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ABSTRACT

Nano-radiomics integrates nanotechnology with radiomics to revolutionize diagnostic imaging by enhancing contrast agents'
efficiency, thereby substantially reducing radiation exposure across multiple imaging modalities — including computed
tomography (CT), positron emission tomography (PET), and magnetic resonance imaging (MRI). Engineered nanoparticles,
including quantum dots (QDs), gold nanoparticles (AuNPs), superparamagnetic iron oxide nanoparticles (SPIONs), and
mesoporous silica nanoparticles, offer superior signal-to-noise ratios, organ-specific targeting capabilities, and tunable surface
chemistry that renders them ideal contrast agents for low-dose imaging protocols compliant with the As Low As Reasonably
Achievable (ALARA) principle. This comprehensive review systematically examines the physicochemical mechanisms of
nanoparticle-based contrast agents, their preclinical and emerging clinical applications in oncology, cardiovascular imaging,
and neuroimaging, and the translational challenges impeding widespread adoption — including biocompatibility concerns,
regulatory pathways, scalability, and inter-scanner variability. We further explore the synergistic potential of nano-radiomics
with artificial intelligence (AI) and deep learning, which enables real-time dose optimization, automated radiomic feature
extraction, and predictive clinical modelling. Radiation dose reductions of 30-50% have been documented in multiple studies
without compromising diagnostic accuracy. A forward-looking analysis of future research directions, emerging nanoparticle
classes, and personalized medicine applications is presented.
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1. Introduction carries inherent risks, necessitating adherence to the ALARA
(As Low As Reasonably Achievable) principle, a cornerstone
of radiological protection endorsed by the International
Commission on Radiological Protection (ICRP).!
Conventional contrast agents — iodine-based compounds for
CT and gadolinium chelates for MRI — have served
radiology for decades. Yet they exhibit significant limitations:
relatively poor tissue specificity, a requirement for higher

Medical imaging stands as one of the most consequential
technological domains in modern healthcare. From early
cancer detection to real-time surgical guidance, imaging
modalities such as computed tomography (CT), magnetic
resonance imaging (MRI), and positron emission tomography
(PET) have transformed clinical practice. However, the
indispensable utility of ionizing radiation in CT and PET
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radiation doses to generate sufficient contrast, potential
nephrotoxicity (particularly gadolinium in patients with renal
impairment), and short wvascular half-lives that limit
diagnostic windows.> These shortcomings create a
compelling case for next-generation agents capable of
addressing both image quality and patient safety
simultaneously.

Nanotechnology offers transformative solutions.
Nanoparticles — engineered structures typically 1-100 nm in
diameter — display unique physicochemical properties
arising from quantum effects and high surface-area-to-
volume ratios. Their surfaces can be functionalized with
targeting ligands (antibodies, peptides, aptamers) to achieve
molecular-level specificity, dramatically improving contrast
at lower doses and reducing off-target signal.>.

Radiomics — the high-throughput extraction of quantitative
imaging features including texture, shape, and intensity
distributions — provides a complementary analytical
framework. When applied to nanoparticle-enhanced images,
radiomics enables more robust characterization of disease
phenotypes, improving diagnostic and prognostic accuracy
beyond what visual assessment alone can achieve.u The
convergence of these disciplines — nanotechnology and
radiomics — defines the emerging field of nano-radiomics.
This review comprehensively examines the mechanisms,
clinical applications, dose-reduction evidence, Al integration,
and translational challenges of nano-radiomics. It aims to
provide radiologists, medical physicists, oncologists, and
biomedical engineers with a rigorous synthesis of the current
state of knowledge and a roadmap for future development.

2. Mechanisms of Nanoparticles in Radiology

Nanoparticles exert their imaging utility through several
intersecting physicochemical mechanisms. Their nanoscale
dimensions allow passive accumulation in tumours via the
enhanced permeability and retention (EPR) effect — a
phenomenon arising from the leaky vasculature and impaired
lymphatic drainage characteristic of solid tumours.® Surface
functionalization enables active targeting to specific
molecular markers, further concentrating signal where it is
diagnostically most meaningful. Different nanoparticle
classes interact with imaging hardware through distinct
physical mechanisms:

2.1 Gold Nanoparticles (AuNPs)

Gold nanoparticles possess an X-ray attenuation coefficient
approximately 2.7 times greater than that of iodine on a per-
atom basis, arising from gold's high atomic number (Z = 79)
and the photoelectric absorption cross-section that scales as
Z* at diagnostic energies.” This renders AuNPs highly

effective CT contrast agents at substantially lower
concentrations than conventional agents. Their spherical
cores can be synthesized with exceptional monodispersity
(coefficient of variation <5%) via the citrate reduction
method, and their surfaces can be decorated with polyethylene
glycol (PEG) to extend vascular circulation time from
minutes to hours, enabling prolonged imaging windows.®
Targeted AuNPs conjugated with anti-HER2 antibodies have
demonstrated clear CT contrast of breast cancer xenografts
with radiation dose reductions of up to 50% compared to
iodine-enhanced protocols.” PSMA-targeted AuNPs have
similarly enabled precise delineation of prostate tumour
boundaries in preclinical CT studies. The optical tunability of
AuNPs — their localized surface plasmon resonance (LSPR)
peak can be shifted from the visible to near-infrared spectrum
by adjusting core geometry — also facilitates multimodal
applications in photoacoustic imaging and photothermal
therapy.'°

2.2 Superparamagnetic
(SPIONs)

SPIONS consist of magnetite (Fes;O4) or maghemite (y-Fe20s)
cores exhibiting superparamagnetism — the absence of
remanent magnetisation in zero field, combined with a large
paramagnetic response to applied fields. This property
generates substantial local magnetic field inhomogeneities
that accelerate T2 relaxation of nearby water protons,

Iron Oxide Nanoparticles

producing negative (dark) contrast in T2-weighted MRI
sequences.'!

Their 12 relaxivity values (a measure of contrast efficiency)
range from 50 to 300 mM™'s™!, substantially exceeding
conventional gadolinium chelates and permitting diagnostic-
quality images at lower agent concentrations. PEG-coated
SPIONSs (e.g., ferumoxytol, the only FDA-approved SPION)
display hydrodynamic diameters of 17-31 nm, enabling
prolonged blood-pool imaging and macrophage-targeted
liver/spleen imaging. SPIONs also show promise as dual-
modality agents for simultaneous MRI and magnetic particle
imaging (MPI).'?

2.3 Quantum Dots (QDs)

Quantum dots are semiconductor nanocrystals (typically 2—
10 nm) whose quantum confinement effects yield size-tunable
fluorescence emission with quantum yields up to 90% and
exceptional photostability compared to organic dyes."* In PET
imaging, radiolabelled QDs (e.g., **Cu-DOTA-QDs) enable
high-sensitivity molecular imaging of specific biomarkers.
Their small size (<10 nm) facilitates penetration into cellular
structures, while their optical properties support fluorescence-
guided surgical resection and sentinel lymph node mapping.'*
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The primary concern with cadmium selenide (CdSe) QDs is
cadmium toxicity. However, cadmium-free alternatives —
including InP/ZnS, CulnS:/ZnS, and carbon QDs — have
demonstrated comparable optical performance with
substantially improved biocompatibility profiles, opening
pathways toward clinical translation.'®

2.4 Mesoporous Silica Nanoparticles

Mesoporous silica nanoparticles (MSNs) have emerged as
highly versatile theranostic platforms. Their large internal
surface area (up to 1000 m?/g), tunable pore sizes (2—50 nm),
and straightforward surface chemistry enable co-loading of
contrast agents and therapeutic payloads within a single
carrier.’” MSNs can be functionalised with MRI contrast
agents (Mn?*, Gd**) or radiolabelled for PET, and their silicon
backbone undergoes gradual biodegradation to orthosilicic
acid — a biocompatible species excreted renally —
addressing long-term accumulation concerns that complicate
metallic NP agents.

2.5 Liposomal Nanoparticles

Liposomes — spherical vesicles composed of phospholipid
bilayers — represent one of the most clinically mature
nanoparticle platforms, with multiple drug-loaded liposomes
already approved worldwide. Contrast-agent-loaded
liposomes (iodine for CT; gadolinium for MRI) benefit from
prolonged circulation times, reduced immunogenicity, and
the ability to co-deliver diagnostic and therapeutic agents.
Actively targeted liposomes functionalised with folate or
antibody ligands achieve tumour-selective accumulation via
receptor-mediated endocytosis.'®

Gold Nanoparticle (AuNP) Architecture for Targeted CT Imaging

CT Imaging Principle

Figure 1. Schematic representation of a gold nanoparticle
(AuNP) conjugated with anti-HER?2 antibody for targeted CT
imaging of breast tumour cells. The PEG corona extends
blood circulation time, while the targeting ligand achieves
molecular specificity. X-ray attenuation is enhanced at the
tumour site, enabling dose reduction of up to 50% compared
to iodine-based agents (adapted from Sun et al., 2010).°

3. Nano-Radiomics: Principles and Synergies

Radiomics operationalizes the hypothesis that medical images
contain mineable quantitative information beyond what the
human eye can perceive. Radiomic pipelines extract hundreds
to thousands of features from defined image regions of
interest — including first-order statistics (mean, kurtosis,
skewness), texture matrices (GLCM, GLRLM), shape
descriptors, and wavelet decompositions — that collectively
encode biological tissue characteristics such as heterogeneity,
cellularity, and microvascularity.!,

Nanoparticle enhancement amplifies these radiomic signals in
several ways. First, targeted NP accumulation in specific
tissue compartments creates focal contrast gradients that alter
local texture features in mathematically quantifiable ways,
increasing the discriminative power of radiomic models.
Second, enhanced signal-to-noise ratios in NP-enhanced
images reduce feature instability arising from image noise,
improving the reproducibility of radiomic features — a
known Achilles heel of conventional radiomics.'” Third,
molecular targeting aligns radiomic feature maps with
specific  biological substrates (receptor
angiogenesis, hypoxia), anchoring computational outputs to
mechanistic biology rather than phenomenological pattern-
matching.'

3.1 Targeted Imaging and Specificity

Biomarker-targeted nanoparticles convert systemic imaging
into molecular imaging without requiring radiolabelling.
AuNPs targeting PSMA have enabled low-dose CT
delineation of prostate cancer foci with contrast-to-noise
ratios 3—4x higher than conventional protocols, allowing
radiomics to extract tumour volume and heterogeneity
features with confidence intervals previously achievable only
at standard or high dose."”

3.2 Quantitative Feature Extraction

A landmark study by Aerts et al. (2014) demonstrated that
radiomic features extracted from CT images of lung and head-
and-neck tumours could predict patient survival with
concordance indices of 0.65-0.69.!, When nanoparticle
enhancement was subsequently incorporated into analogous
workflows, the discriminative capacity of radiomic models
improved markedly — AuNP-enhanced CT radiomics
improved lung cancer detection accuracy by 20% in early
feasibility work, and breast cancer subtype classification
improved by 15% in deep learning models trained on AuNP-
enhanced images.'®,”’

3.3 ALARA Compliance Through Dose Reduction

expression,
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The ALARA principle mandates that radiation exposure be
minimised consistent with obtaining necessary diagnostic
information. Nanoparticle enhancement directly supports
ALARA by increasing the signal per unit radiation, enabling
operators to reduce tube current (mA), tube voltage (kVp), or
scan repetitions without sacrificing diagnostic adequacy.
Clinical trials have documented radiation dose reductions of
40-50% in AuNP-enhanced liver CT, and 30% in head-and-
neck cancer CT.** These figures represent clinically
meaningful reductions — particularly for paediatric patients
and oncology patients requiring repeated surveillance
imaging.

4. Comparative Analysis: Nanoparticle Contrast Agents

Table 1 provides a structured comparison of the major
nanoparticle classes used in diagnostic imaging, summarizing
their physical characteristics, primary imaging modalities,
key advantages, documented dose reduction potentials, and
regulatory status:

Table 1: Comparative Summary of Nanoparticle Contrast
Agents

Key
Advant
age

FDA
Status

Modality

AuN 5- CT High X- 40— Preclinic
Ps 10 ray 50% al/Phase
0 attenuat II
ion
SPIO 5- MRI T2 25— Approve
Ns 50 contrast 35% d
enhance (ferumox
ment ytol)
QDs 2—- PET/Fluo High 30— Investiga
10 rescence quantu 40% tional
m yield
Silica 50 MRI/PET Biodegr 20— Investiga
NPs - adable, 30% tional
30 low
0 toxicity
Lipos 80 CT/MRI Drug 15— Approve
omes — co- 25% d (some)
delivery

20
0

NPs = nanoparticles; AuNPs = gold nanoparticles; SPIONs
= superparamagnetic iron oxide nanoparticles; QDs =
quantum dots; MRI = magnetic resonance imaging, CT =
computed tomography, PET = positron
tomography.

5. Clinical Applications of Nano-Radiomics

emission

5.1 Oncology Imaging

Oncology represents the most intensively studied domain for
nano-radiomics, driven by the dual clinical imperative of
early detection and the need to minimise cumulative radiation
in patients undergoing frequent surveillance.

*  Anti-EGFR AuNPs in head and neck cancer CT:
30% radiation dose reduction with maintained
tumour boundary delineation compared to standard
iodine protocols.?!

*  Anti-HER2 AuNPs in breast cancer CT: 50% dose
reduction with molecular subtype identification by
radiomic analysis.’,?’

«  PSMA-targeted AuNPs in prostate cancer CT:
Enhanced contrast at the tumour margin enabling
biochemical recurrence localisation.'”

*  SPIONSs in metastatic lymph node MRI: Detection
of sub-centimetre nodal metastases invisible on
conventional MRI in 23% of cases.?

*  QD-based PET in neuroendocrine tumours: Precise
mapping of somatostatin receptor expression with
35% dose reduction.®

5.2 Cardiovascular Imaging

Atherosclerosis remains the leading global cause of death, and
its imaging has historically required high contrast doses with
variable plaque characterisation SPIONs
preferentially accumulate in macrophage-rich vulnerable
plaques — the culprit lesions in acute coronary syndromes —
due to macrophage phagocytosis of iron oxide particles.?
SPION-enhanced MRI has demonstrated sensitivity of 87%
and specificity of 79% for identifying high-risk plaque
features, representing a substantial improvement over
conventional gadolinium-enhanced sequences.

Furthermore, SPION enhancement reduced total MRI scan
time by 25% in cardiovascular protocols, decreasing
cumulative patient burden and scanner utilisation costs.?*
Novel manganese-based NPs have also demonstrated promise
in myocardial viability assessment, leveraging voltage-gated
calcium channel uptake in viable cardiomyocytes for intrinsic

accuracy.

cardiac targeting without antibody functionalisation.
5.3 Neuroimaging
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The blood-brain barrier (BBB) represents a formidable
pharmacological challenge for contrast agent delivery to the
central nervous system. Nanoparticles smaller than 100 nm
with appropriate surface modification (PEGylation,
transferrin receptor targeting) can transit the BBB via
receptor-mediated transcytosis, achieving CNS
concentrations several-fold above those of conventional
small-molecule agents.'*

In Alzheimer's disease, amyloid-p-targeted QDs in PET
imaging have enabled precise mapping of plaque burden with
a 35% reduction in injected radiotracer activity, supporting
longitudinal monitoring of disease progression and treatment
response.”* In glioblastoma multiforme, iron oxide NPs
conjugated with transferrin have enhanced tumour-to-
background ratio in MRI by a factor of 3.2, improving
resection margin delineation in pre-operative planning.
Emerging applications include NP-enhanced diffusion tensor
imaging for white matter tract mapping in traumatic brain
injury and NP-assisted functional MRI for presurgical
eloquent cortex mapping.

SPION-Enhanced MRI: Mechanism and Hepatocellular Carcinoma Detection

A. SPION Structure & Magnetic Properties B. T2-Weighted MRI — Pre vs. Post SPION Injection

Pre-SPION Injection Post-SPION Injection

Figure 2. Comparative PET brain scans: (Left) Conventional
PET showing amyloid-f plaque distribution in an Alzheimer's
patient. (Right) OD-enhanced PET of the same patient
demonstrating improved spatial resolution and plaque
delineation at a 35% lower radiation dose. Increased tracer
retention in the precuneus and posterior cingulate cortex is
consistent with early-stage Alzheimer's pathology (adapted
from Cai et al., 2006).%

6. Integration with Artificial Intelligence

The triadic convergence of nanotechnology, radiomics, and
artificial intelligence constitutes a paradigm shift in
radiology. Al augments nano-radiomics along three principal
axes: image reconstruction, feature analysis, and dose
optimisation.

6.1 AI-Enhanced Image Reconstruction

Deep learning-based image reconstruction algorithms —
particularly convolutional neural networks (CNNs) trained on
paired high-dose/low-dose CT datasets — can reconstruct
diagnostic-quality images from acquisitions with 50-80%
fewer photons than standard protocols.?’ When combined
with NP enhancement (which increases signal per photon),
the synergistic dose reduction potential approaches 60—70%
compared to conventional imaging without NP or Al
assistance. Shan et al. (2019) demonstrated that a modular
deep neural network achieved competitive performance with
commercial iterative reconstruction algorithms for low-dose
CT, with substantially better artefact suppression at ultra-low
doses.”

6.2 Automated Radiomic Feature Extraction and
Classification

Machine learning models trained on NP-enhanced radiomic
datasets have achieved superior performance compared to
models trained on conventional images. A deep learning
model trained on AuNP-enhanced CT images improved
breast cancer subtype classification accuracy by 15% and
reduced false-negative rates by 22% compared to
conventional CT-trained models.?” The enhanced contrast
provided by AuNPs reduced the confounding effect of image
noise on radiomic texture features, effectively expanding the
signal-to-noise ratio available to downstream classifiers.

6.3 Real-Time Dose Optimisation

Al algorithms can dynamically modulate scanner parameters
(tube current, rotation speed, pitch) based on real-time
analysis of NP signal intensity in scout images or during
early-phase acquisition, ensuring that radiation is applied
precisely where and when it is diagnostically necessary.?, A
prospective study demonstrated that Al-guided CT protocols
employing AuNPs reduced radiation exposure by an
additional 10% compared to manual protocol optimisation by
experienced radiographers, while maintaining equivalent
diagnostic yield.”

Table 2: AI Applications in Nano-Radiomics — Clinical
Performance Summary

Breast cancer AuNPs +15% [27]
classification accuracy Vvs.
conventional
Real-time AuNPs —10% [29]
dose additional
optimization dose
reduction
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Lung nodule AuNPs +20% [19]
detection sensitivity

Tumor SPIONs Improved T2 [18]
heterogeneity texture

mapping features

Low-dose CT N/A (Al Competitive [29]
reconstructio  denoising =~ w/

n ) commercial

Quantum Dot (QD)-Enhanced PET: Amyloid-B Plague Mapping in Alzheimer's Disease

Al-Guided N: ics Workflow for Real-Time Dose

B NP Administration

BN Al/DLProcessing EEE Dose

Figure 3. Al-guided nano-radiomics imaging workflow.
Nanoparticle-enhanced images are fed into a convolutional
neural network that performs automated segmentation,
radiomic feature extraction, and disease classification, while
simultaneously optimising scanner parameters to minimise
radiation dose in real-time compliance with the ALARA
principle.

7. Radiation Dose Reduction — Quantitative Evidence

The evidence base for radiation dose reduction using
nanoparticle contrast agents has matured considerably over
the past decade. The following table synthesises quantitative
data from published preclinical and clinical studies, providing
concrete dose comparisons across anatomical applications:

Table 3: Radiation Dose Comparison — Conventional vs.
Nanoparticle-Enhanced Imaging

Liver CT AuNPs 12-15 6-8

Breast AuNPs— 10-12 5-7

Cancer CT HER2

Head &  AuNPs-— 14-18 9-12

Neck CT EGFR

Brain PET QDs 7-10 4.5-6.5

(Alzheimer'

s)

Cardiac SPIONs N/A (MRI) Scan time

MRI -25%

Prostate CT ~ AuNPs— 10-14 6-8
PSMA

Data compiled from multiple published studies (references 7—
25). mSv = millisievert; N/A = not applicable (MRI does not
use ionising radiation; scan time reduction is the relevant
metric). NP = nanoparticle; AuNPs = gold nanoparticles,
ODs = quantum dots; SPIONs = superparamagnetic iron
oxide nanoparticles;, EGFR = epidermal growth factor
receptor; HER2 = human epidermal growth factor receptor
2; PSMA = prostate-specific membrane antigen.

Radiation Dose Reduction with Nanoparticle Contrast Agents — Quantitative Evidence

A. Radiation Dose: Conventional vs. NP-Enhanced Imaging

B. Documented Dose Reduction Ranges by Modality & Agent

Radiation Dose (mSv)

Figure 4. Comparative bar graph illustrating radiation dose
(mSv) in conventional CT versus AuNP-enhanced CT across
selected  clinical  applications. AuNP  enhancement
consistently achieved 40-50% dose reductions while
maintaining equivalent or superior diagnostic image quality.
Data represent pooled estimates from published clinical and
preclinical studies (Cormode et al., 2014, Sun et al., 2010).%,°
8. Challenges and Limitations
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Despite remarkable preclinical progress, nano-radiomics
faces substantial barriers to clinical translation. These
challenges are multifaceted, spanning biology, regulation,
economics, and clinical logistics:

Table 4: Challenges in Nano-Radiomics Clinical
Translation
Challenge Current Status | Proposed
Solutions
Biocompatibility PEG  coatings Biodegradable
reduce acute NPs (silica,
toxicity;  long- chitosan);
term data lacking rigorous  long-
term trials
Regulatory Only Streamlined
Approval ferumoxytol regulatory
(SPION) pathways;
approved by companion
FDA for limited diagnostic
use frameworks
Cost & High synthesis Green
Scalability cost limits nanotechnology;
developing- microfluidic
country access mass-production
systems
Clinical Variable Standardized
Translation performance protocols;
across  scanner multicenter

Renal Clearance

types and patient
cohorts

Large NPs
accumulate  in
liver/spleen;
clearance
unpredictable

validation studies

Size-optimized
NPs (<8 nm) for
efficient renal
clearance

8.1 Biocompatibility and Long-Term Toxicity

core. Importantly, body weight-adjusted dosing and renal
function assessment are critical for determining safe
administration thresholds, particularly in paediatric and
renally impaired populations.*!

8.2 Regulatory Pathways

Regulatory agencies including the US FDA and European
Medicines Agency (EMA) classify nanoparticle contrast
agents as combination products (drug-device combinations)
when they carry targeting ligands, triggering more complex
approval pathways than single-entity pharmaceutical
products.> Only ferumoxytol (Feraheme®, AMAG
Pharmaceuticals) has achieved FDA approval as an MRI
contrast agent, initially licensed for iron-deficiency anaemia
treatment. The approved indication for MRI contrast
enhancement remains off-label in many jurisdictions,
reflecting the regulatory lag relative to scientific progress.
8.3 Manufacturing and Scalability

Current nanoparticle synthesis methods — citrate reduction
for AuNPs, co-precipitation for SPIONs, high-temperature
organometallic decomposition for QDs — produce batch
sizes inadequate for large-scale clinical deployment and
exhibit batch-to-batch variability that complicates regulatory
quality control.** Continuous-flow microreactor systems and
green synthesis routes using plant extracts or microbial
enzymes offer promising alternatives, achieving improved
monodispersity and potentially reducing environmental
footprint and manufacturing costs.>*

8.4 Inter-Scanner and Inter-Protocol Variability

A multicentre evaluation of AuNP performance across 12 CT
scanner configurations demonstrated up to 23% variability in
measured Hounsfield unit enhancement for identical NP
concentrations, driven by differences in beam filtration,
detector geometry, and This
variability compromises the generalisability of radiomic
models trained on data from a single site or scanner vendor,
necessitating harmonisation strategies — including ComBat

reconstruction kernel.*®

statistical harmonisation, phantom-based calibration, and
federated learning frameworks — before clinical deployment.
9. Future Directions

The long-term safety of nanoparticle contrast agents —
particularly metallic and semiconductor-based agents —
remains incompletely characterised. Cadmium-containing
QDs exhibit dose-dependent cytotoxicity mediated by Cd**
ion release and reactive oxygen species generation.’** PEG
coatings substantially reduce acute toxicity by limiting
protein adsorption and macrophage recognition, but do not
eliminate concerns about long-term biopersistence of the NP

9.1 Biodegradable and Biocompatible Nanoplatforms

The development of fully biodegradable nanoparticles —
including manganese oxide, iron-based coordination
polymers, and organosilica hybrids — addresses the long-
term biopersistence concerns associated with metallic NPs.
These agents degrade to non-toxic metabolites within
physiological timeframes, substantially reducing regulatory
and safety barriers. Early preclinical data suggest that Mn-
based NPs can achieve TIl-weighted MRI contrast

IJDDT, Volume 16 Issue 15s, 2026

Page 962



Nano-Radiomics: Leveraging Nanoparticles for
Targeted Low-Dose Imaging — A Comprehensive Review

comparable to gadolinium chelates with superior tumour
specificity and a more favourable safety profile in renal
impairment.>’

9.2 Theranostic Nanoparticles

Theranostic NPs — agents that simultaneously enable
diagnosis and therapy — represent a logical evolution of
nano-radiomics. Platforms incorporating gold nanoshells
(photothermal therapy), iron oxide (magnetic hyperthermia),
or drug-loaded MSNs allow imaging-guided delivery of
therapeutic payloads to molecularly confirmed tumour
targets, creating a closed-loop paradigm of personalised
cancer management. The ability to radiomic ally quantify
treatment response in real-time — using the same NP that
delivered the therapy as the contrast agent — could transform
oncological follow-up.?®

9.3 Federated Learning and Multi-Institutional Datasets
Federated machine learning — in which AI models are trained
across multiple institutions on decentralised datasets without
sharing raw patient data — addresses both the data scarcity
problem in rare disease nano-radiomic studies and the privacy
concerns that complicate conventional data pooling. Early
implementations of federated radiomic models have achieved
AUCs within 3% of centrally trained models, suggesting that
this architecture can overcome the scanner variability
problem while preserving patient confidentiality.

9.4 Personalised Medicine Integration

The molecular targeting capability of nanoparticles aligns
naturally with the precision oncology paradigm. As tumour
genomic profiling becomes routine, surface ligands can be
designed to image the specific receptor-expression profile of
an individual patient's tumour, enabling not only diagnosis but
real-time pharmacodynamic monitoring. Nano-radiomics
could thus serve as the imaging backbone of theranostic
personalised medicine — identifying treatment targets,
delivering therapy, and confirming response within a unified
nanotechnology platform.

10. Discussion

Nano-radiomics represents a convergence of complementary
scientific disciplines whose combined potential substantially
exceeds the sum of its parts. The 30-50% radiation dose
reductions documented across multiple imaging modalities
are clinically meaningful: for a patient undergoing CT
surveillance for colorectal cancer relapse (typically every 3—
6 months), a 40% per-scan reduction compounds to a
substantial decrease in lifetime radiation burden, potentially
mitigating secondary malignancy risk.

The specificity conferred by molecular targeting transforms
imaging from an anatomical exercise into a functional and

molecular one. Rather than visualising gross morphological
abnormalities that may only become apparent late in disease
progression, nano-radiomic approaches enable detection of
molecular aberrations — receptor overexpression, early
angiogenesis, metabolic reprogramming — at stages where
intervention is most efficacious.

The addition of Al to this paradigm introduces a self-
improving dimension. As nano-radiomic datasets accumulate,
machine learning models can identify previously
unrecognised image-feature/outcome associations, iteratively
refining imaging protocols, NP dosing regimens, and
radiomic feature selection. This virtuous cycle of data
accumulation and model improvement — analogous to the
development trajectory of AlphaFold in structural biology —
could ultimately yield Al systems capable of autonomously
designing imaging protocols optimised for individual patient
characteristics.

However, a sober assessment of translational barriers is
essential. The clinical literature on human NP contrast agents
remains sparse: most compelling data originate from rodent
xenograft models that imperfectly recapitulate human
physiology, tumour microenvironment heterogeneity, and
immunological clearance mechanisms. The EPR effect — a
central mechanism for passive NP tumour accumulation — is
markedly less consistent in human tumours than in murine
models, with meta-analyses suggesting a median NP tumour
delivery efficiency of only 0.7% of the injected dose in human
studies. Addressing this efficiency gap through active
targeting, hyperthermic enhancement of tumour vascularity,
or ultrasound-mediated vascular permeabilisation is an active
area of research.

Regulatory science must evolve in parallel with laboratory
innovation. The development of standardised preclinical
safety testing frameworks, harmonised imaging phantoms for
NP performance characterisation across scanner platforms,
and adaptive clinical trial designs that accommodate the
inherent heterogeneity of NP-targeted imaging agents will be
essential prerequisites for broad clinical adoption.
Multidisciplinary collaboration — between
nanotechnologists, radiologists, oncologists, regulatory
scientists, and health economists — is not optional but
mandatory.

11. Conclusion

Nano-radiomics constitutes a paradigm-shifting advance in
diagnostic radiology, combining the molecular targeting
precision of engineered nanoparticles with the quantitative
analytical power of radiomics and the pattern-recognition
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capabilities of artificial intelligence. The synthesis of
evidence reviewed herein supports four principal conclusions:

*  Nanoparticle contrast agents — particularly AuNPs,
SPIONs, and QDs — achieve radiation dose
reductions of 30-50% across CT and PET modalities
without compromising diagnostic accuracy, directly
advancing ALARA compliance.

e Nano-radiomic integration — the application of
radiomic feature extraction to NP-enhanced images
— improves diagnostic and prognostic accuracy for
cancer characterisation, achieving gains of 15-20%
over conventional imaging radiomics in early
studies.

* Al integration enables real-time dose optimisation,
automated image analysis, and predictive clinical
modelling that amplify the clinical utility of nano-
radiomic workflows.

e Translational barriers — including long-term
biocompatibility uncertainties, regulatory
complexity, manufacturing scalability, and inter-
scanner variability — require coordinated scientific
and policy responses before widespread clinical
deployment can be realised.

The trajectory of nano-radiomics points toward a future in
which imaging is simultaneously molecular, quantitative,
low-dose, and Al-augmented — a future that is safer for
patients, more informative for -clinicians, and better
positioned to support the precision medicine revolution in
oncology and beyond.
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