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An in Vitro Study of Magnetization Transfer and Relaxation Rates of 
Hematoma 

John M. Gomori,1.3 Robert I. Grossman, 1 Toshio Asakura,2 Mitchell D. Schnall, 1 Scott Atlas, 1 George Holland, 1 and 
Robert L Mittl, Jr. 1 

PURPOSE: To assess, in an in vitro model of acute hematoma, whether hemoglobin immobilization 
by clot and red cell membrane aging can account for the T2 shortening usually attributed to 
deoxyhemoglobin. METHODS: Clotted and heparinized blood samples were packed (100% 
hematocrit). The apparent magnetization transfer rate (AMTR), T1 and T2 relaxation rates of the 
samples, and images with a volunteer's head were obtained at 1.5 T. RESULTS: The AMTR and 

T1 and T2 relaxation rates were unaffected by the presence of clot. The AMTR was unaffected 
by red cell aging. The diamagnetic packed blood samples, which are much denser than brain , 

were isointense to gray matter on T2-weighted images and had about one-fifth the AMTR of white 
matter. CONCLUSIONS: Hemoglobin immobilization by clot structure or red cell contraction with 
aging is insignificant and does not contribute to the T2 shortening of acute hematoma. The low 
AMTR and T2 relaxation rates of diamagnetic blood appear to be caused by the mobility of 

hemoglobin and by the red cell's lack of immobile macromolecular structures such as those 
associated with nucleated brain cells. 

Index terms: Hematoma; Blood, coagulation; Blood, magnetic resonance; Magnetic resonance, 
tissue characterization ; Magnetic resonance, experimental 
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The magnetic resonance (MR) of acute and 
subacute hematomas is dominated by the para
magnetic effects of deoxyhemoglobin and met
hemoglobin. Acute hematomas are characterized 
by the susceptibility heterogeneity of intracellular 
deoxyhemoglobin (1, 2). Relative to brain paren
chyma, it increases their T2 relaxation rate on 
high field spin-echo images ( 1, 2) and their T2* 
relaxation rate on gradient-echo images (3, 4, 5) 
at most field strengths. However, on low field 
spin-echo MR, on which the effects of suscepti
bility heterogeneity are negligible, the brain's T2 
relaxation rate is greater than or equal to that of 
compact acute hematomas, despite the brain's 
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lower computed tomography (CT) density (1, 6). 
This elevation of the T2 relaxation rates and 
T1/T2 ratios of the brain and other tissues com
pared with protein solution of equivalent density 
appears to be caused by the immobility of their 
cellular macromolecular structures, which accel
erates the T2 relaxation rate of the surrounding 
free water protons (7 -21 ). Although immobiliza
tion also shortens the macromolecular proton T2 
(22) to the point of invisibility on conventional 
MR, it does increase its magnetization transfer 
rate (14, 16, 19, 22). Fortunately, magnetization 
transfer, a phenomenon unique to the immobile 
protons, can be detected as a decrease in the free 
water signal upon saturation of the immobile 
protons. 

Interest in magnetization transfer has been ex
cited by the studies of Balaban et a! (15, 16, 20, 
21). Concurrently, a recent report has advocated 
a reassessment of the importance of susceptibility 
heterogeneity for the hypointensity of acute he
matomas on T2-weighted spin-echo images (23) . 
It was proposed that immobilization of hemoglo
bin by clot structure, red cell dehydration, and 
related processes may be the major contributor 
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to T2 relaxation . To date, such processes have 
not been demonstrated to be significant (24-30). 
However, if they occur they should increase the 
magnetization transfer rate, a sensitive indicator 
of macromolecular immobility. 

This study uses the apparent magnetization 
transfer rates (AMTRs) as well as the more famil
iar T 1 and T2 relaxation rates to assess the 
significance of the previously mentioned factors 
in producing the hypointensity of T2-weighted 
images of acute hematoma. The AMTR is an 
approximate measure for kror term used in the 
spectroscopic literature. Packed blood samples 
were used in this study for four reasons: 1) the 
immobilization of hemoglobin was proposed to 
occur in compact hematomas (23); 2) the T2 
relaxation rate and AMTR of protein solutions 
increase with concentration ( 17, 31 ); 3) packing 
blood to a hematocrit of 100% eliminates suscep
tibility heterogeneity (32); and 4) the final packing 
of blood by centrifugation is more reproducible 
than the preceding sedimentation or clot retrac
tion. 

Materials and Methods 

Sample Preparation 

Forty-milliliter aliquots of fresh blood were obtained 
from volunteers, and samples of different blood states were 
prepared. The unclotted samples were heparinized. The 
oxygenated samples were prepared by bubbling with hu
midified oxygen. However, some of the oxyhemoglobin 
samples became partiall y deoxygenated over hours (33) , 
perhaps because of white cell metabolism. Because there 
is no difference in the relaxation rates of oxyhemoglobin 
and carbonmonoxyhemoglobin blood (34), we used the 
more stable carbonmonoxyhemoglobin as the diamagnetic 
hemoglobin state for this study. Carbonmonoxyhemoglo
bin samples were prepared by bubbling with carbon mon
oxide. Deoxygenated samples were prepared by bubbling 
with humidified nitrogen followed by the addition of a few 
drops of isotonic buffered sodium dithionite. Methemoglo
bin samples were prepared by the addition of a few drops 
of isotonic buffered sodium nitrate. 

Clot formation was expedited by the addition of a few 
drops of isotonic buffered CaCI2. Osmolality and pH were 
modified by resuspending centrifuged carbonmonoxyhem
oglobin blood samples twice with buffered solutions of 
different osmolality or pH. Rouleaux formation , another 
immobilizing process, was also inhibited by the exchange 
of plasma with isotonic buffered saline (35-37). However, 
rouleaux formation should have negligible effects in packed 
samples. Two samples were prepared of each blood state. 
They were centrifuged at about 1 000 X g for 10 minutes, 
and the supernatant was removed. Then in one of the 
samples the red cells were lysed by two freeze-thaw cycles. 
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Plasma clot formation was expedited by a few drops of 
isotonic buffered CaCb and the addition of 1 mg protamine 
to 40 ml plasma without platelets. A retracted plasma clot 
was formed similarly in plasma with platelets. The retracted 
clot was centrifuged and the liquid supernatant removed. 

MR 

A 1.5-T clinical imager was used (Signa, GE, Madison, 
WI). The T1 and T2 relaxation rates were measured using 
5-mm-thick single section images. The T1 rates were 
obtained from a series of three images with a repetition 
time (TR) of 200, 800, and 2000 msec, and with an echo 
time (TE) of 11 msec. The T2 rates were obtained from 
images with a TR of 3500 msec and TE of 22.5, 45, 67.5, 
and 90 msec. Images were also obtained with a TR of 3500 
with a single echo at a TE of 90 msec. The other image 
parameters were acquisition matrix 192 X 256, number of 
excitations 1, and field of view 30 to 32 em. The body coil 
was used for a more uniform radio frequency field through 
the blood and plasma sample array. 

The blood and plasma sample array was also imaged 
with a volunteer 's head (500/ 12/ 1 and 3000/ 20-90/ 1 (TR/ 
TE/ excitations) , 128 X 256 matrix, field of view 32 em) 
with 1 0-mm-thick section with 2.5 mm gap using the body 
coil. 

Three-point T1 and four-point T2 calculations were 
performed in four separate regions of each sample using 
the imager software. The regions of interest were of 0.5 
em diameter (sample diameter 2.5 em). Similar measure
ments were performed on periventricular white matter and 
basal ganglia gray matter in the volunteer's brain images. 
The presence of susceptibility heterogeneity in the samples 
was assessed by the decrease in T2 relaxation rate with 
cell lysis and with shortening of the interecho interval from 
90 to 22.5 msec (2, 28). 

Magnetization Transfer 

Theory(15, 20, 38, 39, 40). Magnetization transfer links 
the immobile proton pool to the free water protons and 
modifies the Bloch equation to: dMz/dt = (Mo- Mz)/T1 + 
(MTRb)Mzb - (MTR)Mz, where Mz is the longitudinal mag
netization of the free water protons and M0 is its equilibrium 
value, Mzb is the immobile proton longitudinal magnetiza
tion and MTR and MTRb are the magnetization transfer 
rates of the free water protons and the immobile protons 
respectively. 

If the immobile protons are selectively saturated 
(Mzb = 0) the modified Bloch equation simplifies to: 
dMz/dt = (Ms - Mz)/Tlsa., where 1/ Tl sat = 1/ T1 + MTR, 
and M. is the new equilibrium longitudinal magnetization 
of the free water protons under continuous and complete 
saturation of the immobile protons. Then: MTR = MTC/ 
Tl ..,t = [(MTC)/(1 - MTC)]/T1, where MTC = (M0 - M.)/ 
Mo. 

Classic frequency selective saturation of the immobile 
protons is not possible, because both proton pools have 
the same resonant frequency. Preferrential saturation of 
the immobile protons is accomplished by radio frequency 
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irradiation that is sensitive to the marked difference in the 
T2 relaxation rates of the two proton populations. These 
pulses are soft; that is, long relative to the T2 of the 
immobile protons. Two pulse categories are used: on
resonance and off-resonance pulses. On resonance pulses 
are of intermediate length; that is, soft relative to the 
immobile protons and hard relative the free water protons. 
These cause partial saturation of the immobile protons and 
rotate the free water protons a multiple of 360°, effectively 
0°. Off-resonance techniques use long off-resonance pulses 
that are soft relative to both proton populations. However, 
off resonance causes greater saturation of the immobile 
protons. Both techniques may be limited in the achievable 
saturation of the immobile protons for any given bound on 
the saturation of the free water protons (bleed-over). Incom
plete saturation of the immobile protons because of these 
inherent limitations, as well as limitations specific to the 
MR equipment and pulse sequence used, may make use 
of the above equations problematic. Until a better theoretic 
understanding (eg 40a) is attained, the accuracy of MTC 
and MTR measurements using the above equations is 
uncertain. We chose to call our measurements apparent 
MTC and MTR to emphasize their relative nature and to 
condition their comparison with measurements obtained 
by other pulse sequences. 

Technjque 

To study magnetization transfer we used the off-reso
nance technique for the preferential saturation of the im
mobile protons. Images were acquired with a three-dimen
sional spoiled gradient-echo (GRASS, GE) sequence (11 0/ 
6, flip angle a 1 = 10°, 28 X 192 X 256 matrix with 5-mm 
section width) with and without a presaturation pulse 2 kHz 
off water resonance applied without any magnetic field 
gradients (38). The presaturation pulse consisted of 19 
msec single-cycle sync pulse with an average 6 1 intensity 
of 3. 7 X 10-6 T. The interval between the end of the 
saturation pulse and the beginning of each excitation was 
approximately 1 msec. This saturation pulse, designed to 
saturate immobile macromolecular protons, which have a 
very broad MR peak, caused less than 1% loss of signal in 
saline and less than 5 % loss of signal in 0.3 mM MnCb 
with a T1 of 400 msec and T2 of 37 msec. 

For comparison with the blood samples, bovine serum 
albumin (BSA) solutions with protein weight fractions of 
0.2, 0.33, and 0.5 were prepared. The blood samples with 
different osmolalities and pHs, the BSA samples, and a 
volunteer 's head were then studied separately of each other 
with exactly the same sequences as used for the blood and 
plasma samples. Then the three-dimensional spoiled gra
dient echo sequence with the presaturation pulse was 
repeated using a flip angle of a 2 = 55°. M0 is the intensity 
without the presaturation pulse, and M. is the intensity with 
the presaturation pulse. The AMTC and the AMTR were 
calculated in three separate regions of interest in each 
sample as follows: 

IN VITRO HEMATOMA 

AMTC = (Mo(a l)- M.(a 1))/ M 0(al ) I 
R = Ms(a2)/M.(a l) 
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where a 1 = 10° and a2 = 55°, AMTR = [(AMTC)/ (1 
AMTC)]/T1 or, AMTR = AMTC/ AT1 .. ,. 

The experiments were performed at room temperature. 
After the experiment the samples were stored at 4°C. At 2 
weeks, 4 weeks, and 8 weeks the samples were reimaged 
at room temperature. 

Results 

Table 1 presents the magnetization transfer 
and relaxation rate data of the blood and plasma 
samples. The AMTRs of all the packed blood 
samples were much lower than the AMTRs of 
brain parenchyma. They averaged about 0.3 
sec- 1 versus about 0.9 sec-1 for gray matter and 
1.5 sec- 1 for white matter (see Table 6). On the 
other hand, the T1 relaxation rate of the diamag
netic carbonmonoxyhemoglobin samples with in
tact cells were similar to that of gray matter, and 
their T2 relaxation rates were slightly lower that 
that of gray matter. Clot formation had no effect 
on the AM TRs or relaxation rates of packed 
blood, except for a residual susceptibility hetero
geneity-induced T2 relaxation enhancement in 
the deoxyhemoglobin and methemoglobin clots 
with intact cells. Apparently clot formation 
trapped some extracellular fluid that was not 
removed by centrifugation. In plasma, the for
mation of an unretracted clot also had no effect 
on the AMTR or relaxation rates. However, the 
small fully retracted plasma clot had values ap
proaching that of diamagnetic packed blood. The 
T1 relaxation rate increased with cell lysis in all 
samples without significant change in the AMTR 
or T2 relaxation rate , except for the susceptibility 
related decrease in 1 /T2 with lysis of the deoxy
hemoglobin and methemoglobin clots as men
tioned above. 

Table 2 presents the magnetization transfer 
and relaxation rate data of the carbonmonoxy
hemoglobin samples with intact red cells under 
different osmolality and pH conditions. Marked 
increase in osmolality increased the AMTR and 
T2 relaxation rate dramatically . To a lesser extent 
similar changes occurred with marked increases 
in pH . There were no significant changes in the 
AMTRs or T2 relaxation rates with moderate 
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decrease in osmolality or pH. The T1 relaxation 
rate was less sensitive to changes in osmolality 
and pH. 

Figure 1 presents the Tl- and T2-weighted 
images of the volunteer's brain with the blood 
and plasma sample array . Table 3 presents the 
intensity ratios of the samples to the gray and 
white matter in Figure 1. The blood and plasma 
samples were isointense or hyperintense to gray 
matter on the T2-weighted image. The excep
tions were the clotted deoxyhemoglobin and met
hemoglobin samples with intact cells, which were 
hypointense to gray matter because of residual 
susceptibility heterogeneity. On T1-weighted im
ages the deoxyhemoglobin and carbonmonoxy
hemoglobin samples were isointense to white 
matter when the cells were intact and hyperin
tense when the cell membranes were lysed. The 
plasma samples were hypointense, and the met
hemoglobin samples were hyperintense to white 
matter on T 1-weighted images. 

As expected, the methemoglobin samples had 
higher T1 relaxation rates and to a lesser degree 
higher T2 relaxation rates than the carbonmo
noxyhemoglobin and deoxyhemoglobin samples. 
Although the AMTCs of the methemoglobin sam
ples were decreased , the AMTRs were unaffected 
by methemoglobin 's paramagnetic proton relax
ation enhancement. 

Over time, there were no significant changes 
in the AMTRs or T2 relaxation rates of the car
bonmonoxyhemoglobin samples with intact cells. 
Table 4 follows the T1 relaxation rates of the 
blood samples over time. It shows that with time 
the T1 relaxation rate increased for the deoxy
hemoglobin and carbonmonoxyhemoglobin sam
ples, especially the clots with lysed red cell mem
branes. In contrast , the T1 relaxation rates of the 
methemoglobin samples with intact cells , clotted 
or unclotted , decreased with time, approaching 
the T 1 relaxation rates of nonmethemoglobin 
samples. 

For comparison with the blood samples, Tables 
5 and 6 present the magnetization transfer and 
relaxation rate data of the BSA solutions and of 
the gray and white matter of the volunteer 's brain. 

Discussion 

Diamagnetic proteins and macromolecular 
structures affect the free water proton relaxation 
via interfacial interactions that are rapidly trans
mitted to the bulk free water by diffusion ex-



AJNR: 14, July/ August 1993 IN VITRO HEMATOMA 875 

A 

c 

TABLE 2: Magnetization transfer and relaxation rate data for packed carbonmonoxyhemoglobin samples 
that had their plasma replaced by buffered solutions of different osmolality and pH 

pH 7.4 

252 mOsmol 303 mOsmol 
I I 

AMTR (sec- 1
) 0.25 ± 0.11 0.22 ± 0.10 

1/ T2 (sec-') 14.5 ± 0.2 16.4 ± 0.2 
1/ T1 (sec-' ) 1.04 ±0.12 1.01 ± 0. 16 
1/ AT1 ,., (sec- 1

) 1.28 ± 0.23 1.24 ± 0.21 
AMTC (% ) 19.3 ± 4.5 17.1 ± 3.4 

pH 5.9 pH 9.0 
308 mOsmol 

570 mOsmol 
I 

1.43 ± 0.64 0.23 ± 0.04 0.37 ± 0. 11 
47 .6 ± 0.3 16.4 ± 0. 1 21.3±0.2 

2.28 ± 0.38 0.99 ± 0.10 1.1 2±0.10 

3.46 ± 0.96 1.26 ± 0.13 1.52 ± 0. 17 

39.8 ± 7.9 18.3 ± 1.9 23.3 ± 4.0 

B 
Fig. 1. Coronal MR of the volunteer 's head and the blood and 

plasma sample array . The numbers of the samples correspond to 
the numbers in Table 1. 

A, Tl -weighted image, 500/ 12 (TR/ TE). 8 and C, Proton 
density and T2-weighted images, 3000/ 20-90. 
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change of water molecules (7-19) . Water mole
cules transiently hydrogen bonded at chemically 
specific sites on the surface of each protein mol
ecule or macromolecular structure exchange with 
the free water molecules. In addition, free water 
protons exchange chemically with labile surface 
protons (14). The magnetic state of these surface 
water protons is affected by two major interac
tions; slowed motion (increased correlation time) 
and chemical shift. Only a small fraction (1 %) 
( 19) of the hydrogen-bonded water is attached 
long enough (1 J.LS) to "sense" the slowed motion 
of the macromolecular surface to which it is 
attached. Slowed motion increases both the di
polar-dipolar cross-relaxation by the sister proton 
in the hydrogen-bonded water molecule as well 
as the dipolar-dipolar cross-relaxation of the 
water proton by the adjacent protons of the 
protein molecule or macromolecular structure. 
The relative importance of the inter-proton cross
relaxation within the hydrogen-bonded water 
molecule versus that by the adjacent macromo
lecular proton depends on the respective proton
proton distances and on the respective correlation 
times; ie, rotational versus translational freedoms 
of motion. 

The T1 and T2 relaxation rates of the free 
water protons are increased by both cross-relax
ation interactions. In addition, cross-relaxation by 
the adjacent macromolecular protons also trans
fers longitudinal magnetization between the mac
romolecular protons and water protons. The con
sequence of magnetization transfer for the ob
served T 1 relaxation of free water depends on 
the magnetization transfer rate and on the relative 
efficiency of the T 1 relaxation of the immobile 
proton pool compared to that of the free water 
pool. Figuratively speaking, longitudinal magnet
ization "flows" toward the pool with the larger T1 
relaxation "sink." At very high magnetic fields T2 
is also shortened by the chemical shift exchange 
(14). Although there is no transfer of transverse 
magnetization (39) , it appears that T2 cross
relaxation by the adjacent macromolecular pro
tons may be significant (14, 21 ). 

At MR imaging field strengths immobility fa
vors T2 shortening of the free water and even 
more so of the protons of the immobile struc
tures. The very short T2 of the immobile protons 
(<1 msec) makes them invisible with standard 
MR imaging techniques. However the very short 
T2 of the immobile protons permits their prefer
ential saturation with off-resonance irradiation. 
This saturation is passed from the immobile pro-
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tons to the free water protons by longitudinal 
magnetization transfer, resulting in a decrease in 
the free water signal (15, 16, 20, 21). Saturation 
transfer allows detection and measurement of 
magnetization transfer. Clotting by itself had no 
effect on the AMTRs or relaxation rates of packed 
diamagnetic blood samples. This indicates that 
the fibrin mesh does not have a significant long
term hydration layer and or that fibrin polymeri
zation does not affect the slow-motion compo
nents of the fibrin monomers or of the hemoglo
bin molecules (27). 

The increase in the AMTR and T2 relaxation 
rate with marked increase in osmolality and pH 
is caused by red cell dehydration, which increases 
the intracellular hemoglobin concentration of the 
packed samples (41-45). Although pH also af
fects the relaxation rates of free hemoglobin so
lutions, the effect of pH on cell volume is domi
nant (46-48). Actually, the effects of pH on red 
cell volume are mediated by changes in osmolal
ity (48, 49). These dehydrating effects do not 
appear to be significant in the physiologic range 
of osmolality and pH (42, 48, 49, 50). The oblig
atory increase in AMTR and 1/T2 of the hypoth
esized red cell dehydration due to aging of the 
red cell membranes (23) was not observed. 

Clot retraction does increase the protein con
centration, as does sedimentation. Nonetheless, 
compact packed diamagnetic clots which have a 
CT density more than twice that of brain had 
AMTRs one-third that of gray matter and one
fifth that of white matter. On the other hand, 
their T1 and T2 relaxation rates were similar to 
gray matter. It is unlikely that the differences in 
AMTR are caused by differences in extent of 
hydrogen bonding. Therefore, these findings in
dicate that the high hemoglobin concentration 
rather than the immobilization of hemoglobin is 
responsible for the relaxation rates of compact 
diamagnetic hematomas. In other words, a com
pact hematoma has the MR properties of a con
centrated protein solution and not of tissue. 

That blood does not behave like tissue on MR 
is not by chance. It has a physiologic purpose; 
maximization of oxygen transport. There is a 
close correlation between the rheologic and MR 
properties of protein molecules. The high concen
tration of intracellular hemoglobin is actually at a 
physiologic limit. Despite this high concentration, 
the lack of organelles and other macromolecular 
features of nucleated cells ensures blood's low 
viscosity and AMTR (17). Above the normal in
tracellular hemoglobin concentration of 34 g/ 100 
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ml viscosity rises very steeply, interfering with 
circulation (35, 51 , 52). Increased viscosity is 
paralleled by decreased mobility (42, 52, 53) of 
the hemoglobin molecule, which is manifest by 
increased AMTR and T2 relaxation rate (Table 2) . 
For comparison, Table 5 shows the magnetization 
transfer and relaxation rate data for three concen
trated solutions of BSA, whose molecular weight 
almost equals that of hemoglobin. Note the sim
ilarly rapid increase in AMTR and T2 relaxation 
rate with increasing concentration (52, 54). In 
summary, as intracellular hemoglobin concentra
tion rises above its normal levels, blood becomes 
more tissue like and much more viscous. The 
concentration and viscosity limit of hemoglobin 
is exceeded clinically in spherocytosis. In sickle 
cell disease hemoglobin polymerization greatly 
increases the T2 relaxation rate (50, 55), and 
presumably the AMTR, because of decreased 
mobility of sickle hemoglobin polymer (46) . He
matomas of patients with spherocytosis and even 
more so with sickle cell disease should have 
significantly higher AMTRs. However, their T2 
relaxation rates also will depend on magnetic 
susceptibility heterogeneity. 

The relative insensitivity of the T1 relaxation 
rate at high magnetic fields to slow motion is 
demonstrated by the slower rise in 1/T1 with 
increasing hemoglobin and BSA concentrations 
(Tables 2 and 5). However, low magnetic field 
strengths increase the intrinsic T1 relaxation rates 
of both the free water protons and of the immo
bile protons. The linkage of the two proton pools 
by magnetization transfer serves to enhance fur
ther the free water proton pool relaxation rate 
(17, 22, 24, 46, 57). This increased 1/T1 may be 
responsible for the hyperintensity that has been 
reported on T1-weighted images of compact 
acute hematomas at ultra-flow-field MR (6). 

The increase in Tl relaxation rate with red cell 
lysis has been observed before (2 , 57), especially 
when the lysis by freeze thawing. Why others 
using different methods of cell lysis have not 
observed this effect (25, 33, 46, 58, 59) is unclear. 
The fact that AMTR and T2 relaxation rate are 
relatively unaffected suggests an increase in the 
rapid motional components of the free water 
molecules , near the proton resonant frequency . 
Whatever the mechanism of this phenomenon, it 
should not be relevant clinically, because most 
red cell lysis occurs in the subacute phase of 
hematomas when the Tl relaxation is dominated 
by methemoglobin. 
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Retracted clot appears to pack less efficiently 
and regularly than does uncoagulated blood. If 
this occurs in vivo, clots may be associated with 
greater T2 shortening, because of susceptibility 
heterogeneity, rather than compact unclotted he
matomas. Conversely, some compact unclotted 
partially deoxygenated hematomas may have a 
low enough susceptibility heterogeneity and high 
enough hemoglobin concentration to account for 
those hyperacute hematomas that are isointense 
to white matter on Tl-weighted images and hy
perintense to white matter on T2-weighted im
ages. 

Our in vitro aging of the blood samples was 
mostly at an unphysiologic 4°C. Nonetheless, it 
demonstrated interesting findings . There was an 
increase in Tl relaxation rates of the deoxyhe
moglobin and carbonmonoxyhemoglobin sam
ples, especially in the lysed clotted samples. A 
reverse effect with decrease in the Tl relaxation 
rate was observed in the methemoglobin samples 
with intact red cells (Table 4). These findings 
appear to be due to the oxidation of the deoxy
hemoglobin and carbonmonoxyhemoglobin sam
ples to methemoglobin and to a reduction of the 
methemoglobin in the methemoglobin samples 
(33). This suggests that the presence of unsedi
mented membrane fragments (lysed clot) accel
erates methemoglobin formation overcoming the 
red cell's methemoglobin reductase activity. Al
though a specific mechanism for this is specula
tive, perhaps oxidation by free radicals associated 
with the unsedimented membrane fragments 

TABLE 5: Magnetization transfer and relaxation rate data for 
solutions of BSA 

BSA Protein Weight Fractions 

AMTR (sec- ' ) 
1/ T2 (sec- ') 
1/ T1 (sec- 1

) 

1/ AT1 ,., (sec- ' ) 
AMTC(%) 

0.20 

0.1 1 ± 0.01 
9.0 ± 0. 1 

0.7 1 ± 0.10 
0.86 ± 0.08 
12.1 ± 0.7 

0.33 

0.90 ± 0.20 
21.7 ± 0.1 
1.58 ± 0.07 
2.47 ± 0.28 
36.2 ± 4.0 

0.50 

6.27 ± 1.67 
8 1.3 ± 0.8 
4.26 ± 0.48 
8.72 ± 0.45 
60.5 ± 0.4 

TABLE 6: Magnetization transfer and relaxation rate data for the gray 
matter (GM) and white matter (W M) of the volunteer's brain 

AMTR (sec-' ) 
1/ T2 (sec-' ) 
1/ T1 (sec-' ) 
1/ AT 1,., (sec- 1) 

AMTC(%) 

GM 

0.9 ± 0. 1 
17 ± 1 

1.0 ± 0. 1 
1.9 ± 0.1 

46.8 ± 0.8 

Brain 

WM 

1.5 ± 0.2 
17 ± 2 

1.3 ± 0.2 
3.0 ± 0.3 

48.8 ± 2.5 
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plays a role in the process. The slower formation 
of methemoglobin in the intact carbonmonoxy
hemoglobin samples than in the deoxyhemoglo
bin samples may be related to the need of met
hemoglobin reductase for oxygen (33), which was 
excluded from the deoxyhemoglobin samples. 
Clinical observations indicate that intracellular 
methemoglobin is a short lived phase in hema
toma evolution suggesting that most methemo
globin production in hematomas may also be 
catalyzed by cell lysis. 

Both the 1/T2 and AMTR are sensitive to the 
slowness of motion. However, comparison of the 
AMTRs and 1/T2s of the compact hematomas 
with those of gray and white matter, the BSA 
solutions, and the hypersomolar blood samples 
shows that the AMTR is more sensitive to mac
romolecular immobility or the amount of struc
ture present in the sample. Thus, at high-field 
MR, it appears that the AMTR is most sensitive 
to immobility or extremely low frequency motion, 
and the 1/T1 is most sensitive to higher fre
quency motion, near the proton-resonant fre
quency of the magnetic field. Also, the AMTR is 
relatively independent of paramagnetic and sus
ceptibility effects. Therefore, the AMTR is an 
important parameter, in addition to the T 1 and 
T2 relaxation rates, in the analysis of the under
lying mechanisms of tissue relaxation. 

The AM TC is a measure of the decrease in the 
free water signal upon partially selective satura
tion of the immobile macromolecular protons by 
off-resonance irradiation. It increases with the rate 
of magnetization transfer and decreases when the 
1/T1 of the free water protons increases, as with 
paramagnetic methemoglobin and Gd-DTPA. It 
is a less accurate indicator of the magnetization 
transfer than the AMTR, although its measure
ment is somewhat simpler. The technical limita
tions to measuring the magnetization transfer 
clinically are mentioned in "Materials and Meth
ods." 

Conclusion 

Excluding the dominant paramagnetic effects, 
the next most important factor contributing to 
the appearance of hematomas on MR is the 
hemoglobin concentration, which does not ap
pear to surpass that of packed red cells (34 g/ 
100 ml). At this concentration diamagnetic he
matomas have an intensity below or near that of 
white matter on T1-weighted images and above 
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or near that of gray matter on T2-weighted im
ages. Any lower protein concentration will lead 
to a lower intensity on T1-weighted images and 
higher intensity on T2-weighted images. The 
AMTR measurements show that compact con
tracted clots have the MR behavior of mobile 
protein solutions, without tissue-like macromo
lecular structure. 
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