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The Big
Picture:

HMRS is a
potential but
currently
untapped source
of clinical
diagnostic
biomarkers.

Spectral

Quantification:

What are the effects
of spectral quality
and baseline on the
precision and
accuracy of relative
metabolite
concentrations
drawn from 'H MRS
data, and how do we
minimize them?

Absolute

Quantification:

Can disease-related
differences in
metabolite /,

introduce
systematic errors
to the derivation of
absolute from
relative metabolite
concentrations, and
how do we minimize
them?

Statistical
Analysis:

Can single- or
multivariate analysis
of metabaolite
concentrations
derived from
optimized
quantification of H
MRS data alone
classify disease
states (case
application multiple
sclerosis)?

Generalization:

Can a quantification
and statistics
pipeline optimized
for classification of
multiple sclerosis
via 'H MRS-derived
metabolite
concentrations be
generalized to
identification of

PTSD and MDD?

Back to the
Big Picture:

General
conclusions and
outlook
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Noninvasive small-molecule metabolic profiling of tissue

IH MRS: POTENTIAL 2
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'ﬂ UnitedHealthcare

policy update

UnitedHealthcare West Medical Management Guideline Updates

BlueCross BlueShield
of North Carolina
An ndependent icersee of the Blue Tross and Bige Shield Association

Corporate Medical Policy

Policy

Magnetic Resonance Spectroscopy

File Name:
Origination:

Last CAP Review:
Next CAP Review:
Last Review:

magnetic_resonance_spectroscopy
12/1997

5/2020

5/2021

5/2020

Aug. 1, 2018

Magnetic Resonance Spectroscopy is considered investigational. BUBSNC does not provide
coverage for investigational services or procedures.
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« Updated non-coverage rationale:

o Replaced language indicating "[the listed service] is unproven and not medically necessary” with "[the listed
service] is unproven and/or not medically necessary”
o Replaced reference to "patients” with “individuals®
» Updated supporting information to reflect the most current clinical evidence, FDA information, and references

vaetna

Aetna considers magnetic resonance spectroscopy (MRS) (also known as NMR
spectroscopy) experimental and investigational for all other indications, including the
following (not an all-inclusive list) because there is a lack of evidence of its efficacy in
the medical literature.

Adrenoleukodystrophy

Breast cancer

Cerebrovascular diseases/disorders/injuries

Dementia and movement disorders (e.g., Alzheimer's disease, dementia with Lewy
bodies, frontotemporal dementia, Huntington disease, motor neuron disease,
normal-pressure hydrocephalus, Parkinson disease/Parkinsonian syndromes,
vascular dementia)

Dermatomyositis

Detection and quantification of hepatic steatosis in living liver donors

Detection of esophageal squamous cell carcinoma

Differentiatiation of primary central nervous system lymphoma (PCNSL) from other
focal brain lesions

Epilepsy (including juvenile myoclonic epilepsy, and temporal lobe epilepsy)
Evaluation of migraine pathophysiology and identification of biomarkers in
migraine

Head trauma

Low back pain

Lyme neuroborreliosis

Metabolic and mitochondrial diseases

Monitoring hepatocellular carcinoma and liver cirrhosis development
Mucopolysaccharidosis

Multiple sclerosis

Polymyositis

= Prognosis of consciousness recovery in individuals with vegetative state

= Prostate cancer

Psychiatric disorders (e.g., attention-deficit/hyperactivity disorder, autism spectrum
disorders, bipolar disorder, depression, emotional dysregulation, obsessive-
compulsive disorder, and schizophrenia)

Radiation encephalopathy

Sport-related concussion

= Substance use disorders

= Traumatic brain injury

Policy

Aetna considers magnetic resonance spectroscopy (MRS) (also known as NMR
spectroscopy) medically necessary for the following indications:

Assessing prognosis in hypoxic ischemic encephalopathy

Distinguishing low grade from high grade gliomas

Evaluate a brain lesion of indeterminate nature when the MRS findings will be used
to determine whether biopsy/resection can be safely postponed

Distinguishing recurrent brain tumor from radiation-induced tumor necrosis.
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Swanberg, Landheer, Pitt, and Juchem. Frontiers in Neurology 10 (2019): 1173.

Classification of multiple sclerosis by single "H-MRS-visible metabolites lacks diagnostically useful sensitivity and especially specificity.
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Classification of multiple sclerosis by single "H-MRS-visible metabolites lacks diagnostically useful sensitivity and especially specificity.
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Classification of multiple sclerosis by single "H-MRS-visible metabolites lacks diagnostically useful sensitivity and especially specificity.
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Net magnetization vector along z from nuclear
spin polarization at thermal equilibrium and
precession about z at Larmor frequency

IH MRS: DATA HANDLING

Excitation in z and phasing in xy of
spins by radiofrequency pulse
application

Precession about z on xy
plane detected by
radiofrequency receive coils

'H-MRS signals represent radiofrequency field-induced changes in receive coil voltage, not metabolite concentration or proton density.
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Analog preprocessing

Digital preprocessing

IH MRS: DATA HANDLING

S, = metabolite basis function lineshape coefficients
v = frequency domain value

®,, = zero-, first-order phase
Ny, = number of metabolites
C, = Metabolite concentrations v = line broadening parameter
Ng = number of baseline splines € = frequency shift parameter
B = baseline spline Np Ny N,
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Absolute quantification

I‘L = (1 — F{fﬁ‘i«‘)_l Nhsw

S,, = water signal scaling coefficient

2 = number of protons in water molecule

N,, = number of protons per molecule of metabolite to be quantified
M,, = molarity of pure water

8, = molarity of water as a fraction of pure water in either grey matter (M), white matter (WM), or CSF

F;= voxel fraction occupied by grey matter (GM), white matter (WM), or CSF

T,wi =T, of water in grey matter (GM), white matter (WM), or CSF
T,wi = T; of water in grey matter (GM), white matter (WM), or CSF

Iwi
T,, =T, of metabolite
T,, =T, of metabolite
T = echo time of sequence
T, = repetition time of sequence

-Tg
()
2Mw2i:GM_WM,(:5F(Fiﬁi)] [SOMWMCSE |7

—TE —Tr
esz (1 — eTlm

N——"

Metabolite
concentrations

(mM)

Metabolite concentrations by tissue
Intracellular vs. extracellular metabolite concentration
Intracellular metabolite concentrations within cell types of interest
Biological functions of metabolite with respect to cell types of interest
...And more

[

Bialogical interpretation

\



Chapter Il

Spectral Quantification: What are the effects of
spectral quality and baseline on the precision and
accuracy of relative metabolite concentrations drawn
from "H MRS data, and how do we minimize them?

Digital preprocessing

Analog preprocessing
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®,, = zero-, first-order phase
Ny, = number of metabolites

C, = Metabolite concentrations
Ng = number of baseline splines

B = baseline spline
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OVERVIEW

S, = metabolite basis function lineshape coefficients
v = frequency domain value

y = line broadening parameter

€ = frequency shift parameter
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®,, = zero-, first-order phase S, = metabolite basis function lineshape coefficients
Ny, = number of metabolites v = frequency domain value

C, = Metabolite concentrations v = line broadening parameter

Ng = number of baseline splines € = frequency shift parameter

B = baseline spline Np Ny N,
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S,, = water signal scaling coefficient
2 = number of protons in water molecule
Nh = number of protons per molecule of metabolite to be quantified
M,, = molarity of pure water
Chapter U] 8, = molarity of water as a fraction of pure water in either grey matter (M), white matter (WM), or CSF
F.= voxel fraction occupied by grey matter (GM), white matter (WM), or CSF

i

Absolute Quantification: Can disease-related differences in Toui = T, of water in grey matter (GM), white matter (WM), or CSF
wi = T, of water in grey matter (GM), white matter (WM), or CSF

metabolite T, introduce systematic errors to the derivation of absolute Ay NI
from relative metabolite concentrations, and how do we minimize them? | Ti. =T, of metabolite

T = echo time of sequence
Tp = repetition time of sequence

!
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Chapter IV

®,, = zero-, first-order phase S, = metabolite basis function lineshape coefficients
Ny = number of metabolites v = frequency domain value Statistical Analysis: Can single- or multivariate analysis of metabolite
C, = Metabolite concentrations v = line broadening parameter g . f f ificati f1 S
N, = number of baseline splines & = frequency shift parameter concentrations derived from optimized quantification of TH MRS data
B = baseline spline Ny Ny N, alone classify disease states (case application multiple sclerosis)?
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Metabolite concentrations by tissue
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S,, = water signal scaling coefficient

2 = number of protons in water molecule

Nh = number of protons per molecule of metabolite to be quantified

M,, = molarity of pure water

8, = molarity of water as a fraction of pure water in either grey matter (M), white matter (WM), or CSF
F.=voxel fraction occupied by grey matter (GM), white matter (WM), or CSF

i

T,wi =T, of water in grey matter (GM), white matter (WM), or CSF
T,wi = T; of water in grey matter (GM), white matter (WM), or CSF
T, = T, of metabolite

T.m = T, of metabolite

Te = echo time of sequence

T, = repetition time of sequence
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®,, = zero-, first-order phase S, = metabolite basis function lineshape coefficients
Ny, = number of metabolites v = frequency domain value

C, = Metabolite concentrations v = line broadening parameter

Ng = number of baseline splines € = frequency shift parameter
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NnSw Tl (1 Tk metabolite concentrations be generalized to
S,, = water signal scaling coefficient identification of PTSD and MDD?

2 = number of protons in water molecule

Nh = number of protons per molecule of metabolite to be quantified

M,, = molarity of pure water

8, = molarity of water as a fraction of pure water in either grey matter (M), white matter (WM), or CSF
F;= voxel fraction occupied by grey matter (GM), white matter (WM), or CSF
T,wi =T, of water in grey matter (GM), white matter (WM), or CSF

T,wi = T; of water in grey matter (GM), white matter (WM), or CSF

T, = T, of metabolite

T.m = T, of metabolite

Te = echo time of sequence

T, = repetition time of sequence

N——"
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The Big
Picture:

HMRS is a
potential but
currently
untapped source
of clinical
diagnostic
biomarkers.

Spectral

Quantification:

What are the effects
of spectral quality
and baseline on the
precision and
accuracy of relative
metabolite
concentrations
drawn from 'H MRS
data, and how do we
minimize them?

Absaolute

Quantification:

Can disease-related
differences in
metabolite /,

introduce
systematic errors
to the derivation of
absolute from
relative metabolite
concentrations, and
how do we minimize
them?

Statistical
Analysis:

Can single- or
multivariate analysis
of metabaolite
concentrations
derived from
optimized
quantification of H
MRS data alone
classify disease
states (case
application multiple
sclerosis)?

Generalization:

Can a quantification
and statistics
pipeline optimized
for classification of
multiple sclerosis
via 'H MRS-derived
metabolite
concentrations be
generalized to
identification of

PTSD and MDD?

Back to the
Big Picture:

General
conclusions and
outlook



Chapter Il

Spectral Quantification: What are the effects of
spectral quality and baseline on the precision and
accuracy of relative metabolite concentrations drawn
from "H MRS data, and how do we minimize them?

Digital preprocessing

Analog preprocessing
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®,, = zero-, first-order phase
Ny, = number of metabolites

C, = Metabolite concentrations
Ng = number of baseline splines

B = baseline spline

—~

—real
imaginary
— magnitude

Y “’L) =¢ i(¢hy +reh) )

FFT

OVERVIEW

S, = metabolite basis function lineshape coefficients
v = frequency domain value

y = line broadening parameter

€ = frequency shift parameter

—Tg -Tr
esz (1 — eTlm)
S,, = water signal scaling coefficient
2 = number of protons in water molecule
Nh = number of protons per molecule of metabolite to be quantified
M,, = molarity of pure water
8, = molarity of water as a fraction of pure water in either grey matter (M), white matter (WM), or CSF
F;= voxel fraction occupied by grey matter (GM), white matter (WM), or CSF
T,wi =T, of water in grey matter (GM), white matter (WM), or CSF
T,wi = T; of water in grey matter (GM), white matter (WM), or CSF
T, = T, of metabolite
T.m = T, of metabolite
Te = echo time of sequence
T, = repetition time of sequence

Np Nyt N;
Z/‘)’[’B!(L;\)—F Z(y Z S”A/h(bg N.‘/;.(])
j=1 =1 n=—N,
= !'M \h nf‘|
o J M =
= JOVUIMT A a
1=] =
C= Y — " - —
= - Metabolite =
a o . —
3 S S eee— signal ©
— T 0 0 =
= - = intensities e
= =
=] (a.u.) =
a [
35 3 25 2 O A
c2a o |
Frequency (ppm) . =
AN NEVAV) AT VANS
4 35 3 25 2 15 1 Y
Frequency (ppm)]
-Tg —TR
PPN n F; eTzwi 1-— eTiwi
o L [2Mu S i—gmwmcse(FiB) Zisemmwn.csr [ l ( >(
fo = (1 = Fesr) N.S
h¥Yw

Metabolite
concentrations

(mM)

Metabolite concentrations by tissue
Intracellular vs. extracellular metabolite concentration
Intracellular metabolite concentrations within cell types of interest

” Biological functions of metabolite with respect to cell types of interest

...And more

/

\

Bialogical interpretation
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NAA
Gin

Glu

————"—"~—— GABA

base

40 35 30 25 20 15
Frequency (ppm)

Swanberg, Prinsen, Kurada, Bailey, Destefano, Pitt, Fulbright,
and Juchem. NMR in Biomedicine (2021); 34(11).
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-

Zero- and first-order
phase correction

\_

o~ - f - _ |
Y (1) = e otvdn) Z BiB;(vi) + 2 C, Z SyM;(Vk—n. 71 €1)

J=1

Baseline term

Metabolite \
scalings

‘ . Metabolite basis shapes
Ny \

=1 n=—N;

%

®, , = zero-, first-order phase
N,, = number of metabolites

C, = Metabolite concentrations

Ng = number of spline knots
B = baseline spline
B = spline coefficient

S, = metabolite basis function lineshape coefficients
N = Number of signal points

v = frequency domain value

y = line broadening parameter

€ = frequency shift parameter

m = simulated or measured basis metabolite FID

M, = metabolite basis function:

M, 71, e0) = Flmy(tye ) ]

Dy, @4, By, €, S,, ), € adjusted to minimize regularized least-squares error between model and data

Provencher, S. MRM (1993); 30.

l

Glutamate basis function before fit
y +12 Hz gen.

LCM

Glutamate basis function after fit in INSPECTOR
®,-7.6 degrees -y +12Hz gen. +0 Hz sp. - € +0 Hz
gen. +0.25 Hz sp.

2" degree polynomial baseline
Relative scaling 137 a.u.
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Characterizing and optimizing the accuracy and precision of "H MRS quantification methods is a prerequisite for standardizing them.
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OPTIMIZING 'H MRS: SPECTRAL UANTIFICATION

N =183 publications in

Peak height TH-MRS of MS (1990-2018)

j ‘LCModel

Other modeling
Other parametric (9)
Other linear combination (3)
Other semiparametric (1)

Curve fitting
Gaussian (12)
Lorentzian (6)

Voigt (3)
Peak height x width (1)
Other software
JIMRUI (17)
NMRT (2)
Gannet (1)
TARQUIN (1) . . .
Peakiit (1) Direct peak integration
VARPRO (1)
Scanner vendor-
provided software
Siemens (15)
Philips (7)
GE (4)
Bruker (2)

Swanberg, Landheer, Pitt, and Juchem. Frontiers in Neurology (2019); 1173.

Doctoral Dissertation Defense, 3 February 2022 S The Fu Foundation Schot
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Residual FWHM 15 Hz
— Spectrum Relative error: 0%
__ LCM Fit Noiseless standard
4 3.5 2.5
Frequency (ppm)
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Wi

FWHM 15 Hz. SNR 18

Residual Relative error: -1.5%
Spectrum | Noise seed 4
— LCMFit

4 35 3 25 2
Frequency (ppm)
A A

. FWHM (5 Hz, SNR I8
Residual Relative error: +0.1%

__ Spectrum Noise seed 2!

_ LCMFit ‘

3 25 2
Frequency (ppm)

Resonance

Starting SNR 10

3.03 ppm singlet
3.01 ppm GABA “CH,

FWHM (Hz)

OpTIMIZING 'H MRS: SPECTRAL QUANTIFICATION

ol GABA Glutathione
Lorentzian singlet JDE, 3.01 ppm “CH, JDE, 295 ppm "CH,
560

X 100 Gaussian noise seeds
+ 1 noiseless standard
(matched across SNR/FWHM
conditions)

15,000 noisy test cases
150 noiseless standards

Swanberg, Prinsen, and Juchem. Proc Intl Soc Mag Reson Med. (2019); 4237.

Spectral quantification method is an important but testable source of inaccuracy and imprecision in 'H MRS data.



[# INSPECTOR: Batch Simulation and LCM - x
Data Processing T1/T2 Synthesis MARSS LCM Batch Manual Exit »
Batch Made (@ simulation only () LCWonly () SimulationandlcM — T T T T T T T 7
Simulation Mode (@ Lorentzian only () Custom simulation =~ == == == == == == == == == = = == =
Export Roat C:Wsers\bahamiDesktop\Batch_Spectral_Quant_Validation_Toolest_exporfitest mat Select —
Protocol Template |C:\Wsers\bahami\Desktop\Batch_Spectral_Quant_Validation_TooNest_exportitest Select
Import Root C:Wsers\baham\Desktop\Batch_Spectral_Quant_Validation_Toolest_exporfitest mat Select
SimTemplate  |C-\UsersibahamiDeskiop\Bateh_Spectral_Quant_Validation_TooMest_exportitest Select

Batch Simulation Parameters

SF | 123262 Calb 465

=0 4000 P 2048
Signal Amps [500 1000 2000 5000 10000]
Signal LB [10 15 20 25 30]
Noise Amps [.01]
Noise Seeds 2
Noise Mode (@) Correlated ) Uncorrelated

*LCM functions and outputs native to INSPECTOR

 signal_ppm_3p03_sic
¥ _signal_ppm_3p03_sic
¥ custom_spectra_signal_ppm_3pD3 _sic

i ‘

Batch Simulate

-

Spectra output to

" user-defined directory

- - » SIMULATION ONLY
| |
'l !\‘J‘U’J‘ |~| n,’l‘| :
_ S \;"‘ Y \_“\\ JM'\ ‘.UN'*.J\L 1
I |
Simulated on  Otional input: | |25
demand Custom !
spectrum 1
1

Automated Protocol
Generation and
Data I/0

Batch LCM*

—

-

LCM results output to
user-defined directory

A Modilontion B Eeerple enbotim
,.‘/L'.',‘H,f‘m‘.‘ |~
___________ 1 ] )
Ut Coms
| 5 I\’ il
- Iy‘um: 2
I UU\I‘ \,“‘
Wl Wb A
g LA e ol

First employment of novel GUl-accessible

batch tool by another colleague in:
Campos, Swanberg, Gajdosik, Landheer, and Juchem.
Submitted to Proc Intl Soc Mag Reson Med. (2022).

Statistical analysis

\_ pipeline of choice

Master CSV: Concentration
estimates and errors for all fits

! Tool 1: GUI-supported automated
SIMULATION AND LCM i LCMONLY | patch spectral simulation and
 put a it i g’}fggory quantification pipeline development
INSPECTOR LCM of spectral and validation
o gr‘;'t;g;le g:f’s data to fit



Starting SNR 200

Starting SNR 25

Example Fit Total Creatine Total N-acetyl aspartate Glutamate

F‘WHMISHz B C D
ise seed 25
gaseéine/
esidual
— Spectrum 2 ‘:-\ 1
— Fi 3 z e TEY g
= - .. ). Fiy ,0..:'? LRy o =
o o Y A AR o e o 5
g 2 R g
2 = e b e F=
3 3 U5 3 ¢
4 x -2 o 4
.. A -10 e L
-6 ) ) ) .. -3 ) . 15 ) ) : .
45 4 35 3 25 2 10 15 20 25 30 10 15 20 25 30 10 15 20 25 30
Frequency (ppm) FWHM (Hz) FWHM (Hz) FWHM (Hz)

-n
@
I

nwmus z
nise seed 25
Baseline
Residual
—— Spectrum % ‘i .. i
- ;\? 20 § 5 v i LI :\; 20 " el ¢ '.'q" ..:
= . . Qo 0 = o o o o el N e ot
5 10 SR S 5 5 gl Fwy TR aen L
5 N0t ot R 5 o ) R o N DO i
el > v oAy e o ° ¢ o N EY 3] "5"- L ¥ i [ S
2 0~g‘&—~ prishi — M b e . 4 vt sb . hS L HI
2 g s . G 31 S : 2 EA AR T SO A
3 e R . '“-"\. 5 5 . 5 20 e & L "'.n":
% .10 : : ] X ] R R k2
['4 N 2 o e 4 [y . o -
20 & -10 % B -40 . : _-
45 4 35 3 25 2 10 15 20 25 30 10 15 20 25 30 10 15 20 25 30
Frequency (ppm) FWHM (Hz) FWHM (Hz) FWHM (Hz)

Swanberg, Prinsen, and Juchem. Proc Intl Soc Mag Reson Med. (2019); 4237.

Spectral line width and signal-to-noise ratio alone affect spectral quantification precision but not accuracy.
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o o

Glutathione JOE with co-edited NAA :r: ‘:&f 4% &  : [Glutathione :JUE_ with cu-.edited NAA
No baseline : 5 !t g . Measured in vivo baseline (N=7)
15| PR s o .

51 Lt FWHM (Hz)

Relative error (%)
o

8
&
Kelauve error ()

¢ 20 201 '. . 30
-10 20 . H 20
10 -25 10
20 50 100 200 20 50 100 200 P
Starting SNR Starting SNR
v i
. . z
SNR 20 S‘an:sgosm 0 | Sence =y Noise seed 55
FWHM 15 Hz _ 10 Ee PERE _ - £kl
Noise seed 55 g 5 . e - s 2 5| £ * Y
i = Foee a2 ATV 1‘ ¥ = EVEY % S0 e i
gaeifé’lﬂ’g g o] E8% &'& & f“ﬁﬁ *4“'5;‘ g -10 e ‘. R gzz%g:,
— Spectrum TN T s oo . SR A — Specinam
— Fit g -5 .. fonn A % i Starti::OSNR @ﬁ 3’_'7% : — Fit
[} . . - ] e .I ., . ...
® 10 2 & a0 LT , . : .
Frequency (ppm) s wafm (Hz)zs %0 10 15 20 25 30 Frequency (ppm)
FWHM (Hz)

Swanberg, Prinsen, and Juchem. Proc Intl Soc Mag Reson Med. (2019); 4237.

Data quality can interact with spectral baselines to induce additional systematic effects on spectral fit accuracy.
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Absolute knot interval not fixed by user (DKNTMN is not knot interval) Absolute knot interval = 0.3
A not fixed by user (determined by spectral line width) A =20

| model data baseline smoothing

Field preference: LCModel Our tool: INSPECTOR

LV
i 35 3 25 2 185 1 05 i 35 23 25 2 15 1 @5
Frequency (ppm) Frequency (ppm)

Swanberg, Landheer, Gajdo$ik, Treacy, and Juchem. Proc Intl Soc Mag Reson Med. (2020); 2856.

'H MRS spectral baseline modeling by smoothed cubic splines is common but understudied, partly due to lack of available tools.
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Amplitude [a.u.]

OpTIMIZING 'H MRS: SPECTRAL QUANTIFICATION

‘4] INSPECTOR: Spectral Quantification - X
Data Processing T1/T2 LCM Simulation Manual Exit
QOpata OpProc (OMRSI (®LCM Binary format (.mat) v QO sim
Data Select | Load
Basis Select | Manage| Load
Export Select | Save
cut O ==<dl=<|< 1024 > > >> R pHoD O kedl<<l/ < 0.0 > 5> > R
ZF (@ <«<<<</| < 16388 > > 5> (R pHo1 O === 0.0 > 15555 (R
1B O L= 200 [F1355 R Scale (@ <<<d<<|/ <[1000.000 > |[>>/5>> [R
GB o <<< << < 3.00 > > >»> R Shift o K<< << < 0.000 > > > R
@® Target () Basis Resutt ofiset O ke« <« 1 >[5 5 (R
Frequ. OFul @ (-] 030 [+] (-] 450 |+ Caib. | p | 46700 | 201 | Assign | Z
Ampl. @Auo O - o & 10000 |I% Posifion (®) ' 29500 = Assign
Taget |- 150 [+ [-] 250 |+ ORange W[ 000 ¥ = 1 |®
Noise - 1000 |+ |- 1200 @+ @ Value «cd/<<! < 0.0 > 3> >
Z Assi
Anaysis OSNR OFwHM O integral | Detta £ro on
FID Orig FID
142
LCMAnalysis (OR @cC
Fit Details Calc CRLB MC Stop @ £ O £ @ gHco O gHict
Shift Spline
MC Sim Singlets MC Sim Brain MC In Vivo ® © >
200 | @Ref Omt | 10 | Ocont [B] 100 O potnomal || +_[B| S8 Swocts 8 10
Bounds 1.0
Save xis | Summary | Super | SPX Corr | Ana
Reset Starting Values Scaling
Summary Superpos Sum (®) BaseCorr
® a Otog Olpeg | xFigs
Single = T Residual 2 @Bue Ot OHsv O Hot
(®) Target Baseine (@ Fit (@) Residual OlLegend @update OKeep (® Verbose
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Frequency [ppm]

Spline: Number of knot points/ppm

Smooth: Lambda value on cost
function (12 norm of spline second
derivative)

Bounds: Upper and lower bound of
spline knots (% of residual on initial
0"-degree polynomial fit)

Amplitude [a.u.)

Tool 2: GUI-supported
reqularized cubic spline
definition for spectral
baseline modeling

29 28 27 26 25 24 23 22

35

3 25
Frequency [ppm]

15

scientific reports

£ INSPECTOR: free software
for magnetic resonance
spectroscopy data inspection,
processing, simulation and analysis

Kelloy M. Swanbers’ & Chvitoph Suchem'

First full-length publication showing
results of novel spline baseline tool
as featured by a colleague in:
Gajdosik, Landheer, Swanberg, and
Juchem. Sci Rep (2021); 11, 2094.
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In collaboration with:

/
Martin Gajdo$ik, Karl Landheer,  Michael Treacy,
212925 1814127\ MM
A . i P l SLASER! (Tz20.1 ms;T52's)
a E I a _antimi 2
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E 15 os-Poea®a b /| Oy : 15 'ﬂ’ w3 16-step phase cycling®
= X ~ ¥ 3 T Siemens MAGNETOM Prisma
S g orenete B S g P N S
E 0 es-Ralaf® i/ Loy % 10 o o S E 1Landheer et al. (2020). NMR Biomed e4324
X T 2Landheer et al. (2020). MRM 81(4).
& o F "ﬁ:ﬂ = _ 3L andheer et al. (2019). MRM. 83(2).
E g W P R ol i Y 8 5 b O A &
= L e AV — » 5 353 282 151 D&
(=) b~ o Uo
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o 0 a
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; L E s Al W
= = o Lae
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0 m"”quﬂfﬁﬁ’ b 4 353 257 IS5 1 05

Frequency (ppm)
Swanberg, Landheer, Gajdosik, Treacy, and Juchem. Proc Intl Soc Mag Reson Med. (2020); 2856.
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Macromolecule prediction error

Metabalite-nulled acquisition

W

Stepl: Fit simulated MM; scrub residual metabolites

38 73 20 0.3
212975 16 14 17 MM

N tCho
- NAA

Aligned, scrubbed metabolite-nulled acquisition

Step 3: Subtract modeled baseline; sum over fit range

Aot I

Scrubbed metabolite-nulled acquisition

o TN

Step 2: Align to metabolite acquisition

Modeled baseline error w.r.t.
metabolite-nulled acquisition

o e Bin
. e HAAR
_A_)J"\.-\ mins
Y T . GEH
A Gy
. - PE

o GABA

Taur

. slns

R bl

Simulated metabolites
+ _

ol beicl
YT Ty

Gaussian noise

=+

W

Metabolite-nulled acquisition

Swanberg, Landheer, Gajdosik, Treacy, and Juchem. Proc Intl Soc Mag Reson Med. (2020); 2856.

Metabolite quantification error

a

=]
QDDDODDD |

oo

l.; 353 252 I..5 I‘ li.ﬁ
Frequency (ppm)
Modeled metabolite

concentration error w.r.t.
simulated gold standard
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2

Metabolite fit residuals (averaged N=20) Al .
1007 MM sim
A=0 Knot interval A=5 Knat interval A=10 Knot interval A=15 Knat interval
07— 07— 02— 07— <) AlDe MMsub »
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I | | |

Glutamate + glutamine

Knot interval (ppm)

Swanberg, Landheer, Gajdosik, Treacy, and Juchem. Proc Intl Soc Mag Reson Med. (2020); 2856.

Fit residual is not a reliable proxy for metabolite quantification accuracy.
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Metabolite fit residuals (averaged N=20)

Myoinositol

1007 AlS .
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Swanberg, Landheer, Gajdosik, Treacy, and Juchem. Proc Intl Soc Mag Reson Med. (2020); 2856.

Fit residual is not a reliable proxy for metabolite quantification accuracy.
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o, > CRB,,

2-3.5 ppm 2-3.5 ppm 0-6 ppm

Baseline
—_ geSIdual
— ectrum
—4 SNRSD
FWHM 15 Hz
Noise seed 75

SNR 20
FWHM 15 Hz
Noise seed 55§
Baseline
Residual
4 — Spectrum
1 . — Fit

Bin mean CRLB (%)
L]

Bin mean CRLB (%)
.
Bin mean CRLB (%)

. 32 30 28 26 24 22 20
F
33 31 29 27 25 0 - 0 ! : : : 0 reauency (ppm)
Frequency (ppm) 0 1 2 3 0 1 2 3 4

0 1 2 3
Bin standard deviation of Bin standard deviation of Bin standard deviation of
relative error (%) relative error (%) relative error (%)

Glutathione JDE Glutathione JDE with co-edited NAA
No baseline No baseline

Swanberg, Prinsen, and Juchem. Proc Intl Soc Mag Reson Med. (2019); 4237.

In the absence of a gold standard, the Cramér-Rao Lower Bound can help to approximate in vivo fit errors.
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2-3.5 ppm
< ¢ Metabolite all™® (a.u.) ayt (a.u.) 2 x CRB; (a.u.) 2 x CRB; ;(a.u.)
- -
N e, 2 . . NAA 13.00 12.00 0.77 1.10
* Bh. 5 | . Cr_PCr 6.00 5.95 0.46 0.59
. E | ) Cho 2.00 1.82 0.48 0.52
= m o, | | | ml 5.50 6.10 2.20 2.31
e 0 2 ‘ 6 Glx 13.50 16.89 2.70 3.20
‘ ‘ Frequ.ency.(pp:l.)d. e Bin standard deviation of
relative error (%)
Glutathione JDE with co-edited NAA
Measured in vivo baseline (N=7)
Swanberg, Prinsen, and Juchem. Proc Intl Soc Mag Reson Med. (2019); 4237. Ratiney et al. MAGMA 16 (2004); 284.

But this relationship between Cramér-Rao Lower Bound and fit error depends on inclusion of baseline terms.
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op, > CRBy, = /(F 1),

1
F = —=N(P'D"DP)
a

o S.D. of noise amplitude
D Partial derivative of model w.r.t. each parameter
P Prior knowledge matrix

[ (example columns for spline baseline amplitudes; real part shown)

(7 . l, ll:

2.4-2.6 ppm W

a2 3 28 26

Model P.D. w.r.t. degree 3 Model P.D. w.r.t. degree 2 Model P.D. w.r.t. degree | Model P.D. w.r.t. degree O
baseline component amplitude  baseline component amplitude  baseline component amplitude  pasgline component amplitude

76-28 ppm ‘

Model P.D. w.r.t. degree 3 Model P.D. w.r.t. degree 2 Model P.D. w.r.t. degree | Model P.D. w.r.t. degree 0
baseline component amplitude  baseline component amplitude  baseline component amplitude  pageline component amplitude

P(incorporating baseline terms)
Metabl Metab2 BL
(IF) (IF) (IP)
: "
hria: knowledge P:
x;tfhép) ] 1000000000 |
| 0100000000 |
| 0010000000 |
| 00000000001 |
Metah? | 0001000000 |
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Baseline terms can be included in Cramér-Rao Lower Bound calculations as scaled polynomial shapes.
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[4 INSPECTOR: Spectral Quantification -
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Baseline terms can be included in Cramér-Rao Lower Bound calculations as scaled polynomial shapes.
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Spectral simulation

|‘ Alignment with
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\

Transformed
spectral simulation
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ANALYSIS 1:
One LCM fit (cubic polynomial baseline) per data set
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baseline at
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~ ANALYSISI:

One LCM fit (cubic spline baseline) per data set
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Sample baselines and residuals for representative prefrontal cortex spectrum (N=1) by spline baseline definition
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Swanberg, Gajdosik, Landheer, and Juchem. Proc Intl Soc Mag Reson Med. (2021); 2010.
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Cubic polynomial baselines
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Shapiro-Wilk test indicates that fit error distribution significantly differs from normality

Inclusion of baseline terms in Cramér-Rao Lower Bound calculations as scaled polynomial shapes provides estimates of baseline fit error.
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Shapiro-Wilk test indicates that fit error distribution significantly differs from normality

Inclusion of baseline terms in Cramér-Rao Lower Bound calculations as scaled polynomial shapes improves CRLB estimates of metabolite fit error.
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The Big
Picture:

HMRS is a
potential but
currently
untapped source
of clinical
diagnostic
biomarkers.

Spectral
Quantification:

Data quality (FWHM and SNR)
interacts with spectral
baselines to affect
metabolite fit accuracy.

Fit residual can be
misleading when deciding
whether a spectral baseline
model supports accurate
metabolite estimates.

Incorporating baseline
terms to the Fisher
information matrix improves
utility of CRLB as a proxy for
metabolite fit precision.

Absaolute
Quantification:

Can disease-related
differences in
metabolite /,

introduce
systematic errors
to the derivation of
absolute from
relative metabolite
concentrations, and
how do we minimize
them?

Statistical
Analysis:

Can single- or
multivariate analysis
of metabaolite
concentrations
derived from
optimized
quantification of H
MRS data alone
classify disease
states (case
application multiple
sclerosis)?

Generalization:

Can a quantification
and statistics
pipeline optimized
for classification of
multiple sclerosis
via 'H MRS-derived
metabolite
concentrations be
generalized to
identification of

PTSD and MDD?

Back to the
Big Picture:

General
conclusions and
outlook



OVERVIEW

®,, = zero-, first-order phase S, = metabolite basis function lineshape coefficients
Ny, = number of metabolites v = frequency domain value

C, = Metabolite concentrations v = line broadening parameter

Ng = number of baseline splines € = frequency shift parameter

B = baseline spline Np Ny N,
v —il(qhy+vehy ) ~ '
Y(v)=e¢ i+ Z/j[[;’i(bk)_*_ E(,I Z ‘SJ{MI(bﬂfﬁ'Yl"(‘[]
j=1 =1 n=—N;
Metabolite concentrations by tissue
‘ Intracellular vs. extracellular metabolite concentration
‘ Intracellular metabolite concentrations within cell types of interest
'& ‘ Biological functions of metabolite with respect to cell types of interest
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S,, = water signal scaling coefficient
2 = number of protons in water molecule
Nh = number of protons per molecule of metabolite to be quantified
M,, = molarity of pure water
Chapter U] 8, = molarity of water as a fraction of pure water in either grey matter (M), white matter (WM), or CSF
F.= voxel fraction occupied by grey matter (GM), white matter (WM), or CSF

i

Absolute Quantification: Can disease-related differences in Toui = T, of water in grey matter (GM), white matter (WM), or CSF
wi = T, of water in grey matter (GM), white matter (WM), or CSF

metabolite T, introduce systematic errors to the derivation of absolute Ay NI
from relative metabolite concentrations, and how do we minimize them? | Ti. =T, of metabolite

T = echo time of sequence
Tp = repetition time of sequence

!
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conversion factor from spectral quantification scaling coefficient to absolute concentration
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T, of water in grey matter (GM), white matter (WM), or CSF
T, of water in grey matter (GM), white matter (WM), or CSF
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echo time of sequence

repetition time of sequence
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& MR SCIENCE Laboratory

s Doctoral Dissertation Defense, 3 February 2022

MR Scientific Engineering for Clinical Excellence

&5 COLUMBIA | ENGINEERING
lation School of rineerir nd Applied Science

7% The Fu Founc



CHAPTER 3: ABSOLUTE LUANTIFICATION

MS - increases in water T, for: MS -> decreases in metabolite T, for:
normal - o — normal - normal-
appearing : contra§t— appearing appearing
. enhancing enhancing white e
RSt lesions lesions oy
matter matter matter
dlrtx_ Ty~ white-
white lesions lesions
matter

Swanberg, Landheer, Pitt, and Juchem. Frontiers in Neurology 10 (2019): 1173.

A review has shown that water T, relaxation may change with multiple sclerosis disease state.
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H,O singlet integral (a.u.)

Monoexponential

Water-unsuppressed STEAM
T, 15s; T, 10-250 ms

_T‘F

Mrg =Mye ™

Biexponential with fixed coefficients

S
Mrg = My (Xre e+ ype 'y )
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Y =
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| .~ d . B PV, y[Hy0l,
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Swanberg, Prinsen, Kurada, Destefano, Bailey, Pitt, Fulbright, and Juchem. Proc. Intl. Soc. Mag. Reson. Med. (2018); 0161.

We first assessed voxel water T, using monoexponential modeling.



Monoexponential fit

H,O T2 (ms)
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Swanberg, Prinsen, Kurada, Destefano, Bailey, Pitt, Fulbright, and Juchem. Proc. Intl. Soc. Mag. Reson. Med. (2018); 0161.

Monoexponentially modeled water T, was higher in the aged progressive MS group than the other two groups.



H,O singlet integral (a.u.)

Water-unsuppressed STEAM
Tx15s; T, 10-250 ms

Monoexponential
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Biexponential with fixed coefficients

T
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Swanberg, Prinsen, Kurada, Destefano, Bailey, Pitt, Fulbright, and Juchem. Proc. Intl. Soc. Mag. Reson. Med. (2018); 0161.

We then assessed voxel water T, using biexponential modeling.
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In collaboration
with Abhinav
Kurada, B.Sc.
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Skull-stripping (FMRIB Brain Extraction Tool; BET) +
segmentation (BrainSuite)

HC (N =25) RR-MS (N=22) PMS (N =21)

Smith SM. Human Brain Mapping 2002; 17(3): 143-155
Shattuck D, Leahy RM. Medical Image Analysis 2002; 6(2): 129-142 Mann-Whitney test v. HC *p < 0.05, **p < 0.01

Swanberg, Prinsen, Kurada, Destefano, Bailey, Pitt, Fulbright, and Juchem. Proc. Intl. Soc. Mag. Reson. Med. (2018); 0161.

We controlled T, fits for voxel composition differences in relapsing-remitting, progressive, and no MS.
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Biexponential fit
tissue compartment 72 (ms)
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Swanberg, Prinsen, Kurada, Destefano, Bailey, Pitt, Fulbright, and Juchem. Proc. Intl. Soc. Mag. Reson. Med. (2018); 0161.

Biexponentially modeled water T, controlled for voxel composition displayed no between-group differences.



The Big

Picture:

HMRS is a
potential but
currently
untapped source
of clinical
diagnostic
biomarkers.

Spectral
Quantification:

Data quality (FWHM and SNR)
interacts with spectral
baselines to affect
metabolite fit accuracy.

Fit residual can be
misleading when deciding
whether a spectral baseline
model supports accurate
metabolite estimates.

Incorporating baseline
terms to the Fisher
information matrix improves
utility of CRLB as a proxy for
metabolite fit precision.

Absolute

Quantification:

Water 7, was shown
to differ between
individuals with and
without progressive
multiple sclerosis,
emphasizing the
utility of group-
specific corrections
for this variable when
employed in cross-
sectional H MRS

studies of disease.

Statistical
Analysis:

Can single- or
multivariate analysis
of metabaolite
concentrations
derived from
optimized
quantification of H
MRS data alone
classify disease
states (case
application multiple
sclerosis)?

Generalization:

Can a quantification
and statistics
pipeline optimized
for classification of
multiple sclerosis
via 'H MRS-derived
metabolite
concentrations be
generalized to
identification of

PTSD and MDD?

Back to the
Big Picture:

General
conclusions and
outlook
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Analog preprocessing

Digital preprocessing

OVERVIEW

®,, = zero-, first-order phase S, = metabolite basis function lineshape coefficients
Ny, = number of metabolites v = frequency domain value

C, = Metabolite concentrations v = line broadening parameter

Ng = number of baseline splines € = frequency shift parameter

B = baseline spline ' ; ;
. pr Np Ny N,
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Chapter IV

Statistical Analysis: Can single- or multivariate analysis of metabolite
concentrations derived from optimized quantification of 1TH MRS data
alone classify disease states (case application multiple sclerosis)?

Metabolite concentrations by tissue

Intracellular vs. extracellular metabolite concentration

Intracellular metabolite concentrations within cell types of interest
Biological functions of metabolite with respect to cell types of interest

= ...And more
§=]
T
Metabaolite = :
el E Metabaolite
. Slgl'l.ﬂ. =1 concentrations Biological interpretation
intensities o (mM)
(a.u.) = m
[
7]
i |
T

= 17F.‘4,71
fo= (1 Fesp) s

S,, = water signal scaling coefficient

2 = number of protons in water molecule

Nh = number of protons per molecule of metabolite to be quantified
M,, = molarity of pure water
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S [p. (ew) (1 B enw.)]
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8, = molarity of water as a fraction of pure water in either grey matter (M), white matter (WM), or CSF

i

T,wi =T, of water in grey matter (GM), white matter (WM), or CSF
T,wi = T; of water in grey matter (GM), white matter (WM), or CSF
T, = T, of metabolite

T.m = T, of metabolite

Te = echo time of sequence

T, = repetition time of sequence

F.=voxel fraction occupied by grey matter (GM), white matter (WM), or CSF
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Neurological symptoms Kadiological sbnormality
S 0,
ensery n 40% Relapsing-
. remitting
Visual (RR-MS)
Brief et al.
Bal
alance (2010).
NMR
Motor 39% Biomed 23.

Cognitive

Pain
Secondary
Urinary progressive
(SP-MS)

Sexual Gordon-Lipkin et al.
(2007). Neurology

69 (16).

Fatigue

World MS Federation, Atlas of MS 2013

LNS immune activity
Normal MS
3 - [

Other protein
bands

MSTrust.org

Number of lesions with objective clinical evidence
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Additional data needed for a diagnosis of multiple sclerosis

22 clinical attacks

=2 clinical attacks

=2 clinical attacks

1clinical attack

1 clinical attack

=2
1 (as well as clear-cut historical evidence of a previous

attack involving a lesion in a distinct anatomical locationt)
1

=2

1

None*

None*

Dissemination in space demonstrated by an additional clinical attack
implicating a different CNS site or by MRI$

Dissemination in time demonstrated by an additional clinical attack or by
MRI§ OR demonstration of CSF-specific oligoclonal bands9]

Dissemination in space demonstrated by an additional clinical attack
implicating a different CNS site or by MRI#

AND

Dissemination in time demonstrated by an additional clinical attack or by
MRI§ OR demonstration of CSF-specific oligoclonal bands9]

Thompson etal., (2018). Lancet Neurol 17: 162-73.

Multiple sclerosis is an autoimmune disease with multiple heterogeneous physical manifestations and diagnostic uncertainty.
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Swanberg, Prinsen, Kurada, Bailey, Destefano, Pitt, Fulbright, and Juchem, NMR in Biomedicine (2021); 34(11): e4590.

We used 7-Tesla "H MRS to characterize the prefrontal cortex metabolic signatures of two multiple sclerosis phenotypes.
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. . Between-Subjects CVs for tNAA:tCr by Fit Type
Spectral Quantification: >
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Absolute Quantification: STEAM

Water 7, was shown to differ between
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progressive multiple sclerosis,
emphasizing the utility of group-
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4a
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Years Since Diagnosis Years Since Diagnosis Years Since Diagnosis

Tukey's honest significant difference test post hoc to analysis of variance *p < 0.05, **p < 0.01, p < 0.1
Metabolite concentrations corrected for age when regression coefficient significant in control

Swanberg, Prinsen, Kurada, Bailey, Destefano, Pitt, Fulbright, and Juchem, NMR in Biomedicine (2021); 34(11): e4590.

Boxes indicate Spearman’s p p < 0.05
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Supervised Learning

Swanberg, Kurada, Prinsen, and Juchem. Manuscript in review.

Since MS could not be identified one metabolite at a time, we used supervised learning to consider all of them at once.
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Swanberg, Kurada, Prinsen, and Juchem. Manuscript in review.

We applied supervised learning to non-reduced feature sets of seven metabolites to perform one of four classifications.
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Control versus all multiple sclerosis
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Models identifying progressive MS vs. control or relapsing-remitting MS outperformed those classifying only relapsing-remitting or all MS vs
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Control versus relapsing-remitting multiple sclerosis
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Swanberg, Kurada, Prinsen, and Juchem. Manuscript in review.
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Control vs. all multiple sclerosis (MS)

Control vs. relapsing-remitting (RR-MS)

270 | 433

P-
P-

11

QDA

P-MS
P-MS

Loocv Validation Loocv Validation
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S MS Bl MS Control RR-MS Control RR-MS
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Swanberg, Kurada, Prinsen, and Juchem. Manuscript in review.

Models identifying progressive MS vs. control or relapsing-remitting MS outperformed those classifying only relapsing-remitting or all MS vs. control.
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Swanberg, Kurada, Prinsen, and Juchem. Manuscript in review.

Myoinositol, glutamate, and GABA were consistently important for identifying MS, while total choline, glutamine, and glutathione were consistently informative for differentiating MS phenotypes.
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The Big
Picture:

HMRS is a
potential but
currently
untapped source
of clinical
diagnostic
biomarkers.

Spectral
Quantification:

Data quality (FWHM and SNR)
interacts with spectral
baselines to affect
metabolite fit accuracy.

Fit residual can be
misleading when deciding
whether a spectral baseline
model supports accurate
metabolite estimates.

Incorporating baseline
terms to the Fisher
information matrix improves
utility of CRLB as a proxy for
metabolite fit precision.

Absolute

Quantification:

Water 7, was shown
to differ between
individuals with and
without progressive
multiple sclerosis,
emphasizing the
utility of group-
specific corrections
for this variable when
employed in cross-
sectional H MRS

studies of disease.

Statistical
Analysis:

Metabolite
concentrations
derived from 'H MRS
were a viable means
of characterizing
progressive multiple
sclerosis disease
status relative to
either relapsing-
remitting or contral.

Generalization:

Can a quantification
and statistics
pipeline optimized
for classification of
multiple sclerosis
via 'H MRS-derived
metabolite
concentrations be
generalized to
identification of

PTSD and MDD?

Back to the
Big Picture:

General
conclusions and
outlook
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Exposure to trauma (A)

Only 0.1%-19% conditional risk to
develop PTSD depending on trauma*

Intrusion (B)
Avoidance (C)
Negative cognition/mood (D)
Altered arousal/reactivity (E)

For at least one month (F)
Functional impairment (G)
Not from drugs or other iliness (H)

* Kessler et al. Eur J Psychotraumatol 8(S5): 1353383. (2017)
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Table 1| DSM-5 criteria for PTSD

Criterion* Description
Criterion A Exposure to
stressor

CriterionB  Intrusion

CriterionC  Persistent

avoidance

CriterionD  Negative
alterations
in cognitions
and mood

CriterionE  Alterations

in arousal

reactivity

CriterionF  Duration

Criterion G Functional
significance

CriterionH Exclusion

Subtypes

Specific examples

* Direct exposure

* Witnessing trauma

* Learning of a trauma

» Repeat or extreme indirect exposure to
aversive details

# Recurrent memories

* Traumatic nightmares

» Dissociative reactions (flashbacks)

* Psychological distress at traumatic reminders

* Marked physiological reactivity to reminders

#* Trauma-related thoughts or feelings

* Trauma-related external reminders such as
people. places or activities

* Dissociative amnesia

# Persistent negative beliefs and expectations

* Persistent distorted blame of self or others for
causing trauma

. tive trauma-related emotions: fear, horror,
guilt. shame and anger

* Diminished interest in activities

# Detachment or estrangement from others

* Inability to experience positive emotions

* [rritable and aggressive behaviour

# Self-destructive and reckless behaviour

* Hypenvigilance

* Exaggerated startle

* Problems concentrating

s Sleep disturbance

Must experience criteria B. C. D and F for
>1 month

Impairment in social. occupational or other
domains

Not attributable to medication. substance use
or otherillness

Requirements

DSM-5 recognizes that exposure
to trauma can occur either by
direct or indirect confrontation
with extreme trauma

At least one of these five examples
is required

At least one of these two examples
is required

At least two of these seven
examples are required

At least two of these six examples
are required

Aﬂlﬁﬂmm&&@mﬂ
for symptoms occurring for
<1 month post trauma

Disability in at least one of these
domains is required

Symptoms must not be secondary
toother causes

Compared with DSM-IV
Specific definition of

details of the stressor
needed. including repeated
experience or extreme
exposure to details of events

No change. but further
clarification of the
dissociative quality of
flashbacks needed

DSM-IV did not separate
the avoidance criterion

DSM-IV noted social
estrangement and restricted
the range of affect: numbing
redefined to positive rather
than all affects

Self-destructive and
rizk-taking behaviours were
not defined in DSM-IV

No change

Mo change

Mot stated in DSM -1V

* Dissociative subtype: used when depersonalization and derealization occur in tandem with other symptoms described above.

* Delayed subtype: used to describe the emergence of symptoms following a peried post trauma in which symptoms were not present
or were present at a subthreshold level.

DSM, Diagnostic and Statistical Manual of Mental Dizorders; FTSD, post-traumatic stress disorder. *Criteria according to DSM-5 [REF. 1).

Yehuda et al. Mzt fevl: 1. (2015).
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Heritability 23%-71%  (varies by traumatype)
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[1] Duncan et al. Curr Psychiatry Rep 20:115 (2018). [2] Brivio et al. Genes Brain Behav 19: e12643. (2020). [3] Malikowska-Racia et al.
Pharmacol Res 142: 30-49. (2019). [4] Pitman et al. Nat Rev 13: 769. (2012). [5] Yehuda et al. Nat Rev 1: 1. (2015).

Swanberg, Campos, Abdallah, and Juchem. Manuscript in preparation.
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j
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Regulation of immune
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Yehuda et al. Nat Rev 1: 1. (2015).

PTSD has been associated with a broad range of measurable signatures across the body.
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*GABA/Cr 1 L]
*GSH/Cr 1 [L]

NAA/Cr |
NAA/Cr |
“NAA /Cr |
NAA/Cr |
NAA |
NAA |
NAA |

Chol/Crt
*Cho/Cr 1
*mins/Cr 1
*mins 1
*GIx/Cr |
Gln |
*GABA/Cr t
GABA |
*GSH/Crt

&5 MR SCIENCE Laboratory

T~ MR Scientific Engineering for Clinical Excellence

*NAA 1 [R]
*Crl
*Cr1[R]

*mins 1 [R]

*mins 1 [R]

DORSOLATERAL PFC _

(Michels et al., 2014)
(Michels et al., 2014)

ANTERIOR CINGULATE CORTEX

(De Bellis et al., 2000)
(Mahmutyazicioglu et al., 2014)
(Schuff et al., 2008)
(Guo et al., 2012)

(Ham et al., 2007)
(Meyerhoff et al., 2014)
(Shin et al., 2017)
(Schuff et al., 2008)
(Suetal., 2018)

(Guo etal., 2012)
(Seedat et al., 2005)
(Seedat et al., 2005)
(Su et al., 2018)

(Yang et al., 2015)
(Sheth et al., 2019)
(Michels et al., 2014)
(Sheth et al., 2019)
(Michels et al., 2014)
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AMYGDALA

(Wang et al., 2019)
(Suetal., 2018)
(Wang et al., 2019)
(Suetal., 2018)
(Wang et al., 2019)

BASAL GANGLIA

NAACr |

(Lim et al., 2003)*

GABA/Cr |

[R] (Rosso et al., 2014)

MeDiAL TEMPORAL LOBE

*NAA/Cr | [R] (Freeman et al., 1998)
*Glu 1 [R] (Meyerhoff et al., 2014)
*Glu 1 [R] (Pennington et al., 2014)

*GABA| [R] (Meyerhoff et al., 1998)
*Cho/Cr | [L] (Freeman et al., 1998)

PARIETO-OCCIPITAL CORTEX

*Cr | [WM]
*GABA |
*GABA |

POSTERIOR CINGULATE GYRUS

IMI-1

T-fucose t

Fucose IV

Fucose V
HC=CH-CH,~CH,~CH,

Hippocampus

NAA/Cr | [R, L]
NAA/Cr | [R, L]
NAA/Cr | [R, L]
*NAA / Cr | [R+L]
*NAA /Cr | [L]
*NAA /Cr | [L]
*NAA /Cr | [R]
NAA | [R,L]
NAA | [R,L]
NAA | [R,L]
NAA | L]

NAA | [R, L]
Crl[R]

CholCr1 [R, L]
*Glu/Cr 1 [R]
*Glu 1 [R]

13

(Lim et al., 2003)
(Meyerhoff et al., 2014)
(Pennington et al., 2014)

(Quadrelli et al., 2019)
(Quadrelli et al., 2019)
(Quadrelli et al., 2019)
(Quadrelli et al., 2019)
(Quadrelli et al., 2019)

(Mahmutyazicioglu et al., 2005)
(Guo et al., 2012)

(Shu et al., 2013)

(Schuff et al., 2008)

(Menon et al., 2003)

(Li et al., 2006)

(Rosso et al., 2017)

(Neylan et al., 2003)

(Ham et al., 2007)

(Schuff et al., 2001)

(Villarreal et al., 2017)

(Rosso et al., 2017)

(Schuff et al., 2001)
(Mahmutyazicioglu et al., 2014)
(Rosso et al., 2017)

(Rosso et al., 2017)

*PTSD vs. control groups that included trauma-exposed and/or military veteran individuals
PTSD: Post-Traumatic Stress Disorder; NAA: N-acetyl aspartate, Cr: total creatine; mins: myoinositol; GABA: y-aminobutyric acid; GSH: glutathione; Cho: total choline; Glx: glutamate + glutamine; Gln: glutamine; IMI-1: Imidazole from histamine, histidine, and homocarnosine; Glu: glutamate

Swanberg, Campos, Abdallah, and Juchem. Manuscript in preparation.

So far the "H-MRS-visible manifestation of PTSD appears unremarkable at first glance.
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A B

Vilarreal et al, 2002 009121, 103)
Penningtonetal 2014 -0.08(-065, 050)
Freeman etal, 2008 (TCON) -0.06 [-094; 081]
Suetal, 2018 -004[-036,028)
Brown el al, 2003 -003[-089, 084)
Quadreli et ol 2019 0.03(-085,090)
De Belis el al, 2000 003[-081,086]
Soedat et al, 2005 (CON) ~ 003|-092, 098]
Shethetal 2019 (TCON) ~ 003[-057,063)

. . .
THMRS Studies of PTSD by Patient Group Mean Age Between-Group Age [ifferences in 'H MRS Studies of PTSD THMRS Studies of PTSD by Patient Group % Women
5 Source MO (95% CI) 10
Seedatetal, 2005 (TCON)  -055 157, 0.46] -
Neylan et al, 2004 -049[-107,008] g
Neylan etal, 2003 -035(-120,049) '§
Freeman et al , 2006 (VCON) -034 [-136,068) w
Schuff et al, 2001 ~0.20 (085, 0.44) g
Meyerhoff et al , 2014 -017(-076,043) =
Yang etal, 2015 ~0.15 090, 0.60) -
Michels et al , 2014 -012[-086,062) :_
Rossoetal, 2017 -0.09[-067, 0.48] f_’
2
E
=z

Number of 'H MRS tudies
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L
PTSD Group Mean Age m::.zm 3‘2{2‘2‘3’23 PTSD Group % Women
c . . S i Between-Group Sex-Matching in Sex-Unmatched 'H MRS Studies of PTSD
HMRS Studies of PTSD by Field Strength Schuffetal, 2008 (AUD-) 017 [-037,071)
Eckartelal, 2012 (TCON)  022(-044,088) e 15 [13]
Shethetal, 2010 (CON) 024 -028,077) 2
Lietal, 2008 0.25[-056, 1.05) g 10 [10] M M2
Shinetal, 2017 027(-027,082) = R
Menon et al 2003 0331-058,124) =5 €
Umetal, 2003 0571-030,144) = .
Schuffetal, 2008 (AUD+) 059 (003, 1.16] g 0
Freeman et al , 1998 0.761-0.08; 160] o 5 m (8]
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OPTIMIZING 'H MRS: GENERALIZATION
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OPTIMIZING 'H MRS: GENERALIZATION
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The Big
Picture:

HMRS is a
potential but
currently
untapped source
of clinical
diagnostic
biomarkers.

Spectral
Quantification:

Data quality (FWHM and SNR)
interacts with spectral
baselines to affect
metabolite fit accuracy.

Fit residual can be
misleading when deciding
whether a spectral baseline
model supports accurate
metabolite estimates.

Incorporating baseline
terms to the Fisher
information matrix improves
utility of CRLB as a proxy for
metabolite fit precision.

Absolute
Quantification:

Water 7, was shown
to differ between
individuals with and
without progressive
multiple sclerosis,
emphasizing the
utility of group-
specific corrections
for this variable when
employed in cross-
sectional H MRS

studies of disease.

Statistical
Analysis:

Metabolite
concentrations
derived from 'H MRS
were a viable means
of characterizing
progressive multiple
sclerosis disease
status relative to
either relapsing-
remitting or contral.

Generalization:

A quantification and
statistics pipeline
optimized for
classification of
multiple sclerosis via
'H MRS-derived
metabolite
concentrations can
be generalized to
comparably accurate

identification of PTSD
and MDD.

Back to the
Big Picture:

General
conclusions and
outlook



CONCLUSIONS AND DuTLDOK i

H MRS processing pipelines involve many opportunities for confound by poorly defined or incorrect assumptions.

The relative effects of confounds like spectral quality and spectral baseline model on metabolite concentration estimates can be explicitly quantified
using simulated ground truth standards. The variance of these effects can be indirectly estimated using Cramer-Rao Lower Bound calculation
considering baseline shapes. These results can be used to inform decision-making about how to process 'H MRS data lacking a known ground truth.

Conditions like age or progressive multiple sclerosis may influence water-referenced absolute metabolite estimates by affecting signal relaxation
via processes like T, decay. These effects can be counteracted by measured T, or voxel composition or using another concentration reference.

Current understanding of both MS and PTSD implicates multiple H-MR-visible metabolites, but no single metabolite finding in the brain currently
supports sensitive or specific identification of either condition.

When processed and quantified according to evidence from simulated validation of spectral quantification method and explicit measurement
of reference T, behavior, as well as considered together by multivariate supervised classification model-building, 'H-MRS metabolites
measured in prefrontal cortex support independent classification of multiple brain disorders at sensitivity and specificity near 80%.

Despite its limitations, "TH MRS data can still support identification of clinically relevant biological phenotypes and therefore potential utility as an
auxiliary or mainstay of clinical diagnostics for neurological or psychiatric disease.
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