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Purpose: To assess the feasibility of a perfusion magnetic resonance 
(MR) imaging technique that uses Overhauser dynamic 
nuclear polarization (DNP) to provide contrast during the 
continuous delivery of hyperpolarized water in rats.

Materials and 
Methods:

Protocols approved by the local institutional animal care 
and use committees were followed. Twelve male Wistar 
rats were anesthetized and prepared by placing injection 
tubing in the subcutaneous layer (n = 3), peritoneum (n 
= 3), aorta (n = 3), or carotid artery (n = 3). Water was 
hyperpolarized by means of Overhauser DNP in the 0.35-
T fringe field of a 1.5-T MR imaging magnet by using a 
custom-built system to continuously deliver radical-free 
hyperpolarized water to the subject. Fast gradient-echo 
and spoiled gradient-recalled-echo MR imaging sequences 
were used. The signal-to-noise ratio (SNR) of the images 
was calculated and compared.

Results: Images showed greatly altered SNR and enhanced flow 
contrast at all injection locations. For subcutaneous and 
intraperitoneal injections, the water perfusion trajectory 
was observed for approximately 5 seconds after injection. 
Flow through a 4.2-cm length of artery was seen during in-
tra-aortic injection. The right hemisphere of the brain was 
seen during injection into the right carotid artery. Images 
with hyperpolarized water had greatly altered SNR com-
pared with images without injection or with the injection 
of nonhyperpolarized water, with a range of 13%–27% for 
the carotid and 444%–2900% for the other regions.

Conclusion: Perfusion contrast for MR imaging can be obtained by 
continuously infusing hyperpolarized water, providing lo-
calized angiography or brain perfusion information in vivo 
for rat models.
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in vitro (24,25). Thus, our purpose was 
to assess the feasibility of a perfusion 
MR imaging technique that uses Over-
hauser DNP to provide contrast during 
the continuous delivery of hyperpolar-
ized water in rats.

Materials and Methods

Animal Surgery
All experiments were conducted ac-
cording to protocols approved by our 
respective institutional animal care 
and use committees. Twelve male Wi-
star rats (weight, 200–400 g) were 
used, three in each group. Rats were 
anesthetized with 1% isoflurane via 
face mask. For subcutaneous injec-
tions, a 1-inch (1 inch = 2.54 cm) 
length of polymer tubing with 0.0625-
inch (0.16 cm) outer diameter and a 
0.010-inch (0.03 cm) inner diameter 
was inserted into the dorsum of each 
rat. For intraperitoneal injections, tub-
ing and flow connectors were inserted 
into the abdomen. The subcutaneous 
and intraperitoneal injection groups 
were allowed to recover after the 
procedure. In experiments requiring 

nuclei (7–14). Dissolution DNP can be 
used to hyperpolarize water, but the 
relatively fast relaxation rate of water 
makes the injection of a single batch of 
hyperpolarized water an unattractive 
approach for perfusion imaging. Para-
hydrogen-induced polarization can also 
hyperpolarize the 13C signal of small 
molecules (repetition time, 5 minutes) 
(15–17), but this technique is unable to 
hyperpolarize water.

However, hyperpolarization by 
means of Overhauser DNP is well suit-
ed for continuous-flow enhancement of 
water, because this method rapidly (, 
1 sec) transfers polarization from un-
paired electrons to nuclei in the liquid 
state, increasing the MR signal intensity 
of the target nuclei by up to two orders 
of magnitude. The appendix (online) in-
cludes a glossary and detailed introduc-
tion to Overhauser DNP. Overhauser 
DNP of water can be used to enhance 
in vivo imaging in two different ways. 
One is the direct hyperpolarization 
of water inside the subject after the 
in vivo injection of nitroxide radicals, 
known as proton-electron double reso-
nance imaging (18–20). This approach 
tracks the perfusion of radicals, not that 
of water, and requires the use of very 
low fields for hyperpolarization (, 20 
mT) because electron excitation must 
be applied directly to the subject—with 
minimal heating. Alternately, Over-
hauser DNP can be performed outside 
the subject, followed by the injection of 
hyperpolarized water (21–23), allowing 
the use of standard clinical MR imag-
ing (1.5 T). The fast polarization times 
allow for continuous delivery of hyper-
polarized water, which is essential for 
monitoring flow and perfusion. Because 
the radicals required for DNP can be 
immobilized on beads and filtered from 
the injected water, the only substance 
injected is pure water in a hyperpolar-
ized state, which retains all the physico-
chemical properties of water and thus, 
is safe to inject in moderate volumes. In 
addition, the hyperpolarization of water 
reaches a steady state in vivo, which 
eliminates the need for fast MR imag-
ing sequences. This technique, known 
as remotely enhanced liquids for imag-
ing contrast, has been previously shown 

The ability to monitor flow and per-
fusion is important in imaging for 
a wide range of biomedical prob-

lems. Magnetic resonance (MR) imag-
ing techniques allow noninvasive spa-
tial differentiation of flowing and static 
matter by using nonionizing radiofre-
quency radiation (1–3). Although these 
techniques are currently used in clinical 
practice, there is still a need for higher 
reader sensitivity and enhanced con-
trast on images (4). In addition, there 
are concerns about the safety of gado-
linium-based contrast agents for certain 
groups of patients (5,6). These needs 
and problems motivate researchers to 
explore and develop new methods for 
imaging flow and perfusion that are 
relevantly applicable to human MR im-
aging. One such method is hyperpolar-
ization, which creates substances with 
dramatically increased nuclear spin po-
larization (and thus, greatly enhanced 
MR signal intensity) to enhance the in-
formation and contrast available on an 
MR image. Currently, dissolution dy-
namic nuclear polarization (DNP) is the 
most popular and only commercially 
available hyperpolarization method for 
MR imaging applications and can be 
used for imaging the flow of discrete in-
jections of hyperpolarized compounds 
(7). However, the time scale of dissolu-
tion DNP (lifetime of enhanced hyper-
polarized carbon 13 [13C] signal, 5–60 
seconds; repetition time, approximately 
1 hour) usually limits its in vivo uses 
to the study of cellular metabolism with 
slow-relaxing 13C or nitrogen 15 (15N) 

Advances in Knowledge

nn A method for perfusion MR im-
aging that uses Overhauser dy-
namic nuclear polarization to 
continuously deliver contrast 
agent–free hyperpolarized water 
can be used in vivo.

nn In vivo injection of hyperpolar-
ized water in rats safely allows 
for perfusion imaging in intersti-
tial spaces, localized angiography, 
and the visualization of brain 
perfusion because hyperpolarized 
water freely crosses the blood-
brain barrier.
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MR Image Acquisition

All images were acquired with an unmod-
ified GE 1.5-T 9.1 LX clinical MR imag-
ing system (GE Healthcare, Waukesha, 
Wis). A GE 4-channel wrist coil was used 
for signal reception and the standard 
body coil was used for transmission. Be-
cause hyperpolarized water is continu-
ously injected and reaches a steady state 
in the subject, fast imaging sequences 
are not required; instead, standard fast 
gradient-echo (Figs 1, 2) and spoiled gra-
dient-echo recalled (Figs 3, 4) sequences 
were used. Figure 1 was acquired with 
a repetition time (TR) of 500 msec, an 
echo time (TE) of 2.4 msec, a 30-degree 
flip angle, and 3-mm section thickness. 
In the frequency direction, 256 points, 
and in the phase direction, 160 points 
were acquired with two acquisitions per 
phase encoding step (number of signals 
acquired, two), leading to an acquisition 
time of 2.7 min per image. At the injec-
tion rate of 1.5 mL/min, an enhanced 
and unenhanced image pair required the 
injection of 9 mL of water. Figure 2 had 
the same settings as those for Figure 1 
except for: TE, 2.7 msec; section thick-
ness, 2 mm; number of signals acquired, 
four, acquisition time, 5.4 minutes; and 
injection volume, 17 mL. In Figure 3, MR 
imaging parameters were: TR, 300 msec; 
TE, 3.1 msec; flip angle, 30-degree; sec-
tion thickness, 1 mm; points, 256 3 160; 
number of signals acquired, one; acquisi-
tion time per image, 50 seconds; and in-
jection volume, 3.25 mL. In Figure 4 the 
same settings were used as those from 
Figure 3, but with section thickness, 3.25 
mm; and number of signals acquired, 
two; leading to a doubled acquisition 
time and injection volume.

DNP Contrast Mechanisms

The contrast from Overhauser DNP-en-
hanced water is manifested in two ways. 
First, the injected hyperpolarized water 
has greater signal intensity than bulk 
water already present in the subject, 
and thus, a higher signal intensity ap-
pears on a standard magnitude image. 
Second, the signal from hyperpolarized 
water has a phase opposite to that of 
bulk water (ie, the signal is inverted), 
which is most notable if the images are 

transfer of polarization from the elec-
trons to the nuclei if efficient electron-
nuclear cross relaxation is present. 
The increased DNP performance and 
relatively simple, readily available mi-
crowave components at 9.8 GHz led to 
the choice of 0.35 T for hyperpolar-
ization (24). Imaging was conducted in 
a standard clinical 1.5-T MR imaging 
unit, and hyperpolarization was per-
formed in the 0.35-T fringe field of the 
same magnet.

To hyperpolarize water with Over-
hauser DNP, the water must contact 
the stable radicals hosting an un-
paired electron. Although the radi-
cals can be simply dissolved in water, 
here we used radicals immobilized to 
solid beads so that water could flow 
over the beads during hyperpolariza-
tion and then be separated from the 
beads by a filter, producing radical-
free hyperpolarized water. This pro-
vides several advantages. First, even 
though low concentrations of nitroxide 
radicals may not display great toxicity 
(28), injecting a radical solution could 
alter the observed contrast and would 
not permit the visualization of pure in-
jected water. Second, the T1 of radical 
solutions is much shorter than that of 
pure water, leading to the rapid loss of 
hyperpolarized signal intensity during 
transfer from hyperpolarization to the 
imaging location. Most importantly, in 
this form, the method is directly appli-
cable to future clinical studies because 
only pure water is injected, and the 
only relevant adverse health effects are 
due to the hypotonic nature of pure 
water. The immobilized radicals were 
synthesized according to a previous 
protocol (24) and given high DNP en-
hancement levels, comparable to those 
achieved with radical solutions.

The 0.35-T hyperpolarization loca-
tion was 1.5 m from the imaging loca-
tion, and water traveled this distance 
in approximately 1.3 seconds at the 
flow rate of 1.5 mL/min. Degassed 
deionized water was used for all ex-
periments. Each trial was conducted 
by sequentially acquiring images with 
no injection (static), the injection of 
water, and the injection of hyperpolar-
ized water.

vascular access, we used an MTV1 
28-gauge catheter (Braintree Scien-
tific, Braintree, Mass). A cannula was 
inserted into the abdominal aorta after 
blunt dissection of the retroperitoneal 
space through a midsagittal abdominal 
incision. Puncture was achieved with 
a 25-gauge needle, through which the 
catheter was advanced in an antegrade 
fashion; the needle was removed and 
the catheter was secured with suture. 
Similarly, a catheter was inserted in the 
right common carotid artery through a 
U-shaped incision of the ventral neck. 
After vascular access experiments, we 
euthanized the anesthetized rats. For 
all injection locations, water was in-
jected at 1.5 milliliter per minute dur-
ing the acquisition of two images (with 
and without DNP) and, in addition, 
for approximately 15 seconds before 
the start of each acquisition to reach 
a steady state. The amount of water 
injected for each image pair depended 
on the acquisition time: subcutaneous, 
9 mL; intraperitoneal, 17 mL; aorta, 
3.25 mL; carotid, 5.6 mL.

Hyperpolarization Technique
The equipment for these experiments 
has been described in detail elsewhere 
(24), so here we only give a brief over-
view. More details about the technique 
and equipment for Overhauser DNP 
are included in the Appendix (online).

Although water protons are by far 
the most sensitive nuclei for MR imag-
ing, the sensitivity is still surprisingly 
low, because only approximately one 
millionth of the possible nuclear signal 
is used in a standard MR experiment. 
Here, we overcame the standard limit 
through hyperpolarization, for which a 
higher proportion of water protons is 
recruited to provide MR signal. This is 
done through a mechanism known as 
Overhauser DNP, which relies on the 
through-space dipolar interaction be-
tween an unpaired electron (usually a 
stable organic radical) and the nuclei 
of interest (here, the hydrogen 1 [1H] 
of water), mediated by molecular mo-
tions in the liquid state (26,27). The 
MR transition of the unpaired elec-
tron is continuously saturated with 
on-resonant radiation, resulting in the 
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Figure 1

Figure 1:  Sagittal fast gradient-echo images in rat model. A, Spin-density image acquired during injection of nonhyperpolar-
ized (bulk) water serves as control image and shows no measureable contrast. B, Spin-density image acquired during injection 
of hyperpolarized water shows higher signal intensity than that of bulk water. Images A and B are shown at identical signal 
intensity and contrast levels. C, Processed image of hyperpolarized water injection shows enhanced, inverted signal intensity in 
color and unenhanced, bulk signal intensity in grayscale. Scale bar represents signal intensity and level of enhancement. Only 
transient path of water is shown, because hyperpolarized signal decays in approximately 5 seconds.

processed to include phase informa-
tion. In addition, if the enhanced, in-
verted water is spread across a large 
region of nonhyperpolarized nuclei 
(positive phase), the net result is seen 
as a decrease in the overall signal inten-
sity with no phase inversion.

MR Image Processing
To best show DNP contrast, the images 
acquired during injection of nonhyperpo-
larized and hyperpolarized water were 
presented in different forms. The con-
trol image without DNP, where the injec-
tion proceeded at 1.5 mL/min but DNP 
was inactive, was shown as a standard 
magnitude image (produced by the MR 
imaging unit). For all injection locations 
except the carotid artery, the raw data 
acquired during injection of hyperpolar-
ized water were used to create a “pro-
cessed” image to show the phase con-
trast provided by the enhanced, inverted 
signal. This was done by comparing the 
enhanced and unenhanced images to 
create a phase map. The DNP-enhanced 
magnitude image data were then multi-
plied by that of the phase map to add 
phase information. A custom color map 
from Matlab R2009a (The Mathworks, 
Natick, Mass) labeled any inverted sig-
nal with color that corresponded to 

intensity, and the images were scaled 
so that the maximum unenhanced sig-
nal equaled one. The processed images 
were zero-filled to 2048 3 2048 points 
to improve visual quality. The DNP-en-
hanced carotid images were processed 
with the GE imaging software and ad-
justed to equal intensity and contrast; 
the subtraction images were calculated 
in Matlab and again displayed with the 
GE software. The signal-to-noise ratio 
(SNR) was calculated from the MR im-
aging unit’s digital and communications 
in medicine files in Matlab as SNR = S/s, 
where S is the average signal intensity 
from six adjacent pixels in the region of 
interest, and s is the standard deviation 
of 400 pixels of noise from air adjacent 
to the subject. The region of interest was 
chosen to be either the area of highest 
intensity (subcutaneous, intraperitoneal,  
aorta) or lowest intensity (carotid) in 
the target area of the image with hyper-
polarized water, and the same region of 
interest was used in all three images in 
each trial. Trial 1 is shown in Figures 
1–4. All image evaluations were the con-
sensus of the authors. The percentage 
of change in the SNR is the ratio of the 
SNR during injection of hyperpolarized 
water to the SNR with no injection, mul-
tiplied by 100.

Results

Images with hyperpolarized water had 
greatly altered SNR compared with that 
of images with no injection or injection of 
nonhyperpolarized water, ranging from 
13%–27% for the carotid artery and 
444%–2900% for the other injected re-
gions (Table). In addition to altered SNR, 
the images with hyperpolarized water 
showed the expected transient path of 
water immediately after injection ac-
cording to the contrast mechanisms de-
scribed in the Methods section. In figures 
1-3, images are shown both directly from 
the spectrometer software (grayscale, 
spin-density images) and after a cus-
tom processing method that combines 
images with and without DNP to obtain 
phase information (combined color and 
grayscale, processed images). For the 
subcutaneous injection (Fig 1) the hyper-
polarized water was observed traveling 
along the inlet tube and exiting through 
the incision, and because hyperpolarized 
water decays in approximately 5 seconds 
(based on the longevity of enhanced sig-
nal in comparable studies [24] and the 
T1 of blood [29]), we can conclude that 
water left the subcutaneous area within 
this time. The intraperitoneal images (Fig 
2) show the injected water spreading 
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common carotid artery (Fig 4), the sig-
nal from the entire right hemisphere of 
the brain was slightly attenuated and the 
signal from the expected location of the 
right lateral ventricles was strongly atten-
uated. This attenuation originated from 
the negative phase of the enhanced water, 
which when diluted with a large volume 
of nonhyperpolarized nuclei (positive 
phase), resulted in a net decrease of the 
observed signal. Because the appearance 
of the entire right hemisphere changed 
in addition to the delineation of the right 
lateral ventricle, our images suggested 
that the hyperpolarized water traveled 
from the right carotid artery to the pe-
ripherally located right cerebral arteries, 
then through the parenchyma of the right 
hemisphere to collect in the cerebrospi-
nal fluid of the right lateral ventricle. This 
happens in a few seconds, relevantly im-
plying that we could use this technique to 
visualize cerebral vasculature.

Discussion

We have shown that pure water, with-
out traditional contrast media, can be 
used as an effective in vivo MR imaging 
contrast agent by dramatically enhanc-
ing its MR signal intensity with DNP 

through the aorta and iliac and femoral 
arteries, where the total length of artery 
shown with DNP-enhanced water (aorta 
to femoral) was 4.2 cm. On injection 
of hyperpolarized water into the right 

in the peritoneal space in a dependent 
fashion, collecting most prominently 
around the injection site and along the 
ventral side of the peritoneum. Figure 3 
shows the travel of hyperpolarized water 

Figure 2

Figure 2:  Sagittal fast gradient-echo images of intraperitoneal hyperpolarized water injection in rat. A, Spin-density image of injection of nonhyperpolarized water, 
and, B-D, processed images of hyperpolarized water injection. Image C is the same section as that shown in A. Arrow marks end of injection tubing, and tubing 
connector was also placed inside peritoneum and is visible as black rectangle in lower left of each image. After water leaves injection tubing, it travels to enhanced 
region in section 2, then to sections 1 and 3. Path of water after this point cannot be seen because hyperpolarized signal has decayed (approximately 5 seconds) and 
becomes indistinguishable from bulk signal. Slice = section.

Figure 3

Figure 3:  Coronal spoiled gradient-recalled images of injection of hyperpolarized water into aorta of 
rat. A, Image acquired during injection of nonhyperpolarized water. B, Processed image shows injection of 
hyperpolarized water. Catheter is implanted into aorta at position located near top of image, and water inside 
catheter is not visible because of its small inner diameter (0.007 inches). Hyperpolarized water becomes 
visible where it enters aorta at top of enhanced region, then flows down aorta and enters two iliac arteries 
before continuing to femoral arteries. 
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compared with the blood volume. In ad-
dition, we used pure water in this initial 
study, but our method also works with 
saline solution, although currently en 
hancement values are approximately 
40% lower with saline than those with 

Figure 4

Figure 4:  Axial spoiled gradient-recalled images of injection of water in right common carotid artery of rat, 
where each column represents a different section of the image. Top row shows image sections acquired during 
nonhyperpolarized water injection. Middle row shows sections acquired during injection of enhanced water and 
bottom row is subtraction image of top two rows. In C–F, attenuation of signal in right hemisphere of brain on 
injection of hyperpolarized water is visible (arrows, in C, E). Attenuation is due to dilution of negatively enhanced 
water with large volume of nonhyperpolarized nuclei. Dark lines in D and white lines in F (arrows) are presumed 
to be lateral ventricle. Dark appearance of ventricles is likely also due to dilution of enhanced signal. 

hyperpolarization under continuous 
flow. In particular, the observation of 
brain perfusion contrast agent during 
carotid arterial injection of hyperpo-
larized water presents great relevant 
for probing brain perfusion and mo-
lecular passage across the blood-brain 
barrier. Furthermore, the appearance 
of hyperpolarized water in the intersti-
tial-intracellular space of the posterior 
right hemisphere implies that the active 
or passive transport of water between 
intracerebral compartments, which is 
known to be affected by stroke, trau-
matic brain injury, or other ischemic 
episodes, might now be imaged in 
real time (30,31). Water is uniquely 
suited as a contrast agent for these 
applications because it readily crosses 
the blood-brain barrier. An additional 
advantage of the presented technique 
is its capability to obtain brain perfu-
sion MR imaging contrast without the 
use of chemical contrast agents, be-
cause the known and relevant toxicity 
of existing contrast agents limits the 
long-term applicability of MR imaging 
diagnosis. In principle, this method 
can provide signal contrast similar 
in nature to arterial spin labeling but 
relevantly with higher contrast ampli-
tude, because the MR signal of flow-
ing water is only inverted in arterial 
spin labeling (2,32) but the signal is 
inverted and substantially enhanced 
with DNP.

Another relevant application of 
hyperpolarized water MR imaging is 
the study of vascular flow, providing 
information on anatomy and morphol-
ogy. Although the lifetime of enhanced 
1H polarization is not long enough to 
observe the entire circulatory system 
in humans, localized angiography with 
amplified contrast is certainly possible 
by using this technique. This may be 
advantageous for investigating blood 
flow in a localized area (eg, varicose 
veins) or for patients who have con-
traindications for gadolinium-based 
contrast agents. At current signal en-
hancement levels, DNP-enhanced sig-
nal persists for approximately 5 sec-
onds after injection, and the length of 
observed flow strongly depends on the 
geometry and rate of transport.

Most importantly, with this method 
only water is injected into the sub-
ject. This could cause some concern 
due to the hypotonic nature of pure 
water; however, these concerns will be 
minimal if the volume of water is low 
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the need to hyperpolarize close to the 
injection site. Our study was limited by 
low enhancement levels and flow rates. 
However, it is possible that further devel 
opment of Overhauser DNP will lead 
to immobilized radicals and microwave 
resonator designs with improved en-
hancement levels, and increased flow 
rates could be obtained by operating 
several hyperpolarization systems in 
parallel.

Practical applications: The results 
of this exploratory study showed that 
radical-free hyperpolarized water pro-
vides promising perfusion contrast for 
a range of in vivo MR imaging studies. 
More work is necessary to show the 
clinical utility of hyperpolarized water, 
both by engineering optimized flow-
DNP systems with higher throughput 
and enhancement and by developing 
optimal medical applications.
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pure water (24). The water volume 
required for each image depends on 
the image acquisition length and in-
jection rate, and can be optimized in 
future studies to fit a variety of biologic 
requirements.

The absolute levels of signal ob-
tained with Overhauser DNP are 
lower than what is achievable with 
dissolution DNP. However, each disso-
lution DNP injection takes more than 
an hour to prepare and may contain 
free radicals, requiring fast imaging 
sequences to capture the entire image 
before the enhanced signal decays. In 
comparison, Overhauser DNP can op-
erate in continuous-flow mode, allow-
ing imaging with standard sequences 
and longer studies, and the water is 
free of any dissolved radicals. Over-
hauser DNP should be particularly 
beneficial for perfusion imaging in 
open MR imaging systems (typically 
at 0.3–0.5 T), because the contrast 
available with this technique becomes 
comparably greater at lower MR im-
aging field strengths where the bulk 
signal of the subject is accordingly 
lower (24).

This technique in general and our 
study in particular present several lim-
itations. The main limitation of the 
technique is the fast signal decay of 
hyperpolarized water, which results in 
a limited observation time in vivo and 

SNRs of Images Acquired with and without Hyperpolarized Water

Injection Route Trial Static Injection of Water Injection of Hyperpolarized Water SNR Change*

Subcutaneous 1 25.6 22.4 149.0 581.0
2 12.8 11.5 122.0 954.0
3 20.5 20.1 205.0 1000.0

Intraperitoneal 1 2.5 5.3 72.9 2900.0
2 10.4 4.1 53.0 509.0
3 11.7 14.3 82.9 707.0

Aorta 1 28.2 21.7 125.0 444.0
2 32.8 29.0 249.0 760.0
3 14.4 14.4 101.0 698.0

Carotid 1 27.8 27.0 3.6 12.7
2 15.5 14.7 3.2 21.0
3 14.4 13.0 3.9 26.8

* Data are percentages.
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