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Abstract

Purpose ['SFINaF PET has become an increasingly important tool in clinical practice toward understanding and evaluat-
ing diseases and conditions in which bone metabolism is disrupted. Full kinetic analysis using nonlinear regression (NLR)
with a two-tissue compartment model to determine the net rate of influx (K;) of ['8F]NaF is considered the gold standard
for quantification of ['®F]NaF uptake. However, dynamic scanning often is impractical in a clinical setting, leading to the
development of simplified semi-quantitative parameters. This systematic review investigated which uptake parameters have
been used to evaluate bone disorders and how they have been validated to measure disease activity.

Methods A literature search (in PubMed, Embase.com, and Clarivate Analytics/Web of Science Core Collection) was per-
formed up to 28th November 2023, in collaboration with an information specialist. Each database was searched for relevant
literature regarding the use of ['®FINAF PET/CT to measure disease activity in bone-related disorders. The main aim was
to explore whether the reported semi-quantitative uptake values were validated against full kinetic analysis. A second aim
was to investigate whether the chosen uptake parameter correlated with a disease-specific outcome or marker, validating its
use as a clinical outcome or disease marker.

Results The initial search included 1636 articles leading to 92 studies spanning 29 different bone-related conditions in
which ['8F]NaF PET was used to quantify ['®F]NaF uptake. In 12 bone-related disorders, kinetic analysis was performed and
compared with simplified uptake parameters. SUV ., (standardized uptake value) and SUV_,,, were used most frequently,
though normalization of these values varied greatly between studies. In some disorders, various studies were performed
evaluating ['®F]NaF uptake as a marker of bone metabolism, but unfortunately, not all studies used this same approach,
making it difficult to compare results between those studies.

Conclusion When using ['®F]NaF PET to evaluate disease activity or treatment response in various bone-related disorders,
it is essential to detail scanning protocols and analytical procedures. The most accurate outcome parameter can only be
obtained through kinetic analysis and is better suited for research. Simplified uptake parameters are better suited for routine
clinical practice and repeated measurements.
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Introduction

['®F]NaF PET scanning has become an increasingly impor-
tant tool in understanding and evaluating diseases and con-
ditions in which bone metabolism is disrupted. In 1962,
Blau et al. first demonstrated that there was increased
uptake of I8F in areas of new bone formation, as com-
pared with normal bone [1]. Since this first report, [18F]
NaF PET has been established as an imaging modality for
understanding and measuring treatment response in vari-
ous metabolic bone disorders [2].

Bone formation typically occurs in two separate man-
ners, i.e., as endochondral or as intramembranous ossifica-
tion. In endochondral ossification, mesenchymal stem cells
are stimulated to differentiate into chondrocytes, thereby
creating a cartilage scaffold. After the cartilage scaffold
has been established, mesenchymal stem cells differenti-
ate into osteoblasts and start to produce an extracellular
bone matrix, which slowly but steadily replaces the carti-
lage scaffold [3]. The second is through intramembranous
ossification, in which mesenchymal stem cells differentiate
directly into osteoblasts, which similarly create an extra-
cellular bone matrix, but without first creating a cartilage
scaffold. In the extracellular bone matrix, hydroxyapatite
crystals are formed. After injection, ['8F]NaF is distributed
throughout the body and eventually binds to the crystal-
lized surface, replacing the hydroxyl ions in hydroxyapa-
tite to form fluorapatite [4, 5]. The tracer eventually accu-
mulates in all sites of accessible bone, including sites of
bone formation and bone degradation. The rate of accumu-
lation depends on tracer availability, regional blood flow,
and bone turnover [6].

['8F]NaF PET cannot only visualize, but also quantify
areas of increased bone turnover. The pharmacokinetics of
8E_fluoride can best be described by a two-tissue compart-
ment model for irreversible binding. This model was first
described by Hawkins et al. in 1992 and since then it has
been recognized as the gold standard for quantifying ['®F]
NaF uptake [6, 7]. This model considers plasma delivery
of 8F-fluoride, its extraction fraction and, finally, its bind-
ing to bone matrix. Upon defining an area of interest, the
net rate of transfer from plasma to bone binding (K;) can
be estimated with a 60-min full dynamic scanning proto-
col, including arterial sampling, through nonlinear regres-
sion analysis (NLR). Even though this is the most accurate
method for quantifying skeletal '8F-fluoride uptake, the
procedure is less feasible in clinical practice due to the
limited axial field of view covered by a dynamic scan, the
complexity of data acquisition, and the burden it places
on patients.

This has led to the use of simplified methods as alter-
natives to NLR, such as the Gjedde—Patlak analysis and

standardized uptake value (SUV). These methods seem
to correlate well with full kinetic analysis in normal bone
and have become increasingly important in quantifying
skeletal '8F-fluoride uptake. Gjedde—Patlak analysis is
also based on the compartment model, but only requires
a linear regression analysis once the radiopharmaceutical
tracer uptake in the target tissue from the plasma occurs
at a fixed rate [8, 9]. Nevertheless, it remains difficult
to perform Gjedde—Patlak analysis on a regular basis as
it still requires blood sampling and a (short) period of
dynamic imaging. Therefore, SUV has become the most
widely used parameter for quantification in daily clinical
routine [10]. SUV is a semi-quantitative measure repre-
senting tissue activity in a volume of interest (VOI) cor-
rected for injected activity and a body anthropometric
measure such as weight, lean body mass or body surface
area (Fig. 1). SUV can be calculated without any blood
sampling and it can be used in association with a whole-
body scan enabling the measurement of tracer distribution
throughout the body [11]. Note that outcome from all men-
tioned approached depends on the region of interest defini-
tion, and SUV can be reported in a few ways. SUV ., is
defined as the average SUV (and thus representing average
['8F]NaF uptake) of all voxels within a VOL. SUV,_ is the
highest single-voxel value within a VOI, and SUV ., is
the average of a fixed size volume (often 1 cm?) centered
around the hottest voxel within a VOI (Fig. 1).

In recent years, many studies have used various uptake
parameters to quantify ['*F]NaF uptake in bone disorders.
The purpose of this review was to provide an overview of
the parameters that presently are used to measure ['*F]NaF
uptake in bone disorders, and to assess whether they are
suitable for assessing disease activity.

Methods

A systematic search was performed in the databases: Pub-
Med, Embase.com, and Clarivate Analytics/Web of Science
Core Collection. The timeframe within the databases was
from inception to 28th November 2023 and conducted by
GLB and RR. The search included keywords and free text
terms for (synonyms of) ‘Fluorine-18’ combined with (syno-
nyms of) ‘positron emission’ combined with (synonyms of)
‘bone’. A full overview of the search terms per database can
be found in the supplementary information (see Appendix
1). No limitations on date or language were applied in the
search.

Study selection

Two reviewers (RR and EE) independently screened all poten-
tially relevant titles and abstracts for eligibility using Rayyan
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Fig.1 [18F]NaF PET/CT
image explaining the difference
between volume of interest,
SUV ax> SUV ey and how an
area of increased uptake can be
“missed” when using SUV
or SUV

max

peak

(web-tool to screen and select studies). Where necessary, the
full text of an article was checked against the eligibility crite-
ria. Differences in judgment were discussed and resolved by a
consensus. Studies were included if they met the following cri-
teria: (i) studies using ['8F]NaF PET; (ii) pathological condi-
tion primarily involving bone metabolism and/or healing; (iii)
['8F]NaF PET-derived uptake parameter reported; (iv) studies
published in English; and (v) full-text availability. Studies were
excluded if they concerned: (i) oncological diseases; (ii) car-
diovascular diseases; (iii) studies in otherwise healthy subjects;
(iv) animal and in vitro studies; and (v) certain publication
types such as editorials, letters, legal cases, interviews, confer-
ence abstracts, and reviews. The PRISMA flow diagram of the
study selection is shown in Fig. 2.

Quality assessment

The full text of the selected articles was obtained for further
review. Two reviewers (RDdR and EMWE) independently
evaluated the methodological quality of the full-text papers
using the Study Quality Assessment Tool created by NHLBI
(National Heart, Lung, and Blood Institute). The results of this
quality assessment can be found in Supplementary Material
S2.

@ Springer
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Results
Search and selection of results

The literature search generated a total of 2116 references:
584 in PubMed, 678 in Embase.com, and 623 in Clarivate
Analytics/Web of Science Core Collection. After remov-
ing duplicates of references that were selected from more
than one database, 1636 remained. The flow chart of the
search and selection process is presented in Fig. 2.

After screening titles and abstracts, based on the selec-
tion criteria described above, 166 remained for full-text
analysis. This analysis excluded a further 74 articles
(Fig. 2). From the remaining 92 articles, the following
data were extracted: study type, number of participants,
age of participants (mean and standard deviation (SD)),
quantitative parameters examined, chosen method of vali-
dation of the uptake parameters, and purpose of parameter
quantification, which can be found in Table 1. In addition,
details of PET methodology were extracted: PET scanner
type, injected dose and scan time, reconstruction algo-
rithm, and volume of interest (VOI) definition, which can
be found in Table 2.
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[ Identification of studies via databases and registers ]

Records identified from*:
Pubmed (n = 585)

Records removed before screening:

Embase (n = 683)
Web of Science (n = 848)

Identification

A

Records screened on title

Duplicate records (n = 480)

Records excluded:
Different tracer (n = 616)
Oncological study (n = 236)
Wrong publication type (n = 162)
Animal study (n = 160)

(n = 1636)

A4

Reports sought for retrieval

Background article (n = 82)
Cardiovascular disease study (n = 51)
In vitro study (n = 14)

Duplicate (n = 11)

Reports excluded:

(n=308)

Screening

A4

Reports assessed for eligibility

Wrong publication type (n = 132)
Full test not found (n = 10)

Reports excluded:
No quantification (n = 29)
Wrong publication type (n = 19)

(n=166)

—
— A
-
'§ Studies included in review
S (n=92)
c

Fig.2 PRISMA flow diagram of the study selection

Quality assessment

Most articles (90/92) were cross-sectional or cohort stud-
ies and were assessed using the National Heart, Lung, and
Blood Institute (NHLBI) Study Assessment Tool [12].
The remaining two articles were considered to describe

> Different tracer (n = 12)
Oncological study (n =7)
Animal or in vitro study (n = 6)
Cardiovascular disease (n = 1)

a randomized control trial (RCT) and were, therefore,
assessed using NHLBI’s RCT study assessment tool. 83
studies were of good quality (90.2%), 9 of fair quality
(9.8%) and none were of poor quality. The rating for each
study can be found in Supplementary Material S2. No arti-
cles were excluded based on their quality rating.

@ Springer



Annals of Nuclear Medicine (2025) 39:98-149

102

Aeanyerado
-150 ANS 19YSTY B s
‘snrey ay) ut A[anerado-isod
pue -a1d pazATeue a1om sonjeA
1WA NS powtoyaad jou sem
SIsA[eue UOIB[A1I00 JNq ‘Ssel
Kpoq Uea[ 10J PIZI[eULIOU
ANS PINSEIW ) JOLITW
01 pareadde Yy -own 10A0
pazATeue sem '3[ pue ‘pauIIof
-12d sem stsATeue onoury [[ng

g uesw

ueow

dnoi3 a1

-OBIj-uou 3y} ur jou nq dnoi3
QINjoeIJ Y} UI SAIO0JS UOTIOW
JO 93uel PAIWI] 2IOW PIM
parea1100 I 1L PuE "UANS
XA NS 1oySy v dnoid
9IN)oeIJ-UOU AU} UBY) SINRA
(uoneULION] UOISI] [BI0})

JTL pue “ANS “ANS

19y31y pey dnoi3 armjoery ayJ,
PAATISQO Sem
sown 7], 93e[naed juadelpe
oy} pue (Soouy [eIoe[ENIU0D
pue paimfur ueamiaq) **“ANS
QuOoq [BIPUOYIQNS UT JUIY
-JIp 9Y} U99M}9q UONB[AII0D
JUBOYTUSIS © ‘JONUOD B SB 09Uy
[e10)e[ENUOD A} SUIS[) "SIIUY
[e10)eTENUO0D Ay} 0) paredwod
SO9UY P2IONISUOIRI-TIV Y}
Ul POAIISQO 2IoM saw) 7], 93e]
-nIed pue ™A NS suoq [eIp

-uoyoqns paseardul Apueoyrudig

ueauwr

ANS
S POALIP-JIN
15 (T'8) 6'89

d71L
ANS
ANS (L9 65y

ueauwr

Xew

ANS (o1 LTe

14!

Sl

310409 2Andadsoig

[BUOI)O9S-SSOID)

[BUOT)O9S-SSOID)

(12103) Kyserdoayyre opjuy

BuINEn 9P[UY

Amfur (TOV)

JuoWESI] AJRIONID JOLIIUY

[+8]
(6102) MAQ

(L]
(8107) uosr

[c8]

(8102) ue3oy|

uoneoynuenb 1ojowrered 1HJ
AeNI[481] Jo ynsar pue asoding

pwereg (gS—ueow) a8y  sjuedonied

adKy Apmg

aseasI(J

oyny

uoneoynuenb 1ojourered jo asodind pue ‘siojowrered oyeidn oy Jo uonepIfRA JO POylOW
uasoyd ‘paurexs sioowered aanenuenb ‘((QS) uoneiadp piepuels pue ueaw) syuedronted jo o3e ‘syuedonred jo roqunu ‘9dA) Apmys oy) S PAISIT "MIIAI AU} UI PIpN[OULl SI[ONIY | d|qel

pringer

AQs



103

Annals of Nuclear Medicine (2025) 39:98-149

21008 TYASVg dn-mofjoy
pue seare pozAJeue 1910 Y}

U99M}9q UOTJB[a1I00 JuBOyIuSIS
OU SeM I, *2109S [VASVI
)M pIje[a1109 Jurof Jorrosod

QU1 JO Y41 UL 21038 [VA
-Svg dn-mof[o} pue 2100s
Ivasvg o1 paredwoos sem
(Y971) punoidyoeq-o03-uorsa|

21008 V([

-SVg YIm uone[a110d aAnisod
jueoyrusis e pey auids oy jo
XPUA NS ‘stopuodsal-uou pue
s1opuodsar oY) u9am)aq JUIf

-jip Apueoyruss axom A0S

pue '3 paALIOp-YIN (VA
-SVq) 2100s AIIATIOR 3SBISIP
' )M pajenyead sem Aderoy
0) 9suodsay pajesnsoAur Jou
SEM $QI00S U9M](q UOTIB[QII0D
INQ ‘SOI0S ASBASIP YIIM P
-100sse Appuopuadopur a1om
s1ojowrered one)s pue oreuA(

s1opuodsar-uou
07 1seNUOD Ul syulof IS pue [eiq
-91I9A0]S0J ) UT AJUBOYTUSIS
Pasea1dap ((0ZSVYSV) 2100s At
-A1}OR 9SBISIP Ul JudwaAoidur
%07 <) s1opuodsar [eoruro ur
oyerdn JeN[48T] ‘Yusunean
ANL-BUE JO SYoom T Iy
owir} 19A0 uo dn-pamorjoy
OS[E 9JoM SUOIST "UOTIBULIOY
PIOQ]SO [BI0] PAULIJUOD SUOISI]
aantsod 1H{ Jo sisA[eue [ed
-130[0ISTH **3] PAALIOP-Y'IN
)M UONB[I1I0D 1SaY3IY YY)
pim ‘Aderoyy NI-DUE s
UoTIudAIo)UT Jurmp ayeldn
19081} [BO0] oY) SuLIojIuOW
10J 2INSBAW AWOIINO
aAneInUEnb-1As 9ATIRIUSS
-oxdar ysowr ) sem AN

ueauwr

ANS
ANS
punoIZyorq-0}-UoIsa (€11 §°5¢ 8T

xew

Xewr

ANS
ANS
S PIALISP-YIN
PLE T T (T96°LE LT

ueowl

suors9 aanisod [Hd #
_ 5nvANS
M PIALIP-YIN (9°01) L9 4!

110409 2Andadso1g

110409 2Aandadsold

310409 2Andadsoig

snIApuods SursojAyuy

snIApuods SursojAyuy

snijApuods SursojAyuy

(s8]
(0207) 991

[c€l
(0z07) wry

[+6]
(8107) udulinig

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

opwered (QS—uedw) o3y  syuedronred

adKy Apmg

ENZ=NTg|

oyny

(ponunuoo) | sjqey

pringer

As



Annals of Nuclear Medicine (2025) 39:98-149

104

"I paALIep
“4"IN PU® ‘I PIALIP-YRRq
WU A NS usam)aq ApueoyrusSts
Pre[a1109 oS[e JeN[481] ur
sagueyd a3ejuadrad oy ‘A[pe
-yeadar paSewr syuaned ug
'SQUOq qUII| [EWLIOU pue S}jeIs
10q 10} 3] POALIOP-YIN pue
3 paauep-yeped “ANS
UQ0M)9q PUNOJ IOM SUOTIR[I
-100 Jueoyruss A[ySry
POALIOP-Y'IN PUE 3] PoALIOp
eped ““CYANS Aq painseawr
se S1eaA 7 J91Je 9%G69—(09 JO
9SBIOAP [B10) B PI[BIAJI pue
K1381ms-)sod syjuowr g1 03 9
wolIj %67 AQ PIseardadp sjeisd
snoj[[eoued ur ayeidn JeN[J81]
snLyIe (1S Sunorpaid
10} ‘Afoanoadsar o6/ pue ‘o7 /
‘9,08 19Mm siseq juaned 1od e
uo KoeInooe pue ‘Ayoyroads
‘KITATIISUDS ) ‘POYSAIY) )
se ¢'1 <Jo (wnioes A0S
/11S " ANS) oner §/(IS ue
Sunyey, *(f1S) urof serjroroes
9y jo Surpeid orydes3orper

0} paredwod sem ayerdn

UonRWWERUI JO SIS JB ‘A[[0S
jou Jnq ‘AfTeroadsa ‘syjuowr 9—¢
uryim ayejdn ur 9seAIOIP
JUBOYIUSIS © 0] PIJ JUAUWIET)
Apoquue JNJ-NUY ‘Juouean
uodn Apueoyrugis paseardop
©Iq119A 2y} ur syurol [[e 10y
ANS UBSW oY} Jey) PamMoys

xXeuwr

ayedn 10081} JO UOTIEOYTIUENQ)

ueauwr

" paaLIop-yeped

ANS
S PIALISP-YIN SN
onRIANS S6) 0Ly
MANS (01 98¢

123

8¢

91

110409 2A19adso1q

110409 2Andadso1g

310409 2Andadsoig

[s€]

Surreay jjeIs ouog ($007) IouuaIg

(L8]

snLylIeo[Apuods [erxy (0107) 19q0ns

(98]

snijApuods SursojAyuy (Z707) uueuPNIg

uoneoynuenb 1ojowered 194
JeNI[481] Jo 1nsa1 pue ssoding

opwered (QS—uedw) o3y  syuedronied

adKy Apms

ENZ=NTg| oyny

(ponunuoo) | sjqey

pringer

AQs



105

Annals of Nuclear Medicine (2025) 39:98-149

sopndadofe)-u pue UI[E209)SO
“(dTV) osereydsoyd ourfeye
‘reak 10d SorI93INs [RIOBJOIURID
Jo1padoy)1o/seIn)oeIy uBdw
‘so11a31ns [eroejorueo/orpad
-0}10/SoIN)ORI} QWM PIM
paje[ar1od Apueoyrusis (J L)
UOTJBULION]} UOISI] [€10) pue
(AVIN) SWn[oA 9ATIOR OI[OGRIIA
QwNjoA dU0q
51d0)01919Y JO 9SEIOUT U [)IM
papuodsa110o g < ™I ng
V own[oA 2uoq 91dojo10)ay 0)
poredwos sem owm 10a0 95 NG

ayeidn
Sunmsesw Aq juowadurdur
JIe[ngeiaoeorowdy jo sargoroyd
-IoW SNOLIEA YSISunsIp
0) 9[qrssod 11 Suryew ‘adAigns
juowasurdwr renqe)adeoIoWy
oy1oads & ypim papuodsar
-100 X" A NS paseaIour uy
juowe3urdur jo o3ue
) yum Aeanisod paje[ariod
9pIS PAJOAJJEUN PUL PAJOSYJE
oY) uvsamiaq onel **UANS
UL, "SUOIZalI [BI)B[RNUOD )
Jo " ANS 2y uey 10y3Iy
Apueoyru3is sem juowagurdur
Jo seare ur jo **ANS oy,
(pasearour
PIOJ-9'T) ©IGOIIOA 9OUDIJI Y}
uey) WSIjoqelow auoq Ioy3Iy e
pamoys sajejdpus ay) Isenuod
uJ *(PIseaIdap ploj-1noj) dOUId
-Jo1 93 0} paredwod paseardap
A[reoneweIp sem 2380 aU)
urgim duoq oy Jo Aiiqera oy
‘a10J219Y [, "soye[dpus juaoelpe
ur ][ PUB ‘BIGR)IIA 20U
-IQJOI AU} UT 4]°8 ‘I0JU0 a5ed
oyl ul 9] sem AN YL

J1L
ANS
UANS

AVIN (69 0°LT

ueauwr

AN (6'9) 6'9C

UANS FvD) 0¢y

Xewr

ANS (96D 008

MANS (T6) LSS

Sl

LT

110709 2A10dsonay

110409 9Andadsold

110409 2Andadsonoy

[eUOI}J3S-SSOI)

310409 2Andadsoig

erse[dsAp snoiqrj

eArssargold

sueoyIsso eise[dsApoIqry

Juow
-o3urdw Je[nqe)eoR0IOWa,|

Juow
-o3urdwr Je[nqeIRoR0IOWD,|

(Awoy
-09[Apuods) Jureay JyeI3 suog

[oc]
(6107) spyepedeq

[es]
(6107) ueunog

[06]
(6100) WSO

[68]
(9102) WseAeqoy]

[88]
(9107) Je81qung

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

o)pwered (qS—ueow) a3y

syuedronreq

adKy Apmg

ENZ=NTg|

oyny

(ponunuoo) | sjqey

pringer

As



Annals of Nuclear Medicine (2025) 39:98-149

106

sIeak ¢ 0)
syuow ¢ 1a)e (%S 6y +) sdiy
[€I0)e[ETUOD JO S[OAQ] QUI[SEq
o) 0} Jsowe PIsLaIdIP INq
sdiy [erejerenuod yim pared
-wod (%6°061 +) SHM 9—¢
191Je '3[ POALIOP-YIN PoSeaIoul
Apueoyugrs v £q pazLIojoreIeyd
QIoM $)JeIS Qu0q OTUASO[Y
K3oroyredoysty pue A103
-Ins Aq pauwliyuod se juerduwr
9y} Jo Juruasoo] ondads PIm
pare[a1109 oseyd Jurdewr
pakefop oy ur ['g <**ANS
pue ‘oseyd Jurdewr Apres
Ul 'y <*UANS V
uor3ax dry 1od
IOJJIP 10U PIp SIY, ‘JoAOUIN)
uIng pasearoul Sunesrpur
‘sdry payerado-uou oy ueyy
19y31y Apueoyrudis sem sdiy
parerado oy ur YA NS oYL
sisayjoxd
9 Jo Suruasoo] ondads jo
aAnEDIpUL sBA (06 < ANS V
wsIjoqejou
QU0q JO SIOYIBWOIq WINIS
9} JO UOIR[ALI0D AU 9ARY O}
aaey 0 xeadde jou pip ™A g
*€7-ADA 01 PAB[ALIOD sem INq
‘dANTd 10 dTV WM S1B[1I00
10U pIPp SYS YL (€2-4D)
€7 10308} yImoIs Ise[qoIqy
pue ‘(dNTd) [euruial-N |
ad£) apndad uagerjoooid
‘dTV P PIIR[ALId L
(SES ‘91008 SBISIP [[BISAO0
ue 9Jerouds 0) eare 1od oyeydn
Sunewnss wo)sAs 3urIods
Paseq-uoIgar) 9100s UAPINg
UOIO[YS Y} YIIM PAIR[ALI0d JTL,

"SI paALIOp-YR[IRd
S POALIP-JIN

Xewr

ANS

ueauwr

ANS

xew

ANS

411
ANS
ANS

yead

ueowl

Lwo9IL 91

(€D 818 Sy

W9 osy Sl

(S6) 8L 8%

(I'v1) 0'9v 0T

[BUO1}09S-SSOID)

110409 2Andadso1d

110409 2A1oadso1g

310409 2Andadsoig

110409 9AT1I03ds0nay

Kyserdoxyyre drg

Kyserdoxyyre drg

Kyserdoyyre dig

Kyserdoxyyre dig

eise[dsAp snoiqrj

l6€]
(6661) 11914

[sy]
(9107) Tewnyy

[z¥] (9007) 1591104

[9¥]
(1102) 204D

[81]
(0Z07) uad3nig 19p ueA

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

I2jouwrered

(qS—ueowr) o8y  syuedronieq

adKy Apms

ENZ=NTg|

oyny

(ponunuoo) | sjqey

pringer

AQs



107

Annals of Nuclear Medicine (2025) 39:98-149

pringer

As

Suneoo ur Ayserdoayyae

diy e jo asn oy} InOYIIM 10
UM IR ‘14 £q peInsedwr
UANS pue QING USamIoq
pUNOJ Sem UONB[ILIOD JUBdYIU
-31S ON "payTwI] ST uoTRAIasAId
(QING) Asuap [e1ourw QUoq
Jo swrd) ur Ayserdoryire diy

ur 3uneod € Jo duaNjuI Y], xeu

ANS (0T 059
pasn a1om
s)JeI3 Quoq ou a1yMm sjuened
0) paredwod pasn o1om s3jeId
Quoq o1eudSo[e woym ur
syuanjed ur '3[ peALIop-YIN
Aq poInseow se wsIoqelow
quoq onayisoxdrrad ur

9seaIoul JUBOYIUSIS B SEM QIAY], ST PoALISP-IN 0°9)09L
MO POO[q QUOq JULIOIIUOW Ul
KoeInooe pajrw] A[uo sey 1dd
JeN[dg,] ‘Tosemoy ‘suewnyy ut
sonouny opLiony urssasse I0j
AQS PUB eped 4loq Jo asn
ot 110ddns eyep jussaxd oy,
"3 PIALIOP-YTIN Ul 9SO} (LM
Apuedyrusis paje[ariod ANS
ur sagueyd ‘A[[eur ‘urw )9—05
[eAISIUT Q) JOJ PUNOJ Sem AS
pazijewiou—ssew Apoq ueo|
pue 3] uU9om)aq UOTIB[IIOD 1S9
-YB1y QUL 'Y PRALIOP-YTIN o
)IM UONJB[OLI0D YSIY B pamoys
‘uomyoslur I9)Je UTW ()9—( |

105 3] poALIdP-Ye[Ied oYL

uedw

ANS I paALIdp-Yeed

'S POALIOP-YIN (TS0 81

(43

(44

[e11) JOIJUOD POZIWOPUEY

310409 2Andadsoig

[BUOT)O9S-SSOI)

Kyserdoxyyre drg

Kyserdonyyre dig

Kyserdoyyre dig

[z6l
(0207) wInza],

(1+]
(8007) uBWLIDWIWA ],

[16]
($107) ssoyewliey

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

opwered (QS—uedw) o3y  syuedronred

adKy Apmg

ENZ=NTg|

oyny

(ponunuoo) | sjqey



Annals of Nuclear Medicine (2025) 39:98-149

108

BUISIUT SI[RIURIO SISOISO
-1odAy yam sjuaened jo suorar
SNAI[O pue 9uoq proudyds oy}
ur 1oy31y Apuedoyrugis sem
1N A NS s1uaned [onuod
se Junoe sIequiaw AJTurej o}
paredwos sem syuaned jo oxyerdn

payiodar
jou 210§219y) pue sjuedronred
93 JO Jsow I0J PauTeIqo Jou
SEM UOIYM UTW ()G JO duir
Suruueds e parnbar Sumy
‘UTW Gy ISIY ) JOJ 9[qeIS Jou
sem U1y UOISSaIZI JRQUI[-UON
K[oAnoadsar
‘SUIUOW g PUE SYIIM 9 B
ANS L'C pue §'C Sem auoq
QOUQIRJAI ) Ul WST[Oqe)ou
uoq Ayjreay rewrtoN “sdno
Pajuawad oy} 10§ ‘AeAndadsax
‘0t pue §'4 pue ‘sdno pojuowr
-2oun Ay} punore (syruow 9
JB) G'¢C pue (S)ooMm 9 IB)
9y sem "UANS oYL
Inwoy roddn oy ur paounou
-o01d Jsow sem pue syjuoul 4
Je diy [e1o)e[enuod ay) o3
poredwod syuejdur jo sodAy
q10q ur 1y31y Apueoyrugis
A[reonsnels sem “PYANS YL
SuOI3a1 [euaW
-3os ur 911 £q pue suoi3az
AIeIIARD UI 916 AQ PaseaIour
sem oyeidn oy} ‘syyuout 4 1)y
‘[9AJ] QOUIRJAI Y} 1B SBM
SuoI3a1 AIe)1ARD 9} JO oyeldn
) S[IYM ‘SUOITI [eJUaWIAS Ul
%L, Kq pasearour sem 1 ‘K103
-Ins J9)Je YoM | "dU0Q UL
-Jo1 0} paredwod apis pajodye
Y uo Y31y %9 sem axyerdn

" PIALIP-YIN

ueauwr

ANS
ANS SN

(€6) 0'9€

ugow

ANS SN

ueauwr

ANS CLgLs

ueowl

ANS #9099

Cl

9¢

310409 2Andadsoig

310409 2Andadsoig

310409 2Andadsoig

110409 2Aandadsoid

310409 2Andadsoig

BUIUI SI[BTURID SIS0ISOI0dAH

(Awo0j091s0
Iernqejeoeriad) eiserdsAp dig

Kyserdonyyre dig

Kyserdoxyyre drg

Kyserdoryyre dig

[v6]
(1700 Teaorepy

[€6]
(£107) Smquaryoay

[¥¥]
(0207) ¥rew(in

[ev]
(€100 y¥rew(in

(ov]
(6007) d¥rew(in

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

opwered (qS—ueow) a3y

syuedronreq

adKy Apms

ENZ=NTg|

oyny

(ponunuoo) | sjqey

pringer

AQs



109

Annals of Nuclear Medicine (2025) 39:98-149

a3e 03 jJou Jnq ‘sHLIY)
-Ie09)s0 Jurdo[oAap 10§ 1008
YSLI & St I YA PaIe[oLIod
Aeanisod diy oy 10§ "*ANS
PAIOPISUOD SeM SSIUNDIY) JJeys
UQUM INWSJ Pue WN[NQe)Aoe
sy ur AN pue UANS
M SUOTJB[OLIOD PISBAIOUT
pey ured “wn[ngeade A} ur
[ peAlIap-Yeed pue Jnuwoj
oyy ur AN pue UANS
M PAIB[ALIOD SSAUNDIY) 1JeYS
Surmorreu
qoeds jurof Tewrtura 10§ (£8°0
:Kymoy1oads ‘g0 (AIADISULS)
49 pue 3uruasiom ured 10J AN
-orpaid sem jurof oy ut (#8°0
:Kymoyroads ‘0T :ANADISULS)
T'L Jo dnfea Joamd ANS v
aanisod 1gd osre
QIOM TN 2Y} UO STILIY}IL03ISO
£q pajoagye syutof oy Jo (%96)
ISOI "punoy sem 6’9 <**ANg
& uoym oyeidn 1gd 10J oAn
-150d PoIOPISUOD 1M SIUIOf
dnoi3
Kyaass ured pue dnoi3 opeid
/3 03 Surpioooe 1oy3y A[Sur
-seoIour a1om sanfeA **MANS
o3eI1oae 9y, ‘dnoi3 opeid
(T1/3]) QouIME T-UIS[[OY
yoea J0§ punoj a1am **“ANS
93eI0AR Q) UI SOOURIYI
Apuedoyruss Je[o1I00
PIp Inq paredwiod os[e a1om
AN pue UANS “(opeIS
Ayredoayie 1008] TN PIm
Ap[eam pue) 2100s AJIqeSIp
UIIM POIR[OLIOD 3] PAALIODP-Ye[Ied

ueow

ANS (LoD 98y

Xewr

ANS
ANS
"SI paALIap-Ye[ied

ueow

(ST 6'6S

Xewr

ANS (€11 808

xeuw

ANS (Lv1) 8'6¥

Xewr

ANS (€sp ey

Xewr

ANS
ANS
"3 paaLIop-ye[Ied

ueauwr

(Iomn €59

911

0l

LS

94

8y

110402 2Andadsonay

[BUOI}I3S-SSOI)

[eUOI}33S-SS0I)

[BUOI)O9S-SSOID)

[eUOI1}d3S-SS0IL)

[BUOT)O9S-SSOI)

(dm) snungreoalsQ

(dmy) snuyeoalsQ

(dmy) snuyreoalsQ

(dmy) snungreoalsQ

(dry) snuyIRoAsO

ured yoeq Jomo |

[9z ‘szl
(8107) PluB[[PA

[96]
(6107) eremaIqiy,

[zl
($107) yseAeqoy]

log]
(S102) Wysekeqoy]

[£2] (£107) Museieqoy]

[s6]
(L107) supjuaf

uoneoynuenb 1ojowered 194
JeN[481] Jo 1nsa1 pue asoding

o)pwered (qS—ueow) a3y

syuedronreq

adKy Apmg

ENZ=NTg|

oyny

(ponunuoo) | sjqey

pringer

As



Annals of Nuclear Medicine (2025) 39:98-149

110

SuoIso[ o3e[nIes
JuapIOur Jo douasaid oy ur
pasIoaal sem diysuonerar oy
Inq ‘o3e[NIed Ul SUOISI[ [BOIS0]
-oydiow Jo 90uasqe Y} UT USIS
J1om eydn suoq pasearour
pue ured U99M)9q SUONIRIDOSSY
"LAd 9Y3 UO ISAOUIN] SU0q
PISBAIOUT YIIM PIIRIOOSSE
Q1M [N 2Y) U0 SAZURYD AT
-e1ouaSo( 'Y peAlep-Yened
a AySiy pajeforiod AN
SDIAOUAS Juddelpe jo
AIsuayur y)im pojeIoosse AJoAn
-1s0d ST A11ATIOR OT[OQRISW QUOq
[euor3aiqng ‘defroro awos
S1 2191} ySnoyj[e noyim
asoy} ueyy AJIATIOR OTjOqeIow
POSeAIOUT (IIM SUOISAI ouoq
Trexoydrrad 0 Juaoelpe asuajur
QI0W ST SHIAOUAS "(9ords Ie|
-NOSBARI)XQ JR[N[[IBNXD )
pue ewse[d poojq ay) usamiaq
JUSTOYJR0D IQJSULI) dWINJOA

o) ***y uodelpe yim paje
-100sse Afaanisod sem *"ANg
me\/Dm HOQMMS

Pamoys 21095 (SYVOIN)
Q1008 90U SHILIYIIL03ISO YA

19Y31y & s s91Aydoo)so
pUE SUOISI] MOLIBW U0y
$91Aydo9)so Jo 9z1s oY)
s *YANS ur esearour [euon
-10doid ® st 219y, "0100s /3
0) SUIpI0dOE JSBAIOUL O} PUNOY
sem A NS ueaw oy A[[eqorD

Xew

Xew

ANS
ANS

ueauwr

"3 poaLIop-ye[Ied

suel.

ANS

Xewr

Xewr

ANS

xeuw

ANS

SN 91
D o¥s T
Q1D 01+ 91
Q11D LY 91

110409 2AndadsoIid

[eUOI1}33S-SSOIL)

[BUO1}09S-SSOID)

[BUOT)O9S-SSOI)

(oouy) SHLIY)IROASO

(oauy]) SHLIYLIROAISO

(oouy) SHLIYIIROASO

(oauy) SNLIY)IROASO

[8zl
(9100) o1aes

[L6]
(12027) KexoeN

[62] (€200) vUSf

[+¢] (czog) eusr

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

I2jouwrered

(qS—ueowr) o8y  syuedronieq

adKy Apms

ENZ=NTg|

oyny

(ponunuoo) | sjqey

pringer

AQs



m

Annals of Nuclear Medicine (2025) 39:98-149

K13310s FuLINp UOT}OSAI
Surnnbar eare Jo uoneOYNUIPI
10)39q 0) Spe9] SI90EI) JO Uon
-euIqO)) "A[YSI1Y PIIR[QII0D
Dd4ldg, ] pue JeN[dg]
udam1aq *UANS A3o10s1Y
QNSST) YIIM POULIJUOD SE SBATR
PJOJJUT UT PJBAR[d 9q 0 PUNOY
Sem pue SUOISaI [eI0)e[eNUOD
03 paredwoo A NG JeN[dg,]
*STI[OAI09)S0 10§ snorordsns
SeaIe Ul pojenyeAd o1om oyeldn
DAA[dg, ] pue oxerdn JeN|[dg, ]
uo13a1 ouoq Jod Jurroyrp
‘S00UY PASIOIAXA STILIYIIBO)SO
ur *ANS pue "YANS T3
3 POALISPYIN Ul pan
-seow se oyeydn nﬁmZEwL ur
9seaIoul JuedYIUSIS B SeM 919U ],
I9Y)O [oro 0)
PAIB[21I00 Jou d1om SIjowered
ayeidn Tewou A[reInonns
pareadde jey) suor3ar ur se
[[oM Se sa3UBYD JAT)RIQUITIP
pey dnois snLIYIIR09)so AY)
QIoUM SUOISI UT }0q PIAIISqO
Q1om s1ojourered orjoqelow ut
souaragyIp dnoi3-usamiaq 'sn
-LIY11809)S0 IM S309[qns pue
s3102[qns Ayireay usamiaq jurol
Qouy oY) UT JUQISHIP AJUBdyIu
-31s o10M UONORIJ UOTJORIIXD
pue ‘13 ‘5 s1jowrered onouny
pue ANS WNWIXeW pue UeJ\

$9100S SINMOM
pue /3 Aq paInseaw se

S9I09S UOISI AFe[11Ied pur
quoq ay) 101paid 0} 9[qe Q1M
[opow UOISSAIFAI B Ul S[OA
snoLrea a3 ur syuaned ay) e
Jo ANS pue Ayrsuaiut RN
9} Jo sonjea ueaw oy Jursn

oner *™ANS

ANS (1D 0TS 8

Xewr

Xew

ANS
ANS S PAALIPYIN
15 0'8) 0°6S 1]

dueawr

xew

ANS
S PIALISP-YIN
9 #'01)9°59 1€

ueowl

ANS (9°8) 6'SS 6¢

110409 2A1dadso1g

110409 2AndadsoIid

110409 2Aandadso1d

310409 2Andadsoig

SOIRAWOASO

(oouy) SNLIY)IROASO

(oouy) SULIYIIROASO

(oauy) SNLIY)IROASO

[8¢]
(8707) UOSSIAISLIYD)

[66]
(2T0T) sunpem

[86]
(1207) sunpem

[L2]
(0707) eremaIqry,

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

opwered (QS—uedw) o3y  syuedronred

adKy Apmg

ENZ=NTg|

oyny

(ponunuoo) | sjqey

pringer

As



Annals of Nuclear Medicine (2025) 39:98-149

112

asdey[oo

peay [e1owdy Jo uonoipaid ayy
10§ pasn sem (760 :Aiogroads
‘08°0 :ANADISULS) 69 JO
UANS oo YL (100> d)
dnoi3 asdefjoo-uou oy} ueyy
dnoi3 asdefjoo oy ur 1oy3Iy
Apueoyrusts sem A0S
ueow 9y ], "a5e)s UOTJEOYISSe[d
1821 9 Jo uorssaidoid oy

0} Surpioooe pasearour **ANg xeu

ANS (01D S'6€
uoqmel Ayireay
0} paredwod syuanjed [re ur
pasearour Apueoyugis sem
suogmel pajoage ur “*ANS

L1D/14d deNI[dg]
Q][ [BUOTJUSAUOD UT SUOITOI

[eIoYR[E1IUOD PRJISJJE-UOU WOTJ
paloyip Apuesyrugis os[e seare
Quoq pajodye Ay, "UOITaI [eId
-Jerenuod Ayeay ayj o) pared
-wod "ANG pue *ANS
10yS1y Apueoyrudis pamoys
BOJE 9UOQ PJOJJe AL, ‘soSewr
[eorydei3orper 19y30 uo Ipew
Apeaire stsouderp o) paredwod
sem oyerdn ‘dooms one)s 1o3e[
JU) WOIJ paureIqo sanea ANS
UM PIIB[OIIOD SAN[BA AS UANS
Qouanbas orwreuAp A[1ee oyJ, *UANS (69 0°¢S

ueauwr

ANS (00D €68

(44

IT

[eUOI}33S-SSOIL)

110400 2Andadso1g

[BUOT)O9S-SSOI)

[+9]

(peay [eI0uId)) SISOIOAUOASO (S107) ®r0ogny|

[L¢]

(mef) snreAwodsQ (2207) Meutey

[9¢]

SHI[RAWOASO (#107) IoAowsaar]

uoneoynuenb 1ojowered 194
JeNI[481] Jo 1nsa1 pue ssoding

opwered (QS—uedw) o3y  syuedronied

adKy Apms

ENZ=NTg| oyny

(ponunuoo) | sjqey

pringer

AQs



13

Annals of Nuclear Medicine (2025) 39:98-149

pawtojrad jou
Sem SIOYTewW [eOTWAYD0Iq pue
oyerdn JeN[dq, ] renprarpur jo
uosireduwod 19211 "[OpoW Y17
oy} Sursn paAIasqo ey} uey)
$S9[ 219m Inq " A NS pue e[
-Jed pUB [opoul Y¢1g Ay} Suisn
'3[ 10J PoAIasqo anfeA Ay} 0}
Je[IWIS JoM SIIew [edTWaYo
-01q ¢ 9y} Jo sanyea uoisioard
ayL “"ANS pue Yeped-
Nerg— Suowre punoj sem
Uo1s1931d U 90UdISYIP JUBIYIU
-S1s ON ‘Jopowr Yepied Jo [opouw
EIT 3yl UeY) [9poUl )T 9y}
Sursn 1918213 ApuedyTUdIS
arom 109[qns yoes 10§ 3y ur
SI01I9 UOISIoaId [enpIAIpUT QY ],
A =" 10§ %997 01 ) ¢
10} 9,7'7] WoIj paguel s1a)0
-wered 174 9y Jo uorsioaxd ayJ,

pajoayeUn
SPeaY [eIOWJ UBY) ' POALIOP
AN Aq panseows se oyeldn
IOMO] PANQIYXA SISOIOAUOIISO

£q pa1oayye peay [eIoWd) A,
TEANS ou Yim uon
-B[01100 JUBOYTUSIS © Pamoys
0S[e SUOIS9[ Y} JO SSWN[OA
Jrewrxoidde oy, ‘punoj sem
‘oTjel YIPIM J[APU0d 3] pue
UOISa[ oY) JO BAIE 90BJINS OY)
Surpn[our ‘ozIs UoIS9[ pue
XBWA S Y} USm)aq UoT)
-e[1100 dAnIsod Jueoyrudis
® ‘10AOMOY "sa3els JINOS
A} US9M)Aq SIUQIAINSEOU
9SaY) UT SOOUAIQYIP JuedyIuSIs
ou 1M 1Y T, “(SINOS)
soSe)s 9SBasIp JUSISHIp J8

paimseawr sem *"MANS 9YL

ueawr

ANS
3] paAlLlop-yeped
] PIALISP-YIN

S PIALISP-YIN

Xew

ANS

99 €19

(To) o€e

09 o00L

91

el

[BUOT)O9S-SSOID)

[eUOT}09s-SS0I))

310409 2Andadsoig

(1.l
s1so10dod)sQ (8007) 18014

[99]
(peay [eI0WD)) SISOINAUOIISO (8661) s1adaryos

[$9]
(99uy) S1S0103U0ISO (6007) aerery

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

opwered (QS—uedw) o3y  syuedronred

adKy Apmg

ENZ=NTg| oyny

(ponunuoo) | sjqey

pringer

As



Annals of Nuclear Medicine (2025) 39:98-149

114

SIAE [891110D pUE J[OyM [PIM
pare[a1109 Afoantsod sem (NG
*9u0q [013100 ) UT A[oreu
-twopaid ‘(O] s UOI3I [e10}
Jo ANS/NH 00T Surpasoxs
auoq Jo ANS) SINE Peay
[e1oway JYSLI pue Y[ YIm

PaJe[a1109 AJoAT)E3QU Sem 3y
unu 7y se 110ys
Se Sow} Ueds YIIm paure}qo
QI9M SUBDS SIWRUAD UIU-()9
pozATeue A[[RUOTIUSAUOD O}
Jorradns Jo judreanba romod
[eonsneIs YIIM SJUSWINSBIW
[ "TeAIoluT oW} ISYIOYS B
Sursn punoj 9q p[nod sjudw
-oInseaur 'y Je[IIs JOY)OYM
areSnsoaur 0 syurod awm) Jud
-IoJJ1p 18 Qoururioyted H-¢i1g

JoJ powiojrod sem uostredwod y

So[eU Ul UONB[ILIOD
JuUBOYIUSIS OS[E JNQ ‘IO BaM
® pue so[ewoj ur a3e pue
ANS U99M)2qQ UONR[ILI0D

QATIESOU JUBOYIUSTIS B SeM 9197 ],
"SI PALISP-YTIN 03 [qeL
-edwoo sem "PUANS Jo oouew
-10J19d "ING [eeTe pue 3
POALIOP-YIN U99M1aq 1S9MO]
pue NH pue '3 poALIop-YIN
U29M12q ISAYSIY 219M SUOTIR[I
-10D "dNd pue ‘AVING ‘NH
s Afeanisod pajear1od
PIALIOP-Y "IN AQq paInseaw se
ayeidn ‘pazAreue sem (QINE)
Kyisuop [erourw suoq ‘(QVING)
Kysuap juaredde [erourwu
uoq ‘(NH) s1un pRYysunoy

‘ANS U99M19q UOTIR[1I0D)

ueawr

ueawr

ANS

(SING) 2109s WST[OqEIOW UOY 961) 0TS

S[eATO)UI QW)

QISP 1 *S] PAALIOP-Y'IN 890719

ueauwr

ANS (96D 0°8%

ueawr

ANS
" PIALIOP-YIN SN

6¢1 110402 2A1309dsonoy

0¢ [eUOT}09s-8S0I)

88 [BUOIIOIS-SSOI0 AAT)OAdSsony

€9 110402 dAn0adsonay

s1so10do9)sQ

s1so10do2)sQ

s1so10do9)sQ

s1s010do2)sQ

[zo1]
(0202) sepouy

[101]

(1200)
ung

[o0T1]
(€200) red

[£9]
(6107) 19osser

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

opwered (QS—uedw) o3y  syuedronied

adKy Apms

ENZ=NTg|

oyny

(ponunuoo) | sjqey

pringer

AQs



115

Annals of Nuclear Medicine (2025) 39:98-149

quids oy ur JuSWRINSEIW
ANS Ym Arood pajerariod
SIY L "%8° €T Jo oseaour a3e
-Juoorad UBSW € YIIM QUI[ISEq
woIj 93ueyd JuedyIusIs A[ySiy
€ POMOYS SAIPOQ [EIGJIA
Tequun| Sy Ul 3] POALISP-YIN
ur a3uey)) JuedoyrugIs A[[eonsn
-B]S 9I0M SUOIIR[AII0D INOJ oY)
Jo auoN ‘Aderoy) apneredrid)
JO SyIuowW 9 I9)Je ALY ur
sa3ueyo 03 paredwoo sem aurds
aUp Ul *3] PAALIOp-YIN Ut d3uey)
d'TV 10} POAI2SQO 9SBAIOP
9y} 0) opyTUSewW UI Je[IWIS
Sem 9SBIOIP SIYJ, JUSWIEa)
-1s0d syjuow 9 0} duI[aseq
wol %481 £q Apueoyrusis
Pasea1oap ' [e1qo1IoA UBIIA
9jeuoIpus[e
)M JUSWIRAD) JO Syjuow 7| Je
SO[qeLIeA 7 ) U32M]aq UOTIE]
-01100 OU SeM 919} ‘OUI[asEq Je
ourds Tequiny oy} ur ANS pue
NG U99M19q UOTJB[OII0D JUBD
-g1ugIs © sem 219y} YSnoy)[y
(67— <2100s-],) o1uado9)so
I0 AyITeay sem jey) dnoid
oy ur uey) (G'g — >9I109s-1)
dnoi3 ono10do9)so a3 ur
JomO] AueOyTUSIS 91oM SjUSW
-amseaw " A 0 g surds requing

ueauwr

ANS
P e T 1
‘T PRALIOP-YIN

"SI paALIOP-YIN
[+ al/en
DAY T

ueowl

ANS

(T8 €59

9 0L9

') 968

0C

81

€4

(Juownyean

[eUOT}09s-8S0I)) opneredua]) siso10dosisQ

(Juounean

110y09 dA10adso1g deuoIpuasry) siso10dodjsO

(Juounea) AJLUOIPUA[Y)

[BUOT)O9S-SSOI) s1so10doaisQ

[89]
(1102) 15014

[+01]
(€002) 15014

[co1]
(6007) ®PMON

uoneoynuenb 1ojowered 194
JeN[481] Jo 1nsa1 pue asoding

o)pwered (qS—ueow) a3y

syuedronreq

adKy Apmg EN:=N g

oyny

(ponunuoo) | sjqey

pringer

As



Annals of Nuclear Medicine (2025) 39:98-149

116

31 PUB ‘¢ ‘T Ul punoy
QIOM SIOUQIYIP JUBOYIUSIS OU
g snIowiny oy} ur [y pue y
uey) 19213 Apueoyrudis 2q 0)
pUNOJ 2IoM JBIQAIIA Tequun]
oy} ur Y pue "y [BIqYI0A UBSIA
A[oAn
-00dsar ‘¢6°0 Pue “L6°0 ‘16°0
JO SUONIB[AIIOd YIIM YSTY o1om
paulquiod auids Jequin| pue
drg oy ut pamnseaw ANS pue
I paAtdp-yeped “NEIT pue

SIIPIT U9aMIRG SUONB[LIOD)  SHIT PUB NEIT) 3] PAALIOP-YIN

dnoi3 jonuos oy ur jey
uey) JOMO] A[JUBOYTUSIS 19M
dnoi13 proe oTuOIPUI[OZ o} UT
QRIQOIIOA [BOIAIID AU} JO ANS
UBdW Y], JURIHIP Apueoyru
-31s jou orom dnoi3 jonuoos pue
qewNSouap JY) UI BIGI)IIA
JIORIOY) 9] JO SA)S UBoW Y,
Apnjs sty ur juow
-Jean) 0) asuodsar Jururwrexa
J10J 9[qeInsun 1 sayjewl SAJuLYD
JueoyIu3Is Aue JO 90UISqe A}
‘10113 UOTSToa1d Jsa[ews oy}
A3 ANS YSnoyI[y ‘o[qerieA
931J B SE 3] pany Jey) spoylem
uey) juaur)ear) o) asuodsax
jueoyIusIs A[[eonsnes e
QJenSuUOWP 0) $309[qns Iomay
paxmbar =13 Sutwnsse

S POALIP-IIN
P°e 1

(8'8) 029

ugow

ANS

" paALIdP-Yeped

(Topowr

(€919

ueauwr

ANS (80D ToL

ueauwr

ANS

"SI paaLIOp-yeNiEd ([opow
"I perR[noTed 18t} SPOYIRIN  NHIT PUE EIZ) S POALIOP-YIN

(T8 €59

9¢

cl

€

or

[BUOT)O9S-SSOID)

[BUOTNO3S-SSOID 9ATIOAds0NaY

(19A0UIM) QUOQ
resnedouaunsod) siso10do9isQ

(19A0UIM) QUOQ
resnedouaunysod) siso10do9isQ

(JuSUNEoI) qEWINSOUIP pUe

[OIU0O—3sED “POYDIEJA  PIOE JTUOIPU[07Z) SIS010d0dIsO

[BUOT)O9S-SSOI))

(Juounyean
apneredra]) sisorododisQ

(12l
(0002) ¥00D

[69]
(z100) 1ng

[901]
(zTo7) Muysng

[sor]
(1107) onbpprg

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

opwered (qS—ueow) a3y

syuedronreq

adKy Apms

ENZ=NTg|

oyny

(ponunuoo) | sjqey

pringer

AQs



17

Annals of Nuclear Medicine (2025) 39:98-149

suoq onaged ur y pue
S[OA9] J'TV U99M)9q punoj sem
UONR[ALI00 Y31  "A[oAn3oadsar
‘MOf POO[q PUE UOT)BZI[EIQUTUI
paseaout Sunoapal ‘1) pue 'ty
PIALIOP-YIN JO sanfea 1oysiy
pajensuowap auoq dnoed
‘Quoq [ewiou yim paredwo))
juedyrusIs A[[eo
-nsness A[ysiy sem CUANS
pue '3 poALIOp-YIN ‘I
U99M12q JUSIOLJO0O UOT)E[OII0D
ueweadg "Yoou [eIoway oY)
ym poredwod JIys TeIOWS)
oY) 18 JOMO[ d1om AS pue
[ POATIOP-YIN ‘SO INWY
rewrxoxd o) Suowry “ourds
Tequun[ 9y) Je UBY) JOMO] SoWT)
901U} 219M 1JRYS [BIOWDJ PUB
Joou [eIOWS) Y} Je A)S pue
"SI POALIDP-YIN ‘T3 JO Sn[EA
sdnoi3 aandiosamue
PUE ATEU-JUSWIET] [)Oq 0]
snowny 9y} 0} paredwod surds
Tequini y) Je 1oy31y Apuedyru
-31s arom 3] ToAouIN) dUOq
pue 73] uorsnjrod ouoq uedN
[eIoUII 9UOQ O} punoq jey)
JIooRI) JO UOTIORIJ oY) pue TV
JO S[QAQ] U29M]2q PAAIISAO SBM
UONR[ALI00 9ATIESOU JUBOYTUSIS
v (£1+2D/e] [erou suoq
A1} 03 pUNOQ JeY) 12den Y} JO
uonoelj oy} pue 'y pue QNG
U99M)9q PIAIISQO Sem Uon
-e[21100 aAnIsod JueoyIugIs y
*sdnoi3 rewrou pue oruadosiso
Ay yroq ym paredwod dnoid
911010d02350 3} UT JoMO]
Apueoyrusts a1om S peALIop
S7IN JO So1eWnsa [BIqLIOA

S PIALISP-YIN
/Y TV
LT T (su) 0L L

ueawr

ANS
S POALIP-IIN
B (€6) 979 4!

" PIALIDP-YIN

IR 75

PN T &) €19 €
S PAALISP-IN

e+ 07en (6'L)0°19 L

310409 2Andadsoig

aseasIp s,Jo3ed

(19A0UIM) QUOQ
[euonoas-ssor)  [esnedousunsod) sisorododisQ

(19A0UINM) QUOQ
[euonoas-ssor)  [esnedousunsod) sisorodoaisQ

(12A0UIM) QUOQ
[euonoos-ssor)  [esnedousunsod) sisorodod)sQ

[601]
(2002) 00D

loL]
(€1027) 1ng

[801]
(6002) 15014

[L01] (+007) 35011

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

opwered (QS—uedw) o3y  syuedronred

adKy Apmg EN:=N g

oyny

(ponunuoo) | sjqey

pringer

As



Annals of Nuclear Medicine (2025) 39:98-149

118

Kyisuoyur
ured pu ANS Sursearour
U99M]9q UOTIB[III0D B SBM
a1oy pue ured [eIore[un Yim
s300[qns anoj jo soauy a1j-ured
ay) 03 paredwod ayeidn 10081}
PaseaIoUl PAIQIYXS SOoUY
[njured yiim sjusned ‘saireu
-uonsaonb ured pazipiepue)s £q
pajenieaa se ured paouarradxe
jsurede paredwiod sem ANS

e yead

[eued AIO)Ipne [RUIUT )
Jo 11ed 10119350d 9Y) pUE seare
9[NOJES puE [ENSULJ AY) J0J
juasard arom sanpea "MANS
pue uoneoyIsse[o weisorpne
U99M19q SUOTIB[OIIOD JUBOYIU
-31G "om] 2say) usaMmIaq
9[NooEs 9y} Je punoj sem uon
-B[21100 JUBOYIUSIS © (pajedn
-SOAUI SBM S)ISQNS [BOTWO)JBUR
JuaI_yIp 18 seneA “YANS
PUE UOTJBOYISSE[D SISOID[ISOI0
LD U29M19q UONB[AI 2] ‘SSO]
Ieoy pue 1D uo Surpeid jsuredy

" paALIep
SA'IN Pue 3 paaLiop-ye[ied
Jo 3uryd Ay} YIIM PIIB[OLI0D
OS[E ‘SYIUOW g pue AUI[aseq
U99M)9q SB [[oM SE ‘Yiuow |
pue auraseq uaamioq " ANS
JO 93uryd 9y} ‘IOA0IOIA
‘SyuowWw 9 pue ‘ypuon |
‘aurfaseq Je "y PIALISP-YIN
PUE "y PIALISp-YE[IR] Y10q
M parearIod A NG "sauoq
[ewiou ut uey) Joy3ny Apued
-yrugIs sem souoq onaded

£q EUNEMEN oyeidn aureseg

yeod

ANS
ANS T9oi1e 0C

ueauwr

ueauwr

ANS
ANS (LT s'6S 1c

Xewr

XeWANS

I paALISP-YeIRd

S PAALISP-YIN
/T Len 89 v1

[eUOI}33S-SS0I)

110409 9Andadso1d

[BUOT)O9S-SSOI)

ured [eIowajoraIed

SISOI[IS0I0

S9seasIp s,Jo3ed

[9¢]
(2107) odeiq

[s€l
(€107) TeATorRA

[zl
(ST0T) @Iressug

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

opwered (QS—uedw) o3y  syuedronied

adKy Apms

ENZ=NTg|

oyny

(ponunuoo) | sjqey

pringer

AQs



19

Annals of Nuclear Medicine (2025) 39:98-149

SQ100s SurpeIs /3
a3e10A® oYY YIIM S[ENPIAIPUT
Suowre paAIasqo ATom Uy oY)
JO $2100S Y.L, 1YS1y ‘Surpeid

/3 9SeI0AR YIM 9)B[A1I0D
ApueoyrugTs J0U pIp SOI0JS
3O9U [BIOWJ JO 99Uy AY) JO
"PMANS 1eqolS paysnfpeun
*91008 /3] YA POIR[AIIOd ANS
syyexSo[re [[e ur
uorsnj pue A)jiqera SurAdur
QUAIOYIP AJ[EO1ISIIEIS JOU SBM
JNQq 9BIO}IA 9OUAISJAI 9} 0}
poredwod sem syjei3oqre ayy
Jo ™™ ANS Jo onfeA ueow Y],
uonezieydsoy aanerado-jsod
Jo uoneinp pue 4TV ‘Hld
wnIas YPm APuedyrusis paje|
-91109 AVIA ‘WNIJ[ED WNJos
m A[eanisod paje[ariod
juoned 1od Jown) umoiq 3y} jo
AVIA [e10) 94, ‘uonezifendsoy
JO uoneINp dY) SOUIULISIOP
UoIyM ‘uonmnsqns wniofed
aanerado-isod asuajur 10§
juoweImbar oY) pue ‘JTV pue
H.Ld WM PIe[aLIod sem AVIA

g4l
UANS D L9s
*MANS (8¢) Sv8

AVIN (CXANENT 4

81

[BUO1}09S-SSOID)

110700 9A103dsonay

110409 2Andadsonoy

(stsoIy)re
9uY]) SHLIYIIEe Projewnayy

Kiserdoryyre 19p[noys 9sI9AY

sIoWnN) UMOIq pue
wisiproiAyyerediodAy Arewrig

[rr1l
(8107) nmoyeuUof

[o11]
(6102) 193121y20H

(L]
(0702) Je1D

uoneoynuenb 1ojowered 194
JeN[481] Jo 1nsa1 pue asoding

opwered (QS—uedw) o3y  syuedronred

adKy Apmg

ENZ=NTg|

oyny

(ponunuoo) | sjqey

pringer

As



Annals of Nuclear Medicine (2025) 39:98-149

120

oyeydn JeN[A81]

0} paredwod jou Jnq pawrojrad
OS[E 9IoM SJUQUISSISSE UOTJOUNY
rearsAyd pue gzsva “ANS
AU YNIM PAIB[AIIOD A[JUBIYIU
-318 u01SS21301 "S2I100S
orydei3orpel [)0) JO UOIS
-so13o1d A[Teak pajewniso pue
Ke1-x uo uorsora oryder3orper
jsureSe paredwoo sem **

9 Pue [ subynof

-I9)UI pue ‘9Jel UONB)USWIPIS
Koo1AIe ‘yST1ay ‘oFe pue
Joowrered JHd JOUIIO U9IMIAq
PIAISSQO Sem UOTIR[ILIOD JUBd
-gTuSIs ON "S[OAQ] UNSOIAOS
pue ‘undo[ ‘TN ‘WyStom £Apoq
M PAJB[ALIOD A[JUBdYIU

=815 "PUANS ‘seauy oy Uy

SLIYIIR
projewnayI ur KJ1A1308 9SeIsIp
Y31y Sunorpaid 1oy %0001 JO
KorInooe d1SOuIeIp B pamoys
sjutof gz jo s1djowrered 1D
/LHd y0q Jo uonewwmns ayJ,
“(JSH-8TSVQ) 91098 35LASIP
SLIYYIE PIOJEWNAYL B (I
uone[a1109 aAnisod 3uons
pamoys sjurof gz Jo oner
ayeidn auoq-o3-jurof pawrwins
pue ** A N g jurof pawwuns
‘SISATeUE UOTIR[Q1I00 UQ) ST}
-1AOUAS Jnoyym syurof uey)
onel ayeidn auoq-o3-jurof pue
XA NS 10ySy Apueoyrudis e

pey sjutof US[[oms pue ISpua],

ANS

ANS

ANS

ddlL
ANS

110409 dA1dadsorg SOLIY}IE PIojewnayy

[BUON}09S-SSOID) STILIY)IER PIOJeWNAYY

[BUOT)O9S-SSOI) SOLIYME Projewnayy

[v€l
(9107) 2qeueIRA\

[z11]
(€202) PPy

[¢€]
(1207) Yred

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

opwered (QS—uedw) o3y  syuedronied

oyny

(ponunuoo) | sjqey

pringer

AQs



121

Annals of Nuclear Medicine (2025) 39:98-149

PAAIISqQO OS[e
sem "N pue Y pue s
-oydsoyd uaam)aq UOTJR[II0D
Yeom YV 'd'TV Pue Wwnio[ed pazi
-uor pue "y pue uesw Y
U09M]0q UOTIR[QIIOD [EOTISTIBIS
OU Sem QISUL, "S[OAd "N
pue uedw ‘3] pue H1d udemioq
uone[a1I0d JuUedYTuSIS A[[eonsn
-B)S © sem a1y, -owr) Se uon
-BZI[RISUIL O QUWIN[OA U0 JO
QwIN[oA Pro9Iso pue "y g
pue 3 ueowW UoIM1aq UONE[I
-100 OU SeM 219} ‘IOAIMOH
PN YIIM PRINSBIW JSIIO
OBI[I JOLIOJUE A} J& ANATIOR
9pLIONY PUE SSAUNDIY) PIOISO
U9M19q UOTIE[Q1I0) JUBdYTUSTS
K[Teonsiye)s e ose sem Iy,
*S90BJINS JSE[00)SO PUE -)se[q
-09]s0 pue doeyIns auoq Jod
QorJINS pazifeIraurw ‘Kouonbaiy
UONBATIOR ‘9)el UONBULIO} dUOq
se yons ‘s1ojowrered ornowr
-oydiowolsty oy jo Ayrolew
B pue S[9A9 Y PUe I
POALIOD-YE[Ied UBOW UOdMIOq
UOINR[1I00 JUBOYIUSIS A[[ed
-1ISEIS B Sem QI [, ‘ANANOR
poo[q DNV 2y £q 1saxa3ut JO
BAJR OU) UI 'Y paALIop-Yeped
Surpiatp £q 3] paaLiop

-{epied [im paje[nofes sem " paaLIop-yeped [#1]

(4N 9re1 oxeidn [euonoely 9re1 oye)dn [euonORL] (€€1) 0°€9 9Z [BUOI}09S-SSOID) AydonsApooiso [euay] (0207) usuoley

uoneoynuenb 1ojowered 194
JeNI[J81] Jo ynsa1 pue asoding puwered (qS—uesw) a8y sjuedronreq adKy Apmg EN:=N g Joyiny

(ponunuoo) | sjqey

pringer

As



Annals of Nuclear Medicine (2025) 39:98-149

122

s1oyowered

K)1suop [erour [eo130[03SIY
IoUI0 pue QVING/S U0am1dq
JOU JNQ PIATISQO SeMm SISATeue
[eo130103s1y ur 9jex uonisodde
uonismboe [erounu pue
AVING/S U9omIoq UOTR[II0D
JuUBOYIUSIS ‘UBdS VX AY) UO
painseaul se AJISUSp [erourut
ouoq 03 paredwos osfe sem 'y
PoALIdP-YIN ‘sdnois sisorodo
-9150 pue ¢ a5e1s (D 2yl Y10q
JIOJ POATOSQO AIOM SIS [RIQ[OYS

JUSIQJIP UAIMIDG '3[ PIALIOP AVING/S PAALISP-JIN (1]
“A7IN UT S90UQISgIp uedyTusIg Y[ poaLIop-yIN #'S1) 0'v9 61 [BUOT)OIS-SSOI)) AydonsApooiso [euay (€107) 15014
AN[BA A

-orpaxd aanisod pue %00] sem
anpea 2anoIpaid aane3au oy
‘Koyroads 9,0/ pue ANADISULS
%001 WM £8°0 Jo DNV ue
pey ueds JHd oy ut [A/uIl
/TN 8€0°0 > J0-1d Ayianoe
JpLIONY ‘UOTIBOYISSE[O PIseq
-AJAL payrun Suisn ‘qOy Jo
s2d£) IoU}0 WoIJ ISBISIP AUOq
oTwreuApe/IoAouIn} Moy Suneu
-IWILIOSIP 10 SISATeue DO UL
"9%001 2n[ea 2anorpaid aanisod
pue 9,88 anfea 9AnoIPaId oAT)
-e3ou 2y ‘%001 A1oyroads pue
%8 Sem ANADISUDS oY) ‘98°()
Jo DNV ue pey ueds [Hd sy}
UL [IA/UTW/TAL 6070 <Jo-Imo
Y ‘uoneoyIsse[d paseq-ANL
payrun 3ursn ‘qOY Jo sodAy
JIOUJO WOIJ ISBISIP dUOQ PIOT
-AyreredrodAy/roaourm ysy
SuryeuTwILIOSIp J0J SISATeUE
D0 Ul “(mo/pIru/y3Iy)
(@0¥) AydonsApodyso Teuar

Jo uonedyIsse[d J130[0IsIy " poaLIop-yeped [eT]

0 paredwod a1om YN pue 911 oye)dn [euonORL] (€€1) 0°€9 9Z [BUOT}09S-SSOID) AydonsApo9oiso [euay] (1207) usuojey

uoneoynuenb 1ojowered 194
JeNI[J81] Jo ynsa1 pue asoding opwered (qS—ueow) a8y sjuedronreq adKy Apms EN:=N g Joyiny

(ponunuoo) | sjqey

pringer

AQs



123

Annals of Nuclear Medicine (2025) 39:98-149

s1ojowered [eoturd oy ur
93ueyd [eoISO[OUOIYD Y YIIM
9)e[01109 jou pIp aeidn JeN
[481]1 9YL, “Iog1p 10U PIP 353}
y3noy ‘syuenjed pasnjun pue
pasny J0f paredwod sem ANS

Anowoydiowo)sty Aq passasse
JIOAOUIN) )M UONB[ALIO) B
PAMOYS UIO[BI03)ISO ATUO ‘SIO
“[TewoIq oy} JO PWN[OA dUOq
)M PIJR[1IOD AJISUIPOIpEl
paatrap-1) "Asdoiq auoq Aq
paureiqo sxojowered rosourny
Quoq PIM pje[allod 15/14d
JeN[d81] woxy 7y o1apad oy,
(%001) £oyroads pue (%¢8)
K)IATIISUQS Y31y © YIIM IOAOUIN)
Ju0q MO[ B 109)ap 0) 9[qe Sulaq
‘Ksdorq auoq y3noy) paurejqo
s19jowrered 19A0UIN) QUOQ
IIM PAIB[OIIOD 3] PIATISP
“A7IN ‘SIsATeue uorssargor
Jequl[-uou )M [[om PIJe[al
-100 sasATeue yepjeq woiy 3
S[O1U0d pue
sjuoned UQOMIOq SOOUSISHIP
JueOYIU3IS pamoys pue HId
0} AToanisod paje[a1109 s,JOA
QUOq [eIOW] oY) WO 'y
POALIOP-YIN Y], "paredwod
a1om 3] paATIOp-E[IRd pUE
[ poAlIap-yIN Sunenores
premo) suonouny jndul SNOLIBA

ANS T98LY

soSewr o1je)s Woly
I

> PaAlIop-yefied JO uonewnsy (oD $z9

" PIALIDP-YIN
1.

N[ paALIOp-Ye[ied (Ton $z9

S PAALISP-YIN

] paarrop-yered (8°9)0°L9

81

L1

L1

01

310409 2Andadsoig

110409 2Aandadso1d

110409 2Andadso1g

[BUOT)O9S-SSOI)

(uorsny Apoqiajur requinj JOLI

-9150d) uorsny Apoqiaut feutds  [0G] (0Z0Z) nosaunueISUOD)

AydonsApoaiso [euay

AydonsApo91so Teudy

AydonsApooiso [euay]

[91]
(2200 1S1IA

[s11]
(1207) ISUA

[er1]
(€202) o180

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

o)pwered (qS—ueow) a3y

syuedronreq

adKy Apmg

ENZ=NTg|

oyny

(ponunuoo) | sjqey

pringer

As



Annals of Nuclear Medicine (2025) 39:98-149

124

sisoxyjreopnasd
ondose Jo 9AJedIpUT OSe SeM
XA NS pasearour uy ‘sdnoild
[01U0d pue A193INS UOISIAAX
) usaMmIaq sonel aeidn pue
(eoeds YsIp [eIqaIIaAIOIUT/ATRD
punoue) sanjea **“A NS ur 90U
-IoQIp JuedyIuSIs A[[eonsnels

dnoi3 syuaned pasny
pue sisoxylrepnasd ay) usamiaq
ooeds osIp [£Iq91IGAIOIUL QYY) UI
Apueoyrugrs A[[eonsnels paisy
I ((EX+ D/ T PoALIap
Seped 3 POALIBP-YIN) duoq
Jo uonesodioour oy} Surpredar
asoy Aquo ‘sxajowrered [[e JO
‘pasnj a1om syuawgas ‘syudryed
91/01 ul 9y ‘siuaned 91/9
ur sisoxy)repnasd pamoys
LD onsouserq ‘(e3+ /e
PpuE ZY/131 ") paALep-yeped
‘[ PAALIOPYIN “UANS
XA NS 10J PAAISSqO
QIom suor3al pajerado pue
[OTUOD UIIM]Q SQOUI)

-J1p JueoyugIs A[[eonsnels

JUQIYIP
Apueoytugrs Sureq g pue |
K1030180 UGaMIaq A NS A[UO
ym ‘poounouoid ssof ysnoyje
Te[IwIs d1oMm s)[nsal [oOoInyg
pue 9[eos Sofeue [ensIA Y],
'$911039)80 1oy31y ut sjuened
ur uey) (souewrrogrod [eoturd
JsI0M AU) YIIM 9'T) A103918D
xapuy AJIqesiq AnsamsQ
3samo] 9y ur syuaned ur 1oy3iy
Apueoyrugts sem saje[dpuo

[e1ga1I0A o) ur *™MANS

oner

ANS
ANS Ly ¢8s 81

Xewr

ueowl

ANS

ANS

X+ 2D/ex

T

A ‘€111

I paALISP-YeRd
" PIALIOP-YIN SN 91

Xewr

xeuw

ANS SN 9¢

(s1soxy)reop

110402 2Andadsonoy -naosd ondose) uorsny eurdg

(uorsnj Apoqiejur Jequuny JOLI
310402 2Andadsorg  -93sod) uorsny Apoqrojut [eurdg

(uorsny Apoqejur Jequuny JOLI
110402 2Andadsord  -93sod) uorsny Apoqroyur feurdg

l6v]
(zT07) 1qnoseex 19

[16]
(S102) s1039d

[zs]
(S10?) s1019d

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

opwered (QS—uedw) o3y  syuedronied

adKy Apms EN:=N g

oyny

(ponunuoo) | sjqey

pringer

AQs



125

Annals of Nuclear Medicine (2025) 39:98-149

payiodar jou
nq s1ajowered pagrdwrs o)
paredwod pue paurroyrad sem
sisA[eue orwreuA(q “ssai3oid
3urreay-ouoq 2y noy3noIy)
u1o)yed JUQISISUOD © 9ARY O}
1eadde jou prp Aep 1od 9oud
“R_PIp *ANS pue UANS
'ssa001d Surpeay armyoey

oy} ur pajen[eAd sem ayedn

S[IALL onewoldwAse pue
SIILIYIIBO)SO [JALL-UOU UI UBY)
SIILIYIIBO0Q)SO (AT, UT JoJeaId
Apueoyrudis osfe sem **“ANS
“S[IALL O13[eIy}Ie-uou ur uey)
S[IALL OTIS[eIy}Ie Ul 19)eaId
Apueoyruss sem **ANS

‘swojdwAs pue AJTATIOR 9SBISIP

jsurede paredwoos sem axyerdn
paurwexa soner ayeidn ay [[e
Jo (%18) Koemdoe pue (%68)
K)IATIISUDS JSAUTIY Y} pamoys
1D/1Ad uo onex axeidn s
“O)-[INL UL "LD/1Ldd-d81
uo onjer ayeidn ([IALL) Jutof
Ienqrpuewolodwa) Y3y e pey
STILIYITE09)SO YA (JIALL) 19P

-J0s1p jutof reingrpuewosodway,
A1oanoadsar ‘o078
PUE ‘%688 ‘%L’ S8 Jo Aoemdoe
pue ‘Kyoyroads ‘Ayianisuas Jut
-MOUS 88°() JO an[eA JJO-1nd Y}
)M 9N[BA dAIND OTISLIAIORILYD
Sunerodo 10A19991 9Y) Jopun
BaIe Js9YSIY Y} PAMOYS UBDS
aseyd Afres uo oner oyeydn
[ood poo[q-0}-uorsaT *(Jed
-1ydei3orpel 10 [eo130[01q
-OIOTW ‘[BOTUT]O) SI[IEW JOY)0

jsurese opew sem sisouserq

ueawr

Kep 1od o3ueyo ANS
ANS

ANS

ueauwr

xew

Xewr

ANS

onel

J[osnw-01- AL, onex aurds

-0)-[INL ‘Onel [INYs-0)-[IN.L
‘UBSWIANS

ueawr

ANS
ANS
Oljel 9[OSNUI-0)-UOISY]
O1Jel QUO0Q-0}-UOTST
o1jel pPoo[q-0)-UoIsa]

xeuw

L) €9¥ (4
(Lo eovy 9L
(ovDoce ¥C

SN 14

310409 2Andadsoig

110709 2A19adso1g

[BUOI)I3S-SSOI)

110409 9ATI03dsonay

[CRlGIEING
‘STITOATIOR)SO ‘SAINOBIY
x91dwoo) Jureay suoq eIqry,

IOpIOSIp
jurol rernqrpueworodway,

I9pIOSIp
jurof reynqrpuewosodway,

UuonOJuUI IS [BII3ING

[L¥]
(L102) peigpung

[29]
(8102) uns

[€9]
(€100) 991

[sq]
(6107) %1

uoneoynuenb 1ojowered 194
JeNI[181] Jo 1nsaz pue ssodng

I2jouwrered

(qS—ueowr) o8y  syuedronieg

adKy Apmg

ENZ=NTg|

oyny

(ponunuoo) | sjqey

pringer

As



Annals of Nuclear Medicine (2025) 39:98-149

126

sordures pajoajyeun

puE pajoaye ay) jo AN Jo
QouarayTp a3ejusdrad ueow ay)
U00M19q Ju2saId sem QOUIIYIP
jueoyrudis A[[eonsnels y 9[Ap
-u0d pajodgeun Ay} o3 pared

-Wod Sem J[APU0d pajdajje oy, xeut

ANS
J[Apuoo
pajoayeun o) ul uey) 1oy3Iy
Apueoyru3ts sem 9[Apuod
paroayje ay) ur painseawr **ANS

UANS pue
ANS 10J stsougerp [ed130]
-OIpeI JUSLINOUOD B YIIM PIJE]
-01109 OpLION}-J]] PISLAIU]
'saew 1D pue YN Uo
PAUTULISNOP pUE POZATEUE IoM
(soIm)oeI) SSANS pue SHLIYMIR
-09)50) sar3ojoyed ordniniy

oner

ANS
ANS

xeuw

ueawr

xew

ueauwr

ANS
(aInyoely
‘Kyruaojop ‘stsoxyireopnasd)
suonpuod orpadoylio ayeredos
) UaMIaq ApuBdyIUSIS
PAIOKIP 3] POALIOP-YIN 1oY10
[oea 0} A[100d paje[a1100

XBUWA[]S PUB I3 PIALIOP-YIN
pawoyrad
sem SIsA[eue [eonsIie)s ou
y3noy ‘siseq juanyed 1ad © uo
QUOQ puE J[OSNUI IUIYAI 0)
paredwod ‘T3] poALIop-eped
A ur ayeldn pasearoul pamoys
QINMOeIJ Y} JO AIS A, 9O
-SNW pUB JUOQ 9UIIAI
0} paredwod uor3ar Jureay
amoer] “(g6'0=1) "3 Yeped
1surede " A NS Jo pauLioy

-12d sem sisAJeue uone[RII0)

XBWAS ‘T PIALISP-AIN

Xew

ANS
ANS
S paaLIop-ye[Ied

ueawr

9D S61

(1'8) 19¢

(€€D 0T

oLDTsy

v STy

91

0C

cC

¥C

81

310409 2Andadsorq eisediodAy rejApuod [eiojeiun

(HDO) ®rs

J10y00 2Andadsorgy  -eydiadAy rejApuod [eiojeqiun

110409 2Andadso1g ured 100§ Jes[oun

(owrer renedsg
110109 2andadsold JojAe], yiim) Suifeay ouoq eIqL],

(oure1 renedsg
110409 2Andadsord JIo[Ae], yiim) Surfeay auoq BIql],

[09]
(9100) powyy

[19]
(8107) pwl']

[s11]
(S107) Toyosney

(8]
(L107) odsar)-zayoueg

(11l
(S100) perqpuny

uoneoynuenb 1ojowered 194

JeN[A81] Jo 3nsax pue asoding Io)owrered

(qS—ueowr) 93y

syuedronreq

adKy Apms EN:=N g

oyny

(ponunuoo) | sjqey

pringer

AQs



Annals of Nuclear Medicine (2025) 39:98-149 127

Purpose of ['®F]NaF uptake quantification

Evaluation of ['®F]NaF uptake as a measure of bone metabo-
lism is of interest in various bone-related disorders. A full
overview of the studies included and what they investigated
through quantification of ['F]NaF uptake can be found in
Table 1. Studies performing ['®F]NaF uptake measurements
can roughly be divided in four categories: cross-sectional
analysis correlating uptake parameters with existing bio-
markers or disease activity scores, longitudinal analysis
with multiple ['®F]NaF PETs to evaluate disease activity
over time, incorporation of uptake parameters to improve
the diagnostic procedure, and comparison of more simplified
quantitative parameters to the quantification of uptake by full

the affected condylar region in
UCH patients. Instead, the rate
of bone growth appeared to

be reduced in the contralateral
condylar region

an increased influx rate and
permits classification of bone
disorders and can in potential
monitor therapy response in
metabolic bone disease

Purpose and result of [18F]NaF
PET parameter quantification
high rate of bone growth in

No evidence of an abnormally
Metabolically active zones have

% % kinetic analysis with NLR (Fig. 3).
5 | £
g ;‘9" ;‘z’ Comparison with existing biomarkers or diseases activity
2 e = scores
2 The gold standard for measurement of bone turnover is his-
% _ _ tological analysis of bone obtained through biopsies. Com-
g hE 2 parison of bone turnover as measured by ['®F]NaF uptake
ED g é on the PET scan with histological analysis of bone was only
< « © performed in patients with renal osteodystrophy. NLR-
é derived K; and Patlak-derived K; correlated significantly with
£ the histological classification of renal osteodystrophy as well
E o o as specific histological markers of bone turnover such as

bone formation rate, activation frequency, mineralized sur-
face, and mineral acquisition apposition rate [13—17]. NLR-
derived K; and Patlak-derived K; also correlated with other
markers of turnover in renal dystrophy such as parathyroid

% = hormone (PTH) and alkaline phosphatase (ALP) [13].
° ; § In metabolic bone diseases where histological analysis
s *;E § was not performed, frequently serum markers were used
“5 %‘ 2 to evaluate disease activity. For metabolic bone diseases
@ £ o) that manifest themselves throughout the body, bone turno-
g ver markers such ALP and procollagen type 1 propeptide
g (PINP) are frequently used in clinical practice. In fibrous
é @ dysplasia (FD), for example, ALP and PINP correlated with
; % the total metabolic active volume (MAV); defined as the
e Z volume surpassing a pre-set SUV threshold [18]. To better
§ % encapsulate overall disease activity, the total lesion fluori-
0 j,:; —; nation (TLF), defined as MAV multiplied by SUV_ .. was
3 = 8 also examined. TLF proved to be the most reproducible with
A 5 § high inter-observer agreement for FD burden, while also
reflecting changes in serum biomarkers [19]. High MAV
and TLF were also correlated with FD related complications
2 such as fracture risk and frequency of surgical interventions
E _ N [20]. In studies examining Paget’s disease, NLR-derived K;
g § 2 in pagetic bone was significantly higher than that in non-
. % 4 pagetic bone and correlated with serum ALP levels [21, 22].
% % g = E 5 Alternatively, ['®F]NaF uptake measures have been cor-
el < ) @z related with an existing disease activity score or grade. This

@ Springer
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Table 2 (continued)
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60 min after injection

Tennessee, USA)

was done most extensively in osteoarthritis, with various
measures of ['*F]NaF uptake being compared with vari-
ous markers of disease. For instance, in hip osteoarthritis,
SUV ..« correlated with the Kellgren—-Lawrence grade, a
semi-quantitative radiographic osteoarthritis score [23,
24]. Increasing SUV . and SUV_ ... were correlated with
increasing pain scores [23, 25] and increased BMI [26].
Similarly, for osteoarthritis in the knee, increased SUV .,
SUV can correlated with an increased MRI osteoarthritis
knee score (MOAKS) and was associated with cartilage
and osteophytic lesions [27-29]. Inverting this relationship
showed that a SUV_,, > 6.5 was indicative of the presence
of osteoarthritis in the joint [30].

Disease activity scores have also frequently been used in
rheumatic diseases. The bath ankylosing spondylitis disease
activity index (BASDAI) score was correlated with various
approaches attempting to discern ['®F]NaF uptake in anky-
losing spondylitis (AS) studies. Lee et al. calculated the
lesion-to-bone ratio by dividing the SUV_,, of the lesion
with the SUV ., of the L5 vertebra, focusing on the poste-
rior vertebral joints, though no correlation with the BASDAI
score was found [31]. Kim et al. measured the K; with NLR
analysis as well as the SUV .. in the spine, finding a posi-
tive correlation between both parameters and the BASDAI
score [32]. Similarly, a rheumatoid arthritis disease score,
the DAS28-ER, correlated positively with the summed
SUV ..« of the 28 joints included in the score [33, 34].

Other studies have evaluated fluoride uptake against a
marker or scale associated with a disease-specific condi-
tion. Increased SUV ,, in the otic capsule was graded
against increased hearing loss in otosclerosis patients [35].
In patients with patellofemoral pain, increased SUV_,, and
SUV ¢y in the patellofemoral joint correlated with more
pain as measured by standardized pain questionnaires [36].
Finally, after ankle trauma, increased SUV ., SUV ..., and
TLA correlated with a decrease in range of motion [37].

Longitudinal assessment

Performing multiple PET/CT scans over time provides a
means to study the pathophysiology of diseases affecting
bone turnover and make it possible to evaluate disease pro-
gression, treatment response, and healing. Bone healing over
time has been investigated in various surgery-related studies.
Tracer uptake measured in bone grafts decreased over time,
with 25% decrease 6 months after surgery and a 60-65%
decrease 2 years after surgery. The measured decrease was
comparable between the various reported uptake parameters
with high correlation between themselves [38]. Multiple
studies were performed with ['®F]NaF PET following a hip
arthroplasty, inferring an elevated NLR-derived K;, SUV ..
or SUV .., to be an indication of successful bone healing
[39-42]. Subsequently, SUV . was used to compare the
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Comparison to disease activity score or biomarker:

Longitudinal assessment of uptake

Improvement of diagnostic prediction

Validation of other uptake parameters

Purpose

Fig.3 Overview of categories of quantitative ['®F]NaF PET studies
included. The largest group of studies compared uptake with disease
activity or a different biomarker. Other purposes were to improve

effectiveness of different types of cementation and implants
in hip arthroplasties [43, 44]. However, an increased SUV .
was also found to be predictive of sceptic loosening of the
prosthesis [45, 46].

Lundblad et al. studied tibial bone healing with a Tay-
lor spatial frame using PET/CT, finding a SUV_,,, differ-
ence >0.18 per day to be indicative of faster bone healing.
However, there was no consistent pattern throughout the
bone-healing process, nor an association with a specific
treatment outcome [47, 48]. The post-operative course after
posterior lumbar interbody fusion has also been investi-
gated. An increased SUV . at the endplates was associated
with subsidence of the endplates on CT [49, 50]. A higher
SUV .« Was also found around the cage in the intervertebral
disc space in patients requiring revision surgery [51, 52].

In fibrodysplasia ossificans progressiva, a PET/CT study
over time elucidated the pathophysiology further by demon-
strating progression in the absence of any clinical signs, but
also showing that heterotopic ['*F]NaF uptake as measured
by a SUV ., > 8.2 was predictive of heterotopic ossifica-
tion [53]. One step further, ['®F]NaF uptake has also been
used to evaluate treatment response in other metabolic bone
diseases. In ankylosing spondylitis, PET/CT was used to
evaluate treatment response to anti-TNF treatment. [18F]NaF
uptake in costovertebral and SI joints decreased significantly
in clinical responders in contrast to non-responders [54].

The diagnostic procedure

By comparing uptake in disease-affected tissue areas with
that in healthy tissue areas, multiple studies used ['8F]
NaF PET/CT to try and improve the diagnostic proce-
dure. In osteomyelitis studies, ['8F]NaF PET/CT has been

used to identify infected areas by measuring SUV . and

T T T 1
10 20 30 40

Number of studies

diagnosis, to assess bone metabolism over time (longitudinal assess-
ment), and to validate simplified parameters

SUV_c.n» and comparing it with uptake in healthy bone
tissue [55-57]. ['®F]FDG PET/CT can already be used to
identify areas of infection in osteomyelitis, but with low
specificity as it detects all metabolically active cells. As
such, Christersson et al. combined the ['®F]FDG PET/
CT with ['®F]NaF PET/CT, finding a positive correlation
between ['*F]NaF and ['*F]JFDG PET/CT SUV,,,, and
SUV can in affected areas, but also improving outcome of
the surgical procedures by better identification of the area
requiring resection [58].

In unilateral condylar hyperplasia, uptake measured
with NLR-derived K; [59] and SUV_,,, [60, 61] were com-
pared between the affected and unaffected (contralateral)
condyles within the same patient, finding an increased
uptake in the affected condyle and concluding that a dif-
ference of > 10% was a mark of active disease. Similarly,
in temporomandibular joint (TMJ) disorders, SUV .. was
significantly higher in TMJ osteoarthritis than in asymp-
tomatic TMJ [62] with an elevated TMIJ-to-skull ratio
(SUV can of the TMI divided by the SUV . of a separate
are in the mandibular) indicating the presence of TMD
osteoarthritis with a sensitivity of 89% and a specificity
of 81% [63]. Conversely, a decreased NLR-derived K; and
SUV,..« was indicative of osteonecrosis, also correlating
with the progression according to the Ficat classification
stages [64—66].

A different approach to better detect disease was by gen-
erating cut-off values, sometimes followed by ROC analysis.
In osteoarthritis, a SUV . > 6.5 was found to be indica-
tive of osteoarthritis in the joint [30] with a SUV_, >7.2
being predictive of worsening pain and minimal joint space
narrowing [25]. Similarly in hip arthroplasty studies, a
SUV | .x >4.4-5.0 was found to be indicative of sceptic loos-
ening of the prosthesis [45, 46].

@ Springer
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Comparison with full kinetic analysis

Several studies compared the performance of more simpli-
fied uptake parameters with NLR-derived K; to validate their
potential use as a surrogate marker. Twenty-nine studies
performed full kinetic analysis measuring NLR-derived K;
in twenty-six different conditions. Eleven of these studies
compared various simplified fluoride uptake parameters with
the gold standard NLR-derived K;.

There was also variety in the use of input curves for calcu-
lating the K. Arterial input curves can be obtained through
continuous arterial sampling through an arterial line, though
as this is rather invasive, other alternative methods have been
developed to estimate the arterial curves. Some studies use
venous samples to correct arterial curves obtained from
separate population-based studies to estimate arterial input
curves [17, 67, 68]. Other studies used an image-derived
arterial input curve, sometimes corrected with venous sam-
ples, to serve as an acceptable alternative for invasive arte-
rial sampling [69].

Vrist et al. found a high correlation between Patlak-
derived K; and NLR-derived K in patients with renal osteo-
dystrophy [15]. Brenner et al. also found a high correlation
between SUV ., Patlak-derived K; and NLR-derived K;
when evaluating bone graft healing after surgery, validating
SUV,,.an @s a valid parameter to track bone graft healing in
future studies. In cross-sectional analyses, Puri et al. found
high correlations between NLR-derived K; and both Patlak-
derived K; and SUV .. when evaluating postmenopausal
bone turnover in 12 patients [70]. Also in osteoporosis, Frost
et al. found a good correlation between NLR-derived K; and
both Patlak-derived K; and SUV ., [71] with a positive
correlation between NLR-derived K; and BMD being estab-
lished later [67]. However, when evaluating the response to
teriparatide treatment in osteoporosis, they found a poor cor-
relation between SUV .., and NLR-derived K; [68], dem-
onstrating the necessity to reevaluate the suitability of sim-
plified markers when using them as a marker for treatment
response. A nice example of this is a study in AS, where
Bruijnen et al. first validated the use of SUVAYC (area under
the curve) as a measure of ['*F]NaF uptake by comparison
with NLR-derived K; over time, before using SUVAYC to
evaluate the response of patients with AS to anti-TNF treat-
ment [54].

PET details

Table 2 summarizes the more technical (protocol) details. Of
the 92 studies included, 56 used PET/CT systems to study
the bone disease of interest, 23 used PET only systems, and
11 used PET/MRI systems. Scanner type and model were
reported in most of the studies included (90/92). This was
also true for the dose of ['®F]NaF injected (87/92) and for

@ Springer

the interval between injection and scan (89/92). Thirty-six
of these studies consisted of dynamic scans, where the PET
acquisition started at the time of injection of the tracer. The
injected dose reported ranged from 111 to 421 MBq, with
most studies reporting an injected activity close to 185 MBq,
in line with current EANM guidelines. The start time of the
static sequence varied greatly from 30 up to 90 min post-
tracer injection.

There was also a wide variety in approaches toward defin-
ing VOI. Broadly speaking, VOI methods consisted either
of manual delineation on either CT or PET images, a semi-
automated approach based on a pre-specified threshold of
CT- or PET-related values such as HU or SUV, or a com-
bination of these methods. The chosen HU thresholds var-
ied from 80 up to 150 HU, but often were not reported at
all. No MRI-based values were reported to discern between
tissues and subsequently determine the VOI. Some studies
based on their VOI clearly defined anatomical landmarks or
according to pre-existing radiological classification scores.
Not all studies provided sufficient details on definition and
subsequent delineation of volumes of interest to be consid-
ered reproducible.

Discussion

The aim of this systematic review was to investigate which
(semi-)quantitative parameters were used to measure ['*F]
NaF uptake in bone disorders and for what purpose. The lit-
erature search identified 92 studies that examined 29 differ-
ent bone disorders. Most of the studies used SUV to quantify
['8F]NaF uptake, comparing its uptake with either a separate
disease marker or outcome to establish clinical relevance.
In addition to comparing uptake with a separate clinical
marker, to properly establish whether a change in SUV is
indeed due to a change in bone formation, studies using
SUV (or other semi-quantitative parameters) should ideally
validate it by comparison with NLR-derived K| obtained,
obtained from a dynamic analysis, to exclude effects of
confounding factors affecting tracer distribution. Unfortu-
nately, there was considerable variation in how detailed ['%F]
NaF PET/CT protocols and data analysis procedures were
reported in the studies that were included. Figure 4 provides
a list of details that should be reported to reliably interpret
an ['8F]NaF uptake parameter as study outcome. This list is
by no means exhaustive, as which details are reported will
depend on the type and goal of a study.

The ['3F]NaF PET scan visualizes areas of bone forma-
tion and can, thus, be used to investigate pathophysiologi-
cal processes in which this is disrupted. By quantifying the
amount of tracer uptake, the rate of bone formation can be
measured in a specific area, providing an advantage over reg-
ular bone turnover markers in serum, which are non-specific
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Fig.4 Information to be con-
sidered for documentation to

—[ PET acquisition details

]
J

reliably reproduce the quantifi-
cation of an uptake parameter
obtained with the [18F]NaF
PET, PET/CT or PET/MRI

¢ Injected dose

bed, etc)

® PET/CT/MRI machine and manufacturer details

e attenuation correction details: CT (matrix, slices, mAs, etc) or MRI
(sequences, post-processing, etc)

o start time of PET relative to injection (dynamic vs whole body)
* matrix, slices, voxel sizes, axial fov, resolution (FWHM)
* listmode acquisition details (total scan time, dynamic sequence, time per

Image reconstruction

)
J

attenuation
* Smoothing

subsets if not use of

¢ Corrections applied: normalisation for geometrical response and
detector efficiency, system dead time, random coincidences, scatter &

¢ Reconstruction algorithms used with the number of iterations and

¢ Dynamic scans: number and duration of frames

a standard EARL certified reconstruction algorithm

Quantification methodology

® Clear VOI definition

¢ Delineation method (manual/semi-automatic/automatic, thresholds)
¢ Parameter calculation

¢ Dynamic scans: model used, calculation (and correction) of input
parameter, use of bloodvolume parameter

Parameter validation

)
J

® Test-retest

* Cross-sectional validation: correlation of uptake to disease related
biomarker, clinical score or outcome

¢ Dynamic validation: correlation of simplified parameter to full kinetic
analysis, including change over time

in that respect. Most of the studies in this review measured
['8F]NaF uptake in a certain area of interest and correlated
that with a more general disease marker, such as validated
disease activity questionnaires completed by patients, blood
serum markers associated with disease activity or other radi-
ographical findings (37/92). Uptake in a certain area affected
by the disease was also often compared with that in an area
of healthy tissue, sometimes to establish what level of uptake
is pathological with the aim to subsequently generate cut-
off values predictive of the presence of a particular disease
(26/92). In cross-sectional analyses, it is possible to correlate
two markers at a single point, but by performing multiple
['®F]NaF PET/CT scans over time in a longitudinal analysis,
it is possible to determine whether a change in uptake also

correlates with a change in other disease markers. Although
quite a few studies evaluated the change in uptake over time
(18/92) most of these studies used this to evaluate the post-
operative healing process without necessarily comparing the
measured uptake with any other marker or outcome.

Most studies included in this review used SUV to quan-
tify tracer uptake. Several variations of SUV exist, with
SUV .« being the most frequently reported, followed by
SUV can and SUV . This is not surprising, as SUV meas-
urements are simple and can be obtained without blood sam-
pling. Moreover, SUV calculations can be performed in con-
junction with a whole-body scan, making it easier to assess
a larger area of the body. Simplified parameters obtained
with a static scan such as SUV have several benefits over

mean
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parameters obtained through full kinetic analysis and are,
therefore, the preferred method for quantifying tracer uptake
in routine clinical practice. In general, it is less burdensome
on the patients undergoing the scan due to a shorter scan-
ning time and no requirement for arterial or venous blood
sampling. However, SUV is also prone to bias with factors
affecting its accuracy. This may be due to patient-related
factors affecting the biodistribution of [18F]NaF such as
regional blood flow, “steal” phenomenon (systemic vaso-
dilation leading to a transient decrease of perfusion in the
area of interest) or systemic tracer clearance, but it can also
be due to technical factors such as varying times between
injection and scanning and injected dose. One approach is to
validate a simplified parameter against an unrelated marker
considered to be a relevant measure of disease activity. Many
of the studies in our review used this approach, comparing
uptake measured through SUV against various disease activ-
ity scores or relevant biomarkers [18, 23, 35, 54, 65, 72, 74].

A different approach to validate the use of a simplified
parameter is by comparing its performance to NLR-derived
K, obtained through full kinetic modeling. In studies with
different tracers, there have been examples of cases where
the change in a simplified parameter poorly reflected the
change in uptake as measured by full kinetic analysis, lead-
ing to the use of another simplified parameter [73, 75, 76].
Moreover, a new therapy may also affect biological factors
affecting the biodistribution of the tracer. A change in blood
flow may result into a change in the rate of tracer uptake,
without in fact changing the total amount of tracer uptake.
Full kinetic modeling can evaluate whether therapy-induced
changes are due to a real therapy effect or due to confound-
ing factors such as a change in perfusion. Ideally, the perfor-
mance of both approaches can be assessed to justify the use
of more simplified parameters before they are used as routine
outcome measures. However, the choice of quantification
method (and validation of it) depends on the application
of the ['®F]NaF PET. In the case of measuring if there is
increased tracer uptake than normal in the area of interest, a
static scan with SUV measurement is sufficient and prefer-
able over extensive kinetic modeling analyses.

A key unexpected finding of this survey was the fact that
the description of the methodology used was insufficient in
many articles, making it impossible to reliably reproduce
reported findings. Table 2 summarizes the details of the
studies and shows a wide variety on what was reported. For
any quantitative imaging study, the description of the meth-
odology should be detailed enough so that the study can be
reproduced. Two aspects require better reporting in most of
the studies included. First, each study should clearly define
the volume studied (VOI) and how it was delineated on the
scans. This can be done in several different ways. Some stud-
ies used clear anatomical boundaries to define a VOI, others
used a threshold based on a radiological unit such as HU or

@ Springer

SUV. The description should be sufficiently detailed so that
anyone can delineate a similar VOI if necessary. Second,
the choice and calculation of the uptake parameter should
be specified. For example, SUV can be corrected for body
weight, lean body mass or body surface area. Studies report-
ing SUV values should denote which, if any, anthropomor-
phic measure was used for correction. The uptake measured
in a target area can also be compared with another area, lead-
ing to uptake parameters such as target-to-background ratio
(or SUV ratio) and target-to-blood ratio. Target—background
calculations may be different between studies, as it depends
on the background chosen, and therefore those studies can-
not be combined. For example, in the studies that examined
ankylosing spondylitis, some studies used the contralateral
SI-joint as background bone for the target-to-background
ratio, while others used the body of the L5 vertebra.

Furthermore, the ['®F]NaF PET protocol used in the
different studies showed variation regarding injected dose
and the time interval between injection and scan itself. The
European Association of Nuclear Medicine (EANM) has
established practice guidelines for standardization, which
describe recommended image acquisition parameters. The
EANM ['®F]NaF guidelines of 2015 recommend an injected
dose of 1.5-3.7 mBg/kg (up to max 370 mBq) in adults
and 2.2 mBg/kg (up to max 185 mBq) in children [7]. 11%
(10/92) of the studies included appear to have exceeded the
maximum injected recommended dose and were published
after 2015. The interval between injection and PET scan
varied from 30 to 90 min. Tracer uptake is known to depend
on time interval and therefore the European Organization for
Research and Treatment of Cancer (EORTC) and National
Cancer Institute (NCI) provided guidelines in the recom-
mended time interval for the ['*F]FDG PET response criteria
in solid tumors (PERCIST) is 60 min with an acceptable
range of 55 to 75 min [77] and 60+ 10 min [78, 79]. The
EANM procedure guidelines for bone imaging, however, do
not provide details on this, merely stating that a static scan
should be performed at least 30—40 min after tracer injection
when the time—activity curve of the bone changes slowly.

We have provided a list of information studies using the
["®F]NaF PET/CT should consider to include to adequately
interpret quantitative study results and make ['®F]NaF PET
studies uptake a reliable and reproducible as a clinical
marker for future studies. To also ensure reliability and com-
parability between different PET systems and across sites,
international harmonization programs such as EARL have
been developed. A combination of standardization of PET
acquisition and analysis and harmonization should minimize
the inconsistency in quantitative outcomes across sites and
different scanners.

In recent years, long-axial field-of-view (LAFOV) PET/
CT scanners have been developed. As the name suggests,
LAFOV PET/CT scanners can capture large anatomical
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areas in a single scan with a field of view exceeding 100 cm,
thereby offering several advantages over regular PET scan-
ners [80]. A larger field of view allows for faster acquisition
of whole-body PET images with less administered radio-
activity, generating images with a higher detection sensi-
tivity and a higher temporal resolution [81]. Moreover, by
performing dynamic scans with LAFOV PET/CT scanners,
it is possible to obtain tracer kinetics over the whole-body
instead over the circa 30 cm available in conventional PET
scans. It is likely that in the future, full quantitative kinetic
analysis will yield more information than single time-point
semi-quantitative analysis and may, therefore, be preferred
in a research setting. Studies have also shown that these
advanced PET/CT systems can obtain excellent PET images
with lower tracer dosages and thereby reducing radiation
burden for patients [82]. However, these scanners will not
be readily available in a routine clinical practice and from a
patient’s perspective, underlining the necessity to continue
to perform validation of semi-quantitative markers with full
dynamic analysis.

In conclusion, this systematic review illustrates substan-
tial heterogeneity in ['F]NaF PET quantification meth-
odology between studies. Ultimately, quantitative param-
eters derived from ['®F]NaF PET scans should be carefully
examined for sensitivity, specificity, accuracy, validity, and
reproducibility.
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