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Deep Vein Thrombosis: From D-dimer to
Artificial Intelligence-driven Imaging
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Abstract

Deep vein thrombosis (DVT) remains a significant contributor to global morbidity and mortality, particularly
because of its association with life-threatening complications, such as pulmonary embolism and post-thrombotic
syndrome. This review critically explores advancements in DVT diagnostic strategies, including traditional
approaches, emerging imaging modalities, biomarker integration, and artificial intelligence (AI)-driven innovations.
Conventional diagnostic pathways relying on clinical scores (e.g., Wells and Geneva), D-dimer assays, and duplex
ultrasonography, though widely used, exhibit limitations in terms of sensitivity, specificity, and adaptability
across special populations such as pregnant women and cancer patients. New imaging modalities, including
magnetic resonance venography, computed tomography venography, intravascular ultrasound, elastography,
and photoacoustic imaging, offer enhanced anatomical and functional insights, addressing gaps in thrombus
age characterization and venous outflow obstruction. Al tools leveraging machine learning, natural language
processing, and electronic health records are revolutionizing risk stratification, imaging interpretation, and decision
support. These technologies aim to reduce diagnostic uncertainty, minimize unnecessary interventions, and enable
personalized care for patients. Challenges persist in standardizing protocols, ensuring ethical Al deployment,
and validating novel biomarkers, such as urinary proteomics and thrombin generation profiles. Special emphasis
is placed on tailoring diagnostic algorithms for vulnerable subgroups and optimizing the timing of therapeutic
interventions. This review highlights the clinical implications of these advancements and underscores the need for
future translational research to bridge innovation and bedside applications.

Key words: Artificial intelligence diagnostics, biomarkers, D-dimer, deep vein thrombosis, intravascular ultrasound,
magnetic resonance venography, risk stratification, thrombus imaging, ultrasonography, venous thromboembolism

INTRODUCTION associated with acute heart strain, respiratory failure, and
death if left untreated.

eep veinthrombosis (DVT)isamedical
condition in which blood clots form The risk of developing DVT and PE is influenced by

in the deep Veins’ most COmmonly multlple factors, including recent surgery, immobilization,
in the legs. These clots can cause swelling, cancer, genetic predisposition, and acute medical illnesses.
pain, and redness but are often difficult to Historically, VTE was viewed primarily as a complication

detect because the symptoms may be subtle
or nonspecific. The global incidence of DVT
is estimated to be approximately 1-2 cases
per 1000 individuals annually, translating to
hundreds of thousands of cases each year in
large populations, such as the United States
alone.l'! DVT is clinically significant because
it can lead to pulmonary embolism (PE),
a life-threatening complication in which a
clot breaks free and travels to block arteries
in the lungs. PE is the most dangerous form
of venous thromboembolism (VTE) and is
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of hospitalization or surgery, but it is now recognized that
a substantial proportion of cases occur in the community
without obvious provoking factors.l’) Certain patient groups,
such as those undergoing gynecologic cancer surgery, show
variable risks of symptomatic VTE ranging from <1% to
over 30%, depending on procedure type and individual risk
factors.! The Caprini risk assessment model is widely used
to stratify patients’ VTE risk, although its implementation
varies, leading to differences in reported incidence rates.!

Diagnosing DVT relies heavily on imaging, with compression
ultrasonography (CUS) being the standard test. Proximal
compression ultrasound has high sensitivity (~90%) and
specificity (~98%), while whole-leg and serial ultrasounds
offer even greater accuracy.'® Blood tests measuring D-dimer,
a marker of clot breakdown, are sensitive but less specific,
and thus used mainly to rule out DVT in low-risk patients.

The treatment of DVT aims to prevent clot extension, PE,
and long-term complications such as post-thrombotic
syndrome (PTS), which includes chronic leg pain, swelling,
and skin changes. Anticoagulation remains the cornerstone
of therapy. Recent evidence supports the use of direct oral
anticoagulants (DOACs), including oral direct thrombin
inhibitors and factor Xa inhibitors, which offer similar
efficacy to conventional therapies (heparin and vitamin
K antagonists) but with lower rates of major bleeding and
greater convenience due to oral administration and no need
for frequent monitoring.!'7* For selected patients with severe
PE and hemodynamic compromise, thrombolytic therapy
may be indicated to rapidly dissolve clots.[!

Thrombolysis, either systemic or catheter-directed, has been
shown to improve vein patency and reduce PTS incidence
by about one-third but carries a higher risk of bleeding
complications. Therefore, strict patient selection is essential
to balance benefits and harms.”’ Inferior vena cava (IVC)
filters are reserved for patients with acute proximal DVT or
PE who have absolute contraindications to anticoagulation;
however, their use has increased without clear evidence
of mortality benefit and is associated with device-related
complications.!”

Complications of DVT extend beyond PE and PTS. Post-PE
syndrome can cause chronic pulmonary hypertension
and functional impairment, affecting quality of life and
survival.”! Moreover, the burden of VTE is heightened
in certain contexts such as COVID-19 infection, where
immunothrombosis leads to increased thromboembolic events
and mortality.''! However, genetic studies have not found a
direct causal relationship between obstructive sleep apnea
and VTE, suggesting complex multifactorial mechanisms.!"*

This infographic illustrates a streamlined diagnostic pathway
for DVT, combining clinical assessment, imaging modalities
(compression ultrasound and CT venography), and artificial
intelligence (Al) for enhanced interpretation. It outlines the
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progression from clinical prediction scoring through imaging
comparisons and schematic analyses to final diagnosis of
venous blood clots, highlighting the role of Al integration in
modern diagnostic workflows.

Prophylaxis against VTE is critical in hospitalized and high-
risk patients. The balance between preventing thrombosis and
avoiding bleeding is delicate, especially in surgical patients
and those with cancer, where thromboprophylaxis decisions
must be individualized based on risk assessments.!!'*!¥
The use of tranexamic acid, an antifibrinolytic agent, does
not appear to increase the risk of DVT or PE significantly
but requires cautious application due to variable effects
depending on dosing and patient population.™

DVT and its complications such as PE represent a significant
global health burden with considerable morbidity and
mortality. The incidence varies by population and clinical
context but remains a common and preventable cause of
hospital and community morbidity. Advances in diagnostic
accuracy, risk stratification, and treatment options,
particularly the adoption of DOACs, have improved patient
outcomes. Nevertheless, challenges remain in standardizing
risk assessment tools, optimizing prophylaxis, and managing
long-term complications. Continued research and clinical
vigilance are essential to reduce the impact of this potentially
fatal condition.[®

Rationale for early and accurate diagnosis

The statistical evidence across the analyzed literature

underscores the critical importance of early and accurate

diagnosis of DVT to improve clinical outcomes and reduce
complications such as PE and PTS.

1. Diagnostic Accuracy and Clinical Prediction: Clinical
diagnosis alone is notoriously inaccurate due to
low sensitivity and specificity; only about 30% of
symptomatic patients are confirmed to have DVT by
objective testing.!'® The use of clinical probability models
combined with rapid D-dimer testing and CUS achieves
near 100% sensitivity for exclusion of DVT in outpatient
settings.l'” For example, Michiels et al. reported that the
sequential use of a rapid ELISA D-dimer test and CUS,
integrated with a clinical probability model, yielded a
sensitivity close to 100% and significantly improved
diagnostic accuracy.'? The proposed RADIA DVT
model, pending large-scale validation, aims to reduce
unnecessary anticoagulation and invasive testing.

2. Diagnostic Modalities and Monitoring: Noninvasive
vascular laboratory techniques, including Doppler
ultrasonography and impedance plethysmography, have
been validated as accurate diagnostic tools, with Doppler
ultrasound favored for its anatomical and physiological
detail, though requiring operator expertise.['>!®
Venography remains the gold standard but is invasive and
less frequently used. Bruce et al. emphasized the need
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for standardized definitions and monitoring systems to
improve reliability in detecting DVT and related surgical
adverse events.!"”!

3. Impact of Early Diagnosis on Treatment Outcomes:
The Society for Vascular Surgery and American
Venous Forum guidelines recommend early thrombus
removal strategies, particularly for iliofemoral DVT
of <14 days’ duration, to reduce PTS and improve
venous patency.” The guidelines assign a Grade 1A
recommendation against vague terminology and strongly
recommend early intervention in limb-threatening cases,
though the overall evidence quality is low to moderate
due to limited randomized controlled trial (RCTs).

4. Clinical Outcomes and Cost-Effectiveness: The EVRA
RCT (Gohel et al., 2019) demonstrated that early
endovenous ablation combined with compression
therapy significantly reduced median time to venous
ulcer healing from 82 to 56 days (hazard ratio [HR]
1.38; 95% confidence interval [CI] 1.13-1.68;
P = 0.001) and increased ulcer-free time (median
306 vs. 278 days; P = 0.002) compared to deferred
ablation.!”!! The incremental cost-effectiveness ratio was
£3,976 per quality-adjusted life year, indicating high
cost-effectiveness with an 89% probability of being
favorable at the UK thresholds.

5. Biomarkers and Risk Stratification: Thrombin generation
profiles have been associated with a 2.6-fold increased
risk of thrombosis when the maximum rate of thrombin
generation exceeds the 90" percentile (odds ratio [OR]
2.6; 95% CI not reported).’” Oral contraceptive use
further amplifies thrombin generation, suggesting a
synergistic risk factor. Urinary proteomic biomarkers
identified by von Zur Miihlen et al. achieved 100%
sensitivity and 83% specificity for DVT diagnosis in an
independent cohort, offering a promising noninvasive
diagnostic adjunct.*

6. Epidemiology and Clinical Features: Ng’s retrospective
study showed that classical clinical signs such as swelling
have high sensitivity but low specificity, while Homan’s
sign is specific but insensitive.!'® The study also noted
demographic variations in DVT incidence, with higher
rates in females and certain age groups (30-39 and
70-79 years).

7. Safety and Adverse Events: Anticoagulation remains the
cornerstone of treatment, with unfractionated and low
molecular weight heparins (LMWHSs) being effective
and safe, including in pediatric populations.?Y However,
no randomized trials have definitively established
optimal dosing or duration. Early intervention strategies,
including thrombolysis and thrombectomy, carry risks but
are justified in severe cases.’” The EVRA trial reported
pain and DVT as the most common complications of
early endovenous ablation, but no significant safety
concerns were raised.l!!

Weighted Aggregated Relative Risk (RR) Estimate: Given
the heterogeneity of outcomes and study designs, a formal
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meta-analytic calculation of RR for early diagnosis versus
delayed or no diagnosis is challenging. However, synthesizing
the HR from the EVRA trial (HR 1.38; 95% CI 1.13—1.68) for
earlier ulcer healing as a proxy for improved outcomes with
early diagnosis and intervention provides a robust estimate.
Incorporating the near 100% sensitivity of combined clinical
and diagnostic testing modalities,'” the overall RR reduction
in adverse outcomes (e.g., PTS and PE) with early and accurate
diagnosis can be inferred to be substantial, likely exceeding a
30% RR reduction in clinically meaningful endpoints.

The synthesis of statistical evidence unequivocally supports
the rationale for early and accurate diagnosis of DVT.
Clinical diagnosis alone is insufficient due to low sensitivity
and specificity; therefore, validated clinical prediction rules
(CPRs) combined with rapid D-dimer assays and CUS
constitute a highly sensitive and specific diagnostic approach.
Early diagnosis facilitates timely initiation of anticoagulation
and, when indicated, early thrombus removal strategies,
which reduce the incidence of PTS and improve healing rates
in venous ulceration. The EVRA trial provides compelling
evidence that early intervention guided by prompt diagnosis
shortens healing time by approximately 26 days and increases
ulcer-free time, with favorable cost-effectiveness.

Furthermore, emerging diagnostic biomarkers such as urinary
proteomic classifiers and thrombin generation profiles hold
promise for enhancing early detection and risk stratification.
The critical importance of standardized definitions and
monitoring systems for DVT is emphasized to ensure
consistency in diagnosis and outcome measurement.

The aggregate evidence supports a clinical pathway that
prioritizes early, accurate, and objective diagnosis of DVT
using combined clinical and laboratory modalities, followed
by prompt therapeutic intervention. This approach significantly
reduces morbidity, improves patient quality of life, and is
economically justified. Future research should focus on
validating novel biomarkers, optimizing diagnostic algorithms,
and refining treatment timing to further improve outcomes.

Limitations of conventional diagnostic pathways

DVT is a condition characterized by the formation of
blood clots in the deep veins, most commonly in the legs.
Accurate and timely diagnosis is critical to prevent severe
complications such as PE and PTS. Conventional diagnostic
pathways for DVT typically involve clinical assessment,
laboratory testing (notably D-dimer assays), and imaging
studies, primarily venous ultrasound. While these approaches
are well established, the literature reveals several important
limitations that impact their effectiveness and reliability.

Clinical assessment alone is insufficient due to the
nonspecific nature of DVT symptoms such as leg swelling,
pain, and discomfort, which overlap with many other
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conditions.*? To improve diagnostic accuracy, CPRs
such as the Wells score are employed to stratify patients by
pretest probability. However, these scoring systems have
variable implementation and interpretation across clinical
settings, which can lead to inconsistent risk categorization
and diagnostic decisions.’! The Caprini risk assessment
model, widely used for VTE risk stratification, suffers from
heterogeneity in risk category definitions and outcome
measures, limiting its generalizability and clinical utility.””

Laboratory testing with D-dimer assays serves as a valuable
tool to exclude DVT in patients with low pretest probability,
given its high sensitivity. Nonetheless, D-dimer lacks
specificity and can be elevated in numerous other conditions
such as infection, inflammation, malignancy, and pregnancy,
leading to false positives and unnecessary imaging.>?"
Moreover, in patients with high pretest probability, a negative
D-dimer test does not reliably exclude DVT, necessitating
further imaging.” This reliance on D-dimer testing
underscores the need for careful clinical context consideration
and limits its standalone diagnostic value.

Imaging, especially duplex venous ultrasound, remains
the gold standard for DVT diagnosis. Comprehensive
duplex ultrasound protocols, including compression and
Doppler evaluation from thigh to ankle, are recommended
to maximize detection sensitivity, particularly for calf vein
thrombosis.*®! However, variability exists in ultrasound
protocols, operator expertise, and equipment availability,
contributing to diagnostic inconsistencies and potential
underdiagnosis, especially of distal or isolated calf
DVT.??1  Point-of-care ultrasound (POCUS), while
useful in some settings, also suffers from heterogeneity in
application and may miss proximal thrombi if not performed
comprehensively.?® In addition, imaging interpretation can
be complicated by chronic postthrombotic changes, which
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may mimic acute thrombosis and lead to overtreatment or
misdiagnosis.?

Certain patient populations present further diagnostic
challenges. For example, pediatric DVT is rare and often
subtle in presentation, complicating early recognition and
requiring heightened clinical suspicion and tailored diagnostic
approaches.? Patients with advanced chronic kidney disease
pose difficulties in anticoagulation management and may also
have atypical presentations or contraindications for certain
diagnostic tests.””) Upper extremity DVT, often related
to venous thoracic outlet syndrome or catheter use, is less
well characterized, and conventional diagnostic pathways
developed for lower extremity DVT may not adequately
address these cases.l*"

Another limitation of conventional pathways is the incomplete
integration of thrombophilia testing and biomarker analysis.
While thrombophilia testing can inform risk stratification
and management decisions, it is complex, costly, and
requires specialized laboratory conditions, limiting its routine
use.’!) Biomarkers beyond D-dimer, such as P-selectin
and inflammatory cytokines, show promise but are not yet
established in clinical practice due to insufficient validation.!**!

Figure 2 illustrates the clinical workflow for diagnosing and
managing DVT, beginning with assessment using Wells and
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Figure 1: Integrated diagnostic algorithm for deep vein Figure 2: Deep vein thrombosis: Diagnostic and management

thrombosis

Asian Journal of Pharmaceutics ¢ Oct-Dec 2025+ 19 (4) | 1706

strategies across patient populations
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Figure 3: Algorithmic approach to deep vein thrombosis diagnosis based on clinical probability

Geneva scores, followed by D-dimer testing and tailored
treatment plans. It highlights the use of anticoagulants
(DOACs, LMWH, warfarin), thrombolysis, and IVC filters,
with a special emphasis on individualized management in
high-risk.

Therapeutic decision-making also reflects diagnostic
limitations. For example, the choice and duration of
anticoagulation depend heavily on accurate diagnosis and risk
assessment, yet variability in diagnostic certainty can lead to
overtreatment or undertreatment.*'?! The use of catheter-
directed thrombolysis for selected DVT cases exemplifies
the need for precise diagnostic criteria to identify appropriate
candidates, as indiscriminate use does not reduce PTS and
increases bleeding risk.[?

Conventional diagnostic pathways for DVT are constrained
by the nonspecific clinical presentation, variability and
limitations of CPRs, imperfect specificity of D-dimer
testing, heterogeneity and operator dependence of
ultrasound imaging, and challenges in special populations.
These limitations contribute to diagnostic uncertainty,
potential delays, and inappropriate management. Advances
in standardizing risk assessment tools, optimizing imaging
protocols, integrating novel biomarkers, and tailoring
approaches to individual patient contexts are necessary to
overcome these challenges and improve diagnostic accuracy
and patient outcomes. 27283032

Purpose and scope of the review article

The primary objective of this review is to synthesize current
and emerging strategies for the diagnosis of DVT, with a
focus on enhancing clinical accuracy, reducing morbidity,
and optimizing patient-centered care. Specifically, it
aims to examine both the limitations of conventional
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diagnostic tools, such as CPRs, D-dimer assays, and duplex
ultrasonography, and the integration of novel modalities,
including elastography, magnetic resonance venography
(MRV), computed tomography venography (CTV), and
Al-driven systems. The review also critically appraises
recent advancements in risk stratification algorithms,
biomarker discovery, and functional imaging to evaluate
thrombus age, composition, and recurrence risk. A major
thematic axis is the translation of precision diagnostics into
clinical workflows, particularly in high-risk populations
such as cancer patients and pregnant women. Furthermore,
the review addresses regulatory, ethical, and operational
barriers that affect the deployment of Al and other digital
innovations in thrombosis care. The purpose is to inform
future clinical pathways, guide resource allocation, and
stimulate translational research to overcome diagnostic
uncertainties and disparities in access to care. By bridging
foundational and frontier-level developments, this review
aspires to support evidence-based implementation of
multimodal diagnostic strategies that improve outcomes
and quality of life in patients with DVT.

CONVENTIONAL DIAGNOSTIC
APPROACHES: STRENGTHS AND
LIMITATIONS

Clinical prediction tools (e.g., Wells score, Geneva
score)

DVT is a condition where blood clots form in deep veins,
usually in the legs, and can lead to serious complications such
as PE, where clots travel to the lungs. Diagnosing DVT and
PE accurately and promptly is crucial to prevent morbidity
and mortality. However, symptoms can be nonspecific,

AQI



making clinical decision-making challenging. To address
this, clinical prediction scores such as the Wells and Geneva
scores have been developed to estimate the likelihood of
DVT or PE before imaging tests, guiding management and
resource use.

These CPRs categorize patients into low, intermediate, or
high pretest probability groups based on clinical features and
risk factors. This stratification helps clinicians decide whether
to proceed with diagnostic imaging or to safely exclude the
diagnosis with less invasive tests, such as D-dimer blood
assays. The Wells score, originally developed for DVT and
later adapted for PE, and the Geneva score, primarily for PE,
are the most widely validated tools.334

The literature consistently supports that using these scores
improves diagnostic efficiency and patient outcomes by
reducing unnecessary imaging and facilitating timely
treatment. For example, Kelly and Hunt emphasize that
pretest probability assessment using Wells or Geneva scores
is essential in managing suspected VTE, reducing the need
for imaging and refining diagnosis accuracy.?* Miron et al.
further demonstrate that clinical probability assessed by formal
scores or empirical clinical judgment yields similar accuracy,
but scores such as Wells may better identify low-risk patients,
thereby safely reducing diagnostic testing.**!

Recent studies also highlight the role of these scores in
predicting the risk of PE among patients with confirmed
DVT. Chen et al. found that the Wells score outperformed the
Geneva score and D-dimer alone in identifying DVT patients
at higher risk of PE, particularly in bilateral pulmonary artery
involvement, and that male gender, DVT location, and prior
surgery were significant risk factors.’ Zhao et al. developed
a novel risk score (SDH score) incorporating clinical
variables and D-dimer levels, showing better specificity for
PE prediction in a Chinese population compared to Wells
and Geneva scores, illustrating the potential for population-
specific adaptations.B!

Physician gestalt, or intuitive clinical judgment, has also
been studied as an adjunct or alternative to formal scores.
Van Maanen et al. (2023) conducted a large meta-analysis
demonstrating that gestalt provides a threefold increased
risk estimate for PE when positive, with sensitivity and
specificity comparable to formal scores, though with notable
variability across studies.®” This suggests that while clinical
intuition remains valuable, standardized scores provide a
more consistent framework for decision-making.

The integration of imaging modalities with clinical scores
further enhances diagnostic accuracy. Filipiak-Strzecka
et al. showed that supplementing Wells and Geneva scores
with bedside ultrasound assessments of leg veins and right
ventricular size significantly improved specificity and
overall diagnostic accuracy for PE, indicating that combining
clinical prediction with point-of-care imaging optimizes
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patient evaluation.®® Similarly, Cronin and Dwamena
emphasize that clinical pretest probability combined with
imaging likelihood ratios can refine posttest probabilities,
guiding more precise clinical decisions.>”!

Emerging technologies, such as machine learning models
incorporating clinical variables and D-dimer levels, have
demonstrated superior predictive performance compared
to traditional scores in emergency settings. Villacorta et al.
reported that a machine learning model achieved an area
under the curve of 0.89, outperforming Wells and Geneva
scores, suggesting future directions for personalized risk
stratification.”*”) However, external validation and clinical
implementation remain pending.

Special populations pose challenges to the applicability
of these scores. Goodacre et al. investigated pregnant
and postpartum women with suspected PE and found that
existing clinical decision rules and biomarkers, including
Wells and Geneva scores, lacked sufficient accuracy and
cost-effectiveness to guide imaging decisions in this group,
highlighting the need for tailored diagnostic strategies.*!!

The implementation of clinical prediction scores such as
Wells and Geneva in the management of suspected DVT has
a positive impact on clinical decision-making and patient
outcomes. These scores enable risk stratification that guides
the use of diagnostic imaging and laboratory tests, reducing
unnecessary procedures and expediting treatment for those at
higher risk. While physician gestalt retains diagnostic value,
formalized scoring systems provide greater consistency and
reproducibility. Enhancements through bedside imaging
and machine learning hold promise for further improving
accuracy. However, limitations exist in certain populations,
and ongoing research is needed to refine and validate these
tools across diverse clinical settings.

D-dimer assay: Utility, sensitivity, specificity, and
false positives

Detecting DVT early is crucial because untreated clots can
lead to serious complications, including PE, where clots
travel to the lungs. One important tool in diagnosing DVT
is the D-dimer assay, a blood test that measures fragments
produced when a blood clot dissolves. Understanding the
utility, sensitivity, specificity, and causes of false positives in
D-dimer testing helps clinicians decide when further imaging
tests are necessary.

The D-dimer assay is highly sensitive for detecting blood
clots, meaning it is very good at identifying those who have
DVT or PE. A negative D-dimer test can reliably exclude
the presence of a clot in many patients, especially when
combined with clinical assessment tools that estimate the
likelihood of DVT before testing.[*>*! Sensitivity rates of
D-dimer tests often approach or exceed 97-99%, making
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them valuable for ruling out DVT in low to moderate risk
patients.*>* This high sensitivity means that a negative test
result almost always indicates the absence of thrombosis,
providing reassurance and potentially avoiding unnecessary
imaging studies.

However, the specificity of D-dimer assays, how well the
test identifies patients without the disease, is more limited,
often around 40-60%. This means that many patients
without DVT may have elevated D-dimer levels, leading to
false-positive results. False positives occur because D-dimer
levels can be raised in many other conditions besides blood
clots. These include pregnancy, recent surgery, liver disease,
infections, inflammation, cancer, and even aging.*>*! For
example, pregnancy itself causes physiological increases in
D-dimer levels, which complicates interpretation but does
not eliminate the test’s usefulness when combined with
clinical judgment. Adjustments such as age-adjusted
D-dimer thresholds have been proposed and validated to
improve specificity in older patients without compromising
sensitivity.*) This approach reduces unnecessary imaging
and treatment in elderly populations, who often have elevated
baseline D-dimer levels.

In patients with renal dysfunction, D-dimer levels may also
be elevated independently of thrombosis. Recent evidence
supports the use of renal function-adjusted D-dimer cutoff
values to maintain diagnostic accuracy in critically ill patients
with impaired kidney function, reducing false positives while
preserving the test’s high negative predictive value.”! This
refinement is particularly important in intensive care settings
where comorbidities are common.

The timing of D-dimer testing is also important. In trauma
patients, D-dimer levels are often elevated immediately after
injury, limiting the test’s usefulness in the first 48 h post-
trauma due to a high false-positive rate. After this period, the
negative predictive value remains excellent, allowing the test
to effectively exclude thromboembolism.[6:48]

Ultrasound remains the gold standard imaging technique for
confirming DVT, with a sensitivity of approximately 97%
when performed properly.? The D-dimer assay is best used
as a screening tool to decide which patients require ultrasound.
When combined with clinical probability scores, a negative
D-dimer test can safely exclude DVT without further
imaging, reducing costs and patient burden.[***! Conversely,
a positive D-dimer test requires imaging confirmation due to
the risk of false positives.

In pregnant women, the utility of D-dimer testing has been
debated due to physiological increases in D-dimer levels
during pregnancy. However, prospective studies have shown
that certain D-dimer assays, such as the SimpliRED test,
maintain high sensitivity and negative predictive value,
allowing them to exclude DVT in a significant proportion
of pregnant patients, especially in early pregnancy.”! The
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specificity is lower in later trimesters, but a negative test
remains clinically useful.

CUS and venography: Gold standards and
drawbacks

Contrast venography, historically regarded as the definitive
diagnostic test for DVT, involves the injection of contrast
dye into the venous system to visualize thrombi through
X-ray imaging. Its accuracy is well established, with near-
perfect sensitivity and specificity in detecting venous
thrombi.’” However, venography is invasive, requires
exposure to ionizing radiation and iodinated contrast agents,
and is associated with patient discomfort and potential
nephrotoxicity. These drawbacks limit its routine use,
especially given the availability of less invasive alternatives.
Furthermore, venography cannot reliably distinguish between
acute and chronic thrombi, which can complicate clinical
decision-making.!'®"32

CUS has emerged as the preferred first-line diagnostic tool due
to its non-invasive nature, wide availability, and high diagnostic
accuracy. It operates by applying pressure with an ultrasound
probe to the veins; inability to compress a vein segment
suggests the presence of a thrombus. Multiple systematic
reviews and meta-analyses demonstrate that CUS achieves high
sensitivity and specificity for proximal DVT, often exceeding
90%. POCUS protocols, including two-point and three-point
compression techniques, have shown an excellent diagnostic
performance, with pooled sensitivities around 89-92% and
specificities exceeding 92%, allowing rapid bedside assessment
in emergency settings.**! Whole-leg duplex ultrasound, which
combines compression with Doppler flow assessment, further
enhances diagnostic confidence and approaches near 100%
sensitivity and specificity in some studies.!!

Despite its advantages, CUS has limitations. It is operator-
dependent, requiring adequate training and experience to
achieve reliable results. The accuracy diminishes for distal
(calf) DVT, where thrombi are smaller and veins are more
difficult to visualize, resulting in lower sensitivity." In
addition, CUS may have reduced ability to differentiate
acute from chronic thrombi and may miss isolated pelvic
or iliac vein thromboses. In such cases, adjunctive imaging
modalities such as MRV or CTV may be warranted.”

This flowchart presents an evidence-based diagnostic
algorithm for DVT based on pre-test clinical probability.
For patients deemed unlikely to have DVT, D-dimer testing
is prioritized, whereas for likely cases, CUS of proximal
veins is recommended. The algorithm aids clinical decision-
making by integrating test results to confirm or rule out DVT
or determine the need for further imaging.

The literature also highlights that venography, while the
gold standard, detects many small, asymptomatic thrombi of




uncertain clinical significance, which may inflate diagnostic
sensitivity but complicate clinical interpretation.l) Therefore,
while venography remains the reference standard in research
and complex cases, its routine clinical use is often supplanted
by CUS due to safety and practicality considerations.

Emerging imaging techniques such as magnetic resonance
imaging (MRI) and nuclear medicine-based methods
have shown promise but remain less established. MRI
offers comparable sensitivity and specificity to ultrasound,
especially for proximal DVT, and can be valuable when
ultrasound is inconclusive or contraindicated. However,
MRI is less accessible, more expensive, and less practical
for urgent diagnosis.!'Y Radiolabeled peptides targeting
thrombus components represent innovative approaches for
acute thrombus detection but are currently experimental.!!)

CUS is the practical first-line diagnostic tool for suspected
DVT, balancing high accuracy with safety and convenience.
Venography remains the definitive gold standard but is
reserved for equivocal cases or research due to its invasiveness
and risks. Clinicians must recognize the limitations of
each modality, particularly regarding distal DVT and
differentiation of thrombus age, and may need to employ
complementary imaging or clinical follow-up accordingly.

Diagnostic gaps in special populations (e.g.,
pregnant women, cancer patients)

DVT, a condition where blood clots form in deep veins, often
in the legs, poses diagnostic challenges that are compounded
in special populations such as pregnant women and cancer
patients. Understanding how diagnostic strategies vary in
these groups is crucial for effective and safe management.

In the general population, diagnosis of DVT typically involves
assessing clinical pretest probability using scores such as
the Wells score, followed by D-dimer testing and imaging
with venous ultrasonography.”>>*! A low pretest probability
combined with a normal D-dimer can safely exclude DVT
without imaging. However, this approach requires adaptation
in special populations due to physiological and pathological
differences.

Pregnant women

Pregnancy induces a hypercoagulable state, increasing the
risk of VTE, including DVT and PE. However, physiological
changes also alter baseline D-dimer levels, which tend to rise
throughout pregnancy, limiting the specificity of D-dimer
testing.>> Despite this, recent evidence supports the use of
pregnancy-adapted diagnostic algorithms. The Pregnancy-
Adapted YEARS algorithm integrates clinical criteria with
trimester-specific D-dimer thresholds and CUS for suspected
DVT or PE, enabling safe exclusion of VTE while reducing
unnecessary imaging and radiation exposure to mother and
fetus.’>3¢ This approach has demonstrated high sensitivity
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(99.5%) and negative predictive value (100%) in ruling out
VTE during pregnancy, with a substantial proportion of
women avoiding CT pulmonary angiography. Given the risks
of radiation and contrast exposure, minimizing imaging is
particularly important in pregnancy.’*!

In addition, management of pregnancy-associated
thrombophilia, such as antiphospholipid antibody syndrome,
involves both diagnostic and therapeutic considerations.
Systematic reviews indicate that combined LMWH
and low-dose aspirin improve pregnancy outcomes in
women with persistent antiphospholipid antibodies and
recurrent pregnancy loss, highlighting the need for precise
diagnosis and risk stratification in this subgroup.’”! Non-
pharmacological management and careful medication
selection are also emphasized for headache and other
symptoms that may mimic or coexist with thrombotic events
during pregnancy.t®

Cancer patients

Cancer markedly increases the risk of VTE due to tumor-
related procoagulant factors, treatment effects, and
patient immobility.®” The incidence of cancer-associated
DVT varies by cancer type and stage, with cumulative
risk influenced by both malignancy and thrombophilic
conditions.”% Diagnostic strategies in cancer patients often
require heightened vigilance due to atypical presentations
and overlapping symptoms with cancer or its treatment.

Standard diagnostic algorithms apply, but the pretest
probability assessment may be complicated by cancer-
related symptoms. D-dimer testing remains useful but can
be elevated due to malignancy and inflammation, reducing
specificity.”>$ Emerging approaches using machine learning
models incorporating clinical variables (e.g., D-dimer levels,
comorbidities, history of VTE) have shown promise in
improving risk prediction and guiding diagnostic decisions
in cancer-associated DVT.P%

Cancer patients also require tailored management strategies
balancing thrombosis risk against bleeding, which is increased
by anticoagulation in this population.[®*¢!! Guidelines
recommend DOACs as first-line treatment for cancer-
associated VTE, with consideration of individual bleeding
risk and drug interaction.”>®!! Thrombophilia testing may
be selectively indicated in cancer patients, particularly when
no clear provoking factor is identified, to inform treatment
duration and prophylaxis."

Common themes and differences

Both pregnant women and cancer patients represent high-
risk groups where standard DVT diagnostic pathways must
be modified. In pregnancy, physiological changes necessitate
adjusted D-dimer thresholds and cautious use of imaging
to avoid fetal harm. In cancer, the elevated baseline risk
and complex clinical picture require integration of clinical
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judgment, laboratory data, and advanced predictive tools to
optimize diagnosis.

In both populations, CUS remains the cornerstone imaging
modality due to its safety and diagnostic accuracy. However,
the threshold for proceeding to imaging or further testing
varies based on the altered pretest probabilities and risk-
benefit considerations unique to each group.”!

Furthermore, thrombophilia testing and risk stratification
are more frequently considered in these populations to
guide prophylaxis and treatment decisions, given their
elevated baseline risk and potential for recurrent events.!
The cumulative or supra-additive effect of thrombophilic
conditions and clinical risk factors underscores the need
for individualized diagnostic and therapeutic approaches.
Diagnostic strategies for DVT in pregnant women and
cancer patients differ from the general population primarily
due to physiological alterations and heightened risk
profiles.[®?l Pregnancy-adapted algorithms that incorporate
clinical criteria and trimester-specific D-dimer cutoffs safely
reduce imaging. In cancer patients, risk prediction models and
selective thrombophilia testing enhance diagnostic accuracy
and management. Across both groups, the emphasis is on
balancing diagnostic accuracy with safety considerations
unique to each population.

ADVANCEMENTS IN IMAGING
TECHNIQUES FOR DVT

Evolving Radiologic Modalities: MRV, CTV, and
Intravascular Ultrasound (IVUS)

DVT is a condition characterized by the formation of blood
clots in the deep veins, commonly in the legs or pelvis.
Accurate diagnosis and assessment of DVT and related
venous pathologies are critical for effective treatment and
prevention of complications such as PTS or PE. Over time,
radiologic modalities have evolved to improve visualization
of venous structures, thrombus extent, and underlying
anatomical abnormalities.

The principal imaging techniques currently used to evaluate
deep venous pathology include MRV, CTV, and IVUS. Each
modality offers unique advantages and limitations, and their
complementary use enhances diagnostic accuracy.

MRV utilizes magnetic fields and radio waves to generate
detailed images of veins without ionizing radiation. MRV is
particularly valuable in visualizing pelvic and central veins,
areas often difficult to assess by ultrasound. It provides
excellent soft-tissue contrast and can delineate thrombus,
venous compression, and collateral circulation. However,
MRV can be limited by patient contraindications (e.g.,
implanted devices) and availability.!%64
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CTV employs contrast-enhanced CT scanning to visualize
venous anatomy. It offers rapid acquisition, high spatial
resolution, and the ability to assess surrounding structures.
CTV is especially useful in acute settings and for detecting
extrinsic venous compression, such as in May—Thurner
Syndrome, where the left common iliac vein is compressed
by the right common iliac artery. CTV also facilitates
preoperative planning by providing comprehensive cross-
sectional images.[63:65:66]

IVUS is an invasive imaging technique performed during
venography thatinvolves inserting anultrasound probe directly
into the vein. IVUS offers real-time, high-resolution images
of the venous lumen and wall, enabling precise measurement
of stenosis and identification of intraluminal abnormalities.
It is considered the gold standard for assessing the degree of
venous compression and guiding endovascular interventions
such as stenting. [IVUS complements noninvasive modalities
by confirming hemodynamic significance of lesions detected
on MRV or CTV.[63:6466]

Duplex ultrasound remains the first-line, noninvasive
screening tool for DVT, but it has limitations in evaluating
iliocaval segments and pelvic veins. A novel duplex finding
— flow reversal in the superficial epigastric vein — has
been identified as a reliable indicator of proximal iliocaval
occlusion, aiding in noninvasive suspicion of more central
venous disease and prompting further advanced imaging.[”!

The integration of these imaging modalities allows for
a comprehensive assessment of deep venous pathology.
For example, in patients with May—Thurner Syndrome, a
combination of duplex ultrasound, MRV or CTV, and IVUS
can confirm the diagnosis, quantify venous compression, and
guide treatment decisions such as iliocaval stenting, which
has demonstrated promising clinical outcomes.!*®! Similarly,
in chronic venous disease, multidetector CT venography
can reveal underlying venous obstructions not apparent
on ultrasound, expanding diagnostic capability beyond
superficial assessment.[®]

Current clinical guidelines, although recently retracted due
to concerns over consistency and training standards, have
recommended considering venous stenting in patients with
significant venous outflow obstruction confirmed by imaging
modalities including MRV, CTV, and IVUS, especially when
symptoms are moderate to severe.[*% These recommendations
emphasize the importance of precise imaging to select
appropriate candidates for intervention. Evolving radiologic
modalities have transformed the diagnosis and management
of deep venous thrombosis and related venous disorders.
MRV and CTV provide detailed, noninvasive cross-sectional
imaging of venous anatomy and pathology, while IVUS
offers unparalleled intraluminal detail critical for intervention
planning. Together, these tools enhance diagnostic accuracy,
facilitate tailored treatment strategies, and improve patient
outcomes in DVT and venous outflow obstruction.




Emerging techniques: Elastography and
photoacoustic imaging (PAI)

Emerging imaging techniques such as elastography and PAI
have shown promise in enhancing the assessment of DVT
beyond conventional ultrasound methods.

Elastography is an ultrasound-based technique that measures
tissue stiffness by evaluating how tissues deform in response
to applied forces. In the context of DVT, elastography can
quantify the stiffness of a thrombus, which correlates with
its age and composition. Acute clots tend to be softer, while
chronic clots become stiffer due to fibrosis and organization
over time. Two main types of elastography have been studied:
strain elastography and shear wave elastography (SWE).
Strain elastography assesses tissue deformation under manual
compression, while SWE uses acoustic radiation force to
generate shear waves and measures their speed to estimate
stiffness quantitatively.[’”

Multiple systematic reviews and clinical studies have
demonstrated that elastography can differentiate acute
from chronic DVT by detecting changes in thrombus
stiffness. Santini e al. reviewed seven clinical studies and
found a consistent increase in thrombus stiffness with clot
age, supporting elastography’s biological plausibility in
DVT staging.’!! Similarly, Hoang ef al. highlighted that
elastography could serve as a valuable adjunct to conventional
duplex ultrasound, especially when standard imaging fails
to determine clot age.l"”! Bosio et al. investigated SWE and
quantitative ultrasound parameters longitudinally in patients
with DVT, noting that some ultrasound biomarkers might
reflect clot evolution over time, although SWE features did not
reach statistical significance in all measures.l” Furthermore,
Rayes et al. showed that thrombus stiffness measured by
SWE varies with clot composition and age, influencing
the effectiveness of ultrasound-assisted thrombolysis, thus
underscoring the clinical relevance of stiffness assessment.[”!
Levchak and Levytskyi also reported that sonoelastography
techniques could objectively identify embolic risk categories
based on thrombus stiffness, aiding treatment decisions./’

PAI is a novel hybrid imaging modality combining optical
and ultrasound technologies. It exploits the photoacoustic
effect, where pulsed laser light absorbed by tissues generates
ultrasound waves, providing high-contrast images based
on tissue composition and oxygenation. In DVT, PAI can
noninvasively characterize thrombus properties such as
oxygen saturation and structural composition, which are
related to clot age and stability.

Tang et al. demonstrated the feasibility of intravascular light
delivery for photoacoustic computed tomography (PACT) to
overcome depth limitations inherent in external illumination.
Their study showed that PACT could differentiate between
acute and chronic clots by measuring oxygenation levels
and acoustic frequency signatures, correlating well with
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histological and mechanical properties of clots.”” This
suggests that PAI may provide functional and compositional
information beyond stiffness, potentially improving thrombus
characterization.

Additional emerging techniques include photo-mediated
ultrasound therapy (PUT), which combines ultrasound and
laser to selectively disrupt blood clots. Singh and Yang (2023)
reviewed PUT’s mechanisms and applications, noting its
potential for non-invasive treatment of thrombotic conditions
by enhancing cavitation effects inside vessels, which may
complement diagnostic imaging.”®

Despite these promising advances, conventional duplex
ultrasound remains the clinical gold standard for initial DVT
diagnosis due to its accessibility and cost-effectiveness.
However, duplex ultrasound has limitations in accurately
determining thrombus age and in imaging pelvic or distal
veins. MRI and computed tomography (CT) provide
complementary information but are less accessible and
more expensive.””7 Emerging imaging modalities such
as elastography and PAI aim to fill this gap by providing
quantitative, non-invasive biomarkers of thrombus age
and composition, which are critical for guiding therapeutic
decisions such as catheter-directed thrombolysis.

CONCLUSION

This review underscores the dynamic evolution of
diagnostic strategies for DVT, highlighting a paradigm
shift from symptom-based clinical models to precision-
oriented, multimodal diagnostics. While clinical prediction
scores, D-dimer assays, and CUS remain cornerstones
of initial evaluation, their limitations, particularly in
specificity, operator dependence, and performance in special
populations, necessitate supplementary tools. Advances
in imaging, notably MRV, CTV, IVUS, and eclastography,
offer greater anatomical and functional resolution,
supporting accurate characterization of thrombus burden
and chronicity. The incorporation of emerging biomarkers,
such as thrombin generation profiles and urinary proteomic
classifiers, holds promise for improving early detection
and recurrence prediction. Al further complements this
landscape by automating risk stratification, enhancing
imaging interpretation, and enabling proactive clinical
decision-making. Nevertheless, widespread adoption is
contingent upon regulatory validation, ethical transparency,
data standardization, and clinician readiness. Clinical
application must also be contextualized within population-
specific  considerations, such as pregnancy-induced
hypercoagulability and cancer-associated thrombosis.
Importantly, early and accurate diagnosis not only reduces
complications such as PE and PTS but also improves cost-
effectiveness, as evidenced by RCTs such as EVRA. Future
research should focus on refining Al algorithms, validating
non-invasive biomarkers, and conducting prospective trials to
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evaluate real-world effectiveness. Ultimately, the integration
of technology and translational research into clinical practice
offers a transformative opportunity to enhance DVT care,
personalize treatment strategies, and improve long-term
outcomes.
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