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NMR Even Echo Rephasing in Slow Laminar Flow

Victor Waluch and William G. Bradley

Abstract: In nuclear magnetic resonance (NMR) imaging, flowing fluids pos-
sess several unusual properties not found in stationary materials. One of these
is the strong signal emitted during slow flow by unsaturated protons just en-
tering the imaging volume. Another is the observation that even echoes of a
multiple spin-echo train have higher intensity than the odd. The two phe-
nomena have not previously been distinguished in the NMR imaging literature
and the term ‘‘paradoxical enhancement’” has been applied to both. In this
communication we consider the conditions under which such a phenomenon
occurs, derive general mathematical relationships, and show clinical examples
in which an understanding of spin-echo rephasing is especially useful. Index
Terms: Nuclear magnetic resonance, techniques—Blood, flow dynamics—

Nuclear magnetic resonance.

The intensity (I) of the spin-echo signal in nuclear
magnetic resonance (NMR) depends on four vari-
ables: proton density N(H), the two magnetic re-
laxation times T1 and T2, and a flow function f(v).
Dependence on mobile proton density is linear and
dependence on the relaxation times is first-order
exponential:

I = N(H)I(v)e TET(] — ¢~ TR )

where TR is the repetition time and TE is the echo
delay time, which are under computer control. This
article discusses the flow function f(v) in slow lam-
inar flow.

During clinical NMR imaging we have frequently
noted a stronger signal coming from veins on the
second spin echo (TE = 56 ms) than on the first
(TE = 28 ms). We believe this represents a re-
phasing phenomenon that is only seen on even
echoes during slow laminar flow. This article dis-
cusses this phenomenon and derives the pertinent
equations.

When discussing blood flow, one must consider
the velocity (speed and direction of flow), the di-
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ameter of the vessel, the density and viscosity of
blood, and whether the flow is pulsatile or steady.
If the flow is steady, knowledge of the above pa-
rameters allows one to calculate the Reynolds
number Re (Re = vessel diameter X velocity X
density/viscosity). If Re is less than 2,100, flow is
generally laminar; if greater than 2,100, it is gen-
erally turbulent (1). Finally, blood flow must be con-
sidered in the context of the specific pulsing se-
quence.

When multiple repetitions are taken, slow flow of
unsaturated protons into the imaging volume in-
creases signal strength relative to the adjacent, par-
tially saturated stationary tissue. This has been
called ‘‘flow related enhancement’ (2).

If flow is rapid, some downstream protons leave
the imaging volume prior to exposure to all radio-
frequency (RF) pulses in the sequence and conse-
quently do not contribute to the signal. Also, up-
stream protons enter the imaging volume after the
90° pulse and therefore will not give a spin echo.
For both reasons, the NMR intensity decreases.
This has been called ‘‘high velocity signal loss’” (2).

This paper addresses only slow laminar flow and
specifically focuses on even echoes in the Carl-Pur-
cell-Meiboom-Gill echo train. The problem can be
stated as follows: if the intensities of the first and
second echoes are considered, the second echo
should be less intense than the first because of T2
relaxation. However, in slow laminar flow the ob-
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served signal from the second echo is often much
greater than the first. Qualitatively, this is due to
incomplete rephasing following the first 180° RF
pulse, which decreases the intensity of the first spin
echo. Following an additional 180° of rotation, re-
phasing is complete, producing a more intense
second echo.

To appreciate this phenomenon quantitatively re-
quires an understanding of ‘‘isochromats,”” which
have been defined as hypothetically small groups of
protons that precess in phase throughout the spin-
echo sequence (3-5). These isochromats gain phase
according to the Larmor expression relating the
local magnetic field H and the gyromagnetic ra-
tio «:

f=~v*H )]
dd = vy *H*dt 3)

where f is the frequency and d¢ is the differential
phase measured in units of 2 radians accumulated
" in differential time dt.

If the local magnetic field H is constant in space,
the isochromats all gain phase at the same rate and
no phase difference develops. At time ¢ all isochro-
mats have the same phase:

b =y *H* @

However, since there are nonuniformities in the ex-
ternal magnetic field as well as in the local magnetic
environment of the isochromats, a phase difference
develops between the different isochromats. If the
nonuniformities are not too severe, the usual spin-
echo techniques cause a rephasing of the isochro-
mats at the time of the spin echo. This is done by
applying a 180° pulse, which reverses the sign of the
developed phase at time ¢ = 7 for each isochromat.
Since the isochromats continue to precess in the
same direction, they will rephase at a time 2*r.

The spin phase graph (5) is useful in understanding
this (Fig. 1). In Fig. 1 curves a through ¢ represent
three isochromats. Curve a gains phase relative to
the master oscillator and curve ¢ looses phase rel-
ative to the oscillator. Curve b remains in phase
with the oscillator. At 15 ms (+ = TE/2) the phases
are reversed by a 180° pulse, which rotates the local
magnetization vectors. The isochromats rephase at
all spin echoes. This discussion applies as long as
there are no magnetic field gradients or the iso-
chromats are stationary.

When gradient fields are present, the situation is
somewhat more complicated. Consider the direc-
tion of both flow and a linear gradient, g, to be along
the z axis of the main magnetic field. The net mag-
netic field is then given by

H(z) = Hy + g*z. (5

Initially, the isochromats in various lamina are in
phase but soon diverge as in Fig. 1. However, the
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FIG. 1. Phase graph. Stationary materials in different vaiues
of magnetic field. As a function of time, curve a shows phase
gain, curve ¢ shows phase lag, curve b shows no phase
change.

phase growth curves are not linear but quadratic as
follows:

dd = y*H(z)*dt )]

db = y*Hy*dt + y*g¥ztdt )

At time ¢ the position z of each isochromat will de-
pend on its velocity v as given by z = v*t. Thus,

dd = y*Hy¥dr + y*g*v*r+de ®)
& = vy *Hy*t + y*g*v*?2 + C, )

where it is to be understood that v may differ for
each isochromat and C is a constant of integration.
The expression for phase is derived as a function of
time when the phase is reversed at times 1%7, 3*r,
5*r, etc. Let j indicate the jth phase inversion. Let
k = v gv/2, then the phase as a function of time ¢
after the jth phase inversion and before the jth + 1
inversion is given by the recursive expressions:

Ffn) = k2 — k¥[2% — D*P
— F;_,l2% —1)*q] (10)
FO = y*Hy*t — f;_4[2(% — 1)*7] (11
where F_; = —k*«*andf_, = 0.
In the above expression the quadratic and the
linear phase terms have been separated into F and

£, respectively. Total phase is given by the sum of
Fj and Jj In Table 1 several of these terms are eval-

TABLE 1. Quadratic (F) and linear (f) phase terms in
the case of linear gradients

J Fil'ygv SiIvHy

1 2 - 2%q2 (¢t — 2%1)
2 £ — 16%72 (t — 4%7)
3 12— 34%2 (t — 6%1)
4 2 — 64%+2 (t — 8*1)
5 2 — 98%q? @ — 10*7)
6 12— 144%42 (t — 12*1)
7 £ — 194%2 @ — 14*7)
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uated. These recursive expressions can be solved
for a general field gradient by means of some te-
dious algebra from which the reader is spared (6).
If it is assumed that the gradient is expandable in a
Taylor power series, the nth power term in the
phase expression (corresponding to the n— 1st
term in the gradient expansion) is given by

J-1
Rk = 1" + (=12 7 Y (— Qi + 1) (12)
i=0

where for n = 1, k = yHy, forn = 2, k = y *g
*y/2; and for n > 2, k = appropriate factors.

DISCUSSION

Consider the case of a uniform field where the
phase grows as the first power of time, i.e., n = 1.
This is the case of stationary materials even in the
presence of field gradients. Only the n = 1 term of
Eq. 12 is present; the higher terms being identically
zero. After the first inversion (j = ), at¢ = 7

®l = (¢t — 2*70)*y*H, (13)
which at the first echo (f = 2*1) becomes
&} = %7 — 2*1)*y*H, = 0. (14)

At the second echo (j = 2, t = 4%1),
@l = [t — 2%7%(1 — 3)] = @ — 2%1*2) = 0 (15)

which as may be seen is zero at r = 4*. This shows
that rephasing of isochromats is exact at both the
odd and even echoes in the case of no field gra-
dients or no flow.

In the case of linear gradients, both the n = 1
and n = 2 terms of Eq. 12 are present, the n = 1
term being due to the main field A, and the n = 2
term due to the gradient. The term corresponding
to n = 1 rephases at all echoes as shown above.
The n = 2 term after the first inversion (j = 1)
becomes

D = y*g*y2%(12 — 2%72) (16)

which, evaluated at the first echo (r = 2*7), yields
D = ghyry [2 (4% — 2%02) = gryFp* 2 (17)
which is the classic expression for phase gain at the

first echo derived by Hahn (3,4). On second echo
(j=2,¢t=4%)

@} = ghviy/2 (A — 16*12)
= g*v*y/2 (16*12 — 16%1%) = 0 (18)

This result is true at all the even echoes, as the
reader can easily verify using Table 1.

Equation 12 can be used to describe the degree
of rephasing in any gradient. Terms higher than qua-
dratic do not rephase at the early echoes. Thus, the
degree of rephasing on even echoes during flow de-
pends on the size of the guadratic term. Gradients
that produce large quadratic terms in Eq. 12 will
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FIG. 2. Phase graph. Stationary isochromats in differing
values of the magnetic field show 180° phase inversion at 15
and 45 ms. Complete rephasing appears at all echoes.

show strong rephasing on even echoes, whereas
gradients producing smali quadratic terms will not.
Figures 2—-4 graphically demonstrate the above
discussion. These figures were generated by direct
numerical integration of the Larmor equation. In
Figure 2 the phase lines correspond to stationary
isochromats in different positions of the magnetic
field. Due to the field gradient, the isochromats gain
phase at different rates but rephase completely at
all echoes. Figure 3 shows an example of isochro-
mats that are initially at different values of the field
and move through the linear gradient field at the
same velocity. These isochromats do not rephase
on the odd echoes but do rephase on the even
echoes. Similarly, Fig. 4 shows the situation of a
linear gradient and isochromats moving at different
velocities. Initially the nine curves are grouped into
three sets of three isochromats each. Within each
set there are small velocity differences. As can be
seen after the first echo, the phase dispersion is
large with overlap developing between the isochro-
mats of the various groups. Nevertheless, all iso-
chromats continue to rephase at the even echoes.
Figures 5-8 were obtained with the Diasonics
0.35 T whole body NMR imager. Pulsing sequence
was a spin echo with echoes at 28 and 56 ms and
image reconstruction done by the two-dimensional

100~

Phase Angle
o

-100-

Time in Seconds

FIG. 3. Phase graph. All isochromats are at same velocity
but at different positions in magnetic field. A magnetic field
gradient exists in the direction of flow. There is incomplete
rephasing at first echo and complete rephasing at second
echo.
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FIG. 4. Phase graph. Magnetic field gradient present in the
direction of flow. Nine isochromats in groups of three with
relative velocities of 1.0, 5.0, and 10.0. Within each group
there is a small velocity dispersion. At the second phase in-
version there is phase overlap among the groups. Complete
rephasing is present only at the second echo.

Fourier transform technique (7). Figure 5 shows
typical flow related enhancement on the first echo
in the inferior vena cava as blood first enters the
imaging volume. Magnetic field gradients producing
the rephasing are the plane selection and refocusing
gradients. Figure 6 shows the hepatic and portal
venous systems. There is no flow related enhance-
ment on the first echo. However, on the second
echo there is prominent enhancement of the venous
system. The magnetic field gradients responsible for

FIG. 6. Even echo rephasing. The magnetic field gradients
present during readout are responsible for the prominent
second echo rephasing of the hepatic venous system
(bottom). No flow related enhancement is present on first
echo (top).

FIG. 5. Flow related enhancement in inferior vena cava.
Typical increase in intensity is due to unsaturated protons
entering the slice (arrow).

this effect are the readout gradients. Figure 7 shows
this phenomenon in the transverse sinuses. In this
case there is some flow related enhancement on the -
first echo in the upper figure with marked increase
in intensity on second echo. Figure 8 shows addi-
tional clinical utility of the rephasing concept. In
Fig. 8a there is a high intensity area in the right
temporal bone. Without the second echo (Fig. 8b)
this might possibly be misinterpreted as a patholog-
ical process such as a fat-containing lesion or epi-
dermoid. However, on the second echo this can un-
ambiguously be identified as flow in the sigmoid
sinus and jugular bulb.

As can be seen from the above discussion, the

FIG. 7. Intensity enhancement due to combined flow effects.
At first echo (top) there is increased intensity in the right
transverse sinus (arrow) due to flow related enhancement.
There is additional increase (bottom) in intensity (arrow) due
to even echo rephasing.
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appearance of flow in the presence of magnetic field
gradients can be quite complex. Although the con-
cept of rephasing on even echoes has been known
for many years (3~5), its appearance on NMR im-
ages has not been well appreciated in the NMR im-
aging literature. It has been included with ‘‘para-
doxical enhancement’” (8—11), a term originally
coined to indicate flow related enhancement.

The appearance of flow on even and odd echoes,
of course, depends on the particular type of pulsing
sequence and gradient pulses used (12—~15). In spin-
echo sequences the intensity is also determined by
the parameter TE. For longer TE more time is avail-
able for protons to leave the imaging volume and
not contribute to the spin-echo signal emitted. At
high flow velocities little rephasing occurs because
of turbulence and high velocity signal loss. In ad-
dition, for a multislice acquisition sequence, re-
tained saturation acquired from the upstream slices
will affect the signal intensity in the downstream
slices.

CONCLUSIONS

The general expressions for isochromat phase
gain for fluids moving through magnetic field gra-
dients have been derived. These expressions were
applied in detail to the cases of flow and no flow in
the presence and absence of a linear gradient. In
the case of linear gradients in the presence of slow
laminar flow, rephasing of isochromats was shown
to occur on all even echoes and not on odd echoes.
This resulted in second spin-echo signals having
amplitudes greater than those of the first echo. Clin-
ically this is seen as vessels appearing brighter on
the second echo than on the first. This character-
istic permits the identification of veins during clin-
ical imaging. The phenomenon of flow related en-
hancement as seen on the first echo is unrelated to
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FIG. 8. Pseudotumor. High intensity
structure in right temporal bone (arrow,
a) may suggest a pathological process.
Marked increase in intensity on second
echo (arrow, b) indicates that the lesion
is slow laminar flow in the sigmoid sinus
and jugular bulb.

rephasing of isochromats, a phenomenon only seen
on even numbered echoes.
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