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Abstract

Purpose: 3D FLASH and balanced SSFP (bSSFP) are increasingly used in quantitative MRI 

after contrast preparation. The acquired k-space data are modulated by T1 relaxation (or additional 

T2 for bSSFP). Three separate sequence parameters including the number of phase-encoding 

steps per shot (N), flip angle (FA), and TR have made the transient state of rapid gradient echo 

(GRE) imaging difficult for analysis and optimization. Here we aim to analytically characterize 

the k-space filtering effect of magnetization-prepared FLASH and bSSFP with the point spread 

functions (PSF).

Methods: The amplitude effect is characterized with the peak magnitude of the PSF, i.e. PSF(0), 

which, due to their approaching from transient state to steady-state for the GRE acquisitions, 

obeys a linear (with a slope and an intercept, not proportional) relationship with the prepared 

longitudinal magnetization (Mprep). The blurring effect is characterized by the FWHM of the PSF. 

The magnetization-prepared acquisition-dependent image contrast efficiency is characterized with 

the relative contrast-to-noise ratio (CNR) per unit time (ruCNR).

Results: The slope of PSF(0) characterizes the relative contrast between different Mprep levels. 

The intercept of PSF(0) could lead to quantification bias for magnetization-prepared imaging. 

FLASH and bSSFP experience very little blurring effect, which is to the contrary of conventional 

fast spin echo (FSE). Analytical selections of N, FA, and TR are provided to optimize ruCNR for 

different scenarios.

Conclusions: PSFs of the FLASH and bSSFP acquisitions are analytically derived and 

numerically validated, and compared with the FSE acquisition, thus providing a useful tool for 

optimizing magnetization-prepared GRE acquisitions.
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1 Introduction

A straightforward approach to obtain many MR contrast with 3D volumetric coverage 

is to apply a magnetization-preparation module followed by a rapid acquisition module, 

which could be EPI, fast spin echo (FSE), gradient and spin echo (GRASE), FLASH, and 

balanced SSFP (bSSFP), etc. It is desirable to choose a 3D acquisition scheme with high 

SNR efficiency while filling as many phase-encoding (PE) k-lines as possible right after 

each magnetization-preparation module. The signal decay or recovery due to T2*, T2 or T1 

relaxation through an extended acquisition duration imposes a k-space filtering effect, which 

depends on the acquisition scheme, as well as the low-high (centric, center k-lines first) or 

linear (sequential) profile order being used.

This k-space filtering effect is described as a real modulation transfer function (MTF) in 

the k-space and a symmetric point spread function (PSF) in the image space as a Fourier 

transform pair. The PSF has been analytically derived for T2 exponential decay during a 

long echo train [1] for FSE type of sequences (including GRASE) with 180° refocusing 

pulses. The amplitude of the signal can be represented by the maximum magnitude of a 

PSF function. When considering both the amplitude-loss effect induced by the T2 decay 

and the SNR gain from the long acquisition duration based on MR sampling theory, the 

maximum SNR per unit time can be obtained when the echo train duration is about 1.2T2 

for a Cartesian PE direction (for example, any phase encoding direction in Cartesian scans, 

partition dimension in stack-of-radial or stack-of-spiral scans) [1]. The blurring of the image 

can be characterized in terms of FWHM of the PSF function, which describes the broadness 

of the peak at half of the maximum magnitude. FWHM increases with longer echo train 

duration following a quadratic function [1]. Similar analysis has been conducted for 1D, 2D, 

and 3D radial k-space trajectories in ultrashort echo-time imaging [2] and could be expanded 

to the T2* decay effect through PE lines of EPI readout. These analyses indicate that EPI 

or FSE/GRASE sequences suffer strong signal loss and image blurring with a prolonged 

acquisition window, with its optimal duration on the order of T2* or T2, respectively.

Rapid gradient-echo (GRE) imaging [3] such as FLASH and bSSFP are alternative 

acquisition strategies that are often selected for steady-state imaging [4, 5]. FLASH 

applies gradient- and/or RF-spoiling at the end of each short TR to eliminate transverse 

magnetization, yielding pure T1 weighting [3]. bSSFP does not apply spoiling gradients 

between alternating excitation pulses and its steady-state signal is known to exhibit a T2/T1 

contrast [6, 7]. GRE sequences are typically short in each k-line readout and thus do not 

have severe distortion or signal drop in areas with severe B0 field inhomogeneity.

Magnetization-prepared methods always acquire transient magnetization before the steady-

state is reached, with low-high profile order typically employed [8]. FLASH, or called as 

spoiled gradient echo (SPGR), turbo FLASH (TFL), turbo field echo (TFE) by different 
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vendors, has been incorporated for magnetization-prepared sequences to generate different 

contrast, e.g., T1 [8–12], T2 [13–16], diffusion [17–19], perfusion [20, 21], functional MRI 

[19, 20, 22], MT [23, 24], CEST [25], MRA [26–29], and water-fat separation [30, 31]. 

bSSFP has also been applied immediately after different contrast preparations, e.g., T2 [32–

34], diffusion [35, 36], T1 rho [37], and MRA [38–40].

It is understood that the signal evolution of the GRE acquisitions influences the obtained 

image contrast in the PE direction [3, 8, 41]. The k-space filtering effects with regard to 

MTF have been analytically described for the transient phase of FLASH during the late 

1990’s [12, 14, 17, 18] and of bSSFP in the early 2000’s [42], respectively. Their MTFs 

depend on TR, flip angle (FA), the number of PE steps per shot (N), and T1 (additional T2 

factor for bSSFP). As observed in these earlier studies about the MTF transitioning from 

the prepared magnetization (Mprep) toward the steady-state (Mss) [12, 14, 17, 18], the signal 

acquired at the later excitation steps is a summation of one Mprep-proportional term and one 

Mprep-independent term. The postulation was made subsequently that the image contrast of 

FLASH would also carry such a linear (not proportional) relationship with Mprep, and the 

Mprep-independent term as an intercept should be either fitted or corrected for quantitative 

parameter mapping [12, 14, 17, 18].

However, as no detailed analysis of the PSF was ever given, the quantification bias was 

gradually overlooked by many following works employing transient 3D GRE acquisitions, 

and blurring is still commonly mentioned in numerous papers as an adverse effect of 

3D GRE sequences without specification of its relative degree. Choosing an optimal 3D 

acquisition scheme for a wide range of applications with contrast preparation will benefit 

from a full understanding of its PSF. Here we aim to provide rigorous analytical derivations 

of PSFs of both FLASH and bSSFP acquisitions based on general sequence parameters and 

relaxation values, and characterize their relative contrast, quantification bias and blurring 

effect. Note that, for GRE, relative contrast instead of relative signal is investigated for 

PSF analysis due to its signal eventually approaching a steady-state regardless of Mprep. 

Furthermore, the properties in terms of contrast loss and image blurring will be compared 

among FLASH, bSSFP and FSE based acquisitions with strategies discussed for optimizing 

the respective sequence parameters.

2 Methods

2.1 General framework

2.1.1 Modulation transfer function (MTF) and point spread function (PSF)—
Since the k-space filtering effect due to magnetization relaxation manifests mainly along the 

slowest PE direction in each echo train (assumed as z-direction), the following derivations 

are limited in 1D along this direction. The MTF applies a multiplication filter onto the 

original k-space:

S k = Sori k ⋅ MTF k , (1)

where k is the k-space location, S(k) is the signal acquired within the k-space, Sori(k) is 

the original signal without magnetization-relaxation induced signal evolution through these 
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k-space locations, which is described as MTF(k). For simplicity, the k-space location is 

normalized to the entire range of the k-space along the assumed z-direction [-π/∆z, π/∆z] by 

dividing 2π/∆z, such that k ϵ [-0.5, 0.5].

With N as the number of PE steps acquired in the echo train per shot (also referred to as 

echo train length (ETL) for FSE, or turbo factor for FLASH and bSSFP), and the function 

Mxy(n) as the transverse signal acquired at the nth PE step, the MTF of a linear (LN) and 

low-high (LH) profile orders are:

MTFLN k = Mxy n k = Mxy k + 0.5 N + 1 , (2)

MTFLH k = Mxy 2 k N + 1 . (3)

The PSF is the Fourier transform of the MTF:

PSF z =
−0.5

0.5
MTF k ei2πkzdk, (4)

where z is the index of image pixels, and i is the imaginary unit. The range of z here is the 

reciprocal of the k-space resolution (∆k = 1/N), so z ϵ [-N/2, N/2], The image (I) is a circular 

convolution of the original image (Iori) and the PSF:

I z = Iori z ⊗ PSF z , (5)

The convolution with PSF results in two effects on the images as mentioned in the 

Introduction section: an amplitude effect that can be characterized with the peak magnitude 

of the main lobe of the PSF, i.e. PSF(0), and a blurring effect that can be characterized with 

the FWHM of the main lobe of the PSF.

Note that PSF(0) is the integral of the transverse signal acquired at all echoes, which is not 

affected by the profile order:

PSFLN 0 = PSFLN 0 =
−0.5

0.5
MTF k dk =

1

N
Mxy n dn . (6)

Because the MTF is real, the PSF is an even function. Therefore, the FWHM satisfies 

abs(PSF(FWHM/2)) = PSF(0)/2. As it is difficult to find the analytical solution of the 

FWHM due to the complexity of the PSF formula, the FWHM is obtained numerically in 

this work.

2.1.2 Relative contrast-to-noise ratio (CNR) per unit time (ruCNR)—Following 

a contrast-preparation module, the prepared magnetization is established, Mprep ϵ [-M0, 

M0], with M0 as the equilibrium magnetization. For simplicity, only gradient echoes or 

spin echoes are taken into account in this work, and stimulated echoes or other coherent 
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echoes resulted from applying multiple RF pulses between preparation and acquisition are 

considered to be mitigated by adequate gradient or RF spoiling. Likewise, off-resonance 

effects are also ignored here assuming sufficient shimming. We will confirm in the following 

sections that PSF(0) and the initial longitudinal magnetization, Mprep, always obeys a linear 

relationship for different acquisition sequences:

PSF 0 = a ⋅ Mprep + b (7)

where a is the slope and b is the intercept, when Mprep = 0, PSF(0) = b.

Based on MR sampling theory, the SNR per unit time (uSNR) per voxel for the image 

signal is proportional to the square root of the acquisition window duration [43], which 

can be approximated as N∙TR through N PE steps for FLASH and bSSFP (the readout 

time is assumed to be close to TR for the maximal efficiency). If the signal being acquired 

is constant, such as in steady-state, then uSNR is increased with higher N or longer TR. 

However, the uSNR is also proportional to PSF(0), which is modulated by both Mprep and 

the signal relaxation during the acquisition (Eq. (7)). Hence, the uSNR is proportional to the 

multiplication of two factors, PSF(0) and N ⋅ TR:

uSNR ∝ PSF 0 ⋅ N ⋅ TR . (8)

As indicated in the Introduction section and explained in more details below, the transient 

signal of FLASH and bSSFP eventually approach a steady-state regardless of Mprep.

The contrast-to-noise ratio (CNR) is used as a measure of the image contrast of the 

imaging sequences. A relative CNR per unit time (ruCNR) can be defined as the ratio 

of the difference of uSNR over the difference of Mprep at two prepared longitudinal 

magnetizations, Mprep,1 and Mprep,2.

ruCNR = uSNRprep, 1 − uSNRprep, 2
Mprep, 1 − Mprep, 2

∝ PSFprep, 1 0 − PSFprep, 2 0
Mprep, 1 − Mprep, 2

⋅ N ⋅ TR

= a ⋅ Mprep, 1 + b − a ⋅ Mprep, 2 + b
Mprep, 1 − Mprep, 2

⋅ N ⋅ TR = a ⋅ N ⋅ TR .
(9)

The expression of ruCNR is proportional to slope a. The uSNR is a special case for ruCNR 

when intercept b is zero, such as for FSE in the following analysis. An imaging sequence 

with higher ruCNR can better preserve the image contrast set by the preparation pulses.

2.2 FSE

2.2.1 MTF and PSF of FSE—Conventional FSE refers to the acquisition consisting of 

a 90° excitation pulse and N 180° refocusing pulses with an echo space of TE and N PE 

steps centered at the formed spin echoes. The analytical expression of MTF and PSF of 

FSE sequence was derived previously [1] and, in order for more consistent comparison with 

FLASH and bSSFP, is slightly modified here with the new framework with respect to the 
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normalized k-space location and the Mprep. The transverse magnetization Mxy(n) acquired at 

the nth spin echo is:

Mxy n = Mprep ⋅ e− n − 1 TE /T2 = Mprep ⋅ E2
n − 1, (10)

with E2 = e−TE /T2.

The MTF of FSE with linear and low-high profile orders are derived from Eq. (2) and (3), 

respectively:

MTFFSE
LN k = Mxy k + 0.5 N + 1 = Mprep ⋅ E2

k + 0.5 N . (11)

MTFFSE
LH k = Mxy 2 k N + 1 = Mprep ⋅ E2

2 k N . (12)

Corresponding PSFs of FSE with linear and low-high profile orders are derived from Eqs. 

(4) and (11), (12), respectively (Supporting Information S1):

PSFFSE
LN z = Mprep ⋅ E2

Neiπz − e−iπz

NlnE2 + i2πz , (13)

PSFFSE
LH z = Mprep ⋅ E2

NNlnE2cos πz + E2
Nπxsin πz − NlnE2

N2ln2E2 + π2z2 . (14)

The amplitude-loss effect of an FSE sequence, characterized with PSF(0), is equivalent for 

linear and low-high profile orders. Based on Eq. (14):

PSFFSE 0 = PSFFSE
LN 0 = Mprep ⋅ E2

Ne0 − e0

NlnE2 + 0 = Mprep ⋅ E2
N − 1

NlnE2
. (15)

Note that Eq. (15) is consistent with Eq. (28) of the previous work [1] when Mprep = 1. 

Hence PSFFSE(0) is proportional to Mprep, and following Eq. (7), the slope a and intercept b 

of the linear relation between PSFFSE(0) and Mprep for FSE are:

αFSE = E2
N − 1

NlnE2
, bFSE = 0. (16)

2.2.2 ruCNR of FSE—Note that for FSE, the acquisition window duration is 

proportional to N∙TE (the readout time is assumed to be close to TE for the maximal 

efficiency). The ruCNR of the FSE sequence is derived from Eqs. (9) and (16) with TR 

replaced by TE:
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ruCNRFSE ∝ aFSE ⋅ N ⋅ TE = E2
N − 1

NlnE2
⋅ N ⋅ TE = 1 − E2

N

−NlnE2
T2 . (17)

It can be found that there is a maximal ruCNRFSE (Supporting Information S2), when

N ⋅ TE = 1.26T2 . (18)

The maximal ruCNRFSE is:

ruCNRFSE
∗ ∝ 0.64 T2, (19)

The optimal ruCNR is obtained when the echo train duration (N·TE) is 1.26 times the T2 

value, which is consistent with the numerical result of the previous work for optimal uSNR 

[1].

2.3 FLASH

2.3.1 MTF and PSF of FLASH—FLASH refers to the acquisition consisting of N 

excitation pulses with a constant small FA of α, short TR and N PE steps which are 

centered at the gradient echoes with an echo time of TE. It is assumed that the transverse 

magnetization before the next FLASH excitation pulses are fully spoiled. Based on the 

Bloch equation, the longitudinal magnetization at the end of the nth TR is:

Mz n = Mz n − 1 ε + M0 1 − E1 , (20)

with E1 = e−TR/T1 and ε = E1 cos α. This recurrent equation is a typical first-order non-

homogeneous linear recurrence relation with constant variables. The solution of Mz(n) is 

(Supporting Information S3):

Mz n = Mprep − M01 − E1
1 − ε εn − 1 + M01 − E1

1 − ε

= Mprep ⋅ εn − 1 + M01 − E1
1 − ε ⋅ 1 − εn − 1 .

(21)

Therefore, using E2
∗ = e−TE /T2

∗
 the transverse magnetization acquired at the nth gradient 

echo is given by:

Mxy n = Mz n − 1 E2*sinα

= Mprep ⋅ εn − 1E2*sinα + M01 − E1
1 − ε E2*sinα

⋅ 1 − εn − 1 ,

(22)
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It is obvious from Eq. (22) that, when n→∞, the well-known steady-state transverse 

magnetization (Mss) for FLASH is:

Mss = Mxy ∞ = M01 − E1
1 − ε E2*sinα . (23)

Note that the Ernst angle for FLASH that maximizes Mss is αE = arccos(E1). Eq. (22) can 

then be expressed as:

Mxy n = Mprep ⋅ εn − 1E2*sinα + Mss ⋅ 1 − εn − 1

= Mss + MprepE2*sinα − Mss ⋅ εn − 1 .
(24)

Note that Eq. (24) is consistent with similar derivations in previous work with T1, T2 or 

diffusion preparations [12, 14, 17, 18]. Based on Supporting Information S3, the effective 

decay time of a FLASH sequence from the transient state to the steady state equals 

TR/ −lnε = 1/ 1
T1

− ln cosα
TR , which is T1/2 when using the Ernst angle.

Hence, the MTF of FLASH with the linear and low-high profile orders are derived from Eq. 

(2) and (3), respectively:

MTFFLASH
LN k = Mxy k + 0.5 N + 1 = Mprep ⋅ ε k + 0.5 NE2*sinα + Mss

⋅ 1 − ε k + 0.5 N . (25)

MTFFLASH
LH k = Mxy 2 k N + 1

= Mprep ⋅ ε2 k NE2*sinα + Mss ⋅ 1 − ε2 k N .
(26)

Corresponding PSFs of the FLASH with the linear and low-high profile orders are derived 

from Eqs. (4), and (25), (26), respectively (Supporting Information S4):

PSFFLASH
LN z = Mprep ⋅ E2*sinα − Mss ⋅ εNeiπz − e−iπz

Nlnε + i2πz + Mss ⋅ sinc πz , (27)

PSFFLASH
LH z =

−0.5

0.5
MTFFLASH

LH k ei2πkzdk

= Mprep ⋅ E2*sinα − Mss ⋅ εNNlnεcos πz + εNπxsin πz − Nlnε
N2ln2ε + π2z2

+Mss ⋅ sinc πz .

(28)

The amplitude effect of a FLASH sequence, characterized with PSF(0), is equivalent for 

linear and low-high profile orders. Based on Eq. (27):
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PSFFLASH 0 = Mprep ⋅ E2*sinα − Mss ⋅ εNe0 − e0

Nlnε + 0 + Mss ⋅ sinc 0

= Mprep ⋅ E2*sinα − Mss ⋅ εN − 1
Nlnε + Mss

= Mprep ⋅ εN − 1
Nlnε E2*sinα + Mss ⋅ 1 − εN − 1

Nlnε .

(29)

Following Eq. (7), the slope a and intercept b of the linear relation between PSF(0) and 

Mprep for FLASH are:

αFLASH = εN − 1
Nlnε E2*sinα, bFLASH = Mss ⋅ 1 − εN − 1

Nlnε . (30)

2.3.2 ruCNR of FLASH—The ruCNR of the FLASH sequence is derived from Eqs. (9) 

and (30):

ruCNRFLASH ∝ aFLASH ⋅ N ⋅ TR = εN − 1
lnε

TR
N E2*sinα . (31)

Hence ruCNRFLASH has a complicated dependence on TR, N, and FA. When considering 

1.5 ms ≤ TR ≤ 30 ms, 0 < α ≤ 90°, it can be found that there is a maximal ruCNRFLASH for 

each TR (Supporting Information S5), when optimal N* and FA* are:

NFLASH* TR = −2.51
1 + W −1 −E1

2/e
,

αFLASH* TR = arccos 1
−W −1 −E1

2/e
,

(32)

where W-1(x) is the negative branch of the Lambert W function, and both N and α need to 

be rounded to the nearest integer. And the maximal ruCNRFLASH is:

ruCNRFLASH* TR ∝
0.90E2* TR

−W −1 −E1
2/e

. (33)

To achieve a smaller FA and a larger optimal N, we allow a minor sacrifice of ruCNR, 

Which is characterized by a factor η ≤ 1 (Supporting Information S6):

ruCNRFLASH
η = η ⋅ ruCNRFLASH* . (34)

Typically we chose η ≥ 0.9. In this case, the optimal N* and FA* are:
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NFLASH
η = −2.51

xE1
2 − W −1 xexE1

2

αFLASH
η = arccos

W −1 xexE1
2

xE1
2 .

x =
W −1 −E1

2/e
η2E1

2

(35)

Note that Eq. (35) is equivalent to Eq. (32) when η = 1.

2.4 bSSFP

2.4.1 MTF and PSF of bSSFP—bSSFP here refers to the acquisition consisting of N 

alternating excitation pulses with FAs of ±α, short TR and N PE steps which are centered 

in the middle of the TR with an echo time of TE = TR/2. To smooth the oscillation of the 

transient magnetization, the bSSFP acquisition is often preceded by a short preparation with 

an α/2 excitation pulse and TR/2 period. It is assumed that there is ideal dephasing between 

consecutive excitation pulses and some very small oscillations not fully smoothed by the 

α/2─TR/2 preparation are neglected.

The steady-state transverse magnetization (Mss) for bSSFP is [42]:

Mss = M0 1 − E1 E2sinα
1 − E1 − E2 cosα − E1E2

, (36)

with E1 = e−TR/T1, E2 = e−TR/T2.

Based on the previous formulation [42], the transient-state magnetization Mxy(n) acquired at 

the nth echo is:

Mxy n = Mprep ⋅ sin α
2 − Mss λn − 1 + Mss = Mprep ⋅ λn − 1sin α

2 + Mss ⋅ 1 − λn − 1

= Mss + Mprepsin α
2 − Mss ⋅ λn − 1..

(37)

where the parameter λ is:

λ = E1cos2 α/2 + E2sin2 α/2 , (38)

Note that the power of λ being n-1 in Eq. (37) instead of n in the original work [42] is 

because the definition of n is the index of echo (acquisition) in this work rather than the 

index of excitation pulses used previously [42], which included the additional α/2 excitation 

pulse. Similar to the derivation in Supporting Information S3, the effective decay time of 
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a bSSFP sequence from the transient state to the steady state equals TR/(−lnλ), which is a 

weighted average between T1 and T2.

Hence, the MTF of bSSFP with the linear and low-high profile orders are derived from Eq. 

(2) and (3), respectively:

MTFbSSFP
LN k = Mprep ⋅ λ k + 0.5 Nsin α/2 + Mss ⋅ 1 − λ k + 0.5 N . (39)

MTFbSSFP
LN k = Mprep ⋅ λ2 k Nsin α/2 + Mss ⋅ 1 − λ2 k N . (40)

Corresponding PSFs of the bSSFP with the linear and low-high profile orders are derived 

from Eqs. (4), and (39), (40), respectively (Supporting Information S7):

PSFbSSFP
LN z = Mprep ⋅ sin α/2 − Mss ⋅ λNeiπz − e−iπz

Nlnλ + i2πz + Mss ⋅ sinc πz , (41)

PSFbSSFP
LN z = Mprep ⋅ sin α/2 − Mss ⋅ λNNlnλcos πz + λNπxsin πz + Nlnλ

N2ln2λ + π2z2 .

= Mss ⋅ sinc πz .
(42)

The amplitude effect of a bSSFP sequence, characterized with PSF(0), is equivalent for 

linear and low-high profile orders. Based on Eq. (41):

PSFbSSFP 0 = Mprep ⋅ sin α/2 − Mss ⋅ λNe0 − e0

N ln λ + 0 + Mss ⋅ sinc 0

= Mprep ⋅ sin α/2 − Mss ⋅ λN − 1
N ln λ + Mss

= Mprep ⋅ λN − 1
N ln ε sin α/2 + Mss ⋅ 1 − λN − 1

N ln λ .

(43)

Following Eq. (7), the slope a and intercept b of the linear relation between PSF(0) and 

Mprep for bSSFP are:

αbSSFP = λN − 1
N ln λ sin α/2 , bbSSFP = Mss ⋅ 1 − λN − 1

N ln λ . (44)

2.4.2 ruCNR of bSSFP—The ruCNR of the bSSFP sequence is derived from Eqs. (9) 

and (44):

ruCNRbSSFP ∝ abSSFP ⋅ N ⋅ TR = λN − 1
ln λ

TR
N sin α/2 . (45)
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Similarly, ruCNRbSSFP has a complicated dependence on TR, N, and FA. When considering 

3 ms ≤ TR ≤ 10 ms, 0 < α ≤ 180°, it can be found that the maximal ruCNRbSSFP is 

a continuous and piecewise function with two segments w.r.t TR separating at a shared 

endpoint TR  defined by T1 and T2 (Supporting Information S8):

TR = T1T2
T2 − T1

W −1
T2 − T1

T1
e

T2 − T1
T1 − T2, (46)

To obtain the maximal ruCNRbSSFP for each TR, the optimal N* and FA* are:

NbSSFP* TR =
1.26 T2

TR if TR ≤ TR,

1.26 −1
1 + W −1 −E1/e if TR > TR,

αbSSFP* TR =
180∘ if TR ≤ TR,

arccos 2E1 + E1 + E2 W −1 −E1/e
E2 − E1 W −1 −E1/e if TR > TR,

(47)

where W-1(x) is the negative branch of the Lambert W function, and both N and α need to 

be rounded to the nearest integer. And the maximal ruCNRbSSFP is:

ruCNRbSSFP* TR =
0.64 T2 if TR ≤ TR,

0.64 TR ⋅ E1
E2 − E1 W −1 −E1/e if TR > TR,

(48)

To achieve a smaller optimal FA and a larger optimal N, we allow a minor sacrifice of 

ruCNR, which is characterized by a factor 0.9 < η ≤ 1 (Supporting Information S9):

ruCNRbSSFP
η = η ⋅ ruCNRbSSFP* . (49)

In this case, the optimal N* and FA* are:

NbSSFP
η = 1.26 1

W −1 xexE1 − xE1

αbSSFP
η = arccos

2W −1 xexE1 /x − E1 − E2
E1 − E2

.

x =

lnE2
η2 E1 − E2

if TR ≤ TR

W −1 −E1/e
η2E1

if TR > TR

(50)

Note that Eq. (50) is equivalent to Eq. (47) when η = 1.
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2.5 Numerical validation

Numerical simulations based on Bloch equations using Matlab (MathWorks, Inc., Natick, 

MA, USA) were conducted for validation purposes. MTFs of FSE, FLASH, and bSSFP 

were generated with different sequence parameters such as TR, TE, FA (α), N, as well as 

various T1 and T2 values. Only the low-high profile order is simulated as it is the choice 

for most magnetization-preparation sequences. Infinitely short RF pulses were assumed 

with instant flipping and no phase or frequency encoding was applied in this simulation. 

To be aligned with the symmetric MTFs in the analytical format, the negative k-space 

locations were shifted for half a k-space pixel (0.5/N) to compensate for the asymmetric 

modulation due to interleaved sampling between positive and negative k-space locations. 

The corresponding PSFs are obtained following the Fourier transform of the MTFs. Note 

that the Lambert’s W function, W-1(x), used in describing ruCNR optimization of FLASH 

and bSSFP is solved as ‘lambertw(-1, x)’ in Matlab.

3 Results

Figure 1 shows (a, b) MTF and (c, d) PSF of FSE acquisitions with a low-high profile order 

with different (a, c) N and (b, d) T2 values, following Eqs. (12) and (14) in Section 2.2.1, 

respectively. For FSE, larger N or shorter T2 values lead to both notable signal loss and 

blurring effect.

Figure 2 shows (a, b, c, d) MTF and (e, f, g, h) PSF of FLASH acquisitions with a low-high 

profile order with different (a, e) N, (b, f) TR, (c, g) FA, (d, h) T1 values, following Eqs. (26) 

and (28) in Section 2.3.1, respectively. For FLASH, larger N leads to notable signal loss at 

the center of the PSF but little blurring effect (FWHM labeled with paired vertical bars).

Figure 3 shows (a, b, c, d) MTF and (e, f, g, h) PSF of bSSFP acquisitions with a low-high 

profile order with different (a, e) N, (b, f) TR, (c, g) FA, (d, h) T1/T2 values, following Eqs. 

(40) and (42) in Section 2.4.1, respectively. For bSSFP, larger N leads to notable signal loss 

at the center of the PSF and a small blurring effect. In these conditions, bSSFP also displays 

various dependence of the PSF on different N, TR, FA, and T1/T2 values. Larger N leads to 

notable signal loss at the center of the PSF; FWHM shows small blurring effects with larger 

N and longer TR, while broader FWHM is induced by higher FA.

Note that the sequences in Figures 1–3 are without contrast-preparation (Mprep = 1). Figure 

4 compares analytical MTFs and corresponding PSFs of (a, d) FSE, (b, e) FLASH, and (c, 

f) bSSFP on their dependence on different Mprep values. When Mprep = 0, (a) MTF of FSE 

decay to zero and (d) the center of its PSF is zero, while MTFs of (b) FLASH and (c) bSSFP 

all converge towards the steady-state signals and (e, f) the center of their PSFs are nonzero. 

FWHM shows little variations with different Mprep values.

In Figures 1–4, the analytical expressions (solid lines) of MTFs (Eqs. (12), (26), (40)) and 

PSFs (Eqs. (14), (28), (42)) for FSE, FLASH, and bSSFP in Sections 2.2.1, 2.3.1, 2.4.1, 

respectively, display minimal differences from the numerically computed values (stars) 

generated via Bloch equation simulations sampled at discrete k-space locations and image 

pixels with above sequence parameters and relaxation times. In Figure 4, the linear functions 
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of PSF(0) vs Mprep for (g) FSE, (h) FLASH, and (i) bSSFP are displayed with the solid lines 

using the slope and intercept described by Eqs. (15), (29), (43) respectively. These linear 

equations fit closely with the PSF(0) for exemplary Mprep values for different acquisition 

schemes. Clearly, there are small intercepts for PSF(0) with respect to Mprep for (h) FLASH 

and (i) bSSFP. The numerically solved FWHM vs Mprep for (j) FSE, (k) FLASH, and (l) 

bSSFP also correspond with the FWHM of exemplary Mprep values as well. Beyond the 

main lobes of the PSFs, their side lobes for FSE, FLASH, and bSSFP all decay to zero with 

oscillating phases (Figures 1–4).

Figure 5 illustrates the dependence of slopes and intercepts for PSF(0) described by Eq. (30) 

in Section 2.3.1 for FLASH (red curves) and Eq. (44) in Section 2.4.1 for bSSFP (green 

curves) on varying (a, e) N, (b, f) TR, (c, g) FA, and (d, h) T1 values, respectively. For 

comparison, the dependence of slop for FSE described by Eq. (16) (blue curves) on varying 

(a, e) N and (b, f) TE is also displayed. The default parameters are the same as in Figure 

4. The numerically solved FWHMs with respect to these different factors are shown in (i, 

j, k, l), respectively. The corresponding ruCNR, analytically derived from Eqs. (17), (31), 

and (45) in Sections 2.2.2, 2.3.2, 2.4.2 as the multiplications between the slopes and N ⋅ TR
are exhibited in (m, n, o, p). With these conditions, the slopes of FLASH and bSSFP both 

reduce with longer (a) N and (b) TR, and do not vary much with respect to (c) FA and (d) 

T1; intercept of FLASH and bSSFP increase with (e) larger N and (f) longer TR, are highest 

when (g) FA is around 20° or 75°, and increase quickly with (h) shorter T1; FWHM of 

FLASH and bSSFP are less than 1.5 pixels for (i, j, k, l) most of the parameters except when 

(k) FA is larger than 90° for bSSFP; ruCNR of FLASH and bSSFP are highest for certain 

(m) N, (n) TR and (o) FA, respectively, and increases with longer (p) T1.

The ruCNRFLASH based on Eq. (31) in Section 2.3.2 is displayed in Figure 6a over the 

plane of N versus FA with TR fixed to 10 ms and T1 / T2* values assumed to be 1000 / 

50 ms. The optimal N* and FA* expressed by Eq. (32) are plotted with respect to TR 

in Figures 6b, 6c respectively. The corresponding echo train duration N*·TR is plotted in 

Figure 6d. The maximal ruCNRFLASH as a function of TR (Eq. (33)) is displayed in Figure 

6e. When TR = 10 ms, the maximal ruCNR* = 2.51 is achieved at N* = 12 and FA* 

= 25° (white star in Figure 6a), which match the optimal N*, FA*, echo train duration, 

and ruCNR* as labeled with black circles in respective plots (Figure 6b,c,d,e). Note that 

this ruCNR* is monotonically increasing with TR (Figure 6e), as analytically proved in 

Supporting Information S5. These represent the original optimization results when η = 

1. In Fig. 6a, Contours are drawn for sacrificed ruCNR when η = 0.99, 0.95, 0.9; In 

Figure 6b,c,d,e, the red dashed lines, green dash-dot lines and blue dotted lines represent 

the corresponding optimization results based on Eq. (35) for optimal N*, FA*, echo train 

duration, and ruCNR* with varying TR, respectively. When TR = 10 ms and η = 0.99, 0.95, 

0.9, the maximal ruCNR* = η · 2.51 = 2.48, 2.38, 2.26 are achieved at larger N* = 18, 30, 

40, and lower FA* = 20°, 15°, 12° (black star in Figure 6a), which match the optimal N*, 

FA*, echo train duration, and ruCNR* as labeled with colored circles in respective plots 

(Figure 6b,c,d,e).

One example for the ruCNRbSSFP based on Eq. (45) in Section 2.4.2 is displayed in Figure 

7a over the plane of N versus FA with TR fixed to 5 ms and T1 / T2 values assumed to be 
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1000 / 100 ms. Based on Eq. (46) TR = 23.0 ms. For TR ranging from 3 to 10 ms, TR < TR. 

The optimal N* = 1.26T2/TR and FA* = 180° (Eq. (47)) are plotted with respect to TR in 

Figure 7b, 7c respectively. The corresponding echo train duration N*·TR = 1.26T2 =126 ms 

is plotted in Figure 7d. The maximal ruCNRbSSFP = 0.64 T2 = 6.40 (Eq. (48)) is displayed in 

Figure 7e. When TR = 5 ms, the maximal ruCNR* = 6.38 is achieved at N* = 25 and FA* 

= 180° (white star in Figure 7a), which match the optimal N*, FA*, echo train duration, and 

ruCNR* as labeled with black circles in respective plots (solid black lines, Figure 7b,c,d,e). 

These represent the original optimization results when η = 1. In Fig. 7a, Contours are drawn 

for sacrificed ruCNR when η = 0.99, 0.95, 0.9; In Figure 7b,c,d,e, the red dashed lines, 

green dash-dot lines and blue dotted lines represent the corresponding optimization results 

based on Eq. (50) for optimal N*, FA*, echo train duration, and ruCNR* with varying TR, 

respectively. When TR = 5 ms and η = 0.99, 0.95, 0.9, the maximal ruCNR* = η · 6.38 

= 6.32, 6.06, 5.74 are achieved at larger N* = 31, 50, 71, and lower FA* = 128°, 85°, 

65° (black star in Figure 7a), which match the optimal N*, FA*, echo train duration, and 

ruCNR* as labeled with colored circles in respective plots (Figure 7b,c,d,e).

Another example is provided in Figure 8a for the ruCNRbSSFP (Eq. (45) in Section 2.4.2) 

with T1 / T2 values assumed to be 1000 / 40 ms. Based on Eq. (46), TR = 3.4 ms. For TR = 

3 ms, TR < TR; for TR ranging from 4 to 10 ms, TR > TR. Similar plots as Figure 7b,c,d,e 

are shown in Figure 8b,c,d,e. When TR = 5 ms, For η = 1.00, the maximal ruCNR* = 4.04 is 

achieved at larger N* = 12 and FA* = 131°; For η = 0.99, 0.95, 0.90, the maximal ruCNR* = 

η · 4.04 = 4.00, 3.84, 3.64 are achieved at larger N* = 22, 43, 66 and lower FA* = 83°, 55°, 

41°.

4 Discussion

To the best of our knowledge, the present work is the only study that conducted a 

comprehensive MTF and PSF analysis in the same framework of three fundamental 

acquisition schemes widely adopted after magnetization-preparation, FSE, FLASH, and 

bSSFP, based on the respective k-space filtering effect due to magnetization relaxation from 

transient state to steady state. Their properties in terms of signal level (PSF(0)), image 

blurring (FWHM), and CNR efficiency (ruCNR) were derived with respect to sequence 

parameters such as the number of PE steps per shot (N), TR/TE, FA, as well as T1/T2 

values. Compared to FSE acquisition, whose amplitude-loss effect and image blurring 

effect (Figures 1, 5) can be simply expressed as functions of the ratio of the echo train 

duration over T2 (N∙TE/T2) [1]. PSFs of FLASH and bSSFP acquisitions are shown to 

have more complexed dependence on N, TR, FA, and T1/T2 values (Figures 2, 3, 5). 

The characterization of their PSFs could provide full understanding of image signal and 

contrast resulting from the magnetization relaxation during the k-space acquisition and 

further benefit respective image interpretation and sequence optimization for a varieties of 

applications.

When quantification of the magnetization-prepared contrast is desired, the signal level 

(PSF(0)) of FLASH and bSSFP should not be treated as directly proportional to the Mprep 

as in FSE (Eq. (15)), rather, their PSF(0) should be described as a summation of one 

Mprep-proportional term with a slope a and one Mss-proportional term as an intercept b 
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(Eqs. (29,30), (43,44)). These intercepts are considered as a source of quantification bias for 

magnetization-prepared GRE imaging,12,14,16,17 which would increase with larger N, TR, or 

shorter T1 values (Figure 5e,f,h). In the examples given in Figure 5e, when N increase from 

100 to 200, the bias of the magnetization (when Mprep = 0) for FLASH is 26% higher (0.043 

vs 0.054) and the one for bSSFP is 40% higher (0.067 vs. 0.093); in Figure 5h, when T1 is 

lowered from 1500 ms to 800 ms, the bias for FLASH is 70% higher (0.030 vs 0.051) and 

the one for bSSFP is 74% higher (0.065 vs. 0.113).

With larger N and longer echo trains, all acquisition schemes have reduced contrast between 

different Mprep levels, as the slope a of PSF(0) decreases with increasing N (Figure 5a). 

However, it is worth noting that FLASH and bSSFP experience very little blurring effect 

even with very large N (FWHM < 1.5 pixels. Figure 5i). This is to the contrary of FSE with 

FWHM broadened from 3 pixels at N = 50 to 13 pixels at N = 200 (Figure 5i).

When choosing the optimal N of the acquisition after the magnetization-preparation module, 

one needs to maximize the newly introduced metric for relative image contrast efficiency 

(ruCNR) (Eq. (9)). The ruCNR of FLASH and bSSFP exhibit plateaus specific to each 

acquisition parameters (Figure 5m). When plotted against both N and FA, the ruCNR of 

FLASH and bSSFP show TR-dependent plateaus that can be predicted by Eqs. (32,33), and 

(47,48) (Figures 6–8). Using Eqs. (35) and (50), minor ruCNRs can be achieved with larger 

N and lower FA (Figures 6–8). For FLASH readout, Ernst angle could be a default choice 

for FA, despite that it is not calculated for the transient state. As shown in Figures 5m and 

6a with TR = 10 ms and T1 = 1000 ms, compared to the FLASH with N = 50 at Ernst angle 

= 8°, achieved ruCNR could be 25% higher (2.5 vs 2.0) by choosing a shorter N* =12 and 

higher FA* = 25°. It is notable that, with TR of FLASH extended to 15–30 ms when using 

fast imaging such as stack-of-spirals [15, 20]. its ruCNR* could gain 50–100% improvement 

(Figure 6e).

Compared to FLASH, bSSFP offers higher ruCNR with large N factors (Figure 5), but at the 

cost of higher specific absorption rate (SAR) due to the higher FA used. bSSFP also requires 

shorter TR as it is limited by its susceptibility to B0 field inhomogeneity [6]. bSSFP is posed 

for wider utilizations at low field strength where both SAR and B0 field inhomogeneity are 

of less concerns [44, 45].

5 Conclusions

In this work, MTFs and PSFs of the FLASH and bSSFP acquisitions are analytically 

derived and numerically validated, and compared with the FSE acquisition. The prepared 

longitudinal magnetization before the GRE acquisitions and the image signal obeys a 

linear (not proportional) relationship with a slope and intercept. The effects on relative 

contrast (slope), the quantification bias (intercept), and the image blurring (FWHM) are 

characterized with different sequence parameters and relaxation values. The strategy for 

optimizing magnetization-prepared FLASH and bSSFP acquisitions with regard to the 

relative contrast per unit time would be facilitated with the analytical formulas derived 

in this work in terms of the number of phase-encoding factors (N), flip angles (FA), TR, and 

the knowledge of the relaxation parameters for a wide range of applications.

Zhu and Qin Page 16

Magn Reson Imaging. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Grant support:

NIH R01 HL138182; NIH R01 HL144751; NIH P41 EB031771; Intellectual and Developmental Disabilities 
Research Center, P50 HD103538;

Reference

[1]. Qin Q Point spread functions of the T2 decay in k-space trajectories with long echo train. 
Magnetic resonance imaging 2012;30(8):1134–42. [PubMed: 22817958] 

[2]. Rahmer J, Bornert P, Groen J, Bos C. Three-dimensional radial ultrashort echo-time imaging with 
T2 adapted sampling. Magn Reson Med 2006;55(5):1075–82. [PubMed: 16538604] 

[3]. Hargreaves BA. Rapid gradient-echo imaging. J Magn Reson Imaging 2012;36(6):1300–13. 
[PubMed: 23097185] 

[4]. Haacke EM, Frahm J. A guide to understanding key aspects of fast gradient-echo imaging. J Magn 
Reson Imaging 1991;1(6):621–4. [PubMed: 1823166] 

[5]. Chavhan GB, Babyn PS, Jankharia BG, Cheng HL, Shroff MM. Steady-state MR imaging 
sequences: physics, classification, and clinical applications. Radiographics 2008;28(4):1147–60. 
[PubMed: 18635634] 

[6]. Scheffler K, Lehnhardt S. Principles and applications of balanced SSFP techniques. Eur Radiol 
2003;13(11):2409–18. [PubMed: 12928954] 

[7]. Bieri O, Scheffler K. Fundamentals of balanced steady state free precession MRI. J Magn Reson 
Imaging 2013;38(1):2–11. [PubMed: 23633246] 

[8]. Holsinger AE, Riederer SJ. The importance of phase-encoding order in ultra-short TR snapshot 
MR imaging. Magn Reson Med 1990;16(3):481–8. [PubMed: 2077339] 

[9]. Edelman RR, Wallner B, Singer A, Atkinson DJ, Saini S. Segmented Turboflash - Method for 
Breath-Hold Mr Imaging of the Liver with Flexible Contrast. Radiology 1990;177(2):515–21. 
[PubMed: 2171014] 

[10]. Mugler JP 3rd, Brookeman JR. Three-dimensional magnetization-prepared rapid gradient-echo 
imaging (3D MP RAGE). Magn Reson Med 1990;15(1):152–7. [PubMed: 2374495] 

[11]. Mugler JP 3rd, Brookeman JR. Rapid three-dimensional T1-weighted MR imaging with the 
MP-RAGE sequence. J Magn Reson Imaging 1991;1(5):561–7. [PubMed: 1790381] 

[12]. Parker GJ, Baustert I, Tanner SF, Leach MO. Improving image quality and T1 measurements 
using saturation recovery turboFLASH with an approximate K-space normalisation filter. 
Magnetic resonance imaging 2000;18(2):157–67. [PubMed: 10722976] 

[13]. Mugler JP 3rd, Spraggins TA, Brookeman JR. T2-weighted three-dimensional MP-RAGE MR 
imaging. J Magn Reson Imaging 1991;1(6):731–7. [PubMed: 1823180] 

[14]. Williams CFM, Redpath TW. Sources of artifact and systematic error in quantitative snapshot 
FLASH imaging and methods for their elimination. Magnet Reson Med 1999;41(1):63–71.

[15]. Zi R, Zhu D, Qin Q. Quantitative T2 mapping using accelerated 3D stack-of-spiral gradient echo 
readout. Magnetic resonance imaging 2020;73:138–47. [PubMed: 32860871] 

[16]. Zhu D, Ding H, Zviman MM, Halperin H, Schar M, Herzka DA. Accelerating whole-heart 
3D T2 mapping: Impact of undersampling strategies and reconstruction techniques. PLoS One 
2021;16(9):e0252777. [PubMed: 34506496] 

[17]. Coremans J, Spanoghe M, Budinsky L, Sterckx J, Luypaert R, Eisendrath H, et al. A comparison 
between different imaging strategies for diffusion measurements with the centric phase-encoded 
turboFLASH sequence. J Magn Reson 1997;124(2):323–42. [PubMed: 9169219] 

[18]. Thomas DL, Pell GS, Lythgoe MF, Gadian DG, Ordidge RJ. A quantitative method 
for fast diffusion imaging using magnetization-prepared TurboFLASH. Magnet Reson Med 
1998;39(6):950–60.

Zhu and Qin Page 17

Magn Reson Imaging. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[19]. Miao X, Wu Y, Liu D, Jiang H, Woods D, Stern MT, et al. Whole-Brain Functional and 
Diffusion Tensor MRI in Human Participants with Metallic Orthodontic Braces. Radiology 
2020;294(1):149–57. [PubMed: 31714192] 

[20]. Nielsen JF, Hernandez-Garcia L. Functional perfusion imaging using pseudocontinuous 
arterial spin labeling with low-flip-angle segmented 3D spiral readouts. Magnet Reson Med 
2013;69(2):382–90.

[21]. Zuo ZT, Wang R, Zhuo Y, Xue R, St Lawrence KS, Wang DJJ. Turbo-FLASH Based Arterial 
Spin Labeled Perfusion MRI at 7 T. Plos One 2013;8(6).

[22]. Hua J, Qin Q, van Zijl PC, Pekar JJ, Jones CK. Whole-brain three-dimensional T2-weighted 
BOLD functional magnetic resonance imaging at 7 Tesla. Magn Reson Med 2014;72(6):1530–
40. [PubMed: 24338901] 

[23]. Sinclair CDJ, Samson RS, Thomas DL, Weiskopf N, Lutti A, Thornton JS, et al. Quantitative 
Magnetization Transfer in In Vivo Healthy Human Skeletal Muscle at 3T. Magnet Reson Med 
2010;64(6):1739–48.

[24]. Cronin MJ, Xu JZ, Bagnato F, Gochberg DF, Gore JC, Dortch RD. Rapid whole-brain 
quantitative magnetization transfer imaging using 3D selective inversion recovery sequences. 
Magnetic resonance imaging 2020;68:66–74. [PubMed: 32004710] 

[25]. Kumar D, Nanga RPR, Thakuri D, Wilson N, Cember A, Martin ML, et al. Recovery kinetics of 
creatine in mild plantar flexion exercise using 3D creatine CEST imaging at 7 Tesla. Magn Reson 
Med 2021;85(2):802–17. [PubMed: 32820572] 

[26]. Qin Q, Shin T, Schär M, Guo H, Chen H, Qiao Y. Velocity-selective magnetization-prepared 
non-contrast-enhanced cerebral MR angiography at 3 Tesla: Improved immunity to B0/B1 
inhomogeneity. Magnetic resonance in medicine : official journal of the Society of Magnetic 
Resonance in Medicine / Society of Magnetic Resonance in Medicine 2016;75(3):1232–41.

[27]. Shin T, Qin Q, Park JY, Crawford RS, Rajagopalan S. Identification and reduction of image 
artifacts in non-contrast-enhanced velocity-selective peripheral angiography at 3T. Magn Reson 
Med 2016;76(2):466–77. [PubMed: 26308243] 

[28]. Li W, Xu F, Schar M, Liu J, Shin T, Zhao Y, et al. Whole-brain arteriography and venography: 
Using improved velocity-selective saturation pulse trains. Magn Reson Med 2018;79(4):2014–23. 
[PubMed: 28799210] 

[29]. Shin T, Qin Q. Characterization and suppression of stripe artifact in velocity-selective 
magnetization-prepared unenhanced MR angiography. Magnetic Resonance in Medicine 
2018;80(5):1997–2005. [PubMed: 29536569] 

[30]. Kalovidouri A, Firmenich N, Delattre BMA, Picarra M, Becker CD, Montet X, et al. Fat 
suppression techniques for breast MRI: Dixon versus spectral fat saturation for 3D T1-weighted 
at 3 T. Radiologia Medica 2017;122(10):731–42.

[31]. Xu F, Li WB, Liu DP, Zhu D, Schar M, Myers K, et al. A novel spectrally selective fat 
saturation pulse design with robustness to B0 and B1 inhomogeneities: A demonstration on 3D 
T1-weighted breast MRI at 3 T. Magn Reson Imaging 2021;75:156–61. [PubMed: 33130057] 

[32]. Cukur T, Lee JH, Bangerter NK, Hargreaves BA, Nishimura DG. Non-contrast-enhanced 
flow-independent peripheral MR angiography with balanced SSFP. Magn Reson Med 
2009;61(6):1533–9. [PubMed: 19365850] 

[33]. Bangerter NK, Cukur T, Hargreaves BA, Hu BS, Brittain JH, Park D, et al. Three-dimensional 
fluid-suppressed T2-prep flow-independent peripheral angiography using balanced SSFP. 
Magnetic Resonance Imaging 2011;29(8):1119–24. [PubMed: 21705166] 

[34]. Akcakaya M, Basha TA, Weingartner S, Roujol S, Berg S, Nezafat R. Improved quantitative 
myocardial T2 mapping: Impact of the fitting model. Magn Reson Med 2015;74(1):93–105. 
[PubMed: 25103908] 

[35]. Jeong EK, Kim SE, Parker DL. High-resolution diffusion-weighted 3D MRI, using diffusion-
weighted driven-equilibrium (DW-DE) and multishot segmented 3D-SSFP without navigator 
echoes. Magnet Reson Med 2003;50(4):821–9.

[36]. O’Halloran RL, Aksoy M, Van AT, Bammer R. 3D isotropic high-resolution diffusion-weighted 
MRI of the whole brain with a motion-corrected steady-state free precession sequence. Magn 
Reson Med 2013;70(2):466–78. [PubMed: 23042686] 

Zhu and Qin Page 18

Magn Reson Imaging. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[37]. Witschey WR, Borthakur A, Elliott MA, Fenty M, Sochor MA, Wang C, et al. T1-rhoprepared 
balanced gradient echo for rapid 3D T1rho MRI. J Magn Reson Imaging 2008;28(3):744–54. 
[PubMed: 18777535] 

[38]. Shin T, Hu BS, Nishimura DG. Off-resonance-robust velocity-selective magnetization 
preparation for non-contrast-enhanced peripheral MR angiography. Magn Reson Med 
2013;70(5):1229–40. [PubMed: 23192893] 

[39]. Shin T, Worters PW, Hu BS, Nishimura DG. Non-contrast-enhanced renal and abdominal MR 
angiography using velocity-selective inversion preparation. Magn Reson Med 2013;69(5):1268–
75. [PubMed: 22711643] 

[40]. Zhu D, Li W, Liu D, Liu G, Pei Y, Shin T, et al. Non-contrast-enhanced abdominal MRA at 
3 T using velocity-selective pulse trains. Magnetic Resonance in Medicine 2020;84(3):1173–83. 
[PubMed: 32017173] 

[41]. Chien D, Atkinson DJ, Edelman RR. Strategies to improve contrast in turboFLASH imaging: 
reordered phase encoding and k-space segmentation. J Magn Reson Imaging 1991;1(1):63–70. 
[PubMed: 1802132] 

[42]. Scheffler K On the transient phase of balanced SSFP sequences. Magn Reson Med 
2003;49(4):781–3. [PubMed: 12652552] 

[43]. Edelstein WA, Glover GH, Hardy CJ, Redington RW. The intrinsic signal-to-noise ratio in NMR 
imaging. Magn Reson Med 1986;3(4):604–18. [PubMed: 3747821] 

[44]. Rashid S, Han F, Gao Y, Sung K, Cao MS, Yang YL, et al. Cardiac balanced steady-state free 
precession MRI at 0.35 T: a comparison study with 1.5 T. Quant Imag Med Surg 2018;8(7):627–
36.

[45]. Campbell-Washburn AE, Ramasawmy R, Restivo MC, Bhattacharya I, Basar B, Herzka DA, 
et al. Opportunities in Interventional and Diagnostic Imaging by Using High-Performance Low-
Field-Strength MRI. Radiology 2019;293(2):384–93. [PubMed: 31573398] 

Zhu and Qin Page 19

Magn Reson Imaging. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: 
(a, b) MTF and (c, d) PSF of FSE acquisition with a low-high profile order with different (a, 

c) N and (b, d) T2 values, following Eqs. (12) and (14), respectively. The analytical results 

(solid lines) align well with the numerically computed and discretely sampled values (stars) 

generated via Bloch equation simulations. For FSE, larger N or shorter T2 values lead to 

both notable signal loss (reduced signal at the center of the PSF) and blurring effect (FWHM 

labeled with paired vertical bars).
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Figure 2: 
(a, b, c, d) MTF and (e, f, g, h) PSF of FLASH acquisition with a low-high profile order 

with different (a, e) N, (b, f) TR, (c, g) FA, (d, h) T1 values, following Eqs. (26) and (28), 

respectively. The analytical results (solid lines) align well with the numerically computed 

and discretely sampled values (stars) generated via Bloch equation simulations. For FLASH, 

larger N leads to notable signal loss at the center of the PSF but little blurring effect (FWHM 

labeled with paired vertical bars).
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Figure 3: 
(a, b, c, d) MTF and (e, f, g, h) PSF of bSSFP acquisition with a low-high profile order with 

different (a, e) N, (b, f) TR, (c, g) FA, (d, h) T1/T2 values, following Eqs. (40) and (42), 

respectively. The analytical results (solid lines) align well with the numerically computed 

and discretely sampled values (stars) generated via Bloch equation simulations. For bSSFP, 

larger N leads to notable signal loss at the center of the PSF and a small blurring effect 

(FWHM labeled with paired vertical bars).
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Figure 4: 
(a, b, c) MTF and (d, e, f) PSF of (a, d) FSE, (b, e) FLASH, and (c, f) bSSFP acquisitions 

with low-high profile orders with different Mprep values. The analytical results (solid lines) 

align well with the numerically computed and discretely sampled values (stars) generated 

via Bloch equation simulations. When Mprep = 0, (a) MTF of FSE decay to zero and (d) the 

center of its PSF is zero, while MTFs of (b) FLASH and (c) bSSFP all converge towards 

the steady-state signals and (e, f) the center of their PSFs are nonzero. FWHM (labeled 

with paired vertical bars) shows little variations with different Mprep values. The analytically 

derived linear functions of PSF(0) and the numerically solved FWHM (y-axis) vs Mprep 

(x-axis) are displayed with the solid lines, which fit closely with the PSF(0) and FWHM for 

exemplary Mprep values (colored circles) for (g, j) FSE, (h, k) FLASH, and (i, l) bSSFP.
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Figure 5: 
The dependence of slopes and intercepts for PSF(0) on varying (a, e) N, (b, f) TR, (c, g) 

FA, and (d, h) T1 values for FSE (blue curves, Eq. (16)), FLASH (red curves, Eq. (30)), and 

bSSFP (green curves, Eq. (44)), respectively. The numerically solved FWHMs with respect 

to these different factors are shown in (i, j, k, l). The corresponding ruCNR, analytically 

derived from Eqs. (17), (31), and (45), are exhibited in (m, n, o, p). Slopes of (a) FLASH 

and (b) bSSFP both reduce with larger N and longer TR and (e, f) their intercepts yield 

opposite trend. (i, j, k, l) FWHM of FLASH and bSSFP are less than 1.5 pixels for most of 

the conditions. (m, n, o) ruCNR of FLASH and bSSFP display plateau for certain N, TR and 

FA parameters.
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Figure 6: 
(a) ruCNR of FLASH is displayed as a function of N and FA (Eq. (31)) with given TR (10 

ms), T1 (1000 ms) and T2* (50 ms) values. An optimal N and FA pair (12, 25°) is found 

to maximize ruCNR (2.51, white star). Contours are shown for sacrificed ruCNR when η = 

0.99, 0.95, 0.9. (b, c, d, e) The optimal N* and FA* (Eq. (32)), echo train duration N*·TR, 

and the maximal ruCNRFLASH (Eq. (33)) are plotted with respect to TR, with black circles 

indicating the values for TR = 10 ms, which match the white star in (a), and the solid black 

lines represent the original optimization results when η = 1. The red dashed lines, green 

dash-dot lines and blue dotted lines represent the corresponding optimization results (Eq. 

(35)) for optimal N*, FA*, echo train duration, and ruCNR* with varying TR, when η = 

0.99, 0.95, 0.9, respectively. For TR = 10 ms and η = 0.99, 0.95, 0.90, (a) the maximal 

ruCNR* = η · 2.51 = 2.48, 2.38, 2.26 are achieved at N* = 18, 30, 40 and lower FA* = 20°, 
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15°, 12° (black stars), which match (b, c, d, e) the colored circles in the red dashed, green 

dash-dot and blue dotted lines.
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Figure 7: 
(a) ruCNR of bSSFP is displayed as a function of N and FA (Eq. (45)) with given TR (5 ms), 

T1 (1000 ms) and T2 (100 ms) values, for a condition of TR < TR (23.0 ms). An optimal N 

and FA pair (25, 180°) is found to maximize ruCNR (6.38, white star). Contours are shown 

for sacrificed ruCNR when η = 0.99, 0.95, 0.9. (b, c, d, e) The optimal N* and FA* (Eq. 

(47)), echo train duration N*·TR, and the maximal ruCNRbSSFP (Eq. (48)) are plotted with 

respect to TR, with black circles indicating the values for TR = 5 ms, which match the white 

star in (a), and the solid black lines represent the original optimization results when η = 1. 

The red dashed lines, green dash-dot lines and blue dotted lines represent the corresponding 

optimization results (Eq. (50)) for optimal N*, FA*, echo train duration, and ruCNR* with 

varying TR, when η = 0.99, 0.95, 0.9, respectively. For TR = 5 ms and η = 0.99, 0.95, 0.90, 

(a) the maximal ruCNR* = η · 6.38 = 6.32, 6.06, 5.74 are achieved at N* = 31, 50, 71 and 
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lower FA* = 128°, 85°, 65° (black stars), which match (b, c, d, e) the colored circles in the 

red dashed, green dash-dot and blue dotted lines.
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Figure 8: 
(a) ruCNR of bSSFP is displayed as a function of N and FA (Eq. (45)) with given TR (5 ms), 

T1 (1000 ms) and T2 (40 ms) values, for a condition of TR ≥ TR (3.4 ms). An optimal N 

and FA pair (12, 131°) is found to maximize ruCNR (4.04, white star). Contours are shown 

for sacrificed ruCNR when η = 0.99, 0.95, 0.9. (b, c, d, e) The optimal N* and FA* (Eq. 

(47)), echo train duration N*·TR, and the maximal ruCNRbSSFP (Eq. (48)) are plotted with 

respect to TR, with black circles indicating the values for TR = 5 ms, which match the white 

star in (a), and the solid black lines represent the original optimization results when η = 1. 

The red dashed lines, green dash-dot lines and blue dotted lines represent the corresponding 

optimization results (Eq. (50)) for optimal N*, FA*, echo train duration, and ruCNR* with 

varying TR, when η = 0.99, 0.95, 0.9, respectively. For TR = 5 ms and η = 0.99, 0.95, 0.90, 

(a) the maximal ruCNR* = η · 4.04 = 4.00, 3.84, 3.64 are achieved at N* = 22, 43, 66 and 
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lower FA* = 83°, 55°, 41° (black stars), which match (b, c, d, e) the colored circles in the red 

dashed, green dash-dot and blue dotted lines.
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