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Purpose:  To evaluate dynamic gallium 68 (“*Ga) tetraazacyclododecane tetraacetic acid octreotate (DOTATATE) brain PET/MRI as an
adjunct modality in meningioma, enabling multiparametric standardized uptake value (SUV) and Patlak net binding rate constant (X))
imaging, and to optimize static acquisition period.

Materials and Methods:  In this prospective study (ClinicalTrials.gov no. NCT04081701, DOMINO-START), “*Ga-DOTATATE PET/
MRI-derived time-activity curves (TACs) were measured in 84 volumes of interest in 19 participants (mean age, 63 years; range,
36-89 years; 13 women; 2019-2021) with meningiomas. Region- and voxel-specific K; were determined using Patlak analysis with a
validated population-based reference tissue TAC model built from an independent data set of nine participants. Mean and maximum
absolute and relative-to-superior-sagittal-sinus SUVs were extracted from the entire 50 minutes (SUV, ) and last 10 minutes (SUV )
of acquisition. SUV versus K, Spearman correlation, SUV and K meningioma versus posttreatment-change Mann-Whitney U tests,
and SUV, versus SUV, | Wilcoxon matched-pairs signed rank tests were performed.

Results:  Absolute and relative maximum SUV, demonstrated a strong positive correlation with Patlak K in meningioma (r = 0.82, P
<.001 and 7= 0.85, P < .001, respectively) and posttreatment-change lesions (r = 0.88, P = .007 and r = 0.83, P = .02, respectively).
Patlak K images yielded higher lesion contrast by mitigating nonspecific background signal. All SUV, and SUV, metrics differed be-
tween meningioma and posttreatment-change regions (2 < .001). Within the meningioma group, SUV,  attained higher mean scores
than SUV, (P <.001).

Condusion:  Combined SUV and Patlak K ®*Ga-DOTATATE PET/MRI enabled multiparametric evaluation of meningioma, offering

the potential to enhance lesion contrast with K. imaging and optimize the SUV measurement postinjection window.

ClinicalTrials.gov registration no. NCT04081701

©RSNA, 2022

eningiomas are the most common primary intracra-
Mnial tumors, accounting for nearly 40% of all primary
brain tumors (1). Approximately 80% of cases are benign
(World Health Organization [WHO] grade I) and carry a
favorable prognosis; however, grade IT and III meningiomas
are associated with increased rates of recurrence and associ-
ated 5-year survival rates of 78% and 44%, respectively (2).
Contrast-enhanced MRI is the reference standard method
for treatment planning and postoperative evaluation of
meningiomas; however, MRI has its limitations in help-
ing discern recurrent or residual disease from postoperative
findings (3), requiring serial MRI follow-up, which may
delay the diagnosis, with an associated potential increase in
morbidity and mortality. Furthermore, MRI can have lim-
ited accuracy in cases of infiltrative or “en plaque” lesions,
as well as in the setting of osseous or brain parenchymal
invasion or for extension into skull-base foramina.
Meningiomas express high levels of somatostatin re-

ceptor 2 (SSTR2) (3). Given the lack of physiologic

intracranial SSTR2 expression (with the exception of the
pituitary gland), SSTR2 represents an attractive target
for molecular imaging of meningiomas (3). PET imaging
with SSTR ligands has improved the detection and delin-
eation of meningiomas, particularly for radiation treat-
ment planning (4,5). Gallium 68 (®*Ga) tetraazacyclodo-
decane tetraacetic acid octreotate (DOTATATE) binds to
SSTR2 with high specificity (6,7) and has demonstrated
clinical utility in the differentiation of meningioma and
posttreatment change (8), as well as in the detection of
osseous invasion (9,10).

In the current clinical setting, PET acquisition is typi-
cally performed in static mode by averaging the acquired
signal over a single time frame to produce a time snapshot
of the radiotracer concentration. While helpful in clinical
practice, this method neglects factors affecting the vari-
ability of the radiotracer-target interaction across exami-
nations, such as the uptake period, the pharmacokinetics
of the tracer, and the availability of the radiotracer in the
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Abbreviations

DOTATATE = tetraazacyclododecane tetraacetic acid octreotate,
gK = gPatlak K, gPatlak = generalized Patlak, K. = net binding rate
constant, PB-refTTAC = population-based refTTAC, ref TTAC =
reference tissue TAC, sK. = sPatlak K, sPatlak = standard Patlak,
SSS = superior sagittal sinus, SSTR2 = somatostatin receptor 2,
SUV = standardized uptake value, SUV,, = SUvV extracted from the
last 10 minutes of acquisition, SUV,, = SUV extracted from the
entire 50 minutes of acquisition, TAC = time-activity curve, 3D =
three dimensional, V, = sum of blood volume fraction and distribu-
tion volume, VOI = volume of interest, WHO = World Health
Organization

Summary

Multiparametric standardized uptake value (SUV) and K imaging
with dynamic ®*Ga-DOTATATE PET/MRI was feasible within
MRI-only scan durations, offering highly quantitative evaluations
and enhanced lesion contrast, compared with SUV alone, for assess-
ing meningiomas against posttreatment change.

Key Points

= Dynamic gallium 68 (*Ga) tetraazacyclododecane tetraacetic
acid octreotate (DOTATATE) PET/MRI-generated standardized
uptake value (SUV) and Patlak-derived K scores demonstrated
strong, positive correlation but with K images visually exhibiting
higher meningioma lesion contrast relative to SUV through elimi-
nation of nonspecific background signal.

= Analysis of dynamic ®*Ga-DOTATATE PET data from 10-60
minutes after injection suggested enhanced meningioma SUV
scores (P < .001) when SUV was measured at 50—-60 minutes
after injection (SUV, ) compared to 1060 minutes after injection
(SUVSU); however, both SUV metrics exhibited well-differentiated
scores (P < .001 for both) between meningioma and posttreat-
ment change regions.

Keywords

Molecular Imaging—Clinical Translation, Neuro-Oncology, PET/
MRI, Dynamic, Patlak

blood plasma or a region of reference tissue, known as input
function and reference tissue time-activity curve (ref 'TAC), re-
spectively (11-14).

Dynamic PET allows for evaluation of the radiotracer
kinetics over time after injection, while also accounting for
the blood input function or refTTAC (11,13) to allow the
extraction of radiotracer uptake features independent of
many scan parameters varying between examinations, thus
enabling more reliable tumor characterization and treatment
response monitoring (11,15-17). The Patlak reference region
graphical analysis method encompasses robust linear mod-
els to characterize irreversible or mildly reversible radiotracer
binding kinetics using an image-derived refTTAC, serving as
background negative reference to the targeted tissue time-ac-
tivity curve (TAC), thereby obviating invasive arterial blood
sampling (18). The quantitative parameters of radiotracer
net utilization (ie, net binding or net internalization) rate
constant, K, in units of milliliters of reference tissue/min/
grams of tissue and sum of radiotracer blood volume fraction
and distribution volume, V), in units of milliliters of refer-
ence tissue/grams of tissue, can be determined by plotting
for every targeted tissue its measured TAC and the common

ref I'TAC according to the Patlak model assumptions (18).
Subsequently, the plotted measurement data are fitted to the
linear Patlak model, allowing derivation of the tissue-specific
K and V, kinetic parameters (18). Voxelwise analysis allows
the generation of K and V, parametric images. Overall, Pat-
lak PET parametric imaging may increase lesion detectability
(reduced false-positive rates) when complementing standard-
of-care standardized uptake value (SUV) imaging (16,17).

K has been shown to more accurately reflect tumor SSTR
density than SUV in neuroendocrine tumors (19), noting a non-
linear relationship between K and SUV for high K values, at-
tributed to faster blood clearance in patients with a high tumor
receptor expression (19,20). Patlak imaging often requires lon-
ger scan times (approximately 50 minutes) compared with static
SUV imaging to allow sufficient temporal tracking of the radio-
tracer kinetic features (21-23). This requirement is well suited
to clinical PET/MRI protocols that typically require comparable
acquisition periods (11). Previously the pharmacokinetic proper-
ties of ®*Ga-DOTA-conjugate peptides have been evaluated on
PET/CT meningioma studies at a regional level (24,25).

In this study, we investigated the clinical usefulness of dy-
namic ®*Ga-DOTATATE acquisitions in simultaneous brain
PET/MRI meningioma examinations. By complementing
SUV with Patlak K images, we evaluated any benefits in me-
ningioma lesion contrast. Moreover, by accounting for the
%Ga-DOTATATE kinetics over a 50-minute postinjection
PET acquisition period, we assessed any quantitative differ-
ences in meningioma SUV measured from the entire 50 min-
utes versus the last 10 minutes to optimize the SUV measure-
ment time window, not only for PET/MRI, but potentially for
PET/CT static protocols too.

Materials and Methods

Participant Sample

Funding support for this study was provided by Novartis
Pharmaceuticals in the form of radiotracer doses and funding
paid to the institution, in support of an investigator-initiated
trial (ClinicalTrials.gov no. NCT04081701; primary investi-
gator, ].I.). None of the authors are employees of or consul-
tants for Novartis Pharmaceuticals. All authors had control of
the data and information submitted in the publication. Data
generated or analyzed during the study are available from the
corresponding author by request. Institutional review board
approval, according to Health Insurance Portability and Ac-
countability Act guidelines, and written informed consent
from each participant were obtained. An initial group (group
A) consisted of 19 participants who each underwent one im-
aging examination. The inclusion criterion was a diagnosis
of pathologic analysis—proven or clinically suspected menin-
gioma; exclusion criteria were contraindications to gadolin-
ium-based contrast agent and contraindications to 3-T MRI.
A set of 40 target lesions were identified and imaged with a
50-minute simultaneous PET/MRI scan protocol. Through
clinical chart review, demographic and clinical information
was recorded for all participants, including age at diagnosis,
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Table 1: Clinical Characteristics of Study Samples

In participants with multiple meningiomas, in
whom at least one meningioma was proven with his-

topathologic analysis, all meningiomas were assigned

DOTATATE-confirmed meningioma 95% (18/19)F NA

Mean age at diagnosis (y)* 63 (36-89)
No. of women 13 6
No. of volumes of interest identified on 84 NA
DOTATATE PET images
Meningioma 53
Posttreatment change 9
Superior sagittal sinus 19
No. of meningioma per scan® NA
0 5% (1/19)
1 53% (10/19)
2-4 42% (8/19)
>5 16% (3/19)
WHO grade NA
I 21% (4/19)
11 47% (9/19)
111 11% (2/19)
Unknown 21% (4/19)
History of resection 74% (14/19) NA
History of radiation 53% (10/19) NA
Radiation therapy type NA
SRS 60% (6/10)
Cyber knife 10% (1/10)

10% (1/10)
10% (1/10)
10% (1/10)

Gamma knife
Proton beam

Multiple types of radiation therapy

Characteristic Group A Group B*
No. of participants 19 9
No. of DOTATATE scans performed 19 9
Scan start time after injection (min) 10 0
Type of DOTATATE scan
PET/MRI 17 9
PET/CT 2 0

50 (33-74)

the same WHO grade on the basis of previously pub-
lished studies (26-28).

For participants in group A, it was not possible
to perform the administration of ®*Ga-DOTATATE
at the scanner table due to a lack of an MRI-com-
patible injection shield at the time. Therefore, ac-
quisition in these participants started at 7 minutes
(mean) = 3 (SD) after injection, thereby missing
the early postinjection section of the refT'TACs sec-
tion. The complete refTTAC measurements since
injection time are required by the Patlak model to
accurately estimate the K and V, parameters at each
targeted tissue region or voxel (18). Thus, to infer
the missing refT'TACs section in the examinations
of participants in group A, separate ref TAC data
from a new group (group B) of nine PET/MRI ex-
aminations were later acquired in a new set of nine
participants, enrolled on the basis of the same inclu-
sion criteria (Table 1). Using an MRI-compatible
portable injection shield, group B participants were
injected at the scanner table, with PET performance
commencing with ®Ga-DOTATATE injection, al-
lowing measurement of the complete refT'TAC. The
complete refT'TACs were then processed to build a
population-based refTTAC (PB-refTTAC) model,
as described later, which could subsequently be used
to infer the missing early section of the refT'TAC of
group A examinations and enable the estimation of
the Patlak kinetic parameters.

Image Acquisition and Reconstruction

All PET/MRI examinations of participants in
groups A and B were performed with the Biograph
mMR scanner (Siemens Healthineers) with the ex-

= stereotactic radiosurgery, WHO = World Health Organization.
with pituitary adenoma, and one participant with paraganglioma.

gesting posttreatment change.
# Data in parentheses are range.

0-8).

Note.—DOTATATE = tetraazacyclododecane tetraacetic acid octreotate, SRS
* Group B comprised seven participants with meningioma, one participant

" One participant underwent a DOTATATE scan with negative findings, sug-

$ The median number of meningiomas per scan in group A was 1.5 (range,

ception of one participant in group A scanned with
the GE SIGNA PET/MRI scanner (GE Health-
care). Participants were injected with 172.9 MBq =
18.4 of ®Ga-DOTATATE.

In participants in group A, a dynamic list-
mode three-dimensional (3D) PET data acquisi-
tion of 50 minutes was initiated within 10 min-
utes after injection. Histograms were created of
the PET list data from the entire 50-minute scan

sex, WHO grade of meningioma at time of pathologic diag-
nosis, and surgical and/or radiation treatment history (Table
1). MRI-based classification of meningioma was based on
characteristic imaging features, including well-circumscribed
margins, lobular structure, avid contrast enhancement, and
extra-axial location with a broad-based dural attachment,
often with an associated dural tail, as determined by both
the interpreting neuroradiologist and secondary review from
study neuroradiologists.

Radiology: Imaging Cancer Volume 4: Number 2—2022 = radiology-ic.rsna.org

period (10-60 minutes after injection), as well as

from the last 10 minutes of the same acquisition
(50-60 minutes after injection), in two respective static data
frames to produce SUV, and SUV, images, respectively
(29). In addition, histograms were created of the list data
in 10 sequential postinjection frames of 5 minutes each. All
PET frames were subsequently reconstructed with the stan-
dard ordered subset expectation maximization algorithm us-
ing three iterations and 21 (Siemens) or 28 (GE) subsets of
projection views. Matrix size of 344 X 344 X 127 voxels
with voxel size of 2.086 X 2.086 X 2.031 mm (Siemens)


http://radiology-ic.rsna.org

Dynamic *®*Ga-DOTATATE PET/MRI Meningioma Imaging

was employed (for GE, matrix size was 192 X 192 X 89
voxels with voxel size of 1.875 X 1.875 X 2.780 mm).

MRI was performed according to institutional protocol, in-
cluding pre- and postcontrast sagittal 3D T'1 SPACE (ie, sam-
pling perfection with application-optimized contrast using dif-
ferent flip-angle evolutions) (repetition time, 600-700 msec;
echo time, 11-19 msec; flip angle, 120°; and section thickness,
1 mm) and 3D T2 fluid-attenuated inversion recovery (repeti-
tion time, 6300-8500 msec; echo time, 394-446 msec; flip
angle, 120°% and section thickness, 1 mm). MRI-based PET
attenuation correction was obtained according to the manufac-
turer standard-of-care specifications. In two group A partici-
pants, a dynamic PET/CT scan was performed instead of PET/
MRI because of participant-specific contraindications to 3-T
MRI, and the PET images were aligned and fused to recent
contrast-enhanced MR images of the same participants using
syngo.via software (Siemens Healthineers).

All group B participants underwent 3D list-mode acquisition
for a total of 60 minutes starting simultaneously with ®Ga-DOT-
ATATE injection. Histograms were created of the first 5 minutes
of list PET data in 12 10-second frames, followed by nine 20-sec-
ond frames (17). Histograms were also created of the remaining
55 minutes in 11 300-second frames. All PET frames were re-
constructed with the same settings as group A. The PB-ref TTAC
model was built from the individual refTTACs of group B and
employed to extrapolate the missing 0—10 minutes section of the
individual ref TTACs of group A examinations as explained below.

Volume of Interest Analysis

Volumes of interest (VOIs) were delineated in targeted regions
across all the dynamic PET images using VINCI v4.84 (Max
Planck Institute for Metabolism Research) (30). The VOIs
were drawn for selected lesions, including meningioma (ra-
diographically suspected and/or pathologic analysis proven),
suspected posttreatment change, and superior sagittal sinus
(SSS, as an approximation of background cranial blood pool
and serving as negative reference for ®*Ga-DOTATATE uptake
in meningioma) (8). Tumors with a diameter greater than 0.6
cm and with high tracer avidity (determined visually) were in-
cluded for evaluation. The anatomic delineation of the VOIs
in the PET images was based on the coregistered sagittal 3D
T1-weighted postcontrast MR images with respective axial and
coronal reformations.

Of the total 19 PET data sets, a PET physicist (N.A.K.) with
15 years of experience drew VOIs with VINCI for 13 data sets,
while an image analyst (S.K.) with 3 years of experience drew
VOIs for the other six data sets. In addition, to evaluate interob-
server agreement on VOI delineation, both experts drew VOIs
from a common subset of five PET data sets, randomly selected
from the study sample, in 12 unique regions, including seven
meningiomas and five SSS.

Static Analysis and Postinjection Acquisition Window

Absolute maximum and mean SUV values were extracted at
each targeted VOI from the entire 50-minute (10-60 min-
utes after injection) acquisition window (SUV,)), as previ-

ously demonstrated in static PET/MRI scan protocols to
attain minimal statistical noise (8), knowing that ®*Ga-DOT-
ATATE uptake in meningioma had previously been shown to
begin approaching a maximum plateau at approximately 10—
20 minutes after injection (24,25). Subsequently, the same
type of SUV regional scores were extracted from SUV images
reconstructed from data corresponding to the last 10 minutes
of the same acquisition (SUV ). In addition, the extracted
SUVs were normalized to the respective SUVs of the SSS re-
gion to yield the relative maximum and mean SUV scores for
each acquisition window.

Kinetic Analysis
PMOD (PMOD Technologies) was used for kinetic model-

ing. Tissue TACs were extracted in mean kilobecquerel per
milliliter units from the delineated VOIs imported to PMOD
from VINCI and subsequently propagated across all the dy-
namic PET images. The additional computational time re-
quired to complete Patlak analysis for all regions and all im-
age voxels per examination did not exceed 4 minutes, which
should be considered acceptable in clinical practice (31). The
PB-ref TTAC model was employed to infer the missing 0-10
minutes of ref'TAC data needed by the Patlak method to
quantify the K parameter for each region. For that purpose,
a full 0-60 minutes postinjection PB-ref I'TAC model was
built from refT'TACs extracted from the negative reference
region of SSS of dynamic PET images acquired from the nine
PET/MRI scans of group B, which commenced concurrently
with %Ga-DOTATATE injection. Each of the nine 0-60
minutes SSS refT'TACs were normalized to their area under
the curve and averaged together to produce a single SSS PB-
ref TTAC model (32). The SSS PB-ref TTAC model was then
scaled to best match the tail section (40—-55 minutes after in-
jection) of each of the 19 individual SSS refT'TACs of group
A examinations. The scaling was performed such that the SSS
PB-ref I'TAC model’s tail section at 40—-55 minutes after in-
jection matched, on average, the corresponding tail section
of the individual SSS refTTACs measured from the group A
examination. Thus, the missing 0-10 minutes postinjection
SSS refTTAC data of each of the 19 examinations in group
A could then be extrapolated from the scaled PB-ref TTAC
model for that examination (33). Before applying the PB-
ref 'TAC model to group A examinations, the leave-one-out
cross-validation method had been applied to the nine SSS
ref 'TAC:s of the respective 60-minute PET data set in group
B to assess the accuracy of the model (34). More specifically,
nine different PB-ref TTAC models were built by excluding
one (hence the term “leave-one-out”) of the nine SSS refI-
TAC:s from the model building process every time. Then, each
of the nine PB-refT'TACs was scaled to match, on average,
the excluded refTTAC at their tail section corresponding to
40-55 minutes after injection, assuming the early 0—10 min-
utes postinjection section of the excluded refT'TAC was miss-
ing. Subsequently, all 22 predicted PB-refTTAC values cor-
responding to the early 0—10 minutes postinjection sections

of all nine applied SSS refTTACs were compared against the
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respective 22 measured values of all nine excluded ref TTAC:s.
No evidence of a difference (P > .1, paired # test) was found
between the 198 (22 X 9) pairs of predicted and measured
ref T'TAC values for that 0—10 minutes postinjection period.

Following the extrapolation of the missing early section of
the SSS ref TTACs of group A examinations, the standard Patlak
(sPatlak) and generalized Patlak (gPatlak) reference graphical anal-
ysis methods were employed for the region-based kinetic analysis
of the dynamic PET TACs data and the estimation of the net utili-
zation or binding or internalization rate constant K parameter for
each target VOI (18,23). The sPatlak method assumes an irrevers-
ible binding process for ®Ga-DOTATATE with a simple linear
model to support the estimation of the Patlak kinetic parameters
via linear regression. The gPatlak method is a generalization of the
sPatlak method by introducing the definition of the net efflux
rate constant 4, (considered to be 0 in linear sPatlak method)
in a nonlinear exponential model to account for the possibility
of mild ®®Ga-DOTATATE reversible binding (externalization)
in tissue at a temporal rate that is very small (ie, negligible or
mild) compared with the net binding (internalization) rate
constant (23). Thus, the gPatlak method involves a less robust
linearization fitting method to estimate the Patlak kinetic pa-
rameters. Although it is expected to be less precise, in theory
it is considered more accurate than sPatlak in the presence
of true underlying binding reversibility (£ > 0). We em-
ployed both Patlak models to assess any significant difference
between the more precise sK and the potentially more accu-
rate gK, metric, as past studies have shown a negligible or very
small degree of reversible binding for ®*Ga-DOTA-peptide
agents in meningiomas (25).

The measured target and reference VOI tissue TACs were
then plotted according to the assumptions of the respective
Patlak method to form the sPatlak and gPatlak plots, respec-
tively. Subsequently, the data of each plot were fitted using
the ordinary least-squares linear regression method (35) for
the sPatlak method and the basis function method (23) for
the gPatlak method. The slope of each fit yielded the respec-
tive sPatlak X (sK) and gPatlak K. (¢K)) scores for each VOIL.

Finally, the sK] spatial distribution features of “Ga-DOT-
ATATE in meningioma and other brain tissues were visually
assessed by repeating the sPatlak analysis on a voxel-by-voxel
basis across the entire field of view to produce sK and V,
parametric images of the whole brain of each participant to
assess imaging contrast of meningioma lesions between SUV
and Patlak parametric images.

Statistical Analyses

Spearman rank correlation analyses were performed to assess
correlation between Patlak sK, gk, and maximum or mean
SUV,, in meningioma and posttreatment change regions. To
evaluate differences in Spearman correlations between sK ver-
sus SUV and gK versus SUV, we also calculated a z score and
P value for each different type of SUV metric. On the website
https:/fwww.danielsoper.com/statcalc/references.aspx?id=104,
one may find references to the online calculator (36), which
was accessed on June 28, 2020, and to the related literature
(37). Mann-Whitney U tests were also employed to assess

Radiology: Imaging Cancer Volume 4: Number 2—2022 = radiology-ic.rsna.org
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any potential statistical significance in the score differences
between meningioma and posttreatment change lesions for
all the types of SUV metrics, as well as for sK. and gK pa-
rameters. Additionally, Wilcoxon matched-pairs signed rank
tests were performed to determine differences between SUV, |
and SUV  score pairs or between sK and gK score pairs at
matched regions of same participants. Moreover, Bland-Alt-
man analysis was conducted to assess systematic differences
between SUV, and SUV  scores or between 5K, and gK, pa-
rameters at matched regions of the same participants across
all evaluated regions of all participants. To assess for interob-
server variability, interclass correlation coefficient estimates
and 95% Cls were calculated from the 12 common VOIs
of the interobserver subgroup of studies using SPSS statistical
package version 26 (IBM) on the basis of the mean rating (k =
2), absolute and consistency agreement, and two-way mixed-
effects models (38). In all statistical tests above, the significance
level was set to a P value less than .05 (Prism, version 6.07;

GraphPad Software).

Results

Study Sample

The study included two separate groups of PET/MRI examina-
tions that were performed at different time periods. For group
A, 19 examinations were performed in 19 participants (six men
and 13 women; mean age, 63 years; range, 36—81 years) with a
history of clinically suspected or histopathologic analysis—proven
meningioma (WHO grade I, » = 4; WHO grade II, » = 9;
WHO grade I1I, 7 = 2; WHO grade not available, 7 = 4) with a
total of 53 meningiomas and nine regions of suspected posttreat-
ment change (Table 1). For group B, nine examinations were
performed in nine participants (three men and six women; mean
age, 50 years; range, 33—74 years) where only the nine respective
SSS regions were evaluated to collect the complete (0-60 min-
utes after injection) refT'TACs data that were necessary to build
the PB-ref TTAC model (Table 1). Employing the leave-one-out
cross-validation method on the PB-refTTAC model, a paired
difference of 2% = 4 (P > .10, paired # test) was found after
comparing 198 pairs of extrapolated versus measured values at
198 matched time points within the early 0—10 minutes postin-
jection section of the nine SSS refTTACs in group B.

Dynamic PET/ MRI Acquisition and Multiparametric Image
Analysis

Figures 1A-1F demonstrate characteristic ®¥Ga-DOTATATE
PET dynamic images from an early, mid, and late frame and the
respective PET images fused with T'1-weighted postcontrast MR
images in a representative participant from group A. In addition,
Figure 1G shows characteristic reference tissue (SSS) and tar-
geted tissue (meningioma) TACs measured for the entire 0—60
minutes postinjection scan period in a group B examination.
The meningioma TACs exhibited a fast uptake phase quickly
followed by a slow rise at a relatively high activity concentration
level within the first 10 minutes after injection, thereby confirm-
ing previous studies reporting similar kinetic features (24,25).
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Figure 1: (A-C) Three axial ®*Ga-DOTATATE PET dynamic images (first, fourth, and ninth 5-minute frame) in a 66-year-old woman in group

A with a history of World Health Organization grade |l meningioma status after resection 4 months prior to imaging and (D=F) corresponding PET
T1-weighted post-gadolinium-enhancement fusion images from 5-minute frames at (A, D) 10 minutes after injection, (B, E) 30 minutes after injec-
tion, and (€, F) 45 minutes affer injection. (G) Corresponding reference tissue (superior sagittal sinus [SSS]) and targeted fissue (meningioma) region
time-activity curves (TACs). DOTATATE = tetraazacyclododecane tetraacetic acid octreotate, **Ga = gallium 68, p.i. = postinjection.

Figure 2:  Axial images of (A) ®*Ga-DOTATATE PET SUV, , (B) Patlak K, (€) three-dimensional T1-weighted post-gadolinium-enhanced MRI, (D) fused PET SUV,/
MRIT1, and (E) fused Patlak K/MRITT parameters in a 66-year-old woman in group A with a history of World Health Organization grade Il meningioma status (same
participant as in Fig 1). DOTATATE = tefraazacyclododecane tetraacetic acid octreotate, “*Ga = gallium 68, K = net binding rate constant, SUV = standardized uptake
value, SUV,, = SUV extracted from the entire 50 minutes of acquisition.
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Figure 3:
enhancement fusion images from (A, €) the last 10-minute frame at 50-60 minutes affer injecfion and (B, D) the entire

50-minute acquisifion period at 10-60 minutes after injection in a 66-year-old woman in group A with a history of World
Health Organization grade Il meningioma status (same participant as in Fig 1). DOTATATE = tetraazacyclododecane tet-
raacetic acid octreotate, ®*Ga = gallium 68.

Figure 2 shows a ®*Ga-DOTATATE SUV. image compared
with a standard Patlak K parametric image for the same partici-
pant before and after fusion with a T'1 postcontrast MR image.

Comparison of Postinjection Acquisition Windows

A side-by-side comparison of **Ga-DOTATATE PET SUV
and SUV | images fused with T'1 postcontrast MRI is presented
in Figure 3. SUV,  metrics were found to be different than the
respective SUV50 metrics in meningioma regions (£ < .001,
Table 2), but not necessarily in posttreatment change regions
(P > .05, Table 2). Across both meningioma and posttreat-
ment change regions and all ranges of scores, Bland-Altman
analysis showed that SUV  scores were on average higher than
SUV,, scores across all ranges of scores (Fig 4C—4F). The few
outlier points suggesting a negative difference can be attributed
to noise due to the small size of corresponding VOls.

Comparison of SUV and Patlak-derived K Values

K values estimated from the sPatlak and gPatlak graphical analysis
methods were calculated for all VOIs as described in the methods

Radiology: Imaging Cancer Volume 4: Number 2—2022 = radiology-ic.rsna.org

(A, B) Axial ®*Ga-DOTATATE PET images and (€, D) corresponding PET T1-weighted post-gadolinium-

section. In total, 53 meningiomas and nine VOIs consistent with
posttreatment change were included in the study. In meningioma,
absolute and relative maximum SUV, demonstrated a strong
positive correlation with sK ( = 0.82, P < .001 and r = 0.85,
P < .001, respectively). Similar results were found in posttreat-
ment change regions (r = 0.88, P = .007 and r = 0.83, P = .02,
respectively). Similarly, absolute and relative maximum SUV_|
demonstrated a strong positive correlation with gK' in meningio-
mas (r=0.77, P<.001 and r = 0.81, P < .001, respectively) and
posttreatment change regions (r = 0.90, P = .005 and = 0.81, P
= .02, respectively). Moreover, mean absolute and relative SUV_ |
demonstrated similarly positive and strong correlations with s
and gK in both meningioma and posttreatment change regions
(Table 3). To compare Spearman correlations of sK’ and gK with
each of the different types of SUV metrics evaluated, a z score sta-
tistic and P value were generated for each pair (36); none of these
P values were significant (Table 3).

Furthermore, the qualitative comparison of the PET SUV_
and SUV | images against the respective parametric Patlak sK
and V, maps, using contrast-enhanced T1-weighted MRI maps
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as anatomic reference, revealed the visually apparent
improvement in the contrast attained with the sk
maps relative to SUV and V, maps between menin-

Table 2: P Values for Differences between SUV, and SUV, Scores
for All Evaluated Types of SUV Metrics and between sK. and gK.
across Meningiomas and Posttreatment Change Regions

gioma and pituitary gland (Fig 5) or between dural
and transosseous components (Fig 6) for two differ-

Meningioma Posttreatment Change

ent characteristic examinations in group A, respec- Parameter (n=53) Region (7 = 9)
tively. This finding was attributed to the removal of Absolute SUV

nonspecific background signal in neighboring tissue Maximum SUV, — maximum SUV = <.001 .08

and the less diffused signal distribution in the tar- Mean SUV, — mean SUV | <.001 >.99

geted regions observed with the sK' maps compared Relative SUV

with the SUVSO’ SUVlo’ and Vb maps. Because of the Maximum SUVsO— maximum SUVm <.001 .15

less diffused signal distribution in target regions at- Mean SUV,,— mean SUV,, <001 13

tained with Patlak sK. maps, the meningioma signal Patlak K °

was more clearly differentiated from the neighboring Mean sK — mean gk - 001 008

nonspecific pituitary gland avid signal typically ob-

served in ®®*Ga-DOTATATE brain PET studies (Fig
5). Moreover, the mean target—to—mean background
contrast between the meningioma dural and transos-
seous components was increased from 2.5 in SUV, |
images to 4.2 in Patlak sk  images (Fig 6).

Comparison of Linear sK versus Nonlinear gK

Note.—P values resulting from matched-pairs Wilcoxon rank sum tests com-
paring different types of SUV50 versus respective SUV ; as well as sK versus
gK_ score pairs in meningiomas and posttreatment change lesions. The mean
and standard deviation values of the distribution of each type of metric are
reported in Table 4. gK = generalized Patlak K, K = net binding rate constant,
5K, = standard Patlak K, SUV = standardized uptake value, SUV = SUV ex-
tracted from the last 10 minutes of acquisition, SUV50 = SUV extracted from
the entire 50 minutes of acquisition.

Metric

The gK metrics were found to be different from the

sK metrics in both meningioma and posttreatment change re-
gions (P < .001, Table 2). Across both meningioma and post-
treatment change regions and all ranges of K scores, Bland-Alt-
man analysis showed that gK' scores were on average higher than
sK scores (Fig 7B), as expected in theory (18). Any of the very
few outliers suggesting a negative difference can be attributed
to the high statistical noise levels exhibited by K values because
Patlak fitting occurs after reconstruction, rather than within the
reconstruction itself, as is the case with direct Patlak four-dimen-
sional reconstruction methods (33).

Differentiation of Meningioma from Posttreatment Change
We further investigated the clinical value of SUV_, SUV

sK, and gK' in differentiating meningioma from posi(éreatme;(l)t
change. Different averaged scores (P < .001) were observed be-
tween meningioma and posttreatment change for absolute max-
imum (21.71 vs 1.33), absolute mean (8.36 vs 0.77), relative
maximum (17.59 vs 1.21), and relative mean (10.94 vs 1.15)
SUV. metrics (Table 4, Fig 4A). Furthermore, different average
scores were also recorded in meningioma versus posttreatment
change for absolute maximum (26.17 vs 1.71), absolute mean
(9.39 vs 0.78), relative maximum (21.75 vs 1.53), and relative
mean (13.64 vs 1.33) SUV, metrics (Table 4, Fig 4B). Simi-
lar and distinct differences in scores of the same type were ob-
served between meningioma and posttreatment change for both
SUV, and SUV, (P < .001 for both, Table 4) metrics, that is,
regardless of the measurement time window. Furthermore, the
meningioma-over—posttreatment change ratio of relative maxi-
mum SUV scores of three, which was previously established as
a quantitative cutoff criterion to differentiate meningioma from
posttreatment change using the 10-60 minutes postinjection

window for the SUV (SUV

;) calculation (8), did not result in

reclassification of any of the lesions evaluated in this study when
SUV scores were replaced by SUV, | scores instead.

In addition, both sK (0.13 vs 0.02 mL/min/g) and gK (0.24
vs 0.02 mL/min/g) exhibited differences (P < .001) between the
two region types (Table 4; Fig 7A). In Figure 8, the differences
in the Patlak plots for meningioma versus posttreatment change
are demonstrated under both sPatlak and gPatlak model as-
sumptions. Stratification into meningioma versus posttreatment
change lesions based on absolute or relative SUV,  or SUV | was
not affected when using sk or gK metrics instead.

Interobserver Variability

Interclass correlation coefficients comparing the K values from
the meningioma between sets of VOI delineated by two in-
dependent observers were 0.973 (95% CI: 0.853, 0.995) and
0.970 (95% CI: 0.827, 0.995) for the absolute and consistency

agreement models, respectively.

Discussion

Sensitivity and specificity of contrast-enhanced MRI in me-
ningioma can be limited particularly in the postsurgical and
postradiation setting. *Ga-DOTATATE PET was previously
shown to improve assessment for residual and recurrent tumor
and optimize adjuvant radiation therapy planning (39,40). Dy-
namic and parametric ®*Ga-DOTATATE brain PET has previ-
ously not been well established in the literature. We sought to
evaluate ®*Ga-DOTATATE PET/MRI as an adjunct modality
in meningioma, taking advantage of the relatively long acquisi-
tion time of clinical brain tumor protocol MRI and simulta-
neous PET acquisition, with the potential of optimizing the
static acquisition period, and to assess the potential benefits
of voxelwise Patlak parametric mapping in lesion contrast en-
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Comparison of meningioma and postireatment-change lesions using maximum and mean standardized uptake value (SUV) measured over the

entire scan period versus the last 10 minutes. Shown are mean and SD of each of the four types of SUV metrics. (A) Maximum and mean absolute SUV and
(B) relative maximum and mean SUV (normalized fo the superior sagittal sinus).**** indicates P value less than .001. (€=F) The respecfive Bland-Aliman
plots including both meningioma and postireatment-change regions in the same chart with most SUV, ~SUV, | differences being positive and lying within the
plotted 95% Cls. n.s. = not significant, SUV, = SUV extracted from the last 10 minutes of acquisition, SUV, =SUV exiracted from the entire 50 minutes of

acquisition.

hancement via the removal of nonspecific background signal in
surrounding tissue.

We employed the standard and relatively more robust lin-
ear Patlak graphical analysis method, as well as the nonlinear
Patlak method, to account for irreversible and reversible SSTR2
binding, respectively (23). However, we observed no evidence
of a difference in the differentiation of meningioma from post-
treatment change effects or other regions of avid physiologic
uptake (eg, pituitary gland) between the two methods (Fig 7),

Radiology: Imaging Cancer Volume 4: Number 2—2022 = radiology-ic.rsna.org

thereby confirming the findings of past studies (24,25). Our
findings favor the sPatlak over the gPatlak model, particularly
for voxelwise parametric mapping, which has the potential to
enhance lesion detectability, decrease false-positive findings, and
assess intratumoral heterogeneity of kinetic features (33).

We found a strong significant positive correlation between
K and SUV in meningioma and posttreatment change, suggest-
ing fast and sustained binding of SSTR2 on meningiomas and
little added value in complementing SUV with K analysis for
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Table 3: SUV-K. Correlations and Differences between sPatlak and gPatlak Methods
Absolute SUV Relative SUV
Spearman 7 Spearman 7 Spearman 7  Spearman
Parameter sK-SUV gK-SUV  z Score* P Value* sK-SUV gK-SUV  z Score* P Value*
Meningioma

Maximum SUV50 0.82 0.77 0.68 .49 0.85 0.81 0.65 51

Maximum SUV 0.8 0.74 0.74 46 0.84 0.79 0.75 .45

Mean SUV50 0.78 0.72 0.69 .49 0.78 0.78 0 >.99

MeanSUV,,  0.79 0.7 1.02 31 0.90 0.86 0.89 37

Posttreatment change

Maximum SUV50 0.88 0.9 -0.17 .87 0.83 0.81 0.11 .92

Maximum SUV, 0.79 0.79 0 >.99 0.81 0.81 0 >.99

Mean SUV_| 0.79 0.79 0 >.99 0.93 0.95 -0.3 .76

Mean SUV | 0.86 0.88 -0.14 .89 0.93 0.95 -0.3 .76
Note.—Spearman correlation analyses between standardized uptake value (SUV) and K metrics. Shown are Spearman 7 and P value,
respectively, for absolute and relative mean and maximum SUV50 and SUV,,, correlated with standard Patlak K (sK) and generalized Patlak
K (gK)), respectively, for meningioma and posttreatment change. To compare Spearman correlations of sX; with SUV against that of gk
with SUV, a z score statistic and P value were generated for each pair (36). K = net binding rate constant, SUV, = SUV extracted from the
last 10 minutes of acquisition, SUVSO = SUV extracted from the entire 50 minutes of acquisition.
* z scores and P values shown for sK-SUV versus gK-SUV.

differentiating meningioma from posttreatment change for most
cases. Nevertheless, our results in some of the participants sug-
gested that K imaging may visually enhance PET signal con-
trast between meningioma and nonspecific background signal in
neighboring tissue such as the pituitary gland for a few selected
cases (Fig 5). This task could be challenging with the less specific
and more diffused SUV signal distributions alone, particularly
in the case of high proximity of meningioma to regions of physi-
ologic ®*Ga-DOTATATE avidity (eg, pituitary) or posttreatment
effects. Furthermore, the K metric exhibited higher contrast be-
tween the dural and transosseous components of meningioma
compared with SUV (Fig 6). Moreover, interclass correlation
coefficient analysis demonstrated that regional sK values can be
extracted with high interobserver agreement, suggesting repro-
ducibility of the proposed analysis approach and potential for
adaptation into clinical practice. While kinetic modeling is not
currently widely integrated into clinical workflows of PET/CT
and PET/MRI routine examinations, manufacturers of clini-
cal PET systems have begun to provide automated streamlined
Patlak modeling analysis tools (31) to enable future clinical
integration of kinetic modeling. Dynamic ®*Ga-DOTATATE
PET/MRI may also enhance personalized treatment planning
in meningioma patients, as well as improve dosimetry analysis
in the targeted radiation therapy of meningioma with lutetium
177 DOTATATE (41,42). Beyond meningioma, our findings
can serve as a pilot to expand the application of whole-body
dynamic ®*Ga-DOTATATE PET scans and multiparametric
whole-body SUV and K analysis (35) in SSTR2—positive sys-
temic neoplasms.

We also compared SUV scores from the static *Ga-DOT-
ATATE images of the last 10 minutes (SUV ) versus SUV
scores from the entire 50-minute acquisition period (SUV, ).

10

Given that very small P values (P < .001) were determined
when evaluating the difference in SUV metrics between me-
ningioma and posttreatment change regions regardless of
the postinjection time window, our results suggest that the
choice between SUV

50
fect the overall performance in differentiating meningioma

and SUV | measurements does not af-

from posttreatment change. Furthermore, the previously es-
tablished criterion of a cutoff value of three in the maximum
relative SUV, | metric for differentiating meningioma over
posttreatment change (8,24,25) still holds when replacing
SUV, scores with their respective SUV,  metrics in all evalu-
ated regions of our study. This replacement can be important
when optimizing static PET acquisition time windows for
examinations where the reduction of the PET scan time can
significantly reduce the total scan time, such as for nonsimul-
taneous PET/MRI, as well as for PET/CT scan protocols.
Moreover, the suggested 10-minutes measurement period
may also provide SUV images of higher contrast for menin-
gioma lesions because of the expected higher degree of “Ga-
DOTATATE binding in meningioma relative to surrounding
nonspecific background tissue, as shown from the TACs in
Figure 1, and because of the lower likelihood for motion dur-
ing that period. On the other hand, for regular brain simulta-
neous PET/MRI studies where the MRI sequences typically
last more than 30 minutes, the availability of such long scan
periods may be exploited to perform similarly long dynamic
PET scans parallel to the MRI, thus enabling multiparamet-
ric *Ga-DOTATATE imaging (11).

Limitations of our study included the lack of dynamic
PET data in the first 5-10 minutes after injection in group
A. Nevertheless, we were able to acquire a group of PET/MR
images in which ®*Ga-DOTATATE injection coincided with
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Figure 5: Compoarison of static standardized uptake value (SUV) and standard Patlak (sPatlak)-derived parametric images in a representative examina-
tion from group A. This 7/ 2-year-old woman with a history of right caverous sinus meningioma who underwent gamma knife radiosurgery 12 years prior

presented with an avidly enhancing soft-tissue mass involving the right cavernous sinus, not well delineated on (A) T1-weighted posfcontrast images alone.
(B) Stafic PET image summed over the entire 50-minute acquisition period and (€) PET/MRI fusion image demonstrate markedly improved delineation of
the tumor. (D) Static PET image from the last 10 minutes of acquisition (50-60 minutes after injection), along with (E) Patlak slope K and (F) Patlak infercept
V, paramefric images from the same PET/MRI examination. The color bars are to maximum SUV for € and D, from O to maximum K (0-0.4 ml of reference
fissue,/min/grams of targeted fissue) for E, and from O to maximum v, (O-11 mlL of reference tissue /grams of targeted tissue) for F. K = net binding rate con-

stant, V, = sum of blood volume fraction and disfribution volume.

acquisition start (group B), allowing us to build a population-
based reference ®*Ga-DOTATATE tissue TAC model that was
successfully validated (34). We observed that most of the tar-
geted tissue TACs were found to be stable after 50 minutes in
terms of decay-corrected activity concentration. This finding,
together with the short half-life (68 minutes) and relatively low
administered activity (approximately 185 MBq) of ®*Ga-DOT-
ATATE dose, suggests that imaging later than 60 minutes after
injection may be avoided.
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Figure 6: Compoarison of static standardized uptake value (SUV) and standard Patlak (sPatlak)-derived parametric images in a second representative

participant from group A. This 8 1-year-old woman presented with an avidly enhancing dural-based mass along the right temporal convexity. (A) Dural-
based mass with heterogeneous enhancement of the overlying calvarium concerning for intraosseous extension as presented in T1-weighted postcontrast
image alone. (B) Corresponding PET and (€) PET/MRI fusion images demonsirate intense ®®Ga-DOTATATE avidity within both the dural-based and the
intraosseous components of the mass. (D) Static PET image from the last 10 minutes of acquisiion (50-60 minutes dfter injection), along with (E) Patlak slope
K and (F) Paflak intercept \/C parametric images from the same PET/MR| examination. The color bars are to maximum SUV for € and D, from O to maximum
K (0-0.4 mL of reference tissue,/min/grams of targeted fissue) for E, and from O fo maximum V, (0-11 mL of reference fissue/grams of targeted fissue) for F.
DOTATATE = tetraazacyclododecane fefraacetic acid octreotate, ®*Ga = gallium 68, K = net binding rate constant, V, = sum of blood volume fracfion and
distribution volume.
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Figure 7:  (A) Comparison of meningioma and postireatment-change lesions using standard (sPatlak) and generalized (gPatlak) K,
scores. Shown are mean and standard deviation. **: indicates P value less than .001. (B) Respective Bland-Altman plot including both me-
ningioma and postireatment change regions in the same chart with most sK-gK differences being negative and lying within the plotted 95%
Cls. gK = gPatlak K, K = net binding rate constant, n.s. = not significant, sK = sPatlak K.
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ment Change Region

Table 4: SUV and K, Scores between Meningioma and Posttreat-

Posttreatment
Meningioma  Change Region (»

Parameter (n=53) =9 P Value
Absolute SUV

Maximum SUVso 21.71 (3.09) 1.33 (0.45) <.001

Maximum Sleo 26.17 (3.61) 1.71 (0.61) <.001

Mean SUVso 8.36 (1.24) 0.77 (0.27) <.001

Mean SUV 9.39 (1.35) 0.78 (0.28) <.001
Relative SUV

Maximum SUV_ | 17.59 (2.63)  1.21(0.49) <.001

Maximum SUV, | 21.75 (3.20)  1.53 (0.62) <.001

Mean SUVso 10.94 (2.02) 1.15 (0.39) <.001

Mean SUV10 13.64 (2.12) 1.33 (0.43) <.001
Patlak

sK (mL/min/g) 0.13 (0.03) 0.02 (0.01) <.001

gK (mL/min/g) 0.24 (0.06) 0.02 (0.01) <.001

acquisition.

Note.—Standardized uptake values (SUV) and K] values in meningioma and
posttreatment change lesions. Values are shown as mean with standard error

in parentheses, with P values resulting from Mann-Whitney tests comparing
meningioma and posttreatment change lesions for each parameter (also graphi-
cally illustrated in Figures 4 and 7). gK = generalized Patlak K, K = net bind-
ing rate constant, sK = standard Patlak K, SUV, = SUV extracted from last

10 minutes of acquisition, SUVSO = SUV extracted during entire 50 minutes of
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