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Simple Summary: Although serum tumour markers offer an uncomplicated, non-invasive exami-
nation method and possible therapeutic options, they are still rarely used in veterinary medicine.
Our marker of interest, the Ki-67 protein, can only be detected in the active phases of the cell cycle.
Therefore, it is a suitable marker for assessing the proliferating cell fraction of an organism and can
thus provide information about potentially present, rapid-growing tumour tissue. The purpose of
our study was to determine whether Ki-67 could be considered as a possible tumour marker in canine
serum for veterinary medicine. We measured serum concentrations of Ki-67 in dogs with various
malignant tumours, such as carcinomas, sarcomas, and lymphomas. In the dogs with malignant
tumours we determined significantly higher serum Ki-67 concentrations compared with healthy
dogs and dogs with non-malignant diseases. No significant difference in serum Ki-67 concentration
was observed between the different types of cancer or between benign and malignant mammary
tumours. Our investigations also included some inflammatory parameters measured in blood, such
as neutrophils, lymphocytes, and monocytes, with mixed results. The results of our study suggest
that Ki-67 may be useful as a potential serum tumour marker, providing information about the
presence of malignant diseases in a dog.

Abstract: Tumour markers are scarcely used in veterinary medicine, although they are non-invasive,
contribute to a faster diagnosis and new therapeutic options. The nuclear protein Ki-67 is absent in
G0-phase but is detectable throughout all active phases of the cell cycle. Consequently, it is used as
a marker for the proliferating cell fraction of a cell population and thus could indicate neoplastic
tissue present. Our study is designed to show whether Ki-67 can be considered as a potential canine
serum tumour marker for veterinary medicine. We measured serum concentrations of Ki-67 in dogs
with various malignant tumours (carcinomas (n = 35); sarcomas (n = 26); lymphomas (n = 21)) using
a commercially available quantitative sandwich ELISA from mybiosource. Dogs with malignant
tumours showed significantly higher serum Ki-67 concentrations compared to healthy dogs (n = 19)
and non-neoplastic diseased dogs (n = 26). No significant difference in serum Ki-67 concentration was
detected between carcinoma, sarcoma, and lymphoma, nor between mammary adenocarcinoma and
adenoma. In our investigations we also included some inflammatory parameters measured in blood,
such as neutrophils, lymphocytes, and monocytes, and gained mixed results. The results of our study
suggest that Ki-67 may be useful as a potential serum tumour marker, providing information about
the presence of malignancies in a dog.

Keywords: biomarker; cancer immunology; dog; Ki-67; malignancy; serum; veterinary oncology

1. Introduction

The identification of tumour markers is a valuable investigative method in oncology. It
differs from other investigative methods, such as imaging and histology, as it is less invasive,
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non-complex, and inexpensive to perform [1,2]. In humans, numerous tumour markers have
been described that are indicative for the potential presence of tumour tissue, the course and
prognosis of the disease, and the detection of recurrences [2,3]. In veterinary medicine, only
a few tumour markers are used in clinical practice so far [4,5]. It has been shown that their
diagnostic utility is limited due to low sensitivity and specificity [5,6]. Malignant tumour
tissue differs from other tissues particularly due to its higher proliferation rate [7,8].

Therefore, molecules that are increasingly expressed in the context of cell proliferation
are very appealing for their use as tumour markers.

A promising biomarker strictly associated with cell proliferation is the nuclear Ki-
67 protein, found in 1983 in a Hodgkin lymphoma cell line [9,10]. The function of the
Ki-67 protein is not yet fully understood [11]. Functioning as a surfactant, it stabilizes
the chromosomes after the dismantling of the nuclear membrane during mitosis and
thus ensures smooth separation of the chromosomes and successful interaction with the
mitotic spindle [12].

As a proliferation marker, Ki-67 protein is absent in resting cells, but can be identified
during all active phases of the cell cycle. Throughout the interphase it can solely be detected
within the nucleus, although in mitosis the majority of the Ki-67 antigen is relocated onto
the surface of the chromosomes [10,11].

During interphase and mitosis, Ki-67 is also found to some extent in the domain of
rRNA transcription, where it is considered to play an important role, one reason being that
its removal inhibits ribosomal RNA synthesis [11,13,14].

Its selective expression in active phases during the cell cycle makes the Ki-67 protein an
interesting target in cancer research. Ki-67 is already widely used in immunohistochemistry
to determine the growth fraction of the cell population in question [15,16]. The percentage
of Ki-67-positive tumour cells is often correlated with therapeutic success and prognosis of
patients suffering from cancer.

Another contributor to tumour growth and progression are inflammatory cells, for example
neutrophils, lymphocytes, and monocytes play an important role in the cancer microenviron-
ment of tumour tissue or behave differently in it compared to a healthy organism [17–20].

Consequently, the relationship between tumour markers, such as Ki-67, and inflam-
matory cells are increasingly becoming the focus of some research approaches to discover
possible correlations and improve tumour diagnostics [21,22].

Ki-67 in itself has been investigated in humans in a variety of malignancies, espe-
cially prostate and breast carcinomas, brain tumours, nephroblastoma and neuroendocrine
neoplasms [16,23–26].

There are significantly less studies investigating Ki-67 as a serum tumour marker, it
has been shown however, that women with malignant breast cancer have higher serum
Ki-67 levels compared to control groups with non-malignant diseases [27,28].

To the authors’ knowledge there are no studies investigating Ki-67 in serum as cancer
biomarker in veterinary medicine. In a pilot study, our group evaluated serum Ki-67 lev-
els in a small cohort of 20 dogs with malignant tumours and compared them to serum
Ki-67 levels in clinically healthy dogs and dogs with non-malignant diseases [29].

Based on the promising results of this pilot study the aim of the present retrospective
study was to investigate serum Ki-67 in larger groups of dogs with malignant tumours,
to detect differences in regard to tumour entity, whether there is a correlation between
Ki-67 and certain inflammatory cells measured in the blood and whether serum Ki-67 could
be a potential pan tumour marker for future screening tests for canine malignancies.

2. Materials and Methods
2.1. Animals

A total of 140 dogs were examined and classified into four different groups depen-
dent on their health status: healthy, non-neoplastic diseased, benign tumours (mammary
adenoma), and malignant tumours (mammary adenocarcinoma, squamous cell carci-
noma of the oral and nasal mucosa and the dermis, soft-tissue sarcoma, such as sub-
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cutaneous spindle cell sarcoma, oral fibrosarcoma and splenic hemangiosarcoma, and
multicentric, cutaneous and gastrointestinal lymphoma). All dogs were diagnosed between
January 2018 and December 2019.

The dogs in the healthy control group (n = 19) had been brought to the University
of Göttingen’s veterinary clinic for small animals (Göttingen, Germany) for a general
examination. This group of dogs had to be free of any indications of disease for at least
two months prior to the clinical assessment and for four weeks thereafter. A complete
blood count was performed on the respective patient and all the blood parameters had to
be within the laboratory reference interval to be considered for the control group.

The experimental procedures for blood sampling in healthy dogs were approved by
the regional authorities for Consumer Protection and Food Safety Acts in Niedersachsen,
Germany (reference n◦ 33.9-42502-05-17A148).

The non-neoplastic diseased dogs (n = 26) were brought to the veterinary clinic
for small animals at the University of Göttingen (Göttingen, Germany) due to various
illnesses. A clinical examination, diagnostic imaging (thoracic radiography and abdominal
ultrasonography), and lab work were performed on all dogs. The dogs in this group were
each affected by a non-neoplastic systemic disease, such as diabetes, canine idiopathic
epilepsy, chronic renal or heart failure, gastroenteritis, endometritis, urinary tract diseases,
hepatitis, food poisoning, or a cervical abscess.

The owners admitted the dogs of the tumour groups to the veterinary clinic for small
animals at the University of Göttingen (Göttingen, Germany), the oncology service of the
veterinary clinic for small animals in Hofheim (Hofheim, Germany), or the veterinary
clinic for gynaecology and obstetrics at the University of Gießen (Gießen, Germany) due
to the symptoms brought on by their particular tumour diseases. To confirm their cancer
diagnoses, those dogs were subjected to all the necessary diagnostic procedures.

Specialized veterinary pathologists generated histopathologic diagnoses utilizing
incisional or excisional biopsy specimens of the tumours in question. Tumour volume was
determined by multiplying width by height and by depth, except for lymphoma, since it is
a systemic disease.

The malignant tumour group consisted of 82 dogs with different malignant tumour
diseases (carcinomas n = 35; soft tissue sarcomas n = 26; malignant lymphomas n = 21).

A minimum follow-up time of 2 years following the cancer diagnosis was documented
for all dogs with malignant tumours. Cause of death was recorded as tumour-related or
non-tumour related in all cases that died during the observation period.

The group of dogs with histopathologically confirmed benign masses consisted of
13 dogs with mammary adenomas. Other diseases, especially malignant tumour diseases,
were ruled out in these cases by multiple follow-up examinations.

The group of dogs with mammary adenomas was compared to the group of dogs with
mammary adenocarcinomas.

2.2. Histopathology

Histology was performed using routinely embedded paraffin sections after hema-
toxylin and eosin staining. The tumour entity, as well as the histologic grade was evaluated.
Diagnoses were made by veterinary pathologists according to the WHO guidelines [30].

In case of mammary tumours in particular, malignancy was graded according to the
classification system established by Peña et al. 2012 [31].

2.3. Blood Sample Collection and Processing

Blood samples used for all measurements were collected from the cephalic veins
prior to any treatments. Blood samples for complete blood counts were collected in
polypropylene tubes containing 1.6 mg ethylenediamine tetraacetic acid/mL blood (Fa.
Sarstedt AG & Co., Nümbrecht, Germany) and analysed using a ProCyte Dx Hematology
Analyzer (IDEXX Laboratories, Inc., Westbrook, ME, USA), which counted red blood cells,
white blood cells, haemoglobin and platelets, among other things. Some of these values
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were also used for subsequent analyses related to our measured serum Ki-67 concentrations,
which are discussed in more detail below.

Standard serum tubes (Fa. Sarstedt AG & Co., Nümbrecht, Germany) were used to
take serum samples for serum chemistry and then centrifuged in an Eppendorf centrifuge
5424 (Fa. Eppendorf AG, Hamburg, Germany) at 3000× g for 5 min. The serum was then
removed from the tube and analysed using the clinical chemistry analyser (Konelab 20i;
Fa. Thermo Fischer Scientific Inc., Dreieich, Germany) and commercial kits according to
standard procedures.

The serum for Ki-67 measurements was allowed to rest at room temperature for 2 h and
then centrifuged at 1000× g for 15 min. It was then pipetted into Eppendorf tubes, frozen
at −80 ◦C and stored under these conditions until processed within the next 3 months.

2.4. Immunoassay

The Ki-67 concentrations were measured using a commercially available immunoassay
kit [Canine Ki-67 Protein (Ki67P) ELISA kit; MyBioSource, San Diego, CA, USA (Cat.No:
MBS089640), quantitative Sandwich ELISA] with non-diluted serum in duplicate, adhering
to the manufacturer’s instructions.

First, serum samples and standards were pipetted into the appropriate wells of the
microtiter plate. HRP conjugate reagent was then added and the microtiter plate was
incubated at 37 ◦C for 1 h. The Ki-67 protein present in the samples bound to the immobi-
lized Ki-67 antibodies on the microtiter plate, and at the same time, the detection antibody
against Ki-67 contained in the HRP conjugate reagent in turn bound to the Ki-67 antigens
from the samples. To remove all unbound antibodies, four manual washing steps were
then performed. Subsequently, an enzymatic reaction was induced by adding chromogen
solution and incubating again at 37 ◦C for 15 min, which became visible in the form of
a blue colour complex. The resulting colour intensity is directly proportional to the amount
of Ki-67 protein bound. In the final step, a stop solution was added to terminate the enzyme-
substrate reaction, resulting in a colour change to yellow. The optical density (O.D.) of
each well was then measured spectrophotometrically at a wavelength of 450 nm. Ki-67 con-
centrations in ng/mL were then calculated using the standard curve generated by the
CurveExpert Professional program (Hyams Development, https://www.curveexpert.net/
(accessed on 17 May 2018)). According to the manufacturer, the detection range of the
ELISA in serum samples is 0.625–20.0 ng/mL. The mean intra- and inter-assay coefficients
are reported to be less than 15% each [32].

2.5. Ratios

To distinguish between the group of benign mammary adenomas and the malignant
mammary adenocarcinomas, ratios were formed in order to compare those two groups.

Ratios were calculated by dividing the serum Ki-67 concentrations by the neutrophil
granulocyte, the lymphocyte and the monocyte counts, respectively. Similarly, for com-
pleteness, blood concentrations of neutrophil granulocytes, lymphocytes, and monocytes
of all the various groups were compared with each other. As mentioned above, apart from
the Ki-67 concentrations measured by ELISA, the cell counts used were obtained from the
accompanying routine blood count.

2.6. Statistical Analysis

Statistical examination was performed using the program Prism 9 (GraphPad Software,
San Diego, CA, USA). Data were tested for normal distribution using the Shapiro–Wilk
and the Kolmogorov–Smirnov tests, the Pearson’s correlation coefficient was used to test
for linear correlation between the datasets. Non-normally distributed data were compared
using the Mann–Whitney (two groups) or the Kruskal–Wallis (multiple groups) tests. Linear
regression analyses were performed to examine dependency of Ki-67 on tumour volume.
Receiver operation characteristic (ROC) curves were calculated for discriminating healthy
dogs from tumour patients. A p-value < 0.05 was considered statistically significant.

https://www.curveexpert.net/
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3. Results

A wide variety of dog breeds and mixed breeds were represented and no dog breed
was predominant (Table 1). Information on age and sex distribution in the different groups
is summarized in Table 2.

Table 1. Dog breeds of all dogs investigated in this study.

Groups No. Dog Breed

Controls 19

Mixed breed (n = 6), Small Münsterländer (n = 2), Australian
Shepherd (n = 1), Bodeguero Andaluz (n = 1), Border Collie (n = 1),
Collie (n = 1), Dogue de Bordeaux (n = 1), German Shepherd (n = 1),
Golden Doodle (n = 1), Irish Wolfhound (n = 1), Lagotto Romagnolo

(n = 1), wire-haired dachshund (n = 1), Yorkshire Terrier (n = 1)

Non-neoplastic 26

Mixed breed (n = 6), Jack Russel Terrier (n = 2), Labrador Retriever
(n = 2), Airedale Terrier (n = 1), Austrian Black and Tan Hound

(n = 1), Beagle (n = 1), Bichon Frise (n = 1), Curly Coated Retriever
(n = 1), Dutch Shepherd (n = 1), Flat Coated Retriever (n = 1), Golden
Retriever (n = 1), Greater Swiss Mountain Dog (n = 1), long-haired

dachshund (n = 1), Plott Hound (n = 1), Ratonero Mallorquín (n = 1),
Sealyham Terrier (n = 1), Small Münsterländer (n = 1), West Highland

White Terrier (n = 1), White Swiss Shepherd Dog (n = 1)

Malignant
Tumours Carcinoma 35

Mixed breed (n = 7), Labrador Retriever (n = 3), Bavarian Mountain
Hound (n = 2), Beagle (n = 2), Collie (n = 2), German Shepherd (n = 2),

Boxer (n = 1), Cocker Spaniel (n = 1), Entlebucher Mountain Dog
(n = 1), Golden Retriever (n = 1), Harz fox (n = 1), Havanese (n = 1),

Hovawart (n = 1), Magyar Vizsla (n = 1), Miniature Schnauzer (n = 1),
Old German shepherd dog (n = 1), Pitbull (n = 1), Rhodesian

Ridgeback (n = 1), Samoyed dog (n = 1), Schnauzer (n = 1), Shetland
Sheepdog (n = 1), Welsh Terrier (n = 1), wire-haired dachshund (n = 1)

Mesenchymal
tumours 26

Mixed breed (n = 9), Jack Russel Terrier (n = 3), Labrador Retriever
(n = 3), Bernese Mountain Dog (n = 2), German Shepherd (n = 2),
Australian Shepherd (n = 1), Beagle (n = 1), Boxer (n = 1), Golden

Retriever (n = 1), Kooikerhondje (n = 1), Podenco (n = 1),
Rottweiler (n = 1)

Lymphoma 21

Mixed breed (n = 8), Alaskan Malamute (n = 1), Cocker Spaniel
(n = 1), Dandie Dinmont Terrier (n = 1), Galgo Español (n = 1),

German Shepherd (n = 1), Golden Retriever (n = 1), Gordon Setter
(n = 1), Great Dane (n = 1), Irish Terrier (n = 1), Jack Russel Terrier
(n = 1), Miniature Schnauzer (n = 1), Rhodesian Ridgeback (n = 1),

Rottweiler (n = 1)

Benign Tumours Mammary Adenoma 13

Rhodesian Ridgeback (n = 2), Yorkshire Terrier (n = 2), Australian
Shepherd (n = 1), Bichon Frise (n = 1), German Shepherd (n = 1),

German Wirehaired Pointer (n = 1), Golden Retriever (n = 1),
Hovawart (n = 1), Miniature Bull Terrier (n = 1), Pomeranian (n = 1),

Russian Toy (n = 1)

The healthy control group (n = 19) had serum Ki-67 concentrations between 0 and
1.88 ng/mL (median of 0.29 ng/mL). The dogs in the group with non-neoplastic diseases
(n = 26) suffered from metabolic diseases (diabetes n = 2; hypoadrenocorticism n = 1),
neurological disorders (canine idiopathic epilepsy n = 2; geriatric vestibular syndrome
n = 1), chronic organ failure (chronic renal failure n = 3; chronic heart failure n = 1) and
inflammatory conditions (gastroenteritis n = 6; endometritis n = 3; other inflammatory
diseases n = 7). In this group Ki-67 concentrations ranged from 0.51 to 3.6 ng/mL (me-
dian 1.79 ng/mL). There was no significant difference between Ki-67 levels in dogs with
metabolic disorders, neurological disorders, inflammatory conditions, or organ failure
(p = 0.11), with the exception of a significantly higher Ki-67 concentration in dogs with
inflammatory diseases compared to dogs with neurological disorders (p = 0.02, Figure 1A).
There was a highly significant difference in the serum Ki-67 concentrations between healthy
dogs and dogs with non-neoplastic diseases (p < 0.0001, Figure 2).
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Table 2. Number, sex, and age of all dogs investigated in this study.

Groups No. (f/m) Age (yr) Min Max Mean

Controls 19 (9/10) 0.5 10 5.0
Non-neoplastic 26 (12/14) 1.3 17.3 8.4

Malignant tumours Total 82 (57/25) 4.5 16 10.1
Carcinoma (1) Mammary Adenocarcinoma 26 (26/0) 6.5 15.5 11
Carcinoma (2) Squamous cell carcinoma 9 (5/4) 6 16 10.5
Mesenchymal
tumours (1)

Subcutaneous spindle
cell sarcoma 17 (9/8) 5 14 9.8

Mesenchymal
tumours (2) Splenic hemangiosarcoma 9 (4/5) 5 15 10.3

Lymphoma 21 (13/8) 4.5 14 9.2
Benign tumours Mammary Adenoma 13 (13/0) 6 12 9.3
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Figure 1. Serum Ki-67 concentrations and monocyte blood counts within the group of dogs with
non-neoplastic diseases. (A) Comparing the Ki-67 levels, no significant difference between dogs
with metabolic disorders, neurological disorders, inflammatory conditions, or organ failure could
be found (p = 0.11), apart from significantly higher Ki-67 concentration in dogs with inflammatory
diseases in comparison to dogs with neurological disorders (p = 0.02). (B) Monocyte blood counts
were significantly lower in the neurologic disorder subgroup compared with the metabolic and
inflammatory disease subgroups (p = 0.025 and p = 0.03). There was no significant difference between
the other subgroups of the non-neoplastic diseased dogs. (ns) not significant; (*) p < 0.05.
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Figure 2. Comparison of the serum Ki-67 concentrations in healthy dogs, dogs with non-neoplastic
diseases, and dogs with malignant tumours. Concentrations between healthy dogs and those suffering
from non-neoplastic diseases differed significantly (p < 0.0001). The dogs with malignant tumours had
significantly higher Ki-67 concentrations than healthy dogs (p < 0.0001) and those with non-neoplastic
diseases (p = 0.027). (*) p < 0.05; (****) p < 0.0001.

The group of dogs with malignant tumours consisted of 82 dogs with different ma-
lignant tumour diseases that were subclassified into three groups. The carcinoma group
included malignant subtypes of mammary tumours classified by the grading system estab-
lished by Peña et al. 2012 (adenocarcinomas n = 26) and nine squamous cell carcinomas of
the dermis (n = 4), oral mucosa (n = 3), and nasal mucosa (n = 2).

The mesenchymal tumour group (n = 26) included soft-tissue sarcomas of different
anatomic locations, including subcutaneous spindle cell sarcomas (n = 17) and splenic he-
mangiosarcomas (n = 9). In the lymphoma group dogs with various subtypes of high-grade
lymphomas were included (multicentric lymphoma (n = 18); cutaneous epitheliotropic
lymphoma (n = 2), and gastrointestinal lymphoma (n = 1)).

Serum Ki-67 concentrations in dogs with malignant tumours ranged between 0.69 and
19.46 ng/mL (median 2.26 ng/mL).

In the carcinoma group, dogs with mammary gland adenocarcinomas (n = 26) had
serum Ki-67 concentrations between 0.83 and 14.04 ng/mL (median 2.48 ng/mL). Dogs
with squamous cell carcinomas (n = 9) had serum Ki-67 concentrations between 1.06 and
13.63 ng/mL (median 2.68 ng/mL). Dogs with mesenchymal tumours (n = 26) had serum
Ki-67 concentrations between 0.69 and 8.27 ng/mL (median 2.35 ng/mL). Of these, sub-
cutaneous spindle cell sarcoma (n = 17) and splenic hemangiosarcoma (n = 9) had serum
Ki-67 levels between 0.69 and 8.27 ng/mL (median 2.42 ng/mL) and between 0.99 and
7.19 ng/mL (median 2.27 ng/mL), respectively. Ki-67 concentrations in dogs with high
grade lymphomas (n = 21) were between 1.01 and 19.46 ng/mL (median 2.0 ng/mL). There
were no statistically significant differences in Ki-67 levels between carcinoma, sarcoma, and
lymphoma subgroups (p = 0.37; Figure 3A).
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Figure 3. Serum Ki-67 concentrations within the group of dogs with tumour diseases. (A) Comparison
of the serum Ki-67 concentrations of the different malignant tumour groups (epithelial tumours,
mesenchymal tumours, and lymphoma). No significant difference could be found comparing these
3 groups of tumours (p = 0.37). (B) When comparing the serum Ki-67 concentrations of dogs with
mammary adenocarcinoma with those of the dogs with mammary adenoma, the tumour serum
Ki-67 concentrations did not differ significantly (p = 0.42). (ns) not significant.

In the dogs with benign masses (mammary adenoma, n = 13) serum Ki-67 concentra-
tions ranged between 1.55 and 4.75 ng/mL (median 2.28 ng/mL).

There was a significant difference in the Ki-67 serum concentrations of dogs with
malignant tumours compared to healthy dogs and to dogs with non-neoplastic diseases
(p < 0.0001 and p = 0.027, respectively; Figure 2). If the individual groups of the malignant
tumour group are considered separately and compared with the healthy group and the non-
neoplastic diseased group, significantly higher values were found in each case compared
with the healthy group (p < 0.0001 in each case; Figure 4A–C). In comparison with the
non-neoplastic diseased group, however, only the carcinoma group showed significantly
higher values (p = 0.02; Figure 4A); there was no significant difference in the sarcoma group
and the lymphoma group (p = 0.10 and p = 0.44, respectively; Figure 4A–C).
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of the carcinoma group differed significantly compared to the healthy control group (p < 0.0001)
and compared to the group of dogs with non-neoplastic diseases (p = 0.0198). (B) A comparison
of the Ki-67 concentrations of the sarcoma group revealed significantly higher concentrations than
the ones in the healthy control group (p < 0.0001), whereas concentrations in the group with non-
neoplastic diseases did not differ significantly compared to the sarcoma group (p = 0.102). (C) The
Ki-67 concentrations of the lymphoma group were significantly higher than the ones of the healthy
dogs (p < 0.0001), however, compared to the group with non-neoplastic diseases, there was no
significant difference (p = 0.439). (ns) not significant; (*) p < 0.05; (****) p < 0.0001.

No significant differences in serum Ki-67 concentrations between mammary adenocar-
cinoma and mammary adenoma were present (p = 0.42; Figure 3B).

The calculated tumour volumes of the tumours in the carcinoma group and in the
sarcoma group are presented in Table 3. Tumour volume of neither carcinomas nor sarco-
mas showed a noticeable influence on serum Ki-67 concentrations when tested by linear
regression (p = 0.28 and p = 0.955, respectively; Figure 5A,B).

Table 3. Tumour volume.

Groups Min
(cm3)

Max
(cm3)

Mean
(cm3)

Median
(cm3)

Malignant Tumours

Carcinoma (1) Mammary Adenocarcinoma 0.07 321.0 42.79 14.0
Carcinoma (2) Squamous cell carcinoma 1.7 86.5 26.6 8.1
Mesenchymal
tumours (1)

Subcutaneous spindle
cell sarcoma 0.26 465.92 100.87 40.87

Mesenchymal
tumours (2) Splenic hemangiosarcoma 1.17 399.36 147.86 134.55

Benign Tumours
Mammary Adenoma 0.1 22.4 2.38 0.5
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Figure 5. Linear regression analysis. (A) The influence of the tumour volume (mm3) on the serum
Ki-67 concentrations was measured by linear regression analysis for carcinoma. No significant
relationship could be found (p = 0.28; r2 = 0.038). (B) Neither did the measured tumour volume
(mm3) of the sarcomas affect their Ki-67 concentrations also measured by linear regression analysis
(p = 0.955; r2 = 0.0001). (C) The influence of the serum Ki-67 concentration on the survival time
calculated with a linear regression analysis revealed no significant relation (p = 0.075; r2 = 0.15).

Within the 2 years follow-up period, 22 of the patients with malignant tumours died
as a result of their disease with survival times from 1 to 789 days (mean 168 days). No
statistically significant correlation between serum Ki-67 concentrations and survival times
was found (p = 0.075; Figure 5C).

The concentrations of inflammatory cells such as neutrophils, lymphocytes, and mono-
cytes measured in the concomitant blood test are summarized in Table 4. When comparing
the inflammation levels between the healthy control group, the non-neoplastic diseased
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group and the malignant tumour group, the following correlations were found. The non-
neoplastic diseased group showed significantly higher concentrations of neutrophils than
the healthy group and the malignant tumour group (p = 0.031 and p = 0.023, respectively;
Figure 6A). Additionally, the non-neoplastic diseased group of dogs showed significantly
higher lymphocyte counts compared to the malignant tumour group (p = 0.011; Figure 6B),
the difference to the healthy control group is not significant here. The monocyte concen-
trations of the non-neoplastic diseased group were also significantly higher compared
to both the healthy group and the malignant tumour group (p = 0.006 and p = 0.011, re-
spectively; Figure 6C). Within the group of non-neoplastic diseased dogs, there was no
significant difference in inflammatory parameters, with the exception of significantly lower
monocyte counts in the neurologic disorder subgroup compared with the metabolic and
inflammatory disease subgroups (p = 0.025 and p = 0.03, respectively; Figure 1B). If one com-
pares the individual malignant tumour groups with one another, there is no significant
difference in the aforementioned inflammatory parameters between the carcinoma group,
the mesenchymal tumour group, and the lymphoma group. Looking specifically at the
inflammatory parameters of malignant mammary adenocarcinomas compared with benign
mammary adenomas, there is no statistical difference here either (p = 0.52, p = 0.39, and
p = 0.43, respectively).

Table 4. Neutrophils, lymphocytes, and monocytes of dogs in this study.

Groups Min (K/µL) Max (K/µL) Mean (K/µL) Median
(K/µL)

Controls
Neutrophils 3.24 10.27 6.07 6.51

Lymphocytes 1.06 4.1 2.17 2.1
Monocytes 0.25 1.18 0.58 0.49

Non-neoplastic
Neutrophils 3.57 31.55 10.87 7.19

Lymphocytes 0.77 5.6 2.5 2.17
Monocytes 0.3 4.07 1.3 1.0

Malignant Tumours
Carcinoma (1):

Mammary
Adenocarcinoma

Neutrophils 3.05 27.66 7.92 5.79
Lymphocytes 0.77 4.73 1.80 1.72

Monocytes 0.28 3.61 0.72 0.58

Carcinoma (2):
Squamous cell carcinoma

Neutrophils 5.0 10.99 7.2 6.56
Lymphocytes 1.56 2.59 1.84 1.67

Monocytes 0.4 1.24 0.71 0.58
Mesenchymal tumours (1):

Subcutaneous spindle
cell sarcoma

Neutrophils 3.75 19.54 6.67 5.92
Lymphocytes 0.8 2.63 1.86 1.97

Monocytes 0.13 2.87 0.65 0.5

Mesenchymal tumours (2):
Splenic hemangiosarcoma

Neutrophils 3.9 19.56 11.0 10.94
Lymphocytes 0.58 7.63 2.17 1.62

Monocytes 0.1 5.66 1.65 1.25

Lymphoma
Neutrophils 0.57 38.66 7.76 5.19

Lymphocytes 0.43 7.96 2.02 1.44
Monocytes 0.19 4.18 1.17 0.68

Benign tumours

Mammary Adenoma
Neutrophils 0.34 15.53 7.35 7.18

Lymphocytes 1.06 4.49 2.15 1.9
Monocytes 0.36 4.15 0.98 0.58
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of the tumour microenvironment, was unable to distinguish mammary adenocarcinomas 

Figure 6. Comparison of different inflammatory parameters of healthy dogs, dogs with non-neoplastic
diseases, and the different malignant tumour groups. (A) The neutrophil counts of the non-neoplastic
diseased dogs were significantly higher than those of the healthy and the malignant tumour group
(p = 0.031 and p = 0.023, respectively). The neutrophil counts between the healthy and the malignant
tumour group did not differ significantly (p = 0.59). (B) The group of non-neoplastic diseased
dogs had significantly higher lymphocyte counts than the malignant tumour group (p = 0.011). No
significant difference between the lymphocyte counts of the healthy and the non-neoplastic diseased
dogs and between the healthy and the malignant tumour group was found (p = 0.77 and p = 0.056,
respectively). (C) The monocyte counts of the non-neoplastic diseased dogs were significantly higher
than those of the healthy and the malignant tumour group (p = 0.006 and p = 0.011, respectively). The
monocyte counts between the healthy and the malignant tumour group did not differ significantly
(p = 0.34). ns, not significant. (*) p < 0.05; (**) p < 0.01.

Similarly, establishing ratios between serum Ki-67 concentrations and neutrophil, lym-
phocyte, and monocyte counts as indicators of inflammation, as well as components of the
tumour microenvironment, was unable to distinguish mammary adenocarcinomas from
adenomas (p = 0.83, p = 0.50 and p = 0.45, respectively; Table 5). However, comparing ratios
of serum Ki-67 concentrations and neutrophils, lymphocytes, or monocytes of the sarcoma
group with the non-neoplastic diseased group, a statistically significant difference was
found in all three cases, with the diseased group showing lower values than the sarcoma
group (p = 0.04, p = 0.03 and p = 0.02, respectively; Table 5; Figure 7A–C). This obser-
vation cannot be reproduced when comparing ratios of serum Ki-67 concentrations and
neutrophils, lymphocytes, or monocytes of the lymphoma group with the non-neoplastic
diseased group (p = 0.076, p = 0.104 and p = 0.16, respectively; Table 5; Figure 8A–C).

Table 5. Ratios of Ki-67 and neutrophil, lymphocyte and monocyte counts of all dogs examined in
this study.

Groups Min Max Mean Median

Controls
Ki-67-neutrophil-ratio 0.0 0.57 0.09 0.06

Ki-67-lymphocyte-ratio 0.0 1.01 0.25 0.13
Ki-67-monocyte-ratio 0.0 7.52 1.16 0.58

Non-neoplastic
Ki-67-neutrophil-ratio 0.03 0.71 0.23 0.17

Ki-67-lymphocyte-ratio 0.16 1.96 0.89 0.82
Ki-67-monocyte-ratio 0.44 6.12 2.12 1.44

Malignant Tumours

Carcinoma (1):
Mammary Adenocarcinoma

Ki-67-neutrophil-ratio 0.05 4.60 0.62 0.39
Ki-67-lymphocyte-ratio 0.31 7.46 2.13 1.59
Ki-67-monocyte-ratio 1.05 50.14 6.91 4.09
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Table 5. Cont.

Groups Min Max Mean Median

Carcinoma (2):
Squamous cell carcinoma

Ki-67-neutrophil-ratio 0.09 2.92 0.9 0.37
Ki-67-lymphocyte-ratio 0.45 8.11 2.57 1.49
Ki-67-monocyte-ratio 0.86 34.08 8.73 4.99

Mesenchymal tumours (1): Subcutaneous
spindle cell sarcoma

Ki-67-neutrophil-ratio 0.08 1.71 0.52 0.37
Ki-67-lymphocyte-ratio 0.45 6.21 1.65 1.09
Ki-67-monocyte-ratio 0.54 16.54 6.94 7.61

Mesenchymal tumours (2):
Splenic hemangiosarcoma

Ki-67-neutrophil-ratio 0.1 0.66 0.33 0.26
Ki-67-lymphocyte-ratio 0.61 4.53 2.0 1.55
Ki-67-monocyte-ratio 0.66 9.9 3.85 3.42

Lymphoma
Ki-67-neutrophil-ratio 0.03 29.23 2.15 0.34

Ki-67-lymphocyte-ratio 0.13 20.83 3.42 1.45
Ki-67-monocyte-ratio 0.30 84.61 7.84 2.91

Benign Tumours

Mammary Adenoma
Ki-67-neutrophil-ratio 0.11 5.68 0.89 0.35

Ki-67-lymphocyte-ratio 0.42 4.11 1.61 1.21
Ki-67-monocyte-ratio 0.47 9.67 4.29 3.96

Animals 2022, 12, x FOR PEER REVIEW 14 of 21 
 

 

 

Figure 7. Comparison of ratios between Ki-67 and different inflammatory parameters of healthy 

dogs, dogs with non-neoplastic diseases, and the sarcoma group. (A) The Ki-67–neutrophil ratios of 

the non-neoplastic diseased group were significantly lower than those of the sarcoma group (p = 

0.04). The healthy dogs also had significantly lower values than both the non-neoplastic diseased 

and the sarcoma group (p = 0.001 and p < 0.0001, respectively). (B) The Ki-67-lymphcyte-ratios of the 

non-neoplastic diseased group also were significantly lower than those of the sarcoma group (p = 

0.03). The healthy dogs had significantly lower Ki-67–lymphocyte ratios than both the non-neo-

plastic diseased and the sarcoma group (p = 0.0002 and p < 0.0001, respectively). (C) The Ki-67–

monocyte ratios of the non-neoplastic diseased group were significantly lower than those of the 

sarcoma group (p = 0.02). The healthy dogs also had significantly lower values than both the non-

neoplastic diseased and the sarcoma group (p = 0.019 and p < 0.0001, respectively). (*) p < 0.05; (**) p 

< 0.01; (***) p < 0.001; (****) p < 0.0001. 

 

Figure 8. Comparison of ratios between Ki-67 and different inflammatory parameters of healthy 

dogs, dogs with non-neoplastic diseases, and the dogs with lymphoma. (A) The Ki-67–neutrophil 

ratios of the healthy dogs were significantly lower than those of the non-neoplastic diseased and the 

lymphoma group (p = 0.001 and p < 0.0001, respectively). The Ki-67–neutrophil ratios between the 

non-neoplastic diseased and the malignant tumour group did not differ significantly (p = 0.076). (B) 

The Ki-67–lymphocyte ratios of the healthy dogs were also significantly lower than those of the non-

neoplastic diseased and the lymphoma group (p = 0.0002 and p < 0.0001, respectively). Additionally, 

the Ki-67–lymphocyte ratios between the non-neoplastic diseased and the lymphoma group did not 

differ significantly (p = 0.104). (C) The Ki-67-monocyte ratios of the non-neoplastic diseased dogs 

were significantly higher than those of the healthy group and the healthy group had significantly 

lower values than the lymphoma group (p = 0.005 and p < 0.0001, respectively). The Ki-67–monocyte 

ratios between the non-neoplastic diseased and the lymphoma group did not differ significantly (p 

= 0.16). (ns) not significant; (**) p < 0.01; (***) p < 0.001; (****) p < 0.0001. 

Figure 7. Comparison of ratios between Ki-67 and different inflammatory parameters of healthy
dogs, dogs with non-neoplastic diseases, and the sarcoma group. (A) The Ki-67–neutrophil ratios of
the non-neoplastic diseased group were significantly lower than those of the sarcoma group (p = 0.04).
The healthy dogs also had significantly lower values than both the non-neoplastic diseased and the
sarcoma group (p = 0.001 and p < 0.0001, respectively). (B) The Ki-67-lymphcyte-ratios of the non-
neoplastic diseased group also were significantly lower than those of the sarcoma group (p = 0.03).
The healthy dogs had significantly lower Ki-67–lymphocyte ratios than both the non-neoplastic
diseased and the sarcoma group (p = 0.0002 and p < 0.0001, respectively). (C) The Ki-67–monocyte
ratios of the non-neoplastic diseased group were significantly lower than those of the sarcoma group
(p = 0.02). The healthy dogs also had significantly lower values than both the non-neoplastic diseased
and the sarcoma group (p = 0.019 and p < 0.0001, respectively). (*) p < 0.05; (**) p < 0.01; (***) p < 0.001;
(****) p < 0.0001.

A receiver operating characteristic (ROC) curve was calculated to discriminate dogs
with benign mammary adenoma from those with malignant mammary adenocarcinoma.
The area under the curve (AUC) was 0.52 (p = 0.83; 95% confidence interval, 0.34–0.70). Us-
ing a cut-off value of 2.34 ng/mL, the sensitivity was 53.9% (confidence interval, 0.35–0.71)
and the specificity 53.9% (confidence interval, 0.29–0.77; Figure 9A). Comparison of the
ratios of Ki-67 to the inflammatory parameters neutrophils, lymphocytes, and monocytes
of mammary adenoma and mammary adenocarcinoma did not result in a notable improve-
ment in the AUC value. The area under the curve to discriminate healthy dogs from those
with malignant tumours was 0.97 (p < 0.0001; 95% confidence interval, 0.93–1.0). Using
a cut-off value of 1.15 ng/mL, the sensitivity was 89.0% (confidence interval, 0.80–0.94) and
the specificity 94.7% (confidence interval, 0.75–0.99; Figure 9B). The ROC curve to sepa-
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rate non-neoplastic diseased dogs from the group of dogs with malignancies resulted in
an AUC of 0.66 (p = 0.014; 95% confidence interval, 0.55–0.77). A cut-off value of 1.9 ng/mL
resulted in a sensitivity of 63.4% (confidence interval, 0.53–0.73) and a specificity of 61.5%
(confidence interval, 0.43–0.78; Figure 9C).
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Figure 8. Comparison of ratios between Ki-67 and different inflammatory parameters of healthy
dogs, dogs with non-neoplastic diseases, and the dogs with lymphoma. (A) The Ki-67–neutrophil
ratios of the healthy dogs were significantly lower than those of the non-neoplastic diseased and
the lymphoma group (p = 0.001 and p < 0.0001, respectively). The Ki-67–neutrophil ratios between
the non-neoplastic diseased and the malignant tumour group did not differ significantly (p = 0.076).
(B) The Ki-67–lymphocyte ratios of the healthy dogs were also significantly lower than those of
the non-neoplastic diseased and the lymphoma group (p = 0.0002 and p < 0.0001, respectively).
Additionally, the Ki-67–lymphocyte ratios between the non-neoplastic diseased and the lymphoma
group did not differ significantly (p = 0.104). (C) The Ki-67-monocyte ratios of the non-neoplastic
diseased dogs were significantly higher than those of the healthy group and the healthy group had
significantly lower values than the lymphoma group (p = 0.005 and p < 0.0001, respectively). The
Ki-67–monocyte ratios between the non-neoplastic diseased and the lymphoma group did not differ
significantly (p = 0.16). (ns) not significant; (**) p < 0.01; (***) p < 0.001; (****) p < 0.0001.
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Figure 9. ROC curve analysis of serum Ki-67 concentration. (A) ROC curve for discriminating
mammary adenocarcinoma from mammary adenoma. (B) ROC curve shown to distinguish healthy
dogs from patient with tumour diseases. (C) ROC curve for discriminating non-malignant diseased
dogs from tumour patients.

Using ratios of serum Ki-67 concentrations and the aforementioned inflammatory
parameters for the ROC curve to distinguish non-neoplastic diseased dogs from tumour-
diseased dogs, the AUC improves as follows: the comparison of the Ki-67–neutrophil ratio
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provides an AUC of 0.73 (p = 0.0005; 95% confidence interval, 0.63–0.83), with a sensitivity
of 68.8% (confidence interval, 0.58–0.78) and a specificity of 61.5% (confidence interval,
0.43–0.78), when using a cut-off value of 0.24 (Figure 10A). Applying the Ki-67–lymphocyte
ratio results in an AUC of 0.73 (p = 0.0006; 95% confidence interval, 0.62–0.83) and, with
a cut-off of 1.05, a sensitivity of 61.0% (confidence interval, 0.50–0.71) and a specificity of
61.5% (confidence interval, 0.43–0.78; Figure 10B). The application of the Ki-67–monocyte
ratio leads to an AUC of 0.74 (p = 0.0002; 95% confidence interval, 0.64–0.84). Using a cut-off
value of 2.15, the sensitivity and specificity was 71.4% (confidence interval, 0.61–0.80) and
61.5% (confidence interval, 0.43–0.78), respectively (Figure 10C).
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4. Discussion

Based on the WHO definition of biomarkers, a tumour marker is a measurable sub-
stance that provides information about the existence of tumour tissue in a body [1]. In
order to allow for a good differentiation between healthy and tumour bearing dogs, tumour
marker must be specific for tumour tissue.

Ki-67 is a specific biomarker for tumour proliferation, expressed in cells during the
G phase of mitosis [11,33]. Many tumour tissues have a relatively high mitotic rate [34]
and, therefore, show increased levels of Ki-67 that can be measured by immunohisto-
chemistry [23]. Ki-67 immunohistochemistry is also frequently associated with the bio-
logic behaviour of malignancies, as has been demonstrated, for example, in canine mast
cell tumours [35].

In a pilot study investigating the expression of Ki-67 in cell cultures, to be precise
cultured fibrosarcoma tumour cells, increased amounts of Ki-67 were found in culture
supernatants during the proliferation phase of the cells [29]. In another study on canine
mammary tumour cells, Ki-67 protein expression decreased after treatment with the tyro-
sine kinase inhibitor Masitinib mesylate [36].

Ki-67 concentrations were also evaluated in serum, showing comparable results,
although a different immunoassay kit was used than in our study [29]. Further, a group
of healthy dogs with nondetectable serum Ki-67 concentrations was compared to groups
of dogs with different non-malignant diseases and with malignant tumours. Serum Ki-67
concentrations were between 0 and 69 pg/mL (median 0 pg/mL) and 0 and 7500 pg/mL
(median 243 pg/mL), respectively, demonstrating a highly significant difference in the
serum Ki-67 concentrations between all three groups [29]. The results of the current study
are quite similar, although the serum Ki-67 concentrations differ slightly, probably due
to the use of different ELISA kits. When establishing Ki-67 as a serum tumour marker, it
is therefore recommended to always use the same ELISA kit or to work with individual
cut-offs for the respective test kit used.

Based on these observations, we consider Ki-67 to be a valuable tumour marker
indicating the presence of tumour tissue in the body. All 19 healthy patients in our study
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had serum Ki-67 concentrations in the lower detection range of the ELISA. Since there were
no outliers in this particular group, we consider a Ki-67 serum concentration in the low
picogram range to be biological for healthy dogs.

The very low baseline concentrations measurable in the serum of healthy dogs is to
be expected, since as a proliferation marker, a certain level of Ki-67 will also be present
from rapidly proliferating normal tissues in a healthy organism, e.g., from dividing normal
mucosal or bone marrow cells [11].

In a study in human breast cancer patients, a baseline serum Ki-67 concentration was
also present in the serum of the healthy control group. Similarly to our study, the level in
tumour-free individuals was significantly lower than in the tumour group [37].

The control group of diseased dogs without malignancies in this study were affected
by various inflammatory, metabolic, or degenerative processes. The serum Ki-67 con-
centrations in this group were also significantly lower than in the group of dogs with
malignancies, but were significantly higher compared to the healthy dogs. This may be
explained by a proliferation of immune cells in inflammatory processes [38]. Likewise,
a higher expression of Ki-67 has been demonstrated in immune-mediated diseases in both
humans and dogs [39,40].

Acute inflammatory diseases in the group of dogs suffering from non-neoplastic
diseases, such as, for example, pyometra, were frequently associated with neutrophilia
and monocytophilia.

In case of inflammation monocyte-derived macrophages can become reinforcements
for the tissue-resident macrophages [18,41].

Macrophages show increased proliferation in the context of inflammatory diseases and,
thus, elevated Ki-67 expression, which can lead to higher serum Ki-67 concentrations [42].
Monocytes and lymphocytes, previously mentioned in the context of inflammation, also
play an important role in the cancer microenvironment, influencing tumour growth
and progression [17,18,20].

To account for inflammation as part of the relationship between tumour tissue and the
immune defence mechanisms, we calculated a ratio between the Ki-67 concentrations and
the number of immune cells in peripheral blood measured in the accompanying diagnostic
routine blood count. This was intended to improve the predictive value of the Ki-67 serum
concentration. For example, ratios of lymphocytes to neutrophils were associated with
immunohistochemically determined Ki-67 index in the following two recent human medical
studies on glioma and on adrenocortical carcinoma, and elevated ratios and elevated
Ki-67 indices were associated with higher pathologic grades or increased risk of tumour
recurrence [19,21]. To this end, we related and compared serum Ki-67 concentrations
and neutrophil, lymphocyte and monocyte counts of mammary adenocarcinoma versus
mammary adenoma. However, differentiation between benign and malignant mammary
tumours was not possible when using this method in this case. One possible theory for this
result would be that the tumour microenvironment was not particularly active at the time
of the blood draw or that the corresponding inflammatory cells were more abundant in the
surrounding tumour tissue rather than in the peripheral blood.

The immunohistochemical detection of Ki-67 might be superior here [43]. To draw
more precise conclusions about this, Ki-67 and optionally inflammatory parameters of
interest would have to be measured comparatively in the blood of canine tumour patients
and immunohistochemically in the actual tumour tissue in that same study.

In our study, dogs with malignant tumours clearly differed from the comparison
groups of healthy dogs and those with non-neoplastic diseases. This fact confirms our
hypothesis that Ki-67 is elevated in patients with malignancies and, thus, can be used as
a tumour marker. Furthermore, there was no correlation between serum Ki-67 concentration
and tumour size. In the literature, tumour size was variably associated with Ki-67 index
levels. Although two studies found no correlation with size in pituitary adenomas and
soft tissue sarcomas [44,45], others reported Ki-67 expression dependent on tumour size in
patients with breast cancer [27].
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If Ki-67 elevation in malignancy is independent of tumour size, it may be useful to
detect small tumours that may not yet be detectable by imaging modalities. Classical
imaging modalities for tumour search reportedly require a minimum mass of 109 cells
for visualization [46]. Further studies are needed to elucidate the minimum tumour size
required to reliably elevate Ki-67 serum concentrations above the background levels. If used
as a screening tool for malignancy, an elevated serum Ki-67 may prompt intensification of
tumour search or the use of more sensitive imaging techniques.

In humans with soft tissue sarcomas, a correlation has been found between higher
Ki-67 concentrations and poorer prognosis [45,47]. Similarly, in our study some patients
with soft tissue sarcomas and high Ki-67 concentrations had short survival times, but these
observations were not statistically significant. This might be related to the heterogeneity of
the tumours in this group and the small number of cases. In veterinary medicine, different
results are found, depending on the tumour type: in hemangiosarcomas of the spleen and
mammary adenocarcinomas of the breast, higher Ki-67 indices are associated with a poorer
prognosis, whereas in canine apocrine gland anal sac adenocarcinomas no correlation was
found regarding survival time [4,48,49].

Lymphomas are a heterogeneous group of tumours with markedly varying but gener-
ally high Ki-67 expressions [50]. Not surprisingly, some lymphoma cases in our study had
very high serum Ki-67 concentrations.

It should be mentioned that we did not further classify our dogs with malignant
lymphoma [51]. We do not expect there to be major differences in serum Ki-67 concen-
trations between T cell and B cell lymphomas, as high-grade lymphomas usually show
a high proliferation rate, independent of immunophenotype. Differences would rather be
expected between low-grade and high-grade lymphomas [52].

In immunohistochemistry the Ki-67 expression is mostly evaluated within a respective
tumour group, and results can vary here as well. [53].

This restricts the utility of Ki-67 to distinguish between different tumour entities.
The presence of Ki-67 only provides information about the possibility that certain cells

might divide, but not about the actual proliferation rate. Therefore, additional tests are
recommended, for example another marker [11].

Our results suggest that serum Ki-67 may be useful as a non-selective screening
tool for malignancy in health-checks especially in older dogs or in those with increased
breed-specific cancer risk [54,55]. Especially in animals presented for a routine check-
up lacking history or physical exam findings indicative of inflammation or infection,
elevated serum Ki-67 levels should initiate an intensive search for malignant disease using
diagnostic imaging and other modalities [56]. The clinical usefulness of any test is based
on its sensitivity and specificity [57]. The ROC curve is used in clinical biochemistry
to determine the best cut-off for tests and to distinguish between diseased and healthy
patients. In addition, the AUC provides an estimate of a test’s usefulness (7). ROC analysis
to distinguish between healthy dogs and dogs with malignant tumours revealed that serum
Ki-67 concentrations above 1.15 ng/mL were associated with the presence of a malignant
tumour with a sensitivity of 0.89 and a specificity of 0.95. Based on our data the AUC
was calculated as 0.97. The use of ROC analysis to distinguish between non-neoplastic
diseased dogs and dogs with malignant tumours revealed that serum Ki-67 concentrations
above 1.9 ng/mL indicate a malignant tumour in the organism, and are associated with
a sensitivity of 0.63 and a specificity of 0.62, with an AUC of 0.66. Decreasing the cut-off
to 1.26 increases the sensitivity to 0.81 and, thus, the true positive results, but at the same
time decreases the specificity to 0.23. Similarly, if the cut-off is set at 2.52, the specificity is
increased to 0.81 and the true negative rate is increased, while the sensitivity is decreased
to 0.43 [58].

Based on our data, the AUC was calculated as 0.97. Applying the Ki-67-monocyte
ratio for ROC analysis to differentiate between non-neoplastic diseased dogs and dogs with
malignant tumours improves the AUC up to a number of 0.74 and values above the cut-off
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2.15 indicate a malignant tumour in the organism with a sensitivity of 0.71 and a specificity
of 0.62.

Some limitations of the present study must be addressed: We did not perform compar-
ative measurements of Ki-67 and inflammatory parameters directly in the tumour tissue of
the respective tumour patients, however this would be recommended for future follow-up
studies to achieve even more informative results. As long as the direct comparative studies
on Ki-67 release from the tumour tissue and the accompanying micro-tumour environment
with the corresponding Ki-67 serum levels and inflammatory parameters in the blood
are not yet available, we would like to label our results preliminary for the time being.
Furthermore, it would be interesting to measure Ki-67 levels again after tumour therapy,
and to compare these follow-up levels with the results at the time of diagnosis. To obtain
even more conclusive results, follow-up studies with larger numbers of cases, more homo-
geneous groups, additional benign tumour types, and age-matched control animals would
be recommended. This could also help to make a statement about the prognostic value of
Ki-67 as a serum tumour marker.

5. Conclusions

In summary, Ki-67 may be suitable as a general tumour marker to provide early in-
dication of malignant tumour tissue present in the body during a routine examination,
suggesting the need for further diagnostic testing for tumour disease, and it is recom-
mended to also include inflammatory parameters, such as neutrophils, lymphocytes, and
monocytes in these examinations.
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19. Solak, M.; Kraljević, I.; Tomšić, K.Z.; Kaštelan, M.; Kakarigi, L. Neutrophil-Lymphocyte Ratio as a Prognostic Marker in

Adrenocortical Carcinoma. Endocr. Res. 2021, 46, 74–79. [CrossRef]
20. Lisiecka, U.; Brodzki, P.; Smiech, A.; Kocki, J.; Czop, M.; Adaszek, L.; Winiarczyk, S. Comparative Expression Analysis

of Innate Immune Markers and Phagocytic Activity in Peripheral Blood of Dogs with Mammary Tumours. Animals 2021,
11, 2398. [CrossRef]

21. Xu, G.; Li, C.; Wang, Y.; Ma, J.; Zhang, J. Correlation between Preoperative Inflammatory Markers, Ki-67 and the Pathological
Grade of Glioma. Medicine 2021, 100, e26750. [CrossRef]

22. Yilmaz, H.; Demirag, G.; Sullu, Y.; Yilmaz, A. Predictive Significance of Ki-67 and Platelet Lymphocyte Ratio in Patients with
Gastric Cancer Receiving Neoadjuvant Flot Chemotherapy. J. Coll. Physicians Surg. Pak. 2021, 30, 546–552. [PubMed]

23. Burger, P.C.; Shibata, T.; Kleihues, P. The Use of the Monoclonal Antibody Ki-67 in the Identification of Proliferating Cells:
Application to Surgical Neuropathology. Am. J. Surg. Pathol. 1986, 10, 611–617. [CrossRef] [PubMed]

24. Kammerer-Jacquet, S.-F.; Ahmad, A.; Møller, H.; Sandu, H.; Scardino, P.; Soosay, G.; Beltran, L.; Cuzick, J.; Berney, D.M. Ki-67 Is
an Independent Predictor of Prostate Cancer Death in Routine Needle Biopsy Samples: Proving Utility for Routine Assessments.
Mod. Pathol. 2019, 32, 1303–1309. [CrossRef] [PubMed]

25. Lellé, R.J. [in Situ Determination of the Ki-67 Growth Fraction (Ki-67 Gf) in Human Tumours (Studies in Breast Cancer)]. Acta
Histochem. Suppl. 1990, 39, 109–124.

26. Menon, S.S.; Guruvayoorappan, C.; Sakthivel, K.M.; Rasmi, R.R. Ki-67 protein as a tumour proliferation marker. Clin. Chim. Acta
2019, 491, 39–45. [CrossRef]

27. Ragab, H.M.; Samy, N.; Afify, M.; El Maksoud, N.A.; Shaaban, H.M. Assessment of Ki-67 as a potential biomarker in patients with
breast cancer. J. Genet. Eng. Biotechnol. 2018, 16, 479–484. [CrossRef]

28. Ren, A.; Wei, M.; Yang, Y.; Yang, L.; Yang, J. [Detection and value of serum antigen KI-67 (ki67) in clinical diagnosis of breast
cancer patients]. Chin. J. Cell. Mol. Immunol. 2020, 36, 1124–1128.

29. Neumann, S.; Schuettler, J.; Frenz, M.; Kaup, F.J.; Gessler, F. Investigation of Serum Ki-67 as a Biomarker in Tumour-Bearing Dogs.
Res. Vet. Sci. 2017, 110, 16–21. [CrossRef]

30. World Health Organization. Tnm Classification of Tumours in Domestic Animals/ Edited by L.N. Owen. Available online:
https://apps.who.int/iris/handle/10665/68618 (accessed on 23 March 2022).

31. Peña, L.; de Andrés, P.J.; Clemente, M.; Cuesta, P.; Pérez-Alenza, M.D. Prognostic Value of Histological Grading in Noninflamma-
tory Canine Mammary Carcinomas in a Prospective Study with Two-Year Follow-Up: Relationship with Clinical and Histological
Characteristics. Vet. Pathol 2013, 50, 94–105. [CrossRef]

32. MyBioSource, Inc. Ki-67 Protein (Ki67p), Elisa Kit. Available online: https://www.mybiosource.com/ki67p-canine-elisa-kits/ki-
67-protein/89640 (accessed on 17 February 2022).

33. Sobecki, M.; Mrouj, K.; Colinge, J.; Gerbe, F.; Jay, P.; Krasinska, L.; Dulic, V.; Fisher, D. Cell-Cycle Regulation Accounts for
Variability in Ki-67 Expression Levels. Cancer Res. 2017, 77, 2722–2734. [CrossRef]

34. Ha, S.Y.; Choi, M.; Lee, T.; Park, C.-K. The Prognostic Role of Mitotic Index in Hepatocellular Carcinoma Patients after Curative
Hepatectomy. Cancer Res. Treat. 2016, 48, 180–189. [CrossRef] [PubMed]

35. Sledge, D.G.; Webster, J.; Kiupel, M. Canine Cutaneous.Mast Cell Tumours: A Combined Clinical and Pathologic Approach to
Diagnosis, Prognosis, and Treatment Selection. Vet. J. 2016, 215, 43–54. [CrossRef] [PubMed]

36. Ustun-Alkan, F.; Bakırel, T.; Üstüner, O.; Anlas, C.; Cinar, S.; Yıldırım, F.; Gürel, A. Effects of tyrosine kinase inhibitor-masitinib
mesylate on canine mammary tumour cell lines. J. Veter- Res. 2021, 65, 351–359. [CrossRef] [PubMed]

37. Chen, C.; Lu, X. The Expression of Ki-67 and Lef-1 in Patients after Breast Cancer Resection and Its Effects on Patients’ Prognosis.
J. Buon 2020, 25, 627–633.

http://doi.org/10.1002/(SICI)1097-4652(200003)182:3&lt;311::AID-JCP1&gt;3.0.CO;2-9
http://doi.org/10.1038/nature18610
http://www.ncbi.nlm.nih.gov/pubmed/27362226
http://doi.org/10.1002/jcp.20494
http://www.ncbi.nlm.nih.gov/pubmed/16206250
http://doi.org/10.1111/j.1365-2184.2007.00433.x
http://www.ncbi.nlm.nih.gov/pubmed/17531085
http://doi.org/10.1016/s0091-679x(01)63022-x
http://www.ncbi.nlm.nih.gov/pubmed/11060851
http://doi.org/10.3892/ol.2016.4199
http://doi.org/10.1159/000430499
http://doi.org/10.1155/2016/6058147
http://doi.org/10.1080/07435800.2020.1870234
http://doi.org/10.3390/ani11082398
http://doi.org/10.1097/MD.0000000000026750
http://www.ncbi.nlm.nih.gov/pubmed/34027867
http://doi.org/10.1097/00000478-198609000-00003
http://www.ncbi.nlm.nih.gov/pubmed/2428262
http://doi.org/10.1038/s41379-019-0268-y
http://www.ncbi.nlm.nih.gov/pubmed/30976102
http://doi.org/10.1016/j.cca.2019.01.011
http://doi.org/10.1016/j.jgeb.2018.03.002
http://doi.org/10.1016/j.rvsc.2016.10.012
https://apps.who.int/iris/handle/10665/68618
http://doi.org/10.1177/0300985812447830
https://www.mybiosource.com/ki67p-canine-elisa-kits/ki-67-protein/89640
https://www.mybiosource.com/ki67p-canine-elisa-kits/ki-67-protein/89640
http://doi.org/10.1158/0008-5472.CAN-16-0707
http://doi.org/10.4143/crt.2014.321
http://www.ncbi.nlm.nih.gov/pubmed/25797572
http://doi.org/10.1016/j.tvjl.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/27372911
http://doi.org/10.2478/jvetres-2021-042
http://www.ncbi.nlm.nih.gov/pubmed/34917849


Animals 2022, 12, 1263 19 of 19

38. Korniluk, A.; Koper, O.; Kemona, H.; Dymicka-Piekarska, V. Dymicka-Piekarska. From Inflammation to Cancer. Ir. J. Med. Sci.
2017, 186, 57–62. [CrossRef]

39. Dalkilic, E.; Filiz, G.; Yavuz, M.; Dilek, K.; Ersoy, A.; Yurtkuran, M.; Oruc, A.; Gul, C.B.; Gullulu, M. Ki-67 Proliferation Index in
Renal Biopsy Samples of Patients with Systemic Lupus Erythematosus and Its Correlation with Clinical Findings. Iran. J. Kidney
Dis. 2013, 7, 198–203.

40. Karlovits, S.; Manz, A.; Allenspach, K.; Walter, I.; Kummer, S.; Tichy, A.; Richter, B.; Burgener, I.A.; Luckschander-Zeller, N.
Ki-67/Cd3 Ratio in the Diagnosis of Chronic Inflammatory Enteropathy in Dogs. J. Vet. Intern. Med. 2020, 34, 92–97. [CrossRef]

41. Kratofil, R.M.; Kubes, P.; Deniset, J.F. Monocyte Conversion During Inflammation and Injury. Arter. Thromb. Vasc. Biol. 2017, 37,
35–42. [CrossRef]

42. Herwig, M.C.; Holz, F.G.; Loeffler, K.U. Distribution and Presumed Proliferation of Macrophages in Inflammatory Diseases of the
Ocular Adnexae. Curr. Eye Res. 2014, 40, 604–610. [CrossRef]

43. Rodrigues, H.; Carvalho, M.I.; Pires, I.; Prada, J.; Queiroga, F.L.; Information, R. Clinicopathological significance of caspase-3 and
Ki-67 expression in canine mammary gland tumours. Acta Veter- Hung. 2016, 64, 78–89. [CrossRef]

44. Mohseni, S.; Aboeerad, M.; Sharifi, F.; Tavangar, S.M.; Mohajeri-Tehrani, M. Associations of Ki-67 Labeling Index with Clinical
and Paraclinical Features of Growth Hormone-Secreting Pituitary Adenomas: A Single Center Report from Iran. Int. J. Endocrinol.
Metab. 2019, 17, e81983. [CrossRef] [PubMed]

45. Huuhtanen, R.L.; Blomqvist, C.; A Wiklund, T.; O Böhling, T.; Virolainen, M.J.; Tukiainen, E.J.; Tribukait, B.; Andersson, L.C.
Comparison of the Ki-67 score and S-phase fraction as prognostic variables in soft-tissue sarcoma. Br. J. Cancer 1999, 79, 945–951.
[CrossRef] [PubMed]

46. Frangioni, J.V. New Technologies for Human Cancer Imaging. J. Clin. Oncol. 2008, 26, 4012–4021. [CrossRef] [PubMed]
47. Tomita, Y.; Morooka, T.; Hoshida, Y.; Zhang, B.; Qiu, Y.; Nakamichi, I.; Hamada, K.; Ueda, T.; Naka, N.; Kudawara, I.; et al.

Reassessment of the 1993 Osaka Grading System for Localized Soft Tissue Sarcoma in Japan. Anticancer Res. 2006, 26, 4665–4669.
48. Rozolen, J.M.; Teodoro, T.G.W.; Sobral, R.A.; Sueiro, F.A.R.; Laufer-Amorim, R.; Elias, F.; Fonseca-Alves, C.E. Investiga-

tion of Prognostic Value of Claudin-5, PSMA, and Ki67 Expression in Canine Splenic Hemangiosarcoma. Animals 2021,
11, 2406. [CrossRef]

49. Morello, E.; Cino, M.; Giacobino, D.; Nicoletti, A.; Iussich, S.; Buracco, P.; Martano, M. Prognostic Value of Ki67 and Other Clinical
and Histopathological Factors in Canine Apocrine Gland Anal Sac Adenocarcinoma. Animals 2021, 11, 1649. [CrossRef]

50. Gerdes, J.; Dallenbach, F.; Lennert, K.; Lemke, H.; Stein, H. Growth Fractions in Malignant Non-Hodgkin’s Lymphomas (Nhl) as
Determined in Situ with the Monoclonal Antibody Ki-67. Hematol. Oncol. 1984, 2, 365–371. [CrossRef]

51. Valli, V.E.; Myint, M.S.; Barthel, A.; Bienzle, D.; Caswell, J.; Colbatzky, F.; Durham, A.; Ehrhart, E.J.; Johnson, Y.; Jones, C.; et al.
Classification of Canine Malignant Lymphomas According to the World Health Organization Criteria. Veter- Pathol. 2010, 48,
198–211. [CrossRef]

52. Zandvliet, M. Canine lymphoma: A review. Veter- Q. 2016, 36, 76–104. [CrossRef]
53. Brown, C.D.; Gatter, K.C. Ki67 Protein: The Immaculate Deception? Histopathology 2002, 40, 2–11. [CrossRef]
54. Diez, M.; Picavet, P.; Ricci, R.; Dequenne, M.; Renard, M.; Bongartz, A.; Farnir, F. Health screening to identify opportunities to

improve preventive medicine in cats and dogs. J. Small Anim. Pr. 2015, 56, 463–469. [CrossRef] [PubMed]
55. Kent, M.S.; Burton, J.; Dank, G.; Bannasch, D.; Rebhun, R.B. Association of cancer-related mortality, age and gonadectomy in

golden retriever dogs at a veterinary academic center (1989-2016). PLoS ONE 2018, 13, e0192578. [CrossRef] [PubMed]
56. Kycko, A.; Reichert, M. Proteomics in the Search for Biomarkers of Animal Cancer. Curr Protein Pept Sci. 2014, 15, 36–44.

[CrossRef] [PubMed]
57. Simon, R. Sensitivity, Specificity, PPV, and NPV for Predictive Biomarkers. JNCI J. Natl. Cancer Inst. 2015, 107, 8. [CrossRef]
58. Parikh, R.A.; Mathai, S.; Parikh, G.; Sekhar, C.; Thomas, R. Understanding and Using Sensitivity, Specificity and Predictive Values.

Indian J. Ophthalmol. 2008, 56, 45–50. [CrossRef]

http://doi.org/10.1007/s11845-016-1464-0
http://doi.org/10.1111/jvim.15680
http://doi.org/10.1161/ATVBAHA.116.308198
http://doi.org/10.3109/02713683.2014.943909
http://doi.org/10.1556/004.2016.009
http://doi.org/10.5812/ijem.81983
http://www.ncbi.nlm.nih.gov/pubmed/31372169
http://doi.org/10.1038/sj.bjc.6690151
http://www.ncbi.nlm.nih.gov/pubmed/10070895
http://doi.org/10.1200/JCO.2007.14.3065
http://www.ncbi.nlm.nih.gov/pubmed/18711192
http://doi.org/10.3390/ani11082406
http://doi.org/10.3390/ani11061649
http://doi.org/10.1002/hon.2900020406
http://doi.org/10.1177/0300985810379428
http://doi.org/10.1080/01652176.2016.1152633
http://doi.org/10.1046/j.1365-2559.2002.01343.x
http://doi.org/10.1111/jsap.12365
http://www.ncbi.nlm.nih.gov/pubmed/25958785
http://doi.org/10.1371/journal.pone.0192578
http://www.ncbi.nlm.nih.gov/pubmed/29408871
http://doi.org/10.2174/1389203715666140221110945
http://www.ncbi.nlm.nih.gov/pubmed/24555898
http://doi.org/10.1093/jnci/djv153
http://doi.org/10.4103/0301-4738.37595

	Introduction 
	Materials and Methods 
	Animals 
	Histopathology 
	Blood Sample Collection and Processing 
	Immunoassay 
	Ratios 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

