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treatment in oncology. To be clinically useful, a radiomic feature must be robust to image processing
steps, which has made robustness testing a necessity for many technical aspects of feature extraction.
We assessed the stability of radiomic features to interpolation processing and categorised features
based on stable, systematic, or unstable responses. Here, 18F-fluorodeoxyglucose (:8F-FDG) PET images
for 441 oesophageal cancer patients (split: testing =353, validation = 88) were resampled to 6 isotropic
voxel sizes (1.5 mm, 1.8 mm, 2.0mm, 2.2 mm, 2.5mm, 2.7 mm) and 141 features were extracted

from each volume of interest (VOI). Features were categorised into four groups with two statistical
tests. Feature reliability was analysed using an intraclass correlation coefficient (ICC) and patient
ranking consistency was assessed using a Spearman’s rank correlation coefficient (p). We categorised
93 features robust and 6 limited robustness (stable responses), 34 potentially correctable (systematic
responses), and 8 not robust (unstable responses). We developed a correction technique for features
with potential systematic variation that used surface fits to link voxel size and percentage change

in feature value. Twenty-nine potentially correctable features were re-categorised to robust for the
validation dataset, after applying corrections defined by surface fits generated on the testing dataset.
Furthermore, we found the choice of interpolation algorithm alone (spline vs trilinear) resulted in large
variation in values for a number of features but the response categorisations remained constant. This
study attempted to quantify the diverse response of radiomics features commonly found in *®F-FDG
PET clinical modelling to isotropic voxel size interpolation.

Radiomics intends to offer additional diagnostic and predictive utility in clinical practice via the extraction of
imaging features from radiological scans'. These features aim to quantify tumour attributes such as shape, inten-
sity, and heterogeneity, that correlate with clinical outcomes and facilitate precision-based cancer therapy?. The
radiomics workflow can be broken down into several components, including image acquisition and reconstruc-
tion, tumour segmentation, feature extraction, and model development. For feature extraction, texture analysis is
a widely adopted approach that has shown promise in both Positron Emission Tomography (PET) and Computed
Tomography (CT) imaging for quantitative characterisation of tumour heterogeneity®. Despite encouraging stud-
ies, there are unique challenges to overcome in each stage of the radiomics workflow before we can progress from
a concept to clinical use*. A key challenge is to ensure imaging features with prognostic or predictive value are
suitably robust to necessary image processing steps along the radiomics pipeline.

One such processing step, scan interpolation, has been utilised for three main reasons in literature; the com-
parison of datasets spanning multiple centres with varying protocols and reconstruction parameters (that resulted
in different voxel sizes)*$, the resampling of registered multimodal imaging to the same voxel resolution such
as in PET/CT?, and to acquire isotropic voxel dimensions for 3-dimensional (3D) feature extraction'®. Several
studies have focused on the robustness of radiomic features to interpolation®”''. However, these studies were
primarily on CT imaging, and the resampled voxel dimensions used were often anisotropic.

In routine clinical settings, most imaging modalities produce anisotropic voxels after scan reconstruction,
where the thickness between axial slices is larger than the cross-sectional resolution (i.e. Az > (Ax, Ay)). To estab-
lish conservation of scale in all three directions, and remove a directional bias in 3D features, it is recommended
to resample images with 3D interpolation such that Az= Ax= Ay'’. Isotropic voxel size is thought to impact the
predictive value of features'. Texture features quantify spatial variation in voxel intensities, and interpolation
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either decreases (up-sampling) or increase (down-sampling) the spatial distance between voxels. Down-sampling
to alarger voxel size leads to information loss, where-as up-sampling to a smaller voxel size creates artificial infor-
mation at a higher resolution. Extreme down-sampling creates a poor-quality image, extreme up-sampling creates
local homogeneity and image smoothing. Clearly, image resolution is an inherent part of image texture. Yet, if
potential biomarkers are heavily influenced by small variations in the resampling dimension, they are unlikely to
be suitable for model development, so thorough reporting of their response to interpolation is a necessity.

The main purpose of this study was to assess the effect of interpolation on radiomic features for a range of iso-
tropic voxel dimensions, following recent feature harmonisation guidelines'*'*, using fludeoxyglucose (**F-FDG)
PET imaging of a large oesophageal cancer patient cohort with the same scanning protocol. We explored two
methods, linear and spline, used commonly in radiomic studies. We found common 3D texture features sensi-
tive to interpolation, and evaluated potential correction techniques for features showing a potential systematic
voxel-size dependence.

Materials and Methods

Patient images. This study re-uses highly curated patient data from previous studies'>!. The patients all
had biopsy proven oesophageal cancer, either adenocarcinoma or squamous cell carcinoma (SCC), and under-
went PET/CT as part of the routine diagnostic staging pathway. Patients were excluded from the original study
if the primary tumour was classed as non- or poorly FDG-avid (defined as a maximum standardised uptake
value (SUVy4x) less than 3), they had a synchronous tumour on PET/CT, an oesophageal stent was in situ at the
time of PET/CT or a histological diagnosis was not confirmed or found to be different than adenocarcinoma or
SCC. The full PET/CT protocol with image acquisition parameters were published in a previous study from our
group' and can be found in supplementary materials. Original PET images were acquired with a voxel size of
2.73 x 2.73 x 3.27 mm. In total, 465 patients were considered for inclusion in this study.

Segmentation. The metabolic tumour volume (MTV) was outlined on the PET using ATLAAS (Automatic
Decision Tree Learning Algorithm for Advanced Segmentation)'”!8. Contours were rated by an expert radiol-
ogist (KF) using a binary score (acceptable =1, unacceptable =0). Only one expert was feasible due to limited
resources and large patient numbers. A total of 441/465 tumour contours were deemed acceptable and carried
forward for analysis. Segmentations were performed on the original scan dimensions.

Voxel dimension resampling. The methodology for interpolation was applied following the detailed
guidelines provided by the image biomarker standardisation initiative (IBSI)!*!%. PET scans were resam-
pled to 6 different voxel sizes (2.7 x 2.7 X 2.7mm, 2.5 X 2.5 X 2.5mm, 2.2 X 2.2 X 2.2 mm, 2.0 X 2.0 X 2.0 mm,
1.8 x 1.8 x 1.8 mm and 1.5 x 1.5 x 1.5mm) using both (tri)-linear and spline interpolation. Trilinear interpola-
tion is just the extension of linear interpolation in 3D that approximates the new intermediate voxel value for the
new coordinate system by using the 8 closest neighbours from the previous coordinate system. A spline algorithm
essentially uses a smooth third-order polynomial fit between the old voxel values to calculate the new. Following
IBSI guidelines, the interpolated voxel coordinates were mapped to the original image grid by aligning the
grid centres instead of grid origins. The binary mask of the contours outlining the tumours were defined on the
original image dimensions and interpolated to the new grid spacing for feature extraction always using trilinear
interpolation. A binary mask will become non-binary after linear interpolation to a higher resolution, as voxels at
the edges of the contour become fractions. To reset the mask to binary, a threshold was used such that values > 0.5
are set to 1 and the remaining set to 0.

Feature extraction. Features were extracted from the segmented volumes using the Spaarc Pipeline for
Automated Analysis and Radiomics Computing (SPAARC), an in-house software built on the MATLAB platform
(MathWorks, Natick, MA, USA). SPAARC implements a wide range of solutions for processing imaging and
radiotherapy data and utilises algorithms validated against a digital phantom as part of the IBSI international col-
laboration!'*'¢1, Full imaging feature names are found in supplementary materials. DICOM files were imported
to Matlab using the Computational Environment for Radiological Research?®?!,

Prevalent radiomic features from literature that have undergone standardisation were considered in this anal-
ysis!®. Morphological features relate to the tumour shape. Features that measure tumour heterogeneity can be
separated into first-, second-, or third-order and higher statistical descriptors. First-order features quantify the
distribution of intensity values, ignoring spatial position within the volume of interest (VOI). Second order fea-
tures quantify relationships between direct neighbouring voxel intensity values, and third order and higher fea-
tures quantify regional relationships between voxels.

Second order and higher features are often described as texture features. We included second order features
derived from a grey level cooccurrence matrix (GLCM), and third order and higher features extracted from a
grey level run length matrix (GLRLM), grey level size zone matrix (GLSZM), grey level distance zone matrix
(GLDZM) and neighbourhood grey tone difference matrix (NGTDM). Seventy-eight texture features were
selected in total. Only 3D versions of features were considered for this work. Intensity values within an VOI need
to be quantified into integer values for any second order (and higher) analysis that use grey level matrices. We
selected a fixed bin width of 0.5 SUV?2. GLCM and GLRLM were generated for each unique direction and merged
before features were calculated. All mathematical definitions, feature descriptions and original references are
available in the IBSI documentation'®'*,

Statistical analysis. Intraclass correlation coefficients (ICC) were used to assess feature reproducibility
when extracted at different isotropic voxel dimensions**?*. ICC values lie between 0 and 1 with a threshold >0.9
often used to express high repeatability*. With ICC we consider each voxel dimension a rater and each patient a
subject. Based on reporting guidelines by Koo and Li*, we selected the “2-way mixed-effects model, single rater,
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Figure 1. Flow chart of the criteria used to categorise feature robustness to interpolation. Feature values were
grouped using a threshold value for ICC(2,1) analysis, and a threshold value for patient ranking correlations
tested with spearman rank p.

absolute agreement” definition of ICC. This is referred to as ICC(2,1) using the Shrout and Fleiss convention®.
We selected “absolute agreement” over “consistency” (ICC(3,1)) for the analysis as we define a feature algorithm
to be perfectly stable to interpolation if it produces the same value at each voxel size, so agreement is a larger
concern. Although we utilise ICC(2,1) for our analysis, results for both definitions are reported in supplemen-
tary materials, along with the 95% confidence intervals. ICCs were calculated in R with the package irr (version
0.84.1)%.

A further test for robustness was performed using patient rankings as a proxy for feature value, similar to
Leijenaar et al. cf.*2. For each voxel dimension, the patient with the lowest feature value was assigned a rank of 1,
the second lowest a rank of 2, and so forth. Patients with equal feature values received the same rank. Correlation
between patient rankings after resampling to different voxel sizes was assessed pairwise with the 2.7 mm result,
using Spearman’s rank correlation coefficient (p). The 2.7 mm voxel was chosen as the “ground truth” as it was
closest to the axial plane resolution of the original reconstructed PET images. A threshold of p,,.,, > 0.95 was used
to indicate high consistency in ranking.

The method for categorisation of feature robustness for this study, combining both statistical tests, is summa-
rised in Fig. 1. We aimed to categorise how each feature responded as we reduced the voxel size with interpola-
tion. Robust (R) features were considered stable to interpolation effects and passed both ICC(2,1) and p analysis.
Limited Robustness (LR) features passed ICC(2,1) but were below the threshold set for p analysis; this type of
response suggested limited discriminative value as the patient ranking did not remain sufficiently constant.
Potentially correctable (C) features were below the threshold for ICC(2,1) robustness testing, yet retained highly
correlated rankings. This response indicated a potential dependency on interpolation (and/or voxel number) that
could possibly be accounted for. Not robust (NR) features scored below the set threshold for both statistical tests.

The difference between feature values from linear interpolation, compared to spline, was assessed with
Bland-Altman (BA)¥ style analysis where the resulting difference for each patient was calculated as a percentage
[(Method A — Method B)/Average %] The 2.7 mm voxel size was used for this comparison. The distribution
of the differences for each feature was assessed for normality and detailed box and BA style plots were generated.

Surface fit correction factor.  For those features that were deemed to be potentially correctable as outlined
in Fig. 1, an attempt was made to re-scale all values to the 2.7 mm results. To determine a correction factor, mod-
els relating the change in feature value to voxel size were built. The feature variation was quantified using the per-
centage change between values at each voxel size compared to the 2.7 mm result. A surface was fitted to generalise
the percentage change in a feature value when extracted at different voxel dimensions. This fit is used to correct
the feature to the same scale as the 2.7 mm result. The resulting surface model takes the voxel dimension and
feature value as inputs, and outputs a percentage change to be applied to that feature value. A surface normalised
feature (f,,) was determined via Eq. (1),

S == (SM(, V) % f) )

where fis the current feature value, SMis the surface model developed for feature type f, and V; is the voxel
size in mm? that feature f was extracted at. These corrected features were given their original name plus a suffix
“Surface-norm”. For example, glrl-rl_NonUniformity would be referred to as glrl-rl_NonUniformity-Surface-norm.
Surfaces were generated using MATLAB’s curve fitting toolbox.

Dividing the dataset. The patient cohort was split randomly (80%/20%) into testing (n=353) and valida-
tion datasets (n=88), using MATLAB random number functionality. The robustness analysis reported here was
performed on the testing dataset. For appropriate features, a surface was fitted to the testing dataset to quantify
the relationship between voxel size and feature value, and applied to the unseen validation dataset using Eq. (1).
The robustness of these surface normalised features was assessed using the same criteria as the testing dataset
(Fig. 1), except they could no longer be categorised as correctable. If they were below the threshold for ICC(2,1)
analysis they were not considered robust. For every patient, each VOI was interpolated to the same 6 voxel sizes
(i.e. considering the linearly interpolated dataset, the total VOIs undergoing analysis for testing: 6 x 353 =2118,
and for validation: 6 x 88 =528).

Ethical statement. Ethical approval was authorised by the Wales Research Ethics Committee 1 (REC reference
14/WA/1208). The methods were carried out in accordance with the relevant guidelines and regulations.
Informed consent was not deemed necessary by the REC, given that only pseudo-anonymised data was used.
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Results
Feature robustness to interpolation. With the linearly interpolated testing dataset, we categorised each
features response to interpolation using the criteria of Fig. 1 as follows; 93/141 robust, 6/141 limited robustness,
34/141 potentially correctable and 8/141 not robust. To plot these results we divided the 141 features into two
groups; Morphology and first-order features (group-1, 63/141) and texture based features (group-2, 78/141). The
categorisations within the two groups were: group-1 (57R, 3 LR, 3C, 0 NR) and group-2 (36 R, 3 LR, 31 C, 8 NR).
Figure 2 contains a summary of the robustness of the texture features (group-2) analysed using ICC(2,1) and
p analysis of patient rankings. ICC(2,1) results are reported and highlighted in green (>0.9), yellow (0.75-0.9),
orange (0.5-0.75) and red (<0.5), along with 95% confidence intervals. The range of pairwise spearman rank
correlations between patient rankings are also shown. The p,,,, for each feature was marked with a closed dot if
>0.95 and open if not. The corresponding plot for group-1 can be found in supplementary materials. The results
were also generated using the spline interpolated testing dataset and can also be found in supplementary mate-
rials. The categorisation of all features remained the same when using spline instead of (tri)-linear interpolation.

Visualising feature response to interpolation. Feature responses to interpolation were visualised
for each feature by plotting the extracted feature values for every voxel size against the 2.7 mm rank assigned
to the patient. Plots for all features can be found in supplementary materials for both linear and spline inter-
polation. Figure 3 highlights linear interpolated results for 6 features as case studies representing different
categories of robustness. Figure 3a shows feature glcm3d-sumAverage, considered robust; Fig. 3b is of gldz-
m3d-smallDistanceEmphasis, considered to have limited robustness; Fig. 3¢ is glem3d-correlation, categorised
as correctable, and Fig. 3d is glszm3d-smallZoneEmphasis categorised as not robust. Figure 3e,f are of the same
feature, glrl3d-rl_NonUniformity, as defined in the IBSI and then with the voxel normalisation method suggested
by Shafig-ul-Hassan et al.’, respectively.

A surface fit for feature normalization. The 34/141 features categorised as correctable due to potential
systematic behaviour underwent the surface fitting method for correction described in the methods section. The
surfaces (developed using the linear interpolated testing dataset) were used via Eq. (1) to rescale feature values in
the validation dataset. The process is demonstrated with feature glri3d-rl_NonUniformity in Fig. 4. A summary of
results, before and after correction, for each of the 34 features in the validation dataset is shown in Fig. 5. Before
correction, we found for the validation dataset that 33/34 of the features remained categorised as potentially cor-
rectable (Fig. 5a). When the correction surfaces were applied, 29/34 features were re-categorised as robust. Five
features did not improve or meet the criteria set for robustness after the surface correction approach, and were
labelled not robust (Fig. 5b). The surfaces developed for these five features did not generalise from the testing
dataset to the validation dataset.

Linearvs Spline. The difference in feature values due to scan interpolation algorithm choice (spline vs linear)
was assessed for all features using the 2.7 mm results. For a number of features we found large variation in values
between resampling methods. We summarised and ranked the results for the group-2, the 78 texture features in
Fig. 6. The Features were ordered based on the interquartile range and the x-axis limited between +/—50% for
readability. Additional plots of the distribution of feature differences between spline and linear for all 141 features
can be found in supplementary materials. The robustness testing described previously was also repeated using the
spline dataset. All feature responses were categorised the same when using spline instead of linear interpolation.

Discussion

Robustness studies have emerged alongside prognostic and prediction modelling to ensure potential biomarkers
are repeatable, reproducible and reliable in a clinical setting. Isotropic image interpolation is a standard process-
ing technique in radiomics, and a necessary step for 3D analysis to reduce directional biased if the voxel sizes are
not already isotropic. To the best of our knowledge, focusing entirely on feature variation due to isotropic voxel
resampling using PET, this study was the first to attempt to differentiate stable features from those that varied
unstably or in a potentially correctable manner.

We combined two statistical techniques, ICC of feature values and p of patient ranks, to categorise features
based on the criteria shown in Fig. 1. The threshold for ICC was set to > 0.9, in-line with other radiomics stud-
ies?>?, and the 95% confidence levels are reported as recommended by Koo and Li**. We selected ICC(2,1), a
“2-way mixed-effects model, single rater, absolute agreement” definition as we define features as perfectly stable
to interpolation if the same result is computed at each interpolated voxel size. Previous radiomics studies have
also used the ICC(3,1) definition which emphasises consistency, and we report both results in the supplementary
materials for completeness. Features identified as potentially correctable often had a high ICC(3,1), as the results
from each voxel size remained correlated in an additive manner®.

Thirty-four features scored below the threshold for ICC testing but retained reliable patient ranking based on
Prmean > 0.95. The surface fit normalisation technique we explored is logical to use only if the patient rank remained
highly consistent. The threshold could be set higher to increase confidence that a feature is stable or potentially
correctable. The threshold for accepted p was set to a higher limit than in other studies such as Leijenaar et al.
(>0.9)%. For analysis of the patient rankings, we chose the 2.7 mm voxel-size as the ground truth as it was the
closest to the axial plane resolution of the original reconstructed PET images. Our categorisation was thus based
on the interpolation response as one up-samples scans to smaller isotropic voxel sizes.

We have shown that the surface fit technique implemented in this study was successful in correcting a fea-
tures dependence to interpolation with the following limitations. We only explored feature robustness for a
fixed-bin-width discretisation, as it has been argued to be the most appropriate in a clinical setting??. We chose
a bin-width of 0.5 SUV following convention from the literature, and the surfaces derived to adjust features may
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Figure 2. Overview of robustness analysis to linear interpolation for 78 texture features. Left. ICC(2,1) with
95% confidence intervals for each feature. ICC highlighted in green (>0.9), yellow (0.75-0.9), orange (0.5-0.75)
and red (<0.5). Right. Pairwise patient ranking correlation between the 2.7 mm rankings and all other voxel
sizes for each feature. p,, ., > 0.95 is highlighted with a closed dot. Features were categorised as R (Robust), LR,
(limited Robustness), C (Potentially Correctable) and NR (Not Robust) based on criteria outlined in Fig. 1.

be limited to this discretisation method and width as a result. Additionally, the surfaces are only tested on the
linearly interpolated validation data set between the voxel sizes they were generated on and correct only to the
2.7 mm voxel size, our selected ground truth. Each feature has a unique surface fit, and the corrections were only
tested on the scanning reconstruction parameters used for our patient cohort.

If possible, adapting the feature algorithms to account for systematic response seen due to interpolation would
be a better solution than applying a shift calculated on experimental data. If a feature already has a normalised
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Figure 3. Visualisation of response to linear interpolation for 6 selected features. Patient ranking was taken

for the 2.7 mm dimension and plotted against the extracted feature values for all voxel dimensions. (a) Feature
glem3d-sumAverage, considered robust; (b) gldzm3d-smallDistanceEmphasis, limited robustness; (c) glem3d-
correlation, considered correctable; (d) glszm3d-smallZoneEmphasis, considered not robust. (e) glri3d-rl_
NonUniformity, considered correctable, and (f) glrl3d-rl_NonUniformity-Voxel-Norm, modified as suggested in’
to inherently include voxel number in the feature definition.
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Figure 4. Example of correction technique for feature glrl3d-rl_NonUniformity using a surface fit. (a) With
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and voxel size for each patient. (b) Validation dataset plotted for feature. (c) Applying the correction to the
validation dataset using Eq. (1).

version that we find to be stable, it would always be preferable to use over any correction shift. Including voxel
size inherently in algorithms has been explored in studies that identified “voxel size dependant” features.
Shafig-ul-Hassan et al.® assessed the impact of slice thickness and pixel size on features acquired on 116 CT phan-
tom images with different acquisition and reconstruction parameters. Images were resampled to one voxel size
((1 x 1 x 2) mm?® using linear interpolation) to determine if this improved robustness. Using coefficient of varia-
tion (%COV) as an indicator, 42 out of 213 features studied improved significantly after resampling. Twenty-one
features had large variations before and after resampling, and 10 improved significantly after modification to
their definitions to remove so-called intrinsic voxel-size dependency. The same group recently expanded on this
in another study’ to validate the 10 voxel size normalised features on a set of 18 non-small cell lung cancer
patients, which were resampled to 4 different pixel sizes and 6 different slice thicknesses. Using the Spearman’s
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is the validation set (a) before correction and (b), after correction was applied using the surfaces generated on
the testing dataset.

rank coefficient (p), eight of the features that showed high correlation (p > 0.9) with voxel numbers before nor-
malisation had low correlation (p < 0.5) afterwards. We implemented the suggested algorithm adaptation for the
feature glrl3d-rl_NonUniformity, and visualised the results before and after in Fig. 3e,f respectively. Apparent sys-
tematic variation can still be seen when using the adapted algorithm for the range of voxel sizes that we explored,
indicating that modifying the feature algorithms to account for systematic response due to isotropic interpolation
is challenging.

Our analysis finds large differences in many features extracted when interpolating using a linear method
compared to spline. However, the robustness categorisations remained consistent for all features; stable features
had stable responses for both interpolation methods. We note that our feature extraction implementation fol-
lows the IBSI guidelines, which states the binary mask defining the VOI should always be interpolated linearly'.
Therefore, morphology features that depend only on the shape of the morphological mask have the same result
no matter which algorithm the scan was interpolated with. As such, these features are reported as having no dif-
ference between linear as spline.

So far, no consensus has been reached on the most suitable interpolation method for ¥*F-FDG PET imaging.
The potential for this choice to cause feature value differences has been previously reported by Yip*’, who inves-
tigated the impact of experimental settings on predicting somatic mutation status, including interpolation meth-
ods, voxel sizes and bin widths. Testing 66 features, they found the predictability of 29 to be robust to the choice
of experimental settings; they further stressed that the combined effects of these processing methods could be
substantial and should be optimised for maximum predictive performance. Our study did not assess interpolation
effect on predictive performance of the features, yet we provide a more in-depth feature by feature evaluation
of the measured differences using standardised features. For each feature we evaluated the distribution of these
differences for normality, and report mean difference and limits of agreement. A feature with large variability
between interpolation methods may still show strong predictive significance in a developed radiomics model, it
may just be that the thresholds of said model are optimised to the interpolation method that was used. As stressed
previously, thorough reporting of feature extraction settings including interpolation method is a necessity for
reproducibility and validation.

We have identified robust features showing stability to isotropic interpolation, but this does not necessarily
correspond to any clinical application. However, clinically robust and thus relevant features are likely to be a
subset of those that have a predictable interpolation response. Therefore, due to the abundance of features in radi-
omics and the need for reduction techniques to limit overfitting, pruning features that have not shown required
interpolation stability may be one of several selection steps to consider for all radiomics studies with multi-centre
datasets that requires resampling to a common voxel size.

A large scale, systematic review of repeatability and reproducibility of radiomic features by Traverso et al.
concluded that there was still currently no emergent pattern or consensus for highly reproducible textural fea-
tures®!. Traverso et al. also commented that for texture features, coarseness and contrast appeared among the
least reproducible. This, of course, assumes that feature definitions are consistent throughout the literature, which
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Figure 6. Boxplots summarising texture feature differences measured between (tri)-linear and spline
interpolation. Features are ranked based on the interquartile range and the x axis has been limited between
+/—50% for readability.

again highlights the importance of concepts such as the IBSI, to which we adhere. Interestingly, we also found
the IBSI defined features with these names (ngtdm3d_coarseness, ngtdm3d_contrast, glem3d-contrast) were not
robust to interpolation, but they all showed a response that was potentially correctable. Of the studies included
in the Traverso et al. review, none appear to have categorised the types of feature response to interpolation as we
have presented here.
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Conclusion

In this study we assessed the effect of interpolation on radiomic features, for a range of isotropic voxel dimensions,
using PET imaging from a large cohort of oesophageal cancer patients. Analysis of 141 common texture features
revealed 93 that remained robust after resampling to a constrained range of isotropic voxel sizes. Thirty-four fea-
tures were below the threshold for ICC analysis, but retained highly correlated patient rankings and were deemed
potentially correctable. A correction model was developed, feature by feature, and performed well for 29 features
in a validation dataset. Eight features were identified as not robust, behaving unstably due to interpolation, and
should be used with caution in radiomics studies that require resampling to common voxel sizes. Finally, large
variations were measured in many features values when selecting between linear and spline interpolation meth-
ods, yet the overall response categorisations for all features remained the same.

Data Availability
Original imaging data cannot be shared. Visualisations of the datasets and feature extraction results are available on
request, or can be found in the Cardiff University data catalogue at https://doi.org/10.17035/d.2019.0078762440.

References
1. Gillies, R.]., Kinahan, P. E. & Hricak, H. Radiomics: Images Are More than Pictures, They Are Data. Radiology 278, 563-577 (2016).
2. Lambin, P. et al. Radiomics: The bridge between medical imaging and personalized medicine. Nat. Rev. Clin. Oncol. 14, 749-762
(2017).
3. Aerts, H.]. W. L. et al. Decoding tumour phenotype by noninvasive imaging using a quantitative radiomics approach. Nat. Commun.
5, 4006 (2014).
4. Yip, S. S. E. & Aerts, H. J. W. L. Applications and limitations of radiomics. Phys. Med. Biol. 61, R150-R166 (2016).
5. Larue, R. T. H. M. et al. 4DCT imaging to assess radiomics feature stability: An investigation for thoracic cancers. Radiother. Oncol.
125, 147-153 (2017).
6. Shafig-ul-Hassan, M. et al. Intrinsic dependencies of CT radiomic features on voxel size and number of gray levels. Med. Phys. 44,
1050-1062 (2017).
7. Shafig-Ul-Hassan, M. et al. Voxel size and gray level normalization of CT radiomic features in lung cancer. Sci. Rep. 8, 1-9 (2018).
8. Larue, R. T. H. M. et al. Influence of gray level discretization on radiomic feature stability for different CT scanners, tube currents
and slice thicknesses: a comprehensive phantom study. Acta Oncol. (Madr). 56, 1544-1553 (2017).
9. Doumou, G., Siddique, M., Tsoumpas, C., Goh, V. & Cook, G. J. The precision of textural analysis in 18F-FDG-PET scans of
oesophageal cancer. Eur. Radiol. 25,2805-2812 (2015).
10. Depeursinge, A., Foncubierta-Rodriguez, A., Van De Ville, D. & Miiller, H. Three-dimensional solid texture analysis in biomedical
imaging: Review and opportunities. Med. Image Anal. 18, 176-196 (2014).
11. Mackin, D. et al. Harmonizing the pixel size in retrospective computed tomography radiomics studies. PLoS One 12, 1-17 (2017).
12. Valliéres, M., Freeman, C. R., Skamene, S. R. & El Naqa, I. A radiomics model from joint FDG-PET and MRI texture features for the
prediction of lung metastases in soft-tissue sarcomas of the extremities. Phys. Med. Biol. 60, 5471-5496 (2015).
13. Zwanenburg, A., Leger, S., Vallieres, M., Lock, S. & Initiative, for the I. B. S. Image biomarker standardisation initiative.
arXiv:1612.07003 (2016).
14. Zwanenburg, A. et al. PO-0981: Results from the Image Biomarker Standardisation Initiative. Radiother. Oncol. 127, S543-S544
(2018).
15. Foley, K. G. et al. Development and validation of a prognostic model incorporating texture analysis derived from standardised
segmentation of PET in patients with oesophageal cancer. Eur. Radiol. 28, 428-436 (2018).
16. Parkinson, C. et al. Evaluation of prognostic models developed using standardised image features from different PET automated
segmentation methods. EJNMMI Res. 8,29 (2018).
17. Berthon, B., Marshall, C., Evans, M. & Spezi, E. ATLAAS: an automatic decision tree-based learning algorithm for advanced image
segmentation in positron emission tomography. Phys. Med. Biol. 61, 4855-4869 (2016).
18. Berthon, B. et al. Head and neck target delineation using a novel PET automatic segmentation algorithm. Radiother. Oncol. 122,
242-247 (2017).
19. Whybra, P, Foley, K., Parkinson, C., Staffurth, J. & Spezi, E. Effect of Interpolation on 3D Texture Analysis of PET Imaging in
Oesophageal Cancer. Radiother Oncol 127(Supp 1), S1167-1168 (2018).
20. Deasy, J. O., Blanco, A. I. & Clark, V. H. CERR: A computational environment for radiotherapy research. Med. Phys. 30, 979-985
(2003).
21. Apte, A. P. et al. Technical Note: Extension of CERR for computational radiomics: A comprehensive MATLAB platform for
reproducible radiomics research. Med. Phys. 45, 3713-3720 (2018).
22. Leijenaar, R. T. H. et al. The effect of SUV discretization in quantitative FDG-PET Radiomics: the need for standardized
methodology in tumor texture analysis. Sci. Rep. 5, 11075 (2015).
23. Shrout, P. E. & Fleiss, J. L. Intraclass correlations: Uses in assessing rater reliability. Psychol. Bull. 86, 420-428 (1979).
24. Koo, T. K. & Li, M. Y. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability Research. J. Chiropr.
Med. 15, 155-63 (2016).
25. van Velden, E. H. P. et al. Repeatability of Radiomic Features in Non-Small-Cell Lung Cancer [18F]FDG-PET/CT Studies: Impact of
Reconstruction and Delineation. Mol. Imaging Biol. 18, 788-795 (2016).
26. R: A Language and Environment for Statistical Computing. Available at, https://www.r-project.org/ (2017).
27. Altman, D. G. & Bland, J. M. Measurement in Medicine: The Analysis of Method Comparison Studies. Stat. 32, 307 (1983).
28. Giavarina, D. Understanding Bland Altman analysis. Biochem. Medica 25, 141-151 (2015).
29. Ger, R. B. et al. Comprehensive Investigation on Controlling for CT Imaging Variabilities in Radiomics Studies. Sci. Rep. 8, 13047
(2018).
30. Yip, S. S. E et al. Impact of experimental design on PET radiomics in predicting somatic mutation status. Eur. J. Radiol. 97, 8-15
(2017).
31. Traverso, A., Wee, L., Dekker, A. & Gillies, R. Repeatability and Reproducibility of Radiomic Features: A Systematic Review. Int. J.
Radiat. Oncol. Biol. Phys. 102, 1143-1158 (2018).

Acknowledgements

This work was supported by the UK Engineering and Physical Sciences Research Council (EPSRC) grant EP/
N509449/1 (Doctoral Training Partnership). We would like to acknowledge the support of our colleagues at the
Wales Research and Diagnostic Positron Emission Tomography Imaging Centre (PETIC).

SCIENTIFIC REPORTS |

(2019) 9:9649 | https://doi.org/10.1038/s41598-019-46030-0 9


https://doi.org/10.1038/s41598-019-46030-0
https://doi.org/10.17035/d.2019.0078762440
https://www.r-project.org/

www.nature.com/scientificreports/

Author Contributions

P.W. and E.S. conceived and designed the study. K.E. provided the data and rated the segmentations created
from software developed by C.P. and PW. performed the data analysis and drafted the manuscript with detailed
feedback from K.E, C.P, J.S. and E.S. All authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-46030-0.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:9649 | https://doi.org/10.1038/s41598-019-46030-0 10


https://doi.org/10.1038/s41598-019-46030-0
https://doi.org/10.1038/s41598-019-46030-0
http://creativecommons.org/licenses/by/4.0/

	Assessing radiomic feature robustness to interpolation in 18F-FDG PET imaging

	Materials and Methods

	Patient images. 
	Segmentation. 
	Voxel dimension resampling. 
	Feature extraction. 
	Statistical analysis. 
	Surface fit correction factor. 
	Dividing the dataset. 
	Ethical statement. 

	Results

	Feature robustness to interpolation. 
	Visualising feature response to interpolation. 
	A surface fit for feature normalization. 
	Linear vs Spline. 

	Discussion

	Conclusion

	Acknowledgements

	Figure 1 Flow chart of the criteria used to categorise feature robustness to interpolation.
	Figure 2 Overview of robustness analysis to linear interpolation for 78 texture features.
	Figure 3 Visualisation of response to linear interpolation for 6 selected features.
	Figure 4 Example of correction technique for feature glrl3d-rl_NonUniformity using a surface fit.
	Figure 5 Thirty-four features identified as potentially correctable in the testing dataset were assessed in the validation dataset.
	Figure 6 Boxplots summarising texture feature differences measured between (tri)-linear and spline interpolation.




