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a b s t r a c t 

T2 quantification is commonly attempted by applying an exponential fit to proton density (PD) and transverse 
relaxation (T2)-weighted fast spin echo (FSE) images. However, inter-site studies have noted systematic differ- 
ences between vendors in T2 maps computed via standard exponential fitting due to imperfect slice refocusing, 
different refocusing angles and transmit field (B1 + ) inhomogeneity. We examine T2 mapping at 3T across 13 sites 
and two vendors in healthy volunteers from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database 
using both a standard exponential and a Bloch modelling approach. The standard exponential approach resulted 
in highly variable T2 values across different sites and vendors. The two-echo fitting method based on Bloch equa- 
tion modelling of the pulse sequence with prior knowledge of the nominal refocusing angles, slice profiles, and 
estimated B1 + maps yielded similar T2 values across sites and vendors by accounting for the effects of indirect and 
stimulated echoes. By modelling the actual refocusing angles used, T2 quantification from PD and T2-weighted 
images can be applied in studies across multiple sites and vendors. 
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. Introduction 

Transverse relaxation (T2) time is one of the fundamental contrast
echanisms in MRI. It is highly sensitive to a wide range of tissue
athologies including inflammation, iron accumulation, neurodegen-
ration and calcification ( Bartzokis et al., 2004 ; Cheng et al., 2012 ;
eoni, 2010 ; MacKay et al., 2006 ; Schenck and Zimmerman, 2004 ;
ymazal et al., 1999 ) . For T2 mapping, multiple echo spin echo
MESE) methods are commonly used; however fitting the decay curve
ith a standard exponential function often results in grossly overesti-
ated T2 values. Inaccuracies in T2 values from fitting with an ex-
onential decay curve arise from three main sources of error, all of
hich contribute to the presence of stimulated or indirect echoes be-

ause the refocusing pulses are not ideal ( Hennig, 1991 ; Lebel and
ilman, 2010 ; Majumdar et al., 1986 ). First, nominal refocusing flip

ngles less than 180° may be employed to mitigate specific absorption
ate problems. Second, non-rectangular slice profiles lead to a varia-
ion of flip angles across the slice. Third, substantial radiofrequency
∗ Corresponding authors. 
E-mail addresses: chhetri@ualberta.ca (G. Chhetri), wilman@ualberta.ca (A.H. Wi

1 Present address for Kelly C. McPhee: Department of Medical Physics, CancerCare
2 Data used in the preparation for this article were obtained from
 https://ida.loni.usc.edu/login.jsp?project = ADNI ). As such, the investigators wi
nd/or provided data but did not participate in analysis or writing of th
ttp://adni.loni.usc.edu/wpcontent/uploads/how_to_apply/ADNI_Acknowledgement

ttps://doi.org/10.1016/j.neuroimage.2021.118116 . 
eceived 18 December 2020; Received in revised form 14 April 2021; Accepted 15 A
vailable online 1 May 2021. 
053-8119/© 2021 The Author(s). Published by Elsevier Inc. This is an open access 
 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
RF) interference effects occur at field strengths 3T and higher, and
o a lesser extent at lower field strengths, which causes flip angles to
ary from their nominal value across the imaging volume. There is a
arge body of literature that uses T2 modelling methods to account
or the above mentioned effects, mainly using MESE but also acqui-
ition of fast spin echo (FSE) sequences at different echo times (TEs)
 Lebel and Wilman, 2010 ; Prasloski et al., 2012 ; Ben-Eliezer et al., 2015 ;
cPhee and Wilman, 2015 ; Petrovic et al., 2015 ; Nöth et al., 2017 ;

mmerich et al., 2019 ). In the current work, the focus is fitting of the
ual-echo FSE sequence. 

Dual-echo FSE or turbo spin echo (TSE) sequences ( Hennig et al.,
986 ) are used in clinical MRI applications enabling high-resolution
roton density (PD) and T2-weighted contrast. Many authors have at-
empted to estimate T2 by fitting a simple exponential decay function to
he two PD and T2-weighted FSE images ( Bauer et al., 2010 ; Hasan et al.,
010 ; Knight et al., 2016 ; Sedlacik et al., 2014 ) . However, in a two-
oint exponential fit using PD-weighted and T2-weighted images, the
lman). 
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cribed above. Moreover, the effects of stimulated echoes may go un-
oticed leading to a stronger tendency to fit with a simple exponen-
ial decay, since the whole decay curve is not visible. Thus, the typi-
al increased signal after the second refocusing pulse from stimulated
choes and subsequent oscillations are not seen. In addition, PD and
2-weighted sequences almost never prescribe 180° refocusing and will
end to use lower refocusing angles that are often varied along the echo
rain as well. Modelling approaches for these dual-echo sequences are
ess common, largely because the two data points do not enable fitting of
ore than two parameters, thus the transmit field effects must be known

n advance. A more accurate two-point T2 fitting method employing
loch simulations and RF pulse modelling in conjunction with prior
nowledge of the refocusing flip angles was introduced by McPhee and
ilman, 2015 , which builds on the general idea of stimulated echo com-

ensation to model the actual spin response ( Ben-Eliezer et al., 2015 ;
ebel and Wilman, 2010 ). The two-echo Bloch modelling approach has
een applied at a single site at 1.5T to examine T2 changes in the brain
ver 7 years in multiple sclerosis using retrospective clinical images
 Uddin et al., 2017 ). 

In this study, we wish to examine T2 mapping from PD and T2-
eighted images across multiple sites and vendors. For example, in their

nter-site study using the Alzheimer’s Disease Neuroimaging Initiative
ADNI-1) database, Bauer et al., 2010 quantified T2 from exponential
tting of the PD and T2-weighted images and compared across sites and
endors at 1.5T. They reported highly variable T2 values and signifi-
ant inter-site biases, concluding that there is a need for more elaborate
ethods for T2 quantification for multi-platform studies. The goal of our

urrent work is to examine retrospective T2 quantification in the brain
cross multiple sites and vendors at 3T using dual-echo FSE images from
he ADNI-1 database. We show that accounting for differences in pulse
equences and spatial variation in flip angle can enable comparison of
2 maps across sites and vendors. 

. Methods 

.1. MRI sequences and ADNI subjects 

Retrospective brain MRI exams were downloaded from the ADNI-
 database ( https://ida.loni.usc.edu/login.jsp?project = ADNI ). Inclusion
riteria were healthy subjects with available 3T scans from one of
wo vendors: Siemens Medical Systems (vendor 1) or General Electric
ealthcare (vendor 2). A total of 24 subjects were found from 13 differ-
nt sites in North America from the two MRI vendors. Fourteen healthy
ubjects (nine female, five male, mean age 73 years, range 59 – 80 years)
ere scanned with MRI systems from vendor 1, and the remaining ten

six female, four male, mean age 75 years, range 70 – 86 years) from
endor 2. All exams used a 2D dual FSE/TSE protocol with sequence pa-
ameters as follows: TE1 10.6 - 12.3 ms, TE2 95.2 - 99.0 ms, TR 3000 ms,
8 slices, voxel size 3.0 × 0.94 × 0.94 mm 

3 , matrix size 256 × 228–256,
 concatenations, and acquisition time 5 min. Both vendors used cen-
ric phase encode ordering for both the PD and T2-weighted images and
arallel imaging was not used. Although most parameters for the 2D
D-T2 FSE were similar, the echo train length (ETL) and echo spacing
iffered between vendors: 14 echoes and 12.3 ms for vendor 1, 16 echoes
nd 10.6–10.8 ms for vendor 2. Importantly, the refocusing flip angle
rains were very different. Vendor 1 used a refocusing flip angle train of
ainly 150° while vendor 2 used different refocusing flip angle trains
epending on the software release that varied between sites, including
 constant 125° refocusing angle train, and a mainly 160° train. A pulse
equence diagram of an example FSE sequence is shown in Fig. 1 . 

To account for receive coil effects, ADNI-1 included two rapid 3D
alibration scans, one of which used the transmit body coil for both
xcitation and signal reception. This calibration scan enabled estimation
f the flip angle variation across the brain, a necessary input for the
loch simulation based T2 fitting model when given only the two PD
nd T2-weighted decay data points ( McPhee and Wilman, 2015 ). The 3D
2 
alibration scan was a single gradient echo sequence and the parameter
pecifications for both vendors were flip angle 2°, TE 1.1 – 1.3 ms, TR 2.9
3.4 ms, and ~40 s acquisition time. Voxel size was 2.5 × 2.3 × 2.3 mm 

3 

or vendor 1 and 2.5 × 1.2 × 1.2 mm 

3 for vendor 2. 
ADNI-1 also included data from Philips Healthcare systems, but this

ata did not include calibration scans since the FSE images were inter-
ally corrected for coil effects ( Jack et al., 2008 ), so our method could
ot be applied. 

.2. Estimating B1 + map from calibration images 

We estimated B1 + maps from the low flip angle calibration scan. The
ignal intensity, S of the calibration scan with respect to the receive RF
eld (B1 − ) and transmit RF field (B1 + ) for a rectangular RF pulse of
uration t is given as: 

 ∝ B 1 − sin 
(
γB 1 + t 

)
(1) 

Noting the small flip angle of 2°, Eq. (1) simplifies to: 

 ∝ 𝛾t B1 − × B1 + (2) 

Further simplification can be made by making a rough assump-
ion that for the body coil, B1 − = B1 + in central brain regions at 3T
 Vaidya et al., 2016 ). Hence, except for a normalization factor, the B1 + 

eld variation across the brain can be estimated simply by: 

 ∝
(
B 1 + 

)2 
(3) 

This approximation ignores T1 weighting given the small flip angle
f 2 ̊; however, the long T1 of cerebrospinal fluid (CSF) requires a cor-
ection for both increased T1-weighting and increased PD over grey and
hite matter. 

To validate the B1 + map estimation method from the calibration
can and determine its normalization factor, prospective acquisitions
sing the ADNI-1 3D calibration protocol were collected on a 3T Prisma
Siemens Medical Systems) for five additional healthy subjects (3 male,
 female, mean 26 years, 21 – 31 years). These validation subjects
lso received a B1 + map acquisition using the Bloch-Siegert method
 Sacolick et al., 2010 ) to serve as the gold standard B1 + . All sub-
ects provided written, informed consent and the local institutional
thics board approved this investigation. Scan parameters for the Bloch-
iegert B1 + mapping were as follows: TE 2.2 ms, TR 19.7 s, voxel size
.6 × 1.6 × 3.0 mm 

3 , flip angle 5°, and acquisition time 40 s. 
Normalized B1 + (nB1 + ) maps were created such that the nominal

ip angle prescribed in the sequence corresponded to a value of 1.0.
stimated nB1 + maps of the validation subjects were globally scaled to
atch with their respective Bloch-Siegert nB1 + maps (or measured nB1 + 

aps). The assumption that this method provides a sufficiently accurate
1 + map estimate was verified by comparing the estimated nB1 + map
o the measured nB1 + map using difference images and profile plots.
stimated nB1 + maps for ADNI-1 subjects used the same global scaling.

.3. T2 fitting model 

T2 maps were generated from fitting of the dual-echo FSE data by
odelling the actual RF pulses and slice select gradients used in each
ulse sequence for each vendor. Bloch fitting utilized Indirect and Stimu-
ated Echo Compensation (ISEC), as previously described ( McPhee and

ilman, 2015 ). A flowchart for the T2 fitting model is illustrated in
ig. 2 . The method models slice-selective RF pulses using the Shinnar-
e Roux (SLR) algorithm ( Pauly et al., 1991 ). Ignoring relaxation ef-
ects during the pulses, the RF pulses were broken into 1024 hard pulse
egments, equally spaced over the duration of the RF pulse. The SLR
arameters were used to calculate the magnetization following each
ulse segment. For slice selection modelling, magnetization response
o RF pulses, gradients and relaxation were calculated at 1501 points
qually spaced over thrice the excitation width. Relaxation decay be-
ween RF pulses were calculated by employing solutions to the Bloch

https://ida.loni.usc.edu/login.jsp?project=ADNI
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Fig. 1. Example dual-echo FSE pulse sequence using TE1 12.3 ms, TE2 99 ms and echo spacing 12.3 ms. The first seven echoes (blue) form the PD-weighted image 
and the next 7 echoes (green) the T2-weighted image. Centric phase encode order was used for both images with the effective TEs shown. Sequence variants between 
sites/vendors all use centric phase encoding. The most significant differences between vendors/sites was the refocusing pulses and flip angles. In this example from 

vendor 1, the flip angle train is 90°- 165°- 150°- 150°-.... The excitation and refocusing RF pulses were 2.56 ms and 3.85 ms in duration with the flat central portion 
of the RF pulse corresponding to a gradient strength of 0.4 G/cm for excitation and 0.27 G/cm for the refocusing. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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quations for transverse magnetization T2 decay and longitudinal mag-
etization T1 changes. Echo amplitudes were then calculated by sum-
ing the 1501 points together at each echo time. Similar to past work

y Ben-Eliezer et al., 2015 ; the simulation does not model frequency or
hase encode gradients since with adequate spoiling, the stimulated and
ndirect echoes arise only from the RF pulse and slice select gradient in-
eractions. Note the phase encode is rewound after each acquisition and
hat the frequency encoding gradient remains constant for each readout
 Fig. 1 ). 

The simulation was repeated for a range of T2 and B1 + values to cre-
te a dictionary of T2 decay curves. For the dictionary, simulations used
 range of T2 from 10 – 1000 ms, with resolution at 0.2 ms resolution up
o 150 ms, 1.0 ms from 150 – 200 ms, 2.0 ms from 200 – 300 ms, 5 ms
rom 300 – 500 ms, and 10 ms from 500 – 1000 ms. The high T2 digital
esolution of 0.2 ms in the tissue range was used to ensure no digiti-
ation errors are compounded into the measurements. The longitudinal
elaxation (T1) time was kept constant at 1 second, since T1 variations
ave very minor effects. The uniform T1 assumption for the Bloch based
tting model is evaluated in detail in McPhee and Wilman, 2015 . The
B1 + maps were provided as flip angle maps to the fitting algorithm.
he nominal flip angles of each sequence were used along with an nB1 + 

anging from 0.40 – 1.40 at 0.005 resolution to account for the vary-
ng flip angle distribution across the brain due to RF interference. The
omputation time for the lookup dictionary generation depends on the
umber of simulated values of T2 and B1 + and for the fitting part, it
ainly depends upon the number of voxels to be fitted. Running on an

ntel® Core TM i7–8750H CPU @2.20 GHz, for 891 T2 values, 201 B1 + 

alues and ETL = 14, the lookup dictionary was generated in 23 min and
he reconstruction time for an average sized brain was 1.2 min per slice,
ith 48 slices requiring ~ 1 hour. FSE data were fitted for T2 and am-
litude via minimization of the sum squared difference. All simulations
nd fitting methods were performed using in-house MATLAB (R2018b,
4 bit) code. Standard two-point exponential fitting was also performed
or comparison. 
f  

3 
.4. T2 analysis 

The T2 maps were compared using whole-brain T2 histograms and
anually drawn regions-of-interest (ROIs) from bilateral grey and white
atter structures (Caudate, Putamen, Globus Pallidus, Thalamus, Genu,

nd Splenium). Mean ROI T2 values were reported, with multi-slice bi-
ateral ROIs combined. The estimated B1 + maps and measured B1 + 

aps were co-registered and resliced to the dual-echo images’ native
pace using the within-subject rigid body registration tool in Statisti-
al Parameter Mapping (SPM-12). All brain images were skull-extracted
sing the Brain Extraction Tool (BET) in FMRIB Software Library (FSL
6.0). 

Statistical analyses were conducted in R (version 4.0.2, 64 bit).
ilcoxon signed-rank test was used to compare the two fitting mod-

ls. The validation T2 maps generated from measured and estimated
B1 + maps were also compared with the same test. The Kolmogorov-
mirnov test was used to examine the whole-brain T2 histograms of the
wo vendors for peak T2 and T2-width (FWHM). A p-value of < 0.05 was
onsidered statistically significant. 

. Results 

.1. Validation of T2 fitting using B1 + map estimation 

An anecdotal example of nB1 + maps obtained from the measured
nd estimated methods is shown in Fig. 3 . The two nB1 + maps show
easonable agreement in central regions with larger deviations near the
dges of the brain. Example T2 maps generated with the two nB1 + maps
re shown in Fig. 4 for the same volunteer as in Fig. 3 . Similar to the
B1 + maps, there is a good accordance between the T2 maps in central
ortions; however, differences increase towards the edges of the brain. 

Whole brain T2 histograms from all five validation subjects using
he two nB1 + maps are shown in Fig. 5 . No significant differences were
ound between the average peak T2 ( p = 0.34) nor the FWHM ( p = 0.37).
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Fig. 2. Flow chart for the T2 fitting process. The flip angle map is estimated from the ADNI-1 calibration scan. Bloch based simulation of the FSE sequence is used 
to create a dictionary of T2 decay curves. The flip angle map is used to take a subset of data from the dictionary, and two-point T2 fitting is performed using the 
FSE images. The fitting algorithm finds the minimum of the sum squared residuals and T2 map is generated on a voxel by voxel basis. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Comparison of measured nB1 + map (a) and estimated nB1 + map (b) of a 26 yr old healthy female volunteer. The corresponding PD-weighted axial slice 
(c) and percentage difference image (d), (calculated as 100% × (a-b)/a) is shown. Normalized B1 + map profiles obtained along the left-right and anterior-posterior 
directions are shown in (e) and (f) respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.) 

4 
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Fig. 4. T2 maps (ms) computed with the Bloch fit method for two different slices of a healthy 26 yr old female volunteer. T2 maps created with the measured 
nB1 + map (a,d) and the estimated nB1 + map (b, e) along with the percentage difference images (c, f) are shown (calculated as 100% × [(measured T2 - estimated 
T2)/measured T2)]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Whole-brain histograms of T2 maps from five validation subjects ob- 
tained with measured (a) and estimated (b) nB1 + maps. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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ean T2 ROIs and the corresponding nB1 + values from all the valida-
ion subjects are shown in Table 1 . For these central ROIs, no significant
ifferences are found in T2 or nB1 + values ( p > 0.05). Mean T2 for CSF
n lateral ventricles from all the validation subjects were found to be
01 ± 111 ms with measured nB1 + maps and 450 ± 130 ms with esti-
5 
ated nB1 + maps. These values underestimate the true CSF T2 of 2 s
 Spijkerman et al., 2018 ) due to only sampling the decay curve up to
00 ms. CSF is not considered further, and only tissue T2 measures are
eported for the ADNI-1 study, since the experiment is not designed to
easure long T2 values in fluids. 

.2. T2 maps of ADNI-1 subjects 

Example T2 maps of two different ADNI-1 subjects and their cor-
esponding PD, T2-weighted images, and estimated nB1 + maps are
epicted in Fig. 6 , where the exponential fit yields very different
2 maps (d,i), while the Bloch-fit results in similar T2 maps (e,j)
etween vendors/subjects. Vendor 1 used a refocusing flip train of
65°− 150°− 150°… .with an ETL of 14 and vendor 2 used a constant 125°
ip train with ETL 16. The T2 maps displayed used PD/T2-weighted im-
ges with TE = 12.3, 99 ms for vendor 1, and TE = 10.6, 95.4 ms for
endor 2. Grayscale T2 maps for these subjects and a validation case are
rovided as supplementary materials. 

Whole-brain T2 histograms from all ADNI-1 subjects from exponen-
ial and Bloch based fits are depicted in Fig. 7 for both vendors. His-
ograms are clipped at 300 ms. Peak T2 from the exponential fit were
igher than the corresponding peak T2 from the Bloch fit in vendor 1
 p = 0.001) and vendor 2 ( p = 0.005). Although the subjects are differ-
nt between the vendors, we still expect similar (not same) T2’s between
endors as they are all healthy subjects. T2 histograms from exponen-
ial fit showed significant differences in peak T2 values between the two
endors as well ( p = 0.0002). On the contrary, peak T2 values between
2 histograms from Bloch fit were similar in values between the ven-
ors ( p = 0.12). For each T2 histogram, the width was measured at half
aximum. Exponential fit of data from vendor 2 resulted in the broad-

st histograms (mean histogram width of 42 ms) and highest variance
etween the peak T2 values (standard deviation = 11.5 ms). Overall
nalysis showed a significant width difference between the T2 fitting
odels for vendor 2 ( p = 0.006). With Bloch fit, there was no significant
ifference between the histogram widths of both vendors ( p = 0.993). 

Vendor-wise mean T2 from central brain ROIs of all ADNI-1 subjects
re reported in Table 2 . The Bloch fit T2’s are much shorter than the
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Table 1 

Mean T2 (ms) and nB1 + from all five volunteers. a , b . 

Caudate Putamen Globus Pallidus Thalamus Genu Splenium 

measured nB1 + 1.06 ± 0.02 1.09 ± 0.02 1.12 ± 0.02 1.14 ± 0.03 1.00 ± 0.02 1.11 ± 0.02 

mean T2 (ms) 72.1 ± 3.9 63.8 ± 3.2 49.8 ± 3.0 60.0 ± 2.0 72.3 ± 3.6 67.9 ± 4.3 

estimated nB1 + 1.08 ± 0.01 1.09 ± 0.02 1.11 ± 0.02 1.12 ± 0.02 1.01 ± 0.02 1.08 ± 0.01 

mean T2 (ms) 70.3 ± 3.0 63.3 ± 2.4 50.4 ± 2.6 62.0 ± 1.0 70.0 ± 2.6 69.7 ± 4.4 

a T2 maps were generated using the Bloch-based fit method. Data is reported as mean ± standard deviation. 
b n = 5 volunteers, aged 26.0 ± 3.6 years. 

Fig. 6. Example images and resultant maps from two ADNI-1 subjects. Top Row: 77 yr healthy female from vendor 1 using a refocusing flip train of 165°− 150°− 150°- 
.... Bottom Row: 78 yr healthy female from vendor 2 using a refocusing flip train of constant 125° The input PD-weighted (a, f) and T2-weighted (b, g) images are 
shown along with estimated nB1 + maps (c, h). T2 maps (ms) computed using exponential method (d, i) and Bloch based fit method (e, j) show the disparity in T2s 
between subject/vendor with the exponential approach but similarity with the Bloch method. 

Table 2 

Vendor-wise mean T2 (ms) and Coefficient of Variation (%) from ADNI-1 subjects. a , b . 

Vendor 1 Vendor 2 

Region Exponential fit Bloch fit Exponential fit Bloch fit 

Caudate 84.5 ± 5.8 

6.9% 

56.3 ± 2.6 

4.6% 

100.2 ± 9.2 

9.2% 

60.9 ± 4.2 

6.9% 

Putamen 75.5 ± 4.5 

6.0% 

52.2 ± 3.2 

6.1% 

90.6 ± 12.1 

13.4% 

55.6 ± 4.3 

7.7% 

Globus 

Pallidus 

67.0 ± 3.0 

4.5% 

44.8 ± 2.4 

5.4% 

72.7 ± 9.1 

12.5% 

45.6 ± 4.6 

10.1% 

Thalamus 92.2 ± 5.6 

6.1% 

58.1 ± 2.8 

4.8% 

96.1 ± 8.4 

8.7% 

59.3 ± 3.1 

5.2% 

Genu 88.6 ± 5.1 

5.8% 

65.4 ± 3.0 

4.6% 

103.9 ± 10.7 

10.3% 

61.9 ± 3.2 

5.2% 

Splenium 98.4 ± 4.9 

5.0% 

66.1 ± 3.4 

5.1% 

101.8 ± 10.1 

9.9% 

62.0 ± 3.2 

5.2% 

a Vendor 1: n = 14, aged 73.0 ± 5.5 years, and Vendor 2: n = 10, aged 75.0 ± 4.2 years. 
b T2 value is reported as mean ± standard deviation. Second row of each region shows the Coefficient of variation. 
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xponential fit ( p = 0.03) and the standard deviations are reduced. Con-
idering all ROIs, there were no significant differences between vendors
n T2 values with Bloch fit ( p = 0.93) nor with exponential fit ( p = 0.47).

ith the Bloch fit, the mean absolute T2 difference between vendors for
ll ROIs was only 2.9 ± 0.9 ms, while exponential fit was 11.1 ± 5.2 ms.
ote that the two groups used different subjects so exact agreement is
ot expected. 

. Discussion 

T2 maps computed with the Bloch simulation based fitting of the
D and T2-weighted images resulted in similar T2 values across ven-
6 
ors and sites. In contrast, T2 maps computed with an exponential fit
esulted in histograms with remarkably increased peak T2 ( p = 0.001
or vendor 1 and p = 0.005 for vendor 2) and broader FWHM for vendor
 ( p = 0.006). These biases in T2 measurements were minimized by ac-
ounting for indirect and stimulated echo contamination, via modelling
f the pulse sequences, using known refocusing flip angles and estimated
1 + maps to account for RF field inhomogeneity. The low flip angle cal-

bration scan of the ADNI-1 data set enabled an estimation of B1 + maps,
hich was validated in comparison to measured B1 + maps in a cohort
f healthy volunteers. Note that for the two-point fitting approach, the
1 + map cannot be determined as part of the fitting process, since there
re already two unknowns of initial signal and T2 value. For the ADNI-1
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Fig. 7. Whole-brain histograms of T2 maps from 24 ADNI-1 subjects using two vendors- 14 subjects from vendor 1 (a, c) and 10 subjects from vendor 2 (b, d). 
Histograms from exponential fit (a, b) and Bloch based fit (c, d). Note different scale for y-axis in (b). 
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ata with Bloch based fit, there were no significant differences in peak
2 ( p = 0.12) and FWHM ( p = 0.993) between the T2 maps from the
wo vendors. 

The specific goal of our work was to demonstrate that if the dif-
erences in pulse sequences between vendors and sites are accounted
or, the bias between sites/vendors can be minimized. Previous work
as recognized the need for pulse sequence modelling to account for
ndirect and stimulated echoes, and remove T2 overestimation that is
ypically observed with fitting of MESE or FSE data with an exponen-
ial decay function ( Lebel and Wilman, 2010 ; Ben-Eliezer et al., 2015 ;
cPhee and Wilman, 2015 ; Nöth et al., 2017 ). As shown here, these
2 errors are compounded for inter-site and inter-vendor studies when
F pulse parameters vary between sites. ADNI-1 standardized most se-
uence timing parameters between sites and vendors with only slight
ariations in effective echo times, echo spacing and ETL; however, each
endor used its own RF pulse shapes and refocusing flip angle trains,
hich we accounted for in our modelling. For example, vendor 1 used

he same refocusing flip angle train between all of its sites, while ven-
or 2 used different refocusing angles that also varied between software
ersions. These sequence variations make standard exponential fitting
nacceptable for multi-vendor T2 studies, as was found by Bauer et al.,
010 with 1.5T data. 

More generally, to accurately simulate any 2D FSE/TSE sequence
ariation, the refocusing flip angle train must be known. This includes
ll the sequence timing parameters, the nominal refocusing angles which
ay vary throughout the train, the RF pulse shapes, and the relative

trength of the slice select gradients for the excitation and refocusing
ulses. In cases where the full pulse sequence parameters are not known,
öth et al., 2017 demonstrated that by careful measurements with a
hantom of known T2, a correction scheme could be devised; how-
ver, this approach requires prospective experiments on each scanner
nd may have difficulty with variable angle trains. 

Clearly, accurate T2 becomes increasingly difficult as one reduces
he number of data points. In the limit of two data points available
ere, precise modelling of the pulse sequence becomes essential to min-
mize additional errors. Nevertheless, the accuracy of the T2 fit is im-
acted by the choice of the two effective echo times available for fit-
ing, the refocusing flip angle train and the available SNR ( McPhee and

ilman, 2015 ). For example, the longest echo point in the ADNI-1 data
7 
as ~100 ms, which is insufficient to accurately estimate long fluid T2s
ike CSF ( Spijkerman et al., 2018 ). As a general guideline, considering
 conservative SNR of 30 in the PD image, T2s up to 300 ms can be
easured within ± 5% accuracy, if B1 + is also measured to within ± 5%

ccuracy. Higher accuracy in B1 + would extend the T2 range somewhat;
owever, the ultimate T2 maximum limit would also depend on the ex-
ct flip angle scheme. In addition, the two-point fitting method cannot
ccount for multi-component T2 relaxation, which is most commonly
oted in white matter ( Whittall et al., 1997 ). Multi-compartment T2
elaxometry methods ( Prasloski et al., 2012 ) rely on sampling the T2
ecay curve at multiple echo times (typically 32) and involve a large
umber of unknown parameters to fit. With only two-echo points, our
ethod provides a single T2 component approximation which is all that

s possible from clinical data sets using PD and T2-weighting. 
Differences in phase encoding orders are also important when using

SE images, especially if the PD and T2-weighted images use different
rdering that would cause different point spread function (PSF) effects
 Anderson et al., al.,2013 ). For ADNI-1 data, both vendors employed
entric phase encode ordering for the PD and T2-weighted images. Fur-
hermore, relatively short echo trains were used with 7 or 8 echoes per
mage. This further limited PSF effects and also made the modelling of
nly the effective TE’s sufficient to account for the image contrast. For
xample with a 7 echo train, the most central 14% of the phase encodes
ere all acquired at the exact TE, which would dominate the image

ontrast. 
In the literature there is a wide range of T2 values at 3T depending

n the methods used. Using structures putamen, thalamus and globus
allidus, the T2 values obtained in this study at 3T are similar to those
ound with past methods that either accounted for stimulated and indi-
ect echoes ( Nöth et al., 2017 ), or chose to eliminate the effects through
diabatic refocusing ( Mitsumori et al., 2012 ). Nevertheless there are a
ide range of reported T2 values in the literature for brain owing to dif-

ering approaches being applied, with exponential fitting curves yielding
arge overestimates ( Kumar et al., 2012 ; Sedlacik et al., 2014 ) . 

One limitation was a lack of true B1 + maps in the ADNI-1 retrospec-
ive data, requiring estimation of B1 + maps from the ADNI-1 calibration
cans. This method was validated in a small prospective study. Although
he B1 + estimation error increases towards the brain edges, the valida-
ion results showed that the estimated B1 + maps are similar in central
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arts of the brain and whole brain histograms were not impacted. Nev-
rtheless we focused our ROI measures on central brain regions where
he calibration assumption of body coil transmit B1 + and body coil re-
eive B1 − equivalency is more accurate. While the ADNI-1 calibration
can was sufficient to estimate B1 + map, prospective studies could use a
apid B1 + mapping technique for greater precision. The slow variation
f B1 + in the head allows for low resolution B1 + maps, which can now
e acquired rapidly ( Lesch et al., al.,2019 ). An additional limitation was
he lack of a gold standard T2 comparison in the ADNI data set. Never-
heless, using a PD and T2-weighted sequence with actual B1 + maps has
reviously shown that human brain tissue T2 values obtained with this
tting method are similar when compared against fitting of a 32 echo
ESE sequence ( McPhee and Wilman, 2015 ). 

onclusion 

We examined retrospective T2 mapping across multiple sites and two
endors using standard PD and T2-weighted images of brain. With stan-
ard exponential fitting, large T2 biases were observed between ven-
ors. By using Bloch-based modelling of the pulse sequence and estimat-
ng the B1 + field, biases in T2 values between sites and vendors were
inimized. The use of standard PD and T2-weighted images enables

uantitative T2 measurement at the same spatial resolution as standard
eighted images with no additional imaging time. Bloch modelling of

he actual refocusing angles enables T2 quantification from PD and T2-
eighted images across multiple sites and vendors. 
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