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Abstract

Purpose—In radiotherapy, PET images can be used to guide the delivery of selectively escalated 

doses to biologically relevant tumour subvolumes. Validation of PET for such applications 

requires demonstration of spatial coincidence between PET tracer uptake pattern and the 

histopathologically confirmed target. This study introduces a novel approach to histopathological 

validation of PET image segmentation for radiotherapy guidance.

Methods and materials—Sequential tissue sections from surgically excised whole-tumour 

specimens were used to acquire full 3D-sets of both histopathological images (microscopy) and 

PET tracer distribution images (autoradiography). After these datasets were accurately registered, 

a full 3D autoradiographic distribution of PET tracer was reconstructed and used to obtain 

synthetic PET images (sPET) by simulating the image deterioration induced by processes involved 

in PET image formation. To illustrate the method, sPET images were used in this study to 

investigate spatial coincidence between high FDG uptake areas and the distribution of viable tissue 

in two small animal tumour models.

Results—The reconstructed 3D autoradiographic distribution of the PET tracer was spatially 

coherent, as indicated by the high average value of the pised pixel-by-pixel correlation of 

intensities between successive slices (0.84 ± 0.05 and 0.94 ± 0.02). The loss of detail in the sPET 

images versus the 3D autoradiography was significant as indicated by Dice coefficient values 

corresponding to the two tumours (0 and 0.1 at 70% threshold). The maximum overlap between 

the FDG segmented volumes and the extent of the viable tissue as indicated by Dice coefficient 

values, was 0.8 for one tumour (for the image thresholded at 22% of max intensity) and 0.88 for 

the other (threshold of 14% of max intensity).
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Conclusion—It was demonstrated that the use of synthetic PET images for histopathological 

validation allows for bypassing a technically challenging and error-prone step of registering non-

invasive PET images with histopathology.
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Positron emission tomography (PET) enables visualisation of tumour microenvironment 

using radiolabelled biomarker probes. Based on the hypothesis that by segmentation of PET 

images one can determine the spatial pattern of radioresistant or aggressive subpopulations 

of tumour cells, these images could be used to guide the delivery of escalated radiation doses 

with intensity-modulated radiation therapy [1]. The best spatial resolution of PET imaging is 

about 4–5 mm for clinical whole-body scanners, while for small-animal PET scanners it can 

approach 1.5 mm [2]. However, the chaotic morphology of cancer tissue results in spatial 

variations of microenvironment and relevant biological characteristics on a much smaller 

scale (<250–300 μm) as indicated by histopathology studies [3–7]. When PET imaging is 

used to guide the delivery of radiotherapy, inherent averaging effects can significantly alter 

the resulting images [8–10], making it necessary to demonstrate the spatial coincidence 

between the pattern of tracer uptake as seen in PET images and the pattern of the underlying 

biological parameter of interest. Therefore, for any PET tracer or segmentation method, 

validation of PET imaging for image guidance in radiotherapy requires an approach that 

allows one to test spatial colocalisation of the regions of high tracer uptake, as segmented 

from PET images, with the spatial distribution of the biological/ morphological features of 

interest.

One of the standard methods for validating PET image segmentation is histopathological 

validation. This type of validation can be carried out by registering non-invasive PET images 

to ex vivo images of histopathological specimens, as to enable the analysis of the spatial 

association between these images. Unfortunately, the registration of these images is 

frequently performed in a subjective manner due to lack of common landmarks identifiable 

on both PET and histopathological images. Furthermore, significant deformation of the 

tumour specimen following surgical excision can make such registration not feasible [11].

In this study, a new approach to histopathological validation of PET image segmentation, 

specifically designed for radiotherapy image-guidance applications is presented. 

Specifically, it is proposed to use excised tumour specimens to acquire both 

histopathological imaging data, and the distribution of the PET tracer using autoradiography. 

As demonstrated earlier [12], these datasets can be accurately registered. Autoradiography 

data can be used to reconstruct 3D distribution of the PET tracer in the tissue and then obtain 

synthetic PET images (sPET) simulating non-invasive PET images representative of the 

underlying intratumoural distribution of the PET tracer and the imaging characteristics of the 

scanner [13].

The use of sPET images for histopathological validation circumvents problems associated 

with registering in vivo PET images with ex vivo histopathological images. In addition, the 

natural 3D heterogeneity of the histopathology-based PET creates realistic scenarios for the 
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segmentation algorithms, more so than standard phantom studies. This is an evolution of the 

two-dimensional analysis of autoradiography versus microscopy studies which is important 

in determining the specificity of the tracer uptake [14]. Furthermore, the presented approach 

utilises a large portion of the tumour, eliminating some of the sampling bias that may affect 

two dimensional studies.

In this study, we demonstrate this approach using a proof-of-principle experiment aimed at 

validating FDG PET for imaging viable tumour subvolumes [15], by testing the spatial 

correspondence between regions of high FDG uptake segmented in the sPET image and the 

viable tissue distribution in a small animal tumour model. However, it should be stressed 

here that the choice of PET tracer, tumour model, and segmentation algorithm was primarily 

made with the goal of emphasising the methodology.

Materials and methods

Experimental setup

For the proposed approach to histopathological validation of segmentation of PET imaging 

for defining targets of biological interest, there are three main components defining each 

validation study: (1) tumour specimen; (2) PET tracer; (3) segmentation algorithm. The 

methodology presented herein was conceived to adapt to the use of any human or animal 

tumour resection specimen, any PET tracer that can be used for autoradiography, and any 

segmentation algorithm. A detailed workflow of the general procedures included in this 

methodology is presented in Fig. 1.

Tumour specimen

Two human head and neck tumour xenografts (SQ20B) were used. The xenografts were 

developed in two different male athymic mice (NCr-nu/nu; National Cancer Institute), from 

subcutaneous flank inoculation of 106 cells/site. Animals were maintained according to the 

protocol approved by the Institutional Animal Care and Use Committee at the Virginia 

Commonwealth University.

PET tracer
14C-labelled 2-Deoxy-2-fluoro-D-glucose (American Radiolabeled Chemicals, Inc.) was used 

as a tracer under investigation. This radiolabelled compound was synthetised by the 

manufacturer to be chemically identical to the clinically utilised 18F-FDG.

Segmentation algorithm

Image intensity-based thresholding was utilised in this study as an example of segmentation 

technique that can be employed to determine high uptake areas of the tumour.

Tissue harvesting and preparation

After the tumours reached 1 cm in the largest diameter as measured by calliper, the animals 

were anaesthetised with a mixture of oxygen and isoflurane. At 80 min before planned 

animal euthanasia, a bolus injection containing Hoechst 33342 (Sigma–Aldrich) 0.4 mg/20-

g mouse, and 925 kBq of 14C-FDG was administered by tailvein injection. After animal 
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sacrifice, tumours were immediately excised. The entire surface of the tumour specimen was 

coated with Davidson Marking System black ink (Bradley Products, Inc.). Thereafter, the 

specimen was embedded in Tissue-Tek OCT (Sakura Finetek).

For embedding, a custom-fabricated jig was used (Fig. 2A), which was similar to a 

previously reported prototype [16]. Specifically, 4 parallel holes were drilled in two rigid 

plastic plates (6 mm thickness). Their spacing and diameter were chosen such that they 

would fit 18G needles (BD Biosciences) in a way as to allow a tumour specimen to fit in 

between the parallel needles. The needles were first inserted into the bottom plastic plate, 

then through a disposable plastic mould used for specimen freezing. After the excision, the 

tumour specimen was placed between the needles in the mould containing the OCT. The 

upper plastic plate was placed on top of the mould, allowing the needles to go through. After 

the assembly was tightened with bolts, it was placed on dry ice for freezing. When the OCT 

solidified, the needles were retracted and the tumour blocks were sectioned with a Leica 

CM1850 UV cryostat (Leica Microsystems) at 8-μm tissue section thickness and mounted 

on glass microscope slides.

Tissue sampling

During cutting, every 120 μm throughout the specimen a stack of 4 consecutive tissue 

sections was collected. Prior to cutting these 4 sections, a digital image of the cutting plane 

was acquired utilising a Pentax Optio S7 digital camera with a remote trigger. The camera 

was mounted on a custom-built plastic frame that fitted the cryostat work-window (Fig. 2B). 

The double ball-in-socket adjustable locking mount (Ram Mounts Cat# RAM-B-202AU, 

RAM-B-201U, RAM-B-202U, National Products, Inc.) allowed for an accurate alignment of 

the camera optical axis with the motion axis of the specimen holder, perpendicular to the 

cutting plane. Once camera position was selected, the joints of the mount were locked in 

place, ensuring the reproducibility of the position from which the digital image of the tissue 

block was taken (Fig. 2C).

Tissue imaging

One section from each stack of consecutive tissue sections obtained at every sampling 

location was used for autoradiography. These sections were covered with a thin plastic wrap 

and placed in contact with the phosphor plates in light-tight cassettes for 5 days at room 

temperature. Thereafter, the imaging plates were read with a Typhoon 9410 Variable Mode 

Imager (GE Healthcare) to obtain images of the FDG intratumoural distribution (B). The 

reader output was digitised in grayscale TIFF images with 25 μm pixel size. The grayscale 

intensities were converted to activity concentrations based on the images of 14C standards 

that were co-exposed with the tissue sections on the same imaging plates (Fig. 3B).

Tissue sections adjacent to the ones used for autoradiography were utilised to image the 

other relevant aspects of tumour morphology and/or microenvironment. For this study 

Meyer’s haematoxylin and eosin (H&E) staining was performed. Tissue characterised by 

intact cellular structure as seen in H&E images was considered viable. The H&E microscopy 

images were deformably registered to the corresponding autoradiography images using 

previously described methods, in this case utilising Hoechst images of blood flow [12]. The 
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registered H&E images were utilised to segment the extent of the tumour tissue (whole 

tissue mask) and the subset corresponding to the viable tumour tissue (viable tissue mask) 

(Fig. 3A). The results of the viable tissue segmentation in selected images were reviewed by 

a pathologist to confirm validity. Any pathologist-validated method of delineating the viable 

tissue and/or tissue outline can be used.

3D reconstruction

In order to reconstruct the 3D spatial distribution of the intratumoural FDG uptake along 

with the 3D distribution of the viable tissue, a two-step process was utilised. In the first step, 

the digital photo images of the cutting plane containing the inked tissue specimen (Fig. 2C) 

were rigidly registered using the visible needle tracks as corresponding reference points. 

Specifically, the top tissue section was considered the reference image and the rest of the 

section images were rigidly registered to it by aligning the needle tracks. In the second step, 

the pairs of already registered autoradiography images and H&E-based tissue masks from 

each sampling location were registered to their corresponding aligned digital photos 

(obtained from the same location in the tumour) using tissue boundaries visible on both 

photographic and H&E images.

Both registration steps were implemented in MATLAB R2010a (MathWorks) using the rigid 

and non-rigid applications of the coherent point drift algorithm available for research use. 

The coherent point drift algorithm is a probabilistic point set registration algorithm, and it 

has been shown to produce accurate transformations for 2D and 3D problems, even in the 

case of missing data, poor initialisation, and in the presence of noise. No specific 

correspondences need to be defined between the point sets. The algorithm aligns two sets of 

points by creating a coherent transformation of the secondary point set to the primary point 

set. For rigid transformations, coherence is established by reparametrising the location of 

each point of the secondary set using rigid parameters and constraining the scale ratios. In 

the non-rigid case, the obtained deformable vector field is regularised with an elastic model 

[17].

A contour-based deformable registration was used for the second step of the registration 

process. Therein, the utilised point sets used in the coherent point drift algorithm 

corresponded to the contours obtained from the inked tissue boundaries, which remained 

intact during tissue section transfer onto the glass slide. Using intensity-based image 

segmentation, the primary contours (obtained from the digital photographs) were obtained 

by taking advantage of the high-contrast between the black ink and the white OCT 

background. The secondary contours were obtained from the H&E-based whole tissue mask 

by choosing the perimeter pixels of the mask. A deformable transformation was obtained by 

registering the secondary contours (H&E) to the primary contours (photographs). This 

transformation was then applied to the autoradiography and viable tissue mask, already 

registered to the H&E image.

At the end of the registration process, all images were stacked into three-dimensional 

matrices, and re-binned at 50 × 50 × 120 μm per voxel utilising the mean values, in order to 

eliminate any residual misalignments. The resulting 3D autoradiography data set was 

analysed for three-dimensional consistency.

Axente et al. Page 5

Radiother Oncol. Author manuscript; available in PMC 2016 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Consistency was defined in terms of smoothness of the signal spatial distribution between 

consecutive slices [18]. Specifically, a pised correlation coefficient was calculated between 

each pair of consecutive slices, and the mean and standard deviation of the correlation 

coefficients was reported as a measure of the 3D consistency of the reconstructed volumes.

PET simulation

In this study, the simulated PET (sPET) image was obtained by convolving 3D 

autoradiographic data sets with a kernel representing 3D centre field-of-view point spread 

function of the Siemens Inveon small-animal PET scanner (Siemens Medical Solutions, Inc.) 

using MATLAB R2010a (MathWorks). The point spread function was obtained utilising a 

custom-built cubic water-equivalent phantom containing a line source. The line source was a 

mouse tail-vein catheter (Braintree Scientific, Inc.), with an inner diameter of 0.17 mm, 

filled with 26.6 MBq/ml of 18F solution. The PET scan setup was replicated according to 

NEMA recommendations for spatial resolution measurements [19]. The point spread 

function in each dimension was derived from the Gaussian fits of the line profiles [20]. The 

results obtained in-house were consistent with previously published data [2,21].

Spatial coincidence analysis

As an illustration of the proposed analysis methodology, the spatial coincidence between the 

areas of high FDG uptake in the sPET images and the spatial distribution of the viable 

tissue, as defined based on H&E segmentation (Fig. 3A), was analysed utilising overlap 

analysis described in a previous work [8]. In summary, for each unique activity value found 

inside the volume defined by the whole tumour mask, the sPET image was thresholded 

obtaining a distinct segmentation 3D volume. These 3D volumes were compared against the 

defined region of biological interest: the H&E-based viable tissue delineation (ground truth), 

and different intersection sets were obtained: true positive, true negative, false positive and 

true negative sets [22]. Based on these, Dice coefficient values were calculated to determine 

the spatial overlap between segmented volumes from sPET images and the viable tumour 

tissue at each threshold value. Receiver-operating-characteristic (ROC) curves were utilised 

to evaluate the overall performance of segmentation of FDG sPET image at classifying 

tissue voxels as viable or non-viable. The area under the curve was used as a measure of how 

well thresholding of FDG PET can potentially determine the spatial extent of the tumour 

viable tissue.

Results

Fig. 4 depicts orthogonal slices though the reconstructed 3D FDG autoradiography image 

set, confirming its three-dimensional coherence. It was also confirmed by an analytic 

measure of 3D consistency of the analysed sets: there was high correlation of the pised 

intensity values between pairs of successive slices in the reconstructed autoradiography 

volume. The mean and standard deviation for the two tumours were 0.84 ± 0.05 (range: 

0.73– 0.91) and 0.94 ± 0.02 (0.86–0.97).

The 3D Gaussian kernel representative of the point spread function as measured at the centre 

of the scanner’s field of view has the following dimensions: 1.56 mm tangential FWHM, 
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1.62 mm radial FWHM, and 2.12 mm axial FWHM. Fig. 3C presents a slice through the 

resulting sPET image set at the location corresponding to the autoradiography image shown 

in Fig. 3B. The heterogeneity of the tracer uptake as seen in sPET image is significantly 

different from that seen in autoradiography, as indicated by the overlap between the volumes 

obtained by thresholding of sPET data set and the actual activity map reconstructed from 

autoradiography: 0.0 and 0.1 (70% threshold) for tumour A and B, respectively, 0.02 and 

0.34 (50% threshold), 0.28 and 0.47 (30% threshold), 0.87 and 0.79 (10% threshold). The 

difference in volumetric heterogeneity between sPET and 3D autoradiography is further 

illustrated in Fig. 5, which shows 3D rendering of thresholded volumes on the different data 

sets.

Only to illustrate the proposed validation method, we present the results of the experiment 

testing thresholding of FDG PET images as a way of viable tumour tissue delineation. Fig. 

5B depicts the distinct tumour subvolumes resulting from sPET image segmentation 

performed using different threshold values. To evaluate the classification performance of the 

thresholding operation performed on FDG sPET images as a method of viable tissue 

delineation, the area under the ROC curve (AUC) was computed. The results show that FDG 

segmentation is a good classifier for voxels containing viable tissue (0.74, 0.81). These high 

AUC values confirm that the higher FDG uptake values are spatially co-localised with 

regions of viable tissue within the tumour.

The maximum overlap between the FDG segmented volumes and the extent of the viable 

tissue as indicated by Dice coefficient values, was 0.8 for one tumour (at 22% of max 

intensity) and 0.88 for the other (at 14% of max intensity). FDG segmentation was highly 

sensitive at determining the extent of the viable tissue at these thresholds (true positive 

fraction: 0.94, 0.99), but it was not very specific (true negative fraction: 0.17, 0.36). Fig. 6 

presents a sequence of viable tissue masks from one of the tumours, with overlaid 

isointensity lines obtained from the corresponding sPET image set.

Discussion

The purpose of this study is to introduce a new approach to histopathological validation of 

PET imaging for image-guidance in radiotherapy. The presented method of 

histopathological validation of PET imaging for image-guidance in radiotherapy does not 

require registration of in vivo PET data with histopathological images, a step prone to error 

and subjectivity. Instead, the whole tumour specimen is used to obtain both histopathological 

data and the intratumoural distribution of the tracer, which is subsequently used to generate a 

synthetic PET image. In this manner, many confounding factors associated with the 

registration of PET images to histopathological images (tissue deformation post-excision) 

are bypassed, since they affect the entire specimen before the sPET image is created. The 

only registration errors that can potentially affect the spatial colocalisation analysis are the 

residual misalignments between autoradiography and microscopy images obtained at each 

tumour sampling location. Using previously reported methods, these misalignments induced 

by tissue distortion due to freezing/fixation, and also by cutting and mounting on glass 

slides, can be reduced to under 45 μm [12]. While larger tissue specimens inherently create 

Axente et al. Page 7

Radiother Oncol. Author manuscript; available in PMC 2016 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



more complicated logistics when it comes to obtaining images of the entire tumour, 

solutions exist to mediate these situations [23].

By studying the problem from the bottom-up, the experimental inaccuracies, such as the 

uncertainty associated with registration of non-invasive PET images with histopathological 

images, that undermines the accuracy of the data are minimised/eliminated. By combining a 

series of available techniques, we envisioned creating an infrastructure which can facilitate 

various types of studies investigating spatial colocalisation of intratumoural tracer uptake 

pattern as seen in PET images with any biological features of interest that can be identified 

in histopathological images. Here, the specific choices of tracer, tumour line, and 

segmentation method were made with the sole purpose of demonstrating the implementation 

of the method. Furthermore, the specific methods for obtaining volumetric microscopy and 

autoradiography images, generation of simulated PET images, and data analysis can be 

substituted for other similar techniques, as long as they fit the general workflow presented 

herein and can be implemented with similar/better accuracy. Potentially, this method can be 

used to benchmark any PET segmentation algorithm against the ground truth of 

histopathological data.

A factor that could affect the accuracy of the reconstruction of PET tracer distribution and 

the corresponding formation of the sPET image set is the accuracy of the digital photo image 

registration. In a separate experiment, the accuracy of the rigid registration process used to 

align the consecutive digital photos of the cutting plane was proven to be better than 10 

microns. However, the innovative approach presented in this validation methodology allows 

for certain flexibility in the accuracy of the 3D reconstruction. As long as the in plane 

registration errors are minimised (between the autoradiography data and the microscopy 

data), the 3D reconstruction errors, even if present, affect both image sets in a similar 

manner.

The tissue processing workfiow is highly adaptable and inexpensive to implement for a wide 

range of cryostat microtomes. Different tissue mounting jigs can be built for different 

tumour sizes using readily available materials. While there are institutions with highly 

specialised infrastructure for 3D tissue reconstruction [24], the method presented in this 

study meets the demands of the validation goal: to obtain a 3D intratumoural distribution of 

a PET tracer that can be used to generate sPET images precisely registered to 

histopathological data. The 3D distribution of FDG uptake, as obtained in this study, 

demonstrated good spatial correlation between neighbouring slices, even though a non-

negligible interslice distance was utilised. Assuming that 100–150 μm range can be 

considered as a typical size of the microenvironmental feature, e.g. change in oxygenation or 

proliferation status of the tissue, the chosen distance of 120 μm between sampling locations 

ensured that all major spatial features of different aspects of the tumour microenvironment 

were sampled, allowing for a coherent representation of 3D spatial distributions of tracer 

activity and tumour morphology, as well as any other tumour microenvironmental parameter 

(e.g. hypoxia, cell proliferation, etc.), while allowing for a feasible tissue collection time. 

For the two tumours presented here, the total number of collected 4-section stacks were 41 

and 48. The recorded time stamps on the digital photos indicated that for an experienced 

user, one 4-section stack could be consistently obtained every two minutes (120 μm inter-
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stack distance). Theoretically, it is possible to collect tissue sections at smaller intervals 

(down to continuous sampling), capturing biological features in more detail. However, it will 

result in increased demands on existing resources and decreased practicality of the method. 

The information gain from more frequent sampling has not been investigated as a part of this 

study. Furthermore, by increasing the time between tumour resection and autoradiography, 

the residual tissue activity is reduced (in the case of 18F imaging) resulting in the decreased 

signal-to-noise ratio of autoradiography imaging.

The FWHM size of the convolution kernel adopted for the formation of the sPET images 

was considered appropriate since the reconstructed tumours were generally small (≤ cm in 

largest diameter) and the spatial resolution was shown to be constant between the centre of 

the field of view and approximately 15 mm radial offset [2,21] for the scanner in question. 

However, in case of larger resection specimens (>1 cm), and situations where the specimen 

is positioned away from the centre of the field of view, using a variable convolution kernel 

(spatially dependant on position inside the scanner bore) could be required in order to 

provide a reasonable approximation of the PET image. An even more accurate approach to 

obtaining sPET images would be to use readily available Monte Carlo models for clinical 

and research PET scanners [25–27] that simulate the physical processes involved in PET 

image formation in a specific PET scanner. Starting with a given heterogeneous source of 

activity, such as a 3D autoradiography microscopic tracer uptake map, these models can be 

utilised to generate the raw data that can be used to reconstruct corresponding realistic PET 

images, taking into account the variable spatial resolution of the acquisition system.

The obvious effect of the convolution of the autoradiography-based activity maps is the 

dramatic change in spatial heterogeneity of the tracer uptake (Fig. 5). As indicated by the 

overlap analysis between sPET and 3D autoradiography, there is little to no overlap between 

the segmented volumes obtained using thresholds of higher activity values. This result is 

similar to previous studies illustrating the averaging effects of PET imaging with FDG [10]. 

Currently, clinical whole p PET imaging resolution (using 18F and an 80 cm bore scanner) is 

about 4–5 mm. It is theoretically limited at about 2 mm FWHM because of positron travel 

and annihilation photon non-colinearity [28]. The inherent blurring introduced only by these 

physical properties of PET image acquisition has a profound effect on the spatial 

concordance between tracer uptake as seen in PET images and the actual microscopic 

pattern of the tracer uptake. This aspect emphasises the need for the type of validation 

experiment presented herein, if clinical PET images are to be used for treatment guidance. 

For relatively large tumours, heterogeneity in tracer uptake is consistently observed [29]. 

Therefore, there is a need for validating that the observed heterogeneity captures correctly 

the underlying pattern of the biological feature of interest. All steps in the validation 

methodology presented can be directly applied to human specimen studies as well with only 

minimal adaptations required.

Currently, a number of 18F-labelled PET tracers targeting different aspects of tumour 

biology are being developed [1] and new PET-guided dose escalation clinical trials [30,31] 

are proposed and conducted. The method of PET tracer validation for image-guided 

radiotherapy presented here has the potential to streamline the validation of the novel tracers 

and provide the needed experimental basis for the clinical implementation of PET-guided 
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biologically adaptive radiotherapy. It is possible to assemble a database of histopathological 

human tumour specimens with corresponding 3D sPET images registered to spatial 

distributions of biological features/subvolumes of interest. Using these databases, different 

segmentation techniques could be tested to ascertain which one is the best at reproducing the 

location and extent of the biological features to be targeted. By studying the probability of 

correctly delineating a biological target within a sPET segmented volume, the validation 

databases can provide needed information for the definition of boost volumes. For example, 

in the provided illustration involving the analysis of the colocalisation between high uptake 

regions of FDG and the spatial distribution of viable tissue, it was observed that if the FDG 

PET image were segmented with a 30% of maximum uptake threshold, more than 80% of 

the viable tissue would be included in the delineated subvolumes for both tumours 

(illustrated in Fig. 6). By extending this type of analysis over a population of patients with 

similar tumours (size and phenotype), the delineation uncertainty associated with clinical 

segmentation protocols can be directly quantified. Analysis of the validation databases 

would also provide an indication of the efficacy with which biologically targeted 

radiotherapy could be implemented for a given segmentation protocol.

Conclusion

This study presents a novel method of histopathological validation of PET for image-

guidance applications in radiotherapy. This method is specifically aimed at probing the 

spatial coincidence of the areas of high PET tracer uptake, as seen in PET images, and the 

biological features of interest. The method allows for experimental validation of PET 

imaging for image guidance in radiotherapy while circumventing the difficulties associated 

with registration of in vivo PET data to ex vivo histopathological images.

The method is illustrated by carrying out the analysis of the spatial coincidence between the 

intratumoural pattern of FDG up-take and the spatial distribution of viable tissue. The 

method can be expanded to surgically-excised human tumour specimens. Furthermore, it can 

be utilised to evaluate performance of different PET image segmentation algorithms 

proposed for automated target definition in PET-guided selective dose escalation radiation 

therapy.
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Fig. 1. 
Proposed validation workflow.
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Fig. 2. 
(A)Freezing jig for tissue specimen. (B) Cryostat setup with mounted camera on double-

jointed adaptor. (C) Example of the tissue specimen digital photo with hollow needle tracks 

as registration fiducials. The tissue was linked to increase the contrast of the tissue boundary.
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Fig. 3. 
(A) Microscopy image of haematoxylin and eosin staining. Image was acquired at 20× using 

Olympus BX61 microscope equipped with a motorised stage. (B) Autoradiography image. 

(C) Simulated PET image slice at the same location. Both B and C images were pised to the 

maximum activity value in the whole tumour. All images are shown on the same scale. All 

images were obtained at the same tumour location. Microscopy image was obtained from 

tissue section adjacent to the one used for autoradiography.

Axente et al. Page 15

Radiother Oncol. Author manuscript; available in PMC 2016 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Orthogonal slices through the reconstructed 3D FDG autoradiography image set for one of 

the tumours. All images are pised to the maximum tumour activity registered in the aligned 

autoradiography stack. Colour bar is linear and it indicates [0, 1] range. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web version of 

this article.)
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Fig. 5. 
Rendered tissue outline with volumes segmented from the FDG images: (A) 3D 

reconstructed autoradiography; (B) sPET. Threshold values represent % of maximum 

intensity.
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Fig. 6. 
Three sections through tumour B at different levels (tissue section index is labelled), 

presenting viable tumour tissue (white) as a subset of the whole observable tissue (grey). 

The coloured lines represent iso-intensity levels from the sPET image sequence. Thresholds 

are given as a percent of the maximum intensity. All images are shown on the same scale. 

(For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.)
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