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The institutional review board approved this HIPAA-com-
pliant study and waived informed consent. The purpose
was to retrospectively evaluate remote control magnetic
resonance (MR) imaging in complex cardiovascular proce-
dures, whereby operational expertise was made available
locally from a remote location. Thirty patients underwent
cardiac (12 patients) and/or vascular (30 patients) 1.5-T
MR imaging with a remote operator by using a personal
computer. All patient studies were compared with 30 con-
trol studies obtained with conventional local imaging. Car-
diac cine, myocardial delayed enhancement, and MR an-
giograms were assessed for overall image quality and mo-
tion artifact. MR angiograms were evaluated for vascular
definition. Image quality was excellent in 90% (38 of 42) of
remote images versus 60% (25 of 42) of control group
images (P � .01). Scores for motion artifact were not
significantly different (P � .11). Interactive MR imaging
was successfully implemented with remote control in com-
plex cardiovascular cases; diagnostic quality of images was
superior to that of images obtained locally.
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Cardiovascular magnetic resonance
(MR) imaging exemplifies power-
ful, but operationally complex,

technology. Use of MR imaging for func-
tional and anatomic cardiac imaging (1–
7), myocardial viability imaging (7–14),
and a broad spectrum of angiographic
techniques (15–23) has become wide-
spread. Cardiovascular MR imaging
procedures, however, differ from more
traditional MR applications in several
respects. The operator must under-
stand relevant cardiac and vascular
anatomy and pathophysiology; pre-
scribe the correct imaging planes; syn-
chronize various data acquisition win-
dows with contrast agent injection
schemes; and choose appropriate val-
ues for pulse sequence parameters, par-
allel imaging factors, and spatial and
temporal resolution.

In some practices, radiologists are
uncomfortable about accepting requests
for cardiovascular MR procedures for
lack of sufficient on-site technical exper-
tise. In other practices, MR imaging ma-
chines are geographically distributed
over several facilities such that there
are insufficient trained technologists to
provide adequate coverage of all sys-
tems, and this shortfall results in sched-
uling challenges that can affect patient
care. To address the problem of having
several locations for imaging units cam-
pus-wide and to make specialist skills
available for the benefit of all patients,
we developed network connectivity for
complex cardiovascular MR imaging.

Thus, the purpose of our study was
to retrospectively evaluate remote con-
trol MR imaging in complex cardiovas-

cular procedures, whereby operational
expertise was made available locally
from a remote location.

Materials and Methods

During a 6-month period, we performed
diagnostic remote control (remote op-
erator has direct interactive control
over the machine) cardiac and/or vas-
cular MR imaging in 30 adult and pedi-
atric patients. The study was performed
in accordance with a protocol approved
by the University of California at Los
Angeles institutional review board, and
the requirement for informed consent
was waived. Our study was Health In-
surance Portability and Accountability
Act compliant.

Remote Imaging Setup
The remote MR imaging connectivity
was implemented with assistance from
Siemens Medical Solutions, Erlangen,
Germany; however, the non–Siemens
Medical Solutions employees had con-
trol of information and data that might
present a conflict of interest for the em-
ployees. For remote imaging, a personal
computer running Windows XP operat-
ing system (Microsoft, Redmond,
Wash) and located 0.5 mile from an
inpatient MR imaging unit was used to
emulate the local MR imaging console.
The remote personal computer used for
the current study had a 2-GHz central
processing unit, 256-MB random access
memory, and a graphics board capable
of displaying 1280 � 1024 pixels from
the graphical user interface, with a
color depth of 32 bits. The remote con-
sole was slaved to the local console
through virtual network computing
(VNC) (24) software, and connectivity
was mediated via the institutional intra-
net with a maximum bandwidth of 1
MB/sec.

Access to the VNC program was
password protected so that only a legit-
imate operator could log on remotely to
the MR imaging unit user interface. The
monitor and keyboard of the remote
console and the MR imaging unit were
identical. Prior to logging on, the re-
mote operator (J.P.F.) established au-
dio communication with the local MR

imaging technologist with a hands-free
phone connection and announced his in-
tention to go online. Once he logged on,
the remote operator and local technolo-
gist had equal access and priority on the
user interface, and all mouse move-
ments made by the remote operator
were visible to the local technologist.
For our study, once the remote opera-
tor logged on, he requested that the lo-
cal technologist relinquish full control of
the MR imaging console, whereas the
local technologist controlled all aspects
of patient positioning and communica-
tion, patient comfort, patient monitor-
ing, and patient safety in the MR imag-
ing environment. During the procedure,
continuous audio communication was
maintained between both parties via the
same hands-free telephone connection.

Because the VNC application repro-
duces the MR imaging unit console at
the remote console and utilizes the cen-
tral processing unit of the host (MR im-
aging unit) computer, the remote oper-
ator had full interactive control over all
functionality of the MR imaging unit,
including the graphical user interface
and real-time image viewing (Fig 1). For
our study, the remote operator per-
formed all aspects of the imaging proce-
dure that did not involve direct commu-
nication with the patient or intravenous
injection of contrast medium. The types
of studies performed are detailed later.

The clinical imaging studies rou-
tinely involved breath-hold image acqui-
sition, as well as timed intravenous con-
trast medium injection. The local tech-
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Advances in Knowledge

� To our knowledge, ours is the first
description of clinical MR imaging
performed by using remote con-
trol.

� Remote control imaging can pro-
vide specialist technical support at
the imaging unit.

� Specialized cardiovascular studies
in adults and children, which
might otherwise be impractical,
can be performed with remote
control MR imaging.

TECHNICAL DEVELOPMENTS: MR Imaging with Remote Control Finn et al

Radiology: Volume 241: Number 2—November 2006 529



nologist was responsible for giving
breathing instructions to the patient and
controlled the electronic contrast me-
dium injector. In turn, the remote oper-
ator controlled the choice of imaging
protocol, pulse sequences, image orien-
tation, section thickness and offsets,
bandwidth, spatial resolution, field of
view, acquisition time, k-space trajec-
tory, and postprocessing options. The
procedure time was defined as the time
from the acquisition of the first localizer
image to completion of the last imaging
sequence. Start time and completion
time were documented for all studies,
as were contrast agent dose and a state-
ment as to which, if any, complications
occurred. Once the procedure was com-
pleted, the remote operator remained
online to complete any postprocessing
deemed appropriate and sent the rele-
vant images to the picture archiving and
communications system archive. At that
point, he logged off and terminated the
connection. In the interim, the local
technologist escorted the patient from
the MR imaging suite.

Patients and Control Subjects
The study subjects comprised a cohort
of patients who underwent imaging re-
motely and a control group of subjects
who underwent imaging with local con-
trol in the conventional way. The re-
mote imaging and control groups each
contained 30 patients who underwent
cardiac MR imaging, MR angiography of
the chest, or abdominal MR angiogra-
phy. In the remote imaging group, pa-
tients were imaged sequentially be-
tween November 2004 and July 2005 by
one remote operator (J.P.F., with 15
years of experience), and none were
excluded. The 30 control subjects were
identified retrospectively so that they
were matched to the subjects in the re-
mote imaging group as closely as practi-
cal according to age and type of MR
imaging study. The inclusion criterion
for the control subjects was that each be
within 10 years in age of the corre-
sponding patients for adults and within
1 year in age of the corresponding pa-
tients for children. Thus, 42 images (12
cardiac MR images, 10 abdominal MR
angiograms, and 20 chest MR angio-

Figure 1

Figure 1: Diagrammatic representation of information flow between remote and local consoles. VNC con-
nectivity between MR imaging unit and remote personal computer (PC) was mediated through the University
of California at Los Angeles Medical Center local area network. Keyboard inputs at the remote console are
transmitted by using a 100-megabit transmission control protocol (TCP) connection to the MR imaging oper-
ating system, software, and screen. Updates from the MR imaging unit interface (graphics and text) are re-
turned to the remote console in real time by using the same VNC connection.

Table 1

Reason for Clinical Referral

Reason Remote Image* Local Image*

Thorax†

Cardiac tumor vascular assessment 1 1
Cardiac tumor postsurgical resection assessment 2 1
Assessment of cardiac morphology and function 10 11
Cardiac shunt patency assessment 2 2
Myocardial infarction viability assessment 3 3
Superior vena cava assessment 1 3
Thoracic aorta assessment 4 2
Thoracic vascular assessment 6 9

Abdomen
Assessment of abdominal aorta and its branches 4 3
Abdominal venous system evaluation 1 3
Inferior vena cava and/or portal vein patency

assessment after liver transplantation 2 1
Hepatic tumor vascular assessment 0 1
Vascular assessment before liver transplantation 1 0
Vascular assessment after liver transplantation 1 1
Vascular assessment before renal transplantation 1 0
Renal artery stenosis assessment 2 1
Assessment after bowel transplantation and bleeding 1 1

* Data are numbers of patients.
† In some patients, referrals involved more than one clinical question.
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grams) obtained in 30 individuals (16
children and 14 adults) were evaluated
in each group. In the remote imaging
group (13 female and 17 male patients),
the mean age for children was 2.54
years � 2.0, and the range was 1–7
years; for adults, the mean age was 53.4
years � 17.1, and the range was 20–81
years. In the control group (14 female
and 16 male subjects), the mean age for
children was 2.86 years � 2.0, and the
range was 1–8 years; for adults, the
mean age was 56.4 years � 17.4, and
the range was 20–89 years. The under-
lying clinical questions varied (Table 1).

The experience of the local technol-
ogist who imaged the control subjects
was neither an exclusion nor an inclu-
sion criterion but rather reflected real-
world institutional practice and routine
technologist scheduling. A subgroup of
nine patients from the control group un-
derwent imaging performed by the
same operator (J.P.F.) as the one who
performed imaging of the patients in the
remote imaging group. The remaining

21 patients in the control group were
imaged by one of six MR imaging tech-
nologists, with an average of 9 years of
experience (range, 2–15 years).

Image Acquisition
All subjects in the remote imaging and
control groups were imaged with the
same machine, which was a four-receiver-
channel 1.5-T imaging unit (Magnetom
Sonata; Siemens Medical Solutions, Mal-
vern, Pa) with high-performance gradi-
ents (maximum gradient strength, 40
mT/m; slew rate, 200 (mT � m�1)/msec,
and there were no changes in hardware
or software platforms used in either
group. For cardiac MR imaging, elec-
trodes were placed on the anterior
chest wall, and continuous electrocar-
diographic monitoring was employed.
The electrocardiographic signal was in-
put to the patient monitoring unit for
electrocardiographically gated measure-
ments, as required. In adults, the mini-
mum protocol involved multiplanar
breath-hold steady-state free preces-

sion cine imaging (2–7) and delayed T1-
weighted segmented inversion recovery
steady-state free precession for hyper-
enhancement imaging of myocardial
scar (12–14). All MR angiographic stud-
ies involved timed contrast agent infu-
sion via an electronic injector (Spectris
Solaris; Medrad, Indianola, Pa) and
three-dimensional acquisition in multi-
ple phases during suspended respira-
tion (16–21). Timing was based on a
prior test injection as previously de-
scribed (16). In adults, a four-channel
body phased-array coil was used for sig-
nal reception. In children, depending on
their size, an adult head coil, knee coil,
or body phased-array coil was em-
ployed.

In children of both groups, all MR
imaging examinations were performed
with a general anesthetic (25–27). After
successful stabilization of the patient, the
patient was advanced into the bore of the
MR imaging unit in the supine position
with the appropriate coils in place. Con-
tinuous electrocardiographic monitoring,
pulse oximetry, and noninvasive blood
pressure measurement were performed.
All aspects of safety and care of the pedi-
atric patients were supervised by special-
ist pediatric anesthesiologists. Patient po-
sitioning, coil positioning, and setup of the
electronic contrast agent injector were
supervised by the local MR imaging tech-
nologist. The remote operator was in-
volved in prior discussions concerning
preparation and setup with the anesthesi-
ologist and local technologist by phone
but was not physically present during any
aspect of preparation or imaging. For the
control group, an experienced radiologist
was present routinely during the imaging
procedure.

Image Analysis
All images from patients in remote im-
aging and control groups were evalu-
ated in consensus by two specialist car-
diovascular reviewers (M.H.L. and
S.G.R., with 5 and 10 years of experi-
ence, respectively). The reviewers were
blinded to the patient’s information,
clinical details, and whether the images
were acquired by a remote operator or
local technologist. Cardiac cine, myo-
cardial delayed enhancement, and MR

Figure 2

Figure 2: Graph shows fre-
quency of image quality rating for
remote and local images in all
cardiac and vascular studies. Note
the higher percentage of excellent
ratings for remote images (P �
.01). Numbers in parentheses on
the x-axis are grades for image
quality rating.

Figure 3

Figure 3: Graph shows fre-
quency of severity of motion arti-
fact rating for remote and local
images. There was no statistically
significant difference between the
groups (P � .11). Numbers in
parentheses on the x-axis are
grades for severity of motion arti-
fact rating.

TECHNICAL DEVELOPMENTS: MR Imaging with Remote Control Finn et al
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angiographic images were assessed for
overall image quality and motion arti-
fact by using a four-point scoring system
that was the same as that for the MR
angiographic evaluation.

For qualitative evaluations of all MR
angiograms, the reviewers had access
to the three-dimensional partition MR
angiograms, as well as to full-thickness
maximum intensity projections and to
multiple overlapping thin maximum in-
tensity projection reconstructions. MR
angiograms were assigned scores for
overall image quality, motion artifacts,
and vessel sharpness.

Subjective criteria for image quality
and motion artifact both were defined
with a four-point scale grading system.
For image quality, the scale was as fol-
lows: grade 0, poor nondiagnostic im-
ages; grade 1, fair images with reserva-
tions about diagnostic content; grade 2,
good images with confidence in diagnos-
tic content; and grade 3, excellent im-
ages with a very high level of confidence
in diagnostic content.

For motion artifact, the scale was as
follows: grade 0, severe artifact, which
resulted in nondiagnostic images; grade
1, moderate artifact, which degraded
diagnostic confidence; grade 2, minimal
artifact, which did not interfere with
diagnostic confidence; and grade 3, no
motion artifact.

Visualization and sharpness of vas-
cular structures were assessed with a
four-point scale: grade 0, not seen be-
cause of technical factors (motion arti-
fact or poor contrast agent administra-
tion timing); grade 1, poorly defined
such that stenosis would be difficult to
evaluate; grade 2, well defined such that
stenosis could be confidently evaluated;
and grade 3, excellent definition such
that even mild vessel irregularity could
be confidently diagnosed.

The following named arteries were
evaluated: celiac artery; common, right,
and left hepatic arteries; proximal, mid-
dle, and distal superior mesenteric ar-
teries; left gastric artery; gastroduode-
nal artery; and left and right renal arter-
ies. In the chest, up to subsegmental
(fourth-order) pulmonary vessel branches
were evaluated in the upper and lower
lobes of each lung.

Statistical Analysis
To test the mean difference for imaging
duration in both groups, a paired t test
was used. The Wilcoxon signed rank
test was used for comparative analysis
of the ordinal data for image quality,
motion artifact, and vessel visibility. A
paired t test was used for comparison of
the imaging duration in both groups.
Software (SPSS 13.0; SPSS, Chicago,
Ill) was used for all statistical evalua-

tions. For all comparisons, P � .05 was
considered to indicate a statistically sig-
nificant difference. The mean values of
visibility scores are presented to reflect
definition of each vessel branch. Power
calculations to assess the required sam-
ple size could not be performed in ad-
vance because no estimate of the stan-
dard deviation of the difference be-
tween the remote control images and
local images was available. After review

Figure 4

Figure 4: (a–c) Immediately postoperative remote cardiac MR images in 70-year-old woman with surgically
repaired ventricular septal defect, which occurred as a complication of inferoseptal myocardial infarction (arrow).
(a) Steady-state free precession cine MR image (repetition time msec/echo time msec, 3.4/1.2; flip angle, 60°) in
vertical long-axis view shows focal defect. (b) Midchamber short-axis view of same defect in a shows that it had
been oversewn and no residual interventricular shunt was present. (c) Delayed short-axis image (repetition time
msec/echo time msec/inversion time msec, twice the R-R interval/4.3/280; flip angle, 30°) shows inferior wall hy-
perenhancement corresponding to site of transmural myocardial infarction. (d, e) Local cardiac MR images in 60-
year-old man after ablation therapy for ventricular tachycardia. (d) Short-axis cardiac cine image (3.4/1.2; flip angle,
65°) demonstrates hypokinesis of lateral and inferolateral left ventricular wall. Arrow� segment of infarcted myo-
cardium. (e) Short-axis delayed hyperenhancement image (twice the R-R interval/4.3/280; flip angle, 30°) shows
scar (arrow) of lateral and inferolateral left ventricular myocardium. Both d and e were obtained by the same operator
and have overall image quality comparable to that of a–c.

TECHNICAL DEVELOPMENTS: MR Imaging with Remote Control Finn et al
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of interim data from the first 15 subjects
for image quality, however, a power cal-
culation (two-sided paired t test) was
performed on the basis of the standard
deviation estimated from these data. To
establish a power of 80% and a level of
significance with � � .05, a sample size
of 30 was estimated in each group. For
overall assessment of vessel visibility, a
generalized estimating equations model
was used with statistical software (SAS
9.0; SAS Institute, Cary, NC).

Results

Imaging Duration
Mean imaging duration for combined
cardiac MR imaging and thoracic MR
angiography was 53.5 minutes � 11.1 in
the remote imaging group and 53.8 min-
utes � 11.6 in the control group (P �
�.99). Mean imaging duration for ab-
dominal MR angiography was 28.7 min-
utes � 7.5 in the remote imaging group
and 35.6 minutes � 11.6 in the control
group (P � .37).

Image Quality and Motion Artifact
Assessment
Image quality was rated excellent in
90% (38 of 42) of remote images and in
60% (25 of 42) of control group images
(P � .01) (Fig 2). Motion artifact was
not assigned scores that were signifi-
cantly different (P � .11) between the
two groups (Figs 3–6).

Vascular Segment Assessment
For the MR angiographic analysis, a total
of 489 vascular segments were assessed
in each group. Vessel sharpness in the
thorax and abdomen was rated higher on
the remote images, but the difference
reached statistical significance only for
specific vessel groups (Tables 2, 3; Figs 7,
8). For overall assessment of data in the
abdomen and thorax, a generalized esti-
mating equations model was used. With
generalized estimating equations, analysis
of the thoracic data yielded an overall P
value of .075, which indicated an overall
tendency for better vessel visibility on re-
mote images, but this difference did not
reach statistical significance. With gener-

alized estimating equations, analysis of
the abdominal data yielded an overall ves-
sel score with a P value of .53, which
indicated that there was no statistically
significant difference in overall visibility
assessments in remote and local images.

Discussion

Our results indicate that MR imaging with
remote control is entirely feasible and,
within the context described, can pro-
duce results at least as good as can MR
imaging with local control. Because the
types of diagnostic studies described are
among the most complex currently un-
dertaken (including those in pediatric pa-
tients with congenital cardiovascular dis-
orders), it seems reasonable to suggest
that the results can be generalized to
other types of studies. On average, the
diagnostic quality of the remote images
was assigned a score that was higher than
that for control images, which likely re-
flected the more varied experience levels
among the local technologists compared
with the experience level of the remote
operator.

In the current implementation of re-
mote imaging, a VNC derivative was
used as a starting point. VNC is an
open-source platform-independent pro-
tocol for controlling a computer from a
remote console with a standard trans-
mission control protocol. A transmis-
sion control protocol enables two hosts
to establish a connection and exchange
streams of data. For current purposes,
one of these hosts is termed the local
console (that of the MR imaging ma-
chine), and the other is named the re-
mote console. All keyboard and mouse
input events are transmitted from the
remote console to the MR imaging con-
sole, which is to be controlled. The
server sends back updates from the lo-
cal MR imaging console screen. VNC is
a protocol that transmits keyboard and
mouse events in one direction (in this
case, from the remote console to the
local MR imaging console) and allows
updating of rectangular sections of the
screen on the remote console. The soft-
ware consists of two main parts. First, a
server process runs on the machine to
be controlled remotely. This server pro-

Figure 5

Figure 5: (a) Remotely con-
trolled contrast material– en-
hanced lateral projection MR an-
giogram (3.1/1.1; flip angle, 25°)
in 81-month-old boy with un-
treated aortic coarctation shows
moderate coarctation (arrow) of
distal arch. (b) Locally controlled
contrast-enhanced lateral projec-
tion MR angiogram (3.1/1.1; flip
angle, 25°) in 68-month-old boy
with untreated aortic coarctation
(arrow) shows some motion arti-
fact and blurring.
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cess scans the local screen for updates
on a pixel-by-pixel basis and processes
the input device events. On the remote
machine, lightweight viewer software
for display and collection of the input
device events is used. This kind of soft-
ware is usually called an “ultra-thin cli-
ent.”

Various implementations of VNC
available for Windows-based personal
computers differ in the mechanisms used
to pack the screen updates efficiently. In
the current study, so-called ultra-encod-
ing (http://www.ultravnc.com) was used.
By using this mechanism, high-display
performance can be achieved without a
compromise of display quality caused by,
for example, lossy compression of data.
The remote computer for the current
study was a 2-year-old personal computer
with a 2-GHz central processing unit,
256-MB random access memory, and a
graphics board capable of displaying
1280 � 1024 pixels from the graphical
user interface, with a color depth of 32
bits. The standard 100-megabit connec-
tion used on the institutional medical net-
work was used.

Usually, when remote connections
are used in large networks or over a long
distance, care has to be taken that the
network performance requirements are
fulfilled. For the remote connections used
between the MR imaging console and the
remote personal computer, no encryp-
tion was used because the work was per-
formed in a closed, single-institution net-
work. State-of-the-art encryption tech-
nology (as in virtual private networks),
however, can readily be implemented,
thus guaranteeing security for work en-
compassing more than a single adminis-
trative entity. The effect of encryption on
software performance remains to be eval-
uated.

Our motivation for developing the
remote imaging tool was to address the
very real problem of coordinating com-
plex cardiovascular studies with limited
availability of radiologists and technolo-
gists. Because of our geographically dis-
tributed imaging unit base, and the un-
predictable nature of inpatient requests
for images, we often have complex stud-
ies scheduled in close temporal proxim-
ity but in widely separate physical loca-

tions. Having the ability to control and
monitor several machines from a cen-
tral hub is a huge advantage in dealing
with this type of problem. With the soft-

ware tools described previously, we
were able to image patients by using
remote control with no noticeable com-
promise in performance when com-

Figure 6

Figure 6: Sagittal images in 33-year-old woman with Marfan syndrome and aortic dissection. The patient
underwent surgical intervention (endarterectomy of supraceliac aorta to inframesenteric aorta) 1 year previ-
ously and had subsequent short-gut syndrome, paraplegia, and acute renal failure. (a) Sagittal projection from
remote contrast-enhanced MR angiogram (2.9/0.9; flip angle, 25°) shows complex dissection flap (arrows,
also on b and c) extending from aortic arch to proximal abdomen. (b) Follow-up contrast-enhanced MR an-
giogram (2.9/0.9; flip angle, 25°) obtained locally 3 months later by the same operator shows stable appear-
ance. (c) Follow-up contrast-enhanced MR angiogram (2.9/0.9; flip angle, 25°) obtained 6 months later by
local technologist with limited experience shows some blurring of dissection flap from motion and limited
spatial resolution.

Figure 7

Figure 7: Graph shows number
of vessel segments assigned
scores for vessel definition on
remote and local high-spatial-
resolution MR angiograms. Note
higher visibility in remote images.
These differences were statisti-
cally significant for depiction of
smaller branch arteries (P � .05).
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pared with local imaging. There was no
detectable latency in response to mouse
clicks or alphanumeric entries on the
remote console.

To our knowledge, this is the first
report of interactive MR imaging with
remote control in patients, and the suc-
cess of this pilot study points to the po-
tential of the method. Successful inter-
activity with an MR imaging unit re-
quires real-time, but not necessarily
high-bandwidth, connectivity. The re-
sponse to mouse clicks should be near
instantaneous, but it is not necessary to
transfer large image files in real time.
The requirements are somewhat analo-
gous to a long-distance telephone con-
nection, where small packets of infor-
mation are transferred very quickly and
response latency is highly deleterious.
Although the performance of the re-
mote imaging tool was adequate in the
current study, network speed is depen-
dent on connectivity between specific
local and remote consoles, which must
be validated on a case-by-case basis. It
is reasonable to postulate, however,
that physical separation is not a limita-
tion to remote imaging, and long-dis-
tance connections can be successfully
implemented. In fact, intercontinental
remote control of an electron micro-
scope recently has been realized (28),
as has real-time ultrasonographic (US)
image transfer from as far away as the
international space station via a space-
to-ground video link (29–30). Several
other applications of remote control ro-
botic surgery and US also have been
realized (31–33), with bandwidth speci-
fications not dissimilar to those that we
describe in the current study.

Besides serving the clinical needs of
a single institution, there are several
other potential applications for remote
imaging technology. A specialized cen-
ter might support remote sites that lack
the personnel with the appropriate
background to perform imaging in com-
plex cases, or a center might help train
local technologists by having an expert
online during a learning phase. The
same functionality may allow applica-
tions specialists to support remote cus-
tomer sites and upload and save proto-
cols to a machine without having to visit

Table 2

Mean Scores for Definition for Chest Vessels

Lung, Lobe, and Branch Order P Value* Remote Image† Local Image†

Right lung
Upper lobe

Lobar .06 3 � 0 2.66 � 0.48
Sublobar .06 2.90 � 0.17 2.52 � 0.60
Segmental .01‡ 2.61 � 0.47 1.95 � 0.80
Subsegmental .12 1.95 � 0.54 1.42 � 0.92

Lower lobe
Lobar .03‡ 3 � 0 2.61 � 0.49
Sublobar .01‡ 2.90 � 0.17 2.33 � 0.73
Segmental .002‡ 2.57 � 0.48 1.80 � 0.74
Subsegmental .09 1.85 � 0.48 1.33 � 0.91

Left lung
Upper lobe

Lobar .03‡ 3 � 0 2.61 � 0.49
Sublobar .02‡ 2.85 � 0.24 2.23 � 0.83
Segmental .008‡ 2.61 � 0.47 1.85 � 0.91
Subsegmental .07 1.90 � 0.51 1.33 � 0.91

Lower lobe
Lobar .008‡ 3 � 0 2.52 � 0.51
Sublobar .02‡ 2.80 � 0.30 2.23 � 0.76
Segmental �.001‡ 2.38 � 0.58 1.47 � 0.74
Subsegmental .02‡ 1.80 � 0.61 1.09 � 0.83

* The P values in this study were derived by using actual ordinal scores for every single vessel branch with its comparison
group and the Wilcoxon signed rank test.
† Data are the mean � standard deviation and are presented to demonstrate the visibility definition of each branch.
‡ Value indicates statistically significant difference.

Table 3

Mean Scores for Definition for Abdominal Vessels

Vessel P Value* Remote Image† Local Image†

Celiac artery .3 2.91 � 0.15 2.58 � 0.55
Hepatic artery

Common .16 2.91 � 0.15 2.33 � 0.77
Right .02‡ 2.83 � 0.27 1.75 � 0.91
Left .003‡ 2.58 � 0.48 1.5 � 0.66

Gastroduodenal artery .04‡ 2.75 � 0.37 2 � 0.66
Left gastric artery .03‡ 2.41 � 0.58 1.58 � 0.75
Splenic artery .13 2.90 � 0.16 2.25 � 0.75
Superior mesenteric artery

Proximal .3 2.91 � 0.15 2.58 � 0.55
Middle .2 2.75 � 0.37 2.16 � 0.83
Distal .17 2.33 � 0.66 1.83 � 0.72

Inferior mesenteric artery .1 2.41 � 0.58 1.83 � 0.58
Renal artery

Right .24 2.8 � 0.32 2.45 � 0.59
Left .24 2.83 � 0.27 2.36 � 0.69

* The P values in this study were derived by using actual ordinal scores for every single vessel branch with its comparison
group and the Wilcoxon signed rank test.
† Data are the mean � standard deviation and are presented to demonstrate the visibility definition of each branch.
‡ Value indicates statistically significant difference.
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the site. Although not addressed in the
current study, there is no technical rea-
son why remote control x-ray computed
tomography cannot be implemented in
a similar way. Remote control imaging
might also support mobile units in disas-
ter areas or battle arenas (34).

Another potential application re-
lates to quality control for multicenter
clinical trials that involve specialized
MR imaging protocols. Although certain
field centers may have the appropriate
patient cohort for a trial, they may lack
the required expertise for specialized
MR imaging. In principle, a core MR
imaging laboratory could download and
fine-tune protocol files and interact re-
motely with the local technologists dur-
ing imaging, thus ensuring consistent
quality and strict adherence to protocol.
The resulting improvement in quality
control might be anticipated to have a
positive effect on the number of patients
necessary to achieve statistical power,
with corresponding savings in time and
expense for the study sponsor. These
applications, however, remain to be es-
tablished and validated.

Our study had several limitations,
which the authors recognize. Ideally,
the same patients would be imaged both
locally and remotely so that they would
serve as their own control subjects.
Also, the same operators would image
the same subjects locally and remotely.
For practical and ethical reasons, how-
ever, this condition was not possible.
Furthermore, the work described here
represents a feasibility study that in-
volved a limited number of patients
within a closed institutional network. It
cannot, therefore, address the potential
effect of more long-range or interinsti-
tutional imaging, other than in a specu-
lative way. Such studies remain to be
performed. Nonetheless, the impetus to
develop the tools used in the current
study was to provide specialist operator
availability within a single distributed
institutional network, and we believe
that we have succeeded in this goal.

In conclusion, interactive MR imag-
ing with remote control is feasible in
complex cardiovascular cases, and the
diagnostic quality of the images was at
least as good as that obtained with MR

imaging with local control. It seems
likely that, in time, such functionality
may evolve to provide online support on
a more widespread basis and to help
disseminate advanced imaging tech-
niques, supervision, and training to lo-
cations where they are most needed.

Acknowledgment: Our special thanks to James
Sayre, PhD, University of California at Los

Angeles, for his assistance with statistical
analysis.
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