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Purpose: In this work, we investigated the relative effects of
static magnetic field exposure (10.5 Tesla [T]) on two physiological parameters; blood pressure (BP) and heart rate (HR).
Methods: In vivo, we recorded both BP and HR in 4 swine
(3 female, 1 male) while they were positioned within a 10.5T
magnet. All measurements were performed invasively within
these anesthetized animals by the placement of pressure
catheters into their carotid arteries.
Results: We measured average increases of 2.0 mm Hg (standard deviation [SD], 6.9) in systolic BP and an increase of 4.5 mm
Hg (SD, 13.7) in the diastolic BPs: We also noted an average
increase of 1.2 beats per minute (SD, 2.5) in the HRs during such.
Conclusion: Data regarding changes in BP and HR in anesthetized swine attributed to whole-body 10.5T exposure are
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INTRODUCTION
Ultra-high-field MRI studies yield higher signal-to-noise
ratio, increased sensitivity, improved susceptibility contrast,
and increased chemical shift dispersions. In addition, greater
spectral separation can be obtained with MR spectroscopy at
ultrahigh fields.
The first 10.5 Tesla (T) human whole-body MRI scanner
was installed at the Center for Magnetic Resonance
1
Center for Magnetic Resonance Research (CMRR) at University of Minnesota,
Minneapolis, Minnesota, USA.
2
Dermatology Service, Memorial Sloan Kettering Cancer Center, Minneapolis,
Minnesota, USA.
3
Division of Biostatistics, School of Public Health at University of Minnesota,
Minneapolis, Minnesota, USA.
4
Department of Surgery, University of Minnesota, Minneapolis, Minnesota,
USA.
Grant sponsor: National Institute of Biomedical Imaging and Bioengineering
of the National Institutes of Health; Grant numbers: P41 EB015894, S10
RR029672, and K99EB021173.
*Correspondence to: Yigitcan Eryaman, Ph.D., Center for Magnetic Resonance Research (CMRR) at University of Minnesota, 2021 6th Street Southeast, Minneapolis, MN 55455, USA. E-mail: yigitcan@umn.edu

Grant support: National Institute of Biomedical Imaging and Bioengineering
of the National Institutes of Health; Grant numbers: P41 EB015894, S10
RR029672, and K99EB021173.
Received 26 September 2016; revised 10 February 2017; accepted 15
February 2017
DOI 10.1002/mrm.26672
Published online 25 March 2017 in Wiley Online Library (wileyonlinelibrary.
com).
C 2017 International Society for Magnetic Resonance in Medicine
V

Research (CMRR; Minneapolis, MN, USA) in 2014. The
system is passively shielded and has a bore diameter of
88 cm, length of 4.1 m, width of 3.2 m, and achieves a static
magnetic field (B0) homogeneity of < 0.07 parts per million
(ppm)/25 cm. Importantly, as more studies are daily performed worldwide at higher field strengths, safety aspects
of exposing patients to such high fields should continue to
be critically investigated. Hence, from a safety aspect, we
need to identify the relative effects of these ultrahigh static
magnetic fields on large mammalian and human physiology. Early on in the 1930s, such studies investigated the
possible effects of high magnetic field on flowing conductive liquids. Hartman predicted (1) and Lazarus verified (2)
that conducting fluids flowing transversely to a magnetic
field develop induced currents resulting from the Lorentz
force. The induced currents interacting with the transverse
magnetic field produce body forces on the fluid, resulting
in increased pressure gradients in the direction of fluid
flow. Human blood is an electrically conductive liquid (3),
and it is therefore reasonable to assume the existence of
such forces acting on it as it flows throughout the human
vascular system, especially when exposed to magnetic field
strengths as high as 10.5T.
A previous study estimated a 10% decrease in blood
velocity attributed to exposure of conductive blood tissue
to a magnetic field of 5T (4). In that work, pressure calculations were made using an approximate model for conducting liquids flowing in nonconducting, circular tubes with
flow transverse to a magnetic field and by assuming that
no magnetic fields were induced in the fluid. In a later
study, an exact solution was presented (5) for the same
problem. Then, the calculated changes in the hydrostatic
pressures across vessels in the human vasculature, in the
presence of static magnetic fields, were mathematically
modeled. As a validation of the model, the flow and pressure in a straight circular tube transverse to a magnetic
field (4.7T) were solved and compared to experimental
measurements. In addition, an upper bound for the
magneto-hydrodynamic vascular pressure of a human in a
10T magnetic field was estimated. The predicted change
between the total hydrodynamic vascular pressure and the
total magneto-hydrodynamic vascular pressure was less
than 0.2%. Although experimental data were provided in
that work, it was limited to 4.7T and no in vivo experiments were performed. Another group investigated the
effects of static magnetic field exposures (up to 8T) on vital
signs of normal human volunteers (6). Systolic and
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diastolic blood pressures (BPs) were measured noninvasively using pressure cuffs. It was noted that a statistically
significant induced increase of 3.6 mm Hg was observed in
the systolic BPs in response to the 8.0T field.
Performing noninvasive, reproducible BP assessments
can be a difficult task, especially in an ultra-high-field
MR environment. For example, various MR studies have
been conducted using noninvasive techniques, but these
reports have noted their own drawbacks in terms of data
acquisition and accuracy (7–9). In other words, invasive
BP measurements are considered as a more-accurate
technique and have been performed during in vivo
nonhuman, animal studies (9).
In the present study, we invasively measure BPs and
heart rates (HRs) in anesthetized swine as an accurate
means to investigate short-term physiological effects of
10.5T static magnetic field exposure.
METHODS
Animal Preparation
We measured invasively BPs and HRs from 4 swine (3
female, 1 male) in vivo, while they were in the 10.5T
magnet, located within the CMRR at the University of
Minnesota. The weights of the animals varied between
32 and 73 kg.
Animals were acclimated within the Research Animal
Resources (RAR) facility at the CMRR for 2 to 3 days before
study to minimize anxiety. They were fasted for 12 hours
preceding the induction of the anesthesia to avoid complications (10): Water was available for these animals.
Anesthesia was initially induced in all animals with a
Telazol (5–10 mg/kg)þXylazine (1–3 mg/kg) mixture,
administered in the RAR facility by intramuscular injections. Animals were then transported to a preparation
(prep) room, where we immediately started to monitor
physiological parameters (SpO2, EtCO2, HRs, and temperatures) using a patient monitor (Invivo 3150 MRI; Invivo,
Gainsville, FL, USA). The initial monitoring and recording
of these physiological parameters in the prep room enabled
us to assess the animals given anesthetic in depth, to
decide when to intubate and initiate the surgery required
for probe placement. Once a given animal was intubated,
we then administered isoflurane (1.5%) by a vaporizor,
in 50% air/50% oxygen mixture. A ventilator (Ohmeda
7000) was used to provide positive pressure ventilation at
a respiratory rate of 11 to 12 cycles/min. In each animal,
an ear vein was catheterized to administer saline solution
(0.9% NaCl) as needed to prevent animal dehydration.
After all the physiological parameters were stable, we
made an incision in the neck to expose the right carotid
artery. The distal end of this artery was ligated in order
to prevent blood flow. A small hole was then made in
the artery and a pressure catheter was immediately
inserted into the artery, with a length of 20 to 30 cm. The
catheter was then fixed in place and the surrounding tissue was sutured shut. The animal was left lying on the
operation table for approximately 30 minutes to stabilize.
After ensuring that all of the physiological parameters
were unchanging, we started recording the pressure
waveform in the preparation room. All surgeries and
experiments were conducted in accord with an approved
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FIG. 1. The waveform, as obtained by the data acquisition system,
is shown. Analysis was madeafter the experiment to calculate the
systolic/diastolic BPs and the HR.

institutional animal care and use committee protocol (ID:
1408-31748A) at the University of Minnesota.
We used a single pressure sensor system for all of our
experiments (AD Instruments, Sydney, Australia), which
consisted of a Blood Pressure Transducer, a quad Bridge
Amplifier, and data acquisition hardware (PowerLab). The
system was calibrated before each study outside of the
scanner in a low-magnetic-field environment: A calibrated
sphygmomanometer was used to manually provide high
and low reference pressure values required for the calibration. The electronic components of the system remained
outside of the shield during the whole study to minimize
any interaction with the static magnetic field. A single
channel was used to record the pressure data: A sampling
rate of 4 kHz was used. No digital filtering or data processing was performed during acquisition. Data were collected
at three conditions in the following order: 1) in the prep
room; 2) in the 10.5T magnet room on the table outside the
bore; and 3) inside the bore (landmarked on the head). For
2 animals, we recorded measurements with one additional
landmark location on their chests. All measurements were
performed with each animal fully anesthetized and lying
in a supine position. Durations of data acquisition ranged
from 10 to 30 minutes per location. Average systolic/
diastolic BPs and average heart rates were calculated after
the data collections using an in-house MATLAB (The
MathWorks, Inc., Natick, MA, USA) script: It performed
peak detection and basic statistical analysis. Data are
presented as means and standard deviations (SDs) and
95% confidence intervals for both the mean BPs and the
mean HRs were noted.
RESULTS
Figure 1 shows the raw waveforms obtained by the utilized data acquisition system. The high frequency content corresponds to pressure transition between systole
and diastole phases of the functional swine heart (the
waveform was scaled to clearly display a few cycles).
The low-frequency content was attributed, in part, to
ventilation of the animal (11–12 cycles/min). Such
waveforms were later analyzed to calculate the mean systolic and diastolic BPs as well as heart rates. Figure 2
shows the mean value of these parameters for each animal studied, in each of the aforementioned experimental
conditions (ie, in the prep room, in the magnet room on
the table outside the bore, and inside the bore). The
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FIG. 2. Mean and SD value of BP
and heart rate obtained from 4
swine are shown for 3 different
measurement sets. Error bars
denote the within-condition withinswine SD.

mean values of the same parameters (averaged across
swine) and their SD are shown in Table 1. The comparisons between the prep room and the magnet room (outside
the bore) data show that the cardiovascular parameters of
these animals were stable during the transport. Considering the two conditions within the 10.5T magnet room (on
the table outside of the bore and inside the bore), the
observed increases in the mean values of systolic BPs, diastolic BPs, and the HRs were 2 mm Hg, 4.5 mm Hg, and 1.2
beats per minute (bpm), respectively. Note that examination of the field patterns of the magnet (made available
from the manufacturer) showed that animals experienced
approximately 1T when they were on the patient table outside the bore.
Finally, Figure 4 shows the mean and SD of the BP in
2 swine when they were landmarked at head versus
chest inside the bore. The systolic and diastolic BP were
both reduced by 2.5 mm Hg, respectively, when the landmark positions of the animals were changed from head
to chest. The analysis of the field maps of the magnet
shows that moving the animal between two landmark
positions corresponded to a change in the field from
10.5 to 10.0T.

DISCUSSION AND CONCLUSIONS
Here, we describe in vivo animal studies performed to
investigate the potential physiological effects of being
scanned within a 10.5T magnetic field exposure. The
changes in BPs and heart rates in healthy swine attributed to whole-body 10.5T exposure is reported. Furthermore, the changes in BPs and HRs attributed to land
marking the animals at different anatomical locations
(head vs chest) is also reported (ie, this shift within the
10.5T bore of 50–60 cm, corresponded to 0.5T change in
field strength).
We utilized 4 healthy swine in our experiments,
which had body masses similar to adult humans. We calculated the confidence interval curves assuming a
T-distribution, which is appropriate for small sample
size (n < 30). The means and the SDs obtained for the
Table 1
The mean values and standard deviation of measurements
(across pigs) obtained during 3 different sets are shown.
Mean/STD
Systolic BP(mmHg)
Diastolic BP(mmHg)
Heart Rate(bpm)

Prep Room

Outside Bore

In the Bore

125/13.4
92.7/19.8
99.2/9.2

123.7/11.3
90/17.5
99.3/10.65

125.7/12.1
94.5/17.9
100.5/12.5

studied parameters from this sample population were
used in our confidence interval calculations.
It should be noted that, using our experimental
approach for monitoring, that if blood leaked into the
pressure catheter, it could clot and disrupt the resultant
data acquisition. Thus, in order to prevent such an issue,
we injected heparin into the intravenous tube (as needed): Note that in a patient scan, they would likely not be
on heparin.
Investigation of the convergence of the confidence
interval curve was useful to determine the minimal number of animals required for this work. In addition, we
compared our confidence interval (for n ¼ 4) to the report
by Nakao et al (11) who monitored BP changes in swine
caused by moving the animals to various anatomical
positions (rolling from supine to left lateral and supine
to right lateral). Relative to our data, in their work, the
changes in the left and right ventricular pressure were
measured as swine were shifted from supine to left lateral and supine to right lateral positions. Our data compared well with theirs for the left ventricular systolic
pressures. This can be justified easily because the pressure measured in the carotid artery is approximately
equal to left ventricular pressure. Through this comparison, we related the possible effects of 10.5T exposure to
any effects observed attributed to a normal and presumably safe behavior in swine. It should also be noted that
our confidence interval was smaller than, or comparable
to, the BP changes associated with normal animal activities. Nevertheless, this confidence interval may be made

FIG. 3. Width of the confidence intervals (for changes in the mean
systolic BP, DSBP) based on the SD is shown. The variation of the
confidence interval was useful to determine the minimal number
of animals required for this work. Figure also shows the comparison of our confidence interval to the report by Nakao et al (11),
who monitored left ventricular systolic blood pressure (LVSP)
changes in swine caused by moving the animals to various anatomical positions (rolling from supine to left lateral and supine to
right lateral).
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FIG. 4. Mean value of the BP attributed to different land-marking
conditions are shown. Error bars denote the within-condition within-swine SD.

even smaller by performing more experiments, but we
were convinced that this was not necessary given that
more animal sacrifice would not add critical data to our
study.
In order to assess the confidence levels of our measurements, we calculated confidence intervals for the
changes in the mean systolic BP (DSBP) in the magnet
room (on the table out of the bore vs inside the bore). A
confidence interval was calculated based on the SDs
obtained from two experimental conditions as a function
of sample size. After calculating this for our sample size
of 4 swine, we repeated the calculation as a function of
sample size to examine how much narrower the interval
could be with additional animals. We then compared the
confidence interval of DSBP to the reported values in
Roeleveld et al (7) for the change in the systolic BPs
attributed to a change in the relative positions of the animals. Figure 3a shows the variations of DSBPs the with
respect to number of animals studied (sample size). Figure 3b shows the variation of systolic BPs for swine transitioning from supine to left lateral and supine to right
lateral positions. For n ¼ 4, the half-width of the 95%
confidence interval for the change in SBP is 13.1 mm Hg.
For comparison, supine to left lateral and supine to right
lateral transitions resulted in an increase in systolic BP
of 13.3 and 5.9 mm Hg, which are comparable to, or
smaller than, the values measured in 10.5T exposure
experiments. Doubling the number of animals (n ¼ 8)
would yield a confidence interval of 7.2 mm Hg. However, we believed that further animal sacrifice was not
necessary.
In our studies, we measured only the HR and BP in
swine exposed to 10.5T static magnetic field. Future
safety studies may be useful to investigate changes in
other physiological parameters, such as vascular compliance, cardiac output, and blood flow.
We conducted our studies using a horizontal bore magnet. Our results do not directly apply to imaging subjects
with open-bore/vertical magnets. It is expected that the
effects of static field exposure would be maximized
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when the flow is transverse to the main magnetic field.
This scenario could be realized for a patient with a normal anatomy inside an open bore system. Although the
static fields in current open bore systems are significantly lower than 10.5T, detailed safety studies will need to
be performed to assess the physiological effects of these
systems as the field strength increases.
In the present study, we investigated the relative cardiovascular effects of exposure to 10.5T magnetic field
on healthy swine. The effects of these ultrahigh magnetic
fields on the monitored parameters of BP and HR were
minimal. For example, the relative increases in recorded
BPs attributable to the magneto-hydrodynamic effects
were comparable to elevations in BP associated with normal animal activity (such as rolling over).
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