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INTRODUCTION: Multi-echo spin echo sequences are commonly used for T2 measurement in-vivo. In the presence of imperfect refocussing pulses, due to slice 
selection, RF interference, or purposely prescribed lower refocussing angles, indirect and stimulated echoes contaminate the echo train [1]. Carr-Purcell and Carr-
Purcell-Meiboom-Gill spin echo sequences both provide echo trains which refocus effects of imperfect refocussing pulses on alternate (even) echoes [2]. It is common 
for researchers to either use only the even echoes [3], or to skip the first echo in the train [4], and exponentially fit for T2. Indirect and stimulated echo compensation 
methods exist [5-7], but are computationally heavy, and require knowledge of RF pulses used, which is not always readily available, particularly in a clinical 
environment.  
Purpose: We employ simulations and in vivo human brain experiments to examine the accuracy and 
limitations of exponential fitting methods where odd echoes are rejected, or the only first echo is 
rejected. 
METHODS: 
Simulations employed Shinnar-Le Roux (SLR) [8] simulations for RF pulse, and Bloch solutions for 
decay between pulses (ETL = 32; echo spacing = 10 ms; Gaussian pulse shape). Simulations were 
repeated for relative refocussing width of 1.75 and 3, and for non-selective pulses. Simulations were 
repeated for a range of refocusing flip angles (rFA 90°-270°) and T2 (10-150 ms) with infinite T1. 
Simulated data were fit with exponential fits using either all echoes, only even echoes, or discarding the 
first echo.  
Human brain imaging experiments were performed at 4.7 T. Multi-echo spin echo (CPMG) images 
were acquired through iron-rich deep grey matter (TR = 4 s; ETL = 32; TE = 10 to 200 ms; echo spacing 
= 10 ms; prescribed excitation = 90°; refocusing = 180°; relative refocusing width = 1.75). 
Flip angle (FA) maps were acquired using the double angle method with a correction for slice profile 
(TR = 7 s; FA = 60°, 120°; effective TE = 43 ms).  
T2 fitting was performed using either exponential fit of all echoes, of only even echoes, 
or skipping the first echo. To provide a gold standard for comparison, in vivo multi echo 
data sets were also fit using Indirect and Stimulated Echo Compensated (ISEC) T2 fitting 
model [6]. The FA map was provided to the ISEC fitting algorithm.  
T2 averages were calculated in regions of interest (ROI) drawn selecting iron rich grey 
matter (caudate, putamen, globus pallidus) and white matter territories (corpus callosum 
splenium, and optic radiation).  
RESULTS: 
Example decay curves (Fig 1a) show that in slice selective experiments, stimulated 
echoes exist, even where the refocussing angle = 180º. All echoes after the first are 
contaminated with stimulated echo components (Fig 1b). Simulations (Fig 2) show that 
T2 is overestimated with all exponential fitting schemes. Slice selective experiments (top 
and middle row) perform poorest, though non-selective experiments also over-estimate 
T2, unless the refocussing angle is exactly 180°. Even in non-selective experiments 
(bottom row), overestimation of T2 occurs with exponential fitting, and cannot be avoided 
by discarding the first, or all odd echoes in fitting routines. For very wide refocussing 
pulses, we find that T2 may be overestimated by 0-8% if the first echo is skipped, 
provided refocussing angles fall between approximately 150° and 210°. Even-echo-only 
fitting provides similar results when T2 > 50 ms. However, skipping the first echo was 
more robust than fitting even echoes only. Table 1 shows in vivo results from six 
volunteers. All exponential fitting schemes over-estimate T2, relative to the gold standard. 
DISCUSSION: 
Discarding the first echo, or all odd echoes, provided improves results, but does not 
eliminate all errors in 2D experiments. Additionally, both fitting schemes compromise 
quantification of short T2 components, such as cartilage, myelin, and muscle, whose 
signals will decay appreciably prior to the second echo. Simulation performed here 
assumed infinite T1. In cases with large T1/T2, T1 is not likely to have a significant impact 
on T2 fit values [5], but will produce small changes in decay curves, and therefore T2 fit 
results, particularly in echo amplitudes with large contributions from stimulated echoes. 
Errors in T2 fitting may reduce if pulse 
shapes with improved slice profiles 
were implemented. 
CONCLUSIONS: 
Exponential fitting schemes, which 
discard the first, or all odd echoes from 
CPMG data sets do not avoid T2-
misestimation. Indirect and stimulated 
echo pathways contaminate echo trains 
when imperfect refocussing pulses exist. Skipping the first echo may reduce errors to less than 10% if very wide refocussing pulses are used (> 3 × the excitation 
width) or in 3D experiments, provided that the refocussing angle is greater than approximately 150°; nevertheless many methods now exist for proper accounting of 
stimulated and indirect echoes to enable greater T2 precision (for example, methods described in References 5-7). 
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Table 1: T2 Fit Values From Gold Standard, and Various Exponential Fitting Schemes (ms)
Structure: Globus Pallidus Caudate Head Putamen Thalamus Insular Cortex Cortical GM Posterior WM Frontal WM
ISEC 34 ±2 58 ±2 51 ±3 52 ±3 73 ±3 55 ±4 60 ±6 52 ±3
Refocussing angle ±10
Exp Fit 46 73 ±3 65 ±4 68 ±4 89 ±3 71 ±5 75 ±8 68 ±3

43 ±2 69 ±3 61 ±3 64 ±4 86 ±4 67 ±4 72 ±8 63 ±3
Even Echo Fit 43 ±2 68 ±2 61 ±3 63 ±4 84 ±4 66 ±4 71 ±8 62 ±3

197° ±10° 187° 186° ±9° 204° ±4° 178° ±6° 157° ±10° 166° ±9° 155° ±13°
±3

Skip 1st Echo

Figure 2:  Errors in T2 fitting for a range of T2 and refocussing angles:
left all echoes, middle even echoes, right skipping first echo only.
Refocussing width is altered vertically, with nonselective at bottom.  

Figure 1:  (a) Example decay curves with either 180 or 150 
degree refocussing pulses. (b) the fraction of the signal 
coming from either spin echo (SE) pathways or stimulated +
indirect echo (St+I) pathways. 
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