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Quantitative Diffusion Imaging With Steady-State Free

Precession

Sean C.L. Deoni,"? Terry M. Peters,?® and Brian K. Rutt'?°

The addition of a single, unbalanced diffusion gradient to the
steady-state free precession (SSFP) imaging sequence sensi-
tizes the resulting signal to free diffusion. Unfortunately, the
confounding influence of both longitudinal (T,) and transverse
(T,) relaxation on the diffusion-weighted SSFP (dwSSFP) signal
has made it difficult to quantitatively determine the apparent
diffusion coefficient (ADC). Here, a multistep method in which
the T,, T,, and spin density (M,) constants are first determined
using a rapid mapping technique described previously is pre-
sented. Quantitative ADC can then be determined through a
novel inversion of the appropriate signal model. The accuracy
and precision of our proposed method (which we term DES-
POD) was determined by comparing resulting ADC values from
phantoms to those calculated from traditional diffusion-weighted
echo planar imaging (dwEPI) images. Error within the DESPOD-
derived ADC maps was found to be less than 3%, with good
precision over a biologically relevant range of ADC values. Magn
Reson Med 51:428-433, 2004. © 2004 Wiley-Liss, Inc.
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Diffusion-weighted imaging (DWI) has been shown to pro-
vide diagnostically useful information about the brain fol-
lowing stroke (1,2), as well as prostate and other cancers
(3,4). Increasingly, the ability to measure the apparent
diffusion coefficient (ADC) with high resolution, preci-
sion, and accuracy has become an important addition to
qualitative DWI. Quantitatively determining the ADC
along at least six encoding directions makes it possible to
describe the local diffusion tensor and is useful in the
study of various central nervous system disorders (5).
When a single, unbalanced diffusion gradient is added
to the steady-state free precession (SSFP) imaging se-
quence, the resulting signal is strongly sensitized to intra-
voxel incoherent motion and free molecular diffusion (6).
The diffusion sensitivity of diffusion-weighted SSFP
(dwSSFP) has previously been investigated by several au-
thors (6—10), starting with Kaiser et al. (6), who examined
the effect of adding a constant unbalanced diffusion gra-
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dient to the SSFP sequence in NMR spectroscopy. Wu and
Buxton (7) extended this analysis to the pulsed gradients
more commonly employed in imaging applications. By
solving the Bloch equations using a Fourier series approx-
imation, Wu and Buxton derived a general equation for the
signal immediately following and preceding the RF pulse
(S* and S, respectively) with the addition of a diffusion
gradient of strength G and duration 8. LeBihan et al. (8)
derived an alternative derivation of S* and S~ by modify-
ing the diffusion-free Bloch equations and treating the
diffusion attenuation as an effective T, shortening and
looking specifically at the case where 90° flip angles are
used. Despite the ability to characterize the S* and S~
signals, dwSSFP has not been presented as a means of
quantitatively determining ADC due to the confounding
influence of longitudinal (7,) and transverse (T,) relax-
ation and spin density (M,).

In this article we present novel inversions of the Wu and
Buxton and LeBihan signal equations allowing ADC to be
determined with high accuracy and precision from a single
dwSSFP image, provided T,, T,, and M, are known. To
determine these latter variables, we propose the use of the
DESPOT1 and DESPOT2 methods previously described in
Ref. 11. Here, T, is first determined through the use of
DESPOT1 and involves the collection of two or more
spoiled gradient recalled echo (SPGR) images at different
flip angles. T, and M, are then calculated from two or more
fully refocused SSFP images also acquired at different flip
angles (DESPOT2). In keeping with the naming convention
of DESPOT1 and DESPOT2, we have named our new dif-
fusion mapping method DESPOD (driven equilibrium sin-
gle pulse observation of diffusion).

THEORY
Wu and Buxton Model

The addition of a single gradient pulse of strength G and
duration §, immediately following the RF pulse of the fully
balanced SSFP sequence, acts to spoil the S* signal and
modifies the measured S~ signal by introducing a diffusion
dependence. This is the same signal measured in CE-FAST
(10) and time-reversed FISP (PSIF) (12) imaging sequences
where all imaging gradients are fully balanced around the
echo. The equation for this signal in the presence of dif-
fusion, Sy upuxtons 1S given by:

B —-M,(1 — E))(F — E,A,A;*®)E,A*sin «
SWuBuxmn = r— FS ) [18]

where:

r=1- Ecos a+ EAA;Y*(cos a — E,), [1b]
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s = E,A,AY*(1 — E,cos o) + E,AY*(cos a — E;), [1c]
1 — E,A,cos o — E2A2AY*(E, A, — cos )

= EAAT(cosa+ DA - B4y 0 dl

F=K- [K*—A,%, [1e]

A, = exp(—(yGd)*TR - ADC), [1f]

A, = exp(—(yGd)*3 - ADO), [1g]

E, = exp(—=TR/T)), [1h]

E, = exp(—TR/T,). [11]
In the above equations, TR is the repetition time and « is
the flip angle.

In the limit of 8 < TR, A, ~ 1, and A, (redefined as A for
simplicity) can be determined in the following manner.
First, letting:

- S;VuBuxtan

B= MO - E)Esina’

(2]

we simplify Eq. [1] to:

_F-E,A
= T Fs [3]
Simplifying Eq. [3] as outlined in the Appendix yields the
expression:

gA*+ hA*+iA+1
jA® + kA

aA2+bA+c=< )(dA2+eA+f),

(4]

where a,b,c,d,e,f,g,h,i,j, and k are as defined in the Appen-
dix. Simplifying gives a final fifth degree polynomial in A:

mA® + nA*+ 0A® + pA*+ qA + f=0, [5]

where m = dg, n = (eg + hd - qj), o = (gf + eh + id — ak
-bj),p=(hf + ie + d-bk-jc)and q = (if + e-kc). A is
the first real positive root of this polynomial and the ap-
parent diffusion coefficient, ADC, can be calculated as:

ADC = *IH(A)/bWuBuxmn' [6]

Here, byupuxton = (YG3)?TR, as defined by Wu and Buxton
(7), is indicative of the diffusion weighting applied.

In the preceding analysis we assumed that 8 < TR. If the
diffusion-encoding gradient is applied for most of the TR
interval this assumption is no longer appropriate and in-
stead we assume 8 ~ TR and, therefore, A, ~ A, ~ A.
Under this condition, we rewrite Sy, 5uxt0n aS:

, —M,(1 — E,\)(F' — E,A"®)E,A"*sin «
WuBuxton — I" _ FIS! ) [ H]
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where:
r'=1— E,cos a + F2A*3(cos a — E,), [7b]
s' = E,A”*(1 — E,cos o) + E,AY3*(cos « — E;). [7c]
1 — E,A cos a — E2A**(E,A — cos o)
ST BATeosat+Da-Ea) 0 7dl
F'=K - K?*- A" [7e]

As with Eq. [1], we can solve for A by reducing Eq. [7] to
a high order (21 degree) polynomial. Unfortunately, this
polynomial is extremely sensitive to noise in the measured
signal intensity. A less sensitive method of determining A
is by searching for the zero-crossing of the function y(A),
where

YA) =B/ — F's') = (F = BAY)AY™  [8]
and

’
- S WuBuxton

B = M1 —E)Esina’

(9]

To find the zero-crossing quickly and robustly we use a
variant of the rapid T, mapping algorithm described by
Gong and Hornak (13). The algorithm proceeds in the
following manner. y(A) is evaluated at two initial points,
x, = 0.00 and x, = 1.00. The x-intercept (€) of the line
connecting y(A = x,) and y(A = x,) is calculated and y(A =
€) is evaluated. If [y(A = €)| < 0.0001, € is taken as the
solution for A. Otherwise, x; = 0.00 is redefined as x, = €
and the algorithm repeats itself.

LeBihan Model

LeBihan (8) presented a derivation of the dwSSFP S™ signal
(SLeBihan_) as:

5 _ Msina 5 — E2A®
Lepitan = 71 ¥ cos ) 1—(1 - Ejcosa) 7 , [10]

where t = 1 — E°E5A? — 2E,cosa + E%cos’a — E5A%*cos®a
and A = exp(—(yGd)*(TR — 28/3) - ADC). An analytical
solution for A can also be found in this case. Letting x =

repinan(1 + cos @)/ (M_sin o) and k = x* — 2x + 1/(1 —
E,cos @)?, and substituting these results into Eq. [10] gives:

kt=1— E3A% [11]
Expanding Eq. [11] and collecting the A? terms gives:
k — 2xE cos a + kE2cos’a — 1
= A*(kE*E — 2kE,Eicos o + kEicos®a — E3)  [12]

which yields:
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A k — 2kE,cos a + kE5cos’a — 1
"~ \kEZEZ — 2kE,Eicos a + kEicos’a — B2

[13]

In the specific case where o = 90°, we can simplify Eq. [13]
to:

A= 1 k—1
= Ez 7KE% 1 [14]
ADC is calculated from either Eq. [13] or [14] as:
ADC = _ln(A)/bLeBihan' [15]

Here, b, .pinan = (YGO)?(TR-28/3) is defined slightly differ-
ently than in the Wu-Buxton derivation.

It is clear, then, that the ADC may be extracted from
either the Wu and Buxton (under both A, ~ 1 or A, ~ A
assumptions) or LeBihan signal equations, provided T,,
T,, and M, are known. Given the dissimilarity of the mod-
els and the different assumptions made in each, experi-
mental validation is necessary to determine which model
provides a more accurate and reliable fit to the experimen-
tal data.

MATERIALS AND METHODS

To examine the validity of the Wu and Buxton and LeBi-
han signal equations, we compared the theoretical models
with experimentally acquired data. DESPOT1, DESPOT?2,
and multiangle DESPOD data were acquired of a spherical
(10 cm diameter) water-filled phantom with a 25 cm? field
of view (FOV), 256 X 256 X 100 matrix with 1 mm slice
thickness (ST). Sequence specific parameters are listed
below. DESPOT1, DESPOT2, and DESPOD data were ac-
quired using variants of a 3D SSFP imaging sequence in
which the transverse magnetization was either spoiled
(DESPOT1), fully refocused, i.e., fully balanced SSFP
(DESPOT?2), or with an additional unbalanced gradient
(DESPOD). For all sequences, phase-alternated RF pulses
were used. All images were acquired on a clinical 1.5 T
CV/i system (GE Medical Systems, Milwaukee, WI) using a
quadrature birdcage head coil.

DESPOT1: Flip angles (FA) = 3° and 12°, echo time
(TE) = 1.1 ms, repetition time (TR) = 3.8 ms, number of
excitations (NEX) = 1, imaging time = 6:29.

DESPOT?2: FA = 20° and 80°, TE = 1.8 ms, TR = 3.7 ms,
NEX = 1, imaging time = 6:18.

DESPOD: FA: from 9° to 90° in 9° increments, diffusion
gradient strength (G) = 20 mT X m™, diffusion gradient
area (GA) = (100, 120, 140, 160, 180, 200, 220, 240, 260,
280, 300, 350, 400, and 450) mT X ms X m™, correspond-
ing to b-values of 19, 28, 39, 51, 64, 79, 96, 114, 133, 155,
178, 242, 316 and 400 s X mm™ (using the Wu-Buxton
definition). TR was held constant at 28.6 ms, TE varied
from 8.6 ms to 26.2 ms as GA was incremented. Half
Fourier (i.e., NEX = 0.5) imaging was employed to de-
crease the scan time by approximately one-half to 61 min
for all 10 angles at each b-value. The 10 different angles
were acquired only to validate the theoretical signal equa-
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tions; in general, only a single angle is needed to deter-
mine the ADC using DESPOD.

Data acquired with a conventional 2D diffusion-
weighted echo planar imaging (dwEPI) sequence with dif-
fusion encoding along all three axes were used to deter-
mine the gold standard ADC value of the water phantom.
The dwEPI image was acquired with a 25 cm® FOV and
128 X 128 matrix, 10 mm ST, TE = 61.7 ms, TR =
5,000 ms, NEX = 9, and b-value of 600 s X mm™. The
resulting T,, T,, M,, and the gold standard ADC values
were substituted into Egs. [1], [7], and [10] to generate
theoretical signal curves for each model. These curves
were then compared with the experimental DESPOD data
acquired at multiple angles.

To evaluate the accuracy and precision of the method,
voxel-wise ADC maps of five spherical phantoms contain-
ing corn oil, acetone, water, and 25% and 50% glycerol
solutions were calculated. DESPOT1 and DESPOT2 data
were acquired from the phantoms using the parameters
listed above. DESPOD data were acquired with a 25 cm?
FOV, 256 X 256 X 100 matrix, 1 mm ST, with G = 20 mT
X m™, diffusion gradient area GA = 250 mT X ms X m™*
(corresponding to a b-value of 117 s X mm™), TE =
15.1 ms, TR = 17.8 ms, NEX = 1, and FA = 90°. Total
imaging time for the combined DESPOT1, DESPOT?2, and
DESPOD data was 20 min for each phantom. Gold stan-
dard ADC values for each phantom were calculated from
dwEPI data acquired with the parameters listed above.

ADC maps were calculated using the inverted Wu-Bux-
ton (with both the A, ~ 1 and A, ~ A assumptions) and
LeBihan signal equations. An iterative Newton’s method
approach was used to solve for A from the fifth degree
polynomial (Eq. [5]), starting with an initial seed value of
0.3 and repeating the algorithm until the difference be-
tween successive iterations was less than 0.0001. The
modified Gong-Hornak algorithm was used to solve for A
from Eq. [8]. Total postprocessing time for the 3D maps
was less than 20 sec for the LeBihan estimates and ~1 min
for the Wu-Buxton ADC estimates using an Athlon 1.8 GHz
PC.

RESULTS

Comparison of the theoretical signal models with the ex-
perimental data is shown in Fig. 1. It is clear that the
Wu-Buxton model (using either the A, ~ 1 or A, =~ A
assumption) provides a closer approximation to the exper-
imental data than the LeBihan model. Of the two variants
of the Wu-Buxton model, we can see that at low b-values
(i.e., <20 s X mm™, Fig. 1a), both models perform equally
well. At higher b-values, however, the A, ~ A assumption
more closely resembles the collected data, but only a small
difference is seen compared with the A, ~ 1 assumption.
Although the LeBihan model shows a considerable devia-
tion from the experimental data over the low flip angle
range, the model does agree well at flip angles greater than
80°. The diffusion attenuation observed in dwSSFP is a
result of cumulative diffusion encoding over multiple TR
intervals, given that the measured signal is comprised of
echoes from multiple pathways (6). The LeBihan model
does not accurately account for the diffusion effect on
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FIG. 1. Water phantom signal intensity vs. flip angle comparison of experimental data (circles) and the theoretical models of Wu and Buxton
with the A, ~ 1 assumption (solid line), Wu and Buxton with the A, ~ A, assumption (dashed line) and LeBihan (dash-dot line) for a series
of dwSSFP images over a range of diffusion gradient areas: (a) 60, (b) 160, and (c) 260 mT X ms X m™" with constant TR. For small gradient
areas all models tend to approximate the experimental data well. For large diffusion gradient areas, the Wu and Buxton models provide
better approximations over all flip angles with the A, ~ A; assumption providing a closer match. Signal intensity values are shown in

arbitrary units.

these multiple pathways and this is likely the reason for
the disagreement between model and experiment.

Of interest in Fig. 1 is the similarity of the Wu-Buxton
signal curves with either A, = 1 or A, ~ A. This result
suggests a general insensitivity of the model to the A, term.
It is reasonable to believe that since the diffusion effect
accumulates over multiple TR intervals, the diffusion gra-
dient area plays the dominant role in the signal attenua-
tion with the shape of the gradient having far less impor-
tance. Thus, for the same b-value, short or long gradient
pulses of equal area produce approximately the same net
signal attenuation.

Comparison of dwEPI (gold standard) and DESPOD-
derived ADC values corresponding to the corn oil, ace-
tone, water, and 25% and 50% glycerol solutions phan-
toms are shown in Fig. 2. Good agreement is observed
between the Wu-Buxton estimates and gold standard
values, particularly within the biologically relevant re-
gion (0.42-1.0 X 10 mm?* X s™'). Variance within the
estimates is lowest in the measurements calculated us-
ing the model with the A, ~ A assumption and greatest
in those calculated with the LeBihan model. Average
ADC-to-noise (average ADC value divided by the stan-

dard deviation) for the three models (A, ~ A, A, =~ 1,
LeBihan) were 18.5, 8.6, and 6.4, respectively. The low
ADC-to-noise value of the A, ~ 1 estimates is primarily
due to the relatively large variance observed in the ac-
etone measurement. Mean error between the A, =~ A,
A, ~ 1 and LeBihan and the dwEPI measurements was
2.4%, 4.3%, and 13.5%, respectively, excluding the
corn oil, which has an extremely low ADC (0.01 X 107
mm? X s™'). Therefore, while all three models may be
used to extract the ADC from a dwSSFP image, provided
appropriate angles are used, the Wu-Buxton model (with
A, ~ A) provides the highest precision and accuracy.

To ensure the increased variance observed in the A, ~ 1
estimates compared to the A, ~ A, estimates was not a
result of the different root finding algorithms used, the
A, =~ 1 values were recalculated using the modified Gong-
Hornak algorithm, which we found to be less sensitive to
noise in the A, ~ A, case. No significant change in the
variance was observed, suggesting that the decreased pre-
cision of these estimates results from the A, =~ 1 assump-
tion and is not a by-product of the root finding algorithm
used.

— 507 = 55, 4.5
< n,
N~ 4.07 LT 45 Q 35
<3 Q% 1s 2L
"—VN -4 L
- a u
Q E i < E a2 Ez.a—
Lo 20 8% 2 a.
Qo “ O 0 J o 1.5 =
o= ~ 1.5 W= +
a~ 4o o a =~
o ;
w O g5 0.5
0 T0 20 30 40 0o 05 15 25 35 45 005 15 25 35 a5
a dwEPIADC (10° mm?is) b dwEPI ADC (10 mm?%s) € dwEPI ADC (107 mm?/s)

FIG. 2. Comparison of ADC values for corn oil, acetone, water, and 25% and 50% glycerol solutions calculated using dwEPI and DESPOD
using the Wu-Buxton model with (a) A, =~ A, (b) A, = 1, and (c) LeBihan model. DESPOD data was acquired with a b-value of 117 s X
mm and flip angle = 90°. dwEPI data were acquired with a b-value of 600 s X mm=. The line corresponds to the line of unity, the points
represent the average value of a 121 X 121 voxel region of interest centered in the image, and the error bars represent the standard
deviation of the values within the region of interest.
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DISCUSSION AND CONCLUSIONS

The experimental findings presented in the preceding sec-
tions illustrate the potential of the DESPOD method. The
method permits measurement of T, T,, M,, and ADC in a
3D volume (256 X 256 X 100 matrix) in ~20 min with less
than 3% error in ADC (relative to values reported by
dwEPI) for biologically relevant ADC values between 0.4 X
10 and 5.0 X 10 mm? X s™.

In our proposed approach, the ADC is determined from
a single dwSSFP image using previously calculated T,, T,,
and M, values. Error in any of the T,, T,, or M, estimates
will therefore result in error in the calculated ADC value.
While an in-depth investigation of error propagation is
beyond the scope of this article, the primary source of error
in the T,, T,, and M, estimates is imprecise knowledge of
the flip angles used in the DESPOT1 and DESPOT2 meth-
ods. Errors in the flip angle arise from B, field inhomoge-
neities and slice profile errors. Slice profile errors were
minimized in our case through the 3D implementation of
the sequence, particularly within the center portion of the
3D slab, which are excited by carefully designed SLR
pulses. Patient-induced B, inhomogeneities are more dif-
ficult to correct, however, as noted in Ref. 11, we found
that these effects did not appear to present a significant
source of error at 1.5 T.

To briefly address this issue, we performed a simulation
to examine the impact of error in the T,, T,, and M,
estimates on ADC precision. For a baseline, ADC values
were first calculated assuming perfect knowledge of T, T,
and M, and Gaussian distributed noise added only to the
dwSSFP signal. Three cases were then examined in which
noise was added to the dwSSFP signal as well as to the T,
T,, and M, estimates individually. A final case was also
included in which noise was added to the dwSSFP signal
and all of T,, T,, and M,. Standard deviations of the
Gaussian distributions were 25% of the true value. Mean
ADC values calculated for each case were 0.72, 0.77, 0.76,
0.79, and 0.77 X 10 mm? X s compared with the real
value, 0.76 10 mm? X s*. Relative ADC-to-noise values
for the five cases were 1, 0.72, 0.88, 0.73, and 0.58. The
accuracy of the method is therefore relatively immune to
error in T, T,, and M_; however, with 25% error added to
all parameters the precision of the method decreases
~40%. A more complete investigation is required to de-
termine the imaging parameters which minimize this pre-
cision loss.

The spatial resolution of traditional diffusion-weighted
EPI images, and therefore of the resulting D maps, is lim-
ited in part by T, decay during the EPI readout. High
b-value (>1000 s X mm™?) dwEPI acquisitions require large
gradients (~40 mT X m™) applied over relatively long
durations (>17 ms) with significant time delay between
gradients (>40 ms) giving a final echo time in the range of
100 ms. Consequently, much of the measurable signal has
decayed before signal readout is begun and so diffusion-
weighted images are typically acquired at low resolution: 2
to 2.5 mm? isotropic voxels or larger. Diffusion-weighted
SSFP does not require long echo times and thus T,-related
decay does not limit the spatial resolution of the acquired
images. The high diffusion sensitivity of diffusion-
weighted SSFP allows for the collection of strongly diffu-
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sion-weighted images with modest gradient strengths and
significantly shorter gradient durations compared with
pulsed-gradient spin-echo-based methods. This has been
previously reported in Refs. 7 and 8.

The high diffusion sensitivity of dwSSFP makes the
sequence extremely sensitive to bulk patient motion, such
as that related to cardiac and respiratory motion. In our
initial in vivo neuroimaging experiences, the use of car-
diac gating and breathholding reduced the appearance of
these artifacts but did not eliminate them completely. Mo-
tion correction with navigator echoes has previously been
shown to significantly decrease the appearance of cardiac
and respiratory-related artifacts in dwSSFP images (14).
Further work is required to determine the exact cause of
these motion artifacts and to evaluate the necessity, effec-
tiveness and practicality of more complex, nonlinear mo-
tion correction schemes. We believe that with adequate
motion correction the DESPOD method will represent a
useful new tool for quantitative diffusion mapping in vivo.

APPENDIX

Starting from Eq. [3], we multiply through by (r-Fs), sub-
stitute F with K-sqrt(K?-1), and square both sides to get:
B + 2BrE,A — 2BrK — 2p%rsK + E2A? — 2E,AK

— 2E,ABsK+ 1+ 2Bs + B%s*=0. [A1]

Next, we can collect the k terms and simplify Eq. [A1] to:

B%r* + 2BrE,A + E2A*+ 1 + 2Bs + B2s?

= K(2Br + 2B%rs + 2E,A + 2E,ABs) [A2]

which we can break into three parts for simplicity: PartI =
B%r’ + 2BrE,A + E2A% + 1 + 2Bs + 2p7's?, Part II = K, Part
III = 2Br + 2B%rs + 2E,A + 2E,ABs.

Expanding each part and collecting the A terms yields
the following polynomials. Starting with Part I:

aA?+ bA + ¢, [A3a]

where

a = B*Ejcos’a — 2B*E, Ejcos o + B2EE; + 2BE5cos o
— 2BE,E; + E5 + B*E: — 2B°E,E5cos a + B2ESE5cos’a,
[A3b]

b = 4B%E%cos o — 4BE,E,cos o + 4B2E*E2cos o — 4P2E, E2

+ 4BE, — 4BE,Ecos’a, [A3c]
and
c = B?— 2B%E,cos a + B*Ecos’a + 1 + 2BE,cos «
— 2BE,E, + B?Eicos®a — 2B%E,Eicos o + B?ECES.  [A3d]

Likewise, from Parts II and III we obtain the following
polynomials in A:
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gA®+ hA* +iA +1
jA? + kA

with
§= —EE,
h = E%cos a,
1= —E,cos q,
j= —E,E,cos a — E\E,,
k=E,cos a + E,,

and

dA* + eA + f,

where

[A4a]

[A4b]

[A4c]

[A4d]

[Ade]

[A4f]

[Aba]

d = 2B*Eicos a — 2B%E,Eicos*a — 2BE,E; + 2B*B*ESES

+ 2BE; — 2BE,E,cos a,

e = 2B%E, — ABE,E% + 2B%E3E,cos’a — 4B%E,E,cos a
+ 4B*Eicos o + 2p%Eicos’a — 4B%E, Eicos o
+ ZBZE?E(; + ZEZJ

and

[A5Db]

[A5c]
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f=2B — 2BE cos a + 2B%E,cos a — 2B%*E,E,

— 2B%E,E,cos’a + 2B*E5E,cos’a. [A5d]
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