summary of the algorithm, details can be 

found in Xu et al [1].  The corresponding full FOV reconstruction algorithm is statistical iterative 

reconstruction with a total-variation regularization constraint (SIR-TV) [10], which operates in 

the same manner but with an empty initial estimate. 
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Figure 3-4 illustrates the FBP based reconstruction process, which was inspired by Lewitt 

et al [10] and is closely related to the approach taken by Schmidt et al [2].  In our method, the 

global reconstruction is first forward-projected (reprojected) using the geometry of the spectral 

imaging chain.  The new global sinogram exactly matches the spectral sinograms except that it 

covers the full object and thus the edges of the global sinogram can be used as approximations to 

the truncated parts of the spectral sinograms.  The global sinogram values are scaled to match the 

values at the edges of each spectral channel, and the data are blended over 10 pixels to avoid any 

sudden jumps in the combined (hybrid) sinogram.  The hybrid sinograms are used to perform 

 

Table 3-1. Hybrid spectral micro-CT hardware component specifications. 
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Spectral imaging chain 
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Tube voltage 80 kVp 120 kVp 

Tube current 100 µA 150 µA 

Output window 
Beryllium, 100 µm 

thick 

Glass (1.8mm Al equivalent)  

+ 150 µm Beryllium 

Distance to 
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rotation 

100 mm 119 mm 
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Number of 

pixels 
512 973 

Pixel size 109 µm 55 µm 

Energy Bin(s) 

range 
Integrated, 0-80 keV 28-38, 45-55 keV 

Energy Bin 

Width 
N/A 4 keV 

Counts per 

Exposure 
~25 000 ~4000 

Distance to 

center of 

rotation 

65 mm 66 mm 

Detector type Scintillator Medipix 3.1, 300 µm GaAs layer 
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reconstruction by conventional fan-beam FBP; this hybrid reconstruction method will be referred 

to simply as FBP in this manuscript. 

Decomposition of the reconstructed hybrid spectral image set is performed with 

independent component analysis (ICA) [11], using a fixed-point iteration scheme known as 

FastICA [12].  ICA is a statistical multivariate data processing technique developed for blind 

source separation which we use to decompose the set of spectral reconstructions {  ( )}   
  into 

components { ̂ ( )}   
  such that 
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where   is the mixing matrix estimated by ICA,     is the number of independent 

components, and the notation for   is slightly different to that used in (2): here the images are 

denoted   ( ) to be interpreted as row vectors indexed by voxel coordinates  .  ICA operates in 

a manner similar to principal component analysis (PCA) [13], but unlike PCA it is not restricted 

to finding orthogonal basis functions; instead it seeks statistically independent underlying 

functions, which can be a powerful technique for numerous applications [11].  In this study, ICA 

is applied to the attenuation spectra found in the set of reconstructed hybrid image voxels.  While 

PCA has previously been used successfully to decompose spectral reconstructions [1, 5, 13], ICA 

was chosen because it offers the potential for better separation of individual materials since 

statistical independence is a stronger property than uncorrelatedness [11]; our results confirm 

that ICA indeed outperforms PCA (see Figure 3-6).  The ICA algorithm was trained with images 

reconstructed from full FOV spectral data using each of the reconstruction algorithms, and then 

the appropriate separation matrix was applied to the hybrid reconstructions. 

After applying ICA to the hybrid spectral image set, the resulting component images 

(“channels”) were compared to distinguish iodine from gadolinium.  As shown in Section III, 
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ICA produced three channels of meaningful data: one channel enhanced iodine, another 

enhanced gadolinium, and a third contained residual PMMA density.  It is important to note that 

the channels are not pure targeted decompositions where each channel contains only the 

contribution of a specific material, as would be expected from a scheme such as that of Roessl 

and Proksa [14] or Schlomka et al [15].  While targeted decomposition is a worthwhile goal, the 

data we are able to obtain from the current MARS spectral x-ray detector is not amenable to this 

type of analysis because charge sharing [15] and residual energy dispersion [15] nonlinearly 

corrupt the measured transmission spectrum such that it can no longer be decomposed into a 

simple sum of material transmission spectra.  Regardless, the results of Schlomka et al [15] show 

that features of other materials leak into the contrast agent channels even with targeted 

decomposition. 

 

Figure 3-4. For the FBP reconstruction method, the truncated spectral sinograms (lower left) 

are completed using data from the full FOV grayscale image, then FBP reconstruction 

proceeds as normal.  Note that the colors are illustrative only, and are not related to the colors 

of reconstructions shown later in this paper. 
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Contrast agent identification in the reconstructed image is achieved as follows:  the ICA 

separation produces one channel that enhances iodine and a second channel that enhances 

gadolinium, as illustrated in Figure 3-6; these images will henceforth be referred to as the iodine 

channel and the gadolinium channel.  The average background value is subtracted from each of 

these images and then the images are compared voxel-wise.  Voxels with a greater value in the 

iodine channel are marked as iodine, and likewise with the gadolinium channel; a small dead-

zone is included in the comparison to reduce noise in the identification result where the two 

channels have comparable values.  Thus 

 
  ( )  {

    ̂ ( )   ̂  ( )   
            

  

   ( )  {
    ̂  ( )   ̂ ( )   
            

  

(4) 

 

where   ( ) and    ( ) are binary images showing the voxels identified as iodine and 

gadolinium respectively,  ̂ ( ) and  ̂  ( ) are the iodine and gadolinium channel, respectively, 

  (     ) is the coordinates of an image voxel, and   is the deadzone.  Examples of   ( ) and 

   ( ) are shown in Figure 3-5 for three interior FOVs.  The images show both   ( ) and    ( ) 

, with   ( ) mapped to green and    ( ) mapped to red; inspection of (4) will show that it is 

impossible for a voxel to have a value of 1 in both binary images. 

3.3.4 Measurement and Metrics 

Several metrics are used to evaluate the effect of exposure reduction on hybrid 

reconstruction. Effective FOV (EFOV) was calculated for interior FOV reduction; EFOV and 

contrast to noise ratio (CNR) were used to evaluate reduction of interior spectral projections; and 

CNR was used to evaluate the reduction of global projections.  The meaning and calculation of 

these metrics are explained below. 
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Previous studies of the hybrid architecture have suggested that useful spectral 

information extends beyond the spectral interior FOV [1, 5].  In this study, we sought a measure 

of this “spectral dispersion” by virtue of the EFOV which is defined as the region within which 

the spectral fidelity is sufficient to correctly distinguish between the two CAs in the phantom 

with at least 90% of the accuracy of the full FOV spectral reconstruction.  We measure the 

accuracy radially by calculating the proportion of correctly identified voxels within concentric 

rings of 1.5 mm thickness, 

 

 ( )  
∑ [  ( )    ( )     ( )     ( )]   ( )

∑ [  ( )     ( )]   ( )
 (5) 

 

Figure 3-5. Hybrid spectral reconstructions after ICA and color-mapping of simulated projection 

data sets with interior FOVs: (A) 50%, (B) 60% and (C) 70% of full FOV.   
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where  ( ) is the accuracy at radius  ,  ( ) is the set of image voxels in the band of width 

1.5 mm with mean radius  , and   ( ) and    ( ) are the known regions of iodine and 

gadolinium, respectively.  Equation (5) can be interpreted as counting the number of voxels at 

radius   from the image center that were identified correctly, and dividing by the total number of 

CA voxels at that radius.  We calculate the EFOV by finding the radius where the accuracy of 

the hybrid reconstruction first drops to 90% of the accuracy found in the full FOV spectral 

reconstruction.  In cases where the accuracy is better than 90% over the full phantom, we set the 

EFOV to the maximum radius that contains contrast agent: 83% for the PMMA phantom and 

95% for the thorax phantom. 

 

Figure 3-6. (A), (B) and (C) are the first second and third ICA channels, respectively, of the 

full FOV real spectral CS-SIT reconstructions.  (D), (E) and (F) are the first second and third 

PCA channels, respectively, of the full FOV real spectral CS-SIT reconstructions.  
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When evaluating the reduction of spectral projections, CNR is calculated separately for 

each of the gadolinium and iodine channels, and for each CA region within these images.  The 

contrast is measured against the average attenuation of the PMMA (or soft tissue, as 

appropriate), and the noise is measured in the PMMA region.  For example, 

 
       

 ̅     ̅      

       
  (6) 

 

where  ̅ denotes the mean image value in a region,   denotes the standard deviation in a region, 

and the subscript identifies the measured region.     denotes region number   (see Figure 3-2) 

in the   channel (either gadolinium or iodine), and        similarly denotes the PMMA 

region in the   channel.  Ideal results would show a high CNR for the gadolinium regions (2, 4, 

and 6) and zero CNR for the iodine regions (3, 5, and 7) in the gadolinium channel, and vice 

versa. 

The CNR measurement for varying number of global projections is only calculated on 

region 2 (0.5M gadolinium).  Thus 

 
    

 ̅     ̅      

       
  (7) 

 

where the subscript “  ” denotes that the respective value is measured on the global 

reconstruction.  The gadolinium region is used in this calculation because it has the greatest 

attenuation of the CA regions. 

3.4 Experimental Results 

Each of the exposure reduction techniques is considered separately below.  Within each 

section, representative hybrid reconstructions are shown to illustrate the effect of the particular 

technique, using both FBP and CS-SIT/SIR-TV.  Radius values are given as a fraction of the 

phantom radius (1.25 cm), and spectral FOV width is measured as a percentage of the phantom 

diameter.   
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3.4.1 ICA and PCA 

The reconstructed images of the real phantom spectral scan were decomposed using both 

ICA and PCA in MATLAB (MathWorks, Natick, MA, USA) to compare the performance of 

these methods.  The images in Figure 3-6 demonstrate that ICA decomposes the three phantom 

materials into separate channels, whereas PCA does not clearly decompose each material.  For 

example, the gadolinium in region 2 is distributed between the second and third PCA 

components while the gadolinium in region 4 cannot be distinguished in any of the first three 

PCA components.  These results confirm the anticipated benefits of ICA, and subsequent results 

are processed only with ICA.  Computational costs for each of the methods were comparable: 

ICA and PCA required an average 7.5 seconds and 18 seconds, respectively, to decompose the 

real phantom data.  Note that the PCA implementation in MATLAB does not have the option to 

stop processing after a set number of components, and thus the cost quoted here is greater than 

would be necessary in an optimized environment.  Decomposition of the thorax phantom 

reconstructions (Figure 3-7) shows that ICA successfully separates the CAs when bone is present 

in the object.  In this case the soft tissue appears to spread more evenly between the channels, 

rather than collecting mainly in one channel like PMMA does in the CA phantom results. 

 

Figure 3-7. Three independent components from ICA applied to spectral FBP reconstructions of 

the simulated thorax phantom.  Channels 1 (A) and 3 (C) enhance iodine and gadolinium 

respectively, while bone appears in channel 2 (B).  The soft tissue is distributed between all three 

channels. 

 

 

A B C
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While it is not shown here, we found that repeating ICA decomposition with the same 

data did not always produce the same separation order; i.e., sometimes the first channel would 

enhance iodine, while other times the second channel would do so.  This non-deterministic 

behavior is due to the statistical nature of ICA, and because FastICA seeds its iterative routine 

with a pseudo-random mixing matrix [12].  This means that the order of two similarly strong 

components will depend on which is nearer to the random initial matrix.  This behavior had no 

effect on the decomposition of the hybrid images because the separating matrix was set after 

training it with full FOV spectral data and did not change between image sets. 

  

Figure 3-8. Hybrid spectral reconstructions after ICA and color-mapping of simulated projection 

data with interior FOVs (% of full FOV and reconstruction method): (A) 46% and FBP, (B) 46% 

and CS-SIT, (C) 74% and FBP (D) 74% and CS-SIT.   
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3.4.2 Interior FOV 

The effect of reducing the spectral interior FOV was studied.  Simulated hybrid 

reconstructions of the CA phantom with two representative truncation levels are shown in Figure 

3-8.  The loss of spectral fidelity, especially outside the FOV, can be seen in the top images 

(small FOV) compared to the bottom row (larger FOV).  As can be expected, reduced spectral 

FOV causes reduced spectral fidelity.  To quantify this effect, EFOV values were calculated for 

the simulated and real CA phantom data, along with simulated thorax phantom data (Figure 3-9).  

Figure 3-9A shows that the real data follows mostly the same trend as the simulated data, except 

for the simulated data as reconstructed with CS-SIT which retains good spectral fidelity over the 

whole image even with a narrow spectral FOV.  Figure 3-9B shows that the EFOV plateaus 

when the interior FOV contains most of the CA volume, therefore the truncated spectral 

accuracy is dependent on the structure of the sample.  The diagonal line through each of the plots 

in Figure 3-9 indicates where the EFOV is equal to the actual FOV; where the plot is above this 

line, the EFOV is larger than the actual FOV. 

The plots in Figure 3-9A suggest that the EFOV is generally not much larger than the 

actual FOV. However, Figure 3-8 shows that CA identification remains possible (albeit less 

 

Figure 3-9. (A) EFOV versus actual FOV plot for simulated and real phantom hybrid 

reconstructions. (B)  EFOV for simulated thorax hybrid reconstructions. 
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reliable) outside the EFOV boundary and is dependent not only on radius but also on CA 

concentration.  The higher concentration CA regions (2 and 3 in Figure 3-2) are reliably 

decomposed even with a narrow FOV, while the regions of medium concentration (4 and 5 in 

Figure 3-2) more rapidly lose spectral fidelity.  The lowest concentrations could not be 

decomposed even with full FOV spectral data, and thus are not considered.  The plots of Figure 

3-9B demonstrate better EFOV versus actual FOV.  A possible reason for this is that the thorax 

phantom does not have CA concentrations as low as the CA phantom; a second possibility is that 

the structure of the thorax phantom leads to more reliable decomposition.  In summary, EFOV is 

larger than the FOV in general and the relationship between EFOV and FOV is sample 

dependent. 

3.4.3 Interior Projections 

Next, the number of interior spectral projections was studied to evaluate its effect on 

CNR and EFOV.  Hybrid reconstructions are shown in Figure 3-10 with two representative 

interior projection numbers and an interior FOV of 60%.  For the small number of projections 

(40) on the top row, CS-SIT shows better noise suppression while FBP shows better 

homogeneity.  The results in Figure 3-11 demonstrate that a larger number of interior projections 

produces higher CNR, whereas the EFOV appears to remain relatively constant once the number 

of projections surpasses some threshold.  Again the difference between CS-SIT and FBP is 

greatest in the simulated results whereas almost no difference appears in the EFOV plots for the 

real scan data.  CS-SIT reconstructions also appear to have a higher CNR than FBP 

reconstructions in most of the reconstructed datasets.  It is interesting to note that while the CNR 

curves for FBP reconstructions follow a mostly straightforward profile, those for CS-SIT 

reconstructions can show more fluctuations, making prediction of reconstruction performance 

slightly difficult. 
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3.4.4 Global Projections 

Finally, the effect of the number of global projections on the reconstructed grayscale 

CNR was evaluated.  Reconstructions for two representative numbers of global projections and 

with a spectral FOV of 60% are shown in Figure 3-12.  The visible effect of reducing the number 

of global projections differs between the reconstruction methods: in FBP few projections cause 

streaks to appear and the noise level to increase, while in CS-SIT the image becomes “patchier” 

in homogeneous regions.  Our understanding is that this is due to the smoothing effect of TV 

minimization operating on the greater noise level.  CNR values in Figure 3-13 show that CS-SIT 

slightly outperforms FBP in the simulated and real CA phantom studies. However, FBP method 

 

Figure 3-10. Hybrid spectral reconstructions after ICA and color-mapping of simulated number 

of interior projections with FOV of 60% of full FOV (projection number and reconstruction 

method): (A) 40 and FBP, (B) 40 and CS-SIT, (C) 240 and FBP (D) 240 and CS-SIT. 
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performs better for the thorax phantom.  In all cases both reconstruction methods show a very 

similar relationship between the number of global projections and the CNR, exhibiting a gentle 

decline in CNR as the number of projections drops from 1500, then a knee at 100–200 

projections below which the CNR drops more rapidly.  

3.5 Discussion 

Reduction in exposure will generally reduce either the quantity or quality of data 

available for reconstruction.  The cases studied here all reduced the data quantity, whereas 

exposure reduction by other means (e.g. decreasing flux or acquisition time) would reduce the 

data quality since the signal to noise ratio (SNR) of an x-ray measurement is proportional to the 

square-root of the measurement due to its Poisson nature [9].  Reduction of the quantity of data 

will always result in reduced reconstruction quality for a given reconstruction algorithm, so there 

is always a trade-off between radiation exposure and quality of the reconstructed image and 

research is constantly ongoing to develop advanced algorithms for better reconstruction for a 

given set of projections.  This study did not investigate the effects of scan parameters such as 

acquisition time or beam flux; hence we do not give absolute dose values but instead use relative 

exposure values.   

Another limitation to the study is the use of fan-beam simulation and reconstruction.  

Many conventional CT scanners, including those utilized in this study, can operate in cone-beam 

mode. Yet this study chose to use fan-beam mode to reduce complexity and computational 

expense of the numerous simulations and reconstructions.  Furthermore, many commercial 

spectral detectors are linear strip arrays which only operate in fan-beam mode.  Future research 

may incorporate cone-beam, spiral/helical, and other advanced scanning modes for further 

exposure reduction. 
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Our overall finding is that there is further scope for radiation exposure reduction, and 

hence dose reduction, in the hybrid scan protocol.  The number of global projections clearly need 

not be 1500, a figure close to 300 is more appropriate and corresponds to an exposure reduction 

of 80% from the grayscale imaging chain relative to the manufacturer recommended protocol.  

The number of interior spectral projections need not be 360, either. It could be reduced up to 

50% compared with our previous hybrid scan protocols.  Finally, the spectral FOV should not be 

larger than the region of interest (ROI).  It appears to be feasible to reduce the FOV inside the 

 

Figure 3-11. (A) Effective FOV versus number of interior spectral projections for simulated and 

real phantom reconstruction; CNR versus number of interior spectral projections for: (B) 

simulated phantom, (C) real phantom and (D) simulated thorax reconstructions. 
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ROI, as the spectral information extends beyond the FOV.  Acceptable FOV truncation levels 

depend on the expected concentration of the CA within the sample, leading to a trade-off: a 

narrower spectral FOV can be achieved if the CA concentration is increased.  However, there are 

practical limits to the usable CA concentration, principally patient toxicity [16].  This trade-off 

also applies to a certain extent to the number of spectral projections.  A comprehensive study of 

the relationship between CA concentration and the combination of spectral FOV and number of 

spectral projections is warranted.  Studies on the efficacy of various material decomposition / 

classification methods for elemental mixtures would be valuable.  Additionally, further research 

should be performed on the decomposition technique.  The existence of robust PCA was 

identified in the review process and may represent a promising future direction for spectral 

decomposition. 

We believe that the CNR of images reconstructed with the iterative techniques is greater 

than that of those reconstructed with FBP because SIR-TV and CS-SIT include a smoothing 

operation which suppresses the amount of variation in the images.  It may be possible to increase 

the CNR of the FBP images to similar levels by applying a post-reconstruction smoothing filter.  

However, our purpose is not to compare the absolute CNR values between reconstruction 

algorithms but to observe the relative behavior along each plot.  The plots presented here show 

that the two algorithms exhibit a similar behavior in response to decreasing numbers of 

projections. 



 

60 

Comparison of the results presented here suggests that CS-SIT outperforms FBP for 

hybrid reconstruction.  The smoother reconstructions appear to slow the deterioration of spectral 

fidelity with increasing distance from the FOV.  An additional consideration is the reconstruction 

time: a single CS-SIT reconstruction takes nearly 19 minutes while a single FBP reconstruction 

with comparable optimization takes only 23 seconds.  These routines could be optimized and 

multiple energy bins can be reconstructed in parallel, however, these numbers are indicative of 

the relative computation expense of the algorithms. 

This work has identified several promising areas for follow-up studies. In addition to 

measuring the relationship between CA concentration and EFOV, optimizing the parameters 

 

Figure 3-12. Hybrid spectral reconstructions after ICA and color-mapping of simulated number 

of global projections with FOV of 60% of full FOV (projection number and reconstruction 

method): (A) 100 and FBP, (B) 100 and CS-SIT, (C) 700 and FBP (D) 700 and CS-SIT. 
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controlling the iterative reconstruction techniques would be worthwhile.  CS-SIT only uses the 

global reconstruction as an initial image estimate, hence the influence of the global image 

diminishes and the image quality outside the FOV deteriorates as the iterations advance.  

Naturally, performing zero iterations would not incorporate the spectral data into the 

reconstruction, so an optimal number of iterations that maximizes the spectral image quality 

while minimizing interior reconstruction artifacts must exist.   

The objective TV parameter controls the amount of smoothing performed by the TV 

minimization; we have kept this parameter as a constant in all reconstructions to allow fair 

 

Figure 3-13. CNR of hybrid spectral reconstructions as a function of the number of global 

projections for: (A) simulated phantom scan, (B) real phantom scan and (C) simulated thorax 

scan. 
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comparison, but have noticed that the amount of smoothing resulting from a particular value is 

dependent on the image being reconstructed.  A method to separate this parameter from the 

image and an optimization study would enhance the results generated using this relatively new 

algorithm.  The optimal relaxation factor   should be studied as it was heuristically selected in 

our study.  

In conclusion, we have investigated several promising methods for exposure reduction in 

the hybrid spectral micro-CT architecture.  We have studied the effects of decreases in the 

spectral FOV, the number of spectral projections, and the number of global projections, and 

found that these parameters can be used to reduce exposure by up to 80% relative to 

manufacturer recommendation.  We also identified several further areas needing optimization 

which will be addressed in future studies.  The iterative reconstruction algorithms outperform 

FBP, although the latter does produce reasonable results with lower computational cost. 
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4.1 Abstract 

One promising application in spectral CT is K-edge imaging, whereby the concentration of 

targeted element(s) within a sample is quantified using a priori x-ray attenuation profiles.  Our 

motivation is to optimize the scan protocol and target elements for maximum reconstructed 

signal in spectral K-edge imaging.  Scan protocol was evaluated using simulated and real 

datasets from a MARS pre-clinical spectral micro-CT system.  Signal strength was quantified 

using the signal difference to noise ratio (SDNR).  Simulation scan parameters were 

independently varied: source kVp, aluminum filtration thickness, flat-field counts, detector 

material type, asymmetric energy bin width, and threshold dispersion; along with target element 

concentration and atomic number (Z).  The optimum simulated SDNR was found with low 

source kVp, no source filtration, high exposure, no threshold dispersion, asymmetric left and 

right energy bin width, high target element concentration, and target element of Z = 67.  Analysis 

of real datasets confirms the simulation result for optimal energy bin width and the scan protocol 

trends in iodine but not for gadolinium.  Numerous factors appear to influence the K-edge signal 

strength in spectral CT.  These considerations should be weighed in future spectral CT scanner 

and contrast agent research. 

 

Keywords– Micro-Computed Tomography, Spectral Imaging, K-edge imaging 
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4.2 Introduction 

Spectral computed tomography (CT) is a rapidly developing modality in biomedical imaging.  A 

particular advantage of spectral CT is the ability to identify and quantify target elements within 

the scanned sample using a technique called K-edge imaging.  This ability to identify and 

quantify elemental concentration is highly desirable for many biomedical applications, such as 

targeted biomarker contrast agents [1-3]; yet nascent spectral CT technology requires 

fundamental investigation into the nature of K-edge imaging and the respective target elements.  

Previous studies to optimize the spectral energy bin boundaries for K-edge imaging [4-6] 

employed various analytical techniques with simplistic model inputs and assumptions (e.g. 

perfect detector efficiency and calibration).  Further, there has been no attempt to quantify the 

optimal energy bin width for various target elements (e.g. iodine, gold, etc.) for K-edge imaging.   

Each element has a unique x-ray absorption spectrum, and this property is commonly used for 

chemical analysis, such as x-ray absorption spectroscopy (XAS).  X-ray absorption spectra 

contain K-,L-, and M-edges which are strong jumps in x-ray attenuation that occur at distinct 

energy levels and are predicted by standard physics models to occur at the binding energy of the 

respective shell electron.  The K shell is the innermost electron shell which gives it the highest 

binding energy.  For many elements, the K shell binding energy is within the optimal range for 

clinical x-ray imaging systems; hence, transmission radiography utilizing this absorptive edge 

property is referred to as “K-edge imaging”. 

Current spectral CT detectors can typically discretize only six or eight energy bins, (i.e. 

“channels” or “windows”) per exposure.  These energy bins must be appropriately selected such 

that they fall on either side of the targeted element(s) K-edge energy,   , and are wide enough to 

suppress noise but narrow enough to maximize the attenuation jump (i.e. signal difference).  In 

Figure 4-1, the attenuation spectrum of a 5% aqueous gadolinium solution is shown along with 

the left and right energy bin,    and   , respectively.  The gadolinium K-edge is 50.2 keV and 

the energy bins are both 10 keV wide in this example. 
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An energy bin’s detected photon count is proportional to the integral of the incident spectrum 

bounded by its upper and lower limits.  Higher counts reduce image noise, thus wider bins 

reduce noise in K-edge imaging; however, wider width also decreases the signal difference 

because the attenuation jump eventually averages to nil (i.e., red and green areas in Figure 4-1 

will be equivalent for sufficiently wide bins).  This tradeoff was previously studied and 

optimized from an analytical perspective by He et al [7], who concluded that at least one optimal 

energy bin width exists for each elemental K-edge.  The metric used by this study was the signal-

difference-to-noise ratio (SDNR), defined as 

 

Figure 4-1. Mass attenuation coefficient as a function of incident photon energy for 5% aqueous 

gadolinium solution.     represents the gadolinium K-edge at 50.2 keV;    and    denote the 

left and right energy bin width, respectively, and are equivalently set to 10 keV.  The K-edge 

energies of various elements are shown at the top of the plot. 
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 ̅   ̅ 

√  
    

 
  (1) 

where  ̅  and  ̅  are the mean linear attenuation coefficients within a sampled region of interest 

(ROI) for the right and left energy bin reconstructions, respectively, and   
  and   

  are the 

variances of the right and left energy bin reconstructions, respectively.  While He et al [7] 

reported an important theoretical development, many of the assumptions and experimental 

settings were not representative of current state-of-the-art spectral CT systems, which limits the 

use of their results for practical application.  Furthermore, the scan protocol and contrast agent 

element evaluation were not designed for quantitative purposes.   

Table 4-1. Spectral micro-CT simulated scan parameters. 
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Tube voltage 70 to [120] kVp 

Anode Tungsten (W) 

Output window 
150 µm Beryllium (Be) +  

[0] to 20 mm Aluminum (Al) 

Distance to center of rotation 119 mm 
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Number of pixels 800 

Pixel size 55 µm 

Number of projections 360 

Threshold Dispersion 

(FWHM) 
0 to 20 keV, [3.4] 

Counts per exposure [3.5 x 10
3
] to 2.15 x 10

4
 

Distance to center of rotation 66 mm 

Detector types 

Medipix 3RX: 300 µm GaAs,  

300 µm Si,  

[2 mm CdTe] 

Default values shown in brackets [] 
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Here, we report a comprehensive simulation study of the spectral scan protocol and the target 

element(s) to maximize the visibility of the K-edge.  A real study of selected scan protocol and 

energy bin widths was also performed on a MARS Medipix 3RX CdTe spectral micro-CT 

scanner.  We used simulations to determine the optimal scan protocol for the MARS spectral 

micro-CT scanner and a contrast agent phantom containing iodine and gadolinium.  The 

remainder of this paper is organized as follows: Section II describes the spectral micro-CT 

 

Figure 4-2. Simulated x-ray source spectra: (A) raw output for three kVp parameters; (B) count-

normalized ratio of (A); (C) raw output for three aluminum filtration thicknesses; and, (D) 

count-normalized ratio of (C). 
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numerical simulation methodology and MARS scan study; Section III contains the results of the 

simulated scan protocol and target element evaluation, and also the MARS scan results; Section 

IV discusses the results; and, Section V concludes the paper. 

4.3 Methodology 

The first section below describes the scan protocol parameters that were varied to determine the 

optimal values for a specific scanner and contrast agent phantom configuration.  The second 

section describes the method for the real spectral micro-CT experiment, and the third describes 

the reconstruction and metrics techniques. 

 
Figure 4-3. Theoretical detector efficiencies for Si, CdTe, and GaAs detector element layers 

calculated by NIST absorption tables and the Beer-Lambert law. 
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4.3.1 Simulation 

Fan beam simulations were performed using MATLAB (Mathworks, Natick, MA, USA) to 

model a MARS spectral micro-CT scanner [8, 9] with a Medipix3 RX CdTe detector (MARS 

Bioimaging, Christchurch, New Zealand).  Within the simulations, the energy spectrum of a 

source with a tungsten anode is generated with Spektr [10], the material dependent linear 

attenuation coefficients of the phantom are calculated as functions of incident photon energy 

using NIST tables [11], and the efficiency of the spectral detector is calculated using NIST tables 

and the Beer-Lambert law. The energy spectrum, from 10 keV to the x-ray tube voltage, is 

discretized into 100 eV steps and the numbers of flat-field and transmitted photons at each 

energy value are computed. Energy bins in Medipix detectors accumulate a count of all photons 

with energies above the respective bin threshold, so the outputs of the simulation of the spectral 

 
Figure 4-4. Contrast agent phantom.  Axial schematic of the phantom at the reconstructed slice 

location: (1) is PMMA; (2), (4) and (6) are 0.5M, 0.05M and 0.005M iodine solutions, 

respectively; (3), (5) and (7) are 0.5M, 0.05M and 0.005M gadolinium solutions. 
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imaging chain are sums of photons at all energies above each of the bin energies.   

The phantom is based on an real phantom composed of a 25 mm diameter poly(methyl 

methacrylate) (PMMA) cylinder with six equally spaced 6 mm diameter cylindrical cavities.  

These cavities are filled with polyethylene centrifuge tubes containing 0.5M, 0.05M, and 0.005M 

concentrations of gadolinium-based Magnevist (gadopentetate dimeglumine, Berlex 

Laboratories, Wayne, NJ) and iodine-based Omnipaque 300 (iohexol, GE Healthcare, Princeton, 

NJ).  The phantom design can be seen in Figure 4-4, along with an example of the reconstructed 

images from the spectral simulation in Figure 4-6. 

Each scan parameter was evaluated individually, while keeping all other parameters at the 

default value.  The source voltage and filter thickness were varied within the recommended 

range for the MARS x-ray source (Figure 4-2A and Figure 4-2C), and then normalized (Figure 

4-2B and Figure 4-2D).  The source spectra were also filtered with 150 microns of beryllium to 

 
Figure 4-5. Threshold dispersion histogram of a Medipix 3RX CdTe detector using americium-

241 gamma-ray source (emission peak at 59.5 keV) for 20.5 hour exposure. 
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simulate the x-ray source’s output window.  The Medipix 3.2 detector hardware is limited to 12-

bit memory, thus the maximum counts per pixel per exposure is 4 096.  The default detector 

exposure is set such that the flat-fielded count is approximately 3 500 to avoid saturation due to 

quantum noise and other fluctuations.  Medipix detectors have been manufactured with three 

different detector element materials: silicon (Si), gallium arsenide (GaAs), and cadmium 

telluride (CdTe).  The spectral absorption efficiency of each detector configuration is plotted in 

Figure 4-3 and these values were used to simulated its effect on K-edge SDNR.  The left and 

right energy bin widths were independently varied.  The previous study by He et al [7] simulated 

equivalent left/right bin widths only, and left unequal widths to a future study.   

Finally, the effect of an imperfect detector energy calibration (i.e. inter-pixel variation) was 

evaluated.  A Gaussian profile was used to approximate the threshold dispersion profile with the 

full width at half maximum (FWHM) values from 0 to 20 keV.  Additionally, a separate 

experiment was conducted to determine the value for the Medipix 3RX CdTe spectral detector.   

An americium-241 gamma ray source (1.56 GBq, emission peak at 59.5 keV) was placed 7 mm 

from a Medipix 3RX CdTe detector to determine the calibration error and 5 second exposures 

were performed across a range of energy bins from 46 keV to 66 keV in increments of 1 keV.  

The exposures were repeated 168 times, taking a total of 20.5 hours.  The histogram of detector 

threshold dispersion is shown in Figure 4-5 from which the FWHM was calculated to be 3.4 

keV.    Table 4-1 summarizes the simulated scan protocol parameters.  

The same phantom design from the previous section was used to evaluate the effect of different 

target elements, except each cavity contained a different element at a 5% aqueous concentration 

instead of iodine/gadolinium.  Eight phantoms were created to cover the 48 elements with K-

edges in the range of 15.2 to 93.1 keV, corresponding to elements with atomic number Z = 37 to 

84.  Further, several phantoms were created to evaluate the effect of concentration for both 

iodine and gadolinium, studying concentrations ranging from 0.2% to 10% aqueous solution. 
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Figure 4-6. Spectral reconstructions of the contrast agent phantom at: (A) 24.2 - 33.2 keV, (B) 

33.2 - 43.2 keV, (C) 36.2 - 50.2 keV, and (D) 50.2 - 64.2 keV energy bins.  Arrows indicate 

increased attenuation between energy bins above the iodine (top) and gadolinium (bottom) K-

edge. 
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4.3.2  MARS Medipix3 RX Spectral Micro-CT 

Five sets of scans were performed to validate the simulation study.  The contrast phantom 

described in the previous subsection (Figure 4-4) was scanned with a MARS Medipix 3RX CdTe 

spectral micro-CT.  The scan parameters matched the defaults described in Table 4-1.  The five 

scan protocols were: 120 kVp, no aluminum filtration; 100 kVp, no aluminum filtration; 80 kVp, 

no aluminum filtration; 120 kVp, 3.2 mm aluminum filtration; 120 kVp, 6.4 mm aluminum 

filtration.  Three energy bin widths were captured for each element, 5, 10, and 15 keV for iodine, 

and 10, 15, and 20 keV for gadolinium.  These values were selected based upon preliminary 

results from the simulation studies.  Datasets were pre-processed using MARS software, then 

reconstructed and analyzed according to identical procedure as the simulation studies. 

4.3.3 Reconstruction and Metrics 

As this was an empirical rather than analytic evaluation, each of the scan configurations required 

reconstruction of both left and right bins for energy bin widths from 0.1 to 20 keV at 100 eV 

intervals (400 reconstructions per sampling point).  We used a standard method of filtered 

backprojection (FBP) with a Hamming windowed rho-filter.  The SDNR calculations were 

performed on the reconstructed images by calculating the mean reconstructed attenuation 

coefficient in each of the ROIs known to contain contrast agent, for both the energy bin below 

the k-edge and the bin above.  The coefficient below the k-edge energy is subtracted from the 

coefficient above it to obtain the signal difference, and the noise is calculated as the square root 

of the sum of the variances in the two reconstructed ROIs, as indicated in (1). 
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4.4 Experimental Results 

4.4.1 Simulation 

The results from the simulated scan protocol evaluation demonstrate several trends of note.  We 

will discuss the results by order of the scan parameter; and each parameter will be evaluated to 

find the optimum setting for maximum SDNR. 

 
Figure 4-7. SDNR versus energy bin (window) width for varying source kVp values for (A) 

iodine 0.5M and (B) gadolinium 0.5M; (C) peak SDNR versus source kVp; and (D) optimum 

energy bin width versus source kVp. 
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X-ray source kVp (Figure 4-7): It can be seen that a lower source kVp improves the K-edge 

SDNR (Figure 4-7C).  Also, the optimum energy bin width appears to differ with the elements, 

iodine (Figure 4-7A) and gadolinium (Figure 4-7B), but not significantly with the source kVp 

(Figure 4-7D). 

X-ray source aluminum filter thickness (Figure 4-8): Aluminum x-ray filtration degrades the K-

edge SDNR for both elements, most prominently for iodine (Figure 4-8A).  Gadolinium shows a 

linear decline response to increasing thickness, whereas iodine is most affected between 0 to 8 

 
Figure 4-8. SDNR versus energy bin (window) width for varying thickness of aluminum 

filtration (mm) for (A) iodine 0.5M and (B) gadolinium 0.5M; (C) peak SDNR versus filter 

thickness; and (D) optimum energy bin width versus filter thickness. 



 

78 

mm after which the peak SDNR plateaus (Figure 4-8C).  Optimum energy bin width does not 

follow any apparent trend for iodine and very roughly correlates to peak SDNR for gadolinium 

(Figure 4-8D). 

Flat-field counts (Figure 4-9): As expected, increasing counts produces improved SDNR values 

for both iodine (Figure 4-9A) and gadolinium (Figure 4-9B).  However, the SDNR improvement 

has diminishing returns as the counts increase to higher levels (Figure 4-9C).  The optimum 

energy bin remains relatively constant for iodine, while it has a sudden drop of 4 keV between 9 

 
Figure 4-9. SDNR versus energy bin (window) width for varying flat-field count values for (A) 

iodine 0.5M and (B) gadolinium 0.5M; (C) peak SDNR versus counts; and (D) optimum energy 

bin width versus counts. 
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500 and 11 500 counts (Figure 4-9D) for gadolinium because of the shape change of its SDNR 

plot (Figure 4-9B).  It should be noted that these higher count values are at the cost of additional 

scan time and radiation dose, as the Medipix chips are limited to 3 500 counts per exposure. 

Detector Material (Figure 4-10): The detector material has a less significant impact on the 

optimal energy bin width (Figure 4-10); however, silicon does appear to have a dramatically 

lower SDNR magnitude for iodine (Figure 4-10A) whereas the effect on gadolinium is less 

pronounced (Figure 4-10B). 

Left/Right Asymmetric Energy Bin Width (Figure 4-11): Independently varying the left and right 

energy bins challenges the strategy of equivalent energy bin widths.  Figure 4-11 demonstrates 

that the left energy bin should be slightly wider than the right for iodine (Figure 4-11A).  

However, gadolinium displays a less prominent response to the left/right bin but the SDNR tends 

to be slightly better with the left bin wider than the right (Figure 4-11B). 

Energy Threshold Dispersion (Figure 4-12): We can from Figure 4-12A and Figure 4-12B that 

dispersion appears to affect the scale rather than profile of the SDNR curve.  Further, Figure 

4-12C shows that the peak SDNR follows a linear decline with increased dispersion.  Figure 

 
Figure 4-10. SDNR versus energy bin (window) width for simulated detector element layer 

materials for (A) iodine 0.5M and (B) gadolinium 0.5M. 
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4-12D shows that the optimal energy bin width does not change significantly, especially for 

gadolinium. 

Target Element Concentration (Figure 4-13): In Figure 4-13A and Figure 4-13B we observe that 

the change in concentration does not impact the overall shape of the SDNR plot.  However, the 

peak SDNR does follow an approximately linear increase proportional to the element 

concentration for both iodine and gadolinium (Figure 4-13C).  The optimal energy width 

increases with contrast agent concentration, with a plateau at about 10 and 14 keV for iodine and 

gadolinium, respectively (Figure 4-13D). 

Target Element Atomic Number (Figure 4-14 & Figure 4-15): We observe a significant variation 

in peak SDNR with contrast agent atomic number.  As a pilot study, Figure 4-14A shows that six 

different elements have unique SDNR plots, these were then analyzed for 48 elements with 

atomic number Z = 37 to 84 in Figure 4-14B and Figure 4-14C.  The peak SDNR varies between 

0.12 for Z = 48 and 0.59 for Z = 67, yet the overall trend does not have any obvious physical 

correlation with the elements.  The optimal energy bin width shows a different trend: it decreases 

linearly from Z = 37 to 49 where it bottoms at 4.7 keV.  Again, without any obvious physical 

correlation the optimal energy width increases roughly linearly from Z = 49 to 84 and peaks at 

 
Figure 4-11. SDNR versus left and right energy bin (window) width for (A) iodine 0.5M and (B) 

gadolinium 0.5M. 
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20 keV, and follows roughly the same pattern as the peak SDNR.  Figure 4-15 summarizes the 

effects of energy bin width and atomic number (Z) on the K-edge SDNR. 

4.4.2 MARS Medipix3 RX Spectral Micro-CT 

Table 4-2 summarizes the actual SDNR values for reconstructed regions of 0.5M iodine and 

0.5M gadolinium in the contrast agent phantom scan on the MARS spectral micro-CT.  The table 

contains the SDNR mean ± standard deviation of 14 viable slices from each of the five scans.  

 
Figure 4-12. SDNR versus energy bin (window) width for varying detector threshold dispersion 

values for (A) iodine 0.5M and (B) gadolinium 0.5M; (C) peak SDNR versus detector threshold 

dispersion; and (D) optimum energy bin width versus detector threshold dispersion. 
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Iodine shows a maximum SDNR with 80 kVp, no aluminum filtering, and 10 keV energy bin 

width.  Gadolinium shows a different response, with comparatively lower SDNR values than 

iodine, and a peak SDNR with 120 kVp, 6.4 mm aluminum filtering, and 10 keV energy bin 

width. 

The reconstructed datasets showed signs of intermittent pixel variation, which most certainly 

resulted in some artificial variation in the SDNR values.  For this reason, slices were excluded if 

any artifact appeared in the 0.5 M iodine or 0.5 M gadolinium regions.  A set of reconstructed 

slices for iodine and gadolinium K-edges are shown in Figure 4-16 and Figure 4-17, respectively.  

The transient pixel artifact can be seen in Figure 4-16C and Figure 4-16E. 

4.5 Discussion 

The overall conclusion from the simulation study is that the scan protocol and target element 

appear to significantly influence the reconstructed K-edge signal strength (SDNR).  The scan 

protocol appears to be optimal when the source kVp is kept to a minimum.  While our results 

might suggest setting the source below 70 kVp, one must also consider the target K-edge energy, 

for example gold at 80.7 keV would have zero photons at that energy with a 70 kVp setting.  

Next, the simulations show that an aluminum filter degrades the K-edge SDNR of iodine and 

gadolinium in phantoms of the size studied here.  As these two elements cover a fairly wide 

energy range, it would be expected that this trend is true for all elements.  This should be 

investigated for objects of various sizes, as the lower energy photons would tend to be absorbed 

by thicker objects and may be less significant.  Also, it is worth nothing that some filtering is 

necessary from a clinical perspective, as the low energy photons unnecessarily increase patient 

radiation dose. 
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Increased photon counts have the expected effect of improving SDNR at the cost of increasing 

exposure to ionizing radiation.  In many cases the only other downside of higher counts is longer 

scan times; however, this is not always true for biomedical and certainly not for pre-

clinical/clinical applications.  Still, increasing counts may be quite useful if other experimental 

parameters cannot be employed to improve the SDNR (e.g. increasing element concentration).   

The detector material simulations seem to show fairly negligible impact on SDNR, except with 

iodine and a silicon detector layer.  However, there are some obvious limitations to this aspect of 

 

Figure 4-13. SDNR versus energy bin (window) width for varying concentrations of (A) iodine 

and (B) gadolinium; (C) peak SDNR versus element concentration; and (D) optimum energy bin 

width versus element concentration. 
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the study as there are several more factors that ultimately contribute to a detector’s actual 

spectral efficiency.  For instance, we know from experience the silicon Medipix detectors are not 

capable of acquiring useful data above 40 keV, yet our simulations indicate it would capture 

sufficient photons to resolve the gadolinium K-edge at 50.2 keV.  The asymmetric left/right 

energy bin widths demonstrate two important points.  First, maximum SDNR is obtained with 

asymmetric left and right energy bin widths.  Second, each element has a unique optimal left and 

right energy bin width profile.  While our study proves these two points, it suggests further 

 

Figure 4-14. (A) SDNR versus energy bin (window) width for six representative elements at 5% 

aqueous concentration; (B) peak SDNR versus 5% aqueous elemental solutions of 37 ≤ Z ≤ 84; 

and (C) optimum energy bin width versus 5% aqueous elemental solutions of 37 ≤ Z ≤ 84. 
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experimentation and validation.  We performed this particular evaluation on only two elements 

which limits extrapolating any trends from this portion of the analysis. 

Detector energy threshold dispersion appears to be an important area for further improvement in 

detector technology.  The simulation results show that any increase in detector dispersion causes 

a nearly proportional decrease in SDNR for both of the elements we studied.  In the case of the 

Medipix detector in our real experiment, the 3.4 keV dispersion would cause an estimated 15% 

drop in SDNR compared to a perfect detector. 

The target element simulations produced results as interesting as the scan protocol evaluation.  

While it seems a relatively straightforward prediction that reducing the element concentration 

would concomitantly reduce its SDNR, however, it is less obvious that the optimum energy bin 

width would take a completely non-linear shape.  This particular finding has very critical 

implications for K-edge imaging, as it suggests one must not only target the specific element but 

also its concentration.  Additionally, the “element sweep” of Figure 4-14 and Figure 4-15 prove 

another critical finding for the future of K-edge imaging, as it appears that certain elements 

naturally outperform others by several fold.  Specifically, it would seem that gadolinium is the 

clear preference of traditional clinical / pre-clinical x-ray contrast agent element options (i.e. 

iodine, barium, gold) for K-edge imaging.  However, the analysis performed on real spectral 

micro-CT scans appears to contradict this claim.  This information will be useful for future 

studies of novel spectral contrast agents which may be based on non-traditional elements such as 

bismuth or tungsten [12]. 



 

86 

Finally, the real spectral micro-CT scan analysis demonstrates both promising results and areas 

for future investigation.   There are several important observations.  First, the SDNR was higher 

for iodine even though the simulation results predict gadolinium should be significantly higher.  

Although the absolute SDNR values for iodine do not match the simulation, the trends for energy 

bin width, x-ray kVp, and aluminum filtering do match the simulation.  Gadolinium shows the 

opposite response.  The optimum energy window is 10 keV which smaller than the 15 keV that 

the simulation predicts should be optimum for all x-ray kVp values and aluminum filtering.  The 

gadolinium SDNR values also show a different trend responding to the x-ray kVp and aluminum 

filtration.  The highest observed SDNR is with the thickest aluminum filter which is the opposite 

of the simulation prediction. The sample energy bin reconstructions in Figure 4-16 and Figure 

4-17 visually confirm that the narrower energy bins have much higher noise than the wider 

energy bins.    

 
Figure 4-15. SDNR heat-map versus element atomic number (Z) on the vertical axis and energy 

bin (window) width on the horizontal axis. 
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Figure 4-16. Reconstructions of different energy bin widths at the Iodine k-edge, 33 keV. (A), 

(C), and (E) are 28-33 keV, 23-33 keV, and 18-33 keV bins, respectively. (B), (D), and (F) are 

33-38 keV, 33-43 keV, and 33-48 keV bins, respectively. Note: the phantom is rotated 80° 

counterclockwise relative to previous figures. 
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.  

Figure 4-17. Reconstructions of different energy bin widths at the Gadolinium k-edge, 50 keV. 

(A), (C), and (E) are 40-50 keV, 35-50 keV, and 30-50 keV bins, respectively. (B), (D), and (F) 

are 50-60 keV, 50-65 keV, and 50-70 keV bins, respectively. Note: the phantom is rotated 80° 

counterclockwise relative to previous figures. 
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4.6 Conclusion 

Spectral x-ray detectors with high spatial resolution have enabled three dimensional material 

characterization using computed tomography (CT).  There are innumerable target applications 

for spectral CT, and K-edge imaging is a very prominent research direction.  It is our goal that 

these studies will lead to immediate improvements in scan protocol for spectral K-edge imaging, 

and future improvements in both scan protocol and target contrast agent elements.  As 

biochemistry continues to advance, we may be able to harness a variety of high-Z elements for 

contrast-enhanced x-ray imaging.  In this case, it will be useful to determine exactly which 

elements are best suited for K-edge imaging.  According to our simulation study, the choice of 

target element can improve the maximum SDNR by a factor of up to four for a constant 

concentration, and the choice of scan protocol can improve the SDNR by an order of magnitude.  

Yet, the real spectral micro-CT scan data suggests that there may be larger external influences on 

the SDNR values than modeled by our simulation.  The results for iodine are promising and 

suggest an immediate optimization for future studies: low kVp, no filtration and 10 keV energy 

bins.  Other optimizations are less apparent and will require further experiments. 

Table 4-2. SDNR values ± standard deviation for reconstructed I and Gd regions (n=14 slices) of 

different energy bin widths using MARS Medipix3 RX CdTe. 

 

 0.5M Iodine 0.5M Gadolinium 

Protocol 5 keV 10 keV 15 keV 10 keV 15 keV  20 keV 

6.4 mm Al 1.24±0.13 1.91±0.18 1.63±0.10 1.77±0.17 1.58±0.15 1.09±0.11 

3.2 mm Al 1.38±0.18 1.91±0.20 2.58±0.23 1.59±0.15 1.45±0.13 0.54±0.09 

120 kVp 1.60±0.17 2.13±0.21 1.03±0.10 1.26±0.14 1.17±0.10 0.70±0.07 

100 kVp 1.85±0.19 2.24±0.24 0.99±0.11 1.37±0.12 1.29±0.10 0.85±0.08 

80 kVp 2.16±0.22 2.42±0.32 1.05±0.13 1.55±0.11 1.56±0.11 1.18±0.11 
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There are several areas for further investigation that were gleaned as a result of this study.  

Firstly, it would be useful to validate the principles demonstrated in simulation with a real 

experimental result from a MARS or other commercially available spectral micro-CT/CT 

scanner.  Additionally, it seems that there is merit in further investigation into utilizing several 

overlapping energy widths, such that one may optimize the bin widths for various target element 

concentration ranges.  Another avenue for research would be imaging multiple elemental K-

edges, which exhibit problems such as iodine and barium where the K-edges are within 4 keV.  

Another study may focus on utilizing different materials for the x-ray filtration.  A final critical 

direction for future research is targeted contrast agent elements.  There have been several 

extraordinary advances in pre-clinical and clinical contrast agents derived from a variety of non-

traditional elements [13-15].  As contrast agent research progresses, it is hoped that the 

observations from this study will yield improvements for K-edge imaging.   
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