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M = Magnetic R = Resonance | =Imaging

Magnetic field direction

A\

Proton: like a small magnet
Water: 70% of human body




MRIFJEESAELES - NMR

 NMR?
— Nuclear Magnetic Resonance (1% 3z)
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Hydrogen nuclei (protons)
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Which atom has spin?

Anyone which has uneven
number of protons / neutrons

13C 191:
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« NHHJE > =i (precession)
o SRR Bhik e T A

— —  [JEAEFEZ (Larmor
frequency, w,)

| =gyromagnetic ratio Ei
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Larmor Frequency #

— Bo‘
a)o — 7/BO V' : Gyromagnetic ratio(fZEELL)

7=42.58 MHz/T @ BO=3 Tesla
HJE +HLarmor Frequency=127.74 MHz

1H 13C 19|: 31P
g (MHz/T) 42.58 | 10.71 | 40.05 | 17.23
W, @ 3T (MHz) | 127.74 | 32.13 | 120.15 | 51.69

AS1.5THE ?142.58 x 1.5= 63.87 MHz > Radio Freq.




S EINMRZ (S 5%?
@ﬁé(aadlo Frequency, RF) > &AL

b 3&) RF Transmit
v \.

=% HI 4% B
RF Receive
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- Images from DotyNMR and Siemens AG
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B 3% (Excitation)
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T1 Recovery and T2 Decay

Relaxation

b X
" Mxy(t)
-t/T
0
5 Time 0 > {

Figure 4-3. The graph of recovery of longitudinal Figure 4-4. The graph of transverse magnetization

magnetization with the growth rate of T'1. with the decay rate of T2 and RF off.

T1 recovery T2 decay

- Hashemi et al., MRI the basics, p41.
17




T1 Recovery

=t=T1lF - M =M (1-e*™)=0.63M,
(e'1=1/e=0.37)

Signal

100 % 'EI-"'

63 %

T1 recovery

-y

= Time

ar 230 -

O ¥ 5 L0 455 KB AH AN T 155 [
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T2 Decay

Et=T2[F - M, =M,e*/2=0.37M,
(e'1=1/e=0.37)

Si I
igna p

AT ]

25 % -

y T2 decay

=Time

O ¥ 5 L 455 KB AH AN T2 055 &

T2 is tissue-specific and is always shorter than T1



NMR!— %tu{fi ﬁt*i:s- ?

* Free Induction Decay (FID)

W‘WWWNMWWAMVM

FID

Resonating at Larmor Frequency

B

Time
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* Free Induction Decay (FID)

Mxy

X

IR

i

N

il
1[

'4

Resonating at Larmor Frequency

NMR 58 _+ A3 ?

TExyFrir b2 sthéz P 5

FID

Time

Peak at Larmor Frequency

Spectrum

W, }

Fourier transform

B

Frequency
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Relaxation time (3% i B+ %)

e T1 (z-axis)
— Longitudinal relaxation time (%s_# )
— Spin-lattice relaxation time (p *&-ds %)

* T2 (x-y plane)
— Transverse relaxation time (#f #= )
— Spin-spin relaxation time (p *&-p )
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H fie-m gtk (T1)

M,: #4627 5 R L
Mz(t): B [EItHF 2 fh R A/ )N Mo1-6™)

0 Time

T1/5{E 9t 4963 %5 P s 22 Y E]
St ot & oE T ELA AT I E]
Relaxation rate (R1) = 1/T1

TL(EEH ~ 8 T-ms) > T2(8 ~ % EH ms)
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Ti1@1.5 250 3000
T (ms)

T1@1.0 220 420 590 730 680 810 2500
T (ms)
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Mn2*, Cu?t, Fe?*, Fe3*, Gd3*, p d A&
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3 H $ sk T1% =
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= lie- 5 etk (T2)

MO: WIHGH S 4 o0 |

Mxy: RS 7 B A/

0

T2 (S e & I63% A 75 2 HF ]
STt B HARAT IS T2
Relaxation rate (R2) = 1/T2
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' RAH&T2

» AEHEFEAET2 - "IAHLESETTZ
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T2(ms) 80 1400
My,
e - _ TE1/T2(long)
Iley(long)_ €
|V| =M eTEl/TZ(short)

xy(short)

time 30



P ET22. Fl 4%

. ‘,ﬁ« N B 2R 4R B
— # ¥ M4 (mobility)

« BEHARMK AT AL 2 “"%ﬁﬁ%ﬁv%\m » 8 T2
‘fﬁ TF’ ’ —lzr’r]'E*I’T2<<”Q ’EﬁTZ (Eﬁ-}xCSF TZ)

° Av\—:j-ff\‘\ ﬁv r’}ﬂ»\l'ﬂ ’ TZﬁé”F’ ’ v&t’}p ﬁFﬁ’
— & v 4 (isotropy)
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SEHREEHRNLE

g

_JX
hort TR / Short TE

— T2/EE: Long TR/ Long TE

— PDFEEE: L

Signal= M(1-e TR/T)* (e TE/T2)

ong TR / Short TE

Signal

A

rel

Long TR No difference fro
axation

T2WI

RELKCTE > R EUS 2l H @ A A [E]

ms



T FGTR

TR short

A B PSSt B LLIE

T1-weighted Image

Dark CSF_~

PR

T FOTE

TE short

To-weighted Image




Effects of TE on T2 contrast

TE = 30ms TE =90ms TE =150 ms

FrLUET2HY B R P 3 R9T T
MR T2HYHE = R A DUE LA | w7



T1/T2/PDIEEH

Short TR / Short TE LongTR / Long TE LongTR / Short TE

- http://knol.google.com/k/brain-ct-mri#
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B RES (M2 % 5 b))

- $- B B ¥ (Magnetic field gradient)

> % (2)

B¢ s (2=0)



6 E R

e Slice-selective excitation

c FEA - AV RBEE RO R EE
* —# 6 2 4 5 # Fl(bandwidth, BW)

B = B, + Gz*z

RF excitation at center
frequency w = yB
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#

“» m = @ (slice orientation)

Yo T 3 Y ‘v =2 = L
.7‘]#‘207"{0&37?1

— Axial (Gz), Coronal (Gx) and Sagittal (Gy)

e " ¥ % iz 3R & B (Oblique)
~FEFRS B o2 RS

» RV ERE RN R
—FEREI R REFTT
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* Pulse Sequence Diagram (PSD)
o R ibFS 7|

— P HEEE AR PREFMEREE N R
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Br 2

time

Go—b
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V3

Rhe R 155 R #

' Assign frequency w

- Hashemi et al., MRI the basics
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What is k-space?

kG 7 3V 20 18 0 1T A S KT
5 ﬁ”?ﬂ“iiﬁli&% Iz Be AL B
e

°
—=\
TR
Jd
-
\
33*

.

g e i k-space s — 1 = F &
= 7 B %1 (Fourier palr)
— & 2 F v Ekspace TR L
T T I 5 4F #ic(complex) 2 k-
space T AL 0 T 2L F L2 R A
(magnitude)



Fourier Transform

o FAGEMELY T A RHIANZ R
o [FFig (time) vs. 47 & (frequency)

e F(o)
%Wt<_> |~L ®
T +

52



How to fill k-space?

FEVIAAEE 2 1%
5 B — [ € Z phase
HEE gradient > FRELE
. —[EE A
I E —{FRky
G N —

Gr

EREGEHSE 2 B3 > B Rlreadout
gradient » BiEx 7 [a_F 2 Wi
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Contrast and Detail

- http://practicalfmri.blogspot.com
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Transform k-space to image

Provide image details

Provide base image contrast
- http://practicalfmri.blogspot.com .



MRI CM s %8 i 45 4 REA (5 chifd

M Rl CO ntra St Age ntS *Classified according to biodistribution

Extracellular Fluid Tissue Specific Oral Agents
*OMNISCAN (Gadodiamide) *ABDOSCAN(Ferristene)
*Magnevist (Gadopentetate dimeglumine) *Magnevist Enteral

eDotarem (Gadopentetate meglumine) *Gastromark (Ferumoxsil)

*Prohance (Gadoterol)

eGadovist (Gadobutrol)

eOptimark (Gadoversetamides)

Gd-Chelates Mn-Chelates SPIO’s
*Primovist / Eovist (Gadoxetic acid, Gd-EOB-DTPA) *TESLASCAN(Mn-DPDP) eEndorem:Ferridex (Ferumoxides)
eMultihance/Boptameron eResovist (Ferrixan)

(Gadobenate dimeglumine, Gd-BOPTA)




Magnevist®

MultiHance®

Omniscan™

Optimark™

Dotarem®

ProHance®

Gadavist®

Eovist® (USA)

Primovist®

Ablavar®

Chemical
name

gadopentetate

(Gd-DTPA)

gadobenate
(Gd-BOPTA)

gadodiamide

(Gd-DTPA-BMA)

gadoversetamide
(Gd-DTPA-BMEA)

gadoterate
(Gd-DOTA)

gadoteridol
(Gd-HP-DO3A)

gadobutrol
(Gd-BT-DO3A)

gadoxetate
(Gd-EOB-DTPA)

gadofosveset
(Gd-DTPA-DCHP)

(MS-325)

linear
ionic

linear
jonic

linear
nonionic

linear
nonionic

macrocyclic
ionic
macrocyclic
nonionic

macrocyclic
nonionic

linear
ionic

linear
jonic

Oldest agent (FDA approved 1988) with historically largest world-wide
market share and clinical experience; below average relaxivity;
probable T risk NSF

Highest relaxivity of all extracellular gadolinium agents due to transient
protein binding; 3-5% hepatocyte uptake; competitive inhibitor for
cMOAT drugs (tamoxifen, methotrexate, cisplatin); QT prolongation

Low thermodynamic stability; disproportionately “*risk NSF; may
interfere with serum Ca** measurements

Low thermodynamic stability; probable 1 risk NSF; may interfere with
measurements of serum Ca, Fe, Cu, and Zn

One of oldest agents with largest market share in Europe; most recent
entry (2013} into US market

Lowest osmolality and viscosity of all agents; below average relaxivity

Highest viscosity due to 1.0M formulation (all others 0.5M); above
average relaxivity; marketed as Gadovist® outside the US

Designed for liver imaging; ~50% uptake by hepatocytes after initial
extracellular phase; joint renal & biliary excretion; very high relaxivity
due to size and transient protein binding; may interfere with serum Fe
measurements; QT prolongation

Highest relaxivity of any agent due to reversible albumin binding;
intended for MRA; steady-state blood pool imaging 20 min — 4 hrs after
injection; long elimination half-life (16+ hrs); QT prolongation

ttp://mri-q.com/so-many-gd-agents.htm



Brand Name Osmolality | Viscosity | Stability | T1 Relaxivity | Elimination
(mOsm/kg) (cP) (log K.,) (L/mmol-s) Half-Life (hr) | (mmol/kg)

Magnevist®
MultiHance®
Omniscan™
Optimark™
Dotarem®
ProHance®
Gadavist®
Eovist®

Ablavar®

http://mri-g.com/so-many-gd-agents.html



MRI Contrast Agent

« Paramagnetic agents (with unpaired electrons), e.g. Gd-DTPA

— Gd has 7 unpaired electrons, fluctuating around metal and creating dipole-
dipole effects — to promote T1 relaxation

« Gadolinium shortens both T1 and T2 =8, (1- ¢ TR/Tl) " TEIT2

— T1-shortening effect is dominant
— T2-shortening effect is observed around where high concentrations exist

o UTleq= UTli, + 1/T1

tissue contrast
T1-weighted spin-echo images (a) before and (b) after

Signal 4 T1-shortening administration of gadolinium-chelate contrast agent
Intensity effect

T2*-shortening
effect

| » [Gd]
0 0.5 2 mmol/kg

- Moseley, 2005; Brown and Semelka, 2003



Gadolinium

« Shortening of both T1 and T2 tissue
relaxation time

» Extracellular gadolinium-containing
contrast agents

« With ability to visualize vascular perfusion
— To detect and characterize focal liver lesions



Liver specific contrast media

* Iron oxide-based * Manganese-based or

— Specific for RES Gadolinium-based
(ReticuloEndothelial System): — Specific for Hepatocytes
Kupffer cells in liver — Signal rise in TIWI

— Superparamagnetic iron « Manganese-based: Mn-
oxides (SPIO) DPDP (Teslascan®)

— Signal loss in T2WI * Gadolinium-based: Gd-

« ferumoxides (Endorem®) BOPTA (Multihance®), Gd-

» ferucarbotran (Resovist®) EOB-DTPA (Primovist®)

T2WI T1WI

61



Primovist -enhanced MRI

Dynamic Vascular Phase + Hepatocyte-specific Late Phase

Dynamic perfusion information
comparable to extracellular Gd-
containing contrast media (ECCM)

lesion characterization T

Highly hepatocyte-specific phase in
T1W imaging: improved signal-to-
noise ratio and contrast-to-noise ratio

lesion detection

lesion characterization (specific
enhancement pattern)

Information on vasculature and
tumor/vascular — relationship

pre-operative planning T




Primovist® — Gd-EOB-DTPA —
Product Features

* Gadoxetic acid disodium salt,
Gadoxate disodium, Gd-EOB-

DTPA, Primovist, Eovist | .\m -
* Gd: paramagnetic component
* EOB: lipophilic Ethyl-Oxy- -
Benzyl
— Biliary excretion N>~ 4
— High protein binding: ~10% e },_;\_(\L o ;
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Biograph mMR

e Simultaneous acquisition of MR
and PET

* Fully integrated PET detector
architecture

e Largest PET FOV in the industry
* Powerful 3T MRI

* Faster exams through
simultaneous acquisition




Role of MR PET imaging in breast cancer

-—*“




Medicine 93(22):e115
Expert Rev. Anticancer Ther. 14(6), (2014)
European Journal of Radiology 83 (2014) 1381-1386



Protocol

400 + 56 MBq

18F-FDG Total time: 64.6 min

injection Gd injection

AC for breast (DIXON) AC for WB (DIXON)
Ax T2 TSE fs Cor VIBE fs
Ax T1 TSE Ax VIBE fx
Ax DWI/ADC (b0, 50, 600, 1000) Cor STIR
+/- MRS Ax HASTE fs
AC for brain
Ax FLAIR, VIBE for brain

1 bed 4 bed
8min 3min/bed

Position Prone Supine




\\—&I\\\\_é .
T1 large FOV T2 FSEFS
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Spectroscopy ‘




T2-weighted images MR Morphology

Probably benign Benign

Irregular, spiculated,
Linear/ductal, rim
enhancement

Morris EA, Liberman L. Breast MRI 2005, p77



Multi-parametric imaging

DCE MRI
— Ktrans,kep, ve, vp
— |AUC

Diffusion weighted (DW) MRI

— Water restriction
— ADC
— IVIM (intravoxel incoherent motion)

Metabolism
PET (FDG18 or other tracers)



early . )
postcontrast |ntermed|ate and |ate

h ) postcontrast phase . . .
B - Time signal curve in DCE MRI
la Ib

7 Fibrocystic change vs. Breast cancer

= I |

‘o Right normal

7] Il

((034Y I F )
"o
Time i
90%
s T R SO, Curve types
Otype |

w0 S SR B S i -
GOOA)___,. .................................................... type “I v
0, S [ (! (N S ————— ;
40% -4 b e ‘
30%_.... ........................................................
20% ----]  Fereeeeeeeeeeeeeiiiii] e
10% - 300
Oo/o 300 Pt

N/PFC benign solid malignant

Kuhl, C. K. et al. Radiology 1999;211:101-110



Two-compartment model

. K trans

C, (U — Kn‘ans J‘( ) Cp (D e Ve

(t=1)

d(T)+v,C (1)

Capillary

Contrast Agent

Cell

Intracellular
Space

Extravascular
extracellular
Space

trans Tumor
extravascular-extracellular
Kep space (EES)

Fig 1. A generalized tracer kinetic model applied to dynamic gadolinium-
enhanced magnetic resonance imaging (MRI) is used to estimate three physio-
logic parameters: (a) volume transfer constant (K'@"%) between the blood plasma
and EES, (b) volume of EES per unit volume of tissue (v.), and (c) flux rate
constant between the EES and plasma, kap (ke = K™"%g).

Jackson A et al. Clin Cancer Res 2007;13:3449
Tofts PS. ] Magn Reson Imaging 1999;10:223.
Hylton N. J Clin Oncol 2006; 24: 3293

A o e i e e
- I
[ ™

Ktran \Jjolume transfer constant ~ min™
S between plasma and EES

k., Rate constant between EES min~

and plasma
C, Tracer concentration in mmol/L
arterial blood plasma

C(t) Concentration of contrast mmol/L
agent at time t in each voxel

V.,  Volume of EES per unit None
volume tissue
V, Blood plasma volume None

Contrast agent/ dynamic T1-weighted imaging



Conventional Curve Analysis

Signal Intensity

Time-intensity curve

Wash-in slope

_____ ___ Peak enhancement
\\ Signal intensity curve
IAUC,,
Wash-out slope
O\

Time

1. Maximum peak enhancement
2. First transit slope(wash-in
slope)

Represent the mean velocity of
increased intensity per second from
contrast agent entry time to early

peak.

3. Washout phase (wash-out
slope)

Assess the changes in intensity per
second after the early peak.

4. Initial area under curve
(IAUC,,): First 60s integral of the
contrast-enhancement time curve.

AUC: a mixed parameter, correlating with Ktrans, yOne of the indices of tissue perfusion.
and v,, and ultimately has an intractable relationshiplean enhancement
with all three. Not significantly affected by AIF




Vascular map from DCE MRI

A— - automatic .

Before chemotherapy After chemotherapy
Breast segmentation Comblned.vessel features and tumgr size can provide
: . . . the best diagnostic performance with accuracy,
Line filter: Hessian matrix g e .
T sensitivity and specificity improved to 83.87%
Vessel skeleton after thinning (26/31), 88.24% (15/ 17), and 78.57% (11/14)
Vascular feature extraction

Courtesy from Professor Ruey-Feng Chang, NTU




Tissue cellularity vs. ADC (water mobility)

Free diffusion

g
5

Restricted diffusion

N
o

b~
3

Diffusion distance

®éi®@

106 ms 900 ms
Sqrt (Diffusion fime)

.

v

S =S,

o
b=7292(A—§)

S.: Reference signal; S: Diffusion signal

b: b value

D: Apparent Diffusion coefficient

g: diffusion gradient; o: diffusion duration

A: diffusion time

Cellular Pure
[ Dense Water

Necrosis

Distribution

Microscopic /

Distribution

Cellular
Necrosis . ‘
_— 0
0 1 2 3
Effective . Therapy
s
Solid / Cellular Z
Tumor E
(=]
0 T —y— T T
0 1 2 3

Water Mobility or "ADC"

Ross BD, et al. Mol Cancer Ther 2003;2:581-587



ADC change during treatment

B ADC map B ADC value
a) Control Treatment b)
1100
pre 1000
= 900 | //
NE B—
E 800 |
S
&
< 700 |
POSt IW 600 | =+—Treatment
-=—ontrol
500
pre wl w2
(x109
*Method: DW EPl  <Segment: 4
*TR: 3000ms B value: 1924.53 s/mm?
Post 2 *TE: 29.5ms *Average: 5
ost 2w *FOV: 4 X 4 cm

*MTX: 128 X128
*TA: 4mins




PET

e SUV (standard uptake value)

__tissueactivity concentration(M Bg/mL) y 1

SUV =— : 18
injected dose(M Bq)/ body weight(g) decay factor of ~F

e MTV (metabolic tumor volume)

* TLG (Total lesion glycolysis)
TLG =SUV gon X VOI per



* DWI-PET registration to T1 VIBE

— spatial distortion in DWI and small shifts in
patient position over the scan (mean 5.6mm
for DWI, 3.7mm for PET)

mn
mm

Two-dimensional

Volumes co- (joint) histograms
: registered using ADC, IVIM, and created between
Index lesion . rigid body co-registered SUV SUV and IVIM
contoured over its translation (MIM) maps created parameters (IGOR
volume on T1 post and resampled to (IGOR Pro) Pro)

(MIM) Ta resolution




* Emerging MRI techniques

— DCE pharmacokinetic model- Ktans, k Vv

ep’ Ve 7 7P
— Voxel-based parametric map analysis

— Texture analysis

e New PET biomarkers

— Receptor expression for metastatic
heterogeneity- ER, PR, Her2

— Cell proliferation for treatment response- FLT
— Anti-angiogenesis- [18F]galacto-RGD



MMG, Echo

Breast Ec|




Before NAC

Tra=Cor -5
»Sag -1
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Glycolysis changes in PET

Bifter 1st NAC
SE—

Regions SUVpax  SUViean MTV (cm?)  TLG Regions SUVmax  SUVpean MTV (ecm3)  TLG
main T(PET_1) 33.92 11.03 100.75 1111.51 main T(PET_3) 13.8 8.41 6.79 57.10
Lymph Node(PET_1) 715 4.21 11.92 50.17 Lymph Node(PET_3)

main T(PET_2) 17.10 6.42 25.85 165.89
Lymph Noses(PET_2) 4.60 3.40 3.18 10.83




Changes in parameters of dynamic
contrast-enhanced MRI

7/30

11/30

Ktrans
611 637.905 450.165 299.177
583 423.233 748.857 78.53

477 593.688 789.08 228.334




Right axillary lymphadenopathy

DWI b=1000

ep2d_diff b50 600_1000
TR:1.444e+004

PET body coil

87



Pathology

an invasive carcinoma of no special type with marked
nuclear hyperchromasia, pleomorphism, high
nuclear-cytoplasmic ratio and brisk mitotic activity
arranged in solid pattern with marked necrosis.

LN (-)
Response to neo-adjuvant therapy: Partial response
to therapy, > 50% of tumor cellularity remains

evident, although some features of response to
therapy present



MMG, Echo




YOoN
Q

VO JL

Yolume 20.09 cm3

_ Min J Max: 0.46 SUV-bw 14 SUV-bw
Atter 1st NAC Eee S kR A R I A
Threshold: 40 %

Peak: 0.999 SUV-bw/ Size:1cm3

VO LY

Yolume 11.95 cm3
Min fMax: 417 SUV-bwM 0.4 SUV-bw
Mean/SD: 6.10 SUV-bwi 42 SUV-bw
Threshold: 40 %

Peak: §.509 SV -bwi Size:1cm3

TLG

Regions SUV,... SUV.... MTV(cm3) TLG
main T(PET 1) 10.4 6.10 11.95 72.90

SUV,,, SUV.... MTV(cm?)
main T(PET 3) - -

Regions

main T(PET 2)

1.14 0.72 20.09 14.46



Date Ktrans kep iAUC rve rvp
6/16 194.737 436.149 378.02 514.171 93.231

7/27 90.907 162.707 157.984 537.009 38.078
12/10 50.255 165.584 131.478 351.024 32.102




2016/01/15 modified radical
mastectomy

small residual foci of carcinoma in the lymphatics as
emboli. No other residual tumor is noted in the
breast parenchyma. Post-treatment effect is
evident. The section margins are free.

The level | axillary tissue shows micrometastatic
carcinoma in two lymph nodes, and a small focus of
metastatic carcinoma in the soft tissue. Level I
axillary tissue is not involved.



Thank you for your attention!
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