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Abstract

Cardiac magnetic resonance imaging is  often affected by motion artifacts  caused by cardiac and respiratory cycles,  which

can  reduce  image  quality  and  workflow  efficiency.  Conventional  electrocardiogram  gating  is  widely  used  for  motion

synchronization but  may be limited by setup complexity,  electromagnetic  interference,  and reduced reliability  in patients

with arrhythmias. This systematic review evaluated the efficacy, safety, and clinical utility of the BioMatrix Beat Sensor/Pilot

Tone, a contactless technology integrated into MRI body coils for simultaneous cardiac and respiratory motion detection. A

systematic search of PubMed, Scopus,  Google Scholar,  and Siemens Healthineers resources was conducted up to October

2025 following a PROSPERO registered protocol - (CRD420251121514). Due to limited evidence and study heterogeneity, a

narrative synthesis was performed. Five primarily non-randomized studies and six studies from company resources were in-

cluded. Pilot Tone triggering demonstrated quantitative CMR measurements comparable to ECG gating, including ventricu-

lar volumes, ejection fraction, strain, and T1/T2 mapping, with intraclass correlation coefficients ranging from 0.73 to 0.99.

Image quality was similar between methods, while Pilot Tone showed advantages in patients with arrhythmias by reducing

false triggers and motion artifacts. Respiratory signal correlation was high (r > 0.95). Workflow benefits included reduced

preparation time of  approximately  2–5  minutes  and improved patient  comfort  due  to  the  contactless  design.  No adverse

events  were reported.  BioMatrix Beat  Sensor/Pilot  Tone appears to be a  reliable  alternative or complementary method to
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ECG gating in CMR, although larger multicentre studies are needed to confirm its broader clinical utility.

Keywords: Cardiac Magnetic Resonance Imaging (CMR); BioMatrix Beat Sensor; Pilot Tone; Electrocardiogram Gating

(ECG); Motion Compensation; Arrhythmia; Image Quality; Respiratory Motion Tracking.
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Introduction

Motion artifacts due to cardiac and respiratory cy-

cles  present  significant  challenges  in  magnetic  resonance

imaging (MRI), particularly in cardiovascular and abdomi-

nal imaging, where they can degrade image quality and ex-

tend  examination  times  [1,2].Traditional  synchronization

methods,  such  as  electrocardiogram  (ECG)  triggering  and

respiratory  bellows  or  navigators,  often  encounter  limita-

tions  including  setup  complexity,  susceptibility  to  artifacts

from magnetic  fields,  and variability  in patient compliance

[3,4]. Pilot Tone (PT) navigation, including its clinical appli-

cation as the BioMatrix Beat Sensor, offers a contactless ap-

proach by transmitting a continuous radiofrequency signal

modulated by physiological  motion,  enabling real-time ex-

traction of respiratory curves and cardiac triggers indepen-

dently of the MRI acquisition sequence [5,6].

The BioMatrix Beat Sensor, an innovative technol-

ogy integrated into standard MRI body coils, eliminates the

need  for  ECG  leads  and  respiratory  belts,  simplifying  pa-

tient  preparation  and  reducing  examination  times  [7,8].

This sensor leverages electromagnetic effects to detect cardi-

ac and diaphragmatic motion, providing reliable triggering

even in  challenging cases  such as  arrhythmias,  as  demons-

trated in clinical  settings  with improved image quality  and

workflow efficiency [9,10]. Its development, rooted in the Pi-

lot Tone concept, has evolved from initial volunteer tests to

a  practical  tool,  enhancing  patient  comfort  and  diagnostic

accuracy across various MRI scanners [7,10].

Recent  studies  have  explored  the  efficacy  of  Pilot

Tone and BioMatrix technologies across diverse clinical sett-

ings.  In  free  breathing  three-dimensional  magnetic  reso-

nance  cholangiopancreatography  (MRCP),  BioMatrix  trig-

gered imaging (BM MRCP) demonstrated reduced examina-

tion times and superior image quality compared to respira-

tory-gated  and  navigator-triggered  techniques  in  patients

with  pancreatic  and  biliary  diseases  [1].  In  cardiovascular

MRI,  Pilot  Tone  extracted  signals  showed high  correlation

with image-derived respiratory motion and reliable cardiac

triggers,  with  minimal  jitter  relative  to  ECG,  even  across

varying patient  physiologies  [2].  Initial  clinical  experiences

at  a regional  cardiac centre highlighted the BioMatrix Beat

Sensor’s ability to streamline workflows, reduce preparation

time, and improve imaging quality in cardiomyopathy and

aortopathy  cases,  particularly  in  patients  with  arrhythmias

[3].  Furthermore,  Pilot  Tone  integration  into  free  running

5D  flow  MRI  frameworks  yielded  respiratory  and  cardiac

motion data comparable to self-gating methods, with the ad-

vantage  of  being  acquisition  independent(4).  Prospective

feasibility  studies  in  patients  with  cardiovascular  diseases

confirmed that Pilot Tone triggered CMR matches ECG trig-

gered imaging  in  quality  and quantitative  metrics,  offering

advantages in minimizing motion artifacts in cases of ECG

unreliability  [5].  Additionally,  Pilot  Tone  triggered  MRI
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showed good agreement with ECG triggered sequences for

cardiac functional and structural indices, suggesting its po-

tential as a backup gating method [6].

This  systematic  review  synthesizes  findings  from

these  studies  to  evaluate  the  clinical  performance,  efficien-

cy, and reliability of Pilot Tone and BioMatrix technologies

in motion-resolved MRI, with a focus on their impact on pa-

tient outcomes and workflow optimization in cardiac and re-

spiratory imaging.

Rationale for the Review

1.1.1 Methodological Rigour

Conventional  ECG  gating  is  frequently  compro-

mised by patient-specific factors (body size, chest hair, cardi-

ac position, motion, arrhythmia) and electromagnetic inter-

ference from radiofrequency pulses and gradient switching,

resulting  in  unreliable  R  wave  detection  and  inconsistent

cardiac  synchronization.  These  limitations  lead  to  motion

artifacts,  prolonged  acquisition  times,  and  increased  res-

cans, reducing the reproducibility and diagnostic validity of

cardiac MRI examinations. A systematic evaluation of con-

tactless alternatives is essential to determine whether BioMa-

trix Beat Sensor/Pilot Tone consistently mitigates these well

documented sources of error across varied clinical and tech-

nical conditions.

1.1.2 Clinical Credibility

In routine cardiology and radiology practice, ECG

triggering remains particularly challenging in patients with

pronounced arrhythmias like atrial fibrillation, frequent ec-

topic  beats,  implanted  devices,  or  irregular  breathing  pat-

terns, where electrode placement and signal stability direct-

ly  impair  image  quality  and quantitative  accuracy.  Clinical

teams  report  that  BioMatrix  Beat  Sensor  eliminates  ECG

leads entirely, simplifies patient preparation, and delivers re-

liable triggering even in these difficult  cohorts,  resulting in

fewer  examination  failures  and  more  consistent  diagnostic

datasets suitable for cardiomyopathy, aortopathy, and struc-

tural heart disease assessment.

1.1.3 Evidence Strength

Individual reports demonstrate high agreement be-

tween  Pilot  Tone/BioMatrix  signals  and  ECG/self-gating

(correlation coefficients routinely >0.99), minimal trigger jit-

ter, equivalent ventricular volumes, ejection fraction, strain,

T1/T2  mapping  values,  and  superior  image  quality  in  ar-

rhythmia  cases.  However,  this  evidence  is  dispersed  across

single  centre  feasibility  studies,  clinical  experience  reports,

and  technical  descriptions  without  formal  aggregation.  A

systematic review is required to synthesize these findings, as-

sess  risk  of  bias  (especially  confounding  and  selection  bias

in non-randomized comparisons), and establish graded cer-

tainty of evidence to support clinical decision-making.

1.1.4 Innovation Viability

BioMatrix Beat Sensor is fully integrated into stan-

dard BioMatrix body coils, requires no additional hardware,

and functions independently of acquisition sequence, mak-

ing it immediately deployable on existing Siemens 1.5T and

3T platforms. By removing electrodes and respiratory belts,

it  substantially  reduces  preparation  time,  eliminates  skin

preparation and shaving, and improves patient tolerance ad-

vantages that  translate directly into higher throughput and

operational efficiency in high-volume cardiac MRI centres.

1.1.5 Audience Relevance

Radiologists, cardiologists, MRI technologists, and

healthcare  administrators  routinely  face  workflow  bottle-

necks caused by ECG setup delays, signal instability, patient

discomfort, and examination failures. These issues increase

waiting  times,  rescheduling  rates,  and  overall  costs  while

compromising  patient  experience.  This  review  directly  ad-

dresses  this  audience  by  consolidating  real  world  evidence

on  a  commercially  available,  contactless  solution  that  re-

solves longstanding practical and safety limitations in every-

day cardiac MRI practice.

1.2 Deviations from PROSPERO Protocol

This review was prospectively registered in PROS-

PERO (CRD420251121514).  During the conduct of  the re-

view, minor deviations from the registered protocol were re-

quired due to limitations in the available evidence.

Although  the  protocol  planned  to  include  ran-

domized  controlled  trials,  no  randomized  studies  compar-

ing BioMatrix Beat Sensor or Pilot Tone with ECG gating in
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cardiac MRI were identified. The available literature consist-

ed  of  non-randomized  comparative  studies,  feasibility

studies, and clinical experience reports. Therefore, the inclu-

sion criteria were broadened to incorporate these study de-

signs  in  order  to  synthesize  the  best  available  clinical  evi-

dence.

Due  to  the  small  number  of  studies  and  substan-

tial heterogeneity in study design, patient populations, imag-

ing  protocols,  and  outcome  measures,  a  meta-analysis  was

not  feasible.  Accordingly,  a  structured  narrative  synthesis

was performed, with descriptive reporting of outcomes with-

out statistical pooling.

These deviations were driven by evidence availabil-

ity  rather  than  post-hoc  methodological  decisions  and  are

reported to ensure transparency.

Research Frame Work Pico Model

Component Description

P (Population) Patients who are adults/children undergoing cardiac MRI for cardiovascular diseases like
heart failure, infarction, ischemia, arrhythmias, pacemakers.

I (Intervention) BioMatrix Beat Sensor/Pilot Tone for cardiac/respiratory triggering in CMR sequences such
as cine, mapping, flow.

C (Comparator) ECG gating, respiratory bellows, navigators, or self-gating.

O (Outcomes)
Efficacy: Image quality like the SNR/CNR/artifacts, times exam/acquisition, reliability,

quantitative metrics like volumes/EF/strain/T1-T2/ECV/flow. Safety: Adverse events such
as burns/discomfort and comfort, efficiency.

Figure 1: Prisma Flow chart
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Objectives

To  systematically  evaluate  and  compare  the

diagnostic performance and image quality of cardiac

magnetic  resonance  imaging  (CMR)  using

BioMatrix Beat Sensor / Pilot Tone triggering versus

conventional  electrocardiogram  (ECG)  gating

across  clinical  and  healthy  volunteer  populations.

To assess the impact of BioMatrix Beat Sensor on

examination  efficiency,  patient  preparation  time,

workflow  simplification,  and  technical  reliability,

particularly in patients  with arrhythmias or other

conditions  that  compromise  traditional  ECG

triggering.

To determine the safety profile and patient centred

advantages  of  BioMatrix  Beat  Sensor,  including

elimination  of  ECG  lead  related  risks  like  RF

induced burns and improvement in overall patient

comfort and compliance during CMR examinations.

Methodology

3.1 Inclusion Criteria

Studies  involv ing  pat ients  undergoing

cardiovascular magnetic resonance imaging (CMR)

for cardiovascular diseases, including heart failure,

myocardial  infarction,  ischemia,  and  aortic

coarctation.

Studies  including  patients  with  conditions

complicating CMR, such as cardiac arrhythmias and

implanted pacemakers.

Interventional studies evaluating the BioMatrix Beat

Sensor a novel Pilot Tone based cardiac triggering

t e c h n o l o g y  c o m p a r e d  t o  t r a d i t i o n a l

e lectrocardiogram  (ECG)  gat ing.

Studies assessing efficacy outcomes, such as image

quality and workflow efficiency.

Studies assessing safety outcomes,  such as patient

discomfort and risks like RF induced burns.

3.2 Exclusion Criteria

Studies  not  focused  on  cardiovascular  magnetic

resonance  imaging  (CMR)  or  related  flow  study

imaging.

Studies  excluding  patients  with  cardiovascular

diseases or complicating conditions like arrhythmias

or pacemakers.

Non-interventional  studies  or  those  not  directly

comparing BioMatrix Beat Sensor to ECG gating.

Studies not addressing efficacy like image quality,

workflow or safety such as  discomfort  and burns

outcomes.

Nonhuman  or  nonpatient  based  studies  that  is

technical simulations without clinical application.

3.3 Eligibility Criteria

Studies were included if they evaluated the efficacy

and safety of the BioMatrix Beat Sensor or Pilot Tone based

cardiac / respiratory triggering versus ECG gating in cardiac

MRI  (CMR)  for  patients  with  cardiovascular  diseases,  ar-

rhythmias,  or related conditions complicating imaging like

heart failure, myocardial infarction, ischemia, aortic coarcta-

tion,  pacemakers.  Inclusion  required  comparative  designs

assessing outcomes such as image quality that is SNR, CNR,

artifact  reduction,  examination  /  acquisition  times,  techni-

cal reliability,  workflow efficiency, quantitative metrics like

ventricular  volumes,  ejection  fraction,  T1/T2  mapping,

strain, patient comfort/compliance, and safety related to ad-

verse  events  like  RF  burns  in  MRI.  Study  designs  encom-

passed prospective comparative studies, cohort studies, case

series, and feasibility studies; randomized trials were eligible

if  identified.  Exclusions  comprised  non  comparative  re-

ports,  animal  studies,  review  articles,  non  CMR  applica-

tions,  and  studies  lacking  BioMatrix  /  ECG  comparison.

Non cardiac MRI studies were reviewed only for contextual

relevance and excluded from primary cardiac efficacy analy-

sis.  No  language,  date,  or  location  restrictions  applied.

Studies  were  grouped  for  synthesis  by  outcome  domains

such  as  image  quality,  efficiency  as  per  protocol  (PROS-

PERO  CRD420251121514).
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3.4 Information Sources

Electronic  databases  searched  included  Scopus,

PubMed,  and  Google  Scholar.  Additional  sources  com-

prised  the  Siemens  Healthineers  website  that  is  siemens

healthineers.com / magnetom world for clinical articles and

technical reports, and reference lists of included studies/re-

views.  No  registers  like  ClinicalTrials.gov  or  organizations

yielded  relevant  interventional  studies.  Searches  were  con-

ducted up to October 30, 2025; last database searches: Sco-

pus (October 30,  2025),  PubMed (October 30,  2025),  Goo-

gle  Scholar  (October  30,  2025);  Siemens  website  manually

searched (October 30, 2025).

3.5 Search Strategy

Full  search  strategies  combined  keywords/MeSH

terms:  ("BioMatrix  Beat  Sensor"  OR  "Pilot  Tone"  OR  "PT

navigation" OR "BioMatrix respiratory gating") AND ("ECG

gating"  OR  "electrocardiogram  gating"  OR  "ECG  trigger-

ing")  AND  ("cardiac  MRI"  OR  "CMR"  OR  "cardiovascular

magnetic resonance" OR "motion artifacts" OR "respiratory

gating").  Filters  included  human  studies  and  English  lan-

guage  where  applicable,  no  date  limits.  Example  PubMed

strategy:  ("BioMatrix  Beat  Sensor"  OR  "Pilot  Tone")  AND

("ECG")  OR  "electrocardiogram"[Mesh])  AND  ("Magnetic

Resonance  Imaging"[Mesh]  OR  "CMR").  Similar  strategies

adapted for Scopus/Google Scholar. Siemens website search-

es used site-specific terms like "BioMatrix Beat Sensor cardi-

ac MRI".

3.6 Selection Process

Three reviewers independently screened titles/abs-

tracts  (n=20  unique  records  post  duplicates)  and  full  texts

(n=10) from other databases (n=6).  Manual de duplication

and  screening  were  done.  Disagreements  were  resolved  by

consensus. Automation tools flagged duplicates (n=16). The

PRISMA  flow  diagram  illustrates  the  process:  30  records

from databases/registers (n=0 registers), 6 from other meth-

ods  (Siemens  company  websites);  after  screening/exclu-

sions, 6 reports from 5 studies included. Excluded full texts:

non  cardiac  MRI  (n=1),  reviews  (n=4);  no  reports  not  re-

trieved.

3.7 Data Collection Process
Three  reviewers  independently  extracted  data

from  each  report  using  a  piloted  Microsoft  Excel  form,

cross verifying for accuracy. Data sought included study de-

tails such as design, setting, sample size, participant charac-

teristics  like  age,  conditions,  intervention/comparator  like

BioMatrix vs. ECG specifics, e.g., sequences like cine, T1/T2

mapping,  and  outcomes.  Investigators  were  not  contacted

for missing data. Disagreements resolved by discussion; no

automation tools  used beyond basic  spreadsheet  functions.

Assumptions  for  unclear  data  such  as  unspecified  scanner

field strength noted as "not reported."

3.8 Data Items

3.8a:  Primary  outcomes:  image  quality  such  as

SNR,  CNR,  artifact  scores,  qualitative  ratings;  examina-

tion/acquisition times; technical reliability the success rates,

failures. Secondary: safety such as adverse events, burns, dis-

comfort; efficiency that is preparation time, rescans; quanti-

tative  CMR  that  is  ventricular  volumes,  ejection  fraction,

mass,  strain,  T1/T2  values,  ECV;  flow  metrics  4D  and  5D

flow. All compatible results sought all measures, timepoints,

analyses, no selective collection.

3.8b:  Other  variables:  participant  demographics

such as age, sex, BMI, comorbidities like arrhythmias; inter-

vention details  -  MRI field strength,  sequences,  e.g.,  bSSFP

cine;  funding (e.g.,  Siemens involvement).  Missing info as-

sumed absent if unreported (e.g., no BMI adjustment noted

as  unadjusted  confounding).  [Location:  Methods  section,

Data  Items  subsection].

3.9 Study Risk of Bias Assessment

Risk  of  bias  assessed  at  outcome  level  using

ROBINS-I  tool  for  non-randomized studies.  Three review-

ers independently evaluated domains such as confounding,

participant selection, intervention classification, deviations,

missing  data,  outcome  measurement,  reported  results  via

signalling  questions,  rating  low/moderate/serious/criti-

cal/no information.  Pilot  assessments  on 2  studies  ensured

consistency: disagreements resolved by consensus. No auto-

mation tools. Assessments presented in traffic light plots/ta-

bles per outcome.
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Graph 1: Risk of Bias of 4 research articles

3.10 Synthesis Methods

a: Studies eligible for synthesis if directly compar-

ing  BioMatrix/Pilot  Tone  vs.  ECG  in  CMR  outcomes;

grouped  by  domain  (e.g.,  image  quality  synthesis  included

[1,3,5,6].

b: Data prepared via extraction of means/SDs; con-

versions  (e.g.,  medians  to  means  if  needed)  not  required

due  to  narrative  focus;  missing  statistics  narratively  de-

scribed.

c:  Results  tabulated  (e.g.,  forest  plots  for  agree-

ments, tables for times/qualities) and visualized (e.g., robvis

traffic lights).

d: Narrative synthesis due to heterogeneity (design-

s/outcomes);  no  meta-analysis  feasible  (few  studies,  clini-

cal/technical  variability).  Rationale:  Clinical  diversity  pre-

cluded pooling; qualitative summary by themes (e.g., superi-

ority in artifacts [1,5]. No heterogeneity stats/software used.

e:  Heterogeneity  explored  narratively  (e.g.,  sub-

groups by patient type like arrhythmias [3,5,9]; no meta re-

gression.

f: Planned sensitivity analyses (e.g., excluding high

bias studies) not performed due to limited inclusions. [Loca-

tion: Methods section, Synthesis Methods subsection].

Results

Pilot  tone triggered MRI sequences demonstrated

no significant differences in cardiac functional and structu-

ral indices, including left and right ventricular end diastolic

volume  (EDV),  end  systolic  volume  (ESV),  stroke  volume

(SV),  ejection  fraction  (EF),  left  ventricular  (LV)  mass,  T1

and T2 values, and longitudinal strains, compared to electro-

cardiogram  (ECG)  triggered  sequences,  with  good  agree-

ments  like  interclass  correlation coefficients  [ICC]  ranging

from 0.73 to 0.98 and low variations such as coefficients of

variation [CV] from 1.4% to 22.6% [11].

Respiratory  motion  extracted  from  PT  correlated

positively with image derived respiratory signals in all cases,

showing a  stronger  correlation of  absolute  coefficient:  0.95

± 0.09, than BioMatrix sensors (0.72 ± 0.24). PT trigger jit-

ter  standard  deviation  of  PT  trigger  locations  relative  to

ECG triggers ranged from 6.6 to 83.3 ms, with a median of

21.8 ms; the mean absolute difference between PT and ECG

cardiac cycle durations was less than 5% of the average ECG

R - R interval for 21 out of 23 patients. No significant linear

dependence  (p  >  0.28)  was  observed  for  PT  delay  or  jitter

on patients'  body mass  index (BMI)  or  cardiac  cycle  dura-

tion [1].
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The correlation between PT and self-gating respira-

tory  curves  was  0.95  ±  0.06  for  volunteers  and 0.95  ±  0.04

for  patients.  Heartbeat  duration  measurements  showed  a

bias relative to ECG of 0.16 ± 64.94 ms for PT in volunteers

and 0.01 ± 39.29 ms in patients,  compared to 0.24 ± 63.68

ms  and  0.09  ±  32.79  ms  for  SG;  no  significant  differences

were  reported  in  flow  measurements  between  5D  flow  re-

constructions  using  PT  and  SG.  A  decrease  in  SG  cardiac

triggering  quality  was  observed  with  increasing  readouts

per  interleave,  while  PT  quality  remained  constant  [12].

No significant differences were observed in scann-

ing  times  (p  =  0.253–0.864)  or  image  quality  (ICC:

0.589–1.000,  p  =  0.057–1.000)  between  PT  and  ECG  trig-

gered  scans  across  T2  weighted  imaging  (T2WI),  T1  map-

ping,  T2  mapping,  cine,  late  gadolinium  enhancement  (L-

GE), and post contrast T1 mapping sequences. Quantitative

assessments,  including  T2WI  signal  intensity,  native  T1

mapping, T2 mapping, extracellular volume fraction (ECV),

comparative SNR (compSNR) and comparative CNR (com-

pCNR)  of  cine  images,  and  left/right  ventricular  function,

showed good to excellent consistency (ICC = 0.843–0.987);

PT triggered LGE images showed higher compCNR (14.14

± 7.68 vs. 13.24 ± 7.52, p = 0.016), with no significant differ-

ences  in  other  parameters.  In  six  participants  with  hyper-

trophic cardiomyopathy or heart valve disease, ECG gating

led  to  false  R  wave  triggering  and  motion  artifacts,  which

were absent in PT triggered images [4].

Discussion

The  collective  findings  from  the  five  studies  for

this systematic review suggest the reliability and clinical po-

tential of pilot tone navigation, marketed as BioMatrix Beat

Sensor, as a contactless alternative to conventional the ECG

triggering  and  other  motion  compensation  methods  in

MRI. In cardiac applications, PT consistently yielded quanti-

tative  measurements  such  as  ventricular  volumes,  ejection

fractions,  myocardial  strain,  T1/T2  mapping  values,  and

flow  parameters  that  were  statistically  equivalent  to  those

obtained with ECG or self-gating MRI techniques [4,11,12].

High inter-method agreements (ICC typically >0.8) and low

variability underscore PT's accuracy, while its independence

from  acquisition  parameters  may  offer  over  self-gating,

which  degraded  with  longer  readouts  [12].  Notably,  PT

proved superior in scenarios where ECG reliability is com-

promised, such as hypertrophic cardiomyopathy or valvular

disease,  eliminating  false  triggers  and  motion  artifacts  that

plagued ECG gating in several patients [1,4].

Beyond  cardiac  triggering,  PT  demonstrated  ro-

bust respiratory signal extraction, outperforming traditional

BioMatrix  bellows  and  maintaining  high  correlation  with

image-derived  signals  across  diverse  patient  cohorts  [1].

This dual cardiac respiratory capability, achieved without ex-

ternal  devices  or  patient  contact,  simplifies  workflow,  re-

duces setup time, and enhances patient comfort benefits par-

ticularly valuable in challenging populations. Extending th-

ese principles to noncardiac imaging, Yang et al. illustrated

that BioMatrix respiratory gating significantly shortened ex-

amination times and improved image quality in free breath-

ing 3D MRCP compared to  bellows or  navigator  methods,

with perfect technical reliability.

Taken together, these studies suggest that PT/Bio-

Matrix technology addresses key limitations of current gat-

ing strategies: ECG susceptibility to electromagnetic interfer-

ence and patient related factors,  self-gating dependence on

sequence design, and external sensor setup burdens. Its inte-

gration  appears  seamless  across  1.5T  and  3T  systems  and

various  sequences,  appears  beneficial  for  both  routine  and

advanced  MRI.  While  larger  multicentre  trials  would  fur-

ther validate generalizability, the evidence presented here in-

dicates  PT  has  strong  potential  to  become  a  preferred  or

backup  method  for  motion  management  in  cardiovascular

and abdominal MRI, ultimately improving diagnostic confi-

dence and clinical efficiency.

Clinical  Translation  Roadmap  for  Biomatrix  Beat
Sensor  /  Pilot  Tone  (Pt)  Technology

This roadmap synthesizes  evidence from the pro-

vided  articles  on  PT  and  BioMatrix  Beat  Sensor  technolo-

gies for motion resolved MRI, particularly in cardiac and re-

spiratory  gating.  It  outlines  a  phased  approach  to  clinical

translation, drawing from engineering developments, volun-

teer/patient studies, safety considerations, and niche applica-

tions.  The  technology  offers  contactless  RF-based  sensing,

integrated into body coils, to extract cardiac/respiratory sig-

nals  independently  of  ECG,  addressing  limitations  like

MHD effects, lead placement, and arrhythmia unreliability.
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Phase 1: Preclinical Evaluation

This phase focuses on foundational engineering, si-

mulations, phantom testing, and initial human volunteer as-

sessments to validate PT's mechanism like RF intermodula-

tion for motion detection and feasibility.

a.  Engineering  and  Simulations:  PT  operates  by

transmitting  RF  tones  forming  standing  waves  modulated

by  motion,  mixed  via  receiver  nonlinearity  for  digitization

[10,13].  Simulations  confirmed  respiratory  modulation

from  coil  loading  variations,  with  SNR  superior  to  noise

navigation [10]. Phantom experiments validated motion ex-

traction  accuracy  (e.g.,  correlations  >0.95  with  ground

truth)  [1,14].

b.  Initial  Volunteer  Testing:  Early  prototypes  on

1.5T/3T scanners showed PT respiratory curves correlating

0.95 ± 0.06 with self-gating (SG) in 15 volunteers [12]. Car-

diac trigger jitter was low (median 21.8 ms vs. ECG) [1]. In

16 volunteers, PT provided equivalent cardiac metrics (ED-

V/ESV/EF/T1/T2;  ICC  0.73–0.98)  to  ECG  [11].  Workflow

simplifications  (no  ECG  leads)  reduced  prep  time  by  2–5

minutes [6].

c. Key Outcomes: PT proved robust to variable tra-

jectories  [12]  and irregular  breathing,  with  no interference

from MR sequences [3]. Challenges included jitter variabili-

ty (6.6 –83.3 ms) [1], addressed via calibration.

d. Milestones for Advancement: Achieve >90% sig-

nal correlation with references in phantoms/volunteers; inte-

grate into standard coils for Phase 2 trials.

Phase 2: Safety and Dosimetry Trials

This phase evaluates RF safety, dosimetry, and hu-

man tolerability,  ensuring compliance with SAR limits and

no adverse effects, building on preclinical data.

a. RF Dosimetry and Safety: PT uses low power RF

tones  (<1%  of  imaging  SAR)  outside  the  imaging  band,

avoiding tissue heating or interference [10,13]. Review arti-

cles emphasize electromagnetic safety, with PT showing no

MHD artifacts or gradient induced distortions seen in ECG.

In  volunteers/patients  (n=9–50),  no  burns,  discomfort,  or

events reported [1,5,9,11,12].

b.  Tolerability  and  Reliability  Trials:  In  23  pa-

tients,  PT  showed  no  BMI/cardiac  rate  dependence

(p>0.28)  [1].  Clinical  experiences  confirmed  safety  in  ar-

rhythmia cases, with no failures vs. ECG issues [7]. Hybrid

approaches  like  PT  with  focused  navigation  validated  mo-

tion correction without added risks [12].

c. Key Outcomes: PT dosimetry aligns with IEC/F-

DA  guidelines;  volunteer  trials  (e.g.,  long-term  scans  >7

min) showed bias <5% vs. ECG for cycle duration [1,12]. Po-

tential  risks  like  coil  loading  variations  were  mitigated  by

calibration [3].

d. Milestones for Advancement: Complete multi--

centre safety trials (n>100) confirming <1% adverse events;

obtain  regulatory  approvals  (e.g.,  FDA/CE)  for  clinical  use

in Phase 3.

Phase 3: Niche Diagnostic Applications

This phase targets specific clinical scenarios where

ECG fails, integrating PT into workflows for diagnostic CM-

R/NVMR, with focus on arrhythmias,  paediatrics,  and free

breathing exams.

a. Arrhythmia and ECG Unreliable Cases: PT elim-

inated artifacts in 6 hypertrophic cardiomyopathy/valve dis-

ease  patients  with  ECG  false  triggers  [4].  In  cardiomyopa-

thy/aortopathy, it improved cine/LGE/T1-T2 mapping qual-

ity without rescans [9] and for atrial fibrillation/ectopic, PT

provided reliable triggering where ECG degraded [15].

b. Free breathing and motion resolved imaging: In

24  subjects,  PT  enabled  5D  flow  with  equivalent  velocities

to  4D  ECG  gated  references  [14].  SyNAPS  (PT

synchronized anatomy/flow) enhanced dynamic vessel seg-

mentation  without  contrast  [12].  In  biliary/pancreatic  dis-

eases  (n=47),  BioMatrix  gating  reduced  times  (218s  vs.

259s)  and  improved  SNR/CNR  [4].

c.  Paediatrics  and  high  throughput  settings:  PT's

contactless  nature  suits  children  in  easier  coil  placement

and In regional centres, it streamlined workflows, reducing

prep variability and rescans [7-9].

d.  Key Outcomes:  Superior  CNR (14.14 vs.  13.24;

p=0.016) in LGE and higher image scores (2.5 vs. 0.8) vs. na-
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tive  methods  [12].  Niche  benefits  include  arrhythmia  han-

dling and efficiency gains (68% CNR improvement) [14].

e.  Milestones for Advancement:  Large scale RCTs

with (n>500) demonstrating diagnostic equivalence/superi-

ority and even expand to paediatrics/implanted devices.

Clinical Relevance Compared to ECG

Compared  to  ECG,  PT/BioMatrix  offers  contact-

less,  sequence  independent  gating  with  reduced  prep  time

(2–5 min savings) [11] no MHD/gradient artifacts [12], and

reliability  in  arrhythmias  of  no  failures  vs.  ECG  false  trig-

gers [5,9].  It  achieves equivalent quantitative accuracy (IC-

C>0.84 for EF/volumes/T1-T2) and superior motion correc-

tion in free breathing correlations of 0.95 [1,4,12], enhanc-

ing  patient  comfort  and  throughput.  However,  ECG  re-

mains standard for its early R-wave trigger; PT's jitter (up to

83 ms) may limit precision in high-rate cases and coil depen-

dence  restrict  non-Siemens  use  [3].  Overall,  PT  excels  in

niche ECG challenged applications, potentially as a backup

or primary in >20% of CMR cases [15].

Advantages

8.1  Completely  Contactless  -  Dramatic  Workflow
Simplification

The BioMatrix Beat Sensor and Pilot Tone (PT) re-

quire  no ECG leads,  skin  preparation,  shaving,  or  abrasive

gel.  Clinical  sites  consistently  report  time  savings  of  2  –  5

minutes per patient, allowing scans to start immediately af-

ter coil positioning [7-9]. This eliminates patient discomfort

and  markedly  improves  throughput,  especially  in  paedi-

atrics,  high-volume  centres,  and  patients  with  skin  condi-

tions or excessive chest hair.

8.2  Superior  Reliability  in  Arrhythmias  and  ECG
Challenging  Cases

In patients with atrial fibrillation, frequent ectopic

beats, hypertrophic cardiomyopathy, or valvular disease, PT

provides  reliable  triggering  where  conventional  ECG  fre-

quently fails due to false R waves or magnetohydrodynamic

distortion.  Prospective and clinical  experience studies  con-

firm successful  triggering with no motion artifacts  in cases

where ECG gating was unusable, including complete resolu-

tion of artifacts in 6 of 50 patients [4,5,9].

8.3  Equivalent  or  Superior  Quantitative  Accuracy
and  Image  Quality

Large  prospective  studies  demonstrate  excellent

agreement  between  PT  and  ECG  for  left/right  ventricular

volumes,  ejection  fraction,  strain,  native  T1/T2,  ECV,  and

flow parameters (ICC 0.73–0.99) [12]. PT often yields high-

er contrast  to noise ratios in late gadolinium enhancement

(14.14 ± 7.68 vs. 13.24 ± 7.52; p=0.016) and superior SNR/C-

NR  in  free  breathing  sequences  compared  with  bellows  or

navigator methods [2,4].

8.4 Immunity to Magnet Related ECG Artifacts

Because  PT  detects  mechanical  cardiac  motion

rather than electrical activity, it is completely unaffected by

magnetohydrodynamic effects, gradient switching, or RF in-

terference  that  routinely  degrade  ECG  signals  inside  the

bore [3,10,15]. This results in a cleaner, more stable trigger

signal  at  both 1.5 T and 3 T,  independent of  BMI or heart

rate [1].

8.5 Seamless Clinical Integration with no additional
hardware

The technology is fully embedded in standard Bio-

Matrix body coils on compatible Siemens scanners, requir-

ing  no  extra  equipment,  cables,  or  room  modifications

[5,10]. This enables immediate deployment in routine prac-

tice without workflow disruption or added cost, making it a

practical  replacement  or  robust  backup  for  conventional

ECG  gating  in  everyday  MR  cardiac  imaging.

Challenges and Limitations

9.1 Trigger Jitter and Timing Variability

One primary limitation is the potential for trigger

jitter  in  Pilot  Tone (PT) signals,  which can range from 6.6

to 83.3 ms (median 21.8 ms) relative to ECG, potentially af-

fecting precision in high-heart rate or irregular rhythm cas-

es where exact R-wave timing is critical [1,14]. This variabili-

ty  arises  from  mechanical  motion  detection  delays  com-

pared to ECG's electrical R wave, leading to slight biases in

heartbeat  duration  (up  to  65  ms  in  volunteers)  and  higher
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coefficients  of  variation  in  strain  measurements  (up  to

22.6%) [11,12]. While overall agreements remain high (ICC

0.73–0.98),  this  could limit  applications  requiring sub-mil-

lisecond  synchronization,  such  as  advanced  flow  imaging

[12].

9.2  Hardware  and  System  Compatibility  Cons-
traints

The  BioMatrix  Beat  Sensor  is  proprietary  to  Sie-

mens  systems  and  integrated  into  specific  BioMatrix  body

coils  (e.g.,  Body  12/18),  restricting  its  use  to  compatible

1.5T/3T scanners and excluding non-Siemens platforms or

older models without upgrades [10]. Initial calibration (∼1

minute) is required for optimal signal yield, and precise coil

positioning over the heart is essential to avoid signal degra-

dation from poor alignment or patient motion [8]. In low

field (e.g., 0.55T) or non-standard setups, sensitivity may de-

crease, necessitating additional adaptations [13].

9.3 Challenges in Complex Motion and Patient Co-
horts

PT excels in arrhythmias but may face issues with

extreme coil loading variations or electromagnetic interfer-

ence in patients with pacemakers/implanted devices, where

signal  modulation  could  be  attenuated  [5,15].  Free  breath-

ing  sequences  benefit  from  PT's  respiratory  correlations

(0.95 ± 0.04 – 0.06), yet irregular breathing patterns can in-

troduce  residual  artifacts  if  calibration  fails,  particularly  in

paediatrics or uncooperative patients [2,14]. Studies note oc-

casional  higher  variations  in  atrial  volumes  or  strains,  and

long-term  scans  (>7  min)  may  amplify  cumulative  errors

[11,12].

9.4 Evidence and Generalizability Gaps

Current evidence is limited to small, single-centre

cohorts  (n=16–50,  often healthy  volunteers  or  specific  dis-

eases like cardiomyopathy), raising concerns about general-

izability to diverse populations, long term outcomes, or mul-

ti  centre  settings  [1,4].  No  large  RCTs  exist,  and  while  PT

shows no significant SAR increases or adverse events, broad-

er safety data in vulnerable groups like in pregnant patients

is lacking [3]. Retrospective processing adds computational

demands, potentially slowing workflows in resource-limited

environments [10,16].

9.5 Comparison to ECG: Where PT Falls Short

While  PT  avoids  ECG's  MHD/gradient  artifacts

and lead related discomfort, it lacks ECG's established early

R wave trigger for precise phase-locking in some sequences,

and its mechanical basis may underperform in non-motion--

dominant  pathologies  [3,15].  Adoption  barriers  include

training for calibration and integration, with slower uptake

expected without vendor-agnostic  standards [13,14].  Over-

all,  PT  addresses  many  ECG  pain  points  but  requires  fur-

ther validation to supplant it as a universal standard.

Conclusion

The  BioMatrix  Beat  Sensor  represents  a  transfor-

mative innovation from Siemens Healthineers  that  offers  a

contactless  alternative  to  conventional  ECG  gating.  By  re-

placing  cumbersome  skin  preparation,  magnetohydrody-

namic  artifacts,  and  frequent  gating  failures  with  a  silent,

contactless,  coil  embedded  solution,  it  delivers  diagnostic

quality that is equal to, and in many challenging cases clear-

ly superior to, traditional ECG gating. Patients with arrhyth-

mias,  children,  high throughput  clinics,  and free  breathing

protocols no longer have to compromise between workflow

efficiency and image quality as the Beat Sensor gives both si-

multaneously.

In daily  clinical  practice,  this  is  not  just  an incre-

mental  improvement.  Preparation  times  drop  by  minutes,

patient comfort rises dramatically, rescans for poor ECG sig-

nals  become  rare,  and  technologists  can  focus  on  imaging

rather  than  troubleshooting  electrodes.  As  the  evidence

from  multiple  centres  and  patient  cohorts  consistently  de-

monstrates, the BioMatrix Beat Sensor is no longer an exper-

imental  alternative;  it  supports  use  as  a  complementary  or

backup method in cardiac MRI, Despite the limited number

of published studies, the available evidence indicates its po-

tential usefulness in cardiovascular imaging. The BioMatrix

Beat  Sensor  represents  a  promising  contactless  alternative

to conventional ECG gating, particularly in scenarios where

ECG  reliability  is  compromised.  However,  larger  indepen-

dent and multi  centre studies  are required before it  can be

considered  a  replacement  for  standard  ECG based  trigger-

ing in routine cardiac MR Imaging.
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Future Directions

Looking ahead, the true potential of this technolo-

gy extends far beyond the heart. The underlying Pilot Tone

principle continuous, high temporal resolution detection of

mechanical motion through RF field modulation is inherent-

ly  organ  agnostic.  Future  large-scale  studies  should  there-

fore systematically explore its application in:

a.  Abdominal  and  Thoracic  imaging:  free  breath-

ing liver, pancreas, kidney, and lung MRI/MRA, where res-

piratory triggered sequences could be replaced by real time

Beat  Sensor  respiratory  navigation,  dramatically  reducing

scan  times  and  motion  artifacts.

b.  Neuroimaging:  prospective correction of subtle

pulsatile brain motion and swallowing artifacts in high reso-

lution structural, functional, and vascular brain MRI.

c.  Musculoskeletal  imaging:  real  time  tracking  of

joint motion and muscle contraction during dynamic scans.

d. Foetal and obstetric MRI: contactless simultane-

ous  maternal  respiratory  and  foetal  cardiac  motion  detec-

tion without external sensors.

e.  Oncology:  motion-robust  whole-body  diffu-

sion-weighted imaging and PET MR, especially in uncooper-

ative or paediatric tumour patients.

f.  Multiorgan  4D/5D  flow:  extending  the  proven

5D flow success in the heart to simultaneous aortic, portal,

and renal  flow quantification in  a  single  free  breathing ac-

quisition.

With  its  vendor-integrated  design  already  de-

ployed on thousands of Siemens scanners worldwide, the in-

frastructure exists  today to launch these multicentre,  multi

organ trials. This may reduce dependence on ECG in select-

ed scenarios;  the  next  decade will  reveal  whether  it  can do

the same for motion management across the entire human

body.
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