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Abstract

Knowledge of etiological mechanisms underlying vidwgh-associated disorders (WAD) is
incomplete. Localisation and quantification of péeral musculoskeletal injury and
inflammation in WAD would facilitate diagnosis, stigthen patients’ subjective pain reports
and aid clinical decisions, all of which could leaadmproved treatment. In this longitudinal
observational study we evaluated combirfe@]P-deprenyl positron emission tomography
and computed tomography (PET-CT)) after acute vaipinjury and at 6 month follow-up.
Sixteen adult patients (mean age 33 years) witlphasin injury grade 1l were recruited at the
emergency department’¢]D-deprenyl PET-CT, subjective pain levels, salied neck
disability and active cervical range of motion wegeorded within seven days after injury,
and again at six month follow up. Imaging resultsvged possible tissue injuries after acute
whiplash with an altered’IC]D-deprenyl uptake in the cervical bone structunes facet
joints, associated with subjective pain locale vels, as well as self-rated disability. At
follow up, some patients had recovered, and soroeesth persistent symptoms, and
reductions in {'C]D-deprenyl uptake correlated to reductions impevels. These findings
help identify affected peripheral structures in ptash injury and strengthen the idea that
PET/CT detectable organic lesions in peripherabisare relevant for the development of

persistent pain and disability in whiplash injury.
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1. Introduction

Whiplash-associated disorder (WAD) is a globallypertant clinical, social and financial
problem [9]. Although the symptoms of WAD are watlown, underlying mechanisms and
the etiology of this disorder remain elusive. Noipleeral tissue damage can convincingly be
detected with current imaging technologies [2; 42je development of chronic symptoms
after whiplash injuries may also be influenced byghological and social factors [26] as well
as with changes in the central nervous system3@p;This possibility has led to a discussion
of whether tissue damage is even needed to intrateaintain a WAD [51]. Difficulties to
detect and diagnose biological contributors (lesjptogether with the lack of an accepted
concept for what causes the symptoms in WAD, remtesonsiderable personal, societal and
economic problems. Therefore, an objective visaéiim and quantification of peripheral
musculoskeletal injury and possible painful inflaatran in WADs would facilitate

diagnosis, strengthen patients’ subjective repiopam and assist clinical decisions. In

addition, it may help define new treatment targetd methods.

Positron emission tomography (PET) is an imagirm tieat captures molecular and cellular
biological processes and not mere anatomy or sir@i¢40]. PET technology has been used to
visualize and detect inflammation in numerous chhsettings [5; 52; 60]. Furthermore,
whiplash injury is associated with elevated progurcof inflammatory mediators [27; 50]. In
this context 'C]D-deprenyl PET has emerged as a novel approaiziget local

inflammatory processes in the musculoskeletal systed chronic WAD [1; 13; 34]. As in
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ankle sprains, expected injuries in whiplash ineatwuscles, periosteal tissues, ligaments and
joints. In a recent study exploring patients withlateral ankle sprains we demonstrated that
the molecular aspects of tissue lesions in patm@senting with inflammation and pain

could be visualized, quantified and followed o\ere using }*C]D-deprenyl PET/computed
tomography (CT) [1]. We have previously reporteat tmitochondrial monoamine oxidase
(MAO) enzymes are a major candidate for the bindanget of D-deprenyl [32] and that D-
deprenyl discriminates between low and high gradésflammation [31]. Therefore {C]D-
deprenyl may be valuable in the visualization andntification of inflammation, as well as

possible pain-associated processes in the peripisae of WAD.

We conducted a prospective observational PET studgult patients with acute whiplash
injury and healthy controls usind’C]-D-deprenyl PET/CT. The aim was to characterize
acute alterations and the predictive ability’d€]-D-deprenyl uptake for whiplash signs and
symptoms at a 6-month follow-up. We hypothesized [HC]-D-depreny! uptake would be
acutely elevated, localized to anatomically relévajured tissues, colocalized to tender
points and correlated with subjective pain expagerdditionally, we hypothesized that
patients with persistent pain would have prolonglestated f'C]-D-deprenyl uptake at the

injury sites at the 6-month follow-up.

2. Material and Methods
2.1 Ethical approval

The study was approved by the Ethics Committeb@Haculty of Medicine at Uppsala
University, Sweden and by the Radiation Ethics &afity Committee of Uppsala University
Hospital, Uppsala, Sweden. All procedures werecooedance with the ethical standards of

the institutional research committee and with tB64LHelsinki declaration and its later
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amendments or comparable ethical standards. Infbomesent was obtained from all

participants.

2.2 Patients

Sixteen nonsmoking adult patients (eight malesh aitvhiplash injury grade 1l after a car
crash were recruited from the emergency departatddppsala University Hospital, Uppsala,
Sweden. The mean age (£SD) of the patients was®B3years. Grade Il WAD refers to neck
complaints accompanied by a decreased range ocdom@idint tenderness, or both
(musculoskeletal signs) [49]. There were no expiinimum pain levels necessary to be
included, although acute pain is part of the WARdg Il criteria. No patients had a history of
medical or psychiatric disease. Eight controlsi(imales, four females, mean age 32 (x14)
years) from a previous study were also included.[BHe controls were healthy, pain-free

and without current or previous neck pain expemegnc

2.3 Sudy design

The study design consisted of twd(]-D-deprenyl PET/CT studies on the neck region of
each patient. The first imaging session was scleddadutely within 4-7 days (mean 4.9
(x1.4) days) from the injury and all follow-up imag sessions were scheduled 6 months
(mean 221 (x24) days) after the injury. Beforegkamination sessions, all patients refrained

from alcohol and caffeine for 12 hours and fromlgesics for at least 24 hours.



2.4 Pain assessment and subjective ratings

Immediately before each examination, the locatmin®aximum tenderness were palpated
and marked on an anatomical picture of the neck. pdtients rated their current subjective
pain levels on a Numeric Pain Rating Scale (NR8giray from 0 (no pain) to 10 (worst
imaginable pain). At the same time, a cervical emafjmotion (CROM). goniometer
(Performance Attainment Associates, Roseville, MISA) was used to measure the six
active movements of the neck: Extension, flexiod kateral rotation and bending (left and
right) [61]. After the imaging sessions, patienisnpleted a whiplash questionnaire with

crash description and the Neck Disability Index {N@uestionnaire [54].

2.5 PET/CT scanning

The radioligand {:C]-D-deprenyl was produced at the chemistry seatfcthe Uppsala PET
center according to a standard manufacturing prureedith previously published methods
[18; 39]. All patients were investigated with a Giscovery ST PET/CT scanner (General
Electric Medical Systems, Milwaukee, WI, USA). Témanner enables the acquisition of 47
contiguous planes of data with a distance of 3.8Y (tnansaxial resolution) and 3.125 mm
(axial resolution), resulting in a total axial fiebf view of 15.7 cm. The patients were scanned
in the supine position with their head fixed andiponed in the scanner field of view
originating 2 cm above the orbitomeatal line t@alldata acquisition from the base of the
skull down to the shoulder region.

The PET/CT investigation was initiated with a shoft scan (140 kV; auto mA 10-80 mA)

for attenuation correction of the PET emission datch patient received an intravenous



bolus of approximately 5 MBq/kd'{C]-D-deprenyl in the arm. Simultaneously, a dynamic
emission scan (3D mode) was initiated with a predeined set of measurements (frames of
4x30, 3x60, 2x300 and 3x600 seconds) for up to #tutes. Then a single 15-minute static
image was collected over the lower neck area. R&Ed were reconstructed with the OSEM
(ordered subset expectation maximization) algori(Anterations and 21 subsets). A 2.57 mm
wide post-processing filter was applied to the ie®ad@ET data were corrected for decay,

photon attenuation, scatter, random coincidencdslaad time.

2.6 PET Quantification

Time activity data representing the dynamic segeerfcadioactivity levels for the region of
interest (ROI) in each PET/CT scan from 0-45 miawtere generated. The data were
standardized for the administered dose of radigi#ctand the patient’s body weight to yield

a standardized uptake value (SUV). For the SUVutalons and image analysis, the last two
frames (25-45 minutes post-tracer administratidrihe dynamic data and the static data (45-
60 minutes post-tracer administration) were useditomize the effect of blood flow.

SUVnax was defined as the maximum value observed ingdesROI. SU\kati0 Was defined

for each region as the ratio of SMM between the lesion and a cerebellar referencenegio

2.7 PET/CT image analysis

The image analysis was performed with Voyager (@ar8.0.7; GE healthcare 2012). First,
the CT image was used to delineate the anatomiodéd R all images of each patient and
control. Second, the lesions were identified visulabm the PET/CT image with elevated
['C]-D-deprenyl uptake above the background sigmal, ROls containing the lesion were

delineated manually in multiple adjacent slicé*C]-D-deprenyl uptake in salivary glands



and the central nervous system (CNS) was regaslacharmal finding based on previous
studies of healthy subjects. The specific lesi@aamwere also delineated in all images of
each patient and in controls in the overlappingiiBages. Finally, data from the controls
were used to calculate the corresponding §Akvand SUVatio as well as reference
intervals (mean =2 SD) for each ROI. Anatomical &sion ROIs demonstrating an uptake
>2 SDs in any of the patients (compared with thdthgaontrols) were considered in the
statistical analysis. These anatomical regions vaeetified with the help of an experienced
PET radiologist (J.S.). The defined anatomicalorgiare approximate and can contain

adjacent structures because of the physical liafispatial resolution in PET/CT.

2.8 Satigtical analysis

The one-tailed nonparametric Wilcoxon signed-rast was used to compare differences
between the SUNTio Values and NRS, CROM and NDI scores between thie and
follow-up examination. Correlations and pairwiss@ciations between SW\o values and
NRS, CROM and NDI scores, and changes in thesesdtam acute to follow-up, were
assessed by Spearman’s rank correlation. Relatfmsbltween regionatiC]-D-deprenyl
uptake and NRS, CROM and NDI were also exploreg ss@plemental methods and results

(available at http://links.lww.com/PAIN/B423).



3. Reaults

3.1 Patient characteristics and clinical results

Baseline characteristics of the patients and ouécomeasures are summarized in Table 1.
NRS decreased from a median of 4.5 (interquaritge, IQR 3.5-7) at acute investigation to
3 (0-5) at follow-up (p=0.0008). During the followp, median self-rated disability (NDI)
changed from 23 (20.5-28) to 17 (12.5-25.5) (p@9H07) and the affected neck movements
(CROM) diminished from 1.5 (1-4.5) to 1 (0-2) (9:008). A conventional CT scan of the
neck, performed acutely and at follow up on aligus, did not reveal any pathological

findings.

3.2 PET/CT images and PET data

Increased{C]-D-deprenyl uptake was visually evident and gitatively observed in

multiple locations in upper neck regions in thegrats as compared with the healthy controls
(Fig.1). The lower neck regions did not show siigaifit [-'C]-D-deprenyl uptake. Nineteen
anatomical regions showed an increaséd]fD-deprenyl uptake with SUyax or SUVkatio

>2 SD above the mean uptake in the correspondingmnzal regions of the healthy controls
(Table 1; and Supplemental Fig. 1, available gt:flinks.lww.com/PAIN/B423). A SUVax

>2 SD above the mean in the healthy controls wasrvled in 14/32 (44%) of the patients’
scans with a median SUx of 5.3 (IQR 4.4-6.0) acutely and 4.5 (IQR 3.8-@tljollow-up.
SUVgaTios >2 SD of the mean of the healthy controls were akesbm 22/32 (81%) of the
patients’ scans with a median Ski¢c of 2.0 (IQR 1.7-3.0) at acute scans and 2.0 (IQR 1

2.4) at follow-up. During the acute investigatioabnormal }'C]-D-deprenyl uptake
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(SUVRaTi0) Was observed in the muscle (10 of 16 patien&36t), bone structure(12/16 or
75%), facet joint (10/16 or 63%), occipital conelyb/16 or 31%), groove for spinal nerve
(4/16 or 25%) and temporomandibular joint (3/1618%) in patients. At follow-up,
abnormal }'C]-D-depreny! uptake (SUMiTi0) Was observed in the muscle (6/16 or 38%),
bone structure (6/16 or 38%), facet joint (7/16441%), occipital condyle (5/16 or 31%),
groove for spinal nerve (2/16 or 13% ) and tempaodibular joint (2/16 or 13%) in
patients. The areas of elevated uptake in the upgek were colocalized to painful locations
and maximum tenderness points (Fig. 1). The dymawofithe PET evaluations was
characterized by a rapid initial increase in tinst fiew frames, followed by a more gradual

increase and then generally plateauing in theflastes (Fig. 1).

The number of anatomical regions with an abnorrp&ke (SUVatio) was significantly and
positively associated with the NRS ratings (Spearsieank correlation coefficient 0.45,

p=0.009) and the NDI (Spearman’s rank correlatioefficient 0.39, p=0.028).

At follow-up, the number of regions with elevatgatake (SUVkati0) Was significantly fewer
across subjects (p=0.017), but still more prevatiesuh in the healthy control group
(p<0.001). Changes (typically reductions) in NRSngs between the acute stage and
follow-up were significantly correlated to changggically reductions) in the number of
regions with an abnormal S0 uptake (Spearman’s rank correlation coefficieBt O.

p=0.048), Figure 2.

Relationships between specific anatomical locateons NDI, NRS and CROM are reported

in supplemental materials (available at http:/Kithkew.com/PAIN/B423).
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4. Discussion

Molecular aspects of inflammation and tissue igsi@fter whiplash can be visualized,
objectively quantified and followed over time w{tHC]-D-deprenyl PET/CT. We found an
association between imaging findings in the upgevical bone structures and patient self-
report of pain and disability. At 6-months, pateehtd significantly improved neck disability
ratings, cervical range of motion, pain levels amgphificantly fewer regions with elevated
uptake. Reductions in pain and number of regiortls elevated tracer uptake were also
linearly correlated. None-the-less, the patienlisestperienced pain, disability, and reduced
range of motion, and elevated€]-D-deprenyl uptake was still evident. This suggesat
healing was progressing, but still ongoing at 6-thdallow-up in most patients, and that

['C]-D-deprenyl PET holds potential to capture thiscess.

4.1 Localization of elevated ['C] -D-deprenyl uptake

Our study demonstrates an elevated uptak&'6f-D-deprenyl in several anatomical regions.
This heterogeneous injury panorama can be expldipdidomechanical studies of whiplash
injury [8; 12]. Tracer uptake in the upper cervigagions was expected becausee

observed them in our previous study on chronic WAa4L], andii) these structures are
involved in stabilizing the head-neck complex armbtrof the extension, flexion and rotation
of the neck occurs between the occiput, C1 and3C2/[any of these previously described
candidate lesions have been identified in animaliss, post-mortem observations and
cadaveric models but have not been identified wuttient imaging modalities in patients
with WAD.

The ['C]-D-deprenyl uptake was mostly observed in bongsires, and especially in upper
vertebral bodies and facet joints (together wittr@unding soft tissues). There is growing

evidence that facet joints and capsules can beeijin whiplash and that these can be the
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source of pain [58]. The clinical relevance of athesue injuries is less clear but cadaveric,
post-mortem and animal whiplash injury models heygtematically demonstrated injuries in
the upper cervical discs and outer rim of the \wekbodies and endplates. Endplate and
adjacent bone marrow changes have been obserpadiémts with whiplash [29]These
traumatically induced changes reflect hyper-vasayldue to inflammation (Modic type 1)
and fatty replacements of the red bone marrow (kloge 2) [28; 43].

The observed'{C]-D-deprenyl uptake and possible injury in theioagpf occipital condyles
(atlanto-occipital joints) are indicate anothessl@stablished potential injury mechanism.
Widening of the atlanto-occipital joint spaces, @hindicates possible ligamentous injury
followed by instability, has been described [33].44e further observed an elevatédJ]-D-
deprenyl uptake in the extensor muscles of the meokost scans. Structural changes in the
muscles may play a role in the development of WAB;, [L6] and muscle tears, hematomas,
strains and perimuscular fluid have been visualinddRI in patients with whiplash [2]. A
fatty infiltration, especially in suboccipital angper segmental extensor muscles (rectus
capitis posterior minor/major and interspinales aes), has been previously shown [15]. In
our study tracer uptake in the temporomandibuliaut )was present in three patients. This
uptake was already evident at the acute investigatvhich may support the hypothesis of
direct trauma to the joint (called mandibular whgh injury) and that the whiplash trauma
may be an aggravating factor for the progressiaemporomandibular disorders [20; 48].
Unfortunately, MRIs were not obtained in the présmort, so we cannot directly compare

the sensitivity and specificity between MRI antC]-D-deprenyl.

4.2 Pain, disability and [**C] -D-deprenyl uptake

Contrary to the idea that whiplash only affects sissues, our study shows a positive

association between'C]-D-deprenyl uptake in injured bone and joint stees and self-
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reported pain, self-rated disability and pain laztion. The co-localization between tracer
uptake and pain locale was visually evident in s\v@ases. However, a direct relation
between tissue injury and self-report of pain mayh oversimplification: Nociceptive signal
transmission from a tissue injury is under stroeggheral modulation but also from the CNS
(spinal cord, brain stem and forebrain) [11; 53ictRermore, social, economic, psychological
and genetic factors influence all pain experienceduding WAD [23; 26]. Still, our findings
support the hypothesis that the experienced palrdesability in whiplash may be driven by
an ongoing peripheral nociceptive source. The ptefsedings also support studies
suggesting inflammatory processes are involvetendevelopment and presentation of
chronic WAD [27; 34; 50].

Initial pain intensity and neck-related disabildse the most consistent prognostic factors in
patients with acute WAD [6; 26; 56; 57]. By contrake best predictor of outcome is time,
i.e. the prognosis for whiplash injuries will be nse with a longer duration of symptoms [19].
In this study the number of anatomical regions \sithelevated'{C]-D-deprenyl uptake
shows an association' with NRS and NDI. This findingports the notion that'C]-D-

deprenyl uptake is related to the extent and sgvefrithe injury [10]. Of note, the
correlations between pain ratings amt€C]-D-deprenyl uptake were modest. This is expected,
as multiple factors other than tissue damage wniilbence individual pain ratings [45],
including the anchoring of the rating scale [55].

Upper facet joints and vertebral bodies show thengest association between pain a6l
D-deprenyl uptake (supplemental analysis, availabl&tp://links.lww.com/PAIN/B423).

The strongest evidence concerns pain from the fairgs, even though the facet joint injury
in patients with WAD has not previously been vised. Facet joint capsules as the “source”
of pain in WADs has been validated in animal me80; 58; 59]; in human treatment

studies diagnostic blocks and radiofrequency neumngtcan abolish neck pain from these
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joints [4; 37; 38; 46]. Chronic pain can be tratedacet joints in about 50% of patients with
whiplash in these studies, which can be comparéu]-D-deprenyl uptake in 44% of the
patients at follow-up in our study. Particularlytemorthy is that local inflammation and not
pure mechanical injury or development of osteodishinas been linked to generation of pain
from facet joints [24]. Endplate and bone marrowarayes (Modic changes) have been
associated with low back pain [28] and the Modiarges in neck pain patients has been
described as a dynamic phenomenon without compldishppearing during follow-up [41].
We did not observe an association between pairpassible muscle injury but see

supplementary materials (available at http://livike.com/PAIN/B423) for further details on

muscle and dorsal root ganglia observations.

We saw indications of associations between injiti@]-D-deprenyl uptake in the upper bone
structures and joints and later pain-and disabiitpossible explanation could be a more
severe initial injury or a localization in whichetthealing process is abnormal. New regions of
tracer uptake at follow-up might be explained lgwent insufficiency and impaired cervical
position sense (proprioception) that are commareiwical pain [22; 47]. These changes can
alter the kinematics of the neck with altered shead and posture and initiate novel
inflammatory processes. Such adaptation-relate@ases in'f'C]-D-deprenyl uptake have
previously been observed in both feet after regofrem a one-sided ankle sprain [1].
Consequently, new uptake regions could be thedigsts of adaptive or degenerative changes
in the neck tissues. Of note, MRI examination careal pronounced degenerative changes in
asymptomatic patients [2; 7; 17; 21], but thesenglea are less frequent in patients ag&dl

years.
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4.3 The limitations of the study and [ 11C] -D-deprenyl uptake mechanism

The main limitations of the study are the limiteargple size and that the exact uptake
mechanism of D-deprenyl in musculoskeletal injuegnains elusive. D-deprenyl is a weak
lipophilic base and a possible local increase ao8Iflow in neck tissues needs to be
considered when interpretinf¢]-D-deprenyl uptake. To reduce the effects of bllow a
semi-quantitative measurement of the radioactimtycentration in tissue with a reference
region (SU\kaTi0) Was used. This approach minimizes (but may notieate) the blood flow
component. A full tracer kinetic modeling with aré blood sampling to measure
radioactivity and D-deprenyl metabolites would leeded to exclude blood flow effects.
According to available data, the main binding tafge D-deprenyl is MAO enzymes in the
cells that are engaged in processes involved iamrhation [31; 32] although other protein
targets distinct from MAO-B, including sigma-1 [28hnnot be excluded. The complex role

of MAO enzymes in peripheral inflammation warrafuigher studies.

The small sample size, typical for PET studies, ivaged because of the high costs of PET
and feasibility concerns. We conclude tHa€]-D-deprenyl uptake is associated with pain
and disability at two time points. Participants es@d to motor-vehicle impacts of similar
forces but without experiencing neck pain wouldabedeal control group to account for the
specificity of neck symptoms and D-deprenyl uptaie] also the psychological stress of a
traumatic vehicle crash. Prospective cohort stugiiesneeded to elucidate the predictive and

diagnostic value of PET/CT in whiplash injury.
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Conclusion

This study provides further evidence that tissygerynand inflammation in whiplash injury
can be objectively visualized and quantified uddgl/CT, suggesting lesions in peripheral
tissue are relevant for the development of persigtain and disability in whiplash injury.
Recognition of these affected structures shouldade general knowledge of whiplash

disorders and facilitate individualized treatmerterventions.

Acknowledgements

This work was supported by the LF insurance resefaandation, the Berzelii Technology
Centre for Neurodiagnostics (grant 29797-1) andvedish Medical Research Council
(Grant 9459). Dr. Linnman received generous suppom The Scott Schoen and Nancy
Adams Discovery Center for Recovery from ChronitRé Spaulding Rehab Hospital. The
authors are grateful to participating patients tnthe staff of the PET center in Uppsala,
Sweden for tracer synthesis, scanning and assestiuring data evaluation. Conflict of

interest statement: All authors declare that theyelno conflict of interest.

References

[1] Aarnio M, Appel L, Fredrikson M, Gordh T, WaB, Sérensen J, Thulin M, Peterson M,
Linnman C. Visualization of painful inflammation patients with pain after traumatic
ankle sprain using [(11)C]-D-deprenyl PET/CT. ScdriRain 2017.

[2] Anderson SE, Boesch C, Zimmermann H, Busatblédler J, Bingisser R, Ulbrich EJ,

Nidecker A, Buitrago-Téllez CH, Bonel HM, Heini B¢haeren S, Sturzenegger M.

16



Are there cervical spine findings at MR imagingttage specific to acute symptomatic
whiplash injury? A prospective controlled studymibur experienced blinded
readers. Radiology 2012;262(2):567-575.

[3] Barnsley L, Lord S, Bogduk N. Whiplash injuiyain 1994;58(3):283-307.

[4] Barnsley L, Lord SM, Wallis BJ, Bogduk N. Theepalence of chronic cervical
zygapophysial joint pain after whiplash. Spine (Ra 1976) 1995,20(1):20-25;
discussion 26.

[5] Basu S, Zhuang H, Torigian D, Rosenbaum J, Gheilavi A. Functional imaging of
inflammatory diseases using nuclear medicine tegles. Semin Nucl Med
2009;39(2):124-145.

[6] Berglund A, Bodin L, Jensen |, Wiklund A, Alidsson L. The influence of prognostic
factors on neck pain intensity, disability, anxiatyd depression over a 2-year period
in subjects with acute whiplash injury. Pain 20Q%(B):244-256.

[7] Boden SD, McCowin PR, Davis DO, Dina TS, Mark ANiesel S. Abnormal magnetic-
resonance scans of the cervical spine in asympiosajects. A prospective
investigation. The Journal of bone and joint suygmerican volume
1990;72(8):1178-1184.

[8] Bogduk N, Yoganandan N. Biomechanics of thevioad spine Part 3: minor injuries. Clin
Biomech (Bristol, Avon) 2001;16(4):267-275.

[9] Chappuis G, Soltermann B, CEA, AREDOC, CERED®@mber and cost of claims
linked to minor cervical trauma in Europe: restitsn the comparative study by
CEA, AREDOC and CEREDOC. Eur Spine J 2008;17(1®0:8357.

[10] Clay FJ, Watson WL, Newstead SV, McClure RkyAtematic review of early
prognostic factors for persisting pain followinguée orthopedic trauma. Pain Res

Manag 2012;17(1):35-44.

17



[11] Curatolo M, Arendt-Nielsen L, Petersen-FelixEyidence, mechanisms, and clinical
implications of central hypersensitivity in chrompain after whiplash injury. Clin J
Pain 2004;20(6):469-476.

[12] Curatolo M, Bogduk N, Ivancic PC, McLean SAe@nund GP, Winkelstein BA. The
role of tissue damage in whiplash-associated dessrdliscussion paper 1. Spine
(Phila Pa 1976) 2011;36(25 Suppl):S309-315.

[13] Danfors T, Bergstrom M, Feltelius N, Ahlstrdd) Westerberg G, Langstrém B. Positron
emission tomography with 11C-D-deprenyl in patiesith rheumatoid arthritis.
Evaluation of knee joint inflammation before anteafntra-articular glucocorticoid
treatment. Scand J Rheumatol 1997;26(1):43-48.

[14] De Pauw R, Coppieters I, Kregel J, De MeulestereK, Danneels L, Cagnie B. Does
muscle morphology change in chronic neck pain ptie- A systematic review. Man
Ther 2016;22:42-49.

[15] Elliott J, Jull G, Noteboom JT, Darnell R, Galay G, Gibbon WW. Fatty infiltration in
the cervical extensor muscles in persistent whipkssociated disorders: a magnetic
resonance imaging analysis. Spine (Phila Pa 190®);31(22):E847-855.

[16] Elliott J, Pedler A, Kenardy J, Galloway GJIJa, Sterling M. The temporal
development of fatty infiltrates in the neck musdellowing whiplash injury: an
association with pain and posttraumatic stressSRQoe 2011;6(6):e21194.

[17] Elliott IM, Parrish TB, Walton DM, Vassallo ABundaun J, Wasielewski M, Courtney
DM. Does Overall Cervical Spine Pathology Relatéhe Clinical Heterogeneity of
Chronic Whiplash? Am J Emerg Med 2020;38(5):869-873

[18] Fowler JS, MacGregor RR, Wolf AP, Arnett CDgWey SL, Schlyer D, Christman D,
Logan J, Smith M, Sachs H. Mapping human brain raarine oxidase A and B with

11C-labeled suicide inactivators and PET. Sciel®8¥ 235(4787):481-485.

18



[19] Gargan MF, Bannister GC. The rate of recoMelpwing whiplash injury. Eur Spine J
1994;3(3):162-164.

[20] Haggman-Henrikson B, Rezvani M, List T. Prearale of whiplash trauma in TMD
patients: a systematic review. J Oral Rehabil 201(4;):59-68.

[21] Hancock MJ, Maher CM, Petocz P, Lin CW, Steff®, Luque-Suarez A, Magnussen
JS. Risk factors for a recurrence of low back p&jine J 2015;15(11):2360-2368.

[22] Heikkila H, Johansson M, Wenngren Bl. Effeafsacupuncture, cervical manipulation
and NSAID therapy on dizziness and impaired hepdsiéoning of suspected
cervical origin: a pilot study. Man Ther 2000;50%1-157.

[23] Holm LW, Carroll LJ, Cassidy JD, Hogg-JohnsenCoté P, Guzman J, Peloso P, Nordin
M, Hurwitz E, van der Velde G, Carragee E, Haldei@aiihe burden and
determinants of neck pain in whiplash-associatedrders after traffic collisions:
results of the Bone and Joint Decade 2000-2010 Faste on Neck Pain and Its
Associated Disorders. J Manipulative Physiol TH#0®232(2 Suppl):S61-69.

[24] Igarashi A, Kikuchi S, Konno S. Correlationtiveen inflammatory cytokines released
from the lumbar facet joint tissue and symptomdagenerative lumbar spinal
disorders. J Orthop Sci 2007;12(2):154-160.

[25] ltzhak Y, Kassim CO. Clorgyline displays higffinity for sigma binding sites in
C57BL/6 mouse brain. European journal of pharmagppl®90;176(1):107-108.

[26] Kamper SJ, Rebbeck TJ, Maher CG, McAuley JtdrliBig M. Course and prognostic
factors of whiplash: a systematic review and meialysis. Pain 2008;138(3):617-
629.

[27] Kivioja J, Ozenci V, Rinaldi L, Kouwenhoven Mindgren U, Link H. Systemic
immune response in whiplash injury and ankle spe&vated IL-6 and IL-10. Clin

Immunol 2001;101(1):106-112.

19



[28] Kjaer P, Korsholm L, Bendix T, Sorensen JSyaeuf-Yde C. Modic changes and their
associations with clinical findings. Eur Spine D&{15(9):1312-13109.

[29] Kongsted A, Sorensen JS, Andersen H, KeseldeBsen TS, Bendix T. Are early MRI
findings correlated with long-lasting symptoms daing whiplash injury? A
prospective trial with 1-year follow-up. Eur Spidi€008;17(8):996-1005.

[30] Lee KE, Thinnes JH, Gokhin DS, Winkelstein BAnovel rodent neck pain model of
facet-mediated behavioral hypersensitivity: impiieas for persistent pain and
whiplash injury. J Neurosci Methods 2004;137(2)-15B.

[31] Lesniak A, Aarnio M, Diwakarla S, Norberg Tyberg F, Gordh T. Characterization of
the binding site for d-deprenyl in human inflamgd®vial membrane. Life Sci 2017.

[32] Lesniak A, Aarnio M, Jonsson A, Norberg T, Nyb F, Gordh T. High-throughput
screening and radioligand binding studies revealoamine oxidase-B as the primary
binding target for d-deprenyl. Life sciences 2052;231-237.

[33] Lindgren KA, Kettunen JA, Paatelma M, MikkonBi. Dynamic kine magnetic
resonance imaging in whiplash patients and in agd-sex-matched controls. Pain
Res Manag 2009;14(6):427-432.

[34] Linnman C, Appel L, Fredrikson M, Gordh T, Ssllind A, Langstrom B, Engler H.
Elevated [11C]-D-deprenyl uptake in chronic Whipla#ssociated Disorder suggests
persistent musculoskeletal inflammation. PLoS O0E1265(4):€19182.

[35] Linnman C, Appel L, Furmark T, Soderlund A,1@b T, Langstrom B, Fredrikson M.
Ventromedial prefrontal neurokinin 1 receptor aaility is reduced in chronic pain.
Pain 2010;149(1):64-70.

[36] Linnman C, Appel L, Soderlund A, Frans O, EargH, Furmark T, Gordh T, Langstrom
B, Fredrikson M. Chronic whiplash symptoms aretezldo altered regional cerebral

blood flow in the resting state. European jourrfgdan 2009;13(1):65-70.

20



[37] Lord SM, Barnsley L, Bogduk N. Percutaneoutiofrequency neurotomy in the
treatment of cervical zygapophysial joint painaatoon. Neurosurgery
1995;36(4):732-739.

[38] Lord SM, Barnsley L, Wallis BJ, Bogduk N. Cimio cervical zygapophysial joint pain
after whiplash. A placebo-controlled prevalencealgiispine (Phila Pa 1976)
1996;21(15):1737-1744; discussion 1744-1735.

[39] Macgregor R, Fowler J, Wolf A, Halldin C, Lastgdm B. Synthesis of suicide inhibitors
of monoamine oxidase: Carbon-11 labeled clorgylindeprenyl and D-deprenyl.
Journal of Labelled Compounds and Radiopharmasti®88;25(1):1-12.

[40] Mankoff DA. A definition of molecular imagingl Nucl Med 2007;48(6):18N, 21N.

[41] Mann E, Peterson CK, Hodler J, Pfirrmann CWeBvolution of degenerative marrow
(Modic) changes in the cervical spine in neck gatients. Eur Spine J
2014;23(3):584-589.

[42] Matsumoto M, Okada E, Ichihara D, Chiba K, &ma Y, Fujiwara H, Momoshima S,
Nishiwaki Y, Hashimoto T, Inoue T, Watanabe M, Tla&ia T. Prospective ten-year
follow-up study comparing patients with whiplasis@sated disorders and
asymptomatic subjects using magnetic resonancermgagpine (Phila Pa 1976)
2010:35(18):1684-1690.

[43] Modic MT, Steinberg PM, Ross JS, Masaryk Tart€r JR. Degenerative disk disease:
assessment of changes in vertebral body marrowMRhmaging. Radiology
1988;166(1 Pt 1):193-199.

[44] Patijn J, Wilmink J, ter Linden FH, Kingma BT study of craniovertebral rotation in
whiplash injury. Eur Spine J 2001;10(1):38-43.

[45] Pedrero-Martin Y, Falla D, Martinez-Calderar_iew BXW, Scutari M, Lugue-Suarez

A. Self-efficacy beliefs mediate the associatiotwaen pain intensity and pain

21



interference in acute/subacute whiplash-associteders. European spine journal :
official publication of the European Spine Socighe European Spinal Deformity
Society, and the European Section of the CervipaleSResearch Society 2021.

[46] Persson M, Sorensen J, Gerdle B. Chronic VékIplAssociated Disorders (WAD):
Responses to Nerve Blocks of Cervical Zygapophydaals. Pain Med
2016;17(12):2162-2175.

[47] Revel M, Andre-Deshays C, Minguet M. Cervicplalic kinesthetic sensibility in
patients with cervical pain. Arch Phys Med RehaBi®1;72(5):288-291.

[48] Salé H, Bryndahl F, Isberg A. A 15-year follay of temporomandibular joint
symptoms and magnetic resonance imaging findinggiplash patients: a
prospective, controlled study. Oral Surg Oral Madl®athol Oral Radiol
2014;117(4):522-532.

[49] Spitzer WO, Skovron ML, Salmi LR, Cassidy Jyranceau J, Suissa S, Zeiss E.
Scientific monograph of the Quebec Task Force ompldsh-Associated Disorders:
redefining "whiplash" and its management. SpinaléfPa 1976) 1995;20(8
Suppl):1S-73S.

[50] Sterling M, Elliott JM, Cabot PJ. The courdeserum inflammatory biomarkers
following whiplash injury and their relationship $ensory and muscle measures: a
longitudinal cohort study. PLoS One 2013;8(10):633/9

[51] Stovner LJ. The nosologic status of the wrsplayndrome: a critical review based on a
methodological approach. Spine (Phila Pa 1976) 2A983):2735-2746.

[52] Taniguchi Y, Arii K, Kumon Y, Fukumoto M, Ohsii T, Horino T, Kagawa T,
Kobayashi S, Ogawa Y, Terada Y. Positron emisssaamography/computed
tomography: a clinical tool for evaluation of erghis in patients with

spondyloarthritides. Rheumatology (Oxford) 20102 %548-354.

22



[53] Van Oosterwijck J, Nijs J, Meeus M, Paul L.idleance for central sensitization in chronic
whiplash: a systematic literature review. Eur h2413;17(3):299-312.

[54] Vernon H, Mior S. The Neck Disability Indexséudy of reliability and validity. J
Manipulative Physiol Ther 1991;14(7):409-415.

[55] Walton DM, Elliott JM, Salim S, Al-Nasri |. Aeconceptualization of the pain numeric
rating scale: Anchors and clinically important dittnces. J Hand Ther
2018;31(2):179-183.

[56] Walton DM, Pretty J, MacDermid JC, Teasell RR¥sk factors for persistent problems
following whiplash injury: results of a systematé&view and meta-analysis. J Orthop
Sports Phys Ther 2009;39(5):334-350.

[57] Williams M, Williamson E, Gates S, Lamb S, GedVl. A systematic literature review
of physical prognostic factors for the developmantate Whiplash Syndrome. Spine
(Phila Pa 1976) 2007;32(25):E764-780.

[58] Winkelstein BA. How can animal models inform the transition to chronic symptoms
in whiplash? Spine (Phila Pa 1976) 2011;36(25 Supp18-225.

[59] Winkelstein BA, Santos DG. An intact facet safar ligament modulates behavioral
sensitivity and spinal glial activation producedd®yvical facet joint tension. Spine
(Phila Pa 1976) 2008;33(8):856-862.

[60] Wu C, Li F, Niu G, Chen X. PET imaging of iafnmation biomarkers. Theranostics
2013:3(7):448-466.

[61] Youdas JW, Garrett TR, Suman VJ, Bogard CUJan HO, Carey JR. Normal range
of motion of the cervical spine: an initial goniome study. Phys Ther

1992;72(11):770-780.

23



Figurelegends

Figure 1. [*'C]-D-deprenyl PET resultsin five representative cases.

The two top rowsAcute and Follow-up) represent'fC]-D-deprenyl PET images of five
patients with whiplash at two imaging sessions. ddler bar indicates SUyax values from

0 (dark blue) to 6 (red). These regions were cdipea to tenderness/pain locatiof&in
drawing). The bottom rowWptake) displays respective time activity curves (Sid¥Mo mean

+ standard error). Dashed lines represent musaolésalid lines bone structures, joints, or
both. Red color indicates acute investigation, lololer follow-up and black color
corresponding anatomical regions in control pasigbase 1 represents increased]-D-
deprenyl uptake in a muscle (m. obliquus infenmmnted by a white arrow) that was clearly
reduced at follow-upCase 3 represents increased uptake in multiple regioms\e that

point to the occipital condyles, upper facet joiatsl vertebral bodies C2-C4) on both
imaging occasiongCase 6 represents increased uptake in upper facet jaatspital

condyles and the vertebral body of C2 (arrows) West reduced at follow-up. An increase in
the intensity of uptake in.a muscle (m. rectusttapiosterior major) was seen at the follow-
up scanCase 8 represents increased uptake in a muscle (m. imelsp2-C3, arrows at the
acute session) and in bone structures (arrowsdbtlow-up session ) with an equal decrease
in the intensity of uptake at the follow-up sc@ase 14 represents increased uptake in the

occipital condyles and the vertebral body of C2das) on both imaging occasions.

Please note that parotid gland uptake, visually evident bilaterally in case 3, 6, 8 and 9, was

considered normal as this was also observed in healthy controls.
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Figure 2. Changein NRS pain ratings and changein number of regionswith elevated

[1lC]-D-depr enyl SUVRraTIO.

Subjects pain diminished over time in the majooityparticipants (p=0.002), and reductions
were correlated to changes in th&]-D-deprenyl SUVamio, Spearman’s rank correlation

coefficient 0.5 (p=0.048).
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Table 1. Patient characteristics and outcomes

Abnormal uptake °
Day ® NPS NDI CROM SUV max SUVratio

Case | Sex | Age | BMI | 1st [ 2nd | 1st | 2nd | trend | 1st | 2nd | trend | 1st | 2nd | trend | 1st | 2nd | trend | 1st | 2nd | trend
1 M 39 (259 | 4 |267| 2 0 ! 20 | 12 N 3 0 ! 2 12 Vs 2 1 N
2 F 20 (201 | 4 | 229 | 5 0 ! 22 | 17 N 1 0 | 7 4 N 10 5 N
3 F 41 1292 | 4 (280 | 7 6 N 39| 31 N 1 0 ! 11 9 N 15 12 N
4 M | 20 {209| 6 | 209 | 8 3 N |22 22 = 5 1 \ 2 0 l 6 0 )
5 M | 27 |236| 6 |202| 2 | O ) 17 | 11 N 1 1 A 0 0 = 5 0 )
6 F | 22 - 6 |196| 4| O ) 26 | 17 N 1 1 N 6 9 2 |10 8 \
7 M | 29 |217| 5 |241| 6 | O ) 15| 11 N 210 l 0 0 = 0 0 N
8 F | 33 - 8 | 227 | 8 6 N |32 27 \ 6 | 4 N 4 1 N 5 1 \
9 M 39 (230 2 | 238 3 3 - 23 | 13 N 0 0 - 0 0 N 1 0 !
10 F | 3 |2908| 3 |219| 4 | 4 - 21| 20 N 0|0 N 1 1 N 4 6 7
11 | M | 23 {198| 5 |220| 4 | 5 7 |1 29| 15 N 1 1 N 0 6 1 4 8 7
12 | M | 31 {246 | 5 |195| 7 5 N | 2728 7 6 | 4 N 0 0 = 1 2 7
13 F | 42 |312| 6 |198| 3 | O ) 23| 12 N 1] 0 l 1 0 ) 4 1 \
14 F | 26 |244| 6 |202| 8 7 N |46 | 35 N 5| 2 N 3 2 N 9 8 \
15 F | 51 |316| 4 |207| 4| O ! 19| 14 N 4 | 2 N 1 0 ! 5 3 \
16 M 45 | 281 | 5 | 216 | 5 3 N 24 | 24 - 4 6 7 0 0 - 0 2 1

Average 33 | 25 |49 |222 (45| 3 Ny |25 19 N [26) 14 N |241275 2 |51(3563( N\

Pre-post significance d p=0.0008 p=0.0007 p=0.008 ns p=0.03

F=female, M=male,
2Days from whiplash injury, where 1st refers to acute and 2nd to follow-up investigations




® Number of reduced neck movements of six possible. CROM = cervical range of motion
“Number of anatomical regions (out of 19 possible) with an abnormal D-deprenyl uptake
NPS = Numeric Pain Scale; NDI = Neck Disability Index; SUV = standardized uptake value
9 one-tailed nonparametric Wil coxon signed-rank test
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