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In our recent study using a rat model of non-alcoholic
fatty liver disease (NAFLD) induced with methionine
and choline-deficient (MCD) diet, we demonstrated that
collagen deposition in the liver strongly contribute to
liver T1rho elongation, while fat deposition contributes
to T1rho shortening (1,2). However, there were two
questions remain unanswered. The first is that how
the fat content’s contribution to T1rho shortening
can be quantified. Secondly, since we estimated that
1% collagen area increase contributed to T1rho value
increase of 1.35 ms, and this observation might have been
damped by that fat deposition always co-existed with
collagen deposition in this animal model, thus it remains
undetermined that 1% collagen increase contributes to
how much T1rho value elongation in the absence of liver
steatosis. Hereby we try to address these two questions.
Using last study’s data of each experimental rat’s collagen
content (in percentage area measured with histology), MRI
measured fat content (in percentage), and T'1rho (in ms,
millisecond), we ranked the results according to the collagen
content and selected the 15 pairs where the collagen
content difference within each pair was <0.03%. Since liver
collagen content of experimental rats measured from 0.34—

6.46% (mean + SD: 2.58%+1.54%), the within pair collagen
content difference of these rats could be considered to
be ‘zero’ (1). We took the assumption that, in our MCD
model, inflammation’s contribution to T1rho per se was
minimal, and was instead mediated via collagen deposition.
Thus, leaving aside the issue of measurement imprecision,
we can hypothesize that difference between each pair’s liver
T1rho value was primarily due to the difference in liver fat
content. Note we confirmed that liver fat content measured
by MRI was almost the same as measured by histology (1).
Figure 14 shows, when disregarding the amount of fat
content difference, higher liver fat content is seen with
longer liver T1rho value in 5 pairs while with shorter
T1rho value in 10 pairs. The mean difference among
the 15 pairs was -1.028 (95% confidence interval:
-1.9499, -0.1061, P=0.031). The mean difference value
of 10 pairs with Tlrho shortening was three times of
that of the 5 pairs with T1rho elongation (-1.874 vs.
0.664 ms). A mean of 8.72% higher fat content was
associated with a mean of 1.03 ms T1rho shortening
(data from Figure 1A). A linear regression suggests 10%
fat increase contributed to 1.55 ms T1rho shortening
(Figure 1B, Pearson r=-0.40). We hypothesize that higher
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Figure 1 A crude estimation of liver fat’s contribution to T1rho shortening. (A) Higher liver fat content is with longer liver T1rho value in 5

pairs while with shorter T1rho value in 10 pairs. Y-axis: difference of liver T'Irho for each pair (T'1rho of liver with higher fat content minus

Tl1rho of liver with lower fat content). One dot denotes one liver pair with same collagen content. Since the 15 pairs of livers had similar

collagen content, the assumption is that if fat deposition has no impact on liver T1rho, then the T1rho difference of these 15 pairs should

be all around zero. (B) Linear regression of the 15 liver pairs. (C) each pair’s liver T1lrho difference along the extent of total MRI measured

liver fat content (tentatively suggest that fat’s % impact on T1rho shortening is not affected by the total % fat in the liver, i.e., an increase

from 25% to 30 % fat may have the same T1lrho shortening as an increase from 40% to 45% fat). bar in (A): mean.

liver fat content was seen with higher liver T1rho value in
5 pairs was due to measurement imprecision for collagen
content and/or T'lrho.

If the estimation is correct that 10% fat increase
contributes to 1.55 ms Tlrho shortening, we can
hypothesize that the correlation of liver collagen vs. liver

Tlrho in experimental rats would be improved if we correct

the liver T'1rho by:
corrected T1rho= measured T1rho + (0.155x¢% fat) (1]

For example, if the liver fat is 25%, then the equation
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will be corrected T1rbo = measured T1rho+(0.155x25).

The liver T1rho data of all experimental rats with and
without fat correction is shown in Figure 2. The original
Pearson r was 0.8157. This r was improved to 0.8374 when
the corrected T'1rho values were used. Due to the limited
sample size for the analysis in Figure 1, this coefficient of
1.55 may not be optimal, we further hypothesize that the
correction coefficient achieves the best Pearson r would
be more precise. We tested correction coefficient of 1.9,
1.7, 1.55, 1.5, 1.3, 1.1, 1, 0.9, 0.8, and 0.7 and found that
the coefficient of 0.9 offered the best Pearson r of 0.8447.
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However, we noted that this was to better accommodate the
initial lowest four T1rho values (Figure 2). If we removed
these lowest four T'1rho values, then indeed coefficient of
1.55 or 1.6 offered best Pearson r of 0.8586. It can also be
appreciated visually that fat correction improved the fitting
(Figure 2). Thus, we tentatively accept that corrected T1rho=
measured T1rbo +(0.155%?% fat) is a good approximate for
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Figure 2 The correlation of liver collagen (measured by histology)
and liver T1rho data of all experimental rats (n=45) with (fat
adjusted 1.55) and without fat correction (original). There are 4
outliers with low liver collagen content and very low liver T'1rho

(oval circle and arrows).
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our data.

The above discussion opens a possibility that the
relationship between liver collagen content and T1rho
increase may not be linear. If we arbitrarily separated the
rats into two groups, i.e., those with <1% liver collagen
content and those with >1% liver collagen content, it can
be shown that those with liver collagen content <1% had a
much steeper increasing slope for the relationship between
liver collagen and T1rho (Figure 3). After correction with
liver fat, it can be estimated that, for those livers with >1%
liver collagen, 1% additional collagen contributes to 1.3 ms
liver T1rho elongation. Non-linear fitting for our total 53
rats’ data suggests the relationship between liver collagen
content and fat corrected T1rho can be represented
according to Eq. [2] (Figure 4):

y =5.0308"In(x) + 61.88 2]

where x is the collagen content and y is the liver T1rho
after fat correction. The higher goodness-of-fit shown in
Figure 4B than in Figure 44 further support fat correction
and that collagen is the dominant contributor for T1rho
elongation in this animal model (1). For the data of
livers with <1% liver collagen, the results here should
be interpreted with caution. Low liver collagen content
may be more difficult to measure accurately, and this
phenomenon may be only related to this animal model.
Thus, the equation-2 should be considered as ‘hypothesis
generating’ only.

Total: exp rats n=45

0 1 2 3 4 5 6 7
Liver collagen content % area

o 1 2 3 4 5 6 7 8
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Figure 3 The relationship between liver collagen content (measured by histology in percent area) and liver T1rho with (blue semi-solid

dots) or without (orange solid dots) fat contribution correction. Rats are separated into two groups, those with <1% liver collagen content

and those with >1% liver collagen content. For liver with >1% liver collagen, the Pearson r is 0.705 for original T1rho measure, while 0.803
for T1rho measure with fat correction (both P<0.0001). (A) The results of 45 experimental rats and 8 control rats. (B) The results of only 45

experimental rats.
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Figure 4 The relationship between liver collagen content (measured by histology in percent area) and liver T1rho fitted with an exponential

growth curve. (A) Without fat contribution correction; (B) with fat contribution correction. It can be visually appreciated that the goodness-

of-fit is better in (B) than in (A). n=45 experimental rats & 8 control rats.
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Figure 5 The relationship between liver T1rho value and liver collagen content (measured by histomorphometry) in experimental rats with

biliary duct ligation. (A) All 13 rats. (B) 10 rats with liver collagen content >1% area. Data were from (3). Reused with permission.

In order to validate the analysis presented above, we re-
analyzed our previous results using a biliary duct ligation
model (3). Thirteen experimental rats had both liver
Tlrho and liver collagen histomorphometry measurements
available for analysis. The results show with all 13 rats,
1% collagen increase contributed to 1.4 ms liver T1rho
elongation (Figure 5A). If the three rats with liver collagen
less than 1% were removed, then 1% additional collagen
contributed to 1.2 ms liver T1rho elongation (Figure 5B).
While due to the small sample size, we should interpret the
data in Figure 5 with caution, the data do seem to further
confirm that, in the absence of liver steatosis, 1% collagen
increase contributes to 1.2-1.4 ms liver T'1rho elongation.

Based on the analysis above, there is the possibility that
a 10% increase of fat deposition in a liver (e.g., an increase
from a normal 2% liver fat to a steatosis status of 12% liver)
would cancel out the Tlrho elongation contribution by
1.1% increase of collagen deposition (e.g., an increase from

a normal 0.3% liver collagen to early stage-1 fibrosis of
1.4% liver collagen). Note in reference-1, stage-1 fibrosis
had liver collagen content ranging from 1.1-3.26% with a
median value of 1.8%). In our MCD model study, we had 5
experimental rats graded as did not have inflammation and
did not have fibrosis (1). These 5 experimental rats all had
stage-1 steatosis, with a mean MRI measured liver fat of
17.38% (range: 5.98-30.0%), while the 8 control rats had a
mean MRI measured liver fat of 0.89% (range: 0.38-1.33%).
Quantitative histomorphometry did initially show 4 of
these rats had slightly increased collagen deposition. Since
the liver steatosis might have damped T1rho measure, the
equation-1 was tentatively used to correct T'lrho value both
for control rats and the 4 experimental rats. The results
show the corrected T1rho value allow better separation of
control rats and experimental rats (Figure 6).

Of note, during the study rat No. 10 was initially
histomorphometrically measured to have collagen of
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Figure 6 Liver Tlrho with fat contribution correction allows complete separation of control rats (n=8) and five experiment rats without
positive inflammation and without fibrosis grading. (A) Liver collagen of control rats and experimental rats. (B) Liver T1rho of control rats
and experimental rats, showing partial overlap between these two groups of rats. After removing experimental rat No.10, (A) becomes (C),
and (B) becomes (D) (arrow). After liver T1rho is adjusted with equation-1, (B) becomes (E), and (D) becomes (F) (arrow). In both (E) and (F),
adjusted liver T'1rho allows complete separation of control rats (n=8) and five experiment rats fed with MCD. Experimental Rat No. 10 had
initial collagen measure similar to control rat, while after adjusted liver T'lrho, it is separated from control rats by a longer T1rho measure.
This may constitute a false positive result after T'1rho correction with fat contribution. One study pathologist was contacted and asked to re-
measure this rat’s collagen (without be informed why a re-measurement was requested). The result came out the second measure was 0.52%,
thus higher than the control rats. bar: mean.

0.34%. Considering the MRI analysis in Figure 6, the
collagen content was re-measured after the publication of
reference-1, and the result turned out to be 0.52%, which
agrees with the liver T'lrho feature of this rat. While due to
the potential sampling error of histomorphometry, the liver
collagen content ground truth for this rat remains unknown,
our analysis raised the possibility that liver T'1rho has the
potential to pinpoint errors of histomorphometry measure
(the initial liver collagen measure of rat No. 10 was indeed
a outlier from other 4 experimental rats which measured

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

higher liver collagen content than the control rats).
However, it should be noted that whether equation-1 is
valid at very low concentration of liver collagen remains to
be confirmed. There is a theorical risk that this correction
may lead to over diagnosis of liver fibrosis. Further studies
shall clarify this point.

We hereby attempt to explain the mechanism of
Tlrho shortening effect of fat under fat suppression. A fat
saturation method usually cannot fully suppress fat signal
in liver and other fatty tissues, due to the variations of T'1
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of fatty tissues and also due to the imperfections of B, and
B,. After the initial 90° pulse of the Tlrho preparation,
residual fat proton spins are flipped to the transverse plane
along with water proton spins, but will move in the rotation
frame with a period of 2.3 ms (3T) which is substantially
shorter than the spin lock preparation duration. The fat
proton spins are then turned into Z-direction in one half
period, and turned into the opposite direction in another
half period. Eventually this residual fat signal will decrease
to zero under the effect of spin lock pulse. So residual fat
proton spins shall not have significant impact on T1rho
measurement. However, as shown in Figure SI, after the
saturation pulse and the first excitation pulse which flips
water and the residual fat proton spins (M,) to transverse
plane (M,), the water and fat longitudinal signals ™',
M")) grow due to T1 relaxation during the spin-lock period.
The gradually growing water signal in longitude direction
(M™') is continually flipped by the spin-lock pulse, and its
precession (M"',)) is in the plane perpendicular to the spin-
lock pulse, and is then also perpendicular to the transverse
signal under spin-lock process (M,). The growth rate of
spins in the longitude direction is constant and is inversely
proportional to T'1 value and fat signal grows faster than
water signal. However, the fat proton spins (M",)) flipped
into transverse plane undergo procession slower than water
proton (MW[XY) and are not stable in ration frame. The
dynamics of fat signal recover (M" ) in longitude direction,
flip (M",,) by spin lock pulse and moving in the rationing
frame eventually accumulates fat signal (Mﬂxy) opposite
to the spins under spin locking (M,,), and reduces the
total signal acquired afterwards. More fat content leads to
stronger signal reduction; and this reduces T1rho in this
type of measurement.

In conclusion, the additional analysis presented here
further confirms that liver fat deposition contributes to
T1rho shortening in the rat NAFLD model. For those
with >1% liver collagen, an approximately corrected
T1rbo=measured T1rho+(0.155x?% fat) improves the
correlation between liver collagen content and liver
T1rho. However, while the concepts presented here may
be correct, the quantifications should be regarded as crude
approximation.
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Supplementary

T1rho Sequences Come in Several Forms, in general Tr-weighted

acquisitions have a
‘ T1rho preparation ‘before a _

+ Witshey et. al. (used in the ACRIN ftrials)

180 SFIR20, 5L, S, 90, 180
1700 ms TFE 256 1700 ms
= 6000 ms 5

1. Witschey WR, et al., Tirho-prepared balanced gradient echo for rapid 3D T1rho MRI. J Magn Reson Imaging.

2008;28:744-54.
+ Liet al (also known as MAPPS)
50 SPAIR B0, 5L, SL,-80, a0
1500 ms L 1500 ms

-

2. Li X, et al. In vivo T1rho mapping in cartilage using 3D magnetization-prepared angle-moedulated
partitioned k-space spoiled gradient echo snapshots (3D MAPSS) Magn Reson Med. 2008;59:298-307.

Begin: all proton spins M,
are in Z direction

L]
\
‘i Before ‘1%t 90°pulse
!
LY
\

~ |

S0Py 90°x
=

X' and Y are the rotation frame for water proton spin e >

Spins M, are flipped
by an excitation pulse

After 1 90 pulse

|

S0Py 90°x
=

X' and Y are the rotation frame for water proton spin € TeL >

Spins M, are locked by
Spin-Lock pulse B,

Start of Spin-Lock Pulse

|

90°, 90°x
=]

[ Lo |

X" and Y" are the rotation frame for water proton spin = l

Fat and water signals (
and M*';) grows due to T1
relaxation

During Spin-Lock Pulse

¢

M,, is the signal flipped by
the first excitation pulse, and

is now under spin lock by 90 90°
spin lock pulse B,. H SLuy H
L Lo |
X' and Y" are the rotation frame for water proton spin [ To >
" The fat and water spins

signals ( and M"1j)
growing in Z-direction are
continuously flipped long ZX’
plane toward XY’ plane by
spin lock pulse B,, and start
transverse procession (

and M, )

During Spin-Lock Pulse

|

M, is the signal flipped by
the first excitation pulse, and

is now under spin lock by 0% 905
spin lock pulse B,. H SLyy H
X' and Y" are the rotation frame for water proton spin s T >
F 3
Z Water spins M*"1,, are
perpendicular to Spin lock B,

and M,,. Fat spins moves
slowly to the other side, due to
its slower Larmor frequency

During Spin-Lock Pulse

|

M,, is the signal flipped by
the first excitation pulse, and

is now under spin lock by 90 90°x
spin lock pulse B,. H Shiy H
N N (™3 LW}
X" and Y are the rotation frame for water proton spin s To >

Fat spins moved to the
opposite side of M,,.

At the same time, there are
more water and fat spins (
and M*2;) going through this
dynamics.

During Spin-Lock Pulse

!

M, is the signal flipped by
the first excitation pulse, and

is now under spin lock by 90 90°
spin lock pulse B,. H SLuy H
- . [ LW |
X' and Y" are the rotation frame for water proton spin s Toa el
&
z

Eventually, fat spins
accumulated on the other side
of M, before 2nd 900 pulse.

b
e s
-
-~

y

b
v Spin lock B
X N\ N
Y!l
Before 2 90°pulse
e |
M,, is the signal flipped by
the first excitation pulse, and
is now under spin lock by 0% 90+
spin lock pulse B,. H SLyy H
X and Y" are the rotation frame for water proton spin 1€ T >
Z
As a result, the T1rho
’:' signal is decreased
] M because of existence of fat.
I z
/
Mo
|
o T M T1rho signal
,,-""' AN h“""s ‘ g
’ b ~ to be
+ < measured
X M¥,
\ Y’
|
\‘ After 2 90°pulse
A
‘\
\ ¢
90, 90°x
; ; | SL, |
X and Y" are the rotation frame for water proton spin | |
L( \;.I
I TE[_ 1

Figure S1 An explanation of T1rho dynamics regarding fat.
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