ALMA MATER STUDIORUM - UNIVERSITY DI BOLOGNA
DEPARTMENT OF MATHEMATICS

ModelFreeFFC and MUPen2D Software
Tools

Giovanni Vito Spinelli
Department of Mathematics, University of Bologna

giovanni.spinelli4@unibo.it

21,/04/2023

MopeLFREEFFC AND MUPEN2D SorFTwARE TooLs - GIOVANNI VITO SPINELLI



ModelFreeFFC

MobpeLFrReeFFC - GIOVANNI VITO SPINELLI g



Fast Field Cycling (FFC) NMR Technique

Fast Field Cycling Nuclear Magnetic Resonance (FFC — NMR) is a non-destructive low-field
magnetic resonance technique that allows to revealing information about molecular dynamics,

and it measures the spin-lattice relaxation rate, R; = %1, as a function of NMR frequency, v

(w = 2mv), over the kHz to MHz range.

This technique consists in rapidly changing the strength varying the intensity of the applied
polarizing magnetic field, Bg, causing the alteration of proton resonant frequency, and the
measurement of Rj as a function of Larmor angular frequency.

2

u., ‘.‘ ‘n '
10 10 10 10
v (MHz)

Relaxation rates can be represented as linear combinations of spectral density functions of the
motion modulating the interactions.
However, complex spin dynamical interactions may occur such as the Quadrupole Relaxation
Enhancement (QRE) due to their intramolecular magnetic dipolar coupling with quadrupole
nuclei of arbitrary spins S > 1.
The presence of QRE is represented by local peaks of the R; profiles due to resonant
phenomena, and its positions are strongly dependent on the physical and chemical nature of
the sample.
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FFC Mathematical Problem

Ri(w) = Ro + REH (w) + RV H (w) (1)

0 Rj(w) is the acquired longitudinal relaxation rate.

1DAKruk, et Al., Dynamics of solid proteins by means of nuclear magnetic resonance
relazometry, Biomolecules, 9 (11), 2019
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FFC Mathematical Problem

Ri(w) = Ro + REH (w) + RV H (w) (1)

0 Rj(w) is the acquired longitudinal relaxation rate.

0 R > 0 is a constant offset that takes into account very fast correlation times.

1DAKruk, et Al., Dynamics of solid proteins by means of nuclear magnetic resonance
relazometry, Biomolecules, 9 (11), 2019
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FFC Mathematical Problem

Ri(w) = Ro + REH (w) + RV H (w) (1)

0 Rj(w) is the acquired longitudinal relaxation rate.
0 R > 0 is a constant offset that takes into account very fast correlation times.
O RMH(w) describes the longitudinal ' H —! H relaxation rate.
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1DAKruk, et Al., Dynamics of solid proteins by means of nuclear magnetic resonance
relazometry, Biomolecules, 9 (11), 2019
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FFC Mathematical Problem

Ry(w) = Ro + R (w) + RN (w) (1)

R (w) is the acquired longitudinal relaxation rate.

oo

Rp > 0 is a constant offset that takes into account very fast correlation times.
O RMH(w) describes the longitudinal ' H —! H relaxation rate.
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1DAKruk, et Al., Dynamics of solid proteins by means of nuclear magnetic resonance
relazometry, Biomolecules, 9 (11), 2019
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Discrete Problem

y = Ro+ Fi(f) + F2(¢) (4)

where

[0 w € R™ represents the vector of the m Larmor angular velocity at which the NMRD
profile is evaluated (w = 27v, v is in MHz).

[0 y € R™ represents the observation vector: y; = Ry(w;), i =1,...,m.
O Fi(f) : R™ — R™ is linear and is obtained by discretizing RHH,
T 47

Fi(f) = Kf, K;;= + i=1,...,mandj=1,...,n

(1 T (wi‘l'j)2) (1 +4 (wirj)Q) '

Linear system of dimension m X n (usually n > m). 7; are logarithmic uniformly
distributed in the range [107% — 10'] us.
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O Fa(y): RS — R™ is obtained by discretizing the quadrupolar component RNH,

(Fa); =w1 (3 +w2(l—ws), L4vavs, LH+(-v2) )

P4 n Pa
L (wi —95)29F 1+ (w; +95)297
4 i Pa
1T+ (wi —6)293 1+ (wi +v6)293
P4 Pa

+
14 (wy — (Y6 — ¥5))292 14 (w; + (Y6 — ¥5))22

P = cNH represents the gyromagnetic ratios and the average interaction
distance of the nuclei.

o = sin? (©) and y3 = cos? (®) with © and ® the two angles accounting for the
orientation of the ' H —14 N dipole-dipole axis with rcsfcct to the principal axis
system of the electric field gradient at the position of 14N,

Y4 = T represents the correlation time for the *H 4N quadrupolar
interaction.

Y5 = w_ and g = w4 are the relevant characteristic angular frequencies.
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Parameter Identification Problem

The parameter identification problem can be formulated as a Lj-Regularized non-linear least
squares problem

ly = (F1(F) + Fa() + Ro)lI3 + Allfllx

min
i, Ro
s.t. f>o, (5)
P € By,
Rp >0

where the set B, fixes the box constraints on :
By = {¢ : ¥1 € [Cp, Cul; P2,%3 € [0,1]; ¥y € 10, Tn]; ¥s5, %6 € [we, wul}

and A > 0 is the regularization parameter.
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Problem Reformulation

By introducing two auxiliary variables

z1 = (f,Ro) and a2 =1

the problem can be reformulated as

Jnin ly = Kewi — Fa@2)[3 + Alealls +nll=: 13
s.t. x € X1, (6)
xo € Xo
where
0 X1==21 >0
0 X9 =8By

0 K, =[K 1] € R™X*(n+1)

The last term in the minimum problem, n||a1 ||g has been introduced to ensure that
I{glf{e + nI is a positive definite matrix2.

27] = 1010, Details and proofs in G. Landi, G.V. Spinelli, F. Zama, D.C. Martino, P.
Conte, P.Lo Meo, and V. Bortolotti, An Automatic L1-based regularization method for the
analysis of FFC dispersion profiles with quadrupolar peaks, Applied Mathematics and
Computation, 2023.
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Computational Framework

Algorithm
Set k=0, n = 10710, and choose a starting guess A
Repeat

1. Determine (mgk), mgk)) by solving

o 2 2
arg  min |ly — Kexy — Fa(x2)llz + Allzills + nllzallz
1 € X1, (7)
@3 € X2

with the constrained two-blocks non-linear Gauss Seidel (GS) method®.

2. Update the regularization parameter A(k+1) using the balancing principleb7 such that

)\(k+1) _ Hy_Kezgk) _~7:2(mgk))‘|§
= ® (©)]
le3™ {12

3. Compute k =k +1
Until [A(F=1) — x(F)| < To1 A(F)

L. Grippo, M. Sciandrone, On the convergence of the block non-linear Gauss-Seidel
method under convex constraints. Operations research letters, 26(3), 2000

bK. Ito, B. Jin, and T. Takeuchi, A Regularization Parameter for Nonsmooth Tikhonov
Regularization, SIAM Journal on Scientific Computing, vol. 33, no.3, 2011.
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Gauss-Seidel Method

The constrained two-blocks non-linear Gauss-Seidel (GS) method is used for the solution of the
L-regularized non-linear least squares problem (7).

2-Blocks GS method
1

g 9 0 0
Set 5 = 0 and choose a starting guess (mg >, :z:é ))
for 5 =0,1,... do
3. Set m(1j+1) € arg mg; f(z,wéj)) Truncated Newton interior-point method
zeX
4. Set z(2j+1) € arg min f(zgj-'-l)7 z) Newton Projection method
zEXo

5. Set aUtD) = (2U+D) g+

6. end for

‘f(mngrl)’méjJrl))ff(mgj) ,mgﬂ)‘
f(mngrl)ymngrl))

Stopping criteria: < Tol or j > Kmax
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Gauss-Seidel Method

The constrained two-blocks non-linear Gauss-Seidel (GS) method is used for the solution of the
L-regularized non-linear least squares problem (7).

2-Blocks GS method
1

g 9 0 0
Set 5 = 0 and choose a starting guess (mg ),:z:g ))
for 5 =0,1,... do
3. Set m(1j+1) € arg mgx f(z,w;j)) Truncated Newton interior-point method
zeX
4. Set z(2j+1) € arg min f(zgj-'-l)7 z) Newton Projection method
zEXo

5. Set aUtD) = (2U+D) g+

6. end for

‘f(mngrl) Yméﬁl))ff(ng) ,mgﬂ)‘
f(mngrl),mngrl))

Stopping criteria: < Tol or j > Kmax

Mathematical properties

[0 The Lq-regularized non-linear least squares problem has solutions.

[0 The GS method is well defined, i.e., each sub-problem has solutions.

0 The sequence (wgk) 9 wgk)) generated by the GS method converges to critical points.

Details and proofs in F. Zama et Al. An Automatic L1-based regularization method for the
analysis of FFC dispersion profiles with quadrupolar peaks, 2022.
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ModelFroe

INPUTS

OUTPUTS

[8 User Guide J© License ]

Imported data
Experiment
Data lename:

Gurrent data sizo

R, (ms")

Erase data points.

Select data folder
&
Import data

Modelreo

Parmigano xsx

1 (i)

Intal Pois o

End Points °

Eraso & Rodraw data

Inversion Parameters

Most Adjusted _Less Adjstod
Inversion size Eins 100
inversion limits t
o] 10004 Tmax| 10801

Flags
Ofisst Off @ On Verbose Of @ On
Debug Off (3 On  MC Analysis

Quadrupolar o @) on

Distrbuton Computed Data

tomp

© oms
—— odeiFree

)
@ Save all plots

3https ://site.unibo.it/softwaredicam/en/modelfree
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https://site.unibo.it/softwaredicam/en/modelfree

Data Folder

eoce FileFlag.par
Flags for experinent ModelFree
%
FL_typeKernel
FilePar. par

Tnversion Paraneters for experinent HodelFree

w(Linear LiLs paraneters]

tol 0e-02
0e+03
0e-05
0e-01

par. U1s. duality
par. 1ls. lanbda
MlousdruPolar LiLs parameters]

par.0P. lanbdad
par.0P.rel_tol

v
par. Q. Lewark

’.[Sc\ver paraneters)
r.Sol:

pa Stver

o

% [File Data]

edata NanoSpugna_secca.xlsx
% [Tnversion Points]

nbin
% [Inversion Time linits)
Tinin

Timax

%
END

MobpeLFREeFFC

FileSetinput.par
Filenanes e paraneters for inversion ModelFree

Data

A 8 ©
35 70795 003349
! 30 8157 004409
; 2 96784 005154
| 20 11953 008924
i 17 13412 008856
i 15 15138 015934
. I 1 16439 016977
: 13 17.085 022678
) 2 18808 0.28652
0 1 19837 032355
1 10 21085 021049
2 9 20277 046435
3 8 26894 0.40882
4 7 31158 051615
5 6 34657 056455
6 s 41762 051384

7 4 56 05
8 34 75713 047828
9. 33 93.86 094234
0o 32 103.91 09007
131 10929 081266
2 310 10714 091925
3 305 10097 069793
4 30 93648 073492
5 29 88166 077939
6 28 94887 096211
70 27 10165 07832
8 26 10108 076389
9 255 10377 076851
0 250 10485 083886
1 24 10344 081158
2 240 10019 093085
3 235 96555 0.80397
4 063763
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NMRD profile with m = 48 values . Fd, 3
with confidence intervals ranging i i i
from +0.35% to 3.07% of the value. '°° ' 1 ¥
Quadrupolar peaks at frequencies " i % ] % { - !
(v— = 2.1 MHz, Ry = 32.2ms™ 1), <. < : L VA i
and (v4 = 2.8 MHz, © ME ! AL
R (jao 7ms~1) ® Nl af! : Y

L+ =00 ' . L : LN

e w - = o e T
Initialization

By = {9 : ¥1 € [Cp, Cul; ¥2,v3 € [0,1]; g € [14, Tul; 5, %6 € [we, wul}-
Cp =0, Cu=10%, 7,=0, 74 =10%, wp~ 1.8(27), wy ~ 3.2(27).

20 = (1@ =1, RV = 1).

A0 = 1975,

2

2 h

o = {0t = (1) 0o [5] <o) <0
T ’I'NH S

B8 = wp + 025wy — wel, $§ = wy — 0.25]wy, — w@\}A

4Data from P. Conte et Al., Heuristic algorithm for the analysis of fast field cycling
(FFC) NMR dispersion curves. Analytical Chemistry, 93 (24), 2021.
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Results

¥ Data 1
400 —— Model Free
4

350 -

8 2 8
8 g 8

Distribution Intensity (a.u.)
o
g

10 10 102 10" 10° 10' 16 18 2 22 24 26 28 3 32 34 36
v (MHz)
7, (8) (MHz)

x2 =7.889-10"2
Computed parameters:

Ro =3.23, ¢V =566, 7o =1.02

© =125 &®=0.86, v_ =2.1MHz, vy = 2.8MHz
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Statistical Analysis

Model FreeRes. Hist and Normal ft

We apply the proposed method using 500 datasets
obtained as 5

Yy =y+4
where & is a vector extracted with a random uniform
distribution from the confidence intervals of the data.

—origial
—Mean
Random

BPNIGSL

Distribution Intensity (a.u1.)
] ]

2
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2D NMR Relaxation

2D NMR relaxation data acquired using a conventional Inversion-Recovery
(IR) experiment detected by a Carr-Purcell-Meiboom-Gill (IR-CPMG)?
pulse train:

S(tl,tz) = // k1(t1,Tl)kz(tz,Tz)F(Tl,Tz) dTy dTs + e(tl,tz) (9)
0

® S acquired data, at evolution times: t; in IR and t3 in CPMG.
o ki(t1,Ty) =1 —2e(~t1/T1) and ko(ta, Tp) = e(—12/T2)

e F(Typ,T2) is the unknown distribution of longitudinal (77 )and transverse (T2)
relaxation times.

e F(T1,T2) > ¢ where £ € R.

e e(t1,ty) represents additive noise, commonly modelled by a Gaussian distribution.

5B. Blumich. Essential NMR. Springer-Verlag, 2005.
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Multipenalty Regularization®

N—-1
. 2 2
min § [KE = sl|3 + >0 Ai(LOT + alf) (10)
i=1
L Discrete Laplacian Matrix
Ai >20,i=1,...,N — 1, locally adaptive Lga-regularization parameters

a > 0, Lj-regularization parameter.

For fixed values A; and «, problem (10) can be written as:

min {T1(f) + w2(f)}

E

where wa(6) = | (5, ) £ (3) Hz Wa(f) = allflls, A = diag(r)

Efficient Algorithm: FISTA

Gy, Bortolotti, G. Landi, and F. Zama. 2DNMR data inversion using locally adapted
multi-penalty regularization. Computational Geosciences, (25): 1215-1228, 2021.
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Approximate Regularization Parameters

2
a(”) — 67" (11)
2[ £ 1y
2
N 5n _ . (12)
2N (o + P (9 (7)) + 5P (£00)7)
where
o f(™) approximate solution, 8, = HKf(") —s]|2

e (o~ 107°: threshold coefficient. Bp = Be = 1 weights.

e 7P(-) is the maximum filter of size 3 X 3
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MUPen2D Software’

T m—

OUTPUTS
o= G
& Most Adjusted _Less Adjusted _ Unused oo i
Import data
Imported data I B o4] Cow| o4 Nirmoer of nvarsion charle, haracnia 64, verieal 64
Experment: ) 2080002
20 data flename: datazD,dat | [Jinversion limits  MANUAL CIHD AUTO e on oo™ o asein .
X-timeaxis fianame: Tau_AxisX.dat i 1.00000]  xmaxi 3.00e08 T ————
Y-timeaxis lename: Tou_Axis.dat i 100000]  Ymaxi 3.00:03 20MAP  X-axis Projection  Y-axis Projection _ Singular SVD
Current data size = 20| | FOPEN
Plot single array ° ° L2 regularization L1 regularization 4771 500
betaoo | 50001 || weignt 2
10t ‘ 450
25 28976
N 400
- Flags.
. Offset Off (1 On Verbose Off @ On 7 25181 3s0
os Debug Off I On =
: = 300
o8 E 17388
a = e
2 5— 200
25 1.1580
a0 150
1000 20 € 9' RUN INVERSION
1500 o 05795 100
Cois 2000 fows
50
Inital Rows o i
Erase doaponis """ = o os 1 15 2 25 3
Logio(T2) [Tz in ms]
[ Erase & Redraw data @ Ssaveallplots |

7https ://site.unibo.it/softwaredicam/en/mupen2d
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Results - Grana Padano cheese

® Measurements have been performed on a Stelar SMARtracer Relaxometer at room
temperature and using an Inversion Recovery CPMG sequence with 32 IR values and
2048 CPMG. Relaxation field: 7.2 MHz.

e T1-T2 maps computed by MUpen 2D Software Tool.

34771 T T T = 2000
500

1800

- 450

28976
1600

- 40

1400
23181 e

1200
1738 ol 1000

800

Log,g(T,) [T, in ms]

1.15%
600

40
05795 - B

20

| o . .
0 05 1 15 2 25 3 2000 1500 -1000 -500 0 500
Log,,(T,) [T, inms]
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Results - 1D Distributions

3500 e e 1 4000 T T T
1000 3500
3000
2600
2500
3 2000 4
g &
2 22000
5 §
£ 1500 £
1500
1000
1000
50 0
0 . . L I . .
10° 10' 10? 10° 10f 0° 10' 10? 10° 10t
T, (ms) T, (ms)
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Download tools
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