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Abstract: 

Using positron emission tomography, we recently demonstrated elevated brain levels 

of the 18kDa translocator protein (TSPO), a glial activation marker, in chronic low back pain 

(cLBP) patients, compared to healthy controls (HC). Here, we first sought to replicate the 

original findings in an independent cohort (15 cLBP, 37.8±12.5 y/o; 18 HC, 48.2±12.8 y/o). 

We then trained random forest (RF) machine learning algorithms based on TSPO imaging 

features combining discovery and replication cohorts (totaling 25 cLBP, 42.4±13.2 y/o; 27 

HC, 48.9±12.6 y/o), in order to explore whether image features other than the mean contain 

meaningful information that might contribute to the discrimination of cLBP patients and HC. 

Feature importance was ranked usind SHapley Additive exPlanations (SHAP) values, and the 

classification performance (in terms of AUC values) of classifiers containing only the mean, 

other features, or all features was compared using the DeLong test. Both region-of-interest 

(ROI) and voxelwise analyses replicated the original observation of thalamic TSPO signal 

elevations in cLBP patients compared to HC (p’s<0.05). The RF-based analyses revealed that 

while the mean is a discriminating feature, other features demonstrate similar level of 

importance, including the maximum, kurtosis and entropy. 

Our observations suggest that thalamic neuroinflammatory signal is a reproducible 

and discriminating feature for cLBP, further supporting a role for glial activation in human 

chronic low back pain, and the exploration of neuroinflammation as a therapeutic target for 

chronic pain. This work further shows that TSPO signal contains a richness of information 

that the simple mean might fail to capture completely.  

 

Keywords: chronic low back pain, classification, neuroinflammation, PET/MR. 
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1. INTRODUCTION 

Recently, we showed that patients with chronic low back pain (cLBP) demonstrate an 

increased brain uptake of [11C]-PBR28 [32], a radioligand that binds to the 18kDa 

translocator protein (TSPO) [12; 13; 24]. While TSPO is a mithocondrial protein ubiquitously 

found in multiple cell types throughout the body, it is widely used as a marker of glial 

activation because its expression levels are low in the healthy central nervous system, but 

dramatically upregulated during neuroinflammatory responses and highly colocalized with 

activated microglia/macrophages and astrocytes [41]. As such, the elevation in [11C]-PBR28 

uptake we reported in cLBP patients suggests that neuroinflammation may play a role in the 

pathophysiology of human chronic pain. Indeed, following this initial observation, we 

reported [11C]-PBR28 elevations also in the brain of patients suffering from fibromyalgia [3] 

and migraine [5], as well as in the spinal cord and dorsal root ganglia / nerve roots of patients 

with lumbar radiculopathy [2]. Using magnetic resonance spectroscopy, we have also shown 

that patients with fibromyalgia demonstrate elevated brain levels of choline, a potential 

marker of astrogliosis [28]. Taken together, these results suggest that glial 

activation/neuroinflammation does indeed occur in various human chronic pain disorders, 

and that it can be observed across multiple levels of the nervous system, in accordance with 

many animal studies (e.g., [14; 45; 49]). 

Confirmation of elevated glial markers in chronic pain patients might have several 

clinical implications, including by providing support for a more aggressive exploration of 

neuroinflammation as a therapeutic target. Furthermore, the fact that the spatial distribution 

of the elevated TSPO signal is very different across subtypes of chronic pain patients (e.g., 

most consistently involving the thalamus in cLBP, more widespread in the cortex seemingly 

without substantial subcortical involvement in fibromyalgia) raises the possibility that 
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different “neuroinflammatory signatures” might be idenfitied in different conditions 

characterized by persistent pain. 

The overall aims of this project were twofold. First, we evaluated whether thalamic 

neuroinflammation in chronic low back pain, which we initially described in a small study 

[32], was a reliable and reproducible observation. To this end, we first sought to replicate the 

findings of our previous study (i.e., the discovery dataset) demonstrating that [11C]-PBR28 

brain uptake increases in a new, independent cohort of cLBP patients (i.e., the replication 

dataset). The second aim was to explore the richness of the TSPO signal, and specifically the 

ability of its various features, in addition to the mean, to discriminate cLBP patients from 

controls. To address this aim, we employed a radiomics approach to extract various image 

features (e.g., maximum, kurtosis, entropy) from the full dataset (i.e. the combination of 

discovery and replication datasets), and then used novel methods for the ranking of feature 

importance based on a random forest classifier. Finally, we tested the classification 

performance of models containing only the mean, only features other than the mean, or all 

features. These approaches allowed us to evaluate whether the neuroinflammatory signal 

contains a richness of information that the simple mean might fail to completely capture. 

 

2. MATERIALS AND METHODS 

This study was conducted at the Athinoula A. Martinos Center for Biomedical 

Imaging at Massachusetts General Hospital. The protocol was approved by the local 

Institutional Review Board and the Radioactive Drug Research Committee. 
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2.1. Participants 

Replication study. Thirty one patients with cLBP, defined as ongoing and persistent 

pain for more than 6 months (with or without a radicular component), and forty five healthy 

volunteers (HC) with no history of chronic pain were screened for participation in this study. 

Participants were excluded if they had any PET/MR contraindications such as metallic 

implants, history of head trauma or claustrophobia, history of major medical or psychological 

disorders, were on benzodiazepines or anticoagulants, or had comorbid pain disorders more 

severe than low back pain. Because the Ala147Thr polymorphism in the TSPO gene predicts 

binding affinity for [11C]-PBR28, with the Ala/Ala, Ala/Thr, and Thr/Thr genotypes being 

associated with high, mixed, and low affinity binding, respectively [29; 40; 52], all 

participants were tested for this polymorphism and those with Thr/Thr genotype were 

excluded from the study. In total, 15 cLBP (8 female; 37.5±12.5 y/o) and 18 HC (10 female; 

47.9±12.9 y/o) participants were found eligible and underwent [11C]-PBR28 PET/MR brain 

imaging scans, forming the replication dataset. Of these participants, 22 were Ala/Ala (i.e., 

high-affinity binders; HABs: cLBP n=12, HC n=10), and 11 were Ala/Thr (i.e., mixed-

affinity binders; MABs: cLBP n=3, HC n=8). 

Imaging feature assessment. In addition to the data from the patients and controls 

newly recruited for the replication study, data from the original [11C]-PBR28 cLBP discovery 

study [32] were included for the purpose of exploring whether TSPO features other than the 

mean contain meaningful information that might contribute to the discrimination of cLBP 

patients from controls. This discovery dataset included 10 additional patients (5 female; 

48.9±11.6 y/o) and 9 additional controls (4 female; 50.1±12.4). Of these participants, 15 were 

Ala/Ala (HABs: cLBP n=8, HC n=7), and 4 were Ala/Thr (MABs: cLBP n=2, HC n=2). For 

more details, see [32]. By pooling the discovery and replication datasets, a total of 52 datasets 
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[i.e., 25 patients (13 female; 20 HABs; 42.4±13.2 y/o) and 27 controls (14 female; 17 HABs; 

48.9±12.6 y/o)] were included in the final sample used for cLBP discrimination. Of note, the 

healthy volunteers in the replication dataset were obtained from an existing dataset of 

participants recruited through multiple different studies, and thus not specifically recruited to 

match the newly recruited patients in the replication dataset. As a result, the former group 

happened to be marginally older (p=0.03; two-sided two-sample t-test). Nonetheless, no 

statistically significant differences in age were observed when considering all available cLBP 

and control data (p=0.07). Supplementary Table 1 includes detailed demographics of the 

discovery and replication cohorts (available at http://links.lww.com/PAIN/B204). 

 

2.2. Data Acquisition 

Eligible participants were invited to participate in an imaging visit. At the beginning 

of the visit, venous blood was drawn to assess levels of the circulating proinflammatory 

cytokine IL-6. PET and MR data were acquired simultaneously on a Siemens PET/MRI 

scanner [15] consisting of a dedicated brain avalanche photodiode-based PET scanner 

operating in the bore of a 3T whole-body MR scanner (Siemens Healthineers, Erlangen, 

Germany). PET emission data were acquired in 3-dimensional mode for 90 minutes starting 

with the administration of [11C]-PBR28 injected intravenously with a slow bolus over 30s 

(see supplementary Table 1, available at http://links.lww.com/PAIN/B204). MR imaging 

included a T1-weighted volume (MEMPRAGE; TR/TE1/TE2/TE3/TE4= 

2530/1.64/3.5/5.36/7.22ms, flip angle=7º, voxel size=1x1x1mm, acquisition 

matrix=280x280x208). During the imaging visit, all subjects rated their level of pain using a 

0–100 numerical ratings scale (pain: 0 = ‘no pain’, 100 = ‘most intense pain tolerable’). The 

participants also completed the McGill Pain Questionnaire (MPQ), short form [38]. 
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2.3. Data Analysis 

Replication study. As in the original study, standardized uptake values (SUV) from 

[11C]-PBR28 data collected 60-90 min post-injection images were normalized to MNI space 

using non-linear registration (FSL FNIRT) [25]. SUV images were spatially smoothed (full-

width at half-maximum=8mm) as well as whole-brain normalized in order to account for 

global signal differences across subjects (SUVR). Of note, measures obtained with kinetic 

modeling using arterial input functions (e.g., distribution volume [VT] and VT ratio) are still 

largely considered the gold standard for quantification of TSPO tracers. However, we have 

previously shown that in cLBP patients SUVR is highly correlated to VT ratio [4; 6]. 

Moreover, the use of a simplified metric based on a ratio was found to increase the sensitivity 

to detect neuroinflammatory responses in various conditions [6; 35; 46]. Indeed, our group 

and others have used ratio metrics, including SUVR, to demonstrate higher TSPO signal 

across multiple conditions (compared to controls), in spatial distributions overlapping with 

the known or expected distribution of neuroinflammation in each condition (e.g., basal 

ganglia in Huntington’s Disease [33], temporoparietal regions in Alzheimer’s disease [35], 

motor/premotor cortices and corticospinal tracts in amyotrophic lateral sclerosis [7; 53]). 

In the discovery dataset, cLBP patients demonstrated higher [11C]-PBR28 SUVR in 

the thalamus, both in region-of-interest (ROI) as well as voxelwise analyses. Thus, in the 

present study, our primary analyses were centered on the thalamus, which we interrogated 

using both an ROI-based approach and a thalamus-focused voxelwise approach. To this end, 

left and right thalamic ROIs were computed by thresholding probabilistic labels from the 

Harvard-Oxford Atlas, using an arbitrary threshold of 0.3. Mean [11C]-PBR28 SUVR within 

these ROIs was computed for all participants, and compared across groups using an analysis 

of variance (ANOVA) including hemisphere (left, right) as within-subject factor, as well as 

genotype/binding affinity status (HAB, MAB) and age as nuisance covariates. The model 
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also included a group*hemisphere interaction term. Subsequently, voxelwise group 

differences in thalamic [11C]-PBR28 SUVR were evaluated using non-parametric voxelwise 

permutation analyses (FSL randomize, n=5000 permutations, enhanced using threshold-free 

cluster enhancement; [51]) and corrected for multiple comparisons, again including genotype 

and age as covariates. The primary voxelwise analyses were performed by restricting the 

search area to the left and right thalamic ROIs to be maximally sensitive to localized changes 

in these a priori chosen regions. Moreover, because in the original study the cLBP patients 

also demonstrated additional significant clusters of elevated [11C]-PBR28 SUVR in the cortex 

(primary somatosensory and motor cortices), the voxelwise analyses were repeated using the 

same methods, but over the entire brain. The anatomical location of the clusters showing a 

statistical difference between cLBP and controls was assessed using the Morel stereotactic 

atlas of the human thalamus [39]. Pearson’s correlation analyses were used to evaluate the 

relationship between pain ratings, MPQ scores, IL-6 levels, and genotype corrected [11C]-

PBR28 SUVR, either as mean signal extracted from the thalamus, or as the number of voxels 

with an SUVR≥1.4 [32]. 

Imaging feature assessment. From the pooled dataset (discovery and replication) and 

for each of the two thalamic ROIs, we computed 10 radiomic features based on standard 

within-ROI distribution statistics of the [11C]-PBR28 SUVR (i.e., mean, minimum, 

maximum, range, standard deviation, energy, entropy, kurtosis, skewness, covariance). 

Radiomics, so far mostly used in oncology, uses data-characterization algorithms to extract 

large amounts of quantitative features, potentially uncovering characteristics that may be 

invisible to the naked eye [21]. Given the relatively small size of our final sample, the 

number of radiomic features extracted was purposefully kept relatively small, in order to 

prevent overfitting [44]. Furthermore, the focus on thalamic ROIs was based on the fact that 

thalamic, but not cortical, TSPO signal elevations were observed in the replication dataset 
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(see below). Note that even if only the left thalamus demonstrated significant TSPO signal 

elevations in voxelwise analyses, similar group differences were observed in both thalami, 

and no group*hemisphere interaction was statistically significant in ROI analyses (see 

below). Thus, in our evaluation of the radiomic features we included both left and right 

thalami. 

We used a genetic search pipeline, which uses an evolutionary algorithm to explore 

hyperparameter values as well as classifer architectures and their combination [31] in a 

nested cross-validation fashion. The search pipeline selected an optimized random forest (RF) 

classifier which was implemented using the scikit-learn python module [42]. RF is an 

ensemble learning algorithm that combines a number of decision trees into a single predictive 

algorithm [11; 19]. Decision tree classifiers are trained on various sub-samples of the cohort 

and results are averaged to improve the predictive performance. Moreover, due to the high 

number of decision trees trained on bootstrapped subsets of the training data, the RF method 

is resistant to overfitting. 

For the current study, we ran occlusion tests to assess whether hemisphere (left, right 

or bilateral thalamus), as well as feature type (mean, other features, or all features) had an 

impact on the classification performance. We used a repeated stratified 5-fold cross 

validation approach, with 1000 repetitions (different randomization in each repetition) to 

assess each classifier. Cross-validation is a procedure to assess predictive models by splitting 

the original cohort into a training and a test set, to independently create a model with some of 

the samples and validate it over the remaining ones. In k-fold cross-validation, the original 

cohort is partitioned into k equal size random subsets. Of the k subsets, k-1 are used as 

training data and the remaining one is used as the validation set for testing the model. This 

process is repeated k times, with each of the k subsets used once as the validation set. The k 

results obtained after k-fold cross-validation are then averaged to produce an overall estimate. 
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In classification, it is common to use stratified k-fold cross-validation, in which the cohort is 

split so that each fold maintains the same proportions of classes. 

The performance of each classifier was assessed by calculating the area under the 

curve (AUC) from receiver operating characteristic (ROC) curve analysis for each one of the 

k splits generated during cross-validation. Median accuracy, sensitivity, and specificity were 

also computed. SHapley Additive exPlanations (SHAP) values were computed to explore the 

radiomic features contribution to the model output. This method is agnostic (i.e., model-

independent), was designed to be unambiguous from a mathematical point of view and has 

never before been applied to a pain imaging dataset. SHAP values unify six existing methods 

for quantifying feature importance providing results that are more consistent with human 

intuition as compared with previous approaches [34]. ROC curves from different classifiers 

obtained in the occlusion tests were compared for AUC differences using a paired DeLong 

test [20], and resulting p-values were corrected for multiple comparisons using Bonferroni 

correction. The same analyses were performed after correcting for genotype and age, for 

consistency with the analyses detailed in the replication study section (see Supplementary 

Document 1, available at http://links.lww.com/PAIN/B204). 

 

3. RESULTS 

Replication study. Analysis of mean [11C]-PBR28 SUVR in the thalamic ROIs 

demonstrated a significantly higher signal in patients with cLBP compared to controls (group 

effect: F(1,29)=4.51, p<0.05; Figure 1). The group*hemisphere interaction was not 

statistically significant (F(1,29)=0.69, p = 0.41, n.s.), indicating that the group effect was not 

significantly different across hemispheres. The voxel-wise distribution of thalamic SUVRs 

(Supplementary Figure 1, available at http://links.lww.com/PAIN/B204) revealed that in 
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control subjects non-zero median voxel counts were observed only below values of 1.5, 

whereas in patients with chronic LBP a substantial number of voxels demonstrated values 

higher than 1.5 in both hemispheres (medians: 25 and 45 in the left and right thalamus, 

respectively). Additional analyses of the remaining radiomic features in the thalamic ROIs 

could be found in Supplementary Document 1, available at 

http://links.lww.com/PAIN/B204. 

In thalamus-focused voxel-wise analyses (Figure 2), patients demonstrated a 

statistically significant [11C]-PBR28 SUVR elevation in one cluster (cluster size = 263 

voxels) showing two local maxima in the left thalamus, compared to controls. The first local 

maximum was located in a ventral portion (peak: x = -12mm, y = -22mm, z = 0mm; Z-stat = 

3.80) consistent with the ventral posterior lateral, medial and inferior (VPL, VPM, VPI), 

ventral lateral posterior (VLP), anterior pulvinar (PuA), posterior (Po), lateral posterior (LP), 

and centromedian (CM) nuclei. This peak was relatively close to the thalamic region 

demonstrating statistically significant elevation in PET signal in the original study, but was 

located slightly more ventrally, laterally and posteriorly. The second local maximum (peak: x 

= -16mm, y = -20mm, z = +14mm; Z-stat = 3.31) was in a position consistent with a more 

dorsal portion of the VLP and LP nuclei. As in the original study, no right thalamic clusters 

reached statistical significance in voxelwise group analyses. Also, no cortical group effects 

were observed in whole-brain analyses, and no brain regions showed statistically higher PET 

signal in the controls compared to the patients, even when lowering the threshold to a very 

lenient p=0.1. Finally, no significant associations were observed between any PET measures 

investigated (i.e., mean [11C]-PBR28 SUVR from thalamic ROIs or significant thalamic 

clusters, and number of voxels with a SUVR higher than 1.4) and pain ratings or serum IL-6 

levels (p’s>0.08). 
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Imaging feature assessment. Figure 3 shows the median (across folds) ROC curves 

for the classifiers selected by the genetic search based on each subset of features in the 

occlusion tests. A direct pairwise comparison across ROC curves revealed that classifiers 

including features other than mean [11C]-PBR28 thalamic signal contained additional 

information when compared to those including only the mean (p’s < 0.001), but similar 

information when compared to those including all features, including the mean (p’s ≥ 0.07; 

Table 1). For instance, when using features from both thalami, the AUC went from 

0.79±0.10 (median ± MAD) when using the mean values only to 0.88±0.07 when using all 

other features except for the mean, but did not increase further when adding back the mean 

value into the feature set (0.88±0.07). Predictions from the RF classifiers showed good 

classification capabilities (better than random, i.e., AUC = 0.88±0.07) between cLBP patients 

and healthy controls, demonstrating a median accuracy, sensitivity and specificity of 

0.70±0.10, 0.80±0.20, and 0.80±0.20, respectively. After correcting for age and genotype, 

classifiers including features other than mean [11C]-PBR28 thalamic signal again 

demonstrated to contain additional information when compared to those including only the 

mean (p’s < 0.001; Supplementary Table 2, available at http://links.lww.com/PAIN/B204), 

but similar information when compared to those including all features together, including the 

mean (p’s = 1). For instance, when using age- and genotype-corrected features from both 

thalami, the AUC went from 0.69±0.11 when using the mean values only to 0.80±0.10 when 

using all other features, but did not increase further when combining all features (0.80±0.10; 

Supplementary Figure 3, available at http://links.lww.com/PAIN/B204). Predictions from 

the RF classifiers using the corrected data demonstrated a median accuracy, sensitivity and 

specificity of 0.70±0.10, 0.60±0.20, and 0.80±0.13, respectively. 

Furthermore, a direct pairwise comparison across ROC curves revealed that the 

models using only the right thalamic features were generally outperformed by those using 
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features extracted by both thalami (p’s < 0.001) and, except when using only the mean signal 

in the model (p = 1), the left thalamic features (p’s < 0.001; Table 2). Additional analyses 

including genotype and age as nuisance covariates yielded almost identical results 

(Supplementary Table 3, available at http://links.lww.com/PAIN/B204). 

Figure 4 shows the median SHAP values reflecting the impact of the different 

thalamic radiomic features used in the classifiers on the model output, sorted in descending 

rank order. Right and left mean thalamic SUVR had both a relatively high impact 

(compatibly with the results of the voxelwise and ROI analyses, which showed group 

differences in these features). However, additional radiomic features (e.g., maximum, 

kurtosis, entropy, energy) appeared to have comparable, or even slightly superior, impact, 

thus underlying that greater information richness can be extracted from the [11C]-PBR28 PET 

signal as compared to employing its mean value only. Similar results were observed after 

correcting for age and genotype (Supplementary Figure 4, available at 

http://links.lww.com/PAIN/B204). 
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4. DISCUSSION 

In spite of a large preclinical literature supporting a role for neuroinflammation in 

pain, so far direct evidence linking glial activation with human chronic pain has been scant. 

In the last few years, the use of PET radioligands targeting the 18kDa translocator protein 

(TSPO) has begun to fill this gap. TSPO is a five-transmembrane domain protein mostly 

located at the sites of contact between outer and inner mithocondrial membranes [41]. While 

TSPO is ubiquitous in multiple cell types throughout the body, it is widely used as a marker 

of inflammation because its expression levels are low in the healthy central nervous system, 

but become dramatically upregulated during neuroinflammatory responses, as well as highly 

colocalized with activated microglia/macrophages and astrocytes [41]. The colocalization 

between TSPO upregulation and activated microglia and astrocytes has been confirmed in 

multiple studies, across numerous rodent and primate models of neurodegenerative disorders, 

viral infection, neurotoxicity and ischemia, as well as in various human disorders [1; 9; 10; 

16-18; 22; 26; 30; 36; 37; 43; 47; 48]. The association between TSPO upregulation and glial 

responses was also observed in a rat model of neuropathic pain [50], in which the number of 

TSPO-expressing astrocytes and microglia was found to increase after spinal nerve ligation 

(~three- and ~seven-fold compared to sham, respectively). In the same study, the proporton 

of TSPO-expressing neurons did not change and remained at ~5%. Because of the properties 

of TSPO expression, radioligands targeting this protein have the ability to image glial 

activation in vivo. 

Using [11C]-PBR28, a second-generation TSPO radioligand [12; 13; 24], we were able 

to demonstrate TSPO signal elevations in the brain of cLBP patients, in the medial thalamus 

and sensorimotor cortices [32]. In the present study we aimed to evaluate to which extent this 

neuroinflammatory signal is a reliable feature of cLBP. Because the number of participants 

investigated in the initial study was small (10 patients and 9 controls), the first aim was to 
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replicate the original observations in independent cohorts of cLBP patients and controls. 

Indeed, we were able to confirm increased radioligand binding in the thalamus, using both 

ROI and voxel-based analyses. Notably, while similar PET signal elevations were observed 

in both left and right thalami in ROI analyses, the voxel-wise analyses demonstrated a left-

sided dominance, which was also observed in our original publication. Since solid evidence 

linking pain processing or neuroinflammatory responses with left thalamic dominance has not 

yet been reported, this asymmetry in the thalamic neuroinflammatory signal observed in 

cLBP merits further exploration. 

While the main observation of elevated thalamic TSPO signal has been confirmed in 

the replication cohort, it is also worth mentioning that we observed differences between the 

results of our two studies. For instance, in the current study we did not observe TSPO 

elevations in the primary somatosensory and motor cortices. Moreover, the local maxima of 

the cluster demonstrating statistically significant group differences in voxelwise analyses 

were not observed exactly in the same location as in the original study. One explanation may 

involve differences in the clinical characteristic of the patient groups evaluated in each of the 

two studies. For instance, the replication cohort also included patients with only axial cLBP, 

whereas the previous study only included patients with some leg pain (whether with or 

without a radicular component). Future, larger studies should be conducted to assess whether 

different neuroinflammatory signatures may accompany different cLBP phenotypes. Finally, 

we could not replicate the association between thalamic TSPO signal and pain or serum IL-6 

levels. While differences in cohort composition may explain this negative result, we also 

cannot discount the possibility that the (weak, albeit statistically significant) correlations 

observed in the original study might have been spurious, emphasizing the importance of 

replication studies. 
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Notwithstanding these differences, the replication of the overall thalamic TSPO 

elevations provides confidence in the notion that neuroinflammation might indeed occur in 

human chronic pain, as predicted by preclinical studies [27]. In this context, we recently 

reported [11C]-PBR28 elevations in other pain conditions, including in the brain of patients 

with fibromyalgia [3] or migraine with aura [5], and in the spinal cord and dorsal root ganglia 

/ nerve roots of patients with lumbar radiculopathy [2]. Of note, while TSPO signal elevations 

can be observed in different pain disorders, they might present condition-specific spatial 

distributions. For instance, thalamic neuroinflammation appears to be a hallmark of cLBP, 

whereas in our studies patients with migraine or fibromyalgia demonstrated limited extensive 

cortical increases in TSPO signal, with seemingly little or no involvement of subcortical 

structures. This observation raises the possibility that region specific TSPO imaging might be 

used to contribute to the development of objective biomarkers for different pain conditions. 

As a preliminary step towards this goal, a second aim of the study was to assess to 

which extent the mean thalamic TSPO signal was the only informative feature that could be 

extracted from the combined datasets. To this end, we trained a series of RF-based machine 

learning algorithms based on PET imaging features, and evaluated their ability to distinguish 

cLBP patients from healthy controls in a predictive context. We then computed SHAP values 

to explore the contribution of radiomic features to the model output. These analyses revealed 

that, while the mean is an important feature, other features demonstrate similar level of 

importance, including the maximum, kurtosis, entropy, as well as others. These observations 

demonstrate that thalamic TSPO data have a richness of information that goes beyond the 

simple mean, and therefore our prior analyses have only begun to unveil. 

This approach led to a median (across folds) accuracy, sensitivity and specificity of 

0.70±0.10, 0.80±0.20, and 0.80±0.20, respectively, as well as an AUC of 0.88±0.07 

(indicating good, bordering on excellent, performance [23]). Similar values were obtained 
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when correcting for age and genotype (i.e., 0.70±0.10, 0.60±0.20, 0.80±0.13 and 0.80±0.10, 

respectively). It is important to note that, while our main focus in the classification task was 

on quantifying and comparing the relative importance of radiomics features, the latter were 

extracted from a region which showed significant group-level differences in the replication 

dataset. Given that our study does not include an independent test set, the absolute prediction 

performances are not completely unbiased and should be interpreted with caution. Still, they 

can serve as an initial steppingstone for future glial PET-based studies with independent data 

splits and a broader focus on explainable AI [8]. Such studies are necessary to provide a 

complete picture on the performance and decision-making process embedded in machine 

learning models, in order to potentially advance imaging features such as the ones employed 

in our study towards biomarker status. 

The focus on a single region, the thalamus, and a small number of features extracted, 

was adopted in order to prevent overfitting [44], particularly given the relatively small sample 

in our study. Nonetheless, while mean [11C]-PBR28 SUVR showed a signifiicant contribution 

to the model, additional features appear to contribute in a similar extent, underscoring the 

added value of computing additional image-derived features to be used in classification 

analyses. These findings suggest that not only the mean uptake in PET signal, but also the 

characteristics of its distribution (e.g. signal heterogeneity vs homogeneity) can be harnessed 

to distinguish patients with cLBP from HC. Thus, it seems probable that the exploration of a 

full set of radiomic features (including from additional brain regions) in a future, larger study 

would improve the performance of the classification. 

There are several limitations to our study. First, the sample size used in this study, 

although in line with many other PET studies, was relatively small (which may explain the 

relatively high dispersion in our classification performance metrics). Still, the ability to 

confirm the presence of a statistically significant elevation in thalamic TSPO signal in a 
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relatively small replication cohort is encouraging, and a testament to the reliability of the 

observation. Furthermore, it is important to stress that the development of a “pain biomarker” 

was beyond the scope of this study, and that classification algorithms were employed with the 

sole purpose of evaluating the amount of information provided by different imaging features. 

A study with a much larger sample size, as well as independent test dataset, would be 

necessary to assess to which extent TSPO imaging metrics could be used to objectively 

discriminate cLBP patients from healthy controls. Moreover, a direct comparison with data 

from patients suffering from other pain disorders will be necessary in order to evaluate the 

specificity of our findings to cLBP. Another caveat to be considered is that thalamic TSPO 

signal did not correlate with symptom severity in the replication cohort. Therefore, the 

clinical significance of this signal in cLBP, and other conditions as well, awaits further 

investigations. 

In summary, our observations suggest that thalamic neuroinflammatory signal is a 

reproducible and discriminating feature for chronic low back pain, and contains a richness of 

information that the simple mean might fail to completely capture. This work further supports 

a role for glial activation in human chronic low back pain, and the exploration of 

immunomodulatory therapies as a therapeutic approach for chronic pain. 

 

Supplemental video content 

A video abstract associated with this article can be found at http://links.lww.com/PAIN/B205. 
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FIGURE LEGENDS 

 

Figure 1. Barplots displaying the mean [11C]-PBR28 SUVR in the thalamic ROIs 

extracted from the replication cohorts (15 patients with cLBP and 17 control subjects), and 

corrected for genotype and age. * Group effect: p<0.05. Bars represent mean ± standard error 

of the mean (SEM). 
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Figure 2. Median SUVR map from patients with cLBP (upper row) and from controls 

(central row). Non-parametric permutation inference in the thalamus revealed significantly 

higher TSPO levels in patients (p < 0.05 corrected for multiple comparisons; bottom row). 

 

Figure 3. Median receiver operating characteristic (ROC) curves and areas under the 

curve (AUCs) for the random forest classifiers selected by the genetic search based on each 

subset of features in the occlusion tests. MAD: Median Absolute Deviation across folds. 

 

Figure 4. SHAP values reflecting features impact of the different thalamic radiomic 

features used in the classifiers on the model output, sorted in descending rank order. Bars 

represent the median. 
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Table 1. Direct pairwise comparison across ROC curves to explore the richness and ability of 

different features of the neuroinflammatory signal, in alternative to or in combination with the mean, to 

discriminate cLBP patients from controls. The table shows the resulting p-values, corrected for multiple 

comparisons using Bonferroni correction, obtained when comparing AUC differences in ROC curves from 

different classifiers using a paired DeLong test. 

 

 Mean vs Others Mean vs All Others vs All 
Left < 0.001 < 0.001 1 

Right < 0.001 < 0.001 1 
Both < 0.001 < 0.001 0.07 
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Table 2. Direct pairwise comparison across ROC curves to explore the richness and ability of left 

thalami, in alternative to or in combination with the right thalami, to discriminate cLBP patients from 

controls. The table shows the resulting p-values, corrected for multiple comparisons using Bonferroni 

correction, obtained when comparing AUC differences in ROC curves from different classifiers using a 

paired DeLong test. 

 

 Left > Right Left < Both Right < Both 
Mean 1 < 0.001 < 0.001 
Others < 0.001 1 < 0.001 

All < 0.001 1 < 0.001 
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