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Summary

Chronic low back pain is a leading cause of disability worldwide, but most cases lack a pathoanatomical
source on conventional imaging. The role of low-grade inflammation in chronic pain is increasingly
understood. Hence, functional imaging techniques such as ®F-Fluorodeoxyglucose positron emission
tomography (*¥F-FDG PET) and dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)
may aid in the diagnosis of LBP by quantifying metabolic and microcirculatory aspects of inflammation,
respectively. However, the relationship between these modalities in the lumbar spine remains
unclear.

This thesis investigates the correlation between quantitative parameters of PET and DCE-MRI in the
chronically painful lumbar spine. The secondary objective is to determine whether and how these
correlations vary across different anatomical structures.

18F-FDG PET/DCE-MRI images from 23 patients with chronic LBP were processed using an in-house
developed software pipeline (SPARCK) with custom additions/modifications. Regions of interest (ROls)
were manually segmented in eight lumbar structures in areas of increased ®F-FDG uptake and
matched reference regions. PET parameters were SUVmean and SUVmax. Pharmacokinetic modeling with
the Extended Tofts model was applied to obtain median and peak K™, v, and ke, from DCE-MRI.
Correlations were tested using rank-based linear mixed-effects model, accounting for repeated
measures and skewed distributions. Significance levels were corrected for multiple testing.

Across the total of 179 ROIs, weak but significant positive correlations were observed between SUV
and K" metrics (pume = 0.31-0.37), and between SUV and v, metrics (pime = 0.23) except
SUVmean/Vp,peak- There were no significant correlations between SUV and ke, metrics across all ROIs.
Structure-specific analyses showed varying correlations between SUV and K™" metrics: strong
correlations in the intervertebral disc, moderate puve in the spinal canal and facet joint, no correlations
in the nerve root and interspinous tissue.

Correlations between quantitative ®F-FDG PET and DCE-MRI parameters in chronic LBP are weakly
positive overall and vary across anatomical structures. These results suggest that the imaging
modalities capture complementary rather than redundant aspects of inflammation and that their
diagnostic value may depend on the anatomical structure under investigation. Future studies should
validate these findings in larger cohorts and establish baseline parameter values with asymptomatic
controls.



List of abbreviations

1BE_FDG 8F_fluorodeoxyglucose

AlF arterial input function

CA contrast agent

DCE-MRI dynamic contrast-enhanced magnetic resonance imaging
DISCO differential subsampling with cartesian ordering
EES extravascular and extracellular space

ETofts extended Tofts model

i2w image-to-world transform

IQR interquartile range

LBP low back pain

MRI magnetic resonance imaging

PET positron emission tomography

rmcorr repeated measures correlation

ROI region of interest

SD standard deviation

S| signal intensity

SPGR spoiled gradient echo

SUv standardized uptake value

TIC time-intensity curve

Tiw T1-weighted magnetic resonance images



Contents

SUIMIMIAIY e s e e e e s e s s s s s s s e s s s s s s e s s s s s s s s s s s s s s s s s s s s s e s s s s snsssssssssssssssnsssnsssssssssssssnsssnsnsnnsnsns 4
List Of @DOreVIatioNS.....c..ei it 5
T A oo [V 4] o NPT P ST TRPI 8
FUNCHIONAI IMAGING .eeiiiiiiieeee et e e e e e e et re e e e e e e e s enabeteeeeaeeeessnnsaseeeeeeeensnns 8
POSitron @mission tOMOZIrAPNY ....ceiiiiiii e 8
Dynamic contrast-enhanced MRI .........ooo oo et e e ara e e e 9

(0] oY =Tot {177 SRR 11
IMIEBENOAS ...ttt b e b e bt sa e et e bt e bt e s bt e she e sae e eat e bt e bt e b e e s be e saneeareereenne 11
= 1= ) £SO TPRT 11
IMAEE ACQUISITTION .eeeiiiiiiiiiee ettt e e ettt e e e e s s bbbttt e e e e e s e bbbt eeeeeeeesaanssbaeaeeesessnns 12
o PP P PR PP PP P POPPPRPPPPURPPPPPPRt 12

IVIRE ¢ttt et st st et b e s bt s bt ettt e bt e bt e b e e e R et e ae e bt e bt bt e nheenaeeeaneene e 12

[ g Yedcl IV =Y [V F- Y 4 Lo o USRS 13
[N PrOCESSING eevererereterererereeerererererrreeerereeeaee.—.—.—.———.——....—..............ee.eeeeetenesennresnrsnsssrsneserersrenes 13

Y o1 Te] g WoTo] o f=Tot o] o I OO P PO PP ST OPRSROPPRT 13
FIEVOIUIME <.ttt et st e st esa bt e s bt e e be e e s b e e s bt e e sabeesabeeeanbeesaneeaas 13

LI 0 o T T o] o1 o ¥ <SP PP PSP PP PR PR PPOPOPOPOPPPPRPRPRPRPRORS 13
QUANEITATIVE GNAIYSIS . eiiiiiiiie i e e e e e e et e e e e bte e e seabreeeesataeeeenraeeeennees 13

SUV CONVEISION ..iiiiiiiiiiiiiiiie ittt ettt sttt et e s a e e e s e e e s s sre e e s s nreeessanns 14

L =YL I = = £ = f Lo o S 14
IMAEE ANAIYSIS ..uutiiiiiee i e e e e e e et e e e e e e e e et e te e e e e e e e e e arttareeeaeeeaanrrraeaaaeeeeaanns 15
REGIONS Of INTEIEST 1eiiiiiiee e et e e s et e e e s sbae e e esabteeessnbeeeessnsreeenns 15

QLN T ) LA o [ [ L= (=] 16

Y =YL T or | I 0 F= 1A PR 16
RESUIES ettt et r et e e e bt e s n e s b e e e snr e e s reeenee 17
(DY i =] (=T ol [ o PP URR PP TR 17
2T ={T o o o) T 0 A=Y =) SO PSR 18
PAramELer VAIUES ..ottt ettt st ettt st e st e e e ab e sbe e e nteesbeeeateesareas 18
Correlation between DCE-MRI and PET Parameters .....cccueeeeciieeeieiieeecciieeecciree e eeiveeeeevree e esvaeee e 20
DISCUSSION 1.ttt ettt ettt e e s e e e e s eab et e e s ba e e e semb et e e sambae e e senraeeeseraeeesans 23
LEMIEAEIONS. et s e e s 25
DICE-IMRI ...ttt ettt ettt ettt ettt ettt ettt ettt st ettt ee et et et ee st et seeeseseseeesesesennsssnsnnnsnnnnnnnnnnns 25

Y=Y c{a =T a1 =14 o] o FS PSP UP PRSP 25



[ | 1.4 13 (o 26

[ o] g = [ Tot o] o RO PSPV PRPOPPTOURRPRRO 27
SEAtiStiICAl METNOM ... ettt e sbe e e sar e sre e 27
Future recomMmENdAatioNns ........cocuiiiiiiiieie ettt s e s e 27
(6o 0Tl (V1o T F T TSSO TP PP P PSPPI 27
REFEIEINCES ... ettt b e he e sttt et e bt e s bt e s bt e sae e eat e et e e bt e nbeesbeesaeeeareereenne 29
ACKNOWIBAZEMENTS ... et e e e e e e e e e et e e e e e e s e s abateeeeeaeessnntstaeeeeeeeasnstennneeans 33
LYo Yo T=] oo [ PSPPSR 34
A) AMPHIBI trial inclusion and eXcluSion Criteria.......ccoveeiieeeiiiiiiiieeee e e e 34
B) Repeated measures correlation MatriCes ......ccuiiieiiieiiciiie e e e 35

C) LITEIATUIE MBVIBW .uvveeiieiiiiieiiieeeee ettt e e e e eeetee e e e e e e e eeeaaabeeeeeeeeeensbaaeseeeeeessssstabeseeeesenssssreseeeeeees 36



Introduction

Low back pain (LBP) is highly prevalent and a leading cause of disability worldwide, contributing
substantially to healthcare utilization and economic burden (1). It was estimated that up to 10% of
those affected with LBP will develop chronic LBP, lasting over three months (2). Imaging is not
routinely recommended for chronic LBP, as conventional imaging (X-rays and computed tomography)
does not improve clinical outcomes, while exposing patients to radiation (3). On magnetic resonance
images (MRI), structural abnormalities do not correlate with symptoms, as similar findings are
common in asymptomatic individuals (4-6). In fact, over 90% of LBP is non-specific, lacking a
pathoanatomical cause (3,7). Without an identified pain source, therapies lack a treatment target and
are often inadequate, with the risk of unnecessary surgeries and overuse of opioids as a result (6,8).
As anatomic imaging often fails to pinpoint pain generators, a different approach is needed.

In recent years, it has been shown that chronic pain is correlated with low-grade inflammation. For
example, immune mediators have been found in the serum and cerebrospinal fluid of patients with
neuropathic pain (9,10). Impinged or damaged nerves are common causes of pain and are also thought
to trigger a neuroinflammatory response (11). The role of inflammation is increasingly understood in
the pathophysiology of age-related degeneration (12,13) and osteoarthritis (14). In patients with
chronic low back pain and no clear anatomical lesion, inflammatory processes may underlie symptoms
and remain undetected by conventional imaging. The presence of this inflammation can be a target
of functional imaging in pain patients.

Functional imaging

Positron emission tomography

A well-known imaging technique to uncover inflammation is positron emission tomography (PET). PET
is a quantitative imaging method that measures tissue function by detecting activity from an
administered radiotracer. ¥F-Fluorodeoxyglucose (‘®F-FDG) is a radioactive glucose analog that
accumulates in tissues with high glucose metabolism. In inflamed tissues, metabolic activity is
increased primarily due to activated inflammatory cells, which require glucose for their energy
production (15). PET radiotracer activity is often quantified by calculating the standardized uptake
value (SUV), which represents the tissue activity concentration corrected for the natural decay of an
injected dose and normalized to the patient’s weight.

PET in the spine

18F_-FDG PET has proven to be a useful modality in painful musculoskeletal diseases (5,16,17)". In
clinical practice, functional information from PET in hybrid ¥F-FDG PET/MRI helped reveal previously
unidentified pain generators, leading to changes in patient management (18—21). Nerves in the lateral
recess that were impinged due to a herniated disc showed higher values of SUVmax (maximum SUV)
than the contralateral side (4). In addition to the inflammatory response, nociceptive signaling in the
spinal cord involves increased neuronal activity, which depends on glucose metabolism. (22). Zhou et
al. (22) reported higher F-FDG uptake in the spinal canal of patients with low back pain compared to
asymptomatic subjects.

" See also the literature review in Appendix C: Evaluating Inflammation in the Spine with *8F-FDG PET and
Contrast-Enhanced MRI, written in preparation of this thesis.



Dynamic contrast-enhanced MRI

To meet the increased metabolic demand, chronically inflamed tissues undergo microcirculatory
changes. For example, tissues tend to form new vessels (neoangiogenesis) to increase blood supply
(23). Regions with a rich blood supply can be visualized using contrast-enhanced MRI. However, static
contrast-enhanced MRI (post-contrast imaging) provides only qualitative information of perfusion and
is not able to quantify the speed of enhancement. Dynamic contrast-enhanced (DCE-) MRI allows
quantification of different elements of microcirculation by repeatedly measuring contrast agent
concentration over time. Some DCE parameters are directly related to (patho)physiological properties
of tissue microvasculature (24,25). The following sections provide a technical overview of DCE-MRI.

Time-intensity curve

The principle of DCE or perfusion imaging is to monitor the
passage of an intravenously injected paramagnetic contrast
agent (CA) as it propagates through a tissue by repeated MRI
acquisition. DCE-MRI relies on T1l-weighted images.

Signal intensity

Gadolinium-based contrast agents reduce tissue T1 relaxation

time, thereby increasing signal intensity (SI) on T1l-weighted

images. The resulting time-intensity curve (TIC) captures signal Time

changes over time following contrast injection (Fig. 1). Because Figure 1. Schematic representation of a

. . ] time-intensity curve. The total (black) is the
Sl varies as a function of local CA concentration, the TIC

sum of enhancement from contrast agent
provides a basis for quantifying tissue microcirculation, in the vascular system (arterial input and
including perfusion, vascular permeability, and interstitial recirculation, red) and in the interstitium

distribution (24,26). (dark cyan) (26).

In healthy tissue, the TIC typically follows a three-phase pattern. After intravenous contrast
administration, the CA enters the capillaries and diffuses into the interstitial space due to a
concentration gradient between plasma and interstitium. This wash-in phase is influenced by both
tissue blood flow and vascular permeability. In well-perfused tissues, such as muscle or synovium,
contrast arrives and equilibrates rapidly, whereas in less vascularized tissues, including ligaments or
cartilage, the signal may rise more slowly or not at all. Following wash-in, contrast equilibrates
between the vascular and interstitial space. Finally, S| decreases as contrast is cleared via venous and
lymphatic drainage (26,27).

In the context of inflammation, a faster wash-in and elevated peak intensity are expected due to
increased perfusion and vascular permeability (23). An elongated wash-out phase may follow due to
prolonged retention of the CA, caused by immature, leaky neovessels and expanded interstitial space
(23,28).

Quantitative analysis

Enhancement patterns can be analyzed in multiple ways. Qualitative or visual analysis focuses on the
shape of the curve or digital subtraction images displaying contrast enhancement. Descriptive
parameters, e.g. maximum enhancement, can be extracted in a semi-quantitative analysis, with or
without so-called heuristic models. These parameters are useful, but lack a direct physiological
correlate (29). This thesis focuses on quantitative analysis of the DCE-MRI signal. The benefit of
guantitative parameters is that they are directly or more closely related to tissue physiology.



Furthermore, these parameters are theoretically independent of the scan protocol and patient
biology, thereby improving inter- and intra-patient comparability (26).

The dynamic contrast-enhanced signal A(t) in each voxel is described by

A(t) = S ((AIE  B,)) ()

where * represents convolution, and S, AIF and P are separate models with parameters £ (ksi), x (chi),
and ¢ (phi), respectively (30). The arterial input function (AIF) describes how the contrast agent enters
the feeding artery of the tissue. Since the measured time-intensity curve is a combination of tissue
properties and this AIF (Fig. 1), the AIF is required to compute the residual function. This function
represents the contrast agent in the tissue at a given time after a hypothetical instantaneous injection.
The residual function is used to extract quantitative tissue properties. The pharmacokinetic model P
is essentially a mathematical equation with a set of parameters ¢ describing tissue microvascular
physiology, enabling the estimation of quantitative parameters from the measured signal. Different
models vary in the number of free parameters they include, with simpler models favoring robustness
and more complex models aiming for physiological detail (24). MR signal intensities are converted to
contrast concentrations through model S. The combined model A is fitted to the observed TIC.

Parameters
The most commonly used model P in practice is the Tofts model, described as
C(t) = Ktrans g—tkep 4 Ca(t)

where C(t) and C,(t) are concentration-time curves in the tissue and feeding artery, respectively, and
K" and ke, are the parameters ¢ (31,32). The transfer constant K" describes the rate at which a
contrast agent leaks from the vascular space to the extravascular extracellular space (EES) [min™]. Itis
a combination of perfusion and vascular permeability, depending on vascular status (33). K" is
expected to increase in the presence of inflammation (24). The rate constant ke, describes the leakage
from the EES back into the vascular space [min™] (24). ke, itself is not directly related to tissue
physiology (33). It is defined as k., = Ktrans /4. where v. is a physiological metric describing the
EES volume per unit volume of tissue [fraction] (24).

The standard Tofts model assumes a negligible amount of CA in the intravascular space, which is

invalid in many, and especially well-vascularized tissues (32). To address this limitation, the Extended

Tofts (ETofts) model adds v,, which describes the fractional blood plasma volume [fraction] (31):
C(t) = v,Ca(0) + KTms e~ther x C, (1)

vp tends to increase with vasodilation and neoangiogenesis. The DCE parameters in ETofts are listed

in Table 1 and schematically visualized in Figure 2.

Ktra'ns'> T 2

: <>vp.' .
Table 1. DCE-MRI parameters _— : _. l i, kep ; e
Symbol Parameter Unit CA . Ve . . L4
Ktrans  Transfer constant between blood plasma and EES min R i o ok s
Ve Relative volume of EES in a volume of tissue fraction _-. Sl
Kep* Rate constant between EES and blood plasma min! -
Vp Relative volume of blood plasma in a volume of tissue fraction Figure 2. Visual representation of

guantitative parameters in dynamic

* — Ktrans . _ . i -~ i
kep =K / Ve; DCE-MRI: dynamic contrast-enhanced magnetic resonance contrast-enhanced magnetic resonance

imaging; EES: extravascular extracellular space imaging. CA: contrast agent



DCE-MRI in the spine

The number of DCE-MRI studies in the non-oncological spine is limited (34—38). Two studies found a
positive correlation between intervertebral disc degeneration and perfusion of the lumbar vertebral
marrow (36) and vertebral endplate (38). None of the studies reported quantitative parameters, such
as K", Hence, it remains unclear how quantitative DCE-MRI could aid in the diagnosis of chronic non-
specific low back pain.

To recapitulate, ¥F-FDG PET detects inflammation by measuring increased glucose metabolism,
whereas DCE-MRI can uncover inflammation by quantifying changes in microcirculation. Both
functional imaging modalities could, in principle, identify inflammatory processes underlying chronic
LBP, but their relationship remains unclear. If PET/MRI and DCE-MRI provide complementary
information, their combined use could offer a more comprehensive assessment of LBP. On the other
hand, if they yield similar information, one modality might suffice, and physicians could choose the
most suitable option.

Currently, 8F-FDG PET is the more established clinical tool for imaging inflammation. The clinical
implementation of DCE-MRI has been confined mostly to the oncological domain (39-42). Each
technique carries trade-offs: PET offers high sensitivity for metabolic changes, but involves ionizing
radiation, high costs, and relatively low spatial resolution. Choosing DCE-MRI would allow the use of
just one imaging method (MRI), but this technique is technically challenging, due to sensitivity to
model parameters (e.g. AIF), noise and motion artifacts (26,32,43). Furthermore, the intravenous
administration of contrast agents is generally well-tolerated, but holds risks related to allergic
reaction, kidney failure and long-term gadolinium retention (44).

Understanding whether these modalities offer distinct or redundant information could help optimize
imaging strategies for chronic LBP patients. Furthermore, the hypothesis is that PET/DCE correlations
may differ depending on tissue-specific physiology and vascularization, so the imaging method may
be tailored to the clinical indication.

Objectives

This study aims to investigate the correlation between quantitative PET and DCE-MRI parameters in
patients with chronic low back pain. The secondary objective is to determine whether and how these
correlations vary across different anatomical structures of the lumbar spine.

Methods

Patients

Imaging data were retrieved from a subset of the AMPHIBI trial data (19). This dataset includes
patients aged 18-75 years with chronic LBP (> 3 months, numeric pain rating scale > 6). Included
patients received at least three months of conservative treatment according to Dutch guidelines (45),
without improvement of symptoms (see Appendix A for all in- and exclusion criteria in the AMPHiBI
trial). The current study included AMPHIBI patients who underwent baseline PET/MR imaging
between May 2022 and March 2025. All images were visually checked for image quality. Patients were
excluded in case of technical failure during acquisition or extensive artifacts. Inability to follow
anatomic boundaries in a scan was also a reason for exclusion.



Image acquisition

Patients underwent whole-body PET/MR imaging with dedicated spine and (dynamic) contrast-
enhanced sequences. Imaging was performed on a clinical 3T PET-MRI system (SIGNA PET/MR, GE
Healthcare, Waukesha, WI, USA). Sequences relevant to this study are described below.

PET

Patients were required to fast for at least six hours before PET imaging. Acquisition started 55-70
minutes after the injection of 0.033 MBq/kg? *®F-FDG (Fig. 3a). The whole body was imaged in 8-10
bed positions, with 3 minutes per bed position. Images were reconstructed using a Bayesian penalized
likelihood algorithm (i.e. block-sequential regularized expectation maximization) with a B (beta)
penalization factor of 450 (46). The field of view was 600x600x120 mm per bed position, with a pixel
spacing of 2.34x2.34 mm and a slice thickness of 2.78 mm. MR-based attenuation correction was used
in PET post-processing.

MRI

Simultaneously with PET imaging, whole-body T1-weighted images (T1w, Fig. 3b) were acquired at
each bed position using a fast spoiled gradient echo (SPGR) pulse sequence and two-point Dixon image
reconstruction for fat-water separation. The following acquisitions were performed in the lumbar
spine and pelvis: Axial DESS (Double Echo Steady State) images were acquired for anatomical
evaluation (Fig. 3c). Next, pre-contrast DISCO (DlIfferential Subsampling with Cartesian Ordering)
imaging was performed with a fast SPGR readout at flip angles 2° and 6° and two-point Dixon for
subsequent T1 mapping (47). DISCO uses a three-dimensional SPGR with variable density pseudo-
random k-space segmentation for increased acquisition speed (48). Both pre-contrast acquisitions
were imaged with 6 frames at an interval of 2.8 seconds. B1 mapping was obtained using a gradient
echo pulse sequence and Bloch-Siegert frequency shift (49). Dynamic contrast enhancement was
measured using a DISCO imaging sequence at a 12° flip angle, hereafter referred to as the DCE image
(Fig. 3d). DCE was acquired following an injection of 0.1 mL/kg body weight Gadolinium-based contrast
agent (Gadovist, Bayer, Leverkusen, Germany) at 1.0 mL/s administration rate and a 15 mL saline flush.
To capture early enhancement, 20 wash-in phases were recorded with a high temporal resolution of
2.7 seconds per phase. The following 35 phases were taken with a 12.9 second interval, leading to a
total of 55 frames in 8m:22s. MRI pulse sequence details are provided in Table 2.

a '8F-FDG PET b Tiw ¢ DESS d DCE-MRI

1 1.5 2 25 3SUV
Figure 3. Coronal slices of images included in the PET/MRI acquisition protocol. The arrow indicates lumbar vertebra L5. a) 18F-FDG PET:
18F-Fluorodeoxyglucose positron emission tomography; b) T1w: T1-weighted fast spoiled gradient echo sequence, water image; c) DESS:
double-echo steady-state; d) DCE-MRI: dynamic contrast-enhanced magnetic resonance imaging, water image



Table 2. Magnetic resonance imaging acquisition parameters

TR TE FA Acquisition FOV Image Slice thickness

Purpose Sequence [ms] [ms] [°] matrix [mm] matrix [mm] NEX
Anatomical o, o 5.1 1.8 15  356x356x120* 420x420x240*  512x512 2.0 1.0

evaluation

Anatomical oo 210 67/353 30 512x512x250  500x500x500  512x512 2.0 1.0

evaluation

B1 mapping Ecrsg'e”t 23.0 11.8 10 64x64x18 500x500x180  64x64 10.0 1.0

DCE imaging  DISCO 3.6 1.7  2/6/12 164x164x64** 500x500x192**  256x256 3.0 0.7

* Per bed position, 8-10 bed positions were acquired in PET/MR imaging. ** Number of slices was 60-66 in dynamic imaging. TR:
repetition time; TE: echo time; FA: flip angle; FOV: field-of-view; NEX: number of excitations; FSPGR: fast spoiled gradient echo; DESS:
double-echo steady-state; DISCO: differential subsampling with Cartesian ordering; DCE: dynamic contrast-enhanced

Image evaluation

PET/MR images were examined by a team of at least one nuclear medicine physician and one
musculoskeletal radiologist, who reported imaging findings for clinical use and research purposes. The
reports focused on identifying possible pain generators, based on PET findings, anatomical MRI and
post-contrast MRI, but excluding DCE information. Their findings were considered as ground truth.

Image processing

The images were processed and analyzed using in-house developed software (SPARCK, Fig. 4) in
MATLAB (Version 8.6.0, R2015b (50)). The existing SPARCK pipeline was extended with image
registration, PET post-processing, data extraction and statistical analysis. Segmentations were
performed in ITK-SNAP (Version 2.4.0 (51)), an open-source software application used for medical
image segmentation. Image processing for each patient is described below. Successful completion of
each step was verified by visual inspection.

Motion correction

The DISCO sequences were motion corrected by means of a Rigid groupwise registration method using
the Elastix toolkit (Version 5.0.1 (52)). The groupwise method ensures equal weights of each image in
the time series, to account for varying contrast intensity ranges due to the passing contrast bolus.

Fitvolume

The motion-corrected DCE series was exported to ITK-SNAP. Here, a fitvolume was segmented, which
contained the lumbar spine, paravertebral muscles and sacroiliac joints, with a positive margin of
approximately 1.5 cm. The fitvolume is used for T1-mapping and quantitative analysis.

T1-mapping

The first four frames of the DCE sequence were separated as the mask phase, where the contrast
agent has not yet entered the imaging field of view. This mask was used, along with the two other
DISCO sequences with flip angles 2° and 6° and the B1-map, to fit the T1 map in the fitvolume (53).
The T1 map provides native T1 relaxation times in each voxel, i.e. before contrast enhancement.

Quantitative analysis

Arterial input function

The population-based AIF by Parker et al. was used to analyze the fitvolume (25). This model provides
a high-temporal-resolution standardized AIF, improving the reproducibility of DCE-MRI modeling.



Pharmacokinetic modeling
The time-intensity curve for each voxel in the fitvolume was analyzed with the Extended Tofts model
to obtain quantitative parameters K", kep, and v, (31).

Conversion of signal intensity to contrast concentration

Signal intensities were modeled using a standard SPGR signal equation, with one free parameter
& = §,. Sois the pre-contrast signal intensity estimated from the T1 map. The model was then inverted
to obtain T1 relaxation times, which were further converted into contrast agent concentration C(t)
using the known relaxivity of the CA (30). Maximum likelihood estimation was used to determine
model parameters , x, and ¢ with the constraints provided in Table 3.

Table 3. Parameters, units and constraints applied during pharmacokinetic modeling

Parameter Ktra"s [min] Kep [min] v, [fraction]
Lower bound optimization 0 0 0

Lower bound initialization 0.01 0.01 0.001
Upper bound optimization 0.5 0.5 0.001
Upper bound initialization 1 2 0.2

Step size 0.0002 0.01 0.0001

SUV conversion
PET activity images were converted to SUV by the following equation implemented in SPARCK:

A e—lt
SUV = Acfe™ BW
Dinjected

where A, is the activity concentration in [Bg/mL], Dinjected is the injected dose in [Bq], which should be
corrected for natural decay at time t after injection and the decay factor A = log2 / Ty ,. The time
point used was at the start of the PET acquisition. The half-life T;., of radioisotope ¥F is 109.77
minutes. The activity was normalized by multiplying by patient’s body weight BW in grams.

Image registration
PET and DCE scans must be coregistered in order to compare parameters within the same regions. In
general, medical image registration can be performed using rigid, affine, or nonlinear (deformable)
transformations (54). In this study, rigid registration was chosen because all images were acquired in
the same scanning session, minimizing large misalignments, and because the anatomical structures of
interest are relatively rigid, reducing the need for more complex transformations. Rigid registration
involves the modification of the image-to-world transform (i2w), which defines the mapping from
image coordinates to world coordinates. The i2w is defined by:

e Origin: the world coordinates of the first voxel, often the upper-left voxel of the first slice;

e Orientation: two orthogonal direction cosines defining the rotation of rows and columns in

world space;
e Spacing: voxel size in mm along each axis.

Since PET images were acquired simultaneously with Tiw MR images, the superior spatial resolution
and anatomic detail of Tlw can be leveraged for registration. Typically, the initial spatial alignment
between images is preserved via metadata stored in the image headers. In some patients, initial
alignment was lost, possibly due to technician intervention during scanning. For these cases, a bony
anatomical landmark was manually identified in both image sets. The translation between these
points was calculated and applied to the i2w of the Tlw and PET images.



Subsequently, all TAlw images were rigidly registered to the DCE images using an Euler transform. In
this step, the rigid body transformation was applied directly to the i2w transformation matrix, without
resampling to preserve the original spatial resolution and fine anatomical detail of the MR images. The
transformation was then applied to the SUV-converted PET image. This time, resampling was
necessary to match the spatial resolution of DCE images, and B-Spline interpolation was used to
preserve smoothness of the image (55). For anatomical guidance during segmentation, DESS images
were also rigidly registered to DCE without resampling.

SPARCK ITK-SNAP
Tiw
Motion correction #| Fitvolume segmentation
! ® ®
Bl .
T1 mapping 4
L 4 .

Quantitative analysis
AlF
Pharmacokinetic modeling
SI-CC conversion

: o
SUV conversion
v .
Image registration > ROl segmentation
| eo@ 'YX
Parameter analysis |«
o0

Figure 4. Schematic overview of the SPARCK pipeline. TIw: T1-weighted magnetic resonance imaging
(MRI); DISCO: Dlfferential Subsampling with Cartesian Ordering; DESS: double-echo steady-state MRI;
PET: positron emission tomography; DCE: dynamic contrast-enhanced MRI; AIF: arterial input function;
SlI: signal intensity; CC: contrast concentration; SUV: standardized uptake value; ROI: region of interest

Image analysis

Regions of interest
Regions of interest (ROIs) were manually segmented by the first author in ITK-SNAP, following training
by the reporting radiologist (RH). Segmentations were reviewed in consultation with RH to reduce

observer-related errors.

In ITK-SNAP, the mask phase of the DCE series was used as base layer, ensuring equal spatial resolution
of the segmentations and the parameter maps. The registered and resampled PET image was loaded
as overlay and scaled to 1-3 SUV, corresponding to the settings of the reporting physicians. Registered
T1w and DESS images were additionally loaded for anatomical reference. ROIs were confined within
anatomical boundaries to analyze PET/DCE correlations for different structures of the spine. The
following anatomical structures in spinal levels L1 through S1 were investigated: spinal canal, lateral
recess, neuroforamen, extraforaminal nerve, facet joint space, perifacet region (containing synovium),
intervertebral disc, and interspinous tissue.



Lesion selection was based on PET findings, as this is the reference standard modality. Areas of
increased F-FDG that were mentioned in the conclusion of the radiologic reports were segmented.
Contrast-enhancement findings were not considered during segmentation to avoid biasing the
PET/DCE correlation analysis. Reference ROIs were drawn in anatomical structures corresponding to
segmented lesions, either contralaterally or at a different lumbar level. These regions were not
segmented in a one-to-one ratio with lesions. Instead, an arbitrary number of reference ROIs was
created to capture representative values from anatomically corresponding but PET-negative regions,
thereby creating a wider distribution of parameter values for analysis.

Quantitative parameters

Parameters were extracted from ROls using custom-developed additions to SPARCK. Preliminary data
were visualized in histograms to inspect distributions. DCE parameters K", ke, and v, displayed right-
skewed distributions, thus median values were extracted. In conventional DCE analyses, median
values are typically derived from regions showing strong contrast enhancement (38,39,56-58). In this
study, however, ROIs were defined by ®F-FDG uptake, which may cover relatively large heterogeneous
areas. This could artificially lower the DCE medians. However, maximum values in DCE are highly
susceptible to noise, poor model fitting, and motion artifacts (26). To capture focal abnormalities more
reliably, peak values (e.g. K"™",.k) Were calculated as the average of the maximum voxel and its
surrounding 3x3x3 cube (approximately 1.0 mL volume as recommended by the European Association
of Nuclear Medicine for PET imaging (59)). Voxels outside of the ROl were not included in the
calculation.

For PET, standardized uptake values were normally distributed, therefore both mean and maximum
SUV (SUVmean and SUVnax) were extracted. Although SUVn. is also sensitive to noise, it remains the
established clinical standard and was thus reported rather than SUVpeax.

Statistical analysis

All statistical analyses were also performed in SPARCK. Grouped PET parameters were reported as
mean and standard deviation (SD), and DCE parameters as median and interquartile range (IQR) based
on their respective distributions.

For improved statistical robustness, lesion and reference ROIs from several structures were combined
based on anatomical coherence:

e Facet joint space and perifacet region were combined as ‘facet joint’;

e lateral recess, neuroforamen, and extraforaminal nerve were grouped as ‘nerve root’.

Correlations between PET and DCE parameters were assessed by fitting a linear mixed-effects model
(LME) (60), described as
y=XB+Zb+¢
where y is the response vector (e.g. K™ nedian), X is the fixed-effects matrix (e.g. SUVmayx), and B is the
model slope, reflecting the relationship between the response and fixed effects. The term Zb refers to
the random effects matrix and € describes the residual error, which includes noise. In our analysis, a
random intercept per patient was included to account for subject-level variation. DCE parameters
were strongly skewed, so all variables were rank-transformed, yielding a nonparametric Spearman-
style correlation. The fitted slopes (p;yr = B) reflect the direction and strength of rank-based

correlations, corrected for repeated measures.



In an additional analysis, correlations were explored using repeated measures correlation (rmcorr) on

ranked data (61). Rmcorr is similar to the Pearson correlation, but adjusted for within-subject

variability by subtracting the subject mean from each data point (analysis of covariance). The

correlation coefficient Prm ranges between -1 and 1:
ZXCYC

p ——————————————
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where X and Y. are within-subject centered ranks.

Correlations were explored across all ROls combined and within each anatomical structure. For each
structure, twelve models were fit to test associations between rank-transformed mean and maximum
SUV, and median and peak K", ke,, and ve. The significance threshold @ = 0.05 was Bonferroni-
corrected to 0.0042 for multiple comparisons. Scatter plots of raw (non-ranked) K" edian and SUVmax
were shown, as these are clinically the most common parameters. Linear trend lines in scatter plots
are shown for visualization purposes only and were not used for statistical inference.

Results

Data selection

Figure 5 shows the data selection Bacolne scans botwean | Excluded from pharmacokinetic analysis (n=5)

May 2022 and March 2025 . Sc_ans unavailable {n='2.) )

(n=38) + Failed DCE-MRI acquisition (n=1)
» Extensive fat/water swaps (n=1)
" * Motion correction failed (n=1)

schematically. Baseline PET/MR images of

38 patients were collected from the
AMPHIBI trial dataset. Five patients were 1

Excluded from ROl segmentation (n=10)
Misregistration due to pelvic rotation (n=2)
Non-orthonormal error (n=3)

Failure to correct initial misalignment (n=1)
Postoperative anatomy unsuitable for ROl
segmentation (n=1)

No ROIs within criteria (n=2)

Not processed due to time constraints (n=1)

excluded because of technical failure: two | 3cans pharmacokinetically
analyzed (n=33)

patients had DISCO sequences with

complete fat/water swaps, and their water

images were missing; one patient was Seans included In final
analysis (n=23)

.

excluded due to failed DCE acquisition; one

patient was excluded due to multiple Figure 5. Data selection pipeline. DCE-MRI: dynamic contrast-

. . enhanced magnetic resonance imaging; ROI: region of interest
fat/water swaps across the lumbar spine in
multiple phases of the dynamic series which could compromise pharmacokinetic fitting; and one
patient was excluded because motion correction in SPARCK was failed due to inconsistent image-to-

world transform metadata of the DCE series had. The remaining 33 scans were processed with ETofts.

In further analysis, six scans were excluded because PET/DCE registration failed: in two cases due to
rotation of the pelvis, preventing accurate rigid registration; three images could not be loaded into
ITK-SNAP due to non-orthonormal direction coefficients*; in one case, the PET image failed to align
while correcting initial misalignment. In one patient, anatomical bounds could not be maintained due
to extensive deformations following surgery. One scan was not processed due to time constraints.
Finally, 23 scans were included for ROl segmentation and parameter extraction. Among included
patients, 15 (65%) were female, mean age was 49.5 years (SD 13.4) and average body mass index was
26.66 (SD 3.94). Maximum perceived pain score was on average 7.87 (SD 1.26) as reported on the
numeric rating scale.

* An orthonormal direction matrix contains vectors which are perpendicular to each other (orthogonal) and
each vector has a length of one (normalized).



Regions of interest

Segmentation characteristics regarding numbers  Table 4. Number (lesions / references) and size (median

and size are provided in Table 4. The sizes were _(interquartile range)) of regions of interest.

reported as median (IQR) based on their right- Number Size [mm’]
Total 179 (104 /75) 331.87 (400.53)
skewed distribution. Briefly, 179 ROIs were Spinal canal 12(8/4) 343.31 (703.79)
obtained, of which 104 lesions and 75 reference Lateral recess 14(7/7) 68.66 (34.33)
regions. On average, there were 4.5 (range 1-12)  Neuroforamen 17(9/8) 91.55 (54.36)
lesions and 3.2 (range 1-6) references per patient.  EXtraforaminalnerve 10(5/5) 97.27(57.22)
. . . Facet joint space 28 (14 / 14) 440.59 (331.87)
Most ROIs were located in the perifacet region Perifacet region 51(31/20) 446.31 (452.03)
(N=51), followed by the facet joint space (N=28)  |ntervertebraldisc ~ 26 (15/11)  400.53 (286.09)
and the intervertebral disc (N=26). Median size of  Interspinous tissue 21 (15/6) 389.09 (317.57)

all ROIs was 331.87 mm?® (IQR 400.35). ROIs in
structures of the nerve root (median 68.66-97.27 mm?3) were generally smaller than in other
structures (median 343.31-446.31 mm?3).

Parameter values

PET and DCE parameters for lesions and references in all ROIs and per anatomical structure are
provided in Table 5. Generally, SUV, K", and v, values tended to be lower in the reference regions
compared to lesions, while ke, appeared higher in reference ROIs. One anomaly was the nerve root,
where median and peak K" values tended to be higher in the reference regions than the lesions.

Among structures, the interspinous tissues appeared to have the highest SUVnmay in both lesions (2.77
+0.55) and reference regions (1.47 +£0.26). In lesions, K" .qian tended to be highest in the facet joints
(lesions 0.080 min! (0.054)). Reference ROIs across the facet joint and nerve root displayed similar
values of K" egian (0.054 min™ (IQR 0.033 and 0.056, respectively)). Vp median Which seemed the highest
in the nerve root lesions (0.021 (0.015)) and facet joint references (0.014 (0.006)). Finally, kep,median
appeared the highest in lesions and references of the intervertebral disc (0.230 min? (0.233) and 0.544
mint (0.914), respectively).



Table 5. PET (mean * SD) and DCE-MRI (median (IQR)) parameters.

Ktrans [min] vp [fraction] kep [Min]
ROI type Mean Max Median Peak Median Peak Median Peak
All Lesion (N=104) 1.84+0.37 2.38+0.68 0.057 (0.055) 0.096 (0.165) 0.014 (0.013) 0.023 (0.020) 0.141(0.201)  0.341(0.401)
Reference (N=75) 1.06 +0.23 1.34+0.26 0.040 (0.050)  0.076 (0.104)  0.012 (0.009)  0.019 (0.018)  0.167(0.238)  0.445 (0.621)
Structures
Spinal canal Lesion (N=8) 1.71+0.14 2.09+0.34 0.020 (0.094)  0.053(0.236)  0.008 (0.006)  0.012(0.014)  0.218(0.256)  0.410 (0.376)
Reference (N=4) 1.11+0.22 1.39+0.20 0.006 (0.003)  0.007 (0.014)  0.004 (0.003)  0.007 (0.004)  0.063 (0.110)  0.248 (0.584)
Nerve root Lesion (N=21) 1.68+0.27 1.94 +0.33 0.043 (0.045)  0.054 (0.059)  0.021(0.015)  0.022(0.017)  0.141(0.121)  0.204 (0.196)
Reference (N=20) 1.22+0.17 1.38+0.23 0.054 (0.056) 0.071 (0.075) 0.011 (0.008) 0.015 (0.009) 0.160 (0.206)  0.295 (0.269)
Facet joint Lesion (N=45) 1.77+0.33 2.40+0.64 0.079 (0.054) 0.169 (0.200) 0.018 (0.010) 0.026 (0.023) 0.165(0.208)  0.456 (0.553)
Reference (N=34) 1.01+0.21 1.34+0.25 0.054 (0.032) 0.124 (0.119) 0.015 (0.006) 0.029 (0.016) 0.183(0.200)  0.637 (0.543)
Intervertebral disc  Lesion (N=15) 1.98+0.49 2.72£0.99 0.046 (0.055) 0.066 (0.146) 0.011 (0.009) 0.016 (0.020) 0.230(0.233)  0.390(0.271)
Reference (N=11) 0.84+0.19 1.22 +0.35 0.006 (0.008)  0.014 (0.006)  0.009 (0.005)  0.010(0.005)  0.544(0.914)  1.029 (1.023)
Interspinous tissue  Lesion (N=15) 2.20+0.32 2.77 £ 0.55 0.053(0.029)  0.094 (0.077)  0.007 (0.009)  0.014(0.020)  0.056 (0.077)  0.162 (0.351)
Reference (N=6) 1.18+0.17 1.47 £ 0.26 0.039 (0.033)  0.050(0.051)  0.007 (0.007)  0.016 (0.009)  0.090 (0.154)  0.229 (0.430)

PET: positron emission tomography; SD: standard deviation; DCE: dynamic contrast-enhanced magnetic resonance imaging; IQR: interquartile range; SUV: standardized uptake value;

ROI: region of interest



Correlation between DCE-MRI and PET parameters

The LME-based correlation matrix of ranked data across all ROIs, and the distribution of raw (non-
ranked) values of SUVmax and K™ .qian are shown in Figure 6. We observed moderate significant
correlations between metrics of K" and SUV, which was strongest for K" egian and SUVmean (0115 =
0.37, p = 0.000). There were also weak but significant correlations between v, metrics and SUV
metrics. The correlation between vy peak and SUVmean Was not significant after Bonferroni correction.
The observed negative correlation between Keppeak and SUVmean (ppm5 = -0.18, p = 0.0140) was no
longer significant after correction.

In the spinal canal (Fig. 7), K" 52 Was strongly correlated with SUVmax (o = 0.80, p = 0.0009).
Before Bonferroni, there were also significant correlations between K""seax / SUVmean (ppmEg = 0.73,
p =0.0043), and K" nedian / SUVmax (o me = 0.52, p = 0.0494). Vp peak and Kep,median Showed moderate-
to-strong positive correlations with SUV metrics before correction. Loss of significance may be due to
low statistical power in this group, with just 12 data points across four patients.

In the nerve root (Fig. 8), Vpmedian Showed a coefficient of p;r = 0.30 with both SUVmean and SUVmax.
These correlations were not significant after Bonferroni correction (p = 0.0477 and 0.0439,
respectively). All other DCE parameters showed no correlations with SUV metrics.

All K@ and SUV metrics were weakly correlated in the facet joint (Fig. 9). The strongest correlation
was between K™ egian aNd SUVmean (0 = 0.36, p = 0.0005). The weak correlations between K" pe.¢
and SUV metrics were not significant after Bonferroni correction. vp median Was weakly correlated with
SUV metrics before Bonferroni correction, while v, peak sShowed no correlation to SUV metrics. There
were no significant correlations between ke, metrics and SUV metrics.

In the intervertebral disc (Fig. 10), we observed strong correlations between K" egian / SUVmean, and
K peak @and SUV metrics (pmg = 0.75, p = 0.0000 for all), and a moderate correlation between
Kt median and SUVmax (o pg = 0.55, p = 0.0025). SUV metrics were also strongly correlated with vp peak
(pLmE = 0.63, p £0.0006). Median v, was moderately correlated with SUVmean before correction, but
not with SUVmax. There were no significant correlations between ke, metrics and SUV metrics.

K" and SUV metrics showed moderate correlations in the interspinous tissue (Fig. 11), which was
strongest between K™ ,eac and SUVmax (ppme = 0.52, p = 0.0111). These correlations were not
significant after Bonferroni correction. There were no correlations between SUV and v, or kep. With 21
data points across eight patients, this group may also be underpowered.

Results from the rmcorr analysis were added in Appendix B.
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Discussion

This is the first study to perform pharmacokinetic modeling of the entire lumbar spine and
quantitatively evaluate the correlation between DCE-MRI and *®F-FDG PET parameters. Understanding
the correlation between quantitative markers of inflammation from the two imaging techniques may
uncover more information about the pathophysiology of pain. Furthermore, this could help physicians
choose the appropriate imaging modality to uncover the pain source in patients with chronic low back
pain.

We observed weak positive correlations between all metrics of K" and SUV when analyzing all ROls
collectively. These findings suggest that areas in the lumbar spine with higher 8F-FDG uptake may also
exhibit increased perfusion and/or vascular permeability. This aligns with the understanding that both
increased glucose metabolism and altered microcirculation are characteristic features of
inflammatory processes (15,62). Although DCE-MRI and ®F-FDG PET provide similar insights into
inflammatory activity, the modest correlation strength implies that each modality may capture distinct
underlying biological mechanisms. Consequently, these imaging techniques should currently not be
viewed as interchangeable tools for identifying potential pain sources.

There were also weak correlations between SUV and v, metrics in all ROls, suggesting that higher 8F-
FDG uptake in a tissue corresponds with higher blood plasma volumes. After correcting for multiple
comparisons, there were no significant correlations between ke, and SUV metrics, suggesting there is
no connection between the rate constant and 8F-FDG uptake in the lumbar spine. However, issues
with fitting and interpretation of v, and ke, are common in DCE-MRI. The parameter v, is often
considered unreliable due to low signal-to-noise ratio, especially in poorly vascularized tissues (32).
Furthermore, stability of the estimation of ke, requires scanning times of up to 15 minutes (63).
Therefore, the results found with these parameters should be interpreted with caution.

Since microcirculatory traits vary across tissues (23,62), PET/DCE correlations were also investigated
in anatomical structures separately. Positive correlations between SUV metrics and K" metrics
seemed strong in the intervertebral disc, and moderate in the spinal canal and facet joints. In contrast,
no significant correlations were observed in the nerve root and interspinous tissue. In the nerve root,
all LME model slopes were low (p; 5 < 0.30). This could indicate that PET and DCE may reflect distinct
aspects of inflammation, or that F-FDG uptake in nerve roots may be driven by metabolic processes
unrelated to inflammation. Although the correlations in the interspinous tissue were also non-
significant, the LME slopes were moderately high (p;yr = 0.42-0.52). This may indicate a true
relationship that was underpowered for detection. Our findings support the idea that imaging markers
of inflammation may correlate differently across specific spinal structures and the preferred imaging
modality could be tailored to the suspected pain source, but larger studies are needed to confirm the
observed correlations.

Few studies have evaluated quantitative parameters of DCE-MRI in the central and peripheral nervous
system. Our findings of K" .eqian in the spinal canal and nerve root are in line with previously reported
values of K" in the spinal cord of rats (64), and peripheral nerves in diabetic patients (65),
respectively. The difference between K™ egian/SUVmean and K" ea/SUVmax correlations in the spinal
canal was notable. Upon inspection of the ROIs on DCE parameter maps, spillover of high values from
adjacent vertebrae was observed, rendering peak and maximal metrics less reliable here. This effect



was previously described by Patel et al. (66), who suggest normalization against bone marrow uptake
as a solution.

Lesions in all structure types tended to show higher K" values compared to the reference ROls,
except in the nerve root. K" in nerve root lesions tended to be lower compared to reference ROls
(Kt edian 0.043 min~t (0.045) vs. 0.054 min™ (0.056)). Similarly, Jende et al. reported reduced K™ in
peripheral nerves of type Il diabetic patients with diabetic neuropathy (DN) compared to those
without DN (0.037 min~* + 0.010 vs. 0.046 min™ + 0.014) (65). Endothelial damage is thought to reduce
vascular permeability, contributing to nerve ischemia and subsequent nerve injury. Damage to the
endothelial cells lining blood vessels has also been associated with chronic inflammation
(23,62,65,67). These findings raise the possibility that reduced perfusion, rather than increased
permeability, may underlie pathophysiological changes associated with inflammation or pain in spinal
nerve lesions.

To our knowledge, no perfusion studies of the facet joint exist. Other synovial joints, including the
knee and wrist, may serve as a model. Median K" values across our facet joint lesions and references
(0.079 and 0.054 min) were higher than those reported in rheumatoid arthritis of the wrist (~0.010—
0.040 min)(56), osteoarthritic knees (~ 0.035 min) and healthy knees (~ 0.020 min?)(57). This may
be explained by differences in ROl segmentation. The studies mentioned only considered enhancing
areas of the synovium. In our study, the boundaries of the articular processes were considered part
of the ‘facet joint’ entity, therefore the joint segmentations included some bony tissue. Bones are
known to be highly vascularized (68). Furthermore, vertebral bone and subchondral bone have shown
short time to peak enhancement, suggesting high perfusion (69). Our findings of moderate
associations between K'™@" and SUV in the facet joint are in line with previously described co-
localization of elevated ®F-FDG uptake and high rate of early enhancement in inflamed synovia
(56,70).

Nutrient supply to the disc occurs primarily via diffusion from the adjacent vertebral endplate rather
than vascular perfusion (71). Therefore, previous DCE-MRI studies have investigated perfusion of the
vertebral endplate and subchondral bone as indirect markers of disc physiology (38,72). Vascular
ingrowth has been described in herniated discs (73), although this effect may be localized and not
accountable for generalized correlations across the disc (74). We found strong correlations between
metrics of SUV and both K™ and v, in the intervertebral disc. However, contamination from the
vertebral bone was also observed. The results should be interpreted with caution and confirmed with
larger studies.

Degeneration of the interspinous ligament has been associated with vascular invasion (75), but we
found no correlations between v, and SUV metrics in tissue. The observed moderate correlations
between K" and SUV were not significant after correcting for multiple comparisons, but this may be
the result of low statistical power, rather than underlying physiology. Unfortunately, we found no DCE-
MRI studies of the interspinous tissue to corroborate our findings.

Direct quantitative correlations between DCE and PET parameters are seldom reported in literature,
as most studies focus on diagnostic outcomes. To our knowledge, the only other paper that directly
compared DCE and PET quantitative parameters in the spine is by Zhang et al. (39) in spinal tumors.
Across malignant, borderline, and benign tumors, they found no significant correlations between
SUVmax and both K and kep. In a study of combined ®F-FDG PET and DCE-MRI in atherosclerosis,
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Truijman et al. (58) reported a weak but significant correlation between inflammation as measured by
increased F-FDG uptake and neoangiogenesis quantified by K™, The shared conclusion across these
studies is in line with ours, suggesting that the lack of a strong correlation could indicate the
complementary roles of DCE-MRI and PET.

Limitations

DCE-MRI

DCE-MRI presents inherent limitations related to both pharmacokinetic modeling and acquisition
parameters. By considering v,, the extended Tofts model is more accurate in highly perfused tissues
than the standard Tofts model. On the other hand, ETofts may be more susceptible to fitting errors
due to increased complexity (31,32). Since vascularization is expected to increase in inflamed tissue,
ETofts was deemed the most appropriate choice for this study. However, in poorly vascularized
regions such as the intervertebral disc and spinal canal, this model may introduce greater uncertainty
(32). Findings must be interpreted with caution due to the potential unreliability of the model in these
regions. In future studies, tailoring the pharmacokinetic model to the vascular characteristics of each
tissue could improve accuracy but would increase processing time. By contrast, the current single-
model approach of the entire fitvolume provides efficiency and allows post-hoc analyses across
multiple structures.

Furthermore, the use of a literature-based population AIF may lead to systematic errors in parameter
estimation. While a subject-specific AIF accounts for intersubject variability, it can also introduce noise
and variability in parameter estimation (25). Given the diversity of tissue types analyzed in this
exploratory study, the use of a standardized AIF was considered appropriate to enhance robustness
and reproducibility across subjects.

Segmentation

Some uncertainty in ROl segmentation arose from both technical and methodological challenges. The
spatial resolution of the dynamic images was impaired by a large field of view in dynamic sequences
combined with high temporal resolution required to capture early enhancement (26). The voxel
volume in DISCO sequences was approximately 11.44 mm?3, which introduces a significant partial
volume effect. This complicated segmentation accuracy and may lead to inaccurate estimation of
enhancement parameters, particularly in small structures.

Given the clinical context of chronic low back pain, it is not unexpected that patients may shift
positions between scans to alleviate discomfort. For example, pelvic rotation was observed when a
patient placed an arm beneath their right hip. Patient motion results in spatial misalignments between
scans, for which rigid registration was employed. This method is robust, but it does not account for
local deformations or more complex patient movements. Consequently, regional misalignments may
persist, introducing uncertainty in the anatomical localization and accuracy of segmentations,
especially in small structures like the nerve root. An affine registration would have been more
appropriate, as it can compensate for translation, rotation, scaling, and shearing (76). However, affine
transforms can produce images with non-orthonormal direction matrices, which are not supported by
ITK-SNAP. For practical reasons, transitioning to a different segmentation platform was not feasible,
and rigid registration was ultimately chosen as a compromise between robustness and practicality.
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Future work should focus on enhancing segmentation reliability. Improving the image quality is a
difficult task given the challenges that come with dynamic imaging. Reducing the field of view could
improve spatial resolution while preserving temporal resolution, although smaller voxels may lead to
a lower signal-to-noise ratio. Furthermore, deformable registration methods (and supporting
segmentation software) or motion-reducing positioning aids during acquisition are recommended to
minimize misalignments and improve segmentation reliability.

Peak metric

K'a"s js typically reported as the median across a region because this is less sensitive to outlies and
better represent non-normally distributed data. However, the median may obscure focal
abnormalities of potential clinical relevance, especially in large or heterogeneous ROIs. For example,
in Figure 12, a perifacet lesion demonstrated focally increased K" compared with diffusely increased
SUV in the synovium.

To capture focal increases while avoiding noise sensitivity of maximal values, we reported 1 mL peak
values. This peak metric also has limitations. Due to small and irregularly shaped ROls, the theoretical
voxel count for a peak mask (27) was not consistently met. In practice, the average number of voxels
contributing to the peak value was only 8 (SD 3.7), which may reduce comparability across ROls and
limit interpretability. Furthermore, the peak metric is still susceptible to spillover from adjacent
tissues. This effect was seen in the spinal canal and the intervertebral disc, and could have occurred
in other structures. Using a negative marging during segmentation could reduce this error, but this
would substantially reduce the ROl size.

.
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Figure 12. Example lesion ROI (red contour) in the right perifacet region at level L4/L5 showing focally increased K" (left)
versus diffusely inreased SUV (right). Parameter maps are shown as overlay images on the DESS scan. ROI: region of interest;
SUV: standardized uptake value; DESS: double-echo steady-state
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Reporting both mean/median and peak/maximum values can provide insight into parameter
distributions. Across all ROls, the relative difference between K" egian and K" pea was 71%, while
the difference between SUVmean and SUVmax was only 28%. This may reflect true focal increases in
perfusion/permeability (K'#"), compared to diffuse increases in glucose metabolism, focal DCE peaks
may also be the result of noise and model instability, as discussed previously. Another contributing
factor may be differences in spatial resolution. PET images initially had a lower spatial resolution than
DCE-MRI. Upsampling to a finer grid redistributes the PET signal across smaller voxels, potentially
smoothing or diluting focal uptake and artificially reducing SUVmax. By contrast, the higher native
resolution of DCE-MRI preserves local peaks, possibly exaggerating the relative difference between
K'a"s and SUV metrics.
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Lesion selection

Lesion segmentation in this study was guided by radiological reports, focusing on regions of increased
18E_FDG uptake. This approach was not only practical, given the detailed PET descriptions available,
but also clinically meaningful, as it prioritized areas potentially responsible for the patient’s symptoms.
A limitation of this PET-guided approach might be the potential underdetection of pain sources that
exhibit abnormal DCE parameters but normal 8F-FDG uptake. Vascular changes may precede immune
cell activation in early or low-grade inflammation (77), suggesting that DCE-MRI could potentially
detect lesions missed by PET. Given the technical challenges of DCE-MRI and the focus on PET/DCE
correlations, PET-guided segmentation was considered the most practical and clinically relevant
strategy.

Statistical method

Finally, we would like to address the statistical method used in this work. To assess correlations while
accounting for complexity of the data, ranked linear mixed-effects models were fitted. Ranking
provides a Spearman-like approach for skewed data. The LME incorporates patient-specific intercepts
to account for baseline differences, while estimating a fixed slope that reflects the direction and
relative strength of the correlation. Unlike Spearman’s p, this slope is not constrained between -1 and
1, which may limit its direct interpretability. Nevertheless, this general method provides insight into
associations, and can be extended with multiple predictors and covariates if desired.

We briefly explored the rmcorr method, which produces a bounded correlation coefficient that may
be easier to interpret. We observed similar results in terms of coefficients p,.,, and p;yg, but
significance levels varied notably; rmcorr generally produced higher p-values than LME. These
differences were not explored extensively due to time limitations, and more extensive understanding
of p-value computation in these methods is necessary. Future work should focus on finding the most
suitable statistical method for this complex data, and consultation with a statistician is recommended.

Future recommendations

Future studies should include asymptomatic subjects to establish a baseline of normal PET and DCE
characteristics. Such data are largely absent in the current literature, but are essential in distinguishing
physiological from pathological patterns. Furthermore, comprehensive segmentation of all spinal
structures would enable more detailed analysis of lesion distribution and tissue heterogeneity. We
have suggested that the imaging method may be tailored to clinical indication. However, more
research is needed to evaluate the predictive value of both modalities in identifying pain generating
lesions. Approaches such as applying a Z-score threshold to parameter maps could allow for unbiased
lesion identification. Cohen’s Kappa could then quantify agreement between PET- and DCE-positive
lesion maps, while ROC analysis could identify thresholds yielding optimal sensitivity and specificity
for lesion detection. However, all of this relies on the robustness of quantitative DCE implementation.

Conclusion

We investigated the correlation between quantitative parameters of ¥F-FDG PET and DCE-MRI as
markers of inflammation in the chronically painful lumbar spine. Overall, weak correlations were
found between glucose metabolism and blood perfusion parameters. Per-structure analyses revealed
strong correlation in intervertebral discs, moderate correlations in the spinal canal and facet joints,
and no correlation in the nerve root and interspinous tissue. These results suggest that the imaging
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methods capture complementary rather than redundant aspects of inflammation and that their
diagnostic value may depend on the anatomical structure under investigation. Future studies should
validate these findings in larger cohorts and establish baseline parameter values with asymptomatic

controls.
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Appendix

A) AMPHiBI trial inclusion and exclusion criteria

Inclusion criteria

e Age between 18 and 75 years

e Persisting pain, defined as (more than 3 months)

o Hip patient specific

pain in the hip region after ipsilateral hip prosthesis more than 10 months ago
patients must report an NRS scale of 3 or higher

o Low back group specific:

no improvement of symptoms after at least three months of conservative
treatment according to the Dutch guidelines for non-specific low back pain
(GP care (advise to stay active and pain medication) and exercise therapy) in
primary care.

patients must report an NRS scale of 6 or higher

in case of prior surgery: at least 10 months ago

e Eligible to undergo *®F-FDG PET/MRI
e Capable to participate in the study

Exclusion criteria

e Contra-indications for ®F-FDG PET/MRI (e.g. metallic foreign bodies, etc.)

e Known renal insufficiency

e Known allergy to contrast agents

e  Prior spinal fusion

e BMI>35kg/m2

e (Cancer

e Opioid addiction

e Metabolic disorders

e Neurodegenerative disorders

e Psychiatric disorders or severe psychological problems

e Anti-coagulation with vital medical indication

NRS = numeric rating scale

18F_FDG PET/MRI = *8F-Fluorodeoxyglucose positron emission tomography/magnetic resonance imaging

GP = general practitioner

BMI = body mass index
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B) Repeated measures correlation matrices
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Repeated-measures correlation matrix (rmcorr) on ranked data in all regions of interest combined (left) and spinal canal (right).
SUV: standardized uptake value
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Repeated-measures correlation matrix (rmcorr) on ranked data in the nerve root (left) and facet joint (right).
SUV: standardized uptake value
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Repeated-measures correlation matrix (rmcorr) on ranked data in the intervertebral disc (left) and interspinous tissue (right).
SUV: standardized uptake value
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C) Literature review

Evaluating Inflammation in the Spine with [18F]FDG-PET and
Contrast-Enhanced MRI

Josefien van den Berg
TM30001
07/02/2025

Abstract

Chronic back pain is a prevalent condition associated with a high disease burden globally. Anatomical
imaging often fails to adequately pinpoint the pain source. Low-grade inflammation may be a part of
the pathophysiology or a consequence of pain. Functional imaging techniques, such as 18F-
fluorodeoxyglucose positron emission tomography ([18F]FDG-PET) and dynamic contrast enhanced
magnetic resonance imaging (DCE-MRI), offer insights into metabolic and microcirculatory changes
that may be indicative of inflammation and pain. However, the relation between quantitative metrics
of FDG uptake and (dynamic) contrast enhancement as surrogate markers of inflammation is
unknown, leaving the question if both PET and DCE modalities are necessary. This review examines
the roles of [18F]FDG-PET and (dynamic) CE-MRI in evaluating spinal pain, and their correlation in
evaluating inflammation.
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Introduction

Chronic back pain is a prevalent condition associated with a high disease burden globally (1). Magnetic
resonance imaging (MRI) is often used in patients with longstanding back pain due to its high
resolution and anatomic detail (2—4). However, assessment of MRI images remains ambiguous, as
signal characteristics and structural features show no to weak associations to pain and lack specificity,
because structural abnormalities can also be prevalent in asymptomatic patients (3,5-8). Without an
identified pain source, therapies lack a treatment target and are often inadequate, with the risk of
unnecessary surgeries and overuse of opioids (5,9).

As anatomical imaging fails to adequately pinpoint pain generators, recent research has shifted its
focus to functional imaging techniques. 18-Fluorodeoxyglucose positron emission tomography
([18F]FDG-PET) measures tissue glycolysis and is commonly used for detection of tumors or infections.
Glucose metabolism is also increased in early stages of inflammation (9,10), and low-grade
inflammation may be an element of the pathophysiology or a consequence of chronic pain conditions
(11,12). Therefore, [18F]FDG-PET could be a useful method to detect inflammation in the context of
pain. Similarly, chronically inflamed tissues display hypervascularization to meet the increased oxygen
demand. Contrast-enhanced MRI (CE-MRI) is able to evaluate perfusion by imaging paramagnetic
contrast agents in a tissue, revealing physiological changes of microcirculation (13). Heuristic and
pharmacokinetic parameters of dynamic contrast-enhanced (DCE) MRI reflect vascular and cellular
properties of a tissue by tracking the contrast agent through repeated scans of the same tissue (13,14).

Combined [18F]FDG-PET and (dynamic) CE-MRI could complement one another by integrating glucose
metabolism and perfusion measurements to identify the source of chronic pain (2,9,15,16). The
potential of hybrid [18F]FDG-PET/MRI to reveal previously unidentified pain generators has already
been shown (2,17-19). However, it is unknown whether PET/MRI and CE-MRI are complementary
techniques, or if either modality is redundant. Moreover, the relation between quantitative metrics
of FDG uptake and (dynamic) contrast enhancement as surrogate markers of inflammation has not
been studied.

This review examines the roles of [18F]FDG-PET and (dynamic) CE-MRI in evaluating spinal pain. The
primary focus is on chronic pain, with secondary discussions on inflammatory diseases, infection and
oncology. The literature search was conducted primarily via PubMed and EMBASE using a combination
of key terms, including “contrast-enhanced MRI”, “[18F]FDG-PET”, “spine”, “pain”, “inflammation”,
and their derivatives. In addition to the database searches, citation chaining was employed to identify

relevant articles referenced in the initial retrieved papers.

Pain
Back pain is attributed to the intervertebral disc in most cases, followed by the facet joint and

sacroiliac joint (SIJ) (20). Other causes of pain are related to the nerves, compression fractures or
microfractures, inflammatory arthropathies, infections, and primary or metastasized tumors (5,21).

Neuropathy

Neuronal activity in the spinal cord requires glucose metabolism (22). In the painful spine, metabolic
demand may be increased due to hypersensitivity of neurons by long-term nociceptive stimuli (23). In
a study by Zhou et al. (24), subjects with low back pain showed higher values of normalized maximal



standardized uptake value (SUVmax) on [18F]FDG PET/CT in the spinal canal at vertebral levels T7 to
T10 than the control group. The authors stated that the increased FDG uptake observed may not only
result from inflammation but could also reflect heightened neurosensory and neuromotor activity in
the spinal cord levels associated with lower back pain (24).

Pain from an impinged or damaged nerve is thought to trigger a neuroinflammatory response (15).
The resulting hypermetabolism can be traced using [18F]FDG and complement MRI imaging, which
has a low specificity for identifying the source of radicular pain (21). Indeed, the combination of FDG-
PET and unenhanced MRI has shown increased diagnostic accuracy in chronic pain patients compared
to MRI or PET alone (4,17), although the numbers of subjects in these studies were small. In the study
by Cipriano et al. (4), five patients with spinal nerve impingement due to a herniated disc showed a
higher SUVna in the lateral recess of the painful side compared to the asymptomatic contralateral
side. Increased FDG uptake is also correlated with discomfort in patients with failed back surgery (FBS),
where nerve root or peripheral nerve entrapment are common pain sources (2,25). In a case study,
the elevated uptake was seen in an epidural scar that caused entrapment neuropathy (25).

CE-MRI was not performed in studies of neuropathic pain (2,4,17,25), so visual and quantitative
parameters of (dynamic) enhancement in the spinal cord or quantitative parameters remain unknown.
Perfusion of peripheral nerves at thigh level with DCE magnetic resonance neurography has been
investigated by Jende et al. (26) in type |l diabetic patients. They found that capillary permeability
(K@) and the volume fraction of the extravascular extracellular space (ve) in the sciatic nerve were
decreased in diabetic patients with neuropathy compared to those without neuropathy (26). Although
this study focused on peripheral nerves, applying similar perfusion assessments to nociceptive and
neuropathic lesions in the spinal canal with DCE-MRI could be a promising direction for future
research.

Osteoarthritis

Osteoarthritis (OA) was traditionally viewed as a wear-and-tear disease of cartilage, but is now
increasingly understood as a complex whole-joint disease involving cartilage, bone, and synovium. OA
is associated with pain, and low-grade inflammation plays a significant role in its pathophysiology and
progression (3,21,27).

Degenerative changes of the facet joint or intervertebral disc in OA can lead to high focal activity on
[18F]FDG-PET (5,19,21,28,29). Facet arthropathy can be detected by increased FDG uptake in the
painful facet joint (4,19). In two patients with chronic back pain, increased FDG uptake corresponded
with the pain location in the L5-S1 facet joint due to arthropathy in one patient, and the L5 pars
interarticularis due to spondylolysis in the other (4). Joint arthropathy is also a painful complication of
failed back surgery. Elevated FDG uptake in the facet joint contributed to recognizing facet
arthropathy as the pain source in five FBS patients, thereby increasing diagnostic accuracy of
[18F]FDG-PET/MRI compared to non-contrast MRI alone (2). FDG uptake has been shown in
intervertebral discs, spinous processes and facet joints in the aging spine, suggesting inflammation
plays a role in the degenerative process (29,30), but more research is needed to confirm the value of
PET for OA of the spine (28).

D’Aprile et al. (31) investigated the performance of contrast imaging in degeneration of the lumbar
spine. Here, 987 out of 2820 patients received intravenous Gd contrast because conventional MRI
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could not detect osteoarticular and/or musculoligamentous edema to pinpoint the pain source. From
these 987 patients, CE findings could either improve lesion evaluation (80%) or identify the pain source
missed from previous images (11%). Apart from improved diagnostic performance based on the
finding of disc degeneration, CE-MRI can identify bone marrow changes, discitis, synovitis,
microfractures in spondylolysis, and ligamentous stress (31). Dynamic CE-MRI has shown a positive
relation between the area under the contrast enhancement curve and disc degeneration in the
cartilaginous endplates and subchondral bone (32). This may be due to disruption of the integrity of
the bone, even from microscopic damages that precede macroscopic changes (32).

Beside disc and bone degeneration, synovitis is an important feature of OA (21,33) and is strongly
related to pain severity (34). [18F]FDG-PET and CE-MRI have demonstrated utility in assessing
synovitis in OA, although most research focused on peripheral joints rather than the spine (3). The
rate of early enhancement is positively related to microscopic inflammation in the synovial membrane
of OA knees (35). Similarly, FDG uptake was significantly elevated in the synovium and middle joint
space of painful knees compared to asymptomatic knees (36). The co-localization of increased CE-MRI
and PET parameters in the synovium of painful joints may suggest a positive correlation between these
imaging biomarkers in OA.

Combining [18F]FDG and DCE modalities, Lehman et al. (37) showed the added value of contrast
enhancement in hybrid PET/MRI imaging in 10 patients with lumbar facet joint pain. MRl images were
scored visually based on T2 hyperintensity or enhancement in osseous tissue, and edema or
enhancement in soft tissues. When assessing contrast enhanced images compared to non-contrast
MRI, the number of identified facet joints increased as well as their MRI scores. Furthermore,
increased FDG activity was highly correlated with high MRI scores (37). This could suggest a correlation
between FDG uptake and contrast enhancement in these patients, although the authors did not make
a direct comparison of the contrast and FDG results.

While the diagnostic value of [18F]FDG-PET and (CE) MRI for neuropathic and low-grade inflammatory
spinal pain conditions has been shown, previous studies have not yet investigated quantitative metrics
available from each modality. Given the limited research in this area and the idea that chronic pain
may be driven by low-grade inflammation, this review expands its focus to inflammatory diseases,
which may serve as a model for exploring quantitative parameters of PET/MRI in chronic pain
generators. After all, inflammatory diseases are often associated with pain.

Inflammatory diseases

Spondyloarthritis

Spondyloarthritis (SpA) is a family of inflammatory rheumatic diseases. Chronic back pain is the most
important symptom (38—40). Ankylosing spondylitis (AS) is a type of arthritis causing inflammation in
the spinal joints and ligaments and is a key presentation of axial SpA, whereas peripheral
spondyloarthritis includes psoriatic arthritis, reactive arthritis, arthritis associated with inflammatory
bowel disease, and undifferentiated peripheral SpA (38,39,41). Despite some overlap between axial
and peripheral spondyloarthritis, and the peripheral subtypes may also show axial involvement (39),
this review limits its focus of rheumatic disease to axial SpA. As SpA involves inflammation of the joints,
diagnostic imaging can target such inflammatory patterns (39).
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Conventional MRI is commonly used to diagnose axial SpA, with T2-weighted or short tau inversion
recovery sequences effectively detecting bone marrow edema (BME) as a sign of osteitis in the axial
skeleton, though BME is not specific to axial SpA (40,42,43). Other inflammatory lesions of axial SpA
include synovitis, enthesitis and capsulitis in the SlJ; and spondylitis, facet joint inflammation, and
aseptic spondylodiscitis in the spine (40,44). These entities show increased vascularization, and can
therefore be detected by Gd contrast sequences (40,42,45). [18F]FDG-PET is not routinely used in the
assessment of ankylosing spondylitis, but a recent study has shown a strong correlation between FDG
uptake in affected joints and disease activity in AS (46). FDG uptake can be traced to the intervertebral
discs, as aseptic spondylodiscitis is a common feature of AS (47).

Rheumatoid arthritis

Rheumatoid arthritis (RA) is a multisystemic inflammatory disease that affects the musculoskeletal
system, especially synovial joints. It is characterized by erosive synovitis and the most important
symptom is pain (21,39). While RA rarely involves the back, the spine is also made up of synovial joints,
so imaging peripheral joint inflammation in RA may serve as a model for imaging spinal inflammation.

Many rheumatic diseases show distinct [18F]FDG uptake patterns, making PET a useful modality for
diagnosis and disease monitoring (39). For example, FDG uptake is elevated in the synovium in
peripheral RA joints (48-50). Similarly, gadolinium contrast can also detect synovitis and bone erosions
and identify active inflammation (15). Synovial inflammation in RA knees show a high rate of early
enhancement on DCE-MRI (35). Sites of increased contrast enhancement correspond with increased
FDG uptake in synovitis and tenosynovitis (51). Furthermore, parameters of (dynamic) CE-MRI (K=",
initial rate of enhancement, maximal enhancement, volume of enhancing pannus) and PET (SUVmax)
have shown a strong positive correlation in the synovial spaces of symptomatic wrists and slightly
weaker in the hands (52). The modalities could therefore be close surrogates, and the use of a single
technique may be sufficient for RA assessment.

Infection

Spondylodiscitis, discitis, and vertebral osteomyelitis are spinal infections located in specific spinal
tissues. MRI is considered the most accurate modality for early detection of spondylodiscitis (53).
Gadolinium enhancement may be seen parallel to the endplate in early stages of the disease, and later
in the entire vertebral body and disc (54). [18F]FDG is known to show increased uptake in infections,
and has been shown to differentiate infectious endplate from degenerative changes found on MRI
(55). Many studies have indicated the added value of combined [18F]FDG-PET and CE-MRI in the
diagnosis of osteomyelitis in the spine (10,56—60). In the prospective study by Fuster et al. (57), the
agreement between CE-MRI and PET/CT for the diagnosis of spondylodiscitis was poor. This could
suggest the complementary roles of both modalities as they detect different physiological features of
the infected tissue. This hypothesis is supported by Paez et al. (59), who also demonstrated the highest
diagnostic performance when combining PET and MRI. Unfortunately, specific results of contrast
enhancement, e.g. number and location of enhancing regions, were not investigated, nor their
correlation to [18F]FDG uptake.

Oncology

To our knowledge, Zhang et al. (16) are the only authors who have directly evaluated the association
between quantitative parameters as measured by DCE-MRI and [18F]FDG-PET/CT in spinal lesions.
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They manually placed a region of interest (ROI) of 0.5-1.2 cm? on an area showing strong gadolinium
enhancement, or the entire area showing high FDG uptake. They found no significant association
between K™ and/or exchange rate constant (kep) and SUVmax in malignant, benign and borderline
spinal tumors, implying that blood perfusion and glucose metabolism were not directly related. This
suggests that DCE-MRI and PET may provide complementary information for patients with spinal
tumors, reflecting different aspects of the lesions (16).

Discussion

By providing markers of glucose metabolism and microcirculation, [18F]FDG-PET and DCE-MRI may
reflect different aspects of inflammation. The combined modalities have shown good diagnostic value
in neuropathy, disc degeneration, inflammatory diseases, infection and oncology. There is no
unequivocal correlation between the parameters among these diseases. While the parameters were
not correlated in spinal tumor lesions, suggesting complementary values, they showed a strong
positive correlation in rheumatic joints, meaning they could be close surrogates. However, there is a
lack of understanding of the relation of these parameters in the context of chronic pain.

Hybrid PET/MRI systems were introduced to the clinic around a decade ago, although not yet in
widespread use due to high costs and time consumption (21). Furthermore, the clinical
implementation of molecular imaging and dynamic contrast imaging has gained more popularity in
the oncological domain than inflammatory or pain-related indications (37). These reasons may explain
the scarcity of research on quantitative PET/MRI in chronic back pain. The potential of hybrid PET/MRI
to reveal previously unidentified pain generators has recently been shown (2,17-19), but no research
exists yet that correlates quantitative parameters of PET and DCE in spinal pain sources. This creates
an opportunity for future research.

Direct quantitative correlations between DCE and PET parameters are seldom reported in literature
as most studies focus on diagnostic outcomes. Zhang et al. (16) have compared the PET and DCE data
based on manually placed ROIs on tumor lesions (up to 1.2 cm? on DCE or entire region on PET).
However, averaging parameters over an ROl may result in loss of information, especially in
heterogeneous lesions. To account for this, the correlation between DCE and FDG could also be
studied by a voxel-by-voxel analysis. Besson et al. (61) were the first to make a voxel-wise correlative
analysis of simultaneous [18F]FDG-PET/DCE-MRI data in non-small-cell lung tumors (61).
Simultaneous acquisition in hybrid PET/MRI offers improved spatial registration compared to
sequential imaging, because there is no different positioning between scans, and simultaneous data
acquisition is less affected by patient movement or involuntary organ movement (62). However, errors
in DCE pharmacokinetic modeling and motion correction could still occur and reduce the reliability of
these results. Indeed, in the study by Besson et al. (61), the relative root mean square errors for PET
and DCE curve fittings were 10.3% and 31.8%, respectively, and were attributed to motion corruption.
Voxel-wise approaches are especially sensitive to motion artifacts and noise (63). Gaussian smoothing
was applied to denoise PET data and smooth motion-corrupted time-varying activity curves (61). Since
the spatial distribution of vascularization and perfusion properties in pain generators is unknown,
future research could investigate both ROl and voxel-wise correlations.

Conclusion

This review addresses the potential of combined [18F]FDG-PET and (D)CE-MRI for assessing
inflammation and pain in the spine. The combination of PET and MRI outperforms each separate
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modality in terms of diagnostic accuracy in neuropathy, osteoarthritis and spinal infections.

Quantitative parameters reflecting glucose metabolism and microcirculation seem to be correlated in

joint arthropathies, but not in infections and tumor lesions. However, direct quantitative correlations

in chronic back pain generators remain to be investigated.
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