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ABSTRACT

A systematic review was conducted to elucidate the
role of teat-end hyperkeratosis (THK) as a risk factor
for clinical mastitis (CM) or subclinical mastitis (SCM).
Scientific papers on the subject were identified by
means of a database search. All types of peer-reviewed
analytical studies, observational or experimental and
published in English, could be included in the review,
regardless of publication year. Of 152 identified records,
18 articles were selected, of which 8 were prospective
cohort studies, 9 were cross-sectional, and 1 was a
hybrid case-control study. Internal validity of studies
was assessed using a score system ranging from 0 to 6,
based on design, risk of bias, and statistical methods.
The most frequent study limitation was improper use of
statistical methods to avoid confounding of associations
between THK and CM or SCM. The 3 studies that used
CM as outcome (all with high validity scores) showed
positive associations with THK (especially severe),
although the magnitude and statistical significance of
the estimates differed among them. Most studies that
used SCM as the primary outcome (based on microbio-
logical examination of milk) reported that only severe
THK was associated with SCM. Two studies with high
validity scores reported moderate to strong associa-
tions between severe THK and incidence or prevalence
of Staphylococcus aureus intramammary infection. Two
studies with high validity scores reported that only se-
vere THK was associated with the risk of somatic cell
count (SCC) >200,000 cells/mIL and increased mean
SCC, respectively. Although 4 cross-sectional studies
reported positive associations between THK and SCC,
these associations were possibly spurious because con-
founding factors, such as parity, were not considered in
the analyses. Results of the reviewed studies suggest
that severe THK is a risk factor for both CM and SCM,
as defined by microbiological examination of milk, SCC
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thresholds, or mean SCC. The effect of severe THK
on both contagious (especially Staphylococcus aureus)
and environmental CM or SCM emphasizes the impor-
tance of teat health for mastitis control. Four studies
demonstrated that quarters with mild THK had lower
prevalence of intramammary infection or lower mean
SCC than quarters with no THK, suggesting that de-
velopment of mild THK, as a physiological response to
milking, can have a protective effect. Dairy consultants
should focus on monitoring and minimizing occurrence
of severe THK to prevent CM and SCM.

Key words: mastitis, dairy cow, teat-end hyperkeratosis,
teat-end callosity, somatic cell count

INTRODUCTION

Teat-end hyperkeratosis (THK) is one of the most
prevalent pathologies of dairy cows, being character-
ized by hyperplasia of the teat orifice’s keratin layer
in response to chronic stimuli (Blowey and Weaver,
2011). In a scale ranging from 1 (no THK) to 4 (severe
THK; Mein et al., 2001), the prevalence of Holstein cow
teats scored as 3 ranged between 21.5% (415/1,931; de
Pinho Manzi et al., 2012; Brazil) and 46.5% (939/2,019;
Zoche-Golob et al., 2015; Germany) and scored as 4
ranged between 12.5% (51/408; Paduch et al., 2012;
Germany) and 18.8% (39/207; Pantoja et al., 2016;
Brazil).

Cows factors such as teat shape (Neijenhuis et al.,
2001), teat position (front or rear; Neijenhuis et al.,
2001; Mitev et al., 2012), stage of lactation (Neijenhuis
et al., 2001), parity (Sandrucci et al., 2014; Pantoja
et al., 2016), peak milk production (Neijenhuis et al.,
2001), and machine-on time (Neijenhuis et al., 2000)
have all been associated with THK. At the herd level,
milking management factors and equipment settings,
such as teat-end vacuum, pulsation system, duration
of the pulsation cycle’s D phase, liner characteristics
(compression, tension, and material), and overmilk-
ing, have been associated with THK (Neijenhuis et al.,
2000; Mein et al., 2001; Zucali et al., 2008; Sterrett et
al., 2013).

1843


mailto:jose.pantoja@unesp.br

Pantoja et al.: TEAT-END HYPERKERATOSIS AND MASTITIS

The teat orifice, by means of anatomical and physi-
ological mechanisms, is the primary defense barrier of
the mammary gland against mastitis pathogens (Breen
et al., 2006). These mechanisms are composed of strati-
fied squamous cells filled with keratin, which act as
a physical barrier, fatty acids with bacteriostatic ac-
tion, and muscular tissue that maintains the teat canal
closed between milkings (Breen et al., 2006).

It has been hypothesized that tissue changes around
the teat canal resulting from THK facilitate harboring
and entry of bacteria into the mammary gland and,
consequently, occurrence of mastitis (Mein, 2012). Pa-
duch et al. (2012) conducted a cross-sectional study
including 204 pairs of teats (99 pairs of front teats and
105 pairs of rear teats) from 2 herds in Germany and
reported that THK was associated with the number
of colony-forming units of Streptococcus uberis and
Escherichia coli isolated from the teat canal. No as-
sociation was observed between THK and retrieval of
Staphylococcus aureus. Nonetheless, scientific evidence
demonstrating the complete causal pathway including
THK as a risk factor for impairment of the teat canal,
increased teat-end contamination, and, consequently,
mastitis, is still lacking.

Although teat-end scoring is a common practice
among dairy consultants and THK has been consid-
ered a strong risk factor for clinical mastitis (CM)
and subclinical mastitis (SCM), results of scientific
studies are controversial. Due to the small number of
peer-reviewed studies and methodology limitations, the
objective of this systematic review was to elucidate the
role of THK as a risk factor for CM or SCM in dairy
cows. Specific research questions were as follows: (1) Is
THK associated with CM? and (2) Is THK associated
with SCM, as defined by microbiological examination
of milk, SCC, or both?

MATERIALS AND METHODS
Inclusion and Exclusion Criteria

The review protocol was performed according to the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses: The PRISMA Statement (Moher et al.,
2009).

1844

Eligible studies had to be original research papers,
peer-reviewed, and published in English (any year).
Studies had to be analytical (experimental or obser-
vational) and report associations between THK and
CM or SCM in dairy cows of any breed, regardless of
geographic location. Descriptive studies such as case
series and case reports were not eligible for inclusion.
Eligible mastitis outcomes were CM (based on visual
examination of milk and the mammary gland), SCM
(based on microbiological examination of milk or SCC
thresholds), or SCC (as a continuous variable). Teat-
end hyperkeratosis had to be assessed in categorical,
ordinal scales, to allow quantification of scores.

Search Strategy and Sources of Information

Searching was independently performed by 2 authors
(L. B. N. Correia and R. S. Rossi) in October 2017. A
search was performed combining key words and Bool-
ean operators, under advisement of a librarian. Medical
subject headings and thesaurus terms were used to de-
scribe the population of interest (dairy cows), the risk
factor (THK), and the outcomes (CM or SCM). The
detailed search strategy for each consulted database is
described in Table 1. The same search was repeated in
December 2018 (restricted by this year) to identify any
study published during preparation of the review.

Study Selection and Data Extraction

Records identified by the initial search were analyzed
independently by all authors. After removal of dupli-
cates (Figure 1), 36 records were excluded by mutual
agreement because they did not meet the more obvious
inclusion criteria (off topic, theses, book chapters, and
conference papers). An additional 29 studies were ex-
cluded after abstract analysis because of language, not
reporting measures of association, being review articles,
or lack of eligible outcomes. Eleven articles were then
selected for full-text analysis and met the inclusion
criteria. Seven eligible articles were further identified
by screening of reference lists, resulting in 18 included
studies.

Data extraction was performed by all authors.
A standardized form was used to collect the follow-

Table 1. Search terms and databases used to retrieve research papers about the association between teat-end hyperkeratosis and occurrence of

clinical or subclinical mastitis

Databases Terms

PubMed (teat AND (hyperkeratosis OR callosity
Web of Science (teat AND (hyperkeratosis OR callosity
Scopus (teat AND (hyperkeratosis OR callosity
CABI Direct (teat AND (hyperkeratosis OR callosity

cattle OR cow™) AND (mastitis OR (somatic cell count))
cattle OR cow*) AND (mastitis OR “somatic cell count”)
cattle OR cow™) AND (mastitis OR “somatic cell count”)
cattle OR cow*) AND (mastitis OR “somatic cell count”)

e —
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ing information from selected articles: authors, year
of publication, study period, study design, country
(state), study sample (number of observations and cow
characteristics), unit of analysis, method of THK scor-

ing, definition of mastitis outcomes, and main results
(Tables 2, 3, and 4).

Assessment of Validity and Reporting

As all included studies were observational, the
Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE; Sargeant et al., 2016) was
used to assess completeness of reporting and availability
of necessary information to evaluate internal and ex-
ternal validity. Eighteen items are common for cohort,
case-control, and cross-sectional studies and 4 items are
specific for each of these study designs (Sargeant et al.,
2016). The percentage of STROBE attended items was
then calculated for each reviewed study (Table 5).

Internal validity was assessed using a score system
adapted from Dahl et al. (2017), based on study design,
risk of bias, and statistical methods. Scores given to
each of the 3 criteria ranged from 0 (least strength of

Identified records (n = 152)
- PubMed (n = 15)

- Cab Direct (n = 68)

- Web of Science (n = 34)

- Scopus (n = 35)

l

Records after duplicates removed

(n=76) - Conference papers (n = 16)
—> | - Off topic (n = 17)
- Thesis (n =2)

Records screened (n = 76)

l

Records assessed for eligibility (n = 40)
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evidence) to 2 (greatest strength of evidence) and were
added to assign a final score ranging from 0 to 6.
Cohort, case-control, and cross-sectional studies were
given scores 2, 1, and 0, respectively, based on strength
of evidence. Risk of introducing outcome (CM or SCM)
and exposure (THK) biases was scored according to
the Newcastle-Ottawa Scale for assessing the quality
of nonrandomized studies in meta-analyses (Wells et
al., 2014). Because 2 was the maximum score for risk
of bias, the percentage of Newcastle-Ottawa Scale-at-
tended items was calculated to assign the score for each
reviewed study. For example, studies that attended
50% of Newcastle-Ottawa Scale items were scored as 1.
The statistical methods score was defined as follows:
2 = used proper multivariable modeling to account for
covariates and confounders, and accounted for repeated
measures or lack of independence among quarters within
cow, or cows within herd; 1 = did not use multivariable
modeling but accounted for confounders in some extent
(e.g., use of stratified analysis), or used multivariable
modeling without considering repeated measurements
or lack of independence among quarters within cow, or
cows within herd; and 0 = did not use multivariable

Excluded on initial screening (n = 36)

- Book chapter (n = 1)

Excluded based on abstract analysis (n =
29)
- Language other than English (n = 13)

l

Full text articles assessed for eligibility (n = 11)

v

- Did not report measures of association
(n=11)

- Review (n = 3)

- Use of ineligible outcomes (n = 2)

—

Included articles (n = 18)

Articles identified by screening
reference lists (n = 7)

Figure 1. Process of identification and selection of relevant scientific literature about the association between teat-end hyperkeratosis and

occurrence of mastitis.
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Table 3. Case definition for mastitis outcomes described in the 18 studies that were selected for a systematic review of the association between
teat-end hyperkeratosis and occurrence of bovine clinical or subclinical mastitis

No. Study Outcome’ Criteria used to define clinical or subclinical mastitis

1 Sieber and Farnsworth, 1981 SCM A case was defined when at least one of the following criteria was met:
growth of Streptococcus agalactiae or Staphylococcus aureus; isolation of any
microorganism and SCC >10° cells/mL; SCC >1.5 x 10° cells/mL.

2 Neijenhuis et al., 2001 CM Growth of >3 colonies of any minor pathogen and >1 colony of any major
pathogen. At the cow level, a cow was considered infected when >1 quarter was
infected.

3 Zadoks et al., 2001 SCM Growth of >1,000 cfu/mL of any pathogen in a single milk sample; >500
cfu/mL of any pathogen from 2 out of 3 milk samples; >100 cfu/mL of any
pathogens from 3 consecutive milk samples

4 Dingwell et al., 2004 SCM Growth of >50 cfu/0.01 mL of coagulase-negative staphylococci; any growth for
other pathogens. Growth of Corynebacterium bovis was not considered an IMI.

5 Gleeson et al., 2004 sScC Mean quarter SCC? (cells/mL)

6 Breen et al., 2009b CM Isolation of any pathogen, regardless of the number of cfu. Clinical mastitis was
defined as changes in milk, swelling of the mammary gland, or systemic signs.

7 Breen et al., 2009a SCM SCC >200,000 cells/mL; mean composite SCC? (cells/mL)

8 Bhutto et al., 2010 SCM Pure growth of 1-3 microbial species; mean quarter SCC? (cells/mL)

9 Haghkhah et al., 2011 SCC Mean composite SCC? (cells/mL)

10 Dufour et al., 2012 SCM Growth of >100 cfu/mL of milk

11 de Pinho Manzi et al., 2012 SCM Isolation of >3 colonies of any minor pathogen and >1 colony of any major
pathogen. At the cow level, a cow was considered infected when at least one of
the quarters was infected.

12 Mitev et al., 2012 SCC Mean quarter SCC? (cells/mlL)

13 Cardozo et al., 2015 SCM SCC >200,000 cells/mL

14 Zoche-Golob et al., 2015 SCM Combinations of SCC >100,000 cells/mL and isolation of a mastitis pathogen.
For contagious pathogens (Staph. aureus, Strep. agalactiae, Streptococcus
dysgalactiae, and Trueperella pyogenes), growth of >1 colony. For coliforms,
streptococci, other than Strep. dysgalactiae and Strep. agalactiae, and minor
pathogens, growth of >5 colonies

15 Emre and Alacam, 2015 SCM SCC >200,000 cells/mL

16 Asadpour et al., 2015 SCM SCC >400,000 cells/mL in 3 consecutive tests and isolation of mastitis
pathogens; isolation of >3 colonies of any minor pathogen and >1 colony of
any major pathogen

17 Pantoja et al., 2016 CM Clinical mastitis was defined as the presence of milk abnormalities (flakes, pus,
and color changes), with or without changes in the mammary gland (swelling,
redness, and pain) and systemic signs (e.g., fever and dehydration). Growth of
>300 cfu/mL of the same species

18 Guarin et al., 2017 scc Mean SCC? (cells/mL)

'Outcomes: CM = clinical mastitis; SCM = subclinical mastitis, as defined by microbiological examination of milk, SCC thresholds, or a com-
bination of microbiological examination of milk and SCC thresholds; SCC = SCC as a continuous variable.

’A case was not defined because the outcome was SCC (continuous variable).

modeling and did not consider confounders and covari-
ates.

RESULTS
Study Characteristics

FEighteen articles were included in this systematic
review, of which 8 were prospective cohort studies, 9
were cross-sectional, and 1 was a hybrid case-control
study (Table 2). Most studies (n = 9) were conducted
in Europe, 3 in South America, 4 in North America,
and 2 in Asia (Table 2).

Thirteen studies analyzed only at quarter level, 2 at
quarter and cow levels, and 3 only at cow level (Table
2). Different measures of association were used to quan-
tify the relationship between THK and CM or SCM.

Journal of Dairy Science Vol. 103 No. 2, 2020

Difference between proportions was used in 4 studies
(Sieber and Farnsworth, 1981; Bhutto et al., 2010; Asa-
dpour et al., 2015; Emre and Alagam, 2015), difference
between means or linear regression was used in 7 stud-
ies (Neijenhuis et al., 2001; Gleeson et al., 2004; Bhutto
et al., 2010; Haghkhah et al., 2011; de Pinho Manzi et
al., 2012; Mitev et al., 2012; Guarin et al., 2017), odds
ratio in 7 studies (Dingwell et al., 2004; Breen et al.,
2009a,b; de Pinho Manzi et al., 2012; Dufour et al.,
2012; Cardozo et al., 2015; Pantoja et al., 2016), and
risk ratio in 2 studies (Zadoks et al., 2001; Zoche-Golob
et al., 2015).

Assessment of Validity and Reporting

Six studies addressed <30% of STROBE items (Sieber
and Farnsworth, 1981; Gleeson et al., 2004; Bhutto et
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al., 2010; Haghkhah et al., 2011; de Pinho Manzi et al.,
2012; Asadpour et al., 2015; Table 5). The STROBE
items most frequently neglected were lack of sample
size calculation, generalization of results, and study
limitations. Only 6 studies reported >90% of STROBE
items. The main limitation of the reviewed studies was
improper use of statistical methods to avoid confound-
ing and biased estimates (Table 5). Mean validity score
was 3.7 (minimum = 1.4, maximum = 5.9; Table 5).

Definition of Mastitis Outcomes and THK

Mastitis outcomes (Table 3) used in the reviewed
studies were (1) CM, defined based on clinical signs
(with or without microbiological examination of milk;
n = 3); (2) SCM, defined based on microbiological ex-
amination of milk (n = 5); (3) SCM, defined based on
SCC thresholds (n = 3); (4) SCM, defined based on
a combination of microbiological examination of milk
and SCC (n = 3); and (5) mean SCC (n = 7 studies).
Teat-end hyperkeratosis was scored by use of different
methods, of which the most frequent were proposed by
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Neijenhuis et al. (2000; 39%, n = 7) and Mein et al.
(2001; 33%, n = 6 studies; Tables 2 and 4).

Association Between THK and CM

Three studies investigated the association between
THK and CM (Neijenhuis et al., 2001; Breen et al.,
2009b; Pantoja et al., 2016). Neijenhuis et al. (2001;
prospective cohort with validity score = 5.6) compared
THK scores between quarters that experienced CM and
contralateral quarters of the same cow that did not
experience CM (cross-sectional analysis) and reported
positive associations that were not statistically signifi-
cant. In addition, the authors performed longitudinal
data analyses and reported that THK thickness of
quarters that had CM was, on average, 0.13 and 0.08
units greater than that of quarters that did not have
CM in the third month before the case, or within the
month of the case, respectively. At cow level, although
the authors reported that changes in THK score during
lactation were associated with occurrence of CM, data
were presented in graphical format.

Table 4. Methods for classification of teat-end hyperkeratosis (THK) described in 18 studies that were selected for a systematic review of the
association between THK and occurrence of bovine clinical or subclinical mastitis

Number

Study of studies

Classification of THK

Neijenhuis et al., 2000 7

N = no ring; 1A = thin ring, smooth; 1B = moderate ring, smooth; 1C = thick ring,

smooth; 2A = thin ring, rough; 2B = moderate ring, rough; 2C = thick ring, rough;
2D = extremely thick ring, rough

Mein et al., 2001 7

1 (no ring) = a typical status for many teats soon after the start of lactation; 2

(smooth or slightly rough ring) = a raised ring with no roughness or only mild
roughness and no keratin fronds; 3 (rough ring) = a raised roughened ring with
isolated fronds of old keratin extending 1-3 mm from the teat orifice; 4 (very rough
ring) = a raised ring with rough fronds of old keratin extending >4 mm from the teat

orifice
Sieber and Farnsworth, 1981 1

1 (normal) = smooth, nonraised, and well-closed orifice; 2 (smooth, chronic ring) =

smooth ring of tissue around teat orifice, with further classification as very mild, mild,
moderate, or severe; 3 (rough, chronic ring) = proliferative ring of tissue around teat
orifice, with further classification as very mild, mild, moderate, or severe; 4 (acute) =
ulcerative or hemorrhagic appearance to teat orifice, with or without a scab

Shearn and Hillerton, 1
1996

0 (perfect orifice) = normal orifice, no dislocations, extrusions, or growths. Frequently,
a smooth ring exists that may be pigmented; 1 (slight hyperkeratosis) = smooth ring

that is slightly degenerate with a few minor crevices caused by radial cracking of the
keratin. There is slight hypertrophy of the keratin, especially if a keratinous ring exists
but no evidence of keratin extruding; 2 (moderate hyperkeratosis) = hypertrophy

has developed fronds of keratin extruding up to 2 mm from at least part of the
circumference. Only a few unpigmented fronds or pigmented keratin might affect three-
quarters of the orifice; 3 (moderate to severe hyperkeratosis) = extruding fronds are
immediately obvious, affecting the whole circumference of the orifice and extruding

for 1-3 mm. The pigmentation does not affect the score; 4 (severe hyperkeratosis)

= fronds are very pronounced, usually extending beyond the orifice by 3-4 mm, and
obscure the rest of the orifice; 5 (very severe hyperkeratosis) = the whole orifice
appears significantly enlarged with fronds >4 mm long.

Bhutto et al., 2010 1

Based on the scales proposed by Hamann and Mein (1996) and Neijenhuis et al.

(2000), teat ends were classified into 0 = normal, no lesions; 1 = smooth, slightly
rough ring; 2 = rough chronic ring; or 3 = very rough, severely hyperkeratotic.

Haghkhah et al., 2011 1

Rough; very rough
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Breen et al. (2009b; prospective cohort with validity
score = 5.9) reported that only severe THK was associ-
ated with increased odds of CM. The odds of the first
case of CM in lactation were 2.67 times greater (95%
CI = 1.50-4.74) for quarters with teats scored as 2D
(severe THK, scale by Neijenhuis et al., 2000; Table
4), as compared with quarters with teats scored as N
to 2C (combined in a single category). The odds of
CM (regardless of order in lactation) were 2.28 times
greater (95% CI = 1.50-3.96) for quarters with teats
scored as 2D than for quarters with teats scored as N
to 2C. The odds of CM caused by FE. coli and Strep.
uberis were 6.01 (95% CI = 2.56-14.13) and 4.32 (95%
CI = 1.32-14.13) times greater for quarters with teats
scored as 2D than for quarters with teats scored as N
to 2A (E. coli) or 1A to 2C (Strep. uberis), respectively.

Pantoja et al. (2016; hybrid case-control with validity
score = 4.7) evaluated risk factors for the second case
of CM during the same lactation. When not adjusting
for confounding factors, the proportion of cows with
THK score = 4 (scale by Mein et al., 2001, Table 4)
was 2.2 times greater for cows that experienced the
second case of CM (25.6%) as compared with cows that
did not experience CM (11.4%). However, when parity
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(confounding factor) was considered in the analysis, the
association between THK and occurrence of CM was
still positive but no longer significant.

Association Between THK and SCM, as Defined
by Microbiological Examination of Milk

Five studies evaluated the association between THK
and SCM, as defined by microbiological examination of
milk (Zadoks et al., 2001; Dingwell et al., 2004; Bhutto
et al., 2010; de Pinho Manzi et al., 2012; Dufour et
al., 2012), of which 3 reported a significant positive as-
sociation between severe THK and Staph. aureus IMI.
Dufour et al. (2012; prospective cohort with validity
score = 5.9) reported that the odds of a new Staph. au-
reus IMI were 2.1 (95% CI = 1.0-4.5) and 3.7 (95% CI
= 1.6-8.8) times greater for quarters with teats scored
as 2C and 2D (severe THK, scale by Neijenhuis et al.,
2000; Table 4) than for quarters with no THK, respec-
tively. Other THK scores were not associated with the
incidence of Staph. aureus. The authors also performed
cross-sectional analyses, in which the chances of Staph.
aureus IMI were 1.9 (95% CI = 1.1-3.4) and 4.7 (95%
CI = 2.4-9.2) times greater for quarters with teats

Table 5. Validity scores for the 18 studies that were selected for a systematic review of the association between teat-end hyperkeratosis (THK)

and occurrence of bovine clinical or subclinical mastitis

Risk of Study Statistical Final % STROBE?
No. Study bias design methods validity score’ attended items
1 Sieber and Farnsworth, 1981 1.6 0 0 1.6 27.3
2 Neijenhuis et al., 2001 1.6 2 2 5.6 84.6
3 Zadoks et al., 2001 1.6 2 2 5.6 87.0
4 Dingwell et al., 2004 1.8 2 2 5.8 91.3
5 Gleeson et al., 2004 1.4 0 0 1.4 21.7
6 Breen et al., 2009b 1.9 2 2 5.9 91.3
7 Breen et al., 2009a 1.9 2 2 5.9 91.3
8 Bhutto et al., 2010 1.4 0’ 0 1.4 21.7
9 Haghkhah et al., 2011 1.4 0 0 1.4 9.1
10 Dufour et al., 2012 1.9 2 2 5.9 95.7
11 de Pinho Manzi et al., 2012 1.7 0 0 1.7 27.3
12 Mitev et al., 2012 1.4 0 1 2.4 31.8
13 Cardozo et al., 2015 1.8 2 2 5.8 60.9
14 Zoche-Golob et al., 2015 1.6 2 2 5.6 78.3
15 Emre and Alacam, 2015 1.4 0 0 1.4 36.4
16 Asadpour et al., 2015 1.6 0 0 1.6 18.2
17 Pantoja et al., 2016 1.7 1 2 4.7 100.0
18 Guarin et al., 2017 1.6 0 2 3.6 95.7

'The final validity score ranged from 0 to 6 and was based on study design, risk of bias, and statistical methods. Scores given to each of the 3
criteria ranged from 0 (least strength of evidence) to 2 (greatest strength of evidence). Scores given to each criterion were then added to assign
a final score. Cohort, case-control, and cross-sectional studies were given scores 2, 1, and 0, respectively, based on strength of evidence. Risk of
introducing outcome (clinical or subclinical mastitis) and exposure (THK) biases was scored according to the Newcastle-Ottawa scale for assess-
ing the quality of nonrandomized studies in meta-analyses (Wells et al., 2014). The statistical methods score was defined as follows: 2 = use of
proper multivariable modeling to account for covariates and confounders, accounted for repeated measurements or lack of independence between
quarters within cow or cows within herd; 1 = did not use multivariable modeling but accounted for confounders to some extent, such as use of
stratified analysis, or used multivariable modeling without considering repeated measurements or lack of independence between quarters within
cow or cows within herd; and 0 = did not use multivariable modeling and did not consider confounders and covariates.

’STROBE = strengthening the reporting of observational studies in epidemiology (Sargeant et al., 2016).

Prospective cohort with cross-sectional data analysis.
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scored as 2C and 2D than for quarters with no THK,
respectively. Other THK scores were not associated
with Staph. aureus IMI (Dufour et al., 2012).

Similarly, Zadoks et al. (2001; prospective cohort
with validity score = 5.6) reported, at quarter level,
that only severe THK was significantly associated with
new Staph. aureus IMI. The incidence rate of Staph. au-
reus IMI was 5.05 (95% CI = 2.14-11.94) times greater
for quarters with severe THK thickness (2D, scale by
Neijenhuis et al., 2000, Table 4) than for quarters with
absent or thin THK combined. Quarters with teats
scored as rough (2A-2D) and concomitant isolation of
Corynebacterium spp. experienced an incidence rate of
Staph. aureus IMI 9.49 (95% CI = 1.36 — 66.02) times
greater than quarters with no THK. The incidence rate
was not different between quarters with moderate and
no THK.

Bhutto et al. (2010; cross-sectional study with valid-
ity score = 1.4) reported that the proportion of quar-
ters infected with Staph. aureus was greater (38.3%)
for quarters with severe THK (scale modified from
Hamann and Mein, 1996; Neijenhuis et al., 2000; Table
4) than for quarters with a rough teat-end ring (13%)
or slightly rough teat-end ring (12.7%) or those with
no THK (21%). The proportion of quarters infected
with Staph. aureus was greater for quarters with no
THK as compared with quarters with a smooth teat-
end ring. The proportion of quarters infected with F.
coli was greater (34.2%) in quarters with severe THK
than in those with rough teat-end ring (15.9%), mild
ring (7.8%), or no THK (7.9%). The study received a
low statistical methods score because of confounding
factors (such as parity and DIM), and possible lack of
independence among observations was not considered
in the analyses.

Dingwell et al. (2004; prospective cohort with validity
score = 5.8) assessed cow and quarter risk factors for
IMI across the dry period and observed that quarters
with cracked teat ends were 1.7 (95% CI = 1.0-2.7)
times more likely to develop new postpartum IMI than
quarters with no THK. At cow level, cows that had at
least one cracked teat end at dry off were 2.5 (95% CI =
1.1-5.4) times more likely to develop a new postpartum
IMI. Although the scoring method was by Neijenhuis et
al. (2000), scores were dichotomized for analyses (with
or without cracking).

de Pinho Manzi et al. (2012; cross-sectional study
with validity score = 1.7) reported that the odds of
IMI at the quarter level were 1.31 (95% CI = 1.17-1.47)
times greater for every 1-unit increase in THK score
(scale by Mein et al., 2001). However, parity and other
confounding factors, as well as lack of independence
among observations, were not considered in the multi-
variable analyses.
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Association Between THK and SCM, as Defined
by a Combination of Microbiological
Examination of Milk and SCC

None of the 3 studies that used a combination of mi-
crobiological examination of milk and SCC thresholds
as SCM outcomes reported significant associations with
THK (Sieber and Farnsworth, 1981; Asadpour et al.,
2015; Zoche-Golob et al., 2015). In the study conducted
by Zoche-Golob et al. (2015; prospective cohort with
score = 5.6), no effect of THK was observed on the risk
of new IMI. Likewise, Asadpour et al. (2015) and Sieber
and Farnsworth (1981; both cross-sectional studies with
validity score = 1.6) did not find significant associations
between THK and SCM. Both cross-sectional studies
had analytical limitations, such as not accounting for
confounding factors and possible lack of independence
among observations.

Association Between THK and SCM, as Defined
by SCC Thresholds

Three studies investigated the association between
THK and SCM, as defined by use of SCC thresholds.
Breen et al. (2009a; prospective cohort with validity
score = 5.9; THK scale by Neijenhuis et al., 2000)
observed that quarters with teats scored as 1A [odds
ratio (OR) = 0.77, 95% CI = 0.63-0.94], 1B (OR =
0.70, 95% CI = 0.56-0.87), 1C (OR = 0.60, 95% CI
= 0.44-0.81), 2A (OR = 0.65, 95% CI = 0.50-0.84),
and 2B (OR = 0.62, 95% CI = 0.47-0.84) were less
likely to be reported with SCC >200,000 cells/mI at
the next monthly SCC test day than quarters with no
THK, suggesting a protective effect. Severe THK (score
2C or 2D) were not associated with the odds of SCC
>200,000 cells/mL.

In contrast, Cardozo et al. (2015; prospective cohort
with validity score = 5.8) investigated risk factors for
new SCM using monthly SCC values. The odds of SCC
>200,000 cells/mL at the next monthly test day were
1.61 (95% CI = 1.12-2.31) times greater for cows with
mean THK score = 4 (scale by Mein et al., 2001) as
compared with cows with mean THK score of 1 to 3.

Emre and Alagam (2015; cross-sectional study
with validity score = 1.4) reported that 20.4, 30.5,
and 39.1% of quarters scored with no THK (scale by
Shearn and Hillerton, 1996), moderate THK (scores 1
and 2), and severe THK (scores 3, 4, and 5) had SCC
>200,000 cells/mL, respectively. The study received a
low statistical methods score due to analyses that were
not adjusted by parity (although parity was associated
with hyperkeratosis), and lack of methods to account
for possible clustering of quarters within cows (Table

5).
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Association Between THK and SCC,
as a Continuous Outcome

Seven studies (Gleeson et al., 2004; Bhutto et al.,
2010; Haghkhah et al., 2011; de Pinho Manzi et al.,
2012; Mitev et al., 2012; Asadpour et al., 2015; Guarin
et al., 2017) investigated the association between THK
and mean SCC. Guarin et al. (2017; cross-sectional
study with validity score = 3.6) reported that mean
SCC of quarters with severe THK (score 4, scale by
Mein et al., 2001) was greater (104,232) than that of
quarters with no THK (47,534 cells/mL), regardless
of parity and DIM. Mean SCC of quarters with teats
scored as 2 was lower (41,400) than that of quarters
with no THK (47,534 cells/mL).

Gleeson et al. (2004; cross-sectional study with valid-
ity score = 1.4) conducted 2 studies in Ireland and
reported that mean SCC was not different among quar-
ters with different THK scores. In contrast, for a subset
of quarters that were not treated with postdipping
during lactation, mean SCC was greater (412,000) for
quarters scored as 3 or 4 (scale modified by Neijenhuis,
1998) than for quarters scored as 2 (306,000 cells/mL).
This study received a low statistical methods score
(Table 5) because possible confounding factors, such as
parity, DIM, and milk production, were not considered
in the analyses.

In the study conducted by Haghkhah et al. (2011;
cross-sectional study with validity score = 1.4), mean
SCC of quarters with teats scored as abnormal (659.01
+ 120.17) was significantly greater than that of quar-
ters with no THK (372.67 £+ 57.20 cells/mL). However,
means were not adjusted for confounding factors, and
SCC data were not normalized, which may have overes-
timated the mean values.

Three studies that received low validity score found
a positive association between THK and SCC. Mitev
et al. (2012; cross-sectional study with validity score
= 2.4) reported that mean SCC was 140,000, 160,000,
195,700, and 235,400 cells/mL for quarters with teats
scored as 1, 2, 3, and 4, respectively (scale by Mein
et al., 2001). Similarly, Asadpour et al. (2015; cross-
sectional study with validity score = 1.6) found a
positive linear correlation between THK and SCC (r
= 0.24). There was an increase of 103.56 cells/mL in
mean SCC for each 1-unit increase in THK score. Both
studies were analytically limited in that SCC data were
not normalized and estimates were not adjusted for
confounding factors.

In the study by de Pinho Manzi et al. (2012), mean
SCC varied significantly among different THK scores.
Milk of quarters with teats scored as 2 (scale by Mein et
al., 2001) had lower In SCC (2.29; 95% CI = 2.14-2.44)
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than quarters with teats scored as 1 (2.66; 95% CI =
2.49-2.82), 3 (2.72; 95% CI = 2.59-2.84), or 4 (2.70;
95% CI = 2.56-2.84), suggesting that a smooth teat-
end ring with no keratin fronds could have a protective
effect. However, mean estimates were not adjusted for
possible confounding variables, and clustering of teats
within cows was not considered. Bhutto et al. (2010;
cross-sectional study with validity score = 1.4) reported
no mean SCC difference among quarters with different
THK scores.

DISCUSSION

The aim of this systematic review was to elucidate
the role of THK as a risk factor for CM or SCM (the
latter assessed using microbiology, SCC, or both). Only
18 studies qualified for inclusion, and most had relevant
issues of internal validity, compromising the strength of
evidence. Another point of difficulty was the variety of
methods used to define THK, CM, and SCM, making it
difficult to compare studies and perform meta-analysis.
Nonetheless, some valid conclusions can be drawn from
the studies with higher internal validity.

When comparing studies, it has been increasingly
suggested that the biological nature of associations be
given as important as the statistical significance of the
findings (Amrhein et al., 2019). Thus, the 3 studies
that used CM as outcome produced data that show
a positive association with THK, although the mag-
nitude and statistical significance of the estimates
differed among them. Two studies (Neijenhuis et al.,
2001; Pantoja et al., 2016) showed biologically weak
to moderate associations between THK and CM, but
their multivariable analyses demonstrated that parity
is an important confounder for this association. Breen
et al. (2009b) reported that only severe THK was as-
sociated with environmental (E. coli or Strep. uberis)
or contagious (Staph. aureus) CM, suggesting moderate
to strong effects, depending on the pathogen involved.
Three studies (all with high validity scores) established
a clear temporal relationship between THK and CM,
which supports a causal effect. The different magnitude
and statistical significance of the findings (measures
of association) may be explained by factors such as
sample size and THK scoring method. When THK is
categorized in several levels (e.g., scale by Mein et al.,
2001), the sample size within some categories, such as
“very rough,” often results in sparse data, decreasing
precision of estimates and probability of finding statis-
tically significant results. When THK is analyzed as a
continuous variable and used as an explanatory vari-
able, a further issue is that the relationship with CM
is possibly not linear, because evidence exists that milk
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THK has a protective effect (as discussed in the fol-
lowing topics). In addition, CM may be an infrequent
outcome in longitudinal studies, making it difficult to
obtain large sample sizes. Despite these difficulties, the
little available evidence suggests (based on biological
and statistical interpretation of findings) that THK
(especially severe) is a risk factor for CM.

Likewise, most studies that used SCM as the primary
outcome (based on microbiological examination of milk)
reported that only severe THK was associated with
SCM. Two studies with high validity scores reported
moderate to strong associations between severe THK
and incidence or prevalence of Staph. aureus IMI, em-
phasizing the importance of teat-end health for control
of contagious mastitis. It is important to note that both
were cohort studies in which a clear temporal relation-
ship could be stablished between THK and new Staph.
aureus IMI, regardless of the effect of confounders such
as parity and DIM. Thus, the available evidence indi-
cates that severe THK is a strong risk factor for Staph.
aureus IMI.

When SCC (thresholds or mean) or a combination of
microbiological examination of milk and SCC thresh-
olds were used to identify SCM, most studies reported
positive associations with THK. Three studies (Gleeson
et al., 2004; Breen et al., 2009a; Bhutto et al., 2010)
reported no association between THK and SCC. In
contrast, 2 studies with high validity scores (Cardozo et
al., 2015; Guarin et al., 2017) reported that only severe
THK was associated the risk of SCC >200,000 cells/mL
and increased mean SCC, respectively. Likewise, one
cohort study with high validity score (Dingwell et al.,
2004) also reported that cows with cracked teat ends
at dry-off were more likely to develop new postpartum
SCM. Although 4 cross-sectional studies reported posi-
tive associations between THK and SCC, it is possible
that the associations were spurious because confound-
ing factors were not considered in their analysis. Thus,
although differences existed in statistical significance
and precision, evidence from the reviewed studies sug-
gests that mostly severe THK is a risk factor for SCM,
as defined by SCC thresholds or mean SCC.

Interestingly, 4 studies (Breen et al., 2009a; Bhutto
et al., 2010; de Pinho Manzi et al., 2012; Guarin et
al., 2017) demonstrated that quarters with mild THK
(score 2 by Mein et al., 2001) had lower prevalence of
IMI or lower mean SCC than quarters with no THK.
Development of mild THK at the teat end is a natural
physiological response to the action of milking equip-
ment; thus, results of these studies suggest that mild
THK, as a physiological response to milking, can be
somehow a protective barrier against mastitis patho-
gens. More research is necessary to elucidate such a
mechanism.
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Relevant validity issues were found in most reviewed
studies. The main analytical issue was lack of appropri-
ate multivariable analyses. All articles included in this
review were observational, highlighting the importance
of using proper statistical methods. Most studies were
prospective cohorts, that is, cows or quarters with dif-
ferent THK scores were followed over time to capture
incidence of CM or SCM. Other studies were cross-
sectional, in which THK and CM or SCM were as-
sessed at a fixed point in time (farm visit day). Because
both THK and chronic SCM can be of long duration,
cross-sectional studies are more limited in determining
whether THK occurred before CM or SCM.

The main validity issue was to neglect factors that
can confound the association between THK and CM
or SCM. Parity is associated with CM or SCM in cows
with no THK (i.e., is an independent risk factor for
mastitis), parity is also associated with THK, and par-
ity is not a consequence of THK, therefore meeting
all classic confounding criteria (Dohoo et al., 2009). If
such factors are not considered in the analysis, spurious
associations can be produced. For example, Pantoja
et al. (2016) reported a significant, strong association
between THK and CM as a result of bivariate analy-
ses. However, the association was no longer significant
when adjusted by parity. Parity is an important risk
factor for THK, older cows have greater prevalence of
THK due to teat dimensions and longer exposure to
milking equipment (Neijenhuis et al., 2000; Sandrucci
et al., 2014).

Besides parity (Sandrucci et al., 2014; Pantoja et al.,
2016), several factors have been associated with THK,
such as teat shape and position (Neijenhuis et al., 2000;
Tancin et al., 2006), machine-on time (Neijenhuis et
al., 2000; Zucali et al., 2008), and stage of lactation
(Neijenhuis et al., 2001). It is well documented in the
scientific literature that most of these risk factors for
THK are also associated with CM or SCM occurrence
(Peeler et al., 2000; Oliveira et al., 2015) and can,
therefore, confound the association between THK and
CM or SCM. Thus, associations between THK and
SCM reported in several studies (Gleeson et al., 2004;
Haghkhah et al., 2011; Mitev et al., 2012; Asadpour
et al., 2015; Emre and Alagam, 2015) could be spuri-
ous due to confounding. It should be noted that the
scientific papers with low validity were peer-reviewed
and accepted for publication, highlighting that scien-
tific methodology can be an issue for the dairy science
academic community. Publication of such studies can
have a negative effect in the field because dairy profes-
sionals tend to trust scientific publications and may not
be aware that results can be invalid.



Pantoja et al.: TEAT-END HYPERKERATOSIS AND MASTITIS

External Validity of the Studies

In the reviewed studies, THK was assessed in herds
that were mostly composed of Holstein cows at any
stage of lactation and housed in confinement systems,
such as freestall barns. We believe that results found in
these studies can be extrapolated to dairy herds with
similar characteristics anywhere in the world.

Definition of Mastitis Outcomes and THK

One relevant issue that prevented meta-analysis of
the data and comparability among studies was the dif-
ferent definitions used for THK, CM, and SCM. At least
5 different methods were used to define THK scores. In
addition, some studies combined scores into 2 or more
categories for analysis. For example, in the study by
Dingwell et al. (2004), although THK was scored ac-
cording to Neijenhuis et al. (2000), with modifications,
data were dichotomized for analysis (with and without
cracks). Use of multilevel THK scores that were ana-
lyzed as ordinal scales, as proposed by Neijenhuis et
al. (2000), probably resulted in lack of power to find
significant associations, due to the small sample size
within each THK score (e.g., Breen et al., 2009b). We
believe that adoption of scales with fewer categories
and that are easier to perform in the field, such as that
proposed by Mein et al. (2001), should be encouraged.

Microbiological examination of milk has been con-
sidered a reference test for diagnosing CM and SCM,
because it allows identification of the causative agent.
Nonetheless, criteria used to define IMI varied widely
among studies, ranging from different detection limits
(e.g., 100 to 500 cfu/mL of milk) to associations with
SCC, and use of single or a series of milk samples.
Although such definitions can affect test accuracy, it
should not have resulted in bias because, in all studies,
the same case definition was applied to all exposure
groups (e.g., quarters with different THK scores). The
same principle applies to SCC, for which sensitivity and
specificity can vary according to the threshold, patho-
gen involved, and type of milk sample (Dohoo and Les-
lie, 1991). The main consequence of the different CM
and SCM definitions used across studies was lack of
comparability, which prevented us from meta-analyzing
the data.

Limitations in Study Reporting (STROBE)

Due to limitations of observational studies, guidelines
have been created to standardize reporting and facili-
tate evaluation of articles (Sargeant et al., 2016). Most
reviewed studies did not meet most STROBE items,
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which made it difficult to understand and assess both
internal and external validity. Sample size calculation
is one of the items recommended by STROBE that
is critical to assess statistical power, although it was
only reported in one study. It is important that authors
of observational studies report the key items recom-
mended by STROBE, to facilitate understanding of the
methodology and correct interpretation of results.

Limitations of the Systematic Review

Only articles published in English were included in
this systematic review, which may have excluded rel-
evant articles published in other languages. Seven eligi-
ble studies were not identified in our initial search and
were only found by screening of references. Thus, the
search strategy possibly had limitations, such as lack of
terms used to identify mastitis (e.g., “intramammary
infection” or names of specific mastitis pathogens).
In addition, some conclusions of this review, mostly
regarding the association between THK and CM, are
based on few studies. More sound research is necessary
to better investigate this association.

CONCLUSIONS

Results of the reviewed studies suggest that severe
THK is a risk factor for both CM and SCM, as defined
by microbiological examination of milk, SCC thresh-
olds, or mean SCC. The effect of severe THK on both
contagious (especially Staph. aureus) and environmen-
tal CM or SCM emphasizes the importance of teat
health for mastitis control. Associations between THK
and SCM reported in several studies could be spuri-
ous, because confounding factors (such as parity) were
not considered in the analyses. Mild THK, as a physi-
ological response to milking, can be protective against
SCM. Future research should consider standardization
of methods to define THK, CM, and SCM. At the farm
level, dairy consultants should focus on monitoring and
minimizing occurrence of severe THK to prevent CM
and SCM.
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