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Multiple myeloma (MM) is a debilitating neoplasm of terminally dif-

ferentiated plasma B cells that resulted in over 13,000 deaths in

2017 alone. Combination therapies involving melphalan, a small-

molecule DNA alkylating agent, are commonly prescribed to pa-
tients with relapsed or refractory MM, necessitating the stratification

of responding patients to minimize toxicities and improve quality of

life. Here, we evaluated the use of 3,4-dihydroxy-6-18F-fluoro-L-
phenylalanine (18F-FDOPA), a clinically available PET radiotracer

with specificity to the L-type amino acid transporter 1 (LAT1), which

also mediates melphalan uptake, for imaging melphalan therapy

response in a preclinical immunocompetent model of MM. Meth-
ods: C57BL/KaLwRij mice were implanted subcutaneously with uni-

lateral murine green fluorescent protein–expressing 5TGM1 tumors

and divided into 3 independent groups: untreated, treated begin-

ning week 2 after tumor implantation, and treated beginning week 3
after tumor implantation. The untreated and week 2 treated groups

were imaged with preclinical MRI and dynamic 18F-FDG and 18F-

FDOPA PET/CT at week 4 on separate, contiguous days, whereas
the week 3 treated group was longitudinally imaged weekly for 3 wk.

Metabolic tumor volume, total lesion avidity, SUVmax, and total up-

take were calculated for both tracers. Immunohistochemistry was

performed on representative tissue from all groups for LAT1 and
glucose transporter 1 (GLUT1) expression. Results:Melphalan ther-

apy induced a statistically significant reduction in lesion avidity and

uptake for both 18F-FDG and 18F-FDOPA. There was no visible

effect on GLUT1 expression, but LAT1 density increased in the
week 2 treated group. Longitudinal imaging of the week 3 treated

group showed variable changes in 18F-FDG and 18F-FDOPA uptake,

with an increase in 18F-FDOPA lesion avidity in the second week
relative to baseline. LAT1 and GLUT1 surface density in the un-

treated and week 3 treated groups were qualitatively similar. Con-
clusion: 18F-FDOPA PET/CT complemented 18F-FDG PET/CT in

imaging melphalan therapy response in preclinical extramedullary
MM. 18F-FDOPA uptake was linked to LAT1 expression and mel-

phalan response, with longitudinal imaging suggesting stabilization

of LAT1 levels and melphalan tumor cytotoxicity. Future work will

explore additional MM cell lines with heterogeneous LAT1 expres-
sion and response to melphalan therapy.
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Multiple myeloma (MM) is a cancer of terminally differen-
tiated plasma B cells that originates in the hematopoietic bone

marrow and accounts for 15%–20% of all hematologic malignan-

cies (1,2). In the last decade, the availability of autologous stem

cell transplantation and combination therapies consisting of im-

munomodulatory drugs, proteasome inhibitors, and other chemo-

therapeutics has improved median 5-y survival from 34.6% in

2004 to 49.6% in 2013 (3,4). One of the main therapies used

for MM is the small-molecule alkylating agent melphalan (5–7).

However, melphalan efficacy is variable in the clinical population,

especially in relapsed and refractory MM, and is also implicated in

various toxicities, including severe mucositis and myelosuppres-

sion. Thus, stratification of melphalan-responsive patients in the

MM patient population is critical for reducing therapy-induced

toxicities.
The L-type amino acid transporter 1 (LAT1) is a key mediator

in uptake and intracellular accumulation of melphalan and

correlates with melphalan sensitivity and response in MM and

other cancers (8–10). LAT1, a member of the system L family of

transporters, is expressed primarily in fetal liver, bone marrow,

placenta, and testes (11,12) and is overexpressed in MM, corre-

lating with poor MM prognosis and survival (10). LAT1 is a

heterodimer consisting of a light chain (SLC7A5) that provides

the amino acid transporter function and a glycosylated heavy

chain subunit (CD98) that provides trafficking and membrane lo-

calization (13,14). LAT1 is implicated in tumor proliferation path-

ways, through the mammalian target of rapamycin and glutamine/

glutamate signaling pathways (15).
The glucose analog 18F-FDG is currently used in PET imaging

of MM and other cancers for disease staging and for monitoring of

therapy response. Clinical trials on patients with MM have found a

correlation between suppression of 18F-FDG uptake and improved

event-free survival (16). 18F-FDG PET/CT is useful for staging

and response monitoring in MM, but the sensitivity for detecting

marrow involvement by MM is variable, particularly when there is

a relatively low marrow burden of disease (17). 18F-FDG uptake
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may be increased in the setting of inflammation after chemother-
apy and in the presence of exogenous or endogenous marrow
stimulation. Thus, there is a need for other PET tracers with in-
creased sensitivity and specificity for detecting intramedullary
MM, particularly when the disease burden is low. Additionally,
18F-FDG uptake and retention are mediated by glucose transporter
1 (GLUT1) and hexokinase, which are involved primarily in gly-
colysis. As a result, 18F-FDG uptake does not reflect the LAT1
expression and melphalan sensitivity of MM tumors.
In this study, we sought an alternative tracer that directly

interrogates the functional status of LAT1. The amino acid PET
tracer 3,4-dihydroxy-6-18F-fluoro-L-phenylalanine (18F-FDOPA)
is structurally related to melphalan and is primarily transported
into cells by LAT1 (18). 18F-FDOPA PET is used mostly in im-
aging gliomas and neuroendocrine tumors in cancer patients
(19,20). Because LAT1 mediates the intracellular accumulation

of both 18F-FDOPA and melphalan, we hy-
pothesized that 18F-FDOPA uptake in my-
eloma cells will correlate with melphalan
therapy response. Using an immunocom-
petent xenograft model of murine mye-
loma, we demonstrate that 18F-FDOPA
can serve as a complementary imaging
agent to 18F-FDG for MM PET imaging
and can potentially provide additional in-
formation allowing stratification of re-
sponders and nonresponders to melphalan
therapy.

MATERIALS AND METHODS

Cell Culture and Reagents

Green fluorescent protein–expressing 5TGM1
cells (obtained from Katherine N. Weilbaecher,

Washington University) were maintained at
106 cells/mL in Iscove modified Dulbecco

medium supplemented with 10% v/v fetal bo-
vine serum and 1% penicillin/streptomycin (all

from Thermo Fisher Scientific). Melphalan (Sigma-Aldrich) was
prepared weekly, before injection, from a 5 mg/mL 0.1 M HCl

EtOH stock. 18F-FDG and 18F-FDOPA were produced in compli-
ance with current good manufacturing practices by the Washington

University Cyclotron Facility.

Tumor Model and Melphalan Therapy

All animal studies were conducted according to protocols approved

by the Washington University Animal Studies Committee. C57BL/6
KaLwRij mice received a unilateral subcutaneous injection of 106

5TGM1 cells in the lower flank. All tumor implantation and imaging
procedures were conducted under 1%–2% v/v isoflurane/100% O2

anesthesia.
Tumor-bearing mice were separated into 2 independent studies. The

first study consisted of an untreated group (n 5 6) and a treated group

(n 5 7) that received melphalan at weeks 2 (14–18 d) and 3 after tu-
mor implantation, with imaging being performed at week 4 (Fig. 1A).

FIGURE 1. Timeline for treated and untreated groups. Melphalan was administered weekly

beginning at either week 2 (A) or week 3 (B) after tumor implantation. Imaging with MRI, 18F-

FDG PET/CT, and 18F-FDOPA PET/CT was performed on separate, contiguous days. In week 2

group, imaging took place at end of study. In week 3 group, imaging took place before each

treatment administration at weeks 3, 4, and 5.

TABLE 1
18F-FDOPA and 18F-FDG Measurements

Parameter Treated (n 5 7) Untreated (n 5 6) Untreated-to-treated ratio

TLA 13.07 ± 5.89 603.9 ± 165.9 46.21 ± 24.37

TLG 44.92 ± 12.05 2,329 ± 532.1 51.85 ± 18.27

MTV (mm3)

18F-FDOPA 22.16 ± 7.67 636 ± 194.5 28.7 ± 13.22

18F-FDG 28.81 ± 5.35 416.1 ± 182.5 14.44 ± 6.88

SUVmax

18F-FDOPA 0.70 ± 0.13 1.48 ± 0.17 2.11 ± 0.46

18F-FDG 2.84 ± 0.65 7.03 ± 0.84 2.47 ± 0.64

Total uptake

18F-FDOPA 53.06 ± 8.33 118.9 ± 8.55 2.24 ± 0.39

18F-FDG 138.8 ± 28.18 483.5 ± 58.98 3.48 ± 0.83

STV (mm3) 78.31 ± 53.6 771.2 ± 291.7 9.85 ± 7.70

Data are mean ± SEM.

1552 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 59 • No. 10 • October 2018



The second study consisted of a group (n5 3) that received melphalan
at weeks 3, 4, and 5 after tumor implantation, with imaging being

performed immediately before the start of each treatment (Fig. 1B). In

both studies, melphalan treatment consisted of a 10 mg/kg intraperi-
toneal dose in saline (21).

In Vivo Imaging of Structural Tumor Volume (STV) and

Metabolic Tumor Volume (MTV)

To minimize signal cross-contamination, 18F-FDG PET/CT and 18F-
FDOPA PET/CT were performed on separate, contiguous days. To stan-

dardize the sequence of imaging techniques, 18F-FDOPA PET/CT was
always performed after 18F-FDG PET/CT.

STV was assessed by calipers and non–contrast-enhanced MRI. The

mice were placed supine within a birdcage radiofrequency coil and
imaged on a 4.7-T (200-MHz) small-animal MRI scanner (Agilent

Technologies). Respiration and body temperature were maintained at
approximately 50 breaths/min and 37�C, respectively. Transverse T2-

weighted contiguous slices were collected using a spin-echo sequence
(repetition time, 1.5 s; echo time, 40 ms; number of averages, 2; field of

view, 2.5 · 2.5 · 1.6 cm; data matrix, 128 · 128 · 16). Region-of-interest
analysis was performed using ImageJ (National Institutes of Health).

MTV was assessed by 18F-FDG and 18F-FDOPA PET/CT. Before
radiotracer administration, a whole-body 60-kVp CT scan was ac-

quired for each mouse. The mice were injected with 7.4-MBq dose
of the tracer via the lateral tail vein, and 60-min dynamic scans were

collected afterward using an Inveon PET/CT or Focus F220 PET
imaging system (Siemens Healthcare). 18F-FDG PET/CT was per-

formed after the mice had been kept fasting for 6–8 h with access
to water. 18F-FDG and 18F-FDOPA PET/CT images were processed

using iterative reconstruction and displayed on an Inveon Research
Workplace (version 4.2; Siemens Healthcare) in multiplanar views.

PET Image Analysis

Volumetric tumor and control-tissue regions of interest were defined

using the companion CT image and the summed PET image. Dynamic
time–activity curves were decay-corrected and converted to SUVs

before analysis. The MTV (volume of tumor with SUV . 0.42 ·
SUVmax) (22), total lesion avidity (TLA) (MTV SUVmean · MTV),

and total uptake (area under the tracer time–activity curve) were cal-
culated for 18F-FDOPA. MTV, total lesion glycolysis (TLG) (MTV

SUVmean · MTV), and total uptake were also calculated for 18F-FDG.
To minimize single-voxel noise in SUVmax measurements, SUVmax

was defined as the mean of the 95% isocontour (23).

Immunohistochemistry

Immunohistochemistry was performed on tissue from both treated
groups to evaluate changes in LAT1 and GLUT1 expression. Tumor

FIGURE 2. Representative T2-weighted transverse MR images. (A)

Untreated mouse. (B) Mouse treated at weeks 2 and 3 after tumor im-

plantation. (C) Mouse treated at weeks 3, 4, and 5 after tumor implan-

tation (pretreatment baseline image [left]; week 4 image [middle]; week 5

image [right]). Implanted tumors are indicated by arrows.

FIGURE 3. Tumor localization and time–activity profiles. Representative transverse views of treated mice (left image in each panel) and untreated

mice (right image in each panel) are shown for 18F-FDG (A) and 18F-FDOPA (B) PET/CT, along with respective time–activity curve data (C and D),

plotted as mean ± SEM for each time point. Implanted tumors are indicated by arrows. ***P , 0.001.
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tissue was excised, flash-frozen in optimal-cutting-temperature compound

(Tissue Tek; Sakura Finetek), and stored at 220�C. Tyramide-amplified

immunohistochemistry using a TSA Plus Cyanine 3 detection kit

(PerkinElmer, Inc.) was performed as per the manufacturer’s pro-

tocol (24). Briefly, sections were fixed in 4% v/v paraformaldehyde/

phosphate-buffered saline. Endogenous peroxidase and nonspecific

binding were blocked with 3% H2O2 and 0.5% TSA blocking re-

agent, respectively. Sections were incubated separately overnight at

4�C with 1:50 dilutions of rabbit polyclonal anti-SLC7A5 (Protein-

tech Group, Inc.), anti-GLUT1 (Abcam), anti-CD98 (Santa Cruz

Biotechnology, Inc.), and anti-CD31 (Novus Biologicals). The

slides were mounted with Vectashield antifade mounting medium

(Vector Laboratories) with 49,6-diamidino-2-phenylindole (DAPI)

after signal amplification with 1:50 TSA-Cy3. Stained slides were

imaged on an LSM 880 II Airyscan inverted confocal fluorescence

microscope (Zeiss). The slides were sequentially imaged with a

DAPI filter (excitation/emission wavelength, 405/465 nm), a green

fluorescent protein filter (excitation/emission wavelength, 488/509

nm), and a Cy3 filter (excitation/emission wavelength, 561/603

nm). As a negative control, muscle tissue excised from the contra-

lateral leg was stained and imaged using the described settings.

Statistical Analysis

All statistical analyses were performed using Prism (version 5.0;

GraphPad). Two-way ANOVA with repeated measures was used for

time–activity curve comparisons. One-way

ANOVA with Bonferroni multiple-compari-

sons posttesting was used for SUVmax and to-

tal uptake comparisons. Two-tailed Student t

testing was used for TLA, TLG, and volume

comparisons. Lin concordance correlation co-

efficients between 18F-FDOPA and 18F-FDG

parameters were calculated using MATLAB

(version 2014b; The MathWorks, Inc.).

RESULTS

At 4 wk after tumor implantation, the
treated group showed a heterogeneous re-

duction in STV on MRI (9.9 6 7.7-fold)

(Table 1; Figs. 2A and 2B), along with a

corresponding decrease in MTV as repre-

sented by 18F-FDG and 18F-FDOPA uptake

(Figs. 3A and 3B). Decay-corrected time–

activity curves derived from the tumor

volume of interest for 18F-FDG and
18F-FDOPA showed a decrease in overall

uptake across time for the treated mice

(Figs. 3C and 3D). Interestingly, treatment

did not affect the time to reach steady state

in the 18F-FDOPA time–activity curves,

suggesting that melphalan therapy has no

impact on the overall uptake mechanism or

washout kinetics for 18F-FDOPA.
TLA and uptake of both 18F-FDOPA and

18F-FDG were reduced in the treated tu-
mors. There was a larger reduction in
18F-FDOPA MTV (28.7 6 13.2-fold) than
in 18F-FDG MTV (14.4 6 6.9-fold), al-
though this difference did not translate into
a significant correlation between MTV and
STV. TLA and TLG decreased similarly in

treated tumors (Fig. 4A). Overall, 18F-FDG SUVmax was higher
than 18F-FDOPA SUVmax in both untreated and treated tumors
(Fig. 4B; Table 1). 18F-FDOPA total uptake and SUVmax fell to
within control-tissue (bone marrow and muscle) levels on melpha-
lan treatment, whereas 18F-FDG uptake remained significantly
higher in tumors than in control tissues (Fig. 4C). These results
suggest that, compared with 18F-FDG, changes in 18F-FDOPA
uptake in this tumor model may be more specific to a melpha-
lan-mediated reduction in tumor size.
In the analysis using Lin concordance correlation coefficients,

TLA and MTV in the treated group were moderately concordant

between 18F-FDOPA and 18F-FDG, whereas SUVmax and total

uptake demonstrated poor agreement (Table 2). Interestingly, the

concordance of TLA and total uptake between 18F-FDOPA and
18F-FDG was stronger after therapy, whereas that of MTV and

SUVmax was relatively unaffected. The lack of concordance in

SUVmax and total uptake between 18F-FDOPA and 18F-FDG is

likely linked to the difference in uptake mechanisms, whereas

the moderate agreement between MTV and TLA indicated similar

global effects on metabolism in the setting of effective therapy.
T2-weighted MRI indicated minimal STV reduction throughout

the therapy regimen (Fig. 2C). 18F-FDG uptake was significantly
reduced in week 1 of therapy, with a return to pretreatment levels
during week 2 (Fig. 5A and Supplemental Fig. 1A; supplemental

FIGURE 4. 18F-FDG and 18F-FDOPA distribution and TLA metrics in treated and untreated mice.

Scatterplots with mean and SEM are displayed for TLA and TLG (A), SUVmax (B), and total uptake

(C). *P , 0.05. **P , 0.01. ***P , 0.001.
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materials are available at http://jnm.snmjournals.org). By week 2
of therapy, there was also an increase in TLG (1.7 6 0.4-fold),
SUVmax (2.1 6 0.4-fold), and total uptake (2.1 6 0.4-fold) for
18F-FDG, suggesting a rebound of glucose-avid tumor cells (Sup-
plemental Figs. 1B and 1D). By contrast, 18F-FDOPA kinetics
were unaffected by the therapy regimen (Fig. 5B and Supplemen-
tal Fig. 1A). There was an increase in TLA (2.4 6 0.9-fold) be-
tween the pretreatment baseline and week 1 for 18F-FDOPA, and
this increase remained consistent at week 2 (0.8 6 0.2-fold rela-
tive to week 1) (Supplemental Fig. 1B). No corresponding change
was seen in SUVmax or total uptake for 18F-FDOPA (Supplemental
Figs. 1C and 1D). These results suggest that treatment of estab-
lished tumors with melphalan may result in stabilization of the
STV and MTV. Additionally, the lack of correlation between 18F-
FDOPA and 18F-FDG uptake indicates that acute changes in glu-
cose metabolism are independent of changes in the transport and
intracellular metabolism of the amino acid 18F-FDOPA.
The immunohistochemistry results showed that changes in

LAT1 expression were modulated by both tumor size and therapy.
The week 3 treated group had reduced LAT1 surface density (Fig.
6C, top) relative to the week 2 treated group and the untreated
group (Figs. 6A and 6B, top). The high LAT1 density in the week
2 treated group relative to the untreated group can be attributed to
the smaller size and increased vascular density of the tumors.
Indeed, LAT1 and GLUT1 expression was generally concentrated
near blood vessels, as confirmed by CD31 staining (Supplemental
Figs. 2A and 2B, top). The relative lack of LAT1 signal in the
untreated group may be linked to the heterogeneous distribution of
viable green fluorescent protein–expressing tumor cells within the
tumor mass.

DISCUSSION

18F-FDOPA is an aromatic amino acid PET tracer that is effec-
tive for imaging gliomas and neuroendocrine tumors (19,20). In a
study by Dimitrakopoulou-Strauss et al., 18F-FDOPA and 18F-
FDG were shown to complement each other in the detection of
metastatic melanoma in pretreated patients (25). 18F-FDOPA up-
take by cancer cells is thought to be mediated primarily by LAT1,
making 18F-FDOPA a promising candidate for imaging LAT1
activity in vivo. Because melphalan uptake is also mediated by
LAT1, we used 18F-FDOPA PET as a surrogate reporter of mel-
phalan therapy efficacy in a preclinical, immunocompetent MM
model. We evaluated 18F-FDOPA and 18F-FDG uptake parame-
ters, including TLA, MTV, and SUVmax, in vivo in unilateral sub-
cutaneously implanted 5TGM1 tumors in C57BL/KaLwRij mice,

which served as a model for extramedullary MM. Importantly,
uptake of 18F-FDOPA correlated strongly with LAT1 surface ex-
pression, and a significant therapy-induced decrease in SUVmax,
TLA, and total uptake relative to untreated tumor was shown for
18F-FDOPA.
Preclinical 18F-FDOPA PET/CT showed demonstrable differ-

ences in tumor uptake among the untreated group and the 2 treated
groups. Immunohistochemistry on the week 2 treated group sug-
gested that decreasing tumor size and increasing viable tumor
fraction were linked to increasing LAT1 expression (Figs. 6A
and 6B, top). To further validate changes in expression of
LAT1, CD98 staining was performed. However, CD98 also forms
heterodimers with other amino acid transporters, including mem-
bers of the LAT family (14). Additionally, CD98 expression is
implicated in increased vascular density (Supplemental Figs. 2A
and 2B, bottom) (26). The correlation between vascular density
and LAT1 expression is corroborated by preclinical 11C-methio-
nine PET studies on gliomas and brain tumors (27). 18F-FDOPA

TABLE 2
Lin Correlation Coefficients Relative to 18F-FDG PET/CT

Parameters

Parameter Treated (n 5 7) Untreated (n 5 6)

TLA 0.41 (0.04 to 0.68) 0.16 (−0.08 to 0.4)

MTV 0.64 (−0.01 to 0.91) 0.55 (0.01 to 0.84)

SUVmax 0.03 (−0.11 to 0.16) 0.03 (−0.03 to 0.09)

Total uptake 0.21 (−0.02 to 0.42) 0.02 (−0.02 to 0.06)

Data are mean correlation coefficient followed by 5%–95%

confidence interval in parentheses.

FIGURE 5. Representative 18F-FDG PET/CT (A) and 18F-FDOPA PET/

CT (B) maximum-intensity projections at pretreatment baseline and

weeks 1 and 2 during treatment. Implanted tumors are indicated by

arrows.
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metrics also correlated with melphalan sensitivity, with the MTV
for 18F-FDOPA showing a moderate concordance with the 18F-
FDG clinical reference standard (Table 2). The reduction in 18F-
FDOPA uptake indicated the sensitivity of 18F-FDOPA PET/CT to
melphalan cytotoxicity.
The effect of aggressive melphalan therapy on total uptake and

SUVmax was greater for 18F-FDG than for 18F-FDOPA (Figs. 4B
and 4C). The 5TGM1 cell line is highly glucose-avid and aggres-
sive relative to several other human and murine myeloma cell
lines. This avidity, coupled with minimal differences in GLUT1
surface density between untreated and treated tumors, may explain
the difference in overall uptake of 18F-FDG relative to 18F-FDOPA
in this tumor model. 18F-FDG SUVmax and total uptake were also
significantly higher in tumors than in nontumor tissue in treated
animals. This effect may be partially explained by the recruitment
of glucose-avid macrophages and other immune cells to the tumor
by therapy-induced inflammation. Nevertheless, 18F-FDG PET/CT
accurately identified overall response, whereas 18F-FDOPA PET/
CT highlighted melphalan-sensitive tumor populations, and the
reduction in MTV in the treated group, compared with the untreated
group, was greater for 18F-FDOPA than for 18F-FDG.
The differences in 18F-FDOPA and 18F-FDG uptake induced by

the aggressive therapy regimen may be overstated because of
several factors, including variable tumor viability, variable immu-
nologic response, and the homogeneous expression of LAT1 in the
viable tumor volume. To address these concerns, we performed
longitudinal 18F-FDOPA and 18F-FDG PET/CT on established
tumors treated with melphalan (Fig. 1B). For 18F-FDOPA, there
were no significant differences in MTV, SUVmax, or total uptake
during the imaging period (Fig. 5B and Supplemental Fig. 1), but
TLA increased 2.4-fold between baseline and the first week of
therapy and then remained unchanged at the second week (Supple-
mental Fig. 1B). Indeed, immunohistochemistry showed that LAT1
expression in this treated group did not differ qualitatively from that
in the untreated group, suggesting therapy-induced stabilization of
LAT1 expression within the tumor environment (Fig. 6C). By con-
trast, 18F-FDG SUVmax and total uptake rebounded to pretreatment
levels after the first week of therapy, indicating a reduction in tumor-
killing effect by the second week and stabilized tumor viability

(Supplemental Figs. 1C and 1D). These results suggest that func-
tional imaging with 18F-FDOPA and 18F-FDG PET/CT may be
linked to tumor viability and melphalan therapy response.
Use of indirect metabolic markers such as TLA and tracer

uptake as potential parameters sensitive to changes in cancer stage
has been established in the literature. TLA and TLG, although
derived from similar SUV data, provided results different from
total uptake, because of the selective volumetric information
contained within the MTV. TLA is a crucial semiquantitative pa-
rameter that may provide a surrogate measurement for viable
tumor fraction. TLG is a more mechanistic measurement that re-
presents the tracer uptake mediated by the glucose transport
proteins and the subsequent intracellular trapping of 18F-FDG
after phosphorylation by hexokinases. Although phosphorylated
18F-FDG is unable to enter glycolysis further downstream, TLG
can provide information on the changing GLUT1-mediated me-
tabolism during disease progression and after therapeutic interven-
tion. Indeed, in a study by McDonald et al., 18F-FDG TLG, MTV,
and SUVmax and the number of focal lesions strongly correlated
with MM stage and with progression-free and overall survival
(28). Our results highlight the discordance in the changes in
TLA and TLG in response to melphalan therapy in established
tumors. Therefore, 18F-FDG and 18F-FDOPA might be used to
assess tumor response to melphalan during early and late stages,
respectively.
This study was a proof-of-concept investigation into 18F-FDOPA

PET imaging of MM and the correlation between 18F-FDOPA find-
ings and melphalan efficacy in an extramedullary MM tumor model.
There are several promising findings from this study, including the
correlation of 18F-FDOPA uptake and 18F-FDG uptake with tumor
viability and early response to melphalan therapy, respectively. Im-
aging studies on other human and murine myeloma cell lines and on
animal models with different LAT1 expression and melphalan sen-
sitivity would be helpful to corroborate the trends seen in these data.
In vitro studies of melphalan-resistant myeloma cell lines have
shown that efflux transporters are predominantly linked to melpha-
lan resistance (29). Therefore, determining the expression of efflux
transporters at various time points during melphalan therapy would
also provide important information about treatment-mediated transient

FIGURE 6. Immunohistochemistry of LAT1 and GLUT1 expression for untreated mice (A) and mice that began treatment at week 2 (B) or week 3 (C)

after tumor implantation. Expression for each stain is shown as maximum-intensity projection separately and as composite with green fluorescent

protein (green) and DAPI nuclear stain (blue) (·63; 20-μm scale bar).
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changes in influx and efflux transporters. Finally, further investi-
gation into 18F-FDOPA uptake and washout mechanisms, with
metabolite fate analyses and competitive inhibition of 18F-FDOPA
intracellular uptake, can provide the means to develop strong pre-
dictive models of melphalan sensitivity with 18F-FDOPA PET/CT.

CONCLUSION

This study represents one of the first investigations linking
amino acid–based imaging in MM to therapy response, via the
correlation of 18F-FDOPA PET/CT to melphalan sensitivity and
LAT1 expression. 18F-FDOPA PET/CT provided viable and com-
plementary imaging of MM and melphalan therapy efficacy in this
tumor model. Finally, uptake of 18F-FDG and 18F-FDOPA in
established tumors was discordant early after treatment initiation,
indicating the tracers’ independent mechanisms and their individ-
ual applications for assessing response to different stages of mel-
phalan therapy.
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