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ABSTRACT

Prostate specific antigen (PSA) remains the most used test to assess the response after therapies including the
radiation therapy (RT). Apparent diffusion coefficient (ADC) derived from the conventional diffusion-
weighted imaging (DWI), as a part of noncontrast or biparametric MRI (bpMRI) (T2-weighted and DWI),
offers diagnostic accuracy and cancer detection rate equivalent to that of multiparametric MRI. Cellular
changes induced by RT can be quali-qualitatively demonstrated as early as 3 months after RT as an increase
in the signal intensity of the tumor on the ADC map. ADC, in association with PSA, represents a potential
biomarker imaging for evaluating treatment efficacy in PCa both during and shortly after RT.

Keywords: Apparent diffusion coefficient; biparametric magnetic resonance imaging; prostate cancer radi-

ation therapy; prostate cancer therapies

Prostate cancer (PCa) is the second most
common cancer diagnosis in the United
States, the third of cancer death with estimates
about 248,530 new cases and about 34,130
deaths in 2021.!

Prostate specific antigen (PSA) remains the
most used test to assess the response after ther-
apy including the radiation therapy?; however,
it is often a deleted tool for the follow-up of
these patients especially if considered alone:

1.PSA is often less produced in more aggressive
and undifferentiated cancers.

2. PSA increase, after treatment, may become evi-
dent only when the disease is already progressing.

3. Follow-up based only on PSA dosage can signifi-
cantly delay treatment decisions.

Apparent diffusion coefficient (ADC), derived
from the conventional diffusion-weighted
imaging (DWI), is a short scan widely avail-
able on commercial MR scanners. It is a part of
noncontrast or biparametric MRI (bpMRI)

including T2-weighted and DWI/ADC that
requires less than 9 minutes of examination and
offers diagnostic accuracy and cancer detection
rate equivalent to multiparametric MRL>™

Moreover, the no-use of gadolinium-based con-
trast medium and thus the elimination of the risk
of immediate hypersensitivity reactions® and
depositions in the brain must be considered.”

ADC measures the diffusive movement of
water molecules within the tissue, which is
often influenced by microstructure, cell den-
sity, and other histological components pres-
ent in the tissue at a microenvironmental
level. ADC is commonly clinically calculated
using MRI with DWI® and the following for-
mula based on a monoexponential model:

Sb/S0 = exp(—b-ADC),
where Sb and SO are the signal intensity with and

without the application of the diffusion gradient,
respectively.
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Table 1. Time of Increase in the Signal Intensity of the PCa on the ADC Map After Radiotherapy

Author/Year Type of RT Time After RT (Months) MRI Scanner ADC Maps Analysis
Takayama et al'’ Carbon-ion radiotherapy 3-9 15T Qualitative
Song et al'® EBRT 1-5 30T Quali-quantitative
Park et al'’ Radiotherapy 1 3.0T Quali-quantitative
Decker et al*° Intensity-modulated EBRT 3 30T Quali-quantitative
Wu X et al*! Radiotherapy 3-12 30T Quali-quantitative

RT: radiotheraphy; MRI: magnetic resonance imaging; ADC: apparent coefficient diffusion; EBRT: external beam radiation therapy.

High signal intensity (white) on DWI at high b-values and low
signal intensity (black) restricted diffusion on ADC map reflect
cellularity in PCa malignant tissue; ADC values are inversely
proportional to tumor cellularity and correlate well with tumor
aggressiveness (i.e., Gleason score) improving specificity of
prostate MRL.%'?

The potential applications of DWI as a biomarker are manifold.
DWI has further improved the performance of MRI in detec-
tion'*"'* of primary and recurrent PCa and has allowed a more
accurate characterization, localization, and local staging of
prostatic lesions.'>"'¢

Thanks to DWI introduction, prostate MRI has gained increasing
interest for the pretreatment assessment of PCa, in the radio-
therapeutic planning and in follow-up of patients after radical
prostatectomy or radiation therapy to detect local cancer
recurrence.

Several studies demonstrated that PCa ADC value can increase
significantly after radiotherapy (Table 1):

1. after carbon-ion radiotherapy'”;

2.1in both peripheral and transitional zones 1-5 months after comple-
tion of external beam radiotherapy (EBRT)'®;

3. during and 1 month after radiotherapy in patients treated for PCa'?;

4.during, immediately, and 3 months after intensity-modulated
EBRT, but the ADC value of healthy prostate tissue did not change
significantly after irradiation®’;

e Apparent diffusion coefficient (ADC), as a part of biparametric
MRI, represents an accurate tool for both diagnosis and follow-
up of prostate cancer.

e Cellular changes induced by radiation therapy can be quali-
quantitatively demonstrated by ADC maps.

e ADC can be considered a biomarker to evaluate prostate cancer
response after radiotherapy.

5.3 months after irradiation compared to that pretherapy status, and it
increased further at 12 months after treatment.?'

Our experience, with an MRI scanner at 3.0T, also demonstrates
that radiation therapy-induced cellular change can be showed
qualitatively already 3 month after radiation therapy. A reduction
in the volume of the prostate gland and an increase in the signal
intensity of the tumor on the ADC map are shown (Figure 1).

The detection and targeting of local recurrence after radical
prostatectomy and/or radiotherapy represent an additional
potential use of DWI and could have important applications in
the treatment of recurrent diseases. Morgan et al.?? reported
that ADCs derived from DWI used as an adjunct to T2-
weighted MRI for detecting local tumor recurrence within the
prostate had a 93.8% sensitivity and 75% specificity for identi-
fying lesions larger than 0.4 cm”. Recent studies evaluated the
efficacy and safety of re-irradiation in recurrent PCa patients
using stereotactic body radiotherapy and showed an excellent
3-year disease control with an acceptable toxicity.>

In conclusion, bpMRI is a valid technique not only for diagno-
sis but also for radiation therapy planning in patients with PCa.
It provides anatomical and functional information of high spa-
tial resolution and allows to improve the definition of target
volumes in radiation therapy. Moreover, ADC derived from
DWI as a part of bpMRI in association with PSA represents a
potential tool for evaluating treatment efficacy in PCa during
and shortly after irradiation; the role of this functional imaging
in patients underwent to reirradiation is suitable to further
investigations.
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Figure 1. Apparent coefficient diffusion (ADC) (a), corresponding DWI at high b-values (1,500 s/mm?) (b) and T2-weighted
(c) biparametric MRI at 3.0T in an 82 year-old patient with increase in serum PSA level = 7.6 ng/mL showed an ovalar lesion
located in the left anterior transition zone at the middle part with marked hypointensity indicative of marked restricted diffusion
on ADC map (arrows in a) and hyperintensity on corresponding DWI at high b-values (1,500 s/mm?) (arrows in b) and hypoin-
tense on T2-weighted imaging (arrows in c). Gleason score 3 + 4 = 7 adenocarcinoma at histology after targeted biopsy. ADC
map (d), corresponding DWI at high b-values (1,500 s/mm?) (e) and T2-weighted (f) biparametric MRI obtained 6 months
after radiation therapy showed an increase in tumor signal intensity on ADC map (d) reflecting its complete resolution and on

T2-weighted imaging (f) the reduction of the prostate gland size.

M.S., P.S., EFM.M., F.T.; Data Collection and/or Processing - M.S.,
F.T.; Analysis and/or Interpretation - M.S., EM., A.D.B., P.S,, F.T.;
Literature Search - M.S., A.D.B., A.D., P.S., FMM., MM., F.T.;
Writing Manuscript - M.S., A.D.B., FM.M., E.T.; Critical Review -
M.S.,EM., AD.B., AD, P.S., EMM., MM, E.T.

Conflict of Interest: The authors have no conflicts of interest to

declare.

Financial Disclosure: The authors declared that this study has

received no financial support.

References

1.

2.

Siegel RL, Miller KD, Fuchs HE, Jemad A. Cancer statistics
2021. Cancer J Clin. 2021;71(1):7-33. [CrossRef]

Roach M 3rd. Commentary on a multi-institutional analysis of
external beam radiotherapy for T1-T2 prostate cancer: “love the
one you’re with” and “do the right thing”. Int J Radiat Oncol Biol
Phys. 2003;57(4):907-909. [CrossRef]

Kuhl CK, Bruhn R, Krimer N, Nebelung S, Heidenreich A,
Schrading S. Abbreviated biparametric prostate MR imaging in

10.

men with elevated prostate-specific
2017;285:493-505. [CrossRef]

Scialpi M, Prosperi E, D’Andrea A, et al. Biparametric versus
multiparametric MRI with non-endorectal coil at 3T in the detec-
tion and localization of prostate cancer. Anticancer Res.
2017;37(3):1263-1271. [CrossRef]

Scialpi M, D’Andrea A, Martorana E, et al. Biparametric MRI
of the prostate. Turkish J Urol. 2017;43(4):401-409. [Cross-
Ref]

Jung JW, Kang HR, Kim MH, et al. Immediate hypersensitivity
reaction to gadolinium-based MR contrast media. Radiology.
2012;264:414-422. [Database] [CrossRef]

McDonald RJ, McDonald JS, Kallmes DF, et al. Intracranial gad-
olinium deposition after contrast-enhanced MR imaging. Radiol-
0gy. 2015;275:772-782. [CrossRef]

Sener RN. Diffusion MRI: Apparent diffusion coefficient (ADC)
values in the normal brain and a classification of brain disorders
based on ADC values. Comput Med Imaging Graph.
2001;25(4):299-326. [CrossRef]

Kim TH, Kim CK, Park BK, et al. Relationship between Gleason
score and apparent diffusion coefficients of diffusion weighted
magnetic resonance imaging in prostate cancer patients. Can Urol
Assoc J.2016;10:11-12.

Bhargava P, Ravizzini G, Chapin BF, Kundra V. Imaging
biochemical recurrence after prostatectomy: Where are we

antigen. Radiology.


https://doi.org/10.3322/caac.21654
https://doi.org/10.1016/S0360-3016(03)01619-5
https://doi.org/10.1148/radiol.2017170129
https://doi.org/10.21873/anticanres.11443
https://doi.org/10.5152/tud.2017.06978
https://doi.org/10.5152/tud.2017.06978
https://doi.org/10.1148/radiol.12112025
https://doi.org/10.1148/radiol.15150025
https://doi.org/10.1016/S0895-6111(00)00083-5

Scialpi et al. MRI apparent diffusion coefficient (ADC)

11.

12.

13.

14.

15.

16.

headed? AJR Am J Roentgenol. 2020;214(6):1248-1258. [Cross-
Ref]

Verma S, Rajesh A, Morales H, et al. Assessment of aggressive-
ness of prostate cancer: correlation of apparent diffusion coeffi-
cient with histologic grade after radical prostatectomy. AJR Am J
Roentgenol. 2011 Feb;196(2):374-81. [CrossRef]

Wu X, Reinikainen P, Vanhanen A, et al. Correlation between
apparent diffusion coefficient value on diffusion-weighted MR
imaging and Gleason score in prostate cancer. Diagn Interv Imag-
ing. 2017;98(1):63-71. [CrossRef]

Scialpi M, Martorana E, Scialpi P, et al. Round table:
Arguments in supporting abbreviated or biparametric MRI of the
prostate  protocol. Abdom Radiol. 2020;45(12):3974-3981.
[CrossRef]

Maurer MH, Heverhagen JT. Diffusion weighted imaging of the
prostate-principles, application, and advances. Transl Androl
Urol. 2017;6(3):490-498. [CrossRef]

Mottet N, Bellmunt J, Bolla M, Briers E, Cumberbatch MG,
De Santis M, et al. EAU-ESTRO-SIOG guidelines on prostate
cancer. Part 1: Screening, diagnosis, and local treatment
with curative intent. Eur Urol. 2017;71(4):618-629. [Cross-
Ref]

Aisa MC, Piscioli I, Di Blasi A, Scialpi M. PSA/biparametric
MRI: An accurate potential diagnostic approach for detection and
management of local recurrence after radical prostatectomy.
Turkish J Urol. 2020;46(1):87-88. [CrossRef]

17.

18.

19.

20.

21.

22.

23.

Takayama Y, Kishimoto R, Hanaoka S, et al ADC value and diffusion
tensor imaging of prostate cancer: Changes in carbon-ion radiother-
apy.J Magn Reson Imaging. 2008;27(6):1331-1335. [CrossRef]
Song I, Kim CK, Park BK, Park W. Assessment of response to
radiotherapy for prostate cancer: Value of diffusion-weighted MRI
at 3 T. AmJ Roentgenol. 2010;194(6):W477-W482. [CrossRef]
Park SY, Kim CK, Park BK, et al. Early changes in apparent dif-
fusion coefficient from diffusion-weighted MR imaging during
radiotherapy for prostate cancer. Int J Radiat Oncol Biol Phys.
2012;83(2):749-755. [CrossRef]

Decker G, Murtz P, Gieseke J, et al Intensity-modulated radio-
therapy of the prostate: Dynamic ADC monitoring by DWI at 3.0
T. Radiother Oncol. 2014;113(1):115-120. [CrossRef]

Wu X, Reinikaineni P, Kapaneni M, et al. Diffusion-weighted
MRI provides a useful biomarker for evaluation of radiotherapy
efficacy in patients with prostate cancer. Anticancer Res.
2017;37:5027-5032.

Morgan VA, Riches SF, Giles S, Dearnaley D, deSouza NM. Dif-
fusion-weighted MRI for locally recurrent prostate cancer after
external beam radiotherapy. AJR Am J Roentgenol.
2012;198(3):596-602. [CrossRef]

Munoz F, Fiorica F, Caravatta L, et al. Outcomes and toxicities of
re-irradiation for prostate cancer: A systematic review on behalf
of the re-irradiation working group of the Italian association of
radiotherapy and clinical oncology (AIRO). Cancer Treat Rev.
2021;95:102176. [CrossRef]


https://doi.org/10.2214/AJR.19.21905
https://doi.org/10.2214/AJR.19.21905
https://doi.org/10.1007/s00261-020-02510-w
https://doi.org/10.1016/j.diii.2016.08.009
https://doi.org/10.1007/s00261-020-02510-w
https://doi.org/10.21037/tau.2017.05.06
https://doi.org/10.1016/j.eururo.2016.08.003
https://doi.org/10.1016/j.eururo.2016.08.003
https://doi.org/10.5152/tud.2019.19242
https://doi.org/10.1002/jmri.21388
https://doi.org/10.2214/AJR.09.3557
https://doi.org/10.1016/j.ijrobp.2011.06.2009
https://doi.org/10.1016/j.radonc.2014.07.016
https://doi.org/10.2214/AJR.11.7162
https://doi.org/10.1016/j.ctrv.2021.102176

