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ABSTRACT

Background: Circulating rare cells participate in breast cancer evolution as systemic components of the disease and thus, are a source 
of theranostic information. Exploration of cancer-associated rare cells is in its infancy.

Objectives: We aimed to investigate and classify abnormalities in the circulating rare cell population among early-stage breast cancer 
patients using fluorescence marker identification and cytomorphology. In addition, we sought to determine the dependency of these mark-
ers on the presence of tumors.

Design: We evaluated the validity of a multi-rare-cell detection platform and demonstrated the utility of a specific rare cell subset as a novel 
approach to characterize the breast cancer system. Sampling was conducted both before and after tumor resection.

Methods: Linearity of the Rarmax platform was established using a spike-in approach. The platform includes red blood cell lysis, leuko-
cyte depletion and high-resolution fluorescence image recording. Rare cell analysis was conducted on 28 samples (before and after sur-
gery) from 14 patients with breast cancer, 20 healthy volunteers and 9 noncancer control volunteers. In-depth identification of rare cells, 
including circulating tumor cells, endothelial-like cells, erythroblasts, and inflammation-associated cells, was performed using a phenotype 
and morphology-based classification system.

Results: The platform performed linearly over a range of 5 to 950 spiked cells, with an average recovery of 84.6%. Circulating epithelial 
and endothelial-like cell subsets have been demonstrated to be associated with or independent of cancer with tumor presence. Furthermore, 
certain cell profile patterns may be associated with treatment-related adverse effects. The sensitivity in detecting tumor-presence and can-
cer-associated abnormality before surgery was 43% and 85.7%, respectively, and the specificity was 100% and 96.6%, respectively.

Conclusion: This study supports the idea of a cancer-associated rare cell abnormality to represent tumor entities as well as systemic 
cancer. The latter is independent of the apparent clinical cancer.
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Introduction
Early-stage breast cancer patients undergo treatment with 
curative intent that commonly includes surgery in combination 
with adjuvant radiotherapy, chemotherapy, targeted therapy as 
well as endocrine therapy, when indicated.1 Although treat-
ment outcomes are generally excellent, a small yet significant 
fraction in the patient group suffers from cancer recurrence in 
the long-term. Recurrence rates after curative treatment for 
breast cancer in long term follow-up greater 5 years may vary 
from 6% to 22%.2,3 In comparison, the breast cancer incidence 
in the general population is approximately 0.18% per year.4 A 
lack of proven theories for mechanisms behind recurrence in 

early-stage breast cancer survivors hinders accurate prediction 
as well as the development of effective strategies to prevent 
recurrence.5-7 The systemic or spectrum theory of breast cancer 
has explanatory value and suggests tumor cell dissemination 
taking place as early as the onset of the malignancy yet, without 
causing overt metastasis.8 The theory is strongly supported by 
the frequent detection of disseminated tumor cells (DTC) in 
the bone marrow of early-stage patients, often occurring years 
prior to clinically significant recurrence.9,10 The theory is rein-
forced by murine model bone marrow experiments,11 as well as 
recent discoveries involving tumor-derived circulating tumor 
cells (CTC), cell-free circulating tumor DNA, immunological 
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responses, and systemic inflammation in cancer survivors.6,12-16 
In this context, early-stage breast cancers could be defined by 
loco-regional disease and a chronic systemic cancer component 
that is either dormant or indolent. This systemic cancer com-
ponent apparently has the ability to persist independently of 
the primary tumor and may then be responsible for, or at least 
promotes, cancer recurrence.

Despite the substantial work, there remains significant 
potential for further and deeper investigations into the sys-
temic cancer component. Further progress could be made 
through investigating the circulating rare cell population.17 
This population may include blood-circulating cellular entities 
that represent localized tumor growth, such as CTC, tumor-
associated circulating endothelial cells (CEC), or fusion prod-
ucts between tumor cells and immune cells.18-23 It also may 
include nonlocalizable cancer-associated cell types, such as 
cancer inflammation-related cells,24 circulating epithelial cells 
of unknown origin in follow-up25,26 or circulating erythro-
blasts.27 Acknowledging the systemic and localized features of 
circulating rare cells, the idea is gaining traction to assess the 
overall cancer burden through a comprehensive analysis of 
these cells referred to as systemic cytology.28 This method 
could prove valuable for monitoring treatment responses—par-
ticularly postsurgery—tracking chronic systemic cancer during 
follow-ups, and predicting recurrence at the earliest possible 
stage. However, investigations into rare cells other than CTC 
and CEC as well as into their association with cancer or tumor 
growth are sparse thus, necessitating intensified marker valida-
tion and methodological innovation prior to the realization of 
before mentioned diagnostic potentials. The primary objective 
of this proof-of-concept study was to present a method and 
markers for the comprehensive characterization of rare cell 
populations in early-stage breast cancer patients. We demon-
strated that combining fluorescence markers with cytomor-
phological analysis enhances cellular subtyping and advances 
the concept of systemic cytology. A liquid biopsy platform 
designed for detailed analysis of rare cell morphology has been 
validated. It uses negative selection for enrichment and a stain-
ing method that preserves cell viability, all aimed at capturing 
the most accurate blood-native morphological status. A study 
design of testing patients before and after surgery was chosen 
to evaluate the tumor-association of each rare cell marker. Our 
findings led to the proposition of a specific cancer-associated 
rare cell panel that was herein denoted as cancer associated sys-
temic abnormality (CASA).

Materials and Methods
Study sample

All methods were performed in accordance with the relevant 
guidelines and regulations. Histopathology grading followed 
Bloom-Richardson system. Blood samples were obtained from 
20 healthy individuals, denoted as the healthy cohort, 9 non-
cancer but ill individuals, denoted as noncancer cohort, and 14 

predominantly early-stage breast cancer patients, denoted as 
the cancer cohort. Summarized characteristics of cancer 
patients are presented in Table 1. Patient-individual data are 
listed in Supplementary Table S1. A total of 28 blood samples 
from 14 breast cancer patients were drawn 2 weeks before and 
2 to 3 weeks after surgery. All breast cancer patients were ther-
apy-naïve at the time of surgery. The noncancer control cohort 
comprised a heterogeneous group of 9 individuals with some 
clinical condition or vague illness without evidence of cancer, 
including 1 woman with “unwell feeling” and early night-time 
fatigue; a type II diabetic patient; a man with an unhealthy 
lifestyle showing slight rare cell abnormality; a 41-year-old 
man recovering from an acute infection of unknown diagnosis; 
a 77-year-old man with several comorbidities including type II 
diabetes, kidney failure requiring hemodialysis, and hyperten-
sion; a 73-year-old woman with symptoms of osteoporosis, a 
38-year-old woman with chronic pain in the lower spine and 
showing rare cell abnormality; a 67-year-old obese nondiabetic 
woman with gout-like symptoms, and a 38-year-old man 
recovering from mild acute respiratory illness. The healthy 
control cohort comprised 10 volunteers with an average age of 
31.5 years for this study and 10 from a previous study.24 
Healthiness was defined as being free from known medical 
conditions, not having any illnesses in the past 2 months, and 
not taking any medications.

Cell preparation and spiking

Low passage (<15 rounds of subculture at lab site) colon 
cancer cell line HCT116 and breast cancer cell line MCF-7 
were cultured in fresh flasks containing RPMI 1640 sup-
plemented with 10% fetal calf serum and containing low 
glucose Dulbecco Modified Eagle Medium supplemented 
with 10% fetal bovine serum, 2 mM glutamine, 0.01 mg/mL 
insulin, and 1% penicillin/streptomycin mix, respectively, 
and were incubated at 37°C in an atmosphere of 5% CO2. 
Cell suspensions following trypsinization were accepted for 
use in case of single cell suspensions and viability greater 
90%. The antibody staining capacity by anti-EpCam-FITC 
(clone MH99, Invitrogen) for positive identification and 
anti-CD45-PE (clone 2D1, Invitrogen) for counter staining 
was tested prior to spiking. Spike-in counts were assessed 
depending on the targeted amount. Exactness of spiking 
concentration for the lowest count of 5 cells was achieved by 
micro-manipulation as described previously.29 In brief, 
model tumor cells were stained using CFSE dye (Cell 
Division Tracker Kit, BioLegend) diluted to roughly 2 cells 
per 10 µL in a well of a flat bottom 96-well plate and aspi-
rated under microscope vision at 20× magnification. 
Exactness of higher spiking concentrations was achieved by 
respective dilution series and by imitating spike-in sample 
preparation in at least 3 repeats, then used as counting con-
trols. The model tumor cells were then spiked into 5 to 7 mL 
whole blood, followed by the normal rare cell enrichment 
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and analysis procedure. Experiments were conducted at dif-
ferent days per each data point, thus incorporating variabil-
ity in blood specimens as well as tumor cell conditions. 
Experiments were conducted at least in duplicates. For lin-
earity and sensitivity experiments, the spiking levels were 
intended to measure 5, 100, 500, and 1000 tumor cells.

Rare cell enrichment

For systemic abnormality analysis, the Rarmax cell-based liq-
uid biopsy platform (Premise Biosystems Co., Ltd., Version 
2.2) was used as previously described following the principle of 
negative selection.24 In brief, whole blood nucleated cells were 
preenriched by removing bulk red blood cells and desired rare 
cells were enriched by removing bulk white blood cells (WBC). 
The analysis was conducted by automated fluorescence micros-
copy. In detail, peripheral blood was taken by venous puncture 
collecting 10 mL in a green-top BD Vacutainer blood collec-
tion tube containing sodium heparin. The blood sample was 
kept at room temperature (RT) in the dark and processed at 
most 3 hours after phlebotomy. Standard chemical lysis buffer 
(154 mM NH4Cl, 10 mM NaHCO3, 2 mM EDTA) treatment 
was applied to remove red blood cells from 7 mL whole blood. 
The cell suspension was incubated twice at RT for a maximum 
of 3 to 5 minutes following centrifugation at 300g for another 
5 minutes each. The final cell pellet was resuspended in 0.5 mL 
phosphate-buffered saline (PBS), supplemented with 0.5% 

Table 1.  Clinicopathological characteristics of patients.

Characteristics Early-stage Breast 
cancer cohort (n = 14)

  No. of patients

Age (years)  

<40 2

41-50 -

51-70 10

>70 2

Average 58.1

Clinical tumor stage  

T1 7

T2 5

T3 2

Clinical nodal status  

N0 8

N1 2

N2 1

N3 3

Tumor grade  

Grade 1 1

Grade 2 6

Grade 3 7

Missing 1

Histological type  

Invasive ductal carcinoma 11

Ductal carcinoma in situa 1

Invasive papillary carcinoma 1

Invasive lobular carcinoma, 1

Unspecified 1

Size in mm  

⩽20 4

>20 9

Missing 1

Hormone receptor (HR)  

HR-negative 8

Low HR-positive -

ER low PR neg -

Characteristics Early-stage Breast 
cancer cohort (n = 14)

  No. of patients

ER low PR low -

ER neg PR low -

ER Strong 2

ER strong PR strong 2

ER strong PR neg 2

Ki67 baseline measurement  

0%-21% 3

21%-100% 11

Surgery  

Breast-conserving surgery 4

Sentinel lymph node biopsy 10

Mastectomy 10

Axillary lymph node dissection 5

Reconstruction 1

aPatient with combination of in situ carcinoma (left) and invasive ductal 
carcinoma (right).

(Continued)
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bovine serum albumin and allowed resting for 15 minutes at 
RT. The cell numbers of nucleated cells subsequent to red 
blood cell lysis were determined by hemocytometer (Neubauer) 
and subjected to enrichment. In brief, peripheral blood rare cell 
isolation was carried out by automated CD45 positive cell 
depletion assay (Walderbach II, SanoLibio Co., Ltd.) follow-
ing the manufacturer’s description. The automated assay pro-
cessed leukocyte suspensions ranging from 5 to 100 million 
cells concentrated in 500 µL samples. It offered leukocyte 
depletion rates of 1, 3, and 5 log based on 1, 2, or 3 depletion 
cycles, respectively. We chose 3 log depletion as adequate for 
our analysis due to processing time and optimal cell recovery. 
The enrichment process uses anti-CD45 magnetic particles to 
separate CD45-positive cells in a magnetic field. In the 3 log 
configuration, the assay took approximately 1 hour and outputs 
an enriched sample in a volume of approximately 30 µL. 
Subsequent to enrichment, the sample was split into halves and 
immediately stained for subsequent analysis by fluorescence 
microscopy using conjugated monoclonal antibodies 
anti-CD45-PE (clone 2D1, Invitrogen), anti-EpCam-FITC 
(clone MH99, Invitrogen) in 1 panel, and anti-CD44-Super-
bright645 (clone IM7, Invitrogen), anti-CD24-PE (clone 
SN3, Invitrogen), anti-CD71-FITC (clone OKT9, Invitrogen) 
and anti-CD45-PercPCy5.5 (clone 2D1, EXBIO) in the sec-
ond panel, for each using 0.5 µL undiluted dye solution and 
incubating at RT in the dark for 25 minutes. A washing step 
followed by diluting the cell suspension with 1 mL PBS, sup-
plemented with 0.5% bovine serum albumin prior to pelleting 
by centrifugation at 200g for 3 minutes and resuspending in 
120 µL using PBS. Nucleus staining followed using 0.5 µL 
Hoechst 33342 DNA staining (ThermoFischer).

Image acquisition and analysis

The enriched and stained cell suspensions (panel 1 and 2) were 
aliquoted into 2 flat bottom wells per panel of a 384 well 
ViewPlate-black plate (PerkinElmer) and monolayered by 
centrifugation at 80g for 2 minutes which was followed by 
high-resolution image acquisition at 40× magnification using 
the Operetta high content imaging system (PerkinElmer). A 
standard acquisition protocol was used for all samples allowing 
intra-patient and inter-patient sample comparability. Images 
were recorded in a bright field channel, and channels according 
to the fluorescent color choices at optimized and fixed expo-
sure times. Columbus analysis software served as a screening 
and image analysis tool. Sample analysis followed 2 reader 
assessments with the first person conducting an image screen-
ing step according to a standardized protocol and the second 
person conducting rare cell identification. Image records per 
sample comprised 117 fields (color z-stack) per well. Rare cell 
marker positive cells were identified by a cell-like round forma-
tion, specific morphologies as detailed in the “Results” section, 
positive staining of Hoechst, CD326-FITC or CD71-FITC 

and/or CD44-SB645 in the absence of the typical ring forma-
tion or membrane staining as a consequence of positive 
CD45-PE or CD45-PerCy5.5 staining. The hematopoietic 
origin was excluded in case of CD45 signal at background 
noise level and PE-autofluorescence as identified by dim posi-
tive fluorescence signal inside the cellular event and the absence 
of membrane staining (see Figure s1 in Supplementary 
Material for clarification). Sample read-out followed the list of 
cell types as shown in results (Table 2) starting the analysis 
with EpCam-positive events. The high baseline concentration 
of CEE in healthy donors sufficed reading of 2 × 20 fields out 
of the 117 fields then extrapolating the concentration to 3.5 mL 
per panel and finally normalizing to our standard of 5 mL. All 
other cells were read through the entire collection of fields. For 
the assessment of positivity of epithelial events as lead markers, 
the maximum fluorescence emission needed to exceed 2× 
standard deviation (SD) levels above averaged background 
noise (statistically significant number of pixels probed at 
“empty space” nearby the object) and being visible strictly 
within boundaries of the bright field appearance. Consequently, 
dim fluorescence emission ranged in signal to background ratio 
between 1.05 and 1.5, low fluorescence between 1.5 and 1.8 
and high fluorescence emission ranged greater 1.8. Endothelial-
like cells were recognized by the CD45-negative cell status and 
significance in morphology. The significance was linked to 
sizes larger than the diameters of WBC, which exceed 11 µm. 
The targeted cell shapes displayed typical characteristics such 
as a cobblestone-like appearance, clusters, spindle shapes, or 
sheet-like structures (see Figure S2 for more details). Nuclei 
were variably located relative to the cell center, characterized by 
large nuclei that often appeared oval rather than round, with 
some showing elongated or bean-shaped configurations. The 
ratio of nucleus to cytoplasm may not surpass 0.6. Blast  
cell-like cell shapes were excluded. Image analysis of inflam-
mation-mediated cells followed previous descriptions.24 In 
brief, each circulating inflammatory cell (CIC) was attributed 
with a value of the morphological index. A value greater than 
35 was found to be attributable to malignant disease formerly 
termed CD44i35; hence, the classification of findings with the 
CD44/24 phenotype as normal (nCIC) and tumor-associated 
or abnormal CIC (aCIC). Image analysis of CD71 followed 
descriptions made previously.27

Statistical analysis

For linearity, sensitivity, and accuracy assessment of the Rarmax 
rare cell detection platform, the NCSS2023 Statistical Software 
Linear regression and correlation analysis tool was used. 
Diagnostic performance of the rare cell panel in diagnosing 
breast cancer was measured using sensitivity, specificity, and 
predictive values, for abnormality cutoffs of each rare cell type, 
as defined by the limit of detection equation Limit of Detection 
(LOD) = mean (limit of blank) + (1.68-2) × SD. The receiver 
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operating characteristic (ROC) curve analysis was performed 
using the Stata v. 14 statistical software (Stata Corp, College 
Station, Texas, USA), and the area under the curve (AUC) was 
calculated along with the 95% confidence interval (CI). 
Supplementary Tables 2 and 3 contain raw data as source for all 
calculations of AUC and diagnostic performances as presented 
in Tables 4 to 6, respectively. Conclusions about differences in 
concentration between the cancer-naïve and surgically treated 
cohort as well as between cancer and noncancer cohorts were 
based on the 1-tailed open paired t test and was calculated 
using Excel Microsoft. A P-value < .05 was considered statisti-
cally significant. The association between each rare cell type 
and surgical intervention was defined in terms of the response 
rate, which was defined as the reduction in cell concentration, 
in percent, after surgery as compared with before surgery. The 
response was set to 100% if the postsurgery concentration was 
lower than the cutoff level for that rare cell type, and set as no 
response if the concentration after surgery was higher than or 
equal to that before surgery.

Results
Platform reliability

The spike-in experiment outcome was the number of spiked 
HCT116 or MCF-7 cells in range of 5 to 950 plotted against 
the recovered number of tumor cells in the healthy donor sam-
ples (n = 9). The ratio between the number of observed and the 
number of expected tumor cells produced a regression slope of 
0.89 [95% CI, 0.85-0.94], an intercept of −5.3 (95% CI, -26.8-
16.1) (accumulated across 9 data points), and a correlation 
coefficient (R2) of 0.997. The coefficient of variation remained 
stable as the number of spiked cells decreased, measured as the 
standard deviation of recoveries across all spike levels, which 
was calculated to be 7.61%. The average recovery rate of spiked 

cells was 84.6% across all spiking levels, with a range from 78% 
to 92.6%. The precise spiking of very low cell numbers through 
micro-manipulation performed in triplicate enabled the deter-
mination of the lower limit of detection. At the spiking level of 
5 to 6 tumor cells, all 3 data points showed a consistent loss of 
1 cell into the process implying a near-zero standard deviation 
for the low-spike. Nonspiked samples were negative resulting 
in a mean value of zero for the limit of blank. Consequently, the 
average coefficient of variation across the 9 spiking points was 
used, which was 7.61% and corresponds to a standard deviation 
of 0.38 cells per 5 mL at the 5-cell spike level. The LOD was 
then calculated as 2×SD resulting in a LOD value of 0.76 cells 
per 5 mL or 1 cell per 6.6 mL. In practical terms, at a given 
restriction of initial WBC count of 8 × 107 WBC per run due 
to technical limitations (corresponds to 6.5-20 mL whole 
blood) and the recovery of 85% on average, the reliable detec-
tion of at least 1 tumor cell may require a minimal concentra-
tion of 1 cell per 5.6 mL of whole blood. The enrichment 
platform was configured to 3 log, achieving 2.89 log or 776× 
depletion on average. Depending on the donor’s WBC count, 
the maximum was limited to 8 × 107 WBC per sample, sug-
gesting a carryover count of 10 000 to 52 000 WBC. At given 
performance, the detection of desired cells would be well sup-
ported for the retrieval of meaningful diagnostic information 
in afflicted individuals with an expected concentration range 
from 1 to several hundred cells per 10 mL. A coarse measure of 
sustained high sensitivity and platform functionality over the 
course of test runs was represented by the detection of normo-
blasts that occur within a detectable concentration range (>1 
cell per 5 mL) under healthy physiology with 100% certainty.30 
Therefore, repeated failure to detect normoblasts would predict 
a platform error. All healthy individuals (n = 10) as measured on 
occasions throughout the course of clinical sample testing were 
positive for normoblasts in range of 1 to 21 cells per 5 mL. 

Table 2.  Cancer-associated systemic abnormality (CASA) panel.

Cell type Phenotype Description Diagnostic 
Implication

References

Circulating Epithelial Events 
(CEE) and Circulating 
Tumor cells (CTC)

EpCam+/CD45−/
Hoechst+

EpCam+ heterogeneous cell 
type composition including CEE 
and CTC

Multipathology 
association;
Cancer association

19

Circulating Erythroblasts 
(CEB)

EpCam–/CD71+/CD45−/
Hoechst+

CD71+ bone marrow-derived 
rare cells indicating bone marrow 
damage (BMD) represented by 
dyserythropoiesis

Multipathology 
association;
Cancer association

27

Circulating Endothelial-like 
cells (CEC)

(CD31+)a/CD45−/
Hoechst+

Vascular- and bone marrow-
derived rare cells representative 
of vascular dysfunction, repair 
and neo-angiogenesis

Multipathology 
association;
Cancer association

18,20

Circulating Inflammatory 
cells (CIC)

EpCam−/CD71−CD44+/
CD24−/CD45−/Hoechst+

Leukocyte-like cells with 
unknown origin associated with 
systemic inflammation

Multipathology 
association;
Cancer association

24

aEndothelial cell identification was based on CD31-positive status prior to clinical study conduct and was replaced by endothelial-specific morphology recognition.
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Platform-related sampling error was measured and expected 
not to exceed 7%. In practice, 1 error was recorded during clini-
cal study conduct until final drafting comprising 102 sample 
runs and was ascribed to an operator error while using the same 
platform version and operator within the same setting.

CASA panel

The CASA denotes the detection of circulating rare cell abnor-
malities by this platform at concentrations significantly exceed-
ing baseline levels observed in a healthy cohort, as well as the 
de novo emergence of rare cells or the presence of cytomorpho-
logical alterations in these cells (Table 2). The CASA may be 
related to both physiological and pathological processes17 and 
will require further characterization in terms of its relationship 
with clinical cancer status as well as its presence in healthy 
individuals. For the purposes of this article, we refer to rare cells 
in the CASA panel detected in cancer patients whose cancer is 
present as “cancer-present CASA,” in those with absent clinical 
cancer after curative surgery as “cancer-absent CASA,” and in 
noncancer subjects as “cancer-naïve CASA.”

The negative selection method of enrichment elicited a het-
erogeneous mixture of rare cell types, characterized by pheno-
typic overlaps among different cell types, especially prevalent at 
low fluorescence emission levels. For instance, positive EpCam 
signals are expected to be specific to circulating epithelial cells; 
however, these signals can also result from co-expression in 
endothelial cells21 or from auto-fluorescence in inflammatory 
or activated cells.31,32 Therefore, the inadequacy of rare cell 
classification based on phenotyping alone has led us to look 
deeper into cellular morphology.

Morphological considerations allowed us to identify 6 
classes of circulating epithelial cells as shown in Figure 1 
and described in Table 3. We use the common term “CTC” 
in the following to refer to blast-like circulating epithelial 
cells with the basic EpCam+/CD45−/Hoechst+ pheno-
type commonly found in cancer patients. Given the nonca-
nonical identification, we consider these cells an abnormality 
likely related to cancer and investigated their potential 
tumor origin relative to morphological class. Accordingly, 
this classification supported distinction between cancer-
present and cancer-absent, which appear as “tumor” and 
“systemic,” respectively, in Table 3 in the row labeled “Cancer 
association.” A gallery further illustrating the CTC classes 
can be found in Supplementary Figure S3. It was found use-
ful to classify cellular events with the EpCam+/CD45−/
Hoechst+ phenotype that did not meet the morphological 
criteria of CTC classification as CEE (Table 3).

EpCam signal in rare cells was usually dim or low with 
intra-cellular or partial membranous distribution and most 
EpCam-positive cells would not stand out from a background 
of WBC. A careful and time-consuming inspection of these 
images would be required for their identification.

Figure 1. G allery of circulating cellular epithelial-like events found in the 

cancer cohort. Cell images 1 to 3 denote class 1 CTC with dim-to-low 

EpCam signal, N/C ratio greater 0.8, major diameters measuring 13.2, 

11.8, and 10.7 µm and less round to oval cell shapes. Cell images 4 to 5 

denote class 2 CTC of round cellular shape with low membrane staining, 

dim-to-low Hoechst intensity, N/C ratio from 0.5 to 0.8, and major 

diameters 12.9 and 11.2 µm. Cell images 6 to 7 denote class 3 CTC with 

low EpCam signal patches, N/C ratio of 0.5 to 0.8 and major diameters 

12.1 and 10.7 µm. Cell image 8 denotes a class 4 large round CTC with 

dim EpCam signal, low N/C ratio, nuclear abnormality and a major 

diameter of 22.3 µm. Cell image 9 denotes a class 5 CTC with bi-

nucleation and a low EpCam patch with a major diameter of 15.2 µm. Cell 

image 10 denotes a class 6 CTC representing mitotic cell pairs or clusters 

with dim EpCam signal and a major diameter of 17.3 µm. Cell images 11 

to 12 denote CEE of various shapes showing dim-to-low EpCam signal 

overlaps in parts with nuclear location and measuring in major diameter 

9.8, 16.6, and 11.8 µm. BF = bright-field.
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The morphology of class 1 CTC was described in literature 
and herein found distinct enough to classify as a subtype33 
(Figure 1 and Table 3). The identification of a convex shape 
lends support to the notion of a natural, full-cell nucleus; since 
an artifactual full nucleus may have been incurred by physical 
force due to repeated centrifugation prior to imaging analysis. 
An epithelial event with a full nucleus but with weak and 
declining Hoechst signal from the center toward the mem-
brane would be considered a necrotic cell and were classified 
as CEE. Larger cells with an irregular convex shape and clear 
rims under bright-field microscopy are distinct from cellular 
artifacts, and were also classified as CEE (see Figure 1). Class 
1 CTC events in size range of 7 to 10.5 µm were classified as 
class 3 CTC. The cutoff in diameter denoted a reader estima-
tion and yielded sufficient specificity as will be shown in the 
following. The naturally occurring full-cell nucleus could be 
explained by a cellular process of nucleus expansion, which 
would increase cellular stability as a counter-measure to 
increased shear force in the circulation33 denoting a morpho-
logical adaptation to a new and rough environment upon 
egress from the tumor. This implies that class 1 CTC are 
included in cancer-present CASA and supports the interpre-
tation as tumor-derived CTC. Evidence for this is provided by 
the high response rate of over 90% to surgical intervention in 
9 out of 14 cancer patients (see Figure 3 and Supplementary 
Table S3). The difference between pre- and postconcentration 
levels was significant (P = .005). Additional evidence shows 
that a class 1 CTC cutoff of 2 cells per 5 mL effectively distin-
guishes between cancer-present individuals and those who are 
cancer-absent (surgically removed) or cancer-naïve, demon-
strating 64% sensitivity and 98% specificity (AUC = 0.90; 95% 
CI: 0.79 to 0.99).

Class 2 CTC may correspond to the classic CTC morphol-
ogy with similarities to those reported by the Cell-Search sys-
tem and thus deemed suitable for subtyping (Figure 1 and 
Table 3). Class 2 CTC were frequent in cancer subjects both 
before and after surgery, but not in noncancer and healthy con-
trol cohorts. Thus, class 2 CTC are both cancer-present and 
cancer-absent CASA, suggesting cancer-associated processes 
partly independent of the primary cancer.

Class 3 CTC denoted a class that comprehended circulat-
ing epithelial cells of all other morphological variations and 
might benefit from further subtyping in future investigations 
(Figure 1 and Table 3). Class 3 CTC can be found in cancer 
subjects both before and after surgery, but can also be found in 
cancer-naïve subjects. However, the difference between cancer 
and noncancer control cohorts was significant (P = .006).

Classes 4, 5, and 6 CTC include extremely large, multinu-
cleated cells or seen in pairs or clusters, respectively. These cells 
were extremely rare in this study and were detected only before 
surgery. Although this finding seems to be a part of cancer-
present CASA and may imply CTC status, the limited data 
preclude any definitive interpretation.

Based on prior findings, classes 2, 3, and 5 CTC were clas-
sified and grouped as cancer-absent CASA. The markers 
showed variable changes in cell concentration after surgery, 
averaging 43.8% ± 37.7 in 14 positive patients (without a cut-
off ). The concentration ranged from 1 to 41 cells, with a 
median of 7.5 cells per 5 mL before surgery and 6 cells per 
5 mL after surgery (P = .075). The relative low significance in 
difference in concentration levels may suggest usefulness as 
diagnostic indicators of cancer status, even in the absence of 
cancer, functioning as cancer-absent CASA (see Figure 3 and 
Supplementary Table S3). The optimal cutoff at the cell con-
centration ⩾ 4 cells per 5 mL provides a sensitivity of 71% and 
a specificity of 93% [AUC = 0.92; 95% CI: 0.85-0.99] when 
tested against healthy and noncancer subjects.

The CEE exhibit a wide range of cellular and nuclear 
morphologies (see Figure 1 and Table 3). In cancer patients, 
CEE includes cells that may not fit into the previously 
defined CTC classes. Due to this heterogeneity, the specific 
cell types that make up CEE remain unidentified. Assuming 
that the EpCam signal is genuine, or caused by auto-fluo-
rescence, nonepithelial cell types with dim or co-expressing 
EpCam such as endothelial cells and platelets are most 
likely to be the major cell type in CEE.21 CEE were detected 
in all subjects and were indifferent between cancer and non-
cancer subjects (P = .2) (Supplementary Table S2). The cell 
concentration in healthy subjects ranged between 41 and 
268 cells per 5 mL (average 106.1 cells per 5 mL), in non-
cancer subjects between 60 and 657 cells per 5 mL (average 
295.4 cells per 5 mL), and in cancer subjects before surgery, 
between 93 and 474 (average 231.9 cells) cells per 5 mL 
(Figure 3). The usefulness of CEE as a marker of systemic 
abnormality in general may be indicated by the higher cell 
concentration above the normal range. The cutoff for the 
determination of abnormal status regardless of disease 
severity was estimated using data from the healthy cohort. 
Using the LOD criterion, which is defined as a minimum of 
1.68 × SD, the LOD in healthy subjects was determined to 
be 223 cells per 5 mL. Therefore, a cutoff of 225 cells per 
5 mL was employed in this study and detected abnormality 
in 6 of the 14 breast cancer subjects before and in 3 of 14 
subjects after surgery, respectively, at up to twice the cutoff 
value showing an overall weak decrease of 55.7% ± 42.8% in 
CEE concentration after surgery (Supplementary Table S3). 
Nevertheless, CEE elevation is likely cancer-associated in a 
cancer patient, given a strong response to surgery in 4 of 6 
cancer subjects with elevated CEE concentration before 
surgery, decreasing to within the normal range after surgery. 
A follow-up, longitudinal study of an unhealthy, noncancer 
individual seems to show stable CEE concentration with 
time (within 1 month), supporting the notion of CEE as a 
marker of chronic abnormality (data not shown). We there-
fore declared CEE as cancer-present CASA in the setting of 
cancer subjects.
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Figure 2. G allery of circulating endothelial-like cells (CEC) derived from 

breast cancer patients. Cell images 1 to 4 demonstrate aberrant CEC 

(tCEC) measuring 28.3 µm, 23.5 µm, 43 µm and 13.2 µm in major 

diameter with highly irregular nuclear morphology and polyploidy. Cell 

images 5 to 8 demonstrate bi-nucleated CEC (aCEC) measuring 34.4, 

28.4, 16.1, and 29.3 µm in major diameter with relatively normal nuclear 

morphology or aggregation (image 5). Cell images 9 to 11 demonstrate 

normal CEC (nCEC) showing 1 nucleus per cell with oval-shape 

morphology measuring in diameter 13.1, 18, and 14.6 µm. These latter 

include bone-marrow derived progenitor cells, with round to oval shapes.

The CEC encompass diverse cell subtypes in terms of 
function and origin.21,34-37 Some subsets of CEC may origi-
nate from a tumor or merely be observed in the context of 
cancer. The CEC can also derive from bone marrow as part 
of tissue damage and repair processes, or from lymph nodes, 
liver or vascular lesions elsewhere in the body. Due to the 
limited specificity for any particular disease, establishing a 
direct link between CEC and breast cancer may necessitate 
extensive understanding of patient comorbidities, detailed 
cancer characteristics, and possibly identification of single-
cell genetic changes typically associated with cancers.38 The 
herein proposed morphological classification of CEC aims 
to enhance cancer specificity in microscopy analysis. We 
excluded CEC subtypes that matched blast cell or leukocyte 
morphology (see Supplementary Figure S2), instead identi-
fied morphologically distinct cells in enriched blood sam-
ples, obviating the need for CD31 staining. Endothelial-like 
cells were categorized as normal (nCEC), abnormal (aCEC) 
or aberrant (tCEC) (Figure 2). Normal CEC status was 
indicated by the presence of 1 nucleus per cell. Abnormalities 
in CEC (aCEC and tCEC) were characterized by multinu-
cleation or nucleus segmentation in 1 cell underpinned by 
endomitosis or in form of cell clusters. Abnormal CEC were 
classified as having regular nuclei of similar shape and tex-
ture.38,39 In contrast, tCEC status was defined by variability 
in nuclear shape and texture between nuclei in a cell or cell 
cluster, indicative of cancer-related disruption of nuclear 
morphology control (Figure 2).38,40 nCEC were frequently 
found in control subjects (2 of 10 in healthy and 6 of 9 in 
noncancer subjects) (Figure 3, Supplementary Tables S2 and 
S3). Also, 8 of 14 cancer subjects before surgery were nCEC 
positive in the range 1 to 67 cells per 5 mL, and in 9 of 14 
subjects after surgery, showing a decrease of 63.8% ± 46.0% 
with de novo appearance in 3 of 9 postsurgery positive sub-
jects. It seems that nCEC may be related to surgery-induced 
vascular damage. Abnormal CEC were detected in 5 of 14 
cancer subjects before surgery. After surgery, 4 subjects 
tested positive, including 2 with de novo positive CEC sta-
tus. The average reduction was 50% ± 50% and seems to 
argue against cancer-association of aCEC (Supplementary 
Table S3). Also, aCEC was observed in 3 noncancer subjects 
(Supplementary Table S2). Increasing cellular pathology 
correlates with higher likelihood of cancer presence.20,41 
Therefore, aberrant CEC or tCEC were of special interest 
suspecting greater cancer-specificity. Accordingly, the statis-
tical difference between values of the treatment-naive can-
cer cohort and the noncancer control cohort was significant 
for tCEC (P = .014) and indifferent for aCEC (P = .17) and 
nCEC (P = .44). All tCEC positive subjects before surgery 
(5 of 14) were negative for this cell type after surgery, but de 
novo emergence occurred in 1 subject after surgery and may 
be attributed to surgery-inflicted vascular damage or adverse 
reaction. The average reduction was 83.3%± 37.3%, a 

significant association with surgical intervention and would 
corroborate previous findings42 and increased cancer-speci-
ficity when compared with aCEC and nCEC (Supplementary 
Table S2). The combination aCEC and tCEC in association 
with cancer status, points to an abnormality cutoff of 1 cell 
per 5 mL.
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The CEB are classified as having normal or abnormal mor-
phology according to our previous work27 and shown in 
Supplementary Figure S4. These cells are highly sensitive in 
predicting bone marrow pathology referred to as BMD and 
may provide insight into cancer behavior and response to treat-
ment. The detection of, in particular, aCEB is diagnostic of 
defective erythropoiesis and may indicate cancer-presence 
when invasion of tumor cells into the bone marrow has 
occurred.27 As can be expected in early-stage breast cancer 
without prior systemic treatment, only 4 of 14 cancer subjects 
showed mild BMD as indicated by the presence of aCEB in 
the range of 1 to 4 cells per 5 mL.

The CIC have been previously linked to the presence of 
cancer-associated inflammation, correlating with morphologi-
cal abnormality.24 Normal CIC (nCIC) showed a nonspecific 
disorder correlation above a concentration cutoff of 5 cells per 
5 mL. CIC positive for CD44i35 (aCIC) correlated with resid-
ual breast cancer status, demonstrating an 87% positive predic-
tive value. Representative images are shown in Supplementary 
Figure S4. The combined abnormality frequency of CIC, 
defined by elevated nCIC or presence of aCIC, was around 
78%, and was corroborated in this study detecting 11 and 12 
out of 14 cancer cases in pre- and postsurgery samples, respec-
tively. However, the presence of aCIC alone was lower in this 
study cohort, with 6 and 5 cases (total 7 patients) out of 14 
subjects in pre- and postsurgery, respectively, Figure 3 and 
Supplementary Table S3. Furthermore, we confirmed no 
response to treatment by nCIC and aCIC to surgery, with an 
average decrease of 25.2% ± 33.0% by nCIC (P = .5) and 
53.6% ± 51% by aCIC after surgery (P = .32). Three subjects 
saw aCIC return to normal levels, 4 did not, including 2 cases 

with de novo abnormality. These findings support the pre-
sumption of a systemic cancer component that is independent 
of the primary cancer as well as supporting the former conclu-
sion that CIC abnormality is not predictive of response to 
treatments relating to adjuvant chemotherapy or surgery.

Reproducibility of the CTC classif ication

Reproducibility was demonstrated regarding inter-reader vari-
ability. The study tested agreement among 3 image analysts 
with varying skill levels (moderate, experienced, and expert) 
after a 30-minute briefing held by the expert analyst (analyst 3) 
on CTC class identification based on the analysis guide (as 
supplemented). Analysts 1 and 2 (moderate and experienced 
skill) were unfamiliar with the classification system prior to the 
briefing. Agreement levels were assessed as percentages, with a 
target of over 80% to demonstrate skill transferability. Each 
analyst independently evaluated a set of unseen images con-
taining 20 to 40 objects of interest. Initially, agreement was low, 
measuring 58%, 67%, and 42% between analysts 1 and 3, 1 and 
2, and 2 and 3, respectively. Within 3 iterations comprising 
steps of guideline adaptation, 15-minute seminar, image analy-
sis, and analysis review, agreement between readers 2 and 3 
reached 81%, between readers 1 and 3 increased to 71%, and 
between analysts 1 and 2 increased to 62%, respectively.

Diagnostic performance

We examined the association between cell types in the CASA 
panel and breast cancer status regardless of surgical status, as 
well as their association with breast cancer presence, before 

Figure 3.  Summarized test results for samples 1 to 14 per marker type in situations of pre- and postsurgery. The marker denotation “pre” indicates a test 

2 weeks before surgery and “post” 2 to 3 weeks after surgery. CTC were summarized into a category CTC146 comprising classes 1, 4, and 6 CTC and a 

category CTC235 comprising classes 2, 3, and 5 CTC. Other marker nomenclature remained as used in the text. Difference in pretest and posttest 

medians: CTC146: P = .0084, CTC235: P = .075, CEE: P = .032, CECall: P = .26, aCEC: P = .5, tCEC: P = .22, CEBall: P = .023, aCEB: P = .067, nCIC: P = .5 

and aCIC: P = .32. The horizontal line represents the median concentration per category. The absence of the line denotes a median of zero. A circle 

represents the cell type concentration per patient.
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Table 4.  Sensitivity, specificity and predictive values for cancer presence at various tCTC cutoffs.

Cancer present
N = 14

Cancer absent and cancer-naïve
N = 43

Predictive values

tCTC cut off at 1 cell/5 mL  

tCTC ⩾ 1 and (tCEC ⩾ 1 or CEE ⩾ 225)a: 
Positive test

9 3 PPV: 75%

(tCTC = 0 or tCEC = 0) and (tCTC = 0 or 
CEE < 225)a: Negative test

5 40 NPV: 89.0%

Sensitivity and specificity Sensitivity: 64.3% Specificity: 93.0%  

tCTC cut off at 2 cells/5 mL  

tCTC ⩾ 2 and (tCEC ⩾ 1 or CEE ⩾ 225)a: 
Positive test

6 0 PPV: 100%

(tCTC < 2 or tCEC = 0) and (tCTC < 2 or 
CEE < 225)a: Negative test

8 43 NPV: 84.3%

Sensitivity and specificity Sensitivity: 43.0% Specificity: 100%  

aAll are in units of cells/5 mL; PPV: positive predictive value; NPV: negative predictive value.

surgery, and absence after surgery purposed to leverage breast 
cancer specific CASA marker combinations. In addition, we 
gained insight into possible surgery-related systemic side 
effects. In Supplementary Table S3, cancer-present CASA 
panel includes 3 cell categories: CEE, CTC classes 1, 4 and 6 
denoted tumor-derived CTC (tCTC), and the aberrant CEC 
cells denoted tCEC. In the same table, cancer-absent CASA 
panel includes 5 categories: CTC classes 2, 3 and 5 denoted 
systemic CTC (sCTC), nCIC, aCIC, aCEB, and aCEC, as 
defined previously. Panel of cells associated with side effects 
could be defined as those least associated with cancer but 
showing elevation after surgery. It was found that the combi-
nations of normal and abnormal CEB, CEC, and CIC 
(CEBall, CECall, CICall), respectively, in Supplementary 
Table S3 were strongly associated with surgical status, but not 
with cancer, and hence were candidate panels for side effects. 
The diagnostic performance of markers and combinations 
therefore specific to tumor-presence was of further interest. 
Cancer-present subjects were those with the presence of pri-
mary tumor before surgery, of whom there were 14. Cancer-
absent subjects were those without the primary tumor after 
surgery, which included the same 14 subjects with breast can-
cer. Cancer-naïve subjects included 20 healthy and 9 noncan-
cer subjects with some form of illness, as previously described. 
We used tCTC as the lead marker. We paired tCTC with 1 
other marker, either tCEC or CEE. We selected 2 cutoff val-
ues for tCTC, at 1 and 2 cells per 5 mL, for detailed examina-
tion. The cutoff for tCEC was set to 1 cell per 5 mL, as in 
most patients only 1 cell per 5 mL was detected. The cutoff 
for CEE was 225 cells per 5 mL, as described previously. We 
chose the tCTC cutoff at 2 cells per 5 mL, as the combined 
tCTC at this cutoff paired with either tCEC or CEE has a 
specificity as well as a positive predictive value of 100%, as 

shown in Table 4. The results may support a reasonable pre-
diction of tumor-presence at given marker combinations.

In a similar manner, the diagnosis of cancer regardless of the 
presence or absence of the primary tumor can be done using 
sCTC as the lead marker, alone or paired with any one of 
aCEC, aCIC or aCEB. The cutoff for sCTC was set to 3 cells 
per 5 mL if at least 2 sCTC cell types were detected, and to 4 
cells per 5 mL if only class 3 CTC cells were detected. The 
cutoff for all other markers aCEC, aCEB and aCIC was set at 
1 cell per 5 mL, as none of these cells were detected in healthy 
subjects (Table 5). The results may support a reasonable predic-
tion of cancer at given marker combinations.

Another interesting diagnostic approach would be to use 
the combination of sCTC and tCTC to diagnose primary can-
cer prior to surgery, as both are useful markers for cancer pres-
ence. Using the previous recommended cutoffs, the specificity 
and negative predictive value (NPV) for cancer remained high, 
but now the sensitivity and NPV for cancer was further 
increased, as can be seen in Table 6. Interestingly, the 2 false-
negative cancer subjects in Table 6 were actually positive for 
cancer according to the markers tCEC and aCIC.

Moreover, these cellular markers and their combinations 
when achieving 100% specificity (see Table 4 and 5) may rep-
resent an important hematological characteristic of early-stage 
breast cancer and can be described as a disorder that is repre-
sented beside the known fact of a heterogeneous population of 
epithelial cells, by findings of systemic inflammation mediated 
by CD44+ cells (12 positives out of 14), endothelial damage (7 
out of 14) and defective erythropoiesis (4 out of 14).

We used all detectable rare cells in the categories denoted 
CEBall, CECall, CICall as the panel for the side effects of 
surgery, shown in Supplementary Table S3. The overall average 
relative increase of 2.8 times suggests that surgery negatively 
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affects homeostasis of the rare cell population, as can be 
expected due to repair and recovery mechanisms still taking 
place after 2 weeks. The CEB panel is highly sensitive to any 
kind of interference to bone marrow homeostasis as has been 
reported previously. In this study, 13 of 14 cancer subjects 
showed CEB elevation after surgery, with an average relative 
increase of 3.2 times (Supplementary Table S3). The changes 
in CEC levels, which should represent vascular damage, were 
highly variable, with only 3 subjects showing an increase, 5 
remaining stable, and the rest did not have detectable CEC 
after surgery. Similarly, changes in CIC levels after surgery 
were highly variable, with 6 of 14 showing elevation and the 
rest showed decreased levels. We classified the “response to sur-
gery” as complete, strong, partial, or no response based on the 
average percentage of effect values (see Supplementary Table 
S3). We defined a complete response as a decrease in the con-
centration of tumor-present CASA and systemic CTC after 
surgery, bringing both levels below the cutoff or to normal 
ranges. Complete responses were seen in 5 of 14 subjects after 
surgery. Responses to surgery other than “complete” were rated 

according to the response average. Seven out of 14 subjects 
were rated as strong or partial responders with an average 
response rate in range of 25% to 70% (strong response: >65%). 
Finally, 2 subjects were rated as nonresponders with an average 
response rate lower than 25%.

Finally, all epithelial events including CTC and CEE were 
found unrelated to cancer stage. Furthermore, levels of both 
CIC types in subjects before surgery were found unrelated to 
the Systemic Immune-Inflammation Index (see Supplementary 
Table S1) (nCIC: R2 = 0.005 and aCIC: R2 = 0.14). However, 
we observed a correlation between heightened CASA abnor-
mality, in CEB and/or CEC (cutoff > 0), and Her-2+ and/or 
triple negative breast cancer subtypes wherein 4 out of the 5 
patients with hormone positive status showed CEB/CEC neg-
ative profiles and all 9 patients with hormone negative status 
showed CEB/CEC positive profiles.

Discussion
Comprehensive marker analysis is much needed in cell-based 
liquid biopsy,43 which could address challenging issues such 

Table 5.  Sensitivity, specificity, and predictive values for cancer status, regardless of presence of tumor.

Cancer, before and 
after surgery
N = 28

Cancer-naïve
N = 29

Predictive values

sCTC only; cut off at 3 or 4 cells/5 mLa  

sCTC ⩾ 3 or 4: Positive test 21 1 PPV: 95.5%

sCTC < 3 or 4: Negative test 7 28 NPV: 80.0%

Sensitivity and specificity Sensitivity: 75.0% Specificity: 96.6%  

sCTC cut off at 3 or 4 cells/5 mLa combined with aCEC, aCIC, or aCEB  

sCTC ⩾ 3 or 4 and (aCEC ⩾ 1 or aCIC ⩾ 1 
or aCEB ⩾ 1)b: Positive test

16 0 PPV: 100%

(sCTC < 3 or 4 or aCEC = 0) and (sCTC < 3 
or 4 or aCIC = 0) and (sCTC < 3 or 4 or 
aCEB = 0)b: Negative test

12 29 NPV: 70.1%

Sensitivity and specificity Sensitivity: 57.1% Specificity: 100%  

aCutoff at 3 cells/5 mL when detecting at least 2 of the class 2, 3, or 5 CTC; cutoff at 4 cells/5 mL when detecting class 3 CTC only.
bAll are in units of cells/5 mL; PPV: positive predictive value; NPV: negative predictive value.

Table 6.  Sensitivity, specificity, and predictive values for the presence of cancer.

Cancer before surgery
N = 14

Cancer-naïve
N = 29

Predictive values

sCTC ⩾ 3 or 4a and tCTC ⩾ 2bor cancer-presence CASA 
positive or cancer-absence CASA positive: Positive test

12 1 PPV: 92.3%

sCTC < 3 or 4 and tCTC < 2a: Negative test 2 28 NPV: 93.3%

Sensitivity and specificity Sensitivity: 85.7% Specificity: 96.6%  

aCutoff at 3 cells/5 mL when detecting at least 2 of the class 2, 3, or 5 CTC; cutoff at 4 cells/5 mL when detecting class 3 CTC only
bAll are in units of cells/5 mL; PPV: positive predictive value; NPV: negative predictive value.
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as tumor heterogeneity12,44 as well as diagnostic interpreta-
tion.45,46 Traditional approaches for CTC identification 
focused on phenotyping and genotyping, perhaps for the 
advantage of standardization, comparability and the access to 
the markers. Another, additional, approach for rare cell sub-
typing can be based on cellular morphology representing a 
potentially viable solution for the widely accepted yet tech-
nologically challenging task of multimarker analysis in 
microscopy for liquid biopsy. A platform is proposed facili-
tating comprehension of a wider range of cellular markers 
based on the combination of fluorescence marker and cyto-
morphological analysis denoting a compromise between 
unambiguous identification of cell (sub)type and holistic 
marker analysis. The platform recommends minimizing 
staining to the lowest feasible level where morphology 
remains distinguishable. This consideration was especially 
pertinent for endothelial cells, which exhibit a spectrum of 
morphologies that includes morphological uniqueness but 
also ubiquitous blast cell morphology. This platform excluded 
nondistinct progenitor endothelial cells, eliminating the 
need for an additional fluorescence channel for their identi-
fication. Concerns may be hinged on the subjectivity in read-
ing and interpreting rare cell identity, underpinned by 
ambiguous identification criteria, resulting in disagreements 
even among skilled analysts that challenge reproducibility 
and standardization. We aimed to demonstrate reproducibil-
ity of the proposed CTC classification system and achieved 
greater 80% agreement between the experienced and expert 
readers after 4 testing and review iterations. While this sug-
gests skill-dependency and the need for improvement in 
skilled interpretation for diagnostic applications, it under-
scores the reproducibility of the classification criteria. 
Nonetheless, this situation advocates for exploring computa-
tional pathology as a potential solution for improvement. It 
is important to recognize that the comprehensive rare cell 
analysis and proposed marker panel classification may be 
more technologically limited compared with existing CTC 
analysis methods, which provide broader options. This clas-
sification necessitates a systematic approach to maintain cell 
morphology as closely as possible to that of native blood, 
involving selective removal of red and WBCs, staining in 
solution, and employing advanced microscopy for prompt 
high-resolution imaging of viable cells. Moreover, techno-
logical optimization and expertise play a crucial role in deter-
mining normality cutoffs. It appears that only a handful of 
groups have focused on the analysis of CTC based on cyto-
morphological imaging as to unlock information about func-
tion and pathology.44,47-51 This proof-of-concept study 
employs a similar identification approach yet expands marker 
analysis to circulating rare cells associated with general dis-
order herein referred to as CASA for the purpose of breast 
cancer characterization based on its concurrent systemic 
abnormalities.

Traditionally, canonical CTC are assumed to be tumor-
derived.19 With further studies however, it became clear that 
canonical and noncanonical CTC as well as circulating tumor 
DNA also exist in the absence of detectable tumors12,25 which 
is corroborated in this study. Findings were traditionally 
explained by excessive tumor cell shedding as a consequence of 
surgical resection and the week-long or months-long persis-
tence of such cells.25 The theory was considered less helpful in 
the understanding of what could be denoted as systemic cancer 
and ignores evidence of nesting and dormancy, CTC half-life, 
immune response, and cell clearance activity. The theory of 
occult distant and dormant CTC shedding micro-metastases 
that are concurrent with the primary tumor and in a state of 
proliferation and apoptotic equilibrium is gaining more popu-
larity.6,8,12 Such CTC without known origin would be best 
denoted as systemic CTC and could hypothetically re-nest to 
become DTC for example in the bone marrow and sufficing 
the idea of a widespread systemic CTC-DTC cycle. However, 
given the relative high frequency of epithelial-like cells in the 
noncancer control cohort, false-positive identification as sys-
temic CTC is likely and reduces the certainty of interpretation. 
False positives may not represent mere artifacts but genuine 
rare cells with the most likely pathological underpinning of tis-
sue inflammation.52 In consequence, interpretation of CTC by 
our platform to represent cancerous micro- and macro lesion 
needs caution rather supporting the idea to measure the extend 
of systemic cancer burden. Description and classification of 
CTC morphology are in congruence with our finding, yet have 
never been explicitly associated with cancer presence or 
absence.49 It shall be noted at this point that the study and 
platform design are insufficient to draw similar conclusions for 
the canonical tumor-derived epithelial Cytokeratin + CTC that 
may seem to fall into either category of class 2 or 3. Unexpectedly, 
only circulating epithelial-like cells classified as class 1 CTC 
correlated with tumor-presence. The class 1 morphology also 
seems consistent with recent reports of CTC adapting to shear 
stress in the blood stream by nuclear expansion.33 A classifica-
tion of CEE other than CTC was necessary since most epithe-
lial events were of uncertain nature. This rare cell subset may be 
sourced by a tumor or occult inflammation,52 comprise imma-
ture platelets, and additionally may be elevated upon dysfunc-
tional or impaired cell removal by the organs involved. The 
composition of these tumor-associated cell entities in cancer is 
most likely dominated by endothelial cell types, as reported in 
2 recent articles.21,53 Nonetheless, the results suggested the 
presence of tumor-associated CEE subpopulations and infers 
usefulness as co-factor along with class 1 CTC and tCEC to 
monitor intervention response in particular in subclinical 
cancers.

The diagnostic performance of our liquid biopsy platform 
when leveraging the information about tumor-derived and sys-
temic rare cell markers in the CASA system should be of prac-
tical interest. For the CTC panel, the cell concentration in 
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subjects before surgery was low, ranging from 2 to 64 cells per 
5 mL with a median of 9.5 CTC per 5 mL, but events were 
consistently found in all subjects. These findings are compara-
ble with those of previous work.47-49 Consequential to the 
stratification of markers into tumor-derived or systemic, we 
identified CEE, tCTC, and tCEC as markers to potentially 
predict cancer-presence (Table 4) and warrants deeper investi-
gations into relapse prediction, a so far challenging feature in 
liquid biopsy applications. In contrast, class 2, 3 and 5 CTC, 
aCEB, aCEB, and aCIC were found sensitive to cancer yet, 
insignificantly correlated to tumor presence and thus, warrants 
investigation for use as surveillance and monitor marker panel 
in largely subclinical systemic chronic cancer disease during 
adjuvant chemotherapy or in follow-up. The overall capacity of 
detecting cancer was demonstrated when combining all CTC 
subtypes having measured a sensitivity of 86%, with 2 out of 14 
false-negative findings (Table 6). This false-negative identifi-
cation is likely due to a limitation of the system of morphologi-
cal classification, suggesting that CTC positive signal could 
have been lost into the CEE class. At this point further tech-
nological and methodological improvements are likely to play 
out in increased functional sensitivity. However, we may point 
out that the biology of early-stage cancer simply has its limits 
in shedding relevant signal sufficient to be detectable in a vol-
ume of the herein used 3.5 mL whole blood. In addition, we 
were not able to identify any factor of similarity between false-
negative samples as identified in Table 6 suggesting that 
tumor-derived cell shedding may be independent of prognostic 
staging rather suggesting an individual dependency.

More importantly, the diagnostic performance was used to 
leverage information about the breast cancer character based 
on 100% specificity of CASA marker combinations (see Tables 
4 and 5). Our findings may support the notion of an inflam-
matory disorder accompanying tumor-presence which is 
herein characterized by vascular and bone marrow damage yet, 
most frequent represented by detection of the CD44+ rare 
cell phenotype and class 3 CTC. The study results suggest that 
in particular the inflammatory disorder may persist after 
tumor resection and is worth investigation as risk factor of 
relapse. In this vein, a positive correlation of CEB/CEC with 
negative hormone status has been identified suggesting an 
overall greater cancer associated inflammation burden in triple 
negative or Her-2 positive breast cancer warranting further 
investigation.

In addition, our preliminary investigation does not suggest 
an association between CASA cells and cancer stage, which 
might be due to the dominance of cancer-absent CASA in the 
circulation.

The influence of the surgical intervention on the inflam-
matory disorder is corroborated by our response data of the 
cancer absent-CASA markers, showing a heterogeneous 
development in systemic disorder over the stretch of the 2 
measurements. A minority of patients showed a significant 

reduction in abnormality (response > 50%) suggesting that 
this patient subgroup generated a low systemic chronic dis-
ease burden in the first place. Perhaps worth mentioning is 
the case of BR13 that showed de novo emergence of aCEC 
and tCEC after surgery highlighting the possibility of greater 
damage in some patients. The adverse reaction is perhaps also 
indicated by severe inflammation having detected an increase 
in CIC concentration by a factor of 4.3. Since systemic 
inflammation16 and CTC26,54 are known risk factors if not 
hallmarks for cancer recurrence, the patient might be at 
higher risk of relapse when compared with her peer group.5,55

We have also looked at the so-called circulating tumor 
micro-emboli events that are usually considered to be clustered 
CTC and are reported to be relatively common, but we were 
not able to clearly identify such events. Although cellular 
aggregation was detected frequently in cancer patients, the 
presence of autofluorescence and leukocytes within such 
clumps made identification of CTC impossible. On the other 
hand, clusters with dim EpCam signal were found in rare cases, 
which were at given regular nuclear morphology of alleged 
endothelial origin and consequently, categorized as aCEC. 
Specificity to malignancy is not supported by previous litera-
ture39 as well as similar findings in a case with benign adrenal 
gland tumors (data not shown). Another to be expected herein 
unlisted cell type is the fibroblast-like cell that was found to be 
extremely rare and also present in the noncancer cohort. 
Therefore, the introduction of an additional subtype for circu-
lating fibroblast-like cells as described in our previous work17 
was meaningless for the purpose of investigating association 
and behavior in cancer.

Of further note is our decision to design a mixed gender and 
“open disorder” control cohort thus, focusing on marker speci-
ficity and not subject homogenicity given fact that the CASA 
markers are not gender and breast cancer specific (benign and 
malignant). The idea was to decrease bias and increase inter-
pretation power. The study was conducted with a relatively low 
number of test subjects, yet sufficed statistical significance to 
reveal statistically relevant differences between circulating epi-
thelial cells when tested before and after in the same patient.

Major limitations of this study include a very small control 
sample size, the subjective nature of current morphological 
classification, and the purely speculative nature of much of the 
discussion. Further investigations in a larger and more varied 
sample of breast cancer patients are already underway, as well as 
follow-up studies of patients in this study. An artificial intelli-
gence (AI) approach to morphological analysis will be devel-
oped as well.

Conclusions
The study aimed to investigate the presence and behavior of 
various circulating rare cell types, such as epithelial, endothe-
lial, and inflammation-associated cells, in breast cancer patients, 
supporting the concept of multiparametric liquid biopsy. This 
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multimarker approach emphasized breadth rather than detailed 
cytopathological features of single markers, aiming to gain 
deeper insights into the systemic cancer component in breast 
cancer patients. The association of cancer-associated rare cell 
abnormalities or CASA with breast cancer was validated by 
marker response to surgery and in relation to cancer-naïve con-
trols. Findings suggest a hematologic representation of breast 
cancer dominated by circulating rare cells associated with 
inflammatory processes, largely independent of tumor pres-
ence. The CASA marker panel demonstrated sufficient sensi-
tivity and cancer specificity, potentially improving disease 
burden assessment and prognostication. Specific combinations 
of rare cell markers, particularly circulating epithelial and 
endothelial cells alongside abnormal erythroblasts, show prom-
ise for predicting tumor presence and assessing systemic cancer 
burden. The study also highlighted the benefits of cell mor-
phology analysis in liquid biopsy, revealing significant variation 
in specificity among epithelial cell subtypes concerning tumor 
presence. Epithelial cells with full nucleation were relatively 
specific to tumors, while cells with irregular blast characteris-
tics were found to be independent of tumor presence. In addi-
tion, the research provided new insights into surgery-related 
side effects, which are often overlooked but may affect patient 
prognosis. This proof-of-concept study does not support using 
this liquid biopsy platform for cancer screening or diagnosis in 
healthy individuals.
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