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Interventional MRI is Expanding
Image-Guided Therapy Through Technology
and Improved Patient Outcomes

The development of interventional magnetic resonance

imaging (iMRI) applications has accelerated in recent years.

iMRI represents more than the evolution of an imaging
modality; it reflects a broader transformation in image-
guided therapy. As minimally invasive procedures become
increasingly precise and personalized, imaging is no longer
merely used to confirm anatomy. Instead, it has become
an active partner throughout the intervention. The ability
to visualize anatomy, monitor therapy, and support

clinical decision-making in real time is redefining how
complex procedures are planned and performed at ease.
Importantly, iMRI is not primarily about improving image
guidance, but rather achieving superior precision and
improved patient outcomes. Ultimately, the success of
every intervention is measured not by the sophistication
of the technology itself, but by its ability to improve clinical
decision-making, increase treatment precision, reduce
complications, preserve healthy tissue, and deliver better
outcomes for patients. These objectives continue to drive
innovation across interventional oncology, neurosurgery,
urology, musculoskeletal interventions, and many other
emerging applications.

The development of iMRI is now being supported by new
innovations from the medical industry that will facilitate
the adoption of this technique tremendously. Attention
has been directed toward systems that combine high-
quality diagnostic imaging with practical interventional
workflow solutions for image-guided procedures. Rather
than requiring dedicated interventional scanners with
limited utilization, modern concepts increasingly focus on
dual-use platforms capable of supporting both routine
diagnostic imaging and advanced therapeutic applications.
The novel MAGNETOM Free.XL' MRI system facilitates
access with its 100 cm wide flared opening and optionally
elevated magnet. It enables more robust imaging of ana-
tomical structures and medical devices with its 0.55T lower-
field strength and XL gradients. Furthermore, the system
has a small footprint and a sealed-for-life dry magnet that
requires just 0.7 liters of helium, allowing installation
without a quench pipe. These engineering innovations
address not only image quality but also accessibility,
ergonomics, installation flexibility, and sustainability,
which are important considerations for hospitals seeking
to integrate iMRI into existing clinical environments.

" The products/features mentioned herein are not commercially available in all countries. Their future availability cannot be guaranteed.
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Together, the innovations help create a practical founda-
tion for expanding MRI-guided interventions beyond highly
specialized academic centers.

However, economically speaking, using an MRI system
solely for interventions might not be realistic for many
centers at first. The future therefore lies in flexible clinical
platforms that are capable of seamlessly transitioning
between diagnostic examinations and interventional
procedures throughout the day. Such versatility allows
institutions to maximize equipment utilization while
simultaneously expanding access to advanced minimally
invasive therapies. A combined use for diagnostics and
interventions seems mandatory. Through strong gradients
and deep learning-based image reconstruction, the
MAGNETOM Free.XL delivers state-of-the-art diagnostic
images of all body regions. Furthermore, the lower field
strength has the potential to reduce metal-related artifacts,
supporting imaging in regions of interest containing metal
implants.? These advances further demonstrate that lower-
field MRI should not simply be viewed as an alternative
field strength, but rather as a platform with unique
physical characteristics that can provide important clinical
advantages in selected patient populations and procedural
workflows.

To facilitate the use of the technique and provide
access to all opportunities in intervention and diagnostics,
the concept of the iMRI Suite was developed, which offers
a turnkey solution. Beyond the scanner itself, successful
implementation of a suite depends on carefully designed
workflows, dedicated room concepts, appropriate medical
devices, multidisciplinary collaboration, and clinical
processes. The development of comprehensive concepts
for an iMRI Suite is therefore an important milestone
on the road to making MRI-guided interventions more
reproducible, scalable, and accessible across diverse
healthcare systems.

This special issue showcases the recently introduced
MAGNETOM Free.XL, the iMRI Suite, and various centers’
experiences with iMRI. Collectively, the contributions
illustrate the technological advances that have been
achieved, as well as the clinical experience, scientific
evidence, and multidisciplinary collaboration that continue
to shape the future of MRI-guided therapy. They demon-
strate that iMRI has evolved from an emerging concept
into a rapidly expanding clinical discipline with growing
global momentum.

The team from Cook Medical and Siemens Healthineers
report on the concept and the core of the iMRI Suite. The
underlying idea is that optimal use of iMRI requires a dedi-
cated setup with appropriate room layout and medical
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devices. The article takes a nuanced look at the needs and
requirements of different users. Ultimately, the structured
development of an iMRI Suite significantly facilitates the
introduction of iMRI into clinical routine through the use
of the MAGNETOM Free. XL for both diagnostic imaging
and interventions. The authors emphasize that successful
implementation depends as much on optimized workflow
and infrastructure as on the imaging technology itself.

In an extensive pictorial article, Jan Brandt and
Michaela Martin demonstrate the high-quality diagnostic
capabilities of the MAGNETOM Free.XL for routine standard-
of-care imaging in various body regions, including cardiac
imaging and the real-time imaging that is essential for
iMRI. The clinical examples demonstrate how deep learn-
ing-based image reconstruction continues to expand the
diagnostic capabilities of modern lower-field MRI.

David Woodrum, et al. outline a development and
growth strategy for iMRI. The paper clearly illustrates the
key pillars of sustainable and scalable development for
a new interventional technique and places them in the
context of the differing expectations of various healthcare
providers. Beyond technology, successful implementation
requires clinical evidence, workflow integration, collabo-
ration, and sustainable adoption strategies.

The occupational biomechanics study led by Steven
Fischer at the University of Waterloo explores the
ergonomic challenges in iMRI. The authors present possi-
bilities for ergonomic simulations of an iMRI workplace
and outline the results of a comparative analysis of a
conventional MRI system versus the MAGNETOM Free. XL,
which has a flared opening, and option-ally elevated
magnet. As iMRI matures, ergonomics is becoming
increasingly important for procedural efficiency, physician
comfort, and clinical adoption.

In a review article, Roberto Cazzato and Afshin Gangi
present the breadth of iMRI procedures and the corre-
sponding benefits. Among other topics, they cover MRI-
guided biopsy, cryoablation, and prostate ablation, as well
as prospects for endovascular applications.

Matthias Fabritius et al. provide insight into a relatively
new form of local ablative therapy: catheter-based brachy-
therapy. Local ablation is achieved here via focal radioabla-
tion using the afterloading technique. To enable the
temporary placement of a radiation source in the body,

a catheter must be inserted under image guidance. Since
all materials used for brachytherapy are available as
MRI-conditional devices, and therapy mostly does not
require general anesthesia, the therapy can be performed
very easily. Targeting small liver lesions obviously benefits
from MRI guidance. Fortunately, room times are generally

2The MRI restrictions (if any) of the metal implant must be considered prior to patient undergoing MRl exam. MR imaging of patients with metallic implants brings
specific risks. However, certain implants are approved by the governing regulatory bodies to be MR conditionally safe. For such implants, the previously mentioned
warning may not be applicable. Please contact the implant manufacturer for the specific conditional information. The conditions for MR safety are the responsibility

of the implant manufacturer, not of Siemens Healthineers.
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short for this procedure. The article describes the proce-
dure and the clinical outcomes of MRI-guided brachy-
therapy for liver lesions. It demonstrates how MRI guidance
can enable highly precise, minimally invasive oncologic
therapies while supporting efficient clinical workflows.

Joe Busch provides excellent insights into the use of
0.55T MRI for both diagnostics and MRI-guided therapy,
as well as MRI therapy monitoring in prostate cancer. The
illustrations nicely demonstrate the use of the lower-field
MAGNETOM Free.Max in diagnostics and therapy. The
article highlights the growing role of MRI as a platform
that supports diagnosis, therapy guidance, and treatment
monitoring within a single clinical workflow.

Lauren Te Molder and Jurgen Fiitterer provide a com-
prehensive overview of innovative localized prostate
therapy using transurethral ultrasound ablation (TULSA).
In addition to technical insights, the authors present the
current state of the data and ongoing study designs.

The article reflects the growing momentum for MRI-guided
focal therapies that aim to preserve organ function while
maintaining oncologic effectiveness.

MAGNETOM Flash (99) 4/2026

Taken together, these contributions reflect the remarkable
breadth of modern iMRI, ranging from ergonomics and
workflow optimization to oncology, focal therapies,
ablation, and emerging treatment concepts. They highlight
a field that is rapidly moving beyond proof-of-concept
studies and toward routine clinical implementation. More
importantly, they demonstrate a shared vision: using MRI
not simply to visualize disease, but also to actively enable
safer, more precise, and more patient-centered therapy.

The future is here... and it's X-ray free!

Max Seidensticker

We appreciate your comments.
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Building the iMRI Suite: An Integrated
Environment for MRI-Guided Interventions

Joshua Krieger!, Peter Simpson', Axel J. Krafft?, Jan Brandt?, Inge M. Brinkmann?

' Cook Medical, Bloomington, IN, USA
2 Siemens Healthineers, Erlangen, Germany

Physicians who want to perform MRI-guided interventions
today still have to assemble the program themselves: the
rooms, the devices, the imaging protocols, and the team.
The iMRI Suite and surrounding services solve this problem
by defining all the components as one integrated environ-
ment. This article describes that environment, what a site
gets when it builds one, and what is needed to move from
a finished room to a working clinical program.

1. Why interventional MRI programs
have been hard to build

Interventional MRI (iMRI) has a history of individual pro-
grams solving the same challenges independently, each
finding workable answers for their institution that are

not fully translatable to another. Access and ergonomics
constrained what the physician could physically do in the
bore (see also the article by Cazzato and Gangi [1]). Room
classification determined which procedures were permitted
in a given space [2]. Teams converted existing diagnostic
rooms successfully, but they still had to build the clinical
workflow themselves through multidisciplinary planning,
mock procedures, and explicit bailout protocols [3]. Assem-
bling and operating a team proved as demanding as any
technical requirement [4]. And device availability and
visibility limited which procedures a program could attempt
atall [5, 6].

8 magnetomworld.siemens-healthineers.com

What held iMRI back from broader adoption was not
clinical imagination, but rather a coordination problem.
Imaging manufacturers, device companies, and clinical
teams each advanced their own piece of the puzzle.
Manufacturers optimized MRI systems for diagnostic
throughput. Device companies built interventional
radiology and interventional cardiology portfolios around
fluoroscopy and CT. Programs that succeeded did so
through individual champions and extraordinary effort,
not through a model that another institution could adopt.

A team at an institution reading the literature could
satisfy itself that MRI-guided biopsy works and still have
no reliable way to determine what its own room would
cost, how large it should be, which of its existing devices
could enter it, or how long the staff would take to become
competent. Those are the questions that decide whether
a program gets funded and ultimately succeeds.

An iMRI Suite has to satisfy a host of interdependent
factors: MR siting rules, interventional room standards,
and both diagnostic and interventional patient workflows
at the same time. An imaging system capable of real-time
guidance does little if the devices it must visualize were
never designed to be seen. A device portfolio and a trained
team produce nothing without a room classified to safely
conduct the procedure. As Fabritius et al. state, without
the multidisciplinary infrastructure in place, the procedure
“cannot be implemented safely and reproducibly.” (see the
article by Fabritius, et al. [7]).
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2. The design thesis

An image guided interventional procedure is when a
physician manipulates a medical device under medical
imaging. Interventional MRI is an interventional procedure
where MRI is the primary imaging modality, and the iMRI
Suite is the holistic environment in which iMRI happens.

It is not a scanner with accessories attached. The capability
to perform the procedure comes from the rooms of the
iMRI Suite, the integrated technology, and the devices as

a whole. Turning that capability into clinical practice is
achieved by enablement, which is layered on top of the
space and the tools. Neither element works alone. A fully
specified room without trained staff produces no cases,
and a trained team without a suitable room has nowhere
to work.

Four elements make up the physical iMRI Suite (Fig. 1):

* The physical rooms: procedure-scaled and classified
against intended clinical use

* The imaging platform: configured for interventional
access rather than diagnostic throughput

* The devices: designed to be both MR-conditional and
MR-visible

* The integration layer: comprising video, displays, and
communications.

Product News

These four elements are activated by a fifth element,
enablement. This comprises device-specific training,
workflow and MR safety procedures written for interven-
tional use, procedure-specific imaging protocols, and
case support during the early and difficult cases.

All five elements are scoped to enable and support
the set of procedures a program intends to perform in year
one and beyond. We call this “clinical-use-based planning.”
It defines room size and class, anesthesia requirements,
the device portfolio, the equipment and accessories, and
the training plan.

The practical difference between an integrated
environment designed around procedures, and an assem-
bled environment shows up in the decisions that a site
no longer has to make. In an assembled program, the
compatibility of the table with the transfer system, the
routing of video through the radiofrequency (RF) barrier,
the MR-conditional status of the ablation generator, and
the position of the anesthesia machine relative to the bore
are all open questions that the institution resolves itself,
usually in sequence and usually after something has
already been ordered. An integrated environment answers
the questions in advance, as interrelated parts of a full
solution. We developed the integrated environment
described in this paper through clinical-use-based planning
for many iMRI Suites.

The iMRI Suite

The four elements of a
physical iMRI Suite, and
the enablement layer.

04 Integration layer video - displays - communications

01 Physical rooms 02 Imaging platform

Procedure-scaled and
classified against
intended clinical use

Configured for
interventional access
rather than diagnostic
throughput

The integration layer binds the three enclosed elements into a single working environment.

03 Devices

Both MR-conditional
and MR-visible

Procedures Protocols
Workflow and MR
safety written for

interventional use

Training
Device-specific,
for the team that
will use it

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Imaging protocols
built per procedure

,,,,,,,,,,,,,,,,,,,,,

Case support

Through the early
and difficult cases

magnetomworld.siemens-healthineers.com 9
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3. What asite is buying

3a. The room

Figure 2 shows a dimensioned layout for a full-featured
Class 2 iMRI Suite. The procedure room occupies 594 sq ft
(55 m?) wall to wall, and the complete suite comes to
1,188 sq ft (110 m?) once the control room, induction
room, and equipment room are included (Table 1). This

is a reference layout and is the starting point for creating
a tailored configuration for each iMRI Suite.

Three design principles organize the space: Sterile
zones establish where the sterile field begins and what
may cross it. Circulation zones establish how staff,
patients, and equipment move without crossing each
other at the wrong moment. Equipment zones establish
where items park when they are not in use and where
they go when they are.

The schematic highlights the elements that determine
the functionality of the room during a case: the clinical
work area beside the table, the anesthesia work area, the
circulation path running from the control room to the head
side of the magnet, storage for MR-specific consumables,
equipment parking for items not in active use, and the
induction, control, and equipment rooms.

Patient transfer happens in the induction area while
the patient is positioned on the detachable patient table
from the MR system.

The design stage simultaneously includes medical
gas access, power distribution, RF shielding adaptations,
and penetration panel locations. This is because each of
these elements is difficult and expensive to change once
construction finishes.

In the United States, the Facility Guidelines Institute’s
(FGI) Guidelines for Design and Construction of Hospitals
provide the design baseline [8]. Three points about FGI are
worth emphasizing:

First, FGI classifies imaging rooms based on safety, not
on specific procedures or clinical specialty. Class 1 rooms
support diagnostic procedures, Class 2 rooms support
diagnostic and therapeutic procedures, and Class 3 rooms
provide OR or hybrid-OR conditions for invasive surgery.
Diagnostic MRI rooms are Class 1. All iMRI Suites are at
least Class 2, and iCMR and advanced vascular configu-
rations are typically Class 3. Each class carries its own

MAGNETOM Flash (99) 4/2026

requirements for room size, layout, in-room power, gas
connections, and minimum airflow.

Second, FGI does not determine which procedure a
given room may host. The ultimate determination belongs
to the healthcare organization and the enforcing authori-
ties, informed by the functional planning and the site’s
infection control risk assessment. A program should classify
the room against the most stringent procedure it plans to
perform, which means planning now for a site’s projected
case mix, rather than for its year-one case mix.

Third, the FGI and the American College of Radiology’s
guidance on MRI safety are necessary but not sufficient.
Neither addresses the iMRI environment specifically.
Airflow rates, equipment clearances, and medical gas
specifications written for fluoroscopy suites have to be
applied in a context those documents did not anticipate,

)

Example of a full-featured Class 2 iMRI Suite with procedure room,
control room, induction room, and equipment room.

Configuration Procedure room

Support spaces Total

Compact: percutaneous guidance and

2
diagnostic imaging 408 5q ft (38 m?)

362 sq ft (34 m?) 770 sq ft (72 m?)

Full-featured Class 2, (shown in Fig. 2) 594 sq ft (55 m?)

594 sq ft (55 m?) 1,188 sq ft (110 m?)

Class 3, iCMR-capable 690 sq ft (64 m?)

594 sq ft (55 m?) 1,284 sq ft (119 m?)

Table 1: iMRI Suite areas by configuration, wall to wall.

10 magnetomworld.siemens-healthineers.com
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and most MR siting requirements look only at MRI perfor-
mance requirements. In our experience, rooms built for
diagnostic MRI frequently do not meet interventional
room requirements and may need modification before
procedural use. Retrofitting a diagnostic room to meet
those requirements is often more complex and more
costly than building to them from the outset.

Table 1 shows the iMRI Suite from Figure 2, along
with the configurations on either side of it. Notice how
both the procedure room and the support spaces scale
to enable smooth clinical workflows and sufficient space
for each stage of a procedure.

The Class 3 suite has a larger procedure room, but area
is not the most important difference between a Class 2
and a Class 3 suite. Ventilation, power isolation, room
layout, and proximity to recovery and bailout spaces carry
more weight than square footage, which is why we have
designed Class 3 rebuilds on nearly the same footprint
as the room in Figure 2.

3b. The imaging platform

The MAGNETOM Free . XL specifications, including the
100 cm flared opening, the DryCool technology, the XL
gradients, Deep Resolve reconstruction, myNeedle Guide,
and the Nexaris Dockable Table are described by Brandt

in the article on MAGNETOM Free.XL [9]. Three properties
matter procedurally:

Real-time interaction supplements step-and-shoot
acquisition. The physician sees device advancement, tissue
response, and anatomical landmarks continuously rather
than through the pause-acquire-assess cycle of earlier iMRI
approaches. This compressed feedback loop is what makes
iMRI procedurally practical, and it lowers the barrier to
adoption more than any single hardware specification.

The physician keeps access to the patient throughout
the case. The large bore geometry, patient position,
coil placement, and table design collectively determine
whether the physician can hold a target trajectory, manip-
ulate devices, preserve sterility, observe the patient,
and coordinate with nursing, anesthesia, and the MR
technologist [2, 3, 10, 11].

The field strength involves a deliberate and limited
tradeoff. Imaging at 0.55T may reduce susceptibility-
related distortion and RF deposition, and may lower
heating for some conductive devices, potentially broaden-
ing the range of devices that are MR-conditional at 0.55T.
The cost is a lower intrinsic signal-to-noise ratio. Gradient
performance, coil design, acquisition, and reconstruction
recover signal [12].

Between interventional cases, the same system per-
forms routine diagnostic imaging. The dual use means
that the number of different procedures can grow, with
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no need to dedicate the scanner to intervention from day
one. This materially changes the business case for institu-
tions building their first program.

3c. The devices

MR-conditional and MR-visible are different properties, and
interventional use requires both. A device can be entirely
safe but still unusable for guidance.

MR-conditional describes the conditions under which
a device is safe to use in a specified MR environment.

It says nothing about whether the physician can see the
device. MR-visible means the device produces a discernible,
reliable signal artifact under imaging, one that lets the
physician identify the device, track it in motion, and navi-
gate it to the target.

Both properties are scarce in the existing interven-
tional inventory. Many standard interventional radiology
(IR) devices are not MR-conditional at 0.55T. Very few were
built for MR visibility, because manufacturers built most of
them for fluoroscopy, where visibility comes from radiopac-
ity rather than from signal behavior. A program therefore
cannot assemble an iMRI device portfolio by filtering its
existing catalog. The iMRI device portfolio has to be built.

A device also has to offer sufficient clinical perfor-
mance. It must be mechanically appropriate for the
procedure, safely usable under its labeled conditions, and
visible enough for controlled navigation without causing
an artifact so large that it obscures the target. Those
requirements all pull against each other, and resolving
them is a primary design challenge rather than a materials
substitution exercise.

Cook Medical’s interventional needle portfolio is
purpose-designed for in-bore use, is MR-conditional
at the relevant field strength, and is optimized for MR
visibility (Fig. 3). Each device must be used only under
the conditions specified in its labeling, and MR-conditional
status does not necessarily carry across field strengths,
sequences, orientations, or procedures.

3d. Technology integration

For iMRI, a wide range of MR-conditional equipment must
be available in the procedure room. The list is longer than
new iMRI sites expect, covering patient monitors, anesthe-
sia machines and ventilators, infusion pumps, ultrasound
systems, ablation generators and effectors, procedural
lighting, accessory furniture, cameras, boom arms, and
display monitors. The versions of these used in fluoroscopy
suites and cath labs will need to be replaced by MR-condi-
tional versions, and each has to be sourced, evaluated,
and integrated into the suite [13]. Therapy systems need
the same scrutiny: Microwave, laser, and cryoablation
each require MR-conditional generators, effectors, and

"The products/features mentioned herein are not commercially available in all countries. Their future availability cannot be guaranteed.
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monitoring arrangements, with delivery protocols adapted
to the MR environment.

In addition to MR-appropriate clinical equipment,
the iMRI Suite needs communication and integration
technology built for the way iMRI teams work. Getting the
right information to the right person at the right moment
matters as much as imaging performance.

During a case, the physician, scrub nurse, MR tech-
nologist, and anesthesiologist may stand in different parts
of the procedure room or work in different rooms and
focus on different tasks. Seamless communication across
this team is central to effective procedures. This means
each iMRI Suite must have an audio communications
system with low-profile, high-fidelity headsets for in-room
coordination and hearing protection, with continuous
audio between the procedure room and the control room.

Visual information across the iMRI Suite should do
more than duplicate the MR console to the intervention-
alist. Our room integration system captures every video
source in the iMRI Suite and routes images to the appro-
priate displays to provide task-specific information and
clinical context to the full team. It also supports remote
case assistance with video and audio during live proce-
dures, and enables iMRI education as the program
matures. This means designing in-room cameras, video
capture from patient monitoring and treatment systems,
in-room displays, control room displays, and audio inte-
gration from the start. Figure 4 shows this technology
installed and operating at the Cook Medical iMRI Suite in
West Lafayette, Indiana, USA.

With iMRI, it is possible to extract information that
is not available under fluoroscopy or CT. These include
thermometry for real-time progress monitoring during
ablation, and pressure-volume assessment for cardiac
hemodynamics. A robust room integration system should
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interventional
needle portfolio.

Some products or part
numbers may not be
available in all markets.

capture these results and make the data visible to the
whole care team.

Anesthesia requires its own iMRI adaptation. Beyond
MR-conditional anesthesia machines and patient monitors,
the physical relationship between the provider and the
patient is different than in a standard operating room.

The work splits between in-room delivery and remote
monitoring and control. Equipment selection and space
design inside and outside the procedure room must be
adapted to this dual-location workflow.

4. Making it work clinically:
The enablement layer

A fully built and equipped iMRI space is not an operational
iMRI Suite. The rooms, the platform, the devices, and the
integrating technology create capability. Enablement,
which means establishing iMRI clinical methods and train-
ing the team to run them, converts that capability into
practice.

This is the implementation point at which programs
most often stall, and the reason is usually structural rather
than clinical. Too often, sites treat enablement as commis-
sioning: a week of training at handover, after which the
team is expected to be competent. Our lead sites show
otherwise. Enablement works as a parallel workstream
that begins during design and continues past the first
several months of cases. Planned that way, it has four
distinct foci, each with its own deliverables, owners, and
completion criteria.

Device-specific training: MR-visible disposables are
the procedural foundation. They are consumed with each
case and are different from their traditional IR analogs. The
site-specific device portfolio follows from clinical use-based
planning: A needle-based oncology program draws on
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MR-compatible biopsy and ablation systems, while a
cardiovascular program requires MR-visible guidewires,
catheters, and sheaths.

Physicians, nurses, and MR technologists each need
training on those devices before first use. This is because
the devices handle differently from their fluoroscopy
equivalents; more importantly, they appear differently on
imaging. A physician reading the device position from an
MR-visible artifact rather than from a radiopaque shadow is
interpreting a signal whose size and shape change with the
sequence, orientation, and field strength. That interpre-
tation is a learned skill, not a property of the device, and
the way to learn it is on a phantom, not a patient.

Workflow and MR-safety procedures written for
interventional use: Interventional standard operating pro-
cedures (SOPs) have to address screening under procedural
conditions, patient transport and transfer, sterile setup
within the magnet environment, equipment zone manage-
ment, emergency response, including removing the
patient from the magnet room, and conversion to another
modality if the case requires it. The multidisciplinary core
team writes each of those procedures, rehearses them
in full-scale mock-ups, and revises them afterward. This
is because mock-ups reliably surface constraints that
a written procedure does not anticipate.

The MR technologist’s role changes most. In diagnostic
practice, the MR tech manages patient safety and imaging
protocols for a scheduled examination. In the iMRI Suite,
their role expands to active clinical coordination during
a live procedure, real-time protocol adjustment in response
to what the interventionalist needs to see next, oversight
of the Zone 4 boundary as staff and items enter and leave,
and oversight of a safety environment considerably more
complex than for a diagnostic scan. This is a different job
from the diagnostic one. Define it in a written role descrip-
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n The Cook Medical iMRI
Suite in West Lafayette,
showing installed video,
display, and communica-
tions technology.

tion, staff it deliberately, and name the individuals who will
own it before the room is finished, so that their training
runs in parallel with construction rather than after it.

Procedure-specific imaging protocols: Generic
diagnostic sequences are not sufficient for interventional
guidance. Diagnostic characterization, navigation, device-
tip confirmation, MR-based treatment monitoring, and
post-treatment assessment all require a different balance
of spatial resolution, temporal resolution, soft-tissue con-
trast, and artifact behavior, and a program moves between
those states several times within a single case. The imag-
ing team and the clinical operators build protocols together
for the anatomical area, the procedure type, and the
patient habitus, then refine them as the case mix evolves.

Case support through the early cases: Historically,
programs were less likely to stall because of equipment
inadequacy than because of structured support being
absent when the team needed it. When support extends
through the early cases, including remote assistance
during live procedures, it builds clinical confidence when
confidence is scarcest and reduces variability as volume
grows. Programs with experienced case support from the
outset achieve stable, self-sustaining operation materially
faster than programs without it.

The evidence showing that structured support changes
clinical performance is stronger than it usually gets credit
for, and none of it depends on new hardware. In prostate
MRI, central review and protocol feedback in the PRIME
trial raised the proportion of scanners achieving a Prostate
Imaging Quality (PI-QUAL) score of 5 from 32% to 97%
[14]. In focal prostate therapy, the 21.7% five-year salvage
rate reported in the TACT pivotal trial of TULSA is attributed
in part to early operator experience rather than to any
change in the device [15]. Both findings point in the same
direction: In image-guided practice, a substantial share
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of the performance gap between centers comes from
practical guidance rather than from equipment, which is
why sustained case support belongs in the program plan.

5. What iMRI enables,
procedure by procedure

iMRI is an additional interventional modality, taking its
place beside CT-, ultrasound-, and fluoroscopy-guided
intervention. Where iMRI merely duplicates another
modality, it is not a compelling choice over mature inter-
ventional methods. For instance, MRI-guided procedures
have run longer than their CT equivalents [16]. MRI-guided
intervention is compelling when the information it
provides changes target selection, trajectory planning,
device placement, treatment control, or confirmation.

The list of such applications is growing.

Biopsy of small lesions: In focal liver lesions smaller
than 20 mm, MRI-guided freehand biopsy achieved 96%
clinical success against 74% for CT guidance, with a
complication rate of 0% against 13% [16]. For a high-
volume procedure performed in most health systems,
that difference is clinically and operationally significant.
iMRI can guide biopsies of sub-centimeter lesions that are
ambiguous or invisible under CT, enabling biopsies earlier
than previously possible, particularly in the liver and the
prostate, where MRI is already the diagnostic standard.

Thermometry-monitored ablation: Real-time MR
thermometry gives the status of the evolving ablation zone
during the case, rather than confirming a completed zone
at the end [17]. The proceduralist can identify incomplete
coverage early, adapt treatment during the procedure,
and monitor thermal exposure of adjacent structures
through quantitative temperature mapping, a capability
not routinely available with conventional CT- or US-guided
ablation [18].

Prostate targeting and focal therapy: MRI-guided
prostate intervention uses MRI for lesion targeting, device
placement, thermometry, and post-treatment assessment,
while MRI-ultrasound fusion is useful when direct in-bore
intervention is impractical [19]. This application area has
the deepest sustained clinical experience.

Vascular malformations: MRI-guided treatment of
low-flow vascular malformations with freehand targeting
using a Cook MReye needle [6] demonstrates clinical
efficacy using a commercially available device portfolio
in routine iMRI practice.

Cardiovascular, including congenital and pediatric:
MRI guidance simultaneously shows cardiac anatomy,
catheter position, and hemodynamic response, without
ionizing radiation. This matters most in patients facing
repeated catheterization for chronic disease [4, 5]. The
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limiting factors are device availability and training, rather
than imaging capability.

Musculoskeletal: Soft-tissue masses with poor conspi-
cuity under ultrasound or CT, perineural tumors, and lesions
in anatomically complex regions benefit in ways that parallel
the liver and prostate experience. As MRI-guided ablation
portfolios expand, this application set is likely to grow.

iMRI may broaden access to image-guided procedures
for patient populations for whom radiation-based guidance
may be less desirable, including: pediatric patients, patients
requiring repeated interventions for chronic disease man-
agement, and those for whom cumulative radiation expo-
sure is a particular concern. For some of these patients, the
question is not whether the procedure is better under iMRI.
It is whether they could even access the procedure under
an alternative, radiation-dependent modality.

6. Getting started

Experience shows that successful iMRI implementation
occurs in steps, and the sequence is consistent across
multiple examples [3, 4]:

* Select one or two procedures where MRI guidance
offers a clear advantage and where the team already
has volume and expertise.

Name a clinical champion and assemble a core team
spanning the procedural specialty, MR services,
technologists, nursing, anesthesia, MR safety or

physics, infection prevention, biomedical engineering,
and facilities.

Decide on the physical location and equipment: whether
an existing diagnostic space can be adapted, or whether
the program needs a new Class 2 or Class 3 environ-
ment. Design the suite and select the MR-conditional
equipment that supports the planned procedures and
enables the team.

Develop procedure-specific imaging protocols that
balance device visibility, temporal resolution, and image
quality. Run full team mock-ups and dry runs with the
actual equipment before the first patient. Define explicit
go/no-go and bailout criteria, and measure safety and
workflow from the first case. Where resources are
constrained, sequential MRI-augmented workflows

or an emphasis on lower-complexity cases will build
shared experience as a lead-up to more complex
real-time interventions [4].

7. Conclusion

Interventional MRI has reached a level of maturity which
allows to implement a comprehensive iMRI Suite. Cook
Medical's research suite in West Lafayette, Indiana, USA,
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operates the configuration described in this article with
a MAGNETOM Free.XL installed, and it is where we vali-
dated the design against an actual procedural workflow.
Market availability will follow the regulatory approval

of the imaging platform. In the European Union, where
MAGNETOM Free.XL is on the market, the complete iMRI
Suite is available now. In the United States, the iMRI
Suite will become commercially available on release

of MAGNETOM Free.XL. Regulatory status, product con-
figuration, and availability vary by jurisdiction.

All of this begins with a conversation about which
procedures a program intends to perform, for which
patients, and on what timeline. Every other decision
described in this article follows from those answers.
Cook Medical and Siemens Healthineers support the
process from that first conversation, through the first
case, and beyond.
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MAGNETOM Free.XL as a Strategic System
for Diagnostic Imaging and MRI-Guided

Interventions

Jan-M. Brandt, Ph.D.; Michaela Martin, BSc (Medical Radiations) PGc (MRI)

Siemens Healthineers, Erlangen, Germany

Abstract

Magnetic resonance imaging (MRI) is increasingly expected
to support not only diagnosis but also treatment planning,
procedural guidance, therapy monitoring, and longitudinal
patient follow-up. This evolution is particularly apparent in
oncology, neurology, cardiovascular medicine, women's
and men’s health, and image-guided interventions, where
diagnostic imaging has become an integral component
for clinical decision making for physicians throughout the
patient journey. Hence, features such as patient access,
workflow integration, procedural usability, and patient
experience are becoming more relevant for healthcare
providers. Recent advances in gradient performance,
acquisition strategies, and deep-learning-based image
reconstruction have renewed interest in lower-field MRI.

Contemporary 0.55T systems have demonstrated diag-
nostic image quality across a broad range of neurological,
musculoskeletal, abdominal, pelvic, and cardiovascular
applications. At the same time, wide-bore system designs
may facilitate access for image-guided procedures [2, 4-6].
In particular, the MAGNETOM Free.XL system (Siemens
Healthineers, Erlangen, Germany) is a platform designed
around these emerging clinical requirements. By combin-
ing modern lower-field imaging capabilities with a 100 cm
flared bore and a workflow-oriented design approach,

the system seeks to bridge diagnostic imaging and image-
guided intervention. This article explores the clinical
rationale for such a platform.

The products/features mentioned herein are not commercially available in all countries. Their future availability cannot be guaranteed.
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n The MAGNETOM Free.XL system showing the 100 cm flared bore (1A) and the importance of patience access (1B).
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Introduction

For much of its history, magnetic resonance imaging
(MRI) has been evaluated primarily through the lens of
diagnostic performance. Technological innovation focused
on improving image quality through higher magnetic
field strengths, faster acquisitions, stronger gradients, and
sophisticated coils. Clinical success was largely measured
by signal-to-noise ratio, spatial resolution, and diagnostic
confidence. Today, however, the role of MRI is changing.
Across multiple clinical disciplines, imaging has become
deeply integrated into treatment planning, procedural
guidance, therapy assessment, and longitudinal disease
monitoring. In interventional oncology, MRI provides imag-
ing information to support clinical assessment throughout
the patient pathway, from diagnosis through follow-up,
when interpreted by a healthcare professional. In neurol-
ogy, it supports not only disease characterization but also
emerging image-guided therapies. In cardiovascular care,
MRI combines structural, functional, and tissue characteri-
zation capabilities. Similarly, image-guided interventions
rely on MRI to provide precise soft-tissue visualization
without exposure to ionizing radiation [1-6].

For many years, MRI development was largely asso-
ciated with increasing magnetic field strength. While
higher-field systems continue to provide important advan-
tages for selected applications, advances in hardware
and software have fundamentally changed the capabilities
of modern lower-field MRI. Recent developments in gradi-
ent technology, accelerated acquisition techniques, and
deep-learning reconstruction (i.e., Deep Resolve) have
enabled contemporary 0.55T systems to achieve diagnostic
image quality across a broad spectrum of clinical applica-
tions. Emerging evidence demonstrates the feasibility
of routine neurological imaging, body imaging, musculo-
skeletal imaging, and cardiovascular applications at lower-
field strengths, while also highlighting unique opportunities
created by the underlying physics [2, 7-17]. Lower field
strengths are associated with reduced susceptibility effects
and decreased image distortion around metallic implants
and devices, especially in musculoskeletal imaging. These
characteristics may be advantageous in clinical situations
involving implants and interventional devices. Furthermore,
lower field strengths can provide favorable imaging condi-
tions in environments where procedural flexibility and
device compatibility are important considerations. The
renewed interest in lower-field MRI therefore reflects more
than a technical discussion about image quality; it reflects
a broader recognition that future MRI platforms should
consider not only diagnostic imaging performance but also
accessibility, workflow integration, procedural usability, and
adaptability to emerging therapeutic applications [18-26].

Product News

As healthcare systems move toward integrated and out-
come-oriented care, imaging technologies are expected

to contribute throughout the care pathway rather than at
individual diagnostic time points. Consequently, clinicians
are not only evaluating MRI systems by image quality,

but also by the systems’ ability to support broader clinical
workflows and therapeutic strategies. This article illustrates
the key features and diagnostic imaging capabilities of
MAGNETOM Free.XL to demonstrate how this lower-field
MRI system unlocks greater workflow potential. In this
context, in-bore patient access, procedural usability, and
workflow integration become strategic attributes alongside
state-of-the-art metrics of imaging performance.

Accessibility as a clinical enabler

As MRI becomes more integrated into therapeutic path-
ways, physical access to the patient receives greater impor-
tance. Conventional MRI systems were primarily optimized
for image acquisition where a 70 cm bore diameter was
sufficient. Procedural interaction with the patient was
therefore not necessarily a primary design consideration.
However, larger MRI bores require substantially more
energy because a larger magnetic field volume is needed
to maintain field homogeneity across the larger bore
volume. The emergence of MRI-guided therapies creates
new clinical requirements: Physicians must maintain access
for patient positioning, device manipulation, treatment
delivery, monitoring, and anesthesia support. Procedural
success may depend not only on image quality but also

on the practical ability to work effectively around the
patient within the imaging environment. Studies show
that modern lower-field systems with 80 cm bores have
reported favorable patient perceptions related to bore size,
reduced acoustic burden, and overall examination toler-
ance when compared with conventional systems [4, 6].
These findings are clinically relevant because the patient’s
experience influences examination compliance, through-
put, and access to MRI-based care. MAGNETOM Free. XL
addresses and further advances these considerations

with its 100 cm flared bore architecture that is designed

to increase the usable working space around the patient
(Fig. 1). While accessibility alone does not determine
clinical value, it may facilitate positioning, improve proce-
dural ergonomics, simplify integration of ancillary equip-
ment, and potentially support future therapy-oriented
workflows. Besides that, MAGNETOM Free.XL is part of the
MAGNETOM Free. Platform. As such, it features a sealed-
for-life, quench-pipe-free magnet design that requires only
0.7 liters of liquid helium, and it has a smaller footprint
and lower weight. The system is further equipped with the
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Nexaris Dockable Table to streamline patient positioning
and transfer during image-guided interventions. Integrated
within the multimodality Nexaris Therapy Suites, the
Nexaris Dockable Table enables seamless workflows across
MRI, CT, angiography, and intraoperative MRI.

Neurological imaging and beyond

Brain imaging is one of the most frequently performed
MRI examinations. Accurate diagnosis and longitudinal
monitoring require high-quality visualization of anatomy,
pathology, treatment effects, and disease progression.
MRI has therefore become indispensable throughout neu-
rological care pathways (Fig. 2). Advances in acquisition
and reconstruction techniques have enabled modern
lower-field MRI to support a broad range of neurological

T1 TSE Deep Resolve
0.3x0.3x5.0mm3
TA 2:40 min

T1 TSE Deep Resolve
0.3x0.3x5.0mm3
TA 2:14 min

T2 FLAIR SPACE Deep Resolve
0.6 x 0.6 x 1.0 mm?
TA 4:25 min
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examinations while maintaining workflow compatibility
within routine clinical environments [1]. At the same
time, neurological treatment strategies are evolving.
Image-guided interventions, minimally invasive therapies,
focused ultrasound procedures, and thermal treatment
techniques rely on imaging before, during, and after the
intervention. In these settings, MRI is expected to support
the treating physician in therapeutic decision-making,
procedural planning, treatment delivery, and patient
follow-up. The growing integration of imaging and inter-
vention suggests that future neurological MRI systems
may be evaluated not only by their ability to characterize
disease but also by their ability to facilitate emerging
treatment pathways, such as high-focused ultrasound
and stereotactic therapy to name only a few [6-9].

T2 TSE Deep Resolve
0.3x0.3x5.0mm?
TA 1:33 min

SN/

)

DWI b1000 Deep Resolve TOF
0.7 x 0.7 x 5.0 mm?
TA 2:35 min

0.6 mm?3
TA 4:40 min

Routine brain imaging demonstrates that the scan times and imaging parameters meet the standard of care.
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Body imaging and precision medicine

Body MRI has become an essential component of modern
oncology and precision medicine. Applications in prostate
cancer, liver disease, renal lesions, and pelvic disorders
support treatment selection, procedural planning, and
long-term patient management. The role of MRI in men's

T2 HASTE Deep Resolve
0.7 x 0.7 x 6.0 mm3
TA 2 x 15 s breath-holds

T2 TSE Deep Resolve
0.7 x0.7 x 6.0 mm3
TA 3 x 11 s breath-holds

T2 TSE Deep Resolve
0.4 x 0.4 x 3.0 mm3
TA 3:55 min

T2 HASTE Deep Resolve
0.7 x 0.7 x 6.0 mm?
TA 2 x 15 s breath-holds

T2 HASTE FAT SAT Deep Resolve
0.7 x0.7 x 6.0 mm?
TA 2 x 15 s breath-holds

T2 TSE Deep Resolve
0.4 x 0.4 x 3.0 mm3
TA 3:55 min
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health continues to expand, supporting prostate lesion
detection, risk stratification, biopsy guidance, treatment
planning, and surveillance [3, 7, 10, 11, 12]. This evolution
is particularly important because prostate MRI supports
diagnosis and during interventional procedures (Fig. 3).

DWI b800 Deep Resolve
1.5x 1.5 x 6.0 mm?
TA 4:47 min

DWI b800 Deep Resolve
1.5x 1.5x 6.0 mm?
TA 4:47 min

DWI b800 Deep Resolve
1.0x 1.0 x 3.0 mm?
TA 6:17 min

MAGNETOM Free.XL supports diagnostic imaging and selected abdominal workflows.
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T2 TSE Deep Resolve
0.4 x 0.4 x 4.0 mm3
TA 3:40 min

T2 TSE TRA Deep Resolve
0.4 x0.4 x 4.0 mm?
TA 3:41 min
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DWI b800 Deep Resolve
1.1x 1.1 x 4.0 mm?
TA 5:47 min

n MRI in women's pelvic health can support disease mapping, treatment planning, and follow-up in endometriosis and uterine fibroid care.

Recent work has demonstrated the clinical feasibility of
MRI-guided in-bore prostate biopsy at 0.55T, illustrating
how modern lower-field MRI can contribute to image-
guided interventions [4, 7, 8]. Similarly, MRI has become
indispensable in liver imaging, where its ability to charac-
terize focal lesions and diffuse disease influences therapeutic
decision-making across a broad range of clinical scenarios
[12]. MAGNETOM Free.XL may therefore enable new
opportunities for supporting complex oncologic workflows.

Women'’s health and pelvic imaging

In women'’s health, MRl is integrated into comprehensive
care pathways for conditions requiring detailed soft-tissue
characterization, such as deep infiltrating endometriosis,
adenomyosis, and gynecologic malignancies [19, 20]

(Fig. 4). Beyond diagnosis, MRI contributes to treatment
planning and assessment, particularly as minimally inva-
sive therapeutic approaches continue to expand. Image-
guided ablation techniques have already demonstrated
feasibility in selected endometriosis-related applications,
illustrating how advanced imaging can become integrated
into therapeutic workflows [17]. These developments align
with a broader trend in which imaging technologies are
expected to support clinical decision-making across the
entire treatment continuum rather than solely during
initial diagnosis.

A similar trend is evident in breast imaging, where MRI
is an established pillar of comprehensive care. Leveraging
high tissue contrast, MRI enables precise lesion detection,
staging, and monitoring, particularly in women with dense
breast tissue or in high-risk screening cohorts [22, 23]. The
American College of Radiology Appropriateness Criteria
recommend breast MRI for high-risk women and selected
women with dense breast tissue, reflecting established
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T1 VIBE Deep Resolve
0.5x 0.5 x 1.0 mm?
TA 1:04 min

T1 VIBE Dixon Deep Resolve
0.6 x 0.6 x 1.2 mm3
TA 1:02 min

H Breast images of high soft-tissue contrast for lesion assessment
and visualization of breast, chest wall, and axillary anatomy, using
T1 VIBE and T1 VIBE Dixon, both with Deep Resolve.
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evidence that MRI provides superior sensitivity for early
breast cancer detection compared with mammography
alone in these populations [24] (Fig. 5).

Musculoskeletal imaging

In musculoskeletal MRI, system performance is best
reflected by the ability to depict both fine anatomy and
clinically relevant pathology with diagnostic confidence.
Representative examinations should provide clear assess-
ment of cartilage, menisci, ligaments, tendons, muscle,
and marrow, as well as abnormalities such as edema,
osteochondral injury, occult fracture, and soft-tissue
lesions. MAGNETOM Free.XL is of interest in this context
because contemporary 0.55T MRI systems (i.e., MAGNETOM
Free.Max) with deep-learning reconstruction have demon-
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strated diagnostic image quality for routine knee imaging,
while the lower field strength may reduce metal-related
artifacts (Fig. 6) [2, 3, 4, 18]. MRI-guided interventions in
musculoskeletal cases have been shown to deliver standard
of care in nerve root infiltration therapy, but with higher
soft-tissue contrast than CT imaging [25].

Cardiovascular imaging

Cardiovascular MRl and MRI-guided interventions are
among the most technically demanding applications for
diagnostic imaging. However, they are highly clinically
valuable because they provide comprehensive assessment
of cardiac characteristics without exposing patients to
ionizing radiation [2, 15]. This radiation-free imaging

is particularly important for pediatric patients and for

n Images that support
confident assessment

of joint anatomy and
potential pathology (e.g.,
6D) in a patient with
bilateral hip replacement.

PD FS TSE Deep Resolve PD FS TSE Deep Resolve

0.3x0.3x3.0mm?
TA 2:48 min

T1 TSE Deep Resolve
0.3x0.3x3.0mm?
TA: 3:36 min

0.3x0.3x3.0mm3
TA 3:25 min

PD TSE Deep Resolve
0.5 x 0.5 x 3.0 mm3
TA: 3:10 min
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individuals who require repeated follow-up examinations,
for whom cumulative radiation exposure is a significant
concern. Lower-field cardiac MRI has recently attracted
renewed interest because lower field strengths may offer
several intrinsic advantages for cine and blood flow imag-
ing (Fig. 7). For patients with implants, lower-field MRI can
reduce artifacts. These advantages also support MRI-guided
cardiac interventions, where accurate real-time imaging is
critical for catheter movement and procedural success.

T2 TSE dark blood Deep Resolve
6 mm
TA10s

Cine segmented CS Deep Resolve
1.0 x 1.0 x 6.0 mm?
TA10s
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Interventions with real-time imaging

MAGNETOM Free.XL combines the inherent advantages of
0.55T MRI with high-performance “XL gradients” (59 mT/m
at 277 TImis slew rate [along single axis 34 mT/m at

160 T/mls]), Deep Resolve, and a patient-centered flared
bore design, creating a system that balances image quality,
patient accessibility, and workflow efficiency. Strong
gradient performance plays a central role by enabling
faster spatial encoding, shorter acquisition times, and

4D Flow retro
2.5%x2.5x%x2.5mm?
TA12s

Temporal resolution 38.2 ms

Various contrasts show that cardiac imaging with MAGNETOM Free.XL can be routine. (7A) T2 TSE dark blood with Deep Resolve, (7B) Cine
with Compressed Sensing and Deep Resolve, (7C) 4D Flow velocity-encoded blood-flow information.

BEAT interactive (TrueFISP)
1.8x1.8x7.0mm?3
TA 430 ms/frame
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n Real-time imaging
guidance with BEAT
interactive (TrueFISP
contrast) sequence
during a needle biopsy
of a lymphatic lesion
in the abdomen.
Images courtesy of
Matthias May, M.D.,
EBIR; Universitdts-
klinikum Erlangen,
Friedrich-Alexander-
Universitdt Erlangen-
Niirnberg, Erlangen,
Germany.
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improved temporal resolution, which are essential for
real-time imaging during percutaneous needle-guided
and catheter-guided interventions. The XL gradients
enhance temporal resolution by significantly compressing
the acquisition time, resulting in a higher fame rate
[1,5-7,17, 19]. This integration means that MRI can
support targeting, verification, intervention, and follow-
up, within a single environment (Fig. 8).

Discussion

The future of MRI will ultimately be defined less by mag-
netic field strength and more by its ability to integrate

into patient care pathways. Healthcare systems increasingly
seek technologies that support diagnosis, treatment
planning, intervention, therapy monitoring, and longitu-
dinal follow-up within a unified clinical framework [26].
This transformation is already visible across oncology,
neurology, cardiovascular medicine, women'’s health,

and interventional radiology. As imaging becomes progres-
sively more essential for intervention, MRI systems must
provide not only diagnostic performance but also accessi-
bility, workflow flexibility, and procedural adaptability.

The MAGNETOM Free. XL system reflects this evolving para-
digm. Its significance lies not simply in operating at 0.55T,
but also in combining excellent diagnostic imaging that
meets the standard of care with a platform designed
around patient access, procedural usability, workflow, and
convenient institutional integration. Such characteristics
are becoming more important as MRI-guided interventions
continue to expand across multiple clinical disciplines.
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Introduction

In modern healthcare, the success of new technology
depends on far more than just hardware. Even highly capa-
ble systems can underperform when implementation is not
supported by the clinical, operational, and organizational
structures needed for routine use. This is especially true in
complex environments such as interventional MRI (iMRI),
which sits at the intersection of imaging, intervention,
surgery, anesthesia, nursing, and hospital operations [1].
Its value is realized only when these domains are aligned.
Adoption must therefore be treated as a system-level
challenge, requiring coordinated workflows, embedded
safety standards, clear roles, consistent case selection,
protected training time, and institutional confidence to
move from isolated early cases to reliable routine practice.
Traditional implementation models often emphasize
installation, initial training, and application support, while
broader adoption barriers such as staffing variability,
fragmented protocols, weak governance, and uncertainty
around long-term economic sustainability remain largely
unresolved [2-5]. The result is a gap between installation
and real-world utilization. The Framework for Growth (FFG)
was developed to close that gap by providing a structured
pathway that supports iMRI adoption beyond launch and
guides programs toward long-term clinical maturity.

The Framework for Growth

The Framework for Growth is an end-to-end enable-
ment approach, jointly delivered by Cook Medical and
Siemens Healthineers, designed to support hospitals and
clinical teams throughout the life cycle of iMRI adoption.
Rather than positioning training as a one-time interven-
tion, it treats implementation as a staged process in which
capability is built, reinforced, standardized, and expanded
over time.

The framework recognizes that clinical adoption
relies on five interdependent dimensions: strategic readi-
ness, technical and workflow integration, education and
competency development, ongoing support, and planned
expansion. These dimensions are captured in five pillars:

Enable, Integrate, Educate, Support, and Expand (Fig. 1).
Together, these pillars establish the conditions necessary
for a site not only to start using iMRI, but to use it consis-
tently, safely, and with increasing confidence.

A central distinction of the framework is that it shifts
the conversation from training to capability-building. Train-
ing is necessary but not sufficient; attending educational
sessions does not necessarily translate into readiness for
independent clinical execution. Capability-building requires
tangible outputs and measurable progress: clearly defined
team roles, site-specific protocols, readiness milestones,
workflow maps, safety checklists, competency signoffs,
escalation pathways, and criteria for progression toward
more advanced case complexity. By embedding these
outputs into implementation, the framework creates
transparency and accountability while giving institutions
practical tools for repeatable performance, particularly
in environments where staff rotate, schedules are con-
strained, and local processes evolve over time.

The Framework for Growth showing the five interdependent
pillars that structure iMRI adoption from readiness to expansion.
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The five pillars

1. Enable

The first pillar focuses on establishing strategic and opera-
tional readiness. Before a program can succeed clinically,
it must be grounded in a clear institutional vision, aligned
stakeholder expectations, and a feasible operating model.
This includes defining the intended clinical scope, assess-
ing patient pathways, aligning internal decision-makers,
evaluating business and reimbursement considerations,
and planning the physical and organizational environment
in which iMRI will be used. This stage moves sites from
aspiration to preparedness.

2. Integrate

Successful iMRI programs depend on seamless integration
across systems, devices, workflows, and people. Integra-
tion extends beyond the MRI scanner itself to include
procedural tools, third-party equipment, room logistics,
communication pathways, and interactions between
departments. The objective is a coordinated clinical eco-
system rather than a technically capable but operationally
fragmented environment, allowing clinical teams to move
confidently through setup, imaging, intervention, and
post-procedural processes without avoidable disruption
or ambiguity.

3. Educate

Education within the framework is role-based, practical,
and progressive. It is designed to both transfer knowledge
and build applied competence across the multidisciplinary
team, covering MRI safety, procedural workflow, applica-
tion use, room behavior, setup expectations, and team-
specific responsibilities. Education extends beyond didactic
instruction to include supervised first cases, procedural
observation, structured debriefing, and reinforcement
over time. The goal is confident execution in real clinical
settings and a reduced gap between training and inde-
pendent practice.

4. Support

Clinical adoption does not end after the first successful
case. Ongoing support is required to stabilize workflows,
reinforce good practice, adapt to staff turnover, address
emerging challenges, and maintain momentum. In this
phase, sites move from initial use toward procedural
routine, with repeatability, predictability, and confidence
becoming the defining markers of progress. Support
serves as a bridge between implementation and maturity,
helping institutions consolidate gains and avoid regression
during the most vulnerable stage of adoption.
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5. Expand

Once a stable clinical routine has been established, pro-
grams can grow in a more deliberate way. Expansion
may involve increased case volumes, onboarding of addi-
tional staff, extension into adjacent indications, broader
internal referral patterns, and participation in external
networks of expertise. Responsible expansion requires
that growth be supported by governance, competence,
and operational stability. This pillar ensures that growth
is not opportunistic but structured, and transforms early
adoption into sustained institutional development.

Standardization and governance

Standardization and governance are the connective tissue
across the five pillars. Standardization in this context does
not mean rigidity or the suppression of clinical judgment; it
means a reliable foundation from which teams can operate
safely and efficiently while progressing along the learning
curve. It provides structured approaches to case selection,
workflow sequencing, role definition, troubleshooting,
safety practices, and local documentation.

Governance is equally important. Programs that define
metrics, review outcomes, and formalize implementation
pathways are better able to justify resource allocation,
maintain internal confidence, and identify opportunities
for improvement. Delivering these elements through the
Framework for Growth partnership between Cook Medical
and Siemens Healthineers gives institutions a credible,
jointly supported path from first case to defensible pro-
gram quality, and supports evidence development through
registry participation, publication, and cross-site bench-
marking. In the context of procedural training and site
readiness, the partnership delivers a comprehensive solu-
tion, multidisciplinary training, case-based preparation,
workflow simulation, safety and escalation pathways, and
formal readiness criteria that go beyond the Framework
for Growth infrastructure [6].

Site examples

Academic centers

Academic hospitals are often the most experienced iMRI
environments, with strong clinical ambition, specialist
expertise, and early procedural familiarity. The pathway
to launch may be faster, but the implementation chal-
lenge remains substantial: multiple teams, overlapping
responsibilities, and variable staffing models can create
inconsistency despite high levels of expertise. For aca-
demic centers, the framework supports the standardization
of roles, protocols, checklists, and progression criteria. Its
value lies in reducing variability, improving reproducibility,
and creating the structure needed to move efficiently
toward more advanced and complex procedures.
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Regional hospitals

Regional hospitals face a different set of constraints, such
as limited protected training time, leaner staffing models,
lower exposure to complex procedures, and operational
pressure on room utilization. Here, success depends less
on rapid expansion and more on reproducibility, simplicity,
and confidence. The framework emphasizes role-based
microlearning, simplified procedural pathways, structured
onboarding, and supported go-live execution. Where
appropriate, connections to experienced reference centers
further strengthen local confidence and capability.

Network-based programs

A third model involves networked adoption across multiple
institutions with different levels of maturity. Experienced
academic centers may serve as hubs while smaller or less
experienced hospitals act as spokes. Shared protocols,
common training resources, peer exchange, and aligned
quality expectations create a distributed but coherent
infrastructure for adoption, which is particularly relevant
when institutions aim to scale access while maintaining
consistency.

Why this infrastructure matters

The history of the adoption of complex medical technology
shows that hardware alone rarely determines long-term
success. What differentiates high-performing programs

is the presence of enabling infrastructure: structured
education, clear workflows, multidisciplinary coordination,
defined governance, and longitudinal support. In iMRI,

this infrastructure is especially important because the
barriers to adoption are often operational rather than
technological.

Without a structured model, sites may struggle to
move beyond pilot cases, maintain routine performance, or
justify economic and clinical expansion, leaving the clinical
and economic potential of the system underrealized. The
Framework for Growth is intended to address precisely
this challenge. It complements the installed iMRI clinical
suite environment with the practical and organizational
mechanisms required for sustained use, helping institu-
tions convert technical possibilities into reliable clinical
practice. For the partnership between Cook Medical and

Education

Siemens Healthineers, the Framework For Growth trans-
forms the offering from a product sale into a program-
enablement collaboration with ongoing brand presence,
helping customers reduce adoption risk, accelerate routine
use, and realize the full clinical value of their iMRI invest-
ment. The outcome in iMRI is not determined only by the
technology, but by the pathway to clinical success [3-5].

Conclusion

Adopting iMRI requires more than installation and initial
training; it requires structured development of clinical
and operational capability. The Framework For Growth
addresses this need by supporting readiness, workflow
integration, team education, and long-term program
development. In doing so, it aims to reduce variability,
improve reproducibility, and enable safe, sustainable
routine use. As MRI-guided therapies continue to advance,
particularly with the introduction of a commercially avail-
able iMRI suite, structured implementation models may
become essential for translating technical innovation into
consistent clinical practice.
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Abstract

Interventional MRI (iMRI) is increasingly recognized as a
powerful platform for image-guided procedures, offering
non-ionizing imaging and superior soft-tissue contrast
compared with conventional CT-guided workflows [1, 2].
While the clinical benefits of iMRI are well established,
less attention has been paid to the physical and ergonomic
demands placed on interventional radiologists who must
work within the geometric constraints of MRI systems.
Longer bore lengths, narrower access, and constrained
reach conditions can require clinicians to adopt sustained,
non-neutral postures that may elevate musculoskeletal
loading over time.

The solution is to apply digital human modeling (DHM)
techniques to quantify ergonomic exposures during
simulated needle-insertion tasks performed in CT and MRI
environments. By integrating live human motion-capture
data with predictive biomechanical simulation, this study
demonstrates how scanner geometry, specifically bore
length, bore diameter, bore flaring, and table height,
interact with clinician anthropometry to influence physical
(ergonomic) demands on the body.

The findings show that ergonomic risk in iMRI is not
inherent to MRI as a modality but rather is highly design
dependent. Certain MRI configurations, particularly those
incorporating flared bore entries and elevated table
heights, can substantially reduce low-back loading
compared with both CT-guided workflows and more
conventional MRI designs. Shoulder loading, often cited
as a barrier to MRI-guided intervention, was found to
be comparatively modest across systems and sensitive
to access geometry rather than bore length alone.

This work underscores the value of embedding ergo-
nomics early in scanner design and service planning.
Digital human modeling provides a rigorous, evidence-
based approach for proactively evaluating human-system

interactions. It thereby supports the development of
iMRI environments that optimize clinical performance
while safeguarding the long-term occupational health
of interventional radiologists.

Introduction

Interventional radiology has evolved around the principle
of minimally invasive, image-guided therapy, with preci-
sion and safety as core objectives. MRI-guided interven-
tions align strongly with these goals, offering real-time
visualization without ionizing radiation exposure [3, 4].
Compared with CT guidance, MRI provides superior soft-
tissue contrast, which can improve visualization of small

‘ “esw

)

Motion-capture data were collected around the MAGNETOM
Free.Max* as clinicians performed a simulated needle insertion
using a torso phantom to parameterize and validate the digital
human model.

* The MAGNETOM Free.Max would not normally be used for
interventions. It was used here due to its greater in-bore access
and availability.

The products/features mentioned herein are not commercially available in all countries.Their future availability cannot be guaranteed.
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lesions (< 1 cm) and targeting accuracy, particularly in
complex anatomical regions [5].

As iMRI adoption increases, clinicians are spending
more time performing procedures within MRI environments.
Unlike CT scanners, which typically have short gantries and
open access, MRI systems are characterized by longer bores
and more restrictive entry geometries. To access targets
that are positioned near the scanner isocenter, which is
required for optimal image quality, interventional radiolo-
gists may need to reach deep into the bore while maintain-
ing visual attention on external displays. These constraints
shape the posture, reach strategy, and loading at the
shoulder and low back, which can influence the risk of
developing musculoskeletal disorders.

Why ergonomics matters in image-guided interventions
Musculoskeletal disorders are prevalent among interven-
tional clinicians, with the shoulder and low back frequently
identified as regions of vulnerability [2]. Tasks involving
sustained arm elevation, asymmetric reaching, and trunk
flexion are known to increase joint loading and fatigue
potential [6]. In CT-guided procedures, these demands are
compounded by the requirement to wear protective lead
aprons, which typically add 4-5 kg of mass to the torso
and increase spinal loading [7].

MRI-guided interventions eliminate ionizing radiation
exposure and therefore the need for lead protection,
offering an immediate ergonomic advantage. However,
this benefit may be partially offset by the increased reach
distances and constrained access imposed by MRI bore
geometry and isocenter location. The net ergonomic
outcome is therefore not obvious and cannot be inferred
from imaging modality alone. Instead, it emerges from the
interaction between human characteristics, task demands,
and system design.

Digital human modeling provides a computational
framework for representing human posture, movement,
and biomechanical loading across a range of anthropome-
tries. Modern digital human models can be integrated
with computer-aided design (CAD) environments to simu-
late realistic human-system interactions and quantify joint
torques, reach feasibility, and fatigue-related metrics [8, 9].
In this study, DHM was deployed to understand how scan-
ner design elements shape the posture, reach strategy, and
loading at the shoulder and low back.

Methodology

Phase 1: From motion capture to comparative
simulation

The research followed a two-stage workflow. In the first
stage, six clinicians with a range of experience levels and
body sizes performed representative needle-insertion
tasks in an MRI environment using a torso phantom. Tasks

Interventional MRI

varied by reach depth (isocenter and 12 cm short of the
isocenter) and needle orientation, reflecting common
interventional scenarios. Whole-body kinematics were
captured using an inertial measurement system (Fig. 1)
and processed to define a representative “standard” posture.

The MAGNETOM Free.Max would not normally be
used for interventions but was used due for greater in-bore
access and availability. At the time of the study, the
MAGNETOM Free.XL was not yet commercially available;
therefore, clinician postures were collected using the
MAGNETOM Free.Max during the first phase of the study.
These experimentally captured postures were used to
inform and calibrate the DHM workflow by providing
representative reference postures for simulated needle
insertion tasks. From these baseline postures, the DHM
could then adapt the simulated clinician’s anthropometry
to the surrounding MRI geometry in order to predict likely
working postures in other scanner configurations, includ-
ing the MAGNETOM Free.XL. This approach allowed the
model to be used to investigate the potential ergonomic
implications of different MRI design features within the
MAGNETOM Free.XL geometry.

Motion-capture data were used to parameterize
and validate the DHM. DHM predicted joint angles for
key degrees of freedom fell largely within one standard
deviation of the in vivo measured means, indicating that
the simulated postures were realistic representations of
clinician behavior.

Phase 2: Comparative simulation to inform

scanner design

In the second stage, the validated model was applied to

comparative simulations of three imaging systems. One

was a conventional CT scanner (including simulated lead
apron loading) and two were MRI designs with distinct

Avatars of a woman in the 5th percentile for height, a man in the
50th percentile, and a man in the 95th percentile were selected
to understand how clinician anthropometry interacts with MR
scanner design elements.
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bore geometries: The 0.55T MAGNETOM Free. XL features
a 100 cm flared bore design with a larger bore diameter
(80 cm) and longer bore length (165 cm) than the 1.5T
MAGNETOM Sola, which features no flaring, a smaller bore
diameter (70 cm), and a shorter bore length (157 cm).
The MAGNETOM Free.XL has a bore geometry specifically
designed for interventions, whereas the MAGNETOM Sola
represents a conventional MRI scanner.

Avatars representing a woman in the 5th percentile
for height, a man in the 50th percentile for height, and

MAGNETOM Flash (99) 4/2026

man in the 95th percentile for height (Fig. 2) were used
to explicitly examine the interaction between scanner
design and anthropometry (Fig. 3).

Primary outcome metrics included joint torques at the
shoulder and low back, as well as endurance times estimat-
ed using joint-specific fatigue models [10]. Joint torques
serve as a metric to evaluate the intensity of effort on the
shoulder and low back. Endurance time serves as a proxy
measure for muscular fatigue, where muscular fatigue is
difficult to model directly.

Reach = isocenter - 12 cm

Reach = isocenter

Simulation of a male clinician in the 50th percentile for height reaching into the bore to perform a needle ablation. The left panel (3A)
illustrates a reach to a location that is 12 cm short of the isocenter (the maximum distance from isocenter that can provide strong contrast.

The right panel (3B) illustrates a reach to isocenter.

n Bore height, diameter, and flare all influence the ways clinicians will move to perform needle targeting. The left panel (4A) illustrates a man
in the 95th percentile for height reaching into a scanner with a lower height, narrower bore, and limited flare at bore entry. These design
elements can limit the clinician’s ability to lean into the bore. The right panel (4B) illustrates a man in the 95th percentile for height reaching
into a scanner with a higher height, wider bore, and more pronounced flare at bore entry. This enables an easier lean into the bore and a
more upright posture while monitoring the screen.
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Results

Key findings I: Shoulder loading is modest and
geometry dependent
Across all simulated systems, shoulder torques during
needle-insertion tasks were relatively low, remaining
below levels typically associated with elevated injury
risk [6]. As expected, CT-based simulations exhibited the
lowest shoulder torques overall, reflecting the shorter
reach distances enabled by the compact gantry geometry.
Differences between the two MRI designs revealed
important trade-offs. One configuration reduced shoulder
abduction/adduction torque while increasing flexion/exten-
sion torque, whereas the other demonstrated the opposite
pattern. These findings indicate that shoulder loading is
influenced not only by bore length, but also by bore diame-
ter, entry flaring, and table height. The 100 cm flared bore
of the MAGNETOM Free. XL allows clinicians to position the
shoulder closer to the target, reducing moment arms even
in longer systems (Fig. 4).

Interventional MRI

Key findings ll: Low-back loading and fatigue are
strongly design dependent

The most pronounced differences between imaging
systems were observed at the low back. In CT-guided
simulations, low-back extensor torques were consistently
higher when the additional mass of a typical protective
lead apron was included (4.26 kg), despite the shorter
reach distances. This finding aligns with established bio-
mechanical evidence showing that external torso loads
substantially increase spinal extensor demand [6]. At the
low-back, about the lateral bend axis, endurance time was
longest when performing a needle-insertion procedure in
a CT scanner (Fig. 5). However, endurance time about the
flexion/extension axis was lowest when simulating a nee-
dle-insertion task using the MAGNETOM Free.XL scanner,
where endurance time was 46% lower (i.e. increased rate
of fatigue) when simulating needle-insertion in CT relative
to the MAGNETOM Free.XL.

Shoulder — abduction / adduction
o
£
Y
c
o
3
hel
c
w
cT Sola Free.XL
Low-back — lateral bending
3500
3000+
v
£
3
c
©
=}
o
c
w
cT Sola Free.XL

Shoulder — flexion / extension

cT Sola Free.XL

Low-back — flexion / extension

CcT Sola

Free. XL

Shoulder abduction/adduction and flexion/extension endurance times and low-back lateral bending and flexion/extension endurance times
across three scanner models aggregated across avatar anthropometry and needle-insertion location. Higher values are interpreted as less
fatiguing (i.e., the task could be performed for a longer time without fatiguing).
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The MRI design featuring a flared bore, larger diameter,
and elevated table height (MAGNETOM Free.XL)
demonstrated markedly lower low-back flexion/extension
torques and substantially longer endurance times com-
pared with both conventional CT and a more conventional
MRI geometry. These reductions were attributed to the
combined effects of eliminating the lead apron load,
improving access geometry, and reducing forward trunk
flexion.

Discussion

Inclusivity and anthropometry
A critical contribution of this work is its explicit consider-
ation of anthropometric diversity. Simulations showed that
certain reach tasks were not feasible for the smallest avatar
under specific MRI configurations unless table height or
clinician elevation was adjusted. This finding highlights
the importance of adjustable system features in supporting
an inclusive interventional workforce.

Rather than treating reach limitations as individual
shortcomings, the results emphasize the role of design
in enabling safe and effective performance across a wide
range of statures (Fig. 6).

Implications for scanner design and clinical practice
The findings synthesized here reinforce that ergonomic
outcomes in interventional imaging are design depen-
dent rather than modality dependent. Bore length, bore
diameter, bore flaring, and table height interact to shape
musculoskeletal loading and fatigue potential.

MAGNETOM Flash (99) 4/2026

For manufacturers, DHM provides a powerful framework
for evaluating ergonomic trade-offs early in the design
process, complementing traditional performance metrics
such as image quality and throughput [8]. For healthcare
organizations, these insights support more informed
procurement and service planning decisions, particularly
as iMRI programs scale.

Future directions

Future work can extend DHM-based evaluation to longer
procedures, dynamic task sequences, and team-based
workflows. Advances in fatigue modeling and predictive
simulation may further enhance realism and applicability
[9]. Beyond hardware design, DHM may support training,
workflow optimization, and procedure-specific setup
recommendations based on clinician anthropometry.

Conclusion

Interventional MRI offers clear clinical advantages, but

its long-term success depends on designing systems that
support the people who use them. The work summarized
here demonstrates that ergonomic risk in iMRI is neither
inevitable nor uniform. Through validated digital human
modeling, it is possible to identify design features that
meaningfully reduce musculoskeletal loading, particularly
at the low back, while maintaining clinical functionality.
The 100 cm flared bore geometry of the MAGNETOM
Free.XL appears to have ergonomic advantages compared
with conventional CT and conventional 70 cm bore MRI
geometries.

n A lower scanner (left panel, 6A) is more accessible for a woman in the 5th percentile for height. However, as illustrated in Figure 4, a lower
scanner increases ergonomic risks for taller clinicians. However, the ability to match clinician hip height to the table height of the MAGNETOM
Free.XL (right panel, 6B), regardless of scanner height, offers an ideal solution.
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By embedding ergonomics upstream in scanner design
and service planning, the field can move beyond reactive
mitigation and toward proactive prevention to support the

sustainable, human-centered growth of interventional MRI.

References

1 Bock M, Wacker FK. MR-guided intravascular interventions:
techniques and applications. J Magn Reson Imaging [Internet].
2008;27(2):326-38. Available from: http://dx.doi.org/10.1002/
jmri.21271

2 Cornelis FH, Razakamanantsoa L, Ben Ammar M, Lehrer R, Haffaf I,
El-Mouhadi S, et al. Ergonomics in interventional radiology:

Awareness is mandatory. Medicina (Kaunas) [Internet]. 2021;57(5):

500. Available from: http://dx.doi.org/10.3390/medicina57050500

3 KosS, Huegli R, Bongartz GM, Jacob AL, Bilecen D. MR-guided
endovascular interventions: a comprehensive review on techniques
and applications. Eur Radiol [Internet]. 2008;18(4):645-57.
Available from: http://dx.doi.org/10.1007/s00330-007-0818-4

4 Saeed M, Wilson M. Value of MR contrast media in image-guided
body interventions. World J Radiol [Internet]. 2012;4(1):1-12.
Available from: http://dx.doi.org/10.4329/wjr.v4.i1.1

5 Fernandez-Gutiérrez F, Martinez S, Rube MA, Cox BF, Fatahi M,
Scott-Brown KC, et al. Comparative ergonomic workflow and user
experience analysis of MRI versus fluoroscopy-guided vascular
interventions: an iliac angioplasty exemplar case study. Int J
Comput Assist Radiol Surg [Internet]. 2015;10(10):1639-50.
Available from: http://dx.doi.org/10.1007/s11548-015-1152-y

6 Chaffin, DB, Andersson GBJ. Occupational Biomechanics. 2nd ed.
Nashville, TN: John Wiley & Sons; 1991.

7 Barrier Technologies. How Much Does A Lead Apron Weigh & What
Are The Effects On The Body? [Internet]. Barrier Technologies. 2022
[cited 2026 June 23]. Available from: https://barriertechnologies.
com/how-much-does-a-lead-apron-weigh/

8 Chaffin DB. Improving digital human modelling for proactive
ergonomics in design. Ergonomics [Internet]. 2005;48(5):478-91.
Available from: http://dx.doi.org/10.1080/00140130400029191.

9 Abdel-Malek K, Arora JS. Human Motion Simulation: Predictive
Dynamics. San Diego, CA: Academic Press; 2013.

10 Frey-Law LA, Avin KG. Endurance time is joint-specific: a modelling
and meta-analysis investigation. Ergonomics [Internet]. 2010;
53(1):109-29. Available from: http://dx.doi.org/10.1080/
00140130903389068

Interventional MRI

Further reading

Davidson JB, Cashaback JGA, Fischer SL. A response surface
methodology to determine the optimal objective function
weightings within a multi-objective optimization digital human
model used to predict postures. Comput Methods Biomech Biomed
Engin [Internet]. 2023;26(2):187-98. Available from: http://dx.doi.
org/10.1080/10255842.2022.2052052

Davidson JB, Fischer DSL. Predicting preferred motorcycle riding
postures to support human factors/ergonomic trade-off analyses
within a multi-objective optimisation-based digital human model.
Ergonomics [Internet]. 2025;68(3):359-73. Available from:
http:/ldx.doi.org/10.1080/00140139.2024.2329694

Davidson JB. et al. Evaluating alternative MRI designs to support
interventional radiology using an in-silico simulation approach.
2026. Manuscript under review.

National Institute for Occupational Safety and Health. Hierarchy of
Controls [Internet]. CDC. 2024 April 10 [cited 2026 June 23].
Available from: https://lwww.cdc.gov/niosh/hierarchy-of-controls/
about/index.htmI?CDC_AA_refVal=https%3A%2F%2Fwww.cdc.
gov%2Fniosh%2Ftopics%2Fhierarchy%2Fdefault.html

Contact

Steven Fischer, Ph.D., RKin, CCPE

Associate Professor, Associate Chair,
Applied Research, Partnerships, & Outreach
Department of Kinesiology and

Health Sciences, University of Waterloo
200 University Ave W

Waterloo, Ontario, Canada N2L 3G1
steven.fischer@uwaterloo.ca

Justin Davidson, M.Sc., CSCS

Ph.D. Candidate

Department of Kinesiology and

Health Sciences, University of Waterloo
200 University Ave W

Waterloo, Ontario, Canada N2L 3G1
justin.bryce.davidson@uwaterloo.ca

magnetomworld.siemens-healthineers.com 33



Interventional MRI

MAGNETOM Flash (99) 4/2026

Interventional Magnetic Resonance Imaging:
Current Concepts, Enabling Technologies,
and Emerging Clinical Applications

Roberto Luigi Cazzato'?, Afshin Gangi'23

' Department of Interventional Radiology, University Hospital of Strasbourg, France
2 ]Cube Laboratory, University of Strasbourg, CNRS, INSA Strasbourg, France
3 School of Biomedical Engineering and Imaging Sciences, King's College London, UK

Abstract

Interventional magnetic resonance imaging (iMRI) has
evolved from an experimental imaging platform into an
established modality for guiding minimally invasive diag-
nostic and therapeutic procedures. Its unique combination
of superior soft tissue contrast, multiplanar imaging, real
time guidance, and absence of ionizing radiation provides
decisive advantages over conventional image guidance
techniques. Despite these strengths, the adoption of iMRI
has historically been constrained by technical complexity,
cost, and workflow challenges.

Recent advances, including renewed interest in lower
field MRI systems and the maturation of MRI guided
ablation techniques such as cryoablation and transurethral
ultrasound ablation (TULSA) for prostate, are reshaping
the field.

This narrative review summarizes the fundamental
principles of iMRI, discusses how lower field MRI units may
facilitate wider adoption, and reviews contemporary clini-
cal applications with a focus on MRI guided biopsy, cryo-

ablation, TULSA for prostate, and endovascular procedures.

Introduction

Magnetic resonance imaging (MRI) is widely regarded as
the reference standard for soft tissue imaging owing to
its excellent contrast resolution, multiplanar capability,
and lack of ionizing radiation. Although initially limited
to diagnostic use, MRI has progressively expanded into the
interventional domain over the past three decades. Inter-
ventional MRI (iMRI) refers to diagnostic or therapeutic
procedures performed under MRI guidance, using MRI
for lesion localization, device navigation, intraprocedural
monitoring, and immediate post treatment assessment.
Early iMRI procedures were performed in the 1990s
using open, low field MRI systems that allowed direct
access to the patient but were limited by poor image
quality. The subsequent introduction of wide bore, high
field MRI scanners, MRl compatible devices, and fast
imaging sequences enabled more complex interventions,
including biopsies and tumor ablation. Among these, MRI
guided cryoablation has become a cornerstone application
because of its inherent compatibility with MRI physics and
the ability to directly visualize treatment effects [1]. This

n A 79-year-old male patient presenting with an exophytic nodule arising from the upper pole of the right kidney. (1A) Axial T2-weighted MR
image demonstrates the target lesion (arrow). The patient subsequently underwent percutaneous MRI-guided biopsy. (1B) Axial and (1C)
sagittal BEAT MR images show the biopsy needle sampling the target renal nodule.
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narrative review summarizes the fundamental principles
of iMRI, discusses how lower field MRI units may facilitate
wider adoption, and reviews contemporary clinical appli-
cations with a focus on MRI guided biopsy, cryoablation,
TULSA for prostate, and endovascular procedures.

Rationale and advantages of
interventional MRI

Compared with computed tomography (CT), fluoroscopy,

and ultrasound, iMRI offers several unique advantages:

* Superior soft tissue contrast enabling precise lesion
delineation

» Multiplanar imaging without patient repositioning

* Near real time guidance during device advancement

* Intraprocedural assessment of tissue response

* Absence of ionizing radiation for patients and staff

* Possibility to allow temperature monitoring during
thermal ablation procedures

These characteristics are particularly valuable when lesions
are not visible on other imaging modalities, when anatomy
is complex, or when adjacent critical structures must be
preserved [1, 2].

MRI systems for interventional use

High field closed bore MRI systems

Most contemporary iMRI procedures are performed in
wide, closed bore 1.5T to 3T scanners. These units provide
high signal to noise ratios, advanced pulse sequences,
and robust workflow integration. However, a closed bore
geometry limits operator ergonomics and physical access
to the patient, and the associated costs and infrastructure
requirements may restrict iMRI availability on a large sale.

Lower field MRI systems: Facilitating adoption

Lower field MRI systems (< 1T), historically regarded as
obsolete, have gained renewed interest due to improve-
ments in magnet design, radiofrequency coils, and image
reconstruction. Moreover, image quality has been signifi-
cantly improved thanks to artificial-intelligence-based
algorithms, and now equals that obtained with high field
systems. Accordingly, modern lower field MRI may be
sufficient for many interventional tasks.

Importantly, lower field systems may facilitate broader
adoption of iMRI by lowering costs, simplifying siting
requirements, improving ergonomics, and reducing
susceptibility artifacts. These advantages are particularly
relevant for intraoperative and point of care interventions
and may enable dissemination of iMRI beyond tertiary
academic centers [3, 4].

Interventional MRI

MRI compatible devices and
imaging techniques
iMRI requires the use of non ferromagnetic, MRI compati-
ble needles, probes, and catheters. Device visualization
relies primarily on susceptibility artifacts rather than
direct depiction of the device shaft. Artifact size increases
with magnetic field strength and varies with device
orientation relative to the main magnetic field, which
may complicate interpretation when multiple instruments
are used simultaneously.

Commonly used imaging sequences include fast
T2 weighted sequences (HASTE, BLADE) for lesion visual-
ization, balanced steady state free precession sequences
for MR fluoroscopy, and MR thermometry for heat based
therapies [1].

MRI guided biopsy

MRI guided biopsy is an essential diagnostic application
of iIMRI for lesions that are poorly visible or inaccessible
under ultrasound or CT guidance. MRI guided biopsies

are performed using MRI compatible needles, often with
a coaxial technique, and may be combined with ablation
in the same session. MRI allows direct targeting of lesions
visualized on diagnostic MRI, including diffusion restricted
or contrast enhancing foci [1].

The retro orbital compartment presents a challenging
biopsy environment due to confined anatomy and proxim-
ity to the optic nerve and vascular structures. MRI guided
biopsy offers superior safety and accuracy in selected
cases, particularly for lymphoproliferative, inflammatory,
or metastatic lesions [2].

MRI guided biopsy is also often useful for renal (Fig. 1)
and hepatic lesions visible only on MRI and for deep seated
lymphadenopathies adjacent to critical structures. MRI
guidance enables accurate needle placement while mini-
mizing radiation exposure and improving diagnostic yield
in complex cases [1, 2].

MRI guided cryoablation

MRI guided cryoablation is one of the most mature and
widely applied therapeutic applications of iMRI. Cryoabla-
tion induces tissue necrosis through repeated freeze—thaw
cycles, resulting in cell membrane disruption, microvas-
cular thrombosis, and delayed ischemic injury. A defining
advantage of cryoablation under MRI guidance is the direct
visualization of the ice ball, which appears as a sharply
demarcated signal void on all MRI sequences [1].

Small renal masses are a well established indication
for MRI guided cryoablation, particularly in patients with
significant comorbidities, limited renal reserve, a solitary
kidney, or hereditary renal tumor syndromes. MRI guidance
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is especially valuable for lesions that are isoattenuating
on CT.

MRI allows precise monitoring of ice ball expansion
relative to the renal collecting system, adrenal gland,
bowel, pancreas, and adjacent nerves. Hydrodissection
is frequently used and readily visualized under MRI.
Clinical studies have demonstrated high technical success,
favorable oncologic outcomes, and preservation of renal
function in appropriately selected patients [1, 5-7].

Desmoid tumors are benign but locally aggressive
fibroblastic neoplasms with high recurrence rates after sur-
gery. MRI guided cryoablation has emerged as a minimally
invasive alternative, allowing tailored debulking or curative
ablation while avoiding surgical trauma. Large studies
report high rates of symptomatic relief and functional
improvement with low complication rates [8].

Abdominal wall endometriosis is another emerging
clinical field for MRI-guided cryoablation (Fig. 2). Often
occurring after cesarean section or laparoscopic surgery,
abdominal wall endometriosis may cause chronic pain
and inflammation. MRI guided cryoablation enables precise
targeting of endometriotic implants while preserving
surrounding musculature and fascia. Early experience
suggests durable pain relief and minimal morbidity com-
pared with surgical excision [1].

Additional soft tissue applications include Morton's
neuroma, peripheral-nerve related pain syndromes, in
transit melanoma metastases, and selected vascular
malformations, where MRI guidance provides decisive
anatomic definition and cryoablation ensures controlled
tissue destruction [1, 9].
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MRI guided transurethral
ultrasound ablation

Transurethral ultrasound ablation (TULSA) is an incision
free, MRI guided therapy for localized prostate cancer and
benign prostatic hyperplasia. Ultrasound energy is deliv-
ered via a transurethral applicator, while MRI provides real
time anatomic visualization and thermometry, enabling
closed loop temperature control.

Clinical studies have demonstrated a favorable safety
profile, preservation of urinary continence and erectile
function, and meaningful oncologic control in selected
patients. However, residual or recurrent clinically signifi-
cant disease has been reported, underscoring the need
for careful patient selection and follow up [6, 7, 10].

Endovascular applications of
interventional MRI

Endovascular interventional MRl is one of the most techni-
cally demanding yet conceptually promising extensions
of iIMRI. While contemporary endovascular procedures
are almost exclusively performed under X ray fluoroscopic
guidance, MRI offers unique advantages, including the
ability to acquire functional and flow sensitive information.
Reported applications include arterial catheter navi-
gation, targeted embolization, and preclinical and early
clinical feasibility studies involving aortic, peripheral,
visceral, and neurovascular interventions. However, clinical
adoption remains limited by technical challenges such as
reduced temporal and spatial resolution compared with

A 30-year-old female patient
presenting with a painful
endometriotic implant in
the right anterior abdominal
wall.

(2A) Axial T1-weighted and
(2B) axial T2-weighted MR
images demonstrate the
target lesion (arrows).

The patient subsequently
underwent percutaneous
MRI-guided cryoablation.
(2C) Axial T2-weighted MR
image shows one of the
two cryoprobes (arrow)
positioned within the lesion.
(2D) Sagittal and (2E) axial
T2-weighted MR images
demonstrate the ice ball
(arrows) completely
encompassing the target
lesion during cryoablation.
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fluoroscopy, device visualization and tracking constraints,
radiofrequency induced heating, and the limited availability
of dedicated MRI compatible guidewires and catheters.

Recent advances in passive and active catheter track-
ing, MR safe endovascular devices, and optimized real
time MRI sequences have significantly advanced the field.
Systematic reviews and expert analyses indicate that MRI
guided endovascular interventions are feasible and safe in
selected experimental and early clinical settings, although
current human experience remains limited to small case
studies. Continued technological development, including
integration with lower field MRI platforms, may be critical
for broader clinical translation of MRI guided endovascular
therapies [11-13].

Future perspectives and conclusion

Interventional MRI represents a powerful convergence

of imaging and minimally invasive therapy. Advances in
lower field MRI technology, growing clinical evidence for
MRI guided cryoablation and TULSA, and increasing experi-
ence with MRI guided biopsy are accelerating the clinical
integration of iMRI. As technology and expertise evolve,
iMRI is poised to become a central platform for precision
guided interventions across oncologic, musculoskeletal,
and functional domains.
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Introduction

Primary and secondary liver malignancies remain a major
clinical challenge. Primary liver cancer is among the most
common cancers worldwide and one of the leading causes
of cancer-related mortality [1]. At the same time, the liver
is a frequent site of metastatic spread, particularly in col-
orectal cancer, neuroendocrine tumors, breast cancer, and
other gastrointestinal malignancies. As systemic therapies
continue to improve, more patients present with limited
hepatic tumor burden, oligometastatic disease, oligopro-
gression, or residual liver-dominant disease. In this setting,
local treatment has become an increasingly important part
of multidisciplinary oncologic care [2, 3].

Thermal ablation, including radiofrequency ablation
and microwave ablation, is well established for small pri-
mary and secondary liver tumors. In appropriately selected
patients, it offers low morbidity, short recovery times, and
high rates of local tumor control. However, the physical
principles of heat-based ablation define its limits. Tumors
larger than 3 cm are more difficult to treat completely.
Lesions adjacent to large vessels may be undertreated
because of heat-sink effects. Tumors near the central bile
ducts, gallbladder, stomach, duodenum, colon, heart,
or diaphragm carry a higher risk of thermal injury to
vulnerable structures. In these situations, a technically
feasible needle position does not always translate into
a safe and oncologically adequate ablation [4].

Interstitial high-dose-rate (HDR) brachytherapy offers
an alternative way to think about local ablation [5-7]:
Instead of heat, it uses radiation delivered from within
the tumor. After percutaneous placement of one or
more closed-ended applicator catheters, a high-activity
Iridium-192 source is advanced by a robotic afterloader
to predefined dwell positions. Based on three-dimensional
treatment planning, a steep and conformal dose distribu-
tion can be generated around the catheter, with rapid
dose fall-off outside the target volume. In clinical practice,
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single-session target doses typically range from 15 to
25 Gy, depending on tumor entity, target size, and
adjacent organs at risk.

A growing body of clinical and dosimetric evidence
supports the specific advantages of this approach [8-12].
First, it is not limited by heat-sink effects and can therefore
be used close to major hepatic vessels. Second, because
dose distribution can be calculated and adapted, it is par-
ticularly attractive for lesions adjacent to heat-sensitive
structures. Third, large or irregular tumors can be treated
by placing multiple catheters and shaping the dose distri-
bution accordingly. Fourth, unlike many thermal ablations,
catheter-based radiotherapy can often be performed under
conscious sedation and local anesthesia rather than gener-
al anesthesia. Finally, in centers where HDR brachytherapy
infrastructure is already established, the procedure can
also be economically attractive, as disposable material
costs are generally lower than those associated with many
thermal ablation systems, and no dedicated ablation
generator is required.

Patient selection remains essential. Candidates are
typically discussed in an interdisciplinary tumor board
that considers tumor entity, systemic disease status, liver
function, coagulation parameters, previous biliary inter-
ventions, and alternative local or surgical options. Patients
with impaired liver function, advanced cirrhosis, relevant
coagulopathy, or biliary-enteric anastomoses require par-
ticular caution because of the increased risks of bleeding,
infection, abscess formation, or hepatic decompensation
[13]. A further practical limitation is organizational rather
than technical: Successful liver HDR brachytherapy requires
close collaboration between interventional radiology,
radiation oncology, medical physics, and nursing staff.
Without this infrastructure, the procedure cannot be
implemented safely and reproducibly.
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Advantages of MRI guidance

For many years, CT has been the workhorse modality for
percutaneous catheter placement in interstitial liver
brachytherapy. CT is fast, widely available, and provides
reliable visualization of needles, sheaths, and catheters.
However, CT guidance can be limited by poor soft-tissue
contrast, particularly in small liver lesions or tumors locat-
ed in complex anatomic regions such as the liver dome,
caudate lobe, or central liver close to the hilum [14, 15].

MRI changes the interventional environment. Its supe-
rior soft-tissue contrast, combined with hepatocyte-specific
contrast agents, can improve lesion conspicuity for a pro-
longed time window. This is highly relevant in the liver,
where many small metastases or hepatocellular carcino-
mas are only faintly visible on CT or ultrasound but clearly
delineated on hepatobiliary-phase MRI. In addition, MRI
allows free selection of imaging planes, making it possible
to align the slice orientation with the planned needle
trajectory. With real-time gradient-echo MR fluoroscopy,
the interventionalist can monitor needle advancement
dynamically, including in oblique or double-oblique trajec-
tories that would be difficult to appreciate with conven-
tional axial CT fluoroscopy. Another advantage, of course,
is that MRI guidance eliminates exposure to ionizing
radiation for both patients and staff.

The value of MRI guidance is particularly evident when
targeting small tumors or tumors at risk of geographic
miss. A catheter placed slightly off-center may still allow
target coverage by increasing the irradiated volume, but
this comes at the cost of exposing more healthy liver
parenchyma or nearby organs at risk. MRI-guided catheter
placement aims to reduce this compromise: Better visual-
ization enables more accurate central catheter positioning,
which in turn may allow tighter dose distribution and
better sparing of non-target tissue.

Our preliminary experience supports this concept.
Between June 2023 and April 2024, a total of 27 patients
with 54 liver lesions were treated in a prospective single-
center trial investigating MRI-guided catheter-based radio-
therapy for primary and secondary liver tumors. Procedures
were performed under conscious sedation and local
anesthesia on a 1.5T MRI system (MAGNETOM Sola Fit)
equipped with a 15 cm loop coil.

The treated cohort included hepatocellular carcinoma,
colorectal cancer metastases, gastrointestinal stromal
tumor metastases, neuroendocrine tumor metastases,
and metastases from other primaries. Median lesion
diameter was 11 mm, highlighting the role of MRI guid-
ance for small tumors. Compared with a propensity-
score-matched CT-guided cohort from a large institutional
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control population, MRI-guided procedures required longer
room time, with a median of 60 minutes, versus 46 min-
utes for CT guidance. However, MRI guidance was associat-
ed with a significantly lower non-target liver parenchyma
irradiation (V5Gy: 15% vs. 43%), and preliminary 12-month
local tumor control was higher in the MRI-guided cohort
than in the matched CT-guided group (95.1% vs. 79.9%).
Procedural complications were rare; one patient experi-
enced minor bleeding that required neither transfusion

nor intervention.

These early data suggest that the additional procedural
time of MRI guidance may be offset by greater targeting
confidence, reduced non-target irradiation, and potentially
improved local tumor control. Further follow-up and larger
cohorts will be needed, but for small or poorly CT-visible
lesions, MRI-guided brachytherapy may represent a partic-
ularly promising direction.

HDR brachytherapy: How to do it

The workflow begins before the patient enters the inter-
ventional suite. Pre-procedural imaging is reviewed jointly
by interventional radiology and radiation oncology. The
number, size, and location of target lesions are assessed,
as are the proximity of vessels, bile ducts, bowel, stomach,
gallbladder, diaphragm, and heart. Laboratory evaluation
includes coagulation parameters, platelet count, liver
function tests, and renal function. Anticoagulation and
antiplatelet therapy must be managed according to insti-
tutional and society recommendations. Patients with
previous sphincterotomy, biliary stents, or biliary-enteric
anastomoses should receive appropriate antibiotic prophy-
laxis because of the increased risk of abscess formation
after liver interventions.

Most procedures can be performed under conscious
sedation and local anesthesia. Oxygen supplementation,
ECG monitoring, pulse oximetry, and repeated blood pres-
sure measurements are mandatory. Sedation is typically
achieved with titrated opioid and benzodiazepine admin-
istration, while preserving spontaneous breathing. Reversal
agents and airway support must be immediately available,
and the team must be familiar with sedation-related
emergencies.

In MRI-guided procedures, the patient is positioned
on the scanner table 15 minutes after the administration
of gadoxetic acid (0.1 mmol/kg body weight). Axial and
coronal hepatobiliary-phase T1-weighted images are
acquired for lesion localization and access planning. After
sterile preparation, local anesthetic is infiltrated into the
skin, subcutaneous tissues, and liver capsule. The puncture
is then performed with an 18G coaxial needle under
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A 51-year-old patient with cholangiocarcinoma after
previous left hemihepatectomy and solitary hepatic
recurrence. (1A) Diagnostic hepatobiliary-phase

T1 VIBE MRI shows an 11 mm liver lesion in segment
4b with proximity to the liver vein and a portal vein
branch. (1B) Intraprocedural fluoroscopy images

in para-axial and paracoronal planes show needle
placement. (1C) After brachytherapy catheter
placement, planning 3D T1-weighted gradient-echo
MRI confirms catheter position within the target
lesions (arrowheads). (1D) Dosimetry maps demon-
strate conformal target coverage with a prescribed
dose of 20 Gy.

60.0

A 45-year-old patient with
solitary colorectal liver
metastasis. (2A) Diagnostic
hepatobiliary-phase T1 VIBE
MRI shows an 8 mm liver
lesion in segment 2, directly
adjacent to the left portal
vein (arrow). (2B) Intraproce-
dural fluoroscopy image
shows needle placement.
(2C) After brachytherapy
catheter placement, planning
3D T1-weighted gradi-
ent-echo MRI confirms
catheter position within the
target lesions (arrowheads).
(2D) Dosimetry map
demonstrates conformal
target coverage with a
prescribed dose of 25 Gy.
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A 55-year-old patient with

oligometastatic breast cancer
(three liver metastases). (3A)
Diagnostic hepatobiliary-
phase T1 VIBE MRI shows
three small liver lesions: one
in segment 7 measuring

6 mm (left), one in segment
8 measuring 18 mm
(middle), and one in
segment 3 measuring 7 mm
(right). (3B) Intraprocedural
fluoroscopy images show
needle placement in
para-axial plane. (3C) After
brachytherapy catheter
placement, planning with
contrast-enhanced CT was
required for treatment
planning as the catheter-tip
conspicuity was insufficient
in MRI. Dosimetry maps
demonstrate conformal
target coverage with a
prescribed dose of 20 Gy.

n A 57-year-old patient with a history of bronchial neuroendocrine tumor and hepatic recurrence following 10 years of remission. (4A)
68Ga-DOTATATE PET/CT shows a solitary hepatic metastasis with enhanced uptake. (4B) Hepatobiliary-phase T1 VIBE MRI shows a 7 mm
liver lesion in segment 4a with proximity to a portal vein branch. (4C) After brachytherapy catheter placement, planning 3D T1-weighted
gradient-echo MRI confirms decent catheter position (arrowheads). (4D) Dosimetry maps demonstrate conformal target coverage with
a prescribed dose of 20 Gy.

magnetomworld.siemens-healthineers.com 41



Hepatic iMRI

real-time gradient-echo MR fluoroscopy (TE 3.4 ms,

TR 7.3 ms, FA 30°). Once optimal needle positioning

is confirmed, the inner stylet is withdrawn and a stiff
0.035-inch guidewire is introduced in retrograde orienta-
tion (rear-end first) to enable exchange of the needle for
a 6 French/25 cm sheath with dilator using the Seldinger
technique. After removal of the wire and dilator, a
closed-ended 6F brachytherapy catheter is advanced
through the sheath, and its extracorporeal length is
measured and marked to detect potential displacement.
The catheter is fixed carefully at the skin.

For larger tumors or irregular target volumes, multiple
catheters may be required. Their number and geometry
are determined by the expected dose distribution and the
relationship of the lesion to surrounding organs at risk.
After catheter placement, a three-dimensional gradient-
echo MRI sequence is used for immediate position verifica-
tion, although contrast-enhanced CT might be required
for treatment planning and dosimetric calculations if
catheter-tip conspicuity is insufficient. The target volume
and organs at risk are segmented by the radiation oncology
team, and the medical physicist calculates a plan based
on catheter position, dwell points, and dwell times. If
coverage is insufficient, an additional catheter can be
placed before treatment delivery.

The patient is then connected to the HDR afterloader.
The Iridium-192 source travels through the catheter to the
programmed dwell positions, delivering the prescribed
dose from inside the tumor. Treatment times vary accord-
ing to source strength, dose prescription, tumor volume,
and number of catheters, but usually remain clinically
practical within a single session. Depending on tumor
entity, commonly prescribed target doses are 15 Gy for
hepatocellular carcinoma (HCC), 25 Gy for metastatic
colorectal cancer, and 20 Gy for other tumor entities.

The catheter tract is routinely irradiated with 5 Gy before
removal to reduce the risk of tumor cell seeding.

After treatment, catheters are removed under careful
hemostatic technique. The access tract is sealed with gela-
tin sponge pledgets during sheath withdrawal to reduce
bleeding risk. Post-procedural monitoring includes clinical
observation and ultrasound to exclude hematoma, subcap-
sular bleeding, or free intra-abdominal fluid. Most patients
can be managed without intensive post-procedural care,
although monitoring must be adapted to liver function,
coagulation status, sedation depth, and comorbidities.
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Complications are uncommon but must be anticipated.
The most relevant are bleeding, infection or abscess,
transient pain, nausea, and rare bile-duct injury or hepatic
decompensation. The risk profile depends on tumor
burden, access route, liver function, coagulation status,
and biliary anatomy.

Follow-up imaging requires familiarity with post-
radiation changes. The treatment zone may initially appear
larger than the original tumor and can show edema,
peripheral arterial hyperenhancement, or delayed paren-
chymal enhancement. These findings should not be
mistaken for viable tumor unless there is new or increasing
nodular enhancement suggestive of local progression.

MRI is particularly valuable for follow-up after liver-directed

therapy because it combines high soft-tissue contrast

with multiphasic and hepatobiliary information.
Representative case examples are shown in Figures 1-4.

Conclusion

MRI-guided interstitial HDR brachytherapy brings together
two strengths: the precision of modern interventional
MRI and the conformal dose delivery of catheter-based
radiotherapy. For hepatic malignancies that are small,
poorly visible on CT, close to vessels, adjacent to heat-
sensitive structures, or unsuitable for thermal ablation,
this technique expands the local treatment armamen-
tarium beyond heat.

CT guidance will remain important because of its
speed, availability, and robustness. However, MRI guidance
offers a compelling advantage in selected patients:
improved lesion visibility, flexible imaging planes, real-time
needle guidance without ionizing radiation to the operator,
and the potential for more precise catheter placement.
Preliminary single-center data indicate that MRI-guided
catheter-based radiotherapy is feasible and safe, with low
complication rates, reduced non-target liver irradiation,
and encouraging early local control.

The future of liver-directed therapy will likely be
increasingly individualized. Some lesions are best treated
surgically, others thermally, transarterially, stereotactically,
or systemically. MRI-guided HDR brachytherapy occupies
a distinct and valuable niche within this spectrum. Its
broader adoption will depend not only on technology,
but also on interdisciplinary workflows that unite inter-
ventional radiology, radiation oncology, medical physics,
and patient-centered oncologic decision-making.
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Introduction

Magnetic resonance imaging (MRI) of the prostate has
become an integral part of the standard of care for
prostate cancer management, supported by multiple ran-
domized trials demonstrating superiority of MRI-targeted
over systematic biopsy for clinically significant prostate
cancer detection [1]. A growing body of evidence also
supports the role of MRI to guide active surveillance of
favorable-risk prostate cancer [2], post-treatment follow-up
and recurrence evaluation [3-5], and even population-
level prostate cancer screening [6]. In parallel, advances

in interventional MRI (iMRI) have expanded the role of
prostate MRI beyond diagnostic imaging to encompass
image-guided interventions like in-bore MRI-guided biopsy
as well as intraoperative treatment planning and real-time
treatment monitoring [7] (Fig. 1). The increasingly central
role of MRI across the prostate cancer care continuum
underscores the need to achieve reproducible outcomes
beyond academic centers, and to broaden access to
high-quality prostate MRI and MRI-guided procedures.

Lesion detection

MRI-guided TULSA procedure

> Axb2000 :

Access to high-quality prostate MRl is limited due to the
high prevalence of suboptimal imaging protocols even
among expert sites, and due to the high cost of traditional
high-field MRI, which is not available widely enough to
serve the expanding population of patients for whom
prostate MRI is indicated. This has stimulated initiatives

to standardize prostate MRI acquisition and interpretation,
and has driven interest in lower-field MRI systems, where
recent advances have enabled high-quality imaging with
potential advantages in accessibility and workflow integra-
tion. Moreover, the inherent characteristics of low-field MRI
reduce susceptibility artifacts, enhance patient access, and
lower operating costs, making it particularly well-suited
for interventional applications. Here we review drivers

of prostate MRI quality, which recent studies suggest are
mostly practical matters that are independent of MRI field
strength. We also discuss how technological developments
that enable high-performance imaging on lower-field
scanners could enable broader access to diagnostic and
interventional MRI, and we evaluate the feasibility of
prostate MRI and interventions at 0.55T.

Follow up
T Acute T1Gd

n The role of MRI from prostate cancer diagnosis to treatment and follow-up, currently performed and demonstrated here at 1.5T and 3T.
(1A) Diffusion and T2-weighted images enabling lesion detection, localization, and staging. (1B) In-bore MRI-targeted biopsy for accurate
sampling of MRI-visible lesions. (1C) MRI-guided ablation with TULSA including intraoperative T2- and diffusion-weighted planning, and
real-time MR thermometry used for automated treatment control to achieve the intended ablation volume. (1D) Post-treatment contrast-
enhanced MRI to evaluate the acute ablation zone and follow treatment response.
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Drivers of prostate MRI quality

As Level 1 evidence on MRI-directed prostate cancer
management has accumulated, MRI before prostate biopsy
is now firmly established as the standard of care in interna-
tional practice guidelines. With rising demand for prostate
MRI, concerns have increased about the ability to repro-
duce clinical trial results outside specialized academic
centers, and international guidelines caution that the
utility of prostate MRI in the diagnosis of prostate cancer
depends critically on the quality of image acquisition
and interpretation [8]. This has prompted efforts to study
variability in the diagnostic performance of prostate MRI,
to establish standards for the assessment of prostate
MRI quality, and to systematically improve the quality
of prostate MRI programs.

One of the largest efforts to study the consistency
of prostate MRI performance, conducted by the Society
for Abdominal Radiology Prostate Cancer Disease-Focused
Panel, found that even leading academic centers have
difficulty achieving high-quality diagnostic prostate MRI
[9]. In more than 3,000 men at 26 premier academic cen-
ters, more than half of the sites had a rate below 50% for
correctly identifying clinically significant prostate cancer,
with a positive predictive value of less than 0.5 for lesions
with a PI-RADS (Prostate Imaging and Reporting and Data
System) score of 4 or higher. Interestingly, the wide vari-
ability across centers did not appear to depend on the use
of 1.5T versus 3T scanners; instead, the leading causes of
poor-quality prostate MRI were typically practical concerns
related to scan protocol and patient preparation, including
the management of rectal gas. In the UK PRIME trial [10],
which assessed and established standards for prostate MRI
quality at 41 centers across 18 countries using the Prostate
Imaging Quality (PI-QUAL) scoring system, only 32% of
submitted test exams demonstrated optimal image quality
(PI-QUAL score 5 out of 5). In that study, the leading
reasons for suboptimal PI-QUAL scores included basic
protocol errors such as inadequate resolution, field of view,
slice thickness, diffusion b-values, temporal resolution
of dynamic contrast-enhanced images, motion artifacts,
and air in the rectum. With feedback from the central
quality-improvement group about making simple changes
to MRI protocols and patient preparation, 97% of partici-
pating centers achieved optimal PI-QUAL 5 scores upon
repeat assessment. Similarly, the American College of
Radiology's Prostate MR Image Quality Improvement
Collaborative followed PI-QUAL scores across 2,380 exams
over 9 months at 5 large hospital networks [11]. They
found that the rate of diagnostic-quality exams improved
from 67% to 87% through protocol adjustments, specifi-
cally the consistent application of clear patient preparation
instructions (including prompts to use the bathroom
before the exam, and at some centers the use of a mini
enema), MRI technologist training, and periodic review
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of diagnostic performance with feedback to MRI technolo-
gists and radiologists [11]. Across these and other quality-
improvement studies, key drivers of improved prostate MRI
quality tended to be practical interventions rather than
movement to higher field strength.

At the Busch Center, which focuses entirely on prostate
MRI and MRI-guided interventions, prostate MRl examina-
tions begin with consistent patient preparation performed
in-office using a mini enema immediately before the exam
in a dedicated bathroom for pre-exam preparation. An
essential aspect of the MRI protocol is performing the diffu-
sion scan first, as this sequence is most sensitive to patient
motion and bowel gas, both of which are more likely to
arise as time goes on. If motion or rectal air artifacts do
appear, the examination is paused and the patient is asked
to repeat the mini enema before continuing. Finally, the
overall diagnostic quality of the study depends on the qual-
ity of interpretation; radiologists are encouraged to invest
in training and mentorship, specialize in reading prostate
MRI examinations, and continuously review biopsy reports
based on MRI targeting to improve accuracy and to under-
stand the relationship between histologic grade and appar-
ent diffusion coefficient (ADC) values on their machine [12].

Accordingly, technology improvements to raise the
quality of prostate MRI are ideally focused on ensuring con-
sistent application of best practices in image acquisition
and diagnosis. There has been significant development
in the standardization of streamlined acquisition protocols,
with results from the PRIME study confirming that simpli-
fied biparametric protocols comprised only of T2 and
high-b diffusion-weighted imaging (DWI) did not reduce
cancer detection compared to multiparametric prostate
MRI protocols including time-consuming and highly vari-
able dynamic contrast-enhanced (DCE) T1-weighted acqui-
sitions [13]. MRI vendors are developing Al tools that assist
technologists in improving the consistency of prostate MRI
acquisition with automated slice prescription, that shorten
acquisition times and thus motion artifacts without reduc-
ing the signal-to-noise ratio (SNR) using Al-powered image
reconstruction and post-processing techniques (Deep
Resolve), and that automatically identify image artifacts
and notify technologists to repeat scans while patients
are still in the scanner [14]. Numerous tools are also being
developed to assist radiologists in evaluating prostate MRI,
with automated segmentation of the prostate gland and
zonal anatomy, machine learning-based lesion detection
and grading validated against biopsy or whole-mount
histology to improve diagnostic yield for less experienced
readers, and auto-population of imaging reports to ensure
adherence to established standards such as PI-RADS,
PRECISE, and PI-RR (Al-Rad Companion). Together, these
improvements have the potential to not only maintain,
but also improve the quality and consistency of prostate
MRI as the number of programs and cases increases.
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0.55T: Increasing access to
high-quality prostate MRI

While demand for prostate MRI is increasing, and the
combination of protocol standardization and technological
improvements is raising the ability of new programs to
achieve high diagnostic yield, there are also significant
economic and geographic disparities in access to MRI [15].
Compared with traditional high-field magnets, helium-
free scanners reduce the complexity of MRI installation,
enabling deployment of imaging capabilities to previously
inaccessible locations while also significantly decreasing
the cost of acquisition, buildout, and operation, thereby
reducing barriers to entry. Helium-free scanners with ultra-
wide 80 cm bores also increase access by supporting imag-
ing of bariatric and claustrophobic patients. Furthermore,
imaging at 0.55T instead of higher fields lowers barriers
for patients with metal implants by decreasing SAR-induced
heating and reducing susceptibility artifacts around im-
plants, and may also improve reproducibility by decreasing
the susceptibility-related effects of air in the rectum.

While there are numerous potential advantages to
prostate imaging with a modern 0.55T scanner, it is
not yet known whether improvements in hardware and
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Al-enhanced reconstruction can overcome the lower SNR
relative to higher field strengths to produce diagnostic-
quality T2 and diffusion-weighted images. The current
PI-RADS guidelines for reporting prostate MRI advise
against prostate imaging below 1.5T because of limited
experience and limited prospective assessment of diag-
nostic performance at lower field strengths. To date,
publications on prostate MRI at 0.55T have focused on
protocol development [16], technical analysis of ana-
tomical features compared with 1.5T and 3T [17], and
guidance of in-bore MRI-targeted biopsy [18]. Evaluations
of diagnostic performance at 0.55T or diagnostic compar-
isons with higher field strengths are not yet available.

To explore the feasibility of prostate imaging using
ultrawide-bore, helium-free 0.55T MRI, we ported our 3T
MAGNETOM Skyra biparametric prostate MRI protocol to
the MAGNETOM Free.Max system for volunteer imaging in
a series of three participants at the MRI facility of Siemens
Healthineers in Erlangen, Germany. Table 1 lists the techni-
cal scan parameters that have quality specifications in the
PI-RADS reporting guidelines. Without optimization, this
initial attempt at volunteer imaging met all PI-RADS tech-
nical specifications (except field of view on the diffusion
scan, which was later updated with minimal change in

ST PI-RAD? 'tecr:mical 3T MAGNETOM Vida 0.55T MAGNETOM Free.Max
specification protocol protocol
Axial T2W
Slice thickness (mm) 3, no gap 3, no gap 3, no gap
Field of view (cm) 12-20 20 20
In-plane dimension (mm) sé%?ffs:j:)c'y) 0.3x0.3 0.4x0.4
Echo train length Excessive ETL to be avoided 51 27
Acquisition duration (min:sec) - 1:14 3:10
Axial DWI
Echo time (ms) <90 63 89
Repetition time (ms) > 3000 3800 4300
Slice thickness (mm) <4, nogap 3 3
Field of view (cm) 16-22 20 24
In-plane dimension (mm) < 2.5 phase & frequency 0.9x0.9 1.3x1.3
Low b-value (s/mm?) 0-100 (preferably 50-100) 50 50
Intermediate b-value (s/mm?2) 800-1000 800 800
High b-value (s/mm?) =>1400 (separate or calculated) calc b2000 calc b1400
Acquisition duration (min:sec) - 1:56 5:18

Table 1: Comparison of sequence parameters used for volunteer imaging at 0.55T.
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image quality or scan time). Despite a nearly sixfold
decrease in magnetic field strength, PI-RADS-compliant
scans were attainable with a modest increase in scan time.

The first volunteer (Fig. 2) was a man in his 80s with
a prostate volume of approximately 100 cc. In addition to
axial T2-weighted and diffusion scans, the test protocol
also included sagittal, coronal, and 3D T2W acquisitions.
The T2-weighted images met all criteria for diagnostic
quality by satisfying the PI-RADS and PI-QUAL technical
specifications, including axial and orthogonal views, clear
delineation of the capsule, seminal vesicles, ejaculatory
ducts, neurovascular bundles, and sphincter muscle,
and freedom from motion or rectal air artifacts. The DWI
sequence was free of rectal air artifacts, with surprisingly
high SNR, resolution, and geometric fidelity in ADC maps
and calculated b2000 images. A small focus in the transi-
tion zone was clearly visible, with hypointensity on T2W,
high signal intensity indicating restricted diffusion on
high-b DWI, and low ADC values of 600-800 sec/mm?.
Given the transition-zone location, this was consistent with
a PI-RADS 4 lesion and likely low histologic grade.

The second volunteer, a man in his 60s with a 40 cc
gland, also demonstrated excellent depiction of the intra-
and extraprostatic anatomy (Fig. 3). A focus of hyperin-
tensity was seen in the right anterior transition zone on
the calculated b1400 images, but the corresponding ADC
values were above 900 x 10" mm?/s and the finding lacked
conspicuity on T2W images. The combined T2-weighted,
diffusion-weighted, and susceptibility-weighted images

3D T2W sagittal
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demonstrated the feasibility of acquiring high-quality
anatomical and functional prostate MRI at 0.55T.

The third volunteer, a 50-year-old man with an approx-
imately 40 cc prostate and no history of prostate cancer,
was imaged at both 0.55T and 3T on the same day (Fig. 4).
Anatomical contrast and resolution on T2W images were
effectively equivalent for the detection of clinically signifi-
cant lesions. DWI resolution and contrast were superior
at 3T, but clear visualization of the transition zone and
peripheral zone, together with concordant conspicuity of
a focus of restricted diffusion in the right transition zone,
speak to the potential for diagnostic prostate MRI at 0.55T.

Prostate interventions at 0.55T:
Transurethral ultrasound ablation (TULSA)

As described in several articles in this issue, ultra-wide-
bore, 0.55T, almost helium-free magnets offer numerous
technical and practical advantages for MRI-guided inter-
ventions. The wider bore facilitates interventional device
insertion and manipulation, the lower field reduces
device-associated image artifacts and heating concerns,
and helium-free operation reduces cost, making it feasible
for private-practice surgeons and interventionalists to
establish their own MRI-guided interventional suites.

One of the most mature technologies for in-bore
MRI-guided prostate ablation is transurethral ultrasound
ablation (TULSA). Each single-use TULSA ultrasound appli-
cator (UA) uses a linear array of 10 directional ultrasound

T2W coronal

T2W axial
- gy

Calculated b2000

Prostate MRI in an 83-year-old healthy volunteer on a 0.55T MAGNETOM Free.Max system. Representative images include T2-weighted images
in sagittal, coronal, and axial planes, along with axial apparent diffusion coefficient (ADC) and high calculated b-value diffusion-weighted
(b =2000 s/mm?) images, demonstrating prostate visualization and image quality at low field strength.
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3D T2W sagittal Prostate MRI from a
64-year-old healthy

volunteer acquired using
the 0.55T MAGNETOM
Free.Max. The top row
shows a 3D T2-weighted
sagittal image (left) and
a 3D sagittal susceptibility-
weighted imaging

(SWI) acquisition (right;
in-plane resolution

0.65 x 0.65 mm?,

slice thickness 2 mm).
The bottom row shows
the corresponding axial
T2-weighted image,
apparent diffusion

2D T2W axial DWI calculated b1400 coefficient (ADC) map,
and high b-value

(b =1400 s/mm?)
diffusion-weighted
image (DWI). The blue
reference line displayed
on the sagittal images
indicates the location

of the axial slice shown
in the bottom row.

T2W sagittal T2W coronal T2W axial ADC axial

0.55T MAGNETOM Free.Max
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n Multiplanar T2- and diffusion-weighted prostate MRI in a 50-year-old man at 0.55T and 3T. Sagittal, coronal, and axial images are shown for
comparison between a 0.55T system (MAGNETOM Free.Max) (top row) and a 3T system (MAGNETOM Vida) (bottom row). Both scans were
acquired on the same day. The 3T examination demonstrates greater bladder distension at the time of imaging. Despite differences in field
strength, corresponding anatomical structures are consistently visualized across all planes, demonstrating feasibility of low-field imaging for
prostate MRI.
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beams to form a “blade” of energy that achieves thermal
coagulation of prostate tissue extending from the urethra
to the prostatic capsule. An MRI-compatible robot auto-
mates precise image-guided positioning of the applicator
during planning, and continuous computer-controlled rota-
tion of the ultrasound blade during treatment. Historically
performed at 1.5T and 3T, TULSA leverages the superior
soft tissue contrast of MRI for accurate lesion localization
and target delineation. It also harnesses MRI's unique capa-
bility to achieve fast, high-precision, volumetric tempera-
ture mapping to monitor and provide quantitative feedback
control that drives thousands of automatic adjustments

of ultrasound power and penetration depth for conformal
thermal ablation of targeted prostate tissue with millimeter
precision while preserving surrounding healthy tissue

and functional outcomes. The MRI-guided transurethral
approach to thermal energy delivery has demonstrated
decreased morbidity, promising efficacy, and broad treatment
flexibility for focal and whole-gland ablation across the
spectrum of prostate disease, including in early feasibility
studies [19-21], a pivotal multicenter trial in localized

3D sagittal T2W Coronal T2W reformatted
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1 mm isotropic
Scan time: 4:08 min

0.5 x 0.5 x 1.0 Fast
Scan time: 3:57 min
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prostate cancer [22, 23], and investigator-initiated studies
in radio-recurrent prostate cancer [24] as well as tissue
debulking for benign prostatic hyperplasia (BPH) [25].
A multicenter randomized controlled trial comparing
TULSA to robotic prostatectomy (CAPTAIN, NCT05027477)
has completed enrollment, with early outcomes demon-
strating superior safety and quality-of-life for TULSA [26];
oncologic outcomes will be reported at 3 and 10 years.
During TULSA treatment, standard diagnostic 3 mm
axial T2-weighted and diffusion-weighted images such
as those evaluated at 0.55T in the volunteers above are
acquired to delineate the planned ablation volume with
visualization and sparing of neurovascular bundles,
urethra, sphincter complex, and adjacent critical structures.
Additionally, 3D T2-weighted imaging with 1 mm isotropic
voxels is particularly valuable to delineate the prostatic
apex and external urinary sphincter for preservation of
urinary function in patients with apical lesions [27].
Figure 5 shows high-resolution isotropic 3D T2-weighted
imaging at 0.55T from the second volunteer, demon-
strating clear visualization of the prostate zonal anatomy

Representative prostate
MRI from a 64-year-old
healthy volunteer
acquired on a 0.55T
MAGNETOM Free.Max
system. Rows (top to
bottom) show images
from T2 SPACE sag
(acquisition time
6:19 min; voxel size
0.5 x 0.5 x 1.0 mm3),
T2 SPACE sag (acquisi-
tion time 4:08 min;
isotropic voxel size
1.0 x 1.0 x 1.0 mm3),
and T2 sag fast (acqui-
sition time 3:57 min;
voxel size 0.5 x 0.5 x
1.0 mm?3). Columns
(left to right) display
the original 3D sagittal
T2-weighted acquisition,
coronal reformat,
and axial reformat,
respectively. All
acquisitions were
obtained with a slice
thickness of T mm.

Axial T2W reformatted
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Axial T2 planning

Axial THERM magnitude

MAGNETOM Flash (99) 4/2026

Axial THERM temperature

n Three-dimensional MR thermometry for MRI-guided TULSA therapy at 0.55T. (6A) Axial T2-weighted treatment planning image. (6B) Axial
thermometry magnitude image acquired during treatment. (6C) Corresponding axial temperature map demonstrating stable real-time

thermal monitoring.

and surrounding pelvic structures in sagittal, coronal,
and axial reconstructions.

The most critical consideration for TULSA at lower
field strengths with lower overall signal-to-noise ratio is
maintaining the accuracy of MRI temperature monitoring
needed for precise ablation control. To address the antici-
pated decrease in SNR at lower field, a 3D MR thermometry
sequence was implemented at 0.55T in place of conven-
tional 2D acquisitions, enabling equivalent temperature
monitoring resolution, coverage, and speed, while improv-
ing SNR efficiency (Fig. 6). Technical validation of the
MAGNETOM Free.Max TULSA-PRO platform demonstrated
that the precision of 3D thermometry at 0.55T was com-
parable to that achieved with standard 2D thermometry
at 1.5T while maintaining the same scan time, voxel
size, and field-of-view. These findings suggest that the
MAGNETOM Free.Max can support real-time visualization
and control of thermal deposition during MRI-guided
prostate ablation with TULSA, while maintaining tem-
perature measurement precision and enabling the
workflow, accessibility, and cost advantages associated
with lower-field systems.

Outlook and perspective

With widespread adoption of MRI in prostate cancer
diagnosis and management, it is important to be aware of
the practical steps that can be taken to ensure high diag-
nostic performance of prostate MRI programs. High-quality
prostate MRI is achieved by paying careful attention to
consistent patient preparation, standardized MRI protocols,
technologist training, and feedback among technologists,
radiologists, and pathologists. Low-field, wider-bore, helium-
free MRI scanners such as the MAGNETOM Free.Max have
the potential to increase access to prostate MR imaging
and interventions due to broadened patient eligibility and
the lower technical and economic barriers to installation
and operation. While studies of the diagnostic perfor-
mance of prostate MRI at 0.55T are needed for acceptance
in imaging guidelines, our initial volunteer T2 and diffusion

50 magnetomworld.siemens-healthineers.com

images at 0.55T presented here demonstrate adequate
spatial and functional resolution for diagnostic use, with
quality approaching that of images at 1.5T and 3T. Simi-
larly, the isotropic 3D T2-weighted images and quantitative
MRI thermometry mapping sequences specific to TULSA
were demonstrated to be adequate to plan and control
prostate ablation at 0.55T. For interventional radiology
or urology practices with a prostate focus, MAGNETOM
Free.Max presents a unique opportunity to reduce the
cost and complexity of offering high-quality prostate MRI
for a more efficient patient pathway that uses MRI for
prostate cancer screening, detection, biopsy targeting,
surveillance, in-bore interventions such as TULSA, and
follow-up.
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Clinical need for focal therapy

Prostate cancer is the most prevalent malignancy affecting Focal therapy promises to meet this demand, by treating

men globally. Its morbidity and mortality are associated cancer while preserving key anatomy responsible for

with its progression. The standard of care is radical treat- urinary and sexual function. Focal therapy targets the
ment, consisting of radical prostatectomy and radiation lesion plus a margin of normal tissue, while sparing the
therapy. These therapies are effective but are associated rest of the prostate gland. By minimizing the treatment
with significant complications including urinary inconti- volume, the risk of adverse events and the chance of func-
nence and erectile dysfunction [1]. Such complications tional preservation may be optimized [2]. Currently, clinical
can immensely impact the quality of life, motivating the research on focal therapy is being carried out with differ-
development of less invasive yet effective therapeutic ent energy sources: ultrasound ablation, either transrectal
alternatives. In current clinical practice patients and high-intensity focused ultrasound (HIFU) or MRI-guided
clinicians have a growing awareness of the impact of treat- transurethral ultrasound ablation (TULSA), cryoablation,
ment side effects on quality of life and seeking options. laser ablation and irreversible electroporation (IRE). All
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n TULSA-PRO system. The device integrates electronics to power the ultrasound applicator, a robot for fine positioning, and a computer console
that interfaces with the MRI to provide real-time feedback to the system and automatically control heating.
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modalities leverage different mechanisms to eradicate
localized prostate cancer [3]. TULSA uses transurethral
high-intensity, planar ultrasound, performed in-bore and
automatically guided in real-time by MRI thermometry
feedback. HIFU, on the other hand, uses transrectal
delivery of focused ultrasound under ultrasound guidance.
Other focal therapies rely on different energy sources. For
example, focal laser ablation uses laser light may also be
performed under MRI or ultrasound guidance. In a recent
systematic review, no differences in terms of oncological
outcomes and quality of life were shown between the
various energy modalities [4].

The rationale for focal therapy and partial gland abla-
tion rooted in the index lesion theory [5]. Prostate cancer is
frequently multifocal. According to the index lesion theory
theory, the largest and most aggressive lesion within the
gland drives the clinical behavior and progression of dis-
ease, while the secondary foci have less potential to do so.
Several studies have demonstrated favorable oncological
control when the index lesion is effectively targeted [3, 6],
demonstrating the potential to achieve adequate oncol-
ogical treatment while preserving genitourinary function
and reducing the risk of complications.

The body of evidence in support of focal therapy
is growing, and demonstrating oncological outcomes
comparable to radical treatment, especially in low-
and intermediate-risk prostate cancer. The comparative
effectiveness is also shown in systematic reviews and
meta-analyses [4, 6]. There is a need for a multicenter
randomized trial (RCT), due to a lack of high-quality,
level 1 evidence.

Benefits of focal therapy

Focal therapy offers several advantages over radical
treatments. Focal therapy has been shown to reduce the
burden of complications and decrease in quality of life
after treatment. While urinary incontinence and impotence
frequently occur after radical therapy for prostate cancer,
the rate of such complications is reduced in patients
treated with focal therapy owing to tissue sparing. Erectile
function may be preserved sparing the nerve bundles,
responsible for erections. Even if both nerve bundles
cannot be spared, focal therapy is frequently unilateral.
Radical prostatectomy and radiotherapy treat the whole
gland, placing both nerve bundles are at risk. With these
lesser occurring adverse events, quality of life is being
preserved. Quality of life can also be improved with a
minimally invasive approach [7].

The goal of focal therapies is oncological control,
which may compare favourably to radical treatments
in literature estimates [3, 8, 9]. By targeting the lesion,
oncological efficacy is achieved in carefully selected
patients with low- or intermediate-risk prostate cancer.

Urologic iMRI

By virtue of minimal invasiveness, focal therapies are asso-
ciated with shorter recovery times, less pain, and fewer
complications [4, 10]. Some focal therapies, like HIFU,
TULSA, and laser ablation, can even be provided in an
outpatient care setting.

After performing focal therapy, the possibility of
radical- or re-treatment with focal therapy is still available
[11]. The need for re-treatment may arise due to in-field
recurrence, or if a new lesion is present in the untreated
area of the prostate.

Focal therapy may also be cost-effective in the treat-
ment of prostate cancer, owing to reduced hospital stay,
reduced need for extensive postoperative care, and less
complication management. The patient may directly bene-
fit from reduced cost of supplies to manage complications
(e.g., incontinence pads).

Challenges in focal therapy

Patient selection

Even though the benefits of focal therapy are promising,
there are challenges to adoption into the standard of care.
It is known that prostate MRI may underestimate tumor
size, underlining the importance of treating a margin

of tissue around the tumor in focal therapy [12, 13].
Conversely, there is a risk of undertreatment if the safety
margin is not sufficient. Accurate pre-treatment biopsy is
crucial to ensure effective focal therapy. Biopsy may suffer
from undersampling and underestimate the aggressiveness
of the tumor. Such risk is mitigated with more accurate,
image-guided biopsy techniques [14, 15]. Targeted biop-
sies are often used, but are still prone to sampling errors.
MRI-guided biopsies show a high diagnostic sensitivity

for detecting prostate cancer. MRI guidance enhances
detection and sampling of anterior lesions compared

with transrectal ultrasound (TRUS)-guided biopsy [16].
One study showed that using MRI guidance reduced

the rate of biopsy upgrading on radical prostatectomy,
compared with TRUS [17].

As discussed before, the index lesion theory is based
on the rationale that one lesion is the most aggressive
and most clinically important lesion. However, it is known
that prostate cancer is often multifocal. There may be
secondary lesions, even if not yet visible on MRI. Patients
with multifocal disease are often excluded from focal ther-
apy. Evidence to guide patient selection for focal therapy
is lacking. There is no consensus whether patients with
multifocal disease are elegible for focal therapy. Such
patients create a niche that TULSA aims to fill, since TULSA
can be performed as a focal to whole gland treatment.

Currently, a considerable learning curve is observed
in treating prostate cancer using focal therapy. Since this
approach is not a standard practice yet, limited experience
is available in the field. Undertreatment in prostate cancer
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Real-time feedback through MRI thermometry in the TULSA
procedure. The heating parameters are controlled through a
closed-loop system which automatically adjusts the power and
rotation rate of the ultrasound applicator.

has been associated with a poor prognosis even after
salvage radical prostatectomy if the recurrence occurs
in-field [18]. Residual malignancy after focal therapy may
indicate a phenotypically worse disease associated with
poor oncologic outcomes.

Follow-up

PSA is not a validated biomarker for surveillance after
focal therapy. Consequently, different protocols for
following patients after focal therapy are necessitated
which may increase cost. Currently, follow-up includes
MRI, plus targeted and systematic biopsies. Given the slow
progression of prostate cancer, investment into long-term
follow up is required for all patients treated with focal
therapy, regardless of risk group. And recurrence may
occur only during long-term follow-up.

Overall there are crucial considerations for patient
selection, tumor staging, treatment planning and intensive
follow-up for patients receiving focal therapy. Due to
a lack of long-term follow-up, it is difficult to establish
evidence-based guidelines for focal therapy. Therefore,
the need for randomized controlled trials (RCTs) comparing
safety and efficacy of focal therapy with the standard of
care is growing.

TULSA: Customizable therapy for
prostate cancer

The TULSA Procedure combines transurethral, roboticaly-
driven therapeutic ultrasound with real-time visualization
of temperature and automated control of heating from
magnetic resonance thermometry. The high spatial,
thermal, and anatomic resolution of the target volume
enables precise ablation of prostate tissue while sparing
functionally important structures, potentially reducing
the risk of side effects relative to RP.
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The ultrasound applicator delivers heating to the prostate with
10 independently-controlled transducer elements. The ultrasound
and endorectal cooling device are actively cooled to protect the
urethra and the rectum.

TULSA: Previous research

The largest, prospective study of TULSA is the TULSA-PRO
Ablation Clinical Trial. This is a prospective, multi-center,
single-arm pivotal study in patients with localized prostate
cancer (NCT02766543). The protocol was designed in
conjunction with the U.S. Food and Drug Administration
towards 510(k) clearance as a prostate ablation device and
received IRB approval at 13 centers in the U.S.A., Europe,
and Canada. Informed consent was obtained from all
participants. Inclusion criteria were age 45 to 80 years old,
Gleason Grade Group 1 to 2 prostate cancer, clinical stage
T2b or less, PSA 15 ng/ml or less, minimum 10-core biopsy,
no previous treatment, and could undergo MRI. Exclusion
criteria were prostate greater than 90 cc, width greater
than 6 cm or length greater than 5 cm; non-MRI com-
patible implants, active infection, suspected tumor within
3 mm of the prostate apical plane on MRI, intraprostatic
cysts or calcifications greater than 1 cm.

The primary objectives were safety and efficacy. The
primary safety endpoint was the frequency and severity of
adverse events, documented at each visit according to the
Common Terminology Criteria for Adverse Events. The
primary efficacy endpoint for prostate tissue ablation was
the proportion of men achieving a PSA reduction 75% of
baseline, defined to meet regulatory requirements rather
than oncological control. Secondary endpoints were early
oncological efficacy, defined as the proportion of patients
with no cancer or reduced grade and extent of cancer on
12-month 10-core biopsy, prostate volume reduction
assessed by central radiology, patient reported changes
in quality-of-life, and evaluation of post-treatment multi-
parametric MRI.

The 5-year follow-up from the TACT pivotal study was
recently reported [19]. Median (IQR) age at baseline was 65
(59-69). PSA decreased from 6.3 (4.6—7.9) ng/mL at base-



MAGNETOM Flash (99) 4/2026

=

)

line to 0.5 (0.3-1.2) at 1y, stable to 0.6 (0.18-1.9) ng/mL
(n =68) at 5y. At baseline, 72/115 (63%) had = GG2
disease, decreasing to 17/111 (15%) by 1y. By 3y, 15 men
(13%) received salvage treatment, increasing to 25 (21.7%)
by 5y (10 prostatectomy, 11 radiotherapy, 3 ADT, 1 surgery
and radiation) with no unexpected complications. On
review of the 25 cases, identified failure modes included
undertreatment due to targeting error and patient selec-
tion, and misalignment due to intraprocedural swelling/
motion. Early (1y) predictors of treatment failure by 5y
included PSA (OR = 3; Cl [1.7, 5.4]) and visible lesion on
mpMRI (OR = 12; Cl [4.4, 34]), both p <0.001. By 5y, 80/92
(87%) preserved erections sufficient for penetration, and
61/66 (92%) preserved pad-free continence. 12 men (10%)
incurred Grade 3 adverse events, none had a Grade = 4
event or rectal injury. Intraprocedural imaging parameters,
positive MRI and rising PSA at 1y year predicted the risk of
salvage therapy by 5y. As TACT represents early experience
with the technology, results reflect the learning curve, and
historical protocols which have since been refined to miti-
gate failures due to screening and intraprocedural factors.
Modern protocols include refined patient selection (e.g.,
screening for intraprostatic calcifications that can lead to
undertreatment), alternative strategies for device position-
ing, and thermal dose escalation to mitigate undertreat-
ment visible on intraprocedural imaging. Effective disease
control was achieved in 78% of men at 5 years after a
single TULSA procedure. Favorable safety and functional
outcomes were durable to 5y.

Current research

The safety and efficacy of TULSA is being compared in a
head-to-head fashion in the CAPTAIN study (NCT05027477,
A Comparison of TULSA Procedure vs. Radical Prostatecto-
my in Participants with Localized Prostate Cancer). CAPTAIN
is a prospective, multi-centre randomized controlled trial

Urologic iMRI

n The user creates
treatment plans by
contouring the target
volume on axial
T2-weighted images
(insets). Treatment
plans range from
whole-gland therapy
(4A), to hemi (4B),
and focal therapy (4C).

which will enroll of 201 patients with organ-confined,
Gleason Score 7 cancer. 67 patients will receive radical
prostatectomy (RP) and 134 patients will receive one

or two TULSA Procedures. The trial is currently open at

16 sites in the United States, two in Canada, and one in
Finland comprising a mix of academic centers and private
clinics. Enroliment began in January 2022, and interim
results are expected in 2025.

The goal of CAPTAIN is to demonstrate that the efficacy
of the TULSA Procedure is not inferior to RP for efficacy
while demonstrating superior safety. The primary safety
endpoint is the proportion of patients who preserve both
erectile potency and urinary continence one year after
treatment. The primary efficacy endpoint is the proportion
of patients who are free from any additional treatment for
prostate cancer by three years after treatment. Secondary
endpoints include a comparison of rates of complications,
cost-effectiveness, and timing of the return to baseline
activity. Long-term follow-up will be gathered for up to
ten years after treatment.

Primary Endpoints

* 1-year safety: % patients maintaining EPIC Q5 pad-free
continence and IIEF Q2 erections sufficient for pene-
tration

* 3-year efficacy: % patients with no additional interven-
tions for prostate cancer, no metastases or prostate
cancer death (1 repeat TULSA at 12 months allowed)

Secondary Endpoints and extended 10-year follow-up

* Survival, histologic failure, biochemical failure, mpMRI

e Complications, penile rehabilitation and length, blood
loss, hospitalization

* Patient-reported pain, 30-day diary, return to normal
activities, QOL questionnaires: IPSS, IIEF-15, EPIC-26,
EQ-5D-5L

¢ Cost-effectiveness
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The other, multi-centre RCT comparing TULSA with the
standard of care is the ENFORCE Focal trial (Effectiveness of
focal therapy in men with prostate cancer, NCT06223295).
ENFORCE is a prospective, Dutch multi-center randomized
controlled trial gathering evidence for focal therapy in
patients with intermediate-risk, unilateral clinically local-
ized prostate cancer compared to usual care. In this study,
356 patients will be included and randomized 1:1 between
focal therapy and standard of care. Standard of care con-
sists of robot-assisted radical prostatectomy (RARP) or
radiotherapy (RT), while focal therapy consists of 3 differ-
ent modalities: transurethral ultrasound ablation (TULSA),
irreversible electroporation (IRE) and high-intensity focused
ultrasound (HIFU). Five participating centers will perform
one of the focal therapies as well as standard of care.
Patients will receive one-time focal therapy or standard-
of-care intervention within the study. Recruitment opened
in January 2024 and is ongoing.

The aim of ENFORCE focal is to study efficacy and
cost-effectiveness, and quality of life of focal therapy
versus standard of care in patients with intermediate-risk,
unilateral clinically localized prostate cancer. The primary
endpoints are: oncological effectiveness at 36 months after
treatment, and quality of life at 12 months. ENFORCE tests
a hypothesis of non-inferiority of focal therapy to usual
care for efficacy, and superiority for quality of life. Onco-
logical effectiveness is defined as treatment failure, i.e.,
the need for retreatment with salvage treatment (radical
prostatectomy, radiotherapy, or systemic therapy) in
the focal therapy group, and as biochemical recurrence
followed by salvage local or systemic treatment in the
usual care group. Secondary endpoints include oncologic
safety, cost-effectiveness, and disease-free survival.

Technical aspects and clinical
workflow TULSA

The preparation phase starts a day before the treatment,
when the patient is instructed to consume a liquid diet.
Before anesthesia, the patient empties both the bowel
and bladder.

On the day of the treatment, the dedicated MRI techni-
cian prepares the TULSA system, a 20 to 40-minute process
that includes testing the components and ensuring all
systems are operational before the anesthesia.

At our institution, the patient is positioned supine on
the MRI table in the MRI room. Anesthesia is administered,
and subsequent steps involve disinfecting the surgical
area, applying sterile draping, lubricating the urethra, and
inserting a transurethral catheter, followed by emptying
the bladder. The patient is then transferred and docked
to the MRI machine, with legs secured to facilitate better
access for the endorectal cooling device (ECD).
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The urologist introduces the ECD, stabilizing it with sterile
water to prevent unintended rotation. A guidewire is then
inserted through the transurethral catheter, facilitating
the careful insertion of the ultrasound applicator, which
is then securely attached to the robot. Once the devices
are properly positioned, the patient is transferred into the
MRI bore, and the remaining steps are carried out in the
control room.

The radiologist and urologist work together to pre-
scribe and deliver the ablation. In the MRI workflow,
initial imaging is conducted by the technicians on the
MRI console. The resulting scans are critically reviewed
by the radiologist to confirm proper device placement and
to ensure the absence of air bubbles in the treatment area,
which is crucial for accurate thermometry and effective
tissue ablation using ultrasound energy. Subsequent
adjustments are made by the urologist as needed to opti-
mize device alignment. The radiologist then registers the
position of the ultrasound applicator in the TULSA software
using 3D T2-weighted images.

The radiologist further adjusts the position of the
ultrasound applicator using the TULSA robot and confirms
correct placement with additional 3D T2-weighted images.
Using transverse T2-weighted images and a test THERM
scan, the radiologist precisely defines the boundaries of
the desired ablation volume for each of the 10 indepen-
dently-controlled treatment elements on the ultrasound
applicator, and the boundary is subsequently confirmed
by the urologist.

Following these preparations, the radiologist sets the
starting angle and prepares for treatment. The system
then automatically executes the prescribed treatment plan,
controlling the device's rotation speed and power output
based on real-time temperature images. The radiologist
monitors these real-time images and adjusts or pauses the
treatment as necessary.

Finally, the radiologist uses contrast-enhanced
T1-weighted images to confirm the treatment effect and
assess the non-perfused volume. After treatment comple-
tion, the urologist removes the devices and inserts a Foley
catheter. The anesthetist oversees the patient’s recovery
from sedation.

The cost-effectiveness of focal therapy

With fewer expected adverse events, TULSA and other
focal therapies are expected to be more cost efficient in
managing complications after focal therapy relative to
conventional treatments. Reduction in cost associated with
shorter hospital stays and surgical suite are also expected
for focal therapy, which can be performed in outpatient
settings, or may require at most admission for one-night
observation.
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(5A) Treatment plan outlined for a partial gland ablation on a T2w image. (5B) Heatmap with maximum temperatures as obtained at the
end of the treatment. (5C) Thermal dose. (5D) Post treatment contrast enhanced T1w images showing the non-perfusional volume.

On the other hand, there are costs associated with focal
therapy which are not incurred in conventional treatments.
Image-guided therapies require ultrasound or MRI. Closer
follow-up using MRI and biopsy may also increase cost,
due to the lack of a validated PSA threshold for recurrence.
Focal therapy therefore increases reliance on MRI and
therefore cost. Cost may also be increased through the
extended follow-up duration, for the focally treated patient
who still has prostate tissue in which

(multifocal) disease can recur.

In conclusion, focal therapy is expected to be more
cost-effective compared to radical treatments. Level one
evidence to support this hypothesis is being generated
by the CAPTAIN and ENFORCE trial.

Future perspectives

MAGNETOM Free.Max from Siemens Healthineers is an
innovative MRI scanner that combines a 0.55 Tesla field
strength with advanced hardware design and deep learn-
ing technologies. By doing so, the scanner broadens the
range of MR clinical applications and provides users with
the inherent clinical benefits of a lower-field MR scanner.
The first and only 80 cm wide-bore system available on
the market, MAGNETOM Free.Max also facilitates MR scan-
ning for larger and/or claustrophobic patients, enhancing

the patient experience. At less than 7,700 Lbs and

80 inches high, MAGNETOM Free.Max is the most light-
weight, compact whole-body scanner ever offered by
Siemens Healthineers. Its reduced size permits installation
with only minimal structural modifications. Furthermore,
where MR scanners typically require several hundred liters
of helium and a quench pipe for cooling purposes, the new
DryCool technology uses less than 1 liter of liquid helium,
reducing lifecycle and infrastructure costs. For these rea-
sons, MAGNETOM Free.Max has simplified MRI integration
in locations previously not suitable for MR imaging.

The Transurethral Ultrasound Ablation (“TULSA”)
procedure, performed using Profound’s TULSA-PRO®
system, employs real-time MR guidance for precision to
save patients’ vital functions while killing the targeted
prostate tissue via a precise sound absorption technology
that gently heats it to kill temperature (55°C). TULSA-PRO®
enables surgeons to ablate whole- or partial-gland prostate
tissue in patients with low-, intermediate, or high-risk
prostate cancer; with benign prostatic hyperplasia (“BPH");
as well as those prostate cancer patients on active surveil-
lance seeking treatment of their cancer and relief from
their symptoms of BPH. TULSA is a “one-and-done” proce-
dure, performed in a single session that takes a few hours,
and no hospital stay is required. Most TULSA patients
report quick recovery to their normal routine.
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With the recent introduction of TULSA-PRO®, MR imaging
now not only has the power to fundamentally change how
prostate cancer is diagnosed, but also how it is treated.

The collaboration between Siemens Healthineers and
Profound on developing a complete therapeutics solution,
combining its TULSA-PRO® system with the MAGNETOM
Free.Max MR scanner’ has the potential to improve onco-
logical and functional outcomes for a very significant
number of prostate cancer patients.

"Work in progress. The combination is currently under development and is not for
sale in the U.S. and in other countries. Its future availability cannot be ensured.
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Meet Siemens Healthineers

Siemens Healthineers: Our brand name embodies the pioneering spirit and
engineering expertise that is unique in the healthcare industry. The people working
for Siemens Healthineers are totally committed to the company they work for, and
are passionate about their technology. In this section we introduce you to colleagues
from all over the world — people who put their hearts into what they do.

Jan Brandt, Ph.D.

Jan Brandt is a biomedical engineer with expertise in materials science and tribology, the science of friction
and wear. He began his career with an apprenticeship as an industrial mechanic for turbines at ABB in
Mannheim, Germany, before studying Mechanical Engineering at University of Duisburg-Essen, Germany.

During his studies, Jan spent time at the National Research Council in Vancouver, Canada, and at the
University of Western Australia in Perth, where he worked in the mining industry and was later introduced
to the tribology of orthopedic implants and medical devices. Through various scholarships, he returned

to Canada to conduct his Ph.D. in Biomedical Engineering at the University of Waterloo, while conducting
his research at the Orthopaedic Division of the London Health Sciences Centre in London, Ontario. After
graduating, he moved to Winnipeg, Manitoba, where he directed the implant research capabilities at the
Orthopaedic Innovation Centre. In this role, he focused on developing implant test methods, evaluating N 4
hip and knee replacement technologies, and conducting clinical trials and extensive outcome research. i

Erlangen, 1
After 15 years abroad, Jan returned to Germany with his wife and two sons. Before joining Siemens Germany\/ ?
Healthineers in 2022, he worked at Schaeffler in Herzogenaurach and later founded a proactive analytics o 1
company, applying data-driven approaches to engineering and healthcare challenges. Today, Jan is the \
Clinical Marketing Manager for MR Therapy in the Clinical Scientific Marketing Team. He leads the global <

clinical and scientific marketing strategy for MRI-guided therapy across the 0.55T, 1.5T, and 3T MRI
portfolios, helping translate innovative imaging technologies into improved therapeutic workflows

and better patient care.

How did you first come into contact with MRI?

During my time in orthopedic research, | worked on a
study that compared X-ray, CT, and MRI scans of freshly
frozen cadaveric lower limbs to evaluate bone and some
biomechanical characteristics. Seeing MRI for the first time
was a defining moment. | was amazed by the level of ana-
tomical detail it revealed: not only the bone itself, but also
the surrounding soft tissues, ligaments, and structures.
X-ray and CT simply cannot visualize those things. That
experience sparked a lasting interest in MRI and ultimately
led me back to imaging, where | now work to help bring
its clinical value into therapeutic applications.

What do you find most motivating about your job,

and what do you think is the most exciting development
in MRI-guided therapy?

What motivates me is knowing that our work can have

a real impact on patient care. While | can't treat patients
myself, | can help physicians access imaging technologies
that support diagnosis and guide interventions. Through
clinical evidence, scientific collaboration, and education,
we can accelerate the adoption of innovations that may
help to improve patient outcomes. Being able to contribute

to that process is incredibly rewarding. On a personal level,
losing a close friend to cancer changed the way I look at
my professional career. Accompanying him throughout his
clinical journey made me realize that engineering is much
more than developing innovative technologies. To me, it is
about giving physicians better tools to help patients. That
sense of purpose has stayed with me ever since | switched
from the mining industry to orthopedic research more than
20 years ago.

What excites me is that MRI is evolving beyond a purely
diagnostic imaging modality into an integral part of the
interventional pathway. With innovations such as the
MAGNETOM Free.XL and the Nexaris platform, and
together with our partners, we are enabling physicians

to image, plan, treat, and monitor interventional outcomes
within a single ecosystem. This may open up new oppor-
tunities for entirely new MRI-guided procedures and
intervention pathways that were previously difficult or
simply not feasible. This is a genuine paradigm shift. We
are no longer just building better MRI scanners; we are
helping redefine how therapy is delivered. The opportunity
to support physicians with imaging technologies that aid
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precision medicine, guide minimally invasive interventions,
and may ultimately enhance patients’ quality of life is what
makes the future of MRI-guided interventions so exciting.

What would you do if you could spend a month doing
whatever you wanted?

Although I would try to keep the month free from work,

I have always enjoyed spending time in the clinic, observ-
ing physicians, and understanding their workflows. Being
close to the point of care has always been a very rewarding
part of working in the healthcare environment. If | could
spend one month doing whatever | wanted, | would
probably split it between two very different but equally
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satisfying things: Part of me would escape into the Cana-
dian backcountry to go fishing, camping, and enjoy the
peace and solitude with my family away from everyday
responsibilities. Canada was my home for many years, and
I was able to explore much of the country. | find the vast-
ness of the Canadian wilderness incredibly grounding and
inspiring. The other part of me would spend long days in
my garage with my sons, restoring classic mopeds from the
1960s and 1970s by taking them apart, fixing them, and
making them look beautiful again. Since | was a teenager,
I have been captivated by the ingenious engineering of
that era — a time when these small, remarkably reliable
machines were built to last.

Florian Maier, Ph.D.
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The entire editorial staff at LMU University Hospital, Munich, Germany and at Siemens
Healthineers extends their appreciation to all the radiologists, technologists, physicists,
experts, and scholars who donate their time and energy — without payment — in order
to share their expertise with the readers of MAGNETOM Flash.
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The information presented in these articles and case reports is for illustration
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is reminded that they must use their own learning, training and expertise in
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Not for distribution in the US

On account of certain regional limitations of sales rights
and service availability, we cannot guarantee that all
products included in this brochure are available through
the Siemens Healthineers sales organization worldwide.
Availability and packaging may vary by country and

is subject to change without prior notice. Some/All of
the features and products described herein may not be
available in the USA.

The information in this document contains general
technical descriptions of specifications and options as
well as standard and optional features which do not
always have to be present in individual cases, and which
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