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pact lightweight linear accelerator mounted 
on a robotic arm [8]. Submillimeter accuracy 
for delivery of the radiation dose allows de-
livery of higher biologic doses to the tumor 
with relatively improved sparing of adjacent 
normal tissues. Compared with conventional 
external beam radiation therapy, which takes 
approximately 2 months to complete, stereo-
tactic body radiation therapy takes 1 week. 
Application of robotic stereotactic body radi-
ation therapy to the management of prostate 
cancer is being evaluated and appears promis-
ing after 5 years of follow-up [9–11].

The excellent soft-tissue contrast of MRI 
makes it an ideal examination for detection 
of prostate cancer and for monitoring of re-
sponse to therapy [12–16]. Dynamic con-
trast-enhanced MRI (DCE-MRI) is per-
formed after administration of extracellular 
gadolinium chelate contrast agents in the 
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M
onitoring the response of pros-
tate cancer to radiation therapy is 
challenging [1, 2]. Prostate-spe-
cific antigen (PSA) is a protein 

produced by the prostate, and the concentra-
tion is elevated in patients with prostate can-
cer. After treatment, the radiation oncologist 
follows serial PSA values to monitor treat-
ment response. Serial PSA measurements 
present limitations due to false-positive and 
false-negative results [3–7]. Prostate biopsy 
after radiation therapy also is prone to prob-
lems that can lead to false-positive, false-
negative, and indeterminate biopsy results 
[2]. Because of the flaws and shortcomings 
of PSA measurements and biopsy after radi-
ation therapy, improved monitoring tech-
niques are needed.

In robotic stereotactic body radiation thera-
py, external radiation is delivered with a com-
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OBJECTIVE. The purpose of this study was to evaluate the utility of dynamic gadolini-
um-enhanced perfusion MRI for monitoring the response to robotic stereotactic body radia-
tion therapy for prostate cancer.

MATERIALS AND METHODS. Eighty-seven patients with prostate cancer underwent 
dynamic gadolinium-enhanced MRI before robotic stereotactic body radiation therapy, and 
prostate volume was calculated. Pharmacokinetic analysis postprocessing software was used 
to generate colorized parametric maps showing perfusion of enhancing tumors. The transfer 
constant Ktrans was calculated for identified tumors. Follow-up MRI was performed 2 months 
after treatment for 22 patients, 6 months for 71 patients, 12 months for 54 patients, and 24 
months for 27 patients with repeated measurements of prostate volume and Ktrans.

RESULTS. Perfusion MRI depicted focal enhancing prostate tumors that correlated with 
the biopsy results in 82 of 87 patients (94%). The median Ktrans of tumors before robotic ste-
reotactic body radiation therapy was 1.79 minutes−1. Follow-up MRI showed decreases in the 
size and degree of enhancement of tumors. The median tumor Ktrans decreased to 1.21 min-
utes−1 2 months, 0.39 minutes−1 6 months, 0.30 minutes−1 12 months, and 0.22 minutes−1 24 
months after treatment. Prostate volume had decreased 23% 2 months, 26% 6 months, 33% 
12 months, and 37% 24 months after robotic stereotactic body radiation therapy. The corre-
sponding median prostate-specific antigen concentration before treatment was 6.45 ng/mL. 
After treatment, the concentration was 2.90 ng/mL at 2 months, 1.30 ng/mL at 6 months, 1.10 
ng/mL at 12 months, and 0.59 ng/mL at 24 months.

CONCLUSION. Dynamic gadolinium-enhanced MRI is a useful tool for monitoring 
the response of prostate cancer to robotic stereotactic body radiation therapy, yielding both 
qualitative and quantitative data.
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evaluation of differential enhancement of 
tumors compared with normal tissue. DCE-
MRI yields information about key physiolog-
ic parameters of normal tissues and tumors 
[17–20]. Because tumors have increased vas-
cular permeability owing to tumor angiogen-
esis, DCE-MRI can be used to detect and 
characterize various tumors and to monitor 
response to therapy [21]. After therapy, pros-
tate cancer may have a decrease in tumor 
vascular permeability that can be assessed 
and monitored with DCE-MRI [21–24]. We 
performed this study to evaluate the value of 
perfusion DCE-MRI in monitoring the re-
sponse of prostate cancer to robotic stereo-
tactic body radiation therapy.

Materials and Methods
Between July 2006 and January 2010, 99 pa-

tients with known prostate cancer were treated 
with robotic stereotactic body radiation therapy 
(CyberKnife system, Accuracy Incorporated). 
Nine patients who had been pretreated with leup-
rolide (Lupron, Abbott) endocrine deprivation and 
three patients with recurrent prostate cancer were 
excluded from the study because previous treat-
ment might have altered the biologic properties 
of the tumor and response to subsequent robotic 
stereotactic body radiation therapy. The other 87 
patients formed the study group. Seventy-three 
of the 87 patients underwent robotic stereotactic 
body radiation therapy monotherapy to a dose of 
38 Gy delivered in four fractions. Fourteen pa-
tients underwent robotic stereotactic body radia-
tion therapy as a boost to 21 Gy delivered in two 
fractions in combination with whole-pelvis in-
tensity-modulated radiation therapy (IMRT) to a 
dose of 41.4 Gy delivered in 23 fractions. Patients 
with a favorable prognosis (digital rectal exami-
nation category T1–T2b, Gleason score ≤ 6, PSA 
concentration ≤ 10 ng/mL) and selected patients 
with an intermediate prognosis (Gleason Score 7 
or PSA concentration 10.1–20 ng/mL if other fa-
vorable characteristics were present) underwent 
robotic stereotactic body radiation monothera-
py. This therapy as a boost in conjunction with 
whole-pelvis IMRT was administered to patients 
with more advanced disease, who presented more 
adverse prognostic features yet had no evidence 
of disease beyond the periprostatic region. In the 

patients with advanced disease, the whole-pelvis 
IMRT component was added to cover the higher 
probability of subclinical disease beyond the con-
fines of the prostate.

Retrospective review of the MR images and 
clinical information was approved by the inves-
tigational review board at our institution, who 
waived the requirement for written informed con-
sent. Robotic stereotactic body radiation mono-
therapy was performed under a clinical trial, 
which was approved by the investigational review 
board with written informed consent. The patients 
had been referred for clinical pretreatment and 
posttreatment MRI.

Patients
All 87 men who formed the study group (mean 

age, 68.5 years; range, 53–81 years) had biopsy-
proven prostate cancer. Table 1 shows patient data 
for the 73 patients who underwent robotic stereo-
tactic body radiation monotherapy and the 14 pa-
tients who underwent combined robotic stereotac-
tic body radiation therapy and IMRT.

MRI
All patients underwent imaging with a 1.5-

T MRI system (Signa HDx, GE Healthcare) 
equipped with echo-speed gradients (33 mT/m, 
120 mT/m/s), HDx system software (GE Health-
care), and an external phased-array surface coil. 
MRI included T1-weighted, T2-weighted, and dy-
namic gadolinium-enhanced perfusion sequenc-
es. Table 2 shows the imaging parameters for each 
sequence. All 87 patients underwent pretreat-
ment MRI. MRI was repeated serially after radia-
tion therapy at 2 months for 22 patients, 6 months 
for 71 patients, 12 months for 54 patients, and 24 
months for 27 patients.

Dynamic Gadolinium-Enhanced MRI
DCE-MRI was performed in the axial plane 

with 16 sections through the prostate with a 22-cm 
FOV. Images in three unenhanced phases were ob-
tained before injection of 0.1 mmol/kg gadobenate 
dimeglumine (MultiHance, Bracco Diagnostics) to 
be averaged as baseline. The contrast injection rate 
was adjusted for a total injection time of 10 sec-
onds. After a 20-second scan delay, multiphase 3D 
fast spoiled gradient-echo acquisition was contin-
ued. A total of 20 contrast-enhanced phases with 

a temporal resolution of 19 s/phase was obtained 
for 6 minutes 20 seconds. The scanning parameters 
for the dynamic 3D fast spoiled gradient-echo se-
quence are shown in Table 2.

Processing the Dynamic Contrast-Enhanced 
MR Images

Interpretation and postprocessing of the DCE-
MRI dataset was performed at a computer-aided 
detection (CAD) workstation (CADvue, iCAD). 
The 368 images from the 20 dynamic phases of 
DCE-MRI were sent directly from the MRI unit 
to the CAD server. The DCE-MRI dataset was 
automatically processed with the CAD perfu-
sion analysis software, which generated colorized 
parametric maps, subtraction images, and quanti-
tative values for each region of interest drawn. The 
pharmacokinetic analysis was performed with the 
Tofts two-compartment model [18, 19]. The mod-
el has wide application and has been used for pros-
tate perfusion analysis [21–24]. For enhancing 
voxels, the transfer constant Ktrans (permeability 
surface area product per unit volume of tissue, re-
ported in minutes−1) and the rate constant kep (ef-
flux rate from extravascular extracellular space 
back to plasma, also reported in minutes−1) were 
calculated to fit the gadolinium concentration 
curves to the model. The extravascular extracel-
lular space volume fraction per unit volume of tis-
sue (ve) was calculated as Ktrans/kep. Those param-
eters were displayed as colorized maps overlaid on 
gray-scale DCE-MRI baseline images, and the ac-
tual values were extracted by use of the various 
charts available through the CAD workstation.

Robotic Stereotactic Body Radiation Therapy
The inclusion criteria for robotic stereotactic 

body radiation therapy were biopsy-proven pros-
tate cancer with no evidence of extracapsular tu-
mor spread, involvement of the seminal vesicles, 
and presence of regional nodal or distant metas-
tasis. The planning target volume in all cases in-
cluded the prostate as defined by our prostate MRI 
protocol 3D coregistered with prostate CT scans 
matching fiducial to fiducial plus up to 2 cm of con-
tiguous seminal vesicle and a 2-mm volume expan-
sion in all directions, except posterior, where the 
prostate abutted the rectum. In that location, the 
margin expansion was reduced to zero, justified by 
robotic stereotactic body radiation therapy system 

TABLE 1:	Clinical Data

Patient Group n
Prostate-Specific Antigen 

Concentration (ng/mL)

Gleason Score Tumor Category

5 6 7 8 9 T1c T2a T2b T2c T3a

Robotic stereotactic body radiotherapy alone 73 6.4 1 40 32 0 0 46 21 6 0 0

Robotic stereotactic body radiotherapy plus 
intensity-modulated radiotherapy

14 8.1 0 0 5 4 5 4 2 4 1 1
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targeting accuracy [21–25] and reports that pros-
tate cancer does not invade posteriorly in the mid-
line beyond the Denonvilliers fascia.

Patients at intermediate risk had a 5-mm dor-
solateral prostate-to-planning target volume ex-
pansion to account for the increased risk and 
the potential distance of extracapsular extension 
near the neurovascular bundle [9–11]. Typically, 
the 2-mm margin expansion used in patients who 
have a favorable prognosis split the neurovascu-
lar bundle as defined on MR images, theoretically 
producing an element of nerve sparing to at least 
the outer aspect of the neurovascular bundle. The 
5-mm expansion used for patients with an inter-
mediate prognosis fully encompassed it.

 In addition to the DCE-MRI series, we also 
used standard T1-weighted gadolinium-enhanced 
and T2-weighted MRI sequences. We imported 
both image types into the robotic stereotactic body 
radiation therapy treatment planning computer to 
facilitate capsular definition of the prostate, api-
cal definition, tumor visualization, visualization 
of the neurovascular bundle, and visualization of 
implanted gold fiducial markers to enable the most 
comprehensive combination of prostate anatomic 
evaluation and accurate MR-to-CT image coregis-
tration. The urethra was identified by insertion of 
a Foley catheter, which also was a reference struc-
ture for MR-to-CT image coregistration.

Clinical Follow-Up
After robotic stereotactic body radiation thera-

py, the patients underwent routine regular follow-
up clinical examinations. Serial measurements of 
serum PSA concentration were obtained 2, 6, 12, 
18, and 24 months after treatment.

Review of MR Images
The DCE-MR images of the prostate were eval-

uated at a workstation (CADvue, iCAD) by one ra-
diologist with 20 years of experience interpreting 

body MR images. The reviewer was blinded to re-
sults of prostate biopsy and clinical data, including 
serum PSA concentration. Results were recorded 
prospectively at the time of initial study interpreta-
tion. The DCE-MRI parametric maps and conven-
tional MR images were reviewed concurrently. The 
size and location of any focally enhancing tumors 
in the peripheral zone were recorded.

On the tricolor parametric maps, enhancing tu-
mors of the peripheral zone with rapid contrast up-
take and rapid washout with kep values greater than 
6 minutes−1 (red) or rapid uptake and plateau ki-
netics with intermediate kep values (3–6 minutes−1) 
(green) were recorded as tumors. Any areas of sus-
picious enhancement in the transitional zone or 
central zone were discounted because it is known 
that DCE-MRI alone is not specific in those areas 
[25], and benign prostatic hypertrophy has dynam-
ic patterns similar to those of cancer. The largest 
tumor was manually selected by the radiologist as 
an index lesion to be followed up after robotic ste-
reotactic body radiation therapy by use of serial re-
gions of interest to include the entire tumor or the 
one-click automated tumor selection feature. For 
the selected region of interest, the quantitative per-
meability surface area product (Ktrans) was extract-
ed for the largest tumor with the CAD software. 
The height, width, and length of the prostate were 
recorded, and the prostate volume was calculated 
as height × width × length × 0.52.

At serial follow-up MRI examinations, the pro-
cess of MR image review was repeated with mea-
surements of prostate size and volume and assess-
ment of residual tumor on DCE-MR images. The 
presence of residual tumors on DCE-MRI colorized 
parametric maps was recorded. Focal nonenhanc-
ing areas of necrosis were also noted on the DCE-
MR images. The colorized parametric maps were 
categorized as showing partial response if residual 
colorized red or green tumor was present in the pe-
ripheral zone and complete response if the paramet-

ric maps showed complete resolution of tumor with 
blue colorization of the peripheral zone. Quantitative 
analysis was repeated over the area of the initial pre-
treatment tumor. For each patient, we also calculated 
the percentage decrease from the baseline pretreat-
ment Ktrans and prostate volume at follow-up MRI 
examinations. For the entire study group, the median 
Ktrans, prostate volume, and percentage decrease in 
these values from baseline were calculated for the 
2-, 6-, 12-, and 24-month time points.

Correlation With Prostate Biopsy
The ultrasound-guided sextant biopsy reports 

were reviewed by a single radiologist, and the 
findings were compared with the DCE-MRI find-
ings. On the basis of the written reports, the sex-
tants involved with tumor were tabulated for the 
prostate biopsy and recorded for the right base, 
right midportion, right apex, left base, left mid-
portion, and left apex. The dominant mass was re-
corded according to the number of biopsy cores 
with positive results and the percentage of biopsy 
specimen involved with tumor. In cases in which 
sextant biopsy showed similar results for two sex-
tants, the dominant mass was selected in confer-
ence with the radiation oncologist. Whether more 
than one sextant was involved by the dominant 
mass was recorded. The results of DCE-MRI were 
similarly tabulated, indicating the prostate sex-
tants involved with tumor on the colorized para-
metric maps. The dominant mass on the DCE-MR 
images was recorded, and the sextant or sextants 
involved were indicated.

We identified in each case whether the imaging 
and per-sextant biopsy results agreed. In cases in 
which there was not complete agreement, we cat-
egorized whether the biopsy results showed sex-
tants with tumor not identified on the parametric 
maps and whether the parametric maps showed 
suspicious areas that were normal according to 
the biopsy results.

TABLE 2:	Parameters for Complete MRI Examinations of the Prostate

Pulse Sequence TR TE Matrix Size

No. of 
Signals 

Acquired

Slice 
Thickness 

(mm)
Gap 
(mm)

FOV 
(cm2)

Flip 
Angle Plane Note

Time 
(min)

T1-weighted SGE 145 4.4 256 × 256 5 5 0.5 22 80° Axial 6:14

T2-weighted fast-recovery FSE 3517 85 256 × 256 3 3 0.3 22 90° Axial 5:52

T2-weighted fast-recovery FSE 2350 85 256 × 256 3 3 0.3 22 90° Coronal 2:30

T2-weighted fast-recovery FSE 2067 85 256 × 256 2 3 0.3 22 90° Sagittal 2:30

3D FSPGR DCE 3.21 1.49 160 × 160 2 4 0 22 12° Axial 16 slices × 
20 phases

6:20

3D FSPGR Dixona 7.06 2.39 320 × 288 1 4.4 –2.2 40 12° Axial/coronal Dixon water 0:26

2D SGE 150 1.95 320 × 320 2 3 0.3 24 70° Axial Fat saturated 4:52

Note—SGE = spoiled gradient-echo, FSE = fast spin-echo, FSPGR = fast spoiled gradient-echo, DCE = dynamic contrast-enhanced.
a3D FSPGR with Dixon water reconstruction (LAVA-Flex, GE Healthcare). LAVA = liver acceleration volume acquisition.
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Statistical Analysis
The Wilcoxon matched pairs signed rank test 

was used to compare pretreatment tumor detection 
on DCE-MRI parametric maps and pretreatment 
Ktrans, serum PSA concentration, and prostate vol-
ume with the results 6, 12, and 24 months after ra-
diation therapy. Two-tailed p values are reported. 
The null hypothesis was rejected at p < 0.05.

Results
Dynamic Contrast-Enhanced MRI: Colorized 
Parametric Maps

Eighty-two patients (94%) had perfusion 
MRI findings of at least one focal enhanc-
ing tumor in the prostate that correlated with 
a positive biopsy result in the same sextant 
(Fig. 1). In five patients (four patients with 
Gleason 6 tumors, one patient with a Glea-
son 7 tumor) focal lesions were not identified 
on the perfusion images. In the 82 patients 
in whom tumors were visualized on the pre-
treatment DCE-MRI colorized parametric 
maps, we observed partial resolution of en-
hancing tumors 2 months after treatment in 
15 of 20 patients (75%) and a complete res-
olution of tumors in 5 of 20 patients (25%). 
At 6 months, we noted partial resolution of 
enhancing tumors in 21 of 68 patients (31%) 
and complete tumor resolution in 47 (69%). 
At 12 months, we observed partial resolution 
of enhancing tumors in seven of 51 patients 
(14%) and complete resolution in 44 (86%). 
At 24 months, all 25 patients had complete 
resolution of enhancing tumors. Focal non-
enhancing avascular areas in the prostate 
that might have represented areas of necro-
sis were observed in 34 of the 87 patients 
(39%). This finding was initially observed at 
6 months in four patients, 12 months in 18 
patients, and 24 months in 12 patients.

Quantitative Analysis of Tumor Permeability
For the 82 patients with focal lesions, the 

median Ktrans of the tumor on perfusion MR 
images before robotic stereotactic body ra-
diation therapy was 1.79 minutes−1. Follow-
up MRI showed resolution of tumors on the 
perfusion images with a decrease in size and 
degree of enhancement. The median tumor 
Ktrans decreased to 1.21 minutes−1 at 2 months, 
0.39 minutes−1 at 6 months, 0.30 minutes−1 at 
12 months, and 0.22 minutes−1 at 24 months. 
Overall, we observed a 40% decrease in aver-
age tumor Ktrans at 2 months, 75% decrease at 
6 months, 82% decrease at 12 months (Fig. 1), 
and 87% decrease at 24 months. The differ-
ence in Ktrans differed significantly between 
the pretreatment period and 6 months after 
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Fig. 1—64-year-old man with Gleason 6 bilateral prostate cancer confirmed with biopsy.
A–D, Pretreatment dynamic contrast-enhanced MRI (DCE-MRI) colorized permeability map (A) depicts 
bilateral peripheral zone tumors (arrows) (median Ktrans, 1.79 minutes−1; prostate-specific antigen [PSA] 
concentration, 8.2 ng/mL). Follow-up DCE-MR image 2 months after radiation therapy (B) shows interval 
improvement with decreasing tumor (arrow) (median Ktrans, 0.87 minutes−1; PSA concentration, 3.7 ng/mL). 
DCE-MR image 6 months after radiation therapy (C) shows resolution of all enhancing tumors (median Ktrans, 
0.19 minutes−1; PSA concentration, 1.8 ng/mL). DCE-MR image 12 months after radiation therapy (D) shows 
decreased enhancement of prostate with no evidence of residual or recurrent tumor (median Ktrans, 0.13 
minutes−1; PSA concentration, 0.6 ng/mL).
E, Graph of standardized serial PSA concentration () and DCE-MRI tumor permeability surface area product 
(Ktrans) () before and after radiation therapy shows percentage decrease compared with pretreatment values. 
Progressive decline in serum PSA concentration and Ktrans indicates response of prostate cancer to radiation 
therapy.
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treatment and between 6 and 12 months af-
ter treatment (p < 0.05). The Ktrans values at 
12 and 24 months did not differ significantly 
(p > 0.05).

Calculation of tumor Ktrans was related to 
prostate cancer Gleason score (Table 3 and 
Fig. 2). Gleason 6 tumors had a median Ktrans 
of 1.21 minutes−1 before robotic stereotactic 
body radiation therapy; Gleason 7 tumors, 
1.65 minutes−1; and Gleason 8 or 9 tumors, 
2.26 minutes−1 (p < 0.05). These differences 
in tumor Ktrans persisted 2 months after treat-
ment, at which time Gleason 6 tumors had a 
median Ktrans of 0.34 minutes−1; Gleason 7 
tumors, 1.62 minutes−1; and Gleason 8 or 9 
tumors, 1.65 minutes−1 (p < 0.05). Six and 12 
months after treatment, there was no signifi-
cant difference in tumor Ktrans values for the 
different Gleason score categories.

Prostate Volume
The volume of the prostate decreased after 

robotic stereotactic body radiation therapy 
(Table 4). Compared with baseline prostate 
volume, a 23% decrease was found at 2 
months, 26% decrease at 6 months, 33% de-
crease at 12 months, and 37% decrease at 24 
months (p < 0.05).

Serum Prostate-Specific Antigen Concentration
The median PSA concentration before ro-

botic stereotactic body radiation therapy was 
6.45 ng/mL. Two months after treatment, the 
concentration was 2.90 ng/mL; 6 months, 
1.30 ng/mL; 12 months, 1.10 ng/mL; and 
24 months, 0.59 ng/mL (p < 0.05). Two 
months after treatment, we observed an in-
terval decrease in serum PSA concentration 
of 58%; 6 months, 77%; 12 months, 82%; 
and 24 months, 88%. PSA relapses occurred 
in two patients with increasing serum PSA 
concentrations: one patient 12 months and 
one patient 24 months after treatment. Both 
patients had been treated with combined ro-

botic stereotactic body radiation therapy and 
IMRT. Both of these patients had evidence of 
distant tumor recurrence. Follow-up DCE-
MRI of both patients showed no evidence of 
residual or recurrent tumor.

Seven patients experienced PSA bounce—
the phenomenon in which PSA concentration 
increases temporarily after radiation thera-
py—1 year after robotic stereotactic body ra-

diation therapy (Fig. 3). The corresponding 
DCE-MRI showed no residual tumor in six 
patients. Follow-up serum declining PSA 
concentrations in all six patients did confirm 
absence of tumor. In one patient with PSA 
bounce 12 months after treatment, DCE-
MRI showed increased colorization. This 
patient had clinical evidence of prostatitis. 
Follow-up examinations showed a slowly de-
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TABLE 3:	Prostate Cancer Ktrans Values Compared With Gleason Score

Time (mo)

Gleason Score

6 7 8 or 9

Ktrans (min–1) n Ktrans (min–1) n Ktrans (min–1) n

Pretreatment 1.21 43 1.65 33 2.26 11

2 0.34 12 1.62 6 1.65 4

6 0.22 37 0.29 24 0.26 10

12 0.18 28 0.21 19 0.17 7

24 0.13 15 0.21 9 0.14 3

Note—Ktrans is the median tumor value obtained from dynamic contrast-enhanced MR images of patients with prostate cancer. Gleason score is determined from 
pathologic evaluation of prostate biopsy specimen. n = number of patients. One patient with a Gleason score of 5 was included in the Gleason 6 category.

TABLE 4:	Measurement of Response of Prostate Cancer to Robotic  
Stereotactic Body Radiation Therapy

Time (mo)
Prostate-Specific Antigen 

Concentration (ng/mL) Volume (cm3) Ktrans (min–1)

Pretreatment 6.45 41.2 1.79

2 2.90 35.3 1.21

6 1.30 30.3 0.39

12 1.10 29.0 0.30

24 0.59 26.6 0.22

Note—Values are median prostate-specific antigen concentration, prostate volume, and Ktrans from dynamic 
contrast-enhanced MR images of 87 patients with prostate cancer. Measurements were obtained before 
treatment and 2, 6, 12, and 24 months after treatment.

Fig. 2—Graph shows 
relation between 
Gleason score (, 6; , 
7; , 8 or 9) before and 
serial measurements 
of prostate cancer 
median Ktrans obtained 
from dynamic 
contrast-enhanced MR 
images obtained from 
pathologic evaluation 
of endorectal biopsy 
specimens before and 
after treatment.
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clining serum PSA concentration and resolv-
ing DCE- MRI findings.

In nine patients, the PSA response was 
slow with either a plateau of the elevated PSA 
concentration 1–2 years after treatment or a 
2-year serum PSA concentration more than 1 
SD above the median value for all patients. In 
this group, corresponding DCE-MRI showed 
no residual tumor in eight patients. Follow-up 
serum PSA concentration subsequently de-
clined in all eight patients, indicating continu-
ing tumor response. In one patient, DCE-MRI 
showed new small areas of colorization in the 
peripheral zone. Clinical follow-up showed 
further decline in serum PSA concentra-
tion, suggesting false-positive findings on the 
DCE-MRI color parametric maps.

Correlation With Prostate Biopsy
In 70 patients (80%) the dominant tumor 

finding at biopsy agreed with the dominant en-
hancing tumor depicted on the DCE-MRI col-
orized parametric maps (Fig. 4). The sextants 
involved with tumor at prostate biopsy agreed 
with the DCE-MRI findings in all six sextants 
in 55 of the 87 patients (63%), in five of six sex-
tants in 23 patients, in four of six sextants in 
four, in three of six sextants in two patients, and 
in two of six sextants in one patient.

In 32 cases (37%) there was disagreement 
regarding the sextants involved with tumor. 
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Fig. 3—55-year-old man with Gleason 6 prostate 
cancer and prostate-specific antigen (PSA) bounce 
12 months after robotic stereotactic body radiation 
therapy.
A–D, Pretreatment colorized parametric map (A) 
shows focal right posterior peripheral zone tumor 
(arrow) that correlated with biopsy results (Ktrans, 
0.81 minutes−1, serum PSA concentration, 5.1 ng/
mL). Colorized parametric map obtained 6 months 
after treatment (B) shows partial resolution of right 
posterior prostate tumor (long arrow); periprostatic 
vessels (short arrows) are evident (Ktrans, 0.45 
minutes−1, serum PSA concentration, 1.3 ng/
mL). Colorized parametric map 12 months after 
treatment (C) shows near-complete resolution of 
right-sided tumor although serum PSA concentration 
has increased (Ktrans, 0.28 minutes−1, serum PSA 
concentration, 2.5 ng/mL). Periprostatic vessel 
(arrow) is evident. Colorized parametric map 24 
months after treatment (D) shows no residual tumor; 
serum PSA concentration has declined (Ktrans, 0.19 
minutes−1, serum PSA concentration, 1.7 ng/mL).
E, Graph of standardized serial PSA values () and 
dynamic contrast-enhanced MRI tumor permeability 
surface area product (Ktrans) () before and after 
robotic stereotactic body radiation therapy shows 
increase in serum PSA concentration 12 months after 
treatment. PSA concentration subsequently declined 
without additional treatment. This false-positive PSA 
bounce occurs after radiation treatment. Steady 
decline in serial Ktrans values from DCE-MRI indicates 
response of tumor to robotic stereotactic body 
radiation therapy.

In 10 patients (11%) prostate biopsy showed 
sextants involved with tumor not confirmed 
with DCE-MRI. This group included the five 
patients whose DCE-MRI colorized para-
metric maps showed no tumor. In 22 cases 
(25%) the DCE-MRI colorized parametric 
maps showed additional sextants suspicious 
for tumor that were normal at biopsy. In 20 

cases (23%) the DCE-MRI findings suggest-
ed the presence of suspicious contralateral 
regions not found at prostate biopsy.

Discussion
The role of DCE-MRI in evaluation be-

fore radiation therapy and for monitoring the re-
sponse of prostate cancer to robotic stereotactic 
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body radiation therapy has not been evaluated, 
to our knowledge. Our study showed that DCE-
MRI was a robust means of depicting tumors 
before treatment; 94% of patients had tumors 
with increased vascular permeability. After 
treatment, we observed a consistent resolution of 
prostate cancer on the DCE-MR images. Quali-
tatively, the tumors typically resolved on the col-
orized parametric maps within 6 months after 
radiation therapy. Quantitatively, we observed a 
75% decrease in Ktrans of the tumors within 6 
months and a continued slight decrease 12–24 
months after treatment.

In previous studies in which Toft two-
compartment model analysis was used, the 
results were compared with those of histo-
pathologic evaluation with either whole-
mount preparation of the excised prostate 
or step-section sextant analysis of the pros-
tate [26, 27]. Addition of the DCE-MRI im-
ages improved staging accuracy and tumor 
detection [27] and assessment of extracapsu-
lar tumor spread [26]. The role of DCE-MRI 
in evaluating response of prostate cancer to 
IMRT has been reported [28]. In a study of 
six patients who underwent DCE-MRI be-
fore and 3 and 12 months after IMRT, the 
investigators found a significant decrease in 
perfusion and vascular volume of prostate 
tumors after therapy.

Pending long-term confirmation of the 
promising intermediate-term results, robotic 
stereotactic body radiation therapy appears to 
be an attractive therapeutic option for mono-
therapy for early-stage prostate cancer. The 
treatment is efficient and noninvasive and ef-
fectively addresses the shortcomings of oth-
er treatments of early-stage prostate cancer 
[9–11]. Five-year results of robotic stereotac-
tic body radiation therapy for prostate cancer 
have shown a biochemical progression-free 
survival rate of 93% [11]. Robotic stereo-
tactic body radiation therapy also is a useful 
boost technique in advanced cases, in combi-
nation with external beam radiation therapy. 
The dosimetry coverage is comparable to that 
of high-dose-rate brachytherapy boosting but 
without the indwelling plastic tubes.

After radiation therapy, serum PSA con-
centration continues to be the best biolog-
ic indicator of active tumor. PSA measure-
ment, however, is limited by false-positive 
and false-negative results and by inability to 
localize primary or recurrent tumors with-
in the gland [3–7]. Serum PSA concentra-
tion does not always decrease in a consistent 
manner, even if the patient has been success-
fully treated, and PSA bounce, character-
ized by a temporary posttreatment increase 
in PSA concentration, is common with all 

forms of radiation therapy, including robot-
ic stereotactic body radiation therapy [6, 7]. 
The reported incidence of PSA bounce after 
brachytherapy for prostate cancer was 32% 
in a study in which 295 patients underwent 
follow-up for 3 years [7]. Parallel review of 
DCE-MRI yields additional data to help as-
sess whether a suboptimal PSA response or 
PSA bounce reflects local failure of treat-
ment or a false-positive PSA result, there-
by guiding more accurate clinical decision 
making when PSA interpretation is difficult.

After external beam radiation therapy for 
prostate cancer, the reported 5-year PSA re-
lapse rate ranges from 15% for patients at 
low risk to 67% for patients at high risk [1, 
2]. Evaluation of patients with biochemi-
cal failure after radiation therapy is chal-
lenging [2]. Biopsy after radiation therapy 
can have false-negative results due to sam-
pling error and false-positive results due to 
slow tumor regression. Biopsy findings can 
be indeterminate, showing radiation changes 
combined with residual tumor of uncertain 
viability [2]. In this complex clinical set-
ting, MRI and MR spectroscopy may play a 
role in evaluation for local tumor recurrence 
[29]. DCE-MRI of the prostate can be used 
to detect tumor recurrence after therapy and 
for localization of prostate cancer before re-
peat biopsy [30]. Haider et al. [23] found that 
DCE-MRI performs better than T2-weight-
ed MRI in the detection and localization of 
prostate cancer in the peripheral zone af-
ter external beam radiation therapy. Sextant 
sensitivity was 72% for DCE-MRI and 38% 
for T2-weighted MRI.

DCE-MRI quantitative analysis also pro-
vides intriguing possibilities for correlat-
ing tumor aggressiveness with the paramet-
ric values used to assess tumor vascularity. 

Fig. 4—78-year-old man with biopsy-proven Gleason 
9 right-sided prostate cancer and 24-month clinical 
and MRI follow-up results.
A–D, Pretreatment colorized parametric map 
generated with dynamic contrast-enhanced MRI 
(DCE-MRI) (A) depicts rapidly enhancing tumor 
(arrow) in right posterior peripheral zone (median 
Ktrans, 2.69 minutes−1; prostate-specific antigen 
concentration, 12.3 ng/mL) and enhancing benign 
prostatic hypertrophy. Colorized parametric map 6 
months after treatment (B) shows median Ktrans of 
tumor (arrow) has decreased to 2.05 minutes−1 (PSA 
concentration, 4 ng/mL). Map obtained 12 months 
after treatment (C) shows tumor is no longer visible 
(Ktrans, 0.12 minutes−1; PSA concentration, 2.7 ng/mL). 
DCE-MRI parametric map 24 months after therapy (D) 
shows no residual tumor (Ktrans, 0.10 minutes−1; PSA 
concentration, 0.7 ng/mL).
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We found that tumors with higher Gleason 
scores had significantly greater pretreatment 
Ktrans values, reflecting higher tumor perme-
ability. These observations are supported by 
those of previous studies. Schlemmer et al. 
[31] found that DCE-MRI parametric values 
can be used to predict microvessel density 
in prostate cancer and to differentiate low-
grade from high-grade tumors. Franiel et 
al. [32] found that low-grade tumors with a 
Gleason score less than 6 had a lower mean 
permeability than high-grade tumors with a 
Gleason score of 7 or more, higher blood vol-
ume, and longer mean transit time.

The limitations of this study included incom-
plete pathologic proof of tumor location be-
fore therapy and of tumor response to robotic 
stereotactic body radiation therapy. Using bi-
opsy as a standard of reference is an inherent 
limitation of studies in which nonsurgical 
treatment is performed. We found incomplete 
agreement between the results of DCE-MRI 
and those of sextant prostate biopsy. Enhanc-
ing foci on the pretreatment DCE-MR images 
that were not confirmed at sextant biopsy like-
ly represent undersampling of the prostate at 
sextant biopsy, although false-positive MRI 
findings can occur. It is known that incom-
plete sampling of the prostate at sextant local-
ization can lead to underdiagnosis of cancer 
[33]. Similarly, identifying the dominant in-
traprostatic tumor at sextant biopsy as deter-
mined by the number of positive cores and 
percentage of tumor involvement of the core 
was not always straightforward. Within these 
limitations, all index lesions on DCE-MR im-
ages were chosen to correspond to a site of bi-
opsy-proven prostate cancer at sextant biopsy.

Pretreatment MRI depicted only tumors 
in the peripheral zone. The 25% of prostate 
tumors that occur in the transitional zone 
present challenges in DCE-MRI because an-
giogenesis also characterizes benign pros-
tatic hypertrophy. Reports have described 
improved accuracy for central gland tumor 
detection with T2-weighted and diffusion-
weighted MRI [34, 35]. Because the entire 
prostate was treated with robotic stereotac-
tic body radiation therapy, this limitation did 
not result in suboptimal treatment.

Improved signal-to-noise ratio can be 
achieved by imaging with a 3-T MRI system 
or an endorectal coil. Our decision not to use 
an endorectal coil was based on the require-
ments of the radiation oncologist’s treatment 
planning protocol, which demanded precise 
3D coregistration of the MRI datasets with 
CT scans of the prostate. The use of an en-

dorectal coil deforms the prostate so that fu-
sion of the MR images with treatment-plan-
ning CT scans would be problematic. The 
roles of T2-weighted MRI, diffusion-weight-
ed imaging, and spectroscopy for assessing 
response to robotic stereotactic body radia-
tion therapy were not evaluated in this study.

Technically, our moderate temporal resolu-
tion of 19 s/phase can be improved at the ex-
pense of less anatomic coverage or spatial res-
olution or a lower signal-to-noise ratio. Brasch 
et al. [20] suggested 12 seconds or faster dy-
namic imaging. Our experience confirms that 
the tradeoff between temporal resolution and 
signal-to-noise ratio determines the optimal 
imaging protocol for DCE-MRI. For other 
MRI unit and coil combinations, the optimal 
imaging parameters would have to be deter-
mined individually.

Conclusion
Perfusion DCE-MRI has promise for mon-

itoring response of prostate cancer to robot-
ic stereotactic body radiation therapy. After 
this treatment, DCE-MRI shows decreased 
perfusion of prostate tumors, indicated by a 
decline in tumor Ktrans. In conjunction with 
serial serum PSA measurement, DCE-MRI 
can yield additional qualitative and quanti-
tative information about tumor response to 
therapy, which may be particularly useful 
in the care of patients with PSA bounce or a 
slowly responding serum PSA concentration.
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