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MR Imaging of Various Oxidation
States of Intracellular and
Extracellular Hemoglobin

The in vitro behavior of various states of hemoglobin was examined over a wide
range of concentrations. Solutions of increasing concentrations of oxyhemoglobin dis-
played significant increases in T1 and T2 relaxation rates that were insensitive to pH
values between 6.0 and 6.9. Bovine serum albumin, which displayed a relaxation
behavior nearly identical to that of oxyhemoglobin, was used to normalize for the protein
concentration of the deoxyhemoglobin and methemoglobin samples. Concentrated
protein solutions with increasing proportions of deoxyhemoglobin yielded little change
in the T1 relaxation rate. In these samples, however, the T2 relaxation rate displayed a
parabolic dependence on the concentration of intracellular deoxyhemoglobin paralleling
the inhomogeneity of the sample; this was not observed with extracellular deoxyhemo-
globin. Similar T2 relaxation behavior was observed for intracellular methemoglobin,
except that the magnitude of the T2 shortening was smaliler than that for deoxyhemo-
globin. The magnitude of the T2 shortening was pH dependent, roughly paralleling the
change in the equilibrium between the high-spin acid form of methemoglobin and the
low-spin basic form of methemoglobin. Marked increase in the T1 relaxation rate is
observed with increasing concentrations of methemoglobin, again with greater relaxa-
tion enhancement at lower pH.

The results of our study emphasize the importance of normalizing for protein concen-
tration when assessing the effects of paramagnetic forms of hemoglobin.

AJNR 12:891-897, September/October 1991

The MR appearance of intracranial hemorrhage displays a characteristic evolution
over time [1, 2]. Acutew intracerebral hematomas are isointense on short TR/short
TE images and markedly hypointense on long TR/long TE and T2*-weighted images
at high field. On the basis of the in vitro findings of Thulborn et al. [3], Gomori et
al. [1, 4] concluded that the latter observation was caused by susceptibility effects
due to intracellular deoxyhemoglobin (DeoxyHb). A more recent study [5] has
challenged this assertion and related the profound hypointensity seen on long TR/
long TE images to clotting proteins. With time, peripheral hyperintensity observed
around hematomas on short TR/short TE images progresses centrally. The initial
marked hypointensity observed on long TR/long TE images evolves to hyperin-
tensity on long TR/long TE images long after the hematoma has become completely
hyperintense on short TR/short TE images. The development of hyperintensity on
short TR/short TE images has been ascribed to oxidation of DeoxyHb to methe-
moglobin (MetHb) [1, 6]. The transition from hypointensity on long TR/long TE
images to hyperintensity on these sequences in subacute hematomas has been
ascribed by Gomori et al. [1, 4] to lysis of MetHb containing red cells to yield free
MetHb. In the chronic phase, much of the hematoma is resorbed, but residual
hypointensity is observed owing to hemosiderin that is much more profound on
long TR/long TE and T2* images than on short TR/short TE images [1].

In this study, we examined the in vitro behavior of DeoxyHb, MetHb, and
oxyhemoglobin (HbO:) over a wide range of concentrations to determine the
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contributions of protein, susceptibility, and proton-electron
dipole-dipole (PEDD) interactions to the MR signal intensity
of hematomas. A high concentration of protein contributes
significantly to the signal hyperintensity relative to water on
short TR/short TE images and signal hypointensity relative to
water on long TR/long TE images. However, these two MR
phenomena are influenced more by PEDD interaction and
susceptibility effects.

Materials and Methods

Human red cells from outdated blood bank blood were washed in
saline and concentrated by centrifugation at 5000 rpm for 10 min to
a hematocrit (Hct) of about 90%. Intracellular HbO, was prepared by
swirling the washed packed RBCs to ensure complete oxygenation.
Intracellular MetHb was produced by 1.5:1 volume/volume incubation
of the packed RBCs with 2% sodium nitrite for 5 min followed by
centrifugation and four washings with saline. DeoxyHb was produced
by the addition of sodium dithionite (8 mg/ml). Concentrated bovine
serum albumin (BSA) (Sigma Chemical Co., St. Louis, MO) was
reconstituted at a concentration of 34 g/dl in saline (equivalent protein
concentration to Hct = 90%). Extracellular hemoglobin was prepared
by two cycles of freezing and thawing of the packed RBCs. The
oxidation state of the hemoglobin was monitored spectrophotomet-
rically. Determination of hemoglobin concentration was performed by
bubbling diluted aliquots of the MetHb or HbO, with carbon monoxide
gas and adding a crystal of sodium dithionite to prepare carboxy-
hemoglobin, followed by spectrophotometric determination of the
optical density at 569 nm (E = 13,000"~"). With this method, the
concentration of extracellular hemoglobin was about 5 mmol/l. (Note
that Hct = 90% corresponds to a protein concentration of 34 g/dlI
and a hemoglobin concentration of 5.2 mmol/l.) The pH of the
DeoxyHb samples was 6.6. The pH of HbO, samples was 6.9, while
the pH of the MetHb samples was 6.8. Samples of HbO, and MetHb
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were also adjusted to pH = 6.0 with hydrochloric acid. This was
performed to ensure complete conversion of the MetHb to the acidic,
high-spin form (pK = 7.7) [7].

MR imaging was performed on a standard 1.5-T Signa clinical
scanner (General Electric Medical Systems, Milwaukee, WI) by using
spin-echo sequences designed to yield T1-weighted, 600-1500/20
(TR/TE), and T2-weighted, 3000/30,60,90,120, images. Samples of
HbO,, BSA, and MetHb were imaged in Ping-Pong balls to minimize
susceptibility effects due to container shape. DeoxyHb samples were
studied in syringes to maintain anaerobiosis. T1 and T2 calculations
were performed via region-of-interest determinations using the stand-
ard Signa system software.

Results
HbO,

Various concentrations of HbO, diluted in saline were im-
aged; the results are summarized in Figure 1. Since the
ferrous heme-oxygen complex is diamagnetic, these findings
reflect the diamagnetic effects of the apohemoglobin protein
molecule. It is clear from Figure 1 that these protein effects
are not insignificant. It is also clear that there is little difference
between intra- and extracellular HbO,. Furthermore, the HbO,
samples were insensitive to pH between pH values of 6.0 and
6.9. The T1 and T2 relaxation rates for extracellular HbO,
and BSA are shown in Figure 2. The differences in the
relaxation rate between the two proteins are minimal. The
slopes of the linear fits to the data are presented in Table 1.

DeoxyHb

Varying the concentration of DeoxyHb affects the protein
concentration as well as the concentration of the paramag-
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Fig. 1.—T1 and T2 relaxation rates of oxyhe-
moglobin as a function of concentration. Con-
centrated intra- or extracellular oxyhemoglobin
was diluted with saline to varying concentrations
and imaged by using spin sequences described
in text. Calculated relaxation times, 1/T1 or
1/T2, are plotted as a function of hemoglobin
concentration expressed as hematocrit (or
equivalent hematocrit in the case of extracellular
oxyhemoglobin).
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TABLE 1: Slopes and Correlation Coefficients for Standard
Linear Regressions Performed on Data

Slope x 1072 2
Solution (1/sec)
T1 T2 T T2
Oxyhemoglobin in saline (pH = 6.0)
Intracellular 0.964 7.32 982 .983
Extracellular 0.667 4.88 964 .988
Oxyhemoglobin in saline (pH = 6.9)
Intracellular 1.14 10.9 995 955
Extracellular 1.05 7.39 978 .961
Bovine serum albumin in saline 1.03 7.23 964 968
(pPH = 6.9)
Methemoglobin in bovine serum albu-
min (pH = 6.0)
Intracellular 3.11 897
Extracellular 2.54 1.86 994 611
Methemoglobin in bovine serum albu-
min (pH = 6.8)
Intracellular 1.97 995
Deoxyhemoglobin in bovine serum al-
bumin (pH = 6.6)
Intracellular 0.202 .814
Extracellular —-0.195 -0.393 .898 .968

netic heme. To isolate the paramagnetic effects of DeoxyHb,
varying concentrations of DeoxyHb were prepared by using
concentrated BSA as a diluent rather than saline. This pro-
duced samples with a constant protein concentration yet
varying amounts of the paramagnetic Fe?* heme. As shown
in Figure 2, BSA and HbO, display nearly identical relaxation
behavior, allowing the substitution. Figure 3A demonstrates
that the T1 relaxation rate for intra- and extracellular DeoxyHb
in BSA is virtually independent of the concentration of Deoxy-
Hb. This confirms the absence of significant PEDD proton
relaxation enhancement (PRE), as previously described [4].
The effects of DeoxyHb on the T2 relaxation rate are much
more dramatic (Fig. 3B). As with the T1 relaxation rate, there
is little change in the T2 relaxation rate with increasing con-
centration for extracellular DeoxyHb. This again demonstrates
the small contribution to the T2 relaxation rate from PEDD
interaction. However, for intracellular DeoxyHb, there are
profound changes in the T2 relaxation rate with a strong
dependence on Hct. Maximal T2 shortening is observed at
an Hct approximating 50%. This effect diminishes at both
high and low Hct values. Contributions to the T2 relaxation
rate are additive, allowing deconvolution of the various con-
tributions to the overall observed relaxation rate as follows:

1 /T2Intracellular DeoxyHb

= 1/T2protein + 1/T2PEDD—I-’F{E + 1/-I—2inhornogenenty- (1)

40 60 80 100 0 20 40 60 80 100
Hematocrit

Hematocrit

Since extracellular DeoxyHb is a homogeneous solution, its
T2 relaxation rate should only have protein and PEDD-PRE
contributions:

1 /T2Extracellular DeoxyHb = 1/T2prolem + 1 /T2PEDD—PRE- (2)
Therefore, it follows that

1 /T2Inhomogenelty

= 1/T2Imracellular DeoxyHb — 1 /T2Extracellular DeoxyHb- (3)

In Figure 3C, the T2 relaxation effects attributable to the
inhomogeneity effect alone are compared with the combined
T2 relaxation rates due to protein and PEDD-PRE. From
these data, it is readily apparent that significant contributions
to the T2 relaxation rate are produced even at Hct values of
10% or 90% that are as great or greater than the effects due
to the protein and PEDD-PRE effects alone. The solid line in
Figure 3C represents a measure of the inhomogeneity
(Het)(100 — Hct) of the intracellular DeoxyHb solution scaled
to the maximal T2 relaxation rate at an Hct of about 50%.

MetHb

The relaxation behavior of intra- and extracellular MetHb
as a function of Hct is presented in Figure 4. MetHb exists in
both an acidic and a basic form with a pKa of 7.7 [7]. The
ferric heme in the basic form is in the S = 1/2 low-spin state,
while in the acidic form the heme assumes the high-spin S =
5/2 state. Thus, the magnetic behavior of MetHb is markedly
dependent on pH, as a large difference in susceptibility exists
between the two states. MetHb was studied at pH = 6, where
only 2% of MetHb would be expected to be in the basic form,
and at pH = 6.8, where 11% would be in the basic form.

The T1 relaxation rate for MetHb in BSA is shown in Figures
4A and 4B. Note that there is little difference in the relaxation
rate between intra- and extracellular MetHb. Comparison
between the T1 relaxation rates of MetHb and HbO, allows
deconvolution of the relaxation rate attributable to the PEDD-
PRE. Since

1/T1 Extracellular MetHb = 1 /T1 protein * 1 /T1 PEDD-PRE (4)

and

1/Tlesa = 1/T1protein,

then
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1T eeoppre = 1/T1extracetiviar vewn — 1/T1 BSA!

where 1/T1gsa is the T1 relaxation rate for the Hct = 0 point
in Figure 4A or 4B (BSA = 34 g/dl, equivalent to an Hct of
90%). Since

1/T1 HbO, = 1/-[-1BSA = 1/T1protein’ (6)

the protein contribution to the T1 relaxation rate can be
appreciated by plotting the data for HbO, in saline. As seen
in Figures 4C and 4D, while the protein and PEDD-PRE
contributions to the T1 relaxation rate are of the same order
of magnitude, the PEDD-PRE effects are larger.

As with DeoxyHb, the contributions to the T2 relaxation
rate of MetHb were investigated by imaging various concen-
trations of intra- and extracellular MetHb using a concentrated
BSA solution as the diluent rather than saline. The overall
relaxation rate for these two species as a function of Hct is
given in Figures 5A and 5B. As seen by the minor rise in the
T2 relaxation rate for extracellular MetHb as a function of
Hct, the PEDD-PRE contribution to T2 relaxation is small. On
the other hand, like DeoxyHb, the T2 relaxation rate of MetHb
is markedly influenced by the inhomogeneity produced by the
encapsulation of MetHb within the RBC. Again, the maximal
increase in the T2 relaxation rate of intracellular MetHb is
observed near an Hct of 50%. The maximal T2 relaxation rate
at an Hct of about 50% at a pH of 6.8 is 83% of that at a pH
of 6.0, consistent with the lesser proportion of the MetHb in
the high-spin acid form. The T2 relaxation contribution of the
inhomogeneity was calculated for intracellular MetHb in a
fashion identical to that for intracellular DeoxyHb and is shown
in Figure 5C. Again, significant inhomogeneity contributions
to the T2 relaxation rate are observed at Hct values of 10%
and 90%, as predicted (solid line calculated in a fashion
identical to that for intracellular DeoxyHb in Fig. 3C).
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Discussion

The hyperintensity observed in subacute hematomas on
short TR/short TE images has been postulated [1, 6] to
represent MetHb effects. Our results clearly show that MetHb,
both in intra- and extracellular states, can produce the clini-
cally observed hyperintensity on short TR/short TE images.
This hyperintensity results from both contributions from the
diamagnetic effects of the protein portion of the hemoglobin
molecule and the PEDD-PRE effect of the high-spin ferric
heme in MetHb. Deconvolution of the contributions to the T1
relaxation rate of MetHb shows that the PEDD-PRE effect is
larger than the protein effect at intermediate Hct values
(=50%). With increasing protein concentration, the well-
known progressive shortening of T1 is demonstrated [8, 9].
This effect has been ascribed to slowing of the rotational
motion of water molecules due to binding and structuring of
the water molecules immediately surrounding the protein
molecule. Slowing of the rotational rate of the solvent water
molecules has been shown to enhance longitudinal relaxation
[10]. The magnitude of this effect is known to be dependent
on the protein molecular weight [11]. Indeed, the relaxation
behavior of HbO, (molecular weight = 64,450) is nearly iden-
tical to that of BSA (molecular weight = 66,000). For HbO, or
DeoxyHb, only the protein effect makes significant contribu-
tions to the T1 relaxation rate and produces the hyperintensity
relative to CSF observed clinically on short TR/short TE
images.

The same rotational effects of increased protein concentra-
tion that cause the increase in the T1 relaxation rate of
concentrated protein solutions also produce an increase in
the T2 relaxation rate [10]. The T2 shortening properties of
the high-spin Fe** heme, when normalized for protein con-
centration, are relatively minor compared with the protein-
induced effects. The T2 shortening effects of the high-spin
ferrous heme of DeoxyHb is even smaller, indicating an ab-
sence of PEDD-PRE effects. This can be rationalized on the
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Fig. 3.—T1 and T2 relaxation rates of deoxyhemoglobin as a function of concentration. Concentrated intracellular or extracellular deoxyhemoglobin
was diluted with bovine serum albumin to varying concentrations and imaged by using spin sequences described in text. Calculated relaxation times. 1/
T1 or 1/T2, are plotted as a function of hemoglobin concentration expressed as hematocrit (or equivalent hematocrit in the case of extracelll’JIar
deoxyhemoglobin).

A, 1T,

B, 1/T2.

C, Protein and proton-electron dipole-dipole proton relaxation enhancement (PEDD-PRE) contributions to 1/T2 as expressed by 1/T2 for extracellular
deoxyhemoglobin (see equation 2 in text) and inhomogeneity contribution expressed by equation 3 in text. Solid line shows expected inhomogeneity
contribution predicted by (hematocrit)(100 — hematocrit) scaled to maximal observed inhomogeneity contribution at a hematocrit of approximately 50%.
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Fig. 4.—1/T1 relaxation rates of methemoglo- m  Intracellular a  Intracellular o Extracellular
bin as a function of concentration. Concentrated 5 5
intra- or extracellular methemoglobin was diluted
with bovine serum albumin to varying concentra- e 4
tions and imaged by using spin sequences de-
scribed in text. Calculated relaxation times are af ’
plotted as a function of hemoglobin concentra- m 1m
tion expressed as hematocrit (or equivalent
hematocrit in the case of extracellular methe- {fieeq) af (V/sec) 2r
moglobin).
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basis of an understanding of the structure of DeoxyHb. Con- site side of the heme [12]. Thus, water molecules have
formational changes in the quartenary and tertiary structure difficulty approaching the heme within the 0.3 nm [13] re-
of hemoglobin occur on conversion of HbO, to DeoxyHb, quired to produce significant PEDD-PRE.

causing the histidine F8 ligand of the heme iron atom to be The effect of encapsulating the DeoxyHb within the red
pulled away from the plane of the heme and off the perpen- cell, however, produces a profound change in the signal
dicular axis to the porphyrin ring. The displacement of the characteristics of DeoxyHb on long TR/long TE and gradient-
heme iron from the porphyrin ring bows the heme molecule, refocused T2*-weighted images. Thulborn et al. [3] described

preventing water molecules from easily binding to the oppo- increases in the T2 relaxation rate of intracellular DeoxyHb
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Fig. 5.—1/T2 relaxation rates of methemoglobin as a function of concentration. Concentrated intra- or extracellular oxyhemogl_obin was diluted with
bovine serum albumin to varying concentrations and imaged by using spin sequences described in the text. Calculated relaxatlor! times are plotted as a
function of hemoglobin concentration expressed as hematocrit (or equivalent hematocrit in the case of extracellular methemoglobin).

A, 1/T2 at pH = 6.8.

B, 1/T2 at pH = 6.0. o

C, Protein and proton-electron dipole-dipole proton relaxation enhancement (PEDD-PRE) contributions to 1/T2 as t_axpressed by 1/T2 fc_)r extracellul'ar
methemoglobin (see equation 2 in text) and inhomogeneity contribution expressed by equation 3.at pH ='6.0.. Solid line shows_ expected |phomogene|ty
contribution predicted by (hematocrit)(100 — hematocrit) scaled to maximal observed inhomogeneity contribution at a hematocrit of approximately 50%.
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when compared with intracellular HbO, at fields of 1.9-11 T.
They related this phenomenon to susceptibility effects result-
ing from local field inhomogeneity produced by the paramag-
netic DeoxyHb within the red cell as was noted by other
workers [14, 15]. Clark et al. [16] observed a linear relation-
ship between Hct and T2 relaxation time for intracellular
DeoxyHb. However, these workers used a Carr-Purcell-Mei-
boom-Gill (CPMG) spin sequence with 27ceue = 2 msec, which
would greatly diminish the contribution of local field inhomo-
geneity effects to the T2 relaxation rate [4]. Gomori et al. [4]
showed a similar effect with MetHb at a single point (Hct =
45%). Our results confirm the findings of Thulborn et al. [3]
and correct for the changes due to protein concentration. It
is clear that the susceptibility effects are substantial compared
with the protein effects, especially at the maxima observed
near Hct = 50%, as predicted by the degree of heterogeneity.
Indeed, even at an Hct of 90%, corresponding to the approx-
imate Hct of clot, the contribution of susceptibility would be
predicted to be 36% of maximal, which for intracellular
DeoxyHb is greater than that expected for the protein effects
alone.

Similar results are observed with MetHb; however, the
susceptibility effect would be expected to be larger than that
for DeoxyHb, as the susceptibility effect is predicted to be
proportional to (n)(n + 2), where n is the number of unpaired
electrons on the heme iron atom. Experimentally, however,
this was not observed, as the maximal susceptibility effect
for MetHb was slightly lower in magnitude than that observed
for DeoxyHb. The added osmolarity of the extracellular solu-
tion due to the exogenously added sodium dithionite may
significantly increase the intracellular concentration of the
DeoxyHb and enhance T2 relaxation. Nevertheless, a signifi-
cant susceptibility effect is still observed for intracellular
MetHb, even at an Hct of 90%. The clinically observed varia-
bility in signal intensity of subacute hematomas on long TR/
long TE sequences, therefore, can be explained on the basis
of the relative proportions of intra- and extracellular MetHb
and the attendant cellular-induced magnetic field gradients,
particularly in the early stages of subacute hemorrhage. The
observation that subacute hematomas become more hyper-
intense with time on long TR/long TE images thus would
reflect lysis of the red cells to produce extracellular MetHb
and the concomitant diminution of the susceptibility effects
as the local field inhomogeneity is lost. With time, however,
changes in protein concentration within the hematoma may
become more important, particularly once all the red cells
have lysed.

Hayman et al. [17] studied partially deoxygenated intra-
and extracellular hemoglobin at 0.23 and 4.69 T. They re-
ported a decrease in T2 with increasing hemoglobin concen-
tration, which largely reflects nonspecific changes in protein
concentration as the samples they used at high field were
predominantly HbO, (oxygen saturation, 73%). Nonetheless,
greater decreases in T2 were observed in their intracellular
samples relative to extracellular samples, maximal at the Hct
data point of 43%. In a second study [5], these workers
studied clotted blood and experimental “clots” of coagulated
fibrin free of red cells. They found hypointensity in DeoxyHb
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clots and the red cell-free clots, and therefore attributed the
clinically observed hypointensity to the coagulation protein
alone rather than to paramagnetic-induced susceptibility
changes arising from the DeoxyHb. The hypointensity of their
red cell-free clots may have been a function of the protein
concentration of the clot itself, as they made no attempt to
ensure that the fibrin matrix within the artificial red cell-free
clot was at the same protein concentration as the fibrin matrix
within the red cell-containing clot. Since about 90% of a clot
would be expected to consist of the red cells, such a hypoth-
esis would require that the signal of the clot be totally domi-
nated by the remaining 10% or less of the clot due to the
fibrin matrix. Furthermore, our data suggest that the
DeoxyHb-containing red cells exert a profound influence on
the observed signal intensity of clots. The hypointensity of
the red cell-free clots on long TR/long TE images probably
reflects the increased protein concentration of the fibrin matrix
itself.

The detailed molecular basis of the susceptibility effects
occurring in samples of DeoxyHb and MetHb is unclear.
Gomori et al. [4] ascribed the phenomena to diffusion of water
molecules across the red cell membrane to regions of different
bulk magnetic susceptibility (portrayed graphically in reviews
by Gomori and Grossman [18] and Janick et al. [19]). Gillis
and Koenig [20] have suggested that water protons simply
diffusing through field gradients adjacent to red cells may
account for the phenomena, while Endre et al. [21] suggest
the importance of both intracellular and extracellular gra-
dients. Our data do not allow us to distinguish between these
two possibilities.

In summary, our study attempted to separate the compo-
nents of signal intensity in acute and subacute hemorrhage.
It emphasizes the importance of normalizing for protein con-
centration in assessing the effects of paramagnetic forms of
hemoglobin. The isointensity of acute hematomas relative to
brain parenchyma on short TR/short TE images can be ex-
plained by the increased protein concentration of DeoxyHb
with little or no PEDD-PRE. The marked hyperintensity of
subacute hematomas reflects the superimposed large T1
shortening effect due to PEDD-PRE produced by the high-
spin ferric heme of MetHb. The profound hypointensity of
acute and early subacute hemorrhages on long TR/long TE
images is a function predominantly of the susceptibility effects
of intracellular DeoxyHb or intracellular MetHb. The increased
protein concentration also plays a role. The increase in signal
intensity of subacute hematomas with time on long TR/long
TE images reflects first the lysis of the MetHb-containing
RBCs followed by breakdown of the hemoglobin and de-
crease in protein concentration. The PEDD-PRE effects of
MetHb, while significant for T1 shortening, are relatively un-
important for T2 shortening.
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