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Computational investigation of fitting for calculation of signal

dynamics from hyperpolarized xenon-129 Gas MRI

Hiperpolarize ksenon-129 Gaz MRG'den elde edilen sinyal dinamiginin
hesaplanmasi igin uyarlamanin hesapsal incelenmesi

Ozkan Doganay
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ABSTRACT

Aim: Computational fitting methods were investigated to determine the most accurate fitting approach
for the calculation of dynamic hyperpolarized MRI parameters.

Materials and Methods: The signal decay of a time-series Hyperpolarized xenon gas MRI phantom
was fitted to Bloch equations using three methods varying the fitting parameters for calculation of flip
angle, a, and longitudinal relaxation time, T;. The first fitting method used an initial calculation of a
before the fitting process. The second and third techniques used direct fitting of signal decay
equations with and without upper-lower boundaries for calculation of a, and T;. Wilcoxon signed-rank
test was used to investigate the statistical significance of the calculated parameters.

Results: The first approach was the most accurate fitting technique that allowed direct calculation of
0a=8.65° in agreement to the third approach a=8.73+0.78°, 8.75+0.12°, 8.67+0.05°. Additionally, the
standard deviation of the calculated T; was lower than 1% (T,=103.2+0.04s) which was significantly
more accurate than the second method (T,=90+30.2s and 135.7+10.3s) and the third method
(Ty=101.4+5.1s and 113.5+16.1s).

Conclusion: The first technique provides repeatable and reliable calculation of signal decay
parameters including a and T, from the dynamic hyperpolarized gas MR images and more accurate
than direct fitting methods.
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Amagc: Dinamik hiperpolarize MRI parametrelerinin hesaplanmasinda en dogru uyarlama yaklagimini
belirlemek icin hesaplamali uydurma yéntemleri arastiriimistir.

Gerec¢ ve Yontem: Bir zaman-serisi Hiperpolarize ksenon gazi MRG fantomunun sinyal bozunmasi,
déndirme acisi a ve boylamsal azalma sliresi T1'in hesaplanmasi icin uyarlama parametrelerini
degistiren ti¢ yéntem kullanilarak Bloch denklemlerine yerlestirilmistir. ilk uyarlama yéntemi, uyarlama
isleminden énce ilk a hesaplamasini kullanmaktadir. Ikinci ve (cincii teknikler a ve T1'in
hesaplanmasi igin lst ve alt limitleri olan ve olmayan sinyal bozunma denklemlerinin dogrudan
uyarlamasini kullanmaktadir. Hesaplanan parametrelerin istatistiksel anlamliligini arastirmak igin
Wilcoxon igaretli sira testi kullaniimigtir.

Bulgular: flk yaklasim, a = 8,65°nin dodrudan hesaplanmasina izin veren en dodru uygulama
teknigidir ve dclincl yaklasimla uyumludur. Ek olarak, hesaplanan T1'in standart sapmasi %1'den
dusiktir (T1 = 103,2 £ 0,04s) ve bu ikinci yéntem ile (T1 = 90 £ 30,2s ve 135,7 + 10,3s) ve (lglnci
ybntemden (T1 = 101,4 £ 5,1s ve 113,5 + 16,1s) anlamli derecede daha dogrudur.

Sonucg: ilk teknik, dinamik hiperpolarize gaz MR gériintiilerinden a ve T1 dahil olmak lizere sinyal
bozunma parametrelerinin tekrarlanabilir ve glvenilir bir sekilde hesaplanmasini ve dogrudan
uyarlama ydntemlerinden daha dogru olmasini saglamaktadir.

Anahtar Soézciikler: Hiperpolarize MRG, ksenon-129, déndiirme agisi, boylamsal azalma siiresi,
dinamik MRG.
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INTRODUCTION

Hyperpolarized Xenon-129 gas  Magnetic
Resonance Imaging (MRI) is a growing field of
interest for imaging of gas ventilation in the lungs
and evaluating airway obstructions due to
pulmonary diseases such as chronic obstructive
pulmonary disease (COPD) (1-3), asthma (4-6)
and idiopathic pulmonary fibrosis (7, 8) and gas-
exchange between the alveolar airspace and
veins (9-13). Nevertheless, the development of
functional imaging and post-image processing
strategies are necessary steps for implementing
hyperpolarized gas MRI in the clinical routine.
Functional MR imaging techniques were
investigated widely regarding the development of
k-space sampling trajectories for estimation of
intrinsic flip angle variations, longitudinal and
transverse decay of polarization due to the partial
pressure of oxygen (14-20). However, without
using optimized post-image processing
techniques, estimated image parameters and
clinical information derived from hyperpolarized
MR images would be substantially wrong (21,
22). In this study, we investigated (i) how
computational fitting techniques can lead to
substantial deviations of the calculated MR
parameters, and (i) how to reduce the large
errors in hyperpolarized MR images.

Although terminology of the longitudinal
relaxation time, T;, has been used to be the
same for both conventional MR imaging and
hyperpolarized MRI, the actual meaning is
different changing the interpretation and analysis
of MR images (10, 23). While signal intensity
increasing with T, in conventional MR due to the
recovery of thermal polarization during the
repetition time (TR) contributing to increased
image contrast, the hyperpolarized MRI signal is
not renewable and decays continuously from the
hyperpolarization stage in two steps independent
of TR: (i) during and after polarization process
before the polarized gas is inhaled (24-27) and
(ii) even more drastically decays when inhaled to
the lungs due to presence of Oxygen during the
actual MR scan (10, 19, 28). This continuous
decay might be considered as a problem with
hyperpolarized MRI, however, it presents a
significant advantage for rapid signal acquisition
that does not require a TR recovery in contrast to
the thermal polarization (i.e. conventional MRI)
(10, 29). Therefore, the optimum use of the
strong hyperpolarized MR signal benefits using
dedicated image acquisition strategies including
the rapid k-space sampling, and fewer RF pulses
(14, 30-34).
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The hyperpolarized signal decay models and
time-series image acquisition strategies have
been shown to provide quantitative maps of flip
angle variations based on the assumptions of no-
inflow of gas into the signal decay region and
immobility of the imaged subject (18, 19). Despite
the data acquisition aspects and related
deviations in the measured flip angle and
longitudinal relaxation times were discussed in
detail corroborating to signal decay equations,
deviations in the calculated flip angle and T; due
to the complexity of computational data fitting
steps could cause errors in the calculated flip
angle and T, (21).

In this work, the accuracy of the calculated flip
angle and T, for hyperpolarized gas MRI were
investigated corroborating the signal decay
equations. In particular, the errors in the
calculated fitting parameters were evaluated
using three different fitting approaches thereby
the best fitting approach with the least error
estimation was determined for simultaneous
calculation of hyperpolarized gas MR signal
decay parameters including flip angle and T;.

MATERIALS and METHODS

Signal decay: As previously described (23, 35,
36), the hyperpolarized signal from dynamic
ventilation MR images as a function of flip angle
and the number of RF pulses is given by:

S =M, T cos(a)™* sin(a) [1]

where M; is a scaling factor that is dependent on
the degree of hyperpolarization, amount of
hyperpolarized gas and coil sensitivity, digital
fiter and amplifier; T, is the longitudinal
relaxation time; a is the flip angle that excites gas
magnetization in the hyperpolarized stage, n is
the number of RF pulses.

Equation 1 describes the continuous decay of
hyperpolarization signal from its initial value (i.e.
M;) and resulting decrease in image intensity as a
function of T1, n, and a in contrast to the thermal
polarization that replenishes every TR. For a
dynamic image acquisition strategy, images were
acquired sequentially where image intensity, S,
decreases as a function of the number of RF
pulses, n, in a closed system assuming that there
is not any gas flow and motion throughout the
imaging process. According to Eg. 1, the signal
decay of a hyperpolarized time-series MRI from a
gas phantom is shown in Figure-1 that was
previously reported by Doganay et al (32).
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Initial flip angle calculation: Conceptually, the
relationship between the flip angle and signal
decay can be modeled simply with Eq. 1 in free
induction decay (FID) acquisitions, however, for
the case of imaging, the image intensity weighted
by the combination of multi-RF pulses and
combination of each k-space readout data. In
particular, the image intensity for the two-
interleave spiral k-space sampling, which uses
two RF pulses for each image acquisition and
reconstruction, can be approximated by the
multiplication of signal from each k-space. Thus,
the ratio of first to second images can be written:

Image1l _ S(n=1)xS(n=2) _ 1 [2]

Image2  S(n=3)xS(n=4)  cos(a)*

Hence, knowing the image intensities for Image 1
(t=0.5s) and Image 2 (t=1s) in Figure-1, the flip
angle can be calculated as follows:

«|Image 2 3]
o = arccos( W}

Despite a can be calculated directly from Eg. 3,
M; and T, can only be calculated fitting the signal
decay data to Eq. 1.

Fitting-first technique: Two fitting parameters
including M; and T; were calculated by fitting Eq.
1 to hyperpolarized signal decay data. To do so,
the predefined nonlinear curve fitting function in
MATLAB (Isqcurvefit, Matlab) was used knowing
a from Eq. 3 and setting some initial guess
values for M; and T, as summarized in Table-1.
To investigate the effect of initial guess values on
the calculation of M; and T,, 20 different initial
guess values were simulated as also shown in
Table-1.

Fitting-second technique: All three fitting
parameters including a, M, and T; were
simultaneously calculated using the nonlinear
curve fitting function without using the initial
calculation of a in Eq. 3. An approximate
estimate of the error caused by the choice of
initial guess values was made by varying the
initial guess values as summarized in Table-2.
Fitting-third technique: The influence of lower
and upper boundary conditions on the calculation
of a, M;, and T, was investigated using upper and
lower bounds as same as the initial guess values:
i) M; from 1x10* A.U. to 1x10° A.U., ii) T, from 60
sto 120 s, and iii) a from 1° to 20°, the calculated
fitting parameters: a, M; and T, were simulated as
summarized in Table-3. Wilcoxon signed-rank
test (GraphPad Software, La Jolla California
USA) was then used to investigate statistical
differences in the calculated a and T, between
the three methods.

24

RESULTS

First technique: Figure-1 shows the signal
decay of a time-series MRI xenon gas phantom.
Flip angle was calculated to be a = 8.65° from
Eqg. 3 using Images 1 and 2 in Figure-1 without
using the fitting technique. Then, knowing a, the
other two signal decay parameters in Eq. 1
including M;, and T, were calculated to be
107443 A.U. and 103.2 s using the initial guess
values M; = 1x10°> A.U. and T,=100 s. Figure-2
(a) shows the signal decay data points from the
time-series images for a chosen ROI as shown in
Figure-1 including the corresponding fitting curve.
To investigate the influence of initial guess
values, Figure-2 (b-c) shows how T; and M
calculations varied as a function of the initial
guess values, respectively. The calculated mean
T, values were 103.320.04 s and 103.3+0.08 s
for the corresponding initial guess values as
summarized in Table-1 and statistically not
different (p=0.069).

Second technique: The calculated a, T, and M;
values using directly fitting of Egq. 1 to signal
decay data were summarized in Table-2 using
the initial guess values. Particularly, calculated a
= 9.4° using this fitting method was
approximately 10% greater than the direct
calculation of a = 8.65° in Table-1. In a close
inspection, the variations of T, as a function of
initial guess values of a, T,, and M; are shown in
Figure-3 (a-c), respectively. The mean of
calculated T, values varied from 135.7+10.3 s to
90+£30.2 s as also summarized in Table-2
depending on the initial guess values as well as
the average flip angles varied between
8.48410.48° and 9.48+0.03°. The calculated T,
and a in Table 2 were statistically significantly
different than Table-1 (p<0.001).

Third technique: Fitting was performed using
the upper and lower bounds for M; from 1x10*
A.U. to 1x10° A.U., T, from 60 s to 120 s, and a
from 5° to 15°. The calculated fitting parameters
were summarized in Table-3 and approached to
the proposed technique in Table-1 when upper
and lower bounds values were included in the
fitting process that used the same initial guess
values in Table-2. The variations of fitting
parameters are also shown in Figure-4 (a-c). The
lower and upper bounds provided a more
accurate calculation of fitting parameters than
those of calculated fitting parameters in Table-2.
Additionally, the calculated T, was statistically not
different than those of Table-1 with p=0.06 and
different than those in Table-2 with p<0.0001
respectively.
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Figure-1. Signal decay of a gas phantom is shown for a time-series MR image acquisition from 0 s to 6 s. ROl is
the region of interest for obtaining the signal decay data. Colour bar represents the intensity of
hyperpolarized Xenon-129 signal associated to the term Mi in Eq 1 (Figure reproduced with permission

from Doganay et al *).
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Figure-2. Signal decay from the time-series images and the corresponding fitting from Eq. 1 is shown in (a) with
data points and solid line, respectively. Calculated T1 as a function of initial guess T, values are shown
in (b) and Measured Mi as a function of initial guess Mi are shown in (c).
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Figure-3. The effects of initial guess values for a, T1, and M; on the measured T; are shown respectively in (a),
(b), and (c).
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Figure-4. The variations of calculated a, T;, and M; depending on initial guess values are shown in (a-c)

respectively.
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Table-1 Fitting parameters calculated using the first technique.

Calculated using Eq. 1 Initial guess values Eq. 3
Mi[A.U.] T [s] Mi [A.U.] T1[s] a[]
" 107443 103.2 s
Constant Initial guess 1x10 100
Mean Std Mean Std
Varying Ty initial guess 107443 0.1 103.2  0.04 1x10° 60-120 8.65
Varying M; initial 1x10°-
guess 107443 0.1 103.2 0.08 1.2x10° 100
Table-2. Fitting parameters calculated using the second technique.
Calculated using Eq. 1 Initial guess values
Mi [A.U] T [s] al’] Mi [A.U.] Ti[s] al’]
initi 100145 138 9.4
Constant initial 1%10° 100 9
guess Mean Std Mean Std  Mean Std
varying a initial 99977 138 1302 188 948 0.03 1x10° 100 120
guess
Varying T initial 5 60-
guess 99962 180 1357 10.3 947 0.03 1x10 120 9
;’32229 Miinitial 110541 5914 90 302 848 048 1x10°1.2x10° 100 9
Table-3. Fitting parameters calculated using the third technique.
Calculated using Eq. 1 Initial guess values
Mi [A.U.] Ty [s] al] Mi [A.U.] Ti[s] o[
S 107650 101.2 8.67 5
C tant initial
onstant infial guess Mean Std Mean  Std Mean Std 1x10 100 o
Varying a initial guess 106842 987  109.9 9.1 8.73 0.78 1%10° 100 1-20
Varying Ty initial guess 106662 1505 1135 16.1 875 0.12 1x10° 60-120 9
Varying M; initial guess 107686 575 101.4 51 867  0.05 1x10>-1.2x10° 100 9

DISCUSSION

In this work, three fitting methods were
investigated to calculate signal decay parameters
of time-series hyperpolarized MR images
including, M;, a, and T, and to determine the
discrepancy between the calculated parameters.
Using the initial calculated flip angle with the first
method, M; and T; were more accurately
calculated with a very low standard deviation that
is less than 1% of the mean value in Table-1 in
comparison to the other two approaches in
Table-2-3. Additionally, the first method allowed a
more independent calculation of the fitting
parameters providing a more straightforward and
practical method without using upper and lower
bounds. The first technique provides a more
robust and practical way of calculating fitting
parameters than second and third techniques.

In the past, several hyperpolarized gas MRI
studies implemented a least-squares linear fitting
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method that is similar to the second technique in
this study (21, 22, 28, 35), however, the source of
error in the calculated signal decay parameters
due to the fitting related computational
discrepancies has not been investigated
quantitatively. The proposed first technique in this
study indicates that it is feasible to calculate M;,
a, and T; within a standard deviation of less than
1% which is significantly better than second and
third techniques when the same boundary
conditions (i.e. initial guess values) were used.
The qualitative and consistent agreement
between mean M; and T, values in Table-1 while
changing the initial guess values suggested that
the initial-calculated flip angle significantly
reduces the deviations in the calculated M; and T,
with the first technique in comparison to the
second technique where M;, a, and T; were
calculated simultaneously in Table-2. The initial
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guess values were selected to be the same for a
fair comparison between three techniques. While
the calculated mean a values Vvaried
approximately 10% in Table-2 with the second
technique, the calculated T, values were varied
more  significantly between 90+£30.2 and
135.7£10.3 s suggesting that direct fitting of Eq. 1
to signal decay data is affected by changing the
initial guess values and is not reliable solely for
the simultaneous measurement of M;, a, and T;.
In contrast to the direct fitting (i.e. the second
technique), the proposed first technique showed
that the calculated mean T, was the same and
the standard deviations were less than 1% of the
mean values suggesting that fitting error was
negligible for the same boundary conditions.
Although previous studies reported variations in
the calculated parameters may be caused by
fitting errors, the influence of fitting errors was
not determined specifically (21). Our findings
indicate that the calculated fitting parameters can
vary up to 50% depending on the fitting method
as also illustrated by Figure-3. The investigators
then better use the first method for extracting the
fitting parameters and for eliminating fitting-
related errors not only for hyperpolarized gas MR
but also other hyperpolarized MR studies
including Carbon-13.

Unlike the second technique (Table-2), the third
method that incorporates additional information of
upper-lower bounds in the fitting process (Table-
3), mean M;, a, and T, values were approached
more to the calculated fitting parameters in
Table-1. The same initial guess value range did
not affect the calculated fitting parameters. For
instance, a = 8.65° calculated directly from Eq. 3
was not statistically different than the calculated
flip angles: 8.73+0.78°, 8.75+0.12°, 8.67+0.05°
with p<0.001. Since there is not any available
technique for absolute measurement of flip angle,
the repeatability of the calculated flip angles
using two different approaches confirms the
fitting accuracy.

Nonetheless, the mean and standard deviations
of the calculated fitting parameters vary less with
the use of upper-lower bounds and approach to
the calculated values with the proposed method,
the proposed method is more repeatable
reducing the complexity of fitting and the
standard deviations of the calculated values only
vary less than 1% over the mean providing a
substantial improvement in the estimation of
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fitting parameters independent of experimental
conditions. Accordingly, the fitting approach with
the initial calculation of flip angle provided the
most accurate calculation of fitting parameters.

In this study, we used phantom MR images for
investigating the computational limits related to
the fitting errors and techniques and for
determining the best fitting approach. The
calculated T, was in the order of 103.2+0.04 s
due to low oxygen concentration in the phantom
which is in the order of 10-15s in lungs as
previously reported (10, 21, 22, 37). In the future,
the proposed technique will focus on the
implementation of this technique to human lung
imaging and the investigation of oxygen partial
pressure variations. Although the flip angle can
be prescribed before the actual MR scan, the
prescribed and actual flip angles can vary
significantly depending on the RF coil coupling
and intrinsic transmit in homogeneities of the RF
hardware may resulting in artificial ventilation
image heterogeneities (38). This technique does
not require any pre-existing knowledge of scan
parameters for calculation of a and T, and allows
correction of artificial image variations in time-
series (i.e. sequential) hyperpolarized MR images
that recently gain interest for dynamic imaging of
lung ventilation and gas exchange.

CONCLUSION

Post image processing of hyperpolarized gas
time-series MR images with the proposed
technique in this study, allow the calculation of a
and T, with a standard deviation of less than 1%.
While demonstrated in this study, T1 can also be
calculated with high repeatability independent of
fitting errors using the initial calculation of flip
angle allowing reduction of the standard deviation
of the calculated fitting parameters of
approximately 50%. More practically, this
technigue does eliminate the use of any
assumption for the calculation of a and T, and
the effects of fitting boundary conditions (i.e.
initial guess values),
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