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Background: The aim of this study was to investigate susceptibility-weighted imaging (SWI) signal changes in different brain
regions in a rabbit model of acute hemorrhagic anemia.

Material/Methods: Ten New Zealand white rabbits were used for construction of the model of acute hemorrhagic anemia. Signal
intensities of SWI images of the bilateral frontal cortex, frontal white matter, temporal lobe, and thalamic nu-
clei were measured. In addition, the cerebral gray-white contrast and venous structures of the SWI images were
evaluated by an experienced physician.

Results: Repeated bloodletting was associated with significant reductions in red blood cell count, hemoglobin concen-
tration, hematocrit, pH, and PaCO,, and elevations of blood lactate and PaO,. In normal status, the SWI sig-
nal intensity was significantly higher in the frontal cortex than in the frontal white matter (63.10+22.82 vs.
52.50+20.29; P<0.05). Repeated bloodletting (5 occasions) caused significant (P<0.05) decreases in the SWI sig-
nals of the frontal cortex (from 63.10+22.82 to 37.70+4.32), temporal lobe (from 52.50+20.29 to 42.60+5.54),
and thalamus (from 60.40+20.29 to 39.40+3.47), but was without effect in the frontal white matter. The cere-
bral white-gray contrast and venous structures were clearer after bloodletting than before bloodletting.

Conclusions: The effect of hemorrhage on the brain is reflected by SWI signal changes in the cerebral cortex and gray mat-
ter nuclei.
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Background

A number of clinical conditions cause acute hemorrhagic anemia,
including massive gastrointestinal tract hemorrhage (caused by
traumatic surgery, trauma, rupture of gastroesophageal vari-
ces, and duodenal and gastric ulcer), pulmonary or bronchial
hemoptysis, the sudden bleeding resulting from tumor erosion
into the blood vessel wall, and hemostatic defect-related diseas-
es (such as hemophilia, Von Willebrand’s disease, and platelet
dysfunction) [1-3]. Each of these diseases can decrease blood
flow and oxygen supply to the brain, and affect the physiolog-
ical function of the brain, which often manifests as a wide va-
riety of neurological symptoms, including dizziness, tinnitus,
and even stroke and paralysis, and high disability and fatali-
ty rates, especially for children. In addition, anemia concurrent
with brain trauma and a ruptured aneurysm also easily induc-
es delayed cerebral infarction, thereby affecting treatment ef-
fect. Therefore, the detection of changes in brain function in pa-
tients with acute hemorrhagic anemia is helpful in preventing
neurological complications and evaluating therapeutic effect.

However, the clinical changes of the nervous system in patients
with anemia have not received much research attention. One im-
portant reason is that the current means can only indirectly detect
changes in the brain function following anemia and lag behind
the real condition of the brain function. Some methods, such as
transcranial Doppler ultrasound, can detect the changes in cere-
bral blood flow velocity resulting from compensatory response of
deficient oxygen delivery in anemia, including the increase in the
state of anemia and returning to normal level when anemia is im-
proved, but cannot reflect the actual situation of the oxygen sup-
ply and metabolism in the brain or organic brain changes such as
stroke [4]. The other means, such as conventional computed to-
mography (CT) and magnetic resonance imaging (MRI), can detect
early cerebral infarction and thus facilitate early treatment, but
cannot monitor the physiological changes in the brain from the
occurrence of anemia [5]. A non-invasive method, near-infrared
spectroscopy (NIRS), is able to measure total levels of blood ox-
ygen in the brain [6-8], but is unable to provide fine details con-
cerning the alterations in different cerebral tissues.

Susceptibility-weighted imaging (SWI) is a newly developed,
contrast-enhanced MRI technique that has been used widely
in the clinical diagnosis and research of many nervous system
diseases, including cerebral hemorrhage and brain tumors [9-
12]. SWI is known as high-resolution blood oxygenation lev-
el-dependent (BOLD) venographic imaging [13], and can re-
flect oxygen metabolism-related blood protein concentrations.
This technology can produce clear images of cerebral venules,
and may be used to detect strokes and microbleeds [11,14-
16]. SWl is potentially a novel, non-invasive method for sens-
ing changes in cerebral oxygen levels and may provide more
detailed information on cerebral blood flow in patients with
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hemorrhage [17]. However, there is a lack of studies in animal
models assessing the utility of SWI for monitoring pathophysio-
logic changes in the brain following acute hemorrhagic anemia.

In the present study, we have used SWI to detect cerebral chang-
es in an animal model of acute hemorrhagic anemia. We found
that the SWI images and signals showed changes following hem-
orrhage, and the extent of the change in the SWI signal follow-
ing acute hemorrhagic anemia differed between brain paren-
chyma and white matter regions. This indicates that the partial
pressure of oxygen and carbon dioxide, and the concentration
of deoxygenated hemoglobin in cerebral blood, are altered fol-
lowing acute hemorrhagic anemia. Our results suggest that SWI
may be used to assess various regions of the brain after acute
post-hemorrhagic anemia, and that it provides valuable infor-
mation concerning the pathophysiologic changes in the brain.

Material and Methods

New Zealand white rabbits

Ten male New Zealand white rabbits (weight, 2.1-2.4 kg; age,
3-4 months) were obtained from the Experimental Animal
Center of Guangdong Medical College, Guangzhou, China. The
study was approved by the Animal Care and Ethics Committee
of the First Affiliated Hospital, Shenzhen University, Guangzhou,
China. All rabbits were given free access to food and water.

Construction of a rabbit model of acute hemorrhagic
anemia

Construction of the rabbit model of acute hemorrhagic anemia was
based on the method used by Morimoto et al. [18]. After a 12-h
fast, the rabbits were anesthetized by intramuscular injection of
0.2 ml/kg xylazine hydrochloride (Su-Mian-Xin, Veterinary Institute,
Academy of Military Medicine Science, Changchun, China). Once
the respiratory rate had stabilized at 12-18 breaths/min, the skin
of the groin was incised along the groin fold. A catheter was then
inserted into the femoral artery, for bloodletting and blood sam-
pling. The blood samples obtained were used for whole blood
tests and blood gas analysis (for determination of PaCO,, PaCO,,
lactic acid, and pH); in addition, the mean arterial pressure (MAP)
was measured. An additional catheter was inserted through the
femoral vein to the atrium, for infusion of fluid and assessment
of red blood cell count (RBC), hemoglobin concentration (HGB),
hematocrit (HCT%), and central venous pressure (CVP).

Blood sampling
Before the first MRI scan was performed, blood samples were

drawn for blood gas analysis and whole blood tests. After the
first MRI scan had been carried out, a 40-mL blood sample
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was drawn through the arterial catheter. To compensate for
the effects of simple blood volume loss, the same volume of
a 6% hydroxyethyl starch in 0.9% sodium chloride solution
was injected through the femoral vein catheter. Following this,
a blood sample was drawn again for blood gas analysis and
whole blood tests, and the head of the rabbit was re-scanned
by MRI. The bloodletting, fluid infusion, and scanning processes
were repeated continuously 5 times before the animal recov-
ered from anesthesia; on the fifth occasion, the bloodletting
volume and fluid infusion volume were both 50 mL.

MRI scanning

The rabbits were anesthetized, fixed to a special board in the su-
pine position, and scanned by a Siemens Magnetom Avanto 1.5T
MRI Scanner (Siemens), using a body coil (excitation) and wrap-
around surface coil (reception). T2 dual-echo fast spin-echo with
fat-suppression (FSE-T2WI/PD) and SWI 3D sequences were used.
The scan extended downward from a plane passing through the
superior orbital margin to the medulla oblongata of the rabbit.

FSE-T2WI/PD acquisition was conducted using the following pa-
rameters: repetition time (TR)=2800 ms; echo time (TE)=33/78
ms; field of view (FOV)=12x12 cm; matrix size =256x256; and
acquisition time =3.09 min. SWI acquisition was performed with
a 3D gradient echo sequence, as follows: TR=49 ms; TE=40
ms; flip angle (FA)=15° FOV=15x15 cm; bandwidth =80 KHz;
and IPAT factor =2.

SWI image processing

Additional processing was carried out on the phase-corrected
SWI sequences. The third ventricle and the olfactory bulb par-
allel to the corpus callosum were measured. The bilateral fron-
tal cortex, frontal white matter, temporal lobe, and thalamus
were selected manually as regions of interest (ROI). The signal
intensity in each of these regions (area fixed at 0.08+0.01 cm?)
was measured, and the average was calculated. The ROl was
positioned so as to avoid blood vessels and the skull.

Histology

The rabbits were sacrificed immediately after the fifth MRI
scan. The skin was incised and the skull opened. Brain and
cerebellum were harvested, immediately fixed in 4% forma-
lin, and embedded in paraffin. Sliced sections (3—-5 um) were
stained with hematoxylin and eosin (HE) and examined under
an Olympus BX41 microscope.

Statistical analysis

All measurement data are expressed as the mean + standard de-
viation. Data analysis was performed using SPSS 21.0 software
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(IBM). The difference between the 2 groups was analyzed using
Students t-test. For all analyses, a value of P<0.05 was consid-
ered to indicate statistical significance. In addition, a physician
with five years of experience of MRl interpretation was invited
to evaluate the cerebral white-gray contrast and vein structure
of the SWI minimum intensity projection (MIP) images, without
knowledge of the sequence in which the images were acquired.

Results

Blood test results

Comparisons of the blood test results before and after blood-
letting are shown in Figure 1. There was an approximate halv-
ing of the RBC, HGB and HCT% values after the first bloodlet-
ting, with further progressive decreases in the values of these
parameters following each of the 4 subsequent bloodletting
procedures (Figure 1A). The RBC, HGB, and HCT% values after
the fifth bloodletting (4.72+0.43x10'%/L, 98.20+10.22 g/L and
32.5443.88%, respectively) were significantly lower than the
corresponding control (pre-bleed) values (0.27+0.11x10'?/L,
6.01+2.31 g/L and 1.97+1.02%, respectively). The bloodlet-
ting procedures were associated with substantial increases
in lactic acid concentration as well as a small, but statistical-
ly significant, change in blood pH (Figure 1B). After the fifth
bloodletting, the lactic acid concentration rose to 14.47+6.30
compared to 3.60+2.48 at pre-bleed. The pH value was de-
creased from 7.4+0.06 of pre-bleed to 7.25+0.01. PaO, in-
creased and PaCO, decreased progressively with each blood-
letting procedure (Figure 1C), such that following the fifth
bloodletting, PaO, was significantly elevated (150.40+9.78
vs. 80.53+19.24 mmHg) and PaCO, was significantly reduced
(22.00+7.35 vs. 42.65+4.13 mmHg) compared with the cor-
responding pre-bleed values. Bloodletting was not associat-
ed with any changes in CVP or MAP (Figure 1D). These results
suggest the successful construction of acute hemorrhagic ane-
mia in experimental rabbits.

SWI signals and images

The SWI signals of rabbit brains were acquired before and af-
ter bloodletting. Figure 2 shows representative SWI and cor-
responding T2-weighted images of the brain of a rabbit, ob-
tained at the superior aspect of the olfactory bulb, the border
of the olfactory bulb, the thalamus, and the cerebellum; also
evident are examples of the ROIs chosen for analyses of the
SWI images (see Materials and Methods). The mean SWI sig-
nal intensities (arbitrary units) of the frontal cortex, frontal
white matter, temporal lobe, and thalamus, before and after
bloodletting, are presented in Figure 3. The control (pre-bleed)
SWI signal intensity of the frontal white matter was signifi-
cantly lower than that of the frontal cortex (52.50+20.29 vs.
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Time Time central venous pressure (CVP). Data
are presented as mean + standard

deviation, * P<0.05.

Figure 2. Representative SWI (panels 1a—-
4a) and corresponding T2-weighted
(1b—4b) images of the brain of a
rabbit, obtained at the superior
aspect of the olfactory bulb (1a,
1b), the border of the olfactory bulb
(2a, 2b), the thalamus (3a, 3b), and
the cerebellum (4a, 4b). In the SWI
images, ROIs are indicated by numbers
as follows: 1a (squares 1 and 2):
frontal lobe cortex (left and right
sides); 2a (squares 1 and 2): frontal
lobe brain parenchyma (left and right
sides); 3a (squares 1 and 2): thalamus
(left and right sides); and 4a (squares
1 and 2): temporal lobe cortex (left
and right sides). For all images, the
anterior aspect of the brain is toward
the top of the image, and the left side
of the brain is toward the right, as

100 4 - Frontal cortex indicated in panel 1a.
904 —=— Frontal white matter
_ - Temporal lobe Figure 3. The effects of repeated bloodletting on the SWI signal

80 1 —#—Thalamus intensities of selected regions of the brain. Repeated
bloodletting was associated with reductions in the
mean SWI signal intensities of the frontal cortex,
temporal lobe, and thalamus, but not of the frontal
white matter. Data are shown as means + standard
deviations. Compared with the control (pre-bleed)
value, significant (P<0.05) decreases in SWI signal
intensity were observed for the frontal cortex, temporal
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30 1
lobe, and thalamus following the second, third, fourth,
207 and fifth bloodlettings; the values after the first
10 1 bloodletting were not significantly different from the
0 i . . i . X control (pre-bleed) values. For the frontal white matter,
0 1 2 3 4 5 none of the values after bloodletting were significantly
Time different from the control (pre-bleed) value.
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Figure 5. Histological section of the brain after bloodletting (HE,
x100). Spaces (arrows) had formed around the blood
vessels and cells, indicative of the development of
cerebral edema.

63.10+£22.82; P<0.05). Bloodletting was not associated with
any significant changes in the SWI signal of the frontal white
matter. In contrast, there were significant (P<0.05) decreas-
es in the SWI signals of the frontal cortex, temporal lobe, and
thalamus after the second, third, fourth, and fifth bloodletting
procedures, compared with the corresponding control (pre-
bleed) values. Following the fifth bloodletting, the SWI sig-
nal intensities of the frontal cortex, temporal lobe, and thala-
mus were 37.70+4.32, 42.60+5.54, and 39.40+3.47, compared
with corresponding control (pre-bleed) values of 63.10+22.82,
52.50+20.29, and 60.40+20.29, respectively (P<0.05).

The value of the ROl only reflects the signal intensity of a lo-
calized region of the brain, and may be influenced by the vol-
ume effect. Therefore, we also evaluated the overall cerebral
white-gray contrast and vein structure by inviting a physician
with 5 years of experience to examine the SWI MIP images
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Figure 4. Images of the thalamus and cerebral
veins obtained by magnetically
sensitive scanning. Images of
the thalamus are shown before
bloodletting (A), after the first
bloodletting (B), and after the fifth
bloodletting (C). The cerebral white-
gray contrast of the gray matter
becomes clearer with repeated blood
loss. Images of the central veins are
shown before bloodletting (D), after
the first bloodletting (E), and after
the fifth bloodletting (F). The vein
structure (arrows) also becomes
clearer with repeated blood loss.

recorded before and after bloodletting (Figure 4). The physi-
cian was blinded to the sequence in which the images were
taken. The interpretation of the physician was that, compared
with the control (pre-bleed) images, the contrast between the
cerebral gray and white matter was higher after bloodletting,
particularly after the fourth and fifth bloodletting procedures,
and that venous structure was more abundant and clearer af-
ter bloodletting.

Histology

Histological sections of brain tissues after bloodletting re-
vealed that degeneration and necrosis of neurons and glial
cells were not evident (Figure 5). However, spaces had formed
around the blood vessels and cells, consistent with the occur-
rence of cerebral edema.

Discussion

Recent studies have demonstrated that the cerebral venous
contrast of SWI images and the SWI signal intensity of brain
tissues change when certain drugs (such as narcotics, caffeine,
and contrast agents) are applied or certain pathophysiologic
conditions are present [19,20]. In the present study, SWI was
used to investigate the association between the SWI signal
intensities of various regions of the rabbit brain and the par-
tial pressures of blood oxygen and carbon dioxide in these re-
gions, after acute hemorrhagic anemia.

The rabbits in our study were anesthetized during MRI scan-
ning. To remove the possible influence of the anesthetic on the
partial pressures of oxygen and carbon dioxide in the blood,
and thereby on the BOLD signal intensity, we compared the
SWI signal intensities of different brain regions of the anes-
thetized rabbits before and after bloodletting.
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Our results showed that following the hemorrhage, the RBC
count, hemoglobin, and hematocrit of the rabbits decreased,
indicative of a state of hemorrhagic shock. After bloodletting,
the rabbits were injected with hydroxyethyl starch in sodium
chloride solution to maintain blood volume and venous return
in the short term and hence improve organ perfusion, resulting
in little or no change in the CVP and MAP values of the rab-
bits. This supplement of fluid is often used as emergent treat-
ment of patients in hemorrhagic or extensive burn situations.
However, although the hydroxyethyl starch/sodium chloride
solution was able to increase blood volume, it did not replen-
ish the red blood cells that carry oxygen, and hence it could
not correct the problem of inadequate tissue oxygenation. As
a result, the Pa0, increased significantly and the PaCO, de-
creased significantly. The blood lactate levels initially increased,
then decreased to some extent, and finally increased again.
A possible explanation for this is that at the early stage of
blood loss, a rapid decrease in blood volume led to tissue hy-
poperfusion and an increase in anaerobic metabolism; subse-
quently, the injection of hydroxyethyl starch/sodium chloride
solution caused an increase in blood volume that partially re-
plenished the blood oxygen, thereby reducing lactic acid lev-
els; and finally, as more hydroxyethyl starch/sodium chloride
solution was injected into the rabbits, the acidic substances
deposited in the tissues were able to enter the bloodstream
and cause an elevation of the lactic acid level.

The BOLD signal is closely related to intravenous oxygen con-
centration and can indirectly reflect changes in cerebral blood
flow (CBF), thereby allowing the monitoring of oxygen satura-
tion. SWI calculates the oxygen saturation based on the differ-
ences in the magnetic sensitivities of oxyhemoglobin and deoxy-
hemoglobin [21]. The SWI images of venous structures depend
on the T2* time, which may be shortened by deoxyhemoglo-
bin-induced non-uniformity of the magnetic field, and phase
differences between the surrounding tissue and blood vessels
[22]; therefore, changes in CBF can also cause changes in the
SWI signals [21]. The R2* parameter of BOLD may be affected
by blood volume, the red blood cell volume ratio, oxygen con-
sumption, and small arteries [23], as well as by other factors
such as subject age [24]. Since SWI is an imaging technique
with full flow compensation, it has a higher sensitivity than
BOLD MRI when the magnetic field is uneven [25], and there-
fore can minimize the interference of small arteries in the mea-
surement and can accurately detect deoxygenated hemoglobin.

The results presented here demonstrate that after repeated
bloodletting in rabbits, the SWI signal intensities of gray mat-
ter structures in the bilateral frontal cortex, temporal lobe, and
thalamus were significantly decreased. However, the SWI sig-
nal intensity of the frontal white matter was not significant-
ly affected by bloodletting. The reductions in the SWI signal
intensities of the bilateral frontal cortex, temporal lobe, and
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thalamus after bloodletting may have been the result of decom-
pensation induced by the repeated loss of blood. Bloodletting
may have resulted in a fall in blood pressure, an elevation of
heart rate, and hyperventilation, further increasing the emis-
sion of carbon dioxide and thus decreasing its partial pressure,
as was evident from our observations. The resulting hypocap-
nia may have led to cerebral artery contractions and reductions
in CBF. To meet the oxygen needs of the brain, the proportion
of oxygen extracted from the blood must increase, thereby de-
creasing cerebral venous oxygen, elevating levels of intrave-
nous deoxyhemoglobin, and reducing the SWI signal intensity.

Previous studies have revealed that the overall metabolic rate,
the number of capillaries in gray matter, and the flow rate of
the cerebral cortex are 4 times that of the white matter [26].
Our study also demonstrated that before bloodletting the SWI
signal intensity of the frontal cortex of rabbits was significantly
higher than that of the frontal white matter, suggesting higher
perfusion and more perfusion-induced oxyhemoglobin in the
gray matter than in the white matter. Furthermore, the results
presented here imply that the gray matter was more sensitive
to changes in Pa0, and PaCO, caused by acute hemorrhage,
consistent with a previous report using arterial spin-labeling
MR imaging [27]. In our study, blood loss led to a decrease in
the SWI signal intensities of the gray matter structures of the
cortex and thalamus, but little or no change in the white mat-
ter structures, suggesting that in the hypocapnic state asso-
ciated with acute hemorrhage, the reductions in cerebral per-
fusion in the cortex and thalamic nuclei were greater than
that in the white matter. In contrast to our findings, Rostrup
et al. [27] reported that in conscious volunteers scanned us-
ing functional MRI, elevations in blood carbonic acid content
were associated with increases in the BOLD signal intensi-
ty of only the cortical gray matter, with no rise detected in
the gray matter nuclei and white matter. A possible explana-
tion for this discrepancy is that the use of anesthetics in our
study may have inhibited gray matter structures; in addition,
SWI is more sensitive and accurate at measuring alterations
in BOLD signal intensities, allowing detection of changes in
the gray matter nuclei that may not have been detectable in
the Rostrup et al. study. Moreover, we evaluated the cerebral
white-gray contrast of the SWI images. The gray matter of the
brain contains more veins than the white matter, which may
explain our observation that the SWI signal of the white mat-
ter was not significantly decreased. During the hemorrhage,
cerebral venous structures became clearer, and the cerebral
white-gray contrast was markedly improved.

Conclusions

This study has revealed that SWI is an effective tool for de-
tecting PaO,- and PaCO-induced changes in the cerebral
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oxygenation of different brain regions after acute hemorrhag-
ic anemia. Therefore, SWI may be a useful technique for mon-
itoring the pathophysiological changes and related complica-
tions associated with acute anemia.
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