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Purpose: To assess the relationship between parameters measured 
on dynamic contrast material–enhanced (DCE) magnetic 
resonance (MR) imaging and fluorine 18 fluorodeoxyglu-
cose (FDG) positron emission tomography (PET)/com-
puted tomography (CT) in primary invasive breast cancer.

Materials and 
Methods:

This HIPAA-compliant study was a retrospective review 
of medical records and therefore approved by the institu-
tional review board without the requirement for informed 
consent. Patients with a diagnosis of invasive breast can-
cer from January 2005 through December 2009 who 
underwent both DCE MR imaging and FDG PET/CT be-
fore treatment initiation were retrospectively identified. 
Fractional volumes were measured for ranges of signal 
enhancement ratio (SER) values from DCE MR imaging 
data and compared with maximum standardized uptake 
values (SUVmax) from FDG PET/CT data. Linear regres-
sion analysis was performed to clarify the relationship 
between SER and SUVmax, adjusting for tumor size, patho-
logic grade, and receptor status.

Results: Analyzed were 117 invasive breast cancers in 117 patients. 
Overall, a higher percentage of high washout kinetics 
was positively associated with SUVmax (1.57% increase in  
SUVmax per 1% increase in high washout; P = .020), and 
a higher percentage of low plateau kinetics was negatively 
associated with SUVmax (1.19% decrease in SUVmax per 
1% increase in low plateau; P = .003). These relationships 
were strongest among triple-negative (TN) tumors (4.34% 
increase in SUVmax per 1% increase in high washout and 
2.65% decrease in SUVmax per 1% increase in low plateau; 
P = .018 and .004, respectively).

Conclusion: In invasive breast carcinoma, there is a positive rela-
tionship between the percentage of high washout and  
SUVmax and a negative relationship between the percent-
age of low plateau and SUVmax. These results are stronger 
in TN tumors.
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cancer because of its more aggressive 
nature.

Materials and Methods

Patients and Study Protocol
The study was approved by our institu-
tional review board and is compliant with 
the Health Insurance Portability and Ac-
countability Act. This study was a retro-
spective review of medical records, and 
requirement for informed consent was 
waived by our institutional review board. 
By using the University of California San 
Francisco cancer registry and the radi-
ology databases, we initially identified 
all patients with a diagnosis of invasive 
breast cancers between January 1, 2005 
and December 31, 2009 at our institu-
tion who underwent both breast DCE 
MR imaging and whole-body FDG PET/
CT examinations within 6 months before 
or after the date of diagnosis (222 breast 
carcinomas in 210 patients). Patients 
were excluded if either study occurred 
after any treatment or if the timing of 
therapy with respect to these studies 

as a focus of interest because of its 
aggressive natural history. Though 
it accounts for only 10%–20% of all 
breast cancers, TN breast cancer con-
sists of a relatively large proportion of 
cancer deaths and has a high rate of 
distant metastases at diagnosis (6,7). 
Furthermore, TN breast cancer is 
more common in familial breast can-
cer and tends to be of higher grade at 
diagnosis (8).

Characteristic imaging features 
of TN breast cancer make it uniquely 
appropriate for studies of functional 
imaging methods. TN breast cancers 
are less likely than other subtypes 
to manifest as microcalcifications on 
mammographic images, and they show 
circumscribed margins on US scans 
more often, which are features that 
may delay the diagnosis of cancer with 
these traditional imaging methods 
(9,10). DCE MR imaging has high sen-
sitivity for cases of TN breast cancer 
that are occult at mammographic im-
aging or US, and certain features of 
DCE MR imaging have high specificity 
for TN breast cancer compared with 
cancers that are estrogen receptor–
positive, progesterone receptor–posi-
tive, and HER2-negative (11,12). TN 
breast cancer demonstrates higher 
SUVmax than other subtypes, and PET/
CT can help identify TN breast cancer 
patients at increased risk of early re-
lapse (13,14).

The aim of this study was to as-
sess the relationship between param-
eters measured at DCE MR imaging 
and FDG PET/CT in primary invasive 
breast cancer. We hypothesize that a 
relationship may exist between these 
parameters and that such a relation 
may be more pronounced in TN breast 

Breast cancer is a heterogeneous 
disease that includes tumors 
with a broad range of therapeu-

tic response, relapse risk, and overall 
prognosis. Increased understanding 
of this diversity motivated the use of 
biologically based imaging to comple-
ment the traditional anatomic-based 
modalities of mammographic imaging 
and ultrasonography (US). By reveal-
ing the functional properties of breast 
tumors, dynamic contrast material–
enhanced (DCE) magnetic resonance 
(MR) imaging and fluorine 18 fluoro-
deoxyglucose (FDG) positron emis-
sion tomography (PET)/computed 
tomography (CT) are increasingly im-
portant tools in the evaluation of pa-
tients with invasive breast cancer.

Kinetic measurements obtained 
from breast DCE MR imaging reflect 
the biologic and histologic properties 
of tumor angiogenesis (1,2). This can 
be estimated by the signal enhance-
ment ratio (SER), a semiquantitative 
approximation of the redistribution 
rate constant (3,4). Similarly, the 
maximum standardized uptake value 
(SUVmax) measured with FDG PET is 
a sensitive indicator for metabolic ac-
tivity in breast cancer (5).

Triple-negative (TN) breast cancer 
that lacks estrogen and progesterone 
receptors and is absent of human epi-
dermal growth factor receptor type 2 
(HER2) overexpression has emerged 

Implication for Patient Care

 n This study provides additional 
support that imaging biomarkers, 
including dynamic contrast-
enhanced MR imaging signal en-
hancement ratio and SUVmax, 
relate to breast cancer aggres-
siveness and therefore may be 
valuable for prognostic 
assessment.

Advances in Knowledge

 n There is a positive association 
between high washout MR im-
aging kinetics and maximum 
standardized uptake value 
(SUVmax) in primary invasive 
breast cancer: as high washout 
volume increases by 1%, SUVmax 
increases by 1.54% (P = .020).

 n The positive association between 
high washout MR imaging ki-
netics and SUVmax is greatest and 
most significant for tumors that 
demonstrate the triple-negative 
(TN) phenotype: as high washout 
volume increases by 1%, SUVmax 
increases by 4.34% in TN tumors 
(P = .018).
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calculated on a per-voxel basis. Color-
coded maps were generated within the 
region-of-interest box by using in-house 
software. Voxels with SER values be-
tween 1.3 and 1.75 and greater than 
1.75 displayed high washout and very 
high washout kinetics, respectively. 
Voxels with SER values from 0.7 to 1.0 
and from 1.0 to 1.3 displayed low pla-
teau and high plateau kinetics, respec-
tively. Voxels with SER values from 0.0 
to 0.7 displayed persistent kinetics.

PET/CT Imaging Interpretation
For SUV measurement, the PET, CT, 
and fused PET/CT images were re-
viewed with a region of interest placed 
over any FDG-avid breast focus by two 
radiologists who are board certified in 
nuclear medicine (S.C.B. and R.A.H., 
6 years and more than 20 years of ex-
perience, respectively) and who were 
blinded to MR images and pathologic 
information. An automatically gener-
ated SUVmax was recorded with its an-
atomic location for each PET/CT and 
was read by consensus.

Because of its limited spatial resolu-
tion, measurement of SUVmax on PET is 
likely to be underestimated for lesions 
that are less than twice the spatial res-
olution of the scanner because tumor 
activity may be blurred into the back-
ground. To correct for this phenome-
non, known as partial volume error, 
we used a previously described (16) 
mathematical technique by using cali-
bration measurements from each PET 
scanner as a function of object size. A 
body phantom that contained spheres 
of varying diameters (8, 12, 16, and 25 
mm) and filled with known concentra-
tions of FDG was placed in each PET/
CT scanner. A transmission PET image 
was acquired from which the calculated 
activity of each sphere was determined 
and compared with known activity. 
From this, a mathematical look-up table 
was created for each PET/CT scanner 
to determine the underestimated SUV-

max because of partial volume error.

Pathologic Assessment
We extracted data on histologic type, 
tumor grade, hormone receptor, and 
HER2 status from pathologic analysis 

2.0–2.9 mm; field of view, 18–25 cm; 
matrix 256 3 192 (unilateral); or field 
of view, 28–40 cm, and 512 3 192 
matrix (bilateral). Parameters on the 
3-T magnet for the T1 sequences were 
as follows: 7.1/4.9; section thickness, 
0.8 mm; field of view, 28–40 cm; 512 3 
481 matrix (bilateral).

FDG PET/CT Imaging Protocol
FDG PET/CT examinations were per-
formed with either a PET/CT scanner 
(Biograph 16; Siemens Medical Systems) 
with an integrated PET and 16 multi–
detector row CT scanner or a PET/CT 
scanner (Discovery VCT; GE Medical 
Systems) with an integrated PET and 64 
multi–detector row CT scanner. All pa-
tients fasted with hydration for at least 6 
hours. Patients had blood glucose levels 
less than 200 mg/dL. Patients were in-
jected with 12.5 mCi 6 2.5 (standard  
deviation) of FDG intravenously followed 
by a 10-mL normal saline flush. Patients 
rested for 60 minutes 6 15 and voided 
before they were positioned supine on 
the scanner table. Unless contraindicated 
because of allergy or renal impairment, 
CT examinations were performed after 
a 150-mL injection of iohexol (Omnip-
aque 350; GE Healthcare) at 3 mL/sec. 
Images were reconstructed as contiguous 
5-mm sections. PET was performed im-
mediately after CT without patient repo-
sitioning. PET images were obtained in 
three-dimensional mode at seven to 10 
bed positions per patient with an acquisi-
tion time of 3–4 minutes per station from 
the skull vertex through the midthigh. 
The CT, PET, and fused PET/CT images 
were displayed in orthogonal planes on a 
workstation (Advantage; GE Healthcare).

MR Imaging Interpretation
Acquired image data were imported 
and region-of-interest box volumes 
were manually drawn around lesions by 
staff members from the Breast MR Im-
aging Laboratory at University of Cali-
fornia San Francisco (S.A.S., K.S.B.), 
who were blinded to pathologic out-
come and PET/CT data. These data 
were reviewed and adjusted by a radi-
ologist (M.S.B.). SER values, defined 
as the (S1 2 S0)/(S2 2 S0) ratio of 
early-to-late signal enhancement, were 

was uncertain (104 breast cancers). One 
patient was found to have two distinct 
cancers in either breast; the smaller of 
these was excluded. Finally, one patient 
was excluded because her PET/CT data 
could not be reloaded for analysis. The 
number of days between the MR imaging 
and PET/CT examinations ranged from 0 
to 72 (average, 7.6 days).

MR Imaging Procedure
All MR imaging examinations were 
performed with either a 1.5-T imager 
(Signa; GE Medical Systems, Milwau-
kee, Wis) or a 3-T imager (Magnetom 
Verio; Siemens Medical Systems, Erlan-
gen, Germany) with the patient in the 
prone position. Although efforts were 
made to image premenopausal patients 
during days 7–14 of their menstrual cy-
cle, exceptions were made when such 
timing would delay surgery. During 
2005–2006, unilateral breast acquisi-
tions were obtained in the sagittal plane 
by using a four-channel breast coil (MR 
Imaging Devices, Waukesha, Wis). Be-
ginning in 2007, axial bilateral images 
were obtained by using an eight-channel 
breast coil (Sentinelle Vanguard, Toron-
to, Canada). The MR imaging protocol 
included a fat-suppressed T2-weighted 
fast spin-echo sequence and a contrast-
enhanced series. The latter consisted 
of a three-dimensional fat-suppressed 
T1-weighted fast gradient-recalled-
echo sequence performed before and 
twice after a bolus intravenous power 
injection of 0.1 mmol/kg gadopentetate 
dimeglumine (Magnevist; Bayer Health-
care Pharmaceuticals, Wayne, NJ) at 
1.2 mL/sec, which was followed by a 
10-mL saline flush at the same rate. 
The postcontrast acquisitions were 
obtained as two consecutive 3–5-mi-
nute scans acquired immediately after 
the start of contrast agent injection, in 
accordance with the methodologic pro-
tocol of ACRIN 6657 (15). Three time 
points were acquired: precontrast (S0), 
early postcontrast (S1), and late post-
contrast (S2); S represents the corre-
sponding signal intensity for each time 
point. Parameters on the 1.5-T magnet 
for the T1 sequences were as follows: 
repetition time msec/echo time msec, 
8.0–8.9/4.2–4.5; section thickness, 
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2.15.1; R Project for Statistical Comput-
ing, Vienna, Austria) (18), including the 
package effects (19). All statistical tests 
were two sided, and a P value less than 
.05 indicated statistical significance. Es-
timates were reported with correspond-
ing 95% confidence intervals.

Results

We analyzed 117 invasive breast can-
cers in 117 patients (Table 1). The av-
erage tumor size was 3.8 cm. The DCE 
MR imaging regions of interest ranged 
in size from 4.5 to 1584.6 mL (average, 
221.8 mL). Volume, grade, hormone re-
ceptor, and HER2 status were available 
for 110 tumors (94.0%). Hormone re-
ceptor and HER2 were available for 115 
tumors (98.2%). Of these, 24 lesions 
(20.5%) demonstrated the TN pheno-
type (Table 2). DCE MR imaging and 

we also showed the geometric mean  
SUVmax for tumors with a low and high 
volume percentage of the respective 
SER categories. For this, we estimated 
the geometric mean SUVmax at 10th or 
90th volume percentile for each SER 
category as derived from the whole 
study population by using the defined 
linear regression models. We checked 
and confirmed that these 10th and 90th 
percentile values, based on the whole 
group, were also actual observed values 
within the TN and non-TN subgroups 
and therefore were biologically feasible. 
For the covariable-adjusted 10th and 
90th percentile geometric mean SUVmax 
estimates, we used the mean value of 
these covariables as observed within 
the total group and each subgroup in 
the linear regression equations.

All analyses were performed with 
statistical analysis software (R version 

reports. Tumor grade was defined as 
well, moderately, or poorly differenti-
ated by using a modified Scarff-Bloom-
Richardson grading system (17). Estro-
gen receptor or progesterone receptor 
status was positive at immunohisto-
chemical staining of 1% or more tumor 
cells, and HER2 status was positive on 
an immunohistochemical score of 3+ 
or a fluorescence in situ hybridization 
HER2-to-chromosome 17 centromere 
ratio greater than 2.2. We defined TN 
disease as breast cancer negative for es-
trogen receptor, progesterone receptor, 
and HER2 by following that assessment.

Statistical Analysis
We evaluated the univariate relationship 
between DCE MR kinetic features and 
SUVmax by visually inspecting scatter 
plots and by using regression analysis. 
For this we used the partial volume er-
ror–corrected SUVmax data after natural 
log transformation to acquire a normal 
distribution and expressed the individual 
DCE MR imaging kinetics features as vol-
ume percentage (ie, volume percent SER 
categories of very high washout, high 
washout, high plateau, low plateau, and 
persistent). Then, we regressed the nat-
ural log transformation SUVmax data on 
each DCE MR imaging kinetics feature 
with and without adjustment for tumor 
volume (linearly after natural log trans-
formation for better fit), grade (moder-
ately, poorly vs well differentiated), and 
receptor status (only for the whole group 
or the non-TN group analyses; hormone 
receptor: estrogen receptor or proges-
terone receptor positive versus negative; 
HER2: positive versus negative) by using 
ordinary least squares linear regression. 
Visual inspection of model residuals con-
firmed an adequate fit of the continuous 
variables both in presence or absence of 
covariables.

The linear regression coefficients 
(b) for the volume percentage of SER 
categories can be interpreted as the 
relative percentage change in geomet-
ric mean SUVmax on an absolute percent 
point increase in SER color volume 
after [100 (eb 2 1)] transformation, 
where e is the mathematical constant 
approximately equal to 2.71828. For 
an easier interpretation of the results, 

Table 1

Characteristics of Patients and Lesions in the Overall Group and According to TN 
Status

Parameter Overall (n = 117) TN (n = 24) Non-TN (n = 91) P Value*

Patient age 6 standard  
 deviation (y)

49.8 6 11.6 51.8 6 12.4 49.2 6 11.5 .36†

Histologic type
 Invasive ductal 103 (88.0) 22 (91.7) 80 (87.9) ..999‡

 Invasive lobular 6 (5.1) 1 (4.2) 4 (4.4)
 Mixed invasive ductal and  

 lobular
3 (2.6) 0 (0) 3 (3.3)

 Adenocarcinoma, NOS 5 (4.3) 1 (4.2) 4 (4.4)
Tumor size
 ,1 cm 7 (6.0) 1 (4.2) 6 (6.6) .029‡

 1–2 cm 16 (13.7) 1 (4.2) 15 (16.5)
 2–5 cm 73 (62.4) 21 (87.5) 50 (54.9)
 .5 cm 21 (17.9) 1 (4.2) 20 (22.0)
 Average diameter  

 6 standard deviation (cm)
3.8 6 2.2 3.8 6 1.9 3.9 6 2.3 .867†

Grade
 Well differentiated 14 (12.6) 0 (0) 14 (15.9) ,.001‡

 Moderately differentiated 59 (53.2) 4 (18.2) 54 (61.4)
 Poorly differentiated 38 (34.2) 18 (81.8) 20 (22.7)
 Unknown§ 6 2 3

Note.—Data in parentheses are percentages. The numbers for TNs and non-TNs do not equal the overall group because of 
tumors with unknown biomarker status (n = 2); percentages may not equal 100% because of rounding. NOS = not otherwise 
specified.

* P value for TN versus non-TN comparison.
† Student t test.
‡ Fisher exact test.
§ Excluded from comparison.
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percentage point increase in low pla-
teau volume (P = .003).

Among the TN subtype (n = 24), 
there was a 2.00% decrease in SUVmax 
per percentage point increase in low 
plateau tumor volume (P = .040) and 
no statistically significant association 
between high washout tumor volume 
and SUVmax. These associations were 
strengthened by adjusting for grade 
and size, which resulted in a 4.34% 
increase in SUVmax per 1% increase in 
high washout volume (P = .018) and a 
2.65% decrease in SUVmax for each per-
centage point increase in low plateau 
volume (P = .004; n = 22).

The non-TN subgroup showed a 
1.07% increase in SUVmax per 1% 

In all tumors, higher percentages 
of tumor composed of high washout 
kinetics trended toward a positive asso-
ciation with SUVmax (1.22% increase in 
SUVmax per percentage point increase in 
high washout volume; P = .085), which 
is shown in Table 3. Correction for tu-
mor grade, size, and receptor status 
resulted in a 1.57% increase in SUVmax 
per percentage point increase in high 
washout volume (P = .020). Higher per-
centages of tumor composed of low pla-
teau kinetics were negatively associated 
with SUVmax (0.93% decrease in SUVmax 
per 1% increase in low plateau volume; 
P = .026). When corrected for tumor 
grade, size, and receptor status, there 
was a 1.19% decrease in SUVmax per 

FDG PET/CT images from a represen-
tative lesion are provided in Figure 1.

Seven of the 117 tumors were 
smaller than 10 mm, a threshold be-
yond which FDG PET demonstrates a 
known decreased sensitivity because of 
its limited spatial resolution (20). The 
correction for partial volume error on 
PET/CT in this study diminished the 
relationship between tumor size and 
SUVmax; this effect is illustrated in the 
scatter plot in Figure 2.

Overall, tumors demonstrated high 
washout DCE MR kinetics for an aver-
age 9.3% of their volume (10th–90th 
percentile, 1.0%–19.3%) and low pla-
teau kinetics for 43.8% of their volume 
(10th–90th percentile, 25.1%–65.9%). 
TN breast cancer demonstrated a higher 
SUVmax than breast cancers that were not 
TN (geometric mean, 6.28 vs 4.54; P = 
.035), but both groups were similar re-
garding volume percentile high washout 
and low plateau DCE MR imaging kinetics 
(data not shown). Scatter plots that show 
the univariate relation between DCE MR 
imaging kinetics and SUVmax are in Fig-
ure E1 (online). The percent of explained 
variation in SUVmax was highest for high 
washout (R2 = 2.6% overall and 8.2% in 
TN breast cancer) and low plateau (4.2% 
overall and 17.8% in TN breast cancer).

Table 2

Tumor Receptor Status

Parameter No.

ER 
 Negative 42 (36.2)
 Positive 74 (63.8)
 Unavailable 1 (0.01)
PR
 Negative 49 (42.2)
 Positive 67 (57.8)
 Unavailable 1 (0.01)
HER2 expression
 Negative 83 (72.2)
 Positive 32 (27.8)
 Unavailable 2 (0.02)
TN
 ER2, PR2, HER22 24 (20.9)
 Unavailable 2 (0.02)

Note.—Data in parentheses are percentages. ER = 
estrogen receptor, PR = progesterone receptor.

Figure 1

Figure 1: Example lesion in upper outer left breast. (a) Sagittal reconstruction of postgadolinium T1 
fat-saturated DCE MR image (8.0/4.2) with SER-based color map overlay reveals high washout kinetics (red 
voxels). (b) Axial fused contrast-enhanced FDG PET/CT image shows a metabolically active lesion (arrow).

Figure 2

Figure 2: Effect of correcting SUV
max

 data for partial volume error, which diminishes the relationship be-
tween lesion size and SUV

max
 by correction of the SUV

max
 underestimation of small lesions. LN = natural log.
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molecular phenotype. A previous study 
(21) demonstrated a correlation be-
tween SUV and DCE MR imaging ki-
netics in locally advanced breast can-
cer. The study was limited by a small 
and homogeneous sample of 20 pa-
tients, precluding analysis of molecular 
subtypes. A quantitative comparison of 
DCE MR imaging and PET/CT in rec-
tal cancer also showed a positive cor-
relation between the DCE MR imaging 
parameter kep and SUVmax, where kep is 
the rate constant between the extra-
vascular-extracellular space and blood 
plasma (22).

There is increasing evidence (23) 
that suggests a pathophysiologic com-
monality that underlies angiogenesis and 
tumor glucose metabolism. Our findings 
underscore this complex relationship and 
suggest that it may differ based on the 
molecular subtype of a tumor. It is pos-
sible that a high degree of concordance 
between blood flow and glucose metab-
olism allows a tumor more biologic effi-
ciency, thus conferring a more aggressive 
phenotype. We indeed found a stronger 

invasive primary breast cancer who had 
not undergone treatment, and this re-
lationship is particularly strong among 
cancers of the TN subtype. Our data 
showed that SUVmax increases with an 
increase in percentage of tumor vol-
ume that demonstrates high washout 
kinetics at DCE MR imaging, and that 
the SUVmax decreases with an increase 
in percentage of volume that demon-
strates low plateau kinetics. Compared 
with all tumors, these associations were 
stronger and more significant in tumors 
with a TN phenotype. Non-TN tumors 
demonstrated these associations to a 
lesser degree and without statistical 
significance. Furthermore, these asso-
ciations were stronger and more sta-
tistically significant after controlling for 
the potentially confounding variables of 
tumor size, tumor grade, and hormone 
receptor or HER2 status for both the 
entire group of tumors and for each 
subtype (TN and non-TN).

These findings support recently 
published work and expand on it by 
examining a particularly aggressive 

increase in high washout volume (n = 
91; P = .164) and a 0.65% decrease in  
SUVmax per percentage point increase in 
low plateau volume (n = 91; P = .150). 
These results were not statistically sig-
nificant even after they were adjusted for 
grade and receptor status, with a 1.12% 
increase and 0.88% decrease in SUVmax 
for each percentage increase in high 
washout and low plateau, respectively (n 
= 88; P = .138 and .056, respectively).

Among all tumors, those lesions at 
the 10th percentile of volume compo-
sition of high washout at MR imaging 
have a geometric mean SUVmax of 4.3, 
while those at the 90th percentile have 
an SUVmax of 5.7 (Fig 3). This effect is 
greater among the TN subgroup, and 
lesions at the 10th percentile of high 
washout on MR imaging showed an SU-
Vmax of 4.2 compared with an SUVmax of 
9.2 for lesions at the 90th percentile.

Discussion

Our results showed an association be-
tween SER and SUVmax in patients with 

Table 3

Percentage Change in Partial Volume-corrected SUVmax According to SER Variables

Unadjusted Adjusted for Grade, Receptor Status, and Tumor Volume

Parameter Change in SUV
max

 (%) P Value 95% Confidence Interval Change in SUV
max

 (%) P Value 95% Confidence Interval

All tumors*
 Very high washout 0.65 .582 21.63, 2.97 1.39 .212 20.77, 3.59
 High washout 1.22 .085 20.15, 2.62 1.57 .020 0.27, 2.88
 High plateau 0.48 .337 20.49, 1.45 0.51 .282 20.42, 1.45
 Low plateau 20.93 .026 21.72, 20.12 21.19 .003 21.95, 20.43
 Persistent 0.08 .858 20.81, 0.98 0.05 .907 20.79, 0.90
TN†

 Very high washout 0.36 .789 22.23, 3.02 2.72 .079 20.14, 5.67
 High washout 2.36 .175 20.92, 5.76 4.34 .018 1.04, 7.74
 High plateau 0.50 .722 22.17, 3.24 0.56 .679 22.02, 3.21
 Low plateau 22.00 .040 23.76, 20.21 22.65 .004 24.21, 21.06
 Persistent 0.64 .504 21.20, 2.53 20.07 .946 21.97, 1.87
Non-TN‡

 Very high washout 20.21 .931 24.81, 4.61 20.12 .958 24.63, 4.60
 High washout 1.07 .164 20.42, 2.57 1.12 .138 20.34, 2.60
 High plateau 0.56 .291 20.47, 1.61 0.52 .322 20.50, 1.54
 Low plateau 20.65 .150 21.52, 0.23 20.88 .056 21.75, 0.01
 Persistent 20.17 .750 21.19, 0.87 0.06 .902 20.91, 1.04

* Unadjusted, n = 117; adjusted for grade, receptor status, and tumor volume, n = 110
† Unadjusted, n = 24; adjusted for grade, receptor status, and tumor volume, n = 22
‡ Unadjusted, n = 91; adjusted for grade, receptor status, and tumor volume, n = 88
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is limited. Additionally, despite the rela-
tively large number of patients with both 
pretherapy DCE MR and PET/CT imag-
ing, relatively few instances (24 cases) of 
TN breast cancer were examined. The 
grade and tumor size of the TN group 
differed from the non-TN group. Al-
though average size of both groups was 
the same, the TN group was more tightly 
clustered in the 2–5-cm range, and the 
TN group contained a higher percentage 
of poorly differentiated tumors. The ten-
dency for TN tumors to be high grade has 
been previously described (24). Although 
these differences in subgroups may skew 

certain subgroups of TN breast can-
cer demonstrate greater sensitivity to 
particular therapeutic agents, another 
area for future investigation would be 
identification of the differences in DCE 
MR imaging and PET/CT correlations 
between these subgroups for more tar-
geted chemotherapy.

Our study has limitations. Because of 
our selection of patients who had under-
gone both DCE MR imaging and PET/CT 
at diagnosis, our cohort consisted largely 
of patients with advanced disease; there-
fore, the ability to generalize our results 
to the breast cancer population at large 

relationship between MR kinetics and 
SUVmax in the TN subtype, which sup-
ported the hypothesis that blood flow and 
glucose metabolism are highly coupled in 
this more aggressive breast cancer sub-
type. A weaker association in breast can-
cers that were not TN suggested that this 
relationship may be more complex for 
these types of tumors.

Future work may concentrate on 
further exploration of how the concor-
dance between blood flow and glucose 
metabolism changes after therapy, and 
how this may specifically be applied 
to treatment of TN breast cancer. As 

Figure 3

Figure 3: Graphs show the relationship between geometric mean SUV
max

 
and the volume percentage of a tumor exhibiting (a) very high washout, (b) 
high washout, (c) high plateau, (d) low plateau, or (e) persistent SER kinetics. 
Depicted are differences in geometric mean SUV

max
 for tumors at the 10th 

percentile versus the 90th percentile of a SER kinetic category, adjusted for size, 
grade, and receptor status, for the overall group of tumors and according to TN 
status. For the high washout category (b), a positive association between SER 
and SUV

max
 is observed, which is stronger in the TN subtype. For the low plateau 

category (d), there is a negative association between SER and SUV
max

 that is also 
stronger in TN tumors. Error bars = 95% confidence intervals.
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direct comparisons of the TN and non-
TN groups, we specifically presented 
the results based on percentiles of SER 
values (Fig 3) in a way that made both 
groups comparable by evaluating the sub-
group-specific regression formulas at the 
same covariate levels (eg, same percent-
age of high grade tumors) for both the 
TN and non-TN group, which made both 
groups statistically comparable. An addi-
tional limitation is the long time interval 
between PET/CT and DCE MR imaging 
for some patients (four of 117 patients 
[3.4%] had time intervals greater than 
30 days, with an upper limit of 72 days). 
In this small number of cases, the longer 
interval may have created a mismatch 
between SUV and SER, which may have 
attenuated the true underlying relations 
and weakening the overall results. These 
limitations could be addressed in a pro-
spective study.

In conclusion, our study demon-
strates an association between MR im-
aging kinetics and SUVmax in invasive 
breast cancers. Our data show that this 
association is particularly strong for TN 
breast cancers, which emphasizes the 
unique biologic features of this clinically 
aggressive subtype.
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