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Summary 
 
A novel, fully automated, sample-to-result workflow has been developed, combining microfluidic 
CTC enrichment with AI-driven image analysis. This significantly reduces variability and 
enhances the reproducibility and scalability of CTC enumeration and phenotyping, addressing 
long-standing challenges in cancer diagnostics. Validation demonstrated that CTC integrity and 
counts remain stable for up to 72 hours post-collection. This logistical advantage is crucial for 
supporting decentralised sample collection and centralised laboratory processing in multi-site 
clinical studies, ensuring practical applicability. 
 
The platform exhibits high specificity, detecting no confirmed CTCs in healthy controls, and 
strong sensitivity, with its AI algorithm accurately identifying 93% of expert-confirmed CTCs. 
This robust analytical performance provides reliable and consistent data for clinical research. 
Initial clinical findings in metastatic breast cancer patients indicate that elevated CTC counts, 
particularly in the form of clusters, correlate with active disease progression. Conversely, stable 
disease often shows undetectable CTCs, underscoring their potential as real-time, non-invasive 
indicators of tumour dynamics and treatment response. 
 
The presence of CTC clusters is highlighted as a significant indicator, often associated  
with aggressive disease phenotypes and poorer prognosis. The platform's ability to preserve  
and characterise these clusters offers deeper biological insights valuable for risk stratification 
and understanding metastatic potential. 
 
The system's open architecture allows for the flexible integration of additional 
biomarkers beyond basic enumeration, such as Vimentin for EMT status. This adaptability 
facilitates comprehensive phenotypic profiling, offering a deeper understanding of tumour 
heterogeneity and supporting personalized treatment strategies. The workflow also enabled the 
consistent identification of Cancer-Associated Macrophage-Like (CAML) cells in patient samples. 
Initial observations suggest that higher CAML counts, especially larger variants, may correlate 
with aggressive disease, indicating their potential as valuable complementary biomarkers for 
improved prognostic assessment. 
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1. Introduction  

Circulating Tumour Cells (CTCs) are a 
promising, minimally invasive biomarker with 
the potential to transform cancer care. Their 
presence in peripheral blood enables patient 
stratification, therapy selection, dynamic 
disease monitoring, and early treatment 
response assessment, making them highly 
attractive to both clinicians and the 
biopharmaceutical industry. However, 
traditional CTC enumeration and 
characterisation methods face well-known 
limitations. Manual scoring introduces inter-
reader variability, limiting reproducibility and 
complicating multi-centre trials and cross-lab 
comparisons1,2. Inconsistent phenotypic 
capture and lack of standardisation have also 
hindered clinical and commercial adoption.   

Despite their clinical promise, CTC 
technologies have struggled to meet the 
reliability and scalability required for broader 
adoption. Our platform directly addresses 
these limitations, offering a standardised and 
automation-ready solution designed to meet 
the evolving needs of both research and 
clinical applications.  

To address these challenges, we have 
developed a fully integrated, automated 
sample-to-result workflow that couples 
robust CTC isolation3,4 with AI-driven image 
analysis for objective, operator-independent 
enumeration and phenotyping5,6. This 
reduces variability, enables cross-laboratory 
normalisation, and sets the stage for 
scalability and faster turnaround times as 
automation advance. The platform’s open 
architecture and fourth fluorescence channel 
allow incorporation of exploratory biomarkers 
such as Vimentin, HER2/neu, and PD-L1, 
enabling phenotypic profiling that captures 
the biological diversity of CTCs shaped by 
processes like epithelial-to-mesenchymal  

 

 

transition (EMT), clonal evolution, and therapy 
resistance. By extending CTC analysis 
beyond enumeration, this combination offers 
deeper biological insight. Built to support 
clinical research, diagnostics, biomarker 
discovery, and clinical trial enrolment, the 
platform lays a strong foundation for a 
scalable CTC sample-to-answer service 
aligned with the evolving needs of biopharma.  

To illustrate clinical relevance, we focused on 
metastatic breast cancer (mBC), an area 
where CTC analysis has shown significant 
potential. Affecting over two million people 
globally each year, mBC remains largely 
incurable, with a 5-year relative survival rate 
below 32%7.  

In this challenging landscape, elevated CTC 
counts have been shown to correlate with 
disease burden and treatment outcomes in 
mBC8, offering a compelling clinical signal for 
monitoring and therapeutic decision making. 
Importantly, CTC analysis complements 
circulating tumour DNA (ctDNA) by providing 
cellular-level details, protein expression, 
morphology, and spatial marker localisation, 
that ctDNA cannot capture. Together, these 
biomarkers offer a more comprehensive view 
of tumour heterogeneity and treatment 
response, especially in metastatic disease9,10.  

Our AI-powered platform addresses key past 
issues, delivering consistent, reproducible 
data across labs. By standardising CTC 
analysis, it lays the groundwork for more 
reliable clinical use, supporting faster 
treatment decisions and more efficient trial 
progress. 
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2. Study Overview  

Workflow Development & Platform 
Optimisation  

The integrated platform (Figure 1) combines 
Vortex’s microfluidic CTC enrichment, 
AxonDx’s staining chemistry (nPAC™), the 
high-resolution imaging system (nCyteDx™), 
and the AI-driven analysis software 
(nABLE™).  

This fully automated workflow delivers rapid, 
efficient isolation and phenotypic 
characterisation of circulating tumour cells 
(CTCs) with improved reproducibility and 
scalability. Initial development focused on 
seamlessly integrating these components 
and establishing core performance metrics 
using spiked blood samples. As detailed in 
the Supplementary Material (Supplementary 
Figures 1 and 2), these validation studies 
demonstrate the platform’s technical 
readiness for rare cell detection in both 
translational research and clinical contexts.  

With this foundation in place, preliminary 
clinical testing was initiated using blood 
samples from metastatic breast cancer 
patients and healthy donors to assess 
platform performance under real-world 
conditions. 

 

Clinical Validation Study 

Study Design and Objectives 

The validation focused on three key areas: 
CTC enumeration at various timepoints post-
collection to check sample integrity  
and assay reliability over time, CTC 
characterisation: inclusion of Vimentin 
staining to identify CTCs with mesenchymal 
features, and sample stability: evaluating 
transport conditions to confirm stability and 
reliability sample integrity and assay reliability. 
This critical assessment will provide valuable 
insights into the workflow’s suitability for use 
in clinical research settings and to inform its 
potential for commercial application.  

Clinical Site Participation and Sample 
Collection 

Blood samples were collected from patients 
enrolled at ten clinical sites under an IRB-
approved protocol (MTG-022). Each patient 
provided four 8 mL peripheral blood samples 
using CEE-Sure® Biocept blood collection 
tubes, which contain a cell preservative. Best 
practices were followed to minimise epithelial 
cell contamination.  

Patient Cohorts 

The study enrolled two sequential cohorts of 
metastatic breast cancer (Stage IV) patients 
(Figure 2). Cohort 1 consisted of heavily pre-

Figure 1: CTC Enumeration Workflow. Schematic representation of the integrated workflow for the isolation of CTCs 
and their automated high-resolution imaging with AI-assisted enumeration. 
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treated patients without recent disease 
progression. Midway through the study, 
eligibility criteria were refined to focus on 
patients with confirmed recent progression, 
based on radiographic, biomarker, or clinical 
evidence. This refined group formed Cohort 2, 
with blood draws scheduled during early 
treatment cycles, and following a 2-week 
washout period to capture active disease 
more accurately. The study design aimed to 
optimise CTC detection while minimising 
confounding factors. 

 
Figure 2: Schematic of Inclusion and Exclusion Criteria 
for Cohort 1 (Blue) and Cohort 2 (Green). 

Additionally, a control group of healthy 
female donors (≥18 years, age-matched 
within ±5 years) was included to assess the 
specificity of the assay. 

   Sample Shipping and Handling 

Blood samples were shipped overnight to a 
centralised laboratory in temperature 
monitored containers using Phase Change 
Material (PCM) packs to maintain ambient 
conditions (18°C to 25°C). Temperature was 
continuously logged during transit, and key 
metrics, such as transit duration, 
temperature range, and time spent outside 
the target range, were analysed. These data 
confirmed the stability of sample conditions 
across all shipments (Supplementary Table 
S1). 

Upon arrival, samples were stored at room 
temperature until processing. To simulate 
real-world clinical trial logistics, where blood 
samples are collected at remote sites and 
shipped to a central lab, CTC isolation was 
performed at 24-, 48-, and 72-hours post-
phlebotomy. Two of the four tubes were 
processed at 24 hours, with the remaining 
tubes processed at 48 and 72 hours, 
respectively.  

  
Figure 3: Scalable Workflow Supporting Centralised 
CTC Testing. Blood samples were collected at clinical 
sites, shipped under controlled ambient conditions with 
temperature monitoring, and analysed at a central lab. 
Processing occurred at multiple time points to simulate 
operational conditions typical of multi-site clinical 
studies.  

 

   CTC Isolation and Characterisation  

CTCs were isolated using a two-cycle 
enrichment protocol on the Vortex VTX-1 
instrument. Captured cells were immobilised 
on glass slides, fixed, and stained using a 
CTC identification cocktail prior to high-
resolution imaging and enumeration (Figure 
1). For one of the 24-hour samples, vimentin 
staining was included alongside the CTC 
enumeration cocktail (nPAC™) to assess EMT 
status. 
 
3. Key Results 

Study Cohort Overview 

Twelve patients with metastatic breast cancer 
were enrolled, of whom eight (66.7%) met 
eligibility and pre-analytical quality criteria for 
inclusion in the final analysis. The four screen 
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failures were attributed to insufficient  
blood volume (N = 1), temperature excursions  
(N = 2), and unmet eligibility criteria (N = 1). 
These issues were subsequently addressed 
through targeted site training to enhance 
protocol adherence. 

The final patient cohort (N = 8) had a median 
age of 78 years (interquartile range [IQR]:  
66-90), and all participants self-identified as 
White, non-Hispanic. Only one patient 
(12.5%) was diagnosed before age 50. While 
the majority (62.5%) presented with de novo 
stage IV disease, one patient (12.5%) each 
had stage I, stage IIA, and stage IIB disease 
at diagnosis, reflecting a range of disease 
histories in this small group. Tumour grading 
showed 37.5% of patients with grade 3 
tumours, 50.0% with grade 2, and 12.5% 
unknown. Molecular subtypes included 
62.5% with hormone receptor-positive / 
HER2-negative (HR+/HER2−), 25.0% with 
HER2-positive without hormone receptor 
expression (HER2+), and one patient with 
triple-breast cancer (TNBC). No HR+/HER2+ 
cases were observed. All enrolled patients 
had received prior systemic therapy. 
Endocrine therapy had been administered in 
5 patients (62.5%), targeted therapy in 7 
(87.5%), including immunotherapy in 2, and 
small molecule inhibitors in 5, chemotherapy 
in 4 (50.0%), and antibody–drug conjugate 
(ADC) treatment in 2 patients (25.0%). It is 
important to note that this cohort’s 
composition reflects a small, specific sample 
and is not intended to represent the broader 
metastatic breast cancer population. 

As a comparator, we included a control 
group of ten self-reported healthy female 
donors (median age: 66 years; [IQR]: 57–75), 
to benchmark assay specificity. This cohort 
was more ethnically diverse, comprising 
10% Asian, 40% White Hispanic, and 50% 
White non-Hispanic participants.   

Table 1 and Table 2 provide detailed 
demographic and clinical characteristics  
for patient cohorts and health controls, 
respectively. 

  Demographics  Healthy 
(N=10) 

Cancer 
(N=8) 

Age, Median (IQR)  66 (57, 75) 78 (66, 90) 
Race and Ethnicity:  
Asian  
Black or African 
American  
White Hispanic  
White non-Hispanic  

 
1 
0 
4 
5 

 
0 
0 
0 
8 

Table 1: Summary of Demographic: Healthy Cohort vs 
Patient Cohort.  

Eight metastatic breast cancer patient 
samples were analysed using our integrated 
CTC profiling workflow, divided equally 
between patients with stable disease (Cohort 
1) and progressive disease (Cohort 2). The 
overall CTC positivity rate was 12.5% (1/8), 
increasing to 25.0% (1/4) when focusing 
exclusively on patients with progressive 
disease. 

The 90% confidence interval (CI) for the 
observed positivity rate among the full  
cohort (1/8 patients) spans broadly from 
approximately 2.8% to 41.1%, highlighting 
the considerable uncertainty inherent to small 
sample sizes. 

This variability emphasises the exploratory 
nature of these findings and the importance 
of expanding sample sizes to accurately 
characterise CTC prevalence across clinical 
subgroups. 
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Parameter & 
Categories  

Cohort 1 
(N=4)  

Cohort 2 
(N=4)  

Age, Median (IQR)  84 (70, 91)  74 (64, 84)  
Race and Ethnicity:   
Asian  
Black or African 
American  
White Hispanic  
White non-Hispanic  

  
0  
0  
0  
4  

  
0  
0  
0  
4  

Grade:  
0  
1  
2  
3  
Unknown  

  
0  
0  
1  
2  
1  

  
0  
0  
3  
1  
0  

Histology  IDC  IDC  
Estrogen Receptor:  
Positive (+)  
Negative (-)  

  
2  
2  

  
3  
1  

Progesterone Receptor:  
Positive (+)  
Negative (-)  

  
1  
3  

  
1  
3  

HER-2/neu: 
Positive (+)  
Negative (-)  

  
2  
2  

  
0  
4  

TNBC Status:  
TNBC  
Non-TNBC  

  
0  
4  

  
1  
3  

BRCA1 Mutation 
Status:  
Positive (+)  
Negative (-)  
Unknown / not 
performed  

  
0  
2  
2  

  
0  
2  
2  

BRCA2 Mutation 
Status:  
Positive (+)  
Negative (-)  
Unknown / not 
performed  

  
0  
2  
2  

  
0  
2  
2  

Metastases Type:  
Nodal  
Distant  
Visceral  
Non-visceral  

  
0  
4  
1  
3  

  
4  
4  
4  
4  

LoT Mean (Range)  2 (1-3)  2.75 (1-5)  

Table 2: Demographic and Clinical Characteristics of 
Metastatic Breast Cancer Cohorts. Summary of patient 
demographics, tumour histology, biomarker status, and 
metastatic features for Cohort 1 and Cohort 2. 
Abbreviations and Definitions: IQR – Interquartile 
Range; LoT – Line of Therapy; Non-Visceral – bone/brain; 
TNBC – Triple-Negative Breast Cancer; Visceral – 
liver/lung.  

The encouraging signal in progressive disease 
patients (25% positivity) motivates  
further investigation, although no definitive 
conclusions can yet be drawn about the 
relationship between disease status and CTC 
detection. Importantly, the low observed 
positivity rate in this pilot cohort should not be 
interpreted as a limitation of the assay. These 
early findings reflect the exploratory nature of 
the study and underscore the need for larger 
sample sizes to generate more precise 
estimates. 

Algorithm-assisted CTC identification 
demonstrated a relative sensitivity of 93% 
(range: 67–100%) when benchmarked against 
expert manual review, with 82 of 86 CTCs 
correctly identified by the algorithm. Four 
missed events (all CTC clusters) were not 
selected for high-resolution imaging likely due 
to a combination of imaging parameter 
settings and algorithm-defined thresholding 
criteria. They were subsequently recovered 
through visual inspection of low magnification 
(4X) scans. This outcome highlights the strong 
performance of the algorithm within current 
parameters, while also pointing to a clear path 
for improvement. Refining exposure, size cut-
offs, and detection thresholds could improve 
capture of rare or complex events, reduce 
reliance on expert review, and make the 
system more robust overall.  

These insights are actively informing the next 
phase of system optimisation, with a focus on 
enhancing automation and scaling for broader 
clinical and translational use. 

Detailed enumeration data and corresponding 
patient characteristics are summarised in 
Table 3. To illustrate clinical relevance, we 
present a case from Cohort 2 involving a 
patient with elevated CTC levels which is 
further explored in the following section 
(Figure 4). 
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Figure 4: Timeline of Disease Progression and Treatment in a Patient with metastatic Triple Negative Breast Cancer 
(TNBC). CTC analysis was performed on blood collected following progression on fourth-line therapy.  

Abbreviations: BX – Biopsy; DCIS w. IDC – ductal carcinoma in situ with invasive ductal carcinoma; L breast DX – left 
breast diagnosis; Lx – Lumpectomy; MET – Metastasis; SURG – Surgery. 

 

Case Study: mTNBC Patient with  
Elevated CTCs 

The patient (Patient ID 12) was a 55-year-old 
woman diagnosed with de novo Stage IV 
invasive ductal carcinoma (IDC) with triple-
negative receptor status (ER-/PR-/HER2-). 
Over six years, she received five lines of 
systemic therapy, including anthracycline-
taxane chemotherapy, platinum-based 
therapy, two antibody-drug conjugates, and 
a PARP inhibitor. Despite initial responses, 
she experienced serial progression in bone, 
liver, and nodal compartments (Figure 4, 
Table 3). This evolving therapeutic history 
underscores the need for real-time 
monitoring tools to detect emerging 
resistance and inform treatment decisions. At 
the time of study enrolment, she had 
progressed on fourth-line therapy. Imaging 

revealed new bone lesions, and she 
succumbed to her illness several weeks later.   

To evaluate the feasibility of delayed 
processing, matched blood tubes from the 
same draw were processed at 24, 48, and 72 
hours. CTC counts remained consistent 
across all timepoints, averaging 22 CTCs per 
8.0 mL of blood (range: 20–27). These results 
confirm short-term sample stability and 
preservation of CTC integrity, supporting 
assay reliability for multi-site clinical studies 
and centralised lab workflows without 
compromising performance. Strikingly, 80–
100% of CTC were homotypic clusters, 
aggregates composed exclusively of tumour 
cells, with few single CTCs (0–4) observed. 
Cluster size ranged from 2 to 9 cells (mean: 
4). Representative images of both single 
CTCs and clusters, along with enumeration 
data, are shown in Figure 5.   
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Figure 5: Representative Images and Enumeration of CTCs and Clusters in a mTNBC Patient. 

A: High-resolution (40X) fluorescence images of single CTC and homotypic CTC clusters. Imaging was performed 
using the nCyteDx™ system following immunofluorescent staining with DAPI (nuclei), pan-cytokeratin (epithelial 
marker), and white blood cell (WBC) exclusion markers. CTCs were defined as DAPI⁺/CK⁺/WBC⁻. Clusters composed 
exclusively of tumour cells were the predominant form observed, ranging in size from 2 to 9 cells, with only a few 
single CTCs detected. Scale bar is 25μm. 
 
B: CTC enumeration results at 24-, 48-, and 72-hours post-collection, demonstrating assay reproducibility and CTC 
stability during sample storage and transport.  
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Table 3: Summary of Patient Profiles and Liquid Biopsy Results.  
Abbreviations: ADC – Antibody Drug Conjugate; ANA – Anastrozole; ATM – Ataxia Telangiectasia Mutated; CARB – Carboplatin; CTX – Cyclophosphamide; DOX – Doxorubicin; ER – 
Estrogen Receptor; Exe – Exemestane; FUL – Fulvestrant; HER2 – Human Epidermal Growth Factor Receptor 2; IDC – Invasive Ductal Carcinoma; Ki-67 – Proliferation Marker; LB 
Liquid Biopsy; LET – Letrozole; Mets – Metastasis; Mo – Months; OLA – Olaparib; Palbo – Palbociclib; PIK3CA – Phosphoinositide-3-Kinase Catalytic Subunit Alpha; Pz – 
Pertuzumab; Prog. – Progression; Ribo – Ribociclib; SG – Sacituzumab Govitecan; TAX – Paclitaxel; T-DXd – Trastuzumab Deruxtecan; Tx –Treatment; Tz – Trastuzumab. 

Patient 

Cancer 
Type, 

Stage (Dx) Tx history 

Tx 
Intensity 
(Cycle) 

Visceral 
Mets 
(Y/N) 

Recent 
Prog. 

(Y/N, Mo) 
Washout 

(Y/N) 
CTC Count 

(Cells / 8mL) Notes 

6 IDC, IIB 1. ADC (SG  21 Y, Liver N, 15 N 0 
LB occurred 7 days post-Tx. Prolonged disease stability (~15 Mo since 
progression) and sustained response on SG may have reduced detectable CTC 
burden. 

11 IDC, IV 
1. Endocrine + Targeted (ANA + Palbo) 
2. Targeted (Palbo monotherapy) 
3. Targeted (Palbo – Restarted)  

32 N, Bone N, 39 Y 0 

Bone-only Mets and 32 completed cycles of Palbo are consistent with 
sustained disease control. ER+/PR+ subtype and absence of visceral 
involvement likely contribute to the observed low CTC burden. The ~39-Mo 
interval since last progression further supports minimal residual disease 
activity.  

15 IDC, IV 1. Chemo + Targeted / Immuno (TAX, CARB + Tz) 1 Y, Liver Y, 1.5 N 0 

This HER2-positive (ER-/PR-/HER2+) tumour progressed 6.5 weeks earlier with 
liver Mets. The absence of detectable CTCs may reflect early Tx effects, 
especially since the liquid biopsy was performed 7 days after cytotoxic therapy 
initiation. 

16 IDC, IIA 
1. Endocrine (LET) 
2. Chemo + Targeted / Immuno (TAX + Tz + Pz) 
3. Targeted / Immuno (Tz + Pz) 

18 Y, Liver N, 9.5 Y 0 
Despite liver Mets, the absence of detectable CTCs may reflect prolonged Tx 
effect and tumour suppression, as supported by a 9.5-Mo interval since last 
progression and multiple therapy lines with only brief pauses.  

13 IDC, IV 
1. Chemo (DOX/TAX) 
2. Endocrine + Targeted (Exe + Palbo) 
3. Endocrine (FUL) 

11 
N, Nodal, 
Bone  

N, 6.5 Y 0 
Sequential endocrine therapy for bone-only disease, with no visceral 
involvement and a 6.5-Mo post-relapse interval, likely contributes to low CTC 
shedding under ongoing Tx. 

12 IDC, IV 

1. Chemo (DOX + CTX+TAX) 
2. Chemo (CARB) 
3. ADC (SG) 
4. ADC (T-DXd) 
5. Targeted (OLA) 

64 
Y, Liver, 
Bone, 
Nodal 

Y, 1.5 Y 

20 (24h) 
26 (48h) 
20 (72h) 

20 (24h/Vim) 

Persistent CTCs likely reflect aggressive TNBC biology, characterised by rapid 
progression through multiple therapy lines and widespread Mets. The complex 
Tx history and emerging resistance likely contribute to ongoing CTC shedding.  

22 IDC, IV 
1. Endocrine +Targeted (LET + Palbo) 
2. Endocrine (FUL)  

23 
N, Nodal, 
Breast 

Y, 3 Y 0 
Sustained endocrine therapy after targeted treatments may reduce CTC 
shedding. The recent relapse, localised to the right breast likely explains low 
CTC levels due to the non- visceral site. 

24 IDC, I 1. Endocrine + Targeted (Exe + Ribo) 1 

Y, Lungs, 
Liver, 
Pleura, 
Bones 

Y, 1 Y 0 

ER+/PR−/HER2− tumour with a low proliferative index (Ki-67 5%) and 
PIK3CA/ATM mutations exhibits indolent biology. The long interval to recurrence 
and early initiation of systemic therapy (1 Mo post-Dx) likely explain the 
absence of detectable CTCs.  
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This case illustrates a pattern that has been 
increasingly recognised in the literature: the 
association between CTC clusters and 
aggressive disease progression.  

Clinical Implications of CTC Clusters in 
Aggressive Disease. 

High CTC counts and cluster predominance 
in this case coincided with widespread 
metastatic disease and rapid clinical 
deterioration, consistent with the aggressive 
phenotype of mTNBC. Literature supports 
that CTC clusters exhibit enhanced 
metastatic potential, immune evasion, and 
resistance to circulatory stress, conferring a 
survival advantage in the bloodstream11. 
Notably, larger clusters, those composed of 
more tumour cells, are particularly 
associated with poor clinical outcomes12 
highlighting the importance of not only 
counting CTCs but also assessing cluster 
size and composition. Our platform 
preserves cluster integrity and detects both 
single CTCs and clusters, enabling in-depth 
characterisation that may inform 
personalised strategies. While this is a single 
case, it supports the rationale for 
investigating CTC clustering patterns as 
prognostic markers in mTNBC and other 
high-risk breast cancers.   

Beyond enumeration and cluster analysis, 
additional biomarker characterisation can 
further elucidate CTC phenotype and inform 
clinical insights.  

Vimentin Staining for EMT Evaluation 

A fourth blood tube, processed 24 hours 
post-phlebotomy, was stained for vimentin 
alongside the enumeration cocktail to assess 
EMT status. The CTC count (20 CTCs/8 mL) 
matched the technical replicate analysed the 
same day, confirming assay consistency.  

None of the CTCs expressed vimentin, 
suggesting retention of an epithelial 
phenotype in this patient’s circulating tumour 
cells.   

Although no mesenchymal CTCs were 
detected in this case, the assay design 
supports the integration of additional 
biomarkers, including custom or disease-
specific markers, through flexible antibody 
labelling and multiplexing strategies. This 
adaptability lays the groundwork for future 
clinical applications aimed at dissecting CTC 
heterogeneity and informing personalised 
treatment decisions.  

Findings from this case highlight how the 
platform preserves cluster integrity, 
accommodates delayed processing, and 
enables biomarker exploration, all of which 
underscore its potential for scalable, real-
world clinical deployment. 

Clinical Significance and Future Directions 
of CTC Profiling 

This case, together with data from the 
broader cohort, illustrates how CTC 
enumeration mirrors tumour activity and 
treatment response in mTNBC. The 
prognostic significance of circulating tumour 
cells (CTCs) in metastatic breast cancer is 
well established. Elevated CTC counts (≥5 
CTCs per 7.5 mL of blood) consistently 
correlate with poorer progression-free and 
overall survival8,13. Patients with high tumour 
burden and rapid progression exhibited 
elevated CTC counts and clusters, while 
those with stable disease showed no 
circulating tumour cells. These patterns 
underscore the dynamic interplay between 
tumour biology and therapeutic pressure, 
emphasising the nuanced role of liquid biopsy 
in tracking disease evolution in real time. 
Notably, undetectable CTCs in some patients 
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reflect expected biological variability rather 
than limitations of the platform, highlighting 
the need to interpret CTC results within 
clinical context.  

In this study, Cohort 1 patients mostly 
exhibited stable disease with no recent 
radiographic evidence of progression and 
correspondingly absent CTC counts. For 
example, Patient #6, who had been on 
sacituzumab govitecan for over a year 
without progression, likely experienced 
suppressed tumour activity resulting in 
minimal CTC shedding. Similarly, Patient 
#11, with bone metastases and long-term 
Palbociclib treatment (39 months since last 
progression), had undetectable CTC, likely 
reflecting the indolent nature of bone 
metastases. Meanwhile, patient #15 liquid 
biopsy was performed shortly after starting 
first-line cytotoxic therapy (paclitaxel and 
carboplatin) combined with trastuzumab, an 
interval often marked by transient CTC 
decline due to therapy-induced cell kill. Prior 
anti-HER2 therapy, well documented to 
suppress CTC levels, may also explain the 
reduced CTC incidence in HER2-positive 
breast cancer14. Therapies that induce 
tumour shrinkage often cause transient 
drops in CTC levels by killing primary and 
metastatic tumour cells15. Therefore, 
sampling during this early posttreatment 
window may yield CTC counts below the 
detection threshold.  

In contrast, Cohort 2, consisting of patients 
with progressive disease, showed detectable 
CTC in only 1 out of 4 cases. The absence of 
detectable CTCs in the other three patients 
may reflect tumour biology, treatment 
effects, or low disease burden. These 
findings reinforce that CTC detection reflects 
a complex interplay of tumour biology and 

therapeutic context, not a simple on/off 
biomarker.   

No confirmed CTCs were identified in healthy 
donors (N=10), supporting the assay’s high 
analytical specificity and low false-positive 
rate. Algorithm-flagged events in this group 
were systematically excluded upon expert 
review, underscoring the value of integrating 
automated detection with manual oversight. 
From a statistical standpoint, the 0% 
detection rate corresponds to a 90% 
confidence interval of 0.0–21.3%, reflecting 
the uncertainty inherent to small sample 
sizes. Fisher’s exact test comparing CTC 
detection between MBC patients and healthy 
donors did not reach statistical significance (p 
≈ 1.0), which primarily reflects the limited 
statistical power of this pilot cohort rather 
than evidence of equivalence. These 
preliminary findings are consistent with the 
assay’s expected performance and 
underscore the need for larger studies to 
robustly evaluate specificity and false-
positive rates. This clean background 
reinforces confidence that CTC-positive 
findings in patient samples represent true 
biological signals rather than assay noise.  

Together, these data demonstrate the value of 
CTC profiling as a real-time, non-invasive 
window into tumour behaviour and 
therapeutic impact, especially in cancers 
marked by rapid evolution and treatment 
resistance. In this exploratory sample, 
observable CTCs were detected in 1 of 8 
MBC patients and none of 10 healthy donors. 
While these early results suggest promising 
specificity and potential for CTC detection in 
MBC patients, the wide confidence intervals 
emphasise the need for a larger cohort to 
draw definitive conclusion.  

Beyond enumeration, CTC cluster profiling 
offers deeper insights into the metastatic 
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process and treatment resistance. Observed 
clusters in this case highlight aggressive 
tumour biology, aligning with recent studies 
linking them to increased metastatic 
potential and immune evasion across 
multiple solid tumours12,16-18. Though cluster 
analysis did not inform clinical decision in 
this observational study, mounting evidence 
supports its role in risk stratification and 
therapeutic targeting. Notably, 
pharmacologic disruption of CTC clusters 
has been shown to reduce metastatic 
dissemination, with early-phase trials 
supporting its promise as a therapeutic 
avenue19. With continued validation, CTC 
clusters could emerge as pivotal biomarkers 
in precision oncology20.   

Emerging Biomarkers Beyond CTCs: 
Cancer Associated Macrophage-Like 
(CAML) Cells  

Besides circulating tumour cells, rare large 
cells morphologically consistent with cancer 
associated macrophage-like cells (CAMLs) 
were observed in cancer patient samples. 
CAMLs have been described in the 
peripheral blood of patients with various 
solid tumours, including breast, lung, and 
pancreatic cancers21,22, highlighting their 
potential as complementary biomarkers to 
CTCs23. These cells exhibit enlarged atypical 
nuclei, multinucleation, co-expression of 
epithelial and leukocyte markers 
(cytokeratins, EpCAM, CD45), and notable 
morphological diversity.  

The imaging algorithm was optimised for 
CTC detection rather than for CAMLs, which 
may have limited the accuracy of CAML 
enumeration due to suboptimal imaging 
parameters and exposure settings.   

Nevertheless, CAML-like cells were identified 
in all (8/8) cancer patient samples with counts 
ranging from 1 to 31 cells per 8 mL. 

Consistent enumeration across four separate 
tubes per patient (data not shown) suggests 
potential biomarker stability. Notably, in 
patient 12 (mTNBC), who had an aggressive 
disease course, both elevated CAML-like cell 
counts (17 to 31 per 8 mL) the highest among 
all patients tested and the presence of 
unusually large CAML (> 50 μm; range 1 to 6 
per 8 mL) were observed. These findings align 
with prior reports linking larger CAMLs to 
reduced progression-free and overall 
survival24,25. This co-occurrence highlights the 
potential additive value of combined CAML 
and CTC analysis, particularly for prognostic 
applications. In PDAC, for example, joint 
detectability of these rare cell types was 
significantly associated with shorter 
recurrence-free survival, suggesting that 
integrated liquid biopsy approaches may 
enhance clinical utility26. Intriguingly, CAML-
like cells (0-8 per 8 mL) were also detected in 
2 out of 10 healthy individuals, possibly 
reflecting benign conditions27, though further 
characterisation is needed to confirm their 
identity. Diverse CAML morphologies and 
subtypes were also observed, consistent with 
shape variations previously described. 
Representative images and enumeration data 
are shown in Figure 6 and Table 4.  

While these findings reinforce the potential of 
CAMLs as complementary biomarkers, their 
significance remains to be fully established, 
highlighting the need for optimised detection 
methods and continued investigation. 
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Figure 6: Representative images of CAML-like cells 
identified in cancer patient samples. 

Observed morphology variants included tadpole-
shaped (a,e,g), round (b), oblong (c,d,f), and spindle-
shaped (f,h,i) forms, consistent with prior descriptions 
of CAMLs. Scale bar is 25 μm. 

  

4. Key Insights  

• High Specificity: No confirmed CTCs 
were found in healthy controls. Algorithm-
flagged events were excluded upon 
expert review, confirming assay 
specificity and a low limit of blank.  

• Effective AI-Assisted Detection: The 
algorithm identified 93% of expert 
confirmed CTCs. Only four missed events 
(all clusters) were recovered through 
manual review, demonstrating robust 
sensitivity combined with expert 
oversight.  

• CTC Counts Reflect Disease Activity: 
Elevated CTC levels and clusters 
correlated with progression, while stable 
patients often had none, supporting CTCs 
as real-time indicators of tumour 
dynamics.  

• Absence ≠ Failure: Undetectable CTCs 
generally indicate low disease burden or 
effective treatment response, rather than 
technical limitations.  

 

Patient Site of Metastasis Tx at Time of Liquid Biopsy  

CTC 
(per 8 mL 

blood) 

CAML 
(per 8 mL 

blood)  
6 Liver  ADC (SG)  0 3-5 
11 Bone  Targeted (Palbo)  0 0-1 
15 Liver  Chemo + Targeted / Immuno (TAX + CARB + Tz)  0 13-24 
16 Liver  Targeted / Immuno (Tz + Pz)  0 14-21 
13 Lymph node, bone  Endocrine (FUL)  0 5-18 
12 Lymph node, liver, bone  ADC (T-DXd) + Targeted (OLA)  20-26 17-31 
22 Lymph node, breast  Endocrine (FUL)  0 0-1 
24 Lung, liver, pleura, bones  Endocrine + Targeted (Exe + Ribo)  0 3-6 

Table 4: Overview of Circulating CAML and CTC Counts Across Metastatic Breast Cancer Cohorts. CAML counts are 
presented alongside CTC counts to provide context for their presence across clinical presentations. This comparison 
supports interpretation of CAML burden relative to tumour dissemination patterns and ongoing therapy.  

Abbreviations: ADC (SG) – Antibody-Drug Conjugate (Sacituzumab Govitecan); CARB – Carboplatin; Exe – 
Exemestane; FUL – Fulvestrant; OLA – Olaparib; Palbo – Palbociclib; Pz – Pertuzumab; Ribo – Ribociclib; T-DXd – 
Trastuzumab Deruxtecan; TAX – Paclitaxel; Tz – Trastuzumab. 
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• Clusters Signal Aggressiveness: Though 
rare, CTC clusters associate with poor 
prognosis and hold promise for risk 
stratification. 
 

5. Conclusions and Future Directions 

This pilot study supports the potential of our 
integrated workflow for detecting and 
characterising CTCs. Results underscore the 
biological relevance of CTC counts and 
clusters as dynamic markers of disease 
activity, while demonstrating strong sample 
stability (up to 72 hours post-collection) and 
logistical feasibility, emphasising the 
importance of controlled storage conditions 
and supporting centralised processing and 
multi-site shipment. 

The workflow demonstrated robustness from 
blood draw through analysis, with consistent 
CTC counts across delayed processing 
timepoints and high sensitivity in algorithm-
assisted detection. While the current 
algorithm focuses on CTCs, the manual 
identification of CAML-like cells highlights 
the platform’s potential for expanded 
phenotypic profiling in future iterations. 

Ongoing efforts focus on improving 
automation compatibility and refining AI 
tools to increase throughput an analytical 
performance. Preliminary analytical 
validation using surrogate samples (see 
Supplementary Data) supports applicability 
across multiple cancer types, 
complementing the current clinical findings. 
Meanwhile, clinical validation is expanding in 
breast cancer and initiating in lung and 
prostate cancers.  

To fully realise the platform’s potential, 
broader patient cohorts and cancer types will 
be essential. These foundational results 
position the platform for next-generation 

liquid biopsy applications, and several key 
initiatives are now underway:  

• Refining AI-driven detection algorithms 
using deep learning and dual- 
resolution CNNs to enhance sensitivity, 
classification, and high-throughput 
analysis (in partnership with AxonDx). 

• Automating the end-to-end workflow for 
improved scalability and clinical 
integration.  

• Testing transit times beyond 72 hours 
under real-world conditions to support 
decentralised sampling models.  

• Expanding phenotypic profiling 
capabilities to include CAML-like cells 
and enable deeper biological insights.  

• Validating performance across larger, 
more diverse cohorts, spanning tumour 
types, treatment regimens, and disease 
stages. 

• Exploring CTC phenotype–response 
correlations and cluster characterisation 
to inform future stratification strategies.  

Together, these efforts lay the groundwork for 
a next-generation platform at the intersection 
of oncology, AI, and digital pathology, 
advancing toward more precise, accessible 
tools for cancer monitoring and treatment 
guidance. 
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7. Supplemental Material    

  
Supplementary Figure 1: Broad CTC Recovery Across CK and EMT Profiles Demonstrates Clinical Versatility. 

A: Recovery of multiple cancer cell lines with varying cytokeratin (CK) expression levels demonstrates efficient 
capture of CK-high, CK-low, and CK-negative phenotypes using the VTX-1 Liquid Biopsy System.   

B: Representative high-resolution (40X) images of cancer cells isolated from whole blood, captured with AxonDx’s 
nCyteDx™ scanning platform. Scale bar: 25 µm.   

C: High-resolution (40X) images of cells isolated via the VTX-1 system and stained with AxonDx’s nPAC™ cocktail, 
incorporating vimentin staining to evaluate epithelial-to-mesenchymal transition (EMT) status. Images show 
CK⁺/VIM⁻ and CK⁺/VIM⁺ phenotypes, illustrating the platform’s ability to isolate and characterise both epithelial and 
transitioning circulating tumour cells (CTCs). Canonical CTCs are identified as nucleated (DAPI⁺, blue), pan-
cytokeratin-positive (pan-CK, red), and white blood cell marker-negative (white). Cell types displayed: (a) MCF7 
breast cancer cells; (b–d) H1975 lung cancer cells. 
 
Together, these findings highlight the platform’s capability to recover and characterise CTCs 
across the epithelial-mesenchymal spectrum, enabling comprehensive phenotypic detection 
and EMT marker analysis relevant to translational and clinical research. 
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Supplementary Figure 2: Linearity and Temporal Stability of the CTC Isolation and Enumeration Workflow.   

A: Linearity of CTC Recovery. Assay linearity was evaluated by spiking ~0, ~25, ~50, and ~100 MCF7 cells into 4 mL 
aliquots of peripheral blood collected from healthy donors. Samples were processed using the full CTC isolation and 
enumeration workflow. Recovered cell counts were analysed by linear regression, yielding a first order best-fit model 
with a slope of 0.8051 and R² > 0.98. These results indicate an average recovery of ~80% across the tested range 
and confirm linear performance of the assay within a clinically relevant input range, supporting its suitability for 
quantitative rare cell analysis in translational settings. 
 
B: Stability of CTC Recovery Over Time Post-Phlebotomy. Peripheral blood was collected from healthy donors into 
CEE-Sure™ tubes and spiked with 50 MCF7 cells per 4 mL aliquot on the day of collection. Samples (N = 3 per 
timepoint) were processed at 24-, 48-, 72-, and 96-hours post-phlebotomy. Recovery—defined as the percentage of 
spiked cells successfully enumerated—remained stable over time, with no significant differences observed across 
timepoints (one-way ANOVA, F(3,8) = 0.3292, p = 0.8046). Mean recovery was 65.2 ± 8.4%, comparable to manually 
enumerated matched controls (65.3 ± 5.8%, data not shown). 
 
These findings demonstrate robust assay performance up to 96 hours post-collection, 
supporting sample stability for delayed processing and centralised CTC analysis.  
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  Metrics  Mean Range SD 

Temperature Summary (℃)  
Avg. Temperature  

 
21.4 

 
19.6 - 23.8 

 
1.3 

Min Temperature  18.3 15.6 - 21.9 1.8 

Max Temperature  23.7 21.2 - 26.3 1.7 
Temperature Variation*  5.4 2.8 - 8.7 2.1 

Excursion Metrics  
Temperature Excursion (h)  

 
4.3 

 
1.4 - 6.6 

 
1.8 

Time Out of Range (%)  18.8   7.7 - 25.4 1.2 
Avg. Deviation Below Range (°C)  1.25 0.7 - 1.9 0.5 
Avg. Deviation Above Range (°C)  0.1 0.1 - 0.8 0.5 

Logistics  
Transit Duration (h)  

 

20.5 

 

17.8 - 29.3 

 

2.8 

Supplementary Table 1: Sample Transit and Temperature Monitoring Metrics. Summary of temperature monitoring 
metrics for blood sample shipments. 

* Absolute temperature difference.  

Temperature Excursion: Total time temperature was outside the acceptable range (e.g., <17.5°C or >25.5°C). 

% Time Out of Range: Percentage of total transit time with temperature excursions.  

Average Deviation Below or Above Range (°C): Mean degrees below or above the acceptable temperature range.  

 
Each sample was transported under ambient conditions using temperature-controlled 
packaging. Temperature data were recorded in real time using digital data loggers (2c\temp-
LCD Temperature Monitor, Marathon Products, Inc.), capturing the full transit period from 
phlebotomy to laboratory processing. Out-of-range events were defined as any excursion 
below 17.5°C or above 25.5°C. Metrics shown include average values across all shipments, 
range, and standard deviation (SD). 
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Vortex is a leading CTC liquid biopsy 
company, based in the UK. 
 
To discuss how we can support you, 
contact us at: 
info@vortexbiosciences.com  
 
Or visit our website at: 
www.vortexbiosciences.com 
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